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a Department of Analytical Chemistry, Nutrition and Food Science, Institute for Research on Chemical and Biological Analysis (IAQBUS), Universidade de Santiago de 
Compostela (USC), Santiago de Compostela, Spain 
b Department of Analytical Chemistry, University of the Basque Country (UPV/EHU), Leioa, Spain 
c Research Centre for Experimental Marine Biology and Biotechnology, University of the Basque Country (PiE-UPV/EHU), Plentzia, Spain 
d FI-TRACE Group, Department of Chemistry, University of the Balearic Islands (UIB), Palma de Mallorca, Spain   

A R T I C L E  I N F O   

Keywords: 
Plastic additives 
Bioaccesibility 
Human metabolism 
Biomonitoring 
Wastewater-based epidemiology 

A B S T R A C T   

This review describes a wide variety of analytical approaches for the assessment of human exposure to organic 
chemicals associated with plastic additives, focusing on works published in the last decade on plasticizers, 
bisphenols, flame retardants and antioxidants. Physiologically based extraction tests serve as preliminary in-vitro 
assays to determine the bioaccessibility of these compounds from micro/nanoplastics in body fluids of the 
gastrointestinal tract, skin, or lung. Whenever plastic-laden compounds become bioavailable, human metabolism 
is to be monitored through the assessment of phase I and II metabolites. In this regard, analytical methods based 
on chromatography and mass spectrometry for human biomonitoring of parent compounds and their metabolites 
in biological samples (mostly urine and plasma) are discussed in depth. This review also covers the role of 
wastewater-based epidemiology in determining the overall human exposure of a given population to plastic- 
related species.   

1. Introduction 

Under the holistic view framed by the One Health paradigm, the 
impact of plastics and nano/microplastics on health is a complex topic 
with endless discussions [1]. To show not only the complexity of the 
impact of nanoplastics and microplastics on health, but also how this 
impact resonates in scientific publications and mass-media, we can 
highlight two recent works. On the one hand, the Minderoo-Monaco 
Commission on plastics and human health, as thoroughly reported by 
Landrigan et al. [2], describes in detail the impact of plastics in human 
life and environment. On the other hand, the debate on whether the 
impact of microplastics and nanoplastics is overrated, or we simply 
overlook key information should be carefully considered, as recently 
opened by Backhaus and Wagner [3]. The complexity of the issue is 
directly related to the economic weight of plastic production (and 

producers’ wealth) and its use, as well as to the overwhelming percep
tion of plastic ware in our daily lives, especially that of waste and 
by-products. In fact, the impact of plastics on ecosystems and human 
daily life in terms of production, use and, above all, waste is staggering. 
Concern about health effects attributed to the exposure to plastic 
products are deeply rooted in developed countries. In this sense, the call 
to include plastics as persistent, bioaccumulative and toxic contami
nants under the Stockholm convention [2,4], is in line with the latest 
research. 

Global plastic material production ranged from 400 to 460 M tons in 
2022 according to Plastics Europe [5] and OECD [6], and only 9% of the 
plastic waste was recycled. This means that approximately 350 M tons of 
plastic were wasted. Moreover, it is also estimated that 22% of the 
plastic waste is undermanaged, and up to 8 M tons are released into the 
oceans every year. Considering the susceptibility of marine organism to 
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plastics and the wide variety of adverse effects on all the communities 
and ecosystems, new tools and procedures are also called for to address 
the assessment of environmental and human risk, as pointed out recently 
by Leistenschneider et al. [7]. 

Because plastics are polymers that contain a wide variety of addi
tives, in this review we will name additives to all those compounds 
added to polymers to achieve or improve specific properties such as 
chemical and physical stability. Among them, we will find not only 
plasticizers but also antioxidants, flame-retardants, and colorants. A 
detailed description of these additives and plastic constituents is found 
in the papers of Godwin [8] and Al-Malaika et al. [9]. 

Because these additives can easily be released into the environment, 
(i) the monitoring of plastics and additives and (ii) the assessment of 
their human exposure and risks have been addressed in many articles 
and recent reviews. Regarding the fate and occurrence of additives, we 
can highlight the recent reviews by Hahladakis et al. [10] and Chen et al. 
[11], and among those covering the impact of plastic material on the 
environmental and human health, we could highlight the reviews by 
Yuan et al. [12], Borriello et al. [13] and Kannan and Vimalkumar [14]. 

In this review, we will focus on human exposure and biomonitoring 
of plastic additives and will cover the last decade. Furthermore, since 
additives comprise many chemical classes with numerous processing 
functions, we will limit the scope to those that are more relevant in terms 
of human exposure (see Table S1 in Supplementary Information, SI). 
Therefore, we will focus on both phthalate plasticizers (PAE) and 
alternative plasticizers (APs) including non-phthalate plasticizers or 
alternative plasticizers such as terephthalates and dicarboxylates, flame 
retardants, particularly halogenated phenolic chemicals and organo
phosphate ones (OPFRs), antioxidants, with emphasis on synthetic 
phenolic antioxidants (SPA), and bisphenols (e.g. bisphenol A, BPA). It is 
worth noting that bisphenols are not only used as additives, but as 
monomers in the synthesis of plastics (particularly in polycarbonate) 
and in other applications, such as e.g. thermal paper printing. 

Since exposure is often chronic and at very low levels, the overall 
goal is to design robust observational studies and apply targeted and 
non-targeted analysis to monitor the fate of additives both in the 
external environment and in human biofluids. Following this rationale, 
in-vitro human bioaccessibility testing of additives is the first step 
considered in this review, as it shows the relationships between the 
external chemical exposure and the internal occurrence of those chem
icals. Once additives become bioavailable, we will describe the current 
knowledge on their metabolism and excretion as a key step to under
stand human exposure to these xenobiotics. The second part of the re
view first examines human biomonitoring (HBM) procedures for the 
above-mentioned compound classes, pointing out the status of HBM 
strategies, as well as the key metabolites that are most frequently 
monitored. Then, the last section is devoted to wastewater-based 
epidemiology (WBE) as an indirect way to summarize the overall 
human exposome of a community in a time- and cost-effective way. 

2. In-vitro human bioaccessibility tests 

To provide a reliable assessment of the harmful effects that could be 
caused by plastic additives, it is important to stablish the link between 
the chemical exposure and their occurrence in human biofluids. In this 
sense, physiologically-based extraction tests (PBETs) of solid materials 
are well-established tools in human risk exposure as a substitute for the 
in-vitro assessment of the bioaccessibility of exogenous compounds 
[15–17]. Human bioaccessibility from solid matrices refers to the release 
of target species into body fluids as the first step towards their transfer 
into the systemic system as bioavailable species, with consequent po
tential triggering of harmful effects. In fact, bioaccessibility is the first 
step (i.e., liberation) of the so-called liberation, absorption, distribution, 
metabolism and excretion process. Bioaccessibility fractions serve as 
conservative estimates of human bioavailability under worst-case sce
narios and could be considered as appropriate biomarkers of exposure to 

contaminated solid particles, including raw and weathered micro
plastics matrices, such as dust and foodstuffs. PBETs might be classified 
according to the route of exposure to the assessed pollutants: ingestion 
(oral), respiratory (lung) and dermal (skin). Fig. S1 summarizes the 
experimental conditions and biomimetic reagents used in the main 
in-vitro PBETs to study the bioaccessibility of compounds transported by 
plastics via different exposures. Although most studies of human bio
accessibility to organic plastic additives are oriented towards oral 
exposure, inhalation and dermal exposure across airborne particulate 
matter could be estimated by simulated lung fluids [18] or sweat [19], 
respectively, used as liquid extractant media (Table 1). 

