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Abstract

House dust is a reservoir for EDCs, heavy metals, and house dust mite
allergens. Long term exposure to house dust contaminants could pose adverse
health effects, but few studies to date have simultaneously evaluated various
chemicals and biological contaminants in house dust. The objectives of this study
were to comprehensively assess the characteristics of contaminants in house dust
and investigate infant’s residential intake.

A total of 107 settled house dust (SHD) and 120 air cleaner captured dust
(ACCD) samples were collected from 107 and 120 houses, respectively, in Seoul
and Gyeonggi Province in 2021. Among the 107 houses selected for SHD
collection, 30 houses were recruited for collecting bedding dust samples. All
participants completed a questionnaire comprised of housing and lifestyle related
factors. Sample extracts of 18 organophosphorus flame retardants (OPFRs), 16
phthalate esters (PHTHS), and 5 non-phthalate plasticizers (NPPs) were analyzed
by gas chromatography-mass spectrometry (GC-MS). Sample extracts of 7 heavy
metal elements were analyzed using an inductively coupled plasma optical
emission spectrometer and mass spectrometer (ICP-OES and ICP-MS), and those
of two house dust mite allergens (Dermatophagoides farinae type 1 (Der f 1) and
Dermatophagoides pterynossynus type 1 (Der p 1)) were analyzed with
VersaMax™ ELISA. A Pearson correlation analysis was conducted to assess the
relationship between contaminants and multiple regression analysis (MLR) was
conducted to identify the determinants in association with contaminants. To
estimate infant’s residential intake of contaminants in house dust, ingestion and
inhalation intakes were calculated using the concentrations of contaminants in SHD
and ACCD.

For SHD, the most frequently detected compounds with the highest
concentrations were NPPs, whereas those of PHTHs were the highest for ACCD.
High concentrations of 7 heavy metal elements were detected in all SHD samples,

whereas those in ACCD were lower with significantly low detection rates. Der f 1
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was detected in all bedding dust samples with significantly higher levels than Der p
1. Among the contaminants, TPhP and EHDPP, and DiBP and DEHP showed
strong correlations. The levels of EDCs were largely associated with the type and
number of housing appliances and the use of air fresheners or incenses, whereas
those of heavy metals in SHD were mainly associated with the type and number of
housing appliances and fuel used for cooking. Der f 1 showed strong associations
with the number of occupants and water penetration. In contrast, ventilation,
vacuum cleaning, and wet cleaning or dry mopping the floor significantly reduced
the levels of contaminants in dust. Residential intake of most chemicals in house
dust were significantly higher via ingestion than inhalation. In addition, inhalation
intake of chemicals was significantly higher for ACCD than for SHD.

This study comprehensively assessed various chemicals and biological
contaminants in SHD and ACCD. The results indicated that numerous
contaminants including EDCs, heavy metals, and house dust mite allergens were
prevalent in residential environments. In particular, the number and type of
electronic appliances, use of air fresheners or diffusers, and combustion activities
were in significant association with the elevated levels of contaminants in house
dust. In addition, infant’s residential intake of contaminants in house dust was
greater via ingestion than inhalation. As infants could be exposed to a wide array of
pollutants in house dust via ingestion, adequate measures are required to prevent

potential exposures.
Keywords: Settled house dust; air cleaner captured dust; EDCs; heavy metals;
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l. Introduction

House dust can settle onto surfaces as settled house dust (SHD) or
suspend in air as airborne dust. Dusts are typically solid particles below 1 um and
up to 100 um (ISO, 1995; IUPAC, 1990). The gravitational force upon particles
above 1 um may exceed other forces, inducing sedimentation of particles (Lu et al.,
2008; Uma et al., 2011). With increasing size and mass, particles settle onto objects,
surfaces, floors, and carpets to form SHD, which get entrenched in crevices within
walls or floors. SHD can be resuspended as airborne dust via walking, floor type,
and cleaning activities (Lai et al., 2017). Resuspension rate typically increased for
coarse and fine particles in the range between 0.7 to 10 um (Qian et al., 2014).

SHD is a reservoir for endocrine disrupting chemicals (EDCs), heavy
metals, and biological contaminants. EDCs are chemical compounds that mimic or
block the endogenous hormonal activity, which can induce developmental and
reproductive disorders with chronic exposure (Tabb and Blumberg, 2006). Many
EDCs used in consumer products, plastic items, electrical products, and furniture
are semi-volatile organic compounds (SVOCSs) that partition into both gas and
condensed phases (Weschler, 2009). Owing to mass transfer to gas and particle
phases, SVOCs can redistribute from their original source to house dust over time
(Rudel et al., 2010). Among various SVOCs detected indoors, organophosphorus
flame retardants (OPFRs), phthalate (PHTH) esters, and non-phthalate plasticizers
(NPPs) were the major compounds (D’Hollander et al., 2010). High concentrations
of 18 OPFRs were detected in all 111 dust samples collected in Korea, whereas
high levels of 8 PHTHSs in SHD were observed in 30 French houses (Blanchard et
al., 2014; Lee et al., 2020). N,N-diethylhydroxylamine (DEHA) and tris (2-
ethylhexyl) trimellitate (TOTM) were detected in 24 SHD samples (Hammel et al.,
2019). Consumption of OPFRs as alternatives to brominated flame retardants
(BFRs) have increased due to restrictions on legacy FRs. For the last decade, the

annual global consumption for OPFRs increased by 2.7% and reached %.39 million _
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tons in 2019 (Flame retardants-online, 2013). PHTHSs were the most ubiquitously
used plasticizers, but the restriction of few esters including di (2-ethylhexyl)
phthalate (DEHP), benzyl butyl phthalate (BBzP), and diisobutyl phthalate (DiBP)
have increased the demand for NPPs as alternatives (RoHS, 2015). Consumption of
NPPs accounted for more than 70% of the alternative plasticizer market in 2012
and the market size is projected to reach 3.9 billion US dollars by 2025

(https://www.marketsandmarkets.com/).

Significant amount of heavy metals could be in SHD. Heavy metals are of
particular concern for high toxicity, as their accumulation in the body could destroy
the nervous system, kidney, and circulatory systems, inducing carcinogenesis
(Needleman, 2009; Nriagu, 1988; Shi and Wang, 2021). Along with arsenic (As),
manganese (Mn), and cadmium (Cd), that may originate from natural sources,
anthropogenic activities produce chromium (Cr), nickel (Ni), lead (Pb), and
mercury (Hg) (Chen et al., 2005). Heavy metal elements are absorbed to
atmospheric particulate matter (PM) and enter into houses via air exchange (Li et
al., 2013). Particles mix with existing indoor pollutants, accumulating on floors and
surfaces due to high densities (Duffus, 2002). In all 90 SHD samples, high
concentrations of Cr, Cd, Pb, and Ni were detected and their concentrations were 2-
13 times higher than the atmospheric background concentrations (Cheng et al.,
2018; Yadav et al., 2019).

House dust mites are detected in bedding dust. House dust mites are
Arachnids included in the Pyroglyphidae family with typical length of 0.2-0.3 mm
(Platts-Mills, 1992). House dust mites are of particular concern as they can cause
allergic and asthmatic responses (Seuri et al., 2000). Cuticle fragments and fecal
pellets of house dust mites contain tropomyosin, which can stimulate the immune
system to produce immunoglobulin E (IgE) antibodies (WHO, 2009). Among the
27 house dust mite species discovered to date, Dermatophagoides farinae (Der f)
and Dermatophagoides pterynossinus (Der p) are the most common types detected
in homes (Lind, 1985). Because they feed on skin flakes of humans in dust, house
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dust mites are usually found in beddings and sofas (Verhoeff, 1994). Der f 1 and
Der p 1 were detected in all bedding dust samples collected from 54 houses in
Korea (Kim et al., 2012).

Airborne dust could contain significant amount of EDCs and heavy metals.
SVOCs with high molecular weight (MW) could partition from gas phase to
particle phase, adhering to airborne particles (Weschler and Nazaroff, 2010).
Particle phase fraction of SVOCs with MW higher than 250 g/mol exceeded 75%
as compared to that of the gas phase (Xie et al., 2013). Concentrations of FRs in
indoor air were similar to those in SHD, whereas highest concentrations for
diisobutyl phthalate (DiBP), diethyl phthalate (DEP), di(2-ethylhexyl) phthalate
(DEHP), and diisononyl phthalate (DINP) were measured in gas phase and
airborne particles (Blanchard et al., 2014; Cequier et al., 2014). Heavy metals
adhered to PM below 1 pm could float irregularly via Brownian motion (Uma et al.,
2011). Heavy metals originating from industries and personal products were
detected in fine and coarse particles collected from indoor sampling locations
(Conner et al., 1998). In addition, EDCs and heavy metals on floors and surfaces
may resuspend into air due to human activities. SHD resuspended as airborne dust
via walking and cleaning activities of residents, which allowed contaminants to re-
entrain into the air (Lai et al., 2017; Qian and Ferro, 2008).

To fully comprehend the potential exposure to contaminants in house dust,
measurement of their concentrations in airborne dust was required in addition to
SHD sampling. Various studies have used SHD as an indicator for residential
contamination, but studies on airborne dust are lacking (Lioy et al., 2002; Roberts
et al.,, 2009). The age of SHD is usually unknown and sampling is localized
typically to represent a narrow collection area (Bi et al., 2018). If the residence
time of SHD is too short, concentrations of SVOCs can be underestimated due to
difference in non-equilibrium state by chemical type (Weschler and Nazaroff,
2010). In addition, respirable and inhalable particles take up small proportions in
SHD. SHD particles that may resuspend into air are in the range between 0.7 to

<

-
|

3



10 um, which are respirable (aerodynamic diameter <2.5 pum) and inhalable
(aerodynamic diameter <10 um) particles (Miller et al., 1979; Qian et al., 2014).
Among 5.9 kg of SHD samples collected from 32 houses, the yield for respirable
fractions obtained was 0.6% (Gustafsson et al., 2018).

Conventional methods for collecting airborne dust had limitations. Most
studies used passive air samplers and collected PM;s or PM for 24-48 h (Cheng et
al., 2018; Wang et al., 2014). Such short time sampling cannot reflect the general
residential air quality and collection of large particles are limited (WHO, 2014). An
alternative method used in few studies was heating, ventilation, and air
conditioning (HVAC) filters (Bi et al., 2018; He et al., 2016). However, HVACs are
typically installed close to or on ceilings to provide enough space for ductwork and
piping, which cannot accurately contemplate residential conditions affecting
airborne dust (Seyam, 2018). Therefore, air cleaners were selected in this study. Air
cleaners are commonly used in households. The global market value of air cleaners
was predicted to reach 13.6 billion US dollars by 2025, increasing 1.5 times

annually (https://www.innopolis.or.kr/mps). Air cleaners are used for long time

range in households. The daily average time for usage of air cleaners in Korea was

approximately 7.2 h (https://www.kca.go.kr/). In addition, most air cleaners are

equipped with high efficiency particulate air (HEPA) filters with removal

efficiency of 99.97% for particles 0.3 um or larger (https://www.epa.gov/).

Comprehensive assessment of various chemicals and biological
contaminants in house dust was needed. In most studies, one to two chemical
classes or biological contaminants were investigated. However, as numerous
chemicals are used simultaneously, multiple contaminants, which could be affected
by various housing and lifestyle factors coexist in houses. FRs, PHTHs, and NPPs
are used in crib mattresses and foams as plasticizers (Boor et al., 2015). Heavy
metals and FRs were found in most electronic appliances and house dust mites
were identified in all 424 houses sampled across the United States (Needhidasan et
al., 2014; Lintner and Brame, 1993). Concentrations of OPFRs in dust were
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associated with the use of electrical applicants, electronic textiles, and flooring or
furniture type, whereas those of PHTHs and NPPs were related to the use of
plasticizers, incenses, and wall type (Kolarik et al., 2008; Lee et al., 2020). Heavy
metals in dust were related to house age, floor levels, and cleaning or cooking
behaviors, whereas those of biological agents were associated with human
occupancy and dampness (Fujimura et al., 2010; Rintala et al., 2012; Tong and
Lam, 2000).

Since infants may be susceptible to various chemicals in house dust,
assessment of infant’s residential intake of contaminants in house dust was
necessary for establishing protection measures. Exposure pathways for
contaminants in house dust include ingestion, inhalation, and dermal absorption.
However, the major exposure pathway could be different by contaminants. Due to
relatively high vapor pressure, SVOCs could partition between the indoor surfaces
and the gas phase, adhering to particles (Liu et al.,, 2017). Contribution of
inhalation intake was higher than ingestion for FRs and PHTHSs (Bi et al., 2018;
Tay et al., 2017). Typically, exposure through dermal contact was negligible for
FRs and PHTHSs (Zheng et al., 2017).

This study aimed to comprehensively assess EDCs, heavy metals, and
house dust mite allergens in SHD and airborne dust, and estimate residential intake
of infants. SHD from 107 houses and airborne dust from 120 houses were collected
for analyzing contaminants in residential environment. Questionnaire survey was
conducted for identifying the determinants associated with the levels of
contaminants in dust. Ingestion and inhalation intake of EDCs in SHD and airborne

dust were estimated for evaluating the residential intake of infants.



I1. Materials and Methods

2.1. Sample Collection

A total of 107 SHD samples and 120 air cleaner captured dust (ACCD)
samples were collected from 107 and 120 houses, respectively, in Seoul and
Gyeonggi Province of Korea (Figure 1). Of the 107 houses selected for SHD
collection, 30 houses that applied were additionally recruited for collecting bedding
dust. SHD and bedding dust samples were collected for two weeks during April
and May of 2021, and air cleaner filters used for at least one year were collected
during May and June of 2021. Additional 9 pairs of SHD and ACCD samples were
collected from 9 houses during June of 2021 for analyzing the correlation of EDCs
between SHD and ACCD. This study was reviewed and approved by the Seoul
National University Institutional Review Board (IRB# SNU 21-02-004).

Researchers contacted all participants prior to SHD sample collection and
sent two polyethylene zipper bags to each home. Participants collected SHD
samples for two weeks using vacuum cleaners. After two weeks, trained
researchers were sent to each home to retrieve SHD samples. Dust was transported
from the vacuum cleaner into one zipper bag and the other zipper bag was used to
seal the sample for preventing contamination. For bedding dust sample collection,
trained researchers were sent to each home. Dust samples were collected from
mattress covers by vacuuming for 5 min. Before sampling dust samples, all
researchers were informed to clean their hands and use poly gloves. All dust
samples were delivered to the laboratory and sieved through a 150 pm mesh for
removing non-dust materials. Sieved dust samples were collected into three
separate 10 ml screw top vials. Each vial included dust samples of 0.6 g for EDCs,
0.5 g for heavy metals, and 0.1 g for house dust mite allergens analyses. One SHD
sample that weighed less than 1.2 g in total was omitted from the analysis.

ACCD samples were collected from air cleaner in each home. Protocols
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for sample collection were provided to all participants. All participants were
requested to transport used filters into poly bags and completely seal the entrance
with wires provided by the research team. To prevent inflow of air, two poly bags
and two wires were used for each sample. All filters were delivered to the
laboratory and pretreated with a paper cutter. Before pretreatment, fixing pins
attached backwards of the filter plate were removed for unfurling the folded filters.
For both EDCs and heavy metals analyses, filters were cut into 25 cm? samples.
Pretreated samples were collected into three separate 10 ml screw top vials and

transferred for chemical analysis.
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Figure 1. Schematic diagram of the sample collection and treatment process. Among the 107 houses recruited for SHD collection, 30 houses were additionally

selected for bedding dust collection.
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2.2. Questionnaire

The questionnaire information used for surveying indoor air quality of the
houses are shown in Table 1. All participants who provided the dust samples
completed the questionnaire. A total of 24 questions were classified into 4
categories: resident related factors, housing related factors, resident behavior

related factors, and indoor air quality management factors.



Table 1. The questionnaire information used for surveying indoor air quality of the houses

recruited for dust collection.

Category No. Questionnaire content
Number of residents (children, teenagers, and elderly)
Resident related factors 4 Residents with allergies and the type
Presence of smokers and indoor smoking within 1month
Type, size, and age of housing, and number of floors
Move in date and residence months
Whether the house was repaired in the last 6 months
Whether new furniture was bought in the last 6 months
Housing related factors 11 Type and number of electronic appliances

Dew condensation in winter
Water leakage
Mold occurrence

Carpet or rug used

Resident behavior related

factors

Type and number of pets and plants
Type and frequency of air freshener used
Cooking frequency and fuel used

Ventilation during cooking

Factors for Indoor air

quality management

Frequency of vacuum cleaning

How floors are cleaned

Ventilation (frequency, time per event, method)
Use of air cleaners and the frequencies by season

Type and frequency of bedding and mattress care

10 AMEZ2T



2.3. Sample Preparation and Instrumental Analysis

2.3.1. Standard Solutions and Reagents

The physicochemical information of EDCs investigated are shown in
Table 2. A total of 18 OPFR and 16 PHTH compounds were purchased from
AccuStandard (New Haven, CT, USA). Among the NPPs, ATBC, DEHA, DEHTP,
and TOTM were purchased from Sigma-Aldrich (St. Louis, MO, USA) and
DINCH was purchased from BOC Sciences (Shirley, NY, USA). Dis-TEP, D2i-
TPrP, D27-TBP, D1,-TCEP, D1s-TCPP, D15-TDCPP, and D1s-TPhP used as internal
standards for OPFRs and DMP-D4, DEP-D4, DnPrP-D4, DiBP-D4, DnNBP-Dy,
DnBeP-Ds, DnHxP-D4s, DCHP-Ds, DEHP-D4, and DnOP-D4 used as internal
standards for PHTHs were from Wellington Laboratories (Guelph, ON, Canada).

