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ABSTRACT: Characterization of toxicological profiles by use of
traditional targeted strategies might underestimate the risk of environ-
mental mixtures. Unbiased identification of prioritized compounds
provides a promising strategy for meeting regulatory needs. In this
study, untargeted screening of brominated compounds in house dust was
conducted using a data-independent precursor isolation and character-
istic fragment (DIPIC-Frag) approach, which used data-independent
acquisition (DIA) and a chemometric strategy to detect peaks and align
precursor ions. A total of 1008 brominated compound peaks were
identified in 23 house dust samples. Precursor ions and formulas were
identified for 738 (73%) of the brominated compounds. A correlation
matrix was used to cluster brominated compounds; three large groups
were found for the 140 high-abundance brominated compounds, and
only 24 (17%) of these compounds were previously known flame retardants. The predominant class of unknown brominated
compounds was predicted to consist of nitrogen-containing compounds. Following further validation by authentic standards,
these compounds (56%) were determined to be novel brominated azo dyes. The mutagenicity of one major component was
investigated, and mutagenicity was observed at environmentally relevant concentrations. Results of this study demonstrated the
existence of numerous unknown brominated compounds in house dust, with mutagenic azo dyes unexpectedly being identified as
the predominant compounds.

B INTRODUCTION environmental matrices, such as natural products or byproducts
A growing number of chemicals are being introduced into the that were not purposefully synthesized.” Indeed, toxic effects
commercial realm, yet information regarding environmental such as those mediated via nuclear receptors,8 acute toxicities,’
fates and toxic potencies of these chemicals is rarely available. and mutagenicity'® are mainly driven by unknown substances.

Thus, assessing risks of these chemicals has posed a challenge
for traditional, targeted testing strategies to meet evolving
regulatory needs.' > To address these issues, the U.S.
Environmental Protection Agency (EPA) ToxCast Program

Thus, establishment of a prioritized list of chemicals, including
known and unknown compounds, is critical to reduce the time

and expense of programs such as ToxCast and allow

has developed approaches for screening and prioritization to assessments of environmental mixtures to which humans and
facilitate rapid hazard assessments of chemicals.”® However, the wildlife are exposed.
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Because of their persistence in the environment, bioaccumu-
lation, and toxic potencies, halogenated compounds are a class
of chemicals of special concern. Specifically, the brominated
flame retardants (BFRs), such as hexabromocyclododecane
(HBCD), polybrominated diphenyl ethers (PBDEs), bis(2-
ethylhexyl)-tetrabromophthalate (TBPH), and 2-ethylhexyl-
2,3,4,5-tetrabromobenzoate (TBB), are the most studied
halogenated compounds.''~"* Targeted monitoring of these
BFRs has revealed their wide occurrence in human tissues'’
and association with multiple adverse effects,'” but mass
balance analysis by quantification of total organic halogens has
revealed the existence of numerous unidentified organo-
halogens in the environment."®™"® Thus, unbiased identification
of unknown brominated compounds in the human environ-
ment is critical for improving our understanding of exposure
scenarios and potential adverse effects on humans.

House dust has been widely used as an important
environmental matrix in monitoring pollutants, especially
BFRs.'”*' Previous studies have found that ingestion of
house dust is an important exposure pathway for humans,
especially for children,” and significant associations between
concentrations of pollutants in children and those in house dust
have been reported.”’ Results of X-ray fluorescence analysis
have revealed relatively high concentrations of total bromine in
house dust and furniture in the range of approximately
milligrams per gram, which was ~100-fold greater than that
described for known BFRs (range of micrograms per gram),'®
indicating that most brominated compounds in house dust
remain unidentified. Results of these studies indicated potential
contributions of other classes, in addition to BFRs, to
brominated compounds in dust.

In a previous study, it was found that high concentrations of
TBPH and its byproducts occurred in house dusts collected
from Saskatoon, Saskatchewan.’® In this study, the data-
independent precursor isolation and characteristic fragment
(DIPIC-Frag) method™® was used for untargeted screening of
brominated compounds in 23 samples of house dust collected
from Saskatoon. Experimental evidence that hundreds of
unknown brominated compounds existed in house dust was
provided for the first time, and a novel class of mutagenic
brominated azo dyes were identified as the predominant
brominated compounds.

