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Abstract

Textiles, especially apparel, play an essential role in our daily life. Given that nearly everybody is in contact with clothes and
other textiles 24 h a day, they have to be safe. Today’s manufacturing processes depend on the use of many different chemi-
cals, including dyes. An ideal dye would stay within the fabric during use. However, most textile dyes are prone to leaching
and wear-off. Ideally, the industry is trying to keep the respective release of dyestuffs as low as possible. Concomitantly,
toxicological risk assessment has to evaluate whether the released amounts are safe based on the substance-inherent char-
acteristics and expected levels of exposure. So far, assessments of the latter are mostly based on what little data is available.
Although the use of worst-case scenarios makes systematic overestimation likely and thus warrants a sufficiently high level
of consumer protection, existing data gaps should be filled in order to end this unsatisfactory situation. Hence, in a first step
this paper compiles and analyzes available data on the migration of dyes from textile materials, dermal dye uptake, and pos-
sible reductive cleavage of azo dyes by the skin microbiome as well as the dermal uptake of the resulting cleavage products.
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1 Introduction Acid (anionic) and basic (cationic) dyes form ionic bonds

with textile fibers, while disperse dyes are hydrophobic com-

Textile manufacturing requires a plethora of different chemi-
cals: Apart from colorants, various textile auxiliaries are
needed, e.g. levelling agents to achieve a uniform dyeing or
finishing agents to achieve crease-resistance or water-repel-
lency. Colorants can be classified according to their chemis-
try. Commonly used classes are e.g. azo, anthraquinone and
metal-complex compounds. Depending on their solubility
colorants can be divided into pigments, which are insolu-
ble in the dyeing medium, and dyes which dissolve during
application (IARC 2010). Finally, colorants can be classified
by the dyeing process as such (Bechthold and Pham 2019).
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pounds which are directly dissolved in the hydrophobic fiber
matrix. Examples for the latter include polyester or cellulose
acetate. While reactive dyes bind directly to the fiber via
covalent bonds, direct dyes migrate into the fiber, where they
remain enclosed in cavities. Vat and sulphur dyes are oxi-
dized to water-insoluble derivates during the dyeing process
and as such remain associated with the fiber.

Generally, among dyes in particular azo dyes feature high
color and a wide structural diversity and are hence used in
a variety of different dyeing processes. In addition, they are
cheap to make and easy to produce. Therefore, azo dyes
account for roughly half of the approximately 4000 dyes
listed in the Color Index (BfR 2012) and for over 50% of
the world’s annual production (Carliell-Marquet et al. 1995).
Azo dyes are aromatic compounds that are characterized
by at least one azo group (-N=N-) which usually connects
two aromatic rings. The azo double bond between the two
nitrogen atoms can be cleaved by reducing agents such
as sodium dithionite or enzymatically by for example azo
reductases (Stolz 2001). In both cases the result is the release
of primary aromatic amines (pAAs). Among these, some are
known mutagens and/or carcinogens (Chung 2015; Levine
1991). Certain disperse azo dyes are skin sensitizers, and are
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currently a matter of discussion whether it is the dyes them-
selves or their metabolites which act as ultimate sensitizing
species (Malinauskiene et al. 2012).

In 1994, Germany already restricted the use of azo dyes
for certain commodities if the dye can be cleaved reductively
into one of 20 carcinogenic pAAs. Later on, further Euro-
pean countries implemented a similar restriction (OECD
2005). This was followed by a European-wide restriction
in 2003, implemented through Directive 2002/61/EC which
amended the Directive 76/769/EEC relating to restrictions
on the marketing and use of certain dangerous substances
and preparations. This restriction banned azo dyes which,
following reductive cleavage, may release one or more of 22
listed pAAs (including the 20 pAAs already banned nation-
ally), for the use in textile and leather products that may
come into direct and prolonged contact with the human skin
or oral cavity. For the Directive to be effective, the amounts
of released pAAs had to exceed 30 ppm (i.e., 30 pug per g
fabric). The Directive was then subsequently replaced by the
REACH Regulation (EC) No 1907/2006 in 2009. Also in
2009, Friedlipartner (Friedlipartner 2009) released an inven-
tory of textile dyes that contained, amongst others, infor-
mation on about 900 azo dyes from which approximately
half fall under the above-mentioned restriction. The other
azo dyes may break down to form pAAs that have not been
in the regulatory focus so far. Briischweiler et al. (2014),
and Briischweiler and Merlot (2017) recently showed that
some of these pAAs emerge as “positives” in the so-called
Ames assay, which represents a bacterial mutagenicity
assay. The inventory from 2009 demonstrates the necessity
of further hazard characterization of the non-regulated azo
dyes and their corresponding pAAs, although it is no longer
up to date. This is because a relevant number of additional
REACH-registered textile azo dyes are available nowadays,
whereas about two-thirds of the dyes on the list are only
pre-registered under REACH and are therefore no longer
allowed to be used in the EU, but they might be present in
imported textiles.

