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Chemicals and regents 

The standard samples and internal recovery standards of nine organophosphate 

esters (OPEs) (name, abbreviation, M/Z, and CAS No.), including triethyl phosphate 

(TEP, 155/99, 78-40-0), tri-n-propyl phosphate (TPP, 183/99, 513-08-6), tris(2-butoxyethyl) 

phosphate (TBOEP, 299/199, 78-51-3), tris(2-ethylhexyl) phosphate (TEHP, 211/113/99, 

78-42-2), tris(1-chloro-2-propyl) phosphate (TCIPP, 277/279, 13674-84-5), 

tri(1,3-dichloro-2-propyl) phosphate (TDCIPP, 381/379, 13674-87-8), triphenyl phosphate 

(TPHP, 326/325, 115-86-6), tris(methylphenyl) phosphate (TMPP, 368/367, 1330-78-5), 

tris(2-chloroethyl) phosphate (TCEP, 249/251, 115-96-8), d15-triphenyl phosphate 

(d15-TPHP, 341/339/340, 1173020-30-8), and triamyl phosphate (239/169, 2528-36-3), were 

purchased from Sigma-Aldrich (USA). 

Further, standard samples of seven OPE metabolites (mOPEs) and three internal 

recovery standards (name, abbreviation, molecular weight, quantitative ion/qualitative 

ion in multiple reaction monitoring mode, and CAS No.), including diphenyl phosphate 

(DPHP, 250, 249>93.2/249>155, 838-85-7), di(methylphenyl) phosphate (DMPP, 278, 

277>107/277>78.8, 843-24-3), bis(2-ethylhexyl) phosphate (BEHP, 322, 321>79.2, 298-07-7), 

bis(2-butoxyethyl) hydrogen phosphate (BBOEP, 298, 297>79.1/297>197, 14260-97-0), 

bis(2-chloroethyl) phosphate (BCEP, 223, 221>35.2/223>35.1, 3040-56-0), 

bis(1-chloro-2-propyl) phosphate (BCIPP, 251, 249>35.2/249>35.2, 789440-10-4), 

bis(1,3-dichloro-2-propyl) phosphate (BDCIPP, 320, 317>35.2/319>35.2, 72236-72-7), di-

phenyl phosphate-d10 (d10-DPP, 260, 259>98.2/259>159), bis(1,3-dichloro-2-propyl) phos-

phate ester-d10 (d10-BDCIPP, 306, 305>79.0/305>202), and dibutoxyethyl bisphosphate-d8 

(d8-BBOEP, 329, 327>35.1/329>35.1), were purchased from TRC Inc. (Canada). Mean-

while, a standard sample of diethyl phosphate (DEP, 182, 153>125/153>79.1, 598-02-7) 

was purchased from the Accustandard (New Haven, USA). The solid phase extraction 

(SPE) column could be filled with a filter column (disposable consumables, specifications 

of 3 mL), and the SPE column matching flow valve was purchased from ANPEL Labor-

atory Technologies (Shanghai) Inc. Further, an amino SPE column (6 mg/3 mL) procured 

from Phenomenex (USA) was used for the pretreatment analysis of the urine samples. 

Sample Preparation 

The collected indoor environment samples were stored in a refrigerator and brought 

to 25 °C; an appropriate amount of the samples was weighed for analysis (dust samples 

and corresponding blank, 2 g each). The atmospheric particulate matter samples and 

corresponding blank were obtained from half the quartz membrane, weighed, cut into 

pieces, and placed in a 50 mL polypropylene centrifuge tube, followed by addition of 40 

ng of the internal standard substance. Then, 30 mL of the extraction solution 

(n-hexane/acetone = 1:1, V:V) was added to the centrifuge tube for carrying out the ex-

traction operation (ultrasound for 30 min, shock for 30 min, and centrifugation for 8 min 

at 4500 rpm) three times. After each centrifugation operation, the supernatant was col-

lected and transferred to a round-bottomed flask. The extraction solution was concen-

trated to a small volume (1–2 mL) using a rotary evaporator. The extracted concentrate 

was then transferred to a rinsed self-filled silica gel purification column (rinsed with 30 

mL ethyl acetate and rinsed again with 10 mL n-hexane) and discarded. The column was 

then eluted with a mixture of 25 mL acetone and dichloromethane (7:3 V:V), and the 

collected solution was concentrated by rotary evaporation. Finally, the nitrogen was 

blown through a volume of 200 μL for analysis by a gas chromatography-mass spec-

trometer (GC/MS). 

