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A new fluorophore containing 2,1,3-benzothiadiazole unit with alkylated tetrazole terminal
groups as electron donors connected through a w-conjugated system of the type (D-n-A-n-D) was
synthesized using the Sonogashira coupling reaction with good yields. The genotoxicity of the
two intermediate compounds and the final product was evaluated in vitro in consideration of the
potential application of the new compound in the chemical production of photovoltaic paints. The
new fluorophore did not show significant biological effects in the cell viability test and the comet
assay when compared with the intermediate compounds that were obtained synthetically despite
the ability to interact with deoxyribonucleic acid (DNA) as demonstrated in circular dichroism
assays. Thus, the compound does not show toxic or genotoxic activity, and therefore, it can be

applied as a pigment in photovoltaic paint.
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Introduction

Interest in the application of organic compounds in
optoelectronic devices is currently increasing.! These
compounds have been extensively investigated since they
could lead to smaller devices that are more flexible and of
lower cost. Examples of these applications include organic
photovoltaic cells (OPVs),!® organic light-emitting diodes
(OLEDs),*!? organic field effect transistors (OFETs),*
organic thin film transistors (OTFTs)!*!® and organic solar
cells.'*?° In this sense, different polymers, small molecules,
oligomers and hybrid compounds have been investigated
for optoelectronic applications.?!

In this context, compounds that contain the electron
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acceptor 2,1,3-benzothiadiazole as the central unit bound to
electron donors?*? are of great interest for the development
of photovoltaic devices because of their potential use in the
production of flexible polymeric films* that can be processed
on a large scale. In addition, these t-conjugated compounds
exhibit good intramolecular charge transfer, thereby
reducing the band gap,*'®3 which is a requirement for the
application of these derivatives as pigments in photovoltaic
paints.*> However, there is a lack of information regarding
their interaction with deoxyribonucleic acid (DNA) and
the in vitro toxicity and genotoxicity associated with the
composition and chemical structures of intermediates and
final compounds containing the 2,1,3-benzothiadiazole core.
These have biological applications in fungicidal formulations
as chemical activators of plant resistance. Since paints are
composed of a mixture of several components, they can
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generate reactive oxygen species (ROS) which can damage
biomolecules and increase the health risks to exposed
operators.**3 The interaction with and damage to DNA
can alter cellular metabolism and genomic stability.*> The
evaluation of DNA interactions can be performed by several
methods, and circular dichroism (CD) is a well-established
method for this purpose.*® CD can detect alterations in the
optical activity of chiral molecules by their interaction
with circularly polarized electromagnetic rays. The B-form
conformation of calf thymus-DNA (CT-DNA) produces
two CD bands in the UV region, a positive band at 278 nm
due to base stacking and a negative band at 246 nm due to
polynucleotide helicity. The genetic damage that is caused by
exposure to compounds with different chemical, physical and
biological characteristics can be evaluated using genotoxicity
biomarkers, which play an important role in the prediction
of health risks,*” as is used in the comet assay.* This
test allows the direct measurement of single- and double
stranded DNA breaks, alkali-labile sites, crosslinking of
DNA and incomplete excision repair sites.*’ In addition,
the cell viability test is also an important tool for studying
genetic damage and for detecting non-viable cells that have
damaged membranes that affect cellular adhesion or lead
to cell death.*!

Here, we report the DNA interaction and in vitro
toxicity and genotoxicity of a photoactive compound and
respective intermediates that contain alkylated tetrazole
rings as electron donor groups bound by a m-conjugated
system to a 2,1,3-benzothiadiazole group as an electron
donor unit. These compounds have potential applications
in photovoltaic paints, devices and electronic systems.

Experimental
Materials and methods

Allreagents and solvents were purchased from commercial
suppliers and were used without further purification. The
solvents were dried and distilled before use based on
procedures available in the literature.* The melting point was
measured using a Thermolyne apparatus and was uncorrected.
The vibrational spectra of the intermediates and the final
compound in KBr pellets were obtained using a Shimadzu
IR Prestige 21 with a resolution of 4 cm™ between 400 and
4000 cm™. The 'H and *C nuclear magnetic resonance
(NMR) spectra were obtained in CDCl, at 400 and 100 MHz,
respectively. The chemical shifts (0) are reported in parts per
million (ppm) relative to tetramethylsilane (TMS) (0.00 ppm),
and the coupling constants (J) are reported in hertz (Hz). The
photostability was evaluated by UV-Vis absorption spectra
in film on a Shimadzu UV-2450 spectrophotometer using an
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ISR-2200 Integrating Sphere Attachment in a spectral range of
250-600 nm. The baseline was obtained using BaSO, (Wako
Pure Chemical Industries, Ltd.). Steady state fluorescence
spectra was performed on a Shimadzu spectrofluorometer
model RF-5301PC with a solid state holder. The experiments
were performed at room temperature.

