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ARTICLE INFO ABSTRACT

Keywords: Azobenzene disperse dyes are the fastest-growing category of commercial dyestuffs and are implicated in the
Contaminants literature as potentially allergenic. In the indoor environment, these dyes may be shed from various textiles,
House dust

including clothing and upholstery and accumulate in dust particles potentially leading to exposure in young
children who have higher exposure to chemicals associated with dust due to their crawling and mouthing be-
haviors. Children may be more vulnerable to dye exposure due to their developing immune systems, and
therefore, it is critical to characterize azobenzene disperse dyes in children’s home environments. Here, we
investigate azobenzene disperse dyes and related compounds in house dust samples (n = 124) that were pre-
viously analyzed for flame retardants, phthalates, pesticides and per- and polyfluoroalkyl substances (PFAS).
High-resolution mass spectrometry was used to support both targeted and suspect screening of dyes in dust.
Statistical analyses were conducted to determine if dye concentrations were related to demographic information.
Detection frequencies for 12 target dyes ranged from 11% to 89%; of the dyes that were detected in at least 50%
of the samples, geometric mean levels ranged from 32.4 to 360 ng/g. Suspect screening analysis identified eight
additional high-abundance azobenzene compounds in dust. Some dyes were correlated to numerous flame re-
tardants and several antimicrobials, and statistically higher levels of some dyes were observed in homes of non-
Hispanic Black mothers than in homes of non-Hispanic white mothers. To our knowledge, this is the most
comprehensive study of azobenzene disperse dyes in house dust to date. Future studies are needed to quantify
additional dyes in dust and to examine exposure pathways of dyes in indoor environments where children are
concerned.

Azobenzene disperse dyes
Children’s exposures
Non-targeted analysis

1. Introduction electronic structure variation that in turn gives rise to the optical

properties of these molecules (Chen et al., 2018; El-Ghamaz et al., 2017;

Disperse azobenzene dyes are used to color synthetic fabrics such as
polyester, nylon, and acrylic (Waring, 1984; Benkhaya et al., 2020a).
They are currently the most abundant and fastest-growing class of
dyestuffs, comprising roughly 70% of the nearly 10 million tons of in-
dustrial dye colorants used annually (Dawson, 1991; Drumond Chequer
et al., 2011). While the chemical structures of azobenzene disperse dyes
can vary widely, each dye is based on a p-aminoazobenzene core sub-
structure. Extensive functionalization of this core structure with sub-
stituents including halogens — commonly bromine or chlorine — induces
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Porobi¢ et al., 2020; Overdahl et al., 2021a). Azo dyes are hydrophobic
and do not dissolve well in aqueous solutions; as a result, they do not
chemically bond to fibers and must be applied in conjunction with a
dispersing or a fasting agent (Benkhaya et al., 2020b). As they are
associated with synthetic fibers through absorption and/or adsorption,
dyes can be removed from the fibers by abrasion, by leaching into water,
or by partitioning onto skin when worn (Malinauskiene et al., 2013). As
such, azobenzene disperse dyes are known to be aquatic environmental
pollutants and enter the environment via pathways such as textile
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effluents and other waterways, as documented extensively in literature
(Balakrishnan et al., 2016; Carneiro et al., 2010; Chequer et al., 2015;
Chung and Stevens, 1993; De Aragao Umbuzeiro et al., 2005; Golka
et al., 2004; Ohe et al., 2004; Vacchi et al., 2017; Vacchi et al., 2016;
Zhang et al., 2012). However, little is known about the occurrences of
azobenzene disperse dyes in the indoor environment.

Dust is a complex mixture known to contain hundreds to thousands
of chemicals. Previous work examining chemicals in house dust has
focused largely on presence, quantities, and co-exposures of metals such
as lead (Hogervorst et al., 2007; Lanphear et al., 1998; Lanphear et al.,
2011) and of semi-volatile organic compounds (SVOCs) (Hoffman et al.,
2018) such as phthalates (Ait Bamai et al., 2014; Becker et al., 2004;
Beko et al., 2013; Beko et al., 2015; Bornehag et al., 2004; Fromme et al.,
2013; Kweon et al., 2018; Langer et al., 2014), brominated flame re-
tardants (Allen et al., 2008; Fang and Stapleton, 2014; Hoang et al.,
2020; Hoffman et al., 2015; Meeker and Stapleton, 2010; Phillips et al.,
2018; Stapleton et al., 2014; Stapleton et al., 2012a; Stapleton and
Dodder, 2008), and polyfluoroalkyl substances (PFAS) (de la Torre et al.,
2019; Hall et al., 2020; Shoeib et al., 2011; Wu et al., 2020; Xu et al.,
2021; Young et al., 2021; Zheng et al., 2020). Many of these chemicals,
such as phthalates, are associated with increased risks of allergies and
other adverse health effects in young children (Ait Bamai et al., 2014;
Ait Bamai et al.; Carrer et al., 2001; Hsu et al., 2012; Jahreis et al.,
2018). In fact, it is recognized that children are chronically exposed to
indoor contaminants in dust at higher rates than adults due to greater
behavioral differences and related dust ingestion and inhalation (Hoff-
man et al., 2015; Stapleton et al., 2014; Moya et al., 2004): the EPA
estimates that children ingest, on average, 50 mg of house dust per day
(US Environmental Protection Agency, 2011). Recent studies by our
group and others have determined that azobenzene disperse dyes are
present in indoor house dust (Peng et al., 2016; Ferguson and Stapleton,
2017; Dhungana et al., 2019; Kutarna et al., 2021), suggesting that dyes
may be another class of chemicals chronically detected in dust. How-
ever, to date, these studies and associated toxicity studies have been
limited, largely due to the lack of commercially-available reference
standards and analytical methods for these compounds (Overdahl et al.,
2021a).

