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Azobenzene disperse dyes are the fastest-growing class of dyestuffs, yet little is known about dye occurrences,
sources, and transformations; azo dyes are also underrepresented in chemical standard catalogs, molecular da-
tabases, and mass spectral libraries. Many azo dyes are known to have sensitization, mutagenic, and carcinogenic
properties. To fill these knowledge gaps, azo dyes were purified from dyestuffs by Soxhlet extraction and flash
chromatography and characterized using ultra-high-performance liquid chromatography (UHPLC) coupled to a
high resolution Orbitrap Fusion Lumos mass spectrometer operated in positive electrospray ionization mode, as
well as by 'H and '*C NMR. Data were analyzed to identify likely chemical formulas and structures using a
weight-of-evidence approach with multiple open-source, in silico computational mass spectrometry tools. Nine-
teen total azobenzene dyes were detected in dyestuffs via a non-targeted analysis approach; the azobenzene dyes
Disperse Blue 79:1, Disperse Blue 183:1, Disperse Orange 44, Disperse Orange 73, Disperse Red 50, Disperse Red
73, and Disperse Red 354 were purified from raw dyestuffs. Samples of children’s polyester clothing were then
analyzed likewise. In clothing, 21 azobenzene disperse dyes were detected, 12 of which were confirmed and
quantified via reference standards. Individual dyes in apparel were quantified at concentrations up to 9230 pg
dye/g shirt, with geometric means ranging 7.91-300 ug dye/g shirt. Total dye load in apparel was quantified at
up to 11,430 pg dye/g shirt. This research supported the development of reference standards and library mass
spectra for azobenzene disperse dyes previously absent from standard and spectral libraries. By analyzing the
scope and quantities of azo dyes in children’s polyester apparel, this study will facilitate a more robust under-
standing of sources of these potentially allergenic and mutagenic compounds.

1. Introduction and molecular weights, each azo dye is based on a core substructure of

para-aminoazobenzene [Figure SI-1]. Functionalization of the p-ami-

Disperse dyes are a class of substituted anthroquinone- or
azobenzene-based dyes used to color synthetic fabrics such as polyester,
nylon, and acrylic (Benkhaya et al., 2020a; Waring, 1984). The majority
of these dyes (60%) are azobenzene disperse dyes (hereafter referred to
as “azo dyes”), high production-volume commodity chemicals that ac-
count for roughly 70% of the 9.9 million tons of industrial dye colorants
used annually (Dawson, 1991; Drumond Chequer et al., 2011). Azo dyes
are used to create the entire range of color shades, and are favored by
industries because they are cheap and easy to apply (Malinauskiene
etal., 2013). While azo dyes can vary widely in their chemical structures

* This paper has been recommended for acceptance by Charles Wong.

noazobenzene core with substituents including halogens, (often chlorine
or bromine) imparts electronic and, hence, optical properties to the
molecules, making them attractive as dyestuffs (Chen et al., 2018;
El-Ghamaz et al., 2017; Porobi¢ et al., 2020). These functional groups
may also influence the reactivity and potential toxicity of azo dyes. As
their name implies, disperse dyes do not chemically bond to synthetic
fibers, but rather impart color via non-covalent absorption into poly-
meric fibers. These dyes must therefore be applied in conjunction with a
dispersing or fasting agent (Benkhaya et al., 2020b).

Azo dyes currently represent the most abundant, and the fastest-
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growing, class of dyestuffs (Dawson, 1991). Despite their high and
growing use in consumer products, little is known about dye occurrence,
transformation, and fate in environmental compartments such as the
indoor environment (House of Parliament, 2013; Young, 2016). This
lack of knowledge is problematic, as potential for human exposure is
high and disperse dyes have been shown to act as electrophilic mutagens
in laboratory experiments focused on their occurrence in textile efflu-
ents (Balakrishnan et al., 2016; De Aragao Umbuzeiro et al., 2005; Ohe
et al., 2004). Disperse dyes are also implicated as contact allergens
(Brookstein, 2009; Chung, 2016; Heratizadeh et al., 2017; Seidenari
et al., 1990; Susan and Elizabeth, 1988). In fact, p-aminoazobenzene is
among the most well characterized mutagens and skin sensitizers
(Briischweiler and Merlot, 2017; Carneiro et al., 2010; Chequer et al.,
2011, 2015; Drumond Chequer et al., 2011; Rawat et al., 2018; Rocha
et al., 2017; Vacchi et al., 2016, 2017). Because disperse dyes do not
bind chemically to fibers, these small lipophilic molecules can poten-
tially migrate onto the skin of a person wearing the garment, especially
if textile fastness is poor. Dyes may also be removed from fibers by
rubbing or leaching into water (Malinauskiene et al., 2013). Exposure to
disperse dyes may occur from skin contact with dyed garments, or
subsequently, through inhalation or ingestion, particularly in occupa-
tional settings.

Several challenges complicate comprehensive assessment of disperse
dye occurrence and exposure in environmental and biological samples.
Specifically, disperse dyes are underrepresented in chemical standard
catalogs, molecular databases, and mass spectral libraries. Only eight
disperse azobenzene dyes are maintained in-stock by distributors of
scientific chemicals, although custom synthesis or preparation is avail-
able in some cases for selected azobenzene disperse dyes from specialty
chemical supply vendors. A search of the term “Disperse” in the open-
source database PubChem yields 223 compounds; of these, 133 com-
pounds are annotated as azo dyes. Yet, a 2016 query of the Chemical
Abstract Services (CAS) database revealed that the total number of
single-component, commercially-available molecules having a core p-
aminoazobenzene structure was 4980. While not all azobenzene mole-
cules are utilized as disperse dyes, the breadth of azobenzene disperse
dyes indicates that there are almost certainly more azobenzene disperse
dyes than are tabulated by common names in PubChem. Lack of avail-
able reference standards and analytical spectral libraries present sig-
nificant barriers to analysis of azobenzene dye presences, sources, and
human exposures in the environment. Therefore, there is a need to
generate purified reference standards and spectral libraries from raw
dyestuffs to support increased monitoring of these compounds in envi-
ronmental and human-exposure relevant media, and to examine po-
tential exposure sources of azobenzene disperse dyes.