Concerning oral bioaccessibility, a large research effort was dedi
cated to extending from trace elements to a handful of legacy organic 
contaminants and to emerging contaminants [45]. Table 1 shows a 
comprehensive compilation of PBETs for plastic additives along with 
their most relevant characteristics and post-processing steps prior to the 
analysis of the bioaccessible fractions. Many PBETs are based on test of 
the different extraction conditions usually found in the gastrointestinal 
tract (GIT) (i.e., fasted and fed state, concentration and activity of en
zymes, and distinct GIT compartments) but the biological relevance by 
experimental assessment against in-vivo bioavailability testing or (eco) 
toxicity testing is seldom reported [46]. PBETs for human bioaccesibility 
should consider the chemical complexity of gut fluids, as well as the 
variety of GIT compartments in a non-discrete digestion process. As far 
as we are concerned, the most suitable tests for oral bioaccessibility tests 
of plastic compounds are the Unified Bioaccessibility Method (UBM) 
[47] fasted state, and the relative in-vitro digestion model recommended 
by the Dutch Institute for Public Health and the Environment (RIVM) 
[48] in fed state and with greater amounts of enzymes (pepsin, 
pancreatin and lipase) and bile acids. In fact, both UBM and RIVM 
methods resemble three GIT compartments (mouth, stomach, and small 
intestine) with several inorganic and organic species and enzymes, used 
in additive sequential extraction mode (see Fig. S1 in SI). Table S2 
comprehensively compiles bioaccessibility data (%) of PAEs, BPA and 
OPFRs as obtained from various PBETs. Several in-vitro PBET studies 
mimicking oral bioaccessibility reported a strong negative dependence 
of bioaccessibility % with log P (partition coefficient) for neutral organic 
contaminants [30,32,37]. A critical comparison of bioaccessibility 
values for PAEs in low-density polyethylene (LDPE) microplastics as 
obtained for RIVM against UBM in GI phase indicated that the fed-state 
model rendered increased leachability only for the most hydrophobic 
compounds, such as di(2-ethylhexyl) phthalate (DEHP), di-isononyl 
phthalate (DiNP) and di-isodecyl phthalate (DiDP) from 18 to 32%, 17 
to 22% and 19 to 27%, respectively [37]. However, the addition of food 
components, such as porridge and oil, has been reported to decrease the 
freely dissolved concentrations of OPFRs [32] because of potential 
binding of the hydrophobic targets to amino acids or fats. 

According to the data compiled in Table 1, the so-called Ruby 
method [21] and its modifications, including extension to the colon 
compartment [49] have been frequently adopted for plastic-related 
compounds in fasted state, despite the absence of (i) saliva fluid, (ii) 
salt constituents, (iii) organic species, such as urea, and (iv) some en
zymes, such as lipase, as compared to UBM or RIVM, making the accu
rate simulation of GIT extraction conditions questionable. After PBET, 
sample treatment procedures may be necessary for the analysis of bio
accessible fractions of MP additives in the supernatants of complex body 
fluids by column separation methods to enable the clean-up of salts and 
biomolecules [40]. 

Inherent in the concept of bioaccessibility for solid materials in the 
GIT tract under conservative conditions is that the rate-limiting step of 
the entire process is the release of the target compounds from the solid 
surfaces rather than the absorption of those leached through the intes
tinal epithelium. Based on those premises, dynamic leaching of com
pounds adsorbed to microplastics using multi-step extraction procedures 
in either batchwise or flow-based format or PBETs ensuring sink con
ditions [50] are considered to be better choices than the standard static 
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Table 1 
Comprehensive compilation of in-vitro physiologically based extraction tests (PBET) for risk exposure of plastic additives from microparticles using surrogates of body fluids (See Table S1 for the full names of compounds).  

Additive Sample PBET Supernatant 
extraction 

Sample extraction Analytical 
technique 

Bioavail. 
Test 

Ref. 

Bioacc. Test (method) Food Body fluids Compart. Exposure 
time 

Phthalates 
DnBP, BBzP, DEHP and DnOP Micro-plastics Oral 

(static) 
Fasted (UBM) No S + G + I Mouth +

Stomach 
1h LLE (Hex, 3 × ) No GC-MS No [20] 

Small 
intestine 

4h 

DMP, DEP, DiBP, DnBP, BBzP, 
DEHP and DnOP 

Indoor dust Oral 
(static) 

Fasted (modified 
Ruby et al. [21]) 

No G + I Stomach 1h LLE (Hex:acetone, 
3:1, 3 × ) 

Soxhlet (acetone/ 
CH2Cl2/Hex, 
1:1:1) 

GC-MS No [22] 
Small 
intestine 

4h 

DMP, DEP, DPrP, DiBP, DnBP, 
DMEP, DnHP, BBzP, DEHP, 
DCHP, DnOP, DiNP and 
DiDP 

Indoor dust Oral 
(static) 

Fasted (modified 
Ruby et al. [21]) 

No G + I Stomach 1 h LLE (Hex, 3 × ) Soxhlet (acetone/ 
CH2Cl2/Hex, 
1:1:1) 

GC-MS No [23] 
Small 
intestine 

4h 

DMP, DEP, DPrP, DiPrP, DiBP, 
DnBP, DMEP, DMPP, DEEP, 
DAP, DnPP, DiPP, BBzP, 
DnHP, DCHP, DDEP, DEHP, 
DnOP, DNP, DiNP and DiDP 

Food samples 
(Grains, 
vegetables and 
fruits) 

Oral 
(static) 

Fasted (modified 
Ruby et al. [21]) 

No G + I Stomach 1h USE (Hex:acetone, 
1:1, 3 × ) 

LLE (Hex/acetone, 
1:1, 3 × ) 

GC-MS No [24] 
Small 
intestine 

4h 

DMP, DEP, DiBP, DnBP, DEHP, 
DINCH, DEHTP, DPHP and 
DiNP 

Indoor dust Lung 
(static) 

Gamble and ALF No Healthy and 
inflammatory lung 

Lung 96h LLE (Hex:MTBE, 
3:1) 

MAE (acetone: 
Hex, 1:1) and SPE 
clean-up (Hex) 

GC-MS/MS No [25] 

DMP, DEP, DiBP, DnBP, 
DMEP, BMPP, BBzP DnPP, 
DnHP, DCHP, DEHP, DEEP, 
DBEP, DPHP, DnOP and 
DiNP 

Particulate 
matter 

Lung 
(static) 

Gamble and ALF No Healthy and 
inflammatory lung 
with A549 cell 

Lung 96h LLE (Hex, 3 × ) ASE and Florisil 
column (Hex) 

GC-MS No [26] 

DEP, DnBP, DEHP, ATBC, 
DEHA and DEHTP 

Indoor dust Dermal 
(static) 