Just as important as the hazard characterization is the
estimation of the exposure of consumers towards chemicals
in textiles. The internal exposure D;,, (ug/kg BW/day) is
calculated by the following equation

_ Askin X mprod X Cqubst Xfuse X Fmigr X Fpen
Dint - BW ’

where F, ;.. (ng/ug) is the proportion of substance that is
released during a wearing event and F ., (ug/ng) is the pro-
portion that subsequently penetrates the skin. Additionally,
the exposed skin area A (cm?), the area density of the
textile my,q (g/cm?), the amount of chemical in the textile
Counst (ME/8), the wearing frequency f,.. (1/day), and the body

weight BW (kg) are required. Variants of this calculation
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have been described in LGC (1998), Kritke and Platzek
(2004), and ECHA (2016). However, in the case of azo dyes,
reductive dye cleavage by skin bacteria needs to be consid-
ered additionally, together with possible dermal absorption
of potential cleavage products. Yet, to our knowledge none
of the available exposure models include these processes so
far. In case of small children (toddlers) the oral uptake of
textile chemicals through mouthing of textile parts could be
an additional route of exposure which, however, shall not be
considered here. The aim of the present paper is to review
the existing data for the key steps of the pathway by which
consumers become exposed to dyestuff from textiles, with a
focus on azo dyes. As such this review therefore covers dye
migration, reductive azo cleavage, and the dermal absorption
of dyes as well as pAAs.

2 Materials and methods

The starting point for this review was a study cited by Kritke
and Platzek (2004) to derive default values for the migra-
tion and dermal penetration of textile dyes and auxiliaries.
Newer studies were included under the precondition that
they added new information. Furthermore, the reductive
cleavage of azo dyes and the dermal absorption of the cleav-
age products are addressed as well. Molecular masses (MW)
and octanol-water partition coefficients (logP or XLogP3
(predicted logP) values) for the dyes were obtained from
PubChem (for one dye from worldvariety.com). In the case
of isotope-labeled compounds, the MW of the non-labeled
dyes are given. Graphics were generated from original data
using the statistical programming environment R! with the
R package ggplot2.

3 Migration of dyes from textiles

Information on dye migration from textiles to skin is crucial
for exposure assessment. One of the first studies address-
ing this topic was conducted in 1983 by the Ecological and
Toxicological Association of Dyes and Organic Pigments
Manufacturers (ETAD). They examined dye release of vari-
ous dyes (substance identity not specified) into artificial
sweat from single-dyed fabrics comprising polyester, cotton,
cotton-polyester blend, acrylic, wool, wool-polyamide blend,
polyamide 6 (PA 6, perlon) and 6,6 (PA 66, nylon) with
fabric weights per unit area (WoFs) of 32-450 g/m>. Dye
specimens tested belonged to the categories of vat, reactive,

! https://www.r-project.org/ Accessed 6 October 2020.

2 https://cran.r-project.org/web/packages/ggplot2 Accessed 6 October
2020.


https://www.r-project.org/
https://cran.r-project.org/web/packages/ggplot2

A scientific review of colorful textiles

mean misroron [N

bgemd) S & L &

wool/nylon
wool 2 4
cotton 5 4

PA 2 4

cotton 2 4
wool 4 4

PA1 4

perlon 1
wool 3 4
nylon 1
PAC -+
cotton 4 4
wool 1 4
nylon 2
perlon 2 4
knitted cotton -
cotton/PES
cotton 3 4
cotton 1 4

Fabric sample

acid basic disperse reactive  vat
Dye category

Fig. 1 Dye release into artificial sweat from single dyed fabrics. The
tested dye-fabric combinations are indicated by colored rectangles on
the grid. Dye release per unit area of fabric is coded by the color. The
migration was measured using procedure I and alkaline sweat simu-
lant (see text for details). The limit of detection (LOD) was 0.002 ug/
cm®. Numbers in sample names on the y-axis distinguish samples
of same fabric type. PA polyamide, PAC polyacrylic, PES polyester.
Data from ETAD (1983) (color figure online)

disperse, basic, and acid dyes. Depending on the dye-fabric
combination, the amount of dye per unit area of fabric (dye
load) was 9-510 pg/cm?.

ETAD used acidic (pH 5.5) and alkaline (pH 8.0) sweat
simulants and two different migration procedures. In proce-
dure I, the fabric sample was soaked with artificial sweat,
sandwiched between two glass plates, and incubated at 37 °C
for 4 h. The released dye was then extracted from the wash-
ing solution of the fabric and the glass plates. In procedure
II, the fabric sample was shaken in a flask filled with sweat
simulant at 37 °C for 4 h and squeezed prior to the spec-
trophotometric analysis of the simulant. In a ring trial with
14 participating laboratories, each dye-fabric combination
was tested in several (mostly three) laboratories except for
four polyester samples dyed with disperse dyes, which were
excluded from the main analysis because no migration was
observed in a pre-test. In total, 192 migration values were
determined, 38% of which were below the limit of detection
(LOD) of 0.002 pg/cm?. In terms of inter-laboratory repro-
ducibility, for more than half of the triplicate determinations
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Fig.2 Migration of acid dyes in relation to the amount of dye per unit
area of fabric (dye load) for nine different samples. Data are shown
on a double logarithmic scale. Two different extraction procedures (I
and II) and two different perspiration simulants (acidic, alkaline) were
used as indicated by the legend (see text for details). The limit of
detection (LOD) of 0.002 pg/cm? is indicated by the horizontal dot-
dashed line. The blue line was obtained by linear regression analysis
using the data of the six samples with higher dye loads. The iden-
tity of the fabric samples is indicated on the top. PA polyamide. Data
from ETAD (1983)

with quantifiable releases, the coefficient of variation was
less than 30%. The mean dye release ranged from 0 to
0.83 ug/cm2 in absolute terms (Fig. 1) and 0 to 1.54% (w/w)
in relative terms for samples with multiple measurements.

The data for nine acid-dyed fabrics were further ana-
lyzed for a possible correlation between the magnitude of
dye release and dye load (Fig. 2). For six samples, there was
a clear increase of dye release with an increasing dye load.
Also, alkaline sweat simulant caused higher dye releases
compared to acidic simulant while there was no obvious
difference between the two extraction procedures.

