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ARTICLE INFO ABSTRACT

Handling Editor: Paul Whaley Chlorinated paraffins (CPs) have been extensively examined to identify their components. Short-chain CPs with a
carbon number of 10-13 have been strictly restricted or banned due to their addition to the list of Persistent
Organic Pollutants in the world. However, more constituents with potential toxicities in these complicated
mixtures are still unclear. In the present study, a purification method based on the protein affinity of thyroid
hormone-related proteins (transthyretin and thyroid receptor) was established. The protein-based affinity
extraction coupled with high-throughput scanning successfully discover a new group of chlorinated compounds
(CP(0Oy)) in commercial CP mixtures. The CP(O3)s were purified from the commercial mixtures and identified to
be chlorinated fatty acid methyl esters (CFAMEs) with a carbon chain length of 17-19 and 3-11 chlorines by a
combination of liquid-liquid extraction, hydrolysis, Fourier transform infrared spectrometry and Orbitrap mass
spectrometry. The newly identified CFAMEs were found to be ubiquitous in the environmental matrices, and
concentration ratios of ) CFAMEs/> CPs ranged from 0.01 to 35 in air, soil and food samples. CFAMEs were also
detected in blood samples of general populations, and accumulated in humans through dietary uptake. CFAMEs
can compete with T4 for binding TTR with higher potencies than CPs, possibly leading to disruptions of thyroid
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hormone homeostasis.

1. Introduction

Chlorinated paraffins (CPs) are high production volume chemicals
and widely used in diverse applications including flame retardants,
plasticizers, metal processing fluids and leather fat liquor, etc. (de Boer,
2010; Gliige et al., 2016b; Hahladakis et al., 2018; Henschler, 1994).
These compounds are complicated mixtures of polychlorinated n-al-
kanes, and the well-known constituents include short-chain CPs (SCCPs;
C10-13), medium-chain CPs (MCCPs; C14-17) and long-chain CPs
(LCCPs; C > 18) (de Boer, 2010). Although these three groups of CPs
have been found to be ubiquitous and persistent in various environ-
mental matrices (Gao et al., 2012; Harada et al., 2011; Houde et al.,
2008; Tomy et al., 1999; van Mourik et al., 2015; Wang et al., 2013;
Yuan et al., 2012; Zeng et al., 2013; Zeng et al., 2011), limited infor-
mation is available on the toxic components of the mixtures (Ren et al.,
2019; Wei et al., 2016). Current toxicity studies have mostly focused on
SCCPs, and reported lethality (Bezchlebova et al., 2007; Bucher et al.,
1987; Ren et al., 2018), hepatotoxicity (Cooley et al., 2001; Wang et al.,
2019a; Wyatt et al., 1993), carcinogenicity (Bucher et al., 1987; Wang
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et al., 2019a) and endocrine disruptions (Gong et al., 2018; Liu et al.,
2016; Wyatt et al., 1993; Zhang et al., 2016) etc. Of these various tox-
icities, SCCPs can induce the disruption of thyroid hormones (THs) at a
relatively low dose in rats (Gong et al., 2018; Wyatt et al., 1993), and
these compounds were able to undergo placental transport and pose
exposure risks to the fetus (Aamir et al., 2019; Chen et al., 2020; Qiao
et al., 2018; Wang et al., 2018). Correspondingly, the use of SCCPs has
been strictly restricted or banned in several nations including the United
States, Japan, Canada, and Europe, and SCCPs were added to the list of
Persistent Organic Pollutants (POPs) in the 2017 Stockholm Convention
(UNEP, 2017; van Mourik et al., 2016). Therefore, identification of the
toxic components of CP mixtures is vital for risk assessment and man-
agement of these compounds.

