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A B S T R A C T

Despite of the ubiquity of organophosphate esters (OPEs) in various environmental matrices, information re-
garding the dietary intakes of OPEs is currently limited. To better understand dietary exposure and intake, the
present study investigated 11 OPE flame retardants (FRs) in 105 composite food samples divided into 9 food
categories, collected in 2018 and based on the contents of a typical Chinese food market basket. Nine OPEs,
including triethyl phosphate (TEP), tributyl phosphate (TNBP), tris(2-chloroethyl) phosphate (TCEP), tris(2-
chloroisopropyl) phosphate (TCIPP), triphenyl phosphate (TPHP), 2-ethylhexyl-diphenyl phosphate (EHDPP),
tris(2-butoxyethyl) phosphate (TBOEP), tris(2-ethylhexyl) phosphate (TEHP) and tris(methyl-phenyl) phosphate
(TMPP), were measurable above the method limits of quantifications (MLOQs) in at least one of the analyzed
samples. Among the 9 food categories, sweets were contaminated most severely with a mean sum (Σ) OPE
concentration of 10.34 ng/g wet weight (ww). Regardless the food categories, EHDPP and TEP were the pre-
dominant OPEs with mean concentrations of 1.12 and 0.95 ng/g ww, respectively. In addition, the levels of OPEs
in “processed foods” were significantly (unpaired t-test, p < 0.01) higher than those in “non-processed foods”.
Based on the measured OPE concentrations, we estimated daily per capita dietary intakes of ΣOPEs for Chinese
adult population to be 44.3 ng/kg bw/day, that was mainly contributed by TCEP (14.3 ng/kg bw/day), TEP
(12.7 ng/kg bw/day) and EHDPP (8.4 ng/kg bw/day). In addition to these 9 detected OPEs, further suspect
screening in the combined extracts of foodstuffs by use of high-resolution spectrometry revealed a novel OP-FR,
triphenyl phosphine oxide (TPPO). The highlight findings in this study were: 1) the amount of OPE via dietary
intakes for the Chinese population is generally in the same order of magnitude as for other countries, i.e. the
Swedish, Belgian and Australian adult population, and far less than the reference dosage value of each OPE
(hazard index ≪ 1); 2) the total dietary intakes of OPEs were dominated by cereals, approximately accounting
for 52.2%; and 3) the first reported detection of the novel OP-FR, TPPO, in foodstuff samples.

1. Introduction

Flame retardants (FRs) are a functional accessory ingredient added
into combustible materials to avoid fire or slow down the spreading of
fire after ignition (Pantelaki and Voutsa, 2019). In recent decades,
several traditional FRs, such as polychlorinated biphenyls (PCBs) and
polybrominated diphenyl ethers (PBDEs), have been listed as Persistent
Organic Pollutants (POPs) and phased out of production (UNEP, 2017).
As an important class of promising substitutes for regulated FRs,

organophosphate esters (OPEs) have emerged and largely used as FRs
and plasticizers (Ding et al., 2018; Iqbal et al., 2017). They have been
categorized as emerging environmental contaminants attracting more
and more public attention in recent years (Iqbal et al., 2017).

Nowadays, OPEs are extensively utilized in various commercial
products like electronics, furniture, paint, plastics and textiles
(Brandsma et al., 2013; Wei et al., 2015). Most OPEs are generally
added into host materials via physical mixing rather than being che-
mically bonded to polymers. Thus, it is easy for OPEs to be released
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from products containing OPEs and into the environment by volatili-
zation, leaching, abrasion and dissolution during the entire life cycle
(Pang et al., 2017). There are a handful of studies verifying that OPEs
are ubiquitous in air, surface water, dust, sediment and soil (Chen et al.,
2019; Giulivo et al., 2017; Kim and Kannan, 2018; Lee et al., 2018; Li
et al., 2014; Persson et al., 2018; Sha et al., 2018; Wang et al., 2018;
Yadav et al., 2019; Zha et al., 2018). Humans can be exposed to OPEs
via air inhalation, dust ingestion, dermal absorption and dietary intake,
etc. (Poma et al., 2017), and they have also been found in human hair,
nail, urine and breast milk (He et al., 2018a; Liu et al., 2016; Liu et al.,
2015; Sundkvist et al., 2010).

There are some adverse health impacts for animals caused by ex-
posure to OPEs (Page-Lariviere et al., 2018; Shen et al., 2019). For
instance, Li et al. (2019b) reported that zebrafish larvae exposed to
TCIPP and TCEP can lead to neurotoxicity, which might be ascribed to
their similar structures with neurotoxic organophosphorus pesticides
(Dishaw et al., 2011). It was confirmed that aryl-OPEs (e.g. TPHP) had
more serious heart developmental toxicity than alkyl-OPEs for zebrafish
embryos (Du et al., 2015).

Food can be contaminanted with OPEs via biological magnification
in food chains (Zhang et al., 2016) and during food production, pro-
cessing (e.g. packing, caning) or storage (Ding et al., 2018; Poma et al.,
2018). There are only few a studies referring to the detection of OPEs in
foodstuffs (He et al., 2018b; Li et al., 2019a; Poma et al., 2017; Poma
et al., 2018; Zhang et al., 2016). Although the concentrations of OPEs
measured in food samples have been reported to be low, high per capita
dietary consumption of OPEs via foodstuffs increases the exposure risk
via dietary intake (Poma et al., 2017; Wei et al., 2015). Thus, there is an
urgent need for the monitoring of OPE contamination in foodstuffs,
especially in China which is s populous country that uses and consumes
large amounts of FRs (Li et al., 2019a).

In the present study, a total of 11 OPEs including triethyl phosphate
(TEP), tributyl phosphate (TNBP), tris(2-chloroethyl) phosphate
(TCEP), tris(2-chloroisopropyl) phosphate (TCIPP), tris(1,3-dichloro-2-
propyl) phosphate (TDCIPP), triphenyl phosphate (TPHP), 2-ethyl-
hexyl-diphenyl phosphate (EHDPP), tripropyl phosphate (TPrP), tris(2-
butoxyethyl) phosphate (TBOEP), tris(2-ethylhexyl) phosphate (TEHP),
and tris(methyphenyl) phosphate (TMPP) were examined in foodstuffs
sampled from Chinese supermarkets, whereby the per capita exposure
to OPEs via the diet as well as an assessment risk were estimated and
discussed. Additionally, n= 83 OPEs or organophosphate substances
that were previously considered as FRs were further screened for in the
combined extracts of foodstuffs by use of high-resolution mass spec-
trometry (QToF-MS).

