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Abstract Human biomonitoring (HBM) is a scientific tech-
nique that allows us to assess whether and to what extent
environmental pollutants enter humans. We review here the
current HBM efforts for organophosphate esters, emerging
flame retardants, perfluoroalkyl substances, and phthalate es-
ters. 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 identifica-
tion 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 review summarizes
the state of the art regarding human exposure to, (non-
invasive) HBM of, and metabolism of major organophosphate
esters, emerging flame retardants, perfluoroalkyl substances,
and phthalate esters currently detected in the environment.
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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) [1]. 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 [2]. In
2001, the Stockholm Convention was enacted to urgently find
alternatives to control and reduce exposure [3], and thus its
main aim was to protect humans and the environment against
exposure to hazardous chemicals by reducing and/or eliminat-
ing their production and/or introduction on the market. A list
of the most hazardous persistent organic pollutants was com-
piled, and has been amended several times [4, 5]. The last
actualization in 2011 comprised 22 chemicals [5]. However,
some of the most dangerous chemicals are the so-called
endocrine-disrupting chemicals, such as the phthalate esters
(PEs), organophosphate esters (OPEs), perfluoroalkyl sub-
stances (PFASs), and flame retardants (FRs); most of them
are not (yet) on the Stockholm Convention list. These com-
pounds are potentially harmful, being able to interfere with the
synthesis, metabolism, and action of endogenous hormones
and thus leading to various adverse biological effects, includ-
ing endocrine-disrupting activity, and promotion of carcino-
genicity, neurotoxicity, reproductive toxicity, hepatoxicity,
and teratogenicity [6–11].

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
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PEs) which are present on the EU market had their use restrict-
ed [12]. To replace those banned chemicals, a range of substi-
tutes were introduced; yet the exposure sources, occurrence,
and metabolism are still largely unknown [13–15].

Human biomonitoring (HBM) is a tool to map exposure
patterns to environmental xenobiotics throughout the popula-
tion over time. HBM also allows modeling of compound
behavior and assessment of the potential toxicological impact
(pharmacokinetic processes), which is crucial for characteriz-
ing exposure, assessing risk, and informing policy makers
[16–20] (Fig. 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 peri-
od, infants, children, seniors, workers in industrial environ-
ments) [21]. HBM studies are based on the analysis of envi-
ronmental 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 me-
tabolites. 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 identifi-
cation of biomarkers of human exposure, it is possible to
indicate susceptibilities or predict the incidence of outcome
lesions [16, 19]. Nevertheless, biomarkers of effect and bio-
markers of susceptibility are also important to assess the
impact of the exposure [22]. In the last two decades, the
increased number of HBM studies has generated more under-
standing about the bioaccumulation, metabolism, excretion,
and toxic effects of pollutants and their metabolites in humans
[16]. Similarly to limits for food and environmental matrices
[3, 23], risk-assessment-based biomarker screening values,
including biomonitoring equivalents [24] and HBM values
from the German Human Biomonitoring Commission [25],
are available for more than 130 analytes, including some PEs,

perfluorooctanoic acid (PFOA), and perfluorooctane sulfonic
acid (PFOS).

The indroduction of non-invasive matrices brought new
trends in HBM, and here we review the newest aspects for
OPEs, PEs, PFASs, and emerging FRs (EFRs). The relevance
of HBM approaches for each class is discussed, including a
brief description of the physicochemical properties and major
metabolites (Table 1). Additionally, we aimed at (1) highlight-
ing the main exposure sources, (2) summarizing previous
HBM studies of OPEs, PEs, PFASs, 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.

Chemicals in need of biomonitoring

Organophosphate esters

OPEs are used as additive FRs, as plasticizers in some poly-
mers, and also in pesticide formulations, paints, varnishes,
lubricants, and textile coatings among other applications [8,
29, 52, 53]. These chemicals consist of a phosphate group that
links several aliphatic and/or organic substituents. More re-
cently, 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) [53]. Table 1 lists
the physicochemical properties for five OPEs and their re-
spective metabolites. Following human metabolism, OPEs are
mainly excreted in urine after transformation to more hydro-
philic metabolites [54–56]. There are several studies on OPEs
and/or metabolites in environmental samples (air, dust, water)
and humans [54, 57–60].

OPEs have structures similar to those of the organophos-
phorus insecticides; members of the latter group inhibit the
enzyme acetylcholinesterase [61, 62], thus causing acute neu-
rotoxic effects such as convulsions, asphyxia, and even death
[63, 64].

Phthalate esters

PEs are synthetic chemicals produced and used worldwide
since the 1920s [65] as plasticizers and additives in household
and textile products, toys, personal-care products, furniture
upholstery, blood storage bags, and medical devices [20].
Their use depends on their alkyl chain length, which can rangeFig. 1 Continuous exposure effect for environmental chemicals [16]
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from three to ten carbon atoms [9, 66–68]. 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,
diisodecyl phthalate, di-n-octyl phthalate, 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, butyl benzyl phthal-
ate (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 [69, 70].
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” [69]. Both DEHP and DBP are consid-
ered reproductive toxicants [69]. It is planned that after Au-
gust 2015, low molecular weight PEs will only be produced
and sold under a specific REACH authorization (Annex XIV
of 21 November 2012) [70]. Various toxic effects in humans
and animals, including reproductive toxicity, carcinogenicity,
and endocrine disruption, have been reported [8, 9]. PEs are
ubiquitous in indoor and outdoor environments, and are the
most difficult factor to control, representing a large contribu-
tion to human exposure to PEs [67]. On the other hand,
exposure through personal-care products or food, which may
have also a large contribution to human intake, can be con-
trolled. 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 [36,
71, 72]. Themain physicochemical properties of PEs and their
known metabolites are presented in Table 1.

Perfluoroalkyl substances

PFASs 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 alco-
hols, which are polyfluorinated compounds [73, 74].