SSSM No SSSM Skin 1h LLE and Florisil 
column (Hex, 3 × ) 

ASE and Florisil 
column (Hex) 

GC-MS No [27] 

Bisphenols 
BPA Seafood Oral 

(static) 
Fed (RIVM) No S + G Mouth +

Stomach 
2h LLE (ACN:C2Cl4: 

CH3COOH 
anhydride, 2:1:2) 

DLLME (C2Cl4: 
CH3COOH 
anhydride, 1:2) 

GC-MS No [28] 

Small 
intestine 

2h 

BPS Soy drink Oral 
(static) 

Fasted and fed 
(INFOGEST) 

No S + G Mouth 2 min Direct injection USE (ACN) LC-MS/MS No [29] 
Stomach 2h 
Small 
intestine 

2h 

Flame retardants 
TClPP, TClEP, TPHP and 

TDClPP 
Indoor dust Oral 

(static) 
Fasted (CE- 
modified Ruby 
et al. [21]) with 
Tenax 

No G + I + colon Stomach 1.5h LLE (Hex:EtOAc, 
1:1, 3 × ) 

No LC-MS/MS In-vivo test 
in rats 

[30] 
Small 
intestine 

4h 

Colon 14h 
TClPP, TClEP, TnBP, TPHP, 

EHDPP and TDClPP 
Indoor dust Oral 

(static) 
Fasted (modified 
Ruby et al. [21]) 

No G + I Stomach 1h LLE (Hex, 3 × ) USE (Hex, 3 × ) GC-MS No [31] 
Small 
intestine 

4h 

TClEP, TClPP and TDClPP Indoor dust Oral 
(static) 

Fasted (UBM) 
and fed 
(FOREhST) 

Cereal, 
milk and 
oil 

S + G + I Mouth +
Stomach 

2h Dilute and shoot 
(ACN) 

MSPD (Hex and 
acetone) 

LC-MS/MS No [32] 

Small 
intestine 

2h 

(continued on next page) 
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Table 1 (continued ) 

Additive Sample PBET Supernatant 
extraction 

Sample extraction Analytical 
technique 

Bioavail. 
Test 

Ref. 

Bioacc. Test (method) Food Body fluids Compart. Exposure 
time 

HBCD and TBBPA Indoor dust Oral 
(dynamic) 

Fasted (CE- 
modified Ruby 
et al. [21]) 

No G + I + colon Stomach 1h SPE (CH2Cl2:Hex, 
1:1) 

No LC-MS/MS No [33] 
Small 
intestine 

4 h 

Colon 8h 
HBCD Indoor dust Oral 

(static) 
Fasted (CE 
modified Ruby 
et al. [7]) 

No G + I + colon Stomach 1h LLE (acetone:Hex, 
1:1) 

ASE and SPE 
clean-up (CH2Cl2: 
Hex, 1:1) 

LC-MS/MS No [34] 
Small 
intestine 

4h 

Colon 16h 
TClEP, TClPP, TDClPP, TPHP, 

EHDPP, TEHP, TMPP and 
TnBP 

Particulate 
matter 

Oral 
(static) 

Fasted (modified 
Ruby et al. [21]) 

No G + I Stomach 2h LLE (acetone:Hex, 
1:1) 

SPE and Soxhlet 
(acetone:Hex, 1:1) 

GC-MS No [35] 
Small 
intestine 

5h 

Lung Gamble Healthy lung Lung 4h 
HBCD and TBBPA Indoor dust Dermal SSSM – SSSM Skin 1h QuEChERS (Hex: 

EtOAc, 1:1) 
QuEChERS (Hex: 
EtOAc, 1:1) 

LC-MS/MS No [19] 

TClEP, TClPP and TDClPP QuEChERS (Hex: 
EtOAc, 1:1) and 
SPE clean-up (Hex 
and EtOAc) 

QuEChERS (Hex: 
EtOAc, 1:1) and 
SPE clean-up (Hex 
and EtOAc) 

GC-MS 

Antioxidants 
BHT, BHT-quinol, BHT-Q and 

BHT-CHO 
Food samples Oral 

(static) 
Fed (RIVM) No G + I with Caco-2 

cells 
Stomach +
Small 
intestine 

1h + 4h Solvent exchange 
to MeOH:H2O (1:1) 

No LC-MS No [36] 

BHT-OH and BHT-COOH 
Small 
intestine 

2h Direct injection GC-MS 

Multiple additives 
DMP, DEP, DnBP, BzBP, 

DEHP, DnOP, DiNP, DiDP 
Micro-plastics Oral 

(static) 
Fasted (UBM) 
and fed (RIVM) 

No S + G + I Mouth +
Stomach 

Fasted 
(1h)/fed 
(2 h) 

Dilute and shoot USE (CH2Cl2) LC-MS/MS No [37] 

BPA Small 
intestine 

Fasted 
(4h)/fed 
(2h) 

LLE (EtOAc) GC-MS 

DMP, DEP, DnBP, BBzP, 
DEHP, DnOP, DiNP, DiDP 
and BPA 

Micro-plastics Oral 
(dynamic) 

Fasted (UBM) 
and fed (RIVM) 

No S + G + I Mouth +
Stomach 

Fasted 
(1h)/fed 
(2h) 

SPE (ACN:MeOH, 
90:10) 

MAE (Hex/ 
acetone, 30:70) 

LC-DAD No [38] 

Small 
intestine 

Fasted 
(4h)/fed 
(2h) 

DnBP, DEHP, DnOP, DiDP and 
BPA 

Plastic toys Oral 
(static) 

Artificial saliva No S Mouth 20 min LLE (CHCl3) USE (CHCl3) LC-DAD No [39] 

DMP, DEP, DnBP, BBzP, 
DEHP, DnOP and BPA 

Beach sand Oral 
(static) 

Fasted (UBM) No S + G + I Mouth +
Stomach 

1h DLLME (1-octanol) MAE (Hex/ 
acetone, 30:70) 

LC-MS No [40] 

Small 
intestine 

4h 

DMP, DEP, DnBP, BBzP, 
DEHP, TClEP, TClPP, TPHP 
and TDClPP 

Indoor dust Oral 
(static) 

Fasted (modified 
Ruby et al. [21]) 

No G + I Stomach 1h USE (Hex, 3 × ) USE (Hex, 3 × ) GC-MS No [41] 
Small 
intestine 

4h 

DMP, DMEP, DEP, DiBP, 
DnBP, DiPP, DnPP, NPiPP, 
BBzP, DnHP, DEHP, DnOP, 
BPA, BPF, TnBP, TCP, TPHP, 
TPPO, TPrP, TBOEP, TClEP, 

Particulate 
matter 

Lung 
(static) 

ALF and SBF No Lung and synthetic 
human plasma 

Lung 27h VALLE (EtOAc) No GC-MS/MS SBF test [42] 

(continued on next page) 
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counterparts based on end-point detection (UBM, RIVM, Ruby methods) 
to ensure that the test conditions are representative to those occurring 
across the GIT. Taking a standard reference material of LDPE 
(CRM-PE002 from Spex CertiPrep) containing eight PAE congeners and 
BPA at the 3000 μg/g level (except for the heavier congeners), a 
comparative exploration of static versus dynamic flow-through leaching 
conditions might be obtained from the literature [37,38]. Experimental 
results show that dynamic and static protocols rendered comparable 
results for those readily leachable additives, such as dimethyl phthalate 
(DMP) with values > 80% for both fed and fasting states. On the con
trary, an appreciable increase from 70 to 87% was found for moderate 
hydrophobic species (log P > 2), such as diethyl phthalate (DEP), under 
flow extraction conditions for both UBM and RIVM methods. However, 
greater differences should be still expected for less bioaccessible 
congener species with longer alkyl chains to overcome the solubility 
limited release in static extractions, although sensitive detection 
methods (i.e., mass spectrometry) and sample treatment procedures 
suitable for enrichment might be necessary to ensure reliable quantifi
cation of compounds with low bioaccessibility. 