The thawed urine samples were removed from the refrigerator at 4 °C and brought 

to 25 °C before the subsequent pretreatment. The creatinine concentration and specific 

gravity values of the urine samples used were obtained using a U120 Super Analyzer 

(Aconbiotech, China). Here, 5 mL urine samples (blank is 5 mL ultrapure water) were 

placed into beakers, followed by addition of 10 ng of three types of deuterium internal 



standards. Then, ultrapure water was added to the beaker to dilute the urine sample to a 

1:1 ratio and the pH value was checked. If the pH was greater than 7, acetic acid solution 

(0.1 mol/L) was added to the beaker to achieve a pH between 6 and 7. Next, the SPE 

column was successively activated with MeOH (3 mL) and ultrapure water (3 mL). The 

samples were then loaded onto the activated SPE column and the flow rate was con-

trolled at ≤ 1 mL/min). First, the SPE column (3 mL ultrapure water) was washed and 

dried with a vacuum pump. Then, two elutions were carried out with a 2 mL acetonitrile 

solution containing 5% pyrrolidine. The collected eluent was concentrated by blowing 

nitrogen in a water bath (45 °C) until completely dry. The material on the nitrogen 

blowpipe was dissolved in a 0.5 mL solution (MeOH: ultrapure water = 4:1, V:V). Then, 

the solution was filtered via a hydrophilic filter membrane (0.22 μm, polytetrafluoroeth-

ylene). 

Instrumental Analysis 

The GC/MS model used for the quantitative analysis of indoor environmental sam-

ples was GC/MS 7890A/5975C (Agilent Technologies), and the installed capillary column 

was DB-5 (30 m × 0.25 mm inner diameter × 0.25 µm). The injection parameters of the in-

strument in single ion monitoring mode were as follows: automatic injection without 

shunt (1 L), electron ionization source (70 eV), several specific temperatures (injection 

port: 280 °C, ion source: 260 °C, four-stage rod: 150 °C, and interface: 280 °C), a certain 

temperature-raising program (initial temperature: (80 °C for 1 min)→180 °C (heating 

rate: 10 °C /min; maintained for 1 min)→270 °C (heating rate: 2 °C /min; maintained for 

10 min)), and a carrier gas (He) flow rate of 1.82 mL/min. 

A liquid chromatograph coupled with an Agilent 6460 triple quadrupole mass 

spectrometer equipped with a Poroshell 120 EC-C18 reversed-phase column (3 mm × 100 

mm, 2.7 μm) was used for the quantitative analysis of mOPEs in human urine. The mo-

bile phase consisted of eluent A (MeOH) and eluent B (5 mM NH4Ac solution). The pa-

rameters were set as follows: column temperature: 35 °C; mobile phase: MeOH (eluent A) 

and NH4Ac solution (eluent B); sample injection volume: 5 μL; flow rate: 0.4 mL/min; and 

multiple reaction monitoring mode. The gradient of mobile phase A was 15% (0–0.5 

min)→15% increasing to 40% (0.5–3 min) → 40% (3–4.5 min) → 40% rising to 95% (4.5–8 

min)→95% (8–18 min)→95% decreasing to 15% (18–20 min)→15% (20–25 min). 

Source Analysis 

The positive matrix factorization (PMF) model is an improved tool for multivariate 

factor analysis that is especially suitable for addressing certain limitations of principal 

component analysis. The PMF incorporates variable uncertainty and identifies factors 

that explain the source and underlying information regarding the input variable data [1]. 

PMF can be used for quantitative source contribution analyses. Compared with the 

chemical mass balance method, it is easier to operate as it does not require the specific 

chemical composition spectrum information of each pollutant. In recent years, the PMF 

model has been applied to various media to effectively determine the source and distri-

bution information of target pollutants, such as chlorinated polycyclic aromatic hydro-

carbons (PAHs) and PAHs [2,3]. 

The software used for analysis as well as the data processing involved are summa-

rized in Table S9. The PMF model was used to analyze the dataset of 95 × 7 (95 sites, 7 

OPEs) indoor dust and 37 × 7 (37 sites, 7 OPEs) indoor atmospheric PM2.5 samples. 

Through repeated runs of the PMF model (2–7 factors), it was confirmed that the OPE 

sources in indoor dust and atmospheric PM2.5 are affected by three factors. The contribu-

tion rates of these factors to the concentration of the seven OPE monomers and the source 

distribution spectra of the OPE monomers are discussed in this study. 

