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Abstract 

Azobenzene disperse dyes are the fastest-growing category of commercial 

dyestuffs, accounting for 70% of the 9.9 million tons of industrial dye colorants used 

annually. Azobenzene disperse dyes are intended to be applied to syntheti c fabrics such 

as polyester, nylon, and acrylic; however, azo dyes may also be used in cosmetic 

products such as hair dyes, and in fashion accessories such as leather goods.  Recently, 

our group and others have d etected azobenzene disperse dyes in dust particles collected 

from the indo or environment , and raising concerns about the release of these chemicals 

from products and human exposure. Al though extensive literature character izes these 

chemicals as toxic contaminants in aquatic environments , to date there exists lit tle data 

on levels, exposures, and hazards associated wit exposures to azobenzene disperse dyes 

in the indoor environment.   

The presence of these dyes in the indoor environment is concerning. House dust 

is a sink for many contaminants that leach out or off-gas from products in the home. 

Due to childrenɀs unique behaviors (e.g. crawling and hand to mouth activity) they have 

higher exposure to chemicals associated with dust . Azobenzene disperse dyes are 

implicated in literature a s potentially  allergenic: they are known to be present in 

clothing that elicits allergic reactions such as skin sensitization. Therefore, it is of crucial 

importance to support research that seeks to characterize childrenɀs exposure in the 
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home environment, and evaluate the in vitro effects of azobenzene disperse dyes. The 

hypothesis of this research dissertation is that azobenzene disperse dyes are prevalent in 

dust collected from the indoor environment at concentrations of concern for human 

health.   

In the fir st aim of this thesis research, azobenzene disperse dyes were 

characterized ÐÕɯÊÖÔÔÌÙÊÐÈÓɯÔÐßÛÜÙÌÚɯÈÕËɯÐÕɯÊÏÐÓËÙÌÕɀÚɯ×ÖÓàÌÚÛÌÙɯÊÓÖÛÏÐÕÎȭɯ zo dyes 

were first purified from dyestuffs by Soxhlet extraction and flash chromatography and  

then analyzed using ultr a-high-performance liquid chromat ography (UHPLC) c oupled 

with high resolution mass spectrometry (HRMS) , as well as by 1H and 13C NMR for 

structural elu cidations. Nineteen total azobenzene dyes were detected in dyestuffs via a 

non-targeted analysis approach, including  Disperse Blue 79:1, Disperse Blue 183:1, 

Disperse Orange 44, Disperse Orange 73, Disperse Red 50, Disperse Red 73, and 

Disperse Red 354.  Samples of children's polyester clothing (n=X) were then analyzed via 

UH PLC-HRMS. In clothing, 21 azobenzene disperse dyes were detected, 12 of which 

were confirmed and quantified via reference standards . Individual dyes in apparel were 

ØÜÈÕÛÐÍÐÌËɯÈÛɯÊÖÕÊÌÕÛÙÈÛÐÖÕÚɯÜ×ɯÛÖɯƝƖƗƔɯϟÎɯËàÌɤÎɯÚÏÐÙÛȮɯÞÐÛÏɯÎÌÖÔÌÛÙÐÊɯÔÌÈÕÚɯÙÈÕÎÐÕÎɯ

7.91ɬƗƔƔɯϟÎɯËàÌɤÎ shirt. Total dye load in apparel was quÈÕÛÐÍÐÌËɯÈÛɯÜ×ɯÛÖɯƕƕȮƘƗƔɯϟÎɯ

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 . This study was the first to confirm and qu antify these azo compounds in 
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cÏÐÓËÙÌÕɀÚɯ×ÙÖËÜÊÛÚȮɯfacilitat ing a more robust understanding of sources of azobenzene 

disperse dyes in the indoor environment.  

The second aim of this thesis research investigated the pr esences and quant ities 

of azobenzene disperse dyes and related compounds in indoor house dust (n=188) 

collected fr om homes in Durham, NC.  Using a targeted approach, we quantified 12 azo 

disperse dyes and quantified at least one dye in every house dust sample. Detection 

frequencies 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. HRMS suspect screening 

analysis identified an additional eight azobenzene compounds in dust that are present at 

high relative abundances. This study indicates that azo disperse dyes and related 

compounds are ubiquitous in the indoor environme nt. To support quality assurance and 

control during the analysis,  a house dust Standard Reference Material (NIST SRM 2585) 

was extracted and analyzed with the samples.  Based on the detection and abundance of 

azo dyes in SRM 2585, which was prepared fr om hundreds of dust samples collected in 

the mid 1990s, azo dye levels in the indoor environment may be increasing over time. To 

our knowledge, this is the most comprehensive quantitative study of azo disperse dyes 

in house dust to date. Future studies are needed to quantify additional dyes in dust, 

particularly those identified here via suspect screening, and to examine exposure 

pathways of dyes in the indoor environment where children are concerned.  
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The third aim of this thesis r esearch examined the binding reactivity  of 

azobenzene disperse dyes to nucleophilic peptide residues in o rder to understand  their 

potential reactivity as electrophilic allergenic sensitizers. The Direct Peptide React ivity 

Assay (DPRA) was utilize d via both a spectrophotometric method and a  high-

perfor mance liquid chromatography (HPLC) method. Dyes isolated from the 

commercial dyestuffs, and several potential t ransformation pro ducts, were tested.  All 

dyes were found t o react with nucleophilic peptides  in a dose-dependent manner with  

pseudo-firs t order (kobserved) activity , but overall to react more potently with cysteine than 

with lysine : EC10 values for cysteine binding were determined as low as 0.005mM and 

pseudo-first order  rate constants as high as 0.04 hr -1 (as observed for Disperse Blue 79:1). 

Observed rate constants were correlated to metrics of structural features such as 

Hammett constants and electrophilicity indices, indicat ing that binding reactivity may 

be related to structur al properties of azobenzene disperse dyes. In addition to examining 

dyes, the reactivity of extracts of polyester shirts were also examined; shirt extracts with 

high relative abundances of azobenzene disperse dyes were observed to induce greater 

peptide reactiv ity.  Results suggest that azobenzene disperse dyes may function as 

immune sensitizer s, and that clothing containing azobenzene disperse dyes may pose 

risks for skin sensitization .  

Collectively, th is thesis research suggests that azobenzene disperse dyes are 

common in clothing, and appear to be near ubiquito us in house dust. Given their 
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reactivity in vitro, this may present health consequences, particularly for young 

children.   
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1. Introduction 

1.1 Azobenzene disperse dyes: an overview 

1.1.1 Azo dye characteristics 

Disperse dyes are a class of substituted anthraquinone- or azobenzene-based 

dyes used to color synthetic fabrics such as polyester, nylon, and acrylic  (Benkhaya et al., 

2020a; Waring, 1984). Approximately 60% of all disperse dyes are azo dyes, all of which 

share a core substructure of p-aminoazobenzene [Figure 1] (Wakelyn, 2006). Azo dyes 

are used primarily as textile colorants, but can also be employed as colorants in 

indust rial paints, printing inks, var nishes, plastics, and other products (Berrie and 

Lomax, 1997). Azo dyes are synthesized first by producing an aromatic d iazonium ion 

from an aniline derivative, then by coupling the diazonium salt with an aromati c 

compound. This  simple synthesis can be used to create the entire range of color shades:  

the simplest azo dyes are yellow, but changing the numbers and positions of moieties 

and chromophore s (such as chlorine or bromine) on the p-aminoazobenzene backbone 

in turn changes the electronic structure variations that give these molecules their optical 

properties, producing orange, red, violet, blue, and black dyes (Bafana et al., 2011; Berrie 

and Lomax, 1997; Chen et al., 2018; El-Ghamaz et al., 2017).  

While their colorfastness properties are not as strong as those of carbonyl and 

phthalocyanine dyes, the ease of azo dye synthesis means that these compounds can be 

produced  easily, inexpensively, and in great abundance. Therefore, azo dyes are 
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strongly favored by textile industries  (Benkhaya et al., 2020b; Malinauskiene et al., 2013). 

They also possess high chemical and photolytic stability; despite their chromopho re 

activity, photolysis is not a primary degradation route for azo dy es.  Under aerobic 

conditions, azo dyes biodegrade negligibly in the absence of metabolic enzymes and 

microbes; under anaerobic conditions, azo dyes can biodegrade to aromatic amines via 

anaerobic reductive cleavage of the azo bond (Bafana et al., 2011).  Azo dyes are quite 

hydroph obic and do not dissolve well in aqueous solutions : the log Kow  values (a 

measure of hydrophobicity ) of the dyes included in these studies range from 3.5 to 6.1 

(Overdahl et al., 2021). As a result, they do not chemically bond to f ibers and must be 

applied in conjunction with a dispersing o r fasting agent As such, unlike other dyes such 

as direct or reactive dyes, azo dyes do not dissolve well in aqueous solut ions and thus 

do not chemically bind to fibers on their own; they must instead be applied in 

conjunction with a dispersing or fasting agent ÐÕɯÈɯɁËàÌɯÉÈÛÏɂɯ(Malinauskiene et al., 

2013).  

1.1.2 A brief history of azo dyes  

Azo dyes currently represent the most abundant, and the fastest-growing, class 

of dyes: they currently account for roughly 70% of the 9.9 million tons of industr ial dye 

colorants used annually  ((Dawson, 1991; Drumond Chequer et al., 2011). However, the 

practice of dyeing itself is ancient, and the history of dyeing is inseparable from the 

history of chemistry. Archaeological evidence indicates that dyeing da tes back six 
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thousand years to the use of indigo-containing plants to produce blue color for cloth in 

central America; in the Mediterranean, blues, violets, and reds were produced from 

crushed sea snail extracts through a laborious and resource-intensive process.  Ancient  

dyeing practices also formed the foundation for disperse dyeing: many natural pigments 

do not dissolve in water, so ancient dyers found they needed to add heat and alkaline 

materials in order to make a dye slurry. Thousands of years later, in 1548, the first 

dyeing manual was published by Gioanventura Rosetti, containing thirty -five formulas 

for red dyes and twenty -one formulas for black dyes. This publication spurred the 

growth and obs ession with international dye business throughout Europe  and Asia. As 

a result, in 1737 the French government began appointing a leading chemist as inspector 

of dye works ; in 1789, Antoine Lavoisier published Traite Elementaire de Chimie 

ȹɁ$ÓÌÔÌÕÛÚɯÖÍɯ"ÏÌÔÐÚÛÙàɂȺȮɯÞÏÐÊÏɯÓÈÐËɯÛÏÌɯÍÖÜÕËÈÛÐÖÕÚɯÖÍɯÔÖËÌÙÕɯÊÏÌÔÐÚÛÙà. Claude 

Louis Berthollet  then applied LavoisieÙɀÚɯÛÏÌÖÙÐÌÚɯÛÖɯËàÌÐÕÎɯÈÕËɯ×ÜÉÓÐÚÏÌËɯÏÐÚɯÖÞÕɯÞÖÙÒɯ

in 1791; dye chemists began to emphasize chemical reactions in their work (Postrel, 

2020). 

The era of synthetic dyes began in 1843, with German student August  Wilhelm 

'ÖÍÔÈÕÕɀÚɯ ×ÜÉÓÐÊÈÛÐÖÕɯidentifying the chemical Ɂanilineɂ from indigo plants and 

showing that the chemical contains six carbon atoms, seven hydrogen atoms, and one 

nitrogen atom (Britannica, 2021a). One of Hofmannɀs own students at the Royal College 

of Chemistry in London , William Perkin, attempted to synthesize quinine in 1853 and 
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instead produced a reddish-brown pre cipitate; when he repeated the exper iment with 

'ÖÍÔÈÕÕɀÚɯaniline  as his starting compound, he yielded a black precipitate  (Institute, 

2017). Perkins left the college to market these products as commercially viable dyes, and 

the synthetic dye industry grew rapidly: by 1859, even working class persons were 

wearing synthetically -dyed clothing, and the demand for new colors led many chemists 

to turn their efforts toward dyes  (Postrel, 2020). One such chemist was Johann Peter 

Griess, who in 1858 obtained a yellow compound by reacting nitrous acid and an 

arylamine to produce a highly reactive intermediate, which he t hen reacted with a 

phenol. In 1863, Carl Alexander Martius used this same reaction to develop Bismarck 

Brown, which today is known as the first true  azo dye. In 1866, Friedrich August Kekule 

proposed that these dye products contain aryl rings linked throug h two nitrogen  atoms 

double-bonded to one another, and called this an azo group; he hypothesized that the 

reaction of nitrous acid with an aryl anil ine produces an aryldiazonium ion, which 

readily couples with anilines or phenols to create the azo bond and , thus, an azo 

compound (Britannica, 2021b). Once this chemistry was understood, dye production 

grew exponentially across Europe.  

1.1.3 Azo dye production and industry today 

Today, the synthetic dye market is a multi -billion dollar industry  experiencing 

rapid and continual growth. Ten years ago,  the global synthetic colorant marke t was 

worth $16 billion in 2011 (Bafana et al., 2011); by 2019, the market was worth $31.97 
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billion, and is expected to grow at a compound annual growth rate of 13% and reach 

$50.38 billion by 2023 (a projection that takes into account market losses due to the 

COVID -19 global pandemic) (DataM Intelligence, 2019). In 2011, European countries still 

comprised the majority of the market s hare with 40% total production of all global 

pigments (Bafana et al., 2011). Today, Asia and the Pacific are the world region that 

comprise the largest share of the global dye and pig ment market, accounting for 32% of 

the market in 2020; Asian countries are also the predominant region for azo dye 

production (DataM Intelligenc e, 2019). These high market shares are attributed largely 

to the flourishing worldwide textile industry: the value of the global textile mills market  

totaled $667.5 billion in 2015. Much of the global textile mark et is based in Asian 

countries, driven by high population and  consequent high demand for jobs.  Export ing 

textile production to Asian countries is also more cost -effective for other countries, since 

the Asian textile market utilizes inexpensive azo dyes and  inexpensive (and often 

exploited) labor  (Agarw al et al., 2017).   Continued growth of the textile industry is 

expected to continue to boost demand for azo dyes and other disperse dyes (DataM 

Intelligence, 2019). 

1.2 Exposures and toxicities of azobenzene disperse dyes 

1.2.1 Environmental concerns and ecotoxicities of azo dyes 

Azo dyes have been found to be toxic toward several aquatic organisms 

including algae, fish, and crustaceans such as daphnids (Clarke and Anliker, 1980). 
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Specifically, azo dyes in water are known to contribute to acute toxicity, genotoxicity, 

and oxid ative stress in zebrafish (Zhang et al., 2012). Azo dyes have also been shown to 

reduce viability, reproduction, rate of filtration feeding, and oxygen consumpt ion in the 

freshwater cladoceran Moina macrocopa (Wong et al., 2006). The azo dyes  C.I. basic red 

46, remazol red RR, cibacron red FN-3G, and cibacron blue FN-R have also been shown 

to be teratogenic in frog embryos  ȹ!ÐÙÏÈÕÓċɯand Ozmen, 2005; Güngördü et al., 2013). 

These dyes have also been shown to negatively affect the viabi lity, growth, grazing and 

morphometry of Tetrahymena pyriformis (Novotný et al., 2006). Where plant life is 

concerned, the azo dyes Basic Brown 4, Direct Brown 95, Direct Black 80, Mordant Black 

11, Acid Black 52, Direct Red 81, and Direct Yellow 106 have been shown to inhibit algal 

photosynth esis by reducing the penetration of light , and have also been reported to 

inhibit chemical oxygen demand re duction and respiratory activities of microbial 

populations (Chung and Stevens, 1993). Azo dyes such as Reactive Black 5 and Reactive 

Violet 5R have also been shown to decrease the urease activity, arginine ammonification 

rate, nitrific ation potential and ammon ium oxidizing bacteria in soil , consequences that 

may restrict the nitrogen use efficiency of plants  and reduce the productivity of 

terrestrial ecosystems (Jain et al., 2012; Topaç et al., 2009). 

Many ecotoxic effects of azo dyes are exerted through aromatic amines produced 

by their degradation . It is known that  aromatic amines exhibit very high levels of 

ecotoxicity (acute toxicity) in aquatic organisms such as Daphnia magna, and that 
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halogenation may play a role in this reactivity : aniline has been shown to have a 

logEC50 (µM ) of 2.77, while halogenated analogs such as 2-bromoaniline and 2-

chloroaniline have lower logEC50 values (1.67 and 1.17, respectively) (Ramos et al., 

2002). This suggests that environmental and microbial degradation of azo dyes 

exacerbates azo dye hazards to aquatic and ecological populations. 

1.2.2 Human health concerns of azo dyes: exposures and toxicity 

Just as they do for ecological populations, disperse azo dyes present toxicity risks 

to humans. Human exposure to disperse dyes can occur via several primary routes. 

Exposure may occur through inhalation, inge stion, and contact in occupational set tings  

such as textile factories. Exposure to dyes may also occur from skin contact with dyed 

garments. These exposures present several risks to human health . 

Mutagenicity of azo dyes and their a romatic amine derivative s is well 

characterized in the literature. Specifically, disperse dyes have been identified as 

electrophilic mutagens in occupational exposures from textile facilities and in textile 

effluents (Balakrishnan et al., 2016; Ohe et al., 2004). Chung and Cerniglia (1992) 

demonstrated that the mutagenicit ies of azo dyes with p-phenylenediamine and 

benzidine substructures are primarily attributed to the aniline portion of the dye; 

different  derivatives  of p -phenylenediamine  or benzi dine  have different   mutagenic  

potencies (Chung and Cerniglia, 1992). Concordantly, it has also been well-established 

that wh ile azo compounds themselves have mutagenic properties, mutagenicity of azo 
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dyes increases following metabolic activation . In 1977 Garner and Nutman (1977) f irst  

identified the reduction products of hair dyes, including aniline and 1,2,4 -

triaminobenzene. They found that these two reduction products  had a comparable 

mutagenicity to the established mutagen 1,2-diamino -4-nitrobenzene (Burnett et al., 

1982; Colin Garner and Nutman, 1977). Later, Prival and Mitchell (1982) identified a 

five -step metabolic process for mutagenic activity  of azo dyes derived from benzidine, 

o-tolidine or o -dianisidine usi ng hamster liv er S9 sub-cellular fractions  (Prival et al., 

1984; Prival and Mitchell, 1982; Reid et al., 1984). Umbuzeiro et al. performed S9 

metabolic activation experiments with the azo disperse dyes Disperse Blue 373, Disperse 

Orange 73, and Disperse Violet 93 and discovered that mutagenic activity of each of the 

three dyes increased by 20-fold  after S9 activation (De Aragão Umbuzeiro et al., 2005). 

Carcinogenicity of azo dyes is also well-established in literature. In the 1970s,  p-

aminoazobenzene was determined to induce liver tumors in rats by oral administrat ion 

and to induce epidermal tumors by skin application  ((IARC), 1987; Tsuda et al., 2000); it  

was later determined that p -aminoazobenzene has high hepatocarcinogenicity in mice 

ÞÏÌÕɯÎÐÝÌÕɯÈÚɯÈɯÚÐÕÎÓÌɯÐÕÛÙÈ×ÌÙÐÛÖÕÌÈÓɯÐÕÑÌÊÛÐÖÕɯÈÚɯÓÖÞɯÈÚɯƔȭƔƖƛɯϟÔÖÓɤÎɯÉÖËàɯÞÌÐÎÏÛ 

(Delclos et al., 1984). Around this time, benzidine and its metabolites were found in the 

urine of workers expos ed to azo dyes (Lowry et al., 1980).  This was a concern given that 

benzidine i s an established human carcinogen (Bowman et al., 1983; Golka et al., 2004a).  

In the past two decades, azo dyes and their aromatic amine breakdown products have 
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been more specifically linked to occupational bladder cancers in dye workers, textile 

workers, rubber workers, painters, and hairdressers (Golka et al., 2012, 2004b; 

Hildenbrand et al., 1999; Rastogi et al., 2007). Recent studies have utilized liquid 

chromatography -mass spectrometry (LC-MS) to determine specific carcinogenic 

breakdown products of azo dyes (Balakrishnan et al., 2016), although it  has also been 

established that some azo dyes exhibit carcinogenicity even before any metabolic 

activation  (Chung, 2016). Several azo dyes have thus been listed as carcinogens in the 

safety review of the use of certain azo dyes in cosmetic products adopted by the 

$ÜÙÖ×ÌÈÕɯ"ÖÔÔÐÚÚÐÖÕɀÚɯ.×ÐÕÐÖÕɯÖÍ the Scientific Committee on Cosmetic and non-Food 

Products Intended for Consumer Concerning (SCCNFP) (Scientific Committee 2002; 

Chung 2016). 

Disperse dyes have also been implicated in the literature as allergens (Alberta et 

al., 2005; Brookstein, 2009; Chung, 2016; Giusti et al., 2003a; Heratizadeh et al., 2017; 

Lazarov, 2004; Pratt and Taraska, 2000; Seidenari et al., 1997a, 1991, 1990); however, 

existing data has historically been the result of case studies or clinical cases where an 

individual dis played symptoms of allergenicity after contact exposure or occupat ional 

exposure. In occupational settings, some workers in dye factories hav e been known to 

develop adverse skin reactions to azo dyes (Fujimoto et al., 1985; Wigger-Albert i and 

Elsner, 2003) as well as occupational asthma responses to azo dyes (Clofent et al., 2020). 

Textile dye allergies to both azo dyes and their reductive aniline products have also been 
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established in a number of patients who exhibited allergic responses after patch testing  

(Seidenari et al., 1991, 1990) or after wearing clothing containing azo dyes  (Hatch,  1984; 

Hatch and Maibach, 1995a). Even non-disperse azo dyes intended for non-synthetic 

fabrics have been clinically established to cause skin rashes and lesions in patients 

sensitive to contact dermatitis (Seidenari et al., 1995). 

1.3 Hidden in plain sight: azo dyes as elusive chemicals 

1.3.1 Azo dye regulations 

In light of these health consequences, certain bans have been imposed on subsets 

of azo dyes.  Within the European Union, azo dyes that can be metabolized to 

carcinogenic aromatic amines are forbidden: Appendix 8 of REACH lists 24 ki nds of 

aromatic amine compounds considered carcinogenic or otherwise harmful to humans ,  

and among these compounds is p-aminoazobenzene ȹɁ ÕÐÓÐÕÌɯ8ÌÓÓÖÞɂȺ, the core 

structure of all azobenzene disperse dyes ȹɁ ××ÌÕËÐßɯƜȯɯ$ÕÛÙàɯƘƗɯ- Azocolourants -  L ist 

of aromatic amines - $"' ȮɂɯÕȭËȭȺ. Appendix 9 of REACH l ists additional azo dyes tha t  

are restricted when found in a concentration greater than 0.1% by weight in substances 

or mixtures used for coloring text iles or leather ȹɁ ××ÌÕËÐßɯƝȯɯ$ÕÛÙàɯƘƗɯ- Azocolourants - 

List of azodyes - $"' ȮɂɯÕȭËȭȺ. Appendix 10 of REACH specifies the testing methods to 

determine the azo dye and aromatic amine content in textiles and leather products  

ȹɁ1$ "'Ȯɯ ××ÌÕËÐßɯƕƔȮɯ$ÕÛÙàɯƘƗɯɭ Azocolourants ɭ List of testing methods :: 

1ÌÈÊÏ.ÕÓÐÕÌȮɂɯÕȭËȭȺ. Importantly, these methods only assess for the presences and 



 

11 

quantities of the aromatic amine breakdow n products of dyes; these methods do not test 

for the presences of the dyes themselves. Any azo dye that, under conditions referenced 

in Appendix 10, produces 30mg or more of aromatic amines per 1kg dye must not be 

used in any textile or leather product th at comes into direct and prolonged contact with 

human skin or mouth  ȹɁ1$ "'Ȯɯ ××ÌÕËÐßɯƕƔȮɯ$ÕÛÙàɯƘƗɯɭ Azocolourants ɭ List of 

testing methodsȯȯɯ1ÌÈÊÏ.ÕÓÐÕÌȮɂɯÕȭËȭȺ. Any manufactu rer of garments produced in or  

imported to the EU m ust provide a statement of non-use of dyes listed as carcinogenic 

or allergenic, or provide test reports proving color fast ness ȹɁ3ÌßÛÐÓÌÚɯÈÕËɯÊÓÖÛÏÐÕÎɯ

ÓÌÎÐÚÓÈÛÐÖÕɯɧɯ(ÕÛÌÙÕÈÓɯ,ÈÙÒÌÛȮɯ(ÕËÜÚÛÙàȮɯ$ÕÛÙÌ×ÙÌÕÌÜÙÚÏÐ×ɯÈÕËɯ2,$ÚȮɂɯÕȭËȭȺ. Additionally 

in the European Union,  the Toy Safety Directive requires manufacturers or importers to 

ensure that toy products im ported into or exported from the EU comply with technical 

requirements, which include restrictions on azo dyes  ȹɁ3Öàɯ2ÈÍÌÛàɯÐÕɯÛÏÌɯ$4ɯ| Internal 

,ÈÙÒÌÛȮɯ(ÕËÜÚÛÙàȮɯ$ÕÛÙÌ×ÙÌÕÌÜÙÚÏÐ×ɯÈÕËɯ2,$ÚȮɂɯÕȭËȭȺ. Among the 14 components of the 

harmonized standards, parts 7 (Safety Requirements for Finger Paints) and 9 

(Requirements for Organic Chemical Compounds) include requirements for toys and 

toy materials to be free of azo colorants. 