It is worth noting the relevance of indoor dust as a source of plastic 
additives through lung bioaccessibility despite the large variability on 
inhalation bioaccessibility of PAEs. Considering the so-called Gamble 
solution (GMB), which simulates the surfactant fluids released by alve
olar cells and the artificial lysosomal fluid (ALF) counterpart, which 
mimics conditions inside lung cells associated to phagocytosis (inflam
matory conditions), a thorough comparison of both methods has been 
carried out [26]. According to this work, the mean values of bio
accessibility for PAEs under inflammatory lung conditions (14.5–67.6% 
for ALF) were, in general terms, slightly higher than those of healthy 
individuals (8.9–62.8% for GMB), with the largest accessibility corre
sponding to DEHP. The differences observed between ALF and GMB 
methods are attributed to the more acidic intracellular environment in 
lung cells (pH 4.5 used in ALF) against the interstitial (i.e., extracellular) 
pH under healthy conditions (pH 7.4 used in GMB). It should be however 
considered that inhaled particles above 1-μm size are usually deposited 
in the pharyngeal and tracheal region, and then transported by the 
so-called mucociliary clearance system into the GIT [51]. Despite this 
fact, different research groups have resorted lung fluids rather than gut 
extractants for bioaccessibility testing of emerging contaminants in 
PM2.5 or dust particles <63 μm [25,26,42], yet this does not seem to be 
an entirely accurate estimate of human exposure to contaminated par
ticles that are finally swallowed. 

In-vitro dermal exposure via PBET has been rarely reported in the 
literature (see Table 1). In fact, most of the efforts devoted to assessing 
dermal bioaccessibility of PAEs in indoor air, cosmetics and clothing 
using human skin surface film liquid containing both synthetic sweat 
and sebum mixture (SSSM), as the latter plays a pivotal role on the 
leachability of organic species [19,27]. Experimental results indicated 
that plasticizers such as acetyl tributylcitrate (ATBC), di(2-ethylhexyl) 
adipate (DEHA) and di(2ethylhexyl) terephthalate (DEHTP) that were 
launched as alternates to conventional PAE counterparts exhibited 
dermal bioaccessibility values as high as 74–94% similar to those 
encountered for PAEs on the same indoor dust samples [27]. 

Finally, as the data compiled in Table 1 suggests, in-vivo validation 
of human PBETs for plastic-laden organic contaminants using animal 
models or the combination of PBETs with bioavailability testing using 
in-vitro cellular models is scarcely conducted. One exception is the HBM 
of urine to validate the parallel-layered skin compartmental model for 
dermal bioaccessibility [52]. Likewise, analytical validation of the 
PBETs results using quality assurance/quality control tools; i.e., based 
on mass balance validation (statistical comparison of the sum of the 
bioaccessible and the residual fractions against the total amount of a 
target compound in microplastics), is most often neglected, because of 
which the trueness of the reported bioaccessibility data might be 
debatable [53]. As a final note, although bioaccessible fractions of target 
species from solid materials are expected to be higher than those Ta
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bioavailable, because only a given fraction of leached species is usually 
able to cross epithelial tissues, this might not be the case for compounds 
associated to micro/nanoplastics <50 μm as these small particles have 
been detected in the systemic and lymphatic systems in which the 
plastic-laden compounds might become bioavailable [54,55]. 

3. Human metabolism and excretion 

Once the plastic additives are leached from the solid particles 
(macroplastics and microplastics, dust, etc.) and some of the loaded 
components become bioavailable, they undergo different metabolic 
pathways. Human metabolism encompasses a diverse set of biotrans
formation processes that influence both foreign (xenobiotic) and inter
nal (endobiotic) compounds, contributing to the efficient functioning 
and balance of the body. As a result, chemicals are removed from the 
bloodstream, undergo structural modifications (in most cases) and then, 
they are reintroduced into the circulation for eventual elimination 
through renal or biliary excretion. 

Human metabolism is categorized into three phases: phase-I, phase- 
II, and the relatively newly proposed phase-III. However, phase-III is 
mainly involved in the binding of the metabolites to transport systems 
for the final elimination and, therefore, this study will focus on exploring 
the processes within phase-I (see Table S1) and phase-II for the plastic 
additives. In phase-I metabolism, lipophilic molecules are converted 
into more hydrophilic products by introducing polar functional moieties 
through enzymatic reactions, mediated by enzymes like Cytochrome P- 
450. Phase-II metabolism involves biosynthetic reactions in which a 
chemical moiety is transferred from a cofactor to a substrate that may be 
the parent contaminant or a phase-I by-product [56] (see examples in 
Fig. 1). 

This section describes general aspects of human metabolism of 
plastic additives, with dedicated information on the main urinary 
excretion metabolites presented in Table S3. The data in Table S3 is 

compiled from metadata and curated studies, based on individual in
vestigations, whenever possible. The excretion rates presented in 
Table S3 refer to the sum of phase-I and phase-II metabolites, since in 
many cases most HBM, after enzymatic deconjugation (see section 4.1), 
and WBE studies, due to natural deconjugation of glucuronides in 
sewage, only cope with phase-I metabolites. 

The exploration of human metabolism consists of (i) the identifica
tion of the potential metabolic pathways and, subsequently, (ii) the 
development of toxicokinetic studies to estimate the molar excretion of 
these metabolites, through in-silico, in-vitro and/or in-vivo assays. It is 
crucial to note that both stages are significantly influenced by factors 
such as the route of exposure, age, ethnicity, or gender. Therefore, only 
in-vivo studies in humans accurately determine the metabolic pathways 
and molar excretion fractions. Moreover, selecting appropriate metab
olites for each studied matrix is key to validating human exposure. For 
instance, phase-II glucuronide metabolites serve as major excretion 
products for many xenobiotic compounds but exhibit instability in 
certain matrices, such as wastewater [57]. 

3.1. Plasticizers 

Although in recent years PAEs have been partially replaced by other 
chemicals, due to their endocrine disrupting potential and adverse ef
fects [58], they still stand out as the most relevant class of plasticizers. 

