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ABSTRACT

The textile dyeing industry is one of the main sectors contributing to environmental pollution, due to the
generation of large amounts of wastewater loaded with dyes (ca. 2-50% of the initial amount of dyes used in the
dye baths is lost), causing severe impacts on human health and the environment. In this context, an ecotoxicity
testing battery was used to assess the acute toxicity and genotoxicity of the textile dyes Direct Black 38 (DB38;
azo dye) and Reactive Blue 15 (RB15; copper phthalocyanine dye) on different trophic levels. Thus these dyes
were tested using the following assays: Filter paper contact test with earthworms (Eisenia foetida); seed germi-
nation and root elongation toxicity test (Cucumis sativus, Lactuca sativa and Lycopersicon esculentum); acute im-
mobilization test (Daphnia magna and Artemia salina); and the Comet assay with the rainbow trout gonad-2 cell
fish line (RTG-2) and D. magna. Neither phytotoxicity nor significant effects on the survival of E. foetida were
observed after exposure to DB38 and RB15. Both dyes were classified as relatively non-toxic to D. magna
(LCso > 100 mg/L), but DB38 was moderately toxic to A. salina with a LCsy of 20.7 mg/L. DB38 and RB15
induced significant effects on the DNA of D. magna but only DB38 caused direct (alkaline comet assay) and
oxidative (hOGG1-modified alkaline comet assay) damage to RTG-2 cells in hormetic responses. Therefore, the
present results emphasize that a test battery approach of bioassays representing multiple trophic levels is fun-
damental in predicting the toxicity of textile dyes, aside from providing the information required to define their
safe levels for living organisms in the environment.

1. Introduction

The textile industry plays an important role in the economy of many
countries, providing a vast range of colored fabrics for marketing, but
its manufacturing activities pose challenges for environmental man-
agement, since large amounts of synthetic dyes, resistant to conven-
tional wastewater treatments, are daily released into the environment
[1-7]. The amount of dye that is released into the textile effluents may
vary from 2% to 50% of the initial dye concentration [3,8].

Thus dye-based toxicity has been investigated over the years in
order to identify hazardous dyes and, consequently, to protect human
health and the environment [3-5,9-15]. However, most of the studies

on dye toxicity have focused on humans, and safe thresholds to protect
environmental organisms are not available for most of the dyes com-
monly used in textile dyeing [6,14]. For example, Direct Black 38
(DB38) is an azo dye classified as carcinogenic to humans due to its
biotransformation to benzidine [16-18], but there is a lack of data on
its impact to terrestrial and aquatic organisms. Recently, Oliveira and
co-authors [5] pointed out that care should be taken in discharging
DB38-containing wastewater, since this dye has been shown to be
embryotoxic for the zebrafish model. Reactive Blue 15 (RB15), a
copper-phthalocyanine dye, is toxic for the bacteria, tadpoles and em-
bryo fish models [5,19,20]. The identification of its toxicity for species
covering other trophic levels is relevant to gather additional
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ecotoxicological knowledge, and hence determine its safe level to pro-
tect the environment. Species-specific toxicity has already been de-
monstrated for Reactive Red 120, which reinforces the use of a multiple
trophic levels eco-tests approach to accurately predict the ecotoxic ef-
fects of textile dyes [4].

One of the core missions of ecotoxicology is to understand the un-
derlying mechanisms behind pollutants that can disturb the normal
physiological condition of biological systems, in order to prevent ad-
verse outcomes resulting from them [21]. Thus short-term assays are
useful ecotoxicological tools for estimating the acute toxicity caused by
environmental chemicals.

Plants are the foundation of terrestrial and aquatic ecosystems,
acting as primary producers in the food chain [22]. Thus, phytotoxicity
tests are a vital part of ecotoxicological assessment, the seed germina-
tion and root elongation test being the simplest one, and representative
of the action of the toxicant at the first interface of the developing plant
(seed) and its environment [23]. Earthworms (terrestrial invertebrate)
are considered to be suitable indicator species for ecotoxicological as-
sessment, since they may represent 60-80% of the total soil biomass
and play crucial roles in soil functioning (e.g. aeration, moisture con-
tent, nutrient cycling), apart from being sensitive to low toxicant con-
centrations [24,25]. Thus the acute earthworm toxicity test using Ei-
senia foetida or Eisenia andrei has been recommended for detecting
potential soil toxicants by both regulatory agencies and environmental
monitoring programs [26].