Standard reagents for Pb, Ni, Mn, and Cr were purchased from
AccuStandard and those for Cd, Hg, and As were purchased from Inogranic
Ventures (Christiansburg, VA, USA). Yttrium (Y) and tibidium (Tb) purchased
from Inorganic Ventures and PerkinElmer (Waltham, MA, USA) were used for
internal standard methods.

Two ELISA Kits, including EPC-DF1 for Der f 1 standard and EPC-DP1
for Der p 1 standard were purchased from INDOOR Biotechnologies
(Charlottesville, VA, USA). Biotinylated monoclonal antibody 4C1, streptavidin-
peroxidas, assay buffer solution (1% BSA PBS-T), wash buffer solution (PBS-T),
developing substrate solution (TMB), and stop solution (0.5 N sulfuric acid) were

purchased from INDOOR Biotechnologies.
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Table 2. Physicochemical properties of EDCs investigated in this study.

Chemical group Chemicals Abbreviations Formula CAS MW (g/mol) Log (Koa)* 8
trimethyl phosphate TMP (CHs)3sPO4 512-56-1 140.07 -
triethyl phosphate TEP (C2Hs)3PO4 78-40-0 182.15 -
triisopropyl phosphate TiPP CoH2104P 513-02-0 224.23 -
tripropyl phosphate TPrP CoH2104P 513-08-6 224.23 -
tributyl phosphate TBP (C4Hg)3PO4 126-73-8 266.31 8.20
tris (2- chloroethyl) phosphate TCEP (CICH2CH20)sPO 115-96-8 285.5 7.85
tris “'ch%r:FﬁégOpa”V') TCPP CoHisClsOsP 13674-84-5 327.6 8.04
tripentyl phosphate TPeP Ci5H3304P 2528-38-3 308.39 -
OPERs tris (1,3?A32L%r;;2pr0pyl) TDCPP CoH1sCleOaP 13674-87-8 430.9 9.92
tris (2-butoxyethyl) phosphate TBOEP CisH390O7P 78-51-3 398.5 10.7
triphenyl phosphate TPhP (CeHs)3PO4 115-86-6 326.3 10.1
2-ethylhexy! diphenyl phosphate EHDPP C20H2704P 1241-94-7 362.4 10.7
tris (2-ethylhexyl) phosphate TEHP C24Hs5104P 78-42-2 434.6 10.9
cresyl diphenyl phosphate CDP C19H1704P 5254-12-6 340.3 -
tri-o-cresyl phos- phate ToCP C21H2104P 78-30-8 368.4 10.7
tri-m-cresyl phosphate TmCP C21H2104P 563-04-2 368.4 111
tri-p-cresyl phosphate TpCP C21H2104P 78-32-0 368.4 11.3
tri (2-isopropylphenyl) phosphate TiPPP Ca7H3304P 64532-95-2 452.5 -
dimethyl phthalate DMP CsHa(COOCHs3)2 131-11-3 194.2 6.69
diethyl phthalate DEP CsH4(COOC2Hs)2 84-66-2 222.2 7.02
diisopropyl phthalate DiPrP C14H1804 605-45-8 250.29 -
di-n-butyl phthalate DnBP CsH4(COOC4Hs)2 84-74-2 278.4 8.63
di-n-pentyl phthalate DnPeP C18H2604 131-18-0 306.4 -
PHTHS di-n-hexyl phthalate DnHxP C20H3004 84-75-3 334.4 9.8
butylbenzyl phthalate BBzP C19H2004 85-68-7 312.4 9.02
dicyclohexyl phthalate DCHP CesH4(CO2CsH11)2 84-61-7 3304
di (2-ethylhexyl) phthalate DEHP CsHa(COOCsH17)2 117-81-7 390.6 12.56
diisoheptyl phthalate DiHpP C22H3404 41451-28-9 362.5 -
di-n-octyl phthalate DnOP C24H3804 117-84-0 390.6 12.08
di-n-propyl phthalate DnPrP Ci14H1504 131-16-8 250.29 -
12 .-:'-! "-'-1|; = |


https://pubchem.ncbi.nlm.nih.gov/#query=C9H21O4P
https://pubchem.ncbi.nlm.nih.gov/#query=C9H21O4P
https://pubchem.ncbi.nlm.nih.gov/#query=C9H18Cl3O4P
https://pubchem.ncbi.nlm.nih.gov/#query=C15H33O4P
https://pubchem.ncbi.nlm.nih.gov/#query=C9H15Cl6O4P
https://pubchem.ncbi.nlm.nih.gov/#query=C18H39O7P
https://pubchem.ncbi.nlm.nih.gov/#query=C20H27O4P
https://pubchem.ncbi.nlm.nih.gov/#query=C24H51O4P
https://pubchem.ncbi.nlm.nih.gov/#query=C19H17O4P
https://pubchem.ncbi.nlm.nih.gov/#query=C21H21O4P
https://pubchem.ncbi.nlm.nih.gov/#query=C21H21O4P
https://pubchem.ncbi.nlm.nih.gov/#query=C21H21O4P
https://pubchem.ncbi.nlm.nih.gov/#query=C27H33O4P
https://pubchem.ncbi.nlm.nih.gov/#query=C14H18O4
https://pubchem.ncbi.nlm.nih.gov/#query=C18H26O4
https://pubchem.ncbi.nlm.nih.gov/#query=C20H30O4
https://pubchem.ncbi.nlm.nih.gov/#query=C19H20O4
https://pubchem.ncbi.nlm.nih.gov/#query=C22H34O4
https://pubchem.ncbi.nlm.nih.gov/#query=C24H38O4
https://pubchem.ncbi.nlm.nih.gov/#query=C14H18O4

diallyl-m-phthalate DAIP C14H1404 131-17-9 246.26 -
diisobutyl phthalate DiBP Ci16H2204 84-69-5 278.4 8.41
diisononyl phthalate DiNP C26H4204 28553-12-0 418.6 13.59
diisodecyl phthalate DiDP C28H4604 26761-40-0 446.7 14.7
acetyl tributyl citrate ATBC C20H340s 77-90-7 402.5 121

diethyl hydroxylamine DEHA CsHuNO 3710-84-7 89.14 -

NPPs di (2-ethylhexyl) terephthalate DEHTP C24H3504 6422-86-2 390.6 -
trioctyl trimellitate TOTM Ca3Hs406 89-04-3 546.8 16.24
1,2-cyclohexane dicarboxylic acid DINCH CasHas04 166412-78-8 424.7 12.14

diisononyl ester
f. The information of chemical’s abbreviations, formula, CAS number, and MW were obtained from the National Library of Medicine (NIH)

(https://pubchem.ncbi.nim.nih.gov/).

*: Log (Koa) values of TBP was obtained from Chupeau et al. (2020) and those of other compounds were obtained from Okeme et al. (2018).
8: Log (Koa) values of PHTHSs and NPPs were obtained from Schossler et al. (2011).
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https://pubchem.ncbi.nlm.nih.gov/#query=C14H14O4
https://pubchem.ncbi.nlm.nih.gov/#query=C16H22O4
https://pubchem.ncbi.nlm.nih.gov/#query=C26H42O4
https://pubchem.ncbi.nlm.nih.gov/#query=C28H46O4
https://pubchem.ncbi.nlm.nih.gov/#query=C20H34O8
https://pubchem.ncbi.nlm.nih.gov/#query=C4H11NO
https://pubchem.ncbi.nlm.nih.gov/#query=C24H38O4
https://pubchem.ncbi.nlm.nih.gov/#query=C33H54O6
https://pubchem.ncbi.nlm.nih.gov/#query=C26H48O4
https://pubchem.ncbi.nlm.nih.gov/

2.3.2. Sample Preparation

For EDCs sample preparation, approximately 50 mg of dust was weighted
in a pre-cleaned 15 mL glass tube, spiked with internal standards of OPFRs and
phthalates. The spiked samples were extracted two times by sonication with 5 mL
of DCM and hexane (1:1) for 30 min. The extracted solutions were left 1 h for
layer separation and transferred to a 15 mL glass vial. The extraction procedure
was repeated twice and the supernatants were combined. The extracts were
concentrated to 0.5 mL under gentle stream of nitrogen, filtered through nylon
filter (0.2 pum; Thermo Fisher Scientific, San Jose, USA) and transferred for
instrumental analysis.

For heavy metals sample preparation, approximately 100 mg of dust
samples were transferred to a TFM container. The dust samples were reacted with
3.5 mL of nitric acid (HNOs), 0.5 mL of hydrogen peroxide (H202), 0.5 mL of
hydrogen fluoride (HF), and 0.1 mL of gold (Au: 100 mg/L) solvent in a fume
hood and left with the cover open. The container cover was shut after the reaction
was completed and attached to the microwave sample acid digestion system
(MARS 6; CEM Corp., Charlotte, NC, USA) for the microwave ingestion. The
ingested samples were cooled down and transferred to a volumetric flask.
Remnants from the decomposition vessel and container cover were cleansed with
distilled water and added to the flask to adjust the total volume to 10 mL.

For house dust mite allergens sample preparation, approximately 100 mg
of dust samples were transferred to a conical tube and mixed with 2 mL of PBS-T
(15 mL/ 150 mL). The sample solution was shaken for 2 h and mixed thoroughly at
room temperature. The solution was centrifuged at 3300 rpm for 45 min using a
multi-purpose high speed centrifuge (Centrifuge 1580R; Labogene Inc., Daejeon,
Korea). The supernatants were filtered and washed twice with buffer solution (15
mL/ 150 mL) on a 96 well plate. Allergen standards (EPC-DF1 and EPC-DP1)
were diluted with assay buffer solution (3 mL/ 30 mL) to reach concentration

between of 0.098 ng/mL to 50 ng/mL. Diluted allergen standards were injected into
14 H 2-TH
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the 96 well plates with supernatants and cultivated at room temperature for 1 h.

2.3.3. Instrumental Analysis

Quantitative analyses of 18 OPFRs, 16 PHTHs, and 5 NPPs were
performed by a gas chromatograph (GC; Agilent 7890, Agilent Technologies, Santa
Clara, CA, USA) coupled with a mass spectrometer (MS; Agilent 5975C, Agilent
Technologies, Santa Clara, CA, USA) in the electron capture negative ionization
mode. A DB5-UI-MS capillary column (J&W GC column; Agilent Technologies,
Santa Clara, CA, USA) with 30 m length, 0.25 mm inner diameter, and 0.25 pum
film thickness was used to separate the OPFRs. All analyses using the GC-MS
were replicated three times.

Quantitative analyses of Pb, Ni, Mn, and Cr were performed using an
inductively coupled plasma optical emission spectrometer (ICP-OES; AVIO 500,
Perkin Elmer Inc., Houston, TX, USA). Quantitative analyses of Cd, Hg, and As
were performed using an inductively coupled plasma mass spectrometer (ICP-MS;
NexION 350D, Perkin Elmer Inc., Houston, TX, USA). The argon (Ar) flow rate
were 12 L/min, 0.2 L/min, and 0.65 L/min for the plasma, auxiliary, and nebulizer
in the ICP-OES, respectively. The flow rate of the sample was set at 1.5 mL/min
and the wavelengths of Pb, Ni, Mn, Cr, and Y were 220.353 nm, 231.604 nm,
257.610 nm, 267.716 nm, and 317.029 nm, respectively, and the plasma view for
ICP-OES was set as axial. For the ICP-MS, the sweep/reading was 30 and the
reading/replicate was one. The scan mode for ICP-MS was set as peak hopping and
the analyses were conducted using the standard oxygen DRC (AsO). The
integration time of ICP-MS was 1500 ms and the mass of Cd, Hg, As, AsO, and Th
were 111 amu, 202 amu, 75 amu, 91 amu, and 159 amu, respectively. All analyses
using the ICP-OES and ICP-MS were replicated three times.

Quantitative analyses of Der f 1 and Der p 1 were performed by
microplate reader (VersaMax™ ELISA, Molecular Devices LLC., San Jose, CA,

USA) with SoftMax software (SoftMax® Pro Software, Molecular Devices LLC.,
15 - =2 rH
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San Jose, CA, USA). The VersaMax™ ELISA was set at 36.9-37 C and the
program was set as house dust mite protocol mode. The 96 wells were washed
three times with a wash buffer and dyed with blue fluorescent. Stop solutions of 50
pL were aliquoted onto wells and the plate was placed inside of VersaMax™
ELISA. The cover was shut and the reads were performed at optical density (OD)
of 450 nm. The OD reads were set between 1.2-3.5 for the highest concentrations.

All analyses using the VersaMax™ ELISA were replicated two times.

b i 211
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2.4. Quality Assurance and Quality Control

The information of limits of quantification (LOQ) and recovery rates for
EDCs and heavy metals are shown in Table 3. To check background contamination
of target contaminants during EDCs analyses, procedural blanks (n=10) were
processed every 10 samples as real samples during the experimental procedure.
The concentrations in procedural blanks were subtracted from the concentrations of
target contaminants in dust samples. As the standard reference material (SRM),
2585 house dust (NIST, Gaithersburg, MD, USA) was analyzed with real dust
samples to assess the accuracy of measurement for target contaminants. For OPFRs
and PHTHSs, recoveries of internal standards ranged from 72 + 12% to 109 + 19%.
For heavy metals analyses, the standard experiment methods from National
Institute of Environmental Research of Korea (NIER) methods 2021-12 was
followed. The precision was calculated as the standard deviation of 4 replicated
results divided by the average and multiplied by 100 (%). The recovery rates for
internal standards ranged from 95.2 + 1.1% to 99.3 + 1.3%.

For house dust mite allergens analyses, the calibration curve coefficient R?
was ensured to be above 0.98. Any test results below 0.98 were omitted and the
analyses were re-tested. For precision, coefficient of variation (CV) of all test
results were scrutinized. The CVs were calculated as the difference of
concentrations between the two replicated experiment results. Analyses with

differences above 20% were re-tested.
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Table 3. The LOQ values and recovery rates of EDCs and heavy metals.

Chemicals LOQ (ng/g) Internal Standards Recovery Rate + RSD (%)
TMP 7.4 D1s-TEP 7212
TEP 5.0
TiPP 1.9
TPrP 2.0 Da1-TPrP 84+ 16
TBP 3.7 D27-TBP 89+11
TCEP 15 D12-TCEP 91+13
TCPP 4.7 D1s-TCPP 104+ 11
TPeP 0.9

TDCPP 0.8 D1s-TDCPP 104 + 11
TBOEP 1.9
TPhP 15 D1s-TPhP 97+ 13
EHDPP 1.8
TEHP 11
CDP 79
ToCP 1.8
TmCP 2.7
TpCP 15
TiPPP 44
OPFRs
DMP 0.6 DMP-D4 77+19
DEP 0.5 DEP-D4 87+ 13
DiPrP 0.4
DnBP 0.2 DnBP-D4 109 + 19
DnPeP 0.4 DnPeP-D4 106 + 18
DnHxP 0.9 DnHxP-D4 91+13
BBzP 0.5
DCHP 1.3 DCHP-D4 94 +13
DEHP 0.5 DEHP-D4 98+19
DiHpP 0.5
DnOP 7.5 DnOP-D4 98+ 15
DnPrP 0.3 DnPrP-D4 93+ 17
DAIP 1.8
DiBP 0.2 DiBP-D4 83+ 12
DiNP 351
DiDP 131
PHTHs
ATBC 0.2
DEHA 11
DEHTP 344
TOTM 58.1
DINCH 429
NPPs
Cd 10.0 Cd 99.3+1.3
Mn 3040.0 Mn 96.3+4.7
Cr 3040.0 Cr 97.4+54
Pb 4340.0 Pb 97.0+4.4
As 20.0 As 952+1.1
Ni 3130.0 Ni 96.3+5.3
Hg 40.0 Hg 976+ 2.6

YHeavy metals
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2.5. Estimation of Residential Intake

The residential intake of infants (0 to <2) to OPFRs, PHTHSs, and NPPs in
SHD and ACCD via ingestion and inhalation were calculated. For estimating
ingestion intake, the 50™, 75", and 95" percentile concentrations of EDCs in SHD
were used. The dust ingestion rate of 95" percentile was used for the high ingestion
exposure scenario and 100% absorption was assumed. The equation for the
estimation of ingestion intake was derived from Jones-Otazo et al. (2005) as shown

in Equation (1).

IR % ABS X Dust onen X Fraay
BW Equation (1)

Ingestion ., =

where Ingestione, is the contaminant exposure estimates through
ingestion (ng/kg/day), IRing is the ingestion rate of dust (100 mg/day), ABS is the
dimensionless absorption rate assumed as 100%, DusStconen iS the Contaminant’s
concentration in SHD (ug/g), Fraay i the time fraction exposed to the contaminant
in residence (79.3%), and BW is the body weight of infants (12.2 kg).