2. Materials and methods

2.1. Materials

Standards of the 11 target OPEs and 4 internal standards, d15-TEP,
d15-TPHP, d12-TCEP, and d15-TDCIPP, were purchased from Sigma-
Aldrich (St. Louis, MO, U.S.A.), AK Scientific (Union City, CA, U.S.A.),
or TCI America (Portland, OR, U.S.A.). More information details and
mass spectrometry (MS) quantitation parameters can be found in Table
S1. All solvents were high performance liquid chromatography (HPLC)
grade: dichloromethane (DCM) and methyl alcohol (MeOH) were pur-
chased from Tedia (Fairfield, OH, USA); n-hexane (HEX) was purchased
from LiChrosolv (Darmstadt, Germany). Sodium chloride (NaCl) and
anhydrous magnesium sulfate (MgSO4) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Sodium sulfate (Na2SO4) was purchased
from Nanjing Chemical Reagent Co., Ltd. (Nanjing, Jiangsu, China).
Primary secondary amine (PSA) bonded silica was purchased from
Supelco (Bellefonte, PA, USA). Ultra-pure water produced with an
EPED-E2-10TJ system (Yipuyida, Nanjing, Jiangsu, China).

All glassware used in sample preparation and Na2SO4 were treated

at 450 °C and 600 °C, respectively, for eight hours in muffle furnace
prior to use. The weighing spoon used in the weigh process was rinsed
with MeOH, DCM and HEX in turn to remove any target organic con-
tamination.

2.2. Sample collection and preparation

According to the Jiangsu Statistics Yearbook 2016, which was reg-
ularly updated by Jiangsu Province's Bureau of Statistics (JPBS, 2016),
a total of 105 individual samples, falling into 3 food market baskets and
9 food categories covering about 95% total per capita food consump-
tion, were selected and purchased from 3 chain hypermarkets with
different supply channels in Nanjing (China) during March and April
2018, as shown in Table 1. The edible parts of food samples were im-
mediately homogenized after collection and then stored in brown glass
jar capped with aluminum foil and a polyethylene (PE) screw cap at
−20 °C until further pretreatment.

The preparation method of food samples was modified based on an
OPE method developed previously by Chu and Letcher. (2015). In brief,
about 1 g of homogenized food sample in wet weight (ww) was weighed
into a borosilicate glass disposable culture tube (16×100mm). 4mL of
50/50 (v/v) DCM/HEX as the extract solvent, IS, 0.2 g NaCl and 1.5 g
MgSO4 were then added into a sample tube and mixed well by vor-
texing. The sample was extracted with ultrasound-assistance for 10min
at 20 °C, and then centrifuged. The supernatant was transferred into a
clean glass centrifuge tube (10mL). The extraction process was re-
peated twice and the extracts were combined. The extract was con-
centrated with nitrogen to dryness at 40 °C and then re-dissolved in
1mL MeOH. The sample was subject to ultra-sonication for 10min.
Then, 0.1 g NaSO4 was added into the extract and mixed well. After
centrifugation, the supernatant of the MeOH phase was carefully
transferred into another clean glass centrifuge tube and 300mg of PSA
bonded silica was added. This extract was subjected to dispersive solid
phase extraction for 1min, and then centrifuged. The supernatant was
carefully transferred into an autosampler vial and stored at −20 °C
until further instrumental analysis.

Table 1
Description and per capita daily consumption of the analytical food categories
selected according to Jiangsu Statistics Yearbook 2016.

Number Food
categories

Food items Consumption of
food
Category
homogenate
(g ww/day)

1 Cereals
(n=15)

Rice (3), Wheat flour (3),
Potato (9)

334.3

2 Vegetables
(n=18)

Chinese cabbage (3), Tomato
(9), Shii-take (3), Fresh black

fungus (3)

285.1

3 Meat
(n= 6)

Pork (3), Beef (3), 71.4

4 Poultry
(n= 6)

Chicken (3), Duck (3) 27.2

5 Aquatic
products
(n= 6)

Carp (3), Clam (3) 47.7

6 Eggs
(n=18)

Fresh egg (9), Salted duck egg
(9)

27.9

7 Milk
(n= 6)

Milk (3), Yogurt (3) 45.0

8 Fruits
(n=24)

Apple (9), Banana (9), Walnut
(3), Sunflower seed (3)

110.7

9 Sweets
(n= 6)

White granulated sugar (3),
Monocrystal rock candy (3)

17.6
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2.3. Quantification of OPEs by use of liquid chromatography-tandem mass
spectrometer (LC-MS/MS)

Quantification of OPEs was carried out using a Waters XEVO-TQ-S
ultra-high performance liquid chromatography-tandem mass spectro-
meter (UPLC-MS/MS) with a positive atmospheric pressure chemical
ionization source (APCI+) (Waters Limited, Milford, USA). More de-
tails on the instrumental parameters can be found elsewhere (Chu and
Letcher, 2015; Su et al., 2016). In brief, OPEs were separated by use of a
Waters Cortecs™ UPLC® C18 column (1.6 μm particle size,
2.1× 50mm) (Waters Limited, Milford, USA). The injection volume
was 5 μL. The mobile phases were water (A) and methanol at a flow rate
of 0.5 mL/min. We set the gradient as follows: 95% A initially, de-
creased to 5% A in 3min, and held for 8min, and then returned to
initial 95% A for 4min. For the MS, the nebulization and desolvation
gas for both was nitrogen, and the collision gas was argon. The corona
voltage was 3.0 kV, and the APCI probe was operated at a temperature
of 400 °C. The flow rates of desolvation and cone gas were set as 1000
and 150 L/h, respectively.