Daphnia, also called “water flea”, is a planktonic invertebrate or-
ganism inhabiting freshwater ecosystems. Since Daphnia are sensitive to
several chemicals and easily cultured under laboratory conditions, they
are considered to be very useful bioindicators in ecotoxicology [27].
The acute immobilization test [28] with daphnids is used to detect
water toxicants [29,30]. Artemia spp. (brine shrimp) is a major taxon in
many hypersaline biotypes throughout the world, feeding primarily on
phytoplankton and being an important primary consumer [31]. They
present several advantages, such as a short life cycle and adaptability to
wide ranges of salinity, which have contributed to increasing the use of
brine shrimps in ecotoxicological studies [31,32].

Fish are also currently used in the assessment of chemical toxicity in
aquatic environments, since they are the most diverse group of verte-
brates found in this ecosystem [33]. Toxicological research on fish is
largely based on in vivo studies. However, today there are a number of
economic, scientific and ethical reasons for supporting efforts to de-
velop and apply in vitro assays in aquatic ecotoxicology as alternative
tools to animal testing [34,35]. Fish cell lines are of particular interest
since they represent standardized systems that can be carried out in a
controlled environment, giving fast, affordable and ethically eligible
results [34-37]. Among the fish cell lines available so far, the RTG-
2 cell line derived from rainbow trout (Oncorhynchus mykiss) gonadal
tissue has been successfully used in assessing aquatic genotoxicants
[38-43].

Considering that textile dyes are often discarded into aquatic en-
vironments and that their ecotoxicological effects are not completely
known, the aim of this work was to assess the acute toxicity and gen-
otoxicity of the textile dyes Direct Black 38 (DB38; azo dye) and
Reactive Blue 15 (RB15; copper phthalocyanine dye). For this purpose,
an ecotoxicity testing battery approach composed of multiple trophic
levels test systems was used, since dyes, like other chemicals, can dis-
play species-specific toxicity.

2. Material and methods
2.1. Tested compounds

The dyes Direct Black 38 (DB38; Chlorazol Black E; purity = 45%;
CAS No. 1937-37-7) and Reactive Blue 15 (RB15; Turquoise Blue;

purity 35%; CAS No.: 12225-39-7) were purchased from Sigma-Aldrich
(St Louis, MO, USA). The chemical structure of each dye is presented in
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Fig. 1. For all ecotoxicity assays, the dye solutions were prepared in
distilled water or test medium (i.e., culture medium) used for culturing
each test organism, and without addition of solvents.

2.2. Ecotoxicity endpoints

2.2.1. Seed germination and root elongation toxicity test

Lettuce (Lactuca sativa), cucumber (Cucumis sativus) and tomato
(Lycopersicon esculentum) seeds were purchased from an agricultural
supplies retailer. Selected species are recommended as standard species
for ecotoxicological assessment by the US Environmental Protection
Agency (USEPA) [44]. Prior to the test, the seeds were sterilized with
ultraviolet light for 5min and then rinsed several times in distilled
water to prevent fungal growth. The seed germination and root elon-
gation test on filter paper was carried out according to USEPA [44]. Ten
seeds of each species were exposed on filter paper (Whatman 1) con-
taining 3 mL of DB38 and RB15 at 62.5, 125, 250, 500 and 1000 mg/L
in Petri dishes sealed with a plastic film. These concentrations were
established after carrying out a preliminary test (range-finding test) in
which the highest concentration tested, for water soluble compounds,
should be the saturation concentration or 1000 mg/L. The other con-
centrations should be chosen in a geometric series ranging from 1.5 to
2.0 [44]. Distilled water was used as the negative control (NC) and zinc
sulfate heptahydrate (ZnSO,7H,0; 3 mg/mL) as the positive control
(PC). Three plates per concentration were prepared and incubated in
complete darkness in a growth chamber at 20 = 1°C for 120 h. After
this exposure period, the number of germinated seeds was counted, and
the length of the root measured. The relative seed germination per-
centage was calculated by dividing the number of seeds germinated in
the exposed groups by the number of seeds geminated in the NC. The
criterion for test validation was that at least 65% of the seeds from the
NC should germinate, and 5 mm of radicular protrusion was regarded as
germinated.

