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Abstract

The complexes cis-[Ru(dmbpy),Cl(bpy)](PFs) (Rubpy) and cis-[Ru(dmbpy),Cl(bpe)](PF¢)
(Rubpe) (dmbpy = 4,4’-Dimethyl-2,2’-dipyridyl, bpy= 4,4’-dipyridyl and bpe = 1,2-bis(4-
pyridyl)ethane) were synthesized and spectroelectrochemically characterized. Both Ru(Il)
complexes exhibited absorption bands assigned to intraligand and metal-to-ligand charge
transfer (MLCT) transitions, and their spectral stability in PBS buffer (pH 7.4) supports
their suitability for biological studies involving biomolecules or living cells. Fluorescence
quenching assays revealed strong interactions with bovine serum albumin (BSA), with
binding constants (Kp) values were 2.89 x 10° M~! for Rubpy and 1.97 x 10° M~ for
Rubpe, and a stoichiometry of one binding site per albumin molecule. DNA-binding studies
demonstrated non-covalent interactions with ss-DNA, evidenced by a hyperchromic effect
in the MLCT bands, suggesting a partial intercalation or groove-binding mechanism.
Cellular uptake assays indicated moderate incorporation of both complexes in tumor cells,
with uptake levels of 52% (Rubpy) and 47% (Rubpe) in HeLa cells, and 42% (Rubpy) and
32% (Rubpe) in MDA-MB-231 cells. Despite the similar uptake profiles, cytotoxicity assays
showed that Rubpe is approximately 2.4 times more potent than Rubpy, with ICs, values
of 9 uM (HeLa) and 12 pM (MDA-MB-231), compared to 22 pM and 29 uM for Rubpy,
respectively. These results highlight the relevance of these Ru(II) complexes as molecular
platforms for exploring structure—activity relationships in anticancer agents.

Keywords: ruthenium(Il) polypyridine; albumin (BSA); cellular toxicity; biomolecule
interaction

1. Introduction

Although platinum(II)-based anticancer compounds have achieved significant success
in clinical oncology, their prolonged use is often associated with severe limitations, includ-
ing increased drug efflux, reduced cellular uptake, rapid DNA repair, and poor tumor
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selectivity, ultimately contributing to drug resistance [1]. As alternatives, ruthenium-based
complexes have been identified as promising candidates due to their distinct chemical
properties and biological behavior [2]. In particular, Ru(Il) polypyridine complexes have
attracted considerable attention because of their lower toxicity, slower ligand dissociation,
reduced resistance development, strong interactions with biomacromolecules, and cytotoxic
activity in various cancer models [2-5]. Several Ru-based agents have progressed to clini-
cal evaluation, including the Ru(III) compounds NAMI-A and KP1019/KP1339, and the
Ru(II) phototherapeutic TLD1433 [2]. While NAMI-A showed limited efficacy in phase II
trials, KP1019’s solubility issues were overcome in its sodium derivative BOLD-100, which
has demonstrated clinical activity and is currently in global phase II trials for gastroin-
testinal cancers [6,7]. Meanwhile, TLD1433 advanced to phase II investigations for the
photodynamic treatment of bladder cancer [8].

The antitumor properties of Ru(ll) complexes are highly dependent on ligand design,
coordination geometry, and the presence of labile sites within the metal center. Subtle
modifications in ligand electronics or sterics can significantly alter DNA and protein in-
teractions [9]. For example, complexes of the type [Ru(R-tpy)(LL)CI]"* (R = Chloro or
4-chlorophenyl; LL = bidentate ligand) exhibit strong cytotoxic activity against multiple
tumor cell lines, where the aromaticity of the terpyridine substituent has been shown to
enhance biological activity [9-11]. Similar trends have been observed for mixed-ligand
complexes such as [Ru(ppy)(phen)(NCCH3),]* and [Ru(bpy)(ppy)(dppz)]*, whose hy-
drophobic ligands facilitate rapid cellular uptake and nuclear accumulation [12]. Overall,
Ru(II) polypyridyl complexes containing hydrophobic bidentate ligands such as bpy, phen,
or derivatives often display higher cytotoxicity due to enhanced membrane permeability
and intracellular accumulation [5,9,12,13].

The biological activity of ruthenium complexes is influenced not only by interactions
with DNA but also by their ability to bind proteins [14,15]. Protein binding plays a cen-
tral role in drug pharmacokinetics and distribution, and regulatory agencies such as the
FDA require early-stage evaluation of protein interactions during drug development [16].
Serum albumin, which is highly abundant in plasma, is particularly important because it
modulates drug transport, bioavailability, and accumulation in tumor tissues [2]. Conse-
quently, BSA is commonly used as a model for studying protein binding and its implications
for cytotoxicitys [14].

Inspired by the relevance of ligand-controlled structure-activity relationships in
Ru(Il) polypyridyl scaffolds, we examined two complexes differing only in their ancil-
lary ligands (Figure 1) as potential antitumor candidates: cis-[Ru(dmbpy),Cl(bpy)](PFs)
(or Rubpy) and cis-[Ru(dmbpy),Cl(bpe)](PF) (or Rubpe) (dmbpy = 4,4’-Dimethyl-2,2’-
bipyridyl, bpy =4,4'-bipyridyl and bpe = 1,2-bis(4-pyridyl)ethane)). Although Ru(II)
polypyridyl complexes have been widely studied, direct comparisons that isolate the
influence of ligand rigidity and m-surface, such as the rigid, fully conjugated bpy versus
the flexible, reduced-m bpe, remain limited. These ligands provide a minimal and well-
defined structural variation, enabling a controlled assessment of how such differences affect
biomolecular interactions and cellular responses. From a structure—property perspective,
bpy offers a rigid m-conjugated platform that favors 7-stacking with nucleic acids, whereas
bpe provides greater conformational freedom and a reduced aromatic surface, features that
may influence hydrophobic partition, membrane interactions, and intracellular reorganiza-
tion. This framework establishes the rationale for interpreting the distinct biomolecular
and cytotoxic behaviors observed for Rubpy and Rubpe.
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Figure 1. Chemical structures of studied Ru(I) complexes. (A) cis-[Ru(dmbpy),Cl(bpy)](PF¢) (or
Rubpy) and (B) cis-[Ru(dmbpy),Cl(bpe)](PFs) (or Rubpe). dmbpy = 4,4'-Dimethyl-2,2’-bipyridyl,
bpy = 4,4'-dipyridyl and bpe = 1,2-bis(4-pyridyl)ethane.

2. Results and Discussion

2.1. Characterization and Physicochemical Properties
2.1.1. Electronic Structure and Redox Properties of the Ru(II) Complexes

To gain insight into the physicochemical behavior of Rubpy and Rubpe and to ensure
the integrity of the species investigated in biomolecular and cellular assays, we first exam-
ined their electronic, redox, and spectroelectrochemical properties, as well as their stability
under aqueous and physiological conditions.

