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Abstract: The waste of electrical and electronic equipment (WEEE) is generally considered a sec-
ondary raw material for the recovery of valuable components. However, emerging issues regarding
the impact of suspended particles arising from WEEE recycling operations are a concern. It was
recently demonstrated that samples from three different WEEE plants were rich in organophosphate
flame retardants (OPFRs). Since exposure to a xenobiotic can lead to its biotransformation through
human metabolism routes, in the present study, the metabolism of eight OPFRs of interest in our
sampling campaign (triphenyl phosphate (TPhP), tri-m-tolyl phosphate (TMTP), ethylhexyl diphenyl
phosphate (EHDPhP), tributoxyethyl phosphate (TBOEP), diphenyl phosphate (DPhP), trichloroethyl
phosphate (TCEP), tris(1,3-dichloropropan-2-yl) phosphate (TDClPP) and bisphenol A bis(diphenyl
phosphate) (BDP)) was investigated. Their metabolism was studied at different time points in three
matrices: human liver microsomes, human hepatocytes and human skin microsomes. This study,
which was run using a common experimental setting, allowed easy comparison of results for each
OPFR of interest, and a comparison with other data in the literature was performed. In particular, a
number of metabolites not previously described were detected, and for the first time, it was shown
that TPhP could be metabolized in human skin microsomes.

Keywords: WEEE; OPFR; metabolism; HLM; human hepatocytes; HSM

1. Introduction

Since polybrominated diphenyl ester (PBDE) flame retardants were listed by the
Stockholm Convention on Persistent Organic Pollutants for their environmental persis-
tence and toxicity in 2009 and 2017 [1,2], organophosphate flame retardants (OPFRs)
have found considerable use in the production of plasticizers, textiles, furniture, coatings,
polyvinylchloride (PVC) plastics and polyurethane foams [3], leading to an increase in their
production. Therefore, the global use of OPFRs increased a lot in recent years, including
from 0.5 million tons in 2011 to 0.68 million in 2015 [4] and 2.39 million in 2019 [5], with a
global annual increase of 2.7% estimated in the period 2019–2025 [5]. Despite their use as
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“safe alternatives” of PDBEs, several papers have been recently published showing that OF-
PRs have a high persistence and an easy diffusion in a series of environmental matrices such
as soil [6], sediments [3], mud [3], dust [1,7–9], air [1], particulate [1], and waters such as
oceans [10], rivers [11] and drinking waters [11,12]. As has previously occurred for PBDEs,
the broad presence in the environment of OPFRs, such as organophosphate esters (OPEs),
is now raising serious concerns about their safety; indeed, OPFRs are in direct contact with
main human exposure pathways (inhalation, ingestion and skin absorption) [1] and they
can cause adverse effects on human health. In recent studies, neurotoxicity effects have
been observed in in vitro tests [13,14]. Moreover, exposition to OPFRs and their metabolites
has been associated with the formation or progression of cancer of various origins such
as prostate [15], gastrointestinal tract [16], breast [17], thyroid [18], as well as with thyroid
hormones [19,20] and estrogen alteration [21]. Finally, toxic effects on keratinocytes were
also observed [22].

OPFRs can undergo biotransformation, and their metabolites can also induce toxicity
and adverse events due to bioaccumulation. Indeed, OPFRs, like general xenobiotics, can,
in principle, be metabolized and eliminated through urine, bile, feces and by minor routes
such as exhalation and sweat. Many compounds can reach toxic levels with dangerous
health effects without effective detoxification and subsequent excretion [23]. To evaluate
the safety of xenobiotics, metabolic stability assays are commonly performed to predict
pharmacokinetics in humans [24]. Cytochrome P450-dependent monooxygenases (P450s)
represent the primary enzyme system that induces the oxidative metabolism of xenobiotics.
In particular, the liver, lung and skin microsomal P450s play a key role in converting
lipophilic xenobiotics, including drugs, insecticides, carcinogens, food additives and en-
vironmental pollutants, to more polar compounds that are easier to excrete [25]. Several
studies have demonstrated that OPFR metabolites, especially diester and hydroxylated
forms, possess an even higher toxicity profile than their respective parent compounds [22].
In the case of environmental contaminants, exposure can be difficult to control, and in vitro
studies aiming at extrapolating metabolic pathways can also be extremely useful for the
generation of pharmacokinetic models to evaluate the safety of xenobiota [24].