In contrast to limited toxicity studies of CPs, the widely used com-
mercial CP mixtures are complex industrial products containing thou-
sands of CP homologues (Feo et al., 2009), analogues (such as
unsaturated CPs) (Li et al., 2018b; Schinkel et al., 2018), and even un-
known components (Li et al., 2018b; Muir et al., 2000). Generally, the
chlorine content and carbon chain length were specified for the
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commercial mixtures by the manufacturers in Germany, the United
Kingdom, the United States and China (Bogdal et al., 2015; Tomy et al.,
1997). But the known CPs (SCCPs, MCCPs and LCCPs) are actually
produced at low levels in the commercial mixtures (Li et al., 2018b; Xu
et al., 2016). In the most commonly used CP-52 commercial mixtures,
which accounts for 90% of the output in China (Gliige et al., 2016a; Tang
and Yao, 2005), the mass fractions of SCCPs, MCCPs and LCCPs are only
0.6-17.5%, 13.0-21.4%, and 7.4-11.4%, respectively (Li et al., 2018b).
Recently, the unsaturated CPs were identified, but their mass fractions
were in the range of 1.9-11.8%, leaving approximately 36.8-60.8% of
unknown components (Li et al., 2018b). To screen and identify the un-
known toxic components in complex CP mixtures is challenging.
Generally, environmental toxicological studies use toxicity identifica-
tion evaluation (TIE) or effect directed-analysis (EDA) to identify the key
toxicants in complex mixtures in the environment (Ballesteros-Gomez
and Rubio, 2011; Brack, 2003; Burgess et al., 2013b; Petrovic et al.,
2004). However, these methodologies require multiple steps of sample
fractionations and toxicity testing (Burgess et al., 2013a; Burgess et al.,
2013b; Li et al., 2018a; Simon et al., 2015). In comparison, the purifi-
cation method with protein affinity coupled with non-targeted screening
by high-resolution spectrometry could directly identify the toxic com-
pounds and their detailed structures (Hu et al., 2019; Peng et al., 2016;
Ziegler et al., 2013). CPs, especially SCCPs and MCCPs, were reported to
exhibit thyroid disruption effects at a relatively low dose (USEPA, 2015;
Wang et al., 2019b), leading to the reduced free TH levels in rats and
mice (Birtley et al., 1980; Bucher et al., 1987; Gong et al., 2018; Poon
et al.,, 1995; Wyatt et al., 1993). The homeostasis of THs, mainly
mediated by TR and TTR, is essential in vertebrate development pro-
cesses (Ishihara et al., 2003; Mondal et al., 2016; Ortiga-Carvalho et al.,
2014; Pleasure et al., 2017; Volkov et al., 2020). SCCPs and MCCPs
could undergo placental transfer possibly mediated through TTR, a
transport protein facilitating the placental transfer of hydrophobic pol-
lutants in pregnant women (Aamir et al., 2019; Chen et al., 2016; Chen
et al., 2020; Hamers et al., 2020; Qiao et al., 2018; Wan et al., 2010;
Wang et al., 2018). Thus, CPs may bind the TH transport protein
(transthyretin, TTR) and thyroid receptors (TRs), leading to the adverse
effects on TH homeostasis and fetal development. We hypothesized that
affinity purification with TTR and TR proteins could identify the toxic
components in commercial CP mixtures, which could help discover
more unknown dominant CP components in the environment.

In this study, a purification method based on the protein affinity of
TTR/TR was established and used to extract the active components in
commercial CP mixtures. The extracted compounds were then screened
by high-resolution mass spectrometry, and a series of CP structural an-
alogues were successfully found with high mass fractions. The detailed
structures of the unknown compounds were identified by a combination
of liquid-liquid extraction, hydrolysis, Fourier transform infrared spec-
trometry and Orbitrap mass spectrometry. The unknown CP structural
analogues in the commercial CP mixtures were finally identified as
chlorinated fatty acid methyl esters (CFAMEs) with carbon numbers of
17-19 and chlorine numbers of 3-11. The wide occurrence of these
newly identified CFAMEs was also confirmed in human blood and
various environmental samples including air, soil, and foods. To our
knowledge, this is the first study to identify the chlorinated paraffin
analogues containing oxygen atoms in the environment. CFAMEs could
bind TTR with high affinities and accumulate in humans through mul-
tiple exposure routes, especially the consumption of plant-based foods.
More studies are needed to determine the environmental occurrence and
risk evaluation of CFAMEs in the future.

2. Material and methods
2.1. Preparation and purification of His-tagged TTR/TR fusion protein

The circular DNA (cDNA) encoding full-length human TTR and
ligand-binding domain (LBD) of the human TR were first amplified, and
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the amplified TTR & TR-LBD cDNA were then subcloned into the pro-
karyotic expression vector pET-48b containing a His-Tag. The recom-
binant plasmid pET-48b-His-TTR and pET-48b-His-TR-LBD were then
transformed into Escherichia coli (E. coli) DH5a-competent cells by heat
shock transformation (the mixture was incubated on ice for 30 min, at
42 °C for 90 s, and then transferred to ice for 3 min). The expression
plasmids of pET-48b-His-TTR and pET-48b-His-TR-LBD were then
transfected into E. coli BL21 DE3 cells by heat shock transformation. The
expression of pET-48b-His, pET-48b-His-TTR and pET-48b-His-TR-LBD
were induced with 0.2 mM isopropyl f-p-thiogalactoside at 20 °C for
18 h. The recombinant proteins were purified with a nickel-affinity
column (Ni?*-charged HiTrap chelating high-performance column
from GE Healthcare), followed by a Hitrap desalting column (GE
Healthcare) to remove imidazole. The expression of pET-48b-His-TTR
and pET-48b-His-TR-LBD were detected by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. S1) with 4%
stacking and 15% resolving, and the gel was stained with Coomassie
brilliant blue. Plastic tubes (Corning Centristar, Corning, NY) were used
during protein preparation, purification and preservation.