Both complexes display the characteristic absorption profile of Ru(Il) polypyridyl
scaffolds (Figure 2A), with intense intraligand t—7* transitions near 292 nm and broad
metal-to-ligand charge transfer (MLCT) bands centered around 400-460 nm. These features
arise from Ru(Il)—7* transitions involving the coordinated polypyridyl ligands and are
fully consistent with previously reported Ru(Il) complexes of similar composition [17]. The
electrochemical behavior also follows the expected pattern for this family of compounds:
cyclic voltammograms reveal a reversible Ru(IIl) /Ru(II) oxidation at E; , ~ 0.81-0.83 V,
followed by two ligand-centered reductions at negative potentials (Figure 2B). These
reductive processes, observed at —1.38 and —1.57 V for Rubpy and at —1.29 and —1.50 V
for Rubpe, correspond to successive one-electron reductions in the bipyridyl-type ancillary
ligands (L°/~ and L~ /2~ for L = bpy or bpe), in agreement with literature data [17].
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Figure 2. (A) Electronic absorption spectra of Rubpy and Rubpe complexes in methanol solution.
(B) Cyclic voltammograms of Rubpy and Rubpe complexes in 1.0 mM of (BuyN)(ClOy4) in DME, at
scan rate of 100 mVs 1.
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Spectroelectrochemical measurements (Figures S1-S3) further corroborate these as-
signments. Oxidation of the ruthenium center results in the extinction of the MLCT bands
between 383 and 530 nm and a decrease in the ligand-centered t—n* transition near 292 nm
(Figure S1A). Upon electrochemical reduction in cis-[Ru™(dmbpy),Cl(bpy)]** back to the
Ru(Il) form, the MLCT bands at 383 and 470 nm reappear, together with the restored
n—7* band (Figure S2A). Such reversibility is typical of inert Ru(II) complexes of the type
cis-[Ru(bpy)L(py)]™*, which are well known for their high stability and use in various
catalytic applications [18].

Reduction of the bpy or bpe ancillary ligand induces a characteristic decrease in the
intraligand absorption near 300 nm, accompanied by an increase in absorbance above
348 nm and a bathochromic shift in the MLCT bands (Figures S1B and S3B). A similar
pattern is observed in the second ligand-centered reduction (Figures S1C and S3C), with
further enhancement of low-energy transitions and attenuation of the m—7* band [17]. The
close structural similarity between Rubpy and Rubpe results in nearly identical spectro-
electrochemical profiles, with comparable redox potentials and analogous spectral changes
upon oxidation and reduction.

Notably, no redox processes were detected in the potential window between —0.24
and —0.15V, a range associated with the intracellular redox state of proliferating (—0.24 V),
apoptotic (—0.17 V), and necrotic cells (—0.15 V) [19]. The absence of redox activity in
this biologically relevant region suggests that both complexes are electrochemically stable
under typical cellular redox environments.

2.1.2. Stability of the Complexes in Aqueous and Physiological Media

Water constitutes approximately 70% of the cellular environment and acts as the pri-
mary solvent for physiological buffer systems such as phosphate-buffered saline (PBS).
Under these conditions, water molecules (H,O) and phosphate species (HPO,2~ /H,PO,4 )
may function as Lewis bases capable of coordinating to metal centers. Chloro-ruthenium
polypyridyl complexes can undergo ligand substitution reactions in aqueous media,
forming aqua species through chloride dissociation [9,20]. Therefore, evaluating the
solution stability of Rubpy and Rubpe is essential before examining their interactions
with biomacromolecules.

Both complexes were initially dissolved in minimal methanol and diluted to 60 uM in
water, and their UV-Vis spectra were monitored for 6 h (Figure S4). No changes in the MLCT
band positions were observed during this period, indicating that chloride substitution by
water did not occur [21-23]. This invariance demonstrates that both complexes exhibit
good stability in aqueous solution, supporting their suitability for biological studies in
predominantly aqueous environments.

To further assess their solution behavior, UV-Vis spectra were recorded in PBS (pH 7.4)
over 96 h. As shown in Figure 3, no shifts in the MLCT or intraligand absorption bands were
detected for either complex. In similar Ru(II) polypyridyl systems, chloride substitution
by water typically produces hypsochromic shifts in ca. 30 nm [21-23]; the absence of
such changes confirms that Rubpy and Rubpe remain intact under physiological buffer
conditions. This stability is consistent with literature reports describing slower substitution
kinetics for Ru—Cl bonds trans to m-acceptor ligands, such as dmbpy, compared to those
trans to strong o-donors like primary amines [9,20].

Because proteins contain nucleophilic amino acid residues (e.g., -NH,, -OH) capable
of coordinating to metal centers, the stability of Rubpy and Rubpe in the presence of bovine
serum albumin (BSA) was also evaluated (Figure S5). Similar to the results in PBS, no Amax
shifts were observed, indicating the absence of ligand exchange at Ru(Il). A modest decrease
in absorption intensity was detected, consistent with weak complex—protein association
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rather than ligand substitution. This hypochromic effect supports the occurrence of non-
covalent interactions with BSA, which were subsequently quantified using fluorescence
spectroscopy, a more sensitive method for evaluating binding affinity.

Having established that both complexes remain structurally and spectroscopically
stable in aqueous, physiological, and protein-containing environments, we proceeded to
investigate their interactions with serum albumin and DNA, two key biomolecular targets
involved in cellular transport, distribution, and molecular recognition.
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Figure 3. UV-Vis spectra of (A) Rubpy and (B) Rubpe in PBS buffer (pH 7.4) over a 96 h period.
[Ru complex] = 60 uM, T =25 °C.

2.2. Experimental Biomolecular Interactions
2.2.1. Interaction with Serum Albumin: Fluorescence Quenching and Binding Constants

Serum albumins represent the predominant protein fraction in blood plasma, account-
ing for around 60% of total protein and providing approximately 80% of blood osmotic
pressure [24]. This biomolecule can bind reversibly to a variety of endogenous and exoge-
nous molecules, such as drugs and other small bioactive compounds, playing an important
role in drug transport [25]. Bovine serum albumin (BSA) is the most studied protein in
biomimetic systems due to its structural homology with human serum albumin (HSA), with
an identity of approximately 76% [26]. The primary structure of BSA consists of around
580 amino acids, including tryptophan and tyrosine residues, both fluorescent [27]. The
fluorescence of bovine serum albumin is observed at 350 nm (Aex = 270 nm) primarily due
to the emission of tryptophan, as the indole molar extinction coefficient of this residue is
approximately five times greater than that of the phenyl group in the tyrosine residue [28].
Thus, the interaction between BSA and small molecules can modify the microenvironment
surrounding the secondary structure of the protein chain, typically leading to a reduction
in the fluorescence emitted by the intrinsic tryptophan group within this biomolecule [28].

As shown in Figure 4, an increase in the concentration of ruthenium complexes in
the BSA solution systems causes a gradual decrease in the macromolecule’s fluorescence
intensity. This effect is associated with the quenching of the fluorophore’s fluorescence.
The observed quenching can be credited to changes in the tertiary structure of the protein,
leading to alterations in the tryptophan environment of BSA and, therefore, indicating the
binding of each complex to albumin [28]. There are two types of fluorescence quenching
mechanisms: static and dynamic. In the former, a collision occurs between albumin and the
ruthenium compound in the ground state, resulting in the formation of a non-fluorescent
BSA-ruthenium complex. In the dynamic mechanism, the collision occurs between the
fluorophore in the excited state and the ruthenium compound, forming a complex that
returns to the ground state without emitting light. The efficiency of fluorescence quenching
is related to the Stern—Volmer constant (Kgy) by the Stern-Volmer relation (Equation (1)),
where Fy is the fluorescence intensity in the absence of the quencher, F is the fluorescence
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intensity in the presence of the quencher and [Q] is the concentration of the quencher, the
ruthenium complexes.

18
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Figure 4. Steady-state fluorescence emission spectra for the interaction between BSA and (A) Rubpy
and (B) Rubpe in PBS buffer (pH 7.4), at 25 °C. The complexes concentration ranged from 0 to 87 uM,
and BSA presented fixed concentrations at 3 M. Aexe = 280 nm, excitation and emission slits of
5.0 nm and 1.0 nm, respectively.

Figure 5 displays a graph illustrating Fy/F as a function of the concentration of the
ruthenium complexes. The data deviate from the linearity described by Equation (1),
suggesting the presence of both static and dynamic quenching phenomena [9,25,28-30].
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Figure 5. Stern-Volmer plots for the interaction (A) BSA-[Rubpy] and (B) BSA-[Rubpe].