This study' aims to address these knowledge gaps via a detailed mass
spectrometric analysis of disperse dyes in select dyestuffs and exposure-
relevant consumer products. We obtained thirteen raw commercial
dyestuff powders from a local textile dye distributor in North Carolina
and, from these raw dyestuffs, purified individual azobenzene disperse
dyes via flash chromatography. Individual azobenzene dye structures
were elucidated via high-resolution mass spectrometry (HRMS) and
nuclear magnetic resonance (NMR) spectroscopy. We then obtained and
analyzed children’s polyester athletic apparel to quantify occurrences
and concentrations of azobenzene disperse dyes in these materials.
Finally, we built an in-house database of known p-aminoazobenzene

1 Abbreviations: Dichloromethane (DCM); Disperse Orange A (DOA);
Disperse Orange 25 (DO25); Disperse Orange 37 (DO37); Disperse Orange 44
(DO44); Disperse Orange 61 (DO61); Disperse Orange 73 (DO73); Disperse Red
354 (DR354); Disperse Red 50 (DR50); Disperse Red 73 (DR73); Disperse Blue
373 (DB373); Disperse Blue 79:1 (DB79:1); Disperse Blue 183:1 (DB183:1);
Disperse Violet 33 (DV33); Disperse Violet 93 (DV93); Disperse Violet 93:Cl
(DV93:Cl); high-resolution mass spectrometry (HRMS); nuclear magnetic
resonance spectroscopy (NMR); thin-layer chromatography (TLC).
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based compounds and employed this database in suspect screening for
comprehensive annotation of disperse azobenzene dyes present in dye-
stuffs and in children’s athletic apparel. To our knowledge, this study is
the most complete examination of azobenzene disperse dyes in com-
mercial products and human-relevant exposure media to date.

2. Materials and methods
2.1. Sample preparation: dyestuffs and analytical standards

Thirteen commercial dyestuff powders were obtained from a textile
dyestuff distribution facility in North Carolina in 2018 [Table SI-1]. The
dye supplier was unable to provide any technical or chemical informa-
tion that could guide our preparative separations. For each dyestuff
powder, 2 g of powder were weighed and transferred to a cellulose
Soxhlet extraction thimble [Cytiva Whatman, 33 x 94mm]. Dyestuff
powders were extracted over 12 h via Soxhlet extraction in 300 mL of
dichloromethane (DCM), to a final volume of 100 mL. Extracts for each
dyestuff powder were examined via thin layer chromatography (TLC)
under ultraviolet light to determine the number of individual dye
compounds present in each powder [Figure SI-2]. TLC was then used to
determine the optimal gradient required to separate individual dyes
within each powder extract in subsequent preparative chromatography
processes using hexane and ethyl acetate.

Each dichloromethane extract was transferred to a 500 mL round-
bottom flask together with 2 g of silica gel [RediSep Rf Gold, 30 pm,
60 A]. Each silica gel-dye mixture was rotary-evaporated, using a double
cold trap with dry ice, under high vacuum with no heat to homogenize
the mixture and load the dye extracts onto silica. Silica gel thus loaded
was packed into a chromatography cartridge [RediSep Teledyne, 5 g] for
flash chromatography separation. Mixtures were then separated using a
CombiFlash Rf + chromatography system [Teledyne ISCO]. A full
chromatography protocol can be found in Appendix A. Following
chromatographic separation, UV traces and visual observations of
elution color were used to track fraction collection and compound
elution. In total, approximately 75 eluent fractions were collected for
each dye mixture. Eluents for each dye mixture were examined via TLC
under UV light to identify fractions containing individual dye com-
pounds or mixtures of dyes. Purified fractions were dried, reconstituted,
and diluted serially into 75:25 acetonitrile:water (LC-MS grade) to reach
500 ng/mL for HRMS analysis. The preparative chromatographic sepa-
rations did not have sufficient resolution to enable an assessment of
chemical structure through examination of observed elution times.

2.2. Sample preparation: children’s apparel

Fourteen items of children’s apparel were purchased from local
department stores in North Carolina, including eleven athletic shirts:
red, blue, and black shirts from three different major brand names
(Brands A, B, and C), an orange shirt from one major brand name (Brand
B), and a black shirt from an off-brand company (Brand E). Apparel
examples also included one sleep shirt and pair of pajama pants (Brand
D), and one pair of sleep shorts (Brand F) [Table SI-2]. A white shirt was
also purchased for use in a matrix-spike recovery experiment. All
apparel examples were 100% polyester. For each apparel sample, a 2.5
cm? fabric square was weighed and then extracted over 12 h via Soxhlet
extraction; a laboratory blank was also prepared for analysis. A full
extraction protocol for all shirts (including matrix-spike recovery
experiment) can be found in Appendix B.

2.3. Structure elucidation of disperse dyes

All purified dyes (1 mL, in muffled amber glass LC-MS vials) were
analyzed by UHPLC [ThermoDionex Ultimate 3000] coupled to high-
field orbital trapping mass spectrometry [ThermoFisher Orbitrap
Fusion Lumos]. Samples were separated on a reversed phase column
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[Thermo Hypersil Gold column, 1.9 pm particle size, 2.1 x 100 mm]
over a 25 min water:acetonitrile (LC-MS grade, 0.1% formic acid)
gradient. The Orbitrap was operated in ESI(+) mode at 240,000 mass
resolution with internal mass calibration to achieve < 2 part per million
(ppm) mass accuracy across the mass range of interest. Data-dependent
MS/MS acquisition was performed in the Orbitrap via 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 struc-
ture elucidation.

As a first step to assist in annotating structures of purified azo-
benzene disperse dyes, we built a custom database of all commercially-
available p-aminoazobenzene containing compounds available in the
CAS chemical structure repository as of 2016. Specifically, three struc-
ture lists were created from a p-aminoazobenzene substructure query in
SciFinder Scholar (American Chemical Society): a list with all known
non-halogenated azobenzenes (n = 4665), a list with chlorinated azo-
benzenes (n = 220), and a list with brominated azobenzenes (n = 95).
For full databases including IUPAC name, formula, monoisotopic mass,
CAS number, InChIKey14, and SMILES, please see Appendices D, E, and
F. The combined list was first used to build a non-redundant inclusion
list of molecular formulas to prioritize MS/MS data acquisition in the
mass spectrometer.

Following data acquisition, MS/MS data was then matched against
the compiled azobenzene structure database using Compound Discov-
erer software [ThermoFisher Scientific, version 3.2] to postulate struc-
tural candidates for putative dyes in each purified dye extract.
Plausibility of structure candidates was then assessed via in silico MS/MS
tools and rules-based fragmentation interpreters. Experimental isotope
fits and MS2 spectra were compared against predicted isotope fits and
MS2 spectra for each compound, generated using EnviPat Web 2.4 (Loos
et al., 2015). Within Compound Discoverer, a FiSH score was calculated
for each predicted compound to evaluate the fit of the predicted struc-
ture to the spectral data. FiSH scoring utilizes the rules-based in silico
MS/MS tool MassFrontier [HighChem, Bratislava, Slovakia] and the
expected precursor ion list to predict compound fragment structures for
each precursor ion and attempts to match these fragment structures to
the centroids in the experimental fragmentation scores of the given
precursor ion. The fit score is calculated as the number of fragment
structures matched to centroids over the total number of possible frag-
ment structures.

Additional structural characterization of dye molecules in purified
dyestuff fractions was performed by Nuclear Magnetic Resonance
Spectroscopy (NMR) using either a Bruker 16.4 T spectrometer with a
BBO room temperature probe or a Varian 18.8 T spectrometer with a
cryogenic probe at room temperature, 25C. The full NMR protocol can
be found in Appendix C.