2.2. Screening protein binding chemicals using protein-based affinity
purification

Protein-based affinity purification and non-target analysis were
carried out to identify TTR/TR binding chemicals in the commercial CP
mixtures. 1 mL of 20 pM pET-48b-His, pET-48b-His-TTR and pET-48b-
His-TR-LBD (n = 6) was spiked with 1 pL. commercial CP mixtures
(50 pg/mL) and incubated in 2-mL glass tubes at 4 °C for 1 h. After
adding 500 pL of His-select nickel magnetic beads (Beaver Life Science)
to each tube, the mixture was incubated for 2 h in a shaker at approxi-
mately 170 rpm at 4 °C. After removing the supernatant using a mag-
netic separator, the residues were washed more than 10 times with 1 mL
buffer (0.1 M KCl, 5 mM MgCl, and 20 mM Tris-HCL; pH 7.5), and the
TTR/TR protein was then eluted from the His-select nickel magnetic
beads with 1 mL buffer (0.1 M KCl, 5 mM MgCly, 20 mM Tris-HCI, and
250 mM imidazole; pH 7.5). The elution step was performed in tripli-
cate. The chemicals bound to the TTR/TR protein were transferred to
another glass tubes and extracted by adding 50 uL formic acid and ethyl
acetate (3 mL for three times), followed by shaking on a vortex mixer for
2 min and centrifuging at 4,000 rpm for 5 min. The extraction was
performed in triplicate, and the extract was evaporated to almost dry-
ness under a gentle stream of nitrogen gas, and dissolved in acetonitrile
for UPLC-QTOF MS analysis. A negative control experiment was also
performed using the same protocol with pET-48b-His protein instead of
pET-48b-His-TTR and pET-48b-His-TR protein. The efficiency of the
recombinant TTR/TR to affinity purify chemicals was confirmed using
the positive TTR/TR ligand L-thyroxine (T4) at concentrations of 0.1, 10
and 50 ng/mL. The average percentage of affinity purified T4 of the
spiked concentration in the pET-48b-His-TTR and pET-48b-His-TR
protein were 92% and 90%, respectively, and the average percentage
of affinity purified T4 of the spiked concentration in the control group
was 13% (Fig. S1).

The chemical features were extracted from the acquired MS data sets
of the affinity purified extraction, and peaks with intensity above 5,000
were selected and aligned with the settings of “RT window” = 0.2 min
and “mass window” = 5 ppm. The data were then exported into SIMCA-
P+ (ver. 12.0, Umetrics, Umea, Sweden) for multivariate statistical
analysis including the principal component analysis (PCA) and the
orthogonal partial least-squares discriminant analysis (OLDS-DA). The
unsupervised PCA showed the overview of relationships among groups,
and the supervised OPLS-DA helped to identify the exact chemical fea-
tures that contributed to the difference between the His-tagged TTR/TR
groups and the control group. Chemical features with a significantly
high intensity from the His-tagged TTR/TR group compared to the
control group (p-value < 0.05 with Student’s t-test) were extracted for
analysis. The formulas of the extracted chemical features were
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calculated with the following element parameters settled: C 0-50, H
0-100, 35C1 0-100, 37Cl 0-100, N 0-20, O 0-20, and S 0-20. Formulas
with a mass tolerance lower than 5 ppm and reasonable isotope abun-
dance between >°Cl and Cl were accepted.

2.3. Isolation of CP(Og)s

Some CP(O,)s were identified based on the protein-based affinity
purification and non-target analysis. Preparative HPLC was performed
to isolate the individual CP(O3)s with a Shimadzu high performance
liquid chromatography system (LC-20AT) equipped with a UV detector
(SPD-20A), using an YMC C18 preparative column (5 pm particle size,
250 mm x 10 mm i.d.). 1 mL of commercial CP mixture (CP-42, CP-52
and CP-70) was dissolved in 10 mL n-hexane, and injected into the
preparative LC system with a volume of 250 pL. Acetonitrile at a flow
rate of 3 mL/min was used as the mobile phases. The fraction from 7.14
min to 7.40 min was collected. The purified fraction was determined
UPLC-qTOF-MS to confirm the isolated compounds to be CP(O53)s. Also,
the isolated compounds were incubated with TTR proteins, and all the
CP(Oy)s were affinity purified.

Liquid-liquid extraction was further performed to determine whether
CP(Oy)s were ionic or covalent. In a glass vial, 1 mL of isolated CP(O3)s
was evaporated under a gentle stream of nitrogen, followed by the
addition of 1 mL of 2 M NaOH solution. After sufficient shaking, the
neutral compounds in the aqueous phase were extracted with 2 mL of n-
hexane three times. The acidic compounds were changed to neutral
compounds by the addition of 1 mL of 3 M HCI into the vial, and the
organic phase was extracted with 2 mL of n-hexane three times. UPLC-
qTOF-MS analysis was then performed to determine whether the CP
(O2)s were acidic or neutral.

2.4. Hydrolysis

Hydrolysis was carried out to identify the structures of CP(O3)s. In a
4 mL glass vial, 1 mL of isolated CP(O2)s was evaporated under a gentle
stream of nitrogen, followed by the addition of 1 mL of 2 M methanolic
NaOH solution. The hydrolysis reaction was carried out at 40 °C for 20
min. Neutral compounds in the solution were firstly extracted with 2 mL
of n-hexane three times. Then, 1 mL of 3 M HCl was added to the so-
lution, and the acidic compounds were extracted with 2 mL of n-hexane
three times.

2.5. UPLC-qTOF-MS analysis

Analysis was carried out using an ACQUITY UPLC system equipped
with a Xevo qTOF-MS using an API-ESI source. A Waters ACQUITY UPLC
BEH C18 column (50 x 2.5 mm, s-1.7 pm) was used for separation. The
column temperature was 40 °C, and the injection volume was 3 pL. The
flow rate was 0.1 mL/min, and conditions for the gradient elution were
as follows: 90% water(A) and 10% methanol (B) remained for the first
minute, linearly decreased to 70% A at 1.5 min, linearly decreased to
40% A at 2 min, linearly decreased to 0% A at 4 min, then maintained at
100% B from 4 min to 8.5 min, linearly increased to 70% A at 9 min,
linearly increased to 90% A at 10 min, maintained at 90% A and 10% B
for 1 min before the next injection. DCM at a flow rate of 10 uL/min was
introduced to the mobile phase between UPLC and the ion source via a
syringe pump between 5.5 and 8.5 min.