In the context of a research project to evaluate the environmental and health impact of
organic emerging pollutants, we recently published a preliminary investigation on waste
electrical and electronic equipment (WEEE) plants’ airborne particulate matter (PM) com-
position [26]. Among the classes of compounds investigated, OPEs were the major organic
constituents, especially in the coarse fraction of PM. In this work, the metabolic stability
studies of eight airborne OPFRs (Figure 1) identified in air particulate samples of waste
electrical and electronic equipment (WEEE) plants were carried out [26,27]. In particular,
liver metabolism was evaluated in human liver microsomes (HLM), which provide in-
formation on phase I biotransformations, and in human hepatocytes (HuHep), in which
phase II metabolic reactions also occur. In addition to considering another mechanism of
environmental exposure, metabolic stability in human skin microsomes (HSMs) was also
evaluated. HSMs contain relevant enzymes that play a role in the metabolism of OPFR
esters, such as P450s or, in particular, carboxylesterase [28]. The eight selected OPFRs were
triphenyl phosphate (TPhP), tri-m-tolyl phosphate (TMTP), ethylhexyl diphenyl phosphate
(EHDPhP), tributoxyethyl phosphate (TBOEP), diphenyl phosphate (DPhP), trichloroethyl
phosphate (TCEP), Tris(1,3-dichloropropan-2-yl) phosphate (TDClPP) and bisphenol A
bis(diphenyl phosphate) (BDP) (Figure 1).

In the literature, previous studies have described the metabolism of TPhP, EHDPhP,
TBOEP, TCEP and TDClPP. For instance, one of the pioneering in vitro studies on the
metabolism of OPFRs was published by Van den Eede et al. [29]. In that paper, TPhP,
TBOEP, TCEP, tris(1-chloro-2-propyl) phosphate (TCIPP), and TDCPP were individually
investigated for their metabolism in HLM and human liver S9 fractions after 1 h of incuba-
tion. Thus, Van den Eede et al. [29] proved that it was possible to detect a wide array of
metabolites mainly due to oxidative metabolism, with TCEP associated with the lowest
number of detected metabolites. In addition, a few phase II metabolites were also observed
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for almost all the studied OPFRs. However, it is noteworthy that different matrices (e.g.,
HLM, S9 or HuHep) and experimental conditions (e.g., incubation time) were used in the
literature [29–32]. In addition, at the time of writing, we are not aware of studies on human
skin microsomes for these compounds, and, to the best of our knowledge, the metabolism of
TMTP, DPhP and BDP has not been previously investigated in human matrices. Finally, in
our study, we decided to apply a time-course approach, to monitor the formation of metabo-
lites with time. Since a time-course study generated a larger amount of data compared to
the traditional one-incubation-time approach to reduce the time needed for data analysis,
the Mass-MetaSite software v1.0 [33] connected to the ONIRO platform [34,35] was used
for the first time for the analysis of OPFRs. Our results are discussed and compared with
previous published studies.
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Figure 1. Chemical structures of OPFRs studied in this paper.