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 PFASs in numerous
products, such as stain repellents, insecticides, cosmetics,
paints, coatings, aqueous film-forming foams, polishes, elec-
tronic devices, food packaging, and adhesives [15, 74–76].
Moreover, the perfluoroalkyl chains in PFASs 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 car-
bon backbone [77, 78], which makes them ideal for surface
treatments (e.g., use of polytetrafluoroethylene in many non-
stick coatings for cookware and even in paper coatings) [76].
Following their widespread use, a wide range of PFASs have
been detected in the environment, wildlife, food, and humans
[76, 79–86], 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 [4]; however,
there is no restriction on the incorporation of other PFASs in
consumer goods. Still, restriction of their use for specific
purposes was set out in the Stockholm Convention, for in-
stance, for the manufacture of textiles and upholstery, paper
and packaging, coatings and coating additives, rubber, and
plastics [87]. Directive 2006/112/EC [88] 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 PFASs has been
extensively explored in recent years, since there is a higher
bioaccumulative effect than for short-chain analogues [2, 86,
89–93]. Therefore, in this review, the discussion will focus on
HBM studies of perfluoroalkyl sulfonates and perfluoroalkyl
carboxylic acids (Table 1) owing to their greater relevance for
human exposure and health risk assessment [94].

Flame retardants

FRs are generally divided into halogenated organic (brominated
or chlorinated), phosphorus-containing, nitrogen-containing,
and inorganic FRs [6]. The halogenated FRs, especially BFRs,
are the most popularly used owing to their low cost and better
performance compared with other FRs [6, 7]. However, con-
cerns about persistency, bioaccumulation, and toxicity have led
to the addition of some FRs to the Stockholm Convention list,
for example, PBDEs and hexabromocyclododecane (HBCD)
[3, 7]. These chemicals are additives or reactive components in
polymers that were used as rawmaterials for consumer products
(computers, electronics and electrical equipment, textiles, foams,
furniture, etc.) [6, 7, 10]. 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 their congeners (Dechlorane 602,
Dechlorane 603, and Dechlorane 604) were introduced to the
market to replace some of the restricted FRs [13, 48] (Table 1).

Low biodegradability of some FRs leads to persistent ac-
cumulation in the environment and the food-chain [10, 48]
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and therefore in humans and wildlife. Several studies have
reported their presence in air, soil, sediments, dust, and biota
[13, 48, 95, 96], but only a few have described their presence
in humans [97, 98]. Since these EFRs can undergo biotrans-
formation reactions, metabolites can be excreted in urine.
Native compounds are lipophilic and have bioaccumulative
potential, as shown in several studies [99]. Among the toxic
effects of BFRs already described are immunotoxicity, cyto-
toxicity, neurotoxicity, and endocrine disruptive activity [6, 7].

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” [100]. 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 [101].

Ingestion, inhalation, and dermal absorption are the most
contributive pathways of human exposure to chemicals, de-
pending 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, wrap-
ping films, and personal-care products [67, 102]; food and
drinking water are suggested to be the dominant exposure
pathway for PFASs [103, 104]. 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 [13, 53, 105]. For OPEs two sources of human
exposure are suggested: ingestion (e.g., food) and inhalation
(e.g., air and dust) [8, 106].

Diet

Environmental pollution can lead to human dietary exposure
through drinking water and food. PEs, OPEs, FRs, and PFASs
were detected in surface water, most probably through inappro-
priate wastewater treatment or direct industrial discharges [58,
107–109]. The water pollution may eventually lead to human
dietary exposure, for instance, some OPEs were detected in
finished drinking water in the USA [110], and some secondary
water treatment processes failed to efficiently remove chlori-
nated OPEs [111]. In the Faroe Islands, PFASs were found in
both surface and drinking water [103]. 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 [103, 112–116]. Also, con-
tamination of the agricultural environment, such as water and
soil, may lead to the transport of contaminants to food products
(includingmeat, vegetables, oil, and egg), which will ultimately
contaminate consumers [114].

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 stor-
age [102, 117]. Another source of PE contamination is the use
of PVC gloves for food preparation. Tsumura at al. [118]
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.
[119] 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−1 body weight for this compound [120].

Recently, several studies [15, 76, 103] confirmed that die-
tary intake (food and drinking water) may be the most impor-
tant source of exposure to PFASs and particularly PFOS and
PFOA; however, some authors are of the opinion that envi-
ronmental sources (indoor air, dust) also have an important
contribution to human exposure [82, 121]. Moreover, low
quantities of PFASs were found in some food-contact prod-
ucts, such as nonstick cookware and oil-resisting coating
paper [76]. 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
perfluorinated chemicals in human matrices and in
nonhousehold sources (dust, air) should be performed.

Dust

Dust was proven to be suitable indicator of microenvironment
contamination by several environmental pollutants, including
BFRs, OPEs, PFASs, and PEs [13, 57, 121–125]. Significant-
ly higher levels of PEs were observed in indoor dust samples
(5–2,220 μg g−1) than in outdoor dust samples (2–870 μg g−1)
[126]. Other studies showed that PFASs, emerging BFRs, and
OPEs are present at microgram per gram levels in indoor dust
[57, 123, 124, 127–129]. Ingestion is the main pathway of
dust intake for toddlers, who tend to have more hand-mouth
contact and close-to-floor activities [130, 131]. 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 [131]. Taking into
account the time spent indoors suggests that dust intake might
be a significant route of exposure to FRs and OPEs in humans.
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The levels of tris(1,3-dichloro-2-propyl) phosphate (TDCPP)
and triphenyl phosphate (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 [54].

Cornelis et al. [104] estimated that in the Flemish popula-
tion, the PFOS and PFOA intake via dust ingestion was below
0.02 and 0.01 ng kg−1 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−1 body
weight per day, respectively). Estimated exposure was further
compared with the reference dose to assess the levels of safe
exposure [131].