In the United States, any organic textiles produced in accordance with the Global 

Organic Textile Standard (GOTS) certification prohibits the use of azo dyes that release 

carcinogenic arylamine compounds and of azo dyes classified as allergenic ȹɁ&ÓÖÉÈÓɯ

.ÙÎÈÕÐÊɯ 3ÌßÛÐÓÌɯ 2ÛÈÕËÈÙËɯ ȹ&.32Ⱥɯ ɧɯ.3 ȮɂɯÕȭËȭȺ. Additionally, some states have 
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regulati ons in place that require the uses of certain azo dyes or aromat ic amines to be 

reported . CalifornÐÈɀÚɯ/ÙÖ×ÖÚÐÛÐÖÕɯƚƙɯrequires the labeling of any products containing  

several aromatic amines, including p -ÈÔÐÕÖÈáÖÉÌÕáÌÕÌɯ ȹɁ ÕÐÓÐÕÌɯ 8ÌÓÓÖÞɂȺ ȹɁ3ÏÌɯ

Proposition 65 List - .$'' ȮɂɯÕȭËȭȺȭɯ6ÈÚÏÐÕÎÛÖÕɀÚ "ÏÐÓËÙÌÕɀÚɯ2afe Products Act 

reØÜÐÙÌÚɯÔÈÕÜÍÈÊÛÜÙÌÙÚɯÖÙɯÐÔ×ÖÙÛÌÙÚɯÖÍɯÊÏÐÓËÙÌÕɀÚɯ×ÙÖËÜÊÛÚɯÛÖɯÙÌ×ÖÙÛɯÛÖɯ6ÈÚÏÐÕÎÛÖÕɀÚɯ

#Ì×ÈÙÛÔÌÕÛɯÖÍɯ$ÊÖÓÖÎàɯÐÍɯÛÏÌɯ×ÙÖËÜÊÛÚɯÊÖÕÛÈÐÕɯÊÏÌÔÐÊÈÓÚɯÐÕÊÓÜËÌËɯÖÕɯ6ÈÚÏÐÕÎÛÖÕɀÚɯ

Ɂ+ÐÚÛɯÖÍɯ"ÏÌÔÐÊÈÓÚɯÖÍɯ'ÐÎÏɯ"ÖÕÊÌÙÕɯÛÖɯ"ÏÐÓËÙÌÕɂȰɯÛÏÐÚɯÓÐÚÛɯÐÕÊÓÜËÌÚɯÍÖÜÙɯaromatic amines 

that can potentially be breakdown products of azo dyes (aniline; 2 -aminotoluene; 2,4-

diaminotoluene; and 4 -chloroaniline ) ȹɁ"ÏÐÓËÙÌÕɀÚɯ2ÈÍÌɯ/ÙÖËÜÊÛÚɯ ÊÛɯ- Washington State 

#Ì×ÈÙÛÔÌÕÛɯÖÍɯ$ÊÖÓÖÎàȮɂɯÕȭËȭȺ. Similarly , the State of Vermont Act 188 states that 

ÔÈÕÜÍÈÊÛÜÙÌÙÚɯ ÖÙɯ ÐÔ×ÖÙÛÌÙÚɯ ÖÍɯ ÊÏÐÓËÙÌÕɀÚɯ ×ÙÖËÜÊÛÚɯ ÔÜÚÛɯ ÙÌ×ÖÙÛɯ ÛÖɯ ÛÏÌɯ 'ÌÈÓÛÏɯ

Department if the products cont ain chemicals recorded in VermÖÕÛɀÚɯɁ+Ðst of Chemicals 

ÖÍɯ'ÐÎÏɯ"ÖÕÊÌÙÕɯÛÖɯ"ÏÐÓËÙÌÕɂȰɯÛÏÐÚɯÓÐÚÛɯÐÕÊÓÜËÌÚɯÛÏÌɯÈáÖɯËàÌɯËÌÙÐÝÈÛÐÝÌÚɯÖÙɯÉÙÌÈÒËÖÞÕɯ

products aniline, 2-aminotoluene, 2,4-diaminotoluene, 4-chloroaniline, and C.I. Solvent  

Yellow 14 ȹɁ42ɯ2ÛÈÛÌɯÖÍɯ5ÌÙÔÖÕÛɯ1ÌÝÐÚÌÚɯ1Ì×ÖÙÛÐÕÎɯ1ÜÓÌɯÍÖÙɯ"ÏÐÓËÙÌÕɀÚɯ/ÙÖËÜÊÛÚɯɧɯ2&2Ȯɂɯ

n.d.). 

Despite these regulations, to date no legal prohibit ion exists on the use of 

azobenzene dyes in any country : while the labeling of aromatic amine synthesis 

materials and breakdown products are required  due to their health implications, the 

intact dye structures themselves are not regulated or labeled. The testing onus often falls 
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on the manufacturer or importer, rather than a third party, and regulations are often 

based on a self-reporting system that presumes adequate testing has been performed. 

Additionally, while the  EU and United States each have regulations or labeling 

requirements, these requirements are only enforced in the countries to which they 

pertain. The main supplier of clothing to both the EU and U.S. is China, followed by 

Bangladesh, Pakistan, and Turkey; these countries do not have azo dye regulations 

(Malinauskiene et al., 2012). 

1.3.2 Challenges to azo dye analysis 

Adding to the challenge of regulations is that to date, no complete library of 

ËÐÚ×ÌÙÚÌɯ ËàÌÚɯ ÌßÐÚÛÚȭɯ  ɯ ÚÌÈÙÊÏɯ ÖÍɯ ÛÏÌɯ ÛÌÙÔɯ Ɂ#ÐÚ×ÌÙÚÌɂɯ ÐÕɯ /ÜÉ"ÏÌÔɯ àÐÌÓËÚɯ ƖƖƖɯ

compounds; of these, 133 compounds are azo dyes. Only 8 of these compounds are 

available as commercial standards for analytical and bioanalytical testing  (Overdahl et  

al., 2021). Perhaps unsurpri singly, sparse data exists on health effects related to exposure 

to azo dyes.  While clinical relevance to allergenic potential of disperse dyes is often 

referenced in literature and clinical reports, tests for allergenicity of azo dyes are not 

required  (Malinauskiene et al., 2013). Existing data is typically the result of case studies 

or clinical cases where an individual displayed symptoms of allerg enicity aft er  contact  

exposure or occupational exposure. 

Although occurrence of disperse dyes have been previously reported in the 

aquatic environment (particularly in textile effluents) since the early 1990s, very lit t le is 
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known about dye occurrence, transformation , and fate in other environmental 

compartments such as the indoor environment, where direct human exposure is a 

primary concern. The unknown environmental health risks pose a crucial need for 

correct identification of dyes in order to assess yet-unrecognized exposure patterns and 

to evaluate potential health hazards.     

1.4 Mass spectrometry: a magnifying glass for azobenzene 
disperse dyes 

To date, efforts to evaluate risks from exposure to unregulated and potentially 

harmful environmental chemi cals ɬ such as azobenzene disperse dyes ɬ have been 

conducted via targeted environmental monitoring of emerging contaminants. Typically,  

emerging contaminant analytes are identified and prioritized via  forms of a priori 

knowledge such as data on chemical production, use, and toxic impacts. However,  for  

many chemicals in commerce such as azo dyes, major information gaps exist concerning 

production, industrial or commercial application, limiting these a p riori abilities to 

identify compounds posing environmen tal health risks. Furthermore, targeted 

environmenta l monitoring also depends on using purified analytical standards, which 

are often not available for emerging contaminants  such as azo dyes. 

Fortunately, recent advances in high resolution mass spectrometry (HRMS) 

instrumentation and cheminformatic data pro cessing algorithms  have enabled the 

application of non -targeted monitoring approaches for detecting and identifying novel 

emerging contaminants in environmental samples  (Bletsou et al., 2015; Schymanski et 
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al., 2014). These techniques enable tentative  identification of a broad array of 

contaminants without the need for analytical standard s (Ho llender et al., 2017). This 

method provides an additional avenu e to examine unexpected contaminants in 

environmental matrices ,  and does not depend on availability of reference standards or 

on a priori  knowledge.   

Non-target analysis relies on chemical H1,2ɯɁÍÌÈÛÜÙÌÚȮɂɯÎÌÕÌÙÈÓÓàɯËÌÍÐÕÌËɯÉàɯÈÕɯ

accurate mass, retention time, and mass spectrum and encompasses both suspect 

screening and untargeted screening (Sobus et al., 2018). Non-target analysis depends 

critically on the robustn ess and quality both of data acquisition and data processing.  

Typically, for the detection of water -soluble, semivolati le, or nonvolatile organic 

pollutants, samples for non -target screening are analyzed with solid -phase extract ion 

followed by reverse -phase liquid chromatography combined with electrospray 

ionization and high -resolution mass spectrometry (HRMS). HRMS typically includes the 

acquisition of MS/MS data where collision -induced f ragmentation of molecules 

produces additional structural information . Data processing then aims first to reduce 

data quantity and complexity via peak detection, blank subtraction, and grou ping of 

isotopes, adducts, multicharged ions, and in-source fragments. Data clustering and 

reduction methods such as principal component  analysis and regression analysis next 

aid in prioritizing relevant and interesting components in a given sample set.  T entat ive 

identification of prioritized compounds collectively draws on all available MS, MS/MS, 
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compound database, and statistical analysis information as well as environmental and 

source contexts. In order to verify identifications, reference standards ar e then needed 

for confirmation and quantification  (Hollender et al., 2017). 

Non-target analysis is an advantageous approach to study azobenzene disperse 

dyes: it bypasses the challenge of very few available azo dye reference standards, and it  

allows for the st udy of numerous possible azo dye structures in a single analytical 

experiment. Non -target analysis also allows for the study of azo dyes in mul tiple 

different sample  types, allowing for the study of sev eral potent ial sources of azo dye 

exposure in the indoor environment with a si ngle analysis methodology.  

1.5 Thesis research aims 

The objective of this thesis research was to fill important data gaps in 

understanding the scope of azo dyes currently in indoor environments and their 

implications for human healt h. Specifically, this work sought to elucidate chemical 

structures and mass spectra of azobenzene disperse dyes and related compounds; to 

identify potential sources of human exposure to these compounds; and to understand 

how chemical properties of these dyes (ie. electrophilicity) may be associated with 

immune responses to azo dyes. The main hypothesis of this research was that 

azobenzene disperse dyes are prevalent in indoor dust  at concentrations of concern for  

human health concerns. To address this hypothesis, the following research aims were 

conducted: 
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Aim 1: Characterizing azobenzene disperse dyes in commercial mixtures and in several 

examples of ÊÏÐÓËÙÌÕɀÚɯ×ÖÓàÌÚÛÌÙɯÊÓÖÛÏÐÕÎ [Chapter 2] . To support this aim, 13 commercial 

dye mixtures were obtained from a regional supplier and analyzed.  Each dye mixture 

was extracted to identify and purify individual azobenzene disperse dyes which were 

then used ÈÚɯÈÕÈÓàÛÐÊÈÓɯÙÌÍÌÙÌÕÊÌɯÚÛÈÕËÈÙËÚȭɯ$ÓÌÝÌÕɯÚÈÔ×ÓÌÚɯÖÍɯÊÏÐÓËÙÌÕɀÚɯ×ÖÓàÌÚÛÌÙɯ

athletic clothing were then extrac ted and analyzed via HPLC -HRMS to identify and 

quantify  azobenzene disperse dyes and related compounds.  

Aim 2: Characterizing azobenzene disperse dyes and related compounds in house dust: 

implications for human exposure [Chapter 3] . To support this aim, house dust samples 

(n=190) were analyzed for twelve azobenzene dyes via targeted analysis and for relative 

abundances of other azobenzene dyes and related compounds via a suspect  screening 

analysis. Statistical analyses were conducted with the acquired data to determine 

whether dye concentrations correlated with h ome characteristics or occupant 

characteristics.  A  house dust Standard Reference Material (SRM 2585) was also 

analyzed for dyes.  

Aim 3: Investigating sensitization activity of azobenzene disperse dyes via the Direct 

Peptide Reactivity Assay (DPRA) [Chapter 4] . Haptenation potential of twelve azobenzene 

dyes was evaluated by testing each compound in the Direct Peptide Reactivity Assay 

(DPRA), using both cysteine and lysine peptide residues. Two assay methods were 

employed: an ultra -high-performance liquid chromatography  method, and a 
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spectrophotometric plate method. Dyes were each evaluated for their potency and for  

the kinetics of binding activity. Aniline breakdown products of several dyes were als o 

evaluated in the DPRA.  

Chapter 5 summarizes import ant findings from th is thesis research and explores 

the implications of this work for further research efforts, for regulatory needs, and for 

more sustainable dye innovations.  
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Figure 1: p-aminoazobenzene, the core structure of al l azobenzene disperse 

dyes. 



 

 20 

2. Characterizing azobenzene disperse dyes in 

commercial mixtures and childrenôs polyester clothing 

This ÊÏÈ×ÛÌÙɯÞÈÚɯ×ÜÉÓÐÚÏÌËɯÜÕËÌÙɯÛÏÌɯÛÐÛÓÌɯɁCharacterizing azobenzene disperse 

dyes in commercial mixtures and children's polyester cl othingɂɯÐÕ Environmental 

Pollutio n in 2021. The authors are Kirsten Overdahl, David Gooden, Benjamin Bobay, 

Gordon Getzinger, H eather Stapleton, and Lee Ferguson. 

2.1 Introduction 

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 

ȹÏÌÙÌÈÍÛÌÙɯÙÌÍÌÙÙÌËɯÛÖɯÈÚɯɁÈáÖɯËàÌÚɂȺȮɯÏÐÎÏɯ×ÙÖËÜÊtion -volume commodity chemicals that 

account for roughly 70% of the 9.9 millio n 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 et al., 2013). While azo dyes can vary widely in their chemical 

structures and molecular weights, each azo dye is based on a core substructure of para-

aminoazobenzene [Figure 1]. Functionalization of the p-aminoazobenzene core with 

substituents including halogens, (often chlori ne or bromine) imparts electronic and, 

hence, optical properties to the molecules, making them attractive as dyestuffs (Chen et  

al., 2018; El-&ÏÈÔÈáɯÌÛɯÈÓȭȮɯƖƔƕƛȰɯ/ÖÙÖÉÐîɯÌÛɯÈÓȭȮɯƖƔƖƔȺ. These functional groups may also 
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influence the reactivity and potential to xicity 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 polymeric fibers.  These dyes must therefore be applied in 

conjunction with a dispersing or fasti ng agent (Benkhaya et al., 2020b).  

Azo dyes currently  represent the most abundant, and the fastest-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 environmen tal 

compartments such as the indoor environment  (House of Parliament, 2013; Young, 

2016). This lack of knowledge is pro blematic, 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 effluents (Balakrishnan et al., 2016; De 

Aragão Umbuzeiro et al., 2005; Ohe et al., 2004). Disperse dyes are also implicated as 

contact allergens (Brookstein, 2009; Chung, 2016; Heratizadeh et al., 2017; Seidenar i et 

al., 1990; Susan and Elizabeth, 1988).  In fact, p-aminoazobenzene is among the most 

well characterized mutagens and skin sensitizers (Brüschweiler and M erlot, 2017; 

Carneiro et al., 2010; Chequer et al., 2015, 2011; Drumond Chequer et al., 2011; Rawat et 

al., 2018; Rocha et al., 2017; Vacchi et al., 2017, 2016).  Because disperse dyes do not bind 

chemically to fibers, these small lipophilic molecules can  potentially 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 l eaching into water (Malinauskiene et al. , 2013). 



 

 22 

Exposure to disperse dyes may occur from ski n contact with dyed garments , or 

subsequently, through inhalation  or ingestion, particularly in occupational settings. 

Several challenges complicate comprehensive assessment of disperse dye 

occurrence and exposure in environmental an d 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, alt hough custom synthesis or preparation is available 

in some cases for selected azobenzene disperse dyes from specialty chemical supply 

vendors.  ɯÚÌÈÙÊÏɯÖÍɯÛÏÌɯÛÌÙÔɯɁ#ÐÚ×ÌÙÚÌɂɯÐÕɯthe open-source database PubChem yields 

223 compounds; of these, 133 compounds 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 4,980.  While not all azobenzene molecules 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. L ack of 

available reference standards and analytical spectral libraries present significant 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 
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compounds in environmental and human -exposure relevant media, and to examine 

potential  exposure sources of azobenzene disperse dyes. 

This study 1 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 co mmercial dyestuff powders from a 

local textile dye distributor in North Ca rolina and, from these raw dyestuffs, pur if ied 

individual azobenzene disper se dyes via flash chromatography. Individ ual azobenzene 

dye structures were elucidated v ia high-resolution mass spectrometry (HRMS) and 

nuclear magnetic resonance (NMR) spectroscopy. We then obtained and analyzed 

ÊÏÐÓËÙÌÕɀÚɯ×ÖÓàÌÚÛÌÙɯÈÛÏÓÌÛÐÊɯÈ××ÈÙÌÓɯÛÖɯØÜantify  occurrences and concentrations of 

azobenzene disperse dyes in these materials. Finally, we built an in-house database of 

known p -aminoazobenzene based compounds and employed this database in suspect 

screening for comprehensive annotation of disperse azobenzene dyes present in 

 

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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dyestuffs and  ÐÕɯÊÏÐÓËÙÌÕɀÚɯÈÛÏÓÌÛÐÊɯÈ××ÈÙÌÓȭɯ3ÖɯÖÜÙɯÒÕÖÞÓÌËge, this study is t he most 

complete examination of azobenzene disperse dyes in commercial products and human-

relevant exposure media to date. 

2.2 Materials and Methods 

2.2.1 Sample preparation: dyestuffs and analytical standards 

Thirteen commercial dyestuff powders were obt ained 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 information that could guide our  preparative 

separations. For each dyestuff powder, 2g of powder we re weighed and transferred to a 

cellulose Soxhlet extraction thimble [Cytiv a Whatman, 33x94mm]. Dyestuff powders 

were extracted over 12 hours 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 500mL round -bottom f lask 

together with 2g of silica gel [RediSep Rf Gold, 30 microns, 60 angstroms].   Each silica 

gel-dye mixture was rotary -evaporated, using a double cold t rap with dry ice, under 
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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, 5g] for flash chromatography separation. Mixtur es were then separated using 

a CombiFlash Rf+ chromatography system [Teledyne ISCO]. A full chromatography 

protocol can be found in Appendix A . Following chromat ographic separation, UV traces 

and visual observations of elution color were used to track frac tion col lection 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 li ght  to 

identify fractions containing individual  dye compounds or mixtures o f dyes. Pur if ied 

fractions were dried, reconstituted , and diluted seriall y into 75:25 acetonitrile:water (LC-

MS grade) to reach 500ng/mL for HRMS analysis. The preparative chromatog raphic 

separations did not have sufficient resolution to enable an assessment of chemical 

structure through examination of  observed elution times. 

2.2.2 Sample preparation: childrenôs apparel  

Fourteen items ÖÍɯÊÏÐÓËÙÌÕɀÚɯÈ××ÈÙÌÓɯÞÌÙÌɯ×Ürchased 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 
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matrix -spike recovery experiment. All appar el examples were 100% polyester. For each 

apparel sample, a 2.5 cm2 fabric square was weighed and then extracted over 12 hours 

via Soxhlet extraction; a laboratory blank was also prepared for analysis. A full 

extraction protocol for all shirts (including m atrix -spike recovery experiment) can be 

found in Appendix B . 

2.2.3 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 trappi ng mass 

spectrometry  [ThermoFisher Orbitrap Fusion Lumos ]. Samples were separated on a 

reversed phase column [3ÏÌÙÔÖɯ'à×ÌÙÚÐÓɯ&ÖÓËɯÊÖÓÜÔÕȮɯƕȭƝɯϟÔɯ×ÈÙÛÐÊÓÌɯÚÐáÌȮɯƖȭƕɯßɯƕ00 

mm] over a 25 minute water:acetonitrile (LC -MS grade, 0.1% formic acid) gradient . The 

Orbitrap was opera ted in ESI(+) mode at 240,000 mass resolution with internal mass 

calibratio n 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 structure elucidation.  

As a first  step to assist in annotating structures of purified azobenzene 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. 
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Specifically, three structure lists were created from a p-aminoazobenzene substructure 

query in SciFinder Scholar (American Chemical Society): a list with all known non -

halogenated azobenzenes (n = 4,665), a list with chlorinated azobenzenes (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 ac quisition in the mass 

spectrometer.   

Following data acquisition, MS/MS dat a was then matched against the compiled 

azobenzene structure database using Compound Discoverer software [ThermoFisher 

Scientific, version 3.2] to postulate structural candidates for putative dyes in each 

purified dye extract. Plausibility of structur e candidates was then assessed via in sil ico 

MS/MS tools and rules-based fragmentation interpreters. Experimental isotope f its  and 

MS2 spectra were compared against predicted isotope fit s 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 f it  

of the predicted structure 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 p redict compound fragment structures for each precursor ion and 

attempts to match these fragment structures to the centroids in the experimental 
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fragmentation scores of the given precursor ion. The fit score is calculated as the number 

of fragment structure s matched to centroids over the total number of possible fragment 

structures.  

Additional structural characterization of dye molecules in purified dyestuff 

fractions w as performed by Nuclear Magnetic Resonance Spectroscopy (NMR) using 

either a Bruker 16.4 Tesla spectrometer with a BBO room temperature probe or a Varian 

18.8 Tesla spectrometer with a cryogenic probe at room temperature, 25C. The full NMR 

protocol can be found in Appendix C .  

2.2.4 Suspect screening of dyestuffs and apparel 

All dyestuff and apparel samples were analyzed by UHPLC-HRMS over a 43 

minute  chromatographic  method  designed for optimal compound separation under 

identical conditions as stated above (Section 2.3). For analyses of clothing extracts, 

compound masses from the azobenzene 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 Orbitra p 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 distinc t exact mass, unique retention time, and 

MS/MS data were identified in Compound Discovere r after removal of isotope peaks, 

blank contaminants, and noise artifacts from the data; r igorous data curation and 
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cleaning was performed using component detection fe atures within  Compound 

Discoverer as well as data processing scripts incorporated into a custom-written 

"ÖÔ×ÖÜÕËɯ#ÐÚÊÖÝÌÙÌÙɯɁÕÖËÌɂ. Specifically, features with exact mass matches to our 

azobenzene databases were consolidated via dereplication algorithms in cluding 

RAMClustR 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 potential ly  artifactual in -source fragment ions fro m the detected 

compound 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 re tention 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 wer e 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 
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explains isotope and MS/MS data (Böcker and Dührkop, 2016; Dührkop et al., 2019). 

Assigned molecular formulas were then passed to four separate in silico MS/MS tools 

(MetFrag, MAGMa, CFM -ID, and CSI: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 bo nd cleavage and 

generate all possible molecular fragments for a candidate molecule; MAGMa also 

matches fragments to experimental spectral trees for increased annotation confidence. 

CFM-ID (Allen et al., 2014) utilizes a machine learning model, trained using mass 

spectra from curated libraries, to predict mass spectra for predi cted structural 

candidates. CSI:FingerID (Dührkop et al., 2015) is also trained on MS/MS library spectra, 

and utilizes the fragment trees generated from Sirius to generate molecular fingerpr ints 

for plausible structures. Me tFrag and MAGMa are ad vantageous in that they are not 

limited by a training set in their generation of molecular fragments; however, beca use 

they are not trained  on empirical  mass spectral data, molecular fragments generated via 

these tools may not accurately reflect fragmentation processes that 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 applic ability 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 lit tle to no extant mass spectral data exists in 
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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 for mula, the scores for all st ructure 

cand idates 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.  

2.2.5 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 373 provided via a generous gift from Prof. Gisela  

Umbuzeiro , School of Technology, UNICAMP, Limeira, Brazil  to quantify individual 

azobenzene disperse dyes in dyestuffs and in clothing extracts  (total azobenzene 

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 internal standard in each sample (50 ng/mL).   Results were 

analyzed using TraceFinder software [ThermoFisher, version 5.0].  
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2.3 Results 

2.3.1 Purification of azobenzene disperse dye reference standards 

Ten azobenzene disperse dyes were isolated from raw dyestuffs [ Table 2 ] .  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 determine predicted chemical formulas and chemical structures of each 

isolated 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 b ase 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 Figure 2. All annotated chromatograms and MS/MS 

spectral data are shown in Figure SI -4. The octanol water partition coefficient ( Log K ow )  

values for each compound, estimated using JChem [ChemAxon, Boston, MA ], were 

relatively high  (range 3.51 ɬ 6.01), and confirm  that these dyes are hydrophobic as 

expected, given that disperse dyes impart their color throug h physical adsorption to 

polymeric fibers  (Chakraborty, 2010).  
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Compound purity was assessed by collecting 1H NM R 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 concentrat ion 

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 ann otated 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 pÙÌËÐÊÛÌËɯÊÖÓÖÙɯÖÍɯÌÈÊÏɯÚÛÙÜÊÛÜÙÌɀÚɯÊÖÔÔÖÕɯËàÌɯ

identity . Molar absorptivities are listed  in Table 2; full molar a bsorptivity plots for  each 

isolated azobenzene disperse dye can be found in Figure SI -5.  

2.3.2 Identification of additional azobenzene disperse dyes in dyestuff 

In addition to the ten compounds isolated from dyestuffs, we identified  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). Figure 3a 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 
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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 standards; 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 96662-24-7, 

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; Wojciechowski, 1997). To examine the structural relationships of t hese unnamed 

compounds to other dyes, compounds (rows) were clustered according to structural 

simila rity 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 o range 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 Blu e 165, and 

clusters together with other blue dyes and with violet dyes; CAS # 24112-48-9 is 
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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 c omponents 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, dur ing 

the structure  identification process  (Section 2.4), we were able to identify only the 

chlorine analog of Disperse Violet 93 in black dyestuff . To verify initial TLC results,  we 

analyzed the black dyestuff extract via HPLC [Agilent 1100] wit h variable wavelength 

detection at each of the three wavelengths corresponding to orange, violet, and bl ue 

dyes (420nm, 560nm, and 595nm respectively); we also analyzed pure samples (1 

ug/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 corresponding 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  

ȹÈÙÌÈɯÊÖÜÕÛɯȁɯƕ08) 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-
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48-9 confirmed their presences in black dyestuff . Patent literature identifie d by 

PubChem for CAS #s 96662-24-7 and 24112-48-9 indicate that they are act ively used as 

orange and blue ingredients, respectively, in black dyestuff  (Hoppe et al., 2016; Price 

and Hall, 1980).  