For estimating inhalation intake, the 50", 75" and 95" percentile
concentrations of EDCs in ACCD and SHD were used, derived from Bi et al.
(2018) and Weiss et al (2018). To estimate inhalation rate of dust, the 95"
percentile concentration of particles in the respirable (< 2.5 pm) fraction was used
in account for high inhalation exposure scenario and 100% absorption was
assumed. The concentration of PM,5s (18.00 pg/m®) was taken from the Korea
National Health and Nutrition Examination Survey (KHANES 2019-ER3417-00,
Development of the indoor air quality monitoring model and pilot survey)
measured from December 2019 to March 2020 in 60 houses in Korea. To estimate
inhalation intake using SHD, the resuspendable fraction of respirable dust was
assumed to be 0.6% as derived from Gustafsson et al. (2018) and multiplied to the
estimated inhalation rate of dust. The equation for the estimation of inhalation

7]
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intake was derived from Jones-Otazo et al. (2005) as shown in Equation (2).

'irRE'?!h % ABS x Dustcmm X Frdﬁ)-'
BW Equation (2)

Inhalation,,, =

where Inhalatione, is the contaminant exposure estimates through inhalation
(ng/kg/day), IRin is the inhalation rate of air (9.49 m®day), ABS is the
dimensionless absorption rate assumed as 100%, Dustconen is the contaminant’s
concentration in ACCD and SHD (pg/m®), Fraay is the time fraction exposed to the
contaminant in residence (79.3%), and BW is the body weight of infants (12.2 kg).

The information of infant’s dust ingestion rate, inhalation rate, fraction of
time spent indoors (19.02 hr/day), and body weight were obtained from the child
specific exposure factors handbook provided by the National Institute of

Environmental Research of Korea (NIER, 2019).
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2.6. Statistical Analysis

The weight fraction concentration (ug/g) of contaminants in dust was
calculated by dividing the weight of contaminants by the weight of dust analyzed.
For ACCD, because the dust was undetachable from the filter, the weight of dust
was measured by subtracting the weight of blank filter from the weight of filter and
dust. In addition, for ACCD, weight per surface area (ug/cm?) of filter was
estimated by dividing the weight of chemicals by the surface area of the filter
analyzed.

Since the concentration profiles of contaminants in SHD and ACCD
followed a log-normal distribution, geometric means (GM) and geometric standard
deviations (GSD) were used in this study. The GSD for most contaminants were
<3.0 and values <LOQ were replaced by 1/2 LOQ. Contaminants detected in
<90% of dust samples and the total concentrations of OPFRs (XOPFRs; sum of 18
OPFR compounds), PHTHs (ZPHTHs; sum of 16 PHTH compounds), and NPPs
(ENPPs; sum of 5 NPP compounds) were omitted from statistical analyses.

A Pearson correlation analysis was conducted to evaluate the relationship
within a group of contaminants and between different groups of contaminants.
Multiple linear regression (MLR) analysis was conducted to identify the
determinants in association with contaminants. Univariate linear regression
analysis was conducted for every explanatory variable. Explanatory variables
identified with marginally significant relationship (p<0.1) were sorted for MLR
analysis. Insignificant variables or those that did not reflect a plausible relationship
between the independent and the dependent variables were excluded from the MLR
models. A stepwise method was conducted and the models with the lowest Akaike
information criterion (AIC) values were selected. All Pearson correlation and MLR
analyses were conducted after logarithmically transforming concentrations of
contaminants. A Kruskal-Wallis test was conducted to evaluate the difference
between the total concentrations of contaminants and estimated intakes by different

routes.
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A p-value of less than 0.05 was considered statistically significant. All
statistical analyses were conducted using Rex-software version 3.3.1.1 (Rexsoft,
Co. Ltd., Seoul, KR) and SigmaPlot 12.0 (Systat Software, Inc.; San Jose, CA,

USA) was used to visualize the results.
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3. Results

3.1. Survey Responses

The participant’s responses to survey questionnaires are shown in Table 4.
Most households comprised of 2-3 residents, where more than 50% of the residents
in houses recruited for SHD and ACCD carried allergic diseases. Most participants
lived in apartments that aged typically between 3-4 years old with 94.62 + 48.45
m? to 110.16 + 40.65 m? in size and 2-3 rooms. Majority of the participants owned
9-11 housing appliances and more than 25% of the participants used candles, air
fresheners, and diffusers indoors. The cooking frequency per day were 1-2 times
per day and more than 50% of the participants used both gas or electricity for
cooking. Most residents naturally ventilated 10 min to 1.5 h per day, vacuum
cleaned the house 4-7 times per week, and cleaned the mattresses 1-2 times per
month. In addition, majority of the participants routinely cleaned the floors via wet

cleaning, using disposable wet tissues, and dry mopping.
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Table 4. The information of participant’s questionnaire responses.

Category Questionnaire content SHD (n=106) ACCD (n=120) Bedding dust (n=30)
Mean + SD Range Mean + SD Range Mean + SD Range
Total household residents (n) 295+ 1.25 1-8 3.24+0.87 1-6 290+ 1.54 1-8
Below 10 years old (n) 0.53+0.76 0-2 0.78 £ 0.77 0-2 0.45+0.69 0-2
Resident related Between 11-20 years old (n) 0.24 + 0.56 0-3 0.30 £ 0.56 0-2 0.34+0.72 0-3
factors Above 70 years old (n) 0.08+0.31 0-2 0.08 +0.35 0-2 0.03+0.19 0-1
Presence of allergic diseases Yes (51.8%) Yes (50.8%) Yes (41.4%)
Presence of smokers Yes (15.1%) Yes (28.3%) Yes (24.1%)
Age of building (yrs.) 364+ 1.35 1-6 334+1.23 1-6 334+ 1.32 1-5
Residence duration (MThs) 50.25 + 70.28 0-438 49.12 + 45.88 0-208 31.45 + 40.04 1-163
House size (m?) 101.05 + 49.15 19.80-270.60 110.16 + 40.65 36.30-399.30 94.62 + 48.45 19.80-238.00
Rooms (n) 2.98 + 0.96 0-6 3.14+0.60 2-6 2.97+1.05 1-6
Housing related Housing appliances (n) 9.94+3.20 0-19 11.83 + 2.78 7-22 10.31+3.14 5-18
factors House type' A (69.8%), D (10.4%), R (19.8%) A (87.5%), D (3.3%), R (9.2%) A (72.4%), D (13.8%), R (13.8%)
Home repair in 6 months Yes (13.2%) Yes (11.7%) Yes (13.8%)
Presence of water penetration Yes (26.4%) Yes (55%) Yes (24.1%)
Presence of mold Yes (47.2%) Yes (9.2%) Yes (48.3%)
Use of carpets or rugs Yes (38.3%) Yes (42.5%) Yes (44.8%)
Number of cooking (per day) 1.69 + 0.50 0-2 1.51+0.79 0-3 1.47 +0.99 0.29-3
Communal animals (n) 0.43+0.98 0-7 0.18 £ 0.55 0-4 0.52+1.35 0-7
Plants (n) 2.08 £ 1.02 1-5 2.06 £ 0.93 1-5 231+1.11 1-5
Resident behavior Gas f_ugl for cooking Yes (59.4%) Yes (59.2%) Yes (62.1%),
related factors Electricity for cooking Yes (58.5%) Yes (66.7%) Yes (65.5%)
Ventilation during cooking Yes (99.2%) Yes (100%) Yes (100%)
Candles used Yes (25.8%) Yes (34.2%) Yes (27.6%)
Air fresheners used Yes (25.8%) Yes (34.2%) Yes (37.9%)
Diffusers used Yes (43.3%) Yes (44.2%) Yes (37.9%)
Vacuum cleaning (hrs. per day) 0.99+0.74 0.14-3 0.97 £0.77 0-5 1.14 £ 0.97 0.14-4
Natural ventilation (hrs. per day) 1.18+0.81 0-3 1.51+0.99 0-5 1.15+0.74 0.14-3
Indoor air quality Mechanical ventilation (hrs. per day) 0.24+0.48 0-3 0.26 £ 0.99 0-1.43 0.39 £ 0.67 0-3
management factors Number of mattresses cl_eaned (per MTh) 0.89+ 1.05 0-5.38 1.02+0.72 0-3.31 0.70 + 0.56 0-2
Wet cleaning Yes (67%) Yes (71.7%) Yes (56.7%)

Air cleaners used*

Sp (83.0%), Su (84.9%),
Au (80.2%), Wi (80.2%)

Sp (97.5%), Su (94.2%),
Au (97.5%), Wi (92.5%)

Sp (58.6%), Su (48.3%),
Au (51.7%), Wi (51.7%)

: Alis apartment, D is detached house, and R is row house.
¥: Sp is Spring, Su is Summer, Au is Autumn, Wi is Winter.
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3.2. Contaminants in SHD

The detection rates and concentrations of OPFRs, PHTHs, NPPs, and
heavy metals in SHD are shown in Table 5. The detection rates and concentrations
of house dust mite allergens in bedding dust are shown in Table 6. Among the 48
contaminants investigated, 25 contaminants were >90% detection whereas 15
compounds were <30%. For OPFRs, 5 compounds were >90% detection rate,
whereas 7 PHTHs and all 5 NPPs were >90%. Among the three EDC groups, the
average concentration of INPPs (GM (GSD): 1.45 x 10%® (1.55) pg/g) was
significantly the highest, followed by SPHTHs (GM (GSD): 6.76 x 102 (1.40)
ug/g) and XOPFRs (GM (GSD): 1.00 x 10! (1.39) ug/g). The average
concentrations of DEHTP, DINCH, and TOTM were the highest for NPPs, whereas
DEHP, DiNP, and DiDP were the highest for phthalates, and EHDPP, TCPP, and
TPhP were the highest for OPFRs.

The detection rates were 100% for all 7 heavy metal elements in SHD
samples and the average concentrations of Mn, Cr, and Ni were the highest. For
house dust mite allergens, the detection rate of Der f1 was 100% whereas that of
Der pl was 37%. The average concentration of Der f1 (GM (GSD): 9.22 x 107
(1.78) pg/g) was more than 66 times higher than that of Der p1 (GM (GSD): 1.39 x
10 (2.31) ug/g).
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Table 5. Descriptive statistics of EDCs and heavy metals in SHD.

Chemicals Detection Settled house dust (n=106) (1.g/g)
rate (%0) -

GM (GSD) Min 25t 50t 75t Max
TMP 0 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
TEP 99 1.41 x 10 (1.55) 1.39 x 1072 7.35x 107 1.26 x 10! 2.29 x 101 3.55
TiPP 19 2.39 x 103 (1.70) <LOQ <LOQ <LOQ <LOQ 6.66 x 10
TPrP 9 <LOQ <LOQ <LOQ <LOQ <LOQ 5.93 x 101
TBP 93 1.35x 10 (1.71) <LOQ 1.16 x 10! 1.56 x 10! 2.15x 101 5.17
TCEP 100 6.20 x 101 (1.52) 3.42 x 102 3.45x 101 5.68 x 101 1.12 1.39 x 10t
TCPP 90 1.42 (2.70) <LOO 1.26 2.36 4.42 7.15 x 10!
TPeP 7 <LOQ <LOQ <LOQ <LOQ <LOQ 5.65 x 10!
TDCPP 57 3.17 x 102 (4.75) <LOQ <LOQ 1.76 x 10! 6.46 x 10! 7.03
TBOEP 81 1.13 x 10 (2.66) <LOQ 1.14 x 10! 2.39x 101 4.37 x 101 2.37
TPhP 99 1.05 (1.52) <LOQ 6.93 x 101 1.01 1.62 6.58
EHDPP 99 1.38 (1.77) <LOQ 7.94 x 101 1.18 2.44 9.65 x 10t
TEHP 82 1.53 x 101 (3.00) <LOQ 2.09 x 10 3.78 x 10 6.40 x 101 2.65
CDP 75 1.40 x 101 (2.34) 5.59 x 1073 414 x 10 2.64 x 101 5.48 x 101 3.26
TmCP 8 2.74 x 103 (1.75) <LOQ <LOQ <LOQ <LOQ 7.83 x 101
ToCP 52 1.25x 101 (2.74) <LOQ <LOQ 2.48 x 107 1.00 x 10! 231
TpCP 3 <LOQ <LOQ <LOQ <LOQ <LOQ 6.16 x 101
TiPPP 29 9.43x103(2.14) <LOQ <LOQ <LOQ 8.57 x 102 5.01 x 101
XOPFRs 1.00 x 10*(1.39)
DMP 62 1.97 x 102 (3.85) <LOQ <LOQ 7.92 x 102 2.71x 10 2.09
DEP 100 5.41 x 101 (1.59) 9.45 x 102 3.05x 10 4.73x 10 7.47 x 101 4.15 x 10¢
DiPrP 14 5.23 x 10 (2.06) <LOQ <LOQ <LOQ <LOQ 6.14 x 10!
DnPrP 0 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
DAIP 3 <LOQ <LOQ <LOQ <LOQ <LOQ 1.05
DnBP 100 1.60 x 10 (1.57) 171 8.4 1.37 x 10t 2.97 x 10! 1.15x 103
DiBP 100 3.20 (1.55) 2.41x10% 1.62 29 5.62 1.03 x 10?
DnPeP 0 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
DnHxP 24 2.28 x 103 (2.39) <LOQ <LOQ <LOQ 3.32 x 102 1.31x10?
BBzP 99 1.23 (2.18) <LOQ 3.85x 10! 8.92x 10! 2.65 4.10 x 102
DCHP 12 1.94 x 103 (2.56) <LOQ <LOQ <LOQ <LOQ 8.51
DEHP 100 4.42 x 10%(1.48) 6.94 x 10? 2.41 x10? 4.35x 102 6.96 x 10? 5.22 x 10°
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DiHpP 0 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
DnOP 5 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
DiNP 100 1.10 x 10%(1.41) 2.30 x 10* 6.49 x 10* 1.02 x 10? 1.78 x 102 3.68 x 103
DiDP 100 1.83 x 101 (1.36) 4.38 1.14x 10! 1.65x 10t 2.84E x 10! 2.11x 102
LPHTHSs 6.76 x 102 (1.40)
ATBC 100 1.82 x 101(1.93) 4.68 x 101 7.45 1.43x 10! 3.22 x 101 4.61x103
DEHA 96 6.73 (2.45) <LOQ 437 9.3 1.65 x 10t 5.63 x 102
DEHTP 100 1.17 x 10%(1.56) 6.95 x 10* 6.07 x 102 1.29x 10 2.34x 10 1.40 x 10
DINCH 100 7.24 x 101 (1.72) 4.49 3.27 x 10* 5.05 x 10* 1.44 x 102 4.69 x 103
TOTM 100 1.07 x 10% (1.55) 2.14 5.76 8.49 1.41 x 10 7.24 x 102
INPPs 1.45 x 10%(1.55)
cd 100 6.06 x 101 (1.35) 1.54x 101 3.80 x 101 5.66 x 101 8.28 x 101 5.84
Mn 100 1.05 x 10%(1.27) 2.58 x 10* 6.55 x 10* 1.03 x 10? 1.55 x 102 4.78 x 102
Cr 100 4.81 x 10" (1.28) 5.94 3.53 x 10* 4.56 x 10! 6.18 x 10t 2.67 x 102
Pb 100 2.94 x 10* (1.40) 6.41 1.67 x 10t 2.61 x 10* 4.01 x 10* 3.98 x 102
As 100 2.22 (1.20) 1.16x 101 1.88 2.25 2.64 8.93
Ni 100 4.41 x 10* (1.29) <LOQ 3.23 x 10* 4.14 x 10* 6.07 x 10t 4.00 x 102
Hg 100 1.08 (1.67) 2.09 x 10 5.55 x 101 7.63x 101 1.28 2.52 x 102
Heavy metals
Table 6. Descriptive statistics of house dust mite allergens in bedding dust.

Detection Bedding dust (n=30) (ng/g)
Allergens rate (%)

9 GM (GSD) Min 25th 50th 75th Max

Derf1l 100 9.22 x 102 (1.78) 2.16 x 108 3.47 x 107? 8.52 x 1072 2.67 x 107 2.37
Derpl 37 1.39 x 103 (2.31) <LOQ <LOQ <LOQ 1.65 x 103 3.05 x 10?2
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3.3. Correlation Analyses of Contaminants in SHD

For EDCs, a strong positive correlation (r=0.80) was observed between
TPhP and EHDPP, whereas most compounds showed insignificant or weak positive
correlations (0<r<0.3 or -0.3<r<0) (Table S1, S2, and S3). Intercorrelations
between most of the OPFRs, PHTHSs, and NPPs were insignificant or weak (Table

S4, S5, and S6).



3.4. Determinants in Association with Contaminants in SHD

MLR models of housing/lifestyle factors affecting the concentrations of
OPFRs, PHTHSs, and NPPs are shown in Table 7, 8, and 9, respectively. In general,
OPFRs, PHTHSs, and NPPs showed significant associations with the type and
number of home appliances. In particular, for OPFRs, residences with >3-4 kitchen
appliances and >3-4 digital appliances significantly elevated the levels of TEP, TBP,
TCPP, TPhP, and EHDPP. On the other hand, for PHTHs and NPPs, home
appliances bought after 2019 were in significant associations. The levels of DEP,
DEHP, and DiDP significantly decreased in residences that bought refrigerators,
microwaves, televisions, and printers after 2019, whereas that of DEHA increased
for airfryer bought after 2019. In addition, usage of candles, diffusers, and air
fresheners significantly elevated the levels of DEP, DnBP, DiBP, DEHP, DiNP,
BBzP, and ATBC in SHD. However, the levels of most EDCs significantly
decreased for ventilating >1.5 h/day, vacuum cleaning >4-7 times/week, and either
wet cleaning or dry mopping the floors.