2. Materials and Methods
2.1. Chemicals and Reagents

Pooled human liver microsomes (HLM, n = 50 mixed genders) and pooled human
cryopreserved hepatocytes (HuHep, n = 10 mixed gender) were purchased from Thermo
Fischer Scientific (Frederick, MD, USA) and from Lonza (Basel, Switzerland), respectively,
and pooled human skin microsomes (HSM, n = 3 female gender) were purchased from
Biopredic International (Saint Grégoire, France). The standards for EHDPHP and BDP were
purchased from LGC (Teddington, UK), and standards for TPhP, DPhP TMTP, TDClPP,
TCEP, TBOEP, and reduced β-nicotinamide adenine dinucleotide 2′-phosphate (NADPH)
were purchased from Merck Life Science (Milan, Italy). Potassium phosphate dibasic
and potassium phosphate monobasic were purchased from Merck Life Science (Milan,
Italy), while William’s E Medium and CM4000 were purchased from Thermo Fischer
Scientific (Frederick, MD, USA). Milli-Q water was produced with a Sartorius Arius Mini
Ultrapure water system (Goettingen, Germany) and acetonitrile and methanol hypergrade
were produced for LC-MS analysis, and ammonium acetate, formic acid, and DMSO were
purchased from Merck Life Science (Milan, Italy). The Kinetex® 1.7 µm XB-C18 100 Å, LC
Column 100 × 2.1 mm was purchased from Phenomenex (Torrance, CA, USA).

2.2. In Vitro Incubations

To investigate the formation of phase-I metabolites for the eight OPFRs, the reaction
mixture containing 100 mM of phosphate buffer at pH 7.4, OPFRs (20 µM, final concentra-
tion), and human liver microsomes or human skin microsomes (1 mg/mL for HLM and
0.2 mg/mL for HSM final concentration) were preincubated in a Themomixer Eppendorf
at 37 ◦C and 800 rpm. The reaction was initiated by the addition of NADPH (1 mM final
concentration), and an aliquot of the incubation solution was taken at seven time points
(0, 5, 10, 15, 30, 60, 90 min). The reaction was quenched with ice-cold acetonitrile (4 ◦C
with labetalol as internal standard (1 µM) in the ratio of incubation solution: acetonitrile at



Separations 2023, 10, 548 4 of 15

1:3 v/v. In the case of HuHep, they were thawed in a 37 ◦C shaking water bath according to
the manufacturer’s specifications and resuspended in Williams E medium (WEM) to obtain
1 × 106 cells/mL. Samples with OPFRs at 20 µM were incubated at 37 ◦C, and aliquots of
50 µL were collected at 0, 30, 60, 120 and 240 min.

Once collected in microsomes or hepatocytes, samples were vortexed, kept at 4 ◦C
for 10 min and centrifuged at 14,000 rpm for 10 min at 4 ◦C. Finally, the supernatant was
transferred to new tubes and dried with N2 stream at 35 ◦C. The samples were reconstituted
with H2O/CH3OH 1:1 v/v. Blanks and control samples were prepared similarly but in the
absence of the investigated compounds or NADPH, respectively.

2.3. LC-QTOF Method

Samples were analyzed using liquid chromatography–mass spectrometry (LC–MS)
in both a positive and negative mode using an HPLC 1290 series coupled to a 6540 UHD
Accurate-Mass Q-TOF (Agilent Technologies, Santa Clara, CA, USA). The chromato-
graphic separation of the metabolites formed was achieved using a Kinetex XB-C18
(100 mm × 2.1 mm × 1.7 µm, Phenomenex), with 0.1% formic acid (A) and 0.1% formic
acid in methanol (B) as mobile phases in the positive mode and 5 mM ammonium ac-
etate (A) and 5 mM ammonium acetate in methanol (B) in the negative mode. In both the
positive and negative modes, the same LC parameters exist. The gradient elution was as
follows: 0.5% B at 0 min, a linear increase in B to 35%, from 0.5 to 6 min, a linear increase
in B to 100%, from 6 to 14 min, followed by isocratic elution at 100% B from 14 to 16 min
and a post-run of 4 min to re-equilibrate the column. The flow rate was 0.4 mL/min, the
injection volume was 5 µL and the column temperature was 40 ◦C.