To ensure good recoveries of the target analytes, three potato/pork
(from one sample supermarket) samples spiked with OPE standards
were analyzed and good recoveries were observed for all investigated
OPEs. For all the OPEs, standard recoveries were achieved from 40.8%
to 135.9%, and the relative standard deviations (RSDs) were<22.0%
(Table 2). Some background contamination was observed for TNBP,
TCEP, TCIPP, TDCIPP TPHP, EHDPP and TBOEP. Thus, for each batch
of extractions, one procedural blank was also included to investigate
the possible laboratory contamination during the analysis. The blank
concentrations were subtracted from the values found in the samples in
their batch. The MLOQs were ranged from 0.01 to 0.36 ng/g ww based
on a signal-to-noise ratio (S/N) of 10 (Table S2). OPE quantification
was via an IS approach.

2.4. Data analysis

Excel 2016 and GraphPad Prism 5 software were used for data
calculations, statistical analyses and presentation. For the significance
analysis, one-way analysis of variance (ANOVA) was used to compare
three or more sets of data, and an unpaired t-test compared just two
groups, and where the significance level was set at 0.05. For non-
quantifiable OPEs, concentration values were assigned as half of the
quantification levels (<MLOQ=1/2 MLOQ).

2.5. Estimated dietary intakes (EDI) and risk assessment

The calculation of human daily intake via food ingestion was based
on the following formula (Ding et al., 2018; Zhang et al., 2016):

=
×= c CF

BW
EDI i

n
i i1

(1)

where EDI was the nanogram dietary intake of the target OPEs per
kilogram of body weight per day (ng/kg bw/day), ci was the mean/95th
percentile concentrations of the target OPEs in each food category (ng/
g); CFi was the daily per capita consumption of the corresponding food
category (g/day), which was obtained from Jiangsu Statistics Yearbook
2016 and listed in Table 1 (JPBS, 2016); BW was the average body
weight (kg) of the Chinese population and here 58.7 kg was used (Yang
et al., 2005).

Hazard quotient (HQ) and hazard index (HI) values were considered
as critical indicators to judge whether OPEs would pose a risk to human
health. Their values were calculated by the following formula (Ding
et al., 2018):

= EDI
RfD

HQ
(2)

= HQHI (3)

where RfD was the reference dosage values of oral toxicity (ng/kg bw/
day) for each target OPE, and they were acquired from previous lit-
erature studies where RfD was calculated via dividing the chronic no-
observed adverse effect levels by a safety factor (1000) or provided by
United States Environmental Protection Agency (USEPA) Integrated
Risk Information System (Ding et al., 2018; He et al., 2018b; Zhang
et al., 2016). When the RfD value for an individual compound was
available from more than one source, the most conservative RfD value
was used.

2.6. Suspect screening in the extract of foodstuffs by use of high-resolution
spectrometry system

The extracts of 105 foodstuff samples were combined and further
conducted for OPE suspect screening by use of a high-resolution spec-
trometry system, that is an Agilent 1200 LC system coupled with an
6520A QToF-MS system (Agilent Technologies, Mississauga, ON,
Canada). The MS system was equipped with a positive electrospray
ionization (ESI+) source. Separation of OPE compounds was conducted
on a Luna C18 column (Phenomenex, Torrance, CA, U.S.A.). Water (A)
and methanol (B), both containing 2mM of ammonium acetate, were
used as mobile phases with a constant flow rate of 0.5 mL/min. The
mobile phase gradient was: 0min, 95% A; 0–5min, 5% A; hold for
10min; and post run for 15min. Before the analysis, the MS system was
tuned and calibrated with the resolution>20,000 at m/z 322.0481
(Δ=0.01 ppm). For each run of injections, a solution containing purine
(theoretical m/z 121.0509) and HP-0921 (theoretical m/z 922.0098)
were consistently transferred into high-resolution system as reference
masses.

3. Results and discussion

3.1. Occurrence of OPEs in Chinese foodstuffs

In our study, the measured concentrations of 9 OPEs in all food
categories including TEP, TNBP, TCEP, TCIPP, TPHP, EHDPP, TBOEP,
TEHP and TMPP were all above the MLOQs (Table 3a). Two other
OPEs, TDCIPP and TPrP, were not detected any of the food samples, so
they were not considered in the following diagrams and discussion.

To investigate the variance of TEP, TNBP, TCEP, TCIPP, TPHP,
EHDPP, TBOEP, TEHP and TMPP levels among food items, food cate-
gories and sampling positions, we analyzed 23 items belonging to 9
food categories individually sampled from 3 large chain supermarkets
in Nanjing. The items collected included those from the same food ca-
tegory within the identical supermarket, those obtained from the same
supermarket, and across all the food items collected from different

Table 2
Standard recoveries (SRs) and relative standard deviation (RSD) of target OPEs
measured in spiked potato and pork samples.

OPEs Potato (n=3) Pork (n= 3)

SR (%) RSD (%) SR (%) RSD (%)

TEP 85.5–91.5 3.9 81.1–94.9 8.4
TNBP 86.4–97.3 6.5 74.1–88.8 9.4
TCEP 84.2–102.1 9.6 87.2–98.1 6.1
TCIPP 93.9–100.4 3.7 69.6–82.9 8.8
TDCIPP 77.2–87.6 6.8 80.3–85.2 3.4
TPHP 72.2–109.2 22.0 81.6–98.3 9.4
EHDPP 85.1–107.4 11.7 121.8–135.9 5.5
TPrP 57.6–68.6 9.0 67.8–86.4 12.7
TBOEP 40.8–60.8 21.3 73.3–79.9 4.7
TEHP 110.0–124.6 6.8 107.6–116.0 4.0
TMPP 98.0–128.0 14.1 106.6–112.4 2.8

L. Zhao, et al. Environment International 128 (2019) 343–352

345



Table 3a
Overall demographic data of OPEs (ng/g ww) levels in various food categories on basis of a typical Chinese food market basket.