After human intake, these compounds undergo phase-I hydrolysis to 
produce the monoester metabolites. Additionally, long-branched plas
ticizers, characterized by lateral chains containing more than six car
bons (e.g. DEHP), may undergo a secondary hydrolysis, resulting in the 
formation of oxidation products (alcohols, ketones, and acid moieties). 
Furthermore, all phase-I metabolic products have the potential to be 
conjugated to form phase-II glucuronide metabolites. The human 
metabolism and excretion rate of most phthalate esters is well- 
understood, except for some shorter-chain plasticizers, DMP and DEP, 

Fig. 1. Metabolic transformation pathways of: (a) di(2-ethylhexyl) phthalate (DEHP), (b) bisphenol A (BPA), (c) tri(2-butoxyethyl) phosphate (TBOEP), and (d) 
butylated hydroxytoluene (BHT). Phase-II metabolites are highlighted in blue. See Table S3 for further information. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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(see Table S3). In addition, certain commercial formulations, like DiNP 
and DiDP, consist of technical blends that include several structural 
isomers, posing difficulties for their separation and identification [59]. 

Short-chain plasticizers are mainly excreted as monoester metabo
lites in urine with molar excretion rates higher than 50% and are, 
therefore, easily detected in biological matrices or wastewater [60]. On 
the other hand, long-chain plasticizers are mainly excreted in urine as 
phase-II glucuronides of the oxidized monoesters (see DEHP, Fig. 1a). 
However, as mentioned above, glucuronides are naturally deconjugated 
in wastewater [61] and, therefore, human exposure to these compounds 
is estimated in WBE studies through their corresponding oxidized 
phase-I metabolites or enzymatically deconjugated for urine analysis in 
HBM. 

3.2. Bisphenols 

Upon entering the human body, bisphenols undergo rapid absorp
tion, conjugation, and subsequent excretion as phase-II metabolites, 
with marginal phase I metabolism. The primary conjugation involves 
glucuronidation at the hydroxyl group, yielding β-D-glucuronide, fol
lowed by a secondary conjugation to form bis-(β-D-glucuronide). Addi
tionally, another biotransformation is observed through phase-II 
sulfation, leading to the production of monosulfate and bisulfate 
bisphenols (see BPA, Fig. 1b) [62]. The metabolic pathways are similar 
for all bisphenol congeners due to their analogous structures and are 
well-studied, with some exceptions (e.g. Bisphenol F (BPF) is postulated 
to be excreted mainly as sulfates instead of glucuronides [63]). Never
theless, most toxicokinetic studies rely on in-vitro tools, resulting in a 
lack of studies to validate the actual molar excretion rate. 

According to the available oral dosing studies in humans for BPA and 
bisphenol S (BPS), bisphenols are mainly metabolized as β-D-glucuro
nide in urine, with excretion rates higher than 50% (Table S3). There
fore, glucuronides serve as effective biomarkers of exposure in biological 
matrices but are not suitable for WBE, in which phase-II sulfate appears 
to be the exclusive option, in spite of their low excretion rates [64]. 
Deconjugation of biological samples (i.e., urine) would revert to the 
parent compound. Therefore, it is particularly relevant to minimize 
blank contamination in those cases. 

3.3. Flame retardants 

Available data from in-vivo metabolism studies indicate that halo
genated phenols, such as tetrabromobisphenol A (TBBPA) and 2,4-dibro
mophenol (2,4-DBP), undergo a metabolism analogous to that of the 
bisphenol congeners. In contrast, the existence of hydrocarbon chains in 
OPFRs, e.g. tri(1,3-dichloro-2-propyl) phosphate (TDCIPP) or tri(2- 
butoxyethyl) phosphate (TBOEP, Fig. 1c), make them prone to phase-I 
biotransformations [65]. There is only one in-vivo toxicokinetic study 
that proposes excretion rates for TBOEP metabolites [66]. Therefore, 
data regarding the excretion of these class of compounds is still largely 
unknown (Table S3). Furthermore, certain OPFR metabolites are not 
exclusive from a single chemical (i.e., diphenyl phosphate, DPHP) [67]. 
Thus, data should be thoroughly evaluated to ensure the accurate source 
identification. 

Despite these limitations, several metabolites have been widely used 
as biomarkers in HBM and WBE studies, such as di(1,3-dichloro-2- 
propyl) phosphate (BDCIPP), the major metabolite of TDCIPP [68]. 
However, the results of both approaches cannot be directly compared 
due to the lack of excretion fractions. 

3.4. Antioxidants 

Antioxidants’ potential risk has only recently been recognized [69]. 
Consequently, human metabolism data is very limited. SPAs stand out as 
the only family for which in-vivo human metabolism studies have been 
conducted, while, for other antioxidants, potential biotransformation 

have been merely assessed through in-vivo studies in animals, and 
in-vitro or degradation assays. These qualitative studies pointed out that 
SPAs closely resemble long-chain phthalates’ metabolic pathways, thus, 
leading to hydroxylation and consecutive oxidation and conjugation, as 
exemplarily shown for butylated hydroxytoluene (BHT) in Fig. 1d. In 
contrast, higher molecular weight alternatives (i.e., organophosphite 
antioxidants) tend to initially undergo dealkylation, followed by 
side-chain oxidation, akin their structurally analogous OPFRs [70]. 
Unfortunately, there is no data about excretion rates of these 
compounds. 

Despite the scarcity of data, increasing toxicity reports have 
encouraged to carried out HBM studies on SPAs. Within these studies, 
metabolites of BHT (e.g., BHT-COOH) have been detected in higher 
concentrations than that of the precursor compound, pointing out the 
need for further development of exposure studies based on metabolic 
products [71]. 

4. Human biomonitoring (HBM) 

Fig. 2a and b illustrate the number of works dealing with HBM of 
plastic additives in the last 10 years (source, Scopus, October 31, 2023) 
according to the biofluid (urine, blood/plasma/serum, or breast milk) 
and the type of compound (parent and/or metabolites) monitored, 
respectively. In the case of urine (see Fig. 2), while alkylated additives (i. 
e. PAEs, APs and OPFRs) are mainly found as phase I (see Table S1) and/ 
or phase II metabolites, phenolic compounds are detected as the parent 
chemical and/or the corresponding phase II metabolite. In the case of 
plasma or breast milk, the parent or the corresponding phase I metab
olites are detected as can be seen in the applications of HBM from 2019 
to October 2023 listed in Table S4. 

4.1. Determination of additives in human samples: analytical workflows 

The type of biofluid and the physicochemical properties of the target 
analytes are the key features considered to develop analytical strategies. 
Concerning urine sampling, a wide variety of approaches is observed in 
the existing literature, primarily due to differences in scope, study 
design, and the donors involved. In most studies, spot urine samples are 
collected [72–74] preferably first-morning urine samples to minimize 
bias [75]. However, some studies collected 24-h urine samples [76,77], 
which may lower urine variability, although it may not be feasible in all 
cases due to donors’ time availability or laboratory workload, among 
others. As a result, specific gravity [78,79] and creatinine [75,80,81] are 
useful parameters to normalize experimental concentrations and reduce 
the physiological variability of donors. Alternatively, analyte concen
trations have been corrected with osmolarity [82], density [83], or 
volume values [84]. After sampling, urine samples are always stored 
between − 20 ◦C and − 80 ◦C before analysis, ensuring the cold chain 
from the sampling moment to the laboratory analysis [73,85]. 