The UPLC-qTOF-MS was operated in full-scan (m/z 250-1600
covering the mass rang of CPs, m/z 350-1450), negative ion mode at a
resolution of 25,000 and a scan time of 1 s. The following parameters
were used for analysis: capillary voltage, 2.5 kV; sampling cone voltage,
40 V; extraction cone voltage, 4 V; source temperature, 100 °C; des-
olvation temperature, 250 °C; cone gas flow rate, 50 L/h; desolvation
gas flow rate: 600 L/h; the lockspray reference compound was LE
(leucine-enkephalin, m/z 554.2615, negative ion mode) and the cali-
bration compound was sodium formate.
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2.6. Orbitrap MS analysis

To confirm the structure of the identified CP(O5)s, high resolution
mass spectrometry (Orbitrap MS, Thermo Fischer Scientific) was applied
to the isolated and hydrolyzed fractions. Extracts were dissolved in
acetonitrile with the addition of 10% DCM. The analytes were directly
injected into the APCI-Orbitrap MS, which was operated in negative ion
mode with a resolution of 140,000. The following parameters were used
for analysis: spray voltage 2.6 kV; capillary temperature 150 °C; Aux
gas: larb, 50 °C; sheath gas: 8arb; maximum IT: 250 ms; AGC target:
5e6.

2.7. FT-IR spectroscopy analysis

A Nicolet iS50 FTIR spectrometer (Thermo Scientific) was used to
identify the functional groups of the isolated and hydrolyzed CP(Oy)s.
Absorption spectra were recorded at 4000 cm ™! ~ 400 cm™! at a reso-
lution of 2 cm ™! with 256 averaging scans. Acetonitrile spectra were
obtained for subtracting solvent contribution. All spectra were pro-
cessed by OMNIC 9.3.32 software (Thermo Fisher).

3. Results and discussion
3.1. Screening the TTR/TR competition-binding compounds

As CPs mainly exhibit thyroid disruption activities, the chlorinated
compounds may bind the TH transport protein (transthyretin, TTR) and
thyroid receptors (TRs) with high affinities (Bytingsvik et al., 2013;
Hallgren and Darnerud, 2002; Ishihara et al., 2003; Mondal et al., 2016;
Ucan-Marin et al., 2010). The components with potential binding af-
finities with TTR and TR were identified in the commercial CP mixtures
by the application of a His-tagged TTR/TR fusion protein affinity puri-
fication coupled with dichloromethane (DCM) enhanced ionization-
UPLC-QTOF-MS screening. The commercial mixtures included CP-42
(42% chlorine, w/w), CP-52 (52% chlorine, w/w) and CP-70 (70%
chlorine, w/w) purchased from major manufacturing companies in
provinces with high production volume of CPs in China, and composi-
tions of CPs in the commercial mixtures have been reported previously
(Lietal., 2018Db). A total of 3,327 chemical features were detected by the
non-target screening in the TTR, TR and control groups, and unsuper-
vised principal component analysis (PCA) was used to determine the
differences between the three groups. The PCA successfully represented
the variability as the first two principal components accounted for
71.1% of the variance. As shown in Fig. S4, the TR and control groups
were relatively close, especially in the direction of the first principal
component axis, whereas the TTR group was far away from the other
two groups. The results indicated that the commercial CP mixtures
contained TTR binding compounds, which could be affinity purified by
the TTR fusion protein and exhibited significant differences compared to
the control group. In comparison, TR binding compounds were not
found in the CP mixtures, which is consistent with the previous report
that limited structural diversity was found for direct ligand effects on
TR, and only 11 compounds directly interacted with TR among 8,305
chemicals in the Tox21 Chemical Library (Paul-Friedman et al., 2019).

Supervised orthogonal partial least-squares discriminant analysis
(OPLS-DA) was further conducted to identify the key protein binding
compounds that led to the class distinction in the TTR and control
groups. The OPLS-DA plots showed that the TTR group was clearly
separated from the control group at the predictive component axis
(Fig. 1a). The model showed reliable predictive ability where the R2X
(cum), R2Y (cum) and Q2 (cum) were 0.843, 0.998, and 0.966,
respectively. Chemical features of TTR binding compounds were
selected from S-plots constructed from the OPLS-DA analysis, and var-
iables with significantly high intensity from the TTR group compared to
the control group were selected (p < 0.05). In the three commercial
mixtures tested, totally 828 chemical features in the TTR group were
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Fig. 1. a) OPLS-DA analysis of extracted chemical features from pET-48b-His-TTR and pET-48b-His (control) group. b) Mass spectra of chlorinated compounds
extracted from a CP-70 commercial mixture by the TTR affinity purification, and CPs are marked in black and unknown components are marked in blue. c¢) Affinity
purification rates of exemplified CPs and unknown components. d) Fluorescence displacement curve of CP(O,), SCCP, MCCP and LCCP titrated into a solution of 0.6
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triplicate. Lines represent the predicted values after the data were adjusted to a Hill model. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