Exposure to azo dyes in the indoor environment raise concerns about
potential health impacts: azo dyes are known to have mutagenic and
genotoxic properties (Vacchi et al., 2017; Vacchi et al., 2016; Chung and
Cerniglia, 1992; Ventura-Camargo et al., 2016; Garner and Nutman,
1977; Platzek, 2013; Franco et al., 2018a; Franco et al., 2018b; Josephy
et al., 2016), and they have also been implicated as contact allergens in
clinical studies (Brookstein, 2009; Chung, 2016; Giusti et al., 2003;
Heratizadeh et al., 2017; Seidenari et al., 1990; Seidenari et al., 2002;
Seidenari et al., 1991; Susan and Elizabeth, 1988). Given that children
may have disproportionately higher levels of exposure to azobenzene
disperse dyes, and given that they may be more susceptible to known
and suspected health consequences due to their developmental sensi-
tivity, it is crucial to investigate levels and distributions of dyes in the
indoor environment and to understand the home characteristics that
may contribute to children’s exposures to these compounds.

The goal of this study was to expand on our previous preliminary
identifications of dyes in dust by utilizing a comprehensive analytical
approach to characterize azobenzene disperse dyes in residential dust
samples in order to understand potential exposures in children aged 3-6
years. Here, we analyzed archived dust samples that were previously
collected as part of a study investigating children’s exposure to semi-
volatile organic chemicals (SVOCs) in the home environment. These
samples were previously analyzed for several classes of organic con-
taminants, and we sought to understand how levels of dyes in this well-
characterized cohort compare with levels of other contaminant classes.
We also sought to determine if specific demographic characteristics
were associated with dye levels in the home to understand if they may be
predictors of potential exposure. Quantitative and non-targeted ap-
proaches were both used to maximize analytical coverage.

Environmental Pollution 337 (2023) 122491

2. Materials and methods
2.1. Participant enrollment and cohort

Samples included in this study were previously collected as part of
the Toddler’s Exposure to Semivolatile Organic Chemicals in the Indoor
Environment (TESIE) project. Hoffman et al. (2018) provides a detailed
description of families participating in the TESIE study and the
recruitment strategies (Hoffman et al., 2018). Briefly, we enrolled a total
of 203 children from 190 families in the TESIE Study between August
2014 and April 2016. Study team members conducted home visits with
each family enrolled in the TESIE study to collect the dust samples; staff
also conducted surveys to collect information about the home environ-
ment and children’s health and behavior. Legal guardians provided
informed consent prior to participation in the TESIE study. All study
protocols and related materials were reviewed and approved by the
Duke Medicine Institutional Review Board (Duke IRB Protocol #55540).

2.2. Disperse azo dye standards

Twelve purified azobenzene disperse dye standards were employed
in this study to enable quantification of target analytes. Table 1 lists each
azobenzene disperse dye by common name, molecular formula, mono-
isotopic mass, and chemical structure. These dyes were chosen based on
availability; they were also previously identified in children’s polyester
apparel (Overdahl et al., 2021a). Seven of the 12 dyes — Disperse Blue
183:1 (DB 183:1), Disperse Blue 79:1 (DB 79:1), Disperse Orange 44 (DO
44), Disperse Orange 73 (DO 73), Disperse Red 354 (DR 354), Disperse
Red 50 (DR 50), and Disperse Red 73 (DR 73) — were purified from raw
dyestuffs via flash chromatography and structurally characterized by
nuclear magnetic resonance (NMR) spectroscopy and high-resolution
mass spectrometry (HRMS); a detailed explanation of the dye purifica-
tion process is reported in our previously-published work (Overdahl
et al., 2021a). In addition to these seven in-house purified dyes, we
purchased analytical standards of Disperse Orange 25 (DO 25) and
Disperse Orange 37 (DO 37) [Sigma; 95% purity]. Analytical standards
of Disperse Orange 61 (DO 61), Disperse Violet 93 (DV 93), and Disperse
Blue 373 (DB 373) were provided via a generous gift from Prof. Gisela
Umbuzeiro, School of Technology, UNICAMP, Limeira, Brazil (Carneiro
et al., 2010; De Aragao Umbuzeiro et al., 2005).

2.3. Data sample collection and processing

2.3.1. House dust collection and extraction

House dust collection and extraction methods for this study have
previously been described in detail (Phillips et al., 2018). Briefly, to
collect a house dust sample, the exposed floor area of the main living
area (unvacuumed for at least two days) was vacuumed using a Eureka
Mighty Mite vacuum fitted with a cellulose thimble within the hose
attachment (Stapleton et al., 2012a). Each thimble was wrapped in
aluminum foil and stored at —20 °C until analysis. Dust samples were
sieved to <500 pm prior to extraction. Extraction was performed using
1:1 dichloromethane:hexane(v/v) by sonication; extracts were concen-
trated to ~1 mL using a SpeedVac™ Concentrator, then samples were
split into three fractions. One fraction was reserved for in vitro assays, as
reported in Kassotis et al., 2021) (Kassotis et al., 2021). Remaining
fractions were spiked with internal standards (including 13C-TPHP used
in this study); of those fractions, one fraction per home was utilized for
untargeted analysis without further cleaning and was used to support
this study. Untargeted extracts contained 92 ng/mL of 13C-TPHP in each
sample. Untargeted extracts were evaporated to near-dryness, recon-
stituted in methanol, sonicated for 15 min, and filtered. The final volume
of all untargeted dust samples was 0.5 mL in 100% methanol.