The initial step for the determination of plastic additives in urine 
samples involves enzymatic hydrolysis to transform phase-II metabolites 
into phase-I (i.e., PAE, mPAEs, and OPFR, mOPFRs) or parent com
pounds (i.e., bisphenols), making them quantifiable with available 
analytical standards [86]. For this purpose, β-glucuronidase enzyme 
from Helix Pomatia has been primarily used [87], although β-glucur
onidase/arylsulfatase have also been chosen to deconjugate either 
glucuronide- or sulfate-conjugates, respectively [76]. Besides, the hy
drolysis of N- and O-glucuronides is enzyme dependent and, while 
genetically engineered β-glucuronidase has rendered good hydrolysis 
yields for N-glucuronides (i.e. triclocarban glucuronide), O-glucuro
nides are only fully hydrolyzed by using Helix Pomatia β-glucuronidase 
or Helix Pomatia β-glucuronidase/arylsulfatase [88]. Moreover, enzy
matic hydrolysis is usually carried out at controlled pH (pH 5.0–6.5) and 
temperature (37 ◦C) usually overnight, although sometimes the reaction 
is stopped after a couple of hours. It might be also considered that some 
enzymes such as aryl sulfatase have lipase activity, being able to 
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hydrolyze diester-PAEs to monoester-PAEs [88]. After enzymatic hy
drolysis, additives are isolated from urine and subsequently cleaned-up 
by solid-phase extraction (SPE) in most of the works. While the 
reversed-phase mechanism has been the predominant SPE mode, using 
C18 or polymeric sorbents [89,90], mixed-mode SPE has also been 
selected to extract ionizable phase-I metabolites by combining 

reversed-phase sorbents with anion exchangers [91,92]. To a lesser 
extent, liquid-liquid extraction and salt-assisted liquid-liquid extraction 
have also been carried out using acetonitrile as the main extractant [93, 
94]. Finally, urine centrifugation or dilution after centrifugation (i.e., 
’dilute-and-shoot’) has been proven to be a faster alternative with no 
potential losses, although no sample clean-up and preconcentration are 

Fig. 2. Number of human biomonitoring researchers for plastic-related compounds over the last 10 years according to the biofluid (a) or family of compound (b) 
monitored. Source: Scopus October 31, 2023. BPs: bisphenols; APs: alternative plasticizers; mBPs: bisphenol metabolites; mAPs: metabolites of alternative plasti
cizers; mOPFRs: metabolites of organophosphate flame retardants; mPAEs: metabolites of phthalate esters; mSPAs: metabolites of synthetic phenolic acids, OPFRs: 
organophosphate flame retardants; PAEs: phthalate esters; SPAs: synthetic phenolic acids; Others: per- and polyfluoroalkyl substances, benzophenones, parabens, 
phenols, polyaromatic hydrocarbons and their metabolites, pesticides, hormones, phytoestrogens and mycoestrogens and their metabolites, biocides, volatile organic 
compounds, food additives, phytotoxins, quaternary ammonium compounds, metals, organic acids and industrial side-products. 

A. Estévez-Danta et al.                                                                                                                                                                                                                         



Trends in Analytical Chemistry 173 (2024) 117653

9

performed [95,96]. The extracts are often analyzed by liquid chroma
tography coupled with low-resolution tandem mass spectrometry 
(LC-MS/MS) [94,97,98], even though gas chromatography (GC) has also 
been employed [99]. These techniques allow the development of highly 
selective and sensitive analytical approaches to ensure a good identifi
cation and/or quantification of plastic additives. On the other hand, to 
get a holistic view of the impact of plastic additives on humans, bio
monitoring programs should include a larger number of compound 
classes. In this sense, the use of liquid chromatography-high-resolution 
mass spectrometry (LC-HRMS) has facilitated the application of sus
pect and non-target screening approaches. These approaches imply 
some challenges for the analytical methodologies such as the use of less 
exhaustive and more generic sample treatments, including 
dilute-and-shoot [100,101], the improvement of the compound anno
tation workflows that minimize false positives and negatives due to the 
presence of endogenous metabolites that interfere in the identification 
[102] and the harmonization of quality assurance and quality control 
criteria [103,104], among others. 

Besides urine, breast milk [105,106] and blood/plasma/serum [83, 
107], or even hair [108] or amniotic fluid [109] have been analyzed. A 
variety of analytical methods have been developed, not only because of 
the matrix type, but because parent compounds are also present in such 
matrices [110] or even together with phase-I metabolites [105,111]. 
Initially, spot samples are collected and stored at least at − 20 ◦C before 
sample treatment. When phase-I metabolites are determined, enzymatic 
hydrolysis is performed similarly to urine samples [105,112]. However, 
this step is skipped in the determination of parent plastic-related com
pounds [113]. Given the higher protein content of some matrices, such 
as breast milk or blood/plasma/serum, protein precipitation is typically 
carried out by LLE or SALLE using acetonitrile [107,111]. Subsequently, 
the extracts are further cleaned-up by SPE using the same sorbents as 
mentioned above for urine [111], although normal-phase SPE has also 
been conducted for those additives extracted with non-polar organic 
solvents [105]. Finally, the extracts have been usually analyzed by 
LC-MS/MS [106,109], although GC-MS/MS has also been employed 
[105,112]. In contrast to urine, the final concentrations in those 
matrices are seldom corrected to minimize variability. Nevertheless, the 
lipid-content adjustment proposed for breast milk samples [113] could 
be a suitable correction method in future monitoring studies, consid
ering the variability in lipid content depending on the pregnancy/
breastfeeding stage. 

4.2. HBM of plastic additives 

As can be seen in Fig. 2, the number of HBM papers increased until 
2021, while a slight decrease was observed in 2022 (articles up to 
October 2023 were only considered). The latter decrease could be 
related to the lock-down due to COVID-19, which may have deterred 
biomonitoring programs. 

According to Fig. 2b, mPAEs have been the most studied plastic- 
related chemicals over the last decade, while the number of human 
biomonitoring programs including mOPFRs and mAP gained increasing 
attention since 2016. The other families of compounds considered, 
bisphenols and antioxidants, are investigated in HBM studies in a lesser 
extent. The top monitored phase-I metabolites of plastic additives of 
PAEs, APs and OPFRs in the literature over last 10 years are shown in 
Fig. S2 and the complete names of the compounds are listed in Table S1 
in SI. 

Most of the works are limited to the analysis of a few compounds and 
only a few papers applying suspect and non-target screening approaches 
in human biofluids can be found in recent literature [114–119]. This fact 
clearly states the need to investigate and improve those workflows to 
obtain a more holistic view of the impact of plastic additives on humans, 
as commented above. 

In the case of PAEs, concentrations up to thousands of nanograms per 
milliliter have been reported for several mPAEs in USA, Puerto Rico, 

Mexico, East Asia (China, Thailand, Indonesian and Japan) and several 
European Countries (see Table S4). On the contrary, a lack of bio
monitoring data on phthalate exposures in Africa and South America 
regions is observed. Overall, metabolites of DEP, DEHP and monobutyl- 
(MnBP) di-n-butyl- (DnBP) and di-isobutyl- (DiBP) phthalates are those 
found in urine at the highest concentration levels. In the last years, due 
to the replacement of PAEs by APs, mAPs have been reported mainly in 
Europe, Asia and United States. Cyclohexane-1,2-dicarboxylic mono 
(hydroxyisononyl) ester (OH-MINCH), cyclohexane-1,2-dicarboxylic 
mono carboxyisononyl ester (cx-MINCH), and mono(2-ethyl-5- 
carboxypentyl) terephthalate (cx-MEPTP) are the most frequently 
detected metabolites at the highest concentration levels in urine (see 
Table S4). 