extracted, and 476 features were identified to be chlorinated compounds
based on the pattern of chlorine isotopic peaks. The MS spectra of the
chlorinated compounds extracted from various commercial products are
shown in Figs. 1b and S6. Among the TTR binding compounds, 99 CPs
were identified including 22 SCCPs, 34 MCCPs, and 43 LCCPs according
to their DCM enhanced ionization m/z ([M+Cl]7) and elemental
composition (Table S3). The extracted compounds using the TTR protein
affinity purification were affected by the abundances of the CP congener
groups in the commercial mixtures and their binding affinities with TTR.
For examples, numerous congeners of C;7-MCCPs and Cy4-LCCPs were
affinity purified and their corresponding high abundances were also
reported in the commercial mixtures (Li et al., 2018b). The affinity
purification rates (%) of CPs were calculated by comparing the abun-
dances of each congener in the TTR protein affinity assays with those in
the commercial mixtures (Fig. S5 and Table S3). And the TTR affinity
purification rates of CPs ranged from 57.2% to 95.2%, which showed a
similar value for CPs with carbon number of 10-15 and then a
decreasing trend for C..14-CPs. TTR has been proposed to be responsible
for delivery of maternal thyroid hormones to the fetus (Landers et al.,
2013; Patel et al., 2011), and some TTR-binding compounds, such as
PCB, TBBPA, and PBP and PFAS, were shown to cross the placenta
barrier due to TTR-mediated transport (Park et al., 2008; Weiss et al.,
2009; Yang et al., 2016). Consistently, the observed TTR binding affin-
ities of CPs in this study were similar to their placental transfer poten-
tials between mother and fetus, in which the placental transfer
efficiencies exhibited similar values for C;g.14-CPs, and then decreased
with increasing carbon chain length for C.15-CPs (Aamir et al., 2019;
Chen et al., 2020).

Besides the known CP congeners, some chlorinated components af-
finity purified by the TTR protein contained two oxygen atoms based on
the element analysis (57 chemical features), and have not been reported
before (Table S3, Figs. 1b and S6). The TTR binding affinity of the un-
known CP(O3) compounds (70.0-92.7%) were higher than CPs with

similar carbon and chlorine numbers (62.5-89.8%). As shown in Fig. 1c,
[M+Cl]™ ions with an m/z of 510.9890, 546.9482, 574.9794 and
608.9401 were shown to exemplify CP(O3) compounds, m/z of
481.0138, 514.9748, 543.0061 and 576.9671 were selected to exem-
plify the CPs with similar carbon and chlorine numbers. These chlori-
nated compounds were recovered with high rates in the TTR group
(63.5-88.8%), and low rates in the TR group (0.6-2.8%) and control
group (8.1-18.1%). In addition, the binding affinities of CP(O3)s and
CPs to TTR were further confirmed by a previously reported ANSA(8-
anilino-1-naphthalenesulfonic acid ammonium salt) displacement
assay (Montano et al., 2012; Zhao et al., 2017). As shown in Fig. 1d, CP
(O2)s and CPs showed specific TTR binding affinities, with 50% inhi-
bition potency (ICsp) values of 10.5 + 1.0 pM, 16.2 + 1.4 pM, 17.3 £ 1.5
pM, and 24.2 + 2.0 uM for purified CP(O3)s, SCCPs, MCCPs, and LCCPs
respectively, which were higher than 283 + 19 nM for T4. The ICsg
values also showed the binding affinity trends of CP(O3)s > SCCPs >
MCCPs > LCCPs, which was consistent with the affinity purification
experiments. These results demonstrated that the unknown CP(O3)
compounds had stronger specific TTR-binding abilities compared to CPs,
and these compounds had low affinity to the TR.

The unknown CP(O3) compounds were suspected to contain func-
tional groups such as OH (hydroxyl group), C—O—C (ether group), and
C=O0 (carbonyl group) based on the element composition. A 3D plot of
abundance, retention time (RT) and m/z of the TTR-binding compounds
showed distinct peaks of CPs and CP(O3) compounds (Fig. 2). The RTs of
CP(05)s were around 6.52-6.89 min and those of CPs with similar car-
bon length were around 6.92-7.75 min (Fig. 2 and Table S3). The
shorter RT indicated that the CP(O3)s may be alcohols, ethers, alde-
hydes, ketones, acids, esters or other compounds that had relatively high
polarity compared to CPs.
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Fig. 2. a) Three-dimensional plot (retention time, m/z and abundance) of the chlorinated compounds using the affinity purification of the commercial CP mixtures.
b) Chromatograph of the unknown CP(O2)s and CPs with the same carbon and chlorine numbers.

3.2. Fractionation and hydrolysis of CP(O2)s

The unknown CP(O3) compounds were further isolated from the CP
commercial mixtures by preparative chromatography for structure
identification. The isolated CP(O5)s were then treated with liquid-liquid
extraction in different pH solutions. The CP(O3)s were extracted from
the solutions when the pH was adjusted to higher than 12 (Fig. 3a), and
no compounds were subsequently found when the pH of solutions were
acidified to less than 1 (Fig. 3b). These results indicated that CP(O3)s
were not ionized compounds such as alcohols or acids, and the two
oxygen atoms in the compounds might be present in the form of an ester
group, ether linkages or ketone groups.