B MATERIALS AND METHODS

Chemicals and Materials. Authentic standards of 10
congeners of PBDEs, tetrabromobisphenol A (TBBPA),
polybrominated biphenyl (PBB), bis(2-ethylhexyl)-2,3,4,5-
tetrabromophthalate (TBPH), and 2-ethylhexyl-tetrabromo-
benzene (TBB), were purchased from Wellington Laboratories
Inc. (Guelph, ON). 2-Bromo-4,6-dinitroaniline (BNA) was
purchased from Sigma-Aldrich (St. Louis, MO). Florisil (6 cm?,
500 mg, 30 um) solid-phase extraction (SPE) cartridges were
purchased from Waters (Milford, MA). Dichloromethane
(DCM), hexane, methanol, and acetone were all of omni-Solv
grade and purchased from EMD Chemicals (Gibbstown, NJ).

Collection of Dust and Sample Pretreatment. Twenty-
three samples of dust were collected. A total of two or three
samples were collected from different rooms per house, in
Saskatoon, from May to August 2013 as described previously.*’
All house dust samples were collected from daycare houses, and
children’s toys and foam furniture were contained in these
houses. There are zero to three furnishings or zero to three
electronics in studied rooms. Floors of these rooms were

covered by carpet or laminate. Dust was collected using a
Eureka Mighty-Mite vacuum cleaner (model 3670) into a
cellulose extraction thimble (Whatman International, Pitts-
burgh, PA), which was inserted between the vacuum tube
extender and suction tube and was secured by a metal hose
clamp.'"** Extraction thimbles were Soxhlet-extracted with
DCM for 2 h and dried prior to use. The equivalent of the
entire floor surface area was sampled in each room. All
sampling components upstream of the extraction thimble were
cleaned after each sampling event. Prior to the sample
pretreatment, nondust particles, such as hair, were removed.

Dust samples were extracted by use of previously described
methods, by use of two-step or%anic solvent extraction followed
by Florisil cartridge cleanup,”’ which is described in the
Supporting Information; 0.1 g of clothes was cut into small
pieces and then extracted using the same method that was used
for dust samples.

Mass Spectrometry and Chemometric Data Process-
ing. Aliquots of extracts were analyzed using a Q Exactive
UHRMS instrument (Thermo Fisher Scientific, San Jose, CA)
equipped with a Dionex UltiMate 3000 UHPLC system
(Thermo Fisher Scientific),”” as described in the Supporting
Information. Data were acquired using atmospheric-pressure
photoionization in negative ion mode (APPI), and the total
mass range for the nine methods was m/z 100—1000.

A novel chemometric strategy was developed to expand the
number of detected brominated compounds and reduce the
false positive rate of predicted precursor ions and compound
formulas. Because the precursor ions and formulas for some
compounds could not be identified, and to include all peaks for
subsequent data analysis, a strategy similar to selected reaction
monitoring (SRM) was used. In this strategy, rather than
precursor ion peaks, the bromine fragment peaks from each
data-independent acquisition (DIA) window were used for
semiquantification, as described in previous studies.”°

Quality Control and Assurance. To avoid contamination
of samples, all equipment was rinsed regularly with acetone.
One procedural blank (without house dust) was incorporated
in the analytical procedure for every batch of samples. Twenty-
one brominated compound peaks were detected in the blank.
Background contamination from blanks was subtracted from
samples for subsequent data analysis, and those brominated
compounds with abundances less than 3 times the background
abundance in blanks were considered nondetects.

Because most identified brominated compounds were novel
compounds for which no authentic standards were available,
peak intensities were used to semiquantify their abundances in
house dust, which has been done previously.””*> Such a
semiquantitative strategy has been widely used for previous
comparative proteomics and metabolomics studies,”” and also
untargeted chemical analysis studies.”” Method detection limits
(MDLs) could not be calculated, but a peak intensity cutoff of
1000 was incorporated into the DIPIC-Frag method as
described previously,” and used as the MDL for the identified
brominated compounds. For the 21 brominated compound
peaks detected in blanks, values 3 times greater than the peak
abundance were used as MDLs.