In addition, the upward curve observed in Figure 5 is associated with a static com-
ponent in the quenching mechanism. Therefore, a factor exp(V[Q]), where V is defined
as the static quenching constant and is incorporated into the Stern—Volmer relationship
(Equation (3)), to describe both quenching modes. The constant, V was determined from a
plot of Fy/FeV[Q] versus [Q] and adjusting V until a linear plot was obtained (Figure S6).
The highest correlation coefficient was used as the criterion for linearity to obtain a pre-
cise value of V [9]. The static quenching constant (V) for compounds was 5000 L mol !
while the dynamic collisional quenching constant, Ksy was 0.61 x 10° M~ for Rubpy and
1.27 x 10° M~! for Rubpe (Table 1). Both complexes showed high values of the quenching
constant indicating their great efficiency to interact strongly with BSA.

The values of the BSA-binding constant (K;,) and the number of binding sites per albu-
min (n) were calculated (Figure 6), and the results are shown in Table 1. For both complexes,
the Ky, value was around 10°, indicating a strong interaction between the complex and
the BSA protein [31]. Rubpy exhibited a slightly higher K, value (2.89 x 10° M) than
Rubpe (1.97 x 10° M 1), suggesting a marginally stronger interaction of Rubpy compared
to Rubpe. The analysis of binding constants is highly useful for inferring how a molecular
species will be distributed in blood plasma; the binding constant considered ideal falls
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within the range of 10*-10° L mol~! [32]. Thus, the values obtained for Rubpy and Rubpe
are sufficiently high for the compounds to bind to BSA for transport, but still low enough
to allow their release from albumin upon reaching the target cells [9]. In addition, the
number of quencher binding sites (1) calculated for both the [Rubpy]-BSA and [Rubpe]-BSA
systems was approximately 1, indicating a single binding site for BSA for both complexes.

Table 1. Stern-Volmer (Ksy), binding constant (K;,) number of binding sites (1) of ruthenium(II)
complexes to BSA (3 uM) in PBS, pH 7.4 at 25 °C. Data are represented as mean =+ standard deviation
of experiments performed in duplicate.

Complexes Kgy (x10° M-1) Kp, (x10° M—1) n

Rubpy 0.61 = 0.02 2.89 £ 0.04 1.31
Rubpe 1.27 £0.08 1.97 £0.03 1.23

(A) . **1(B)

0.0+

log [(F,—F)/F]
log [(F,—F)/F]

-4.0 —

-4.5 -
log [Rubpy] (1M) log [Rubpe] (1M)

Figure 6. The plot of log [(Fy — F/F] versus log [complex] for (A) Rubpy and (B) Rubpe.

2.2.2. DNA Interaction and Binding Constants (Kj,) of Ruthenium Complexes

Beyond their interaction with albumin, which plays a central role in transport and
pharmacokinetics, we also examined the interaction of the complexes with DNA, a key
intracellular target for several metal-based therapeutics. Many clinically approved or clini-
cally investigated anticancer agents act by binding to DNA and perturbing replication and
transcription processes, making DNA-metal interactions a long-standing subject of interest
in medicinal inorganic chemistry [33-35]. Such interactions may occur covalently, requir-
ing a labile coordination site for metal-nucleobase binding, or non-covalently, through
intercalation, groove binding, or electrostatic association with the negatively charged
phosphate backbone [33-35].

The UV-Vis spectroscopy was employed to study [Ru-Complexe]-DNA interactions,
the absorbance spectra of the ruthenium compounds in the presence of various concentra-
tions of ss-DNA are shown in Figure S7. The ss-DNA biomolecule exhibited an absorption
band (260 nm), while did not exhibit absorption in the MLCT band region [36]. As with
the interaction of the complexes with BSA presented previously, no significant shift was
observed in the Amax of absorption values of the MLCT’s bands for both complexes. The
absence of MLCT band shift indicates that there is no exchange of coordinated ligands to
the metal ruthenium(Il) in the presence of ss-DNA. On the other hand, was observed a
hyperchromic effect in MLCT’s bands for both complexes (Figure S7A,B), this suggests
that the electrostatic attraction or groove binding plays a dominant role, contributing to
local destabilization of the DNA double helix [33-35]. In addition, the hypochromic ef-
fect (reduced absorbance) was associated with intercalating-type interactions arising from
m-1i-type stacking between ligands in the complex with the nitrogenous bases of DNA
for many compounds [33-35]. To conclusively support that Rubpy and Rubpe complexes
display an electrostatic interactions or interactions with the DNA groove, additional ex-
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periments still would be needed, such as viscosity, thermal denaturation and/or circular
dichroism [33-35]. Nevertheless, our research primarily focused on assessing the strength
of the interaction between [Ru-Complex] and DNA by K}, rather than the mechanism of
DNA interaction. Additionally, we employed ss-DNA as a model due to its reproducibil-
ity and well-defined optical signature in UV-Vis assays; however, we acknowledge that
binding to double-stranded DNA may differ in magnitude or mode and warrants future
biophysical analyses.

The intrinsic binding constant (Kb) was derived from the slope to the intercept ob-
tained from the plot of Ag/(A — Ay) versus 1/[DNA] (Figure S7C,D) and summarized in
Table 2. Again, Rubpy complex showed the highest K}, value with DNA, corroborating
previous data showing this compound has the highest interaction with BSA. The intrinsic
binding constant is also an important indicator of the way of interaction of a metal complex
with DNA. The K}, values for classical intercalators such as ethidium bromide (EB) and
[Ru(phen)(dppz)] (phen = 1,10-phenanthroline; dppz = dipyrido[3,2-a:2’,3’-c]phenazine)
are in the order of 106~10” M~1, and smaller values were an indicator of electrostatic and
partial intercalation type of mode of interaction, which are consistent with our previous
hypothesis observed in the absorption spectrum of the complexes in the presence of DNA
through the hyperchromic effect in the MLCT bands.

Table 2. Binding constant (Kb) of the interaction between Rubpy and Rubpe complexes and DNA.
Values represent the mean + standard error.

Complexes Ky, (x103M1)
Rubpy 147 + 0.50
Rubpe 0.13 £ 0.03

Both complexes were studied as racemic mixtures, this approach is consistent with pre-
vious studies reporting similar binding constants for A/ A enantiomers in Ru(II) polypyridyl
systems [37-47]. Although chiral ruthenium polypyridyl complexes can interact differently
with chiral biomolecules such as BSA, DNA, or RNA, numerous studies report that the
two enantiomers often display binding constants within the same order of magnitude, with
only minor differences between them [37-47]. Therefore, the use of racemic mixtures is not
expected to significantly alter the interpretation of the binding affinities reported here.

The moderate K}, values obtained for both complexes suggest that DNA engagement
is not the dominant contributor to cytotoxicity. To determine whether these interactions
produce functional consequences at the DNA level, we next evaluated their capacity to
induce plasmid cleavage under physiological conditions, described further below.

2.3. Computational Modeling of Biomolecular Binding
2.3.1. Docking to Serum Albumin: Structural Insights into Binding Sites I and II

While the experimental assays quantify binding strength in solution, docking studies
were performed to visualize how Rubpy and Rubpe arrange within the BSA binding
pockets and to identify the main non-covalent forces that stabilize these associations. This
computational approach provides qualitative structural insight complementary to the
fluorescence data.