EDI Values of Air and Dust Exposure to OPEs 

For two different exposure scenarios, the values of the estimated daily intake 

(EDI)inhalation, EDIingestion, and EDIdermal adsorption were calculated for: (a) average exposure, 



wherein the OPE concentration is the median concentration, and the indoor air inhalation 

rate, dust intake rate, or skin adsorption rate are averaged; and (b) high exposure, 

wherein the average OPE concentration is the 95th percentage point of indoor air inhala-

tion rate, dust intake rate, or skin adsorption rate [4]. Table S10 summarizes the exposure 

parameters used in this study to assess the exposure risk of OPEs via air and dust. 

In this study, the EDIs were estimated using OPEs exposed to air and dust, as fol-

lows: 

 

 

 

 

where Ci represents the average concentration of OPEs in air or dust at different 

sampling points. 

The hazard index (HI) was calculated to assess the health risk of exposure to OPEs, 

which can be defined as the ratio of EDI to reference dose (RfD), using the following 

equation: 

 
where HI is the hazard index of OPEs, EDItotal is the estimated daily intake for the 

human body (ng/kg bw/d), and RfD is the reference dose for OPE exposure (ng/kg bw/d) 

[4-6]. The HI of each OPE monomer was calculated separately to allow for independent 

risk assessment of each OPE. If HI < 1, no significant risk of OPE exposure was consid-

ered. If HI > 1, there may be risk of exposure to OPEs [7]. 

The carcinogenic risk (CR) was used to estimate the risk of exposure to carcinogenic 

or potentially carcinogenic OPEs using the following equation: 

 
Here, SFO is the slope factor (ng/kg bw/d) that indicates the level of CR [4, 6, 8, 9]. 

For regulatory purposes, the acceptable CR value is considered as between 1 × 10-6 and 1 × 

10-4 (with potential carcinogenic risk), wherein a value lower than 1 × 10-6 is considered to 

indicate no carcinogenic risk, and one higher than 1 × 10-4 is considered to indicate high 

potential carcinogenic exposure risk [7, 10]. 

EDIs and Risk Assessment of Exposure to Reversely Derived OPEs in Vivo 

Because of the limited kinetic and metabolic data on OPEs in the human body [11], 

metabolic studies of five mOPEs (TCEP, TCIPP, TDCIPP, TPHP, and TBOEP) in human 

liver microsomes (HLMs) and S9 components were conducted to provide evidence re-

garding their bioavailability and toxicity in humans [12]. Therefore, we calculated the 

EDI data of the Fue of two sets of mOPEs based on the HLM (EDIHLM) and S9 score (EDIS9) 

systems. The EDIs of the five mOPEs were calculated based on urinary metabolites as 

follows: 

 

𝐸𝐷𝐼𝑖𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 =
𝐶𝑎𝑖𝑟 × 𝑅𝑖𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 × 𝐸𝐷

𝐵𝑊
 

𝐸𝐷𝐼𝑖𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 =
𝐶𝑑𝑢𝑠𝑡 × 𝑅𝐼𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 × 𝐸𝐷

𝐵𝑊
 

𝐸𝐷𝐼dermal adsorption =
𝐶𝑑𝑢𝑠𝑡 × 𝑆𝐴 × 𝐷𝐴 × 𝐴𝐷𝐹 × 𝐸𝐷

𝐵𝑊
 

𝐸𝐷𝐼𝑡𝑜𝑡𝑎𝑙 = 𝐸𝐷𝐼𝑖𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 + 𝐸𝐷𝐼𝑖𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 + 𝐸𝐷𝐼𝑑𝑒𝑟𝑚𝑎𝑙 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 

HI =
𝐸𝐷𝐼𝑡𝑜𝑡𝑎𝑙
𝑅𝑓𝐷

 

CR = 𝐸𝐷𝐼𝑡𝑜𝑡𝑎𝑙 × 𝑆𝐹𝑂 

EDI =
𝐶𝑚𝑂𝑃𝐸𝑠 × 𝑉𝑢𝑟𝑖𝑛𝑒

𝐹𝑢𝑒 × 𝐵𝑊
×
𝑀𝑊𝑝

𝑀𝑊𝑚
 



where CmOPEs is the mOPE concentration in the urine; Vurine is the daily urine excre-

tion, which is 1600 mL for males and 1200 mL for females [13]; Fue is the mole fraction of 

mOPEs in urine relative to its parent compound OPE; BW represents body weight (adult, 

80 kg) [13]; and MWP and MWm are the molecular weights of OPEs and corresponding 

mOPEs, respectively. Note that the specific parameters are listed in Table S11. 

Finally, HI was calculated to assess the health risk from OPE exposure, which can be 

defined as the ratio of EDI to RfD and is calculated as follows:

HI =
𝐸𝐷𝐼

𝑅𝑓𝐷
 



Table S1. Designation and structural formula of OPEs and its metabolites (mOPEs). 