Figure 3 provides  strong justification for utilizing multiple in silico MS/MS tools 

in a weight -of-evidence approach to annotate chemical structures, rather than relying on 

one tool only . Given that CSI:FingerID and CFM-ID are among the most recent and 

rig orous 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 Figure 3, 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 othe r cases remain uncorrected without additional lines of evidence,  

as shown in annotations such as CAS # 96662-24-7. Results shown in Figure 3 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 .   
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Figure 4a provides an overview  matrix of th e occurrence and relative intensity of 

the tentatively identified azobenzene compounds in dyestuffs colored in a white -to -red 

gradient according to relative abundance by peak area. The most commonly detected 

azo dye was Disperse Violet 93 Cl, which was det ected in five dyestuffs; Disperse Blue 

373 and Disperse Red 50 were each detected in three dyestuffs. All other azobenzene 

compounds were detected in only one or two dyestuffs. Specific quantities of individual 

azo dyes in dyestuffs can be found in the Supplementary 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 correspondi ng 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 composit ion can be found in Figure SI -7. 

2.3.3 Identification and quantitation of azobenzene disperse dyes in 

childrenôs athletic apparel 

6ÌɯÌßÛÙÈÊÛÌËɯƕƘɯÊÏÐÓËÙÌÕɀÚɯÈÛÏÓÌÛÐÊɯÈ××ÈÙÌÓɯÚÈÔ×ÓÌÚɯ[Table SI-2] and assessed 

occurrence of azobenzene disperse dyes via our weight-of-evidence suspect screening 

approach (Section 2.4). Our suspect screening analysis of azobenzene compounds in 

ÊÏÐÓËÙÌÕɀÚɯÈÛÏÓÌÛÐÊɯÈ××ÈÙÌÓɯàÐÌÓËÌËɯƖƕɯËÌÛÌÊÛÌËɯÈáÖÉÌÕáÌÕÌɯÊÖÔ×ÖÜÕËÚȮɯƕƖɯÖÍɯwhich we 

were able to confirm via spectral matching with our standards (pur ified, purchased, and 

gifted)  [Figure 3b ]. As was shown in the dyestuff data [ Figure 3a], annotated structures 
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presented in Figure 3b 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 

wi thout purified standards available to verify compound identity.  Commonly detected 

dyes with high relative abundances includ ed Disperse Blue 373, Disperse Red 354, 

Disperse Violet 93, and Disperse Violet 93 Cl [Figure 4b ]. 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. 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 ϟg dye/g shirt (Red Shirt A), and individua l levels of 

dyes in apparel at up to 9,230 ϟg dye/g shirt (DR354 in Red Shirt A). Geometric means of 

dyes in apparel ranged from 7.91 ϟg dye/g shirt ( DO44) to 300 ϟg dye/g shir t ( DR354) 

[Table SI -4]. Due to limits  of detection, only the most abundant dyes in apparel f rom 

Figure 4b  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 1ng/mL, 1ng/mL was 
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instead used as the LOD. Recoveries for each compound were measured after matr ix -

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 Figure 4b 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 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 Shir t C,  

Red Shirt A, and Red Shirt C with high relative abundances.  Notably, similarity 

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 

È××ÈÙÌÓɯÚÈÔ×ÓÌȭɯ3ÏÐÚɯÚÜÎÎÌÚÛÚɯÛÏÈÛɯ!ÙÈÕËɯ"ɯÜÚÌÚɯÈɯÊÖÔÔÖÕɯËàÌÚÛÜÍÍɯɁÙÌÊÐ×ÌɂɯÛÖɯÊÖÓÖÙɯ

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 anthraquinone 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 
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dye is instead entirely comprised of Disperse Red 73. Given that TLC [Figure SI -2] and 

HPLC [Figure SI -6] 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 ϟg dye/g shirt that we quantified in Blue Shir t C.  Where 

black apparel is concerned, DR354 makes up roughly 85% of the 1103 ϟg dye/g shirt 

quantified in Black Shirt F, and makes up more than 95% of the 1304 ϟg dye/g shirt 

quantified in Black Shirt D. Figure 3b  shows that when detected, azo dyes are clustered 

according to MACCS fingerprint si milarity : 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. Experimentally determined maximum absorbance 

wavelengths ÈÓÚÖɯÙÌÝÌÈÓɯÛÏÈÛɯ#1ƗƙƘɀÚɯϞÔÈßɯÐÚɯƙƔƙɯÈÕËɯ#1ƛƗɀÚɯϞÔÈßɯÐÚɯƙƕƔȮɯÞÏÐÊÏɯÈÙÌɯ

ÊÓÖÚÌÙɯÛÖɯ#5ƗƗɀÚɯƙƖƙɯϞÔÈßɯÛÏÈÕɯÛÖɯÛÏÌɯϞÔÈx of any other purified red dyes. Thus, it may 

be that DR354 and DR73 function in certain black dyestuff mixtures as an ingredient  in 

ÛÏÌɯɁÝÐÖÓÌÛɯÊÖÔ×ÖÕÌÕÛɂɯÖÍɯÛÏÌɯËàÌstuff . 

2.4 Discussion 

2.4.1 Clothing is a source of human exposure to chemicals 

This study sought to address the knowledge gaps in sources, quantities, and 

possible exposure paths of azobenzene disperse dyes in dyestuffs and apparel. A 

growing body of ev idence identifies clothing as an important source and mediator of 

human exposure to chemicals and particles, including chemical byproducts of clothing 
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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, par ticularly  synthetic clothing, is an important source of hu man exposure 

to chemicals, to our knowledge few studies have evaluated the presences of azobenzene 

disperse dyes in cloth and apparel. 

2.4.2 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 et al. ,  

2019). We compared this list of tentative identifications (chemi cal formula and m/z for  

the M+H ion) i n the pooled cloth to our own list of purified compounds and found f ive 
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matches to our list of purified azobenzene dyes. In addition to Disperse Orange 61 

(C17H 15Br2N 5O2, m/z 478.9598) and Disperse Blue 373 (C21H 21BrN6O6, m/z 532.0721) which 

Dhungana et al. had already identified  with reference standards, we matched Disperse 

Violet 93 (C18H 19BrN 6O5, m/z 478.0611) and Disperse Blue 79:1 (C23H 25BrN 6O10, m/z 

624.0817). All of these compounds were identified in our children ɀÚɯÈ××ÈÙÌÓɯÌßÛÙÈÊÛÚ and 

the relative magnitudes of these detections parallel our results. Additionally,  the 

formula C 17H 16BrN 5O2, with m/z 401.0491 reported in Dhungana et al. matches the 

predicted brominated analog of Disperse Red 50 (C17H 16ClN 5O2), provi ding another 

example of compounds with  halogenated 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 breakdown pro ducts of 

suspected parent azo dyes: while azo dyes are established in the literature as skin 

sensitizers, many aromatic amines released by azo dyes are suspected mutagens and 

carcinogens (Korinth et al., 2013; Leucea, 2010; Platzek et al., 1999; Rovira and Domingo, 

2019; Sun et al., 2017; T., 2013). Brüschweiler and Merlot (2017) identified 40 non-

regulated aromatic amines in textiles after perform ing reductive cleavage on fabrics 
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(Brüschweiler 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). Bruschweiler et al. (2014) identified 15 non-regulated aromatic 

amine cleavage products from azo dyes with toxi city data suggesting carcinogenic or 

genotoxic activity; included in this list is 4-nitroaniline  (Brüschweiler 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 Unio n 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 banned 

aromatic amines, and despite REACH legislation, these compounds are present in 

commerce at toxicologically relevant concentrations  (Brüschweiler 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 (Brüschweiler et al., 2014; Brüschweiler and Merlot, 2017). We predicted 

reductive cleavage products for each azo dye included in this study [ see Table SI -5] and 

determined that o f the azo dyes examined in this study, three dyes (DOA, DO73, and 

DO25) could potentia lly be reductively cleaved to produce 4-nitroaniline. An additional 
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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-nitroanilin e and 2,6-dibromo -4-nitroaniline . These results demonstrate that  

azo dyes with potential to rele ase potentially toxic  amines are present in United States 

commerce and in ÊÏÐÓËÙÌÕɀÚɯÊÓÖÛÏÐÕÎ, and suggest that traditional screening efforts must 

look beyond  known and commonly -monitored aromatic amines.  Future research 

should prioritize  identif ication of the azo dyes from which these amines can be released 

in order to understand the scope of human exposure and potential 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 brominated 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 e xposure 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 azÖɯËàÌɯÊÖÕÊÌÕÛÙÈÛÐÖÕÚɯÐÕɯÊÏÐÓËÙÌÕɀÚɯ

clothing ( 47.7 ϟg/g ɬ 11,430 ϟg/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 
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toxicologically relevant. Crettaz et al. detected p-phenylenediamine, an aromatic amine 

released from numerous azo dyes, at a range of toxicologically relevant concentrat ions 

between 67 ϟg/g and 953 ϟg/g in nine polyester samples, and calculated that these 

concentrations correspond to only 0.2 ɬ 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 yi eld aromatic amines (Korinth et al. ,  

2013; 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 clothin g if not washed before wear ing  

(Licina et al., 2019; Su and Horton, 1998). 

2.4.3 Clothing may be a significant source of household exposure to 

azo dyes 

+ÐÛÌÙÈÛÜÙÌɯËÖÊÜÔÌÕÛÐÕÎɯÛÏÌɯɁÞÈÚÏÖÜÛɯÌÍÍÌÊÛɂɯÖÍɯÊÏÌÔÐÊÈÓɯÛÙÌÈÛÔÌÕÛÚɯÖÕɯÈ××arel 

ÚÜÎÎÌÚÛÚɯÛÏÈÛɯÊÏÐÓËÙÌÕɀÚɯÊÓÖÛÏÐÕÎɯÔÈàɯÈÓÚÖɯÉÌɯÈÕɯÐÔ×ÖÙÛÈÕÛɯÚÖÜÙÊÌɯÖÍɯÈáÖɯËàÌɯÙÌÓÌÈÚÌɯÐÕÛÖɯ

the envir onment. Zheng and Salamova (2020) examined the washout effect for 

melamine, another class of aromatic 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 deterg ent, after a single 

washing  (Zheng and Salamova, 2020). Similarly, Luongo et al. (2016) investigated the 
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washout effect for benzothiazoles and quinoline s and found that benzothiazoles 

decreased by 50% after ten washes, while quinolin es decreased by 20%; 0.5g and 0.24g, 

respectively, were emitted to households during one washing  (Luongo et al., 2016). 

Previous literature has established that disperse dyes can migrate off of fibers onto water 

or skin by rubbing and by exposure to water, particularly 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 az obenzene disperse dyes come back into contact  with 

detergents, this migration process off of clothes will be exacerbated, increasing the 

lik elihood of releasing azobenzene disperse dyes into the home environment.  Washout 

effect studies (Luongo et al., 2016; Zheng and Salamova, 2020) suggest that laundering of 

clothing can be an important source of release of these compounds to household s. It is of 

critical importance to prioritize examination of chemical treatments and dye migra tion 

off of clothing in order to better unders tand the pathways by which these compounds 

may migrate into the environment (indoor and outdo or) and engage in pathways of 

human exposure. 

2.5 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 powder s, demonstrating that commercial d yestuffs are often comprised 
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of multiple azo dyes.  W e were able to isolate ten of these dyes and seven were 

sufficiently pure to be used  as reference standards. Similarly, we identified 21 dif ferent  

ÈáÖɯËàÌÚɯÐÕɯÊÏÐÓËÙÌÕɀÚ apparel samples, 12 of which we were able to confirm and 

quantify using purified, purc hased, or gifted reference standards. Azo dyes were found 

to be present in apparel at total levels up to 11,430 ϟg dye/g shirt and at individual 

levels up to 9,230 ϟg dye/g shirt .  

Given our  results presented here, the concentrations of azo dyes detected in 

ÊÏÐÓËÙÌÕɀÚɯÊÓÖÛÏÐÕÎɯÐÕɯÛÏÐÚɯÚÛÜËàɯraise questions and concerns.  Further research is 

warranted to understand t he 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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Figure 2: Base peak ion chromatograph 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 wi th the experimental MS1  spectrum, predicted MS1 

spectrum (generating using EnviPat), and FiSH -scored (MassFrontier, Compound 

Discoverer 3.2) MS2 spectrum.  
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Common Name         
(if  applicable) CAS M olecular Formula

St ructure 
Candidate 

Count M AGM a M etFrag CSI:FingerID CFM ID
PubChem  
# Sources

PubChem     
# Patents

PubChem       
# References

Disperse Orange 61 55281-26-0 C17H15Br2N5O2 5 100 100 100 100 31 9 0

Disperse Red 50 40880-51-1 C17H16ClN5O2 735 100 100 95.5 99.4 34 16 0

Disperse Yellow 163 67923-43-7 C18H14Cl2N6O2 15 100 100 64.3 100 22 5 0

Disperse Orange 44 4058-30-4 C18H15ClN6O2 180 100 100 48.0 100 33 7 0

96662-24-7 C22H19N5O2 1586 100 99.9 31.2 97.4 6 2 0

Disperse Red 73 16889-10-4 C18H16N6O2 1030 99.9 99.8 91.5 92.9 45 9 5

Disperse Orange 25 31482-56-1 C17H17N5O2 3357 99.9 99.9 90.3 97.7 58 200 4

3025-42-1 C16H17ClN4O2 1196 100 100 99.7 82.2 13 4 1

Disperse Violet  33 66882-16-4 C22H23N5O6 135 99.3 100 90.3 97.8 6 0 0

Disperse Orange 73 40690-89-9 C24H21N5O4 615 100 99.8 97.1 100 24 3 0

Disperse Orange A 6657-32-5 C17H17N5O3 2103 100 99.9 60.3 98.0 27 4 0

Disperse Violet  93 52697-38-8 C18H19BrN6O5 1 100 100 100 100 34 24 0

Disperse Violet  93 Cl 66557-45-7 C18H19ClN6O5 10 100 100 100 100 18 6 0

Disperse Blue 183:1 2537-62-4 C19H19BrN6O3 33 96.9 96.9 81.3 100 28 16 0

Disperse Blue 165 41642-51-7 C20H19N7O3 312 99.4 99.4 65.9 99.9 37 7 0

24112-48-9 C18H20N6O5 108 100 99.1 95.3 0.0 15 3 0

Disperse Blue 373 51868-46-3 C21H21BrN6O6 1 100 100 100 100 26 3 0

Disperse Blue 79:1 3618-72-2 C23H25BrN6O10 3 100 100 100 100 40 19 0

Disperse Red 354 1533-78-4 C22H24ClN5O7 4 100 75 50 100 34 11 0

Percentile Scores

A

Percentile Scores

Common Name   
(if  applicable) CAS M olecular Formula

St ructure 
Candidate 

Count M AGM a M etFrag CSI:FingerID CFM ID
PubChem # 

Sources
PubChem 
# Patents

PubChem      
# References

Disperse Orange A 6657-32-5 C17H17N5O3 2103 99.9 99.9 83.5 97.4 27 4 0

Disperse Yellow 163 67923-43-7 C18H14Cl2N6O2 15 100 100 64.3 100 22 5 0

4234-72-4 C18H16N6O2 1030 100 99.8 59.7 94.8 15 1 0

96662-24-7 C22H19N5O2 1586 99.9 99.9 62.9 97.4 6 2 0

84870-65-5 C19H18N6O2 1325 99.9 99.9 85.8 92.4 21 13 0

Disperse Orange 61 55281-26-0 C17H15Br2N5O2 5 100 100 100 100 31 9 0

Disperse Red 50 40880-51-1 C17H16ClN5O2 735 99.9 99.9 95.3 99.7 34 16 0

Disperse Orange 25 31482-56-1 C17H17N5O2 3357 99.9 99.9 97.3 79.4 58 200 4

Disperse Red 73 16889-10-4 C18H16N6O2 1030 99.9 99.8 36.5 97.3 45 9 5

Disperse Orange 31 68391-42-4 C19H19N5O4 1187 99.9 99.7 74.5 99.7 34 9 0

Disperse Violet  33 66882-16-4 C22H23N5O6 135 99.3 91.8 83.6 95.5 26 7 0

Disperse Violet 77 52549-57-2 C21H24N6O5 166 100 64.2 96.4 91.5 20 3 0

Disperse Blue 79:1 3618-72-2 C23H25BrN6O10 3 100 100 100 100 40 19 0

Disperse Red 354 1533-78-4 C22H24ClN5O7 4 100 75 50 100 34 11 0

68391-47-9 C22H24N6O9 5 100 100 100 75 17 0 0

Disperse Blue 373 51868-46-3 C21H21BrN6O6 1 100 100 100 100 26 3 0

Disperse Blue 165 41642-51-7 C20H19N7O3 312 99.4 99.4 41.2 99.9 37 7 0

24170-60-3 C19H19N7O5 47 99.9 97.8 69.6 0 22 21 1

Disperse Blue 183:1 2537-62-4 C19H19BrN6O3 33 96.9 96.9 75 65.6 28 16 0

Disperse Violet  93 52697-38-8 C18H19BrN6O5 5 100 100 100 50 34 24 0

Disperse Violet  93 Cl 66557-45-7 C18H19ClN6O5 10 100 100 100 0 18 6 0

B

 

Figure 3: Azobenzene disperse dyes tentatively identified in dyestuffs  (3A) 

ÈÕËɯÐÕɯÊÏÐÓËÙÌÕɀÚɯ×ÖÓàÌster apparel (3B) throu gh our weight -of-evidence approach 

using the commercially -available comput ational in silico MS/MS tools MAGMa, 

MetFrag, CSI:FingerID, and CFMID; percentile scores of fit to the compound 

fragmentation spec tra are shown, generated by each of the four in sili co MS/MS tools, 

and are color coded from red (0th 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). Nu mbers of sources, patents, and references in PubChem are also included as 

additional metadata for  substantiation of compound identification. Common names 

highlighted in green are those who spectra were matched with reference sp ectra from 

purified dyes in T able 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 az o dyes, as denoted by the dendrogram (in 

blue) to the left o f the compound names.  
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Figure 4: Relative abundances, measured via peak area, of azobenzene 

compou nds tentatively identified in dyestuffs ( 4A) and of tentatively con firmed 

ÈáÖÉÌÕáÌÕÌɯÊÖÔ×ÖÜÕËÚɯÐÕɯÊÏÐÓËÙÌÕɀÚɯ×ÖÓàÌÚÛÌÙɯÈ××ÈÙÌÓɯȹ4B).  
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Peak areas ranging from 105 to 108 are colored in a gradient from white to deep 

red according to peak intensity, as denoted by the legend. Columns (dyestuffs in 4A, 

apparel samples in 4B) are clustered according to similarity; rows (tentatively 

confirmed azobenzenes) are cluster ed according to fingerprint similar ity. Azobenzene 

compounds are identified using our weight -of-evidence approach and are clustered 

according to structural  similarity via MACCS fingerprints (Anderson, 1984) . The 

black bar charts on the right displ ay the maximum detected peak area per compound 

across all dyestuff samples (4A) or apparel samples (4B). Compounds listed in green 

are those which we were able to tentatively confirm with an authentic reference 

spectrum.  
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Figure 5: Quantitative results  for puri fied dyes in each shirt extract. All values 

ÈÙÌɯÙÌ×ÖÙÛÌËɯÐÕɯϟÎɯËàÌɤÎɯÚÏÐÙÛȭ
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3 

Table 1: Azobenzene disperse dyes extracted and characterized from raw dyestuffs. Dye names with an asterisk (*) indicate that 

the compound extr act was determined to be pure via NMR analysis. NMR spectra are located in Supplementary Information 

(Figure SIɭ4). Log Kow were calculated using the JChem suite  (ChemAxon, Boston, MA).  
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3. Characterizing azobenzene disperse dyes and related 

compounds in house dust: implications for human 
exposure 

This work was co-authored by Christopher D. Kassotis, Kate Hoffman, Gordon J. 

Getzinger, Allison Phillips , Stephanie Hammel, P. Lee Ferguson, and Heather M. 

Stapleton. The authors wish to thank Dr. Gisela d e Aragão Umbuzeiro for supplying the 

analytical standards Disperse Orange 61, Disperse Violet 93, and Disperse Blue 373 

utilized in this study (BEX 14540/13ɬ4). The authors also wish to thank Nicholas Herkert, 

PhD, for his assistance in managing this dataset and in pro ofreading thi s manuscript; 

and Jessica Levasseur for her assistance curating the metadata included in this study. 

3.1 Introduction 

Disperse azobenzene dyes are used to color synthetic fabrics such as polyester,  

nylon, and acrylic (Benkhaya et al., 2020a; Waring, 1984). They are current ly the most 

abundant and fastest-growing class of dyestuffs, comprising roughly 70% of the near ly 

10 million tons of industrial dye colorants used annually  (Dawson, 1991; Drumond 

Chequer et al., 2011). While the chemical structures of azo disperse dyes can vary 

widely, each dye is based on a p-aminoazobenzene core substructure. Extensive 

functionalization of this core stru cture with subs tituents  including  halogens, commonly 

bromine or chlorine,  nitro groups, alkoxy, among others  induces electronic structure 

variation that in turn gives rise to the  optical properties of these molecules (Chen et al. , 

2018; El-&ÏÈÔÈáɯÌÛɯÈÓȭȮɯƖƔƕƛȰɯ.ÝÌÙËÈÏÓɯÌÛɯÈÓȭȮɯƖƔƖƕȰɯ/ÖÙÖÉÐîɯÌÛɯÈl. ,  2020). Azo dy es are 
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hydrophobi c 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 

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  (Malinauskie ne et  al.,  

2013). As such, azo disperse dyes are known to be aquatic environmental pollutants and 

enter the environment via pathways such as textile effluents and other waterways , as 

documented extensively in li terature (Balakrishnan et al., 2016; Carneiro et al., 2010; 

Chequer et al., 2015; Chung and Stevens, 1993; De Aragão Umbuzeiro et al., 2005; Golka 

et al., 2004a; House of Parliament, 2013; Ohe et al., 2004; Vacchi et al., 2017, 2016; Zhang 

et al., 2012). However, little is known about the occurrence, transformation, and fate of 

azo disperse dyes in the indoor environment.  

Dust is a complex mixt ure known to contain hundred s 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., 2011, 1998) and of semi-volatile orga nic compounds (SVOCs) (Hoffman 

et al., 2018a) such as phthalates (Ait Bamai et al., 2014; Becker et  al. , 2004;  Bekö et  al.,  

2015, 2013; Bornehag et al., 2004; Fromme et al., 2013; Kweon et al., 2018; Langer et al. , 

2014), brominated flame retardants (Allen et al., 2008; Fang and Stapleton, 2014;  Hoang 

et al., 2020; Hoffman et al., 2015a; Meeker and Stapleton, 2010; Phillips et al., 2018; 
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Stapleton et al., 2014a, 2012; 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., 2016, 2014; 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 d ust at higher rates than adults due to greater 

behavioral differ ences and related dust ingestion and inhalation  (Hoffman et al., 2015a; 

Moya et al., 2004; Stapleton et al., 2014b); 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 azo disperse dyes are 

present in indoor house dust  (Dhungana et al., 2019; Ferguson and Stapleton, 2017; 

Kutarna et al., 2021; Peng et al., 2016), suggesting that dyes may be another class of 

chemicals chronically detected in dust . However, to date, these studies have been 

limited , largely due to the lack of commercially -available reference standards and 

analytical methods for these compounds (Overdahl et al., 2021).  

Exposure to azo dyes in the indoor environment  raise concerns about potent ial 

health impacts as disperse dyes are known to have mutagenic and genotoxic pr operties 

(Chung and Cerniglia, 1992; Colin Garner and Nutman, 1977; T., 2013; Vacchi et al., 

2017, 2016; Ventura-Camargo et al., 2016), and have also been implicated as contact 
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allergens in clinical studies  (Brookstein, 2009; Chung, 2016; Giusti et al., 2003b; 

Heratizadeh et al., 2017; Seidenari et al., 2002, 1991, 1990; Susan and Elizabeth, 1988). 

Given that children may have disproportionately higher  levels of exposure to azo 

disperse dyes, and that they may be more susceptible to known and suspected health 

consequences due to their unique developmental sensitivity , it is crucial to invest igate 

levels and distributions of dyes in the indoor environment and to understand the home 

characteristics that may contribute to ÊÏÐÓËÙÌÕɀÚɯexposure to these compounds.  

The goal of this study was to analyze indoor dust s amples using  both targeted 

and suspect/non-targeted high-resolution mass spectrometry methods, and to est imate 

potenti al exposure to azobenzene dyes in children aged 3-6 years. 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 . Here, we employ 

both quanti tative and non-targeted analysis of azo disperse dyes to maximize analytical 

coverage; we also utilize  a house dust cohort with exten sive demographic data to 

examine exposures to azo disperse dyes in the indoor environment.   

3.2 Materials and Methods 

3.2.1 Participant enrollment and cohort 

Dust samples included in this study were collected as part of the Toddlerɀs 

Exposure to Semivolatile Organic Chemicals in the Indoor Environment  (TESIE) project. 

Hoffman et al. (2018) provides a detailed description  of families participating in the 
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TESIE study and the recruitment strategies (Hoffman et al., 2018b). 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 environmental samples and biospecimens; staff also conducted 

surveys to collect information about the home environment and children's health and 

behavior. Legal guardians provided informed consent prior to participation in the  TESIE 

study . All study prot ocols and related materials were reviewed and appro ved by the 

Duke Medicine Institutional Review Boa rd (Duke IRB Protocol #55540). 