Docking analysis confirmed that both complexes interact favorably with BSA, particu-
larly within subdomain IIA, which contains the well-established Trp213 and Trp134 binding
sites. For Rubpy, the lowest-energy pose at Trp213 (—8.18 kJ /mol; Figure 7) involved 7—m
T-shaped interactions with Trp213, hydrophobic contacts with Pro446, Cys447 and Lys439,
and m—cation/m—anion contributions from Arg194 and Asp450. Additional stabilization
was provided by amide—m interactions with Pro446 and Cys447. At the Trp134 pocket
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(Figure 8), Rubpy also displayed a low-energy arrangement (—8.52 k] /mol), driven by a
hydrogen bond with Asn161, alkyl interactions with Leu283 and Pro281, n-alkyl contacts

with Pro281 and Lys159, and 7m-anion contributions from GIn284.

Figure 8. Molecular docking between the Rubpy complex and the tryptophan 134 site of BSA.

Rubpe exhibited a comparable interaction profile. At Trp213, its most stable configura-
tion (—8.63 kJ /mol; Figure S8) was stabilized by alkyl, m-alkyl and m—o interactions with
Ala324, Arg208, Val215, Val234, Leu346, Lys350, Ala349 and Phe227. Amide—-m contacts with
Asp323 and Ala324, along with a hydrogen-bond-type interaction between a ligand nitro-
gen and the carbonyl oxygen of Leu346, further supported binding. A similarly favorable
arrangement was obtained at the Trp134 pocket (—8.88 kJ /mol; Figure S9), dominated by
m—7t stacking with Trp134 and 7-alkyl interactions with Lys131, Lys159, Tyr155 and Val163.
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Overall, the docking results show that both Rubpy and Rubpe preferentially occupy
the hydrophobic cavities of BSA subdomain IIA, engaging residues around Trp213 and
Trp134 through aromatic, hydrophobic and electrostatic interactions. These structural
models are consistent with the fluorescence quenching experiments, which measured the
relative binding affinities under physiological conditions, while the docking simulations
provide molecular-level insight into the spatial organization and types of interactions
governing complex—protein association.

2.3.2. Docking to DNA: Predicted Binding Modes and Interaction Energies

Molecular docking simulations were used to investigate how Rubpy and Rubpe
arrange within the DNA double helix and to identify the main stabilizing interactions gov-
erning association. Both complexes displayed a clear preference for the DNA minor groove.

For Rubpy, the lowest-energy pose (—7.8 kJ/mol; Figure 9) positioned the complex
along the minor groove, stabilized primarily by a T-shaped 7—m interaction with adenine
12 (chain A) and 7-alkyl contacts with guanines 13 and 14 (chain B). These interactions
were complemented by additional hydrophobic contributions involving the coordinated
ligands. Rubpe exhibited a similar binding pattern, with its most stable configuration
(—9.87 k] /mol; Figure S10) also occupying the minor groove. Stabilization arose from
m-alkyl interactions with thymine 9 and T-shaped m—m associations with thymine 9 and
cytosine 6 of chain A. These results are consistent with general structure-binding principles,
as compact aromatic ligands frequently accommodate the geometry of the minor groove,
where m-based interactions with nucleobases are particularly favorable. The docking
outcomes for Rubpy and Rubpe therefore reinforce the minor groove as the preferred
region of interaction for both complexes.

Guanine 13

Figure 9. Molecular docking between the Rubpy complex and the macromolecule DNA.

Although docking suggested slightly stronger interactions for Rubpe, the experi-
mental binding constants indicated the opposite trend, with Rubpy consistently showing
higher affinity for DNA. This divergence is expected: docking evaluates geometric comple-
mentarity using rigid structures and simplified solvation models, whereas experimental
measurements incorporate the full thermodynamic contributions of binding in solution,
including solvent reorganization, ligand flexibility, hydrophobic effects and local structural
rearrangements within DNA. In particular, the conformational flexibility and 7-surface of
the bpe ligand can artificially favor docking scores by enabling additional low-energy poses,
even though these same features weaken 7-stacking and reduce true binding affinity in
solution. Thus, the docking preference for Rubpe reflects structural accommodation rather
than actual thermodynamic stability. These structural considerations also help explain the
experimental results: the m-conjugated bpy ligand in Rubpy promotes stronger n-stacking
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and more stable non-covalent interactions with nucleobases, resulting in a higher intrinsic
binding constant despite the slightly lower docking score. This behavior is fully consistent
with previous reports showing that ligand planarity and m-surface are dominant contrib-
utors to the experimental DNA binding affinity of Ru(II) polypyridyl complexes. Highly
planar, rigid ligands enhance 7—m stacking and groove interactions, whereas non-planar or
conformationally flexible ligands display significantly weaker binding despite favorable
docking geometries [48,49]. Thus, while docking accurately identifies preferred binding
geometries and interaction motifs, experimental affinities more faithfully reflect biologically
relevant conditions [50]. The combined analysis therefore reconciles the apparent discrep-
ancy and highlights how ligand rigidity and n-surface contribute differently to docking
outcomes and experimental binding behaviors.

Together, the computational and spectroscopic analyses show that both complexes
associate with DNA through non-covalent, minor-groove binding modes. To determine the
functional consequences of these interactions, we next evaluated whether the complexes
could induce structural alterations in DNA and how these molecular effects correlate with
cellular uptake and cytotoxic responses.

2.4. Biological Consequences of DNA and Protein Interaction
2.4.1. DNA Cleavage Activity of Ruthenium Complexes

To further examine the functional consequences of complex-DNA association, plasmid
cleavage assays were performed using pUC19 under physiological conditions. These tests
complement the binding studies by assessing the ability of Rubpy and Rubpe to induce
structural modifications in supercoiled DNA.

For Rubpy, concentrations of 50 and 100 uM promoted single-strand breaks (SSBs),
with the extent of cleavage increasing at higher concentration (Figure 10). The elec-
trophoretic profile revealed only Form I (supercoiled) and Form II (open circular), with
no detectable linear Form III. Form II originates from SSBs that relax the helix, whereas
Form III, observed only in the positive control containing restriction endonuclease, reflects
double-strand breaks (DSBs) and migrates between the supercoiled and circular bands.
These results indicate that Rubpy induces modest but detectable nuclease-like activity
without generating DSBs.

A protective effect of DMSO was observed, consistent with partial quenching of reac-
tive intermediates, whereas hydrogen peroxide did not significantly enhance DNA damage.
This behavior suggests that cleavage proceeds mainly through structural destabilization or
localized perturbation of the helix rather than through ROS-mediated oxidative pathways.

Rubpe displayed a similar concentration-dependent pattern (Figure S11), also limited
to SSB formation and partially attenuated by DMSO, with no enhancement upon addition
of hydrogen peroxide. These findings align with the spectroscopic Kb measurements:
the moderate binding affinities observed for both complexes are sufficient to induce local
unwinding of the double helix and facilitate single-strand scission. This is consistent
with previous reports of Ru(Il) polypyridyl complexes, where ligand electronic and steric
properties modulate both DNA affinity and the extent of nuclease-like activity [51,52].

Opverall, the cleavage data support a non-intercalative binding mode involving surface
association accompanied by shallow groove interactions. Such interactions can destabilize
the plasmid structure enough to promote SSBs but do not generate extensive or oxidative
cleavage. These observations emphasize the key role of ligand environment in controlling
DNA reactivity and motivate further mechanistic investigations into the specific interactions
responsible for the observed nuclease-like behavior.