Hydrolysis experiments were then carried out to identify the
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functional group in the CP(O2) compounds. As shown in Fig. 3¢, CP(O2)s
were hydrolyzed under strong basic conditions, but no compounds were
extracted from the basic solutions after hydrolysis, suggesting that CP
(O2)s did not contain functional groups of ether linkages or ketones.
When the pH of the hydrolyzed solutions was adjusted to less than 1, a
series of polychlorinated products with similar m/z profiles compared to
the parent CP(O3)s were extracted from the acidic solution (Fig. 3d). Of
these hydrolyzed products, only the ions with low m/z including
393.0753, 429.0515, 455.0673 and 463.0127 were accurately identified
based on element analysis. Two products (429.0515 and 463.0127)
corresponded to the unhydrolyzed ions with m/z of 443.0673 and
477.0280 via the loss of CHj, and the product of 455.0673 corresponded
to ions of 505.0601 via the loss of CH3Cl. High mass errors (—29.6 to
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Fig. 3. Mass spectra of purified CP(O5)s during liquid-liquid extraction: a) extracts in solution with pH > 12, b) extracts in solution when pH was changed to < 1.
Mass spectra of hydrolysis products of purified CP(O5)s extracted in solution with pH > 12 (c) and pH < 1 (d).
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17.7 ppm) were observed for the ions with high m/z when they were
matched with the most possible molecular formula, such as 522.9910,
626.8792, etc. It is interesting to note that all the identified products had
various unsaturated degrees. Thus, it is possible that the CP(O3)s could
be esters and hydrolyzed to generate acids with an unsaturation degree
(Q) of 1 based on the cleavage of ester groups. In the hydrolysis solu-
tions, the produced acids also underwent elimination reactions, leading
to the generation of acids with higher unsaturation degrees ( > 1) via
the loss of HCL. The mixtures of acids with various unsaturation degrees
made it difficult to accurately identify the ions with high m/z based on
the QTOF-MS scanning with the resolution of 25,000. For example, the
mass difference between [C17H2gClsCOOH + CI]- ( = 1) and
[C17H27ClgCOOH-HCI + CI]™ (Q = 2) was 0.0186, and the separation of
the two groups of ions required a mass resolution of R > 25,000 when
the molecular weights of CPs were approximately 500. Thus, Orbitrap-
MS with a resolution of 140,000 was performed to identify the com-
pounds before and after hydrolysis.

The above hydrolysis studies generated a hypothesis that CP(O2)s
were possible esters. Fourier-transform infrared (FTIR) spectroscopy
was carried out to verify the hypothesized structures of the unknown CP
(O2) compounds. Signals observed at 2960 ~ 2850, ~1460 and 737
cm ! were assigned to C—H (sp3, stretch), C—H (stretch), and C—Cl
(stretch), respectively, which showed no significant changes after the
hydrolysis reaction (Fig. 4). Characteristic signals at 1737 and 1300 ~
1000 cm~! were observed for CP(Oy)s before hydrolysis, and were
assigned to C=0 (stretch) and C—O—C (stretch), respectively, sug-
gesting the presence of an ester group (Figs. 4 and S7). After the hy-
drolysis reaction, characteristic signals at 3200 ~ 2500 and 1709 with
significant high abundance were observed, and were assigned to O—H
(stretch, broad O—H bridges) and C=0 (stretch), respectively, sug-
gesting the presence of a —COOH group, which was further confirmed
by signals at ~1380 and ~929 cm ! for O—H (bend) (Figs. 4 and S7).
Moreover, the lower frequency of C=0 stretching than normal acid and
the weak peak at 1683 cm™! were found for the hydrolyzed products,
which indicated that the presence of C—=C may have been produced by
side reactions (Figs. 4 and S7). Therefore, the unknown CP(O,) com-
pounds contained functional groups of esters based on the hydrolysis
and FTIR analysis.

3.3. Structure identification of CP(O2)s

During the hydrolysis reaction, some products with high unsatura-
tion degrees were generated through the elimination reaction of
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halogenated hydrocarbons as discussed above, leading to a strong mass
interference under qTOF-MS analysis. To deal with these interferences,
the compound mixtures before and after hydrolysis were directly
injected into the DCM enhanced ionization-Orbitrap-MS with a resolu-
tion of 140,000 (Fig. 5). As shown in Fig. 5a, only CP(O3)s (ester) were
detected before hydrolysis and exemplified by Cj9H3;Cl;05,
C19H32Clg04, and C19H3°ClgO,, which were consistent with the results
of QTOF analysis (Fig. 3a). Due to the extremely high resolution, more
CP(Oy)s were detected with low abundances by qTOF-MS and were
clearly observed by the Orbitrap-MS analysis, for example, C17H3;Cl302,
C17H30Cl405, and C19H34Cl402 as shown in Fig. 5al, further demon-
strating the presence of the CP structural analogues containing oxygen
atoms.