5-(4-Bromophenyl)tetrazole (1)

Yellow-colored crystals; mp 259-260 °C;** FTIR
(Fourier transform infrared spectroscopy) (KBr) v,/ cm’!
3444, 3086, 3061, 3000, 1900, 1602; ESI anal. calcd. for
C,H;BrN,: m/z 226.9, found: 246.9 [M + Na]*.

5-(4-Bromophenyl)-2-dodecanetetrazole (2)

White solid; mp 54-55 °C; FTIR (KBr) v,/ cm™ 2954,
2918, 2848, 1602; 'H NMR (400 MHz, CDCIL;) ¢ 8.02
(d, 2H, J 8.60 Hz), 7.62 (d, 2H, J 8.21 Hz), 4.62 (t, 2H,
J7.03 Hz),2.10-1.95 (m, 2H), 1.45-1.30 (m, 2H), 1.30-1.15
(m, 16H), 0.87 (t, 3H, J 6.64 Hz); *C NMR (400 MHz,
CDCl,) 0 156.8, 124.8, 120.9, 119.2, 117.2, 46.0, 24.6,
22.3,22.0,21.5,19.0, 15.3, 6.8.

5-[4-(2-Methyl-3-butyne-2-ol-phenyl)]-2-dodecanetetrazole
®3)

mp 64-65 °C; FTIR (KBr) v,,,./ cm™ 3313, 3055, 2958,
2920, 2850; 'H NMR (400 MHz, CDCl,) 6 8.09 (d, 2H,
J8.20Hz),7.52 (d, 2H, J 8.20 Hz), 4.64 (t, 2H, J 7.03 and
7.32 Hz), 2.55 (s, 1H), 2.06 (q, 2H, J 7.03 Hz), 1.65 (s,
6H), 1.45-1.32 (m, 2H), 1.32-1.22 (m, 16H), 0.89 (t, 3H,
J 6.59 Hz); BC NMR (400 MHz, CDCl,) 6 164.9, 164.4,
132.1, 127.1, 126.6, 124.6, 95.5, 81.6, 65.5, 53.3, 31.9,
31.4,29.5,29.3, 28.8, 26.3, 22.6, 14.1.

1-Dodecanetetrazole-4-ethinylbenzene (4)

mp 56-57 °C; FTIR (KBr) v,,,. / cm™ 3286, 2954, 2916,
2846; 'HNMR (400 MHz, CDCl,) 6 8.10(d, 2H, J 8.22 Hz),
7.59 (d, 2H, J 8.22 Hz), 4.63 (t, 2H, J 7.04 Hz), 3.18 (s,
1H), 2.04 (q, 2H, J 7.04 Hz), 1.40-1.30 (m, 2H), 1.30-1.17
(m, 16H), 0.86 (t, 3H, J 6.46 Hz); *C NMR (400 MHz,
CDCl,) 6 164.3,132.5,127.7,126.6, 123.9,83.1,78.8,53.2,
31.8,29.5,29.3, 28.8, 26.3, 22.6, 14.1; ESI anal. calcd. for
C, H;N,: m/z 338.2, found: 361.3 [M + Na]*.

2,1,3-Benzothiadiazole (5)

mp 43-44 °C;» FTIR (KBr) v,,,. / cm! 3088, 3053,
1613; '"H NMR (400 MHz, CDCl,) 6 7.97 (dd, 2H, J 3.13
and 6.64 Hz), 7.56 (dd, 2H, J 3.13, 7.03 Hz); *C NMR
(400 MHz, CDCl,) 6 154.7, 129.2, 121.5.

4,7-Dibromo-2,1,3-benzothiadiazole (6)
mp 187-188 °C;* FTIR (KBr) v, / cm™ 3078, 3045,
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1634; 'H NMR (400 MHz, CDCL,) 8 7.71 (s, 2H); *C NMR
(400 MHz, CDCl,) 6 152.9, 132.3, 113.8.

4,7-bis(1-Dodecanetetrazole-4-ethynylbenzene)-
2,1,3-benzothiadiazole (7)

Yellow solid; yield 95%; mp 216-218 °C; FTIR
(KBr) v,,,. / ecm 3037, 2953, 2920, 2848, 2204; 'H NMR
(400 MHz, CDCl,) 6 8.21 (d, 4H, J 8.20 Hz), 7.85 (s, 2H),
7.82 (d, 4H, J 8.20 Hz), 4.68 (t, 4H, J 7.03 Hz), 2.25-2.00
(m, 4H), 1.55-1.35 (m, 4H), 1.35-1.15 (m, 32H), 0.86 (t, 6H,
J 6.44 Hz); 3C NMR (400 MHz, CDCl,) 6 164.3, 154.3,
132.6, 132.4, 127.9, 126.7, 124.2, 117.1, 97.0, 86.8, 53.3,
46.0, 31.8, 29.5, 29.4, 28.8, 22.6, 14.1, 8.6.