In a subsequent study, ETAD (1997) examined the dye
release from a PA 66 fabric (WoF: 260 g/m?) over a sim-
ulated lifetime of use involving a number of washing and
wearing cycles. The anthraquinone dye Disperse Blue 3
(DB3; 296 g/mol), the mono-azo dye Disperse Yellow (DY)
3 (269 g/mol), and the di-azo dye Acid Red 114 (AR114;
831 g/mol) were selected based on the expectation that they
would show at least minimal migration. The experiments
were conducted using two depths of color (a measure of
the intensity of the color impression). In order to reflect
standard conditions, measurements were performed using
standard depth (SD) and a pronounced deeper shade for
increased analytical accuracy. Standard depths were set up
as 1/1 SD and 1/6 SD, denoting fabric dying at one-sixth or
full standard reference for color fastness testing, respectively
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Table 1 Dyestuff migration

. . Dye Depth of color Dye load Perspiration fast- Maximum dye Maximum dye
from sn.lgle dyed fabric made of ness release (pg/cmz) release (%)
polyamide 6,6 (PA 66)

pg/lem® % (wiw)  Acidic Alkaline Acidic Alkaline Acidic Alkaline
DY3 1/6 SD 12.6 0.05 4-5 45 0.017 0.017 0.13 0.13
DB3 1/6 SD 10.7 0.04 4 4 0.019 0.049 0.18 0.46
AR114 1/1SD 175.5 0.67 4-5 45 0.023 0.023 0.01 0.01
DY3 6x1/6 SD 75.9 0.29 3 3 0.126  0.135 0.17 0.18
DB3 6x1/6 SD 64.1 0.24 2 2-3 0.166 0.286 026 045
AR114 2x1/1SD 351 1.35 45 4-5 0.023  0.023 0.01 0.01

The fabric (260 g/mz) was dyed with Disperse Yellow 3 (DY3), Disperse Blue 3 (DB3), or Acid Red 114
(AR114) at two different color depths, expressed in terms of standard depth (SD). Dye load and color fast-
ness to perspiration (acidic: pH 5.5, alkaline: pH 8.0) are given. Dye release into acidic and alkaline sweat
solution was measured over a simulated lifetime of use (see text for details); the maximum dye release is

given. Data from ETAD (1997)

(Table 1) (Hawkyard and Kelly 2000). In contrast, the pro-
nounced deeper shades were dyed at twice and sextuple the
standard depths (Table 1). The dye load was in the range of
10.7-351 pg/cm?>.

The color fastness to perspiration (measured according to
ISO 105-E04 (1989)) was close to the best score of five for
samples dyed at color depths of practical relevance (1/6 SD,
1/1 SD) (Table 1). Among the overdyed samples, those with
DY3 and DB3 got poorer grades of two to three. To measure
dye release during a simulated wearing event, tissue sam-
ples were incubated in artificial sweat solution (liquor ratio
of 1:20; i.e. 100 g fabric in 2 L solution) at 40 °C for 1 h.
The released dye was extracted from the sweat simulant and
quantified by HPLC (LOD: 0.003, 0.004 and 0.009 pg/cm?
for DY3, DB3 and AR114, respectively). The textile sam-
ples were then subjected to 28 washing cycles to simulate a
lifetime of use. Dye release was measured after the 1st, 2nd,
3rd, 4th, 16th and 28th washing cycle.

The maximum dye releases were 0.023, 0.135 and
0.286 pg/cm? for AR114, DY3 and DB3, respectively
(Fig. 3, Table 1); 0.01, 0.18 and 0.45% (w/w) of the dye
load were released, respectively. While the release of AR114
was close to the LOD, the two other dyes showed quan-
tifiable releases, the magnitude of which depended on the
number of washing cycles and the depth of color. At the
lower color depth (1 x 1/6 SD), both DB3 (only at pH 5.5)
and DY3 were released only in small amounts being close
to the LOD. The other samples, dyed with DB3 (1 x 1/6 SD,
pH 8.0 and 6 x 1/6 SD) and DY3 (6 x 1/6 SD), showed expo-
nentially decreasing dye release with increasing number of
washing cycles. Notably this was sometimes preceded by an
initial increase, though. Regarding DB3 at the higher depth
of color, alkaline sweat simulant caused a higher migration
than the acidic one.

Further studies from the German Institute for wool-
related research (“Deutsches Wollforschungsinstitut”) came
to similar results as those described above (Heine et al. 1996,
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2000). Other studies confirmed that the dye release is low
for fabrics that are dyed with state-of-the-art technology
and which show a good color fastness. The Ciba Spezial-
itdtenchemie AG (2000) analyzed the migration of three dis-
perse dyes from a polyester-cotton blend (WoF: 210 g/m?)
and polyester microfiber fabric (WoF: 65 g/m?) with a color
fastness of 3—5. The maximum release was 0.07 pg/cm?,
corresponding to 0.053% of the dye load. This low value
contrasts with the high release from fabrics of poor color
fastness. For such poor-quality products, Platzek and Lang
(2002) measured a maximum migration of 3.0 and 11.9 pg/
cm?, respectively, for a 0.5 and 2% dyeing with Disperse
Orange (DO) 3 on a polyamide fabric (WoF: 111 g/m?), cor-
responding to 5.4% of the respective dye loads.

