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Abstract: Hair dye is one of the most popular cosmetic products which are used more
widely and frequently to improve an individual’s appearance. Although the genotoxic
effects of dye ingredients are widely reported, hair dye in its usable form is not reported
extensively. In this contribution, we report the possible mode of interaction of hair dye
with DNA which leads to genotoxicity. The effect of dye DNA interaction was studied on
the most popular and globally used hair dye with Calf Thymus DNA and plasmid DNA.
This interaction of dye DNA was studied by spectroscopic analyses and gel
electrophoresis. The result had shown positive interaction of dye with DNA. Gel
electrophoresis study confirms the binding of dye with DNA which results in linearization
and fragmentation of the plasmid DNA. Dye-DNA interaction causes fragmentation and
oxidation of DNA in absence of any catalyst, implies high toxicity of commercial hair
dyes. Thus, it can be deduced from the present studies that hair dye in its usable form may
lead to its penetration through skin affecting genomic DNA possesses genotoxic property
and can be treated as one of the most common mutagen.
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1. Introduction

From the beginning of civilization, hair has played an important role in attractiveness, youthfulness
and beauty [1]. In modern times, not only do elderly people dye their gray hair but it has also become a
fashion, for both girls and boys to color their hair. As the demand for hair dyes has grown to a higher
scale, in order to make the products more effective in terms of longitivity of colors, hair dyes are
mostly of oxidative type. It is the most preferable one due to its stability [2,3]. It contains primary
intermediates, couplers or modifiers, oxidants and alkaline agents which include p-phenylenediamine
(p-PD), p-toluenediamine (p-TD), substituted p-diamines, ortho- or para-aminophenols (o-AP or
p-AP), meta-substituted aromatic derivatives, resorcinol, hydrogen peroxide, urea peroxide, sodium
percarbonate or perborate, ammonia, monoethanolamine or aminomethylpropanol [4]. In 1975, the
results of Ames test on oxidative hair dye ingredients suggested that nearly 90% of permanent hair dye
ingredients were mutagenic and might therefore pose a carcinogenic risk to consumers [5]. After this
observation, chemicals present in permanent hair dyes, particularly aromatic amines, are studied
vividly. Results have shown that hair dye ingredients and their residual products are genotoxic [6—11]
and even penetrate skin [12—14].

Alhough much work has been done with individual components or with p-phenylenediamine
(p-PD), Hydrogen peroxide (H20:2) and resorcinol, no work has been done to check the effect of dye in
its usable form which contains some other ingredients along with the above chemicals to enhance the
color. From the previous studies it has also been seen that the genotoxicity of the ingredients may
depend on the ambient conditions [15], duration of exposure [16], ratio of aromatic amines with other
ingredients [16—18] and storage of dye [16,19]. So, we performed our all experiments under the
required conditions (duration of exposure, ambient atmosphere and hair dye in its usable form)
resembling the chemistry of oxidative hair color. In our unpublished work, we observed the
chromosomal aberration/micronucleus formation in Allium cepa root tip when the root was treated with
dye [20]. The chromosomal abnormalities indicate the genotoxic nature of dye. However, the detailed
mechanism of toxicity was not studied. So, our goal was to investigate the mechanism of dye-DNA
interaction. As a primary step towards this, the present study involves statistical analysis on frequency of
use, health problems associated with dye usage, brand, efc., in a questionnaire form to select the best
brand. From the statistical analysis, the “best” one, which was an oxidative hair dye of dark shade was
selected. Over recent years, spectroscopic studies have become an efficient technique to explore the
binding interaction of ligand with DNA and protein [21,22]. To obtain an in-depth understanding of the
toxicity of hair dye, we carried out a detailed spectroscopic study of dye DNA interaction.

2. Experimental Section
2.1. Materials

All the chemicals used in the experiment were of analytical quality and used without any further
purification. Calf thymus DNA and plasmid DNA (pUC 18) were purchased from Gene Link
(Hawthorne, NY, USA). A solution of 10 mg/mL of DNA stock was prepared in phosphate buffer.
Oxidative hair dye was purchased from a local market. Dye was prepared in its usable form by adding
color and developer as prescribed amount mentioned and then 100 mg/mL working stock was prepared
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by adding phosphate buffer (pH 7.8). We used the sample immediately after the preparation. Some of
the major ingredients present in usable form of dye are p-phenylenediamine (p-PD), m-aminophenol
(m-AP), resorcinol and hydrogen peroxide. The usable form of sample hair dye contains 0.95% p-PD
as mentioned in the ingredient list.