As can be seen in Table S4, BPA has been globally monitored in 
humans, especially in Europe, but in North America and Asia as well. 
HBM programs identified a decrease in BPA levels found in urine, 
though there is an increasing trend of alternative bisphenols used as 
substitutes, especially BPF and BPS. Even so, similar BPA concentrations 
are still detected in comparison to their homologues, suggesting only a 
partial substitution of BPA in the market [91,96,99,107,120]. 

As can be seen in Table S4, OPFRs have been mainly monitored in 
urine at concentrations varying from low ng/mL levels up to hundreds of 
ng/mL. Among all OPFR metabolites, those detected at the highest 
concentration include DPHP [78,92,94], BDCIPP [73,79], di 
(1-chloro-2-propyl) phosphate (BClPP) [121], 2-ethylhexyl phenyl 
phosphate (EHPHP) [90], 4-hydroxyphenyl phenyl phosphate 
(4-OH-DPHP) [80], and dicresyl phosphates (DoCP and DpCP) [93]. 
Regarding SPAs, BHT-COOH is the major metabolite of BHT according 
to the literature (see Table S4), which is mainly excreted in urine [94]. 

Although to a lesser extent, other biological fluids such as plasma/ 
blood, breast milk and amniotic fluid have been included in bio
monitoring programs to assess the occurrence of plastic additives and 
metabolites in humans (Table S4). In contrast to urine analysis, where 
phase-I metabolites are mainly monitored, the determination of plasti
cizers in those matrices included both the parent compounds (PAEs and 
APs) and their metabolites (mPAEs and mAPs), whose presence, in 
particular APs (concentration range: 0.252–16.1 ng/mL), in breast milk 
was remarkable. Moreover, OPFRs are generally determined as metab
olites while brominated flame retardants (i.e., HBCDD and TBBPA) are 
monitored as the parent compounds. Other compounds such as BPS have 
also been reported to be present in breast milk (concentration range: 
<0.008–0.05 ng/mL). Though most HBM studies have provided evi
dence of the presence of legacy contaminants in human milk, the 
occurrence of plasticizers and flame retardants has hardly been assessed, 
even though these compounds could accumulate in protein-rich bio
fluids, and this knowledge would allow the interpretation of potential 
health issues. 

5. Wastewater-based epidemiology (WBE) 

The WBE methodology relies on the fact that wastewater represents a 
diluted and composite sample of urine (and faeces) collected from the 
whole community linked to a specific sewage system. When individuals 
are exposed to a given compound, the body excretes the corresponding 
metabolites and/or parent compounds (see sections 3 and 4) and 
therefore, WBE can be considered as an overall average of public 
exposure. Moreover, some of those compounds often found in waste
water treatment plants (WWTPs) can be considered as exposure bio
markers if they remain stable in wastewater and have no other source 
than human urinary excretion. In fact, it is assumed that the amount 
excreted by a population during a specific time interval corresponds to 
the total load received by the WWTP. Consequently, by quantifying 
these biomarkers in the untreated sewage received at the WWTP (i.e. 
influent), a retrospective estimation of parent compounds exposure can 
be performed [122,123]. 

This methodology involves several pivotal steps, which are 
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exemplary outlined in Fig. 3 for DEHP, using the three main human 
metabolites in this case. First, a representative sample of wastewater 
must be collected for a chosen time interval. Typically, 24-h composite 
samples are collected using automatic samplers that ensure proportional 
sampling based on time, volume, or flow of wastewater entering the 
WWTP. The selection of biomarkers for their measurement in waste
water is a key issue. Usually, urinary HBM studies are taken as a refer
ence for this selection because they provide information on the main 
metabolites generated and on the urinary excretion rates (see section 3). 

A more detailed discussion on the potential of WBE to estimate the 
specific biomarkers used in the case of plastic related chemicals will be 
discussed afterwards (section 5.1). After this selection, the following 
step involves the analysis of wastewater composite-samples to deter
mine their concentrations (Fig. 3). Given the complexity of wastewater 
matrices and the low concentrations of biomarkers (usually within the 
ng/L range), a preconcentration, and sometimes clean-up step, is 
necessary before chromatographic analysis, often achieved through SPE 
[123]. Similarly to HBM, chromatography and mass spectrometry 
methods are commonly used due to the need for high sensitivity and 
selectivity [123]. Afterwards, the measured concentrations are trans
formed to biomarker mass loads entering the WWTP, considering the 
flow of raw wastewater treated in the WWTP over the sampled 24-h 
period. Those mass loads are converted into intakes of parent com
pounds, using correction factors (CFs), which are calculated considering 
the molecular mass ratio between the parent compound and the 
metabolite, and the excretion rate obtained from metabolic studies. CFs 
used in the literature for the various biomarkers are shown in Table S5. 
The final step involves normalizing the experimental data. For this 
purpose, the estimated compound intake is divided by the number of 
inhabitants served by the WWTP and the results expressed as e.g. μg 
inh− 1day− 1 [125]. Also, these results can be transformed to daily intake, 
using the average population weight (in kg, considering the average 
weights by age group, and the population percentages provided in 
epidemiological studies for a given city, if available, or country) [64]. 
This standardization enables the comparison of results across different 
WWTPs and populations and also with reference values, such as the 
tolerable daily intake values set by the European Food Safety Authority 
(EFSA) or the reference doses (RfD) provided by the U.S. Environmental 
Protection Agency (US-EPA). 

5.1. WBE biomarkers for plastic-related chemicals 

In the case of plastic additives, the parent compounds are not good 
biomarkers of exposure due to their ubiquity, as they may be present in 
wastewater from several other sources rather than human excretion. 
Thus, phase-I or phase-II metabolites have been tested as biomarkers 
considering both excretion rates in urine and wastewater stability. In the 
case of phase-II metabolites, glucuronides have been usually discarded 
due to poor stability in wastewater derived from their rapid hydrolysis 
by β-glucuronidase enzymes produced by fecal bacteria in sewage [126], 

as already discussed in section 3. 
In the case of PAEs, the use of the hydrolysis products (PAE mono

esters) has been described for short-chain PAEs [1,124–129]. In 
contrast, oxidized products of those monoesters have been proposed for 
long-chain phthalates, such as mono-(oxo-isononyl) phthalate (oxo-
MiNP) for the estimation of DiNP exposure [124], due to their higher 
excretion rates and longer half-lives. A similar choice often applies to 
APs, and terephthalates, for which both monoesters and other products 
of subsequent oxidations could be used, even considering that the 
excretion rates are low [124]. Given the mismatched results of WBE 
against HBM found for the Australian population [128], some authors 
have pointed out that PAE monoesters may also originate in the sewers 
from parental PAEs that are released into them, in addition to being 
excreted as urinary metabolites. To date, however, they constitute the 
only reported biomarkers to explore exposure trends by WBE. 