After the hydrolysis reaction, the parent ions of esters all dis-
appeared, and many groups of chlorinated compounds were generated
in the extract of acidified solution. These compounds could not be
identified in the element analysis using qTOF-MS, but mixtures of
chlorinated acids with various unsaturation degrees were found, which
were resolved by Orbitrap-MS. A serious of ions of the chlorinated acids
with Q = 1 were detected (Fig. 5b). A one-to-one correspondence be-
tween the acids (2 = 1) and CP(O3)s was found only based on the loss of
CHs. As shown in Fig. 5a and b, the one-to-one correspondence between
the two sets of isotope clusters before and after hydrolysis is shown in
the same color, for example, the green isotope clusters for C1gH33Cl502
around 505.05940 and C;7H30ClsCOOH around 491.04339 were a
reactant-product pair. The results indicated that CP(O3)s were all methyl
esters. Moreover, isotope clusters of acids with the higher degree of
unsaturation (Q > 2) were also detected. As shown in Fig. 5b1, two more
isotope clusters with high abundance were found in the isotope clusters
of C17H3¢ClsCOOH, and their element compositions were generated by
the loss of Hy and H4 compared to C;7H30ClsCOOH. Similarly, isotope
clusters of C17H27ClgCOOH (Q = 2) and C;7H25ClgCOOH (Q = 3) were
found together with those of C;7H29ClgCOOH (Fig. 5b2). As elimination
reactions can also occur in basic solutions along with the hydrolysis
reaction (Ouellette and Rawn, 2018). these acids with unsaturation
degrees higher than 1 were likely to be produced through the elimina-
tion reaction of the acids generated by hydrolysis of CP(O2)s (ester). For
example, the ester of C19H33ClgO2 ([M+Cl]™, m/z 539.02034, Q = 1)
could produce the acid of C17H29Clg-COOH ([M-+Cl1]~, m/z 525.00417,
Q = 1) by hydrolysis and then subsequently generate the acid of
C17H28Cls-COOH (m/z 489.02818, Q = 2) by elimination of HCl. More
acids with various unsaturation degrees were thus produced through the
elimination reactions in strong basic solutions. Based on the above
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Fig. 4. FT-IR spectra of purified CP(O5)s and their hydrolysis product in the range of 4000-600 cm™".
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results, it can be confirmed that the CP(O3)s were chlorinated fatty acid
methyl esters.

3.4. Environmental occurrences and exposures

Currently, the percentages of known CPs in the commercial mixtures
are only 14.1-77.2%, thus the contributions of the newly identified
CFAMEs in the mixtures were assessed. In this study, CFAMEs with
carbon numbers of 17-19 and 3-11 chlorines were identified, and these
congeners have similar carbon numbers compared to the MCCPs and
LCCPs. Accordingly, CFAMEs were detected with low mass fractions in
CP-42 commercial mixtures, but their mass fractions were relatively
high in CP-52 and CP-70 commercial mixtures (1.8-21.3%). In partic-
ular, in the CP-52 commercial mixtures from Jiangsu producer, CFAMEs
were the predominant component with a high mass fraction of 21.3%.
The profiles of CFAMEs were dominated by C;9-CFAMEs with 6-8
chlorines, followed by C;7-CFAMEs with 5-8 chlorines, and C;g-CFAMEs
with 5-7 chlorines in the three types of commercial mixtures. As the
fatty acid esters with a carbon number of 17 and 19 are widely used in
industry (Anneken et al., 2006; Baumann et al., 1988), it is possible that
these esters were used in the production of CP commercial mixtures and
underwent chlorination to generate the CFAMEs. CFAMEs is a group of
industrial products used as plasticizers in PVC and extreme pressure (EP)
additive in fluids for abrasive machining together with CPs, and can be
synthesized from main ingredients of nature biodiesel (FAMEs) (Guan-
Tian et al., 2013; Marinescu et al., 2013). Moreover, some identified
CFAMEs, for example C;9Cls-CFAMEs, Cj9Cl4-CFAMESs, and C;5Cls-
CFAMEs, were found in the TSCA inventory lists and REACH Pre-
registered substances lists, but the hazard and exposure information of
these chemical is not available (ECHA; USEPA).

The newly identified CFAMEs were further determined to be ubiq-
uitous in the environmental samples collected in Shenzhen, a major city
of CP production in China. The distinct peaks of CP(O3) compounds
compared to purified CP(O3)s and CPs detected in the collected samples
are shown in Fig. S8. Similar to the CPs commercial mixtures, Cjg-
CFAMEs, C;7-CFAMEs, and C;g-CFAMEs were the predominant
congener groups, suggesting that CFAMEs detected in the environmental
samples may have originated from the use and/or production of CP
commercial mixtures (Fig. S9, Table S4 and S5,). The total concentra-
tions of CFAMEs were found to be 13 + 7.7 ng/g in soil samples and
0.773 + 0.364 ng/m? in air samples. In food samples, the concentrations
of Y CFAMEs were quantified to be 117 + 84 ng/g ww in meat, 60 + 21
ng/g ww in egg, 134 + 127 ng/g ww in fish and shrimp, 41 + 13 ng/g
ww in cereal, 37 + 25 ng/g ww in vegetables and 160 + 73 ng/g ww in
fruits (Tables S4 ad S5). Chlorinated fatty acids (CFAs) with carbon
number of 14, 16, 18 and chlorine number of 1-2 were detected in fish
samples from waters contaminated by the nearby pulp industry, and the
CFAs were derivatized to CFAMEs for GC analysis (Akesson-Nilsson,
2003). The present study firstly identified CFAMEs and presented the
occurrences of these compounds in environmental samples. The con-
centrations of newly identified CFAMEs are compared with those of CPs
in the environmental samples. The concentration ratios of Y CFAMEs/
3> "CPs were constantly low in air (0.01-0.54), soil (0.08-0.22) and
animal-based foods with high lipid contents (0.01-2.9 for meat,
0.02-0.37 for eggs and 0.12-6.8 for fish&shrimp). In contrast, the
> CFAMEs/> CPs concentration ratios in plant-based foods with low
lipid contents were relatively high in fruits (1.4-12), cereal (0.47-18)
and vegetables (0.13-35). These results indicated that CFAMEs were
preferentially accumulated in fruits and vegetables compared to the CPs,
possibly due to their weaker hydrophobicity caused by polar ester
groups.