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) [132], since it can be
suspended in air or attach to skin. Not only does ultrafine dust
(less than 63 μm) have higher bioaccessibility and cytotoxic-
ity than coarse dust, but humans are also more easily exposed
to it than to coarse dust (0.3–2 mm) [126]. Cao et al. [133]
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 [133]. A similar size distribu-
tion (40±30 μm) of dust was found on children’s hands in a
Japanese study [134]. 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 [132].

Hand–mouth contact

Owing to frequent contact with the ambient environment,
hands not only contribute to the dermal absorption of pollut-
ants (see the next section), but also act as a transporter during
hand-to-mouth contact. Any behavior that increase the fre-
quency 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 [135]. Stapleton et al. [135]
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 [135–137], and found that wipes are good bio-
markers for FRs, especially PBDEs. The authors of the studies
suggested that PBDEs can be either ingested or absorbed, or
both [135, 137]. However, few articles have studied exposure
to OPEs, PEs, emerging BFRs, and PFASs from hand–mouth
contact.

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 [138]. 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
[67]. High urinary levels of monoethyl phthalate (MEP), a
metabolite of DEP, were associated with the use of eye shad-
ow, cologne, and skin-care products [68]. Some PFASs are
also added to some cosmetics [139], but few studies have
focused on the assessment of their dermal exposure.

Inhalation

Air and suspended dust are other important exposure path-
ways, 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.
[140] studied the transfer processes of TDCPP and tris(1-
chloro-2-propyl) phosphate (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 [141].

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 [121] and for which inhalation exposure can account for
60–90 % of nondietary human exposure of more volatile PEs
[126]. 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. [14, 142] found high levels of
PEs and OPEs in indoor air. Other studies have reported high
levels of DP compounds, BFRs, and PFASs in environmental
air samples, suggesting that inhalation can be an important
source of intake of volatile and semivolatile compounds into
the human body [125, 143–145].

Biomonitoring methods

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 [17, 146–149]. Depending on the type of
biomarker, measurements can be performed in whole blood,
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serum, plasma, or specific cell types (e.g., lymphocytes). The
invasive nature of blood sampling has some important draw-
backs: it negatively affects the participation rate of study
participants, the amount of sample is often limited, and sam-
pling 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 [22]
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 [150, 151].

The concentrations of PFASs can be measured in serum/
plasma, but quantifications in whole blood have also been
reported [80, 152, 153]. Validation studies have shown that
serum/plasma samples yield comparable results, whereas se-
rum or plasma to whole blood ratios, regardless of the antico-
agulant used, approximated 2:1 [154], suggesting that the
PFASs are not found intracellularly or attached to red blood
cells [154].

PFASs can cross the placenta, and therefore can be mea-
sured in umbilical cord blood [92]. In matching samples of
maternal and umbilical cord blood, the levels of PFASs were
found to be lower in umbilical cord blood, with fairly consis-
tent ratios [155]. 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 [156]. For
PFOS, the umbilical cord blood tomaternal blood ratio ranged
between 0.29 and 0.45. 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 [81, 157]. These methods may allow
temporal trends of PFOS and PFOA exposure to be studied by
using historical samples of dried blood spots [158].

The levels of PFASs in human serum declined between
1976 and 2007, both in men and in women [63]. However, our
understanding of PFAS bioaccumulation mechanisms (espe-
cially 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 [76, 159, 160].

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 [161–163]. For example, the levels of MEP and
monoisobutyl phthalate, primarymetabolites 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 [161].
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 (appro-
ximately 70 % of the oral dose is excreted after 24 h mainly by
renal excretion), oxidative products exhibited greater bioaccu-
mulation rates (2–7 % of the excretion rate), so are considered
better biomarkers before elimination [9, 71, 164–167].

Koch et al. [166] suggested the use of the term “pseudo-
persistent” chemicals for PEs because of the continuous ex-
posure to which we are subjected. Indeed, when PEs are
measured in humans, they are consistently present in almost
all participants of HBM studies [168, 169]. 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 [170]. This shows that
matrix selection should be well thought about and should be
driven by the research rationale behind the HBM study.

LaKind et al. [171] 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 [171].

Furthermore, samples are prone to contamination by envi-
ronmental PE sources during or immediately after sampling.
In 2001, the US Food and Drug Administration reported [172]
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) [166]. For this
reason, oxidative metabolites are to be preferred over hydro-
lytic ones whenever possible, because they are less likely to be
formed exogenously. Some authors did not report the levels of
monoesters in breast milk, serum, or even saliva for that
reason [34, 170]. 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 [173], with higher levels than
those reported for Japan [174], Sweden [175], and Flanders
[176]. Measurements of EFRs 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 concen-
tration of 0.27 ng g−1 lipid (range 0.11–1.50 ng g−1 lipid);
BTBPE, DBDPE, and pentabromoethylbenzene were not de-
tected in any of these samples [177]. In pooled serum samples
from residents of a bay area near a plant producing haloge-
nated FRs, the average concentration of DP was 3.6 ng g−1

lipid; TBPHwas detected in the pooled sample of 30–39-year-
old women, thus demonstrating the need for further follow-up
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[178]. Relatively high levels of DP were detected in whole
blood (up to 2,958 ng g−1 lipid) from occupationally exposed
workers at a DP manufacturing plant [179] and in serum and
breast milk from women living at electronic-waste recycling
sites [180].

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 disadvan-
tages: (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 [181]. 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 [150, 182]. 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, PFASs, and EFRs. Table 2 provides an overview
of extraction and analytical methods as well as analytical
thresholds for non-invasive HBM studies. 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 review.

Urine

Urine is one of the most frequently used matrices in HBM,
especially for water-soluble compounds. The main advan-
tage 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 disadvan-
tages [188, 189].