Photostability

The photostability of compound 7 was studied in
film, which were prepared by spin coating under vacuum
using a Glove Box MBRAUN, model MB 200B with
glass plates as substrates. The compound 7 was dissolved
in chloroform and deposited onto glass substrate via
the spin-coating method at 100 rpm for 20 s. The films
were analyzed in UV radiation chamber, equipped with a
cooling device, six Philips bulbs (model Actinic BL) were
used, which emitted UVA radiation at a wavelength of
330 nm, with a radiation intensity of 2.01 mW cm?. The
radiation measurements were recorded in the chambers
with a digital UV measurement device manufactured by
Instrutherm (model MRUR-202). The chamber with six
bulbs reproduced artificially an 824% incidence of UV-A.

Circular dichroism

The experiments were performed as described in
the literature*® with small modifications using a JASCO
510 instrument. One sample of CT-DNA in 10 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) buffer was titrated with the complex using
concentrations ranging from 19.80 to 181.82 mM (molar
ratios of 0.25 to 2.50) and O (negative control). The
screenings were recorded from 240 to 400 nm at 37 °C
immediately after the addition of the complexes. The
results were plotted and graphics presenting the regions
of major interest were produced. Spectra containing only
the complexes and DNA with increasing concentrations
of solvent (dimethyl sulfoxide, DMSO) were collected as
control reactions.

Biological assays

For the biological assays, different concentrations were
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prepared from a stock solution containing 20 mg of each
compound to be evaluated when diluted in 1 mL of DMSO.
Three different amounts of stock solution were used: 100,
50 and 25 pL, containing 2, 1 and 0.5 mg, respectively, of
each compound.

In vitro tests

In this experiment 4 mL of peripheral blood was
collected from 5 healthy volunteer subjects using
disposable sterile materials to minimize the risk of infection
and disease transmission. Blood samples were collected
in Falcon tubes (1 mL per tube) containing heparin and
were divided into four groups according to the exposure
concentration to be evaluated. The blood was stored in a
CO, incubator at 37 °C and samples were collected after
2, 6, 12 and 24 h of exposure to the compounds for the
cell viability test and comet assay. All procedures were
approved by the Ethics Committee in Research of the
Universidade do Extremo Sul Catarinense under report
No. 365 397.

Cell viability (trypan blue exclusion test)

In this experiment 5 puL of cell suspension and 5 uL
of trypan blue solution were mixed in a microtube. After
mixing, the suspension was transferred to a Neubauer
micro-camera and enclosed with a cover slip. A total of
100 cells were evaluated using an optical microscope at
a magnification of 400x to determine the percentage of
viable cells.*’

Comet assay

The comet assays were performed under alkaline
conditions as previously described by Tice et al.*®
Peripheral blood samples were collected in heparinised
tubes and were subsequently maintained on ice. Aliquots
(5 pL) of the blood cells were embedded in low melting
point agarose (0.75%, m/v; 95 pL). This mixture was
then placed on a microscope slide that was pre-coated
with normal melting point agarose (1.5%, m/v) and
furnished with a cover slip (two slides per sample). The
slides were briefly placed on ice to enable the agarose to
solidify and the cover slips to be removed carefully. The
base slide was then immersed in freshly prepared lysis
solution (2.5 M NaCl, 100 mM ethylenediaminetetraacetic
acid-EDTA, 10 mM Tris, pH 10.0-10.5). In the next step,
the slides were immersed for 20 min in freshly prepared
alkaline buffer (300 mM NaOH, 1 mM EDTA, pH > 13)
for electrophoresis analysis (15 min per 300 mA, 25V,
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0.7 V cm™). These steps were performed under minimal
indirect light. Following electrophoresis the slides were
neutralized with 400 mM Tris (pH 7.5) and stained with silver
nitrate. To calculate the damage index (DI), cells were visually
separated into five classes according to tail size (0 =no tails to
4 = maximum-length tails). Accordingly, a single DNA
damage score was obtained for each sample and subsequently
for each group studied. The DI for the group ranged from 0
(completely undamaged = 100 cells x 0) to 400 (maximum
damage = 100 cells x 4). The damage frequency (DF in
percentage) was calculated for each sample based on the
number of cells with tails compared to the number without
tails. Visual scoring in the comet assay is considered a
reliable method of evaluation and usually results in high
correlation values with computer-based image analysis
methods.* All slides were coded and analyzed blind.

Statistical analysis

The normality of the variables was assessed using the
Kolmogorov-Smirnov test. Statistical analysis of the values
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obtained for the damage index and damage frequency in the
comet assay and the percentage of viable cells assessed in
the cell viability tests was conducted by one-way analysis
of variance (one-way ANOVA) and two-way analysis of
variance (two-way ANOVA). The post hoc Bonferroni
test was applied to results which exhibited significant
differences. A p value of < 0.05 was considered statistically
significant. The statistical package used was Prism 5.0.%°

Results and Discussion
Synthesis and spectroscopic characterization

The benzothiadiazole compound 7 was obtained using
a previously described’! synthetic method by reacting the
4,7-dibromo-2,1,3-benzothiadiazole (6) with the terminal
alkyne 4 in a Sonogashira coupling reaction (Scheme 1).

Figure 1 shows the infrared absorption spectra for the
precursors (3-4) and the final compound (7). Significant
structural changes are observed that corroborate the
proposed chemical structure of the studied compounds.

