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Vaseodilation

Graphical synopsis

[Rus(us-O)(u-OOCCH3)s(NO)(L)2]PFs (L = 4-acetylpyridine, 1 or 4-tert-butylpyridine,
2) release NO. Vasodilation activity does not depend on ligand L structure; whereas
methyl groups on the ancillary ligand of 2 modulate its cytotoxicity to B16F10 murine
melanoma cells. Methylation also increases interaction of 2 with HSA (human serum

albumin), through hydrophobic forces.

Highlights

e [RuzO(OOCCHS,)s(L)2NO]" (4-acetylpyridine, 1; 4-tert-butylpyridine, 2) were
characterized

e Both complexes release NO in solution by photoinduction and/or reductive
stimulus

e Both complexes relax pre-contracted rat aorta with maximum efficiency

e Compound 2 is more cytotoxic to B16F10 melanoma cells due its ancillary
ligand

e 2 also interacts with human serum albumin more efficiently, through

hydrophobic forces



Abstract

Two novel triruthenium clusters, [Ruz(usz-O)(u-OOCCHj3)s(NO)L,]JPFs (L = 4-
acetylpyridine, 1, or 4-tert-butylpyridine, 2) release NO. Their spectroscopic and
electrochemical characterization confirmed their structure. These complexes efficiently
deliver NO in solution under irradiation at Ajrag = 377 nm and/or through chemical
reduction with ascorbic acid. Clusters 1 and 2 elicit vasodilation and, at concentrations
of 10°M, can relax up to 100% of pre-contracted rat aorta. Complex 2 is more cytotoxic
to murine melanoma B16F10 cells than complex 1: at 50 times lower concentration than
complex 1, complex 2 decreases cell viability to 50% in the dark or under irradiation
with visible light (Airag = 527 nm). The higher cytotoxicity of complex 2 can be
assigned to its larger hydrophobicity, promoted by the methylated tert-butylpyridine
ancillary ligand in its structure. Investigation into Human Serum Albumin (HSA)
fluorescence quenching by clusters 1 or 2 revealed that complex 2 quenches HSA
luminescence with a very high Stern-Vomer constant (Ksy = 9.49 x 10° M at T = 298
K) and suggested that the nature of the interaction between complex 2 and HSA is
hydrophobic (AH = 80.81 KJ/mol and AS = 334.71 J/K mol). HSA lifetime and circular
dichroism data pointed to a static quenching mechanism for both complexes. Together,
our results show that a hydrophobic substituent in the cluster ancillary ligand improves
NO release ability, cytotoxicity, and interaction with a bio-target.

Keywords: triruthenium nitrosyl clusters; NO releasing molecules; methylation;

vasodilation; anti-cancer activity; HSA fluorescence quenching.



1. Introduction

Alfred W. Mond started to study p-oxo trinuclear ruthenium clusters in the 1930s [1].
This subject has been reviewed twice in the past years [2, 3]. These clusters have
significant redox and catalytic properties that depend on the substituent present in the
ancillary ligands and which are directly related to the ligands pKa [4, 5]. Various
applications of these clusters have been reported: they can be used in electronic
materials to perform intramolecular electron transfer; they can be employed as
precursors for construction of supramolecular assemblies, 3D architectures on electrode
surfaces, and nanomaterials; and they have potential biological application as anti-tumor
and vasodilation agents [6-17].

Strong electronic mixing based on metal-metal interactions dictates the
chemistry of trinuclear ruthenium carboxylates and leads to large -electronic
delocalization within the [RusO]" unit [2]. This property allows clusters to react with -
acceptor species like CO and NO due to the intrinsic ability of the latter molecules to
perform m-backbonding with the [RuzO]" metal center. This fact has increased interest
in applying these compounds as releasing or scavenging agents of relevant biological
molecules, including CO) and NO(). To date, four literature works have focused on
controlled NO release from complexes with general formula [Rus(us-O)(u-
OOCCHs3)s(NO)L,]PF¢ (where L = pyridinic ligands) [16-20], but other structures and
approaches have also been described [21-23].

Both photo and redox stimuli can trigger NO release. Triruthenium complexes
undergo up to three redox processes within the potential window that is accessible in
physiological medium, so these complexes are potential NO-delivery systems even in
the dark. Our group has previously dealt with these aspects without discussing how
ancillary ligands influence biological assays [16-18]. To the best of our knowledge,
investigating structure-activity relationship is the best way to design new drugs.
Medicinal chemistry has already explored the methylation effect [24]. The methyl group
(-CHy) is very important for molecular recognition of organic and inorganic compounds
by bioreceptors [25-28]. Furthermore, the CH3 group increases the overall lipophilicity
of a given molecule and promotes stronger hydrophobic interactions in the case of some

compounds [24-28].