The absence of double-strand breaks and the modest level of single-strand scission
indicate that DNA is not the primary cytotoxic target for these complexes, in agreement
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with the dissociation observed between DNA affinity and antiproliferative potency. These
findings suggest that the biological activity of Rubpy and Rubpe cannot be explained solely
by their interactions with DNA. Because DNA cleavage requires intracellular availability
of the complexes, we next evaluated their ability to enter cancer cells and accumulate at
biologically relevant concentrations.
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Figure 10. Image of plasmid degradation agarose gel and banding patterns found in each
treatment, where 1: Marker; 2: Untreated control; 3: Rubpy (50 pM); 4: Rubpy (100 puM);
5: Rubpy (50 uM) + DMSO; 6: Rubpy (100 uM) + DMSO; 7: Hind IIL; 8: Rubpy (50 uM); 9: Rubpy
(100 pM) + 15 mM H,O5; 10: Rubpy (50 uM) + 15 mM H,O, + DMSO; 11: Rubpy (100 uM) + 15 mM
H,0; + DMSO; 12: 15 mM H,05; 13: 300 mM HyO,. Graph representing the quantification of plasmid
DNA in the bands found by agarose gel electrophoresis. Data expressed as the mean =+ standard
deviation of three assays. Statistical analysis was performed by 2-way ANOVA and multiple compar-
ison by Bonferroni test * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; ™ not significant. Results
were compared to the untreated control (in the absence of H,O;) and to the 15 mM H;,O; control (in
the presence of H,O5).
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2.4.2. Cellular Uptake in Cancer Cell Lines

The cellular uptake/incorporation properties of a molecule are critical for its applica-
tion as a therapeutic agent. To exert cytotoxic effects, the compound must traverse the cell
membrane, primarily composed of lipids and membrane proteins that regulate the passage
of substances in and out of the cell [53]. Research on ruthenium complexes indicates that
cellular uptake correlates directly with hydrophobicity, and higher cellular uptake leads to
elevated cytotoxicity [54-58]. Thus, we exploited the cell uptake of ruthenium complexes
into HeLa and MDA-MB-231 cells.

In HeLa cells, approximately 52% of Rubpy and around 47% of Rubpe were observed
to incorporate (Figure 11). Meanwhile, the incorporation rates were 42% for Rubpy and
32% for Rubpe in MDA-MB-231 cells (Figure 11). Notably, the incorporation rates between
Rubpy and Rubpe were very similar in both tested tumor cell lines. No significant dif-
ference in uptake percentages was observed between complexes in any of the examined
tumor cell lines. The comparable uptake levels suggest that the structural modification
in Rubpe, involving the insertion of a vinylene group (-CH=CH-), does not significantly
alter the ability to permeate the cell membrane. This observation is consistent with the
physicochemical similarity between the two complexes, including charge and size, which
typically drive uptake via passive diffusion, facilitated diffusion, or endocytosis. The
higher incorporation observed in HeLa cells compared to MDA-MB-231 cells may reflect
differences in membrane composition or transport processes specific to each cell line.

3 Rubpy [ Rubpe

60 ns
o o —

53: —_— T
T

Hela MDA-MD-231

Figure 11. % Cellular uptake of Ru complexes (60 pM) incubated during 24 h in HeLa or MDA-
MB-231 cells. Bars correspond to the mean + standard deviation of three independent experiments
with 4 replications in each experiment (n = 12), ns indicates that there is no statistical difference
determined by the Holm-Sidak method, = 0.05.

Ruthenium complexes can enter the cell through several mechanisms that include en-
docytosis and active transport (an energy-dependent process) or passive and facilitated (or
energy-independent) diffusion [53]. These mechanisms generally depend on characteristics
such as lipophilicity /hydrophilicity, charge, and size of the molecular structures. Given
that the compounds share very similar structures, including their charges, it was expected
that their cellular incorporation behaviors would yield comparable outcomes.

2.4.3. In Vitro Cytotoxicity Activity in HeLa and MDA-MB-231 Cells (MTT Assay)

To determine whether the molecular interactions observed in solution translate into
biological activity, the cytotoxicity of Rubpy and Rubpe was evaluated in HeLa and MDA-
MB-231 cells using the MTT assay after 24 h of incubation. This time was selected to
minimize secondary metabolic effects often observed at longer exposures (48-72 h), en-
abling a clearer correlation with immediate molecular interactions. Both complexes reduced
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cell viability in a dose-dependent manner (Figure 12), with Rubpe exhibiting consistently
higher cytotoxicity than Rubpy in both cell lines.
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Figure 12. Dose-response curve on (A) HeLa cells and (B) MDA-MB-231 cells treated with Rubpy
(black curves) and Rubpe (blue curves), during 24 h incubation under 5% CO; at 37 °C. Error bars
represent the mean =+ standard deviation of three independent experiments.

Rubpy displayed ICsg values of 22.37 uM (HeLa) and 29.69 uM (MDA-MB-231),
whereas Rubpe showed ICsg values of 9.41 pM and 12.08 puM, respectively (Table 3). Thus,
Rubpe was approximately 2.4-fold more potent than Rubpy in both models. These val-
ues fall well within the ranges reported for other ruthenium complexes acting on HeLa
(13-200 uM) and MDA-MB-231 cells (5-72 uM) [59], confirming that both compounds
exhibit comparatively strong cytotoxic effects [59].

Table 3. Cytotoxic effects expressed as ICs( values (uM) of the complexes [Ru(dmbpy),Cl(bpy)](PFe)
and [Ru(dmbpy),Cl(bpe)](PFs), after 24 h treatment, toward two cancer cell lines, HeLa
and MDA-MB-321.

I1C5¢ (uM)
Complexes
Hela MDA-MB-231
Rubpy 22.37 £ 0.03 29.69 £ 0.06
Rubpe 9.41 £ 0.04 12.08 + 0.10

To contextualize the cytotoxicity of Rubpy and Rubpe, their IC5( values against HeLa
cells were compared with representative Ru(ll) polypyridyl complexes reported in the
literature under dark conditions (Table 4). HeLa cells were selected as the reference model
because they are among the most frequently used human cancer cell lines in studies of Ru(II)
polypyridyl complexes, allowing a more meaningful qualitative comparison across different
reports. As summarized in Table 4, most Ru(ll) polypyridyl complexes evaluated in HeLa
cells exhibit ICsg values in the range of approximately 10-40 pM. Complexes containing
extended planar ligands, such as phenanthroline- or dppz-based systems, typically display
moderate cytotoxicity, with reported ICsg values between ~18 and 36 uM [60-62]. Similarly,
Ru(Il) complexes designed to target specific DNA motifs or transcriptional regulators show
ICs5p values in the low-to-mid micromolar range in HeLa cells [63,64].

Within this context, the IC5y values obtained for Rubpy (22.37 uM) and Rubpe
(9.41 uM) fall well within, and in the case of Rubpe at the lower end of, the range reported
for Ru(II) polypyridyl complexes in HeLa cells. Notably, Rubpe displays cytotoxicity com-
parable to or higher than several literature-reported Ru(II) complexes that incorporate more
extended aromatic ligands or additional DNA-binding motifs, despite its comparatively
simpler coordination environment. This observation highlights that subtle variations in
ligand rigidity and m-surface can be sufficient to modulate cytotoxic responses in HeLa
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cells, without the need for highly elaborate ligand frameworks. For comparison with a
clinically established reference drug, cisplatin exhibits an ICsy value of 12.0 £ 0.52 uM in
HeLa cells under comparable conditions [62]. Under the experimental conditions employed
in this study, Rubpe shows cytotoxicity approaching that of cisplatin, whereas Rubpy is less
potent but remains within the same order of magnitude. These results indicate that Rubpe,
in particular, achieves cytotoxic efficacy in HeLa cells that is competitive with cisplatin.

Table 4. Cytotoxicity (ICsp) of some Ru(Il) polypyridyl complexes and cisplatin in HeLa cells.

Complexes ICs¢ (UM) Ref.