3.2.2 Disperse azo dye standards 

Twelve  purified  azo disperse dye standards were employed in this study to 

allow quantificati on of target analytes. Table 2 lists each azo disperse dye by common 

name, molecular formula, monoisotopic mass, and chemical structure. These dyes were 

chosen based on availability; they were also previously identified  in chiÓËÙÌÕɀÚɯ×ÖÓyester 

apparel (Overdahl et al., 2021). Seven of the 12 dyes (Disperse Blue 183:1, Disperse Blue 

79:1, Disperse Orange 44, Disperse Orange 73, Disperse Red 354, Disperse Red 50,  and 

Disperse Red 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 purification 

process is reported in our previously -published work  (Overdahl et al., 2021). In addition 

to these seven in-house purified dyes, we purchased analytical standards of Disperse 
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Orange 25 and Disperse Orange 37 [Sigma; 95% purity]. Analytical standards of 

Disperse Orange 61, Disperse Violet 93, and Disperse Blue 373 were provided via a 

generous gift from Prof. Gisela Umbuzeiro,  School of Technology, UNICAMP, Limeira, 

Brazil  (Carneiro et al., 2010; De Aragão Umbuzeiro et al., 2005).  

3.2.3 Data sample collection and processing 

3.2.3.1 House dust collection and extraction 

House dust collection and extraction methods have previously b een described in 

detail  (Phillips et al., 2018). Briefly, to collect a house dust sample, the exposed floor area 

of the main living area was vacuumed using a Eureka Mighty Mite va cuum fitted with a 

cellulose thimble within the hose attachme nt (Stapleton et al., 2012); families were 

instructed not to vacuum their homes for two days prior to the scheduled visit. Each 

ÛÏÐÔÉÓÌɯÞÈÚɯÞÙÈ××ÌËɯÐÕɯÈÓÜÔÐÕÜÔɯÍÖÐÓɯÈÕËɯÚÛÖÙÌËɯÈÛɯǸƖƔ°C until analysis.  Dust samples 

were sieved to <500ϟÔɯ×ÙÐÖÙɯÛÖɯÌßÛÙÈÊÛÐÖÕ. Extraction was performed using 1:1 

dichloromethane:hexane(v/v) by sonication ; extracts were concentrated to ~1 mL using a 

2×ÌÌË5ÈÊɚ Concentrator, then samples were split into three fractions. One fraction was 

reserved for in vitro assays, as reported in Kassotis et al. 2021. Remaining fractions were 

spiked with i nternal standards (including 13C-TPHP used in this study); one fraction was 

utilize d for untargeted analysis without further cleani ng, and the other fraction was 

cleaned for targeted analysis using Florisil®  solid -phase extraction cartridges (Supel-

clean ENVI -Florisil, 6 mL, 500 mg; Supelco). Untargeted extracts contained 92 ng/mL  of 
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13C-TPHP in each sample. Untargeted analysis samples were used to support this study, 

and were evaporated to near-dryness, reconstituted in methanol, sonicated for 15 

minutes, and filtered . The final volume of all untargeted dust sam ples was 0.5mL in 

100% methanol. 

3.2.3.2 Data acquisition 

All house dust extracts (0.5 mL, in muffled amber glass LC -MS vials) were 

analyzed by UHPLC [ThermoDionex Ultimate 3000] coupled to high -field orbital 

trapping  tandem mass spectrometry  [ThermoFisher Orbitrap Fusion Lumos]. Samp les 

were separated by reversed phase UHPLC  [3ÏÌÙÔÖɯ'à×ÌÙÚÐÓɯ&ÖÓËɯÊÖÓÜÔÕȮɯƕȭƝɯϟÔɯ

particle size, 2.1 x 100 mm] over a 43 minute water:acetonitrile (LC -MS grade, 0.1% 

formic  acid) gradient. The Orbitrap was operated in ESI(+) mode at 240,000 mass 

resolution w ith internal mass calibration to achieve < 2 part per million (ppm) mass 

accuracy, as reported previous ly (Overdahl et al., 2021). 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 .  

3.2.3.3 Targeted screening for azobenzene disperse dyes 

We used the twelve purified azo disperse dye standards listed in Table 2 to 

quantify individual azo  disperse dyes in house dust.  An eight-point calibration curve 
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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].  

3.2.3.4 Suspect screening for additional azobenzene-based 

compounds 
 

Data acquired from the LC-MS/MS analysis of dust extracts were processed 

using non-targeted/suspect screening software [ThermoFisher Scientific Compound 

Discoverer 3.2] designed to aid in identifying additional azobenzene compounds in the 

samples for which we did not have purified st andards. Analysis and data processing 

methods have been described in detail in our previou sly-published wo rk (Overdahl et  

al., 2021). Briefly, molecular features with di stinct exact mass, unique retention time, and 

MS/MS data were identified in Compound Discoverer after removal of isotope peaks, 

blank contaminants, and noise artif acts from the data; rigorous data curation and 

cleaning was performed within Compound  Discoverer, and in-house written software 

(in R) was imple mented 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. Consolidated 

compounds were then processed for structure annotation  using a weight -of-evidence 

approach incorporating results from open-source, in silico computational mass 

spectrometry tools (Getzinger and Ferguson, 2020): formula assignments were validated 

using Sirius (Böcker and Dührkop, 2016; Dührkop et al., 2019), then passed to four 



 

 64 

separate in silico spectrum-to-structure annotation  tools (MetFrag,  MAGMa, CFM -ID,  

and CSI:FingerID) to yield possible structural annotations for each feature  (Allen et al. , 

2014; Dührkop 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 h ighest composite percentile rank score, and this result 

was then compared wit h an in-house curated database of known molecules, all of  which 

contain the p-aminoazobenzene substructure (4,665 non-halogenated azobenzenes,  220 

chlorinated azobenzenes, 95 brominated azobenzenes (Overdahl et al., 2021)).  

3.2.4 Quality assurance and quality control 

Quality assurance and quality contro l were addressed by analyzing laboratory 

processing blanks (n = 5-6) and a house dust Standard Reference 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 azo disperse dyes, our laboratory  and others have used this 

material to support QAQC for dust analyses (Hall et al., 2020; Hammel et al., 2019; 

Levasseur et al., 2021; Phillips et al., 2018). This SRM was developed from the pooling o f 

numerous dust samples collected in several US states in the 1990s, and due to the high 
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degree of homogeneity of this material, it can support assessments of method precision,  

and provide insi ght into differences in the use of these dyes over time.  

The internal standard 13C-TPHP was used to normalize all peak detections; all 

sample concentrations were normalized to th e 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.   

3.2.5 Statistical analyses 

Al l statistical analyses were performed using GraphPad Prism statistical 

software (version 9.0, GraphPad Software LLC). Method detection limits (MDLs) were 

calculated by determining the lowest calibration sample that could be quantified in 

three replicate calibration samples (1 ng/mL for all analyte s) and normalizing to the 

mass of dust extracted for the given sample and analyte. Values that were less than 

MDL we re 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., 2018b). A  Shapiro-Wilkes test indicated that dyes concentrations in 

house dust were not normally distribu ted, therefore, we used non-parametri c stat istics 

to examine associations. Spearman correlations were used to assess correlations among 

dyes in house dust.  
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We examined relationships between dyes and cohort characteristics using 

questionnaire data. Variabl es 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 temperatu re during the we ek of sample collection, type of home (e.g. 

apartment, detached), living roo m floor type  (carpeted or solid flo oring) , dusting 

frequency per month , and vacuuming frequency per month . For dichotomous  cohort 

characteristics, we utilized Mann-Whitney tests to evaluate whether statistical ly 

signific ant differences existed (p<0.05). For cohort characteristics with  three categories, 

we used Kruskal -Wallace tests to evaluate whether groups were significantly di f ferent ;  

we then evaluated the statistical significance of differences between groups using 

#ÜÕÕɀÚɯÔÜÓÛÐ×ÓÌɯÊÖÔ×arison tests.  

Race/ethnicity was categorized as non-Hispanic white, non-Hispanic Black, or 

Hispanic; ÛÏÌɯÙÈÊÌɤÌÛÏÕÐÊÐÛàɯÖÍɯÛÏÙÌÌɯ×ÈÙÛÐÊÐ×ÈÕÛÚɯÞÈÚɯÊÓÈÚÚÐÍÐÌËɯÈÚɯɁoÛÏÌÙɂɯÈÕËɯÞÌÙÌɯ

excluded from analysis. Education was dichotomized as having either earned a four -

year college degree (bachelor's or graduate) or not. Average outdoor temper ature at 

collection time was binned into tertiles: 30-49°F, 50-69°F, and 70-89°F.  Home type was 

dichotomized as attached housing (eg. apartments and single-family attached homes) or 

detached housing (eg. mobile homes, trailers, and single family homes). Living room 

floor types  ÞÌÙÌɯÊÈÛÌÎÖÙÐáÌËɯÈÚɯÊÈÙ×ÌÛȮɯÞÖÖËȮɯÈÕËɯɁÖÛÏÌÙɂɯȹÊÖÔÉÐÕÐÕÎɯÝÐÕàÓȮɯÛÐÓÌȮɯÈÕËɯ

mixed materials). N umber of dust  cleanings per month were dichotomized as three or  
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fewer or  more than three; number of vacuum cleaning events per month  were 

dichotomized as six or f ewer or more than six. 

3.3 Results and Discussion 

Demographic characteristics of the TESIE study population , as well as 

ÊÏÈÙÈÊÛÌÙÐÚÛÐÊÚɯÖÍɯÊÏÐÓËÙÌÕɀÚɯÏÖÔÌÚ, have previously been discussed extensively in 

Hoffman et al. 2018 (Hoffman et al., 2018b). Briefly , the TESIE study contained children 

(ages 38 to 73 months) from 190 homes.  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 reportin g; our results are thus from 124 unique households. Demographics of these 

households are presented in Table SI-7 in Appendix E .  

3.3.1 Azobenzene disperse dyes in house dust 

3.3.1.1  Targeted Quantification of azobenzene disperse dyes in 
house dust 

 
Table 3 summarizes quantitative measurements for the twelve azo disperse dyes 

targeted for measurement in this study.  Five of the dyes were brominated,  four  were 

chlorinated, and three were non-halogenated compounds.  All  azo disperse dyes for 

which we had standards were detected in one or more house dust samples.  Fiv e dyes 

(Disperse Blue 373, Disperse Blue 79:1, Disperse Orange 61, Disperse Red 354, Disperse 

Violet 93) were detected in 50% or more of the house dust samples. In general, Disperse 

Blue 373 (84%) and Disperse Red 354 (89%) were detected most frequently,  while 

Disperse Orange 25 (11%) and Disperse Red 50 (11%) were detected least  frequent ly. 
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Dyes were detected at levels up to 6,106 ng dye/g house dust (Disperse Red 354). 

Considerable variation was observed in distributions of dust concentrations  for 

ind ividual dye analyte s (Figure 6).  Note that although quantitative measurements were 

made for all twelve targeted d yes in dust samples, Figure 6 presents data only for those  

five  dyes detected in > 50% of samples, in order to minimiz e bias from large  numbers of 

measurements below the MDL . Median levels for dyes in dust reported here range d 

from tens to hundreds of ng dye/g house dust; generally, these levels were similar  to 

levels of other classes of contaminants measured in these dust samples, such as 

perfluor oalkyl substances (PFAS) (Hall et al., 2020).  However, these levels are an order 

of magnitude lower than the levels of phth alates (Hammel et al., 2019) and 

organophosphate ester flame retardants (Phillips et al., 2018) previously measured .  

 To our knowledge, these data are the first  comprehensive quantitative 

assessment of azo disperse dyes in house dust to date. Dhungana et al. (2019) previously 

confirmed and qua ntifie d DB373 and DV93 in 13 and 12 samples, respectively, out of 37 

dust samples collected from daycare centers (n = 11), homes (n = 12), salons (n = 5),  and 

research facilities (n = 9). In dust from homes, Dhungana et al. measured concentrat ions 

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 fro m homes. However , in dust from daycare centers, 

Dhungana et al. measured concentrations of DB373 and DV93 as high as 3,850 ng/g and 
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1,190 ng/g, respectively (Dhungana et al., 2019); these concentrations in daycare center 

dust are within the same order of magnitude as the maximu m concentrations we report 

here in dust from homes. Given that our house dust populat ion (n = 124) consists 

exclusively of homes that house young children, the similar levels of  dye concentrations 

in our cohort  ÈÕËɯËàÌɯÊÖÕÊÌÕÛÙÈÛÐÖÕÚɯÐÕɯ#ÏÜÕÎÈÕÈɯÌÛɯÈÓȭɀÚɯËaycare samples is notable. 

Previous work by our group measured these same twelve azo dyes (Table 2) in seven 

ÊÏÐÓËÙÌÕɀÚɯ×ÖÓàÌÚÛÌÙɯÈÛÏÓÌÛÐÊɯÈ××ÈÙÌÓɯÚÈÔ×ÓÌÚ, suggesting that apparel may be one 

possible source of these dyes to the indoor environment.  

3.3.1.2 Associations between dyes in house dust 

We utilized Spearman correlations to examine pairwis e associations among dyes 

in house dust (Table 4). The five dyes detected in >50% of samples were all posit ively  

correlated to one another (p < 0.0001 for all ). The strongest associations were observed 

between Disperse Blue 373 and Disperse Violet 93 (r s = 0.80); between Disperse Violet  93 

and Disperse Orange 61 (rs = 0.77); and between Disperse Blue 373 and Disperse Orange 

61 (r s = 0.70). These associations are in accordance with our observations of these dyes 

found together in clothing apparel  (Overdahl et al., 2021) and in measurements of black 

dyestuff powder .  Black dyestuff is most often a mixture of several dyes. Umbuze iro  et 

al. (2005) first reported that Disperse Blue 373, Disperse Orange 61, and Disperse Violet  

93 co-occur in black dyestuff  (De Aragão Umbuzeiro et al., 2005); using high-

performance liquid  chromatography , we identified chlorinated  analogs of Disperse Blue 
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373, Disperse Violet 93, and Disperse Orange 61 in a locally -obtained black dyestuff  

(Overdahl et al., 2021). In the same study, quantitation of azo disperse dyes in childrenɀÚɯ

polyester apparel also revealed that Disperse Blue 373, Disperse Violet 93, and Disperse 

Orange 61 are the three main components of a black polyester shirt (Overdahl et al., 

2021). The positive  relationships observed between DB373, DB93, and DO61 in house 

dust parallel the co-occurrences observed in black dyestuff , suggesting that black-

colored textiles may be an important source of azo disperse dyes present in house dust.  

3.3.1.3 Detections and relative abundances of additional 

azobenzene-based compounds in dust via suspect screening 

analysis 

 
In addition to the t welve dyes w e quantified via reference standards, we 

tentatively identified eight additional azobenzene compounds using a suspect screening 

approach that started with a total suspect list of  4,980 compounds containing the p-

aminoazobenzene substructure (4,665 non-halogenated azobenzenes; 220 chlorinated 

azobenzenes; 95 brominated azobenzenes).  In this workflow, featur es in dust  samples 

detected by the mass spectrometer were prioritized for MS/MS-based structure 

annotation based on their presence within the suspect list. Table 5 summarizes results of 

our HRMS/MS-based suspect screening analysis and illustrates  tentative ly identified 

structural candidates of azobenzene compounds in house dust using our weight -of-

evidence approach, including the  molecular form ula of the compound (from Sir ius 4.0 

(Dührkop et al., 2019)), the number of isomeric structure candidates in the PubChem 
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database having this formula, the percentile rank score generated for the overall top -

ranked PubChem structural candidate from each in silico MS/MS structure annotatio n 

tool, and metadata in support  of the annotation, includ ing the number of PubChem 

sources, patents, and references for the selected top-rank structur e annotation candidate.  

Structures were considered to be tentatively identified (and included within Table 5) in 

cases where the PubChem structure  candidate having the top-ranked composite score 

from the four in silico structure annotation tools  matched a p-aminoazobenzene 

compound  structure  from the suspect list. 

Tentatively -identified compounds  (Figure 7) included: Disperse Violet 93 Cl, 

Disperse Yellow 23, Disperse Yellow 3, and Yellow OB, for which we did not have 

standards but which had  known  common names; and four additional azobenzene 

compounds for wh ich no common name was available (CAS #s 1533-74-0, 54888-15-2, 

722-25-8, and 96662-24-7).  Dyestuffs are complex chemical mixtures, and in many cases, 

active dye compound struc ture identities may have been only poorly characterized in 

commercial formulati ons to date. Compounds (rows) were clustered accordin g to 

structural similarity via M ACCS (Molecular Access System) fingerprints and Tanimoto 

coefficient to examine the structural relationships of these compounds to one another 

(Anderson, 1984); these relationships are shown by the dendrogram  in Table 5.  

Although the lack of analytical standards preclud ed us from generating 

quantitative measurements (ng dye/g dust) of the compounds in Table 5, we utilized  
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chromatographic peak areas to generate relative abundances of all confirmed and 

tentatively -identifi ed 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 

inter nal standard, then normalized to the house dust mass in each sample. Log-

transformed r elative abundances of confirmed and tentatively -identifi ed compounds are 

shown in Figure 8, in wh ich dust extract samples (columns) are clustered according to 

similarity  in abundance profiles, and detected azo compounds (rows) are clustered 

according to chemical similarity . Because chromophore activity is deter mined by the 

electronic properties of a compound, primarily dictated by type, number,  and position 

of chemical functional groups, azo compounds with similar structures are likel y to 

exhibit similar color behavior  (Aljamali, 2015; Choi et al., 2000; Wojciechowski, 1997). 

We therefore utilized the MACCS fingerprint clustering to compare the more poorl y 

known, un -named compounds identified from suspect screening  with named dyes  

detected in both target and suspect screening methods. Structural similarity cl ustering 

indicated that CAS# 1533-74-0 clustered closely with Disperse Red 354 and Disperse 

Blue 79:1. CAS# 1533-74-0 may therefore be a blue or red dye. CAS# 96662-24-7 clustered 

closely with or ange dyes, specifically Disperse Orange 44; and is thus like ly an orange 

dye. Similarly, CAS #54888-15-2 clustered closely with orange dyes, specifically Dis perse 

Orange 73, and is also likely an orange dye. CAS #722-25-8 clustered closely with yellow 
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dyes and is likely a yellow coloran t; patents mentioning this compound  (Helmut -Martin 

et al., n.d.) indicate that CAS #722-25-8 is commonly  used to produce brown dyes.  

Figure 8 also demonstrates several notable patterns of relative abundances and 

co-occurrences of dyes within and among samples. Five compounds were detected in 

more than 90% of house dust extracts: Disperse Violet 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 abundances 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.  It is notable that all five of the most frequentl y detected and highly 

abundant (based on peak area) disperse azobenzene dyes in house dust samples were 

identified through suspect screening  and were not quantifi able.  Three of the five are so 

poorly represented in the literat ure that they have no know n common names.  The 

targeted dyes Disperse Blue 373, Disperse Blue 79:1, and Disperse Red 354 (for which 

quantitative data are shown in Figure 6) were detected in more than 75% of house dust  

extracts, but at relative abundances that were an order of magni tud e 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 

Disperse Violet 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. 
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Additional ly, in nearly every  sample where Disperse Violet 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 positive relationships between blue, orange 

and vio let dyes, and with our pr evious work showing blue, orange, and violet dyes as 

the main component in black dyestuff and black  polyester apparel (Overdahl et al., 

2021), and suggest that black textiles may be primary drivers  to the azo disperse dye 

profile of indoor house dust . 

Interestingly,  Disperse Violet 93 (a brominated dye) was detected at only a 

fraction of the frequency of its chlorinated analog  (which we refe r to as Disperse Violet 

93 Cl).  While quantitative data shows that Disperse Violet 93 was present in 68% of 

house dust samples, Figure 8 shows that Disperse Violet 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 Disperse Violet 93 Cl in all samples and noting that abund ances of 

the chlorinated analog were 4.9 times higher than corresponding  brominated compound 

abundances. Kutarna  et al. also noted that the abundance of Disperse Violet  93 Cl was 

higher than all 39 chlorinated compounds  tentatively  annotated from a Toxic Substances 

Control Act (TSCA) database, including 18 suspected chlorinated azo dyes (Kutarna et 

al., 2021). Our results in this study, coupÓÌËɯÞÐÛÏɯ*ÜÛÈÙÕÈɯÌÛɯÈÓȭɀÚɯÍÐÕËÐÕÎÚȮɯindicate that 

Disperse Violet 93 Cl is a ubiquitous component of indoor house dust.  
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Across all samples, CAS #722-25-8 was the most prominent azobenzene 

compound in both abundance and frequency. This prominence is concerning  as CAS 

#722-25-ƜɯÐÚɯÖÕɯÛÏÌɯÓÐÚÛɯÖÍɯ$"' ɀÚɯɁ ÕÕÌßɯ(((ɂɯÚÜÉÚÛÈÕÊes predicted to meet cr it eria for  

carcinogenicity, mutagenicity, or reproductive toxicity  ȹɁƘ-(p-tolylazo)aniline - Annex III 

inventory - $"' ȮɂɯÕȭËȭȺ. Additionally, Yellow OB, which is  prominent in this dataset , 

is labeled by the Globally Harmonized System for the Classification and Labeling of 

Chemicals (GHS) as a suspected carcinogen ȹɁ8ÌÓÓÖÞɯ.!ɯɧɯ"ƕƛ'ƕƙ-Ɨɯ- /ÜÉ"ÏÌÔȮɂɯ

n.d.); however, the International Agency for Research on Cancer (IARC) states that it  is 

not classified as a human carcinogen ((IARC), 1987). Given these potential  hazards, and 

given that house dust is a potential source of exposure to many chemicals ɬ particularly 

for young children ɬ furt her studies investigating the quantities and prevalence of  these 

compounds in indoor homes are needed.  

3.3.1.4 Azobenzene compounds detected in SRM 2585 

In addition to measurements in house dust samples, we identified  azo disperse 

dyes and related compounds in NIST SRM 2585. Disperse Blue 79:1 ȹɁ"ȭ(ȭɯ#ÐÚ×ÌÙÚÌɯ!ÓÜÌɯ

79:1 | C23H25BrN6O10 - /ÜÉ"ÏÌÔȮɂɯÕȭËȭȺ and Disperse Orange 44 ȹɁ/ÙÖ×ÈÕÌÕÐÛÙÐÓÌȮɯ

ƗȮƗɀ-[[4-[(2-chloro-4-nit rophenyl)azo]phenyl]imi no]bis- | C18H15ClN6O2 - /ÜÉ"ÏÌÔȮɂɯ

n.d.) 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 abov e the method detection limits  in this material .  We also 
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tentatively  identified azo benzene compounds Disperse Violet 93 Cl, Disperse Yellow 23,  

Disperse Yellow 3, Yellow OB, and CAS #s 1533-74-0, 54888-15-2, 722-25-8, and 96662-24-

7 via normalized peak areas (Table SI -8). To our knowl edge, these are the first reported 

detections of azo disperse dyes in this commonly studied  SRM. Additionally, these 

identifications  may be reflective of changing disperse azobenzene dye product ion,  use, 

and application over ti me. SRM 2585 was created in  1993-1994, (National Institute of 

Standards & Technology (NIST), 2018) and the SRM dust is thus twenty years older than 

the house dust extracts analyzed in this study . Records of global synthetic dye 

production indicate that global synthetic colorant production volume  increased from 

800,000 tons in 1991 (Moutaouakkil et al., 2003) to over one million tons by 1995 (Stolz,  

2001), and it is known that azo  dyes comprise approximately 70% of this total volume by 

weight  (Zollinger, H., 1987, n.d.); however, recent production volume and market value 

data for individual azo dyes is not publicly  available.  The increasing availability and 

use of synthetic fabrics such as polyester in apparel, upholstery, floor  coverings, and 

other consumer products over the past decades is consistent with increasing abundance 

of disperse azobenzene dyes in the indoor enviro nment over time, as our data indicates.  

More work is needed to examine temporal changes and trends of dye profiles  in house 

dust over time in order to und erstand how indoor exposures , and thus potential health 

risks, have changed.  
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3.3.2 Associations between azo disperse dye concentrations and 

housing characteristics 

Using data collected from surveys, we examined associations between dye 

abundances and demographic and housing characteristics. Associations 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 Disperse 

Blue 373 (p=0.01), Disperse Violet 93 Cl (p<0.01), and CAS #96662-24-7 (p<0.01) (Table 

SI-9). More specifically, dust samples from the homes of non-Hispanic Black mothers 

had concentrations of Disperse Blue 373 (p=0.03), Disperse Violet 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  (Figure 9a). The co-occurrences of violet, orange, 

and blue dyes in this study  (Section 3.1.3), the strong correlation coefficients between 

these dye colors (Section 3.1.2), and our previous work demo nstrating that blue, orange,  

and violet dyes are the main components in black dyestuff and black polyester apparel  

(Overdahl et al., 2021) all suggest that black textiles may contribute to the azo disperse 

dye profi le of indoor house dust.  These associations suggest that there may be 

differences in dye levels according to race and socioeconomic factors; one possible 

reason for these socioeconomic associations may be that synthetic polyester clothing, for  

which azobenzene disperse dyes are predominant colorants, comprises the major ity of 
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affordable , easily ÈÊÊÌÚÚÐÉÓÌɯ ɁÍast fashion.ɂ Furth er investigatio ns are needed to 

determine if these findings would be replicated in additional studies.  

Dye concentrations were also found to be significantly associated with  f looring 

type (from where each dust sample was collected). Significant associations with  floor 

type were observed for Disperse Blue 373, Disperse Orange 61, Disperse Violet 93 Cl,  

Yellow OB, and CAS #96662-24-7 (Table SI -9). More specifically, homes with carpeted 

living rooms  were associated with higher dust concentrations of Disperse Blue 373 

(p=0.03), CAS #96662-24-7 (p=0.03), and Disperse Violet 93 Cl (p=0.05); higher dust 

concentrations of Yellow OB (p=0.04) and Disperse Orange 61 (p=0.03) were also 

observed in carpeted homes. Dhungana et al. (2019) previously showed that  Disperse 

Blue 373 and Disperse Violet 93 Cl were detectable in synthetic carpeting, albeit at 

abundances that were orders of magnitude lower th an 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); carpet has been established as a significant  sour ce of 

exposure for other chemical classes such as PFAS, and carpet PFAS levels are known to 

be strongly associated with dust PFAS levels (Wu et al., 2020). More wo rk is  needed to 

determine the extent to which carpet may be a source of dyes in the indoor environment.  