This study presents the synthesis and characterization of two novel clusters with
general formula [Rus(us-O)(u-OOCCHS3)s(NO)L,]PFs (where L = 4-acetylpyridine, 4-
acpy (1) or 4-tert-butylpyridine, 4-tbpy (2), Figure 1) and discusses how the substituent
in the ancillary ligand affects the biological activity of clusters 1 and 2. We have
conducted in vitro MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assays [29] to evaluate cluster cytotoxicity to two cell lines, L929 (murine fibroblast, a
non-tumor cell), and B16F10 (murine melanoma). We have also investigated other
biological properties of clusters 1 and 2 including their vasorelaxation capacity and their

interaction with HSA (Human Serum Albumin).
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Figure 1. Reaction of the precursor ([Rus(ps-O)(u-OOCCHs)s(H,0)(L),]" with the nitrosyl ligand
(NO), to obtain clusters with the general formula [Rus(p5-O)(n-OOCCH,)s(NO)(L),]*, where L = 4-
acpy (1), 4-tbpy (2); compounds 3 (4-pic = 4-methylpyridien) and 4 (3-pic = 3-methylpyridine) are from
literature papers [16, 17].

2. Results and discussion

2.1 Chemical characterization

As shown in Figure 1, we prepared clusters 1 and 2 by passing a continuous NO(g) flow
through a solution of the precursor [Ruz(us-O)(u-OOCCHj3)s(H20)(L)2]PFs (Where L =
4-acpy or 4-tbpy) in dichloromethane (DCM) at ambient temperature, which afforded a
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violet solid after purification [16-20]. Elemental analysis, cyclic voltammetry, and UV-
vis, IR, *H NMR, and EPR spectroscopies helped to determine the structure and purity
of complexes 1 and 2. Table 1 lists part of these data (Full data are provided as
Supplementary Material, Figures S1-S9).

We assigned the data in Table 1 by comparison with similar complexes [17, 19,
20]. Clusters 1 and 2 display the typical profile of the electronic spectra (Figures S3 and
S4) of complexes in which the cluster to ligand charge transfer bands (CLCT) due to
charge transfer from the metallic center [RusO]" to both pyridinic and NO ligands
emerge below 600 nm. The intra-cluster (IC) band, which involves transitions centered
in states that are predominantly metallic in nature, arises between 700 and 800 nm [17].

The cores of the nitrosyl clusters 1 and 2 bear three ruthenium ions in the
oxidation state +3 (Ru"'Ru"'Ru""). Thus, this kind of complex has formal charge +1
([Rus0]", oxidized form). Following the electron distribution in their molecular orbital
diagram under Dsh symmetry ((a2)? (¢))* (a’1)? (€))* (e”)* (a’,)"), there is an unpaired
electron, which responsible for the effect named paramagnetic anisotropy [16—20, 30-
33]. In the NMR spectra, this effect disturbs the typical chemical shift values of the
different *H nuclei, displacing the values of the coordinated ligands as compared to the
free species (chemical shift values for both complexes are available in the experimental
section) [2,16-20, 34-39].

Table 1: Absorption (UV-vis) and electrochemical data collected from acetonitrile

(ACN) solutions and IR data collected from KBr pellets for clusters 1 and 2

amax (nm) / log & (L mol™ cm™)

Clusters IC* CLCT**1 CLCT 2 CLCT3
1 756/ 2.87 553/ 3.24 456/ 3.32 354/ 3.74
2 707/ 3.04 544/ 2.73 458/3.30  ----ee--

IR data (cm™)

Clusters v(NO) va(CO0O)

1 1874 1584

2 1870 1591

Electrochemical data Ey;; (V vs. Ag/AgClI)
Clusters [Ru;01™ [Ru;01"* [Ru;O]™*

1 -0.70 -0.06 1.34
2 -0.81 -0.09 1.36

The absorption spectra of clusters 1 and 2 were recorded in ACN (10 M). IC* = intra-cluster transition.
CLCT** = cluster-to-ligand charge transfer transition. The cyclic voltammograms of clusters 1 and 2
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were obtained in ACN solution containing 0.1 M TBAPF (TBA = tetrabutylamonium cation); all the data
are reported against the Ag/AgClI reference electrode.