MLR models of housing/lifestyle factors associated with the
concentrations of heavy metals in SHD and Der f 1 in bedding dust are shown in
Table 7 and 8, respectively. For heavy metals, most elements showed significant
associations with the type and number of home appliances. In particular, in
residences that bought refrigerator and printer after 2019, the levels of As, Cd, Pb,
and As significantly decreased. On the other hand, use of gas fuel or electricity for
cooking significantly elevated the levels of Cd, Mn, and As. Der f 1 showed
significantly positive associations with the number of residents and the presence of
water penetration. The levels of most heavy metals significantly decreased for
ventilating >1.5 h/day, vacuum cleaning >4-7 times/week, and wet cleaning,
whereas that of Der f 1 significantly decreased for wet cleaning. However, while
mechanically ventilating lowered the levels of Cd (-22%), Pb (-25%), As (-13%),
and Ni (-36%), naturally ventilating >1.5 h/day elevated the level of Ni (54%).
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Table 7. MLR models of housing/lifestyle factors associated with OPFRs in SHD.

Variables TEP TBP TCEP
Reference Subcategory B (SE) p-value Exp (B) B (SE) p-value Exp (B) B (SE) p-value Exp (B)
(Intercept) -1.19(0.17)  <0.001 0.30 -1.70(0.41)  <0.001 0.84 -0.77 (0.31) 0.01 0.46
1 laundry appliance® Vs,
2 laundry appliances 0.10 (0.08) 0.31 1.11 0.25 (0.12) 0.04" 1.28 0.12 (0.09) 0.19 1.13
>3 laundry appliances 0.26 (0.12) 0.03" 1.30 0.05 (0.15) 0.71 1.05 0.26 (0.12) 0.03" 1.30
1-2 kitchen appliances*  vs.
3-4 kitchen appliances 0.28 (0.13) 0.04" 1.32
>4 kitchen appliances 0.39 (0.15) 0.009™ 1.48
1-2 digital appliances®  vs.
3-4 digital appliances 0.30 (0.15) 0.04" 1.35
>4 digital appliances 0.25 (0.16) 0.12 1.28
Ventilation <1.5 h/day"  vs.
1.5-8 h/day -0.85 (0.42) 0.06 0.43 -0.48 (0.26) 0.05 0.62
>8 h/day -1.07 (0.39)  0.009™ 0.36 -0.64 (0.31) 0.09 0.53
Wet cleaning” (no) VS. yes -0.17 (0.09) 0.05 0.84
Dry mopping* (no) Vs. yes -0.23 (0.10) 0.02" 0.80
Adj. R? 0.21 0.13 0.15
f: Laundry appliances are the total number of washing machines, dryers, and stylers in residence.
+: Kitchen appliances are the total number of refrigerators, kimchi refrigerators, airfryers, microwaves, and ovens in residence.
8: Digital appliances are the total number of televisions, desktops, laptops, and printers in residence.
T Ventilation is the sum of natural ventilation frequency and mechanical ventilation frequency.
# Wet cleaning includes cleaning using wet mop cleaners and wet woolen rags.
*: Dry mopping includes cleaning using microfiber clothes and dry mops.
*: Factors with statistical significance (p<0.05).
**: Factors with statistical significance (p<0.01).
7 1
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Table 7. continued.

Variables TCPP TPhP EHDPP
Reference B (SE) p-value Exp (B) B (SE) p-value Exp (B) B (SE) p-value Exp (B)
0.33(0.16) 0.01 1.39 -0.52 (0.32) <0.001 0.59 -0.32 0.02 0.73
1-2 kitchen appliances?
3-4 kitchen appliances 0.14 (0.07) 0.06 1.15
>4 kitchen appliances 0.32 (0.19) 0.03" 1.38
1-2 digital appliances*
3-4 digital appliances 0.33(0.11) 0.004™ 1.39 0.34 (0.16) 0.03" 1.40
>4 digital appliances 0.39 (0.12) 0.002"™ 1.48 0.30 (0.17) 0.07 1.35
Carpets used (no) 0.16 (0.09) 0.06 1.17
Ventilation <1.5 h/day®
-0.31 (0.16) 0.17 0.73 -0.29 (0.15) 0.04" 0.75
-0.62 (0.29) 0.03" 0.53 -0.11 (0.19) 0.64 0.90
Vacuum cleaning <4
times/week
4-7 times/week -0.09 (0.07) 0.33 0.91 -0.11 (0.13) 0.41 0.90
>7 times/week -0.31(0.12) 0.009™ 0.73 -0.49 (0.16) 0.003™ 0.61
Adj. R? 0.11 0.26 0.13
f: Kitchen appliances are the total number of refrigerators, kimchi refrigerators, airfryers, microwaves, and ovens in residence.
*: Digital appliances are the total number of televisions, desktops, laptops, and printers in residence.
§: Ventilation is the sum of natural ventilation frequency and mechanical ventilation frequency.
*: Factors with statistical significance (p<0.05).
**: Factors with statistical significance (p<0.01).
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Table 8. MLR models of housing/lifestyle factors associated with phthalates in SHD.

Variables DEP DnBP DiBP BBzP
Reference Subcategory B (SE) p-value  Exp (p) B (SE) ves-ue Exp (B) B (SE) p-value  Exp (B) B (SE) vzfllje Exp (B)
(Intercept) -0.10 (0.03) 0.14 0.90 1.92 (0.32)  <0.001 6.82 0.14 (0.05) 0.06 1.15 -0.24 (0.20)  0.23 0.79
<8 electronic appliances™  vs.
9-13_e|ectr0n|c 0.09 (0.12) 043 1.09
appliances
>13 electronic 028(014) 005 132
appliances
Ref”geratozrobl‘gught before ¢ pought after 2019 .036(0.18)  0.06 0.70
Printers g%‘i%ht before ¢ boughtafter2019  -0.25(0.12)  004* 078
Electricity used for
cooking (no) Vs. yes 0.23(0.12) 0.06 1.26
Candles used (no) Vs. yes 0.23 (0.10) 0.03" 1.26
Diffusers used (no) VS, yes 0.16 (0.09) 0.05 112 0.23(0.08)  0.006™ 1.26 0.24 (0.15) 0.01" 1.27
Ventilation <1.5 h/iday*  vs.
1.5-8 h/day 0.11 (0.09) 0.20 1.12 -0.23(0.11) 034 0.79
>8 h/day -0.24 (0.12) 0.05 0.79 -0.29 (0.13)  0.05 0.75
Vacuum cleaning <4 Vs
times/week ’
4-7 times/week -0.52(0.24)  0.02" 0.59
>7 times/week -0.41(0.16)  0.004™ 0.66
Wet cleaning® (no) Vs, yes -0.19 (0.09) 0.05 0.83
Dry mopping' (no) Vs, yes -0.37 (0.17) 0.04" 0.69
Adj. R? 0.18 0.33 0.18 0.12
f: Electronic appliances are the total number of laundry appliances, kitchen appliances, and digital appliances in residence.
*: Ventilation is the sum of natural ventilation frequency and mechanical ventilation frequency.
§: Wet cleaning includes cleaning using wet mop cleaners and wet woolen rags.
T: Dry mopping includes cleaning using microfiber clothes and dry mops.
*: Factors with statistical significance (p<0.05).
**: Factors with statistical significance (p<0.01).
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Table 8. continued.

Variables DEHP DiNP DiDP
Reference Subcategory B (SE) p-value Exp (B) B (SE) p-value  Exp (B) B (SE) p-value Exp (B)
(Intercept) 1.29 (0.09) <0.001 3.63 2.21(0.10) <0.001 9.12 2.76 (0.08) <0.001 15.8
1 laundry appliance® Vs,
2 laundry appliances 0.05 (0.06) 0.45 1.05
>3 laundry appliances 0.18 (0.08) 0.03" 1.20
1-2 kitchen appliancest  vs.
3-4 kitchen appliances 0.05 (0.06) 0.43 1.05
>4 kitchen appliances 0.14 (0.08) 0.07 1.15
Ref“geratozroblgught before o hought after 2019 081(028) 001" 0.44 026(015 003" 0.77
Mlcrowavezgfgght before vs. bought after 2019 -0.65 (0.27) 0.03" 0.52
Te'e‘"s'o”szgfgght before ¢ pought after 2019 -0.23(0.11)  0.04" 0.79
Electr|C|_ty used for vs. yes 0.13 (0.07) 0.06 114
cooking (no)
Candles used (no) VS. yes 0.15 (0.07) 0.04" 1.16
Air fresheners used (no)  vs. yes 0.15 (0.07) 0.03" 1.16
Carpets used (no) VS. yes 0.15 (0.07) 0.03" 1.16
Wet cleaning? (no) Vs. yes -0.12 (0.06) 0.06 0.89 -0.14 (0.07) 0.05 0.87
Dry mopping" (no) VS. yes -0.17 (0.08) 0.04" 0.84 -0.16 (0.08) 0.06 0.85
Adj. R? 0.14 0.18 0.09
f: Laundry appliances are the total number of washing machines, dryers, and stylers in residence.
*: Kitchen appliances are the total number of refrigerators, kimchi refrigerators, airfryers, microwaves, and ovens in residence.
§: Wet cleaning includes cleaning using wet mop cleaners and wet woolen rags.
T: Dry mopping includes cleaning using microfiber clothes and dry mops.
*: Factors with statistical significance (p<0.05).
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Table 9. MLR models of housing/lifestyle factors associated with NPPs in SHD.

Variables ATBC DEHA DEHTP
Reference B (SE) p-value Exp (B) B (SE) p-value  Exp (B) B (SE) p-value Exp (B)
1.11 (0.21) <0.001 3.03 -1.93 (0.65) 0.004 0.15 2.80 (0.09) <0.001 16.44
1 laundry appliance® VS.
2 laundry appliances 0.20 (0.09) 0.03" 1.22
>3 laundry appliances 0.12 (0.07) 0.19 1.13
Airfryer gg‘ight before ¢ hought after 2019 0.36 (0.15) 0.06 1.43
Gas fuel used for cooking vs. yes 0.46 (0.22) 0.05 158
(no)
E'egégﬁ'ia’g“(s:gfor vs. yes 0.18 (0.13) 0.03* 1.20 0.41 (0.26) 0.03" 151 0.17 (0.09) 0.04" 1.19
Candles used (no) VS. yes 0.23(0.14) 0.01" 1.26
Air fresheners used (no)  vs. yes 0.23 (0.13) 0.07 1.26
Ventilation <1.5 h/day* vs.
1.5-8 hiday -0.13 (0.15) 0.31 0.88 -0.39 (0.19) 0.04" 0.68
>8 hiday -0.24 (0.19) 0.02" 0.79 -0.57 (0.27) 0.03" 0.57
Vacut_Jm cleaning <4 Vs
times/week '
4-7 times/week -0.11 (0.09) 0.16 0.90
>7 times/week -0.42 (0.18) 0.02" 0.66
C'ea”g‘spﬂgztcgg (er:g‘):”"”'c vs. yes -0.23(0.08)  0.008™ 079
Wet cleaning® (no) Vs. yes -0.36 (0.18) 0.05 0.70
Adj. R? 0.14 0.26 0.14

f: Laundry appliances are the total number of washing machines, dryers, and stylers in residence.
*: Ventilation is the sum of natural ventilation frequency and mechanical ventilation frequency.

8: Wet cleaning includes cleaning using wet mop cleaners and wet woolen rags.

*: Factors with statistical significance (p<0.05).
**: Factors with statistical significance (p<0.01).
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Table 9. continued.

Variables DINCH TOTM
Reference Subcategory B (SE) p-value Exp (B) B (SE) p-value Exp (B)
(Intercept) 2.03 (0.23) <0.001 7.61 1.26 (0.14) <0.001 3.53
<8 electronic appliances® Vs,
9-13 electronic appliances 0.32 (0.16) 0.17 1.38
>13 electronic appliances 0.33 (0.23) 0.05 1.39
1-2 kitchen appliances? VS.
3-4 kitchen appliances 0.36 (0.20) 0.08 1.43 0.22 (0.13) 0.03" 1.25
>4 kitchen appliances 0.38(0.17) 0.03" 1.46 0.15 (0.06) 0.11 1.16
1-2 digital appliances® VS,
3-4 digital appliances 0.07 (0.12) 0.69 1.07
>4 digital appliances 0.44 (0.21) 0.03" 1.55
New furniture bought in 6 vs. yes 0.21 (0.09) 0.02* 103
months (no)
Cooking <1 time/day VS.
2 times/day 0.14 (0.12) 0.24 1.15
>3 times/day 0.18 (0.10) 0.05 1.20
Dry mopping" (no) VS. yes -0.26 (0.13) 0.05 0.77
Adj. R? 0.20 0.13

: Electronic appliances are the total number of laundry appliances, kitchen appliances, and digital appliances in residence.

: Kitchen appliances are the total number of refrigerators, kimchi refrigerators, airfryers, microwaves, and ovens in residence.
: Digital appliances are the total number of televisions, desktops, laptops, and printers in residence.

: Dry mopping includes cleaning using microfiber clothes and dry mops.

: Factors with statistical significance (p<0.05).
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Table 10. MLR models of housing/lifestyle factors associated with heavy metals in SHD.

Variables Cd Cr Pb
Reference Subcategory B(SE)  p-value Exp(p) B (SE) B(SE)  p-value B (SE) V;’I'ue Exp (B)
ntercept; . . . . . . . . <0. . . <0. .
| 0.95 (0.14 0.009 2.56 0.57 (0.23 1.64 (0.07 0.001 1.57 (0.06 0.001 481
1 laundry appliancet  vs.
2 laundry appliances 0.12 (0.07) 0.08 1.13 0.10 (0.07) 0.14 0.13 (0.10) 0.16 1.14
>3 laundry appliances 0.16 (0.09) 0.05 1.17 0.12 (0.05) 0.02" 0.16 (0.07) 0.04" 117
1-2 digital appliances®  vs.
3-4 digital appliances 0.03 (0.08) 0.10 1.03
>4 digital appliances 0.15 (0.09) 0.02" 1.16
Printers g%‘i%ht before o poughtafter2019  -042 (012) 0003  0.66 034(0.16) 0.5 071
New furniture bought in *
6 months (no) Vs. yes 0.10 (0.05) 0.03
Gas fuel used for *
cooking (no) Vs. yes 0.16 (0.06) 0.01 117 0.10 (0.05)
Carpets used (no) VS. yes 0.12 (0.06) 0.05 1.13
MeCha”'c(an'o‘;e”“'at"’” vs. yes 025012) 004" 078 029(0.13) 003 0.75
Vacuum cleaning <4 Vs
times/week ’
4-7 times/week -0.04 (0.06) 0.14 0.96
>7 times/week -0.13(0.08)  0.01" 0.88
Cleaning dust on
electronic appliances VS. yes -0.09 (0.05)
(no)
Adj. R? 0.26 0.11 0.18
f: Laundry appliances are the total number of washing machines, dryers, and stylers in residence.
*: Digital appliances are the total number of televisions, desktops, laptops, and printers in residence.
*: Factors with statistical significance (p<0.05).
**: Factors with statistical significance (p<0.01).
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Table 10. continued.

Variables As Ni Hg
Reference Subcategory B (SE) p-value Exp (B) B (SE) p-value Exp (B) B (SE) p-value Exp (B)
(Intercept) 0.45 (0.08) <0.001 1.57 1.60 (0.08) <0.001 4.95 0.15 (0.13) <0.001 1.16
<8 electronic appliances™  vs.
9-13 electronic appliances 0.40 (0.12) 0.002™" 1.49
>13 electronic appliances 0.43 (0.15) 0.007™" 1.54
Refr'geratozrobl%“ght before s pought after 2019 007(0.03) 004" 0.93 017(0.08) 005 0.84
Printers g%j%ht before . pought after 2019 014 (006) 002" 0.87
New furniture boughtin6 o .o 0.13(0.05) 001" 114 02000100 005 122
months (no) ’ ' ' ’ ' ' ' ' '
Gas fuel us(enci);or cooking vs. yes 0.18 (0.05) 0.06 1.20
Electricity used for
cooking (no) Vs. yes 0.09 (0.05) 0.05 1.09
Natural ventilation <1.5 vs
h/day '
1.5-8 h/iday 0.08 (0.10) 0.42 1.08
>8 h/day 0.43 (0.22) 0.05 1.54
MeCha”'C(a‘n'o‘;e”“'a“O” vs. yes 012(0.04)  0004" 087 045(021) 003" 0.64
Vacuum cleaning <4 vs
times/week ’
4-7 times/week -0.05 (0.05) 0.32 0.95
>7 times/week -0.09 (0.04) 0.05 0.91
Wet cleaning? (no) VS. yes -0.19 (0.06) 0.002™ 0.83 -0.22 (0.10) 0.04" 0.80
Adj. R? 0.19 0.13 0.15
f: Electronic appliances are the total number of laundry appliances, kitchen appliances, and digital appliances in residence.
*: Wet cleaning includes cleaning using wet mop cleaners and wet woolen rags.
*: Factors with statistical significance (p<0.05).
**: Factors with statistical significance (p<0.01).
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Table 11. MLR model of housing/lifestyle factors associated with Der f 1 in

bedding dust.