Ames |l Tests. The Ames II test was conducted according
to the manufacturer’s protocol (Xenometrix, Basel, Switzer-
land).”® 2-Nitrofluorene (2-NF) and 4-nitroquinoline N-oxide
(4NQO) were used as the positive controls for TA98 and
TAI00 strains, respectively. In brief, extracts of dust were
diluted 2-fold with DMSO to obtain a series of concentrations.
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The Ames test strains were exposed to extracts of house dusts
in culture medium. Samples were tested in triplicate (plates), as
well as a triplicate negative control (DMSO), and a triplicate
positive control. Extracts of house dust were tested with both
strains (TA98 and TA100), without the S9 liver enzyme extract.
Cytotoxicity was investigated by measuring the ODyyy of the
cultured strains according to the manufacturer’s protocol, and
no significant cytotoxicity was observed in the selected dose
range. The number of yellow wells per 48 wells of one sample
were counted visually as a measure of genotoxicity. The Ames
test response was assumed to follow a binomial distribution,
and a sample was considered genotoxic if the response of the
sample was different from the response of the negative control
with a certainty of 99%, as proposed by Heringa et al.”*

Data Treatment and Statistical Analyses. All data
analysis, including Pearson correlation, and cluster analysis
were performed with an in-house R program. For those results
that were smaller than the MDLs, half of the MDL (peak
abundance of 500) was assigned to avoid missing values in the
statistical analysis. Only brominated compounds with detection
frequencies of >50% were used for correlation, regression, and
cluster analysis. Statistical significance was defined as p < 0.0S.

B RESULTS

Library of Unknown Brominated Compounds in
House Dust. A total of 1008 brominated compound peaks
were detected by use of the DIPIC-Frag method. Compounds
were distributed across 104 of the 160 DIA windows at m/z
values of >200. By use of a chemometric strategy, which
incorporated exact mass, homologue model, isotopic distribu-
tion, and chromatographic elution profiles,”® precursor ions and
molecular formulas were calculated for 738 (73.2%) of the 1008
brominated compound peaks. After isotopic peaks had been
excluded, a final nonredundant library with 549 unique
brominated compounds was established. By searching against
the public database Chemspider, we found only 78 probable
formulas of brominated compounds. These results indicated
that most of the identified brominated compounds were
“novel” and thus had not been included in the Chemspider
database. This provided the first direct experimental evidence
that hundreds of unknown brominated compounds exist in
house dust.

The diversity of these brominated compounds was indicated
by variation among their retention times (7.3—23.3 min), m/z
values (229.9558—1000.868), and numbers of bromine atoms
(1-9) (Figure 1A). Although large variations in abundances of
brominated compounds were observed from ~10° to 2.0 X 10’
arbitrary units (Figure 1B), the 10 most abundant brominated
compounds contributed 66.1% of the total abundance. Such
results provided an opportunity to establish a short list of
prioritized brominated compounds by focusing on the most
abundant compounds, although the conclusion might be
limited by the different instrumental responses between
chemicals.

Many well-known brominated compounds, such as TBBPA,
PBDEs, and TBB/TBPH, were detected by use of the DIPIC-
Frag method. One of the larger classes of brominated
compound peaks with relatively great retention times and
numbers of bromine atoms was identified as the PBDEs
(compounds labeled as groups I and II in Figure 1A). In
particular, the debrominated ion of BDE 209 ([M — Br + O],
C1,0,Bry, m/z 886.2549)*** was detected in 21 of the 23
samples of dust with relatively great abundances (e.g, the
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Figure 1. Distributions of identified brominated compounds in house
dust. (A) Distributions of brominated compounds by retention time
(minutes) and m/z value. Sizes of the dots are proportional to
abundances. Colors of dots represent numbers of bromine atoms.
Brominated compounds from groups I and II (black) showed
distribution patterns different from those of members of group III
(blue). (B) Distributions of abundances (red dots) and cumulative
contributions (blue dots) of brominated compounds and comparison
to those of several identified brominated compounds. The cumulative
contribution was calculated by the summed abundances divided by the
total abundance.

greatest abundance was 2.0 X 10° in dust 16). TBB and TBPH
were also detected in 22 of the 23 samples, with the greatest
abundance detected in dust 2 (5.3 X 10° and 2.2 X 10° for TBB
and TBPH, respectively). TBBPA was detected in only 13 of
the 23 dust samples, with the greatest abundance in dust 8 (4.6
x 10%). Such results demonstrated the robustness of the
DIPIC-Frag method for untargeted identification of known and
unknown brominated compounds in house dust samples.

