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Color Yes, Toxicity No: Systematic
Approaches to Meeting this Challenge
By Harold S. Freeman, Olney Medalist. North Carolina State University, Raleigh

While the efficacy of a new chemical sub-
stance is critical to its commercial success,
few researchers would argue against the
proposition that the major barrier to the
commercialization of a technically inter-
esting new compound often lies with its
toxicologicai properties. The right to in-
troduce a new chemical product to the
marketplace requires its manufacturer to
demonstrate minimal human health and
environmental risk in its production and
intended end use.

With regard to textile dyes, safety is
often demonstrated by conducting a bat-
tery of tests designed to assess
genotoxicity and ecotoxicity. The
genotoxicity (adverse interactions be-
tween DNA and chemical substances
leading to heritable changes in cells of
organisms) of dyes used for textile and
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This paper provides an overview of studies con-
ducted at the North Carolina State University
College ofTextilessince the inception ofthe dye
chemistry program in 1984. Design of new tex-
tile dyes to replace existing dyes and dye inter-
mediates were studied with the goal of mini-
mizing human health and environmental risks.
Initially, correlations between chemical struc-
tures and environmental toxicity were estab-
lished and the resulting information used in
design studies. These studies resulted in
nonmutagenic replacements for genotoxic aro-
matic amines used in azo dye development and
metal compiexed dyes based on benign alterna-
tives to priority pollutants. Key technical prop-
erties of newly developed dyes and summaries
of certain toxicologicai test methods and regu-
latory policies used to ensure dye application
safety are presented.
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related applications
came to the forefront
when it was discovered
that certain commonly
used azo dye intermedi-
ates were either human
or animal carcinogens.^
This recognition led to
widespread testing of
azo dyes and their inter-
mediates for mutage-
nicity and/or carcinoge-
nicity and to the
assessment of methods
used.^'^ While these
studies were mainly
aimed at risk assessment, they were also
used to design replacements for certain
toxic compounds. The present paper pro-
vides an overview of our laboratory stud-
ies pertaining to the environmental chem-
istry of azo dyes, by far the major class of
textile dyes.

B A C K G R O U N D

Test Methods

Genotoxicity

The results described in this paper were ob-
tained mainly from studies using the stan-
dard Ames test or Prival modification to
assess genotoxicity, or from the use of
Ceriodaphnia or Lemna minor to assess
aquatic toxicity.^"'° The Ames test has been
used as a cost effective "first look" at the
carcinogenic potential of organic com-
pounds. Specifically, this test is used to
determine whether a compound is mu-
tagenic, a property believed to be associ-
ated with the early steps of caronogenesis.
The Ames test uses strains of Salmoriella
bacteria that are sensitive to frameshift and
base-pair substitution mutations and un-
able to grow (replicate) in the absence of
histidine. Exposures of 5a/mone//a bacteria
to a test compound in which the bacteria
repiicate to levels at least twice the back-
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Fig. 1. Reductive cleavage of C.I. Direct Red 28 (structure 1) using
an azo reductase enzyme system.

ground count lead to the designation of
the test compound as mutagenic. This test
is also conducted in the presence of en-
zyme systems (S9) capable of producing
metabolites of the test compound. In this
way, an assessment of the potential for the
test compound to function as an indirect-
arting mutagen is possible.

The development of the Prival modifi-
cation of the Ames test grew out of a
need to enhance the reductive-cleavage
of azo dyes during the metabolic process.
This was important because azo dyes such
as Congo Red (C.I. Direct Red 28; struc-
ture 1) are not direct-acting mutagens
and thus often give a nonmutagenic re-
sponse in the Ame5 test, despite being
derived from the well-known human car-
cinogen benzidine. The Prival modification
uses hamster liver S9 in lieu of rat liver S9,
the former being richer in azo reductase
enzymes and demonstrating the impor-
tance of azo group reductive cleavage (Fig.
1) in the mutagenesis process.

The choice of test methods for evalu-
ating carcinogenicity is important. Data
from a variety of published methods have
been assessed for utility.^ The resulting
data for 97 chemicals, mainly azo dyes,
associated with the dye industry produced
the following conclusions:
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h Less than one-third of the 97 compounds reported had
been adequately tested to permit their carcinogenicity to be
judged with a high degree of confidence.

• Test methods involving urinary bladder implantation, re-
peated injections, or very few test animals are inappro-
priate for evaluating chemical carcinogenicity.