The following ESI positive mode parameters were used: the MS and MS/MS scan
range was set from m/z of 100 to 1700 amu, the MS and MS/MS scan rate was 3 spectra/s
with an isolation width of 4 m/z, gas temperature at 300 ◦C, gas flow of 9 L/min, nebulizer
pressure of 35 psig, sheath gas temperature at 320 ◦C, and a sheath gas flow of 9 L/min. The
nozzle and capillary voltages were set to 0 V and 4000 V, respectively. For the ESI negative
mode, the same settings were applied except for Nozzle and capillary voltages, which were
set at 3500 and 500 V. The collision energy for the negative mode was set at 10 V.

3. Results and Discussion
3.1. Metabolism in HLM

In HLM, TPhP rapidly underwent biotransformation with a half-life time of 23.19 min
(Figure 2a). In a previous study, Van den Eede et al. [29] identified phase I metabolites
consisting of monohydroxylated forms (TPhP+16), diphenyl phosphate (TPhP−76), and a
dihydroxylated form with hydroxyl groups linked to the same phenyl ring (TPhP+32). In
our study, TPhP metabolism (Figure 2a) showed how two TPhP+16 metabolites were also
identified as two isomers, resulting in them appearing chromatographically and adequately
separated at retention times (R.T.) of 10.36 and 11.28 min. Moreover, our time-course experi-
ments showed that TPhP+32 is likely to originate from the TPhP+16 metabolite at R.T. 11.28,
as the latter decreased at 60 and 90 min. The single peak was identified as the dihydrox-
ylated form of TPhP (TPhP+32) at R.T. 10.85 min and showed an MS/MS fragmentation
pattern compatible with a dihydroxylation at the same phenyl ring (Figure 3a), although
the exact position could not be elucidated. Finally, diphenyl phosphate (TPhP−76) was
also clearly observed, and its formation with time seemed to be slower compared to the
formation of hydroxylated forms. In comparison with the Van den Eede et al. study [29],
we could not detect the second-generation metabolite TPhP−50, which originated from
TPhP+16 due to the loss of a phenyl group. The absence of TPhP−50 can be explained by
competition with the dihydroxylation reaction, and thus, this second-generation metabolite
could be below the limit of detection (Supplementary Materials Table S1).
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Although the metabolism of TPhP has already been studied in various matrices, to
the best of our knowledge, the main metabolite diphenyl phosphate DPhP has not been
previously used as a substrate in metabolism studies. Nevertheless, acute and chronic
exposure to DPhP led to high levels in the blood and other tissues, and multiomics analysis
demonstrated a biological effect that was not observed when DPhP was generated as a
metabolite of TPhP [30]. Therefore, we decided that DPhP deserved further investigation.
When tested in HLM, DPhP showed higher metabolic stability (Figure 2b), with a single
hydroxylated form of DPhP (DPhP+16) detected at R.T. 4.93 min (Supplementary Materials
Table S2). Similarly, BDP was also characterized by high metabolic stability in HLM, and
in this case, the slight signal decrease was not associated with any potential metabolites
both in the positive and negative modes. (Figure 2c) A previous study by Alves et al. [31]
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on BDP in HLM and in the absence of NADPH revealed the formation of six metabolites,
which were likely formed by hydrolytic enzymes (Supplementary Materials Table S3).
However, in our experimental conditions, those hydrolysis products were not detected
either through Mass-MetaSite or manually. In HLM, TMTP resulted in a clearance of 50% at
90 min of incubation time, with the detection of five metabolites. (Figure 2d) Specifically, the
metabolite that formed faster corresponded to a monohydroxylated metabolite (TMTP+16).
In addition, other minor metabolites were detected, such as the dihydroxylated metabolite
(TMTP+32), the dialdehyde metabolite (TMTP+28), oxidation to carboxyl acid (TMTP+30)
and the O-dearylation of TMTP (TMTP−90). It is noteworthy that TMTP, to the best of
our knowledge, has not been studied before in HLM (Supplementary Materials Table S4).
Concerning TBOEP, this OPFR was rapidly metabolized in HLM, with complete clearance
of the substrate after 30 min of incubation time. Among the eight substrates investigated,
TBOEP was the most metabolically unstable one in HLM in our experimental conditions. In
particular, a considerable phase I metabolism was observed (Figure 2e) with four metabo-