2.2. Spectroscopic Studies of Dye—DNA Interaction
2.2.1. Interaction of Dye with DNA

The dye-DNA interaction was studied vividly to find out the mechanism of interactions which
ultimately lead to the genotoxic effect of hair dye. To check the interaction of dye with DNA, dye DNA
conjugate was prepared by adding the calculated amount of dye in DNA solution and was incubated for
30 min at room temperature. The concentration of DNA in the sample was taken as 1 mg/mL. Steady
state absorption and emission were measured with Shimadzu spectrophotometer (Kyoto, Japan)
UV-1700 and PerkinElmer fluorescence spectrophotometer LS55 (Waltham, MA, USA).

2.2.2. Dye—DNA Interaction in Sodium Dodecyl Sulfate (SDS) Micelles

To confirm the interaction of dye, an absorption and emission study of the dye in SDS micelle was
done. SDS micelle is a famous system to study molecular dynamics of any chemical [23]. SDS micelle
was negatively charged and DNA was also negatively charged. If dye shows interaction with SDS
micelle dye, the result could be a similar kind of interaction with DNA [21]. So, our objective was to
check how dye interacts with SDS micelle. SDS micelle was prepared by adding the calculated amount
of SDS in a known volume of buffer solution and stirring for about 30 min and was studied further.

2.2.3. UV-Vis Spectroscopic Studies on Autoxidation of Dye

Previous studies [8,9] have shown that some hair dye components like p-aminophenol (p-AP),
o-phenylenediamine (0-PD) and its derivatives and 4-chloro-o-phenylenediamine(Cl-0-PD) and
4-nitro-o-phenylenediamine (NO2-0-PD) produce oxidative DNA damage same as that induced by
Fe(IIT) or Cu(Il). To check the possibility of autoxidation, spectroscopic studies had been performed
on commercial hair dyes in presence and absence of Fe(IlI). A quantity of 2 ug dye in phosphate buffer
(pH 7.8) was studied in the presence and absence of 20 uM Fe (I1I). UV-Vis spectra of the dye solution
were measured every 10 min for 30 min at 37 °C.

2.3. Study of Dye—DNA Interaction Using Agarose Gel Electrophoresis

It was seen from our previous study that agarose gel electrophoresis can be used to check the nature
of binding of dye with DNA [21]. So, to reconfirm the binding nature of dye with DNA and to check
the effect of interaction on DNA, integrity agarose gel electrophoresis was carried out by standard
procedure with calf thymus DNA and also with plasmid DNA (pUC 18). For this purpose DNA
loading wells were made in the middle of the gel, so that movement of dye, dye-DNA and DNA can
be examined under electric field based on the nature of charge. From this study, electric nature of dye
can also be predicted. Ethidium Bromide (EB) was used as a reference for positively charged dye. Gel
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pictures were collected from the gel system of Vilber Lourmat model no. ECX 20.M. Dye DNA complexes
were made by adding different concentration of dye with DNA and incubation for 30 min at 25 °C.

2.4. Statistical Analysis

All experiments were carried out at least three times. Data points were represented by the mean of
the measured values. Statistical analysis was carried out using Origin and MS-Excel software.

3. Results and Discussions

3.1. Spectroscopic Study of Dye—DNA Interaction

In order to check the effects of dye on DNA, calf thymus DNA was used with different
concentrations of dye. From the deconvolution of the dye components from dye-DNA conjugate, we
have found ~10 nm blue shift as compared to water. Figure 1 represents the absorbance peak shift with
different concentrations of dye in presence and absence of DNA. Such phenomena had been observed
when the surroundings polarity of a molecule, whose absorbance band is due to » to ©* transition, was
increased [24]. It has been reported that several groups of the dye contain —NH2 groups containing lone
pair electrons [4]. Due to high polarity of the medium, the stabilization of the ground state is more than
the excited states, increasing the energy gap between ground state and excited state.
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Figure 1. Peak shift of dye in presence and absence of DNA. Each data point in the graph
denotes Mean + Standard errors.

3.2. Spectroscopic Study of Dye in SDS Micelles

Figure 2 represents the absorbance spectrum of dye in presence of SDS micelle. The dye exhibited
a ~20 nm red shift compared to water in the presence of SDS micelle. The shift may be due to
electrostatic interaction between dye and SDS micelle. As SDS micelles were negatively charged, the
dye must be positively charged to show this type of interaction. However, we were not able to find any
significant change in fluorescence spectrum with respect to water, which confirms the surface

attachment and inaccessibility of nonpolar environment of micelle of the dye.
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Figure 2. Absorption Spectra of Dye in Water and in Different Concentration of Sodium
Dodecyl Sulfate (SDS).

