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Investigação Sobre a Interação entre os Complexos de Rutênio 
Trinucleares μ-oxo e o DNA

Sofia Nikolaou,*,a  Otávio A. Chaves,*,b,c  Renan R. Bertoloni,a  Bernardo A. Iglesias*,c

The μ-Oxo-trinuclear ruthenium acetates are promising metallodrug candidates and have been evaluated 
for their cytotoxicity against certain cancer cell lines, as well as for their anti-parasitic activity against 
T. cruzi and vasodilator profile. Therefore, the interaction between fish sperm deoxyribonucleic acid 
(fs-DNA) and the clusters [Ru3O(CH3COO)6(pic)3]PF6 (1), [Ru3O(CH3COO)6(pic)2(H2O)]PF6 (2), 
[Ru3O(CH3COO)6(pic)2(CO)] (3), [Ru3O(CH3COO)6(py)2(H2O)]PF6 (4), and [Ru3O(CH3COO)6(H2O)3]PF6 (5)  
(pic  3-picoline; py  pyridine) was evaluated by steady-state fluorescence and viscosity measurements 
and molecular docking calculations. The capacity of compounds 1-5 to displace the probes ethidium 
bromide (EB), acridine orange (AO), 4’,6-diamidino-2-phenylindole (DAPI), and methyl green (MG) 
was moderate to weak, with Stern-Volmer quenching constant (Ksv) values in the order of 103 to 104 M-1. 
The highest constants consistently occurred for the DAPI probe, indicating that all compounds are minor 
groove binders, agreeing with the molecular docking trend, which also showed that van der Waals forces 
were mostly responsible for the interaction. Compounds 2, 4, and 5, containing a labile water molecule 
in their structure, moderately changed the fs-DNA viscosity, signaling the possibility of coordinative 
binding. Finally, variation in hydrophobicity (presence or absence of a methyl group in the structure of 
the ligands) and charge did not lead to significant differences in the interaction profile.

Keywords: μ-oxo clusters; ruthenium; fs-DNA; metallodrugs; medicinal inorganic chemistry.

1. Introduction

Ruthenium compounds are extensively studied within coordination chemistry due to their 
application in a variety of areas, whether as catalysts, photosensitizers, or metallodrugs.1–3 
Among this last category, a class of ruthenium compounds that stands out are the μ-oxo trinuclear 
ruthenium acetate clusters, which have the general formula [Ru3O(CH3COO)6(L)3]n (L = H2O, 
MeOH, DMSO, N-heterocycles, phosphines, CO or NO, with n = 0 or +1). For complexes 
with the same core structure (Figure 1), which are also common for other transition metals, the 
striking feature of the ruthenium case is the high electronic delocalization between the three 
metal ions and the μ-oxo bridge. The relative size of the Ru(III) and O2– ions leads to effective 
orbital mixing, providing high electronic delocalization within the metallic unit, which is well 
described as an equilateral triangle. On the other hand, complexes with very π-acid ligands, 
such as carbon monoxide, tend to have lower electronic delocalization, since the coordination 
of this type of ligand requires the reduction of one of the three Ru ions to Ru(II) and usually 
promotes valence trapping due to the π-backbonding that takes place. Therefore, in carbonyl 
clusters in particular, there is a structural distortion to an isosceles triangle. These structural 
features generate distinct redox and electronic properties.4,5 

In the last ten years, our research group has been working systematically on the 
biological properties of such compounds and has shown that they have anti-cancer, 
trypanocidal, and vasorelaxant activities.5 When it comes to biotargets, our interest turned 
to their possible interaction with plasma proteins and deoxyribonucleic acid (DNA). Within 
the species investigated so far, we found that the interaction of this class of coordination 
complexes with human serum albumin (HSA) is strong, depending on structural features 
such as ancillary ligands and charge.6–8 Additionally, the interaction with DNA was strong 
(DNA intercalator) for the trinuclear ruthenium complexes containing phenazine, e.g.,  
[Ru3O(CH3COO)5(phenazine)(py)2]PF6.9 