A heat map of the abundances of brominated compounds
showed the heterogeneity of identified brominated compounds.
Most of the compounds exhibited distinct patterns among the
23 dust samples (Figure S1). Only 140 of the 549 brominated
compounds were detected in more than 13 (57%) of the 23
dust samples. Such results demonstrated the variability of
profiles among the 23 dusts, which was consistent with the
results mentioned above that the known compounds, PBDEs,
TBB/TBPH, and TBBPA, exhibited the greatest abundances in
different dust samples.

Source Apportionment of Identified Brominated
Compounds. The 140 most abundant brominated com-
pounds were further investigated to determine their potential
sources (a library of these compounds is provided in the
Supplementary Data). Heterogeneity was also observed for
these compounds, and 23 dust samples were grouped into four
clusters according to profiles of the relative abundances of
brominated compounds (Figure 2A). These results highlighted
the differences in emission patterns of brominated compounds
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Figure 2. (A) Heat map and hierarchical clustering of 140 high-abundance brominated compounds in 23 dust samples. Color indicates log-
transformed peak abundances of brominated compounds. Only brominated compounds with detection frequencies of >50% (13 samples) are shown.
(B) Similarity heat map and hierarchical clustering of brominated compounds. Similarity between brominated compounds is defined as Pearson

correlation coefficients among 23 dust samples.

in different rooms or houses, which provided an opportunity to
use the correlation among brominated compounds to allocate
their sources.

A correlation heat map was developed for the 140 most
abundant brominated compounds by calculating a paired
correlation matrix. Despite the heterogeneity of brominated
compounds, it is surprising that only three groups were
observed (groups I-III) (Figure 2B). These results indicated
that most brominated compounds in house dust might
originate from three common sources. Such results are quite
different from those for brominated compounds detected in
Lake Michigan sediments that showed poor correlations,”
indicating the more heterogenic emission sources of natural
brominated compounds in sediment.

A total of 17 compounds were clustered into group I (Figure
2B). Well-known PBDEs, such as BDE 209, BDE 183, BDE 99,
and BDE 47, were all clustered into this group. Some other
compounds, whose formulas were predicted to be C;,OBr,,
C,HOBrg, and C,,H,0Br,, were also clustered into group L
Formulas of these compounds were different from that of the
O, adduct ([M — Br + O]) of PBDEs, and these compounds
were identified as polybrominated biphenyls (PBBs). Similar to
PBDEs, PBBs are also important BFRs, and previous studies
have reported their correlations of abundances with PBDEs in
the environment.”® Group I brominated compounds were thus
categorized as “legacy BFRs”.

Two compounds in group II were identified as TBB and
TBPH, which are major constituents of Firemaster 550 (FM-
550) and Firemaster BZ-54 (BZ-54) and are mainly used as
replacements for PBDEs.”’ Thus, compounds in group II
represent “newer” BFRs with sources common to TBB and
TBPH. The moderate correlations of abundances of bromi-
nated compounds between group I and group II supported the
role of group II compounds as replacements for PBDEs (Figure
2B). In addition to TBB and TBPH, five other brominated
compounds were also clustered into this group. Formulas of
these compounds were identified as those of polyoxygenated
compounds. For example, a compound with m/z 510.8755 was

identified as C;¢H,4O,Br;. On the basis of fragments in MS>
spectra, the compound was determined to be mono-(2-
ethyhexyl) tribromophthalate (BMEHP) (Figure S2). Consid-
ering the similar structure of BMEHP and TBPH, the
compound might be an industrial byproduct or environmental
degradation product of TBPH. It has been previously reported
that TBPH could be biotransformed to a mono TBPH ester
metabolite that exhibited peroxisome proliferator-activated
receptor (PPAR) activity.”> This study demonstrated that
these bioactive compounds might also exist in human
environments.

Thus, the unbiased strategy for identifying brominated
compounds, in combination with a correlation matrix, was
efficient for reducing the dimensions of the data set and
identifying sources of known (PBDEs, PBBs, TBB, and TBPH)
and unknown brominated compounds (e.g., BMEHP). In total,
24 BFRs (17 legacy and 7 new BFRs) were grouped together,
indicating significant contributions of BFRs (17%) to the total
brominated compounds in house dust.