As far as we know, urinary compounds can be related to
account for many routes of exposure, and measuring urine is
considered one of the best approaches for measuring metabo-
lites 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 [183]
(Table 2). Others are of the opinion that there is a strong
correlation between the concentrations of PFASs (such as
PFOS, PFOA, perfluorononanoic acid, perfluorodecanoic ac-
id, and perfluorohexane sulfonate) in paired blood and urine
[190]. 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−1 and less than 7 ng L−1

to 160 ng L−1, respectively) [85] (Table 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 [183] demonstrated that
eight PFASs (among the total of 21 analyzed) were detected
in urine samples (mean levels between 0.74 and 480 pg L−1)
and in hair (detectable levels above the method limit of quan-
tification ranged between 0.1 and 46 ng g−1). 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.

There is no record of the analysis of EFRs or their metab-
olites in urine. Some studies have assessed human exposure to
PEs by measuring their urinary excreted metabolites [191].
Suzuki et al. [192] evaluated whether single spot urine is
suitable for longer-term PE exposure assessment by the mea-
surement 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 interindividual and
intraindividual 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 conclu-
sion was reached by other authors [193–195].

Hines et al. [170] compared the concentrations of oxidative
PE metabolites in several matrices, including milk, serum,
saliva, and urine, using high-performance liquid chromatog-
raphy (LC) coupled with tandemmass spectrometry (MS/MS)
(Table 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 for 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
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[196, 197] with an MEP concentration ten times higher than
other monoesters.

The exposure to OPEs is being assessed similarly to expo-
sure 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 OPEmetabolites is
complex, mainly owing to matrix effects. Methods of analysis
of urinary monoalkyl and dialkyl phosphates are mainly based
on analysis of concentrated urine [106] using a TurboVap
evaporator, solid-phase extraction (SPE) with either a noncom-
mercial molecularly imprinted polymer [198], or a commer-
cially available cartridge containing a reversed-phase polymer
with polar functionality [55]. Meeker et al. [54] 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. [199], who
found detectable levels of BDCPP and DPP ranging from 46
to 1,662 pg mL−1 and from 287 to 7,443 pg mL−1, respectively.

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 cap-
illary blood vessels at the root [200], the chemicals present in
serum can theoretically also be found in the hair, making it a
suitable matrix to assess internal exposure.

On the other hand, the external exposure is correlated with
gaseous compounds solubilized on the sebaceous gland ex-
cretions, covering the hair shaft [201]. Among many publica-
tions on HBM studies, the sampling procedures are not har-
monized or sufficient information on the applied sampling
procedure is lacking [202]. In a recent report, a harmonized
approach was suggested to cut hair near the scalp at the
occipital region of the head [203]. 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 [204–206].

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 [207–211], but relatively little is currently
known about analysis of persistent organic pollutants in hu-
man hair. Most of these analyses were performed for dioxins
[151], PCBs [212–214], and pesticides [212, 214]. Much less
has been reported for BFRs (e.g., PBDEs [215–217] and
HBCD [218]). 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 [206].
Other limitations to the use of hair in HBM are the differen-
tiation of external and internal deposition of chemicals and
their levels, where several factors have an influence on their
incorporation (sex, age, smoking, artificial color) [205].

For the analysis of FRs, there are only two publications
where DP was investigated in human hair as well as in dust or
blood samples, respectively [105, 179]. In the first study [105]
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−1

hair. Strong positive correlations were found for both concen-
trations of syn-DP and anti-DP between human hair and dust
samples, suggesting that hair analysis could be a valid screen-
ing tool for assessing human exposure to DP. In the second
study [179] the total DP levels were higher (between 4 and
2,159 ng g−1 dry weight), and correlation profiles similar to
those obtained with blood were identified for the three study
groups (groupA, 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. [219] re-
ported 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 espe-
cially described for DBDPE (r=0.97, p=0.03) and BTBPE
(r=0.96, p=0.04).

To the best of our knowledge, there is one recent report on the
analysis of OPEs in human hair [220], and there is one study
[186] 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−1), whereas the
levels of the other metabolites—mono(2-ethyl-5-oxyhexyl)
phthalate (5oxo-MEHP), mono(2-ethyl-5-hydroxyhexyl)
phthalate (5-OH-MEHP), 5-carboxy-MEPP, and mono[2-
(carboxymethyl)hexyl] phthalate—were below 9 ng g−1.

Francisca Perez et al. [183] 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 elim-
inated 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−1 and
between 3.7 and 7 ng g−1, respectively. Nevertheless, PFOS
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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 dis-
tributed similarly between hair, nails, and serum [85]. 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 rela-
tionship 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 mecha-
nisms of incorporation of these compounds.

Nails

Historically, nails have been used in forensic science mainly
for determining arsenic, antimony, lead, or mercury poisoning
[221–224] and to lesser extent to biomonitor other inorganic
chemicals (e.g., Cd, Cu, Mn, Zn, Fe) [225]. Yet, there is still
lack of information regarding fingernails and toenails as bio-
markers of internal human exposure for organic pollutants and
consequently there are no studies on PEs, OPEs or EFRs in
nails. For PFASs two recent studies [85, 184] reported corre-
lations of the levels among nails, hair, and urine.

Li et al. [85] 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 PFASs.

Another study involved the determination of eight PFASs
[184], 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 extrac-
tion solvents (methanol, 2 % v/v formic acid in methanol, and
acetonitrile) were tested using a common cleanup procedure
(SPEOasisWAX) for bothmatrices. For the extraction of PFASs
from nails, the use of alkaline digestion following extractionwith
methanol provided the best results (0.11–0.50 ng g−1), with six
compounds being detected at lower limits of detections (between
0.023 and 0.094 ng g−1). The limits of quantification in nails
ranged between 0.073 and 0.299 ng g−1, and more PFASs were
detected in nails than in hair from the same population, suggest-
ing that nails are better biomarkers of PFASs.