Varying ancillary ligands (represented by L in the general molecular formula) can significantly 
change the electronic properties of these compounds,5, 6 as well as their ability to engage in weak 
interactions with other biomacromolecules. Our research aims to develop metallodrug candidates 
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based on μ-oxo trinuclear ruthenium acetate clusters. In 
this sense, DNA is an important biological target. Thus, the 
present study intends to conduct a preliminary evaluation 
of the interaction between a specially designed series of 
clusters (Figure 1) and fs-DNA. Ultimately, we will be able 
to conclude whether it is relevant to consider DNA as a target 
for our compounds. The series [Ru3O(CH3COO)6(pic)3]
P F 6  ( 1 ) ,  [ R u 3 O ( C H 3 C O O ) 6 ( p i c ) 2 ( H 2 O ) ]
P F 6 ( 2 ) ,  [ R u 3O ( C H 3C O O ) 6( p i c ) 2( C O ) ]  ( 3 ) , 
[ R u 3 O ( C H 3 C O O ) 6 ( p y ) 2 ( H 2 O ) ] P F 6  ( 4 ) ,  a n d 
[Ru3O(CH3COO)6(H2O)3]PF6 (5) (pic    3-picoline; 
py  = pyridine) was proposed to verify the influence of 
different ancillary ligands, namely water labile molecules; 
N-heterocyclic ligands (pyridine or 3-picoline) and CO. The 
presence of the carbonyl ligand imposes the reduction of one 
of the Ru(III) ions, making the respective complex neutral 
compared to the others, all of which have a +1 charge. 
Our strategy was to evaluate the ability of compounds 1-5 
to displace the dyes ethidium bromide (EB), acridine 
orange (AO), 4’,6-diamidino-2-phenylindole (DAPI), and 
methyl green (MG) from the fs-DNA structure, since EB 
and AO are known intercalators, while DAPI and MG are 
minor and major groove binders, respectively.10–13 Finally, 
to offer a molecular-level explanation for the binding trend 
and interactive forces, molecular docking calculations were 
carried out.

2. Materials and Methods

All reagents employed in this work were analytical 
grade, purchased from Merck KGaA company (Darmstadt, 
Germany) and used as received. The μ-oxo trinuclear 

ruthenium acetate clusters 1-5 were synthesized by standard 
literature methods and were the same solids reported 
elsewhere.14,15

The competitive binding assays for fs-DNA by steady-
state fluorescence emission analysis were performed as 
follow: solution of compounds 1-5 (0 to 100 µM) were 
gradually added to mixtures of fs-DNA (1.0 µM) and one 
of the following dyes: ethidium bromide (EB; general 
intercalator; 10 µM; λexc  531 nm, λem  550-850 nm), acridine 
orange (AO; A-T rich intercalator; 10 µM; λexc   492 nm, 
λem  500-800 nm), 4’,6-diamidino-2- phenylindole (DAPI; 
minor groove binder; 10 µM; λexc  359 nm, λem  390-700 nm), 
and methyl green (MG; major groove binder; 10 µM; 
λexc  395 nm, λem  390-650 nm). All solutions were prepared 
in Tris-HCl buffer, pH  7.4, 0.1 M NaCl, with 5% DMSO. 
The fluorescence spectra were recorded on a Horiba Yvon 
Fluoromax plus spectrofluorimeter (em/exc slit 5.0 nm). The 
dye:fs-DNA adducts solutions were incubated for 3 minutes 
after the addition of compounds 1-5. The Stern‑Volmer 
quenching constant (KSV) and the bimolecular quenching 
rate constant (kq) for each compound were calculated 
according to the Stern-Volmer approximation (Equation 
(1)):

	 	 (1)

where F0 and F are the steady-state fluorescence emission 
intensities in the absence and presence of the quencher, 
respectively. The τ0 and [Q] represent the lifetime of the 
dye:DNA adduct (EB  23.0 ns; AO  2.20 ns, DAPI  1.70 ns, 
and MG  2.80 ns)10–13 and the concentration of the quencher, 
respectively. According to the equation, KSV values are 

Figure 1. Chemical structure of μ-oxo trinuclear ruthenium acetate clusters studied in this work
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calculated from the slope of a F0/F vs [Q] plot (Stern-Volmer 
plot), and kq is the ratio KSV/τ0.