2.2.2. Acute toxicity test with earthworms

E. foetida (Oligochaeta, Lumbricidae) earthworms were obtained
from laboratory cultures using cow dung as the substrate and food. To
void the gut contents, the earthworms were placed on moist filter paper
for 3h before testing. They were then washed and dried before use.
Adult earthworms weighing about 300 mg (after voiding the gut con-
tents) with well-developed clitella were selected. The acute toxicity
assay was carried out according to the Organization for Economic Co-
operation and Development (OECD) Guideline 207 by the filter paper
contact test [45]. The filter paper was placed on the inside wall of a
tube (3 X 8 cm) and 1 mL of DB38 or RB15 at 0.1; 1; 10; 100; and
1000 mg/L then added to each tube using a micropipette, and evenly
distributed over the filter paper. For this bioassay when using water
soluble substances, the maximum recommended concentration tested
should be 1000 mg/L [45]. The earthworms were exposed to a series of
widely spaced concentrations of the dyes in order to determine the
maximum effect (100% of mortality) at the highest concentration and
no observable effect at the lowest concentration. Distilled water was
used as the NC and ZnSO47H,0 (6 mg/mL) as the PC. Ten replicates per
concentration were made, each consisting of one adult earthworm per
tube. All tubes were sealed with a plastic film with small ventilation
holes and maintained at 20 = 2°C and 60-80% relative humidity in
the dark for 48 h. The earthworms were considered to be dead when
there was no reaction to mechanical stimulation.

2.2.3. Daphnia magna acute immobilization test

The acute toxicity test using D. magna was carried out according to
OECD Guideline 202 [28] with modifications. D. magna were main-
tained at 20 = 1°C under a 16:8h light/dark photoperiod, and fed
daily with the green alga Chlorella sp. The experiments were carried out
with 4 concentrations of DB38 and RB15 (250; 500; 750 and 1000 mg/
L) and NC (water culture). These concentrations were determined after
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Fig. 1. The chemical structures of the Direct Black 38 (A) and Reactive Blue 15 (B) textile dyes.

a range-finding test using spaced dye concentrations. For this bioassay,
the definitive test should be carried out in a geometric series with a
maximum ratio of 2.2 [28]. Ten young daphnids (neonates less than 24-
h-old), divided into two groups of five animals each, were exposed to
the DB38 or RB15 and to the controls for 48hat 20 = 1°C with a
16:8 h light/dark photoperiod. After 48 h of exposure, immobilized
daphnids were counted. The test was considered valid when no more
than 10% of the daphnids showed immobilization in the NC [28].

2.2.4. Brine shrimp toxicity assay

The brine shrimp bioassay was carried out based on the Meyer et al.
[46] method and OECD Guideline 202 [28], with modifications. Brine
shrimp (A. salina) nauplii were obtained by hatching dehydrated cysts
in artificially prepared seawater (3.5% commercial marine salt in
deionized water) at 27 * 1 °C, under continuous light and aeration for
48 h. For this assay, 20 nauplii, divided into 4 groups of 5 organisms
each, were exposed to 2 mL of DB38 (15.62, 31.25, 62.5, 125, 250 mg/
L) or RB15 (125, 250, 500, 750, 1000 mg/L). These concentrations
were determined after a range-finding test using spaced dye con-
centrations. Artificial seawater and 10 mg/L of sodium dodecyl sulfate
(SDS) were used as the NC and PC, respectively. The microplates were
incubated in the dark in a climatic chamber for 48 hat 27 + 1°C. After
48h, completely motionless nauplii were counted as dead, and the
percentage of mortality induced by the dyes as compared to that with
the control, was calculated. The test was considered valid if the im-
mobilization rate was less than 10% in the NC [28].