3.3.3 Study limitations and future directions 

The results of this study should be inte rpreted in the context of several potent ial 

limitations. First, o ur house dust samples were collected in North Carolina; regional 
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product uses and textile availabilities  throughout the United States may lead to 

potentially varian t house dust profiles,  and the generalizability of this study to 

nationwide households may be limite d. Additionally, we only sample d dust  from one 

microenvironment ɬ the main living area of the home ɬ which may not correctly account 

for the total house dust profile within the h ome. It is therefore also unclear to what 

degree the dust samples may be influ enced by textiles in the main living area, such as 

upholsteries or curtains, as opposed to all possible azo disperse dye sources that may 

contribute to tota l dye loading in the h ome (e.g. clothing). Furthermore, detection 

frequencies coupled with Spearman 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 d egree this difference could be driven by th e use or wearing of 

specific textiles within  homes. Futur e work should be directed at examining different 

possible sources of azo disperse dyes, such as different type of textiles in the main living 

area, and also examine different com binatorial matrices of these sources. 

To our knowledge, this study represents the largest-scale and most 

comprehensive characterization of azo disperse dyes in house dust to date; however, we 

were able to quantify only 12 dyes. It is known that thous ands of azo disperse dyes and 

related compounds exist, and future studies should prioriti ze the purifications of 

additional reference standards in order to obtain more accurate measurements of dyes in 

house dust. 
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3.3.4 Implications for childrenôs exposures 

Collectively,  our work suggests that azo disperse dye concentrations in indoor 

house dust represent a potential source of human exposure, particularly for children . I t  

is well -established that exposures to contaminants in indoor house dust are of concern 

for childr en (Bonvallot et al., 2010; Mandin et al., 2011; Mercier 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 route of toxic exposure to the human 

body (Butte and Heinzow, 2002), and dermal contact and hand-to-mouth behaviors 

(Hammel et al., 2019) of children exacerbate these exposures. However, to date no 

biomarkers of exposure have been established for azo disperse dyes. Future stud ies 

sÏÖÜÓËɯ×ÙÐÖÙÐÛÐáÌɯÈáÖɯËàÌɯÉÐÖÔÈÙÒÌÙɯÐËÌÕÛÐÍÐÊÈÛÐÖÕɯÐÕɯÖÙËÌÙɯÛÖɯÐÕÝÌÚÛÐÎÈÛÌɯÊÏÐÓËÙÌÕɀÚɯ

internal dose of azo disperse dye.  

Azo disperse dyes have known mutagenic and genotoxic properties and are 

suspected immune sensitizers; the potential for disproport ionate exposure to children is 

therefore concerning. Given the suggested toxicities of additional azo compounds 

identified in dust in this study, such as Yellow OB and CAS #72 2-25-8, fur ther studies 

examining exposures of children to these compounds in homes are crucial. Our results 

also show associations between certain azo disperse dyes and homes with non-Hispanic 

Black mothers, suggesting potential socioeconomic disparities in exposures to these dyes 

and related compounds.  
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Figure 6: Concentrations of azo disperse dyes in indoor house dust for all dyes 

detected in more than 50% of all dust samples (n=124). Geomeans for each dye are 

represented by a thick black horizo ntal bar on the dataset. Pie charts below each dot 

cluster represent the percent detecti on of  each dye. Samples below the method 

detection limit (MDL) for each compound are represented by imputed values equal to 

the MDL/2 per sample.   
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Figure 7: Chemical structures of tentatively -identifi ed azobenzene compounds 

in house dust. Relative abunda nces of each compound can be found in Figure 8. 
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Figure 8: Relative abundances of all confirmed and tentatively -identified azobenzene -based compounds in house dust 

samples.
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(Fig. 8 cont.) 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: 1 3C-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 pe r analyte 

per house dust sample. (For method detection limit calculations and values, pl ease see 

the Supplementary Information.) Each column repres ents an individual dust extract; 

dust extract samples are binned according to TESIE house dust extracts vs. S RM 

replicate extracts, and within bins are clustered according to similarity. Rows 

(azobenzene compounds) are sorted according to chemical fingerpr int similarity, 

calculated by MACCS fingerprints and represented by the dendrogram to the left of 

the heatmap. Azo dye names in bolded green ty pe are those that we were able to 

confirm and quantify  via authentic reference standard s.
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Figure 9: Significant associations between levels of select compounds in house dust and maternal race ( 9A), and between 

levels of select compounds in house dust and  living room floor type ( 9B). Significant associations  across all variables within a 

category were determined via Kruskal -Walla ce tests; significant associations between individual variables were then determined 

ÝÐÈɯ#ÜÕÕɀÚ Multiple Comparisons testing (oth er differences were not significant). Values for quant itated 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 categorie s (*) indicates p<0.0
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Table 2: Target analytes examined in indoor house dust.  
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Table 3: Descriptive statistics for azobenzene disperse dyes quantified in indoor 

house dust samples. All values are reported in ng dye/g house dust. For individual 

method detection limit s per dust sample, please refer to  Table  SI-1. 
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Table 4: Spearman correlation coefficients between azo disperse dyes detected in 

>50% of house dust  samples. 
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Table 5: Azobenzene compounds tentatively identified in house dust through our weight -of-evidence approach using the 

computa tional mass spectrometry tools MAGMa, MetFrag, CSI:FingerID, and CFMID; percentile scores of fit to the compound 

fragment ation spectra are shown, generated by each of the four fragmenters, and are color coded from red (0th 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 identi fication. Compounds 

(rows) are ordered according to chemical similarity, evaluated using MACCS fingerprints and Tanimoto coefficient (as indicated 

by the dendrogram on the left). Common names are listed if available; compounds with no common name listed ar e not known 

by any azo dye name i n open-source databases. 



 

 91 

4. Investigating sensitization activity of azobenzene 

disperse dyes via the Direct Peptide Reactivity Assay 
(DPRA) 

4.1 Introduction 

Disperse azobenzene dyes are currently the most abundant and fastest-growing 

class of dyestuffs. They are used to color synthetic fabrics such as polyester, nylon, and 

acrylic (Benkhaya et al., 2020a; Waring, 1984), and compri se roughly 70% of the near ly 

10 million tons of industrial  dye colorants used annually  (Dawson, 1991; Drumond 

Chequer et al., 2011). While the chemical structures of azo disperse dyes can vary 

widely, each dye is based on a p-aminoazobenzene core substructure. Extensive 

functionalization of this core structure with substituents including halogens  (commonly 

bromine or chlorine ), nitro g roups, alkoxy, and others  induces dif ferent color 

properties; electronic structure variation  also imparts electrophilicity  to each dye 

molecule (Chen et al., 2018; El-&ÏÈÔÈáɯÌÛɯÈÓȭȮɯƖƔƕƛȰɯ.ÝÌÙËÈÏÓɯÌÛɯÈÓȭȮɯƖƔƖƕȰɯ/ÖÙÖÉÐîɯÌÛɯÈÓȭȮɯ

2020). Due to their potential for ele ctrophilic reacti vity, dyes  are known to be mutagens 

and are also implicated as contact allergens, and para-aminoazobenzene (the core 

structure of azo dyes) is among the most well characterized mutagens and skin 

sensitizers (Brüschweiler and Merlot, 2017; Chequer et al., 2015, 2011; Rawat et al., 2018; 

Rocha et al., 2017; Vacchi et al., 2017, 2016; Ventura -Camargo et al., 2016).  Azobenzene 

disperse dyes are associated with synthetic fibers through absorption and/or adsorption, 

and can be removed from the fibers by abrasion, leaching into water, or by part it ioning 
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onto skin when worn  (Malinau skiene et al., 2013). Recently, our group and others 

detected disperse azobenzene dyes in clothing (Overdahl et al., 2021) and in indoor 

house dust (Dhung ana et al., 2019; Ferguson and Stapleton, 2017; Kutarna et  al.,  2021; 

Overdahl, 2021; Peng et al., 2016) (Chapter 3). The electrophilic chemical nature of 

azobenzene disperse dyes as well as their seemingly ubiquitous occurrence in clothing 

and in indoor environments thus raise questions about the potential for disperse dyes to 

behave as immune sensitizers.  

Sensitizers are defined as chemicals that cause a substantial proportion of 

exposed people or animals to develop an allergic reaction after repeated exposure to the 

chemical (Basketter et al., 2008; I and RJ, 2005). Sensitization most commonly manifests 

as allergic contact dermatitis (ACD), an adverse health effect that frequently develops in 

workers and consumers exposed to skin-sensitizing substances and products; the 

Organization for Cooperation and Deve lopment (OECD) states that contact  dermat itis 

accounts for 10% to 15% of all occupational diseases ȹɁ"ÖÕÛÈÊÛɯËÌÙÔÈÛÐÛÐÚɯ- ,ÈàÖɯ"ÓÐÕÐÊȮɂɯ

n.d.; Kimber et al., 2002). To act as a sensitizer, chemicals must be sufficiently l ipophilic 

and of a small enough size (<500 Da) to pass through lipid membranes, and must be able 

to covalently bind with a protein in order to be recognized by antigens or antibod ies and 

thus stimulate an immune response (i.e. hapten) (Basketter et al., 2008; Committees, 

2012). In fact, results for the experiment by Landsteiner and Jacobs (1936) showed a 

complete correspondence ÉÌÛÞÌÌÕɯÈɯÊÏÌÔÐÊÈÓɀÚɯÈÉÐÓÐÛàɯÛÖɯÙÌÈÊÛɯÞÐÛÏɯÈÕÐÓÐÕÌ ɬ a model 
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nucleophile ɬ and the ability to sensitize, indicating that electrophilicity is a necessary 

condition for sensitization (Jordan, 1983; K and J, 1936) Electrophilic organic 

compounds, such as substituted benzenes and aryl or heterocyclic diazo compounds, 

most often bind covalently with nuc leophilic protein re sidues and act as haptenic 

compounds (Divkovik et al., 2013; Eiram N.   Elahi et al., 2004; Jr. et al., 2009; Patlewicz et 

al., 2016). Covalent binding to proteins is k ey in nearly all hypersensitivity reactions and 

is a strong indicator for determining allergenic sensitization potential  (Basketter et al. ,  

2008; Lalko et al., 2012).  

While azo dyes are highly implicated in observational studies and clinical reports 

as allergens (Giusti et al., 2003b; Hatch and Maibach, 1995b; Pratt and Taraska, 2000; 

Seidenari et al., 2002, 1997b, 1997a, 1991, 1990; Wigger-Alberti and Elsner,  2003), very 

little experimental data exists that characterize the allergenicity of individual azo d yes.  

Scarcity of data is due in part to the lack of purified dye chemical standards, and may be 

due as well to sparse regulations on azo dyes.  Furthermore, allergenicity is d if f icult to 

test in the laboratory: in addition to the challenge of accounting fo r both biological and 

environmental factors, allergenicity is a complex multi -step pathway. To better 

understand these mechanisms, an adverse outcome pathway (AOP) for skin 

sensitization has been established and validated by EURL-ECVAM  ȹɁ$4ɯ1ÌÍÌÙÌÕÊÌɯ

+ÈÉÖÙÈÛÖÙàɯÍÖÙɯÈÓÛÌÙÕÈÛÐÝÌÚɯÛÖɯÈÕÐÔÈÓɯÛÌÚÛÐÕÎɯɧɯ$4ɯ2ÊÐÌÕÊÌɯ'ÜÉȮɂɯÕȭËȭȮɯɁ3Ïe Adverse 

.ÜÛÊÖÔÌɯ/ÈÛÏÞÈàɯÍÖÙɯ2ÒÐÕɯ2ÌÕÚÐÛÐÚÈÛÐÖÕɯ(ÕÐÛÐÈÛÌËɯÉàɯ"ÖÝÈÓÌÕÛɯ!ÐÕËÐÕÎɯÛÖɯ/ÙÖÛÌÐÕÚȮɂɯ
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2014); this AOP specifies that the formation of the hapten-protein complex is the 

molecular initiating event in skin sensitization. While hapten -protein complex f ormation 

is only the first step in a complicated mechanism, complex f ormation is likely indicative 

ÖÍɯÈɯÊÖÔ×ÖÜÕËɀÚɯpotential behavior as a sensitizer.   

The in vitro direct peptide reactivity assay (DPRA) tests whether a chemical binds 

covalently to a prot ein and, thus, behaves as a hapten ȹ&ÌÙÉÌÙÐÊÒɯÌÛɯÈÓȭȮɯƖƔƔƛȰɯɁ3ÌÚÛɯ-Öȭɯ

ƘƘƖ"ȯɯ(Õɯ"ÏÌÔÐÊÖɯ2ÒÐÕɯ2ÌÕÚÐÛÐÚÈÛÐÖÕȮɂɯƖƔƖƕȰɯ6ÈÙÌÐÕg et al., 2017; Wong et al. ,  2016).  In 

the DPRA, a nucleophilic  amino acid residue in a short  peptide  sequence is used to 

mimic electron-rich, nucleophilic  amino acids found in skin proteins; lysine and cysteine 

are among the amino acids that are most reactive with electrophiles, and thus are most 

commonly used in peptide residues for the DPRA. The peptid e residue is incubated 

with a solution of a test chemical  and the reaction is analyzed after 24 hours to 

determine the extent to which the chemical has bound to the peptide. Results are 

typically read as a measure of percent peptide depletion after 24hrs. Recently, 

quantitative  (Wareing et al., 2017) and kinetic versions (Natsch et al., 2020; Wareing et 

al., 2020) of this assay have also been published to establish dose-response relationships 

for haptenic compounds and to understand the rates at which different compounds bind 

in a haptenic manner. The DPRA is most commonly performed using high -performance 

liquid chromatography (HPLC) , in which the  chromatographic peak area of the pept ide 

is monitored via UV -Vis absorbance (typically at 220nm) for peptide depletion. When 
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paired with a diode array detector, the us er is also able to monitor other wavelengths to 

observe decrease of the original test chemical, formation of the hapten -protein complex,  

and any formation of other side products. However, HPLC is often time -consuming, 

utilizes expensive instrumentation, an d requires skilled operation. As a result, 

spectrophotometric versions of the DPRA have also been published. Spectrophotometry 

is a well-established, easy-to-perform method that is amenable to high-throughput 

analysis using a plate reader.  It is also less expensive than HPLC, and can also be used 

even when very small quantities  are available for analysis (Jeong et al., 2013).  

Here, we explore the hypothesis that azobenzene disperse dyes may funct ion as 

haptens and bind covalently to proteins, initiating a potential sensiti zation AOP. The 

primary objective of this research was to evaluate the binding reactivity of disperse 

azobenzene dyes previously identified in house dust and in polyester apparel extracts, 

as well as several of their reductive transformation products , to tw o types of pept ide 

residues (cysteine peptides and lysine peptides), using both a spectrophotometric 

method and an HPLC method. The HPLC method was determined to be a better f it  for  

testing azobenzene disperse dyes, and consequently, we evaluated the DPRA activity  of 

shirt extracts known to contain azobenzene disperse dyes to determine whether dyes in 

shirts may pose concern for skin sensitization. We also examined the kinetics of dye-

peptide reaction to determine both observed rate constants and half-lives for each 
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azobenzene disperse dye ɬ peptide reaction pair , and to examine relat ionships  among 

dye reactivity, chemical structure, and electrophilicity.  

4.2 Experimental Procedures 

4.2.1 Peptides and test chemicals 

We used two model peptides,  both acetylated on the N-terminus:  a cysteine 

peptide (Ac -RFAACAA -COOH) with a free thiol group and a lysine peptide (Ac-

RFAAKAA -COOH)  with a free amine group , to represent proteins with different t ypes 

of nucleophilic moieties . All peptides were purchased from JPT Peptides (>95% pur ity; 

Berlin, Germany). These peptides were kept frozen ( -20°C) until immediately pr ior  to 

experimental testing. 

Twelve purified azobenzene disperse dyes were tested in this study:  Disperse 

Blue 183:1, Disperse Blue 373, Disperse Blue 79:1, Disperse Orange 25, Disperse Orange 

37, Disperse Orange 44, Disperse Orange 61, Disperse Orange 73, Disperse Red 354, 

Disperse Red 50, Disperse Red 73, and Disperse Violet 93. These dyes have been shown 

to be present in polyester apparel and  are commonly detected in indoor house 

dust .(Overdahl, 2021; Overdahl et al., 2021) Seven of the 12 dyes (DB183:1, DB9:1, DO44, 

DO73, DR354, DR50, and DR73) were purified from raw dye stuffs via flash 

chromatography and structu rally characterized by nuclear magnetic resonance (NMR) 

spectroscopy and high-resolution mass spectrometry (HRMS); a detailed explanation of 

the dye purification  and characterization process has been published previously  
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(Overdahl et al., 2021).  Analytical standards of Disperse Orange 25 and Disperse 

Orange 37 were purchased [Sigma-Aldri ch; 95% purity]. Analytical standards of 

Disperse Orange 61, Disperse Violet 93, and Disperse Blue 373 were provided via a gif t  

from Prof. Gisela Umbuzeiro, School of Technology, UNICAMP, Limeira, Brazil. Three 

reductive cleavage products of azobenzene disperse dyes were also tested: 2-bromo-4,6-

dinitroaniline (BDNA), 2,6 -dibromo -4-nitroaniline (D BNA), and 2-chloro-4-nitroaniline 

(CNA) [Sigma -Aldrich ; 95% purity].  

Positive and negative controls were also included in this study , and were 

selected based on previous reports for each peptide in each assay. Positive controls 

included 2,4-dinitrochlorob enzene for the cysteine peptide  in both the 

spectrophotometric and HPLC assays; p-phenylenediamine in the lysine 

spectrophotometric assay; cinnamaldehyde  for both cysteine and lysine peptides in the 

HPLC assay; and p-benzoquinone in the lysine HPLC assay. Chlorobenzene was used as 

the negative control in all assays. All positive and n egative control chemicals were 

purchased from Sigma-Aldrich  [>95% purity] .  

4.2.2 Spectrophotometric DPRA  

We adapted the spectrophotometric DPRA protocol pu blished by Cho et al. 

(2014) (Cho et al., 2014). In accordance with this protocol, i mmediately prior to each 

experiment, cysteine peptides were diluted to 0.4mM with 100mM sodium phosphate 

buffer (pH 8.0, 1mM EDTA) ; lysine peptides were diluted to 0.2mM  with 100mM 



 

 98 

sodium phosphate buffer (pH 10.0, 1mM EDTA).  Chemical reaction stock solut ions of 

each dye were first prepared at 100mM in ethyl acetate, then diluted to  2mM with 

100mM sodium phosphate buffer (pH 8.0, 1mM EDTA)  for cysteine reactions, and 2mM 

with isopropanol for lysine reactions; dosing solutions of  each dye were then prepared 

at concentrations of 1mM, 0.5mM, 0.1mM, 0.05mM, and 0.01mM, again in buffer  for 

cysteine reactions and in isopropanol for lysine reactions. (BDNA, DBNA, and CAN 

were not tested in the spectrophotometric assay.)  

For each cysteine reaction, in a 96-well plate (light -proof, black, clear bottom; 

Corning), 90ϟL of cysteine reaction solution and 90ϟL of chemical reaction solution were 

reacted for 24hr at room temperature. For each lysine reaction, in an ident ical 96-well, 

100ϟL of peptide reaction solution and 100ϟL of chemical reaction solution were reacted 

for 24hr at room temperatur e. Per plate, three wells of each concentration of each dye 

were tested. Chemical-only controls were prepared for each concentration of each dye 

by incubating either 90ϟL or 100ϟL of chemical reaction solution (for cysteine and lysine, 

respectively) with the phosphate buffer . Peptide-only controls were prepared by 

incubating 90ϟL of peptide solution with 90 ϟL of buffer  for cysteine react ions,  and by 

incubating 100ϟL of peptide solution with 100 ϟL of isopropanol for lysine reactions.  

Solvent -only control wells consisted solely of 180ϟL buffer  for cysteine plates, and 

consisted of 100ϟL buffer and 100uL isopropanol for lysine plates.  
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After  24hrs, the optical density of the cysteine reaction plates was measured and 

recorded using a UV-Vis microplate spectrophotometer (SpectraMax) at absorbance 

wavelength 412nm. 20ϟ+ɯÖÍɯÈɯƕƔÔ,ɯƙȮƙɀ-dithiobis -2-nitrobenzoic acid (DTNB) solut ion 

solubilized in 100mM sodium phosphate buffer (pH 8.0, 1mM EDTA) was then added to 

each plate well; the plate was incubated for three minutes to achieve complete react ion 

between unreacted peptide and DTNB. 3ÏÌɯ×ÓÈÛÌɀÚɯÖ×ÛÐÊÈÓɯËÌÕÚÐÛàɯÞÈÚɯÛÏÌÕɯÔÌÈÚÜÙÌËɯ

again under identical UV -Vis conditions.  

The fluorescence intensity  of the plate was measured after 24 hours and recorded 

using a fluorometer  (SpectraMax; excitation 390nm; emission 465nm, 475nm) for all 

lysine reactions. 20ϟL of a 20mM fluorescamine solution (prepared in DMSO) was then 

added to each plate well; the plate was incubated for three minutes to achieve complete 

reaction between unreacted peptide and fluorescamineȭɯ 3ÏÌɯ ×ÓÈÛÌɀÚɯfluorescence 

intensity  was then measured again under identical conditions.  

4.2.3 HPLC-based DPRA 

The HPLC DPRA has previously been published and validated  to test cysteine at 

a reaction concentration of 0.5mM, to test lysine at a reaction concentrat ion of 25mM, 

and to test chemicals at concentrations of 5mM  (a 1:10 ratio for cysteine, and a 1:50 rat io 

for lysine)  (Gerberick et al., 2007, 2004). However,  in order to produce dose -response 

and kinetic  data for the assays and to reduce consumption of both test chemicals and 

peptides, we designed our HPLC-based DPRA assay conditions to mimic  the 
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concentrations used in the spectrophotometric assay of 0.2mM (cysteine) and 0.1mM 

(lysine). To ensure linearity of the peptide response via HPLC, two calibrat ion curves  

were created for each peptide: a calibration curve of previously -published 

concentrations to confirm assay reproducibility  (Gerberick et al., 2007) (0.0156 to 

1.0mM), and a curve of ten-fold lower concentrations (0.5mM, 0.1mM, 0.05mM, 0.01mM, 

0.005mM) that mimicked the concentrations of unreacted peptide and depleted pept ide 

utilized in the spectrophotometric assay. As in the spectrophotometric assay,  cysteine 

and ly sine peptides were dissolved and diluted in 100mM sodium phosphate buffer 

(1mM EDTA) at pH 8.0 (cysteine) and pH  10.0 (lysine).  

To ensure that the solvents used for chemical reaction solutions performed 

optimally in  HPLC analysis, select dyes were dissolved in acetonit rile, methanol,  and 

isopropanol, and mixed with 100mM sodium phosphate buffer (1mM EDTA ) at both pH 

8.0 (cysteine) and pH 10.0 (lysine). Results (not shown) revealed that while acetonit rile 

caused interferences with the peptide peaks  during analysis , methanol proved miscible 

with the cysteine peptide  solution  (eg. caused no separation or precipitation)  while 

isopropanol proved miscible with the lysine peptide soluti on (e.g. caused no separation 

or precipitation) , and neither solvent caused analytical in terference. 

Immediately prior to each experiment, cysteine peptides were diluted to 0.4 mM 

with 100mM sodium phosphate buffer (pH 8.0, 1mM EDTA); lysine peptides were 

diluted to 0.2mM with 100mM sodium phosphate buffer ( pH 10.0, 1mM EDTA). 
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Chemical reaction stock solutions of each dye and each aniline transformation product  

were prepared at 1mM in methanol  for cysteine reactions, and at 1mM in  isopropanol 

for lysine reactions; dosing dilutions  of each compound  were then prepared at 

concentrations of 0.5mM, 0.1mM, 0.05mM, and 0.01mM, again in methanol for cysteine 

reactions and in isopropanol f or lysine reactions.  

For each cysteine reaction, in a muffled amber glass LC-MS vial, 200ϟL of 

peptide solution (0.4mM cysteine; 0.2mM lysine) and 200ϟL of test chemical solution ( in 

methanol for cysteine assay; in isopropanol for lysine assay) were combined. Three 

repl icates were prepared per test chemical solution. Chemical-only controls were 

prepared for each concentration of each dye by incubating 200ϟL of test chemical 

solution with 200ϟL of buffer. Peptide-only controls were prepared by incubating 200ϟL 

of peptide solution with 200ϟL of methanol (for cysteine) or isopropanol (for lysine). 

Solvent-only controls were prepared by incubating 200ϟL of peptide buffer ( pH 8.0 for  

cysteine; pH 10.0 for lysine) with 200ϟL of solvent (methanol for cysteine;  isopropanol 

for ly sine). A calibration curve for each peptide was also created. 

All v ials were vortexed gently, capped, and placed in the dark in a temperature -

controlled HPLC autosampler (30 °C; Dionex UltiMate 3000) for 24hr.  Following 

incubation, the unreacted peptide in each vial was quantified by reverse -phase HPLC 

with UV detection. The chromatographic system comprised a Thermo Dionex Ult iMate 

3000 pump fitted with an AccuCore aQ C18 column [2.6µm particle size; 2.1mm x 
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30mm] (Thermo). Using the autosampler, 5µl were i njected onto the column (30°C); 

separation was achieved using a 1.0ml/min flow rate with a gradient of mobile phase A 

(0.1% TFA in water) and mobile phase B (0.1% TFA in acetonitrile) over a 3.5 minute 

period with a 1.5 minute equilibration beforehand . The gradient was held at 95% A/5% B 

for the equilibration; the gradient was then shifted to 10% A/90% B over the next 3 

minutes and held for 0.5 minutes . Depletion of peptide w as monitored by a diode array 

detector (Dionex UltiMate 3000) and verified against an external linear calibration curve.  