Full Name (OPEs) Abbreviation Full Name (mOPEs) Abbreviation Structural Formula (mOPEs) 

Triphenyl phosphate TPHP Diphenyl phosphate DPHP 

 

Tris(methylphenyl) phosphate TMPP Di(methylphenyl) phosphate DMPP  

Triethyl phosphate TEP Diethylphosphate DEP 

 

Tris(2-ethylhexyl) phosphate TEHP Bis(2-ethylhexyl) phosphate BEHP 

 

Tris(2-butoxyethyl) phosphate TBOEP Bis(2-butoxyethyl) hydrogen phosphate BBOEP 

 

Tris(2-chloroethyl) phosphate TCEP Bis(2-chloroethyl)  phosphate BCEP 

 

Tris(1-chloro-2-propyl) phosphate TCIPP Bis-(1-chloro-2-propyl)phosphate BCIPP 

 

Tri(1,3-dichloro-2-propyl) phosphate TDCIPP Bis(1,3-dichloro-2-propyl) phosphate BDCIPP 

 

Tri-n-propyl phosphate TPP    

Table S2. Distribution of OPEs concentrations found in indoor dust (n = 95) and airborne PM2.5 (n = 37). 

Analytes 
Detection 

Rate (%) 
Maximum Minimum Mean Median a SD 

5% Per-

centile 

25% Per-

centile 

75% Per-

centile 

95% Per-

centile 

Indoor dust (ng/g)          

TEP 86.3 64.1 < LOQ 7.96 5.36 4.48 < LOQ 2.65 10.4 22.5 

TBOEP 77.9 671 < LOQ 45.5 21.2 44.5 < LOQ 3.9 49.9 131 



TCEP 90.5 2870 < LOQ 130 26.1 180 < LOQ  6.83 97.4 425 

TCIPP 80 2000 < LOQ 109 21.4 142 < LOQ  3.63 110 353 

TDCIPP 98.9 1970 < LOQ 291 136 201 1.1 42.5 332 1100 

TPHP 94.7 3720 < LOQ 405 133 369 5.49 36.2 266 1880 

TMPP 96.8 471 < LOQ 49.8 23.8 42.6 0.58 8.5 47.8 192 

ΣOPEs 100 6480 0.39 1040 652 601 108 223 1360 3930 

ΣAlkyl-OPEs 100 693 < LOQ 53.5 29.3 46.9 < LOQ 15.3 61.5 147 

ΣCl-OPEs 100 3540 0.17 530 281 336 13.1 114 615 1940 

ΣAryl-OPEs 100 3960 0.22 455 152 389 19.7 60.8 371 2030 

Indoor airborne PM2.5 (ng/m3)                

TEP 97.3 2.99 < LOQ 0.58 0.41 0.62 0.12 0.30 0.60 1.52 

TBOEP 97.3 29.8 < LOQ 14.4 12.0 9.09 1.19 6.22 18.8 28.5 

TCEP 97.3 234 < LOQ 20.3 11.3 38.1 3.00 6.02 19.7 46.9 

TCIPP 97.3 35.6 < LOQ 7.51 5.58 7.18 1.13 2.14 9.75 19.1 

TDCIPP 97.3 81.0 < LOQ 4.62 0.80 13.9 0.09 0.43 1.78 18.1 

TPHP 97.3 3.89 < LOQ 0.97 0.63 0.80 0.36 0.5 1.15 2.48 

TMPP 100 17.1 0.01 1.34 0.34 3.10 0.09 0.22 0.95 5.39 

ΣOPEs 100 287 0.01 49.7 36.8 48.2 12.6 27.5 53.3 106 

ΣAlkyl-OPEs 100 30.3 < LOQ 15.0 13.0 9.02 1.43 8.08 19.1 29.1 

ΣCl-OPEs 100 272 < LOQ 32.4 24.4 44.8 6.21 13.3 31.5 68.6 

ΣAryl-OPEs 100 20.9 0.01 2.31 1.13 3.77 0.46 0.77 1.89 6.79 
a SD: standard deviation. 