Moreover, the contributions of different exposure pathways of
CFAMESs were estimated according to the dietary habits of local residents
(Table S6). As shown in Fig. 6a, the contributions of air respiration and
dermal contact with soil were extremely low and 98.1% of CFAME ex-
posures were derived from food consumption, which was similar to
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Fig. 6. a) Percentages of contributions to the average daily doses of > CFAMEs
and predominant congener groups (Cyi7H2705Cl;, CygH2902Cl;, and
C19H310,Cly) through multiple exposure routes. b) Competitive binding curves
showing T4-TTR interactions with the competitors of CFAMEs and CPs. Results
are presented as relative percent of T4 affinity purified by TTR compared to
controls (means + standard deviations). The 50% inhibition of T4-TTR in-
teractions were 3.4 + 0.3 uM, 9.3 + 1.1 pM, 8.3 £+ 1.3 pM, and 18.7 + 6.5 pM
for CFAMESs, SCCPs, MCCPs, and LCCPs, respectively.

those of CPs (Dong et al., 2020). Of the different types of food, meats had
the highest contribution of 25.8%, followed by fruits (23.6%), vegeta-
bles (18.8%) and cereal (14.9%). The contributions due to consumption
of fruits (23.6%) and vegetables (18.8%) to CFAME exposures were
significantly high compared to those of CPs (0.98-1.93% for fruits and
1.16-6.76% for vegetables) (Dong et al., 2020). These results suggested
that the newly identified compounds possibly pose a higher risk to
populations with high consumption of plant-based foods such as vege-
tables and fresh fruits (e.g., Asian population). Consistent with the wide
environmental occurrence of CFAMEs, these compounds were also
detected in the blood of residents in the study areas. The detection fre-
quencies of CFAMEs was as high as 67% in human blood, and the pre-
dominant congener groups were C;7-CFAMESs, C13-CFAMEs and Cio-
CFAMEs, of which the chromatograms are shown in Fig. S10. The pro-
files of the detected CFAMEs were similar to those found in food and air
samples (Fig. S9). Blood concentrations of C;7-CFAMEs, C;g-CFAMEs
and C;9-CFAMEs were estimated to be 17 + 26, 17 + 26 and 19 + 28 ng/
g wet weight, respectively (Table S5). The ubiquitous CFAMEs in
humans and the environment indicated that more studies on the toxicity
and risk assessments of these new compounds are required.

It is well known that TTR is a transport protein facilitating the
placental transfer of hydrophobic pollutants in pregnant women (Chen
et al., 2016; Hamers et al., 2020; Wan et al., 2010). Pollutants with
potentials to compete with THs for binding sites on TTR would undergo
placental transfer and disrupt the homeostasis of THs in development
fetus (Darnerud et al.,, 1996; Hallgren and Darnerud, 2002; Hamers
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et al., 2020; Zhao et al., 2017). This study demonstrated the binding
affinities of CFAMEs and CPs to TTR by ANSA displacement assay
(Fig. 1d). Moreover, affinity purification of chemicals with T4 against
TTR showed that CFAMEs and CPs were able to compete with T4 for
binding to TTR, and their competitive binding capacities were highest
for CFAMEs, followed by SCCPs, MCCPs, and LCCPs (Fig. 6b). The
maternal transfer of CPs has been reported (Aamir et al., 2019; Chen
et al., 2020; Qiao et al., 2018; Wang et al., 2018), and the newly iden-
tified CFAMEs were also detected in human blood in this study. There-
fore, CFAMEs had high potentials to undergo TTR-mediated placenta
transfer, leading to the adverse effects on TH homeostasis and fetal
development.

4. Conclusion

In conclusion, a new group of oxygen-containing CPs were found
using a purification method based on the protein affinity of TTR/TR,
which successfully identified CFAMEs by a combination of liquid-liquid
extraction, hydrolysis, Fourier transform infrared spectrometry and
Orbitrap mass spectrometry. CFAMEs with a carbon chain length of
17-19 and 3-11 chlorines were detected with high percentages in the
commercial mixtures of CP-52 and CP-70. The identified CFAMEs were
found to be ubiquitous in environmental samples. These compounds
were also found in human blood mainly through the dietary intake of
plant-based foods. CFAMEs had high potentials to undergo TTR-
mediated placenta transfer, and more studies on toxicity and potential
risks of CFAMEs are required in the future.
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based affinity purification, 15) mass spectrum patterns of CP(O3)s in
the CP commercial mixtures, 16) integrated peak area of FTIR spectra at
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characteristic absorptions, 17) chromatograms of detected CP(O5) ions
with CPs ions in environmental samples and CP(O3)s standards, and 18)
profiles of detected CFAMEs in environmental samples and human
bloods. Supplementary data to this article can be found online at https
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