Specifically, UV-Vis absorbance was monitored at 220nm; changes in the parent 

compound peaks and formation of hapten -protein complexes were also monitored at 

450nm, 565nm, and 625nm (average absorbance wavelengths for orange, red, and 

blue/violet , respectively). 

4.2.4 HPLC-based kinetic DPRA 

To evaluate the kinetics of azobenzene disperse dye and transformation product  

reaction with  peptides, the reaction of 0.5mM of each compound to 0.2mM cysteine and 

0.1mM lysine was monitored at  five specific time intervals over 24 hours. Samples were 

analyzed utilizing the identical HPLC method as above ; three replicates were prepared 

per test chemical solution. Samples were analyzed at 0hr, 2hr, 8hr, 16hr, and 24hr.  

4.2.5 Calculation of spectrophotometric peptide depletion ratio 

For each spectrophotometric experiment, following treatment and incubat ions,  

chemical reactivity with the probe peptide  was measured as the peptide depletion ratio:  
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an expression of the proportion  of free peptide that reacts with  a chemical after 

incubation . Because dyes are chromophores and therefore may may interfere 

spectrophotometrically upon reaction with the peptide and/or the detection reagent, 

background signals due to interference were considered (Jeong et al., 2013). We included 

a peptide-only control, a chemical-only control, and a solv ent-only control in our 

micro plate assay; we measured the spectrophotometric values before and after detection 

reagents. To account for background signals and possible interferences in our 

calculations of peptide depletion, we utilized the percent peptide depletion  calculat ions 

as outlined by Cho et al. (2014) (Cho et al., 2014).  

Peptide depletion ratios are presented as means ± standard error of the mean,  

and were obtained from 3 independent experiments  on different days , which were 

carried out in triplicate . Following OECD guidelines, chemicals are classified as haptens 

when they induce more than 10% depletion of cysteine peptides or more than 30% 

depletion of lysine peptides  (KimbeÙɯÌÛɯÈÓȭȮɯƖƔƔƖȰɯɁ3ÌÚÛɯ-ÖȭɯƘƘƖ"ȯɯ(Õɯ"ÏÌÔÐÊÖɯ2ÒÐÕɯ

2ÌÕÚÐÛÐÚÈÛÐÖÕȮɂɯƖƔƖƕȺ.  

4.2.6 Calculation of HPLC peptide depletion ratio and reaction 

kinetics 

For each experiment (both dose-response and kinetic), following incubations and 

HPLC analysis, the peptide peak area for each sample (at each timepoint). Chemical-

only controls and solvent-only controls were analyzed to assess for  chemical 

background . Linearity of peptide response was measured via the calibration curve; 
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peptide-only controls were analyzed over 24hrs to ensure no loss of signal for unreacted 

peptide  due to degradation or loss to adsorption . Per experiment, origin al peptide 

concentration (the peptide in the reaction vial at time  zero) was determined as the 

average peptide peak areas of the three peptide-only control replicates . Peptide 

depletion was calculated as the difference between peptide peak area of the reaction vial 

and average peptide-only peak area, expressed as a percent loss: 

 

As in the spectrophotometric assay, percent depletion ratios were obtained from 

three replicate experiments on different days and are expressed as means ± standard 

error of the mean. 

For each kinetic experiment, the percent peptide depletion was  calculated for 

each replicate at each timepoint; all percent peptide depletion values were then 

converted to peptide concentrations (mM) using the following equation:  

 

Per compound, all data was then plott ed in GraphPad Prism software as 

concentration vs. time (hrs.) according to first -order decay (ln[Peptide t=n/Peptide t=0]) and 

according to second order decay (1/[Peptidet=n/Peptidet=0]); linear regressions for each 

kinetic model were calculated in Prism.  
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4.3 Results 

4.3.1 Assay validation 

Data for all positive and negative controls are located in Figure SI -9, A-H  in 

App endix F . We compared our positive and negative control results to those published 

by Cho et al. (2014) for the spectrophotometric assays, and to those published by 

Gerberick et al. (2007) for the HPLC assays. Cho et al. tested all compounds at a 

concentration of 1mM; w e tested our positive controls at ranges 0.005mM ɬ 1mM . Cho 

et. al determined that at a concentration of 1mM, chlorobenzene induced less than 5% 

peptide depletion (±5%) in bot h the cysteine and lysine microplate assays, while 2,4-

dinitrochlorobenzene  induced 100% (±0.5%) depletion in the cysteine assay and p-

phenylenediamine induced 86% depletion (±2%) in the lysine assay (Cho et al., 2014). I n 

accordance with  this, our assays demonstrated 100% cysteine depletion  when tested 

with 1mM 2,4 -dinitro chlorobenzene and 89% lysine depletion when tested with 1mM p -

phenylenediami ne; both assays demonstrated <5% depletion when tested with 1mM 

chlorobenzene.  

Our  early optimization of the HPLC assay revealed that testing azobenzene 

disperse dyes at 5mM was largely not feasible due to low  solubility of these compounds 

in aqueous solution and due to the small amounts of dye material available.  Therefore,  

we chose to test the dyes at a ten-fold lower concentration (i.e. 0.5mM). To validate this 

decision, we first verified that peptide -chemical incubations produced reactions in a 
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dose-response manner at decreasing concentrations from 5mM: we tested 5mM, 2.5mM, 

1mM, 0.5mM, and 0.25mM concentrations of the positive control cinnemaldehyde , 

wh ich showed reaction in a dose-dependent manner to both 0.2mM cysteine and 0.1mM 

lysine (see Figure SI -10).  We then evaluated dose-response reaction activity to 0.2mM 

cysteine and 0.1mM lysine of cinnamaldehyde at ten-fold lower concentrations (0.5mM, 

0.1mM, 0.05mM, 0.01mM, 0.005mM) (see Figure SI -9); results showed reactivity  in a 

dose-dependent manner even at these concentrations, confirming the desired working 

range of our assay. We also tested our positive and negative controls within this 

working range . A t 1mM, 2,4-dinitrochlorob enzene induced 100% cysteine depletion; 

1mM p-benzoquinone induced 90% lysine depletion. 1mM cinnemaldehyde induced 

75% cysteine depletion and 18% lysine depletion; chlor obenzene induced 0% peptide 

depletion in both assays (see Figure SI -9). These values reflect those previously 

published in the literature (Gerberick et al., 2007). Our HPLC calibration curves revealed 

that both peptide s responded in a linear manner over our desired working  range (see 

Figure  SI-11). 

4.3.2 Azobenzene disperse dyes induce peptide depletion in a dose-

dependent manner 

The reactivit ies of cysteine and lysine when incubated with each of the 12 

azobenzene disperse dyes evaluated in this study  are shown in the peptide  percent 

depleti on plots depicted in  Figure 10 and Figure 11. Open circles represent 

spectrophotometric results; closed circles represent HPLC results. Tables of peptide 
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depletion  values (Table SI-11 and Table SI-12) as well as a table of EC10 and EC30 values 

in the HPLC assays (Table SI-13) can be found in the Supplemental Information . Overall, 

dyes were shown to bind to cysteine in a dose-dependent manner as measured by the 

HPLC assay but to have little to no reactivity in the spectrophotometric assay. Generally 

in the lysine assay, dyes had higher reactivity (% lysine depletion) as measured by the 

spectrophotometric assay than measured by the HPLC assay; only one dye, DV93, 

demonstrated sufficient binding in the ly sine HPLC to calculate an EC30 value 

(0.31mM). Measurements also showed greater precision among replicates per 

concentration in the HPLC assays than in the spectrophotometric assays. In the HPLC 

assay, DB79:1 induced the greatest average percent cysteine deplet ion at  the highest-

tested concentration (80% at 0.5mM), and also showed a potent EC10 value (0.005mM). 

DR354 and DO73 each induced 75% cysteine depletion on average at 0.5mM, yet 

produced more potent EC10 values than did DB79:1 (0.003mM each). Other potent dyes 

included DR73, which produced an EC10 of 0.004mM, and DV93, which produced an 

EC10 of 0.007mM. Overall, EC30 values revealed that DB79:1, DO73, DR354, DR73,  and 

DV93 each react readily with cysteine nucleophilic residues, even at low concentrations. 

4.3.3 Azobenzene disperse dyes follow pseudo-first order rate 

kinetics in reactions to peptide residues 

Linear regression models were used with the data collected from the kinetic 

experiments to examine the reactions for observed first -order (ln([Pept ide t=n]/[Peptide t=0]) 

vs. time) and second-order (1/([Peptide t=n]/[Peptide t=0]) vs. time) kinetic  behavior . 
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Without exception, all azobenzene disperse dyes and transformation products were 

determined to follow  pseudo-first -order kinetics: the rate of dye or transformation 

product reaction was observed to be pr oportional to their concentration,  and a plot  of 

ln([Peptide t=n]/[Peptide t=0]) versus time (hours) revealed an approximately  linear 

relationship , while second-order kinetic models resulted i n uniformly  poor f its to the 

observed data. Coefficients of linearity ranged from 0.63 to 0.97 (coefficients of linear ity 

are listed in Table 6). Based on these linear models, a pseudo-first order rate constant  

(the slope of the first-order linear regression model) w as determined for each compound 

in each peptide assay; half -lives were also calculated. Rate constants and half- lives are 

independent of concentration; therefore, we use rate constants and half- lives here as a 

relatively independent  measure of hapten potency. Estimated observed pseudo-first 

order  rate constants (kobserved) and half lives are listed in Table 6.  

Overall, the kobserved for azo dyes and transformation products were higher per 

compound in the cysteine assay compared to the lysine assay; only DBNA showed a 

lower rate of reaction to cysteine than to lysine. DO25, DO44, DR50, and DV93 reacted at 

approximately the same rate with cysteine as with lysine , whereas DO37, DO61, DR354,  

DR73, and BDNA reacted at approximately twice the rate w ith cysteine as they do with 

lysine. The dyes DB183:1, DB373, DO73, DB79:1 and CNA react ed with cysteine at 

approximately 3-5 times the lysine reaction rate. Figure 13 shows four examples (DB79:1, 

DO25, DR354, DV93) of these differences between cysteine and lysine reaction rates. The 



 

 109 

plots reveal that, aside from the generally higher reactivity in the cysteine assay, the 

increases in compound reactivity from one compound to another per peptide assay 

showed key differences. For example, while the reaction rate of DV93 hardly changes 

between the cysteine and the lysine assays, DV93 is the most reactive of the four dyes in 

the lysine assay (kobserved is two-fold hig her). In the ly sine assay, kobserved for DV93 is two -

fold  higher than kobserved for DB79:1 (which shows near-id entical kobserved to those for  DO25 

and DR354). However , DB79:1 kobserved is approximately three-fold higher than ko b served for  

DV93 in the cysteine assay, while kobserved of DR354 is twice as reactive as kobserved of  DO25.  

First-order kinetic pl ots and their linear regression models for each dye in each assay can 

be found in the Supplemental Information  (Figure SI -12, A-B).  

We had initially hypothesized that b ecause the transformation products BDNA, 

DBNA, and CNA are smaller and less bulky than t he parent azobenzene dyes, and 

because they contain halogens, nitro groups, and amino groups, they would be highly 

reactive in the peptide reactivity  assays and would react more rapidly than their 

respective parent dyes. Figure 14 illustrates the reactivity  of each transformation 

product (L -R: BDNA, DBNA, CNA , plot ted in green) along with its corresponding 

parent dyes for both the cysteine and the lysine assays. With one exception (DBNA and 

DO61 in the lysine assay), results disproved our hypothesis and instead demonstrated 

that of the azobenzene disperse dyes and transformation products evaluated in this 

study, the dyes were more reactive than the transformation products . For example,  in 
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both the cysteine and lysine assays, the three dyes that reductively cleave to form BDNA 

(DB373, DB79:1, DV93) all have kobserved (slopes) at least two-fold higher t han the kobserved of  

BDNA. In the cysteine assay, DB373 was three times as reactive as BDNA; in the lysine 

assay, DV93 was approximately four times as reactive as BDNA. B#- ɀÚɯÉÙÖÔÐÕÌɯÈÛÖÔɯ

and two nitro groups make it highly electron-dense; while this compound is  thus likely 

to be highly reactive with nucleophilic  protein residues, it was much less electrophilic 

than its parent dyes. 

4.3.4 Clothing containing azobenzene disperse dyes induces peptide 

depletion in a concentration dependent manner  

We utilized the HPLC assay to further understand the environmental relevance 

of these dyes by examining the peptide reactivit y induced by a set of polyester shirts we 

had previously  examined for disperse dye presences and quantities (see Chapter 2) 

(Figure 12). Previously  (as discussed in Chapter 2), we had utilized high -resolution mass 

spectrometry to detect azobenzene-based compounds in extracts of 100% polyester 

clothing  (Overdahl et al., 2021). In the current study, w e tested solvent extracts of 100mg 

samples of eight of these shirt s (three replicate incubations each) using the cysteine and 

lysine HPLC -based DPRA assays to examine the reaction that each shirt extract induced. 

The eight extracts included: six extracts that contained azobenzene disperse dyes for 

which we had analytical standards  ( Black Shirt A, Black Shirt E, Black Shirt F, Red Shir t 

A, Red Shirt C, Blue Shirt C), one extract that contained low levels of azobenzene 

compounds for which we did not have analytical sta ndards but de tected via non-
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targeted mass spectrometry (Orange Shirt), and one extract that did not contain any 

azobenzene disperse dyes and that served as the negative control (White Shirt). For 

further d etails on shirt extract analyses and results, see Chapter 2. We summed the 

chromatographic peak area (normalized to para red d-4 [Toronto Research Chemicals], 

as detailed in Chapter 2) of each detected azobenzene feature in the shirt samples; these 

summed chromatographic peak areas were plotted against the percent pept ide depletion 

induced in the cysteine assay (black triangles) and in the lysine assay (grey circles) 

relationship between peptide reactivity  and the total detectable azobenzene disperse dye 

load in the shirt extracts.  

Results of the shirt extract DPRA assay show that generally, shirt extracts with 

higher tota l azobenzene disperse dye loads induced greater pept ide depletion . While 

regression analyses did not show a statistically sign ificant slope for shirt extracts in 

either assay, it is evident from Figure 12 that extracts with higher total dye loads 

induced greater cysteine depletion. While some difference is observed in the percent 

lysine depletion for shirt extracts with different dye loadings, none of the shir t extracts 

induce higher than 15% lysine depletion. By comparison, all shirt extracts with 

azobenzene disperse dyes for which we had standards induced 25% or higher cysteine 

depletion, and two shirt extracts ɬ Black Shirt A and Blue Shirt C ɬ induced 80% or 

higher cysteine depletion. The quantifiabl e azobenzene disperse dyes in Black Shir t  A 

were predominantly DB373 (72.3 ϟÎɯËàÌɤÎɯÚÏÐÙÛ), DO61 (302 ϟÎɯËàÌɤÎɯÚÏÐÙÛ),  and DV93 
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(90.4 ϟÎɯËàÌɤÎɯÚÏÐÙÛ); the quantifiable azobenzene disperse dyes in Blue Shirt C were 

DB183:1 (150 ϟÎɯËàe/g shirt ) and DR354 (90.5 ϟÎɯËàÌɤÎɯÚÏÐÙÛ) (Overdahl et al., 2021). 

Each of these compounds showed dose-dependent cysteine depletion in the HP LC 

assay. 

In both assays, the white shirt extract, which contained no detectable azobenzene 

disperse dyes, induced less than 10% peptide reaction over 24hrs; the orange shirt 

extract, which contained l ow relative abundances of azobenzene compounds (but lik ely 

contains other dyes, due to its orange hue), induced 20% or less peptide reaction. While 

the orange shirt extract was likely to contain other chemicals used to treat the polyester ,  

this additional chemical matrix was likely to  be similar among all shir t extracts; the 

differe nce between the orange extract and the other colored shirt  extracts can thus be 

correlated to the presences of azobenzene disperse dyes in the shirt extracts. A two-

tailed t-test between the cysteine depletion of three orange shirt replicates and the 

cysteine depletion of the other colored shirt extracts showed that Black Shir t  A,  Black 

Shirt D, Black Shirt F, and Blue Shirt C each induce cysteine depletion at significantly 

higher  levels (p < 0.05) than does the orange shirt extract (see Supplemental Informat ion, 

Table SI -14).  
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4.4 Discussion 

4.4.1 Azobenzene disperse dyes may function as skin sensitizers 

Our results demonstrate that azobenzene disperse dyes react covalently to 

nucleophilic proteins in a dose -dependent manner and via pseudo-first order kinetics ,  

and thus that they are reactive in the molecular initiating event of sk in sensitization  and 

may function as sensitizers. While occupational and clinical evidence have previo usly 

shown azobenzene disperse dyes to cause allergic skin reactions (Giusti et al., 2003b; 

Seidenari et al., 2002, 1997b, 1995, 1991, 1990), and while azobenzene disperse dyes have 

been shown to be biologically reactive in other ways such as mutagenicity (Bafana et al. ,  

2011; Brüschweiler and Merlot, 2017; Chung and Cerniglia, 1992; De Aragão Umbuzeiro 

et al., 2005; Dhungana et al., 2019; Novotný et al., 2006; T., 2013; Tsuda et al. , 2000), to 

our knowledge t his study is one of the first to provide quantitative experimental 

evidence that azobenzene disperse dyes are highly reactive with nucleophilic proteins .  

The little quantitative experimental data in existence for azobenzene disperse dye 

allergenicity is from whole animal models su ch as the Local Lymph Node Assay (LLNA) 

and does not examine the molecular initiating event of haptenation (Hatch, 2016,  1984; 

Hatch and Maibach, 1995b; Hausen, 1993; Hausen and Brandão, 1986). Sonnenburg et al. 

(2011) examined azobenzene disperse dyes and their reductive transformation products 

using the in vitro loose-fit coculture -based sensitization assay (LCSA), w hich ut ilizes a 

coculture of primary human keratinocytes and dendritic cells to examine sensit ization 
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and irritative potential of chemicals; this work found that of eight tested azo dyes  

(Disperse Blue 1, Disperse Blue 106, Disperse Blue 124, Disperse Blue 35, Disperse 

Orange 3, Disperse 37, Disperse Red 1, Disperse Yellow 3), all but one reacted and were 

classified as strong or extreme sensitizers, with EC50 values as low  as 0.25 ϟM (DB124); 

DO37, which we also tested in our assays, was found to have an EC50 of 1 ϟM in the 

LCSA (Sonnenburg et al., 2012). While our results address only the initiation step  of skin 

sensitization, our findings that azobenzene disperse dyes are reactive with nucleophilic 

peptide residues are concordant with Sonnenburg ÌÛɯÈÓȭɀÚ findings  and offer  new and 

specific insights into structural differences that may influence the molecular initiating 

event of sensitization. 

Our  results showed that the reductive transformation products  we tested 

(BDNA, DBNA, and CNA) were less reactive than the corresponding parent dyes 

(Figure 14). Likewise, Sonnenburg et al. (2011) tested cleavage products corresponding 

to the eight azo dyes in their study ɬ including 2,6 -dichloro -4-nitroaniline (DCNA ),  the 

chlorinated analog of DBNA ɬ and found that wh ile cleavage products were still 

reactive, they reacted with EC50 values an order of magnitude higher than their parent 

compounds. For example, while DO37 reacted with an EC50 value of 1 ϟmol/L, DCNA 

reacted with an EC50 value of 30 1 ϟmol/L  (Sonnenburg et al., 2012). These results are 

interesting because historically, only the aromatic amine cleavage products of 

azobenzene disperse dyes have been given regulatory attention due to toxicological 
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concern; our results, in concordance with Sonnenburg et al., suggest that more research 

is urgently needed on the parent dyes themselves and on the molecular pathways of 

parent dye reactivity.  

4.4.2 HPLC-based DPRAs are more robust than microplate-based 

DPRAs  

The lack of concordance between spectrophotometric and HPLC results for our 

DPRA assays of dye reactivity is evident  (Figure 10; Figure 11). The HPLC assay 

specifically monitors the change in  peptide concentration via chromatographic  

separation and absorbance monitoring at a specific wavelength (220nm); assay 

interferences with this peptide reading can occur only  if another component in the 

reaction also elutes simultaneously with the peptide and absorbs at 220nm, which is 

assessed via the chemical-only contro ls, solvent-only controls, and peptide -only controls  

(GerbericÒɯÌÛɯÈÓȭȮɯƖƔƔƛȰɯɁ3ÌÚÛɯ-ÖȭɯƘƘƖ"ȯɯ(Õɯ"ÏÌÔÐÊÖɯ2ÒÐÕɯ2ÌÕÚÐtisatÐÖÕȮɂɯƖƔƖƕȺ. On the 

other hand, the spectrophotometric assay measures the peptide change within a well via 

an absorbance agent (cysteine assay) or fluorescence agent (lysine assay); assay 

interferences with the peptide reading would occur if the abso rbance or fluorescing 

reagent interacted with another component of the reaction, or if  internal f ilter effects 

induce optical interferen ces. Unlike in  the HPLC assay, the readings from control wells 

are incorporated into the final calculation of peptide de pletion to account for plate 

background noise and any plate effects (Cho et al., 2019, 2014; Jeong et al., 2013). 
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The spectrophotometric cysteine assay produced consistently lower peptide 

depletion values than did the cysteine HPLC assay. Inspection of absorbance values 

from raw plate well data revealed a likely explanation. While solvent -only controls in  

the plate assay produced the lowest absorbance readings (as there was no peptide 

present to which DTNB could bind), and while peptide -only controls produced the 

highest absorbance readings (as all peptide was free and available for binding to DTNB), 

the chemical-only controls  produced absorbance readings that decreased with 

decreasing concentration of test chemical. The chemical-only control values should all be 

consistent regardless of chemical concentration, since the DTNB is intended to measure 

only  the amount of peptide pr esent. The changes observed in the chemical-only controls 

indicate that the dyes themselves altered the DTNB response, either due to binding or to 

optical absorbance interference (e.g. internal filter effects) . Because chemical-only contro l 

absorbance values are subtracted from reaction absorbance values in the calculations for  

percent cysteine depletion, this interference therefore caused an artificially low percent 

cysteine depletion value. Our results indicate that azobenzene disperse dyes interfered  

wi th the DTNB absorbance response in the spectrophotometric cysteine assay, and that  

the spectrophotometric assay is therefore not suitable to measure the binding of dyes (or 

other high ly chromophoric compounds)  to cysteine peptides. The HPLC assay d id not  

use DTNB, but rather measured the absorbance of the peptide via UV -Vis (220nm),  and 

therefore did not disp lay any such interferences. More research is needed to understand 
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the degree to which this spectrophotometric interference is due to binding between dyes 

and DTNB, or rather due to optical interference from the dyes themselves. 

The spectrofluoro metric lysine assay produced the opposite pattern from that  

seen in cysteine: it produced consistently higher peptide depletion values than did th e 

lysine HPLC assay.  One possible explanation for these higher lysine depletion values i s 

that the experimental setup led to overpredicting of lysine binding activit y. 

Fluorescamine is not itself reactive, but rather forms a highly fluorescent product  whe n 

bound to a primary amine in a protein. Protic solvents such as isopropanol are known to 

be capable of reacting with fluorescamine to form addition products , drastically 

reducing the ability of fluoresc amine to bind to free (unreacted) peptide (Böhlen et al. , 

1973; De Bernardo et al., 1974; Wenska et al., 2006); in turn, this leads to a lower 

fluorescence reading. In the absence of assay interference, a lower fluorescence reading 

indicates that a low er concentration of peptide is freely available, because more pept ide 

has reacted. While isopropanol was selected as the solvent for the lysine assay due to 

solubilities and stabilities of test chemicals in the pH 10.0 potassium phosphate buffer,  

we noticed that even in solvent -only control well s with fluore scamine, fluorescence 

readings were low . It may be that the isopropanol in the reaction wells interact ed with 

the fluorescamine and thus caused an artifici ally low fluorescence reading, leading to an 

overpredicting of lysine binding activity. Further research is needed to explore this 

possibility. In its present form, the spectrofluoro metric lysine assay is not suitable to 
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measure the binding of dyes to lysine peptides; the HPLC assay values should be 

substantiated with further testing . 