2.4. Suspect screening of dyestuffs and apparel

All dyestuff and apparel samples were analyzed by UHPLC-HRMS
over a 43 min chromatographic method designed for optimal com-
pound separation under identical conditions as stated above (Section
2.3). For analyses of clothing extracts, compound masses from the azo-
benzene database described above were utilized as the precursor ion
selection list; precursor ion selection was not employed for analyses of
dyestuffs. LC-MS/MS data from Orbitrap analysis of dyestuffs and shirt
extracts were applied to commercially-available processing software
[ThermoFisher Scientific Compound Discoverer 3.2 (beta)] to aid in
identifying azobenzene compounds based on HRMS/MS data. 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; rigorous
data curation and cleaning was performed using component detection
features within Compound Discoverer as well as data processing scripts
incorporated into a custom-written Compound Discoverer “node”.
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Specifically, features with exact mass matches to our azobenzene data-
bases were consolidated via dereplication algorithms including RAM-
ClustR to harmonize outputs from the mass list match results
(Broeckling et al., 2014). A 5-to-1 sample-to-blank ratio was employed
in Compound Discoverer to mark molecular features as background
contaminants. Custom-written software (in R) was then used to remove
potentially artifactual in-source fragment ions from the detected com-
pound list by examining MS/MS spectra derived from each precursor ion
and assessing presence of any observed MS/MS fragment ions in the
full-scan MS data at similar retention times. Redundant adduct ions were
also collapsed into a single consolidated compound feature in cases
where multiple adduct ions were observed for a single compound and
adduct relationships were clear from exact m/z differences.

Consolidated features were then processed using custom-written
software scripts designed to assign formulas and structures using a
weight-of-evidence based analysis approach leveraging multiple open-
source, in silico computational mass spectrometry tools (Getzinger and
Ferguson, 2020). Tentative formula assignments from Compound
Discoverer were first validated using Sirius, an open-source tool that
utilizes MS/MS spectra to compute fragmentation trees for each possible
molecular formula and score these fragmentation trees according to fit
to determine the formula that best explains isotope and MS/MS data
(Bocker and Diihrkop, 2016; Diihrkop et al., 2019). Assigned molecular
formulas were then passed to four separate in silico MS/MS tools (Met-
Frag, MAGMa, CFM-ID, and CSL:FingerID) to yield possible structural
annotations for each molecular feature. MetFrag (Ruttkies et al., 2016;
Wolf et al., 2010) and MAGMa (Ridder et al., 2012) accomplish in silico
fragmentation via exhaustive bond cleavage and generate all possible
molecular fragments for a candidate molecule; MAGMa also matches
fragments to experimental spectral trees for increased annotation con-
fidence. CFM-ID (Allen et al., 2014) utilizes a machine learning model,
trained using mass spectra from curated libraries, to predict mass spectra
for predicted structural candidates. CSI:FingerID (Diihrkop et al., 2015)
is also trained on reference MS/MS spectra, and utilizes the fragment
trees generated from Sirius in combination with calculated molecular
fingerprints to propose plausible structures. MetFrag and MAGMa are
advantageous in that they are not limited by a training set in their
generation of molecular fragments; however, because they are not
trained on empirical mass spectral data, molecular fragments generated
via these tools may not accurately reflect fragmentation processes that
actually occur within a mass spectrometer. CFM-ID and CSI:FingerID are
machine-learning tools with models based upon empirical spectra and
thus perform well for compounds within the applicability domain of the
training sets; however, their applicability domains are limited by the
training sets on which they are built, which may be problematic when
assessing compounds such as azo dyes for which little to no extant mass
spectral data exists in open spectral libraries. A combined approach was
thus utilized to leverage the strengths and weaknesses of each in silico
MS/MS tool and to generate multiple lines of evidence for each chemical
identification.

For each candidate structure, a score of fit to the fragmentation
spectra was determined using each in silico MS/MS tool; scores of
candidate structures were then ranked by percentile. For each assigned
molecular formula, the scores for all structure candidates from each of
the four in silico MS/MS tools were compared according to percentile
rank. The molecular structure with the highest composite percentile
rank score was selected as the tentative structure identification for the
molecular formula.

2.5. Targeted data analyses of dyestuffs and shirt extracts for azobenzene
disperse dyes

Following suspect screening analysis, we utilized our purified
reference standards (n = 7), purchased analytical standards of Disperse
Orange 25 and Disperse Orange 37 [Sigma; 95% purity], and analytical
standards of Disperse Orange 61, Disperse Violet 93, and Disperse Blue
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373 provided via a generous gift from Prof. Gisela Umbuzeiro, School of
Technology, UNICAMP, Limeira, Brazil to quantify individual azo-
benzene disperse dyes in dyestuffs and in clothing extracts (total azo-
benzene disperse dye standards = 12). An eight-point calibration curve
was created, ranging from 0 ng/mL to 500 ng/mL, in 75:25 acetonitrile:
water; para red d-4 [Toronto Research Chemicals] was used as the in-
ternal standard in each sample (50 ng/mL). Results were analyzed using
TraceFinder software [ThermoFisher, version 5.0].

3. Results
3.1. Purification of azobenzene disperse dye reference standards

Ten azobenzene disperse dyes were isolated from raw dyestuffs
[Table 1]. We used a two prong approach that included HRMS and NMR
analyses to confirm chemical structures of isolated compounds. We
assessed mass list matches between HRMS predicted molecular weights
and molecular formulas and our in-house azo dye databases to deter-
mine predicted chemical formulas and chemical structures of each iso-
lated dye identity. For each of the ten isolated compounds, candidate
structures were evaluated for fit to the tandem mass spectral data using
MassFrontier (Wolf et al., 2010) and FiSH scoring within Compound
Discoverer. An example of a fully annotated dyestuff base peak ion
chromatogram, azobenzene disperse dye extracted ion chromatogram,
MS1 spectrum (experimental and predicted), and FiSH score annotated
MS2 spectrum for the dyestuff Permasil Red S2GFL and corresponding
extracted dye Disperse Red 354 is shown in Fig. 1. All annotated chro-
matograms and MS/MS spectral data are shown in Figure SI-4. The
octanol water partition coefficient (Log Koy) values for each compound,
estimated using JChem [ChemAxon, Boston, MA], were relatively high
(range 3.51-6.01), and confirm that these dyes are hydrophobic as ex-
pected, given that disperse dyes impart their color through physical
adsorption to polymeric fibers (Chakraborty, 2010).

Compound purity was assessed by collecting 1H NMR and 13C NMR
spectra [see Appendix C]. We were able to obtain high-quality NMR
spectra demonstrating the purity of seven out of ten of our extracts from
dyestuffs. Due to a lack of concentration or purity issues, the isolated
dyes Disperse Violet 93 Cl, Disperse Violet 33, and Disperse Orange A
were not able to be analyzed through NMR and were therefore not used
for quantitative analysis. All annotated NMR spectra can be found in
Figure SI-3. We further evaluated compound identity by measuring the
molar absorptivity of each extract, using a standard cuvette reader
[SpectraMax 5.0], to confirm that the absorption spectrum for each dye
matched the predicted color of each structure’s common dye identity.
Molar absorptivities are listed in Table 1; full molar absorptivity plots
for each isolated azobenzene disperse dye can be found in Figure SI-5.