Rubpy 22.37 £ 0.03 This work

Rubpe 9.41 + 0.04 This work
[Ru(phen),(tip)1** 18.56 + 0.67 [63]
[Ru(phen), (bppp)1** 320 +£1.2 [61]
[Ru(phen), (5-idip)]1** 11.7 £1.2 [64]
[Ru(phen),BrIPCJ** 18.15 [60]
[Ru(phen),(dppz-7,8-(OMe),) I** 36.5 [60]
Cisplatin 12.0 £ 0.52 [61]

phen: 1,10-phenantroline, tip: 2-thiophene-(1H-imidazo-4,5-f][1,10]phenanthroline, bppp = 11-bromo-
pyrido[2’,3':5,6]pyrazino[2,3-f][1,10]phenanthroline], 5-idip: 2-indole-[4,5-f][1,10]phenanthroline, BrIPC: 6-bromo-
3-(1H-imidazo[4,5-f][1,10]-phenanthroline, dppz-7,8-(OMe),: 7,8-Dimethoxydipyrido[3,2-a:2’,3'-c]phenazine.

Notably, the ICs5, values do not follow the same trend as the binding constants mea-
sured for BSA and DNA, where Rubpy exhibited slightly stronger affinity. This lack of
correlation has been reported for other Ru complexes, where rapid aquation or strong
protein binding does not necessarily predict cytotoxicity [59]. For instance, 4-amino-1,2,4-
triazolium [trans-RuCly(4-amino-1,2,4-triazole)(dmso-S)] displays the fastest aquation and
highest BSA affinity within its series but is also the least cytotoxic (ICs5y = 621 uM in
HT-29 cells) [59].

Cellular uptake is often associated with increased cytotoxicity [65-68]. However,
Rubpy and Rubpe showed comparable internalization levels, approximately 52% and 47%
in HeLa, and 42% and 32% in MDA-MB-231, respectively, suggesting that uptake alone
does not account for the difference in antiproliferative activity. Furthermore, DNA binding
and cleavage studies indicated that Rubpy interacts more strongly with DNA, yet Rubpe
is the more cytotoxic compound, reinforcing the notion that DNA engagement is not the
primary driver of activity for these complexes.

Although logP values were not experimentally determined, the increased flexibil-
ity and reduced n-surface of bpe relative to bpy are structural features that are known
to modulate lipophilicity and membrane partition in Ru(Il) polypyridyl systems. These
characteristics can reduce 7-stacking with DNA while favoring intracellular redistribution,
which may contribute to the higher cytotoxicity observed for Rubpe [69,70]. We note that
this interpretation is qualitative and is intended to provide a mechanistic context consistent
with established structure—property trends in the literature [69,70]. The greater cytotoxic
efficacy of Rubpe, despite its lower affinity for DNA and BSA, suggests contributions
from additional biological pathways. In Ru(II) polypyridyl systems, mitochondrial accu-
mulation, disruption of redox homeostasis and modulation of apoptotic signaling have
frequently been reported as non-DNA mechanisms [5,13,65,71,72] and these processes may
also be relevant here.

Beyond membrane partition, the conformational flexibility of the bpe ligand may
facilitate dynamic ligand reorganization within the intracellular environment, enabling
alternative interactions with proteins or organelles that are not accessible to the more rigid
bpy analogue. Such behavior has been increasingly recognized in Ru(Il) systems and may
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contribute to the superior cytotoxicity observed for Rubpe. Further mechanistic studies
will be required to clarify the intracellular pathways underlying these differences

Although the present study provides a controlled comparison between bpy- and bpe-
containing Ru(Il) complexes, some constraints should be acknowledged. ss-DNA was used
as a spectroscopic model and may underestimate affinity relative to dsSDNA; enantiomers
were not separated; and mechanistic cellular pathways beyond DNA binding were not
resolved. These limitations do not compromise the comparative trends but highlight
opportunities for future refinement.

3. Materials and Methods
3.1. Materials

Analytical-grade reagents were used without purification in all experiments. The
compounds cis-[Ru(dmbpy),Cl(bpy)](PFs) and cis-[Ru(dmbpy),Cl(bpe)](PF¢s) were pre-
pared following the report by Toma and collaborators [73]. Product purity was confirmed
by elemental analysis, mass spectrometry, and 'H Nuclear Magnetic Resonance (NMR).
Methanol, N,N’-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), Bovine Serum
Albumin (BSA), phosphate-buffered solution (PBS—10.0 mM phosphate buffer, 2.70 mM
potassium chloride and 137 mM sodium chloride at pH 7.4), Dulbecco’s Modified Eagle
medium (DMEM) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

3.2. Spectroscopic and Electrochemical Measurements

UV/Vis absorption spectra were achieved by using a Hewlett Packard 8453A diode ar-
ray spectrophotometer (Palo Alto, CA, USA). Electrochemical measurements were recorded
on an Autolab PGSTAT30 potentiostat (Eco-Chemie, Utrecht, The Netherlands) employing
a standard three-electrode setup, with a platinum working electrode, a platinum wire
auxiliary electrode, and a reference electrode consisting of Ag/AgNOs3 (10 mM; +0.503 V
vs. NHE). Tetrabutylammonium perchlorate (BuyNCIOy4; 0.10 M) was used as the elec-
trolytes. UV /Vis absorption spectroelectrochemistry measurements were carried out using
a custom-designed electrochemical cell equipped with a gold minigrid working electrode,
an Ag/AgNOj3 (10 mM in acetonitrile) reference electrode, and a platinum wire auxiliary
electrode mounted inside a quartz cuvette with a path length of 25 pm. The application of
potentials was controlled by an EG&G PAR 173 potentiostat (Oak Ridge, TN, USA), and
the spectra were recorded with an HP 8453A spectrophotometer. Steady-state emission
measurements were carried out in a Horiba FluoroMax 4 spectrofluorimeter (Edison, NJ,
USA). Samples were measured at 298 K in a 1.000 cm quartz cuvette with a closed cap. The
solutions were derated with Ar before the measurements. Mass spectra were obtained on
an Esquire 3000 Plus Bruker Daltonics Mass Spectrometer (Bremen, Germany), 4000 V cap-
illary and 180 uL h™! flow injection. Elemental Analyses were executed by using a Perkin
Elmer 2400 series II analyzer (Waltham, MA, USA). The 'H Nuclear Magnetic Resonance
spectra were performed on a Bruker DRX 300 Spectrometer (Rheinstetten, Germany) using
acetone-dg as solvent.

3.3. Studies of Complexes in Aqueous Solution

The stability of the complexes solutions was analyzed by UV-Vis spectroscopy record-
ing the electronic spectra in water and in PBS buffer (pH 7.4). The final concentration
of each complex was achieved by diluting small aliquots of freshly prepared concen-
trated methanolic stock solutions, 6 x 107> M. The resulting solutions were examined
over 96 h at 25 °C.
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It also evaluated the stability of the Rubpy and Rubpe complexes in the presence of
bovine serum albumin (BSA). For that, the stock solution of the complex in methanol was
evaporated using nitrogen gas to produce a film. Then, a solution of BSA in the PBS buffer
(pH =7.4) was added to the complex film. The final concentration of the ruthenium complex
was 50 pM, and absorbance readings were taken as a function of time. The spectrum of
BSA (3 uM) without complex was used to subtract from the spectra of the complex and
BSA mixture solutions, better to visualize the overlap and similarity of the MLCT bands.
The absorption spectra were recorded in a Shimadzu spectrophotometer model UV-2501
BC (Kyoto, Japan).

3.4. Molecular Docking Studies and Ligand Preparation

The ligands were developed employing Avogadro software version 1.1.1 and saved in
mol2 format following structural optimization. Using the same software and its extensions
tool, the structures were optimized based on the Universal Force Field (UFF). In AutoDock
1.5.7, ligand preparation involved adding polar hydrogen atoms, assigning Gasteiger
charges, and removing potential water molecules.