During the public consultation of the proposed REACH
Annex XVII restriction of skin sensitizing substances in tex-
tile, leather, hide and fur articles (ECHA 2019), new data
on the migration of five disperse dyes from polyester fabrics
have been submitted (Kahlberg Consulting 2019). As seen
before for disperse dyes on polyester, the migration was very
low. Only the positive control Disperse Red 1 (2% dyeing)
showed a migration of 0.12% of the dye load when using a
50:50 mixture of water and n-octanol as elution agent.

In summary, dye release from textiles is influenced by
many parameters such as fabric type and weight, MW and
logP of the dye, and the pH of the sweat simulant. Washing
and wearing of a textile reduces the dye release over time.
Bad color fastness due to the use of non-state-of-the-art
technology and over-dyeing, which can reduce the perspira-
tion fastness, leads to higher dye releases. In contrast, fab-
rics manufactured by state-of-the-art technology and dyed at
levels not exceeding the “standard” color depth were found
to show maximum releases of 0.5-1% of the dye load. Con-
sidering the large number of variables that can influence
the extractability of dyestuffs, migration values cannot be
transferred from one dye-fabric system to another, and the
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Fig.3 Elution of three dyes from textile fabric in relation to the num-
ber of washing cycles. The textile fabric was dyed with Disperse
Blue 3 (DB3), Disperse Yellow 3 (DY3), and Acid Red 114 (AR114)
using two different color depths (given in brackets). Dye release was

available data described above can only be regarded as guid-
ance values as to the order of magnitude of dye releases.

4 Percutaneous absorption of textile dyes

Percutaneous absorption is the next important issue in the
assessment of internal exposure. Molecules that effectively
penetrate the skin and transition through the different skin
layers can then be taken up into the blood flow and become
systemically available. In in vitro systems such as Franz
diffusion cells, this step is mimicked by its appearance in
the receptor fluid (SCCS 2010).

Aldrich et al. (1986) studied the excretion of radioac-
tivity in Fischer-344 rats and New Zealand rabbits after
topically applying the “C-labeled tri-azo dye Direct Black
38 (DB38; 782 g/mol) or the tetra-azo dye Direct Black 19
(DB19; 840 g/mol). Dosing parameters were derived from
the reported specific activities: The dyes were dissolved
in alkaline sodium carbonate buffer at concentrations of
3330 ug/mL (DB38) and 17,000 pg/mL (DB19). 27, 3 or
8 uL/cm? dye solution were applied onto shaved dorsal
skin resulting in surface doses of 89 pg/cm? DB38 and

measured using two different perspiration simulants (acidic, alkaline).
Horizontal dashed lines indicate the dye-specific limit of detection
(LOD) of 0.004 (DB3), 0.003 (DY3), and 0.009 pg/cm® (AR114),
respectively. Data from ETAD (1997)

44 ug/cm? (rat) or 131 ug/cm? (rabbit) DB19. Applied dye
solutions were dried using a hair dryer and application
sites were protected with a barrier assembly without occlu-
sion. The dye remained on the skin over a six-day period,
during which urine and fecal samples were collected on
a daily basis.

Cumulative excretion of radioactivity (expressed as dye
equivalents) increased almost linearly in the urine as well as
in feces, at least during the first days. That is with the excep-
tion of DB19 in rabbits for which fecal excretion was only
observed on day 1 (Fig. 4). The linearity of the cumulative
excretion profiles implies a steady-state flux of dye equiva-
lents through the skin and the animals. The total excretion
of DB38 via both routes corresponds to percutaneous fluxes
of 0.0008 (rats) and 0.0304 ug/cm?/h (rabbits), respectively.
For DB19, considerably lower values of 0.0001 (rats) and
0.0004 pg/cm?/h (rabbits) were obtained. The authors
interpreted the excreted radioactivity as indication that the
dyes’ azo bonds were cleaved by the skin microbiome (and
possibly also by skin enzymes), resulting in the release of
14C-labeled cleavage products. Also, the higher excretion
in DB38-treated rabbits compared to rats could result from
differences in the skin microflora and skin permeability.
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Fig.4 Cumulative excretion of total dye equivalents in feces and
urine of Fischer-344 rats and New Zealand rabbits after dermal appli-
cation of 89 pg/cm? Disperse Black 38 (DB38) or of 44 pg/cm? (rat)
and 131 ug/cm? (rabbit) Disperse Black 19 (DB19). Regression lines

Collier et al. (1993) studied the in vitro percutaneous
absorption of the mono-azo dyes Sudan I (SDI, 248 g/
mol), Solvent Yellow 7 (SY7; 198 g/mol), and Acid
Orange 12 (AO12; 350 g/mol) in viable skin (200 pm
thick) from SENCAR mouse, hairless guinea pig (HGP),
and man using flow-through diffusion cells. The dyes were
14C-labeled within their aniline moiety. 10 uL dye solu-
tion (SDI and SY7 in acetone, AO12 in acetone-methanol)
was topically applied to an area of 0.64 cm? yielding in
a surface dose of 5 pg/cm?. After 24 h, the radioactivity
was measured in the partially tape-stripped skin and in
the receptor fluid and expressed as total dye equivalents
(parent compound and metabolites).