2.3.2. Data acquisition
All house dust extracts (0.5 mL, in muffled amber glass LC-MS vials)
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Table 1
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Target analytes examined in indoor house dust. LogKoa values are predicted using the OPEn structure-activity/property Relationship App (OPERA) as part of the U.S.

EPA’s CompTox Chemistry Dashboard (Mansouri et al., 2018).

LogKoa

InChIKey

Chemical Structure

Dye Name Molecular Formula Monoisotopic CAS Number
Mass (g/mol)

Disperse Blue 183:1 C19H19BrNgO3 458.0702 2537-62-4
Disperse Blue 373 C21H21BrNgOg 532.0706 51868-46-3
Disperse Blue 79:1 Cy3H25BrNgO1 o 624.0816 3618-72-2
Disperse Orange 25 C17H17N50, 323.1382 31482-56-1
Disperse Orange 37 C17H15C1oNs04 391.0603 13301-61-6
Disperse Orange 44 C18H15CINgO2 382.0945 4058-30-4
Disperse Orange 61 C17H;5BroNsO4 478.9593 55281-26-0
Disperse Orange 73 Ca4H31N504 443.1594 40690-89-9
Disperse Red 354 C22H24CIN507 505.1364 1533-78-4
Disperse Red 50 C17H16CIN504 357.0993 40880-51-1
Disperse Red 73 C18H16N602 348.1335 16889-10-4
Disperse Violet 93 C18H19BrNgOs 478.0600 52697-38-8
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NPBDWXMKLFBNIW-UHFFFAOYSA-N

QEORVDCGZONWCJ-UHFFFAOYSA-N

WFFKSTRPZWRBEW-UHFFFAOYSA-N

were analyzed by ultra-high performance liquid chromatography

accuracy, as

reported previously (Overdahl

(UHPLC) [ThermoDionex Ultimate 3000] coupled to high-field orbital
trapping tandem mass spectrometry [ThermoFisher Orbitrap Fusion
Lumos]. UHPLC was performed with a Thermo Hypersil Gold column
[1.9 pm particle size, 2.1 x 100 mm] over a 43 min water:acetonitrile
(LC-MS grade, 0.1% formic acid) gradient, based on in-house optimi-
zation for untargeted small molecule separation and sensitivity. The
Orbitrap was operated in ESI(+) mode at 240,000 mass resolution with
internal mass calibration to achieve <2 part per million (ppm) mass

Data-dependent MS/MS acquisition was performed in the Orbitrap via
stepped higher energy collisional dissociation (HCD). Ions for MS/MS
analysis (approximately 15-20 precursors per second) were dynamically
chosen on a per-scan basis; these MS/MS data provided fragment ion
data to aid in structure elucidation, as reported previously (Overdahl
et al., 2021a).
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2.3.3. Targeted screening for azobenzene disperse dyes

We used the twelve purified azobenzene disperse dye standards lis-
ted in Table 1 to quantify individual azobenzene disperse dyes in house
dust. An eight-point calibration curve was created, ranging from 0 ng/
mL to 1000 ng/mL, in 75:25 acetonitrile:water; 13C-TPHP was used as
the internal standard in each sample (92 ng/mL). Results were analyzed
using TraceFinder software [ThermoFisher, version 5.0].

2.3.4. Suspect screening for additional azobenzene-based compounds

Data acquired from the LC-MS/MS analysis of dust extracts were
processed using Compound Discoverer software [ThermoFisher Scien-
tific, version 3.2] in order to identify azobenzene compounds in addition
to those compounds for which we had purified standards. Analysis and
data processing methods have been described in detail in our previously-
published work (Overdahl et al., 2021a). Briefly, molecular features
with distinct exact mass, unique retention time, and MS/MS data were
identified in Compound Discoverer after removal of isotope peaks, blank
contaminants, and noise artifacts from the data (Overdahl et al., 2021a).
Rigorous data curation and cleaning was performed within Compound
Discoverer, and in-house written software (in R) was implemented
within a custom data-processing node to remove in-source fragment
ions, consolidate spectral library matches across multiple databases, and
generate a single consolidated compound representing each feature set
(Overdahl et al., 2021b). Consolidated compounds were then processed
for structure annotation using a weight-of-evidence approach incorpo-
rating results from open-source, in silico computational mass spectrom-
etry tools (Getzinger and Ferguson, 2020): formula assignments were
validated using Sirius (Bocker and Diihrkop, 2016; Diihrkop et al.,
2019), then passed to four separate in silico spectrum-to-structure
annotation tools to yield possible structural annotations for each
feature (Allen et al., 2014; Diihrkop et al., 2015; Ridder et al., 2012;
Ruttkies et al., 2016; Wolf et al., 2010). A score of fit for each candidate
structure was determined using each tool; scores of candidate structures
were then ranked by percentile. Scores for all structure candidates from
the four annotation tools were compared according to percentile rank to
determine the molecular structure with the highest composite percentile
rank score, and this result was then compared with an in-house curated
database of known molecules, all of which contain the p-amino-
azobenzene substructure (4665 non-halogenated azobenzenes, 220
chlorinated azobenzenes, 95 brominated azobenzenes). (Overdahl et al.,
2021a).

2.4. Quality assurance and quality control

Quality assurance and quality control were addressed by analyzing
laboratory processing blanks (n = 6) and a house dust Standard Refer-
ence Material (n = 10) (SRM 2585, National Institute of Standards and
Technology (NIST), Gaithersburg, MD) alongside house dust samples.
While the house dust SRM does not contain any certified or reference
values for azobenzene disperse dyes, our laboratory and others have
used this material to support QA/QC for dust analyses (Phillips et al.,
2018; Hall et al., 2020; Hammel et al., 2019; Levasseur et al., 2021).