Variables Derf1l
Reference Subcategory B (SE) p-value  Exp (B)
(Intercept) 0.78 (0.49) <0.001 2.18
Single person household  vs.
2 person 0.26 (0.33) 0.44 1.30
3 person 1.15 (0.34) 0.003™ 3.16
>4 person 1.35 (0.33) <0.001™" 3.86
Water penetration (no) Vs. yes 0.31 (0.21) 0.02" 1.36
Carpets used (no) Vs. yes 0.37 (0.20) 0.06 1.45
Vacuum cleaning <4 vs
times/week '
4-7 times/week -0.41 (0.31) 0.20 0.66
>7 times/week -0.85 (0.25) 0.003™ 0.43
Wet cleaning® (no) Vs. yes -1.18 (0.43) 0.01" 0.31
Adj. R? 0.75
f: Wet cleaning includes cleaning using wet mop cleaners and wet woolen rags.
*: Factors with statistical significance (p<0.05).
**: Factors with statistical significance (p<0.01).
***: Factors with statistical significance (p<0.001).
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3.5. Chemicals in ACCD

The detection rates and concentrations of OPFRs, PHTHs, NPPs, and
heavy metals in ACCD samples are shown in Table 12. Among the 46 chemicals
investigated, 10 chemicals were >90% detection rate. For OPFRs, three compounds
were >90% detection rate, whereas 4 PHTHs and 3 NPPs were >90%. Among the
three EDC groups, YPHTHs (GM (GSD): 5.77 x 10? (1.57) ug/g) showed the
highest average concentration, followed by ENPPs (GM (GSD): 3.89 x 10? (1.64)
ug/g) and XTOPFRs (GM (GSD): 2.90 x 10% (1.79) ug/g). The average
concentrations of DEHP, DiDP, and DnBP were the highest for PHTHSs, whereas
DEHTP, ATBC, and DEHA were the highest for NPPs, and TPhP, EHDPP, and
TCEP were the highest for OPFRs. For heavy metal elements in ACCD samples,

the detection rates of all elements were <90%.
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Table 12. Descriptive statistics of EDCs and heavy metals in ACCD.

Chemicals Detection Air cleaner captured dust (n=120)
rate (%) Mass of contaminants per mass of dust (ug/g) Mass of contaminants per surface area (Lg/cm?)
GM (GSD) Range Median GM (GSD) Range Median
TMP 0 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
TEP 5 4.36 x 103 (1.60) <LOQ-1.94 x 10! <LOQ 1.88 x 105(2.73) <LOQ-8.44 <LOQ
TiPP 3 2.83 x 10%(1.68) <LOQ-3.10 x 102 <LOQ 1.06 x 105 (2.45) <LOQ-1.28 x 102 <LOQ
TPrP 1 1.98 x 103 (2.69) <LOQ-9.13 x 10* <LOQ 6.87 x 10°° (4.59) <LOQ-1.05 x 102 <LOQ
TBP 8 7.21 x 103 (2.48) <LOQ-1.38 x 10* <LOQ 3.54 x 10°°(3.68) <LOQ-6.90 x 10? <LOQ
TCEP 95 1.19 x 10 (2.44) <LOQ-2.53 x 103 1.87 x 10! 3.39(3.21) <LOQ-5.70 x 10? 6.78
TCPP 12 2.21x 102 (4.04) <LOQ-2.69 x 10* <LOQ 1.28 x 104 (5.54) <LOQ-2.26 x 10° <LOQ
TPeP 0 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
TDCPP 43 2.11x 101 (4.34) <LOQ-1.78 x 10* <LOQ 5.29 x 102 (8.66) <LOQ-2.00 x 10? <LOQ
TBOEP 38 1.01 x 101 (4.88) <LOQ-4.06 x 102 <LOQ 2.02 x 10%(7.10) <LOQ-1.55 x 102 <LOQ
TPhP 96 2.52 x 10%(2.40) <LOQ-2.39 x 102 3.10 x 10t 7.65 (3.10) <LOQ-2.70 x 102 <LOQ
EHDPP 98 1.58 x 10'(1.99) <LOQ-1.40 x 103 2.05x 10! 5.13(2.42) <LOQ-6.83 x 10! 7.79
TEHP 18 8.11 x 103(3.93) <LOQ-2.13 x 10° <LOQ 6.34 x 10°(5.70) <LOQ-4.26 x 10! <LOQ
CDP 63 6.86 x 10" (3.60) <LOQ-2.40 x 10? 3.78 3.98 x 102 (5.74) <LOQ-4.19 x 10! 1.67
TmCP 2 3.27 x 103 (1.28) <LOQ-1.92 x 102 <LOQ 1.17 x 105(1.86) <LOQ-1.82 x 10! <LOQ
ToCP 65 6.00 x 101 (1.40) <LOQ-4.61 x 103 5.81 4.24 x 102 (6.50) <LOQ-3.00 x 10! 2.47
TpCP 1 1.87 x 103 (2.11) <LOQ-6.21 <LOQ 6.46 x 106 (7.10) <LOQ-7.17 <LOQ
TiPPP 4 8.41x 103 (1.44) <LOQ-5.64 x 10! <LOQ 3.45x 10°(2.48) <L0OQ-3.84 x 10! <LOQ
YOPFRs 2.90 x 10%(1.79) 1.00 x 102 (1.77)
DMP 83 4.11x 101 (3.18) <LOQ-1.28 x 10? 1.13 6.72 x 102 (4.75) <LOQ-3.12 4.83x 10
DEP 79 6.16 x 101 (4.13) <L0Q-2.72 x 10? 1.71 8.56 x 102 (5.80) <LOQ-7.20 x 10! 9.52 x 10!
DiPrP 4 5.20 x 104 (1.43) <LOQ <LOQ 2.11 x10%(2.42) <L0Q-5.23 x 10! <LOQ
DnPrP 85 6.52 x 101 (2.85) <L0Q-3.91 x 10? 1.55 1.77 x 105 (2.36) <LOQ-3.37 <LOQ
DAIP 3 4.60 x 10 (1.59) <LOQ-1.93 x 10! <LOQ 3.97 x 10 (3.67) <LOQ-1.71 <LOQ
¥ = 1
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DnBP 99 1.24 x 101 (1.87) <LOQ-1.41 x 103 1.08 x 10t 3.49 (1.91) <LOQ-1.82 x 102 3.04
DiBP 99 1.00 x 10 (1.94) <L0OQ-9.81 x 102 9.02 1.09 x 101 (4.23) <LOQ-8.82 5.42 x 101
DnPeP 8 8.02 x 104 (2.34) <L0OQ-7.32 <LOQ 4.31(1.81) <LOQ-1.12 x 102 4.49
DnHxP 0 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
BBzP 91 1.85 (2.63) <LOQ-3.84 x 102 2.88 453 x 101 (3.59) <LOQ-4.96 x 10t 1.07
DCHP 1 1.14 x 103 (1.89) <LOQ-1.17 <LOQ <LOQ <LOQ <LOQ
DEHP 99 4.43 x 102 (1.97) <LOQ-3.54 x 10 4.09 x 102 1.54 x 10?(2.01) <LOQ-2.94 x 10° 1.65 x 102
DiHpP 3 7.39 x 10 (2.11) <LOQ-3.25 x 108 <LOQ <LOQ <LOQ <LOQ
DnOP 4 1.02 x 102 (1.46) <LOQ-1.05 x 10? <LOQ 4.25x105(2.31) <LOQ-4.56 x 10! <LOQ
DiNP 80 1.39 (3.34) <LOQ-3.68 x 102 4.3 2.16 x 101 (5.11) 1.17 x 105-6.89 x 10! 1.85
DiDP 17 4.39 x 103 (2.78) <LOQ-1.80 x 102 <LOQ 3.50 x 105 (4.70) <LOQ-1.62 x 10! <LOQ
TPHTHSs 5.77 x 102 (1.57) 1.89 x 102 (1.69)

ATBC 98 2.08 x 101 (2.25) <LOQ-3.54 x 103 2.30 x 10* 6.95 (2.46) <LOQ-1.72 x 103 8.64
DEHA 98 3.68 (2.83) <L0Q-9.13 x 102 5.21 8.83 x 101 (3.88) <LOQ-1.03 x 102 1.98
DEHTP 92 2.52 x 102 (2.33) <LOQ-1.26 x 105 3.48 x 102 8.33 x 101 (2.79) <LOQ-2.98 x 10° 1.32 x 102
DINCH 9 4.80 x 102 (2.46) <L0Q-9.59 x 103 <LOQ 2.65 x 10 (4.04) <LOQ-1.26 x 10° <LOQ
TOTM 40 2.37 x 10'1(2.26) <L0OQ-6.19 x 10! <LOQ 5.61 x 10-3(4.53) <LOQ-5.57 <LOQ
ZNPPs 3.89x 102 (1.64) 1.35 x 102 (1.75)

Cd 19 1.50 x 101 (1.97) <LOQ-8.47 x 102 <LOQ 3.94 x 103 (2.37) <LOQ -8.92 x 1073 2.91x 103
Mn 58 2.42 x 10 (2.59) <LOQ-1.73 x 10 6.60 x 10t 3.19 x 102(2.18) <LOQ -2.13 x 10 3.09 x 102
Cr 8 3.94 (2.66) <LOQ-1.33 x 103 3.54 1.50 x 102(1.25) <LOQ -4.96 x 10 1.45 x 102
Pb 61 2.48 x 10* (2.09) <LOQ-1.54 x 10* 7.25 x 10* 3.29 x 102(2.25) <LOQ-3.77 x 101 3.07 x 102
As 57 2.90 (2.90) <LOQ-3.94 x 103 2.48 2.77 x 103(5.71) 2.91x104-4.03x102  1.24x10°
Ni 8 461 (2.29) <LOQ-4.70 x 102 3.54 x 10 1.55 x 102(1.29) <LOQ-5.82 x 102 1.45 x 102
Hg 31 1.19 x 10 (1.65) <L0OQ-8.98 x 101 <LOQ 3.51 x 104 (1.73) <LOQ-5.84 x 102 2.91 x 10
Heavy metals
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3.6. Correlation Analyses of Contaminants in ACCD

In general, most EDCs showed moderate positive correlations within the
same chemical group (Table S7, S8, S9, and S10). TPhP and EHDPP (r=0.77), and
DiBP and DEHP (r=0.74) showed strong positive correlations, whereas PHTHSs and

NPPs showed moderate positive correlations.



3.6.1 Between EDCs in SHD and ACCD

The Pearson correlation analysis of DEHTP in SHD and ACCD is shown
in Figure 2. Of the 39 EDCs, concentrations of DEHTP in SHD and ACCD showed
strong positive correlation (r=0.71), whereas all other compounds were

insignificantly correlated.
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Figure 2. Result of Pearson correlation analysis between concentrations of DEHTP in SHD
and ACCD.
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3.7. Determinants in Association with Chemicals in ACCD

MLR models of housing/lifestyle factors affecting the concentrations of
OPFRs, PHTHSs, and NPPs are shown in Table 13, 14, and 15, respectively. In
general, OPFRs, PHTHSs, and NPPs showed significantly positive associations with
the type and number of home appliances, and combustion activities. In particular,
residences with >10 electronic appliances significantly elevated the levels of TCPP
(57%) and BBzP (103%). For PHTHs and NPPs, home appliances bought after
2019 were in significant associations. The level of DiBP (-64%) significantly
decreased in residences that bought dryers after 2019, whereas those of ATBC
(169%) and DEHTP (286%) increased. In addition, usage of candles, diffusers, and
air fresheners significantly elevated the levels of DnBP, DiBP, BBzP, BBzP and
ATBC. However, the levels of most EDCs significantly decreased for ventilating
>1.5 h/day, cleaning dust on electronic appliances, and either wet cleaning or dry

mopping the floors.
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Table 13. MLR models of housing/lifestyle factors associated with OPFRs in ACCD.

Variables TCPP TPhP EHDPP
Reference Subcategory B (SE) p-value Exp (B) B (SE) p-value Exp (B) B (SE) p-value Exp (B)
(Intercept) 1.01 (0.26) <0.001 2.75 1.96 (0.27) <0.001 7.10 1.83(0.21) <0.001 6.23

<10 electronic appliances™  vs.
10-13 electronic

appliances 0.04 (0.25) 0.89 1.04
>13 electronic appliances 0.45 (0.26) 0.03" 1.57
Cooking <1 time/day Vs,
2 times/day 0.44 (0.24) 0.07 1.55 0.50 (0.22) 0.02* 1.65
>3 times/day 0.75(0.26)  0.005" 2.12 0.48 (0.20) 0.02* 1.62
Ventilation <1.5 h/day VS.
1.5-8 h/day -0.23 (0.22) 0.29 0.79 0.11 (0.21) 0.26 1.12 0.03 (0.18) 0.88 1.03
>8 hiday -1.16 (0.52) 0.03" 0.31 -1.13 (0.51) 0.03" 0.32 -1.07 (0.42) 0.01" 0.34
Wet cleaning? (no) VS. yes -0.42 (0.21) 0.04* 0.66 -0.39 (0.23) 0.07 0.68
Dry mopping?® (no) VS. yes -0.50 (0.25) 0.04" 0.61 -0.29 (0.18) 0.01" 0.75
Adj. R? 0.12 0.14 0.13

f: Electronic appliances are the total number of laundry appliances, kitchen appliances, and digital appliances in residence.
. Wet cleaning includes cleaning using wet mop cleaners and wet woolen rags.

§: Dry mopping includes cleaning using microfiber clothes and dry mops.

*: Factors with statistical significance (p<0.05).

**: Factors with statistical significance (p<0.01).
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Table 14. MLR model of housing/lifestyle factors associated with PHTHSs in ACCD.

Variables DnBP DiBP BBzP DEHP
Reference Subcategory B (SE) p-value  Exp (p) B (SE) vef)llje Exp (B) B (SE) p-value  Exp () B (SE) vaF:IJe Exp (B)
(Intercept) ('g gg) 0.11 0.62 119 (0.17)  <0.001 3.29 0.68 (0.26) 0.01 1.97 2.62(0.15)  <0.001 13.74
<8 electronic appliances™  vs.
9-13_e|ectron|c 0.08 (0.27) 0.16 108
appliances
>13 electronic *
appliances 0.71(0.33) 0.03 2.03
2-3 kitchen appliances®  vs.
4-5 kitchen appliances 0.35 (0.25) 0.11 1.42
>5 kitchen appliances 0.96 (0.42) 0.02" 2.61
Dryers bzo(‘)’fgt before ¢ hought after 2019 1.02(0.54) 0.5 0.36
Presence of smokers (no)  vs. yes 0.52 (0.25) 0.04" 1.68
Candles used (no) VS. yes 0.50 (0.23) 0.03" 1.65 0.33 (0.16) 0.05 1.39 0.25 (0.17) 0.06 1.28
Diffusers used (no) Vs. yes 0.31 (0.15) 0.05 1.36 0.59 (0.20)  0.004™ 1.80 0.29 (0.16) 0.03" 1.34
Air fresheners used (no) VS. yes 0.44 (0.23) 0.06 1.55 0.35 (0.16) 0.03" 1.42
Ventilation <1.5 h/day§ Vs.
1.5-8 h/day ('g '633) 0.63 0.74 -0.12 (0.23) 0.61 0.89
>8 h/day ('g '25(?) 0.03" 0.57 -0.96 (042)  0.02" 0.38
Adj. R? 0.11 0.09 0.16 0.21
f: Electronic appliances are the total number of laundry appliances, kitchen appliances, and digital appliances in residence.
*: Kitchen appliances are the total number of refrigerators, kimchi refrigerators, airfryers, microwaves, and ovens in residence.
§: Ventilation is the sum of natural ventilation frequency and mechanical ventilation frequency.
*: Factors with statistical significance (p<0.05).
**: Factors with statistical significance (p<0.01).
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Table 15. MLR model of housing/lifestyle factors associated with NPPs in ACCD.

Variables ATBC DEHA DEHTP
Reference Subcategory B (SE) p-value Exp (B) B (SE) p-value Exp (B) B (SE) p-value Exp (B)
(Intercept) 2.01(0.21) <0.001 7.46 0.79 (0.17) <0.001 2.20 2.08 (0.17) <0.001 8.00
1-2 digital appliances® Vs.
3-4 digital appliances 0.29 (0.25) 0.24 1.37
>4 digital appliances 0.52 (0.22) 0.02" 1.68
Refrigerator bought before o it after 2019 143(0.49) 0007 4.8
2019
Microwaves bought before ¢ o\ gt after 2019 163(052)  0.004” 510
2019
Was“";%gfgg‘gfgbo“ght vs. bought after 2019 1.29 (0.61) 0.04" 3.63
Dryers bought before 2019  vs. bought after 2019 0.99 (0.53) 0.06 2.69 1.35(0.59) 0.03" 3.86
Presence of smokers (no) VS, yes 0.30 (0.20) 0.01" 1.35
Diffusers used (no) Vs. yes 0.32(0.18) 0.04" 1.38
Ventilation <1.5 h/day* Vs.
1.5-8 hiday -0.38 (0.49) 0.44 0.68
>8 h/day -0.47 (0.20) 0.02" 0.63
Cleaning dust on electronic *
appliances (no) Vs, yes -0.74 (0.30) 0.01 0.48
Wet cleaning® (no) VS. yes -0.52 (0.27) 0.04" 0.59
Adj. R? 0.12 0.08 0.16
f: Digital appliances are the total number of televisions, desktops, laptops, and printers in residence.
*: Ventilation is the sum of natural ventilation frequency and mechanical ventilation frequency.
§: Wet cleaning includes cleaning using wet mop cleaners and wet woolen rags.
*: Factors with statistical significance (p<0.05).
**: Factors with statistical significance (p<0.01).
¥ oy 1 |
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3.8. Estimation of Residential Intake

The estimates for infant’s residential intake of EDCs in house dust via
ingestion and inhalation are shown in Table 16 and 17, respectively. The intake of
NPPs was significantly the highest, followed by PHTHs and OPFRs. The intake of
DEHTP was significantly the highest among NPPs, whereas DEHP and EHDPP
were the highest for PHTHs and OPFRs, respectively.