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 [221, 222]. 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 [85, 184].

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 gen-
eral, 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 [222,
225] and a nonionic detergent (Triton X-100) [83, 225] seem
to be good cleaning solvents for use prior to mineral analysis as
well as for determination of PFASs [184]. Methanol and acidic
solutions (dilute solutions of nitric acid and formic acid) seem
to be a bad choice for cleaning nails because of their hydro-
philic character and because they remove analytes. Grinding
the samples provides homogeneity, in addition to better solu-
bility and extraction of the target analytes [85, 226]. 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 interindividual variability. Besides the low
concentrations of organic contaminants found and because of
some inherent limitations of sampling, nails can provide infor-
mation about longer-term exposure (months), unlike blood.

Saliva

Saliva is a secretion produced by three types of specialized
salivary glands (parotid, submandibular, and sublingual
glands) which have protective, defense, and digestive func-
tions for themouth. 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 [187, 227–229]. Saliva is
easy to collect by wiping the oral cavity with a swab or by
using specific devices either with or without previous stimu-
lation [187, 189]. The three types of oral fluid collectors
available on the market are the Salivette®, OraSure®, and
QuantisalTM. The Salivette® is mostly recommended for cor-
tisol analysis and has advantages over traditional blood col-
lection 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
[230]. The OraSure® has different devices to track drugs,
alcohol, and hepatitis C virus antibodies. The main disadvan-
tage is that it collects only around 1 mL of sample and uses a
cotton swab to collect a mixture of saliva and gingival crevic-
ular fluid usually removed from the cheeks and gums and
under the tongue [230]. Finally, the QuantisalTM 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
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in a buffer stabilizer solution, which avoids degradation of the
matrix, allowing long-term storage [231]. This device is suc-
cessfully used for illicit drug analysis [231, 232].

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 [189].

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 [187]. 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 [231–233], pesticides [234],
PCBs, dioxins [235], and metals [226].

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
[170, 187] and PFASs [236]. Low levels of PE metabolites
have been detected in saliva (below the limit of detection to
58 ng mL−1) [187]. The high number of enzymes present in
saliva requires a postcollection treatment in order to promote
their denaturation (e.g., phosphoric acid), followed by
deconjugation using β-glucuronidase [187]; no cleanup meth-
od is used prior to instrumental analysis. Although the levels
in saliva are lower than in those in urine or serum [161, 237],
these findings suggest that saliva could be a possible biomark-
er for human exposure to various PEs.

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 [135, 185, 238–240].
The most suitable methods used to extract organic pollutants
from wipes are pressurized liquid extraction [185], Soxhlet
extraction [241], and solid–liquid extraction [135, 238], where
the polarity of the extraction solvents must be chosen accord-
ing to the target analytes, for example, dichloromethane and
hexane–dichloromethane (1:1, v/v) for PBDEs [135] and ac-
etone for pesticides [241]. Different SPE sorbents can be used
for cleanup (e.g., 6 % deactivated alumina [135] or acidified
silica [185] 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 [241], polycyclic aromatic hydrocarbons, PCBs, pes-
ticides, and phenols [239]. There have been no studies on
monitoring of PEs, PFASs, and OPEs in hand wipes. Stapleton
et al. [135] 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 pentabromodiphenyl ethers
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. [238] measured and compared the levels of PBDEs be-
tween 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 be-
tween 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. [185] 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−1);
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.

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. [187],
which considered more than 2,000 urine samples), which is a
relatively small sample size in terms of representativeness of
an HBM study (Table 3). 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 (mean value of 75 %) and in which the highest
number of pollutants of interest have been detected (e.g.,
PFASs and PE metabolites were detected in more than 90 %
of the samples analyzed) [170, 183].

Hair has also been explored in HMB for FRs,
OPEs, PEs, and PFASs [85, 105, 179, 183, 186,
220]. In hair, the levels of DP compounds ranged
between 0.9 and 130 ng g−1 (greater than 88 % detec-
tion frequency), those of OPEs ranged between 27 and
461 ng g−1 (89 % detection frequency), those of PE
metabolites ranged between 5.7 and 44.9 ng g−1 (60 %
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detection frequency), and those of PFASs ranged be-
tween 0.6 and 6.5 ng g−1 (42 % 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−1 ) and their detection frequency is quite
low (below 45 % of the samples analyzed) [170, 187].
PFASs showed good detection frequency in nails
(above 70 %), although at low concentrations (0.2
and 5.1 ng g−1) [184].

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 [83, 205]. 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 pa-
rameter to make possible selective and sensitive detection of
organic contaminants at desirable thresholds. Powerful tech-
niques such as MS/MS are usually applied for instrumental
analysis because of their high accuracy and selectivity for
volatile or semivolatile organic contaminants [242].

Table 3 Overview of human biomonitoring studies in non-invasive matrices for PFASs, PEs, OPEs, and EFRs

Analytes Matrix Concentrationc

(ng mL−1; ng g−1)
Mean detection
frequency (%)e

Total no. of
samples

Reference

DPP, BDCPP Urinea – 22 25 [55]

PFOA, PFOS Nailsb 0.2–1.0 95 63 [85]

Hairb 0.7–1.1 94 53

Urinea 1.1–8.7 75 63

Sum DP (syn, anti) Hairb 0.9–15 88 173 [105]

MEP, MnBP, MiBP, MBzP, MEHP, 5-OH-MEHP, 5-oxo-MEHP,
5-carboxy-MEPP, MOP, MiNP, MHiNP, MOiNP, MCiOP

Urinea 1.0–326 51 60 [161]

MCPP, 5-carboxy-MEPP, 5-OH-MEHP, 5-oxo-MEHP, MBP,
MBzP, MEHP, MEP, MMP, MiBP

Urinea 2.1–74 (3.4–145)f 85 (100)f 63 [170]