Brominated Azo Dyes Are the Predominant Bromi-
nated Compounds. The largest group of chemicals observed
(group III) consisted of 78 brominated compounds (Figure
1B), which contributed 56% of the 140 compounds, even more
numerous than the BFRs (17%). These compounds were also
detected with relatively great abundances, and 9 of the 10 most
abundant brominated compounds were clustered into this
group (Table 1). Total abundances of compounds in this group
contributed 85% of the total abundance of the 140 brominated
compounds, but commercially available standards should be
tested in future studies to assess the exact contribution of each
brominated compound.

Almost all compounds clustered in group III were
determined to be nitrogen-containing compounds (Table 1).
These compounds exhibited an elemental composition different
from that of BFRs in groups I and II. In group III, most of the
brominated compounds contained only one or two bromine
atoms, but large numbers of nitrogen and oxygen atoms (Figure
3A). Thus, the N/C and O/C ratios of group III compounds
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Table 1. m/z Values, Retention Times, and Predicted
Formulas of the Top 10 Most Abundant Brominated
Compounds Identified by the DIPIC-Frag Method in House
Dust

m/z rt (min) abundance formula groupb
533.0724 11.7 2.0 x 107 Cy3H,;0,N;Br I
4789585 9.94 12 % 107 C,,H,50,N;Br, I
478.0603 10.6 1.1 X 107 C,sH,505N¢Br I
488.1203 109 8.6 X 10° CysH,9O4N;Br I
482.9542 10.0 2.5 x 10° C,6H,504NBr, I
488.5799 13.5 2.4 x 10° CsOBr; I
532.0694 11.7 2.0 x 10° C,,H,;0¢N¢Br 111
7152162 11.9 1.3 X 10° CysH,,0,0N,Br I
715.2162 129 1.3 x 10° CysH,, 06N, Br I
458.0694 11.9 8.5 x 10° C,sH,;0,N,Br I

“rt indicates retention time. bGroup I indicates the group of PBDEs
and PBBs, and group III indicates the largest group of azo dyes.

were typically high, but the Br/C ratio was low compared to
those of BFRs (Figure 3B). The two most abundant
compounds in group III, whose formulas were predicted to
be C,;H,;O,N;Br [retention time (rt) = 11.7 min] and

C1sH9OsNgBr (rt = 10.6 min), were complex molecules with
large numbers of nitrogen and oxygen atoms (Figure 3C—F).
Extensive queries of known chemical databases (Chemspider)
resulted in no further information regarding the two
compounds, which indicated that brominated compounds in
group III might be a class of novel, complex, and abundant
brominated compounds.

Further evaluation of the MS? spectra of the compounds in
group III showed that common fragments with an m/z value of
2449198 or 231.9305 were detected; their formulas were
predicted to be C4H,N,0,Br or C4H;N,O;Br (typical spectra
shown in panels D and F of Figure 3). Such results indicated
that C4H,N,0,Br/C4H;N,O3Br might be the chemical back-
bone of the brominated compounds in group III (Figure 3C,E).
This is also consistent with the predicted formulas of
brominated compounds in group III, with small numbers of
bromine atoms but larger numbers of nitrogen and oxygen
atoms.

Because the most abundant compounds in group III could
not be identified from public databases because of the
complexity of the chemical structure, brominated compounds
with smaller masses in group III, whose structure may be easier
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Figure 3. Elemental composition, chromatogram, and mass spectra of group III compounds (brominated azo dyes). (A) Nitrogen, oxygen, and
nitrogen atom number of identified BFRs and group III compounds. Red dots indicate BFRs. Blue dots indicate group III compounds. (B) Element/
carbon ratios of identified BFRs and group III compounds. (C) Chromatogram of a highly abundant group III compound whose formula was
predicted to be C,;H,;0,N;Br. (D) MS? spectra of a highly abundant group III compound whose formula was predicted to be C,;H,;0,N;Br. (E)
Chromatogram of a highly abundant group III compound whose formula was predicted to be C,sH;,0;N¢Br. (F) MS? spectra of a highly abundant
group III compound whose formula was predicted to be C;gH;gOsN¢Br.
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Concentrations in panels B—D indicate concentrations of house dust. Revertants indicated the number of individual mutated cells in 48 tested wells.
Asterisks denote significant mutagenicity tested by a binomial distribution.