Table S3. Concentrations of OPEs in indoor dust worldwide (ng/g). 

 n TEP TBOEP TCEP TCIPP TDCIPP TPHP TMPP Ref 

Home          

Guangzhou 11  2215  

(LOD-23526) 

2770  

(176-19511) 

970  

(375-3847) 

352  

(27-1735) 

903  

(114-1849) 

45.2  

(7.24-98.1) 
[14] 

China 44 
13.5 

(MDL-2550) 

30.2  

(0.935-1920) 

239  

(3.52-3600) 

690  

(7.41-6730) 
120 (MDL-1080) 

88.5  

(MDL-1310) 

8.95  

(MDL-182) 
[15] 



Guangzhou 30  408 

(61.6-34240) 

417  

(95.6-1470) 

695  

(116-4140) 
1360 (455-7560) 

608 

(133-3550) 

258  

(110-1400) 
[16] 

Guangzhou 

(Urban) 
25 

120  

(20-240) 

580  

(ND-3050) 

5180  

(1550-9700) 

830  

(160-2930) 

1260  

(ND-9630) 

280  

(10-800) 

840  

(ND-7740) 
[17] 

Guangzhou 

(Rural) 
25 

100 

(30-410) 

350 

(30-1760) 

2190  

(50-9360) 
1870 (240-10700) 

330  

(ND-2700) 

1420  

(260-5340) 

610  

(ND-3650) 
[17] 

Wuhan 53 
38.3  

(ND-782) 

406 

(ND-5252) 

724  

(9.14-3718) 
432 (LOD-5474) 

190  

(ND-1514) 

316 

(ND-2819) 

11.1  

(ND-161) 
[18] 

Beijing 21 
58 

(ND-350) 

8544  

(493-41917) 
7897 (2231-30847) 2868 (220-13804) 

529  

(ND-1531) 

540 

(122-1829) 

543  

(ND-2327) 
[19] 

Shanghai 15 
200  

(20-1400) 

5900  

(500-27300) 

4300  

(200-38000) 
3800 (600-20600) 

700  

(200-1700) 
  [20] 

Shanghai 20 
80  

(LOD-260) 

550 

(80-2070) 

530 

(50-3130) 
1240 (110-4590) 3510 (420-10190) 

50 

(LOD-110) 
 [21] 

Nanjing 6   4380  

(20-17500) 

1270  

(80-4930) 
6830 (ND-40100) 

560 

(150-1030) 
 [22] 

Nepal 28   15.7  

(0.11-69.1) 

61.7  

(24.3-805) 
22.1 (1.04-1420) 

71.3  

(9.81-3670) 

420  

(50.6-4740) 
[23] 

Philippines,  

Malate 
17   32  

(ND-1200) 
  110  

(8.5-440) 

13  

(ND-140) 
[24] 

Saudi Arabia,  

Jeddah 
15  580 

(ND-2750) 

560  

(125-1650) 
1600 (200-3700) 1770 (150-8700) 

310 

(65-1200) 
 [25] 

Pakistan, 

Faisalabad 
15 

<5 

(ND-60) 

28.5 

(ND-145) 

37.5 

(ND-175) 

18.5 

(ND-85) 

33 

(ND-255) 

155 

(ND-330) 

60 

(15-200) 
[26] 

Kuwait 15 
55  

(ND-385) 

10685  

(31-140450) 

755  

(275-1800) 
1955 (120-7065) 

530  

(60-1555) 

1080  

(44-6890) 

570  

(28-6015) 
[26] 

Japan 10 
10 

(ND-97) 

248521 

(3648-1014074) 

4065  

(871-12091) 
2530 (520-8838) 5738 (175-35487) 

1369  

(233-6655) 
2045 (326-8968) [27] 

Egypt,  

Assiut 
20  86 

(LOQ-305) 

49 

(LOQ-132) 

53 

(LOQ-123) 

147  

(LOQ-557) 

101 

(8-289) 
 [28] 

New Zealand 34 
10 

(ND-72) 

4285 

(50-27325) 

152 

(20-7605) 

817 

(20-7615) 

470  

(20-16560) 

590  

(20-7510) 

195 

 (ND-3760) 
[29] 

Australia 10  20000 (2800-100000) 
1500  

(150-5800) 

14000 

(2600-35000) 
2800 (900-6500) 

720 

(310-1600) 
 [30] 



Sweden,  

Stockholm 
10  8500  

(600-30000) 

7600  

(ND-33000) 
3100 (700-11000) 

12000 

(2200-27000) 

1600  

(100-4200) 

1200 

 (ND-3000) 
[31] 

Sweden,  

Stockholm 
62 190 (ND-4300) 

5700  

(ND-107000) 
2500 (ND-808000) 

4600 

(1210-98000) 

700 

 (ND-12000) 

2200  

(680-38000) 
1600 (ND-31000) [32] 

Belgium,  

Flemish 
33  6580  

(360-67600) 

490  

(ND-2650) 
4820 (190-73700) 

570  

(ND-6640) 

2020  

(40-29800) 

440  

(ND-5070) 
[33] 