Molecular docking simulation of ruthenium complexes were conducted using
AutoDock 1.5.7 with DNA and BSA biomolecules. The crystal structures of DNA (126D)
with the sequence CATGGCCATG (resolution: 2 A) and BSA (3V03) (resolution: 2.7 A)
were retrieved from the Protein Data Bank (www.rcsb.org, accessed on 6 October 2025).
Polar hydrogen atoms and Kollman charges were added to these structures, and water
molecules surrounding the DNA /BSA were removed.

For blind docking, the DNA binding analysis used a grid box with dimensions
62 x 58 x 96 for the three complexes. BSA binding was assessed at two possible sites
near tryptophan residues: tryptophan 134 (coordinates x = 45.989286, y = 36.667143,
z = 25.500143) and tryptophan 213 (coordinates x = 101.169786, y = 28.225500, z = 19.778429),
with a scan box size of 70 x 76 x 78.

Ligand-receptor binding calculations utilized the Lamarkian genetic algorithm, with
100 runs and 2.5 million evaluations. Visualization of DNA/BSA interactions was per-
formed with Biovia Discovery Studio Visualizer version 2021.

3.5. Albumin Binding Studies

The study of protein binding was conducted through tryptophan fluorescence quench-
ing experiments, employing bovine serum albumin (BSA) [28]. Quenching of the emission
intensity of tryptophan residues of BSA at 350 nm was evaluated using the complexes
Rubpy and Rubpe as quenchers. For that, the ruthenium complexes in different concen-
trations (0-87 pM) were added to a BSA (3 uM) solution in PBS (pH 7.4). Fluorescence
spectra were collected in the range of 300-550 nm at an excitation wavelength of 280 nm, at
25 °C. All intrinsic quenching fluorescence experiments were executed in duplicate. The
absorption spectra of the compounds in buffered solutions were recorded under the same
experimental conditions, and to compensate for the inner filter effect [28], fluorescence
intensity values were corrected for the absorbance of the individual complex using the
Parker equation (Equation (1)) [74,75]:

2, 3dAgxc % 1OgAem « 2, 3sAgm

Feor = Fops X 1 — 10~ Aexe 1 — 10—5Aem

1)
where Fc,r and Fopg correspond to the corrected and observed fluorescence intensities,
x respectively. Ae¢xc and Aem denote the absorbances at the excitation Aexe = 280 nm and
Aem = 350 nm, respectively. The optical path length of the cuvette (d) was 1.0 cm; “g”
represents the distance between the edge of the excitation beam and “d” the edge of the

cuvette (0.40 cm); and “s” is the excitation beam thickness (0.10 cm) [74-76].
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The Stern-Vomer constant (Kgy) was calculated for ruthenium complexes from Stern-
Volmer Equation (2) [28]:

D =14 Ky [Q) @

where Fj and F represent the fluorescence intensities recorded in the absence and presence
of the quencher, respectively. K, denotes the Stern—Volmer quenching constant, and [Q]
corresponds to the concentration of the quencher.

The regular Stern—Volmer plots were not applicable for complexes Rubpy and Rubpe
as the plot between Fy/F and [Q] displayed an upward curvature. An exponential term,
expV1Q), where V represents the static quenching constant, can be introduced into the
Stern—Volmer equation (Equation (3)) to account for both quenching modes (static and
dynamic) [9,29]:

Fo/F = (1 + Kev[Q))e"?! 3)

The static quenching constant, V was determined by applying the equation and
plotting {Fo/Fe"1Ql} — 1 vs. [Q], systematically varying V until a linear relationship was
observed. The optimal value of V was determined by identifying the plot that yielded
the highest correlation coefficient. The dynamic (collisional) quenching constant, Ksv, was
subsequently determined from the slope of the corresponding linear plots [9,29].

The strength of interaction between the compounds and BS) was determined by
binding constant (Ky,) obtained employing the modified Stern-Volmer (Equation (4)) below:

log@ = log Ky +n log [Q] 4)

where Fy and F are, respectively, the fluorescence intensity in the absence and presence
of the quencher, K}, is the apparent binding constant of the quencher to the BSA, “n” is
the number of binding sites of the quencher to the BSA and [Q] is the concentration of

the quencher [28].

3.6. Cell Culture

The HeLa (human cervical cancer) cell line was obtained from Laboratory of Photoin-
duced Processes and Interfaces coordinated by Prof. Dr. Mauricio Baptista (Institute of
Chemistry, University of Sao Paulo, Sao Paulo—SP, Brazil). The MDA-MB-231 (human
breast cancer) cell line was provided by the Laboratory of Nanobiotechnology Dr. Luiz
Ricardo Goulart coordinated by Dr. Luciana Machado Bastos (Institute of Biotechnology,
Federal University of Uberlandia, Uberlandia—Minas Gerais, Brazil).

HeLa (human cervical cancer) and MDA-MB-231 (human breast cancer) cell lines were
cultivated as monolayer culture in Dulbecco’s Modified Eagle Medium (DMEM) high glu-
cose (4500 mg/L glucose, sodium pyruvate, L-glutamine, sodium bicarbonate and phenol
red) supplemented with 10% fetal bovine serum (FBS), 100 UI/mL penicillin and 100 pg/mL
streptomycin. The cells were kept at 37 °C, in an incubator with a 5% CO, atmosphere.

3.7. Cellular Uptake

HeLa or MDA-MB-231 cells (1.0 x 10° cell/well) were seeded in 1 mL of culture
medium in 12-well plates and incubated at 37 °C and 5% CO, atmosphere during 24 h,
for attachment of cells to the bottom of the well. After that, cells were treated with
ruthenium complexes (60 uM) in 1 mL supplemented medium (DMEM with 10% FBS,
100 UI/mL penicillin and 100 pg/mL streptomycin) for 24 hours in the dark, 5% CO,
at 37 °C. After this period, 500 uL of the supernatant solutions were removed from the
well. The remaining cells in the well plate were washed with PBS, after which 500 pL of
methanol was added to each well to extract the intracellularly incorporated complex. The
percentage of cellular uptake was calculated as described previously [77,78]. Incubations
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were performed in the dark to avoid uncontrolled photochemical processes that could
induce ROS formation or alter Ru(ll) electronic states, ensuring that all cytotoxic effects
arose solely from ground-state interactions.

3.8. Cytotoxicity Activity (MTT Assay)

The cytotoxic activity of ruthenium complexes was analyzed by MTT assay [79-81].
For that, the cells (2.8 x 10* cells/well) were seeded in 300 uL of the medium in
48-well plates and incubated at 37 °C, in a 5% CO, atmosphere for 24 h. Next, the com-
plexes were dissolved in methanol, which evaporated under argon flux, producing a film.
Thus, the complex solutions were prepared by hydration of its film with supplemented
culture medium (DMEM with 10% fetal bovine serum (FBS), 100 UI/mL penicillin and
100 ug/mL streptomycin). After 24 h of growth, cells were exposed to 300 uL of each
concentration of complexes Rubpy or Rubpe (0, 1, 5, 8, 10, 20, 30, 40, 50 and 100 uM)
for 24 h. Then, 100 pL of MTT (0.75 mg/mL in PBS, pH 7.4) solution was added to each
well. After a further period of MTT incubation (3 h at 37 °C in 5% CO,), the medium
was removed, and the formazan crystals were solubilized by DMSO. The absorbance was
registered using an automated microplate reader at 570 nm [79-81]. The percent of cell
viability was calculated as Equation (5):

A _
% Cell viability = treated (570nm—800nm)

x 100% ®)
Acontrol(570nm—800nm)

where Ajou04 18 the Absorbance (in 570 nm—-800 nm) of cells treated with ruthenium
complexes and At is the Absorbance (in 570 nm—-800 nm) of control cells.
The ICsy values were determined by plotting the percentage viability vs. concentra-

tion on a logarithmic graph and fitting the dose-response curve with GraphPad Prism
5.0 Software.