to elucidate, were investigated. One of the compounds with the
smallest mass at m/z 261.9291 was evaluated (Figure 4A) and
had a predicted formula of C¢H;N;0,Br. The common
C¢H;3N,0;3Br fragment from group III compounds was also
detected in the MS? spectrum of this compound (Figure 4B).
Neutral loss of NO, NO,, and HBr was also observed in the
MS? spectrum. The neutral loss of NO and NO, indicated that
the compound contained an aromatic nitrogen group,’” and the
loss of double NO groups indicated two aromatic nitrogen
groups. Because of the simple structure of the compound, on
the basis of this fragment pattern, this compound was identified
as bromo-dinitroaniline (BNA) (Figure 4B). In addition, this

12674

compound was listed in the public database Chemspider. An
authentic standard was obtained and used for further validation.
The MS' spectra, retention time, and MS® spectra were all
consistent between the authentic standard and putative
compound in dust samples (Figure 4). When the standard
was used for external calibration, the concentration of BNA was
determined to be 502 + 430 ng/g in dust, which was similar to
the concentration of TBPH (734 =+ 0.87 ng/g) in house dust
collected from the same region.

BNA is an important raw material for synthesis of azo dyes,
the largest class of organic dyes used in clothing, leather, food,
and toys.”* The correlation of group III compounds with BNA,
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in addition to their large nitrogen atom number and common
fragment of BNA, indicated these compounds were brominated
azo dyes. Thus, samples of clothing were collected and
extracted. Relatively high concentrations of BNA and other
brominated dyes were detected in these materials (Figure S3).
Microscopic analysis also found large proportions of clothing
fibers in samples of house dust (data not shown). This
information suggested that brominated azo dyes were the
source of the largest group of brominated compounds in house
dust.

Mutagenicity of BNA and House Dust. Considering the
aromatic amine structure of BNA, the potential mutagenicity of
BNA was tested by use of the Ames Salmonella assay. A strong
positive response was observed with the frameshift mutation
strain (TA98). Revertants were detected in 100% of wells in the
48-well plate, at the maximal concentration (20 pg/mL)
(Figure SA). Significant mutagenicity was also detected at 1.25
ug/mL, which was comparable to BNA concentrations in dust
samples (e.g, 1.7 ug/g in dust 16). Much weaker induction of
revertants was detected in the base pair mutation strain TA100
at a concentration of 10 ug of BNA/mL (Figure S4). The
detection of mutagenicity of BNA is consistent with the results
of a previous study.”’

Three extracts of dust (dust 16, dust 2, and dust 9) were also
tested for potential mutagenicity. All three samples of dust
caused significant positive responses with the TA98 strain
(Figure SB—D), but not with the TA100 strain (Figure S4).
These results were consistent with the concentrations of BNA
in dust samples (1.7, 0.78, and 0.13 pug/g for dust 16, dust 2,
and dust 9, respectively). Dust 16, with the highest
concentration of azo dyes and BNA, also resulted in the
strongest positive response in the Ames assay.

B DISCUSSION

Mounting data from the use of bioassays to assess mixtures for
specific measurement end points have revealed that most
biological activities in human environments are driven by
unknown chemicals. As such, targeted monitoring and
assessment of risks posed by single chemicals of known
pollutants might underestimate risks to human health. Thus,
the establishment of a prioritized list of chemicals stemming
from the analysis of complex environmental mixtures and
identification of unknown compounds is promising. In this
study, an untargeted chemical screening strategy, in combina-
tion with statistical analysis and toxicity testing, efficiently
deconvoluted a complex mixture of chemicals in house dusts
and highlighted a class of prioritized chemicals.

Because the major source of compounds in house dust is
human products, house dust is an ideal matrix for unbiased
identification of unknown human synthetic compounds.
Untargeted chemical screening revealed that numerous
brominated compounds (1008 peaks) existed in house dust
samples. Thus, the largest mass spectrometric library of
brominated compounds [549 unique compounds (see Supple-
mentary Data)], to date, in house dust was established.
Unexpectedly, BFRs (PBDEs, PBBs, and TBB/TBPH) were
found to contribute only a minor amount to the total
abundance of brominated compounds, although historicallzr,
BEFRs have been the most studied brominated compounds.”
These results were also consistent with results of previous
studies that showed that concentrations of known BFRs were
several orders of magnitude lower than those of total bromine
in house dust.'”'® The study presented here indicates that the

focus on BFRs in previous studies might underestimate
potential exposures of humans to brominated compounds;
however, only dust samples from Saskatoon were investigated
in this study, and the application of the untargeted strategy for
identification of unknown brominated compounds in house
dust from other countries and regions is of great interest.