lites identified. Previous studies on TBOEP in HLM led to the detection of different phase I
metabolites correlated with dealkylation to give dibutoxyethyl phosphate (TBOEP−100),
dibutoxyethyl ethylhydroxy phosphate (TBOEP−56) and two isomers obtained from the
hydroxylation of the alkyl-ether chain which provided TBOEP+16. Metabolites of the
second generation have been reported in HLM in in vitro studies such as the oxidative
pathway for TBOEP−56 to obtain an aldehyde (TBEP−58), the carboxylic acid (TBOEP−42),
the hydroxylation of TBOEP−100 (TBOEP−84) or its debutylation (TBOEP−156), the hy-
droxylation of TBOEP−56 (TBOEP−40) or the oxidative pathway for TBOEP−16 to obtain
an aldehyde (TBOEP+14) a carboxylic acid (TBEP+30) or the simple secondary hydroxy-
lation to obtain TBOEP+32 [29,32]. In our study, four metabolites were observed. Three
of them were among those previously described in the literature [29,32]: a monohydrox-
ylated TBOEP (TBOEP+16) at R.T. 11.39 min, the mono-debutylation (TBOEP−56) and
the mono-debutoxyethylation (TBOEP−100) of the substrate, respectively. The position
of the hydroxyl group is not determinable from MS/MS spectra due to the absence of
characteristic fragments. Other metabolites reported in the literature have not been found,
probably due to a lower concentration in samples. However, an additional metabolite
which was not previously reported was observed in the positive ion mode, and this was
identified as the di-debutylation of TBOEP to provide butoxyethyl di ethylhydroxy phos-
phate (TBOEP−112) (Supplementary Materials Table S5). In Figure 2f, the metabolic profile
with time for EHDPhP is shown. This compound was metabolized with the complete
disappearance of the substrate at 90 min. Although our analysis was qualitative, the most
intense signal was associated with the diphenyl phosphate (EHDPhP−112), followed by
two hydroxylated species of EHDPhP (EHDPhP+16) at R.T. 11.97 and 12.17 min. Moreover,
other detected metabolites included the aldehyde or ketone form of EHDPhP (EHDPhP+14)
and an additional metabolite named EHDPhP+30. A closer inspection of the MS/MS
spectra of two hydroxylated metabolites EHDPhP+16 revealed that, in both cases, hydroxy-
lation occurred at the alkyl chain moiety and not at the phenyl rings; indeed, fragments
with m/z 273.0232 and 251.0452 in the MS/MS spectra of EHDPhP+16 at R.T. 11.97 min
(Figure 3b) and those with m/z 273.0288 and 251.0450 in the MS/MS spectra of EDPhP+16
at R.T. 12.17 min (Figure 3c) can be associated with sodium adducts and the protonated
diphenyl phosphate fragment. For EHDPhP+30, MS/MS spectra are in agreement with
further oxidation at the alkyl chain level (Figure 3d) (Supplementary Materials Table S6).
In Figure 3, additional fragments whose masses were heavier than the selected parent
ion in MS/MS spectra, as well as some additional detected fragments, were likely due to
co-eluting compounds that passed the parent ion isolation window (see Section 2).
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The metabolism of TCEP in HLM is summarized in Figure 2g. High metabolic stability
in HLM without the clear disappearance of the substrate at different incubation times was
observed. Nevertheless, two potential metabolites were detected from LC-MS analysis with
low relative peak areas compared to the substrate. TCEP’s metabolism in HLM was also
studied by Van den Eede et al. [29], and the formation of two primary metabolites from the
dealkylation of TCEP provided bis (2-chloroethyl) hydrogen phosphate (TCEP−62), while
the oxidative dehalogenation gave 2-hydroxyethyl 2-chloroethyl hydrogen phosphate
(TCEP−18) obtained from phase I metabolism. In our study, the detected metabolites
TCEP−62 and TCEP−18 agreed with data from the literature (Supplementary Materials
Table S7). Van den Eede et al. [29] also studied the metabolism of TDCIPP in HLM with
the formation of four metabolites from the dealkylation of TDClPP to the production
of bis(1,3-dichloro-2-propyl) phosphate (TDClPP−110), the oxidative dehalogenation of
the substrate (TDClPP−18) and relative metabolite bis(1,3-dichloro-2-propyl) phosphate
(TDClPP−128). TDClPP−128 undergoes another oxidation of the hydroxyl group in the
carboxyl group (TDClPP−4). TDClPP underwent degradation, decreasing by only 10% after
90 min (Figure 2h). The formation of three phase I metabolites obtained via dealkylation
(TDClPP−110), oxidative dehalogenation (TDClPP−18) and TDClPP−128 are in agreement
with data from the literature (Supplementary Materials Table S8) [29].