NG HBr N~y G121
Br4©_</ \ Br—@—( |
n=N K,CO4 n=N
1) Acetone (2, 79%)
2-Methyl-3-butyne-2-ol
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A%@—( b
OH NiN
(3, 96%)
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C12H25
L —o
HBr

(5) (6, 84%)

(4, 89%)
PdCl,(PPh3),
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N
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\
L > ( — /N E\LN Ci2Hos
— N\ 7/ — \_ =N
N
(7, 95%)

Scheme 1. Synthetic route used to produce benzothiadiazole (7).
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A vibrational mode that is due to aliphatic stretching bands
of the C,,H,; moieties is present for all compounds and
is indicative of alkyl chains bound to the tetrazole ring.
For compound 3, the stretching band of the OH group is
located at 3310 cm’!, indicating a coupling between the
aryl bromide 3 and 2-methyl-3-butyne-2-ol. An alkyne
deprotection reaction was evidenced by the appearance of
a C—H stretching band of the terminal alkyne located at
3286 cm!. In addition, a weak band located at 2204 cm’!
due to C=C stretching of the internal alkyne can be observed
for compound 7.

In the '"H NMR spectrum for compound 7 (Figure 2)
there are eight signals, where two sets of equivalent
hydrogens of the aromatic system (named a and b)
at 8.21 ppm (d, 4H, J 9.00 Hz) and 7.82 ppm (d, 4H,
J 9.00 Hz), respectively, correspond to a system of type
A,X,. The singlet located at 7.85 ppm related to 2H, named
(f) refers to the equivalent hydrogens of the benzothiadiazole
central unit. In the region of the aliphatic hydrogens, three
sets of signals are shown. The first one, a triplet located at
4.68 ppm (4H, J 7.03 Hz) named (c), corresponds to the
methylene group directly bonded to the tetrazole ring. The
second set of signals, a multiplet integrating 40H can be
observed between 2.25 and 1.15 ppm (named d) is due to
the rest of the methylene chain; and the last one, a triplet
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Figure 1. FTIR spectra (500-4000 cm™') for compounds 3, 4 and 7.

located at 0.86 ppm (6H, J 6.44 Hz), named (e) corresponds
to the terminal methyl group.

In relation to the thermal stability of the compound 7,
it is worth mentioning that as reported in the literature,
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Figure 2. '"H NMR spectrum of compound 7 (CDCl,, 400 MHz). The aromatic and part of the aliphatic regions are shown in zoom.
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Figure 3. Photostability of compound 7 by (a) diffuse reflectance UV-Vis absorption spectra and (b) steady-state fluorescence emission.

this tetrazole presents in nitrogen atmospheres several
decomposition temperatures with an initial decomposition
temperature between 235-295 °C with a mass loss of 30%
and a maximum rate of decomposition at 279 °C. In an
oxidizing media, a similar thermal behavior was observed,
with an initial decomposition temperature between
254-294 °C with a mass loss of 12% and a maximum
rate of decomposition at 280 °C. These results show that
the investigated compound presents significant thermal
stability. In addition, its photostability was also investigated
by UV-Vis and fluorescence emission spectroscopies
(Figure 3). It can be observed a small decrease on the
absorption intensity between 350-475 nm. Moreover, it can
also be observed a decrease on the fluorescence emission
intensity after UV exposure. These preliminary results can
probably be related to photobleaching process observed for
7 after UV irradiation.

CD assay

The results from the CD studies presented in Figure 4,
which analyze the ability of the complex to interact with
CT-DNA suggest that the complex is a weak groove
binder. The complex exhibited a significant decrease
in the DNA reference band at 275 nm that is related to
base stacking without expressing changes in the 245 nm
DNA band that is associated with right-handed helicity.
A redshift is also observed for the 275 nm band. These
observations are usually associated with a groove binding
or, in some cases, to an external
interaction as can be observed in high salt concentrations
associated to electrostatic binding.>* For this compound,
the interaction with a DNA molecule is likely based
on electrostatic interactions with the sugar-phosphate
backbone, and allowed by the quadrupolar character that

interaction mode?*®-32-3

is present. In addition, no modification was observed when
the incubations were performed in the solvent DMSO in
the absence of the complex. In addition, the high molar
ratios of complex and CT-DNA necessary to observe the
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Figure 4. (a) Circular dichroism spectra of compound 7 and CT-DNA
interactions showing a reduction of the DNA reference band at 275 nm
that is related to base stacking and groove binding interactions. The
redshift observed can be associated with this mode of interaction or to
external binding when the 245 nm band does not produce any modification;
(b) circular dichroism spectra of DMSO (solvent used in (a) and CT-DNA
interactions showing no alteration in either the 275 or 245 nm bands).
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effects of the first (1 — 1 and higher) when compared to
other copper(Il) complexes,**3 characterize this complex
as a weak binder.