• The purity of test compounds must be sufficient to at-
tnbute the test results to the compound in question and
not an impurity

• The preferred testing involves at least two species of ani-
mals and non-conflicting data; a minimum group of 25
animals of each sex, with a sufficient number surviving
about two-thirds of their expected life span; and chronic
application of test compound at a range of doses up to
and including a level giving a biological effect.

Aquatic Toxicity

In keeping with the standard method recommendations
for examining water and wastewater, Lemna minor
(duckweed) was used in our studies to assess the aquatic
toxicity of a group of commercially-used metal complex
dyes and their iron (Fe) analogs.''^ Under ideal nutrient
conditions, duckweed plants can double their mass in less
than two days. ^̂  In solutions containing high levelsof nu-
trients, duckweed is known to be resistant to environ-
mental pollutants, including metal ions. While duckweed
appears to have the ability to adapt to sub-lethal concen-
trations of pollutants over a period of time, it has been
shown to be more sensitive to metal toxicity than other
aquatic species."

B A S I C R E S E A R C H S T U D I E S

Structure-Property Relationships

Genotoxicity

Following the recognition that certain aromatic amines
used in azo dye synthesis caused bladder cancer, a wide
variety of chemicals were evaluated in animal studies. The
results showed that aromatic amines and azo compounds
of the type shown in Fig. 2 are carcinogenic.^ In this regard,
it is generally agreed that the ultimate carcinogen arises
from the metabolic conversion of these compounds to elec-
trophilic species (Fig. 3) that interact with electron-rich sites
in DNA to cause adverse effects on protein synthesis. It is
also clear that ring substituents that enhance hydrophobic
character increase carcinogenic potential. Consequently,
adding a methyl group to 2-naphthyiamine (structure 2; R
= H) or mefa-phenylenediamine (structure 4) enhances
carcinogenicity

As a follow up to the carcinogenicity data assessment
study, correlations between dye structure and carcinogenic-
ity data were established.^-^^ In a companson of hydropho-
bic azo dyes containing amino groups in the para- or ortho-
position, it was found that the para-isomers were
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Fig. 2, Examples of carcinogenic aromatic amines and azo compounds.
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Fig. 3. Nitrenium ion formation from the metabolism of aromatic amines and
related azo dyes.

Fig. 4. Proposed reaction pathways for structure type 9 nitrenium ion metabo-
lites of azobenzene isomers.

Fig. 5. Representative carcinogenic (structure 12) and noncarcinogenic (struc-
ture 13) water-soluble monoazo dyes.

carcinogenic while the ortrto-isomers were not. To account for these
results, the chemistry in Fig. 4 was proposed. It is believed that the
two types of isomers produce nitrenium ions (structure 9) that ei-
ther interact with DNA (para-isomer) or undergo intramolecular cy-
clization (oz-t/io-isomer) to produce adducts (structure 10) and
benzotriazoles (structure 11) respectively

A correlation of carcinogenicity data with the structures of hy-
drophilic azo dyes was also presented. ^̂  Water-soluble dyes of struc-
ture type 12 were carcinogenic, while structure type 13 dyes (Fig.
5) were not. In this case, the nature of the reductive-cleavage prod-
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Fig, 6. Representative azo (structures 14-15) and formazan (structures
16) dye ligands used in metallized dye studies.

ments has led to
the search for al-
ternatives to Cr
ions for produc-
ing lightfast and
washfast acid
dyes. In this re-
gard, metals such
as Al and Fe have
received signifi-
cant attention,
with azo and
formazan struc-
tures (Fig, 6) serv-
ing as the main
base colorants

Fig. 7. Examples of nongenotoxic sulfonated azo dye intermediates.

HiN

Fig. 8. Examples of nongenotoxic hydrophobic azo dye intermediates aris-
ing from design studies.

clear from studies
pertaining to the
aquatic toxicity of
the resultant dyes
that the Fe com-
plexes are gener-
ally less toxic than
the Cr counter-
parts, however,
the chemical
makeup of the
ligand also plays
a role in the ob-
served toxicity.

ucts was the determining factor in the
observed carcinogenicity data. Whereas
dye structure 12 produces a iipophilic
amine, dye structure 13 does not, mai<-
ing aromatic amine genotoxicity an im-
portant consideration in azo dye design.