3.2. Identification of additional azobenzene disperse dyes in dyestuff

In addition to the ten compounds isolated from dyestuffs, we iden-
tified nine azobenzene compounds that we had not been able to purify
from the dyestuffs due to low concentrations or because compounds co-
eluted too closely to be separated after multiple attempts (but had been
detected in TLC analysis). Fig. 2a summarizes results of our HRMS/MS-
based suspect screening analysis and shows tentatively identified
structural candidates of azobenzene compounds in dyestuffs using our
weight-of-evidence approach (Section 2.4), including the percentile
rank score generated for each structural candidate from each in silico
MS/MS tool, as well as metadata including the number of PubChem
sources, patents, and references for the structural candidate. In addition
to the ten compounds that were isolated (Section 3.1), dyes detected
included: Disperse Violet 93, Disperse Blue 373, Disperse Orange 25,
and Disperse Orange 61, for which we had previously-obtained stan-
dards; Disperse Yellow 163 and Disperse Blue 165, for which we did not
have standards but which had common names; and three additional
azobenzene compounds without common dye names (CAS #s 96662-24-
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7, 3025-42-1, and 24112-48-9). It is known that, because chromophore
activity is determined by the electronic properties of a compound and its
functional groups, azo compounds with similar structures will exhibit
similar color behavior (Aljamali, 2015; Choi et al., 2000; Wojciechow-
ski, 1997). To examine the structural relationships of these unnamed
compounds to other dyes, compounds (rows) were clustered according
to structural similarity via MACCS fingerprints (Anderson, 1984); these
relationships are denoted by the dendrogram to the left of the compound
names. Structural similarity clustering indicates that CAS # 96662-24-7
is structurally similar to Disperse Red 73, as well as Disperse Orange 25.
While chemical fingerprints indicate that 3025-42-1 does not have an
immediate structural neighbor, this compound clusters together with
orange and red compounds. CAS #s 96662-24-7 and 3025-42-1 are
therefore likely to each be orange or red dyes, in concordance with TLC
observations of orange-colored spots for these compounds. CAS #
24112-48-9 is shown to structurally similar to Disperse Blue 165, and
clusters together with other blue dyes and with violet dyes; CAS #
24112-48-9 is therefore likely a blue dye, in concordance with TLC
observations of a blue-colored spot for this compound.

Our results confirm the identities of the primary dye components of
black dyestuff (Permasil Black EXNSF 300%.) Given that our initial TLC
plates [Figure SI-2] show that orange, violet, and blue components are
present in black dyestuff, we expected to see orange and blue dyes as
well as Disperse Violet 93 Cl; however, during the structure identifica-
tion process (Section 2.4), we were able to identify only the chlorine
analog of Disperse Violet 93 in black dyestuff. To verify initial TLC re-
sults, we analyzed the black dyestuff extract via HPLC [Agilent 1100]
with variable wavelength detection at each of the three wavelengths
corresponding to orange, violet, and blue dyes (420 nm, 560 nm, and
595 nm respectively); we also analyzed pure samples (1 pg/mL) of
Disperse Orange 61, Disperse Violet 93, and Disperse Blue 373 to assess
whether each of these colors was present in the dyestuff. Results showed
a clear absorbance peak at each of the three wavelengths with corre-
sponding retention times to pure samples, indicating that each of the
three colors was present in the black dyestuff [Figure SI-6]. Although the
suspect screening yielded no common dye name matches for orange and
blue components in the dyestuff, the identifications of CAS #s 96662-24-
7 and 24112-48-9 have two of the three high relative abundances in the
black dyestuff (area count > 10%) and have close structural similarities
to Disperse Orange 61 and Disperse Blue 373, respectively. Examination
of EICs for CAS #s 96662-24-7 and 24112-48-9 confirmed their pres-
ences in black dyestuff. Patent literature identified by PubChem for CAS
#s 96662-24-7 and 24112-48-9 indicate that they are actively used as
orange and blue ingredients, respectively, in black dyestuff (Hoppe
et al., 2016; Price and Hall, 1980).

Fig. 2 provides strong justification for utilizing multiple in silico MS/
MS tools in a weight-of-evidence approach to annotate chemical struc-
tures, rather than relying on one tool only. Given that CSI:FingerID and
CFM-ID are among the most recent and rigorous in silico tools available
for use in annotating structures from MS/MS data, it would have been
rational to justify the use of only one or both of these tools. However, as
shown in Fig. 2, if we had used only CSI:FingerID or CFM-ID, compounds
such as Disperse Orange 44 and Disperse Red 354 would have been mis-
annotated without access to the purified chemical standards to verify
compound identity. Because few purified reference standards exist for
azo dyes, this mis-annotation from CSI:FingerID or CFM-ID would in
other cases remain uncorrected without additional lines of evidence, as
shown in annotations such as CAS # 96662-24-7. Results shown in Fig. 2
thus support the use of multiple lines of evidence to annotate unknown
molecular features from mass spectrometry data, and suggest that
relying only on in silico MS/MS tools trained on empirical spectra can
lead to incorrect structural annotations for compound classes poorly
represented in the training sets for those tools.

Fig. 3a provides an overview matrix of the occurrence and relative
intensity of the tentatively identified azobenzene compounds in dye-
stuffs colored in a white-to-red gradient according to relative abundance
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Table 1
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Azobenzene disperse dyes extracted and characterized from raw dyestuffs. Dye names with an asterisk (*) indicate that the compound extract was determined to be
pure via NMR analysis. NMR spectra are located in Supplementary Information (Figure SI—4). Log K,,, were calculated using the JChem suite (ChemAxon, Boston,