2.3. Genotoxicity endpoints

2.3.1. In vitro comet assay using the gonad fish cell line

RTG-2 cells (Rainbow trout gonad-2 cell line, European Collection of
Authenticated Cell Cultures [ECACC] 90102529) were cultured in
Leibovitz L-15 medium supplemented with 10% fetal bovine serum
(FBS), 1% 1-glutamine and 1% antibiotic (Penicillin-Streptomycin) (all
from Gibco") and maintained at 22 °C in a B-O.D. incubator. Subcultures
were prepared when the cells reached 80% of confluence. RTG-2 cells
(5 x 10*cells/well, in a 24-well plate) exposed to DB38 and RB15
(32.25; 62.5; 125; 250; 500; 750 and 1000 mg/L) for 3 h were harvested
and the cell pellet (~50pL) re-suspended in 100 pL of low melting
agarose (0.5% w/v in PBS). The trypan blue dye exclusion test was used
to verify the cell viability and cultures with a viability equal or greater
than 80% were processed for the Comet assay. The controls were pre-
pared with L-15 medium (NC), 0.5mM methyl methanesulfonate
(MMS) (PC of the alkaline Comet assay) and 50 uM hydrogen peroxide
(H505) on slides and held for 10 min (PC of hOGG1-modified alkaline
Comet assay). The cell suspension was then spread on 2 X 1.5%
agarose-coated slides, which, after solidification on ice, were immersed
in a freshly prepared lysis solution (2.5 M NaCl; 100 mM EDTA; 10 mM
Tris-HCl; 1% Lauryl sarcosinate; 1% Triton X-100 and 10% DMSO; pH
10) for 2h. The slides were then transferred to a horizontal electro-
phoresis tank previously filled with electrophoresis buffer (200 mM
EDTA; 10 M NaOH; pH > 13) for 25min at 4 °C for DNA unwinding.
Electrophoresis was carried out in the same buffer for 25 minat 1 V/cm

and 300 mA. The slides were neutralized with 4.85% Tris-HCI buffer
(pH 7.5) for 20 min and dehydrated in 100% ethanol [43,47,48]. For
the hOGG1-modified alkaline version, after lysis, the slides were wa-
shed (3x for 5min) with enzyme buffer (40 mM HEPES, 0.1 M KCl,
0.5 Mm EDTA, 0.2 mg/mL BSA, pH 8) and incubated with hOGG1 (0.08
Uy/slide, Biolabs®, New England) for 30 minat 37 °C, in a moistened
chamber (manufacturer's protocol for the hOGG1 enzyme). The slides
were rinsed with distilled water and placed in an electrophoresis tank
for DNA unwinding and electrophoresis, as described above [43]. The
slides were stained with an ethidium bromide solution (20 pg/mL,
Sigma-Aldrich) and DNA lesions were quantified as the DNA tail in-
tensity (% DNA in tail) [49] by a computer-based image analysis
(Metafer CometScan v.2.8.0°, Metasystems, Germany) on 100 randomly
selected cells.

2.3.2. Comet assay using Daphnia magna

The comet assay with D. magna was carried out based on the Olive
and Banath [50] protocol. Surviving daphnids from exposed (DB38 at
250, 500, 750 and 1000 mg/L and RB15 at 250, 500 and 750 mg/L) and
control groups (NC: water culture and PC: 10 uM H,0,) were pooled
and their nuclei were isolated using mechanical disintegration with a
pestle in 1 mL of phosphate-buffered saline (PBS) containing 20 mM
EDTA and 10% DMSO, followed by centrifugation for 5min at 200 g.
The cell suspension (~ 30 pL) was embedded in 120 pL of low melting
agarose (0.9% w/v in PBS) and spread out on slides pre-coated with
normal melting agarose (1% w/v in PBS). The slides were covered with
coverslips and incubated at —20 °C for 6 min to allow for solidification.
The coverslips were removed, and the slides immersed in a freshly
prepared lysis solution (2.5M NaCl, 100 mM EDTA, 10 mM Tris-HCI,
1% sodium lauryl sarcosinate, 1% Triton 100-X and 10% DMSO; pH
9.0) at 4°C for 2h. The slides were transferred to a horizontal elec-
trophoresis tank filled with neutral electrophoresis solution (Tris-Bo-
rate-EDTA; TBE buffer 1 X ; pH 8.0) at 4 °C for 1 h. Electrophoresis was
carried out in the same buffer at 4 °C (20 V and 7 mA) for 40 min. After
electrophoresis, the slides were stained with DAPI (5 pug/mL 4’,6-dia-
midino-2-phenylindole) and examined under a fluorescence microscope
(Nikon E600). The DNA damage was quantified as tail intensity using
the computer-based image analysis method (Comet Assay IV; Percep-
tive Instruments Ltd, UK) on 50 randomly selected cells from duplicate
slides.