In the case of OPFRs, the selection of appropriate metabolites for 
their use in WBE is highly dependent not only on excretion rates, but on 
their possible occurrence in industrial processes and products. This is the 
case of DPHP, which is a metabolite of TPHP, but is also used in in
dustrial products. In this case, some hydroxylated metabolites, such as 3- 
hydroxyphenyl diphenyl phosphate (3-OH-TPHP), appear to be good 
alternatives [1,130,131]. In the case of chlorinated OPFRs, both the 
hydrolysis products and oxidation metabolites have been proposed as 
potential WBE biomarkers [131,132]. 

The very few WBE applications to measure BPA exposure have pro
posed the phase-II metabolite bisphenol A monosulfate (BPA-S) as the 
most suitable biomarker [1,64,127]. The metabolites selected in the 
literature whenever human exposure to a given substance is studied 
through WBE are shown in the supplementary material (Table S5). Other 
compounds discussed in this review have, so far, not been subject of 
WBE studies. 

5.2. WBE-based human exposure 

PAEs are undoubtedly the most studied plastic-related chemicals 
exploiting WBE, with DEP and DnBP as the compounds presenting the 
highest levels of exposure, with estimated values, in some cases, >1 mg 
inh− 1 day− 1 [116,121]. Exposure levels derived from WBE have not 
been yet reported for APs, such as DINCH, due to low levels of metab
olites in wastewater, although the WBE approach has been proposed as a 
viable alternative [64,124]. As for BPA, there are several articles 
reporting human exposure derived from the determination of BPA-S [1, 
64,127]. However, the results obtained are highly dependent on the CF 
selected, derived from different metabolic studies, with a range of re
ported CFs for BPA varying from 0.16 [64] up to 24.7 [1]. 

In the case of flame retardants, TPHP, TBOEP and 2-ethylhexyldi
phenyl phosphate (EHDPHP) were those metabolites presenting the 
highest mass loads (>10 μg inh− 1 day− 1) in all WBE studies [1,130,131]. 
Yet in some studies, only mass loads of metabolites were considered, and 
no CF was applied. In the case of TBOEP, using a CF of 13.9 for urinary 

Fig. 3. Step-by-step workflow for the estimation of DEHP exposure through WBE as applied to a WWTP in Santiago de Compostela as a model example [124]. For 
abbreviations see Table S1. Note: Images created by Freepik.es® and the authors. 
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excretion of di(2-butoxyethyl) 2-hydroxyethyl phosphate (BBOEHEP), 
the values obtained in some cities (i.e., 1783 ± 830 μg inh− 1 day− 1 

estimated in Antwerp (Belgium) in 2021) are higher by far from those 
stablished as RfD [1]. 

WBE is considered a promising indirect biomonitoring tool; however, 
it is important to note the uncertainty of the data, primarily influenced 
by numerous factors, such as (i) the stability of the metabolites in 
wastewater or in-sewer (i.e., the possible in-sewer transformation of 
phthalate diesters to phthalate monoesters, which calls into question the 
selection of these biomarkers), (ii) sorption processes [127,133], (iii) 
variations in CF depending on sources of excretion rate data, or (iv) the 
different methodologies used to estimate the size of the analyzed pop
ulation (demographic data, connections to the waste network, biological 
or chemical oxygen demand, etc.). Particularly, proving the biomarkers 
as being exclusively originated from human urinary excretion, and 
further curated CFs values are required. Furthermore, so far, the number 
of WBE applications is still limited to a few chemicals and needs to be 
expanded to demonstrate the opportunities offered by WBE. 

6. Conclusions and outlook 

This review gives insights into the recent achievements and advances 
in the evaluation of human exposure to plastic additives using a selec
tion of representative papers. Nowadays, challenging issues, such as 
HBM and the analysis of human exposure to organic contaminants, have 
become feasible for many compounds as a consequence of advances in 
(bio)analytical tools and methods. 

However, we also want to address some weaknesses and opportu
nities that need to be taken into account to fill many of the existing gaps. 
One clear gap is the lack of more standardized in-vitro models and 
adequate in-vivo validation of bioaccesibility models for many plastic 
additives. However, efforts are currently geared towards in-vitro 
bioavailability testing using cell models, or advanced biochemical as
says in animal models using endogenous biomarkers of effect. 

The metabolism and the HBM of contaminants are closely related, as 
the main challenge is to identify and select the main metabolic trans
formation products. Currently, many of the known metabolites have 
been described based on in-vitro and/or in-silico models involving 
common (or known) transformation pathways. Though both approaches 
are generally satisfactory, many compounds are ignored and therefore 
key information regarding adverse outcome pathways may be over
looked. The implementation of up-to-date non-targeted analytical ap
proaches in ongoing HBM studies may in the next future complement the 
current knowledge and remarkably overcome this gap. 

WBE is still a growing field that can complement HBM studies and be 
useful for monitoring not only the exposure to chemicals but life-style 
habits, the spread of infectious diseases, or consumption of drugs. 
However, the inherent difficulties in the analysis of such samples and the 
need to implement robust links between the exposure and adequate 
biomarkers of exposure require further research. In this sense, the 
mentioned non-targeted analysis in HBM can be very helpful for the 
identification of excretion by-products or the transformations occurring 
in WWTPs. 

Finally, it is worth mentioning that we already have at hand a 
plethora of data of frequently monitored contaminants but still a large 
part of the chemicals will remain unknown. Furthermore, if we shift the 
focus from human health to the uprising challenges in environmental 
health, the need to fill the gaps is even greater. 

CRediT authorship contribution statement 
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[62] D. Gramec Skledar, L. Peterlin Mašič, Bisphenol A and its analogs: do their 
metabolites have endocrine activity? Environ. Toxicol. Pharmacol. 47 (2016) 
182–199, https://doi.org/10.1016/j.etap.2016.09.014. 

[63] C. Dumont, E. Perdu, G. de Sousa, L. Debrauwer, R. Rahmani, J.-P. Cravedi, M.- 
C. Chagnon, Bis(hydroxyphenyl)methane—bisphenol F—metabolism by the 
HepG2 human hepatoma cell line and cryopreserved human hepatocytes, Drug 
Chem. Toxicol. 34 (2011) 445–453, https://doi.org/10.3109/ 
01480545.2011.585651. 

[64] L. Lopardo, B. Petrie, K. Proctor, J. Youdan, R. Barden, B. Kasprzyk-Hordern, 
Estimation of community-wide exposure to bisphenol A via water fingerprinting, 
Environ. Int. 125 (2019) 1–8, https://doi.org/10.1016/j.envint.2018.12.048. 

[65] A. Liu, Z. Zhao, G. Qu, Z. Shen, J. Shi, G. Jiang, Transformation/degradation of 
tetrabromobisphenol A and its derivatives: a review of the metabolism and 
metabolites, Environ. Pollut. 243 (2018) 1141–1153, https://doi.org/10.1016/j. 
envpol.2018.09.068. 

[66] W. Völkel, V. Fuchs, M. Wöckner, H. Fromme, Toxicokinetic of tris(2- 
butoxyethyl) phosphate (TBOEP) in humans following single oral administration, 
Arch. Toxicol. 92 (2018) 651–660, https://doi.org/10.1007/s00204-017-2078-7. 
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