The internal standard 13C-TPHP was used to normalize all peak
detections; all sample concentrations were normalized to the mass of
house dust extracted per sample. Given the low abundance of dyes in
some of the samples, we excluded samples with a low dust mass (<10
mg) in this study to reduce the likelihood of bias in the reporting.

2.5. Statistical analyses

All statistical analyses were performed using GraphPad Prism sta-
tistical software (version 9.0, GraphPad Software LLC). Method detec-
tion limits (MDLs) were calculated by determining the lowest calibration
sample that could be quantified in three replicate calibration samples (1
ng/mL for all analytes) and normalizing to the mass of dust extracted for
the given sample and analyte. Values that were less than the MDL were
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replaced with MDL/2 for the purposes of statistical analysis (Antweiler
and Taylor, 2008). MDL values for each dust extract ranged from 1.3 to
48.2 ng dye/g dust.

We first conducted basic exploratory data analyses and descriptive
statistics. We conducted further statistical analyses for dyes when
detection frequencies were >50% (Hoffman et al, 2018). A
Shapiro-Wilkes test indicated that dyes concentrations in house dust
were not normally distributed; therefore, we used non-parametric sta-
tistics to examine associations. Spearman correlations were used to
assess correlations among dyes in house dust and to assess correlations
with other chemicals previously measured in these dust samples.

We examined relationships between dyes and cohort characteristics
(as previously reported) using questionnaire data (Hoffman et al., 2018).
Variables examined included mother’s race and ethnicity, mother’s
education level at the time of birth (a proxy for socioeconomic status or
SES), average outdoor temperature during the week of sample collec-
tion, type of home (e.g. apartment, detached), living room floor type
(carpeted or solid flooring), dusting frequency per month, and vac-
uuming frequency per month (Hoffman et al., 2018). Categorization of
these variables is included in Tables SI-1 in Supplementary Informa-
tion. For dichotomous cohort characteristics, we utilized Mann-Whitney
tests to evaluate whether statistically significant differences existed (p <
0.05). For cohort characteristics with three categories, we used
Kruskal-Wallace tests to evaluate whether groups were significantly
different; we then evaluated the statistical significance of differences
between groups using Dunn’s multiple comparison tests.

3. Results and discussion

Demographic characteristics of the TESIE study population, as well
as characteristics of children’s homes, have been discussed extensively
in Hoffman et al., 2018) (Hoffman et al., 2018). As detailed in Section
3.2.4, we excluded samples with a low dust mass (<10 mg) in this study
to reduce the likelihood of bias in the reporting; our results are thus from
124 unique households. Demographics of these households are pre-
sented in Tables SI-1 in Supplementary Information.

3.1. Azobenzene disperse dyes in house dust

3.1.1. Targeted quantification of azobenzene disperse dyes in house dust

Table 2 summarizes quantitative measurements for the twelve azo-
benzene disperse dyes targeted for measurement in this study. Five of
the dyes were brominated, four were chlorinated, and three were non-
halogenated compounds. All azobenzene disperse dyes for which we
had standards were detected in one or more house dust samples. Five
dyes (DB 373, DB 79:1, DO 61, DR 354, DV 93) were detected in 50% or
more of the house dust samples and were further examined statistically.
In general, DB 373 (84%) and DR 354 (89%) were detected most
frequently, while DO 25 (11%) and DR 50 (11%) were detected least
frequently. Dyes were detected at levels up to 6106 ng dye/g house dust
(DR 354). Considerable variation was observed in distributions of dust
concentrations for these five individual dye analytes (Fig. 1). Median
levels for dyes in dust reported here ranged from tens to hundreds of ng
dye/g house dust.

To our knowledge, these data are the most extensive quantitative
assessment of azobenzene disperse dyes in house dust to date. While not
comprehensively quantitative due to limited reference standards, no
other study to date has been able to quantify this many dyes in dust.
Dhungana et al. (2019) previously detected and quantified DB373 and
DV93 in 13 and 12 samples, respectively, out of 37 dust samples
collected from daycare centers, homes, salons, and research facilities. In
dust specifically from homes, Dhungana et al. measured concentrations
of DB373 and DV93 up to 338 ng/g and 453 ng/g, respectively; these
measurements are an order of magnitude lower than the maximum
concentrations we report here for DV373 and DV93 in dust from homes.
However, in dust specifically from daycare centers, Dhungana et al.
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Table 2

Descriptive statistics for azobenzene disperse dyes quantified in indoor house dust samples.

Maximum (ng dye/g house dust)

90th Percentile (ng dye/g house dust)

Median (ng dye/g house dust) 75th Percentile (ng dye/g house dust)

% Detected Geometric Mean (ng dye/g house dust)