Viscosity measurements were performed using an 
Ostwald viscometer immersed in a water bath at 298 K. The 
fs-DNA concentration was kept constant in all samples, and 
the concentration of compounds 1-5 varied from 0 to 50 µM 
in a Tris-HCl buffer solution (pH  7.4) with 5% DMSO. 
The flow time was measured at least in triplicate with a 
digital stopwatch, and the average value was calculated. 
Data are presented as a plot of (η/η0)1/3 vs [compound]/
[fs-DNA], where η and η0 are the specific viscosities of 
fs-DNA in the presence and absence of compounds 1-5, 
respectively. The values of η and η0 were calculated from 
the expression (t – tb)/tb, where t is the flow time for each 
sample and tb is the buffer flow time. The relative viscosity 
of fs-DNA was calculated by η/η0.16

The crystallographic structure of DNA was obtained from 
the Protein Data Bank (PDB code: 1BNA).17 The chemical 
structure for complexes 1-5 was built and minimized in terms 
of energy by Density Functional Theory (DFT), available 
in the Spartan’18 software (Wavefunction, Inc., Irvine, CA, 
USA).18 The molecular docking calculations for the ligands 
in the biomacromolecule model were performed with 
GOLD 2020.2 software (Cambridge Crystallographic Data 
Centre, Cambridge, CB2 1EZ, UK).19 Hydrogen atoms were 
added to the DNA strands following tautomeric states and 
ionization data inferred by the software. The DNA structure 
presents two possible binding sites (major and minor 
grooves)20 which were explored in the docking calculations 
via a 10 Å radius around each groove. ChemPLP was used 
as a scoring function, which is the default function of GOLD 
2020.2 software that has the best correlation of in silico and 
in vitro data on the interaction between inorganic complexes 
and DNA.21–23 The figures representing the docking poses 
for the largest docking score value were generated with the 
PyMOL Delano Scientific LLC program.24

3. Results and Discussion

The series of compounds shown in Figure 1 was 
designed to evaluate the following points: Labile sites: 
Compounds 2, 4, and 5, which have labile water molecules 
in their peripheral positions, are the ones that could bind 
to the nucleobases of the DNA structure. Therefore, 
comparing their interaction profile with that of compounds 
1 and 3 should allow us to evaluate this possibility. The 
role of charge: Charged complexes have the possibility 
of interacting electrostatically with the external phosphate 
skeleton of the DNA structure. By comparing neutral 
compound 3 with the other ones (all of them +1 charged 
species), we intend to assess the interaction of neutral and 
charged compounds of this class. The role of methylation: 
The literature discusses that the presence of methyl groups 
as substituents increases the hydrophobicity of a given 
chemical species.25 This effect, in turn, could improve their 

interactions with biomolecules of interest. We therefore 
intend to probe the impact of methylation by comparing 
compounds 1-3 with compound 4. To achieve this aim, we 
performed an investigation into DNA interaction using a 
competitive dye:fs-DNA study, viscosimetry, and molecular 
docking.

Figure 2 depicts the changes in the steady-state 
fluorescence emission spectra of dye:fs-DNA solutions upon 
successive additions of complex 4, taken as a representative 
example (data for the other compounds and the Stern-Volmer 
plots are available in the Supplementary Information file, as 
Figures S1 to S40). The Stern-Volmer quenching constant 
(KSV) values are shown in Table 1. Ethidium bromide (EB) 
and acridine orange (AO) were used as intercalator probes, 
while 4’,6-diamidino-2-phenyl-indole (DAPI) and methyl 
green (MG) were used as minor and major groove markers, 
respectively.

In all cases, the steady-state fluorescence emission of 
the dye:fs-DNA adducts was partially quenched with the 
addition of the complexes, showing a competition between 
compounds 1-5 and the dyes for the fs-DNA interaction 
sites. Besides the decrease in fluorescence emission 
intensity, no red or blue shifts were observed (Figure  2 
and Figures S1‑S20), and the Ksv values range from 
103 to 104 M-1 (Table 1, Figures 2 and S21-S40). The fact 
that the kq are two to three orders of magnitude greater than 
the mean diffusion coefficient value for biomacromolecules 
(kdiff  7.40 × 109 M-1.s-1 at 298K, according to Smoluchowski-
Stokes-Einstein theory),26 suggests that the interaction 
between compounds 1-5 and fs-DNA occurs through a 
static mechanism. From a structural point of view of the 
inorganic complexes, none of them has in their structures 
large planar and conjugated fragments, although pyridine 
and 3-picoline have π–clouds available to engage in stacking 
interactions between the nucleobases of DNA. Therefore, 
these compounds are not expected to be good DNA 
intercalators. They are also charged (except compound 3) 
and, especially in the case of compound 5, tend to be more 
hydrophilic species. Accordingly, the highest Ksv values (in 
the order of 104 M-1) and quenching capacities of over 50% 
(as measured by the Q parameter, Table 1) were observed 
for the DAPI probe, indicating that the clusters are good 
minor groove binders, not intercalators, agreeing with the 
molecular docking trend (Table 2). The only exception was 
compound 4 ([Ru3O(CH3COO)6(py)2(H2O)]PF6), which was 
able to quench 63% of the emission of the EB intercalation 
probe, indicating the possible intercalation of 4 with fs-DNA 
via minor groove approximation.