Cell viability and comet assay

The viability test was performed in vitro using human
peripheral blood to evaluate the cytotoxicity of the
compounds that are included in the chemical composition
of photovoltaic paints. The relevant data are summarized
in Table 1. After 2 h of exposure, it was observed that
compounds 2, 5 and 6 exhibited a significant difference
relative to the negative control at the three concentrations
evaluated, with the exception of compounds 2 and 5§ at the
highest and lowest concentrations, respectively, which did
not produce a significant difference. Compound 5 resulted
in lower cell viability compared to compounds 4 and 7 at the
two highest concentrations, and compared to compound 4,
only at the lowest concentration. In the case of compound 6
compared with compound 7, there were fewer viable cells
at the highest concentration.

After 6 h of exposure, compounds 1 to 3 produced
a lower viability at the intermediate concentration
compared to the negative control, while compounds 2, 5
and 6 exhibited the same trend at the highest and lowest
concentrations, with the exception of compound 2, which
differed from the negative control only at the highest
concentration tested (Table 1). Compound 5 also exhibited
a significantly lower viability compared to compounds 4
and 7 at the two highest concentrations, and differed
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from compound 4 only at concentration 3. After 12 h of
exposure, a significantly lower number of viable cells
were observed for compound 2 at the lowest concentration
compared to the negative control and for compound 5
compared to the control group, as well as for compounds 4
and 7 at concentrations 2 and 3. Compound 6 produced
similar results, but only at the highest concentration. In
addition, it was observed that the highest concentration of
compound 5 led to lower viability compared to the control
and compound 7, while compound 6 at the intermediate
concentration differed from the control and compound 4.
After 24 h of exposure it was observed that compounds 2
and 5 differed from the negative control at the three
concentrations evaluated, while compound 1 differed only
at the intermediate concentration, compound 3 at the two
lowest concentrations and compound 6 only at the highest
concentration. It was also noted that compound 5 led to a
lower cell viability compared to compounds 4 and 7 at the
three concentrations, and compound 6 only at the highest
concentration.

There are three main mechanisms that induce DNA
damage, as follows: (i) environmental agents (e.g., UV);
(ii) products of normal metabolism, which influence
the precision of the replication of genetic material and
(iii) chemical, physical and biological agents, which bind
to DNA and tend to lead to breakage of the molecule,”
the latter being the focus of this study. Currently, in vitro
genotoxicity tests are based on established methods
for the characterization of the hazards associated with
chemical products.?#%57 The genotoxicity evaluation of

Table 1. Effect on cell viability observed following the in vitro exposure of human peripheral blood to the intermediate and final compounds, with potential

application in photovoltaic paints, obtained via a synthetic route

time / h Concentration I\(I:Zi?;t)vle 1 2 3 Comzound s P 7
1 85.6 1.1 734+29 732+15 942+19 394+0.9 40.6+0.6* 944=x1.1
2 2 100+ 0 93.0+1.2 914+ 1.3 932+19 95415 496+ 1.1*¢ 90.0+0.7 942 +0.8
3 96.8 £ 1.3 96.4 + 0.6 97.6 1.1 97.8+08 884x09« 97.0+0.7 97.2+0.8
1 848+ 1.5 68.8 £ 1.3° 73.8+1.3 93213 37+ 1284 40.0+0.7° 93.4+09
6 2 99.6+0.55 894=+1.1* 892+15 902=+1.3° 956+1.1 514+09«¢ 90.0+0.7 93.8+0.8
3 96.2 0.8 954 +0.6 95.6+ 1.1 970+ 1.0 89.0+0.7 95.0=x0.7* 964+ 1.1
1 84.8 £ 1.1 69.2+0.8 68.0+0.8 922+0.8 382=x1.1*¢ 37x(.7%4 93.0+0.7
12 2 99.2 +0.84 86.2+ 1.8 872+ 1.5 86.4+0.6 950+1.0 494+09*¢ 70.0+0.7* 942+1.5
3 96.0+1.9 90.2 £ 1.1° 91.8+ 1.5 97415 884+09< 940x0.7 972+0.8
1 79.6 £ 1.1 674 +1.5° 710+ 1.6 934+1.1 302+0.8¢ 30.0+0.7¢ 92.0x1.6
24 2 98 +0 86.0+1.00 854=+15  852+0.8" 96.0+0.7 39.0+ 144 90.0x0.7 942+ 15
3 95.8 +0.8 928+ 1.3 928+ 1.5° 972+13 882x1.6"¢ 940+0.7 97.2+0.8

Cell viability observed following the in vitro exposure of 3 different concentrations of each compound in human peripheral blood; concentration 1:
equivalent to 2 mg of each compound; concentration 2: equivalent to 1 mg of each compound; concentration 3: equivalent to 0.5 mg of each compound;
values expressed as average + standard deviation; *p < 0.05 difference compared to the negative control with the same exposure time, one-way ANOVA,
Kruskal Wallis; *p < 0.05 difference compared to compound 3 with the same exposure time and concentration, one-way ANOVA, Kruskal Wallis; °p < 0.05
difference compared to compound 4 with the same exposure time and concentration, one-way ANOVA, Kruskal Wallis; ‘p < 0.05 difference compared to
compound 7 with the same exposure time and concentration, one-way ANOVA, Kruskal Wallis.
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the compounds was performed using the comet assay, the
results for which are the parameters of damage index and
damage frequency, which are shown in Tables 2 and 3,
respectively. The comet assay, also known as single-cell gel
electrophoresis, is very useful and widely employed in the
evaluation of DNA damage and repair in individual cells.™
The primary goal of this test is to evaluate the damage that
is caused by oxidative stress, through the interaction of
DNA with reactive oxygen species.”