3.2. HuHep Incubation

For TPhP, phase I metabolites observed upon incubation in HuHep were the same as
those observed in HLM, with the exception of TPhP+32, which was not detected (Figure 4a).
Concerning phase II metabolites, glucuronide and sulfate conjugates of monohydroxylated
(TPhP+192, TPhP+95, respectively), and two sulfate conjugates of dihydroxylated TPhP
were detected (TPhP+111 at R.T. 8.90 and 9.45 min). The obtained data were partially in line
with Van der Eede et al. [29] because glucuronide conjugates TPhP+192, sulfate conjugates
TPhP+95, and the two TPhP+111 metabolites were already detected, but the metabolite in
our study, the glucuronide conjugates of dihydroxylated TPhP metabolite (TPhP+208), was
not observed. However, in our experimental conditions, another sulfate with conjugate
form (TPhP+128) was detected, which was formed from a trihydroxylated TPhP.

MS/MS spectra acquired in the negative mode and associated with the peaks iden-
tified as TPhP+111 at R.T. 8.90 and 9.45 min (Figure 5a,b, respectively) indicated that the
dihydroxylation occurs on the same phenyl ring for the metabolite at 9.45 min and on
two different phenyl rings for the metabolite at 8.90 min. Informative fragments were
m/z 249.0318 or 265.0262. The fragment at m/z 249.0318 is also present in MS/MS spec-
tra of metabolite TPhP+128 (Figure 5c), indicating the presence of two hydroxyl groups
on a phenyl ring and the third hydroxylation is on another phenyl ring (Supplementary
Materials Table S1).

DPhP showed high metabolic stability in the metabolic studies in HuHep, with no
metabolites detected (Figure 4b, Supplementary Materials Table S2). BDP resulted in high
stability as it did not exhibit any metabolite in HuHep, similar to what was described for
HLM incubation (Figure 4c and Supplementary Materials Table S3). Contrarily, in HuHep,
TMTP underwent considerable phase I and phase II metabolism. A complete disappearance
of the substrate after 240 min was observed, with the detection of 10 metabolites (Figure 4d).
Specifically, for phase I metabolism, the formation of a single mono-hydroxylated metabo-
lite (TMTP+16) and TMTP+16 also resulted in an intermediate metabolite leading to the
formation of the carboxyl form (TMTP+30) to the dearylated species (TMTP−90) or to
an undetected metabolite such as dihydroxylated tri-m-tolyl phosphate which is rapidly
converted to the dialdehyde metabolite (TMTP+28). In addition to phase I metabolites, five
phase II metabolites were detected as follows: indeed, the conjugations of glucuronic acid
to monohydroxylated (TMTP+192) and dihydroxylated TMTP (TMTP+208) were observed,
as well as the conjugation of a sulfate group to hydroxylated forms of TMTP (TMTP+96 for
mono-, TMTP+111 for di- and TMTP+128 for tri-). The TMTP+128 metabolite suggested
the presence of trihydroxylated metabolite TMTP+48, but we could not detect it in LC-
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MS analysis both in the positive and negative mode (Supplementary Materials Table S4).
Concerning TBOEP, this compound was rapidly metabolized, with the detection of the
same phase I metabolite identified in HLM (Figure 4e). In addition, a phase II metabolite
was identified as a glucuronide conjugate of TBOEP−56 (TBOEP+120). Unlike aryl-OPFRs,
where the main phase II metabolites resulted in the conjugation of the sulfate moiety to a
hydroxyl group on a phenyl ring, TBOEP, which lacks aromatic groups, was more prone
toward the conjugation of glucuronic acid (Supplementary Materials Table S5).