Spain,  

Barcelona 
5   1790  

(134-13200) 
2623 (1890-7203) 

706  

(167-1354) 

1102  

(580-2633) 

278  

(103-535) 
[34] 

Germany 6  730 

(LOD-2800) 

200 

(140-280) 

740 

(370-960) 

<80  

(LOD-110) 

380 

(180-1300) 

94  

(LOD-240) 
[35] 

UK, West Mid-

lands 
32   2200 (LOD-28000) 

29000 

(3700-100000) 
2000 (60-14000) 10000 (490-110000) 

2000 

(LOD-14000) 
[36] 

Netherland 8  22000 (4600-159000) 
1300  

(220-6900) 
1300 (480-3800) 

280  

(70-3200) 

820  

(680-11000) 

110  

(LOQ-180) 
[37] 

Germany 15 
310 

(LOD-2300) 

13000  

(2100-99000) 

1300  

(LOD-5000) 

5000 

(1700-10000) 
850 (LOD-4300) 

3600  

(480-23000) 
430 (LOD-3300) [38] 

USA, Carbondale 17  19500 (6090-713570) 
319  

(85.6-1820) 
5600 (714-51350) 3710 (952-19800) 

1580  

(655-6430) 

272  

(10.8-994) 
[16] 

USA, Washington 20   2660  

(ND-25700) 

14300 

(216-82700) 
2580 (570-6380)   [39] 

USA,  

Boston 
50    572 (LOD-5490) 

1890 

(LOD-56090) 

7360 

(LOD-1798000) 
 [40] 

Romania,  

Iasi 
47 

30  

(ND-420) 

2700  

(ND-21000) 

800  

(LOD-1160) 

2500 

(LOD-16400) 

100  

(LOD-460) 

1600  

(ND-22600) 

1000  

(ND-5500) 
[41] 

Brazil 10  15900 (1550-348000) 
230 

(153-421) 

771  

(442-2280) 
1370 (369-28600) 

3900  

(542-10700) 
 [42] 

Office          

Guangzhou 22  85.5 

(LOD-266) 

1158  

(105-5199) 
2607 (192-8486) 

247  

(57.5-1038) 

744 

(120-1715) 

77.5  

(8.98-260) 
[14] 

Nanjing 12   3220  

(250-15000) 
1270 (320-4490) 2410 (390-11700) 

1050  

(330-2380) 
 [22] 

Beijing 23 
170 

(LOD-1156) 

4576  

(1034-14117) 
18042 (185-71167) 

25117 

(308-158014) 
1470 (102-5567) 

4130  

(31-38646) 
1372 (LOD-3676) [19] 

Egypt 20  263 

(LOD-1244) 

61 

(LOD-125) 

119  

(LOD-700) 

99  

(LOD-490) 

94 

(11-337) 
 [28] 



Germany 11 820 (250-4300) 45000 (4800-150000) 
3700  

(930-18000) 

52000 

(1800-470000) 
6300 (800-39000) 

3300  

(770-9200) 

8200 

(LOD-48000) 
[38] 

Germany 10  7000  

(2900-13000) 

120  

(LOD-170) 
3000 (180-9400) 

150  

(LOD-290) 

2500  

(470-4800) 
370 (LOD-1900) [35] 

UK 61   5000 

(LOD-160000) 

44000 

(3600-230000) 

2100 

(LOD-51000) 

8200  

(560-50000) 
 [36] 

Sweden 10 
100  

(ND-300) 

87000  

(450-960000) 
6700 (1300-260000) 

19000 

(3400-120000) 

17000 

(3300-91000) 

8800  

(900-32000) 

800  

(ND-2900) 
[31] 

Brazil 5  72800 

(23900-1910000) 

237  

(145-681) 
385 (109-69200) 4480 (249-10500) 6420 (1740-47000)  [42] 

 

Figure S1. Sample collection from indoor environment. 

Table S4. Concentrations of OPEs in indoor air (gas and/or PM phase) samples worldwide (ng/m3). 

Location Year Matrix OPEs (N) Samples (n) Range Mean Median Ref 

Harbin, China 2013–2014 gas 9 25 2.73-18.2 7.43 6.86 [43] 

Japan 2013 gas 12 9 <LOQ-1500   [44] 

Bihar state, India 2015 gas 8 15 0.09-2.16 0.48 0.35 [45] 

 New York state, USA 2018 gas 15 54  <LOQ-170 24.9 8.21 [46] 

Barcelona, Spain 2013–2016 PM 19 30 1.59-202 39.9 26.2 [47] 

New York state, USA 2018 PM 15 54 2220-1040000 77500 36100 [46] 



Stockholm, Sweden  2014–2015 PM 10 23 101-1900  340 [48] 

Hanoi, Vietnam 2017 PM 10 22  540-13000 2600  [49] 

Zurich, Switzerland  gas+PM 8 12  3.9-270   [50] 

Oslo and Akershus, 

Norway 
2012 gas+PM 6 54  8.6-467 99 55 [51] 

Table S5. Distribution of SG-adjusted OPE metabolite concentrations found in urine (n=60) from Shanghai (pg/mL). 