Compound 1 exhibited a significant difference
compared to the negative control after 2 h of exposure
at concentrations 2 and 3; after 24 h, only the highest
concentration produced a difference in both parameters
evaluated in the comet assay. Furthermore, at concentration 2,
after 2 and 12 h, there was also a difference compared to
the negative control; however, only for the damage index.
Compound 2, on the other hand, differed significantly
from the control only at the highest concentration after
2 h for both the DI and DF (Tables 2 and 3) while after 6 h
of exposure, only the DI exhibited a difference from the
control at the highest concentration (Table 2).

In the case of compound 5, the amount of damage was
significantly greater after all exposure times at the three
concentrations when compared with the negative control
and compounds 4 and 7, according to both DI and DF.
However, with the exception that at the three concentrations
after 2 h of exposure, no difference was observed compared
to compound 4, both damage parameters at the lowest
concentration differed only from the negative control and
compound 3 (Tables 2 and 3). Additionally, after 6 h of
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exposure at the intermediate concentration, the DF and DI
demonstrated no difference compared to compound 4, but
the DI differed from compound 3.

In comparison with concentrations 2 and 3 after
12 h, the DI exhibited no difference from compound 4
(Tables 2 and 3), and the DF values after 12 h at the same
concentrations also produced no significant differences. In
addition, at concentration 3 after 24 h, no difference was
detected in relation to compound 4 was detected (Table 3).

For compound 6, both the DI and the DF produced
significant differences at all concentrations after the
four exposure times compared to the negative control
(Tables 2 and 3). However, after 24 h of exposure at the
lowest concentration, no differences were found for the
DF compared to the control. At concentration 1 after 6 h
of exposure, the DI and DF were significantly higher
than at concentration 3, and at the same concentration
after 24 h, this behavior was observed only for the DI
(Tables 2 and 3). At concentrations 2 and 3 after 12 h
and at concentration 2 after 24 h there was a significant
difference in the DI and DF compared to compound 7,
while only the DF at concentration 1 after 24 h differed
from compound 7 (Tables 2 and 3). Compound 7 did not
produce significantly greater damage in the cell viability
test and comet assay compared to the other compounds
that are included in the chemical composition of the paint,
demonstrating that it does not have toxic or genotoxic
activity (Tables 1, 2 and 3).

On the other hand, only compounds 1 and 4 promote
reactions with biological substrates that can damage

Table 2. Effect of in vitro exposure of human peripheral blood to intermediate and final compounds, with potential application in photovoltaic paints,

obtained synthetically, on the damage index (DI) obtained in the comet assay

time /h Concentration hiziﬁlovle n 2 3 Cor:pound s P 7
1 512+144 86.6+157" 458+12.5 61.8+41.1 3214265 184.4+255 426+19.4
2 2 6.8 +3.7 68.8+12.7* 30.6+9.6 36.6 155 542+26.0 252.6+57.2% 137.0+13.3* 248=+11.1
3 342 +10.8 254 6.0 20.6 £8.2 37.4+235 1604347 111.8+7.1* 222+33
1 774+134 86.8+16.2* 564=+158 322+9.7 335.0 £ 8.4%d  143.8 +£30.2*¢ 46.2+3.8
6 2 102+24 640x145 392+107 33.6+183 36.6+129 283.6+14.5**4 108.0+18.08 28.6+9.9
3 56.0+11.00 33.4+89 234+44 238+ 143 183.2+15.8*¢ 91.6+11.58 21.4=x8.6
1 94.4+202 110.6+50.1 594x54 484+514 3375+247%d 1588 +12.8° 422+179
12 2 122+ 1.1 722+19.0° 46.4+225 38.2+4.3 31.8+19.2 2824 +10.5* 109.0+12.9% 19.8+29
3 516119 414+135 31.8+122 328+244 101.5+7.8* 858+ 13.7%¢ 16.4+438
1 80.6 +£6.5* 624 x13.7 420+5.6 362+ 14.1  323.6£25.0*¢¢ 190.8 £24.3*¢ 21.8+1.5
24 2 12.0+2.8 582+ 11.9 57.0+ 8.4 33.6+5.7 23.8+8.7 283.0£9.2%¢ 1023 +17.8% 13.4+7.6
3 56.2 +14.9 282+ 8.4 24.8+6.5 248 +168  146.2+28.0% 64.0+11.2* 13.0+10.0