Separations 2023, 10, 548 9 of 15 
 

 

TMTP+128 metabolite suggested the presence of trihydroxylated metabolite TMTP+48, 
but we could not detect it in LC-MS analysis both in the positive and negative mode (Sup-
plementary Materials Table S4). Concerning TBOEP, this compound was rapidly metabo-
lized, with the detection of the same phase I metabolite identified in HLM (Figure 4e). In 
addition, a phase II metabolite was identified as a glucuronide conjugate of TBOEP−56 
(TBOEP+120). Unlike aryl-OPFRs, where the main phase II metabolites resulted in the 
conjugation of the sulfate moiety to a hydroxyl group on a phenyl ring, TBOEP, which 
lacks aromatic groups, was more prone toward the conjugation of glucuronic acid (Sup-
plementary Materials Table S5). 

 
Figure 4. Kinetic curves of the 8 substrates (black curves) and their metabolites in HuHep incubation 
experiments for TPhP (a), DPhP (b), BDP (c), TMTP (d), TBOEP (e), EHDPhP (f), TCEP (g) and 
TDClPP (h). The metabolite curves were painted in different colors in function of their relative abun-
dance from the most abundance to the lowest in the following order: blue, red, green, orange, pink, 
light blue, purple, yellow and grey. 
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abundance from the most abundance to the lowest in the following order: blue, red, green, orange,
pink, light blue, purple, yellow and grey.
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Figure 4f shows the results of the metabolism study in HuHep for EHDPhP. The phase
I metabolites identified were EHDPhP−112 and two EHDPhP+16s eluting at R.T. 11.97
and 12.17 min and EHDPhP+14. Compared to the metabolites detected upon incubation in
HLM, the same metabolites were observed with the exception of EHDPhP+30, which is
absent in HuHep incubation samples. Moreover, three-phase II metabolites were detected
and resulted in three glucuronide conjugation products of EHDPhP (EHDPhP+192 at
R.T. 10.21, 10.59 and 11.02 min). The MS/MS spectra of three EHDPhP+192 metabolites
provided hints on the position of the glucuronide group (Figure 6). In particular, [M-H]−

species for the EHDPhP+192 metabolite at R.T. 11.02 min (Figure 6c) was characterized by
a fragment at m/z 441.0592 relative to neutral loss of the ethylhexyl chain. The presence of
this fragment suggests that the glucuronide conjugation occurs on a phenyl moiety. For
the other EHDPhP+192 metabolites at R.T. 10.21 min and R.T. 10.59 min, the fragment
at m/z 441.0592 was not observed in the corresponding MS/MS spectra (Figure 6a,b),
suggesting that, in those cases, glucuronide conjugation occurs at different positions in the
ethylhexyl chain (Supplementary Materials Table S6).
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For TCEP incubation, the same metabolites (TCEP−18 and TCEP−62) formed in HLM
were also observed upon incubation in HuHep (Figures 2g and 4g, respectively). In HuHep,
a higher relative peak area for these metabolites was detected, and phase II metabolites
were not observed (Supplementary Materials Table S7). These results are in agreement with
Van den Eede et al. data [29], where the formation of phase II metabolites was similarly
not observed. TDClPP incubation provides the disappearance of 25% of the substrate at
240 min of incubation time with the formation of the same phase I metabolites already
observed upon HLM incubation (Figure 4h). No phase II metabolites were detected either
in the positive or negative mode (Supplementary Materials Table S8).
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3.3. HSM Incubation