2.4. Statistical analysis

The GraphPad Prism (version 5.0, GraphPad Software, San Diego,
CA, USA) was used for the statistical analysis of all the assays carried
out. For the ecotoxicity tests and Comet assay using D. magna, com-
parisons between the exposed groups and their corresponding NC were
carried out using a one-way variance analysis (ANOVA) followed by
Dunnett's multiple comparison test and statistical significance was ac-
cepted at p < 0.05. Toxicity was expressed as the lethal (LCso) con-
centration as calculated by the Probit analysis, with a 95% confidence
interval. For the Comet assay using RTG2 cells, the Mann-Whitney test
(non-parametric statistical test) was applied in order to verify
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differences between the exposed groups and the NC. Statistically sig-
nificant (p < 0.05) results were considered when a 2-fold increase
with respect to the NC was observed.

3. Results and discussion
3.1. Acute toxicity

3.1.1. Phytotoxicity

During textile processing, inefficiencies in dyeing result in large
amounts of the dyestuffs being directly lost to the wastewater [3-5].
These compounds can be released into surface waters or enter terres-
trial systems when sewage effluent is employed for irrigation or where
sewage sludge is applied as a fertilizer to agricultural lands [26]. Thus,
considering this fact, the present study investigated the ecotoxicity of
two textile dyes, DB38 and RB15, on non-target organisms (terrestrial
and aquatic) of different trophic levels.

The phytotoxicity of the dyes was examined using the seed germi-
nation/root elongation toxicity test with cucumber (C. sativus), lettuce
(L. sativa) and tomato (L. esculentum) seeds. The plant seed germination
and early seedling growth test has been considered as one of the sim-
plest and short-term method for the study of the general toxicity of
chemicals and industrial wastewaters [51]. DB38 and RB15 had no
significant effect on seed germination (Fig. 2A-C) and root length
(Fig. 2B-D) for any of the species tested.

Previous investigations of the effects of dyes on the environment
have focused on decolorization of the textile dye wastewater [52-55],
and the toxicity of their parent compounds and by-products on aquatic
organisms (e.g., bioluminescent bacteria, algae, microcrustaceans and
fish) [5,7,11,56-61]. However, there is a lack of data concerning the
individual effects of textile dyes on seed germination and root elonga-
tion.

Recently, our group demonstrated that the textile azo dye Disperse
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Red 343 also induced no phytotoxicity for lettuce seed (L. sativa) [62].
Gopinathan et al. [63] also observed that the basic dye Malachite
Green, extensively used in textile industries, did not cause a significant
effect on the seed germination and root length of mung beans (Vigna
radiata), mustard (Brassica nigra) or wheat grains (Triticum aestivum) up
to 100 mg/L. On the other hand, Nouren et al. [64] demonstrated that
the textile azo dye Direct Yellow 4 significantly affected the seed ger-
mination (50% inhibition) and significantly reduced the root lengths of
Zea mays. Taken together, the findings of these studies and ours re-
inforce the need of assessing dyes in their isolated form, since dye-
specific toxicity can be observed (e.g., non-phytotoxicant and phyto-
toxicant). In addition, the hazard identification of isolated dyes can
provide knowledge that might help the use of safe dyes by the textile
industry, assuring the protection of the environment.

3.1.2. Evaluation of the acute toxicity on Eisenia foetida

As previously mentioned, the majority of the toxicological studies
concerning textile dyes are carried out with aquatic organisms.
However, several assays can also be carried out with terrestrial or-
ganisms in order to understand their impacts on the edaphic environ-
ment [26]. In this study, E. foetida was used as a model terrestrial or-
ganism to measure the acute toxicity of DB38 and RB15 dyes using the
filter paper contact test. Earthworms are widely used to evaluate the
toxic potential of soil contaminants because they are in constant contact
with this ecosystem [63]. Although the importance of soil macrofauna
in the balance of ecosystems and in environmental monitoring is
known, few studies are available regarding the toxicity of dyes for these
organisms. When exposed to contaminated environments, earthworms
may alter their ecological interactions, as well as their survival and
reproduction [26].