 Aryl-mOPEs Alkyl-mOPEs Cl-mOPEs   
 DPHP DMPP ΣAryl-mOPEs DEP BEHP BBOEP ΣAlkyl-mOPEs BCEP BCIPP BDCIPP ΣCl-mOPEs ΣmOPEs 

All volunteers (n=60) 
a GM 72.8 1.36 102 460 17.5 124 963 3.39 16.44 3.80 44.5 1590 

Max  4000 240 4000 6290 568 1750 6950 7550 1250 2090 7560 14000 

75th 323 0.84 345 1020 114 418 1450 <LOQ <LOQ <LOQ 221 2420 

Median 143 <LOQ 166 675 48 211 1100 <LOQ <LOQ <LOQ 13.7 1450 

25th 19 <LOQ 32 387 1.61 23.9 613 <LOQ <LOQ <LOQ 13.7 1010 

Min  <LOQ <LOQ 1.69 <LOQ <LOQ <LOQ 119 <LOQ <LOQ <LOQ 13.7 279 
b DF (%) 78.3 25.0  91.7 75 78.3  15.0 11.7 11.7   

c SD 846 51.7 843 1100 132 330 1270 1310 231 295 1370 2430 

Male (n = 36) 

GM 42.2 0.88 54.1 432 17.3 97.8 854 3.58 15.9 3.42 41.7 1230 

Max  2360 172 2360 4270 568 1750 6080 7550 787 2090 7560 14000 

75th 181 <LOQ 226 1010 105 351 1330 <LOQ <LOQ <LOQ 102 1580 

Median 133 <LOQ 138 627 41.7 127 957 <LOQ <LOQ <LOQ 13.7 1140 

25th <LOQ <LOQ 14.6 270 3.63 <LOQ 561 <LOQ <LOQ <LOQ 13.7 800 

Min  <LOQ <LOQ 1.69 <LOQ <LOQ <LOQ 119 <LOQ <LOQ <LOQ 13.7 279 

DF (%) 72.2 16.7   94.4 77.8 75.0   16.7 11.1 8.33     

Female (n = 24) 

GM 165 2.64 266 505 17.9 177 1150 3.12 17.3 4.46 49.2 2330 

Max  4000 240 4000 6290 515 714 6950 6200 1250 923 6220 8410 

75th 1060 33.5 1120 1090 134 470 1520 <LOQ <LOQ <LOQ 288 4900 

Median 289 <LOQ 323 837 73.9 282 1130 <LOQ <LOQ <LOQ 13.7 2110 

25th 31.6 <LOQ 157 548 <LOQ 92.2 989 <LOQ <LOQ <LOQ 13.7 1400 

Min  <LOQ <LOQ 1.7 <LOQ <LOQ <LOQ 192 <LOQ <LOQ <LOQ 13.7 359 

DF (%) 87.5 37.5   87.5 70.8 95.8   12.5 12.5 16.7     
a GM: geometric mean; b DF: detection frequency; c SD: standard deviation. 



Table S6. SG-adjusted geometric mean or median concentrations of urinary mOPEs worldwide (pg/mL). 

Site Year n Population DPHP BBOEP BCEP BCIPP BDCIPP Ref 

South China 2015 411 children 280 50 1040 150 50 [52] 

Norway 2012 244 mothers 630 nd   80 [53] 

Norway 2012 112 children 1000 nd   230 [53] 

  42 mothers  nd   <LOQ [54] 

  42 children 37000 <LOQ    [54] 

USA 2005-2015 201 men 570   nd 460 [55] 

USA 2005-2015 211 women 750   nd 690 [56] 

USA 2010-2013 200 women 820    650 [57] 

USA 2002-2005 349 pregnant 1310   6100 1850 [58] 

 2005-2015 220 men 700    610 [59] 

 2014-2016 203 children 50900   31900 80700 [60] 

USA 1999-2000 310 pregnant 930   nd 410 [61] 

USA 2001-2006 349 pregnant 1300   700 1900 [62] 

USA 2010-2011 135 adults 170-142000     [63] 

USA 2014 58 pregnant 930  310  1180 [64] 