MA).
TUPAC Name Common Dyestuff of Chemical Structure Molecular Monoisotopic InChIKey-14 Log Amax
Name Origin Formula Mass (g/mol) Kow
3-[N-(2-hydroxyethyl)-4-[(4- Disperse Permasil " N C17H17N503 339.1331 OGHAROMWUKGSDP 3.51 455
nitrophenyl)diazenyl]anilino] Orange A Orange RSE \l J/
propanenitrile ©
2-[[4-[2-cyanoethyl (ethyl)amino]  Disperse Permasil P C18H16N6O02 348.1335 QEORVDCGZONWCJ 4.41 510
phenyl]diazenyl]-5- Red 73* Rubine N
nitrobenzonitrile CKGFL /"
100% *Q
WS i W
3-[4-[(2-chloro-4-nitrophenyl) Disperse Disperse - C17H16CIN5O4 357.0993 NPBDWXMKLFBNIW 5.16 475
diazenyl]-N-ethylanilino] Red 50* Red 5G ;
propanenitrile
3-[4-[(2-chloro-4-nitrophenyl) Disperse Permasil N = C18H;15CINGgO, 382.0945 ZXXVVTBKBDDTSE 4.58 450
diazenyl]-N-(2-cyanoethyl) Orange 44* Orange \L ) J/
anilino] propanenitrile H2GFS ©
IUPAC Name Common Dyestuff of  Structure Molecular Monoisotopic InChIKey-14 Log Amax
Name Origin Formula Mass (g/mol) Kow
N-[2-[(2-chloro-4,6- Disperse Permasil i C18H19CINgO5 434.1105 YREBUQFUGONNSP 4.92 560
dinitrophenyl)diazenyl]-5- Violet 93,Cl  Black a & o
(diethylamino)phenyl] EXNSF )\H ”
acetamide 300% /@) AN
n,(/\v‘
L.
4-Nitro-4’-((2-cyanoethyl) (2- Disperse Permasil ©\4 Co4H21N504 443.1593 SCLYXZFZPIKFAH 6.01 445
benzoyloxyethyl)amino) Orange 73* Orange RSE =~
azobenzene 1 J/
i;
2-[N-(2-acetyloxyethyl)-4-[(2- Disperse Permasil N C22H23N506 453.1648 YAOMDDRLRVOOIC 4.30 525
cyano-4-nitrophenyl) diazenyl]- Violet 33 Rubine . .
3-methylanilino]ethyl acetate S2GFL 1 j
N
L
2
N-[2-[(2-bromo-6-cyano-4- Disperse Permasil ] H C19H19BrNgO3 458.0702 KTXMBTRTVMMWQS 5.00 600
nitrophenyl)diazenyl]-5- Blue 183:1* Blue P2BR )(\ ' i
(diethylamino)phenyl] g I
acetamide /©/ ol
4,(/\«w
.
IUPAC Name Common Dyestuff of  Structure Molecular Monoisotopic InChIKey-14 Log Amax
Name Origin Formula Mass (g/mol) Kow
2-[3-acetamido-N-(2- Disperse Permasil CooH14CIN50, 505.1364 ORDDDNUMJXPGOC 3.77 505
acetyloxyethyl)-4-[(2-chloro-4- Red 354* Rubine
nitrophenyl)diazenyl] anilino] S2GFL

ethyl acetate

(continued on next page)
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Table 1 (continued)
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IUPAC Name Common Dyestuff of Chemical Structure Molecular Monoisotopic InChIKey-14 Log Amax
Name Origin Formula Mass (g/mol) Kow
NNy
N
[ 8
2-[5-acetamido-N-(2- Disperse Permasil Y Y Ca3H5BrNgO1 624.0816 JSRUDOBCTLPTFO 3.72 580
acetyloxyethyl)-4-[(2-bromo- Blue 79:1* Navy J
4,6-dinitrophenyl)diazenyl]-2- GRL 200% j\j "
methoxyanilino]ethyl acetate " !
e
i f )
Disperse Red 354
T 5x10%1 from Permasil Rubine S2GFL
8.
§ 4x10°
= 3%10%4
£ 5
§ 2x10
£ 1x10%+
®
o 0 T T T T
= 10 20 30
Elution time (min.)
3%10°- 506.14401 G MS1
RT=19.36 min. _ i “
- g 5 o
T 7 fr i
a 0 508.14130 08,1422
Lol L J/ 507.14648 507.1393
7] 201
c > 500.14392 509.1446
S 2x10% ‘ L |
] ‘ P r T
; )L Sample Predicted
. N oy,
2 g 30 ms2
Q i ]
o -
£ £
Jé 1x108 © H 20
o
o 5
AR 104 H
0 1 .
J 20
0 mz
17 18 19 20 21 22 23

Elution Time (minutes)

Fig. 1. Base peak ion chromatogram for Permasil Rubine S2GFL (top) and extracted ion chromatogram (EIC) for Disperse Red 354 (bottom, m/z 506.1401). The EIC
for DR354 is shown with the experimental MS1 spectrum, predicted MS1 spectrum (generating using EnviPat), and FiSH-scored (MassFrontier, Compound Discoverer
3.2) MS2 spectrum. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

by peak area. The most commonly detected azo dye was Disperse Violet
93 Cl, which was detected in five dyestuffs; Disperse Blue 373 and
Disperse Red 50 were each detected in three dyestuffs. All other azo-
benzene compounds were detected in only one or two dyestuffs. Specific
quantities of individual azo dyes in dyestuffs can be found in the Sup-
plementary Information [Table SI-3]. As might be expected, common-
named dyes were largely detected in dyestuffs of corresponding
colors; primary color dyes (red, yellow, blue) were also detected in
dyestuffs of corresponding secondary colors such as orange and violet.
Relative abundance results indicate a high variance of percent

composition within dyestuffs: some dyestuffs contained far less dye
compound(s) on a per-mass basis than other dyestuffs. Further analysis
of dyestuff percent composition can be found in Figure SI-7.

3.3. Identification and quantitation of azobenzene disperse dyes in
children’s athletic apparel

We extracted 14 children’s athletic apparel samples [Table SI-2] and
assessed occurrence of azobenzene disperse dyes via our weight-of-
evidence suspect screening approach (Section 2.4). Our suspect



K.E. Overdahl et al.

A Common Name
if applicable A MolecularFormula
Disperse Orange 61 55281-26-0 Cy7H15BrNsO;
Disperse Red 50 40880-51-1 Ci17H16CIN5O,
Disperse Yellow 163 67923-43-7 CigH14CILNgO;
Disperse Orange 44 4058-30-4 CasH15CINGO,
96662-24-7 C32H19N50;
Disperse Red 73 16889-10-4 Ci1gH16N602
Disperse Orange 25 31482-56-1 Ci7H17Ns0,
3025-42-1 C16H17CIN,O,
Disperse Violet 33 66882-16-4 C22H23Ns06
Disperse Orange 73 40690-89-9 CyaH1NsO4
Disperse Orange A 6657-32-5 Cy7H17N503
Disperse Violet 93 52697-38-8 CagH19BrNgO5
Disperse Violet 93 Cl 66557-45-7 CigH19CINGOs
Disperse Blue 183:1 2537-62-4 Ci15H19BrNgO3
Disperse Blue 165 41642-51-7 Cy0H19N;03
24112-48-9 CigH20Ns0s
Disperse Blue 373 51868-46-3 C21H21BrNsOg
Disperse Blue 79:1 3618-72-2 Ca3H25BrNgO10
Disperse Red 354 1533-78-4 C22H24CINsO7
B Common Name
if applicable CAS Molecular Formula
T Disperse Orange A 6657-32-5 CazH17Ns03
Disperse Yellow 163 67923-43-7 CisH14C12N6O2
1 — 4234-72-4 CagH16Ns0;
. 96662-24-7 CaoHisNs0,
84870-65-5 CagH1gNsO;
Disperse Orange 61 55281-26-0 Ci7H15BraNsO,
Disperse Red 50 40880-51-1 Ci17H16CINSO;
Disperse Orange 25 31482-56-1 Cy7H17Ns02
Disperse Red 73 16889-10-4 CisH16Ns0,
Disperse Orange 31 68391-42-4 CioH19NsO,
L—— Disperse Violet 33 66882-16-4 CaaH23NsOg
—— Disperse Violet 77 52549-57-2 C31H24NgO0s
Disperse Blue 79:1 3618-72-2 Ca3H25BrNgO10
L _,_E Disperse Red 354 1533-78-4 Ca2H24CIN5O7
68391-47-9 C22H24NsO0g
isp Blue 373 51868-46-3 C21H31BrNgOs
] — Disperse Blue 165 41642-51-7 CyoHigN; 05
— 24170-60-3 CagH15N705
Disperse Blue 183:1 2537-62-4 CigH19BrNgO3
|__ Disperse Violet 93 52697-38-8 CigH19BrNgOs
—— Disperse Violet 93 C| 66557-45-7 Ci5H15CINGOs
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Percentile Scores