Statistics TEP TNBP TCEP TCIPP TPHP EHDPP TBOEP TEHP TMPP ∑OPEs

Cereals (n=15)
Rangea <0.07–2.7 < 0.02–0.3 <0.03–18.5 < 0.02 < 0.10–0.4 <0.16–5.0 <0.02–0.1 <0.03 < 0.01 < 0.23–21.0
Medianb 0.04 0.09 0.02 0.01 0.05 0.08 0.01 0.015 0.005 0.92
Meanc 0.54 0.10 2.47 0.01 0.11 0.76 0.05 0.015 0.005 4.06
SDd 0.85 0.11 6.12 0 0.12 1.45 0.04 0 0 6.45
CIe (0.11, 0.97) (0.05, 0.16) (−0.63, 5.57) (0.01, 0.01) (0.04, 0.17) (0.03, 1.49) (0.03, 0.07) (0.015, 0.015) (0.005, 0.005) (0.79, 7.32)
DFf (%) 46.7 53.3 20.0 0 20.0 26.7 46.7 0 0 73.3

Vegetables (n= 18)
Range < 0.07–10.0 < 0.02–0.5 < 0.03 < 0.02 < 0.10–0.5 <0.16 <0.02–0.2 <0.03 < 0.01 < 0.23–10.2
Median 0.04 0.05 0.015 0.01 0.05 0.08 0.01 0.015 0.005 0.45
Mean 0.69 0.13 0.015 0.01 0.08 0.08 0.04 0.015 0.005 1.07
SD 2.34 0.16 0 0 0.12 0 0.05 0 0 2.31
CI (−0.39, 1.78) (0.06, 0.21) (0.015, 0.015) (0.01, 0.01) (0.02, 0.13) (0.08, 0.08) (0.02, 0.06) (0.015, 0.015) (0.005, 0.005) (0.00, 2.14)
DF (%) 38.9 50.0 0 0 5.6 0 27.8 0 0 66.7

Meat (n=6)
Range 0.1–2.0 < 0.02–0.1 < 0.03 < 0.02 < 0.10–3.2 <0.16–0.2 <0.02–0.1 <0.03 < 0.01 0.3–4.0
Median 0.89 0.01 0.015 0.01 0.05 0.08 0.01 0.015 0.005 2.00
Mean 0.94 0.04 0.015 0.01 0.68 0.10 0.02 0.015 0.005 1.82
SD 0.81 0.04 0 0 1.25 0.05 0.03 0 0 1.34
CI (0.29, 1.59) (0.00, 0.07) (0.015, 0.015) (0.01, 0.01) (−0.33, 1.68) (0.06, 0.14) (0.00, 0.05) (0.015, 0.015) (0.005, 0.005) (0.75, 2.89)
DF (%) 100 33.3 0 0 33.3 16.7 16.7 0 0 100

Poultry (n= 6)
Range 0.3–1.9 < 0.02–0.2 < 0.03 < 0.02 < 0.10–0.3 <0.16 <0.02–0.1 <0.03 < 0.01 0.6–2.1
Median 1.08 0.01 0.015 0.01 0.12 0.08 0.01 0.015 0.005 1.40
Mean 1.08 0.04 0.015 0.01 0.14 0.08 0.04 0.015 0.005 1.42
SD 0.62 0.07 0 0 0.10 0 0.04 0 0 0.65
CI (0.58, 1.57) (−0.02, 0.10) (0.015, 0.015) (0.01, 0.01) (0.06, 0.22) (0.08, 0.08) (0.00, 0.07) (0.015, 0.015) (0.005, 0.005) (0.89, 1.94)
DF (%) 100 16.7 0 0 50.0 0 33.3 0 0 100

Aquatic products (n= 6)
Range 0.8–3.0 < 0.02–1.0 < 0.03 < 0.02 < 0.10–0.3 <0.16 <0.02–0.1 <0.03 < 0.01 1.3–3.4
Median 1.47 0.14 0.015 0.01 0.05 0.08 0.01 0.015 0.005 1.83
Mean 1.66 0.31 0.015 0.01 0.09 0.08 0.02 0.015 0.005 2.20
SD 0.81 0.38 0 0 0.09 0 0.03 0 0 0.95
CI (1.01, 2.31) (0.00, 0.61) (0.015, 0.015) (0.01, 0.01) (0.01, 0.16) (0.08, 0.08) (0.00, 0.05) (0.015, 0.015) (0.005, 0.005) (1.44, 2.96)
DF (%) 100 66.7 0 0 16.7 0 16.7 0 0 100

Eggs (n= 18)
Range 0.3–4.2 < 0.02–1.5 < 0.03 < 0.02 < 0.10–3.0 < 0.16–71.8 <0.02–0.3 <0.03 < 0.01 0.9–73.7
Median 1.25 0.29 0.015 0.01 0.05 0.08 0.01 0.015 0.005 2.12
Mean 1.65 0.28 0.015 0.01 0.26 4.06 0.06 0.015 0.005 6.35
SD 0.94 0.34 0 0 0.69 16.90 0.08 0 0 16.86
CI (1.21, 2.08) (0.13, 0.44) (0.015, 0.015) (0.01, 0.01) (−0.06, 0.58) (−3.74, 11.87) (0.02, 0.09) (0.015, 0.015) (0.005, 0.005) (−1.43, 14.14)
DF (%) 100 72.2 0 0 22.2 5.6 38.9 0 0 100

Milk (n=6)
Range 0.6–2.0 < 0.02–0.2 < 0.03 < 0.02 < 0.10–0.3 <0.16 <0.02–0.1 <0.03 < 0.01 1.0–2.6
Median 1.14 0.09 0.015 0.01 0.12 0.08 0.05 0.015 0.005 1.51
Mean 1.29 0.10 0.015 0.01 0.14 0.08 0.05 0.015 0.005 1.70
SD 0.61 0.06 0 0 0.10 0 0.05 0 0 0.64
CI (0.80, 1.77) (0.05, 0.14) (0.015, 0.015) (0.01, 0.01) (0.06, 0.22) (0.08, 0.08) (0.02, 0.09) (0.015, 0.015) (0.005, 0.005) (1.18, 2.21)
DF (%) 100 83.3 0 0 50.0 0 50.0 0 0 100