USA 2012-2014 41 children 2710    5470 [65] 

USA 2015 28 mothers 1200   nd 2800 [66] 

USA 2015 33 children 2500   nd 7400 [66] 

USA 2012 11 female 8710    7600 [67] 

USA 2015 40 adults 1160   nd 2060 [68] 

USA 2014-2015 43 children 26500   7500 514000 [69] 

USA 2012 53 adults 9090    4460 [70] 

USA 2013-2014 19 mothers 68700   640 11000 [71] 

USA 2013-2014 23 children 140000   460 251000 [71] 

USA 2002-2007 45 men 270    120 [72] 

Table S7. Correlation coefficient of mOPEs in human urine and OPEs in indoor dust. 

 TEP TBOEP TCEP TCIPP TDCIPP TPHP TMPP 

DPHP -0.094 -0.101 -0.110 -0.073 -0.028 -0.228 -0.149 



DMPP -0.089 0.015 -0.082 -0.032 0.001 -0.114 -0.024 

DEP 0.229 -0.291 0.001 -0.104 0.068 -0.119 -0.016 

BEHP -0.057 0.112 0.052 0.193 -0.018 -0.036 0.051 

BBOEP -0.104 -0.117 0.092 0.029 0.083 -0.133 -0.070 

BCEP 0.083 -0.220 -0.002 -0.017 0.125 0.123 0.191 

BCIPP 0.054 0.128 -0.019 0.075 0.170 0.284 0.182 

BDCIPP 0.091* 0.131 .0450* 0.339* 0.049 0.007 0.224* 

*. Correlation is significant at the 0.05 level (2-tailed). **. Correlation is significant at the 0.01 level (2-tailed). 

Table S8. Correlation coefficients of mOPEs in human urine and OPEs in indoor atmospheric PM2.5 samples. 

 TEP TBOEP TCEP TCIPP TDCIPP TPHP TMPP 

DPHP -0.110 -0.301 -0.178 -0.128 -0.229 -0.328 -0.220 

DMPP -0.127 0.114 0.249 0.095 -0.304 -0.118 -0.151 

DEP 0.365 0.167 -0.123 -0.161 0.071 -0.142 0.108 

DEHP -0.071 -0.095 -0.156 -0.262 -0.042 -0.180 0.008 

BBOEP 0.292 0.078 0.250 0.094 -0.189 -0.108 -0.057 

BCEP 0.355 -0.278 -0.175 -0.086 0.055 -0.203 0.075 

BCIPP -0.090 0.089 -0.201 -0.179 0.180 -0.189 -0.133 

BDCIPP -0.006 0.019 -0.163 -0.076 -0.057 -0.310 -0.091 

*. Correlation is significant at the 0.05 level (2-tailed). **. Correlation is significant at the 0.01 level (2-tailed). 

 

Table S9. The parameters of input files in PMF [73, 74]. 

 Symbol Description 

Con. Cij Value of nonnegative; i for sample and j for species 

Unc. Uij When Cij ≤ MDL, Unc. = 5/6 MDL; When Cij > MDL, Unc.=[(Error Fraction×concentration)2 + (MDL)2]1/2 

Method Detection limit MDL 3 meanblank 

Signal to noise ratio S/N Classification of species: it is categorized as “bad” if S/N<0.2; if 0.2<S/N<1, “weak”; if S/N>0.2, “strong” 

Error Fraction 
Error 

Fraction 
20% 



Table S10. Exposure parameters for children and adults [4]. 

Parameters Unit Abbr. 

Value: Mean (95th percentile) 

Children  

(1–11 year) 

Adult  

(18–70 year) 

Inhalation Rates m3/day RInhalation 9.1 (13.3) 15.7 (21.3) 

Time indoors min/day Tindoor 974 (1342) 948 (1428) 

Body Weight kg BW 18.9 80 

Skin surface area m2 SA 0.75 (0.94) 1.95 (2.36) 

Dust Ingestion Rates mg/day RIngestion 60 30 

Dust Adherence g/cm2 DA 0.096 0.096 

Adsorption Factor % ADF 0.17 0.17 

 



Table S11. Parameters used for calculation of total EDI and HI of OPEs in China [4,6,12]. 

 TPHP TBOEP TCEP TCIPP TDCIPP 

RfDs (ng/kg bw/day) 70,000 15,000 7000 10,000 20,000 

MWp (g/mol) 326 398 285 328 430 

MWm (g/mol) 250 298 223 251 320 

Fue (HLM) 0.09 0.81 0.07 0.33 0.46 

Fue (S9) 0.04 0.16 0.13 0.28 0.68 
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