Dye

1697
1827
2022
173
438

845
205
515

n/a

n/a

Disperse Blue 183:1 21 n/a

Disperse Blue 373
Disperse Blue 79:1

91.9
226
n/a
n/a
n/a

46.4
110
n/a
n/a
n/a

51.3

84
77
11

112
n/a
n/a
n/a

83.8

Disperse Orange 25
Disperse Orange 37
Disperse Orange 44
Disperse Orange 61

85.3
656
290
604

46

3223
4052

43

136
n/a
981
n/a
n/a
n/a

58.2
n/a
412
n/a
n/a

65.6
n/a

76

2167
6106
109

31

Disperse Orange 73
Disperse Red 354

Disperse Red 50

1638
66.5
359

360
n/a
n/a

89
11
44
68

1894
1540

Disperse Red 73

87.9

31.0

32.4

Disperse Violet 93
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Azobenzene Dyes in House Dust
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Fig. 1. Concentrations of azobenzene disperse dyes in indoor house dust for all
dyes detected in more than 50% of all dust samples (n = 124). Although
quantitative measurements were made for all twelve targeted dyes in dust
samples, data is presented here only for those five dyes detected in >50% of
samples in order to minimize bias from large numbers of measurements below
the MDL. Geomeans for each dye are represented by a thick black horizontal bar
on the dataset. Pie charts below each dot cluster represent the percent detection
of each dye, as also shown in Table 2. Samples below the method detection limit
(MDL) for each compound are represented by imputed values equal to the
MDL/2 per sample.

measured concentrations of DB373 and DV93 as high as 3850 ng/g and
1190 ng/g, respectively (Dhungana et al., 2019); these concentrations in
daycare center dust are within the same order of magnitude as the
maximum concentrations we report here in dust from homes. Given that
our house dust population (n = 124) consists exclusively of homes that
house young children, the similar levels of dye concentrations in our
cohort and dye concentrations in Dhungana et al.’s daycare samples is
notable. Previous work by our group (Overdahl et al., 2021a) measured
these same twelve azo dyes (Table 1) in seven children’s polyester
athletic apparel samples, suggesting that apparel may be one possible
source of these dyes to the indoor environment.

3.1.2. Associations between dyes, and between dyes and other chemicals, in
house dust

We utilized Spearman correlations to examine pairwise associations
among dyes in house dust (Tables SI-2). Moderate correlations were
observed among the five dyes detected in >50% of samples (rs > 0.6, p
< 0.0001 for all), suggesting that dyes have similar sources. The stron-
gest associations were observed between DB 373 and DV 93 (r; = 0.80);
between DV 93 and DO 61 (rs = 0.77); and between DB 373 and DO 61
(rs = 0.70). While we did not have access to samples of possible sources
of dyes in the home, these associations are in accordance with our
previously-reported observations of these dyes found together in
clothing apparel (Overdahl et al., 2021a) and in measurements of black
textile dyestuff powder (De Aragao Umbuzeiro et al., 2005), suggesting
that black-colored textiles may be an important source of azobenzene
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disperse dyes in house dust.

We also utilized Spearman correlations to examine pairwise associ-
ations between dyes in house dust and other classes of chemicals pre-
viously measured in these same dust samples (Phillips et al., 2018; Hall
et al., 2020; Kassotis et al., 2021; Hammel et al., 2019; Levasseur et al.,
2021), in order to gain potential insight about possible common sources
of contaminants. For instance, it is known that both dyes and PFAS are
associated with fabric sources in the indoor environment (e.g. stain
repellants), and that compounds such as phthalates may have close as-
sociations with dye-containing materials (e.g. fabrics over polymer
sources). Spearman correlations between these chemicals and each of
the five dyes detected in >50% of samples, as well as the specific sta-
tistical significances of these correlations, are itemized in Tables SI-3.
Generally, levels of dyes in dust were similar to levels of other classes of
contaminants measured in the same dust samples, such as per- and
polyfluoroalkyl substances (PFAS) (Hall et al., 2020), as shown in
Figs. SI-1. However, these levels are an order of magnitude lower than
the levels of phthalates (Hammel et al., 2019) previously measured in
this house dust cohort, as shown in Figs. SI-2 in Supplementary Infor-
mation. Weak, yet statistically significant, correlations were also
observed between dyes and several types of flame retardants that are
common to furniture, including TBB, TBPH, TCPP, TDCPP, and
2IPPDPP, and multiple PBDEs. Because these flame retardants have been
commonly applied to furniture (Cooper et al., 2016; Stapleton et al.,
2012b; Stapleton et al., 2011), these correlations may indicate that
azobenzene disperse dyes may also be used in furniture upholstery.

Azobenzene disperse dyes were also weakly correlated (r; =
0.18-0.32) with triclocarban and triclosan, two common antimicrobials.
While these chemicals have traditionally been considered as personal
care product antimicrobials, online databases and scientific review ar-
ticles suggest that triclosan has been used as an antimicrobial in other
materials such as countertops and flooring (Halden, 2014). The abun-
dant levels of triclocarban and triclosan measured previously in this
house dust cohort (Levasseur et al., 2021) indicate that these chemicals
may be used as antimicrobials in household materials other than per-
sonal care products. Overall, while these correlations are suggestive of
possible exposure sources of azobenzene disperse dyes within the indoor
environment, further research is needed to identify specific materials
from which these dyes may originate in the indoor home.

Table 3
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3.1.3. Detections and relative abundances of additional azobenzene-based
compounds in dust via suspect screening analysis

In addition to the twelve dyes we quantified via reference standards,
we tentatively identified eight additional azobenzene compounds using
a suspect screening approach. Table 3 summarizes results of our HRMS/
MS-based suspect screening analysis and illustrates tentatively identi-
fied structural candidates of azobenzene compounds in house dust using
our weight-of-evidence approach, including the molecular formula of
the compound (from Sirius 4.078), the number of isomeric structure
candidates in the PubChem database having this formula, the percentile
rank score generated for the overall top-ranked PubChem structural
candidate from each in silico MS/MS structure annotation tool, and
metadata in support of the annotation, including the number of Pub-
Chem sources, patents, and references for the selected top-rank structure
annotation candidate. Structures were considered to be tentatively
identified (Figs. SI-3, and included within Table 3) in cases where the
PubChem structure candidate with the top-ranked composite score from
the four in silico structure annotation tools matched a p-amino-
azobenzene compound structure from the suspect list.