Until now, little is known about the acute toxicity of textile dyes to
non-target soil organisms. In this work, DB38 and RB15 dyes did not
induce lethal effects on E. foetida after 48 h of exposure, as shown in

(B)
3 Cucumis sativus
B [ actuca sativa
B [ ycopersicon esculentum
*
*
*
Qo &f: \qfa qf-’Q 6@ \QQQ
DB38 (mg/L)
(D)
*
- *
*
eC: Q(’ &?J \,{9 ,‘?Q ‘:@ \QQQ

RB15 (mg/L)

Fig. 2. Seed germination rate (A—C) and root elongation (B-D) of Lactuca sativa, Cucumis sativus, and Lycopersicon esculentum exposed to different concentrations of
Direct Black 38 (DB38) and Reactive Blue 15 (RB15) dyes. Error bars represent + SD of 3 replicates. NC: negative control. PC: positive control. *p < 0.05 sta-

tistically different from the negative control (NC).
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Table 1

Mortality rate of Eisenia foetida after 48 h of exposure to Direct Black 38 and
Reactive Blue 15 assessed by filter contact test (n = 10). NC: negative control.
PC: positive control.

Concentration (mg/L)  Direct Black 38 Reactive Blue 15 Mortality (%)

(DB38) (RB15)
NC 0/10 0/10 0
PC 6/10 6/10 60"
0.1 0/10 0/10 0
1.0 0/10 0/10 0
10 0/10 0/10 0
100 0/10 0/10 0
1000 0/10 0/10 0

@ Statistically different (p < 0.05) from the respective negative control
(NC).

Table 1.

According to Pereira et al. [26], Indigo Carmin, a textile dye, only
induced significant mortality of E. andrei after 72h of exposure and at
high concentrations, with a LCso 72 h of 75.70 mg/cm?. As in the pre-
sent study, due to the low mortality rates presented after 24 h and 48 h
of exposure, it was not possible to estimate the LCso for DB38 and RB15
dyes under the conditions tested. However, earthworms exposed to
Indigo Carmine at concentrations of 1.6 X 10™*to0 1.6 X 10~ ?mg/cm?
(lower concentrations) showed morphological alterations such as
swelling and the bottleneck effect, which may indicate the total use of
the reserve body energy with tissue autolysis [26]. In contrast to our
results, data from the literature show that the dye Malachite Green
caused severe morphological damage to E. foetida, but it exhibited
contact toxicity with a LCso 48 h of 2.6 mg/cm?.

3.1.3. Evaluation of the acute toxicity on Daphnia magna

The toxicity to daphnids is appropriate in order to suggest potential
damage to the receptor ecosystem, and emphasizes the need for a
toxicological study of the dye synthesis industry [65]. In the present
work, DB38 did not induce significant mortality in D. magna. Although
RB15 caused a significant lethal effect at the highest concentrations
(750 mg/L and 1000 mg/L), both dyes were classified as relatively non-
toxic to D. magna, since their LCso 48 h values were more than 100 mg/
L, as shown in Table 2. However, RB15 (LCso = 686.5 mg/L) is about
2.5 times more toxic to daphnids than DB38 (LCso = 1698.2 mg/L)
after 48 h of exposure (Table 2).

Bae and Freeman [65] also investigated the acute toxicity of direct

Table 2
Immobilization rate of Daphnia magna after 48 h of exposure to different con-
centrations of Direct Black 38 and Reactive Blue 15 dyes and their median
lethal concentrations (LCso) causing 50% of immobilization. NC: negative
control.

Concentration Number of immobilized Immobilization LCso (mg/L)
(mg/L) organisms at 48 h

Direct Black 38 1 2 Total % 1698.2
NC 0 0 0/10 0

250 0 1 1/10 10

500 0 0 0/10 0

750 0 1 1/10 10

1000 1 2 3/10 30

Reactive Blue 15 686.5
NC 0 0 0/10 0

250 0 0 0/10 0

500 2 1 3/10 30

750 3 2 5/10 50*

1000 4 5 9/10 90*

*Statistically different (p < 0.05) from the respective negative control (NC).
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Table 3

Immobilization rate of Artemia salina after 48 h of exposure to different con-
centrations of Direct Black 38 and Reactive Blue 15 dyes and their median
lethal concentrations (LCso) causing 50% of immobilization. NC: negative
control. PC: positive control.