21.1% (SDI) and 13.7% (SY7) of the applied dose where
recovered in human skin. Further 8.6 and 22.4% were found
in the receptor fluid, resulting in a total absorption of 1.5 pg/
cm? (29.7% of the applied dose) for SDI and 1.8 pg/cm?
(36.1%) for SY7. Animal skin showed a higher absorption:
32.8 and 52.7% (SDI) as well as 64.1 and 67.8% (SY7) were
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(dashed lines) indicate the time periods of constant excretion, and
associated values indicate the excretion rates. Please note the different
scales on the y-axis. Data from Aldrich et al. (1986)

absorbed by mouse and HGP skin, respectively. AO12,
which only differs from SDI by a sulfonate group, did not
penetrate in greater amounts. The study demonstrates that
an internal exposure to dyes and their cleavage products
can occur via the dermal route. Two of the three dyes were
absorbed to a greater extent by skin from all species with
much higher values for animal skin.

ETAD (1994) investigated the in vitro absorption of the
mono-azo dyes Disperse Red (DR) 17 (344 g/mol), DY3
(269 g/mol), and Disperse Blue 165 (DB165; 405 g/mol)
through human and pig epidermal skin in static diffusion
cells. Additionally, the anthraquinone dye DR60 (331 g/
mol) were tested, the quinoline dye DY64 (368 g/mol), and
T2030/76 (unknown substance identity). All dyes were lipo-
philic with predicted logP values ranging from 2.6 to 4.5.
Whole pig-ear and human skin were immersed in water at
60 °C for 40-50 s; the epidermis became gently detached and
stored deep-frozen. Dye suspensions (1000 ug/mL in 0.5%
Tween 80 in distilled water) were applied topically at a rate
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Fig.5 Maximum in vitro percutaneous flux (ug/cm*h) of the dis-
perse dyes Disperse Blue 165 (DB165), T2030/76, Disperse Yellow
64 (DY64), Disperse Red 60 (DR60), Disperse Red 17 (DR17) and
Disperse Yellow 3 (DY3) through non-viable human and pig epider-
mis (n=6 each). 200 pg/cm® dye in 0.5% Tween 80 solution were
applied on the skin surface of diffusion cells with a rate of 200 uL/
cm?. The maximum percutaneous flux was determined from the steep
linear part of the time profile for cumulative percutaneous absorption.
Please note the different scales on the y-axis. Data from ETAD (1994)
(color figure online)

of 200 uL/cm?, resulting in a surface dose of 200 ug/cm?.
Donor chambers were occluded during the 55 h-exposure,
and samples of the receptor fluid (50% ethanol in distilled
water) were analyzed by HPLC. The maximum percutaneous
flux (ug/cm?/h) was determined from the steep linear part of
the time profile for the cumulative percutaneous absorption.

The absorption through pig skin was 10-20 times higher
than through human skin for all tested dyes (Fig. 5). Lag
times varied between 4 and 10 h; at the end of the experi-
ments, 0-11.7 pg/cm? and 0.6-90 ug/cm? of the dye had
penetrated human and pig skin, respectively. While DB165
exhibited the lowest absorption, DY3 showed the highest
flux with 0.2 and 2.6 pg/cm?/h for human and pig skin,
respectively. In comparison to Collier et al. (1993), the
amount of dye found in the receptor fluid at the end of the
experiments was much higher for some of the samples. This
could be due to the higher surface dose (200 pg/cm?) and
longer incubation time (55 vs. 24 h). In addition, the ETAD
study used epidermal skin (usually < 100 um thick) whereas
Collier et al. used 200 um thick skin.

In a follow-up study, ETAD (1995) used human epi-
dermal skin and the above methodology to investigate the
absorption of DR60 and DY3 from saturated solutions in

acidic sweat simulant (pH 5.5, DR60: 24.4 ug/mL, DY3:
20.9 pg/mL) as well as from five formulations. Sweat-
dye solutions were applied at a rate of 200 pL/cm? under
occlusive conditions. The resulting surface doses of 4.9 and
4.2 ng/em? led to maximum percutaneous fluxes of 0.020 pg/
cm?/h and 0.090 pg/cm?h for DR60 and DY 3, respectively.
In comparison to the study from 1994, the maximum flux for
DY3 was only 2.2 times lower, although the surface doses
were ~ 40 times lower. This could be due to an overdose
in the study from 1994 or because of the different solvents
(sweat simulant vs. Tween 80 in water). The test formula-
tions, which were applied under non-occlusive conditions
at a rate of 10 pL/cmz, contained 2.5% of dye as well as
7.5% of one of five dispersing agents. The resulting sur-
face dose of ~250 ug/cm? was comparable to that used in
ETAD (1994) but the applied volume per skin surface area
was 20-fold lower. Depending on the dispersing agent, the
maximum percutaneous flux ranged from non-quantifiable
levels of <0.001 to 0.006 pg/cm?/h for DR60 and 0.012 pg/
cm?/h for DY3. The maximum fluxes were 3- to 18-fold
lower than the values determined for the corresponding dye
suspensions in 1994.

Another study by ETAD (2001) used human and pig epi-
dermal skin and measured the in vitro percutaneous absorp-
tion of the lipophilic mono-azo dyes DR82 (439 g/mol) and
D030 (450 g/mol) from acidic sweat simulant (pH 5.5) and
from “dried-on” depositions from acetone solutions under
occlusive conditions. Human skin was taken post mor-
tem from the abdominal region. Saturated dye solutions
(unknown concentration) in sweat simulant were applied
at a rate of 200 puL/cm?. The maximum percutaneous flux
in human epidermis was non-quantifiable for DR82 and
0.004 ug/cm?h for DO30. Pig epidermis showed higher val-
ues of 0.002 pg/cm*h (DR82) and 0.022 ug/cm?/h (DO30).
Acetone solutions of DR82 (6 ug/mL) or DO30 (60 pg/mL)
were applied at a rate of 10 pL/cm? and left unoccluded for
the first 15 min to enable the evaporation of the acetone
vehicle, resulting in surface doses of 0.06 and 0.60 ug/cm?,
respectively. Ethanol or the surfactant Volpo N20 (in water
or pure) were used as receptor fluid. The percutaneous flux
was only quantifiable for pig skin with ethanol as receptor
fluid, yielding values of 0.002 ug/cm*h (DR82) to 0.007 pg/
cm?/h (DO30). For human skin even tenfold higher doses did
not result in a measurable absorption.