Salivaa 2.2–2.3d 1 63

Sum DP (syn, anti) Hairb 41–130 100 43 [179]

PFBA, PFHxA, PFHpA, PFOA, PFDA, PFUdA, PFBS, PFHxS Urinea 1.1–484 32 30 [183]

PFBA, PFOA, PFNA, PFDA, PFBS, PFHxS, PFOS, FDEA Hairb 0.1–38 20 24

PFHxS, PFOS, PFHpA, PFNA, PFDA, PFUdA, PFOA, PFOSA Urinea 0.4×10−3–0.1 95 86 [190]

MEP, MBP, MBzP, MEHP Urinea 0.6–345 >75 289 [191]

MEHP, 5-OH-MEHP, 5-oxo-MEHP, MMP, MEP, MnBP, MBzP,
MiNP, MnOP

Urineb 0.3–1,067e 82 50 [192]

TCP, EHDPP, TPP, TBEP, TDCPP, TCPP, TCEP, TnBP, TEHP Hairb 27–461 89 20 [220]

MEHP, 5-carboxy-MEPP, 2-cx-MMHP, 5-OH-MEHP,
5-oxo-MEHP

Hairb 5.7–45 60 10 [186]

PFHxA, PFOA, PFNA, PFDA, PFUdA, PFDoA, PFHxS, PFOS Hairb 0.6–6.5e 42 15 [184]

Nailsb 0.2–5.1e 70 15

PA, MMP, MEP, MBP, MiBP, MBzP, MEHP Salivaa 1.2–58 45 39 [187]

Urinea 1.2–2,840 75 2,536–2,541

EHDPP 2-ethylhexyl diphenyl phosphate, FDEA perfluorodecyl ethanoic acid, 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
cMean detected concentrations (above the LOQs)
dDetection frequency calculated for the detected analytes in the total number of samples
e Detection range (above the LOQ)
fMicrograms per gram of creatinine
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The analysis of OPEs is usually performed by gas chroma-
tography (GC) with a nitrogen–phosphorus detector or GC
coupled with mass spectrometry (MS) [52, 56, 59], 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 [243]. Van den
Eede et al. [243] developed a method for a wider group of OPE
metabolites and recommended LC–negative electrospray ioni-
zation–MS/MS for analysis of DPP and GC–MS/MS for analy-
sis of chlorinated metabolites, such as BDCPP, bis(1-chloro-2-
propyl) phosphate, and bis(2-chloroethyl) phosphate. Schindler
et al. [55] used GC–MS/MS for analysis of OPE metabolites
[bis(2-chloroethyl) phosphate, 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
GCwith electron ionization MS owing to the low polarity and
high volatility of the compounds [105, 135, 185, 214, 238,
240]. Nonpolar stationary phases (e.g., DB-5HT, HT-8ms) are
the most used for peak separation of FRs (DP compounds and
PBDEs) [105, 135].

Although PEs and their metabolites, OPE metabolites,
and PFASs are best analyzed using LC–MS, their sepa-
ration is ideally performed on different stationary phases.
For the best separation of PEs and their metabolites end-
capped reversed-phase columns such as a Betasil phenyl
high-performance LC column (100 mm×2.1 mm, 3 μm)
[167] or a Luna C18 column (50 mm×2.0 mm, 3 μm)
[186] were suggested. More polar and acidic compounds
such as OPE metabolites are best chromatographed using
medium-polarity stationary phases such as a phenyl–hex-
yl (150 mm×3 mm, 3 μm) column or an XBC18 column
(100 mm×2.1 mm, 2.6 μm) [106, 199], which are oper-
ated in combination with strong polar elution solvents
(mostly water component) or strong volatile ion pairing
reagents (e.g., tributylamine) [106]. The best chromato-
graphic separation for PFASs is achieved at low pH
using a BEH C18 column (50 mm×2.1 mm, 1.7 μm)
[85, 184].

For the above-mentioned compounds, electrospray ioniza-
tion 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 [85, 167, 186, 187, 198].

Electrospray ionization is themost 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 re-
agents or buffers to the mobile phase, and the use sample
cleanup before analysis are ways to reduce matrix effects
[242].

Critical issues

Because most of the afore-mentioned compounds are ubiqui-
tous 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 appro-
priate solvent [244]. Nevertheless, owing to the high absorp-
tion of some organic contaminants, for example, PFASs,
polypropylene is preferred over glass [245].

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 integ-
rity, and liquid samples should be stored in decontaminated
glass containers or appropriated collection devices (in the
case of saliva) [204, 206].

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 [85, 246]. Most
often, solutions of surfactants in water (e.g., 1 % solution of
Triton X-100, 0.3 % polyoxyethylene lauryl ether), hydropho-
bic organic solvents, and hydrophilic organic solvents (meth-
anol, acetone, dichloromethane) can be used to clean the
samples without damaging or changing the chemical structure
and sample integrity [26, 65, 79, 126, 147]. Recent research
[247] has shown, however, that selective removal of external-
ly 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 external exposure. Althugh nails that have
undergone surface treatment such as polishing were used in
the past for metal analysis [210], it is highly unlikely that such
samples can be successfully applied to assess organic
contaminants.

Among the many publications on HBM studies, the sam-
pling procedures are not harmonized or sufficient information
on the sampling procedure applied is lacking [202]. In a recent
report, a harmonized approach was suggested to cut hair near
the scalp at the occipital region of the head [203]. 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 [204–206].

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 assess-
ment of chemicals that do not undergo metabolism such as
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PFASs [83, 85, 184], 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 mea-
sured levels reflect an integral level of both exogenous and
endogenous contamination [213].