For all chemicals, ingestion intake was significantly higher than that by
inhalation. However, the inhalation intakes for all chemicals were significantly
higher via ACCD than SHD. The residential intakes of most chemicals via both
inhalation and ingestion were significantly lower than the RfDs. However, 75" and
95" percentile ingestion intakes for DEHP (4.53 x 10° and 1.85 x 10* ng/kg/day,
respectively) were much higher than the RfD (3.8 x 10° ng/kg/day).
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Table 16. Estimated ingestion intake of EDCs in SHD.

SHD (ng/kg/day)
Chemicals RfD (ng/kg/day)* Ingestion
50t 75t 95t

TCEP 7.00 x 103 3.69 7.30 2.12 x 10*
TPhP 6.60 1.06 x 10* 2.90 x 10*
EHDPP 7.70 1.59 x 10t 1.23 x 102
YOPFRs 2.30 x 10! 3.06 x 10! 1.17 x 102
DnBP 1.00 x 10° 8.91 x 10! 1.93 x 10? 5.96 x 10?
DiBP 1.88 x 10! 3.65 x 10! 1.06 x 102
BBzP 2.00 x 10° 5.80 1.72 x 10* 2.92 x 10?
DEHP 3.80 x 10° 2.83 x 10° 453 x 10° 1.85 x 104
YPHTHs 3.10x 10° 4.59 x 10° 1.77 x 10*
ATBC 9.32 x 10! 2.09 x 10? 2.56 x 10°
DEHA 6.00 x 10° 6.04 x 10! 1.07 x 10? 3.68 x 10?
DEHTP 8.36 x 10° 1.52 x 104 3.68 x 10*
XNPPs 9.12 x 10° 1.51 x 104 3.81 x 10*

*: The RfD values of chemicals were obtained from the EPA CompTox Chemicals Dashboard (https://comptox.epa.gov/dashboard).
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Table 17. Estimated inhalation intake of EDCs in ACCD and SHD.

Inhalation (PM2s)

Chemicals  RfD (ng/kg/day)" ACCD (ng/kg/day)* SHD (ng/kg/day)®
50th 75t 95th 50th 75t 95th

TCEP 7.00 x 10° 2.02 x 101 3.54 x 101 1.65 3.79 x 105 7.48 x 10°5 2.18 x 10
TPhP 3.44 x 10 1.00 450 6.76 x 10°5 1.08 x 1074 2.97 x 10
EHDPP 2.26 x 10t 4.90 x 10t 2.49 7.89 x 10 1.63x10* 1.26 x 107
3OPFRs 8.85 x 10t 1.86 7.94 2.35x 10 3.14 x 104 1.20x 10
DnBP 1.00 x 10° 1.09 x 10t 3.93x 10 2.33 9.14 x 10 1.98 x 10°3 6.11 x 10
DiBP 1.00 x 101 3.40 x 10t 2.70 1.93x 10 3.74 x 10 1.08 x 107
BBzP 2.00 x 10° 2.93 x 102 1.12 x 10t 7.21x 10 5.94 x 10°5 1.77 x 1074 3.00 x 103
DEHP 3.80 x 108 4.39 1.16 x 10! 1.11 x 107 2.90 x 107 4.64 x 1072 1.90 x 10!
3PHTHSs 4.87 1.55 x 10t 1.19 x 102 3.18 x 102 4.71x 10?2 1.81x 10
ATBC 2.67 x 101 6.31x 101 5.57 9.55 x 107 2.14 x 10°3 2.62 x 102
DEHA 6.00 x 10° 5.71 x 107? 1.72 x 10t 1.35 6.19 x 10 1.10x 10 3.78 x 10°®
DEHTP 3.99 7.84 3.79 x 10! 8.56 x 102 1.56 x 101 3.77 x 10
INPPs 5.46 9.16 4.01 x 10t 9.35 x 1072 1.55x 10°L 3.90 x 10

: The RfD values of chemicals were obtained from the EPA CompTox Chemicals Dashboard (https://comptox.epa.gov/dashboard).
2 The concentrations of contaminants in ACCD were used for estimating the inhalation intake as derived from Bi et al. (2018).
§: The concentrations of contaminants in SHD were used for estimating the inhalation intake as derived from Weiss et al. (2018).
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4. Discussion

4.1. Contaminants in SHD

More than half of the target contaminants were detected in >90% of the
SHD samples, indicating widespread contamination of residential environments.
The detection rates for OPFRs in this study were similar to other studies (Chupeau
et al., 2020; Lee et al., 2020). It was suggested that TEP, TCEP, TCPP, TPhP, and
EHDPP were the major compounds used for industrial and commercial
applications in Korea (Lee et al., 2020). In particular, TCPP and TCEP were
detected in a wide array of mediums due to use in various PVC materials (Cischem,
2009).

Detection rates of NPPs were significantly higher than those of PHTHs.
This could be from the increase in demand for NPPs as alternatives to PHTHSs.
PHTHs were the most widely used plasticizers for polyvinyl chloride (PVC)
production until 1999 (Jamarani et al., 2018). Due to concerns on reproductive
toxicities, DnBP, DEHP, BBzP, DiBP, and DiDP have been subject to restrictions
by the Registration, Evaluation, Authorisation and Restriction of Chemicals
(REACH) (EC, 2011). In Korea, following the Enforcement Decree of the
Environmental Health Act (No. 2020-43) and Enforcement Decree of the Special
Act on the Safety of Children’s Products (Legislation Act-13859), DEHP, BBzP,
DiNP, DiDP, and DnOP have been under regulations (KFDA, 2020; KMOE, 2017).
Consequently, the market shares of PHTHs decreased from 42% in 1999 to 10% in
2014, whereas those of NPP consumption increased, accounting for 40% of the EU
plasticizer market in 2019 (ECPI, 2018; ECPI, 2019). High concentrations of
ATBC, DEHA, DEHTP, DINCH, and TOTM were detected in house dusts
collected from Belgium, Ireland, and Netherlands (Christia et al., 2019).

For OPFRs, the average concentrations of TCPP, TPhP, and EHDPP were
the highest, and the levels were comparable to those measured in Europe (1.30-
<
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4.40 pg/g, 0.37-0.61 pg/g, and 0.43-0.99 pg/g, respectively) and China (0.99-2.05
ug/g, <LOD-0.34 ug/g, and 0.38-0.62 ug/g, respectively) (Table S11; de la Torre et
al., 2020; He et al., 2015; Wu et al., 2016). High levels of OPFRs could be from the
global increase in consumption as alternatives to legacy FRs. Most widely used
BFRs and polychlorinated biphenyls (PCBs) have been proven to be persistent and
bio-accumulative, officially being labeled as persistent organic pollutants (POPS)
by the United Nations Environment Programme (UNEP) (UNEP, 2009). Onwards,
the production of PCBs and BDE mixtures had been forbidden and OPFRs
emerged in replacement. Consumption of OPFRs in Korea increased approximately
5 times from 1996 to 2008, whereas that of BFRs decreased to 75% (Cischem,
2009). Among the OPFRs, TCPP, TPhP, and EHDPP could be used more
commonly than other substances. TCPP and TPhP were typically applied in
polyurethane foam used in upholstered furniture (Bastiaensen et al., 2019). EHDPP
was mostly used in flexible PVC, rubber, paints, textiles, and adhesives (Zhao et al.,
2019).

For PHTHSs, the average concentrations of DEHP, DiNP, and DiDP were
the highest and the levels were comparable to those measured in Sweden (218-949
uo/g, 6.5-20 pg/g, and 0.1-0.6 pg/g, respectively) and Ireland (24-254 ug/g, 62-121
ug/g, and 16-67 pg/g, respectively) (Table S12; Christia et al., 2019; Weiss et al.,
2018). High concentrations of PHTHs in SHD could be indicating inadequate
management status of regulated PHTHSs. The total content of DEHP, DiNP, and
DiDP in consumer products had been restricted to be under 0.1% as of 2017 in
Korea (KFDA, 2020; KMOE, 2017). However, specific management standards are
lacking and high levels of restricted PHTHs are continuously detected in various
products. PHTHSs detected in baby products and PVC materials in 2020 were up to
579 times higher than the acceptance criteria (Lee et al., 2021).

Among the three EDCs in SHD, concentrations of NPPs were
significantly the highest. The average concentrations of NPPs were up to 4.5 times
higher than those in other countries (Table S13). In particular, the average
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concentration of DEHTP was up to 32 times higher than that measured in Belgium
(3627 pg/g) and DINCH was more than 7 times higher than that measured in
Netherlands (10+6.1 pg/g) (Christia et al., 2019). This could be from the difference
in the sampling year, as Christia et al. (2019) had investigated houses in Belgium
and Netherlands in 2017. DEHTP has been increasingly used in PVC products as in
replacement for DEHP and the use of DINCH has substantially increased in a wide
range of applications including toys, food packaging, vinyl floorings, and medical
devices ever since (BASF, 2014; Silva et al., 2015). With increasing demand high
concentrations of DEHTP and DINCH indoors were reported (Silva et al., 2013).

High concentrations of heavy metal elements were detected in all SHD
samples. The average concentrations of Mn, Cr, and Ni were the highest in this
study, and the levels were within the range of those reported in other studies (0.07-
8500 pg/g) (Table S14). Heavy metals from outdoor sources may translocate into
indoors. Heavy metal bearing particles were found to transport from outdoors to
dwellings via ventilation and infiltration (Tong and Lam, 2000). According to
Hassan. (2012), contribution of footsteps to Cd, Cr, Pb, and Ni in dusts on stairs or
entry ways was significantly high. Mn, Pb, As, and Hg found in indoor dust were
correlated with vehicle emissions (Al-madanat et al., 2017; Wisniewska et al.,
2017). Other sources suggested for Mn, Cr, Ni, and As were soil parent materials
from lithogenic origins (Ali et al., 2016). On the other hand, cleaning products,
cooking emissions, cigarette smoking, paint, and furnace were suggested as indoor
sources for Pb, Cd, and Ni (Khoder et al., 2010). Together, heavy metals from
outdoors and indoors could accumulate as SHD. Cd, Mn, Cr, Pb, As, Ni, and Hg
were found in all house dust samples collected in Canada and China (Dingle et al.,
2021; Rasmussen et al., 2001; Wan et al., 2016).

For house dust mite allergens, the detection rate and average
concentration of Der f 1 were significantly higher than those of Der p 1. This was
consistent with a study in Europe, where the detection rate of Der f 1 was
significantly higher than that of Der p 1 in Europe (Zock et al., 2006). However, it
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was the opposite for United Kingdom, Belgium, and Spain, which was from the
high humidity in those regions. The average concentrations of Der f 1 (0.01-231
na/g) in other studies were also significantly higher than those of Der p 1 (0.14-30
ug/g) (Table S15). This could be from the high viability of Der f 1 to external
stressors. Der f 1 is known to well adapt to fluctuating humidity, whereas Der p 1
dominates in continuously humid conditions (Arlian et al., 1999). In addition,
house dust mites are poikilothermic and cannot regulate the internal body
temperature (Verhoeff, 1994). The fluctuation of temperature could impact the
house dust mites, but Der f 1 could resist to some extent. According to Zock et al.
(2006), Der f 1 had higher resistance to drought and variations in temperature than
Derp 1.

The average concentrations of house dust mites in this study were
significantly lower than those in other studies. The average concentration of Der f 1
in this study was up to 110 times lower than that measured in Korea (10.2 ug/g;
Nam et al., 2008) and that of Der p 1 was more than 3500 times lower than that
measured in Spain (4.9 pg/g; Zock et al., 2006). This could be from the fluctuation
in weather conditions during sample collection. The weather patterns during April
and May of 2021 in Korea were different from the previous years. The temperature
during April ranged from 8 to 18 °C, and the days of precipitation during May were
14.5 days, which was 1.7 times higher compared to common years (KMA, 2021).
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4.2. Correlations Between Contaminants in SHD

Among the EDCs, TPhP and EHDPP showed strong correlation. This was
similar to other study that suggested strong correlation between TPhP and EHDPP
(Lee et al., 2020). This could be an indication of a common source. TPhP and
EHDPP have been suggested as the major additives used in polyurethane foam in
furniture, textile, electronics, and automobile products (Brommer and Harrad,
2015; Van der Veen and de Boer, 2012). TPhP and EHDPP were the largest
contributors to XOPFR concentrations in house dust (Lee et al., 2020). However,
most EDCs and heavy metals showed little to no statistically significant
correlations, which could be from the variations in the concentration profiles
derived from multiple sources (Figure S1, S2, S3, and S4).

Moderate correlation between Der f 1 and Der p 1 was observed. Other
studies have reported that the two species showed moderate (r=0.35-0.47) to weak
(r=0.08-0.21), but positive correlations (Barnes et al., 2015; Gross et al., 2000; Van
Strien et al., 2004; Zock et al., 2006). According to those studies, presence of one
species do not enhance nor reduce the presence of other species as the two house
dust mites do not compete. In addition, Barnes et al. (2015) suggested that the
positive correlations could be an indication of conditions conducive to the growth
of two species. House dust mites are known to flourish in homes as humidity and
temperature are optimal, and human skin can provide constant food supply (Arlian
et al., 1999). Levels of house dust mite allergens were significantly higher in the
mattresses and sofas than other places inside the home, which could be from the
abundant remnants of human flakes (Luczynska et al., 1998; Moscato et al., 2000).

Most chemicals from different groups were weakly correlated. Similarly,
weak correlations between different groups of SVOCs were reported in a previous
study (Bi et al., 2018). This could be from the different physicochemical properties
of contaminants. The octanol-air partition coefficients are different by EDC groups.
The log (Koa) of OPFRs ranged from 8.20-11.3, whereas those of PHTHs were

from 6.69-14.7, and those of NPPs were above 12.1, reaching up to 16.24
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(Schossler et al., 2011). SVOCs with log (K.) >10 were expected to have
substantial association with dust particles, since dust with less organic content and
smaller size fractions absorbed more compounds (Liu and Folk, 2021). On the
other hand, heavy metals are group of metals and metalloids with relatively high
densities (>5g/cm?®) that eventually deposit on floors (Koller and Saleh, 2018).
Levels of Cd, Pb, and Hg in air were lower than those accumulated on floors and
surfaces (WHO, 2007). In addition, multiple sources of various chemicals co-exist
in sresidential environment. OPFRs, PHTHs and NPPs have been found in
polyurethane or polyester foam, and PVC covers of crib mattresses (Table S16;
Boor et al., 2015). PHTHs and NPPs were detected in PVVC floorings and non-PVC
products such as glues, paints and cosmetics (Larsson et al., 2017). Higher
concentrations of OPFRs and PHTHs were associated with more numbers of
electronics (He et al., 2016). Ni, Cd, Pb, DMP, DEP, DEHP, BBzP, DnOP, and
DiBP were detected in food packaging of either metal or plastic forms, such as
coffee capsules (de Toni et al., 2017). TEP, TCEP, TCIPP, TDCIPP, TPHP, EHDPP,
and TEHP were detected in canned fishes and Pb, Cd, Hg, As, Fe, Cu, and Zn were

found in tuna cans (Novakov et al., 2017; Poma et al., 2018).
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4.3. Determinants in Association with Contaminants in SHD

Housing and behavior related factors could significantly influence the
levels of contaminants in SHD. The greatest degree of change for EDC levels in
dust was associated with the type and number of electronic appliances, use of air
fresheners or incenses, and fuel used for cooking, which was in agreement with
other studies (Brommer and Harrad, 2015; Yang et al., 2020). Studies that have
directly sampled SVOCs reported that OPFRs are employed as additives applied in
polyurethane and polymers for use in furniture, electronics, and textiles, whereas
PHTHSs and NPPs are used as plasticizers and lubricants in vinyl, detergents, spray
products, and insulation wires (US FDA, 2013; WHO, 2000). However, housing
appliances bought after 2019 were found to significantly reduce the levels of
PHTHs whereas elevating those of NPPs. This could be from the restriction of
PHTHSs including DnBP, DiNP, BBzP, and DEHP for use in electronics, in contrast
to increase in NPPs as alternatives.