Tentatively-identified compounds (Figs. SI-3) included: Disperse
Violet 93 Cl (DV93 Cl, the chlorinated analog of DV 93), Disperse Yellow
23 (DY 23), Disperse Yellow 3 (DY 3), and Yellow OB, for which we did
not have standards but which had known common names; and four
additional azobenzene compounds for which no common name was
available (CAS #s 1533-74-0, 54888-15-2, 722-25-8, and 96662-24-7).
Compounds (rows) were clustered according to structural similarity
via MACCS (Molecular Access System) fingerprints and Tanimoto coef-
ficient to examine the structural relationships of these compounds to one
another (Anderson, 1984); these relationships are shown by the
dendrogram in Table 3.

Although the lack of analytical standards precluded us from gener-
ating quantitative measurements of tentatively-identified azobenzene
compounds, we utilized chromatographic peak areas to generate rela-
tive abundances of all confirmed and tentatively-identified compounds
in house dust samples in order to compare relative abundances across
house dust samples and to examine structural similarities across all
compounds detected. Peak areas were first normalized to the peak area
of the 13C-TPHP internal standard, then normalized to the house dust
mass in each sample. Log-transformed relative abundances of confirmed
and tentatively-identified compounds are shown in Fig. 2, in which dust
extract samples (columns) are clustered according to similarity in

Azobenzene compounds tentatively identified in house dust through our weight-of-evidence approach using the computational mass spectrometry
tools MAGMa, MetFrag, CSI:FingerID, and CFMID; percentile scores of fit to the compound fragmentation spectra are shown, generated by each of
the four fragmenters, and are color coded from red (Oth percentile score of fit predicted by the fragmenter) to green (100th percentile score of fit
predicted by the fragmenter). Numbers of sources, patents, and references in PubChem are also included as additional metadata for substantiation
of compound identification. Compounds (rows) are ordered according to chemical similarity, evaluated using MACCS fingerprints and Tanimoto
coefficient. Common names are listed if available; compounds with no common name listed are not known by any azo dye name in open-source

databases.

Percentile Scores

Common Name # Structure PubChem PubChem PubChem
(if applicable) CAS Molecular Formula Candidates MAGMa MetFrag CSI:FingerID CFMID # Sources # Patents # References
96662-24-7 C,,H1N5O, 1586 100 99.9 815 97.2 6 2 0
54888-15-2 CygH NGO, 489 100 100 n/a 100 10 0 0
1533-74-0 Cy,HpsNsO, 41 97.5 100 100 97.5 22 0 0
Disperse Violet 93 CI  66557-45-7 CygH14CINGO 10 100 100 100 100 18 6 0
722-25-8 Cy3HisNg 1180 99.7 98.8 99.4 76.4 36 53 0
Yellow OB 131-79-3 CyHysNy 853 100 100 100 100 36 51 7
Disperse Yellow 23~ 6250-23-3 CygH1N,0 1076 99.9 99.8 38 98.5 41 0 0
Disperse Yellow 3 2832-40-8 Cy5H1sN30, 6055 100 99t Silg) 873 82 0 20
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Disperse Violet 93
Disperse Violet 93 CI
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Fig. 2. Relative abundances of all confirmed and tentatively-identified azobenzene-based compounds in house dust samples. Relative abundances of each compound
were calculated by normalizing chromatographic peak area of each detection first to the peak area of the 13C-TPHP internal standard, then normalizing the ratio of
compound peak area: 13C-TPHP peak area to the mass of dust in each house dust extract. Normalized peak areas are log-scaled and are colored from white (lowest
relative abundance) to red (highest relative abundance); grey bars indicate values below the method detection limit per analyte per house dust sample. (For method
detection limit calculations and values, please see the Supplementary Information.) Each column represents an individual dust extract; dust extract samples are
binned according to TESIE house dust extracts vs. SRM replicate extracts, and within bins are clustered according to similarity. Rows (azobenzene compounds) are
sorted according to chemical fingerprint similarity, calculated by MACCS fingerprints and represented by the dendrogram to the left of the heatmap. Azo dye names
in bolded green type are those that we were able to confirm and quantify via authentic reference standard.

abundance profiles, and detected azo compounds (rows) are clustered
according to chemical similarity. Because chromophore activity is
determined by the electronic properties of a compound (primarily
dictated by type, number, and position of chemical functional groups),
azo compounds with similar structures are likely to exhibit similar color
behavior (Aljamali, 2015; Choi et al., 2000; Wojciechowski, 1997). We
therefore utilized the MACCS fingerprint clustering to compare the
un-named compounds identified from suspect screening with named
dyes detected in both target and suspect screening methods. Structural
similarity clustering indicated that CAS# 1533-74-0 clustered closely
with DR 354 and DB 79:1; CAS# 1533-74-0 may therefore be a blue or
red dye. CAS# 96662-24-7 clustered closely with orange dyes, specif-
ically DO 44, and is thus likely an orange dye. Similarly, CAS
#54888-15-2 clustered closely with orange dyes, specifically DO 73, and
is also likely an orange dye. CAS #722-25-8 clustered closely with yel-
low dyes and is likely a yellow colorant; patents mentioning this com-
pound (Helmut-Martin et al., 2013) indicate that CAS #722-25-8 is
commonly used to produce brown dyes.