It is known that the viscosity of a DNA solution is 
dependent on its double helix arrangement in solution. 
When an intercalating molecule interacts with DNA, the 
double helix structure is disturbed, leading to an increase 
in DNA viscosity. This technique is considered superior 
to spectrophotometric titration because it is a direct 
measure of the compound:DNA interaction, assessing 
the presence or absence of the intercalation process.27,28 
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The results obtained for the interaction of compounds 1-5 
are presented in Figure 3. For comparison purposes, the 
reference compounds EB, AO, and [Ru(bpy)3]2+ were also 
investigated.

Based on the variation in the viscosity of the fs-
DNA:cluster adducts (Figure 3), none of the compounds 
proved to be good intercalators, in agreement with the 
steady-state fluorescence emission results. Compounds 1 
and 3 showed profiles overlapping with that of the 
[Ru(bpy)3]Cl2 complex, a known standard for electrostatic 
interaction.9 Surprisingly, the three species with water in 
their structures constitute an intermediate group, with an 
effect still much lower than that of typical intercalators such 
as EB and AO, but high enough to significantly modify the 
viscosity of the fs-DNA (Figure 3).

Compound 4 is the inorganic complex that had the 
most significant modification on the viscosity of fs-DNA, 
supporting the trend identified from the steady-state 
fluorescence data on dye-displacement assays. Despite 
their small size, both pyridine (present in compound 4) and 
3-picoline (present in compound 2) ligands are aromatic 
organic molecules prone to interact with the nucleobases 
of fs-DNA. However, this interaction might be unfavorable 

in the case of the 3-picoline ligand, mainly due to the 
steric hindrance of the methyl group.25 On the other hand, 
pyridine could be a feasible moiety for stacking interaction 
with DNA. 

To aid the evaluation of the interaction mode between 
compounds 1-5 and DNA, in silico studies via molecular 
docking calculations were carried out. Table 2 shows the 
docking score values for DNA:compound into major and 
minor grooves. The docking score value (dimensionless) 
of each pose includes intramolecular tensions in the 
ligand and intermolecular interactions being considered 
as the negative value of the sum of energy terms involved 
in the macromolecule-ligand association; thus, the more 
positive the score suggest better the interactive profile.19,21 
Figure 4 depicts the best docking pose for the interaction 
between DNA (minor groove) and compound 1-5, and 
Table 3 summarizes the main nucleobases, as well as 
their intermolecular forces and distances involved in the 
interaction process.

According to the in silico results all the compounds 
might interact with DNA structure, being accommodated 
mainly inside the minor groove (in about twenty to thirty 
punctuations higher than in the major groove, e.g. for 

Figure 2. Steady-state fluorescence emission spectra for the interaction between fs-DNA and complex 4 in a DMSO (5%)/Tris-HCl pH 7.4 
buffer mixture solution in the presence of (a) AO, (b) DAPI, (c) EB, and (d) MG dyes. Inset: Stern-Volmer plot  

for the interaction fs‑DNA:dyes:compound 4 at the maximum fluorescence emission.  
[fs-DNA]  1 µm, [AO]  [DAPI]  [EB]  [MG]  10 µm and [compound 4]  0 to 100 µM
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Table 1. Binding parameters for the competitive assays between fs-DNA:compounds and dyes (AO, DAPI, 
EB, and MG)