The levels of heavy metals in SHD were mainly associated with the type
and number of electronic appliances and fuel used for cooking. In particular,
refrigerators and printers bought before 2019 significantly elevated the levels of
heavy metals in dust. This was similar to Cheng et al. (2018), where aged coverings,
paints on electronic gadgets, and the type of fuel used for cooking were in strong
associations with the levels of Cr, Cd, Pb, and Ni concentrations in dust. This could
be from the deterioration and peeling off of scraps and paints from surfaces with
time (Rasmussen et al., 2001; Tan et al., 2016). However, use of natural gas
(62.5%) contributed more than electricity (12.5%) in Cheng et al. (2018), while the
effect of fuel type was negligible in this study. Such could be from the difference in
air circulation within indoors. Rasmussen et al. (2001) reported that the Pb and Hg
loadings in dust were greater during electrical heating than gas or oil heating.
Although the method of heating the house could affect the levels of heavy metals in
dust, air circulation and management could also have an influence (Rasmussen et

al., 2001).
58



House dust mite allergens were mainly associated with the number of
residents and water penetration. This was in concordance with other studies that
reported elevation of Der f 1 levels derived from human occupancy and humid
conditions (Jarvis et al., 2007; Svennberg, 2005). The number of occupants and
humidity can aid the growth of house dust mites as their food sources are skin
scales, human dander, and appropriate humidity (Verhoeff, 1994). In addition,
occupant’s activities could influence the dynamics of dust, transporting house dust
mite allergens throughout the indoors (Johansson et al., 2011). Perturbation of
settled dust directly and indirectly relocated microbiota throughout the residential
environment (Meadow et al., 2014). House dust mite pellets were found on
airborne particles (6-20 pm) and were detected in air due to dust disturbing
activities (Tovey et al., 1981).

Ventilating, vacuum cleaning, and wet cleaning or dry mopping the floors
significantly decreased the levels of contaminants in dust. Cleaning is an effective
way to reduce dust and indoor contaminants. Simply mopping the floors largely
removed dust on floors and surfaces, and ventilating or vacuum cleaning
effectively reduced the levels of dust (Roberts et al., 2009). However, for heavy
metals in this study, natural ventilation significantly elevated the levels in dust,
while the opposite was the case for mechanical ventilation. The major contributors
to heavy metals in SHD are from external sources. Wind-blown dust from soil and
roads were the main contributors of As, Cd, and Pb (Meyer et al., 1999). Homes
with higher natural ventilation rates had higher levels of heavy metals in SHD
(Tong and Lam, 2000). As house dust is a reservoir to various contaminants,
reducing the levels in residential environments can be important for protecting the
health of residents.

Although few housing and behavior related factors showed associations
with contaminants in this study, identifying the precise source for contaminants in
dust could be difficult due to the complexity of the indoor environment. Especially
the complex dynamics of SVOCs could make it harder to trace direct sources. The
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transition from gas phase to particle phase was greater for SVOCs with MW higher
than 250 g/mol (Xie et al., 2013). Except for few low MW compounds including
TEP, DEP, and DMP, most compounds investigated in this study were > 250 g/mol
(Blum et al., 2019; Kim et al., 2021; Wang et al., 2019). Mass transfer of SVOCs
could redistribute the compounds from the original source to dust over time (Rudel

et al., 2010). Therefore, further studies are required to verify the findings.
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4.4. Chemicals in ACCD

In this study, mass per mass ratio was used to quantify the amount of
chemicals in dust. Because ACCD samples were collected using thin HEPA filters
in air cleaners, concentrations of chemicals were computed using pg/g and pg/cm?
units. However, the time spent using air cleaners and air inflow settings in each
home had not been investigated and uncertainty of mass per area unit remained. In
Guo et al. (2020) that used HEPA filters for collecting airborne dust, the time spent
using air purifiers and the flow rate settings were investigated. Other studies that
used HVAC filters for sampling used ug/g units as the sampling duration was
uncertain (Noris et al., 2009; Xu et al., 2015).

For ACCD, 10 chemicals were detected >90% of the samples, suggesting
ubiquity of numerous EDCs in air. The high detection rates of EDCs could be from
the increased consumption of plasticizers and FRs. Prohibition of halogenated
flame retardants had increased the consumption of OPFRs (UNEP, 2009). Due to
the regulations for DEHP, BBzP, DiNP, DiDP, and DnOP by the Korean Food and
Drug Administration (KFDA) and the Korean Ministry of Environment (KMOE),
use of NPPs as alternatives to PHTHSs increased (KFDA, 2020; KMOE, 2017).
However, regulated PHTHSs were detected above the acceptance criteria in various
consumer products in 2020, implying that numerous PHTHSs are still in use (Lee et
al., 2021).

The average concentrations of OPFRs and PHTHs were within the range
of other studies that used HVAC filters for sampling (0.01-5190 pg/g and 5.49-
6930 pg/g, respectively) (Bi et al., 2018; He et al., 2016; Xu et al., 2015). No
studies to date sampled NPPs using filters and the levels were incomparable. The
concentrations of OPFRs in ACCD in this study was up to 29 times higher than that
in SHD. This was similar to Bi et al. (2018), where the average concentration of
OPFRs in airborne dust (56.9 pg/g) was significantly higher than that in SHD (19.3
pg/g). This could be from the smaller size of particles captured in HEPA filters in

air cleaners. Because the particle size distribution of ACCD was not determined in
61 4 2 TH

-
Ll



this study, the precise size fractions of the particles are unknown. However,
airborne dust predominantly consists of fine particles with small portions of coarse
particles entrained into air via resuspension of SHD, whereas SHD mainly consists
of large particles between 86685 um (Gustafsson et al., 2018; Mukai et al., 2009).
Considering that the SVOCs’ mass transfer rates are higher in smaller particles due
to larger surface areas and the fraction of organic matter increases with decrease in
particle size, higher levels of SVOCs are expected in suspended particles (Liu et al.,
2014). Concentrations of SVOCs in particles of respirable fractions (<5 pum) were
significantly higher than those in larger particles (<75 pm) (Weiss et al., 2018).

All heavy metal elements were detected in <90% of the houses sampled.
The average concentrations of heavy metals in this study were comparable to those
(0.75-44.9 pg/g) in other study that used HVAC filters for sampling (Noris et al.,
2009). Since Noris et al. (2009) sampled houses in proximity (<1.8 km) to
highways, the results can be slightly higher than in this study. The average
concentrations of most elements in ACCD were significantly lower than those
measured in SHD, which could be from the high densities of heavy metals. Heavy
metals have high densities >5 pg/cm?® and substantial proportions of the suspended
fractions could sink onto floors and accumulate (Lu et al., 2008). The opposite was
the case in other study, where the levels of Cd, Mn, Cr, Pb, As, and Ni in suspended
particles were significantly higher than those in SHD (Rasmussen et al., 2018). The
dissimilarity could be from the sampling method as Rasmussen et al. (2018) used
passive samplers with PTFE filters to collect PM,s and PMi, samples for 5
consecutive days. In that study, the elevated elemental content in suspended
fractions were explained by the resuspension of SHD alone. Significant
correlations were found between elements in SHD and those in suspended particles
(Rasmussen et al., 2018). However, HEPA filters in air cleaners were used to

collect airborne dust for more than 1 year in this study.
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4.5. Correlations Between Chemicals in ACCD

Strong positive correlations between TPhP and EHDPP, and DiBP and
DEHP had been observed. This could be from the existence of a common source as
chemicals are simultaneously used together. Co-use of chemicals from the same
group have been reported in other studies. TPhP and EHDPP were detected in fats
and oil products, grains and cheese products, food packaging, canned food,
polyurethane foam in furniture, and electronic appliances (Poma et al., 2018; Lee et
al., 2020). DiBP and DEHP are simultaneously used in polyurethane foams, plastic
toys, PVC floorings, wall paintings, electronic devices, and food wraps (Boor et al.,
2015; Larsson et al., 2017).

Moderate correlations were found between chemicals from different
groups. Various chemicals are applied together for different purposes. OPFRs are
widely used as flame retardants for prevention of fire, but are also utilized as
plasticizers, anti-foams, and polishing agents (Pantelaki and Voutsa, 2019). PHTHSs
and NPPs are used as plasticizers to help dissolve other materials and as solvents in
cosmetic products (Ventrice et al., 2013). OPFRs, PHTHSs, and NPPs were found in
mattress covers and polyurethane foams (Boor et al., 2015). Because multiple
sources exist in residential environments, the correlations between chemicals could
have been relatively weak.

In contrast to ACCD results, most EDCs in SHD showed weak or
insignificant correlations. Similar disparities were observed in Bi et al. (2018). In
that study the levels of OPFRs and PHTHSs in SHD fluctuated by variation in
temperature whereas those in airborne dust were uniform. Similarly, in this study,
contaminants in SHD showed great variations in the concentration profiles (Figure
S1, S2, S3, and S4), whereas the concentrations of chemicals in ACCD were
skewed to the right and uniform throughout (Figure S5, S6, S7). The disparity
between SHD and ACCD could be from the difference in sampling duration and
particle size. In Bi et al. (2018), the sampling duration of airborne dust was longer

(>1 month) and the particles were smaller than those of SHD. This allowed SVOCs
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to reach their equilibrium concentrations. In contrast, the duration of indoor
residence for SHD may not have been sufficient for SVOCs to equilibrate between
particle to gas phase (Bi et al., 2018). Therefore, sorption kinetics could have
directly affected the SVOC concentrations in SHD (Edwards et al., 1998).
Likewise, the sampling duration was longer (>1 year) in this study. The size
fractions of the ACCD were not investigated in this study, but airborne dust

predominantly consist of small particles, typically <15 pm (Gustafsson et al., 2018).
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4.5.1. Between EDCs in SHD and ACCD

Significantly strong correlation between DEHTP in SHD and ACCD was
observed, whereas all other compounds were not correlated. Similarly, other
studies reported insignificant or weak correlations between SHD and airborne dust
for OPFRs and PHTHSs (Bergh et al., 2011; Bi et al., 2018). However, in Bergh et al.
(2010), TBP, TCEP, and TCPP in SHD and airborne dust were moderately
correlated, whereas TCPP in Bi et al. (2018) was moderately correlated. The
difference with this study could be from the sampling duration, since air sampling
in Bergh et al. (2011) (8 h) and Bi et al. (2018) (>1 month) were much shorter than
in this study (>1 year). Cao et al. (2017) reported that the airborne particle’s
absorption of SVOCs in the boundary layer adjacent to the source surface increased
with higher gas phase SVOCs concentrations. In this study, log (Ke) and MW of
OPFRs were the lowest among the three EDC groups, whereas those of NPPs were
the highest. Therefore, OPFRs and few PHTHSs including DMP, DEP, and DBP
were expected to show correlations between SHD and ACCD, but not NPPs.
However, because the sorption equilibrium between the gas and particle phase
occurs at faster rates for compounds with low MW, DEHTP, but not OPFRs might
be strongly correlated between SHD and ACCD in this study (Marklund et al.,
2005). As the saturation vapor pressure decreases with increase in Koz and MW,
decreasing the desorption from particle phase, phase transition is slow for NPPs
(Lutz et al., 2019). In realistic indoor environments, it could be difficult for SVOCs
to attain equilibrium partition as the time required could be longer than the
residence time of airborne particles. However, the sampling periods for ACCD was
long in this study and DEHTP could have been in equilibrium state. On the other
hand, OPFRs in airborne dust could have migrated from ACCD. Liu and Folk
(2017) observed OPFRs in dust particles being re-emitted as gas phase. In that
study, the test duration was more than 21 days and compounds were assumed to
have reached equilibrium. However, OPFRs were re-emitted after removal of the

source materials. Similarly, in this study, because of the frequent migrations from
65 - 22 TH

-
Ll



mediums to mediums, concentrations of OPFRs in SHD and ACCD could have

fluctuated.
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4.6. Determinants in Association with Chemicals in ACCD

The levels of chemicals in air could be significantly affected by housing
and behavior related factors. The greatest degree of change for EDC levels in dust
was associated with the type and number of electronic appliances, use of air
fresheners or incenses, and indoor combustion activities. This was similar to other
studies that reported strong relationship of OPFRs with the type and number of
electronic appliances, and that of PHTHs and NPPs with polyurethane foams,
electronic appliances, incenses, and cigarettes (Bi et al., 2018; Kolarik et al., 2008;
Lee et al., 2020; Neamtiu et al., 2016). In particular, electronic appliances bought
after 2019 significantly increased the levels of NPPs, whereas reducing those of
PHTHSs. This could be from the regulation of PHTHSs in electronic appliances as of
2019, consequently increasing the use of NPPs as alternatives (KFDA, 2020).
While the market shares of PHTHs decreased from by 32% in 15 years, NPP
consumption increased, taking up to 40% of the EU plasticizer market in 2019
(ECPI, 2018; ECPI, 2019).

Ventilating, wet cleaning the floors, and cleaning electronic appliances
significantly decreased the levels of contaminants in ACCD. Roberts et al. (2009)
suggested that ventilating or mopping the floors could remove substantial amount
of contaminants in air (Roberts et al., 2009). In addition, cleaning dust on
electronic appliances could have reduced the levels of chemicals in ACCD as they
are the direct sources of EDCs. Since residential environment is a mixture of
various chemicals that can persistently influence residents, cleaning is essential to
reduce the levels of chemicals.

Most factors in association with contaminants in ACCD and SHD were
similar, but the presence of smokers did not show significant associations in SHD.
This could be from the difference in the number of smokers who had smoked
indoors within 1 month. For ACCD collected houses, 34 out of 120 participants
were smokers, whereas it was 18 out of 106 participants for SHD collected houses.

Among the smoking participants from ACCD collected houses, about 82% had
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smoked indoors within 1 month, whereas it was only 11% for SHD collected
houses. Cigarette smoke contains more than 7,000 chemicals, in which more than
70 of them are known to be carcinogenic and can function as endocrine disruptors
(US FDA, 2020). As smoking can induce toxic chemicals, residents should refrain
from smoking indoors.

Associations of housing products and behavioral factors with numerous
EDCs in both SHD and ACCD were observed in this study. Since people spend the
majority of time indoors, chronic exposure to pollutants in house dust can occur.
Therefore, adequate measures are required to reduce the levels of contaminants in

residential indoors.



4.7. Residential Intake by Different Routes

Infant’s residential intake of chemicals via ingestion was significantly
higher than that by inhalation, suggesting that ingestion could be the major
exposure route for contaminants in dust. This was similar to Bi et al. (2018), where
intake of PHTHs and OPFRs by ingestion was significantly higher than that by
inhalation. In Weiss et al. (2018), ingestion was the major contributor to daily
intake of NPPs in dust. This could be attributable to the amount of dust entering the
body by different exposure routes. The amount of dust ingested was greater than
that inhaled in this study. It was estimated that infants would inhale 0.17 mg/day of
respirable dust, which was significantly lower than the dust ingestion rate of 100
mg/day. According to Roberts et al. (2009), ingestion was the primary route of
exposure for infants as they are in close contact with the floor and continuously
exhibit mouthing of dust residues on hands. Luby et al. (2005) suggested that
children could ingest significant amount of dust by sucking fingers and non-food
items.

The estimated inhalation intake for most chemicals was significantly
higher using ACCD than SHD. Gustafsson et al. (2018) and Miller et al. (1979)
have underlined that airborne particles are typically <15 pm, where particles <5 pm
accounted for 77% of the alveolar deposition. In consideration, the concentrations
of chemicals in both ACCD and SHD were used for estimating inhalation intake in
this study, as derived from Bi et al. (2018) and Weiss et al. (2018). In Bi et al.
(2018), the size distribution of dust captured in HVAC filter was determined. In
that study, concentrations of contaminants in HVAC captured dust were used for
estimating the daily inhalation intake, assuming that airborne particles of small size
would enter our body via inhalation. On the other hand, Weiss et al. (2018)
assumed that settled dust below 5 pum could resuspend in air. Thus, the
concentrations of chemicals in SHD were used in that study. In this study, the size
fraction of SHD was not quantitatively assessed. Therefore, the amount of

resuspendable SHD was estimated by multiplying 0.6% to inhalation rate of dust,
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assuming that small portions of SHD particles would be in the respirable particle
fractions (Gustafsson et al.,, 2018). As a result, inhalation intakes for most
chemicals in ACCD were significantly higher than those in SHD due to higher
concentrations and inhalation rate of dust. However, the feasibility of such
approaches contain few limitations. First, ACCD may not only contain airborne
particles, but also resuspended SHD. Therefore, directly applying the
concentrations of chemicals in ACCD may engender inaccuracies. Second,
adsorption partitioning of chemicals could vary by particle size fractions. Higher
concentrations of SVOCs were found in respirable (<5 pum) dust fractions than in
larger (<75 pm) particles (Weiss et al., 2018). However, ACCD includes small
portions of coarse to bulk sized particles (Mukai et al., 2009). Hence, assuming that
ACCD consists mainly of respirable particles and estimating inhalation intake
using PM s concentrations could lead to uncertainties. As means of assessments for
estimating inhalation intake of chemicals in dust unto date contain uncertainties,
more integrative studies on the quantification of exposure to contaminants in house
dust are required in the future.

While intake of most chemicals were below the RfDs, the 95" percentile
ingestion intake of DEHP was much higher than the RfD value. This was similar to
Beko et al. (2013), where children’s daily intake of DEHP by dust ingestion
exceeded the RfD. However, because high exposure scenario was applied in this
study, this level could have been overestimated. Despite the possibility for
overestimation, DEHP could be toxic even at low levels of exposure, associated
with reproductive and developmental toxicity in mammals (Yin et al., 2018).
Therefore, precautions are needed to lower the levels of exposure.

Among the 10 EDCs investigated in this study, EPA CompTox Chemicals
Dashboard provided RfD values for 5 chemicals based on single major exposure
route. However, health effects from intake of chemicals may not only be related to
the amount, but also to which substance enters through which route (Liu et al.,
2017). Chemicals without RfDs are uncertain of their health effects. Therefore,
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consecutive researches are required to update hazard and toxicity information of

various chemicals.
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5. Conclusions

In this study, EDCs, heavy metals, and house dust mite allergens in SHD
and ACCD in residential indoors were comprehensively assessed and infant’s
residential intake of contaminants in house dust was evaluated.