Cell viability observed following the in vitro exposure of 3 different concentrations of each compound in human peripheral blood; concentration 1:
equivalent to 2 mg of each compound; concentration 2: equivalent to 1 mg of each compound; concentration 3: equivalent to 0.5 mg of each compound;
values expressed as average + standard deviation; *p < 0.05 difference compared to the negative control with the same exposure time, one-way ANOVA,
Kruskal Wallis; *p < 0.05 difference compared to compound 3 with the same exposure time and concentration, one-way ANOVA, Kruskal Wallis; °p < 0.05
difference compared to compound 4 with the same exposure time and concentration, one-way ANOVA, Kruskal Wallis; ‘p < 0.05 difference compared to
compound 7 with the same exposure time and concentration, one-way ANOVA, Kruskal Wallis.
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Table 3. Effect of in vitro exposure of human peripheral blood to intermediate and final compounds, with potential application in photovoltaic paints,
obtained synthetically, on the damage frequency (DF) obtained in the comet assay

time / h Concentration I\izgné:;iovle 1 5 3 Comzound p p 7
1 17.0+4.9 26.8 £5.0° 16.4 +3.7 194+£99 872+58< 50.0+6.4° 13.2+4.6
2 2 4.8 +£2.49 19259 132+4.8 124+42 176 6.1  76.8+9.4*  40.0 £2.3° 92+24
3 134+34 120+2.1 72+33 13.8+4.6 46.6+9.6** 348+33* 10.6+2.6
1 252+3.7 26.6 £4.8 20.2+4.3 12027 882=x1.7*¢ 40.6+79* 156=1.7
6 2 6.2+1.30 254 £5.5° 144 +4.6 124 +4.0 134+35 77079 31.0+5.2° 10.2£3.0
3 212 +4.6° 14.6 £2.6 8.6x1.5 9.8+3.6 5024724 270%3.3 92+3.0
1 302+4.6 31.8+13.1 204 2.1 144+12.1 885+4.0*¢ 434+3.0° 144+52
12 2 6.6 +0.55 24455 162 +6.1 13.0+1.2 11.2+6.7 754+1.8%<¢ 31.0+3.4 78+19
3 18.8 5.6 13232 10.6 +3.4 106 5.6  29.8+2.1% 252+ 3.54 70+14
1 250+ 1.6° 224+5.0 17235 124+3.0 84.8x4.7%4 532+4.0v 104+x23
24 2 6.6+0.89 25.6=+15.1 19.0+3.5 11.0+22 9.6+£3.5  742+23%4 30.5=x6.24 62+1.8
3 17.8 £4.7 11.6+3.8 10.6 3.9 98+3.6 41.6+64* 202+5.0 8.0+5.2

Cell viability observed following the in vitro exposure of 3 different concentrations of each compound in human peripheral blood; concentration 1:
equivalent to 2 mg of each compound; concentration 2: equivalent to 1 mg of each compound; concentration 3: equivalent to 0.5 mg of each compound;
values expressed as average + standard deviation; “p < 0.05 difference compared to the negative control with the same exposure time, one-way ANOVA,
Kruskal Wallis; *p < 0.05 difference compared to compound 3 with the same exposure time and concentration, one-way ANOVA, Kruskal Wallis; °p < 0.05
difference compared to compound 4 with the same exposure time and concentration, one-way ANOVA, Kruskal Wallis; ‘p < 0.05 difference compared to
compound 7 with the same exposure time and concentration, one-way ANOVA, Kruskal Wallis.

biomolecules and consequently affect human health.
The most serious effects are from damage to DNA and
ribonucleic acid (RNA). If the DNA chain is broken, it can
be reconnected at another position, thus altering the order
of its bases. This is one of the basic processes involved
in mutation, and the accumulation of damaged bases can
initiate oncogenesis. The results of this study highlight the
importance of considering a compound’s concentration
and exposure time when evaluating their genotoxicity,
particularly those that are obtained early in the synthetic
route. An increase in the compound’s concentration is
directly proportional to the increase in the damage, and
inversely proportional to cell viability; that is, the higher the
concentration of the sample is, the lower the cell viability
and the greater the DNA damage will be.

There are several factors that could lead to variations
in the damage indicated by the present results in both
cell viability and the comet assay. It was observed that
compounds 5 and 6 led to greater damage to the genetic
material than did the final compound. Compounds 1, 2 and
6 contain in their chemical structures an electronegative
moiety (bromine) despite the benzothiadiazole group
in the final compound 7. The presence of a bromine
substituent in these compounds increases the possibility
that a tautomeric change will occur. If 5-bromouracil
(5-BU) is incorporated in place of thymine and a
tautomeric change to the enol form occurs, the 5-BU

will pair with guanine which, after a round of replication,
will result in a transition of A=T to G=C. In addition, the
presence of 5-BU in DNA increases the sensitivity of the
molecule to UV light, which is itself mutagenic. Bromine
has been shown to be carcinogenic in rats, hamsters and
mice.*36-63 Additionally, its mutagenic effects in several
in vitro®%® and in vivo®’ test systems have been verified.
The mechanisms underlying the genotoxicity of bromine
are only partially understood. Thus, it is important to
evaluate the genotoxic action of compounds that are used
in the production of photovoltaic paint.