4.4.3 Peptide reactivity induced by azobenzene disperse dyes 

correlates to structural features of dyes 

Our results showed intriguing differences in reactivity among different azo dyes  

for the two peptides tested : among dyes of similar structure , and between different 

halogenated analogs. For example, it is interesting to note the differences in reaction 

rates between DO25, DO37, and DO61 (Table 6): DO37 is the chlorinated analog of 

DO25, while DO61 is the brominated analog. Our HPLC results  showed that DO37 and 

DO61 both induced peptide reactivity at twice the rate of the non-halogenated DO25 in 

the cysteine assay. Our results also showed interesting differences in reactivity among 

azo dyes between the two peptides. Table 6 shows the rate constants of each dye per 

peptide: whil e some dyes show little to no differences in reactivity, other dyes such as 

DB79:1 show large differences in reactivity between peptides. These differences may be 

attributable in part to the structural d ifferences in soft bases present in the dye 

molecules. Hard -soft acid-base chemistry is used to describe chemical reactivity  as a 

×ÈÙÛÐÈÓɯÍÜÕÊÛÐÖÕɯÖÍɯÛÏÌɯ×ÖÓÈÙÐáÈÉÐÓÐÛàɯÖÍɯÛÏÌɯÊÖÔ×ÖÜÕËȰɯÞÏÐÓÌɯȿÏÈÙËɀɯÈÊÐËÚɯÈÕËɯÉÈÚÌÚɯÈÙÌɯ

small, compact, and non-polarizable, ȿÚÖÍÛɀɯ ÈÊÐËÚɯ ÈÙÌɯ ÓÈÙÎÌÙɯ ÞÐÛÏɯÈɯÔÖÙÌɯËÐÍÍÜÚÌɯ

distribut ion of electrons and thus are strongly pola rizable. Hard acids react 

preferentially with hard bases, while soft acids react preferentially with soft bases  

(Ayers, 2006, 2005; Ayers et al., 2006). Bromine is considered a Ɂsofter baseɂ than 
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chlorine ɬ that is, while both halogens have a diff use distribution of  electrons and are 

polarizable , bromine is more so than chlorine (Riel et al., 2017). Therefore, given a set  of 

compounds which differ only in their hal ogens such as DO25 (no halogen), DO37 

(chlorine), and  DO61 (bromine), it may be that the halogenated compounds are more 

polarizable than DO25, leading to more potent binding at a given concentration.  Where 

the reactivity of DB79:1 between peptides is concerned, DB79:1 is a brominated 

compound; the thiol grou p of cysteine has a more diffuse distribution of electrons and is 

ÛÏÌÙÌÍÖÙÌɯÔÖÙÌɯ×ÖÓÈÙÐáÈÉÓÌɯÛÏÈÕɯÓàÚÐÕÌɀÚɯÈÔÐÕÖɯÎÙÖÜ× (Ning et al., 2020; Wible and 

Sutter, 2017). The structural differences between peptides indi cate that cysteine may be a 

ȿÚÖÍÛÌÙɀɯÈÊÐËɯÛÏÈÕɯÓàÚÐÕÌȮɯÈÕËɯÔÈàɯÛÏÌÙÌÍÖÙÌɯÉÐÕËɯÔÖÙÌɯÙÌÈËÐÓàɯÞÐÛÏɯËàÌÚɯÞÏÖÚe moieties 

include softer bases.  

We also examined potential structure-based reactivity differences among dyes by 

calculating Hammett constants for each dye. Hammett substitution coefficients are used 

ÛÖɯÌÝÈÓÜÈÛÌɯÛÏÌɯÌÍÍÌÊÛɯÖÍɯÈɯÊÏÌÔÐÊÈÓɀÚɯÚÜÉÚÛÐÛÜÌÕÛÚɯÖÕɯthe rate of a chemical reaction; they 

mathematically quantify the extent to which structural moti fs on a molecule contribute 

electron-donating or electron-withdrawing properties, and thus whether the moiet ies 

contribute to an increase or a decrease in compound reactivity , particularly when the 

reactions are heavily dependent on electronic induction ef fects (Hansch et al., 1991). The 

coefficient of each substituent is summed to calculate a Hammett constant relative to a 

reference molecule. The relationship between rate constants and Hammett constants can 
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then be evaluated via regression. Hammett constants have often been calculated with 

benzoic acid as the reference compound; however, Hammett relationships have also 

been shown to be valid for azobenzene compounds and anilines (Brown and 

Granneman, 1975; Christoforou and Happer, 1983; Doll et al., 1998; Mar ia et  al.,  2009; 

Runtsch et al., 2015; Sidir et al., 2015; Yamada et al., 2018). For example, Sidir et al. (2015) 

demonstrated that the substituent effects of azo dyes correlate specifically with pi -

bonding electronic transitions and t herefore with reactivity  (Sidir et al., 2015). Based on 

precedents from previously -published reports (Anthony C.   Pierpoint et al., 2001; Mar ia 

et al., 2009; Sidir et al., 2015; Yamada et al., 2018), we chose to calculate Hammett 

substitution coefficients by treating each azobenzene compound as two anilines, with 

the point of reference (from which ortho, meta, and para positions are determ ined) as 

the nitrogen of the azo bond. This allowed us to account for the reality that aniline -based 

compounds have specifically  calculated Hammett coefficients for substituents in the 

ortho position, particu larly with regard to halogens  (Perrin, 1964). Generally, 

substituents in the meta and para positions are independent of the type of parent 

compound (i.e. are the same for benzoic acids, anilines, etc.); however, many moieties on 

azobenzene disperse dyes are bulky and unique, and therefore experimental Hammett  

coefficients do not exist for them. Therefore, for all non-ortho position subst ituents  on 

each dye (again with the reference point on the nitrogen of the azo bond), we ut ilized a 

publicly -accessible QSAR model to calculate Hammett substituents (Ertl, 2021). DO25, 
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which has the fewest number of moieties of the 12 azobenzene disperse dyes evaluated 

in this study, was chosen as the reference molecule for azobenzene disperse dyes;  the 

negative control chlorobenzene was chosen as the reference molecule for transformation 

products .  

Hammett constants were plotted against rate constants according to the 

Hammett equation: , where  is the total Hammett coefficient 

per compound (the sum of all substituents per dye) and  is the slope of the regression 

model. Figure 15 shows this relationship for azobenzene disperse dyes in the cysteine 

and lysine assays; Hammett constant  plots for transformation products are shown in the 

Supplemental Inform ation (Figure SI -13, A-B). Linear regression models revealed no 

statistically significant slop e between Hammett constants and rate constants for either  

the cysteine or lysine assays. However, it is apparent from Figure 15 that for brominated 

and chlorinated compounds, the Hammett constant increases as the rate of reaction 

increases. These observations further support the reactivity of brominated compounds 

wit h the thiol group of the cysteine peptide, and indicate that brominated azo dyes in 

particular should be prioritized for further allergenicity testing.  

We also examined the electrophilicity index of each dye and transformation 

product as a measure of structure-based reactivity, since nucleophile/electrophile 

activity is suspected to be crucial in hapten-protein complexing. Electrophilicity index, 
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as defined by Maynard et al., is a measure of susceptibility to nucleophilic  attack 

(Maynard et al., 1998; Robert G.  Parr et al., 1999). We used computational chemistry  

software (Spartan 18 version 1.4.8, Wavefunction Inc.) to calculate the HOMO and 

LUMO energies (eV) for each dye and transformation product . We then calculated the 

electrophilicity index of each dye and transformat ion product to test associations 

between apparent  reaction rate and electrophilicity : 

 
 

 
 

 
Figure 16 ÚÏÖÞÚɯÌÈÊÏɯÊÖÔ×ÖÜÕËɀÚɯÌÓÌÊÛÙÖ×ÏÐÓÐÊÐÛàɯÐÕËÌßɯ×ÓÖÛÛÌËɯÈÎÈÐÕÚÛɯÙÌÈÊÛÐÖÕɯ

rate in the cysteine and lysine assays. Linear regression calculations revealed no 

statistically sign ificant slope between electrophi licity indices and rate constants; 

however, it is evident from Figure 16 that , particularly  in the cysteine assay,  dyes with 

higher electrophilicities h ave larger rate constants. This may indicate that the ȿÚÖÍÛɯÈÊÐËɀɯ

properties and reactivity of the thiol  group on the cysteine (as discussed above) 

ÊÖÕÛÙÐÉÜÛÌɯ ÛÖɯ ÊàÚÛÌÐÕÌɀÚɯ ÈÉÐÓÐÛàɯ ÛÖɯ ÈÊÛɯ ÈÚɯ Èɯ ÉÌÛÛÌÙɯ ÕÜÊÓÌÖ×ÏÐÓÌɯÐÕɯÛÏÌɯ×ÙÌÚÌÕÊÌɯÖÍɯ

azobenzene disperse dyes and transformation produ cts. Figure 16 also demonstrates 

that this trend in reactivity is true regardles s of whether the dye is halogenated, 

ÚÜÎÎÌÚÛÌËɯ ÛÏÈÛɯ ÙÌÎÈÙËÓÌÚÚɯ ÖÍɯ ÛÏÌɯ ËàÌɯ ÖÙɯ ÛÙÈÕÚÍÖÙÔÈÛÐÖÕɯ ×ÙÖËÜÊÛɀÚɯ ÚÛÙÜÊÛÜÙÌȮɯ
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electrophilicity (and in silico calculations of electrophilicity ) can be used as a predictor of 

ÈɯËàÌɀÚɯÏÈ×ÛÌÕɯÙÌÈÊÛÐÝÐÛàȭɯ$ÓÌÊÛÙÖ×ÏÐÓÐÊÐÛàɯÔÈà therefore be one useful predictive tool in 

assessing skin sensitization potential of azobenzene disperse dyes. 

4.4.4 Clothing containing azobenzene disperse dyes may pose risks 

for skin sensitization  

It is known that  wearing  clothing containing azobenzene disperse dyes can 

induce skin sensitization; several studies document the allergenicity of azo dyes via 

allergic contact dermatitis from dye -containing text iles (Giusti et al., 2003a; Seidenar i et 

al., 2002, 1997b, 1995, 1991, 1990). Our results demonstrate that azobenzene disperse 

dyes can bind to nucleophilic protein s in a dose-dependent manner and at low 

concentrations, confirming their ability to act as potential haptens in the molecular 

initiating event of skin sensitiz ation. Given these results and our previous  findings of  the 

prevalence of azobenzene disperse dyes in clothing and in the indoor environment, 

further  research is urgently needed to examine the allergenicity of azobenzene disperse 

dyes. 

The haptenic behavior of azobenzene disperse dyes in clothing  has implicat ions 

beyond an allergic reaction only to a specific dye: allergenicity to azo dyes has also been 

shown to lead to cross-reactivity and to allergic reactions induced by numerous other 

dyes in clothing . For instance, Nakagawa et al. (1996) conducted a clinic-to -bench case 

study in which a patient who  had previously experienced an allergic reaction to a blue 

dress returned with a similar reaction to a navy dress. While analysis of the dress 
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revealed aminoazobenzene dyes, patch testing on the patient revealed allergic posit ive 

reactions to a number of different types of dyes, including both dyes with azobenzene 

core structures and with p-phenylenediamine core structures. Nakagawa et al. thus 

determined that a llergic sensitization to azobenzene dyes can elicit cross-reactions to 

other types of dyes (Nakagawa et al., 1996).   

It is known that even patients without a clinical history of textile dermatit is can 

display sensitization to disperse dyes from clothing , as measured via patch testing by 

Seidenari et al. (1991); these sensitizations most often manifest as eczematous dermatitis 

(Seidenari et al., 1991). Among azo dyes tested by Seidenari et al., Disperse Blue 124 

caused most frequent reactions; DB124 shares common moieties with the azo dyes 

DB79:1, DR354, and DV33 in this study. Where children are concerned, it is known that 

children can exhibit sensitiz ation to azo dyes regardless of previous history of atopic 

dermatitis. Giusti et al. (2003) assessed children for adverse skin reactions to both azo 

dyes and aromatic amines, and determined that while the m ajority of dye -positive 

children were sensitiv e to both azo dyes and aromatic amines in clothing , 12% were 

sensitized to azo dyes alone and 14% reacted to aromatic amines alone (Giusti et al., 

2003a). Given that the ÊÏÐÓËÙÌÕɀÚɯpolyester shirt extracts tested in this study induced up 

to >90% peptide depletion, haptenic azobenzene disperse dyes should be prioritized for  

further patch, allergy  and immunolo ÎÐÊÈÓɯÛÌÚÛÐÕÎɯÚ×ÌÊÐÍÐÊÈÓÓàɯÞÏÌÙÌɯÊÏÐÓËÙÌÕɀÚɯÌß×ÖÚÜres 

are concerned.  
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Figure 10: Dose-response data for each of 12 azobenzene dyes measured in the 

cysteine assay. 
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Varying concentrations of each dye were incubated with 0.2mM cysteine. 

Measurements were taken following a 24hr. incubation period. Open circles represent 

spectropho tometric assay results; closed circles represent HPLC assay results. A 

nonlinear regressi on (sigmoidal fit) is plotted for the HPLC data for each compound. 

All points a re the average of three experimental trials; error bars represent standard 

error of the mean. 
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Figure 11: Dose-response data for each of 12 azobenzene dyes measured in the lysine 

assay. 
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Varying concentrations of each dye were incubated with 0.1mM lysine.  

Measurements were taken following a 24hr. incubation period. Open circles represent 

spectrophotometric assay results; closed circles represent HPLC assay results. A 

nonlinear r egression (sigmoidal fit) is plotted for the HPLC data for ea ch compound. 

All p oints are the average of three experimental trials; error bars represent standard 

error of the mean.  
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Figure 12: Peptide depletion induced by azobenzene -containing polyester shirt 

extracts (previously published), plotted against the total chromatograp hi c peak area 

(in area counts) of all detected azobenzene compounds in the shirt extract.  

Incubations with 0.1mM Lysine are plotted as grey circles; incubations with 0.2mM 

Cystein e are plotted as black triangles. Error bars represent standard error of the  mean 

from three experimental trials.
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Figure 13: Representative plots for first -order rate kinetics of binding to nucleophilic peptides. Reaction rates in the cysteine 

assay are shown on the left plot; reaction rates in the lysine assay are shown on the rig ht plot. All plotted points are the average 

of three experimental replicates; error bars represent standard error of the mean.  
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Figure 14: First -order rate kinetics of peptide binding for azob enzene disperse dyes and their corresponding 

transformation pro ducts in the cysteine assay (top row) and in the lysine assay (bottom row). All plotted points are the average of 

three experimental replicates; error bars represent standard er ror of the mean.  
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Figure 15: Calculated Hammett constants of each azobenzene d isperse dye, plotted against the log of the ratio of dye rate 

constant to reference dye rate constant in the cysteine (left, circles) and lysine (right, triangles) assays. Red d ata points represent 

bromina ted compounds; blue data points represent chlorinat ed compounds; and green data points represent non -halogenated 

compounds.  
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Figure 16: Calculated electrophilicity index of each dye and transformation product, plotted against t ÏÌɯÊÖÔ×ÖÜÕËɀÚɯÙÈÛÌɯÊÖÕÚÛÈÕÛɯ

in the cyste ine (left, circles) and lysine (right, triangles) assays. Red data points represent brominated compounds; blue data 

points represent chlorinated compounds; and green data points represent non -halogenated compounds . 
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Table 6: First -order rate constants, half -lives, and l inearity coefficients  for  azobenzene disperse dyes and transformation product s 
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5. Conclusion 

5.1 Azobenzene disperse dyes: are they a new class of 
ubiquitous contaminants? 

Collectivel y, this thesis work presents comprehensive evidence that azobenzene 

disperse dyes may be chemical contaminants of human toxicological concern:  they are 

common in dye mixtures and in polyester clothing, are common in the indoor 

environment , and are potentially allergenic . Specifically, this work determined the 

presences and relative abundances of nineteen unique azobenzene compounds in 

commercial dyestuff powders , ten of which we were able to purify and quant ify.  This 

work also quantified t ÖÛÈÓɯÓÌÝÌÓÚɯÖÍɯËàÌÚɯÐÕɯÈ××ÈÙÌÓɯÚÈÔ×ÓÌÚɯÜ×ɯÛÖɯƕƕȮƘƗƔɯϟÎɯËàÌɤÎɯÚÏÐÙÛȮɯ

and indiv idual levels of dyes in ap×ÈÙÌÓɯÈÛɯÜ×ɯÛÖɯƝȮƖƗƔɯϟÎɯËàÌɤÎɯÚÏÐÙÛ; geometric means 

ranged ÍÙÖÔɯƛȭƝƕɯϟÎɯËàÌɤÎɯÚÏÐÙÛɯÛÖɯƗƔƔɯϟÎɯËàÌɤÎɯÚÏÐÙÛ. We then quant if ied these same 

azobenzene disperse dyes in indoor house dust samples at levels up to 6,106 ng dye/g 

dust . When evaluated in the Direct Peptide Reactivity Assay  (DPRA), these azobenzene 

disperse dyes demonstrated covalent binding to nucleophilic pe ptides in a dose-

dependent manner and via first -order kinetics; extracts of apparel in which dyes had 

been quantified also induced peptide binding .  

To our knowledge, this work is the most comprehensive quantita t ive study of 

azobenzene disperse dyes to date. While azobenzene disperse dyes have been 

characterized as mutagenic and genotoxic contaminants in waterways, such as those 

that receive textile efflu ents (Balakrishnan et al., 2016; Carneiro et al., 2010;  Chung and 
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Cerniglia, 1992; De Aragão Umbuzeiro et al., 2005; Ohe et al., 2004; Vacchi et  al. , 2017, 

2016), this thesis reports the first comprehensive quantitative data on azobenzene 

disperse dyes in the home (house dust) and in synthetic clothing, illuminating  two 

potential sources of human exposure to these chemicals.  Additiona lly, while clinical 

evidence has frequently implicated azobenzene disperse dyes as allergens, this study 

presents the most comprehensive experimental investigation to date of the binding 

kinetics of azobenzene disperse dyes to nucleophi lic proteins . While our work captures 

only a small portion of the complex picture of immunological sensitizat ion,  this study 

identifies azobenzene disperse dyes and their transformation products as potential 

haptens. Given that the process of a chemicalɀÚ covalent binding to nucleophilic proteins 

is the molecular initiati ng event of skin sensitization ȹɁ$4ɯ1ÌÍÌÙÌÕÊÌɯ+ÈÉÖÙÈÛÖÙàɯÍÖÙɯ

ÈÓÛÌÙÕÈÛÐÝÌÚɯÛÖɯÈÕÐÔÈÓɯÛÌÚÛÐÕÎɯɧɯ$4ɯ2ÊÐÌÕÊÌɯ'ÜÉȮɂɯÕȭËȭȮɯɁ3ÌÚÛɯ-ÖȭɯƘƘƖ"ȯɯ(Õɯ"ÏÌÔÐÊÖɯ2ÒÐÕɯ

2ÌÕÚÐÛÐÚÈÛÐÖÕȮɂɯƖƔƖƕȮɯɁ3ÏÌɯ ËÝÌÙÚÌɯ.ÜÛÊÖÔÌɯ/ÈÛÏÞÈàɯÍÖÙɯ2ÒÐÕɯSensitisation Initiated  by 

"ÖÝÈÓÌÕÛɯ!ÐÕËÐÕÎɯÛÖɯ/ÙÖÛÌÐÕÚȮɂɯƖƔƕƘȰɯ/atlewicz et al., 2014), this work thus demonstrates 

the potential for human exposure to chemicals found commonly in clothing and dust 

parti cles that may elicit allergic reactions , suggesting that azobenzene disperse dyes 

should  be prioritized for furt her immunological evalu ation. 

Taken together, these discoveries illuminate a previously unrecognized class of 

chemical contaminants.  To date, azobenzene disperse dyes have not been designated or 

prioritized as emergin g contaminants of concern; in fact, they remain unregulated in 
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U.S. commerce and therefore virtually unmonitored . Additionally, while the potential 

toxicities of azobenzene disperse dyes have been recognized for decades, to date there is 

little experimenta l data on the toxicities of dyes where routes of direct exposures such as 

inhalation, ingestion,  and skin contact are concerned. Our work utilizes an in vitro 

protein binding assay that is validated specifically to re present the molecular init iat ing 

event of skin sensitization  ȹ+ÈÓÒÖɯÌÛɯÈÓȭȮɯƖƔƕƖȰɯ/ÈÛÓÌÞÐÊáɯÌÛɯÈÓȭȮɯƖƔƕƚȰɯɁ3ÌÚÛɯ-o. 442C: In 

Chemico Skin Sensitisation,ɂɯ ƖƔƖƕȺ. However , covalent binding of chemicals to 

nucleophilic proteins is the molecular initiating event for numerous types of allergic 

responses (Dearman et al., 2013; Dik et al., 2016; Lalko et al., 2012), and the extent to 

which azobenzene disperse dyes may elicit other allergic responses such as respiratory 

allergies is fully unknown. As the global demand for synthetic textiles continues to r ise 

(Agarwal et al., 2017; DataM Intelligence, 2019), so too does the potential for human 

exposures to potentially allergenic azobenzene disperse dyes. Given the potential for 

such widespread exposure and given the unknown extent to which these dyes are 

allergens, azobenzene disperse dyes should be prioritized  for further research and 

investigat ion as emerging contaminants of concern. 

5.2 Knowledge Gaps and Research Needs 

While this thesis work is novel, azobenzene disperse dyes have gone largely 

unresearched with respect to exposure and risks, and to date several vast  know ledge 

gaps remain. More research is needed in several key areas to better understand the 
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scope of exposures to azobenzene disperse dyes, particularly those experienced by more 

vuln erable populations such as children.  

5.2.1 Childrenôs exposures to azobenzene disperse dyes   

Given that ÞÌɯ ÛÌÚÛÌËɯ ÊÏÐÓËÙÌÕɀÚɯ ×ÖÓàÌÚÛÌÙɯ È××ÈÙÌÓɯ ÍÖÙɯ ÛÏÌɯ ×ÙÌÚÌÕÊÌÚɯ ÖÍɯ

azobenzene disperse dyes (Chapter 2), and given that the TESIE cohort (Chapter 3) 

focused exclusively on dust from homes of young childre n, our work suggest s that 

azobenzene disperse dye exposure may be of particular concern for children. 

Furthermore, our work suggests that two possible sources of ÊÏÐÓËÙÌÕɀÚɯexposures to 

azobenzene disperse dyes may be dust and clothing. Chemical exposures via house dust 

are known to be particularly of c oncern for children , who have more dust ingestion and 

greater inhalation volumes based on body weight relative to adults (US Environmental 

Protection Agency, 2011); meanwhile, clinical exampl es are documented in the literature 

of children exhibiting contact dermatitis after wearing garments containing azobenzene 

disperse dyes (Giusti et al., 2003b; Seidenari et al., 2002, 1991). However, to date, specific 

sources of exposure to azobenzene disperse dyes have not yet been evaluated and 

remain unclear. Specific routes of exposure also remain unclear. While the presences of 

dyes in apparel and in house dust suggest that ingestion, inhal ation, and skin contact are 

all likely routes of exposure, the relative extent to which children and others may be 

exposed to dyes via these routes remains unknown. Further research is needed to 
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understand th e sources, routes, and relative levels of exposures to disperse dyes that  

children m ay experience in the indoor environment.   

5.2.2 Establishing biomarkers to evaluate exposures 

This thesis work demonstrates high detection of azobenzene disperse dyes in the 

indoor environment, specifically in homes of young childr en. In order to conduct 

addi tional studies to determine extents, patterns, and routes of exposures to azobenzene 

disperse dyes, it is necessary first to establish biomarkers of exposure to azobenzene 

disperse dyes. Biomarkers of exposure ɬ known metabolites or transfo rmation products  

of a chemical found  in the body  ɬ are a well-established and reliable method of 

quantifying levels of exp osure and of measuring internal doses in human populat ions  

(Haug et al., 2011; Hoffman et al., 2018c, 2018b, 2018a, 2015a, 2015b). However, to date, 

no biomarkers of exposure to azobenzene disperse dyes have been identified or 

validated.  

Validated biomarkers ar e necessary in order to measure internal doses of 

azobenzene disperse dyes in children, a potentially vulnerable population that likely 

experiences greater exposures than adults due to the presence of dyes in dust.  

Biomarkers may include both parent dyes and their reductive cleavage products : to 

date, it is understood tha t following oral or skin exposure to azo dyes, humans can 

subsequently be exposed to biotransformation products obtained by reactions with 

intestinal microorganisms, liver enzymes, or skin microorganisms  (Chequer et al., 2011; 
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Drumond Chequer et al., 2011). Currently, the main rou tes believed to be involved in 

biotransformations of azo dyes are oxidation, re duction, hydrolysis, and conjugation, all 

of which are primarily catalyzed by liver enzymes  (Hunger, 1994). The three oxidat ion 

pathways believed to be of importance for azo dyes are: 1) C-Hydroxylation on the 

ring(s) of azo dyes, likely via epoxidation an d subsequent rearrangement to a phenol; 2) 

N -Hydroxylation of primary and secondary amines, followed by esterification with 

glucuronate or sulfonate; and 3) Dealkylation  (Hunger, 1994). Reduction, meanwhile,  is 

thought to be the most toxicologically import ant reaction of azo compounds, yet  is less 

understood than oxidation. Azo dyes can reach either the intestine or the liver, 

depending on the route of exposure; reductive cleavage is thought to occur by  enzymes 

from the cytosolic and microsomal fractions of  the liver  (Chequer et al., 2011). To date,  

specific hepatic enzymes involved in metabolic reduction remain unspecified.  

Metabolic studies involving azobenzene disperse dyes will aid in developing 

important biomarkers that could be used to predi ct exposures to disperse dyes. Better 

characterization of azo dye metabolism, and presences of metabol ites in human ur ine 

and serum, may enable a better understanding of human exposure to azo dyes in indoor 

environments. Additionally, b ecause metabolism may lead to bioactivation of azo dyes,  

and because knowledge of the metabolic stability will allow for p redictions of the half -

life of these compounds in human tissues, it is important to prioritize biomarker 

evaluation in order to better understand kine tics of azo dye metabolism in humans. 
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5.2.3 In vitro to in vivo extrapolation: immune consequences 

This thesis work demonstrates that azobenzene disperse dyes and their 

transformation products bind covalently to nucleophilic proteins, indicat ing that  they 

may act as haptens and therefore may elicit immune reactions such as skin sensitization 

(Chapter 4). This work utilized the  in vitro Direct Peptide Reactivity Assay (DPRA) to 

examine covalent binding of dyes to nucleophilic peptide residues . However, while the 

DPRA provides useful information, it represents only one portion of a gr eater picture . 

The DPRA addresses only the molecular initiating even t of sensitization, and cannot on 

its own , predict whether dyes or their transformation products will act  as sensit izers.   

However, u nderstanding dye reactivity in the molecular initiating ev ent of skin 

sensitization allows for data -driv en prioritization of d yes and transformation products 

in further sensitization testing and other immune testing.   