AO:fs-DNA

Compound Q(%)a KSV (× 103 M-1)b kq (× 1011 M-1 s-1)c

1 10.2 1.19 5.4

2 29.1 3.54 16.1

3 10.1 7.64 34.7

4 31.6 7.03 32.0

5 7.6 5.19 23.6

DAPI:fs-DNA

Compound Q(%)a KSV (× 103 M-1)b kq (× 1011 M-1 s-1)c

1 60.5 16.4 96.5

2 71.3 20.1 118.2

3 60.5 15.9 93.5

4 64.1 15.3 90.0

5 60.5 14.8 87.1

EB:fs-DNA

Compound Q(%)a KSV (× 103 M-1)b kq (× 1011 M-1 s-1)e

1 21.7 2.23 0.97

2 19.8 1.42 0.62

3 20.7 2.41 1.05

4 63.3 4.61 2.00

5 33.8 15.1 6.57

MG:fs-DNA

Compound Q(%)a KSV (× 103 M-1)b kq (× 1011 M-1 s-1)f

1 27.5 3.57 12.8

2 33.0 5.34 19.1

3 31.0 3.78 13.5

4 28.2 3.88 13.9

5 36.8 3.97 14.2

aQ(%)  (Eminitial – Emfinal)/(Eminitial) × 100; bStern-Volmer quenching constant; cBimolecular quenching rate 
constant (AO: τ0  2.20 ns); dBimolecular quenching rate constant (DAPI: τ0  1.70 ns); eBimolecular quenching 
rate constant (EB: τ0  23.0 ns); fBimolecular quenching rate constant (MG: τ0  2.8 ns).

Table 2. Molecular docking score values (dimensionless) for the interaction 
between DNA and compounds 1-5 and dyes into the major and minor 
grooves of DNA

Compound Major Groove Minor Groove

1 20.1 41.9

2 16.2 38.8

3 17.0 39.5

4 18.3 43.1

5 10.1 28.2

AO23 68.1 50.2

DAPI23 ------ 81.5

EB21 65.3 36.7

MG23 28.3 ------ Figure 3. Effect of increasing concentration of compounds 1-5 on the 
relative viscosity of fs-DNA at 298 K
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DNA:2 is 16.2 and 38.8 dimensionless for major and minor 
grooves, respectively), agreeing with the experimental 
trend described in this work (dye-displacement assays 
in Table  1). The highest docking score values in the 
minor groove were obtained for the inorganic complex 
4, probably due to its capacity to be more buried into the 
DNA strands, as previously identified by the experimental 
trend on the capacity of 4 to quench 63% of the emission 
of the EB intercalation probe (Table 1). On the other hand, 
the lowest docking score value into the minor groove 
was obtained for the inorganic complex 5, highlighting 
the importance of pyridine or 3-picoline moieties in the 
interactive profile with DNA. From literature, it has already 
been reported experimentally and in silico analysis that 
some Ru(II) complexes, e.g., [Ru(bpy)2Cl]+-porphyrins, 
[Ru2(bpy)4(bip‑phenol)]4+, and [{(bpy)2Ru}2(4-azo)]4+ can 
interact with the minor groove of DNA.29–31 Additionally, 

molecular docking results suggested van der Waals forces 
(a type of weak electrostatic interaction) as the main 
intermolecular forces involved in the binding process, as 
an example, inside the minor groove of DNA strands, the 
chemical structure of the inorganic complex 1 can interact 
via van der Waals forces with four nucleobase residues: DG-
04, DA-05, DC-21, and DG-22 within 2.80, 2.10, 2.90, and 
3.60 Å, respectively, being supported by the experimental 
viscosity assays (Figure 3) described above.

Interestingly, the molecular docking results did not 
identify any hydrogen bonding contributions to the DNA:1-
5 interaction (see Table 3), including for aquo compounds 
2, 4 and 5. These observations provide an alternative 
explanation to intercalation for the release of EB into the 
solution, as evidenced by the quenching of 63% of its 
emission and a modest increase in DNA viscosity, both of 
which were caused by compound 4. The main role of the 
coordinated water molecules may not be to facilitate weak 
interactions through hydrogen bonds; rather, they may be 
exchanged in the coordination sphere of the corresponding 
ruthenium ion through a coordinative interaction with a 
nitrogenous base residue, as suggested by the docking 
pose obtained for DNA:5 (Figure 4E). Alternatively, 
they may create a different polarity environment to favor 
interaction with DNA driven by the hydrophobic moiety 

Table 3. Molecular docking results for the interaction between DNA and 
compounds 1-5 in the minor groove