Human metabolism of emerging pollutants

In vitro metabolite formation and the enzymes responsible

Information on in vitro metabolism of the emerging pollutants
of interest is presently very limited. In the few studies avail-
able, no steady-state conditions were applied, authentic stan-
dards 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 corre-
sponding 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, tris(2-chloroethyl) phos-
phate (TCEP), TDCPP, tris(2-butoxyethyl) phosphate, and
TPP are candidate markers of human exposure to these OPEs
(Fig. 2).

A general in vitro metabolic pathway has also been eluci-
dated 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 metabo-
lites by oxidation of a carbon atom and cleavage of the second
ester moiety (producing phthalic acid and an aldehyde metab-
olite), 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. 3. To the best of our
knowledge, there is presently no information about in vitro
metabolism of DEP and DiBP in humans.

Hardly any information on metabolism of PFASs is avail-
able 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 cytochrome P450 (CYP) enzymes
[248]. Because the carbon atoms are fully substituted with
fluorine, it is unlikely than CYP 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 [249].

The pathways of metabolism of EFRs have not been elu-
cidated. The major identified metabolites of TBB and TBPH
are reported in Fig. 4. To the best of our knowledge, there is no
information on humanmetabolism of BTBPE, DBDPE, HBB,
pentabromotoluene, hexacholocyclopentadienyl-
dibromocyclooctane and DP. Few phase I metabolites were
detected on incubating TBB or TBPH with human liver mi-
crosomes 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.

In general, formation of metabolites produced by cleavage
of the ester moiety of the OPEs and PEs of interest involves
microsomal esterases and CYP enzymes [42, 250, 251]. Only
in the studies characterizing the in vitro metabolism of DEHP
were the individual enzymes responsible for the metabolites
formed identified [42, 250].

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 bio-
monitoring studies focusing on TDCPP and TPP metabolite
formation are available [54, 199, 252]. BDCPP and DPP were
the only in vitro metabolites of TDCPP and TPP, respectively,
that could be measured in human urine samples [54, 199,
253], suggesting that they could be used as biomarkers of
exposure for TDCPP and TPP (Table 4). 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. Investigation of the presence of several phase I and
phase II metabolites of TDCPP and other PFRs in human
serum, urine, and feces is needed to better determine the best
biomarker(s) of their exposure.

In vivo metabolism of PEs in humans has received more
attention. The major in vivo PEmetabolites detected in human
matrices are reported in Table 4. 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 [34, 161,
163, 252, 254]. This result is consistent with monoesters being
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Fig. 2 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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the major DnBP, DiBP, and BBzP metabolites in vitro [251,
255], 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 sec-
ondary 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 [161, 162, 256]. Also, 5-carboxy-MEPP and
MCMHP were more often detected than MEHP in serum
samples [161]. All these findings 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 chang-
es 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 metabo-
lites of DEHP after 12 h after exposure [166]. 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 [256].

Fig. 3 Chemical structures of the major identified metabolites of selected phthalate esters formed by human liver microsomes or liver S9 fraction

Fig. 4 Chemical structures of the major identified metabolites of emerging flame retardants formed by human liver microsomes or liver S9 fraction
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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 PFASs and EFRs of interest.

Biomonitoring of emerging pollutant metabolites: choices
of the matrices to monitor in humans

Combining the findings of all the HBM studies mentioned so
far indicates urine is the most promising matrix to monitor the
presence of PE metabolites as markers of human exposure.
Since most of the in vivo metabolites of DEHP (and other
PEs) are formed sequentially, the urinary profile of DEHP
metabolites varies with the time elapsed fromDEHP exposure
[162, 166]. Therefore, the urine sampling strategy can be of
importance in detecting DEHP and, in general, other metabo-
lites. In a recent study [257], significant correlations were
determined between the concentrations of all phthalate metab-
olites 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 24-h period. This result might support the
validity of using first-morning and spot urine samples in
population studies for these compounds. However, there is
growing agreement that a single urine sample (either spot
urine or 24-h urine) gives a high degree of misclassification.
Therefore, collection of multiple spot samples taken on dif-
ferent days (which may be pooled) is being prosposed more
and more as the preferred sampling strategy for phthalates
[257, 258]. Also, first-morning urine analysis likely helps to
reduce the diurnal intraindividual variability of PE exposure
due to the accumulation of PE metabolites in the urine over-
night. 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.
Lastly, monitoring PE metabolites rather than the parent com-
pounds avoids contamination problems during sample prepa-
ration and storage due to the widespread presence of PEs in
the environment.

To the best of our knowledge, there is currently no
biomonitoring study investigating the presence of OPE,
PFAS, and EFR metabolites in humans; hence, there is no
information about the most appropriate matrices for mon-
itoring studies. In rats treated with radiolabeled TCEP or
TDCPP, 60–75 % of the radioactivity administered was
measured in the excreta, mainly in urine [259–261]. How-
ever, there is no information about the apportionment of
the radioactivity between parent compounds and metabo-
lites. Therefore, urine is a promising matrix to monitor the
presence of OPE metabolites, although it is not clear if
feces are a reliable matrix too. The reliability of urine and
feces as matrices for TCEP and TDCPP biomonitoring in
humans needs to be investigated.

Research gaps and future perspectives

The compounds covered in this review were limited by the
availability of non-invasive HBM focusing on these target
contaminants. 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 by this review.

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 [48, 262], 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 metab-
olites, there are several new pentyl/isopentyl and hexyl phthal-
ate 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 [263].
Within the fluorochemicals class, more compounds regarding
PFASs and polyfluoroalkyl substances can also be studied, for
instance, the fluorotelomer alcohols (and acids), as well as the
polyfluorinated monoalkyl phosphates and dialkyl phosphates
which are relevant because of their degradation to
perfluoroalkyl carboxylic acids under atmospheric conditions
[160, 264, 265]. From our knowledge, none of these newly
emerging contaminants have been studied in non-invasive
matrices.