Figure 5 shows the data for the cell viability and the
DNA damage index and damage frequency obtained in vitro
for blood cells that are exposed to the final (D-n-A-n-D)
photoactive compound synthesized according to Scheme 1.
The cell viability was not significantly different for the
exposure times tested at any of the concentrations of the
photoactive benzothiadiazole dye.

With regard to the damage index, at concentration 1 after
2, 6 and 24 h of exposure, the DI resulted in a significant
difference compared to the negative control and compared
to the values obtained for concentrations 2 and 3 after 2, 6
and 12 h of exposure. Additionally, for exposure times of 2, 6
and 12 h, the DI differed statistically from the value obtained
at 24 h at the highest concentration (concentration 1). For
2 h of exposure, the DI values obtained at concentrations
2 and 3 differed from the negative control, while after 6 h,
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only the DI obtained at concentration 2 differed from the
negative control. The DI for an exposure time of 6 h exhibited
a statistically significant difference compared to that obtained
after 24 h at concentration 2.

In the case of the DF parameter that was evaluated in the
comet assay, the highest concentration after the first three
exposure times demonstrated significantly greater damage
compared to the negative control, from which the results for
concentration 2 after 2 and 6 h of exposure also differed, and
for those for concentration 3 after 6 and 12 h of exposure.
After 24 h of exposure, no significant differences were
observed for any of concentrations evaluated compared
to the DI or the DF, showing that within this period, this
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Figure 5. Cell viability (top) and the DNA damage index (middle) and
damage frequency (bottom) obtained in vitro for blood cells exposed to
compound 7 at three concentrations (conc. 1-3: 2, 1 and 0.5 mg of 7,
respectively) and for four exposure times obtained using the comet assay.
Data are expressed as average =+ standard deviation. *p < 0.05 difference
compared to the negative control, with the same exposure time, two-
way ANOVA 2, post hoc Bonferroni; °p < 0.05 difference compared to
concentration 2, with the same exposure time and concentration, two-way
ANOVA 2, post hoc Bonferroni; p < 0.05 difference compared to
concentration 3, with the same exposure time and concentration, two-way
ANOVA 2, post hoc Bonferroni; %p < 0.05 difference compared to 24 h of
exposure at the same concentration, two-way ANOVA, post hoc Bonferroni.
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compound did not produce genotoxicity at any of the
concentrations tested.

Figure 6 reports the results for compounds 1 and §,
which begin the series in the synthetic route, together with
compound 7, which is the final product, i.e., the photoactive
(D-n-A-w-D) benzothiadiazole derivative with potential
application in photovoltaic paints. This figure shows
that from the cell viability and the parameters evaluated
in the comet assay, as the compounds pass through the
synthetic route they lose toxicity, with the final compound 7
exhibiting no sign of toxicity.

The results of this study show that blood samples in
contact with compound 7 remain viable, exhibiting no
significant difference compared to the negative control,
and the DI and DF were of minimal significance, even
at the highest concentration of the compound. It is worth
mentioning that at the lowest concentration, no cytotoxic
effect was observed.
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Figure 6. Comparison of the parameters obtained for the final compound 7
and respective precursors 1 and 5.
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In addition, there was almost no genotoxic damage to the
exposed cells, even though concentration 3 is much higher
than that used in paint compositions. Although the initial
compounds were found to be extremely damaging to DNA,
the results of cell viability and comet assay demonstrate that
the final compound 7 is almost inert to the genetic material.
Although epidemiological studies have demonstrated the
role of environmental factors in a wide range of human
carcinomas, the exact mechanisms by which environmental
exposure leads to the development and progression of cancer
remain poorly understood. It is only with recent advances in
the area of genome studies that the molecular mechanisms
associated with environmental influences are beginning to
unfold. One of the main problems related to the interpretation
of studies on biomonitoring is estimating the degree of
exposure. Possible abuse or inappropriate use can lead to
significant levels of exposure.®

Conclusions

A m-conjugated quadrupolar compound (D-n-A-1t-D)
with potential applications in optoelectronic devices and
as dyes in photovoltaic paints was synthesized with a good
yield and was fully characterized. The ability of the obtained
compound to interact with CT-DNA was characterized
using circular dichroism analysis, which produced positive
results. Once it was determined that an interaction occurs,
the compound and respective intermediates were evaluated
in vitro at three different concentrations and four exposure
times using the comet assay. It was demonstrated that the
final compound does not decrease cell viability or damage
DNA according to the damage index and damage frequency
that were obtained in in vitro tests on blood cells. Thus, it
can be concluded that this new fluorophore does not produce
toxicity. The same was demonstrated for the intermediate
compounds, as no toxic or genotoxic activity was observed.
These results indicate that the intermediate compounds, as
well as the fluorophore containing the 2,1,3-benzothiadiazole
unit with alkylated tetrazole terminal groups, can be used
safely in synthetic processes and in manufacturing as a dye
for paints, photovoltaic devices, OLEDs and other functional
materials.
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