Compound
Nucleobase 

Residues
Interaction Distance (Å)

1

DG-04 Van der Waals 2.80

DA-05 Van der Waals 2.10

DC-21 Van der Waals 2.90

DG-22 Van der Waals 3.60

2

DG-04 Van der Waals 3.70

DA-05 Van der Waals 3.70

DA-06 Van der Waals 3.30

DT-20 Van der Waals 2.90

DC-21 Van der Waals 2.80

3

DG-04 Van der Waals 2.80

DA-05 Van der Waals 2.10

DA-06 Van der Waals 3.50

DT-20 Van der Waals 3.10

DC-21 Van der Waals 2.80

4

DG-04 Van der Waals 1.90

DA-05 Van der Waals 1.80

DA-06 Van der Waals 2.80

DT-20 Van der Waals 3.00

DC-21 Van der Waals 3.70

5

DA-05 Van der Waals 3.20

DA-06 Van der Waals 3.50

DT-20 Van der Waals 3.40

DC-21 Van der Waals 3.00

Figure 4. Best docking pose (ChemPLP function) for the interaction 
between (A) DNA:1, (B) DNA:2, (C) DNA:3, (D) DNA:4, and  

(E) DNA:5 in the minor groove. Selected nitrogenated bases are in stick 
representation in cyan color, while 1, 2, 3, 4, and 5 are represented in 
brown, purple, beige, gray, and violet colors, respectively. Elements’ 

color: hydrogen: white; oxygen: red; nitrogen: dark blue; and 
ruthenium: green
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of the inorganic complex, as suggested by the docking 
poses obtained for DNA:2 and DNA:4 (Figures 4B and 4D, 
respectively). Therefore, the double helix of the fs-DNA 
would be disturbed, resulting in a change in viscosity, as 
illustrated in Figure 3. In any case, further investigation 
is needed to fully assign the interactions of the aquo 
complexes 2, 4, and 5.

Overall, considering the low variance of the experimental 
Ksv values in the presence of DAPI probe, the methylation 
of the ancillary ligands did not significantly change the 
intensity or the nature of their interaction with fs-DNA 
when comparing picoline to pyridine. The exception lies 
in the aquo compound 5 ([Ru3O(CH3COO)6(H2O)3]PF6), in 
which the absence of any N-heterocyclic ligand lowers the 
score. Finally, in our experimental conditions, the charge 
also did not imply any change in the type and intensity of 
interaction with the fs-DNA, since compound 3, the only 
neutral species, did not show any deviation from the pattern 
of behavior observed for the other examples in the series.

4. Conclusions

In this work, we intended to evaluate the interaction 
of some representative examples of μ-oxo trinuclear 
ruthenium acetate clusters with fs-DNA. Our strategy was 
to verify it by molecular docking calculations, fs-DNA 
viscosity measurements, and the capacity of compounds 1-5 
to displace the intercalation probes EB and AO, or the 
groove binder probes DAPI and MG (minor and major 
grooves, respectively). This series was designed to verify 
the influence of aspects such as ligand lability, complex 
charge, and hydrophobicity. We demonstrated that these 
compounds are weak interacting molecules, with Stern-
Volmer quenching constant (Ksv) values in the order of 103 
to 104 M-1. All the compounds investigated in this work 
are minor groove binders, as probed by the highest Ksv 
values for the displacement of DAPI, corroborating the 
molecular docking trend. It was also shown that van der 
Waals forces are the main responsible for the interaction. 
In the case of compounds 2, 4, and 5, which contain labile 
water molecules in their structure, the fs-DNA viscosity 
is moderately changed, suggesting the possibility of 
coordinative interactions occurring and consequent 
alteration in the double-helix conformation of fs-DNA. 
Variation in hydrophobicity, addressed by the presence 
or absence of a methyl group in the picoline and pyridine 
ligands, respectively, and variation in charge did not lead to 
differences in the observed interaction profile. 

Supplementary Information

The following supporting information can be downloaded 
at https://rvq.sbq.org.br/, Figures S1 to S20: Steady-state 
fluorescence emission spectra for dyes: fs-DNA adducts 

in the presence and absence of variable concentrations of 
compounds 1-5; Figures S20 to S40: The Stern-Volmer 
plots for the corresponding fluorescence quenching data.
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