Fruits (n= 24)
Range <0.07–4.9 < 0.02–0.6 < 0.03 < 0.02 < 0.10–1.4 <0.16 <0.02–0.1 < 0.03–6.5 < 0.01–0.7 < 0.23–7.3
Median 0.14 0.10 0.015 0.01 0.05 0.08 0.01 0.02 0.01 1.17
Mean 0.79 0.14 0.015 0.01 0.20 0.08 0.05 0.71 0.07 2.07
SD 1.26 0.13 0 0 0.29 0 0.04 1.89 0.17 2.32
CI (0.29, 1.30) (0.08, 0.19) (0.015, 0.015) (0.01, 0.01) (0.08, 0.32) (0.08, 0.08) (0.03, 0.06) (−0.04, 1.47) (0.00, 0.14) (1.14, 3.00)
DF (%) 58.3 83.3 0 0 41.7 0 41.7 16.7 16.7 95.8

Sweet (n=6)
Range <0.07–0.2 < 0.02–0.2 < 0.03–1.1 < 0.02–13.1 < 0.10–0.3 < 0.16–26.3 <0.02–0.1 <0.03 < 0.01–0.1 < 0.23–26.9
Median 0.04 0.05 0.29 3.14 0.12 0.08 0.01 0.015 0.01 9.34
Mean 0.06 0.07 0.39 5.06 0.15 4.54 0.02 0.015 0.04 10.34
SD 0.07 0.07 0.41 5.74 0.12 10.67 0.04 0 0.05 9.84
CI (0.01, 0.11) (0.01, 0.13) (0.07, 0.72) (0.47, 9.65) (0.06, 0.25) (−4.00, 13.07) (0.00, 0.05) (0.015, 0.015) (0.00, 0.07) (2.47, 18.22)
DF (%) 16.7 50.0 66.7 66.7 50.0 33.3 16.7 0 33.3 83.3

a Range: concentration range.
b Median: median concentration.
c Mean: arithmetic mean concentration.
d SD: standard deviation.
e CI: confidence interval (95%).
f DF: detection frequency.
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supermarkets. Compared with different items (mean RSD of 66%) and
different sampling positions (mean RSD of 66%), the difference among
food categories was relatively high (mean RSD of 107%). This indicated
that the variance was at most a function of food categories.
Furthermore, the significance analysis among food items, food cate-
gories and sampling positions were conducted and the outcomes are
shown in Tables S3 ~ S5. The levels of ∑OPEs (sum of 9 target OPEs)
measured in milk products were higher than in yogurt (unpaired t-test,
p < 0.05), and the levels of ∑OPEs in sweets products were sig-
nificantly higher than the other food categories (one-way ANOVA,
p < 0.01). The contamination source is currently unknown for OPEs in
sweets, but could be related with its complex food processing or
packaging. Interestingly, EHDPP is traditionally proposed as an additive
by the U.S. Food and Drug Administration (US-FDA), and we observed
that ∑OPEs in sweets was dominated by this chemical. With respect to
the rest food items/categories or sampling supermarkets, significant
differences were not observed.

The detection frequencies of ∑OPEs in 9 food categories for 105
samples ranged from 66.7% in vegetables to 100% in meat, poultry,
aquatic products, eggs and milk. TEP and TNBP, as the most prevalent
OPEs in all samples, were detected in 67.6% and 61.9% of samples,
respectively, followed by TBOEP and TPHP with the percentage of
detection of ∼30%, and the other targeted OPEs were detected
in<10% of the samples. These differences might be associated with
MLOQs, physicochemical properties, half-lives, and degradation/me-
tabolism of OPEs (He et al., 2018b). Moreover, the detection fre-
quencies of the OPEs were lower as compared to halogenated FRs in
foodstuffs sampled from the same area (Su et al., 2012), which was
probably attributed to their low concentrations in foodstuffs or due to
lower accumulation through the food chain (Van der Veen and De Boer,
2012). The conclusion that OPEs could be metabolized/excreted rapidly
in organisms, with hours of half-lives for OPE parent compounds and
their metabolites reinforced our statement (Greaves et al., 2016; Su
et al., 2014; Van den Eede et al., 2013; Van den Eede et al., 2016).

As shown in Fig. 1, the distribution and contribution of OPEs in the
analyzed foodstuffs were analyzed and calculated. For each OPE, the
proportion of its total contents in all food categories was ranked in the
order from highest to lowest: EHDPP (33.6%), TEP (28.5%), TCEP
(11.7%), TCIPP (9.0%), TPHP (5.6%), TEHP (5.3%), TNBP (4.5%),
TBOEP (1.3%) and TMPP (0.7%). For individual food categories, TEP
was the most dominant OPE in the various food categories including
aquatic products (1.66 ng/g ww, 75.2%), meat (0.94 ng/g ww, 51.6%),
milk (1.29 ng/g ww, 75.7%), poultry (1.08 ng/g ww, 75.9%) and ve-
getables (0.69 ng/g ww, 65.0%). TEP (0.79 ng/g ww, 38.4%) and TEHP

(0.71 ng/g ww) were the dominant contaminants in fruits, accounting
for 38.4% and 34.5% of the ∑OPE concentration, respectively. TCEP
(2.47 ng/g ww) accounted for the greatest proportion of the ∑OPE
concentration at 60.9%. EHDPP was mainly distributed in sweets
(4.54 ng/g ww, 43.8%) and eggs (4.06 ng/g ww, 64.0%). TCIPP
(5.06 ng/g ww) was also mainly found in sweets with 48.9% of the
∑OPE concentration. The distributions of the rest of the OPEs in each
food categories were more homogeneous. EHDPP detected in food
samples may have been derived from food packaging materials where
EHDPP is an additive as reported by the U.S. Food and Drug Admin-
istration (US-FDA) (US-FDA, 2006), while TPHP is generally found in
electrical equipment (e.g. cell phones), with high levels in indoor dust
which can be deposited in industrial facilities (Van der Veen and De
Boer, 2012; Yang et al., 2019). The source of remaining OPEs under
study is not known to our knowledge.