Aquatic Toxicity

The need to address toxicity concerns
associated with dyes containing metals
designated as priority pollutants was a
significant research area.'" This designa-
tion includes Cr̂ "̂ , which was commonly
used by commerciai dyers in the post-
metallization of mordant dyes to achieve
high fastness properties on wool,'^ Mor-
dant dyes have since been replaced in
part by pre-metallized dyes for wool and
nylon, placing the metallization process in
the hands of dye manufacturers. How-
ever, the uncertainty surrounding the fate
of metallized dyes in aquatic environ-

Molecular Design

Genotoxicity

The focus of studies in this area was the
development of approaches to the de-
sign of viable alternatives to azo dyes and
intermediates determined to be
genotoxic. Design considerations emerg-
ing from the study of structure-property
relationships were implemented. The
most important pertain to the properties
of the raw materials employed in dye syn-
thesis and the reductive cleavage prod-
ucts of the parent dyes. With regard to
both points, it is clear that sulfonated
amines such as structures 17-19 (Fig. 7)
are nongenotoxic, unlike their sulfonic
acid free counterparts. While the design
of azo dyes producing sulfon.npH reduc-
tive-cleavage products 1̂
approach to addressing c.
cerns, it is not universoil

the one hand, increasing the number of
sulfonic acid groups (-SO.Hj has a delete-
rious effect on washfastness, and on the
other hand, water-soluble dyes are unsuit-
able for the coloration of hydrophobic fi-
bers. With this in mind, approaches to the
design of nongenotoxic hydrophobic dye
intermediates were undertaken.

Interesting approaches to developing
nongenotoxic hydrophobic azo dye pre-
cursors have involved the introduaion of
heteroatoms, bulky alkyl or alkoxy
groups, or bridging groups into the struc-
tures of aromatic amines.^''^^ This led to
nongenotoxic dye intermediates such as
structures 20-24 (Fig. 8), While the rea-
son for the removal of genotoxicity, es-
pecially mutagenicity is unclear in each
case, it is believed that bulky groups
placed ortho to the amino groups inter-
fere with nitrenium ion formation. Di-
amine structures 21, 23, and 24 have
been used to make nonmutagenic red to
black azo dyes (e.g., structures 25 and
26; Fig. 9) for cotton, while amine struc-
ture 20 and diamine strurture 22 have
been used as dye precursors for non-tex-
tile applications.^^'^^ Diamine structure
21 and related analogs have also been
used as alternatives to benzidine and its
homologs; e.g., dichlorobenzidine, in or-
ganic pigment synthesis (e.g., structures
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More recently the mutagenic proper-
ties of diaminophenylene homologs
(struaures 29, Fig. 10) were assessed.̂ °
While all diamines except diamino-
quarterphenyl (DAQP) were mutagenic in
TA98 with S9 enzyme activation, all four
diamines were negative in TA100 with or
without S9 activation. It is also clear from
Fig. 10 that the mutagenicity of these di-
amines increased in the order diamino-
terphenyl (DATR n=3) > diaminobiphenyl
(DABP, n=2) > diaminophenylene (DAP,
x=1) > DAQP, at 0-600 îg dose levels. At
700 [xg. the mutagenicity of DABP and
DATP was essentially the same. S9 acti-
vation was not required for DATP to ex-
hibit mutagenicity in TA98, nnaking this
diamine a direct-acting mutagen via
base-pair substitution.

Following the synthesis and testing of
Congo Red homologs (struct, -es 30, Fig.
11), mutagenicity data, prodLiced using
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Prival preincubation assay, for Congo
Red (x=2) and the two phenylene ho-
mologs (x=3, 4) at low (0-60 ng) and
high (0-1,000 yig) dose ranges were
studied. At low doses, only Congo Red
was mutagenic in both strains, although
its activity was most noticeable at the 50
ng dose level. In TA98, the DATP-based
Congo Red homolog was more mu-
tagenic than the parent dye, whiie the
DAQP-based homolog was
nonmutagenic. Beyond the 50 îg dose
level, the mutagenicity of Congo Red in-
creased appreciably beyond that of the
DATP homolog, while the DAQP ho-

NH2 on M i l

Fig. 9. Examples of nongenotoxic azo dyes (structures 25-26) and pig-
ments (structures 27-28) arising from molecular design studies.

moiog remained nonmutagenic in both
strains (Fig, 11).

Aquatic Toxicity

Except for dye structure 32, the
unmetallized forms of each azo dye had
EC50 > 1,000 mg/L. This low level of tox-
icity is probably due to the low water
solubility of dyes structures 14, 15, and
31. The Fe complexes of structures 14, 15
(R=NHAc), and 31 had lower aquatic tox-
icity than the corresponding commercial
Cr and Co complexes. On the other
hand, there was no apparent benefit ans-
ing from substituting Fe for Co in metal-

lizing dye struc-
ture 15 (R=H). In
these studies, an
EC5o> 300 mg/L
was regarded as
good and EC5o>
1,000 mg/L as
excellent.