In HSM, TPhP was less metabolized than in HLM, and the only metabolite detected
was TPhP-76 (Figure 7a). This result indicates that human skin microsomes might also play
a role in the metabolism of TPhP (Supplementary Materials Table S1).
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Differently from HLM data, in HSM, high metabolic stability was observed for all the
other OPFRs investigated (Figure 7b–h).

The differences between HLM and HSM data suggest the major role of P450s on OPFR
metabolism compared to esterases, considering the different distribution of these classes of
enzymes in the two matrices [36].
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4. Conclusions

A systematic metabolism study for eight OPFRs identified in air particulate samples of
waste electrical and electronic equipment (WEEE) recycling points was carried out in three
human matrices (HLM, HuHep and HSM). In the case of metabolism data on human liver
matrices (HLM and HuHep), TMTP metabolism was investigated for the first time, and a
massive phase I and phase II metabolism was observed. Moreover, non-previously detected
metabolites were identified for TPhP, such as two TPhP+16 isomers and a sulfation product
from the trihydroxylated metabolite. In addition, other novel metabolites were detected in
our study: for TBOEP, the formation of bis-debutylated metabolite was observed, while
for EHDPhP, the metabolite with a carbonylic and hydroxyl function on ethylhexyl chain
was detected.

BDP resulted in metabolic stability under the used experimental conditions both in
HLM and HuHep. Therefore, hydrolysis products previously described for BDP in rat and
bird liver microsomes [37] were not observed. Concerning DPhP, high metabolic stability
was also observed in liver-related matrices, with only one metabolite observed in HLM. The
absence of detectable metabolites in HuHep for DPhP suggested that the biological effects
found by Selmi-Ruby et al. [30] are attributable to DPhP and not to potential metabolites.

In addition to human liver matrice data, metabolism in HSM for the selected OPFRs
was reported for the first time. We found that the only OPFR undergoing a slight metabolism
was TPhP with the formation of diphenyl phosphate, while the other OPFRs resulted
metabolically stable in the used experimental conditions.

For halogenated OPFRs, the main metabolic pathway appeared to mainly involve
diacylation and oxidative dehalogenation reactions. Thus, this behavior differs from the
one observed for aryl- and alkyl-OPFRs, for which oxidation products are mostly observed.
In particular, for alkyl-OPFRs, the formation of hydroxylated metabolites with soft spots
located in the alkyl chains resulted in a common trend. However, for TBEOP, O-dealkylation
reactions also occurred due to the presence of oxyethylene moieties in chains. Among all
the OPFRs investigated, TBEOP was the least stable compound. Overall, the performed
study contributes to increasing the knowledge of the metabolism of a series of OPFRs,
including stability studies in skin matrices.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/separations10110548/s1: Table S1: LC-MS data for TPhP and its
detected metabolites in HLM, HuHep and HSM; Table S2: LC-MS data for DPhP and its detected
metabolites in HLM, HuHep and HSM; Table S3: LC-MS data for BDP and its detected metabolites
in HLM, HuHep and HSM; Table S4: LC-MS data for TMTP and its detected metabolites in HLM,
HuHep and HSM; Table S5: LC-MS data for TBEOP and its detected metabolites in HLM, HuHep
and HSM; Table S6: LC-MS data for EHDPhP and its detected metabolites in HLM, HuHep and HSM;
Table S7: LC-MS data for TCEP and its detected metabolites in HLM, HuHep and HSM; Table S8:
LC-MS data for TDClPP and its detected metabolites in HLM, HuHep and HSM.
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