Concentration Number of immobilized Immobilization LCso (mg/
(mg/L) organisms at 48 h L)
Direct Black 38 1 2 3 4 Total % 20.7
NC 0 0 1 1 2/20 10

PC 2 3 3 2 10/20 50*

15.62 2 2 2 1 7/20 35

31.25 4 2 3 3 12/20 60*

62.5 5 5 4 5 19/20 95*

125.0 5 5 5 5 20/20 100*

250.0 5 5 5 5 20/20 100*

Reactive Blue 15 1 2 3 4 Total % 1313.0
NC 0 1 0 1 2/20 10

PC 2 3 3 2 10/20 50*

125.0 1 0 1 1 3/20 15

250.0 2 1 0 1 4/20 20

500.0 1 1 2 0 4/20 20

750.0 2 1 2 2 7/20 35

1000.0 2 3 3 2 10/20 50*

*Statistically different (p < 0.05) from the respective negative control (NC).

azo dyes: Direct Blue 218 and four new non-genotoxic direct dyes based
on benzidine congeners, 2,2’-dimethyl-5,5’-dipropoxybenzidine and
5,5’-dipropoxybenzidine, using D. magna. In this study, Direct Blue 218
was toxic to this organism with a LCso 48 h between 1.0 and 10.0 mg/L,
while four new non-genotoxic direct dyes were relatively non-toxic to
daphnids, with a LCso 48 h of more than 100 mg/L. The authors em-
phasized that Direct Blue 218 has two copper molecules in its structure,
while the four new direct dyes have no metal in their structures. Thus
they suggested that copper molecules could have an important role in
the toxicity of the Direct Blue 218 dye. According to Traudt et al. [66],
copper is very toxic to D. magna with LCsy 48 h of 0.1 mg/L. This fact
could also justify the higher toxicity of RB15 as compared to DB38,
since RB15 is a copper phthalocyanine dye, which has one copper
molecule in its structure.

3.1.4. Evaluation of the acute toxicity on brine shrimp

In order to understand the impacts of textile dyes on marine eco-
systems, the acute toxicity of DB38 and RB15 to A. salina was evaluated.
Table 3 shows the percent mortality (immobility) of A. salina nauplii
after 48 h of exposure to different concentrations of the DB38 and RB15
dyes. Both dyes induced significant toxicity to A. salina nauplii in a
concentration-dependent way. However, DB38 (LCso 48 h = 20.7 mg/
L) was more toxic than RB15, which presented a LCso 48 h of 1313 mg/
L. According to the general concept of aquatic toxicity [65], DB38 was
moderately toxic to A. salina whereas RB15 was relatively non-toxic to
this organism.

As previously discussed, the toxicity of textile dyes can be species-
specific. According to Leme et al. [4], the azo dye Reactive Red 120 was
moderately toxic to A. salina with a LCso 48 h of 81.89 mg/L (10 mg/
L < LCsp < 100mg/L) and relatively non-toxic to D. similis with a
LCsp 48h of 172.36 mg/L (LCso > 100mg/L). Considering that the
LCso 48h of copper for another specie of saline microcrustacean, A.
franciscana, is quite high (12,000 mg/L), the presence of this metal did
not interfere in the acute toxicity of RB15 on A. salina [67].

Although lethal concentrations (LCso 48 h) greater than 100 mg/L
are considered relatively non-toxic for aquatic organisms, indicating a
low hazard for the aquatic environment, about 50% of the reactive dyes
remain in the dye bath during the dye fixation step on the fibers, and an
average of 300 mg/L of dye has been detected in effluents from textile
manufacturing processes [6,9,68].
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3.2. Genotoxicity

The relevance of detecting the genotoxic hazard/risk associated
with water pollution arose as from the late 1970s. Since that time, the
analysis of DNA alterations in aquatic organisms has been shown to be a
highly suitable approach for evaluating the genotoxic hazard of aquatic
environments [69]. Thus we assessed the genotoxic potential of DB38
and RB15 using daphnids and in vitro fish cells (RTG-2) as models of
aquatic organisms.

The DNA damage of D. magna induced by the DB38 and RB15 dyes
was assessed using the neutral Comet assay. This Comet assay version is
carried out under neutral conditions and allows for the detection of
DNA double-strand breaks (DSBs) [50]. Fig. 3 shows that the DB38 and
RB15 dyes induced significant damage in the DNA of the D. magna as
from 250 mg/L, after 48 h of exposure. RB15 at 750 mg/L did not in-
duce significant DNA DSBs, probably due to the high number of
daphnids dead after exposure.