The levels of ∑OPEs in our investigated food categories was con-
sistent with findings from previous studies in Australia (2.46 ng/g ww
in meat to 4.13 ng/g ww in vegetables) (He et al., 2018b), Belgium
(0.41 ng/g ww in vegetables to 36.87 ng/g ww in cereals) (Poma et al.,
2018) and Sweden (1.04 ng/g ww in fruits to 6.37 ng/g ww in cereals)
(Poma et al., 2017). For all 9 of the present food categories, sweets had
the highest mean concentration of ∑OPEs (10.34 ng/g ww), followed by
eggs (6.35 ng/g ww), cereals (4.06 ng/g of ww), aquatic products
(2.20 ng/g ww), fruits (2.07 ng/g ww), meat (1.82 ng/g ww), milk
(1.70 ng/g ww), poultry (1.42 ng/g ww) and vegetables (1.07 ng/g ww)
(Fig. 1). These differences might be explained by contrasting absorption
of OPEs in these foods, food processing, and/or metabolic capacity of
animal-based foods and plant-based foods. Moreover, the ∑OPE con-
centrations of most food categories were lower than those detected in
Australia and Belgium (He et al., 2018b; Poma et al., 2018), while
higher than those reported in Sweden (Poma et al., 2017).

Poma et al. (2017, 2018) found that the levels of OPEs in “processed
foods” were higher than in “non-processed foods”, implying that there
is an important link of food contamination by OPEs with industrial and
manipulated processing. We divided the 23 food items into two food
groups as listed in Table S6. The contributions of each OPE to the total
in the two groups were inhomogeneous and totally different (Table 3b).
The processed food contained 16 food items, which accounted for only
36.7% of mean ∑OPEs concentration in each food item. The mean ∑OPE
concentrations of processed food were significantly higher than those of
non-processed food (unpaired t-test, p=0.0003). These outcomes were
consistent with the findings of Poma et al. (2017, 2018) where the most
OPE contaminated food items were rice (mean: 13.01 ng/g ww, 16.2%),
white granulated sugar (11.60 ng/g ww, 14.5%) and salted duck eggs
(10.52 ng/g ww, 13.1%). Furthermore, foodstuffs of animal origin, in-
cluding pig, beef, chicken, duck, carp, clam and fresh eggs, each con-
tributed marginally to the overall OPE distribution (< 2.8 ng/g
ww,< 3.5%). This might be associated with rapid metabolism/excre-
tion (Greaves et al., 2016) or lower exposure and uptake in the or-
ganism.

3.2. Estimation of human dietary exposure to OPEs

On the basis of the measured concentrations of the target OPEs in 9
food categories, and based on the general Chinese dietary habits and
their consumption data from the Jiangsu Statistics Yearbook 2016, we
estimated EDI values of OPEs for the Chinese adult population using Eq.
(1). The mean and 95th percentile concentrations of all samples in a
given food category represented correspondingly the average- and high-
exposure scenarios of the same food category to humans, respectively,
and are listed in Table 4.

For the average adult population, the mean and 95th percentile total
EDI values of OPEs were calculated to be 44.3 and 75.8 (ng/kg bw/
day), respectively, which are of the same order of magnitude compared
to data from previous studies on the Swedish, Belgian and Australian
adult populations, where the mean intake via diet was estimated to be

Fig. 1. Distribution of individual OPEs (mean concentration, ng/g ww) in dif-
ferent foodstuff categories.
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84.7 ng/g bw day, 106.1 ng/kg bw/day for male (and 93.2 ng/kg bw/
day for female) and 40.8 ng/g bw/day, respectively (Table 4) (He et al.,
2018b; Poma et al., 2017; Poma et al., 2018). The contributions of all
analyzed food categories and the target OPEs to mean total dietary
intake is illustrated in Fig. 3 (Poma et al., 2017; Poma et al., 2018;
Zhang et al., 2016). Cereals were the greatest contributor to human
exposure to OPEs through dietary intake. TCEP (32.4%, 14.3 ng/kg bw/
day), TEP (28.7%, 12.7 ng/kg bw/day) and EHDPP (19.1%, 8.4 ng/kg
bw/day) were found to be the primary contaminants followed by TPHP
(5.8%, 2.6 ng/kg bw/day), TNBP (4.6%, 2.0 ng/kg bw/day), TCIPP
(3.8%, 1.7 ng/kg bw/day), TEHP (3.5%, 1.6 ng/kg bw/day), TBOEP
(1.6%, 0.7 ng/kg bw/day) and TMPP (0.5%, 0.2 ng/kg bw/day). With
regard to OPEs in specific food categories, cereals (TCEP 98.1%, EHDPP
51.2% and TEP 24.1%) and vegetables (TEP 26.5%) accounted for a
major contribution to TCEP, TEP and/or EHDPP dietary intake.
Nevertheless, Poma et al. (2018) reported that the distribution of OPEs
to the total dietary intake for Belgian adults was in the order of TPHP
(45%, 46.6 ng/kg bw/day) > TCIPP (18%, 18.5 ng/kg bw/day) >
EHDPP (15%, 14.9 ng/kg bw/day) > TDCIPP (9%, 9.6 ng/kg bw/
day) > TNBP (5%, 5.5 ng/kg bw/day) > TEHP (5%, 4.9 ng/kg bw/

day) > TCEP (3%, 2.8 ng/kg bw/day) (Poma et al., 2018), and the
mean EDI values of ∑OPEs from different food categories ranged from
0.7 to 23.1 ng/kg bw/day. Comparing common food categories in the
present and previous studies, in our study the order was 1) cereals
(52.2%), vegetables (11.7%), eggs (6.8%), meat (5.0%), aquatic pro-
ducts (4.0%) and milk (2.9%), whereas the order was cereals (42 and
39%), meat (6 and 7%), egg (0.1 and 0.9%), milk, vegetables and
aquatic products (20%, 6% and 4%) in Belgium and Swedish studies,
respectively (Poma et al., 2017; Poma et al., 2018). The contamination
profile regarding both OPE pattern or food category in our study were
different with those previous studies, which may be associated with
various factors such as dietary habits among different regions, number
and items of collected food samples and sample preparation.

3.3. Risk assessment of OPEs via dietary intakes pathway

According to the definition given by USEPA, RfD value represents
the threshold limit value of a chemical compound via daily oral ex-
posure to human body and is regarded as an important indicator of risk
assessment of human exposure to noncarcinogenic toxic substances

Table 3b
Overall demographic data of OPEs (ng/g ww) levels in various food groups on basis of a typical Chinese food market basket.