3.3. UV-vis Spectroscopic Studies on Autoxidation of Dye

It was found that, in the presence of Fe(Ill), the maximum absorbance of dye at 280 nm and 485 nm
increases with time but in absence of Fe(IlI), absorbance did not change significantly (data not shown).
Figure 3 represents the change of absorbance of dye with time in presence of Fe(IIl). This indicates the
higher possibility of electron transfer between dye and Fe(IIl), generating reactive oxygen species
which may cause DNA damage. Yoshida et al. had shown that the amount of cleaved plasmid DNA
increased along with the concentration of Fe(Ill) in presence of dye components [9]. However, we
performed all our experiments with a usable form of dye, without any inducer. This implies that
commercial dyes were more susceptible to toxicity than individual ingredients. Autoxidation of dye
increases the possibility of electron transfer of hair dye in biological medium which may induce
toxicity and mutation in a DNA sequence.
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Figure 3. Absorbance spectrum of hair dye with time in presence of Fe(III) at 280 nm and 485 nm.
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3.4. Study of Dye—DNA Interaction Using Agarose Gel Electrophoresis

To check the type of binding of dye with DNA we treated dye with calf thymus DNA.
Figure 4a represents the gel picture of calf thymus DNA with dye collected from gel documentation
system and Figure 4b is the in situ visual picture of same gel. From Figure 4a, we observed the
movement of DNA was towards the positive electrode; however, dye movement was towards the
negative electrode (Figure 4b) during electrophoresis. From Figure 4b it was clear that dye was mostly
bound through electrostatic interaction with the negative backbone of the DNA [21]. The movement of
free dye towards the negative field and DNA towards the positive field happed due to separation of
dye—DNA complex in the presence of a strong electric field. It was found that at low dye concentration
([dye]:[DNA] = 1:2) structural deformation was not very prominent (lane 3); however, at 10:1
concentration, DNA became fragmented (lane 2) and completely smeared at [dye]:[DNA] = 100:1
(lane 4), indicating complete fragmentation of DNA. This may be due to the electron transfer between
dye and DNA. Figure 1 indicates the possibility of electron transfer between dye and DNA. Figure 2
specifies the electron transfer between dye and SDS. SDS is negatively charged, so for electron
transfer, dye or dye component must have positive charge.
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Figure 4. Gel electrophoresis study. (a) lane 1 calf thymus DNA without dye, lane 2
([dye]:[DNA] = 10:1), lane 3 ([dye]:[DNA] = 1:2), lane 4 ([dye]:[DNA] = 100:1), lane 5
Dye without DNA, lane 6 dye with 10 pg Ethidium Bromide (EB), lane 7, 20 ug Ethidium
Bromide. (b) Visual picture of (a). (¢) Gel with plasmid DNA (pUC 18) and dye. Lane 1
plasmid DNA without dye, lane 2 ([dye]:[DNA] = 1:1), lane 3 ([dye]:[DNA] = 4:1),
lane 4 ([dye]:[DNA] = 8:1), lane 5 ([dye]:[DNA] = 10:1).
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From Figure 4 the nature of electric charge of dye and the oxidizing property of dye is also clear.
Dye has several ingredients of electron donating and accepting group. So DNA gets oxidized in
absence of any inducer. According to the possible reaction mechanism of different dye components,
highly reactive radical is formed in intermediate states. At very low concentration of dye, the effect is
not very prominent. However, at higher concentrations of dye, the concentration of generated radical
increases, hence, the possibility of electron transfer with DNA increases, leading to DNA fragmentation.
Most of the dye became free after the fragmentation of DNA by electron transfer reaction via radical
intermediate that can be separated easily by electric field. Similar experiments were performed with
plasmid DNA (pUC 18), represented in Figure 4c. We observed that with increasing concentration of
dye, supercoiled plasmid DNA (form I) was transformed into linear (form III) followed by nicked DNA
(form II). Yoshida et al. observed a similar type of fragmentation with increasing concentration Fe(III) [9].
However, a usable form of hair dye showed DNA fragmentation without any catalyst such as Fe(IIl),
indicating the high toxicity of hair dye.

4. Conclusions

In the present study, we explored the plausible mechanism of dye-DNA interaction towards the
genotoxic effect of hair dye. In vitro studies of dye-DNA interaction in absence of any catalyst causes
fragmentation and oxidation of DNA, implying high toxicity of the hair dye in its usable state. As the
chemical and physical properties of DNA are more or less similar in all cellular organisms, the
candidate dye may show a similar effect in human physiology and thus, may induce adverse health
effects. The interaction of the hair dye with DNA indicates that application of such dye may lead to
penetration through the skin affecting the genomic DNA. This study will possibly increase awareness
regarding the internal effects of hair dye use in humans.
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