An example
of the data gen-
erated is pro-
vided in Fig, 12.
The graph shows
the frond count
(number of
"leaves" on the
duckweed plant)
at the end of
three, six, and
seven days as
the dye concen-
tration was var-
ied. Fresh dye
solutions were

29

Dose-Response curve

50

introduced on days three and six to simu-
late the periodic release of effluents from
a manufacturing plant. It is clear from the
graph that frond counts above day one
levels were produced at the end of day
seven indicating plant growth. Although
not shown in the graph, aquatic toxicity
testing of ozone-decolorized dye solu-
tions showed no change in the pattern
observed with colored solutions, in that
the Fe complexes were generally less toxic
than their commercial prototypes follow-
ing ozone treatment.

In the case of formazan dyes, the
unmetallized dyes had EC50 > 300 mg/L
and only one Fe-complexed dye gave an
unacceptably low EC50. This dye, struc-
ture 16whereZ = SO2NH2andY = H, is
the only dye in the group that lacks a
substituent in the para-position of the
diazo component. The presence of a -Cl,
-NO2, or -SO2NH2 group in the para-po-
sition led to a significant increase in EC50.
In contrast to its adverse effect on mu-
tagenicity, the -NO2 group did not have
a similar effect on aquatic toxicity. In faa,
the 1:2 Fe-complex having Z = SO2NH2
and Y = NO2 had EC50 > 400 mg/L be-
fore ozone treatment and > 200 mg/L
following ozone treatment. While
ozone-decolorizing experiments did not
involve dye concentrations above 200
mg/L, our calculations projected an EC50
> 600 mg/L for this N02-substituted dye.
Interestingly, our studies revealed a cor-
relation between the pH of azo dye so-
lutions following ozone treatment and
aquatic toxicity, with those solutions pro-
ducing a pH below 3.3 exhibiting higher

aquatic toxicity (EC50 < 200
mg/L). A similar correlation
between the aquatic toxicity
of the decolorized formazan
dye solutions and pH was
not observed, even though
the pH dropped as low as
3.0 in one case.

•x=1

•)t=2

•x=3

•x=4

200 400 600

Dose(Ljg)fTA98.+S9)

800

Fig, 10. Structures and mutagenicity data for diaminophenyiene homologs used in these studies.
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In the absence of a crystal
ball to help point the way
fonA/ard in the field of color
chemistry, one can simply
note and take advantage of
a few clues provided in the
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Fig. 11, Structures, TA98 data, and TA 100 data for Congo Red (x=2)
and two homologs, using the Prival test.
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Fig, 12. Fe-complex ligand structures 31 and 32 and aquatic toxicity data for
Fe-complex structure 15 (X = NHAc) before ozone treatment.

form of national
and international
regulatory policies.

First, it is clear
that regulations,
such as the Ger-
man Ordinance
that bans the sale
of goods contain-
ing dyes derived
fronn a specific
group of genotoxic
aromatic amines,
are here to stay.^^
Consequently, at-
tention must be
given to the selec-
tion and safe han-
dling of intermedi-
ates used in dye
manufacturing and
to the nature of
potential metabo-
lites from enzyme
interactions with
synthetic dyes. It is
evident that the
entire global com-
munity will soon be
within reach of
such policies.

Secondly, re-
strictions on the
number and quanti-

ties of chemi-
cais permitted
in R&D labora-
tories require
strategies that
minimize the
impact of re-
duced chemi-
cal inventories.
The answer
lies in the judi-
cious use of
com p u t e r -
aided design
( m o l e c u lar
m o d e l i n g )
methods that
permit the
prediction of
t e c h n i c a l
properties of

contemplated dye structures, thus re-
ducing the number o^ ornpounds re-
quiring synthesis before a viable product
is obtained.^^"^^

The search for metal-free lightfast dyes
must continue, as those based on prior-
ity pollutants will eventually fade into the
sunset.̂ "* Finally, we must find a way to
attract the brightest available students
back to color chemistry and train them to
tackle the challenging opportunities we
face. Without them, the suggestion that
we are part of a sunset industry will be-
come a reality faster than we would like
to think possible. It would be a tragedy
for this to happen in an environment such
as ours, where leading-edge technologies
in the hands of talented researchers could
help to open new frontiers in dye chem-
istry and applications.
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