In order to fully examine how azobenzene disperse dyes and their 

transformation products may be have as immune sensitizers, the behaviors of 

azobenzene disperse dyes and transformation products should be evaluated in 

additional biological events included in  the AOP for skin sensitization: namely, the 

activation of keratinocytes and dendritic cells, a nd the activation and prol iferation of T -

cells ȹ/ÈÛÓÌÞÐÊáɯÌÛɯÈÓȭȮɯƖƔƕƚȮɯƖƔƕƘȰɯɁ3ÏÌɯ ËÝÌÙÚÌɯ.ÜÛÊÖÔÌɯ/ÈÛÏÞÈàɯÍÖÙɯ2ÒÐÕɯSensitisation 

Ini tiated by  "ÖÝÈÓÌÕÛɯ!ÐÕËÐÕÎɯÛÖɯ/ÙÖÛÌÐÕÚȮɂɯƖƔƕƘȺ. It is therefore necessary to test 

azobenzene disperse dyes and their transformation products either in a mult i -assay in 
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vitro model or in a whole -animal in vivo model. The preferred in vivo model for test ing 

skin sensitization, long considered the ɁÎÖÓËɯÚÛÈÕËÈÙËɂɯÍÖÙɯÛÌÚÛÐÕÎ, is the Local Lymph 

Node Assay (LLN A)  (Gerberick et al., 2000), which examines the whole-organism 

dermatitis  response to a possible allergen and could  provide insight o n the elicitation  of 

allergy by azobenzene disperse dyes. Where in vitro alternat ives are concerned, because 

a single in vitro test is likely insufficient to predict skin sensit ization, different tests are 

instead used to address multiple key steps of sensitization through combined in vitro 

approaches (Aeby et al., 2010; Clouet et al., 2017; Hirota et al., 2018;  Petry et al. , 2017;  

Roberts and Patlewicz, 2018; Strickland et al., 2017). The activation of keratinocytes can 

be evaluated via a keratinocyte-based reporter gene assay such as the commercial 

LuSens and KeratinoSens assays (OECD Test Guideline 442D) (OECD, 2015). While no 

in vitro assay has yet been validated by the OECD for T-cell acÛÐÝÈÛÐÖÕȮɯÈɯÊÏÌÔÐÊÈÓɀÚɯ

ability to engage in T -cell priming  (considered to be critical in T-cell act ivation) can be 

evaluated via a cell surface marker expression assay such as the human cell line 

activation test (hCLAT) assay (OECD Test Guideline 442E) (OECD, 2016).  

5.3 Limitations and Ongoing Challenges 

%ÜÙÛÏÌÙɯ ÚÛÜËÐÌÚɯ ÖÕɯ ÊÏÐÓËÙÌÕɀÚɯ Ìß×Ösures to azobenzene disperse dyes, 

identification of proper  biomarkers of exposure to dyes, and on immunological 

consequences of dye exposure are urgently needed. Currently, the primary limiting 

factor in these studies is a lack of analytical reference standards. Critical research on 
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exposures and toxicities of azobenzene disperse dyes will determine whether it is 

possible to regulate these compounds in the coming decades to ensure that the chemical 

footprint of these  potentially harmful chemical contami nants is reduced in the indoor 

environment .  

5.3.1 Commercially available azobenzene dye standards 

This work was enabled by the use of analytical reference standards; in order to 

confirm and quantify azob enzene disperse dyes in environmental matrices, ref erence 

standards are needed. We were able to obtain a total of twelve azobenzene disperse dye 

standards: two standards were purchased, three were a generous gif t f rom from Prof.  

Gisela Umbuzeiro (School of Technology, UN ICAMP, Limeira, Brazil ), and the 

remaining seven were purified in -house (as detailed in Chapter 2). However, 

commercially  available analyt ical standards for azobenzene disperse dyes are few. 

While it is possible to purchase raw dye materials  from supplier catalogs, only eight 

azobenzene disperse dye analytical reference standards are ÓÐÚÛÌËɯÐÕɯ2ÐÎÔÈɯÈÚɯɁËÐÚ×ÌÙÚÌɯ

dyes.ɂ Furthermore , while there are thousands of azobenzene disperse dyes currently in 

commerce, only 67 azobenzene-based reference standards (>95% pur ity) are available 

through Sigma ȹɁ áÖÉÌÕáÌÕÌɯɧɯ2ÐÎÔÈ- ÓËÙÐÊÏȮɂɯÕȭËȭȺ; with the exceptions of Disperse 

Orange 25 and Disperse Orange 37, the available dyes do not represent the dyes that we 

detected in the indoor environment. This thesis work in dicates that  researchers may 

wish to  focus on commonly -detected dyes such as the halogenated analogs of blue, 
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orange, and violet observed in this research. Similarly, another challenge is the lack of 

commercially available isotopically -labeled azobenzene disperse dye standards. 

Isotopically -labeled standards provide a chemical reference by which to perform quality 

assurance and quality control metrics for HPLC -HRMS, and by which to normalize and 

quantify azobenzene disperse dyes in environmental matrices using HPLC-HRMS.  

Without additional reference  standards, it remains difficult to study and to 

understand quantities of dyes in the indoor environment and in pote ntial source 

materials. Furthermore, the lack of reference standards also places limits on the 

feasibility of additional research needed to identify dye biomarkers and to study dye 

toxicolo gy and metabolism.  While this thesis work details the process of purifying  

reference standards from raw materials, this process is time-consuming and produces 

only small quantities of reference material. Concerted efforts must be made to expand 

the commercial availability of azobenzene disperse dye reference standards. 

5.3.2 Regulatory implications and challenges 

This thesis work presents comprehensive evidence that azobenzene disperse 

dyes are a class of emerging chemical contaminants; that vulnerable populations such as 

children may be at risk of exposure to these chemicals; and that azobenzene disperse 

dyes may present immunological health risks. Although more researc h is needed, these 

findings a re early indications that azobenzene disperse dyes may need to be priorit ized 

for regulatory attention as toxic chemicals. To  date, despite regulations such as 
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"ÈÓÐÍÖÙÕÐÈɀÚɯ/ÙÖ×ÖÚÐÛÐÖÕɯƚƙ ȹɁ3ÏÌɯ/ÙÖ×ÖÚÐÛÐÖÕɯƚƙɯ+ÐÚÛɯ- .$'' ȮɂɯÕȭËȭȺ, 6ÈÚÏÐÕÎÛÖÕɀÚɯ

"ÏÐÓËÙÌÕɀÚɯ2ÈÍÌÛàɯ/ÙÖËÜÊÛÚɯ ÊÛ ȹɁ"ÏÐÓËÙÌÕɀÚɯ2ÈÍÌɯ/ÙÖËÜÊÛÚɯ ÊÛɯ- Washington State 

#Ì×ÈÙÛÔÌÕÛɯÖÍɯ$ÊÖÓÖÎàȮɂɯÕȭËȭȺ, and the State of Vermont Act 188 ȹɁ42ɯ2ÛÈÛÌɯÖÍɯ5ÌÙÔÖÕÛɯ

1ÌÝÐÚÌÚɯ1Ì×ÖÙÛÐÕÎɯ1ÜÓÌɯÍÖÙɯ"ÏÐÓËÙÌÕɀÚɯ/ÙÖËÜÊÛÚɯɧɯ2&2ȮɂɯÕȭËȭȺ that require the report ing 

or labelinÎɯÖÍɯÊÏÐÓËÙÌÕɀÚɯ×ÙÖËÜÊÛÚɯÊÖÕÛÈÐÕÐÕÎɯÊÈÙÊÐÕÖÎÌÕÐÊɯÈÙÖÔÈÛÐÊɯÈÔÐÕÌÚȮ no legal 

restrictions or labeling requirements  exist on the use of azobenzene dyes in the United 

States (as discussed in Chapter 1).  

The regulatory journeys of  other classes of indoor contaminants such as flame 

retardants may present a roadmap for future regulatory attention to azobenzene 

disperse dyes. To date, flame retardants are not strictly banned in the United States. 

Despite two decades of scientific research identifying  that some flame retardants pose 

human health risks, particularly to children , the widespread use of many chemically 

distinct flame retardants has made regulating flame retardants scientifically and legally 

challenging. There is no federal agency in charge of regulating flame retardants in the 

United States; rather, due to the large number of products that contain flame retardants , 

multipl e federal agencies have some degree of regulatory authority over flame 

retardants (e.g., EPA, the Consumer Product Safety Commission (ɁCPSCɂ), the National 

Highway & Traffic Safety Administration ( ɁNHTSAɂ), the Occupational Safety & 

Hazard Administration ( ɁOSHAɂ). Although EPA and CPSC have initiated rulemaking 

to potentially restrict the use of certain flame  retardant s, federal rulemaking processes 
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take several years to complete. Due to this long process, multiple states have enacted 

their own legislation to restrict the use of certain flame retardants .ȹɁ2ÛÈÛÌÚɯ ÙÌÕɀÛɯ

Waiting for Feds to Ban FlaÔÌɯ1ÌÛÈÙËÈÕÛÚɯ%ÙÖÔɯ*ÐËÚɀɯ/ÙÖËÜÊÛÚɯɧɯ3ÏÌɯ/ÌÞɯ"ÏÈÙÐÛÈÉÓÌɯ

3ÙÜÚÛÚȮɂɯÕȭËȭȺ; currently, seven states (Delaware, Georgia, Iowa, New Jersey, New York,  

Virginia, and West Virginia) have regulation s or rules that proh ibit the use of individual 

flame retardants or subclasses of flame retardants in specific categories of commercial 

products  such as upholstered furniture  ȹɁ2ÈÍÌÙɯ2ÛÈÛÌÚȯȯɯ3ÖßÐÊɯ%ÓÈÔÌɯ1ÌÛÈÙËÈÕÛÚȮɂɯÕȭËȭȺ. In 

each of these cases, regulation was the product of decades of research; it will ta ke 

considerable effort to reach a similar  point with azobenzene disper se dyes.  

Ultimately, the lack of regulation or l abeling requirements for azobenzene 

disperse dyes is due to a lack of data, not lack of toxicity ; labeling requirements for 

certain aromatic amine synthesis materials and breakdown products are a testament to 

the power of data to drive regulatory requi rements. Following the example of flame 

retardant rule -making, it may be necessary to focus exposure and toxicology studies on 

commonly -occurring dyes ɬ such as those that comprise black dyes (ie.  Disperse Blue 

373, Disperse Orange 61, and Disperse Violet 93 examined in this thesis work) ɬ to amass 

a sufficient body of evidence to pursue rule -making.  It may also be necessary to focus 

exposure and toxicity studies on these dyes in specific products such as cÏÐÓËÙÌÕɀÚɯ

clothing, since most successful rulemaking for flame retardants has restricted use or 

required labeling in specific products. Meanwhile, future stud ies are needed to quantify 
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additional dyes in the indoor environment, particularly those identifie d in this thesis 

work via HRMS suspect screening, and to examine exposure pathways of dyes in the 

indoor environment where vulnerable populations such as ch il dren are concerned. 

These studies will aid greatly in determining whether the use of, and exposure s to, 

azobenzene disperse dyes present substantial risk.   
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Appendix A: Full protocol for chromatographic 
separation of disperse dyes from dyestuffs. 
  

Each dichloromethane extract was transferred to a 500mL round-bottom f lask 

together with 2g of silica gel [RediSep Rf Gold, 30 microns, 60 angstroms].  Each silica 

gel-dye mixture was rotary -evaporated, using a double cold t rap  with dr y 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, 5g] for flash chromatography separation. Mixtures were then 

separated using a CombiFlash Rf+ chromatography system [Teledyne ISCO]. Each silica 

and dye-packed loading column was positioned di rectly before two 24g f lash columns 

[RediSep Teledyne], stacked vertically to allow for optimal separation. Separations were 

conducted using a 45-minute method on optimized  hexane:ethyl acetate gradients 

collecting 18mL fractions of eluent throughout the s eparation. For the first five minutes,  

the gradient was run at 100% hexane. For the next 10 minutes (5min to 15min), the 

gradient was gradually increased to 70:30 Hexane:EtOAc, then held for five minutes 

(15min to 20min). For the next 10 minutes (20min to 30min), the gradient was gradually 

increased to 50:50 Hexane:EtOAc, then held for 10 minutes (30min to 40min). Finally, for 

the last five minutes (40min to 45min), the gradient was gradually increased to 100% 

EtOAc.  

Eluents for each dye mixture were examined via TLC under UV light to ident ify 

fractions containing  individua l dye compounds or mixtures of dyes.  Fractions 
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containing single observed components were transferred to a clean glass 40mL amber 

vial. If TLC revealed two neighboring eluents from the sa me mixture contain ing 

identical compounds, fractions we re combined to maximize compound yield; f ract ions 

that were not pure w ere reconstituted in dichloromethane and rotary -evaporated with 

silica gel for re-purification . Purified fractions were evaporated to 5mL, t ransferre d to 

a tare-weighed clean glass 6mL vial, evaporated to dryness, and weighed again to 

determine the mass of extracted compound.     
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Appendix B: Full protocol for Soxhlet extraction of 

apparel samples. 

  

For each apparel sample, a 2.5 cm2 fabric square was weighed and then extracted 

over 12 hours via Soxhlet extraction in 300mL of dichloromethane (DCM). Extracts  were 

concentrated via rotary evaporation to roughly 10mL, using a double cold trap with dry 

ice, under high vacuum with no heat; e xtracts were then each transferred to a clean glass 

40mL amber vial and evaporated under nitrogen to dryness. Samples were reconstituted 

in 10 mL of 75:25 acetonitrile:water (LC-MS grade). Three dilutions of each extract  were 

prepared for LC-MS/MS analysis: a 1 to 100 dilution, a 1 to 500 dilution, and a 1 to 1000 

dilution. Each sample was prepared in 75:25 acetonitrile:water in a clean 1mL amber LC-

MS vial. Prior to analysis, each sample was spiked with para red d -4 [Toronto Research 

Chemicals], acting as the internal standard for quantitative analysis (50 ng/mL).   A 

laboratory processing blank was also prepared for analysis (75:25 acetonitrile:wate r w ith 

50ng/mL para red d-4).   

A matrix -spike recovery experiment was performed in similar fashion.  Four 2.5 

cm2 fabric square replicates of a white polyester shirt were weighed and pre -cleaned via 

Soxhlet extraction over 12 hours in 300mL of dichloromethane  (DCM); fabric square 

replicat es were then dried and DCM extracts were discarded. Each of the four replicates 

ÞÈÚɯÛÏÌÕɯÚ×ÐÒÌËɯÞÐÛÏɯƘƔƔϟ+ɯÖÍɯÈɯÚÛÈÕËÈÙËɯÔÐßɯÖÍɯËÐÚ×ÌÙÚÌɯËàÌɯÚÛÈÕËÈÙËÚɯȹƙƔƔÕÎɤÔ+ɯÍÖÙɯ
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each dye) and extracted again over 12 hours Soxhlet extraction in 300mL of 

dichloromethane (DCM). Extracts were evaporated under nitrogen to dryness, then 

reconstituted in 1mL of 75:25 acetonitrile:wate r (LC-MS grade) and quantified via 

external-standard calibration. Percent recovery values are listed in Table SI -5. All dyes 

were measured with r ecoveries between69-101%(mean recovery = 85.3 ± 9.0 %), 

indicating that neither degradation of analytes during sample preparation nor 

significant loss in sample transfers occurred.  
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Appendix C: Full protocol for NMR analysis of isolated 
disperse dyes.  
  

Structural characterization of dye molecules in purified dyestuff fractions was 

performed by Nuclear Magnetic Resonance Spectroscopy (NMR) using either a Bruker 

16.4 Tesla spectrometer with  a BBO room temperature probe or a Varian 18.8 Tesla 

spectrometer wi th a cryogenic probe at room temperature, 25C. Each sample (1-5 mg 

mL-1 ) was diluted with 600  ϟL of chloroform -d and placed into amber colored 5mm 

NMR tubes. Each sample was analyzed via one-dimensional proton (1H) (zg30 and 

PROTON) and carbon (13C) experiments (C13CPD and CARBON). Samples requiring a 

more in-depth characterization were also subject to 2D 1H-1H COSY (Correlation 

Spectroscopy), 1H-13C HMBC (Heteronuclear Multiple Bond Correlation), and 1H -13C 

HMQC (Heteronuclear Multiple Quantum Coherence) experiments. Spectra were 

referenced internally according to residual solvent signals (1H, CDCl 3 7.26 ppm, 

CH2Cl2 5.30 ppm, and/or H2O 1.56ppm ppm; 13C, CDCl3 77.0 ppm). Data for NMR 

spectra use the following abbreviations to describe multiplicity: s,  sing let ; br  s, broad 

singlet; d, doublet; t, triplet; dd, doublet of doublets; td, triplet of doubl ets; tt, t riplet  of 

triplets;  dd d, doublet of doublets of doublets;  dddd, doublet of doublets of doublets of 

doublets; dd t, doublet of doublets of triplets; app dd, apparent doublet of doublets; 

m, multiple t. Coupling constants (J) are reported in units of hertz (Hz).   

Each azobenzene molecule displayed a series of common 1H NMR spectrum 

features. The core of the azobenzene molecule is characterized by 4-6 peaks within the 
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aromatic range (6-9 ppm) and split according to the number of adjacent protons with 

characteristics coupling (meta (2-3 Hz coupling) and ortho (8 -9 Hz coupling)) while the 

methylene substitutions presented as 1-4 peaks from 4.6 to 2.5 ppm depending on the 

individual dye being analyzed. Finally, the methyl group substitutions were observed  in 

the 2.5ppm or less range, with the exception of the methoxy substitution which as 

observed around 3.9ppm. All NMR spectra are reported in  Figure SI -3.  
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Appendix D: Supplementary Information for Chapter 2 
 

 

Figure SI-2: Thin Layer Chromat ography (TLC) images of each dyestuff, 

showing numbers and colors of dyestuff components. TLC plates served as our first 

indicator of how many dyes, and which colors of dyes, were present in the extracts of 

raw dyestuff.  
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Figure SI-3: One dimensional 1H NMR spectra of Disperse Blue 183:1, 

Disperse Blue 79:1, Disperse Orange 44, Disperse  Orange  73,  Disperse  Red  354,  

Disperse  Red  50,  and  Disperse  Red  73.   
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Proposed  structure  and  labels provided for clarity. Of the ten dyes isolated 

from dyest uffs, these six were pure and concentrated enough to obtain clear  NMR  

spectra.  Spectra  were  referenced  internally  according  to  residual  solvent  signals  

(1H,  CDCl3  7.26 ppm,  CH2Cl2  5.30  ppm,  and/or  H2O  1.56ppm  ppm;  13C,  CDCl3  

77.0  ppm).  Data  for  NMR  spectra  use  the following abbreviations to describe 

multiplicity: s, singlet; br s, broad singlet; d, doubl et; t, triplet; dd, doublet of 

doublets; td, triplet of doublets; tt, triplet of triplets; ddd, doublet of doublets of 

double ts; dddd, doublet of doublets of doublets of doublets; ddt, doublet of doublets 

of triplets; app dd, apparent doublet of doublets; m, multiplet. Coupling constants (J) 

are reported in units of hertz (Hz). Disperse Orange A, Disperse Violet 33, and 

Disperse Violet 93 Cl were not pure  enough or concentrated enough to obtain clear 

NMR spectra.  
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Figure SI-4: HPLC chromatograms, MS1 spectra (experimental via ESI(+) 

HRMS, and predicted using Envi Pat), and  MS2  spectra  annotated  with  FiSH  

scoring  f or  each  of  the  ten  azobenzene  disperse  dyes  extracted  from dyestuffs.  

Base  peak  ion  chromatograms  are  shown  for  the  dyestuff  extract  from  which  

the  given  dye  was obtained.  Fo r  dyestuffs  from  which  more  than  one  dye  was  

isolated,  each  isolated  dye is  shown  beneath  the chromatogram.   
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Figure SI-5: Molar absorpt ivity spectra for each of the ten extracted dyes from 

dyestuff, as well as for the five commercially purchased dyes we quantified.  
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Molar absorptivity is an int rinsic property of a molecule that can be quantified 

using the Beer-Lambert relationship A = E*L*C , where A is equal to the absorbance, E 

is equal to the molar  absorptivity,  L  is  equal  to  the  path  length,  and  C  is  equal  

to  the  compound  concentration.  Molar absorptivities  are  structurally  dependent;  

compounds  with  similar   struct ures  should  have  similar   molar absorptivities. For 

instance, Disperse Red 50 and Disperse Orange 37 are almost structurally identical; 

their molar absorp tivities are accordingly similar (1.04 x 10^4 L mol -1 cm-1 and 1.02 x 

10^4 L mol-1 cm-1, respectively). We  would  therefore  expect  to  see a  similar  trend  

between  the  chlorinated  and  brominated  analogs  of  Disperse Violet 93.However, 

results showed that the molar absorptivities of extracts for DV93 Cl (purified in -

house) and DV93 (Br, verifie d and obtained prior to experiments) differed by two full 

orders of magnitude. Taken together with the fact that we were not able to obtain an 

NMR spectrum f or DV 93 Cl, this difference in molar absorptivity suggests that our 

DV93 Cl extract was not pure, and therefore could not be used as an authentic 

reference standard for quantitation.  
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Figure SI-5: Detections of prominent dyes in the dyestuff Permasil Black 

EXNSF 300%. 

 

 



 

 164 

 

 

Figure SI-7: Pie charts for each dyestuff showing the percent composition of  

detected disperse dyes in each dyestuff. As is visually apparent, the relative amount 

of detectable azo dye(s) in dyestuffs varies between, and within, dye stuff colors. 

Disperse Red 50 makes up more than 50% of the total dyestuff mass for Disperse Red 

5G, yet Disperse Red 73 makes up only 7% of the total dyestuff mass for Permasil 

Rubine CKGFL 200%. In Permasil Rubine S -2GFL, Disperse Red 50 and Disperse Red 

73 are both quantified, yet combined make up only 7% of the total dyestuff mass. 

With the exception  of Disperse Red 5G, the total mass of all detectable dyes in 

dyestuff comprises no more than 15% of total dyestuff mass (Permasil Orange 

H2GFS) and as litt le as 0.75% of total dyestuff mass (Disperse Blue W -BLS).  
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Figure SI-8: Pie charts showing the percent composition of Black Shirt A and 

Black Shirt F, the two black shirt extracts containing the greatest number of different 

azo dyes. For each shirt, the pie chart on the left represents the  percent  of  

azobenzene  disperse  dyes  out  of  the  total  mass  of  shirt;  the  pie  chart  on  the  

right  examines  the percent distribution of different azobenzene disperse dyes in the 

shirts. In both Black Sh irt A and Black Shirt F , the percent distribution of detected 

azo dyes is dominated by orange (Black Shirt A)  and red (Black Shirt F) dyes.  
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Table SI-2: Names and colors of commercial dyestuffs. Each dyestuff is 

intended to be a pplied to polyester.  
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Table SI-2: Children ɀs polyester athletic apparel samples . 

 

 

 

 

 

 



 

 168 

 

Table SI-3: Quantities of individu al purified dyes in dyestuff, reported in mg 

dye/g dyestuff. While the heatmap in  Figure  4  shows  many  detections  of  

azobenzene  compounds  in  the  dyestuffs,  azobenzene  compounds  were shown to 

make up only a small portion of total dyestuff mass,  as can be seen in Figure SI-8. As 

such, limits of detection prevented us from quantifying all but the compounds with 

the highest p eak areas in the dyestuff samples. For this experiment, the detection 

limit was defined as the lowest quantifiable calibratio n concentration for each analyte 

of interest. Dyes not listed in this table were not quantified in any dyestuff sample; 

dyestuffs n ot listed in this table did not have any dye quantities above detection 

limits.  
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Table SI-4: 0ÜÈÕÛÐÛÐÌÚɯÖÍɯÐÕËÐÝÐËÜÈÓɯËàÌÚɯÐÕɯÊÏÐÓËÙÌÕɀÚɯÈÛÏÓÌÛÐÊɯÈ××ÈÙÌÓȮɯ

measured in mg dye/g shirt. 12 dyes total were qua ntified in 7 of the 14 shirt extracts 

we tested at levels above the detection limits. Linear calibration curves, ranging  from  

1ng/mL  to  500ng/mL  with  50ng/mL  para  red -d4  as  the  internal  standard,  were  

utilized  for quantitation. Instrument  lim its of detection were calculated as the bl ank 

signal (yB) plus three standard deviations of the blank (sB), LOD = yB + 3sB. Limits of 

detection marked with an asterisk (*) indicate that the calculated LOD  was  lower  

than thelowest  calibration  sample  1 ng/mL,  in  which  case  1ng/mL  was  inst ead  

used  as  the instrument  LOD.  
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Table SI-5: /ÌÙÊÌÕÛɯÙÌÊÖÝÌÙÐÌÚɯÖÍɯËÐÚ×ÌÙÚÌɯËàÌÚɯÌßÛÙÈÊÛÌËɯÍÙÖÔɯÊÏÐÓËÙÌÕɀÚɯ

polyester apparel. Percent recoveries were assessed via a matrix spike experiment in 

four replicate 2.5cm 2 squares of a white polyester shirt wer e each pre-cleaned via 

2ÖßÏÓÌÛɯÌßÛÙÈÊÛÐÖÕɯÖÝÌÙɯƕƖɯÏÖÜÙÚɯÐÕɯ#",ȮɯÛÏÌÕɯÚ×ÐÒÌËɯÞÐÛÏɯƘƔƔϟ+ɯÖÍɯÈɯÚÛÈÕËÈÙËɯÔÐßɯÖÍɯ

disperse dye standards (500ng/mL for each dye) and extract ed again over 12 hours 

Soxhlet extractionin 300mL of DCM. Extracts were evaporated under n itrogen to 

dryness, then reconstituted in 1mL of 75:25 acetonitrile:water (LC -MS grade)and 

quantified via external -standard calibration. This protocol is listed in Ap pendix B. All  

dyes were measured with recoveries between 6 9-101$ (mean recovery = 85.3 ± 9.0%), 

indicating that nei ther degradation of analytes during sample preparation nor 

signficant loss in sample transfers o ccurred.  
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Table SI-6: Predicted reductive cleavage products of azo dyes.  
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