Structure

Candidate PubChem PubChem PubChem
oun #Sources #Patents # References
5 31 9 0
735 34 16 0
15 22 5 0
180 33 7 0
1586 6 2 0
1030 45 9 5
3357 58 200 4
1196 13 4 d
135 6 0 0
615 24 3 0
2103 27 4 0
1 34 24 0
10 18 6 0
33 28 16 0
312 37 7 0
108 15 3 0
1 26 3 0
3 40 19 0
4 34 1 0
Percentile Scores
Structure
Candidate PubChem # PubChem PubChem
Count Sources  # Patents # References
2103 27 4 0
15 22 5 0
1030 15 1 0
1586 6 2 0
1325 21 13 0
5 31 9 0
735 34 16 0
3357 58 200 4
1030 45 9 5
1187 34 9 0
135 26 7 0
166 20 3 0
3 40 19 0
4 34 11 0
5 17 0 0
1 26 3 0
312 37 7 0
47 22 21, 1
33 28 16 0
5 34 24 0
10 18 6 0

Fig. 2. Azobenzene disperse dyes tentatively identified in dyestuffs (2A) and in children’s polyester apparel (2B) through our weight-of-evidence approach using the
computational in silico MS/MS tools MAGMa, MetFrag, CSI:FingerID, and CFMID; percentile scores of fit to the compound fragmentation spectra (derived as described
in Section 2.4) are shown, generated by each of the four in silico MS/MS tools, and are color coded from red (0™ percentile score of fit predicted by the in silico MS/MS
tool) to green (100th percentile score of fit predicted by the in silico MS/MS tool). Numbers of sources, patents, and references in PubChem are also included as
additional metadata for substantiation of compound annotation. Common names highlighted in green are those verified by matching with reference spectra from
purified dyes in Table 1; compounds with no common name listed are not known by any azo dye name in open-source databases. Compounds (rows) are clustered
according to structural similarity via MACCS fingerprints (Anderson, 1984) to examine structural relationships between azo dyes, as denoted by the dendrogram (in
blue) to the left of the compound names. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

screening analysis of azobenzene compounds in children’s athletic
apparel yielded 21 detected azobenzene compounds, 12 of which we
were able to confirm via spectral matching with our standards (purified,
purchased, and gifted) [Fig. 2b]. As was shown in the dyestuff data
[Fig. 2a], annotated structures presented in Fig. 2b justify the use of
multiple lines of evidence rather than relying on a single in silico MS/MS
annotation tool such as CSI:FingerID: compounds in apparel such as
Disperse Red 73 and Disperse Violet 93 Cl would have likely been mis-
annotated without purified standards available to verify compound
identity. Commonly detected dyes with high relative abundances
included Disperse Blue 373, Disperse Red 354, Disperse Violet 93, and
Disperse Violet 93 Cl [Fig. 3b]. Other compounds, such as Disperse Blue
79:1, Disperse Blue 183:1, Disperse Orange 25, Disperse Orange 61, and
Disperse Red 50 were frequently detected in apparel but showed high
relative abundance in only one or two apparel samples. We then used
our purified standards to quantify azo dyes in apparel where possible. Of
our 14 apparel samples, seven samples contained dyes for which we had
standards. Fig. 4 depicts the relative quantities of each dye within the

total amount of quantifiable disperse dye, listed to the right of each bar.
For specific measurements in apparel, refer to Table SI-4. We quantified
total levels of dyes in apparel samples up to 11,430 pg dye/g shirt (Red
Shirt A), and individual levels of dyes in apparel at up to 9230 pg dye/g
shirt (DR354 in Red Shirt A). Geometric means of dyes in apparel ranged
from 7.91 pg dye/g shirt (DO44) to 300 pg dye/g shirt (DR354)
[Table SI-4]. Due to limits of detection, only the most abundant dyes in
apparel from Fig. 3b were quantified. Instrument limits of detection
(LOD), reported in Table SI-4, were calculated as the blank signal plus
three standard deviations of the blank; where the calculated LOD was
lower than the lowest calibration sample 1 ng/mL, 1 ng/mL was instead
used as the LOD. Recoveries for each compound were measured after
matrix-spike experiments with white apparel swatches and ranged from
68.9% + 1.9% (Disperse Orange 73) to 101% =+ 6.9% (Disperse Red 50);
percent recoveries for each dye are shown in Table SI-5.

Apparel samples (columns) in Fig. 3b are clustered by similarity. All
black shirts cluster together: each black shirt contains a blue, a violet,
and an orange dye, in accordance with our results for black dyestuff in
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A

Disperse Orange 61
Disperse Red 50
Disperse Yellow 163
Disperse Orange 44
96662-24-7
Disperse Red 73
Disperse Orange 25
3025-42-1
Disperse Violet 33
Disperse Orange 73
Disperse Orange A
Disperse Violet 93
Disperse Violet 93 Cl -
Disperse Blue 183:1
Disperse Blue 165
24112-48-9
Disperse Blue 373

Disperse Blue 79:1
Disperse Red 354

2x105

Permasil Black EXNSF 300%
Peramsil Rubine S-2GFL
Peramsil Orange H2GFS

Permasil Orange RSE
Peramsil Rubine CK-GFL 100%
Permasil Blue P2BR

Permasil Blue SE-GBL
Disperse Red 5G

Disperse Brill Yellow S7GL
Peramsil Navy GRL 200%
Disperse Blue W-BLS
Disperse Brill Red S-T

Peramsil Yellow-Brown S2RFL 150%

B

Disperse Orange A
Disperse Yellow 163
4234-72-4
96662-24-7
84870-65-5

Disperse Orange 61
Disperse Red 50
Disperse Orange 25
Disperse Red 73
Disperse Orange 31
Disperse Violet 33
Disperse Violet 77
Disperse Blue 79:1

Disperse Red 354 I [
68391-47-9 -
Disperse Blue 373 -
Disperse Blue 165
24170-60-3 -
Disperse Blue 183:1
Disperse Violet 93
Disperse Violet 93 CI
< o w a o < < O VU VU @ a o
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Section 3.1. Dyes appear to be in common among red and blue apparels
as well: Disperse Violet 93 (Br and Cl analogs), Disperse Blue 373, and
Disperse Red 354 are each detected in Blue Shirt A, Blue Shirt C, Red
Shirt A, and Red Shirt C with high relative abundances. Notably, simi-
larity clustering is also observed for shirts within a given brand. All
apparel from Brand A, for example, contain DB183:1, DB373, DO25,
DO61, DR354, DR50, DV93, and DV93 Cl. The three apparel samples
from Brand C cluster entirely together, displaying common dyes and
common abundances of these dyes with the exception of one or two dyes
per apparel sample. This suggests that Brand C uses a common dyestuff
“recipe” to color their apparel, changing abundances of key dye colors as
necessary. Brand B showed minimal detections of azobenzene disperse
dyes, suggesting that Brand B may use other materials such as anthra-
quinone disperse dyes to color their polyester apparel.