Fig. 2 also demonstrates several notable patterns of relative abun-
dances and co-occurrences of dyes within and among samples. Five
compounds were detected in more than 90% of house dust extracts: DV
93 Cl, Yellow OB, and CAS #s 54888-15-2, 722-25-8, and 96662-24-7.
These compounds also displayed the highest overall relative abun-
dances within dust extracts and across all extracts. In fact, CAS #s
54888-15-2 and 96662-24-7, both of which may be orange dyes, were
detected in 100% of house dust samples. Notably, all five of the most
frequently detected and highly abundant (based on peak area) disperse
azobenzene dyes in house dust samples were identified through suspect
screening and were not quantifiable. Three of the five dyes are so poorly

represented in the literature that they have no known common names.
The targeted dyes DB 373, DB 79:1, and DR 354 (for which quantitative
data are shown in Fig. 1) were detected in more than 75% of house dust
extracts, but at relative abundances that were an order of magnitude
lower than the most abundant compounds described above. This
observation highlights a need to obtain reference standards for disperse
azobenzene dyes in order to completely quantify these compounds in the
indoor environment and elsewhere. The co-occurrence of DV 93 Cl and
CAS #96662-24-7 is notable: these two compounds were present in
almost all house dust samples at near-identical relative abundances.
Additionally, in nearly every sample where DV 93 Cl and 96662-24-7 co-
occurred, at least one blue dye was also detected. These results are
concordant with our Spearman correlation results demonstrating posi-
tive relationships between blue, orange and violet dyes, and with our
previous work showing blue, orange, and violet dyes as the main
component in black dyestuff and black polyester apparel (Overdahl
et al., 2021a), suggesting that black textiles may be primary drivers to
the azobenzene disperse dye profile of indoor house dust.
Interestingly, DV 93 (a brominated dye) was detected at only a
fraction of the frequency of its chlorinated analog. While quantitative
data shows that DV 93 was present in 68% of house dust samples, Fig. 2
shows that DV 93 Cl was detected in all but four dust samples, and was
one of the most abundant compounds in the dataset. Kutarna et al.
(2021) observed a similar phenomenon in a study of 24 house dust
samples, detecting DV 93 Cl in all samples and noting that abundances of
the chlorinated analog were 4.9 times higher than corresponding
brominated compound abundances, and higher than all 39 chlorinated
compounds tentatively annotated from a Toxic Substances Control Act
(TSCA) database (Kutarna et al., 2021). Our results in this study, coupled
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with Kutarna et al.’s findings, indicate that DV 93 Cl is a ubiquitous
component of indoor house dust.

Across all samples, CAS #722-25-8 was the most prominent azo-
benzene compound in both abundance and frequency. This prominence
is concerning as CAS #722-25-8 is on the list of ECHA’s “Annex III”
substances predicted to meet criteria for carcinogenicity, mutagenicity,
or reproductive toxicity. (-(p-tolylazo)aniline) Given these potential
hazards, and given that house dust is a potential source of exposure to
many chemicals — particularly for young children — further studies to
confirm these putative annotations and evaluate toxic properties such as
mutagenicity (e.g. via the Ames mutagenicity assay (Chung and Cerni-
glia, 1992; Ventura-Camargo et al., 2016; Franco et al., 2018a; Franco
et al., 2018b)) at exposure-relevant concentrations are needed. 3.1.4
Azobenzene compounds detected in SRM 2585.

In addition to measurements in house dust samples, we identified
azobenzene disperse dyes and related compounds in NIST SRM 2585
(National Institute of Standards & Technology (NIST), 2018). DB 79:1
and DO 44 were measured at levels of 123 + 26 ng dye/g dust and 33.5
+ 12 ng dye/g dust, respectively, while the other 10 dyes for which we
had analytical standards available were not quantifiable above the
method detection limits in this material (Tables SI-4). We also tenta-
tively identified azobenzene compounds DV 93 Cl, DY 23, DY 3, Yellow
OB, and CAS #s 1533-74-0, 54888-15-2, 722-25-8, and 96662-24-7 via
normalized peak areas (Tables SI-5). To our knowledge, these are the
first reported detections of azobenzene disperse dyes in this commonly
studied SRM.
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3.2. Associations between azobenzene disperse dye concentrations and
housing characteristics

Using data collected from surveys, we examined associations be-
tween dye abundances and demographic and housing characteristics.
While significant associations were not observed between dyes and the
majority of demographic and housing characteristics we evaluated, as-
sociations were observed between maternal race and ethnicity of the
home occupants and several of the azobenzene dyes and compounds
measured in indoor house dust. For example, significant associations
with maternal race and ethnicity were observed for DB 373, DV 93 Cl,
and CAS #96662-24-7 (Tables SI-6). More specifically, dust samples
from the homes of non-Hispanic Black mothers had concentrations of DB
373 (p = 0.03), DV 93 Cl (p < 0.01), and CAS #96662-24-7 (p < 0.01)
that were twice as high, on average, than samples from the homes of
non-Hispanic white mothers (Fig. 3a). While we did not have access to
samples of textiles within the home, one possible reason for these so-
cioeconomic associations might be related to differences in textile pur-
chasing. For example, synthetic polyester clothing, for which
azobenzene disperse dyes are predominant colorants, comprises the
majority of affordable, easily accessible “fast fashion.” Purchasing habits
may differ based on these socioeconomic factors; however, further in-
vestigations are needed to determine if these findings would be repli-
cated in additional studies.