Statistics TEP TNBP TCEP TCIPP TPHP EHDPP TBOEP TEHP TMPP ∑OPEs

Processed food groups
Range < 0.07–2.9 < 0.02–0.6 <0.03–18.5 < 0.02–13.1 < 0.10–3.0 <0.16–71.8 <0.02–0.2 < 0.03 < 0.01–0.1 < 0.23–73.7
Median 0.89 0.10 0.02 0.01 0.05 0.08 0.01 0.015 0.01 2.68
Mean 1.11 0.15 1.58 1.22 0.26 4.10 0.04 0.015 0.01 8.50
SD 0.97 0.16 4.81 3.42 0.58 15.04 0.05 0 0.03 15.30
CI (0.75, 1.48) (0.09, 0.21) (−0.24, 3.39) (−0.07, 2.51) (0.04, 0.48) (−1.57, 9.77) (0.03, 0.06) (0.015, 0.015) (0.00, 0.02) (2.72, 14.27)
DF (%) 77.8 66.7 25.9 14.8 40.7 18.5 37.0 0 7.4 96.3

Non-processed food groups
Range < 0.07–10.0 < 0.02–1.5 < 0.03 < 0.02 < 0.10–3.2 < 0.16–5.0 <0.02–0.3 < 0.03–6.5 < 0.01–0.7 < 0.23–10.2
Median 0.30 0.09 0.015 0.01 0.05 0.08 0.01 0.02 0.01 1.05
Mean 0.89 0.15 0.015 0.01 0.17 0.18 0.04 0.23 0.03 1.71
SD 1.46 0.23 0 0 0.40 0.66 0.05 1.08 0.10 1.95
CI (0.56, 1.21) (0.10, 0.20) (0.015, 0.015) (0.01, 0.01) (0.08, 0.25) (0.04, 0.33) (0.03, 0.05) (−0.01, 0.47) (0.00, 0.05) (1.28, 2.14)
DF (%) 64.1 60.3 0 0 24.4 3.8 34.6 5.1 5.1 100

∑OPEs
Range < 0.07–10.0 < 0.02–1.5 <0.03–18.5 < 0.02–13.1 < 0.10–3.2 <0.16–71.8 <0.02–0.3 < 0.03–6.5 < 0.01–0.7 < 0.23–73.7
Median 0.50 0.10 0.02 0.01 0.05 0.08 0.01 0.02 0.01 1.50
Mean 0.95 0.15 0.39 0.30 0.19 1.12 0.04 0.17 0.02 3.32
SD 1.34 0.21 2.41 1.72 0.44 7.44 0.05 0.94 0.09 8.08
CI (0.69, 1.20) (0.11, 0.19) (−0.07, 0.85) (−0.03, 0.63) (0.10, 0.27) (−0.31, 2.54) (0.03, 0.05) (0.00, 0.35) (0.01, 0.04) (1.78, 4.87)
DF (%) 67.6 61.9 6.7 3.8 28.6 7.6 35.2 3.8 5.7 88.6

Table 4
Estimation of daily per capita dietary intakes and risk assessment exposure to OPEs for Chinese adults.

Food categories TEP TNBP TCEP TCIPP TPHP EHDPP TBOEP TEHP TMPP ∑OPEs (ng/
day)

EDI (ng/kg bw/
day)

Cereals 180 (324) 34 (53) 826 (1862) 3.3 (3.3) 35 (57) 254 (498) 17 (23) 5.0 (5.0) 1.7 (1.7) 1356 (2447) 23.1 (41.7)
Vegetables 198 (508) 38 (60) 4.3 (4.3) 2.9 (2.9) 22 (37) 23 (23) 11 (17) 4.3 (4.3) 1.4 (1.4) 304 (610) 5.2 (10.4)
Meat 67 (114) 2.8 (5.0) 1.1 (1.1) 0.7 (0.7) 48 (120) 7.0 (10) 1.7 (3.6) 1.1 (1.1) 0.4 (0.4) 130 (206) 2.2 (3.5)
Poultry 29 (43) 1.1 (2.7) 0.4 (0.4) 0.3 (0.3) 3.7 (6.0) 2.2 (2.2) 1.1 (1.9) 0.4 (0.4) 0.1 (0.1) 39 (53) 0.7 (0.9)
Aquatic products 79 (110) 15 (29) 0.7 (0.7) 0.5 (0.5) 4.2 (7.6) 3.8 (3.8) 1.2 (2.4) 0.7 (0.7) 0.2 (0.2) 105 (141) 1.8 (2.4)
Eggs 46 (58) 7.9 (12) 0.4 (0.4) 0.3 (0.3) 7.2 (16) 113 (331) 1.6 (2.5) 0.4 (0.4) 0.1 (0.1) 177 (395) 3.0 (6.7)
Milk 58 (80) 4.4 (6.3) 0.7 (0.7) 0.4 (0.4) 6.2 (10) 3.6 (3.6) 2.4 (4.0) 0.7 (0.7) 0.2 (0.2) 76 (99) 1.3 (1.7)
Fruits 88 (144) 15 (21) 1.7 (1.7) 1.1 (1.1) 22 (35) 8.9 (9) 5.1 (6.6) 79 (163) 8.0 (15) 229 (332) 3.9 (5.7)
Sweet 1.1 (1.9) 1.2 (2.3) 6.9 (13) 89 (170) 2.7 (4.4) 80 (230) 0.4 (0.9) 0.3 (0.3) 0.6 (1.2) 182 (321) 3.1 (5.5)
∑Food categories (ng/

day)
746 (1382) 119 (192) 842 (1884) 99 (180) 152 (293) 496 (1111) 41 (62) 92 (176) 13 (21) 2599 (4605) 44.3 (78.5)

EDIa (ng/kg bw/day) 12.7 (23.5) 2.0 (3.3) 14.3 (32.1) 1.7 (3.1) 2.6 (5.0) 8.4 (18.9) 0.7 (1.1) 1.6 (3.0) 0.2 (0.4) 44.3 (78.5) 44.3 (78.5)
RfDb (ng/kg bw/day) 125,000 2400 2200 3600 7000 600 1500 35,000 1300 – –
Hazard Quotient (‱) 1.0 (1.9) 8.4 (13.6) 65.2

(145.9)
4.7 (8.5) 3.7 (7.1) 140.7

(315.5)
4.7 (7.1) 0.4 (0.9) 1.7 (2.7) 230.5 (503.2) — (—)

a EDI: estimated dietary intakes.
b RfD: reference does.
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(USEPA, 2018). Regardless of mean or 95th percentile EDI values of
each target OPE via diet, the values were several orders of magnitude
lower than the corresponding RfD values, with HI (2.31× 10−2 and
5.03×10−2, respectively) ≪1. Moreover, in the data analysis the EDI
values could be enhanced using 1/2 MLOQ instead of the detected
concentrations of OPEs less than MLOQ. As such, there appears to be
insignificant deleterious effects via diet ingested OPEs for Chinese
adults during the entire life cycle.