As currently no standardized methods exist for the emerg-
ing contaminants covered by this review, most of the available
studies are based on customized in-house developed methods
that sometimes are substantially different. As research pro-
gresses, methods will likely converge and more harmonized
approaches will be available, as happened for the biomonitor-
ing of PCBs, PBDEs, etc. However, the current lack of stan-
dardized methods of analysis might result in high uncertainty
and variability of the results obtained in different laboratories.
The reliability of the results generated might be affetected 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 relat-
ed CRMs is mainly driven by legislative requirements. As
such legislation is not yet in place for these compounds in
non-invasive matrices, standardized methods and CRMs are
currently not available.
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However, some efforts have already been made towards
standardization of non-invasivemethods. Through the Society
of Hair Testing and the Society of Toxicological and Forensic
Chemistry, there are already some approved guidelines for
hair sampling and analysis in relation to drug and alcohol
testing [266] and guidelines for toxicologists [267], but no
validation guidelines (or CRMs) have been established for
assessing environmental pollutants.

CRMs for serum and hair matrices exist, but thesematerials
are not certified for any of the emerging compounds covered
by this review. For some materials indicative values (which
are not certified) are mentioned for, for example,
perfluorinated chemicals in serum (SRM 1957), and such
materials can be successfully used for quality control to a
certain extent for the determination of PFASs, as was done
by Keller et al. [268] and Salihovic et al. [269]. To our
knowledge, there are currently no CRMs available for non-
invasive matrices such as hair, nails, or saliva that are certified
for any of the emerging compounds covered by this review.

However, even if CRMs are not certified for the target
analytes, they can have an added value for quality control.
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 interlaboratory exercise for the
determination of organic pollutants [270].

Further harmonization of methods and increasing use of
reference materials (which can be recertified for new emerg-
ing compounds) will result in higher quality of results and
better comparability between studies.

Reviewing the literature for HBM based on non-inva-
sive methods suggests that urine is the matrix most widely
used to monitor human exposure to OPEs, PEs, and FRs
and/or their hydrolytic/oxidative metabolites. However, it
has not been fully clarified how much of the parent com-
pounds are excreted in urine and what is their correlation
with an invasive sample from the same population. 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 their relative
proportion in urine and whether native compounds can be
detected.

Hair has been used for a long time to assess drug consump-
tion 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) suggests that this non-invasive matrix can be
reliably used to estimate human exposure to organic pollut-
ants. Even less information is available about nails as a bio-
monitoring matrix for human exposure to environmental pol-
lutants. In particular, the ability of nails to accumulate envi-
ronmental pollutants has still to be investigated.

For saliva and hand wipes, 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 subpopulation. Very little information is
presently available on saliva as a non-invasive matrix to
monitor the presence of environmental pollutants. In our view,
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 individ-
uals (matching samples). Such an approach will provide evi-
dence of the representativeness and reliability of saliva as a
biomonitoring matrix in humans.

Monitoring pollutants and their metabolites in human ma-
trices is currently complicated by several aspects, and con-
founding factors can hamper correct interpretation of results.
Future harmonization of HBM will greatly improve compa-
rability of different studies. Different aspects have to be opti-
mized 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 Table 3,
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. In the ideal non-invasive
HBM approach, being able to properly assess human expo-
sure to the chemicals of interest using a small sample size is a
great advantage, especially when working with babies, elderly
people, etc. 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 they can affect the levels of the
contaminants present in the sample and their detection fre-
quency, as suggested by the large differences observed be-
tween spot and 24-h combined samples for the detection of
PEs [192–194]. Other factors such as sweating, thirst, and
hunger can influence the measured levels of contaminants in
saliva [229, 271].

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 dif-
ferent metabolites, high elimination rates, compound accumu-
lation, etc.

Third, metabolism can be a major determinant of the elim-
ination of xenobiotics from the human body. Therefore, fo-
cusing only on the detection of the native compound(s) that
humans are exposed to can bemisleading in estimating human
exposure to environmental pollutants. As a consequence,
knowledge of the major metabolites produced from the envi-
ronmental pollutants of interest can be an alternative but key
approach in properly estimating human exposure to environ-
mental pollutants. In particular, in vitro metabolism studies are
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powerful and rapid screening tools to identify the major
metabolites formed from each environmental pollutant and
to estimate the rate of metabolite formation, providing useful
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 their parent compounds to monitor
human exposure. 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, and DEHP).

Fourth, the metabolites formed and the rates of their for-
mation are often unknown, and analytical reference standards
for the parent compounds and their metabolites, which are
essential for their identification and quantification, are un-
available in the vast majority of cases. The availability of
reference materials (both standards and matrix-matched

CRMs) of both native compounds and their major metabolites
would greatly advance HBM research.

Finally, quantitative extraction of xenobiotics from biolog-
ical matrices is often challenging because of their different and
complex compositions. Moreover, the (extraction and instru-
mental) sensitivity is also relevant to detect these contami-
nants at extremely low detection levels (below nanograms per
gram or nanograms per milliliter). 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 (dispersive liquid–liquid
microextraction, stir bar sorptive extraction, ultrasound-
assisted dispersive liquid–liquid microextraction, ultrasound-
assisted emulsification microextraction, vortex-assisted

Table 4 Chemical structures of the major identified in vivo metabolites of selected OPEs and PEs in human urine samples
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liquid–liquid microextraction, etc.) can enhance the potential
of HBM regarding the detection of these (and many other)
organic contaminants. The harmonization of methods and the
use of CRMs, as mentioned before, are also at the forefront of
future HBM research.

Collectively, these remarks suggest that the sampling strat-
egy (which matrices to sample, the number of matrices avail-
able, and the timing of sampling), efficient sample prepara-
tion, and sensitive analytical methods developed using appro-
priate reference standards are key elements for successfully
biomonitoring of xenobiotic levels in humans and properly
estimating human exposure to such compounds.
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