Dye concentrations were also found to be significantly associated
with flooring type (from where each dust sample was collected). Sig-
nificant associations with floor type were observed for DB 373, DO 61,

A Disperse Blue 373 96662-24-7 Disperse Violet 93 Cl
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Fig. 3. Significant associations between levels of select compounds in house dust and maternal race (4A), and between levels of select compounds in house dust and
living room floor type (4B). Significant associations across all variables within a category were determined via Kruskal-Wallace tests (Tables SI-5); significant as-
sociations between individual variables were then determined via Dunn’s Multiple Comparisons testing (other differences were not significant, as seen in
Tables SI-6). Values for quantitated dyes are reported in ng dye/g house dust on the y-axis; values for tentatively-identified azobenzene compounds are reported in
normalized peak area on the y-axis. Asterisks grouping two categories (*) indicates p < 0.05.
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DV 93 Cl, Yellow OB, and CAS #96662-24-7 (Tables SI-6). More spe-
cifically, homes with carpeted living rooms were associated with higher
dust concentrations of DB 373 (p = 0.03), CAS #96662-24-7 (p = 0.03),
and DV 93 Cl (p = 0.05) (Fig. 3b); higher dust concentrations of Yellow
OB (p = 0.04) and DO 61 (p = 0.03) were also observed in homes with
carpeted living areas (results in Tables SI-6). Dhungana et al. (2019)
previously showed that DB 373 and DV 93 Cl were detectable in syn-
thetic carpeting, albeit at abundances that were orders of magnitude
lower than in cloth samples (Dhungana et al., 2019). Carpet can be both
a reservoir for and a source of chemicals in the indoor environment
(Haines et al., 2020); for example, carpet has been established as a
significant source of exposure for other chemical classes such as PFAS
(Wu et al., 2020). More work is needed to determine the extent to which
carpet may be a source of dyes in the indoor environment.

3.3. Study limitations and future directions

The results of this study should be interpreted in the context of
several potential limitations. First, our house dust samples were
collected in North Carolina; regional product uses and textile avail-
abilities throughout the United States may lead to potentially variant
house dust profiles, and the generalizability of this study to nationwide
households may be limited. Additionally, we only sampled dust from
one microenvironment — the main living area of the home — which may
not correctly account for the total house dust profile within the home.
Because these dust samples were collected without the intent of
analyzing them for dyes, we did not have an opportunity to collect
additional samples to characterize potential sources of dyes in the home.
It is therefore also unclear to what degree the dust samples may be
influenced by textiles in the main living area, such as upholsteries or
curtains, as opposed to all possible azobenzene disperse dye sources that
may contribute to total dye loading in the home (e.g. clothing).
Furthermore, detection frequencies coupled with Spearman correlation
analyses suggest that the dye colors known to be found in black textiles
are those that appear most commonly in house dust. However, it is
unclear to what degree this difference could be driven by the use or
wearing of specific textiles within homes. Future work should be
directed at examining different possible sources of azobenzene disperse
dyes, such as different type of textiles in the main living area, and also
examine different combinatorial matrices of these sources.

To our knowledge, this study represents the largest-scale and most
comprehensive characterization of azobenzene disperse dyes in house
dust to date in which azo dyes are explored, and the use of suspect
screening employing a library of all p-aminoazobenzene-based com-
pounds in CAS provides the broadest coverage of any azo dye study to
date. However, we were able to quantify only 12 dyes. It is known that
thousands of azobenzene disperse dyes and related compounds exist,
and future studies should prioritize the purifications of additional
reference standards in order to obtain more accurate measurements of
dyes in house dust.

4. Conclusions

This study builds off of previous studies that detected azobenzene
disperse dyes in indoor house dust, but were limited in scope due to the
lack of commercially-available reference standards and analytical
methods for these compounds. By utilizing in-house purified reference
standards and an in-house curated database of known azobenzene
molecules to conduct both targeted and suspect screening of dyes in a
previously-collected cohort of house dust, we sought to characterize
azobenzene disperse dyes in dust in order to understand potential ex-
posures for young children. Collectively, results of our work suggest that
azobenzene disperse dye concentrations in indoor house dust represent a
potential source of human exposure, particularly for children. It is well-
established that exposures to contaminants in indoor house dust are of
concern for children (Mercier et al., 2011; Bonvallot et al., 2010;
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Glorennec et al., 2011). Furthermore, dust chemical profiles paired with
biomonitoring studies have established (Salthammer et al., 2018) that
house dust is known to be a critical pathway of exposure to the human
body (Butte and Heinzow, 2002), and dermal contact and
hand-to-mouth behaviors of children exacerbate these exposures
(Hammel et al., 2019). However, to date no biomarkers of exposure have
been established for azobenzene disperse dyes. Future studies should
prioritize dye biomarker identification in order to investigate children’s
internal dose of azobenzene disperse dye. Given that dust is a complex
mixture of multiple contaminants, and that dyes co-occur with other
contaminants in dust, mixture effects should also be assessed moving
forward. While toxicity testing of azobenzene disperse dyes is beyond
the scope of this study, previous studies have established that azo-
benzene disperse dyes have known mutagenic and genotoxic properties
(Vacchi et al., 2017; Vacchi et al., 2016; Chung and Cerniglia, 1992;
Ventura-Camargo et al., 2016; Garner and Nutman, 1977; Platzek, 2013;
Franco et al., 2018a; Franco et al., 2018b; Josephy et al., 2016) and are
suspected immune sensitizers (Brookstein, 2009; Chung, 2016; Giusti
et al., 2003; Heratizadeh et al., 2017; Seidenari et al., 1990; Seidenari
et al., 2002; Seidenari et al., 1991; Susan and Elizabeth, 1988); the
potential for disproportionate exposure to children is therefore con-
cerning. Given the suggested toxicities of additional azo compounds
identified in dust in this study, such as Yellow OB and CAS #722-25-8,
further studies examining toxicities of these compounds and examining
exposures of children to these compounds in homes are crucial.
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