Of the apparel samples in which azo dyes were quantified, DR354
was quantified in every sample except one (Black Shirt E), whose total
amount of quantifiable disperse dye is instead entirely comprised of
Disperse Red 73. Given that TLC [Figure SI-2] and HPLC [Figure SI-6]

4x10°

Maximum Area [counts]

Blue Shirt B
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Color Key Fig. 3. Relative abundances, measured via peak area,
of azobenzene compounds tentatively identified in
dyestuffs (3A) and of tentatively identified azo-
benzene compounds in children’s polyester apparel
(3B). Peak areas ranging from 10° to 108 are colored
in a gradient from white to deep red according to
peak intensity, as shown in the legend. Columns
(dyestuffs in 3 A, apparel samples in 3 B) are clus-
tered according to abundance similarity; rows
(tentatively confirmed azobenzenes) are clustered
according to molecular fingerprint similarity. Azo-
benzene compounds were identified using our
weight-of-evidence approach (Fig. 2) and are clus-
tered according to structural similarity via MACCS
fingerprints (Anderson, 1984) identically as shown in
Fig. 2. The black bar charts on the right display the
maximum detected peak area per compound across
all dyestuff samples (4 A) or apparel samples (4 B). As
in Fig. 2, compounds listed in green are those for
which we were able to definitively confirm and
identity with an authentic reference compound. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)
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analyses of black and most blue dyestuffs did not show a red dye, we did
not expect to see red dyes present in blue or black shirts. Yet, DR354
makes up roughly 40% of the total 241 pg dye/g shirt that we quantified
in Blue Shirt C. Where black apparel is concerned, DR354 makes up
roughly 85% of the 1103 pg dye/g shirt quantified in Black Shirt F, and
makes up more than 95% of the 1304 pg dye/g shirt quantified in Black
Shirt D. Fig. 2b shows that when detected, azo dyes are clustered ac-
cording to MACCS fingerprint similarity: DR354 does not cluster near
the other red compounds, and instead clusters with blue and violet
compounds such as Disperse Blue 79:1 and Disperse Violet 77. Experi-
mentally determined maximum absorbance wavelengths [Table 1] also
reveal that DR354’s Apax is 505 and DR73’s Aax is 510, which are closer
to DV33’s 525 Apax than to the Ayax of any other purified red dyes. Thus,
it may be that DR354 and DR73 function in certain black dyestuff
mixtures as an ingredient in the “violet component” of the dyestuff.
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Black Shirt A

Black Shirt D!

Black Shirt E

47.7 pg dye/g shirt

Black Shirt F

Children’s Athletic Apparel

241 pg dye/g shirt
Red Shirt A

Red Shirt C I 89.0 pg dye/g shirt

- s dvelganre

I 1304 pg dye/g shirt
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Disperse Red 73
Disperse Red 50
Disperse Red 354
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Disperse Orange 61
Disperse Orange 44
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Fig. 4. Quantitative measurements of purified reference dyes in each shirt extract. All values are reported in pg dye/g shirt.

4. Discussion
4.1. Clothing is a source of human exposure to chemicals

This study sought to address the knowledge gaps in sources, quan-
tities, and possible exposure paths of azobenzene disperse dyes in dye-
stuffs and apparel. A growing body of evidence identifies clothing as an
important source and mediator of human exposure to chemicals and
particles, including chemical byproducts of clothing manufacture and
chemicals that adhere to clothing during use and care (Heratizadeh
et al., 2017; Iadaresta et al., 2018; Licina et al., 2019; Nicolai et al.,
2020; Rovira and Domingo, 2019). For example, it is known that
clothing can act as a sorbent of semivolatile organic compounds (SVOCs)
such as phthalates, brominated flame retardants, and organophosphate
esters, and that these chemicals can then be released during laundering
(Rovira and Domingo, 2019). Quinoline, an aromatic compound
involved in the manufacture of dyes and a possible human carcinogen,
was found by Luongo et al. (2014) to be present in almost all polyester
garment samples analyzed, at concentrations up to 1.9 mg (Luongo
et al., 2014). Despite the widespread realization that clothing, particu-
larly synthetic clothing, is an important source of human exposure to
chemicals, to our knowledge few studies have evaluated the presences of
azobenzene disperse dyes in cloth and apparel.

4.2. Clothing may be a significant source of human exposure to azo dyes

Recently, Dhungana et al. (2019) examined the presence and relative
abundances of brominated azobenzene dyes in a pooled cloth sample
and confirmed detection of Disperse Orange 61 and Disperse Blue 373.
In addition, they tentatively identified chemical formulas that may
correspond to brominated azo dyes, although no standards or spectra
were available at the time with which to verify these results (Dhungana
etal., 2019). We compared this list of tentative identifications (chemical
formula and m/z for the M + H ion) in the pooled cloth to our own list of
purified compounds and found five matches to our list of purified azo-
benzene dyes. In addition to Disperse Orange 61 (C17H;5BraN502, m/z

478.9598) and Disperse Blue 373 (C1H21BrNgOg, m/z 532.0721) which
Dhungana et al. had already identified with reference standards, we
matched Disperse Violet 93 (CigH;9BrNgOs, m/z 478.0611) and
Disperse Blue 79:1 (Ca3H25BrNgO10, m/z 624.0817). All of these com-
pounds were identified in our children’s apparel extracts and the rela-
tive magnitudes of these detections parallel our results. Additionally, the
formula C;7H;6BrN5O9, with m/z 401.0491 reported in Dhungana et al.
matches the predicted brominated analog of Disperse Red 50
(C17H16CIN502), providing another example of compounds with halo-
genated analogs (our example in this paper being the brominated and
chlorinated analogs of Disperse Violet 93). These examples indicate that
as screening for azobenzene disperse dyes continues, it will be critical to
consider halogenated analogs of each possible azo dye in order to ensure
that compounds do not go undetected.