Altogether the three ETAD studies clearly show that dis-
perse dyes can penetrate the skin, with animal epidermal
skin showing a higher absorption compared to human skin
in vitro. Despite the interspecies difference, pig skin turned
out to be a suitable model to predict the relative rates of dis-
perse dye absorption. The extent of absorption is influenced
by solvent type, volume rate, surface dose, occlusion condi-
tions, type of receptor fluid, and the MW, logP and aqueous
solubility of the dye.
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Meinke et al. (2009) used textile samples, dyed with the
fluorescent, lipophilic non-azo dye DY 184:1 (348 g/mol),
to study the simultaneous migration and penetration into
excised pig-ear skin and back skin of human volunteers. Pen-
etration into stratum corneum (SC) was analyzed by using
the tape-stripping procedure and fluorescence spectroscopy.
The textile, a polyester/cotton fabric (65/35; WoF: 180 g/
m?), was prewashed, dyed, dried and fixed. The dyed fabric
was rinsed in a suboptimal manner to enable an increased
dye migration (a worst-case scenario). Elution of the dyed
fabric with sweat simulants (liquor ratio: 1:50) of differ-
ent pH at 40 °C under shaking conditions showed migra-
tion rates of 17.8 (pH 5.5), 18.2 (pH 6.8), and 22.7 pg/cm2
(pH 8.0). These migration rates were manifold higher than
the releases observed in textiles that had been dyed accord-
ing to state-of-the-art procedures (see above).

Pig ear skin was obtained from freshly slaughtered
domestic pigs. A piece of the dyed textile (area: 3 X6 cm?)
was soaked with neutral sweat solution, applied onto the
depilated porcine skin, and an occlusion patch covered the
applied textile. Following the incubation at 32 °C for 3 h,
the upper SC layers were removed by 10 adhesive tape
strips. The first five tapes and the tapes 610, respectively,
were pooled, extracted, and analyzed. A mean dye amount
of 0.031 pg/cm? was recovered from the tape-stripped SC.
About 85% of the dye was located in the first five tape strips.
Increasing the incubation time to 6 h did not significantly
change the amount of dye recovered from the SC.

A piece of the textile (3 x 6 cm?) was put on the lower
back of the volunteers and covered by an occlusive patch.
One group of six volunteers wore the textile for 12 h without
performing any extra sportive activity to present the normal
way of wearing a clothing textile. A second group of 12
volunteers was running for 30 min to enhance sweat pro-
duction. At the end of the exposure time, the textile sample
was removed, and the exposed skin area was left to dry and
tape-stripped 10 times. After wearing the textile in a normal
way for 12 h, 0.027 pg/cm? was recovered from the tape-
stripped SC, being comparable to that found in the in vitro
setting using pig skin (see above). In the sports groups, after
running for 30 min, a two-fold higher amount of 0.055 pg/
cm? was recovered. Because the exposed skin was left to
dry and remaining dye on the skin surface was not removed,
higher amounts in the sport experiment could result from a
higher elution of dye from the fiber but not necessarily from
a higher skin penetration. Furthermore, only the amount of
dye in the upper SC layers was analyzed, so that it is likely
that the total penetrated amount were higher, especially in
the 12 h experiments.

The studies discussed above show that dermal exposure
of consumers to (azo) dyes from textiles can indeed occur.
Important factors are the dye characteristics (MW, water
solubility, logP) and the experimental setup (applied dose,
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occlusion, duration, solvents). The amount of sweat has
an influence on the levels of elution, so that the penetrated
amounts will be higher for similar wearing times. Skin thick-
ness and skin integrity are additional factors affecting dermal
absorption. Analytical techniques—especially the resolution
and sensitivity—are rapidly evolving. From today’s perspec-
tive, older studies often no longer meet today’s standards
and requirements for absorption studies, and results are
associated with a certain degree of uncertainty. For more
generalized statements it is necessary to broaden the data
base using standardized experimental setups and up-to-date
analytical methods.

5 Reductive cleavage of azo dyes

Enzymes of liver, skin, gut, and skin microbiome (Collier
et al. 1993; Feng et al. 2012; Platzek et al. 1999) as well as
other organisms (Chengalroyen and Dabbs 2013) are able
to reductively cleave azo dyes. While the gut hosts mostly
anaerobic bacteria, the human skin has both aerobic and
anaerobic areas. Most bacterial azo reductases characterized
so far are from aerobic strains. While the reductive cleavage
of azo dyes by bacteria in wastewater treatment is relatively
well understood (Chengalroyen and Dabbs 2013; Saratale
et al. 2011; Solis et al. 2012), much less is known about
the azo reducing capacity of skin bacteria, especially under
in situ and in vivo conditions.