More than half of the contaminants in SHD and 10 EDCs in ACCD were
detected in >90% of samples, indicating ubiquity of contaminants in residential
environments. NPPs were the most frequently detected compounds with the highest
concentrations in SHD, whereas those of PHTHs were the highest in ACCD, which
could be from the different physicochemical properties of the SVOCs. High
concentrations of Cd, Mn, Cr, Pb, As, Ni, and Hg elements were detected in all
SHD samples, whereas those in ACCD were lower with significantly low detection
rates. The detection rate and concentration of Der f 1 in bedding dust were
significantly higher than those of Der p 1.

TPhP and EHDPP, and DiBP and DEHP showed strong correlations
(r>0.7), suggesting occurrence from a common source. The concentrations of
EDCs in both ACCD and SHD were largely affected by the type and number of
electronics, air fresheners and incenses used, whereas heavy metals were in
association with the type and number of electronics and fuel used for cooking. Der
f 1 was related to the number of occupants and water penetration. However,
ventilating >1.5 h/day, vacuum cleaning >4-7 times/week, and either wet cleaning
or dry mopping the floors significantly lowered the levels of contaminants in dust.
As various housing products and occupant’s activities can induce numerous
contaminants indoors, residents should choose items acquainted with awareness.

Infant’s residential intake of most chemicals were significantly higher via
ingestion of dust than inhalation, indicating that ingestion could be the major
exposure route for infants. In addition, inhalation intake using ACCD was
significantly higher than that by SHD. However, as adsorption of chemicals can
differ by particle size, more integrative studies on the quantification of residential

intake are needed in the future. Although residential intake of most chemicals were
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below RfDs in this study, many contaminants in house dust are unknown of their
health effects with chronic exposure. Thus, adequate measures are necessary to

reduce the levels of contaminants in house dust.
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[Supplementary Materials]

Table S1. Correlation coefficients within OPFRs in SHD.

TEP TBP TCEP TCPP TPhP EHDPP

TEP
TBP -0.03
TCEP 0.04 0.11
TCPP 0.35 0.05 0.24
TPhP -0.15 -0.05 0.03 0.13
EHDPP  -0.22 0.01 0.01 0.04 0.80
Table S2. Correlation coefficients within PHTHs in SHD.

DEP DnBP DiBP BBzP DEHP DiNP DiDP
DEP
DnBP -0.06
DnBP 0.17 -0.16
BBzP -0.06 -0.01 0.19
DEHP 0.01 0.01 0.32 0.43
DiNP 0.08 -0.03 0.04 0.14 0.32
DiDP 0.11 0.16 0.08 0.07 0.11 0.17

Table S3. Correlation coefficients within NPPs in SHD.

ATBC DEHA DEHTP DINCH TOTM
ATBC
DEHA -0.01
DEHTP 0.19 0.19
DINCH 0.25 0.16 0.34
TOTM 0.20 0.04 0.09 0.15
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Table S4. Correlation coefficients within heavy metals in SHD.

Cd Mn Cr Pb As Ni Hg
Cd
Mn 0.22
Cr 0.37 0.34
Pb 0.45 0.36 0.45
As 0.19 0.30 -0.06 0.04
Ni 0.37 0.32 0.47 0.45 0.02
Hg 0.17 0.08 0.25 0.26 0.02 0.22

Table S5. Correlation coefficients between EDCs and heavy metals in SHD.

Cd Mn Cr Pb As Ni
TEP 0.24 0.41 0.28 0.32 -0.16 0.23
TCEP 0.28 0.08 0.23 0.29 0.03 0.17
TCPP 0.21 0.23 0.30 0.27 -0.03 0.30
TPhP 0.32 0.15 0.04 -0.01 0.61 0.04
EHDPP 0.19 -0.06 -0.01 -0.04 0.43 -0.08
DEP 0.18 0.15 0.11 0.02 0.21 0.07
DiBP 0.13 0.13 0.22 0.23 0.01 0.12
BBzP 0.51 -0.01 0.09 0.28 -0.06 0.16
DEHP 0.41 -0.08 0.15 0.15 0.02 0.19
DiNP 0.26 -0.01 0.07 0.05 0.05 0.07

Table S6. Correlation coefficients between PHTHs and NPPs in SHD.

DEP DnBP DiBP BBzP DEHP DiNP DiDP
ATBC 0.17 0.02 0.04 -0.14 -0.02 0.04 -0.02
DEHA -0.07 0.01 0.02 0.31 0.09 0.31 0.10
DEHTP -0.11 0.05 -0.01 -0.23 -0.06 0.28 0.04
DINCH 0.02 -0.06 0.12 -0.07 -0.01 0.33 0.24
TOTM 0.32 -0.02 0.17 0.02 -0.03 0.16 0.07
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Table S7. Correlation coefficients within OPFRs in ACCD.

TCEP TPhP EHDPP
TCEP

TPhP 0.60

EHDPP 0.39 0.77

Table S8. Correlation coefficients within PHTHs in ACCD.

DnBP DiBP BBzP DEHP
DnBP
DiBP 0.45
BBzP 0.29 0.41
DEHP 0.46 0.74 0.52

Table S9. Correlation coefficients within NPPs in ACCD.

ATBC DEHA DEHTP
ATBC
DEHA 0.38
DEHTP 0.47 0.52

Table S10. Correlation coefficients between PHTHs and NPPs in ACCD.

DnBP DiBP BBzP DEHP
ATBC 0.35 0.69 0.43 0.58
DEHA 0.23 0.55 0.28 0.48
DEHTP 0.12 0.50 0.10 0.44
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Table S11. The range of OPFR concentrations in SHD of other countries.

OPFRs Country (concentration in ug/g)
Belgium  China  China  China  Germany Korea Spain Nepal Nepal  Philippines  United  United United
States States  States
TMP - - - - - - - - - - - -
TEP <LOD <0.006- 0.02- 0.02- <LOD- <LOQ- - - - - - 0.015- -
0.26 0.24 14 2.3 8.3 2.70
TiPP - - - - - - - - - - -
TPrP - ND - - - - - - - - - -
TBP - 0.02— - 0.07— - - - - - - 0.012- -
1.17 9.6 0.39
TCEP 0.08- 0.05- 1.55- 0.2- <LOD-  0.0065- 0.12- 0.00011- 0.0006- <LOD- - <LOQ- <LOD-
2.65 3.13 9.70 38.0 5.0 20.0 13.20 0.0069 5.29 1.20 2.13 160
TCPP 0.19— 0.11- 0.16— 0.6— 1.7-10.0 <LOQ- 0.78- 0.024- 0.016- - - - <LOD-
73.7 4.59 2.93 18.2 22.0 64.42 0.81 0.14 166
TPeP - - - - - - - - <LOD- - - -
0.00078
TDCPP 0.08- 0.42— - 0.2- <LOD- 0.13- 0.0010- 0.0001- - - - <LOD-
6.64 10.19 17 4.3 10.52 1.42 0.020 228
TBOEP - - - - 2.1-99.0 <LOQ- - - - - <MDL- 8.59- -
36.0 121 196
TPhP - 0.1- 0.01- - 0.48- 0.0068- 0.018- 0.0098-  0.0008- - - <LOQ- <LOD-
3.55 0.80 23.0 13.0 14.1 3.67 0.22 3.50 62.1
EHDPP - 0.25- 0.03- 0.3 - <LOQ- 0.37- 0.026- 0.019- 0.00080- - <LOQ- -
6.53 3.47 14 39.0 4.03 0.53 0.032 0.77 0.456
TEHP - 0.14- 0.03— - <LOD- <LOQ- 0.057- 0.026- - 0.00041- - 0.077- -
1.22 1.37 2.1 0.650 3.49 0.75 0.97 1.44
CDP - - - - - - - - - - - -
TmCP - - - - - - - - - - - -
ToCP - - - - - - - - - - - -
TpCP - - - - - - - - - - - -
TiPPP - <0.01- - - - - - - - - - -
0.22
Total 1.92— 2.06— 4.45— 3.8- 5.9-110 0.0049- - 0.15- 0.20- 0.021-4.3 8.24- 16.2- -
94.7 19.95 275 44.0 59.0 12.1 240 1220 224
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Sampling - - 2013- - 2015 2015 - 2014 2015 2008 2014- 2018  2003-
year 2014 2015 2006
Reference  Vanet Tan et He et Peng Zhou et Lee et Cristale  Yadavet Yadav Kimetal., Bi et Kimet Percy
al., 2011 al., al., etal., al.,, 2017 al., 2020 etal., al., 2017 etal., 2013 al., al., et al.,
2017 2015 2017 2016 2018 2018 2019 2020
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Table S12. The range of PHTH concentrations in SHD of other countries.

PHTHSs Country (concentration in ug/g )
Belgium China China China Korea Ireland Netherlands  Vietham  United  United
States States
DMP - 0.035-26.6 LOD-68.84 <LOD- - <LOQ-0.31 <LOD- <MDL- <LOD-
24.0 0.69 111 0.96
DEP 0.16-1.5 0.013-4.01 - <LOD- 0.39-6.6 0.19-3.82 0.0009- <MDL- <LOD-
33.9 0.36 6.93 15
DiPrP - - - - - - - -
DnPrP - - - - - - - -
DAIP - - - - - - - -
DiBP 1.2-51 0.452-262 LOD- - < LOD- 4.6-150 < LOQ-26 0.018 - - 3.3-43
7228.34 21.1 0.97
DnBP 0.67-109 - 3.64- - < LOD- 5.7-187 1.2-146 - <MDL- 5.4-204
4357.32 190.7 950
DnPeP - - - - - - - -
DnHxP - - - - - - - - 0.21-
1.9
BBzP 0.20-16 <LOD- - <LOD- <LOD- 2.0-6.4 0.70-18 0.028- <MDL- 8.0-619
0.648 38.7 444.4 4.60 2380
DCHP - <LOD- - - - - <LOD- - -
0.166 0.30
DEHP 9.0-497 0.503-1550 67.06- 0.3-9950 114-4321 24-254 32-307 2.08- <MDL- 253-
3475.73 76.50 2120 803
DiHpP - - - - - - <LOD-
17
DnOP - <LOD-6.81 - <LOD- < LOD- - - 0.018- <MDL- -
39.5 15.4 1.45 355
DiNP 5.2-296 - - - 62-121 < LOQ-152 - - 2.6-13
DiDP 4.4-59 - - - 16-67 < LOQ-62 - - <LOD-
19
Total - 2.31-1590 122.88- 0.9- 175-4491 - - 3.44— 26.4- 261-
9504.38 10900 79.30 5420 1570
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Sampling 2017 2017-2018  2012-2013 2011 2011 2017 2017 2014 2014- 2014-
year 2015 2015
Reference  Christia et Zhuetal, Wangetal, Zhange Kweonet Christiaet Christiaet Tran et Bi et Bi et
al., 2019 2019 2014 etal., al., 2018 al., 2019 al., 2019 al., 2016 al., al.,
2013 2018 2015
A 2-1)
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Table S13. The range of NPP concentrations in SHD of other countries.

NPPs Country (concentration in ug/g )
Belgium Germany Ireland Netherlands China United States United States
ATBC 0.22-101 <LOQ-3314 4.8-17 0.20-21 1.34-37.27 24.7-2180
DEHA 0.27-272 1.0-724 1.6-4.7 0.20-17 <LOD-1.52 <LOD-17.16 21.8-225
DEHTP 5.1-101 - 32-247 6.9-764 - - -
DINCH 1.2-1051 32-2732 1.7-111 <LOQ-19 1.06-11.55 - -
TOTM 0.46-130 <L0OQ-107 1.2-3.2 < LOQ-46 0.40-101.25 <LOD-36.19 -
Total - - - - 61.2-1118.35 - -
Sampling 2017 2011-2012 2017 2017 2017 2014 and 2016 2016
year
Reference Christia et al., Fromme et al., Christia et al., Christia et al., Tang et al., Hammel et al., Subedi et al.,
2019 2016 2019 2019 2020 2019 2017
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Table S14. The range of heavy metal element concentrations in SHD of other countries.

Heavy Country (concentration in pg/g )
metals
China China  China Hong Canada Canada  Egypt Iran Korea Korea Russia  United
Kong States
Cd - 8.55- - 0.2- - 0.068- 13- 8.02-17.72 - -
84.6 2340.6 170 8.8
Mn 392.1- - - 44.7- - 5.5- 138 - - - -
549.2 2463.8 3500 237
Cr 74.1- 0.60- - - - 3.0- - 3.49-22.55 28-71 -
152.6 3.08 1200
Pb 92.9- 0.62- - 0.1- - 0.99- 85.3 - 10.28-101.65 52— 19-491 27-520 -
266.0 10.7 1415.2 8500 120 2350
As - - - - - 0.13- - - 3.9-15.9 -
150
Ni 29.6- 0.40- - - - 1.9-550 - 25.00-89.47 21.0-57.0 -
1367.1 10.9
Hg - - - - - - - - - -
Total - - - - - - - - - -
Sampling - 2014- 2018 - 2012- 2017- - 2017 1996 1996 2017 -
year 2015 2013 2018
Reference  Wan et Cheng Zhou  Tongand  Hejami Dingle  Rashed, Sabzevari and Kimet Kimet Krupnova Tong,
al., etal, etal, Lam, etal, etal., 2008 Sobhanardakani, al., al., etal, 1998
2016 2018 2019 2000 2020 2021 2018 1998 1998 2019
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Table S15. The range of house dust mite allergen concentrations in bedding dust of other countries.

Country Allergens (concentration in ug/g ) Sampling year Reference
Derfl Derp1l
China 0.03-1.77 0.03-4.34 2013-2014 Liu et al., 2020
China 0.03-1.77 0.03-4.34 2011-2012 Huang et al., 2019
Korea 0.01-230.9 0.14-30.0 2006 Nam et al., 2008
Estonia* 0.24 0.05 2000-2002 Zock et al., 2006
Germany™* 1.945 0.54 2000-2002 Zock et al., 2006
United Kingdom* 0.26 0.05 2000-2002 Zock et al., 2006
Belgium* 0.25 0.735 2000-2002 Zock et al., 2006
France* 0.515 0.08 2000-2002 Zock et al., 2006
Switzerland* 0.35 - 2000-2002 Zock et al., 2006
Italy* 3.01 0.04 2000-2002 Zock et al., 2006
Spain* 1.03 4.88 2000-2002 Zock et al., 2006
United States* - 2.78 1998 Mansour et al., 2001
United States 0.05-24.9 0.05-17.6 - Barnes et al., 2001

*: Mean concentrations are listed for studies that have not reported the range.
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Table S16. Usage/applications of chemicals and sampling methods.

Chemicals Sampling Usage/Applications Reference
. Fractions of crib .
DEHP, DINP, mattress covers and Crib mattresses and Boor et al., 2015
DINCH, TPP polyurethane foam
foam surfaces sampled
DnBP, DEHP, 113 urine samples of maBt‘tJr'é‘s’;’;g yﬁzgtffi‘gns
DiNP, children and dust PVC floori;wp room s)i/zé Larsson et al.,
DEHTP, samples from 30 wall ain‘fi'n o 2017
DINCH preschools collected paintings,
electronic devices
Rechargeable computer
batteries, liquid crystal
displays (LCDs), mobile
C(.j’ Hg, PD, NA phones, computer ECHA, 2021
Ni, Cr . -
monitors, television
monitors, and electric
toys
Ni, Cd, Pb, Coffee surrogates
DEP, DBP, from metal . .
DEHP, BBzP, biodegradable and Mle; ::if;%%?g:cizbfu?gsd 55117_0”' etal,
DnOP, DiBP, plastic coffee capsules P P
DMP collected
165 food products
TEP, TNBP, crutglcegjndsm\?ee%%:ﬁles Fats and oil products,
TCEP, TCIPP, . 13, Veg ' grains and cheese
fish, milk, potatoes,
TDCIPP, products, food
mussels, desserts, . Poma et al., 2018
TPHP, packagings, canned food,
baby foods, stocks, . .
EHDPP, . and mechanical drying of
cheeses, grains, and
TEHP food
fats collected from
supermarket
ATBC, . .
TOTM, Urinary samples Z(I:?(sz:l(;nansd ;ﬁsdlr::;ﬁg(ejd Rudel et al., 2011
DINCH, collected P g %obds B
DEHTP
4 different paper- Paper-plastic food
plastic food ackagings, water, acid
Hg, Cd, Pb packagings and food P gings, L Peng et al., 2020
. food, milk products, oil-
4 food simulants .
in-water food
selected
Pb, Cu, Ni, 3?0ggfe;ir|l;p:ﬁst;c Plastic food packagings Khan and
Zn, Mn, Cr P gihg P ging Rahman, 2015

collected
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Figure S1. The concentration profiles of OPFRs in SHD. a) is TEP, b) is TBP, c) is TCEP, d) is TCPP, €) is TDCPP, f) is TBOEP, g) is TPhP, h) is EHDPP, i) is
TEHP, j) is CDP, and k) is ToCP.
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Figure S2. The concentration profiles of PHTHSs in SHD. a) is DMP, b) is DEP, c) is DAIP, d) is DiBP, e) is BBzP, f) is DEHP, g) is DiNP, and h) is DiDP.
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Figure S3. The concentration profiles of NPPs in SHD. a) is ATBC, b) is DEHA, c) is DEHTP, d) is DINCH, and e) is TOTM.
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