To date, azo dyes have been identified and assessed in environmental
and commercial materials by focusing on the aromatic amine break-
down products of suspected parent azo dyes: while azo dyes are estab-
lished in the literature as skin sensitizers, many aromatic amines
released by azo dyes are suspected mutagens and carcinogens (Korinth
et al., 2007; Leucea, 2010; Platzek et al., 1999; Rovira and Domingo,
2019; Sun et al., 2017; T, 2013). Briischweiler and Merlot (2017)
identified 40 non-regulated aromatic amines in textiles after performing
reductive cleavage on fabrics (Briischweiler and Merlot, 2017; Rovira
and Domingo, 2019); using a similar experiment, Crettaz et al. (2020)
quantified non-regulated aromatic amines in 48% of 150 samples
(Crettaz et al., 2020). Briischweiler et al. (2014) identified 15
non-regulated aromatic amine cleavage products from azo dyes with
toxicity data suggesting carcinogenic or genotoxic activity; included in
this list is 4-nitroaniline (Briischweiler et al., 2014). While the present
study assessed azo dyes rather than aromatic amine cleavage products, it
is important to consider the possibility of aromatic amine release from
the azo dyes assessed here. 22 aromatic amines are suspected or known
carcinogens, and are banned in the European Union under REACH
(Stingley et al., 2010); included in this list is p-aminoazobenzene, the
core structure of each azo dye examined in this study [Figure SI-1]. 426
different azo dyes are capable of producing one or more of these 22
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banned aromatic amines, and despite REACH legislation, these com-
pounds are present in commerce at toxicologically relevant concentra-
tions (Briischweiler et al., 2014); these concentrations in clothes are
known to correlate to human exposure levels of concern (Zeilmaker
et al., 1999). Many other aromatic amines remain unregulated under
REACH: an additional 470 azo dyes can be cleaved into 397
non-regulated aromatic amines (Briischweiler et al., 2014; Briischweiler
and Merlot, 2017). We predicted reductive cleavage products for each
azo dye included in this study [see Table SI-5] and determined that of
the azo dyes examined in this study, three dyes (DOA, DO73, and DO25)
could potentially be reductively cleaved to produce 4-nitroaniline. An
additional nine dyes (DR50, DO44, DV93, DV93 Cl, DR354, DB79:1,
DB373, DO37, and DO61) could potentially be cleaved to produce
halogenated analogs of 4-nitroaniline such as 2,6-dichloro-4-nitroani-
line and 2,6-dibromo-4-nitroaniline. These results demonstrate that
azo dyes with potential to release potentially toxic amines are present in
United States commerce and in children’s clothing, and suggest that
traditional screening efforts must look beyond known and
commonly-monitored aromatic amines. Future research should priori-
tize identification of the azo dyes from which these amines can be
released in order to understand the scope of human exposure and po-
tential risks from use of this class of compounds.

While azo dyes are not applied exclusively to clothing, previous work
indicates that clothing is by far the most relevant source of human
exposure to azo dyes. Out of the pooled cloth, TV casing, and carpet
samples that Dhungana et al. tested, prominent peak areas for bromi-
nated azo dyes were detected only in the pooled cloth sample (Dhungana
et al., 2019); Zeilmaker et al. (2000) determined that where dermal
exposure is concerned, other household textiles such as towels do not
make contact with human skin for long enough to lead to toxicologically
significant exposure to azo dyes and their derivatives (Zeilmaker, M.J.,
Van Kranen, H.J., Van Veen, M.P., Janus, 2000). Our present study
demonstrates that the range of total azo dye concentrations in children’s
clothing (47.7 pug/g — 11,430 pg/g) can account for up to 1.1% of the
total clothing mass [Figure SI-8]; work by Crettaz et al. (2020), however,
suggests that this percentage is toxicologically relevant. Crettaz et al.
detected p-phenylenediamine, an aromatic amine released from
numerous azo dyes, at a range of toxicologically relevant concentrations
between 67 pg/g and 953 pg/g in nine polyester samples, and calculated
that these concentrations correspond to only 0.2-2.7% of the theoretical
mean dye load on garments (Crettaz et al., 2020). The predominant
route of azo dye uptake into the body is considered to be dermal
(Kaefferlein et al., 2009); dermal exposure can also result in azo dyes
being reductively cleaved by skin bacteria to yield aromatic amines
(Korinth et al., 2007; Platzek et al., 1999; Sun et al., 2017). In the
context of this collective work by others, our results demonstrate that
clothing may indeed be a significant source of human exposure to azo
dyes, which raises concerns about the potential for allergic reactions and
may account for why some individuals react to clothing if not washed
before wearing (Licina et al., 2019; Su and Horton, 1998).

4.3. Clothing may be a significant source of household exposure to azo
dyes

Literature documenting the “washout effect” of chemical treatments
on apparel suggests that children’s clothing may also be an important
source of azo dye release into the environment. Zheng and Salamova
(2020) examined the washout effect for melamine, another class of ar-
omatic amines, and determined that melamine concentrations in
clothing decreased by up to 90% when washed in cool and warm water,
and decreased by up to 97% when washed with a detergent, after a
single washing (Zheng and Salamova, 2020). Similarly, Luongo et al.
(2016) investigated the washout effect for benzothiazoles and quino-
lines and found that benzothiazoles decreased by 50% after ten washes,
while quinolines decreased by 20%; 0.5 g and 0.24 g, respectively, were
emitted to households during one washing (Luongo et al., 2016).
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Previous literature has established that disperse dyes can migrate off of
fibers onto water or skin by rubbing and by exposure to water, partic-
ularly if textile fastness is poor (Malinauskiene et al., 2013). Given that
azobenzene disperse dyes can only operate in the dyeing process in the
presence of dispersing agents such as detergents, it is plausible that
when clothes treated with azobenzene disperse dyes come back into
contact with detergents, this migration process off of clothes will be
exacerbated, increasing the likelihood of releasing azobenzene disperse
dyes into the home environment. Washout effect studies (Luongo et al.,
20165 Zheng and Salamova, 2020) suggest that laundering of clothing
can be an important source of release of these compounds to households.
It is of critical importance to prioritize examination of chemical treat-
ments and dye migration off of clothing in order to better understand the
pathways by which these compounds may migrate into the environment
(indoor and outdoor) and engage in pathways of human exposure.

5. Conclusion

To our knowledge, this study is the most complete examination of
azo dyes in human exposure sources to date. We identified 19 different
azobenzene disperse dyes in 13 raw dyestuff powders, demonstrating
that commercial dyestuffs are often comprised of multiple azo dyes. We
were able to isolate ten of these dyes and seven were sufficiently pure to
be used as reference standards. Similarly, we identified 21 different azo
dyes in children’s apparel samples, 12 of which we were able to confirm
and quantify using purified, purchased, or gifted reference standards.
Azo dyes were found to be present in apparel at total levels up to 11,430
pg dye/g shirt and at individual levels up to 9230 pg dye/g shirt.

Given our results presented here, the concentrations of azo dyes
detected in children’s clothing in this study raise questions and con-
cerns. Further research is warranted to understand the health risks that
these compounds may pose to children when applied in clothing,
particularly where suspected allergic sensitization potential of these
compounds is concerned. To mitigate exposure to azo dyes in clothing, it
may be best for parents to wash all clothing before children wear
apparel.
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