Collier et al. (1993) analyzed the reductive cleavage of
the mono-azo dyes SDI, SY7, and AO12 when measuring
the in vitro percutaneous absorption in viable skin from
mouse, HGP, and man using flow-through diffusion cells
(see above). The '“C-labeled dyes were applied in a finite
surface dose of 5 pg/cm?. After 24 h, radioactivity was then
measured in the receptor fluid following HPLC-separation as
to distinguish the parent compounds from any aniline metab-
olites (e.g., acetanilide, 4-acetaminophenol). In the case of
SDI and SY7, both of which carry only one hydroxy group
as the only substituent and which are lipophilic (XLogP3:
4.1 and 3.7), 29.5% and 26.5% of the dose in the receptor
fluid underwent azo reduction in human skin. For mouse and
HGP skin, up to 61% of the penetrated amount was cleaved.
In contrast, AO12 which possesses a sulfonyl group in addi-
tion to the hydroxy group showed an extremely low percu-
taneous absorption for all three species. Consequently, any
metabolites (if present) were below the limit of detection.

Platzek et al. (1999) showed that various skin bacteria
strains as well as skin bacteria isolated from healthy vol-
unteers, mainly isolates of the genera Staphylococcus (St.)
and Micrococcus (M.), are capable of cleaving the sul-
fonated di-azo dye Direct Blue 14 (DB14; 960 g/mol). In a
standard experiment, 3 x 10!! cells from the late-stationary
phase were cultivated in 20 mL sweat simulant (pH 6.8) with
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Fig.6 Formation of o-tolidine as one of the cleavage products of
Direct Blue 14 (DB14) by various skin bacteria in acidic perspiration
simulant (pH 6.8) after incubation at 28 °C for 24 h. Each experi-
ment used 3x10'" cells from one skin bacteria strain or from one

7 mg DB14 (364.28 uM) at 28 °C for 24 h. The formation of
o-tolidine (OT), one of the expected cleavage products, was
analyzed by HPLC and GC-MS to quantify the reduction.
Some of the tested strains were able to cleave DB14, with
strain M. [uteus MI-0702 showing the highest OT formation
rate of 30 ug per assay, corresponding to a 3.8% reduction of
the dye substrate (Fig. 6).

In a follow-up study, Balszuweit (2005) incubated five
bacterial strains from human skin with 13 different azo dyes
to analyze their metabolic capacity and to determine whether
the availability of oxygen influences the extent of azo cleav-
age (Fig. 7). The substances comprised a mono-azo dye
(Solvent red 1) and 12 di-azo dyes with MW of 278-993 g/
mol. Depending on the dye, there was either nearly no cleav-
age (two lipophilic dyes), a cleavage under anaerobic condi-
tions only (four sulfonated dyes), or a cleavage under both
aerobic and anaerobic conditions (three lipophilic and three
sulfonated dyes). The higher cleavage rate occurred in the
absence of oxygen, which was explained by the higher avail-
ability of the reducing coenzyme NAD(P)H for use by azo
reductases.

Stingley et al. (2010) compared the reducing capacity of
26 different skin bacteria (mainly Staphylococcus) by using
the carboxylated mono-azo dye Methyl Red (MR; 269 g/
mol) and the sulfonated mono-azo dye Orange II (Orll;
350 g/mol) as substrates (Fig. 8). Each strain was incu-
bated with 50 pM MR and 100 uM OrlIl, respectively, in

skin bacteria isolate from healthy volunteers (ND if the strain was not
known). The strain number from the supplier or the identification let-
ter of the isolate are given in parenthesis. St. Staphylococcus, M. Mic-
rococcus. Data from Platzek et al. (1999) (color figure online)

brain heart infusion medium at 37 °C for 24 h (Kytococcus
sedentarius at 26 °C for 48 h). The cleavage was followed
by the decolorization of the cell suspensions. While MR
was reduced completely by all strains except three, Orll
was only reduced entirely by three strains within the 24 h
incubation period (Fig. 8a). The remaining reaction mixes
showed incomplete reductions between 0% to close to 100%
(Fig. 8b). Differences in the turnover of MR and OrII could
result from different initial concentrations (50 vs 100 uM)
and the dye-specific reducing capacities of the bacterial
strains.

Ito et al. (2018) collected bacteria from the fingertips of
nine volunteers to investigate inter alia the azo-reducing
capacity of the skin microbiome. Randomly picked cultures
were transferred into 10 mL of M9 liquid medium, and the
sulfonated di-azo dye Congo red was added in a final con-
centration of 20 mg/L (30.64 uM). After degassing of the
medium to establish anaerobic conditions, the reaction ves-
sels were slightly shaken at 37 °C for a maximum of three
weeks (incomplete turnover), or until complete decoloriza-
tion of the medium. As expected, it was possible to isolate
azo-reducing bacteria from the skin microbiome. Six out of
45 colonies (13.3%) were able to reduce Congo red at higher
rates of 10-30 pg/day, with three M. luteus isolates showing
the highest reduction capacities.

Hence, selected skin bacteria were able to cleave various
azo dyes, at least under cell culture conditions. The extent of
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Fig.7 Metabolite formation through reductive azo dye cleavage of 13 azo dyes by five bacterial strains in acidic perspiration simulant (pH 6.8)
after incubation at 28 °C for 24 h under aerobic and anaerobic conditions. Stz. Staphylococcus, M. Micrococcus. Data from (Balszuweit 2005)