Dietary intake and dust inhalation are regarded as principal routes
of exposure of OPEs for the general population (Wei et al., 2015). A
comparison was conducted for EDI values of the OPEs via dietary intake
and via dust ingestion for adults. As depicted in Fig. 2, all the EDI values
of OPEs from foodstuffs for adult population via diet were higher than
those estimated typical high (P50) ranges of OPE exposure via dust
ingestion for adults (Abdallah and Covaci, 2014; Ali et al., 2013; Ali
et al., 2012; Brommer et al., 2012; Dirtu et al., 2012; Stapleton et al.,
2009; Van den Eede et al., 2011). Dietary intake might be of equal
importance with dust ingestion exposure to OPEs for humans or pos-
sibly is more important. However, in the past researchers paid more
attention to dust ingestion for human exposure to OPEs due to the high
concentrations of OPEs in dust (μg/g range), which were approximately
3 orders of magnitude higher than in foodstuffs (ng/g range) (He et al.,
2018b; Poma et al., 2017; Poma et al., 2018; Van der Veen and De Boer,
2012). Therefore, it is important to analyze the levels of OPEs in more
foodstuffs and assessment of human exposure to OPEs through dietary
intake to assess the potential harm to the human health.

3.4. Suspect screening of 83 organophosphate substances in the combined
foodstuff extracts

By searching the scientific literature in the Web of Science database,
we found 83 OPEs or OP substances, including the 11 OPEs measured in
this study, have been reported as FRs and detected somewhere in the
environment (Table S7). To investigate whether other OP substances
are present in the foodstuff samples, we carried out a suspect screening
exercise on the combined extracts of foodstuffs by high-resolution mass
spectrometry. Interestingly, in addition to 9 OPEs quantified in

foodstuffs, we detected an ion of m/z 279.0934 in the same samples,
and this ion was absent in the blank samples. This ion was presumed to
be triphenyl phosphine oxide (TPPO) with a theoretical formula of
C18H15O1P1 with [M+H]− of m/z 279.0933. The response intensity of
the m/z 279.0934 ion was lower, but within an order of magnitude to
the response of TPHP (Fig. 4).

TPPO does not have the basic structure of an OPE, but shares a very
comparable chemical structure with TPHP. TPPO was traditionally
employed as an intermediate in chemical reactions for pharmaceutical
products and as a ligand for metal centers, and this chemical was re-
cently proposed as alternative FR for brominated formulations in textile
back-coatings (Bollmann et al., 2012; Van der Veen and De Boer, 2012).
Extensive industrial production and usage has led to an increase de-
tection frequency of TPPO in various environmental matrices, i.e.
wastewater effluent, natural river water, indoor air (Faiz et al., 2016;
Rodil et al., 2012; Schlusener et al., 2015; Wang et al., 2015; Wang
et al., 2017). Our study provides the first evidence that TPPO might also
exist in foodstuff samples, prompting the need for action to understand
the assessment of risk to human health via food dietary intake.

4. Conclusion

Overall, 11 OPEs were analyzed in 105 foodstuff samples collected
in 2018 on the basis of a typical Chinese food market basket, and 9
OPEs were detectable in at least one of analyzed samples. Regardless of
the food category, the proportion of concentration of individual OPEs to
the Σ9OPEs was ranked in the order from highest to lowest: EHDPP
(33.6%), TEP (28.5%), TCEP (11.7%), TCIPP (9.0%), TPHP (5.6%),
TEHP (5.3%), TNBP (4.5%), TBOEP (1.3%) and TMPP (0.7%), and
potentially suggesting that EHDPP, TEP, and TCEP are the predominant
OPEs in Chinese foodstuff samples. Different food categories exhibited
different contamination profiles of OPEs, and it is worth noting that we
observed statistically significant differences (unpaired t-test,
p=0.0003) for the mean ∑OPEs concentrations between processed
food and non-processed food. The processed food was mainly con-
taminated by EHDPP. Further estimation of human dietary exposure to
OPEs suggested that the mean EDI values of ∑OPEs for Chinese

Fig. 2. Comparison of two major exposure pathways to OPEs for humans, including typical high (P50) dust ingestion and mean dietary intakes (ng/kg bw/day).
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Fig. 3. Contribution of OPEs (3a) and food categories (3b) to the total estimated daily per capita dietary intakes for the Chinese adult population.

Fig. 4. Detection of triphenyl phosphine oxide (TPPO; a) and comparison with triphenyl phosphate (TPHP; b) in the same sample of extract combined with 105
foodstuff samples by use of liquid chromatography (LC)-electrospray (ESI)-time-of-flight mass spectrometry. The ESI source was operated in positive mode. “TM”
means theoretical mass, and “ME” means error between theoretical and observed masses.
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populations was 44.3 ng/kg bw/day, which was mainly due to the
consumption of cereals (accounting for 52.2% of EDI values), followed
by vegetables (11.7%), eggs (6.8%), meat (5.0%), aquatic products
(4.0%) and milk (2.9%), respectively. The amount of OPE via dietary
intakes for the Chinese population is far less when compared to the
reference dosage value of each OPE (hazard index ≪ 1). This indicates
that any deleterious effects caused by OPEs were negligible to Chinese
adults exposed through the diet. Finally, by use of high-resolution mass
spectrometry, further suspect screening resulted in the detection of the
novel OP-FR, TPPO, emphasizing the need for further research and
monitoring programs in human foodstuff samples.
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