Brominated azo dyes were identified as the predominant
group of brominated compounds (56% by compound number
and 85% by peak abundance). The lack of information
regarding these compounds in public databases might be due
to the complexity of dye mixtures. These mixtures are generally
synthesized by unspecific reaction routes, and as such, the
chemical components of the mixtures have not been fully
resolved. Azo dyes have been widely used in clothing, leather,
food, toys, waxes, and plastics.37 Currently, more than 3000 azo
dyes have been developed in a broad spectrum of colors and
represent more than 65% of the global dye market.** Because of
their carcinogenic potential, azo dyes have been regulated by
some governments. The European Union promulgated a limit
of 30 mg/kg in consumer goods for 24 listed carcinogenic azo
dyes.” Despite extensive study of azo dyes, limited information
about the environmental existence of brominated azo dyes is
available.”® Here we unexpectedly identified numerous
brominated azo dyes in house dust, which represented the
largest group of unknown brominated compounds. Because the
addition of a bromine atom to the aromatic ring might increase
the persistence of compounds in the environment™ and
metabolic stability in humans,*' these brominated azo dyes
might exhibit toxicity greater than those of previously known
nonbrominated azo dyes. The exact sources of the brominated
components in azo dyes are unclear, but previous studies have
reported the presence of chlorinated aromatic amines in azo
dye mixtures.*” Thus, brominated azo dyes might be
synthesized via routes similar to those of chlorinated
compounds. In support of this hypothesis, chlorinated
analogues of several of the brominated compounds identified
in this study were also detected, with similar abundances
(Figure SS).

The azo dye (BNA) produced mutagenic effects at
concentrations comparable to those in dust samples, which
highlighted the potential health risk of these brominated azo
dyes. Previous studies have suggested that mutagenicity
detected in dust samples could not be explained by known
chemicals," and the detection of frameshift mutations in that
study was also consistent with the toxic potency of BNA. Such
results indicated that brominated azo dyes might contribute
significantly to mutagenicity observed in these samples of dust.
Although a correlation between concentrations of brominated
azo dyes and mutagenicity of house dust was observed, the
exact contributions of azo dyes to the mutagenicity of house
dust could not be accurately determined, because BNA is the
only azo dye for which an authentic standard is available
commercially. On the basis of peak abundance, BNA is a
relatively low-abundance compound compared to other
identified brominated azo dyes. As exemplified by
C,3H,30,N;3Br and C,gH,;ON¢Br, their concentrations were
calculated to be as high as 6.6 & 8.7 and 27 + 32 ug/g in house
dust, respectively, based on the BNA standard. Such results
highlight the necessity of synthesizing authentic standards of
other highly abundant brominated azo dyes to more accurately
investigate their potential toxicities and health risks. Alter-
natively, investigation of the potential presence of brominated
azo dyes in various commercial azo dyes would be of interest
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for clarifying the sources and mutagenicity of brominated azo
dyes present in house dusts.

Deconvolution of the components and toxicities of environ-
mental mixtures, in addition to traditional single-chemical risk
assessment, is critical to more completely understand risks to
human health. Numerous efforts have been undertaken to
characterize toxicological profiles of chemicals since the release
of the National Research Council (NRC) Report “Toxicity
Testing in the 21% Century”. Such database-based strategies will
undoubtedly fill knowledge gaps regarding known chemicals.
However, considering the large number of known and
especially unknown substances in the environment, establish-
ment of a list of prioritized chemicals based on potential
exposures of humans and wildlife is critical to maximizing the
efficiency of our efforts. Here, we demonstrate an alternative
platform for efficiently and directly deconvoluting the
components of a complex environmental mixture and
identifying and prioritizing chemicals by a combination of
untargeted chemical analyses, statistical analyses, and toxicity
tests. The prioritized brominated compounds (azo dyes)
identified in this study could be easily incorporated in future
environmental monitoring and regulation.
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This supporting information provides figures describing (1) Heatmap of all detected brominated
compounds in house dust; (2) MS? spectrum mono-(2-ethyhexyl) tribromophthalate; (3)
Chromatograms of two brominated azo dyes in the samples of clothing; (4) Results of Ames tests
(TA 100) with azo dye and house dust extracts; (5) Detection of brominated and chlorinated