azo reduction ranged from partial to complete, depending on
bacterial strain, dye concentration and properties, and oxygen
availability. So far, it is unclear whether these findings apply
as well to the physiological conditions on human skin in situ
and/or in vivo. There is reason to assume that bacteria behave
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differently on the skin than in cell culture because of alterna-
tive sources of nutrition and interactions with other bacterial
strains. Therefore, further studies are required that may involve
the use of excised human skin or reconstructed human skin
models in order to clarify whether the findings discussed above
are transferable to the in vivo situation.
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Fig. 8 Metabolic capacity of 26 different skin bacteria to reduce the
azo dyes Methyl Red (MR) and Orange II (Orll). Each strain was
incubated with 50 uM MR or 100 uM OrlII at 37 °C for 24 h, except
for K. sedentarius, which was incubated at 26 °C for 48 h. The discol-
oration of the cell suspensions was monitored as a measure of azo-
reducing activity. a Strains showing complete dye reduction of MR
or Orll over the required time. b Strains with incomplete dye reduc-
tion with the percentage of reduction at the end of the experiment.
K. Kytococcus, D. Dermacoccus, C. Corynebacterium, Strep. Strep-
tococcus, St. Staphylococcus, M. Micrococcus, P. Pseudomonas. Data
from Stingley et al. (2010) (color figure online)

6 Percutaneous absorption of aromatic
amines and metabolism

The skin penetration of pAAs, formed by reductive azo
cleavage by the skin microbiome, and their subsequent
metabolism are the next steps when looking on the exposure
of the consumer towards textile azo dyes. The consideration
of the cleavage products is important as many pAAs are
suspected or known carcinogens (Chung 2015). Although
being a very heterogeneous group of compounds with vari-
ant physiochemical properties, most pAAs are lipophilic
and easily partition into the hydrophobic SC. Information
on the dermal absorption of pAAs is generated in different
regulatory areas for the risk assessment of cosmetic prod-
ucts (e.g., hair dyes, Platzek [2010]), industrial chemicals

used as additives in mixtures and other products (Dennerlein
et al. 2017; Korinth et al. 2007), pesticides (EFSA 2017)
or pharmaceuticals (Lobo et al. 2014). It would be beyond
the scope of this review to discuss all available data on the
dermal absorption and metabolism of pAAs. The parameters
influencing the dermal absorption of pAAs are e.g. discussed
in Korinth et al. (2013) and the metabolism in Platzek (2010)
and Briining et al. (2009). Nevertheless, the look on some
exemplary studies can provide an indication about the mag-
nitude of pAA penetration. Experiments by Hotchkiss et al.
(1993), Kenyon et al. (2004), Liirsen et al. (2006), Wellner
et al. (2008), and Dennerlein et al. (2017) with dermal loads
of pAAs in the dimension of the observed dye migration
(maximum 0.0-11.9 pg/cm?) revealed a maximum percu-
taneous flux in the range from nearly zero (amount under
the detection limit) up to 1.04 ug/cm*h (Table S1, Sup-
plementary material). Depending on the compound itself as
well as the experimental setup and conditions, the maximum
percutaneous flux of pAAs was up to 10-times higher than
that observed for dyes under realistic starting concentra-
tions. Even though the realistic starting concentration of
the pAAs and the penetrated amount will probably be lower
having regard to the reductive azo cleavage, it is essential to
include the dermal penetration of pAAs when assessing the
health risks resulting from the dermal exposure of consum-
ers towards textile azo dyes.

7 Conclusion

The migration of (azo) dyes from clothing textiles to the
skin, the dye absorption and reductive azo cleavage as well
as the absorption of pAAs are important steps when calcu-
lating the exposure of consumers towards chemicals from
textiles.

Migration values are influenced by many parameters and
therefore refer to a defined dye-fabric system. Neverthe-
less, the studies discussed here showed maximum migra-
tion values of 0.5-1% of the dye load (maximum 0.83 pg/
cm?, ETAD (1983)) for new, unwashed textiles, which were
dyed using state-of-the-art technology. These can be used as
default values if data are missing. However, higher migration
rates cannot be excluded for textiles with a bad color fastness
for which maximum migrations of up to 11.9 ug/cm? (5.4%)
were observed (Platzek and Lang 2002). The reported der-
mal absorption of textile dyes varies widely across the stud-
ies, depending on experimental setup and dye properties.
While many experiments showed no absorption through
human skin, the maximum percutaneous flux of 0.2 ug/cm?/h
was found with a surfactant substance as solvent and a high
surface dose of 200 ug/cm? (ETAD 1994). The maximum
flux through human skin with sweat solution and a realistic
applied dose (4.2 ug/cm?) was 0.09 ug/cm?h (ETAD 1995).
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Many bacterial strains from the skin microbiome are able to
reductively cleave azo dyes. Based on the little data available
cleavage could theoretically take on any value between 0 and
100%. From the studies discussed here and from waste water
treatment, it is known that only a fraction of the available
azo dye is cleaved. Because more recent data are missing,
the value from Collier et al. (1993) of ~30% is hence used,
although it is likely that azo cleavage was catalyzed by skin-
inherent enzymes and not by skin bacteria. Further studies
are therefore urgently needed to reduce uncertainties about
the reductive azo cleavage by the skin microbiome. Values
for the dermal absorption of pAAs vary widely in literature.
Looking at exemplary experiments with starting concentra-
tions in a realistic range, the maximum percutaneous flux
ranges from nearly zero up to 1.04 ug/cm?/h. This should be
taken into account when assessing potential health risks of
consumers from dermal exposure towards textile azo dyes.
In summary, the studies discussed here address various
aspects of the dermal exposure of consumers towards dyes
from clothing textiles that can form a basis for exposure
assessment. However, the database for the migration, reduc-
tion and absorption of (azo) dyes and pAAs needs to be
expanded using standardized and comparable experiments.
In addition, missing toxicological reference values should be
generated. This would enable a better risk assessment and
ultimately provide a better protection of consumers.
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