3.9. DNA Interaction Assay by UV-Vis Spectroscopy

A stock solution of salmon sperm DNA (ss-DNA) was prepared by dissolving 5 mg
of ss-DNA in 5 mL of PBS buffer (50 mM) containing 5 mM NaCl at pH 7.4. Prior to the
experiments, DNA purity was verified by confirming an Absysonm/Absagonm > 1.8 The
ss-DNA concentration was determined using the molar extinction coefficient at 260 nm
€260 = 6600 M1 cm ™! [36]. The ss-DNA stock solution was maintained at 2-10 °C in an ice
bath throughout the experiments. Solutions of Rubpy or Rubpe were prepared at a fixed
concentration of 50 uM in PBS buffer (50 mM) containing NaCl (5 mM). Sequential additions
of 10 pL aliquots of ss-DNA were then made, and after each addition the mixture was
incubated for 5 min prior to recording the absorption spectra over an ss-DNA concentration
range of 0-50 uM. The intrinsic binding constant (K};,) was derived from the slope/intercept
relationship of th Ag/(A — Ag) vs. 1/[DNA] according to the following Equation [36]

AO - €0 1

A— AO eHG — €G % Kh[DNA]

(6)

3.10. DNA Cleavage Studies

To investigate the interaction of the complexes with DNA, we combined cis-
[Ru(dmbpy),Cl(bpy)](PFs) and cis-[Ru(dmbpy),Cl(bpe)](PFs) with plasmid DNA from the
pUC-19 vector (Lot. 1212425A, Clontech Laboratories, Inc., Takara Bio USA, Mountain View,
CA, USA). The isolated plasmid was added to a series of 11 solutions, each with a total
volume of 20 pL. Each solution contained 30 ng/uL of plasmid DNA treated with either
50 uM or 100 uM of cis-[Ru(dmbpy ), Cl(bpy)](PFs) or cis-[Ru(dmbpy),Cl(bpe)](PF¢) in PBS
1x, with or without dimethyl sulfoxide (DMSO, 0.05%), hydrogen peroxide (H,O,, 15 mM),
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or a combination of both, as well as with H,O, alone (300 mM). Controls included untreated
plasmid DNA, plasmid DNA digested with the site-specific restriction enzyme Hind III,
and plasmid DNA treated solely with HyO,. The reaction mixtures were incubated at 37 °C
for 12 h, followed by the addition of 3 uL of loading buffer (0.25% bromophenol blue, 0.25%
xylene cyanol, 30% glycerol, and 10 mM EDTA). Electrophoresis was then performed on
a 0.8% agarose gel containing 0.05% ethidium bromide (10 pg/mL) in 0.5x TBE buffer
(90 mM Tris-borate, pH 8.0, and 20 mM EDTA). The gels were run at 80 V for 3 h, and the
resulting DNA bands were visualized under ultraviolet light and quantified using Image]
software, version 1.53k (Java 1.8.0_172).

4. Conclusions

The two Ru(Il) polypyridyl complexes, Rubpy and Rubpe, displayed closely related
spectroscopic and redox properties, consistent with their structural similarity. Both com-
plexes remained stable in aqueous solution and in the presence of BSA, ensuring that the
species probed in biomolecular and cellular assays correspond to intact Ru(II) complexes.
Fluorescence quenching experiments revealed binding constants on the order of 10° M},
indicating appreciable affinity toward serum albumin. UV-Vis titrations with ss-DNA
showed hyperchromic MLCT responses and moderate intrinsic binding constants, with
Rubpy exhibiting slightly higher affinity, consistent with a non-covalent interaction mode
involving electrostatic and /or shallow groove association.

Cellular uptake levels were comparable for the two complexes in both HeLa and
MDA-MB-231 cells. Nevertheless, Rubpe exhibited approximately 2.4-fold greater cyto-
toxicity than Rubpy, underscoring that neither uptake nor DNA binding alone accounts
for the observed antiproliferative effects. This distinction suggests that additional intra-
cellular pathways, beyond direct DNA involvement, likely contribute to the biological
activity of Rubpe.

Overall, the integrated spectroscopic, computational, and cellular data highlight
how subtle modifications in ligand rigidity and m-surface can modulate biomolecular
interactions and cytotoxic responses in Ru(Il) polypyridyl complexes, offering mechanistic
insight that can guide future ligand design.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/inorganics14020063/s1, Figure S1. Spectroelectrochemical
changes associated with the oxidation (A), the first (B) e second (C) reduction of Rubpy com-
plex; Figure S2. Spectroelectrochemical changes associated with the oxidation following by re-
duction of Rubpy (A) and Rubpe (B) complexes; Figure S3. Spectroelectrochemical changes asso-
ciated with the oxidation (A), the first (B) e second (C) reduction of Rubpe complex; Figure S4.
UV-Vis spectra of (A) cis-[RuCl(dmbpy)(bpy)]* and (B) cis-[RuCl(dmbpy)(bpe)]* in 80% HpO:20%
MeOH over a period of 377 min. [Ru complex] = 60 uM, T = 25 °C; Figure S5. UV-Vis spec-
tra of (A) cis-[RuCl(dmbpy)(bpy)]* and (B) cis-[RuCl(dmbpy)(bpe)]* in presence of 3 M BSA.
[Ru complex] = 50 uM, room temperature. Insert: MLCT band of complexes between 383 nm
and 470 nm, highlighting hypochromic effect; Figure S6. Determination of the static suppres-
sion constant (V) using the Stern-Volmer equation; Figure S7. Absorption spectra of the cis-
[RuCl(dmbpy)(bpy)]* (A) and cis-[RuCl(dmbpy)(bpe)]* (B) both at 50 uM, with successive additions
of ss-DNA aliquots (ranging from 0 to 50 uM, in 50 mM PBS buffer containing 5 mM NaCl, pH 7.4)
with 5 min of incubation at room temperature. Plots of Ag/A-Aq versus 1/[DNA] derived to calculate
K, values of cis-[RuCl(dmbpy)(bpy)]* (C) and cis-[RuCl(dmbpy)(bpe)]* (D); Figure S8. Molecular
docking between the Rubpe complex and the tryptophan 213 site of BSA; Figure S9. Molecular
docking between the Rubpe complex and the tryptophan 134 site of BSA; Figure 510. Molecular
docking between the Rubpe complex and the macromolecule DNA; Figure S11. Image of plas-
mid degradation agarose gel and banding patterns found in each treatment, where: 1: Marker;
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2: Untreated control; 3: Rubpe (50 uM); 4: Rubpe (100 uM); 5: Rubpe (50 uM) + DMSO; 6: Rubpe
(100 uM) + DMSO; 7: Hind III; 8: Rubpe (50 uM); 9: Rubpe (100 pM) + 15 mM H,O,; 10: Rubpe
(50 uM) + 15 mM H,0O, + DMSO; 11: Rubpe (100 uM) + 15 mM H,O, + DMSO; 12: 15 mM H,0»;
13: 300 mM HO,. Graph representing the quantification of plasmid DNA in the bands found by
agarose gel electrophoresis. Data expressed as the mean =+ standard deviation of three assays. Statis-
tical analysis was performed by 2-way ANOVA and multiple comparison by Bonferroni test * p < 0.05;
**p <0.01; ** p < 0.001; *** p < 0.0001; " not significant. Results were compared to the untreated
control (in the absence of HyO,) and to the 15 mM HO, control (in the presence of HyO,).
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