With respect to the effects on fish, increased levels of DNA frag-
ments were not observed in RB15-exposed RTG-2 cells in any of the
Comet assay versions carried out (Fig. 4). To the contrary, DB38 was
able to increase the DNA fragments in RTG-2 cells, acting as a direct
(DNA strand breaks) and indirect (oxidized bases) genotoxicant, but
only at the lowest concentrations tested (increasing concentration-de-
pendence from 32.25 to 125 pg/mlL, significant at 125 pg/mL) (Fig. 4).
Moreover, the genotoxic mode of action (MoA) prevailing was oxidative
DNA damage, since greater increases in DNA strand breaks (3.35 x)
were verified for the hOGG1-modified alkaline version as compared to
the standard Comet assay (alkaline) (2.45 X ) at 125 pg/mL (significant
value) (Fig. 4).

Opposite biological effects of a stressor at low and high doses,
showing a biphasic dose-response relationship (inverted U- or J-shaped
curves), may represent hormesis [70]. Hormetic dose-response in Ge-
netic Toxicology is usually reported as J-shaped curves, wherein mu-
tation rates at low doses are less than the spontaneous level, whereas
high doses display mutagenicity [71,72].

Despite the fact that hormesis is usually reported as a J-shaped re-
sponse in Genetic Toxicology, the genotoxicity of DB38 at the lower
concentrations, followed by the inhibition of this effect at the highest
concentrations tested (inverted U-shaped curve), also fits the concept of
hormesis. In addition, another feature that reinforces the occurrence of
a genotoxic hormetic dose-response for DB38 is the magnitude of the
response. Usually, hormetic dose response relationships cause a modest
stimulatory response, typically around twofold as compared to the
control [70,73,74]. RTG-2 cells exposed to DB38 showed increasing
genotoxic effects of from 32.25 to 125ug/mL, 2.46- and 3.35-fold
higher than the control at 125 ug/mL (significant value), for the stan-
dard and oxidative Comet assays, respectively.

The hormetic genotoxic response observed for DB38 may be related

SEM of individual cells. ***p < 0.001 and **p < 0.05 statistically different from the negative control (NC).

to the ‘starting point’ required for triggering defense mechanisms (e.g,
DNA repair) in the exposed biological system. Fish possess low/slow
overall DNA repair capacity as compared to mammals [75,76]. Walton
and co-authors [77] showed that fish cell lines, including rainbow trout
gonad cells, have a significantly lower magnitude of DNA repair
synthesis than mammalian cells, which usually show pronounced dose-
responses of DNA repair activities as from low concentrations.

DB38 has also been investigated by the present research group re-
garding its capacity for inducing DNA damage in humans. Genotoxicity
was not verified for DB38 when assessed by the in vitro Comet assay
with dermal human fibroblast (primary cells) [72], studying the hor-
metic genotoxic response of N-methyl-N-nitrosourea (MNU) in two
human lymphoblastoid cell lines (TK6 and NH32), showed that horm-
esis is unlikely to be generalized across different cell types, due to
differences in the cell cycle control (e.g. p53 functional status) and in
the DNA repair capacities.

Hence these facts lead the authors to hypothesize that the genotoxic
effects of DB38 at the lower concentrations were due to the absence of a
pronounced DNA repair activity, which only started to be effective at
the higher concentrations, where no genotoxicity was verified.
However, whether the DNA repair capacity of the RTG-2cells is re-
sponsible or otherwise for hormesis-like genotoxicity should be further
explored.

4. Conclusions

Taken together, the present findings showed that the DB38 and
RB15 dyes caused acute toxicity and genotoxicity for aquatic organ-
isms, but caused no concerns with respect to terrestrial ecosystems,
since phytotoxicity and earthworm toxicity were not observed. DB38
was the most toxic dye, due to its lethal toxicity on A. salina and ca-
pacity to induce DNA damage in D. magna and RTG-2 cells. In addition,
the authors attempted to carry out ecotoxicity testing within the con-
centration ranges of the dyes closer to those found in the environment,
due to their potential to induce hormesis effects (i.e., adverse effects at
low concentrations). Therefore the results emphasize that a test battery
approach of bioassays representing multiple trophic levels is funda-
mental to predict the toxicity of textile dyes, in addition to providing
the knowledge required to define the safe levels of textile dyes for
terrestrial and aquatic environments.
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