analogues of organic azo dyes in house dust.
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Sample Pretreatment. Dust samples were extracted by use of previously described methods,’
by use of two-step organic solvent extraction followed by Florisil cartridge cleanup. In brief,
approximately 0.1 g, dry mass (dm) of dust was transferred to a 15 mL centrifuge tube. Twenty
microliters of 1 mg/L mass-labeled internal standard d34, 13C6-TBPH and 5 mL of methanol were
added for extraction of house dust. Samples were vigorously shaken for 30 min followed by
sonication for an additional 30 min. The methanol extract was separated by centrifugation at
1,669 g for 10 min and transferred to a new tube. The extraction was repeated using 5 mL of
DCM. The methanol and DCM extracts were combined and blown to dryness under a gentle
stream of nitrogen. Extracts were dissolved in 500 pL of DCM and loaded onto Florisil
cartridges, which had been sequentially conditioned with 6 mL of acetone and then 6 mL of
DCM. Brominated compounds were eluted from Florisil cartridges using 5 mL of DCM, and
then 5 mL of acetone and 5 mL of methanol. Because a limited number of brominated
compounds were detected in other fractions, only the DCM fraction from the cartridges was used
in this study for the screening of brominated compounds, as described previously.” * Final
extracts were blown to dryness under a gentle stream of nitrogen and reconstituted with 200 pL
of acetone for analysis.

Mass Spectrometry. Aliquots of extracts were analyzed using a Q Exactive™ UHRMS (Thermo
Fisher Scientific, San Jose, CA, USA) equipped with a Dionex™ UltiMate™ 3000 UHPLC
system (Thermo Fisher Scientific). Due to its previously determined ability’ to separate
compounds and the sensitivity achieved with its use a Hypersil GOLD™ C18 column (3 um; 2.1
mm % 50 mm; Thermo Fisher Scientific) was selected for the present method. The injection
volume was 5 pL. Ultrapure water (A) and methanol (B) were used as mobile phases. Initially 20%

of B was increased to 80% in 3 min, then increased to 100% at 8 min and held static for 19.5 min,
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followed by a decrease to initial conditions of 20% of B, and held for 2 min to allow for
equilibration. The flow rate was 0.25 mL/min. Temperatures of the column and sample
compartment were maintained at 30 °C and 10 °C, respectively.

Data were acquired in data-independent acquisition (DIA) mode.® Parameters for DIA
were one full MS' scan (100-1,000 m/z) recorded at resolution R=70,000 (at m/z 200) with a
maximum of 3x10° ions collected within 100 ms, followed by six DIA MS/MS scans recorded at
a resolution R=35,000 (at m/z 200) with maximum of 1x10° ions collected within 60 ms. DIA
data were collected using 5-m/z-wide isolation windows per MS/MS scan. Each DIA MS/MS
scan was selected for analysis from a list of all 5 m/z isolation windows. In these experiments,
180 5-m/z-wide windows between 100 and 1,000 m/z, were grouped into nine separate methods,
each of which contained 20 windows. The maximal mass range was set to 1,000 m/z because
initial experiments showed that few NSOICs detected in dusts had >1000 m/z. Small overlaps
with neighboring windows were used to reduce the likelihood of placing window edges on
critical target peaks. Mass spectrometric settings for atmospheric pressure photoionization (APPI)

(-) mode were: discharge current, 10 pA; capillary temperature, 225 °C; sheath gas, 20 L/h;

auxiliary gas, 5 L/h; and probe heater temperature, 350 °C.
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Figure S1. Heatmap and hierarchical clustering of all brominated compounds identified in 23
dust samples. Color indicates log-transformed peak abundances of brominated compounds.
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Figure S2. High-resolution MS? spectrum of a novel brominated compound mono-(2-ethyhexyl)

tribromophthalate, from DIA window at 515+2.5 m/z.
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(Cy3H2307N3Br) in the samples of clothing.
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71

78  Figure S4. Results of Ames tests (TA 100) with azo dye and extracts of house dusts. (A) Azo
79  dye. (B) dust-16; (C) dust-2; (D) dust-9. Revertants indicated the number of individual mutated
80  cells in 48 tested wells. Asterisks denote significant mutagenicity tested by binomial distribution.
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83  Figure S5. Detection of brominated and chlorinated analogues of organic azo dyes in house dust.

84  Chromatograms were only shown for two most abundant dyes.
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