In the particular case of nitrosyl trinuclear complexes, the paramagnetic
anisotropy effect is partially removed. This happens because severe orbital mixing
occurs between the metallic unit and NO, to culminate in pairing of the unpaired
electron of the [RusO]" core and the unpaired electron of the NO° ligand [16-20]. As a
result, nitrosyl clusters and complexes in the reduced form ([RusO]°) present similar
magnetic behavior, since chemical reduction causes electron pairing. The NMR and
EPR data collected in this work confirm this fact. The EPR spectra of clusters 1 and 2
do not exhibit any signals, which reinforces strong coupling between the NO° =*
electron and the ruthenium metal ion dx electron (*H NMR and EPR spectra of clusters
1 and 2 — Figures S6, S7 and S8, S9 respectively — are shown in Supplementary
Material).

2.2 NO release from clusters 1 and 2 by photo and/or redox stimuli

Complexes 1 and 2 are poorly soluble, so we conducted photolysis in organic medium.
Table 2 summarizes the photoinduced NO release yields; spectral changes observed
during irradiation are available as Supplementary Material, Figures S10 and S11.
Irradiation of clusters 1 or 2 in the region of their charge transfer transition decreases
the bands at 756 and 707 nm, respectively, and intensifies the band around 700 nm, to
give a spectral profile typical of the solvated species [Rus(us-O)(u-
OOCCHj3)s(S)(L)1PFs [2].

Table 2. Quantum yields (¢) and concentration of NO(g) released from clusters 1 and 2
obtained by photolysis and NOA experiments

Clusters dno® [NO]b/;NO]C [NO]dlgNO]e
A377 nm 10™*M 10"*M
1 0.23+0.1 1.65/2.26 1.08/4.04
2 0.61+0.1 2.48/ 4.01 2.82/12.4

*Quantum yields (¢) of NO release during photolysis of clusters 1 and 2, 1.10° M, in ACN solution,
calculated with chemical actnometry. "*Concentration of NO released from 20- and 40-uL aliquots of
cluster solution (ACN, 1.10° M) in the presence of an aqueous ascorbic acid solution (1.10° M).
¥Concentration of NO, released from 60-uL aliquots of cluster solution in the presence of an aqueous
ascorbic acid solution (1.10° M) and under irradiation (UV lamp) for %, =0 and ®, =5s.



Interestingly, cluster 2 has higher quantum yield than cluster 1. Our group has
recently reported the same observation for analogues containing the CO ligand [40] and
attributed the higher quantum yield to the presence of 4-tert-butylpyridine, a more basic
ancillary ligand with o-donor characteristics. In the ground state, these clusters have an
18-electron configuration [19], where the [RusO]" unit contributes with 17 electrons,
and NO° contributes with its unpaired electron. Due to orbital mixing, this ground state
resembles the reduced [RusO]° moiety more closely. Irradiation in the charge transfer
region promotes full electronic density transfer from the [RuzO] unit to the NO =* level
during the excited state lifetime. This removes the electronic pairing verified in the
ground state, to reduce interaction between the species and consequently prompt NO
release. The [RusO] center becomes paramagnetic after NO release, as probed by the
photoproduct typical spectral profile (Figures S10 and S11) [17, 19, 20]. Therefore,
when the complex is in the excited state, the metallic core formal charge is indeed +1,
which is more stabilized by interaction with a o-donor ancillary ligand such as 4-tbpy as
compared to a more n-acid ligand like 4-acpy [17]. Upon return to the ground state, the
oxidized profile is maintained, to afford a complex bearing a coordinated solvent
molecule instead of the NO ligand.

To probe the ability of these complexes to deliver NO under reductive
conditions, we determined the concentration of NO( released from cluster 1 or 2 in the
presence of ascorbic acid (Table 2) in the dark and under light irradiation (UV lamp,
continuous light). To this end, we employed a NO analyzer (NOA equipment), which
detects very low NO( concentrations under helium flow [41]. The plots of released
NO(q detected by NOA are available as Supplementary Material, Figures S12 and S13.

Table 2 revealed that even in small concentrations, NO is delivered because
ascorbic acid reduces clusters 1 and 2. As pointed out above, the main feature that
maintains interaction between the [RuzO]" unit and the NO° ligand is pairing of their
unpaired electrons in the 18-electron configuration. Reduction of complexes 1 and 2
disrupts this interaction and lowers the affinity of the coordinated NO for the metallic
center, ultimately leading to its release. NO release mediated by reduction is also more
efficient for complex 2 and, as expected, is boosted by light irradiation (Table 2, third

column).

2.3 Vasorelaxation caused by cluster 1 or 2 in pre-contracted rat aorta



Knowing that clusters 1 and 2 behave as NO releasers in solution, we investigated two
biological properties (vasodilation and cytotoxicity) mediated by NO release. First, we
evaluated relaxation by incubating pre-contracted rat aorta without endothelium with
cluster 1 or 2. Figure 2 shows that these clusters induce concentration-dependent
relaxation in denuded rat aortas pre-contracted with phenylephrine in the presence of
environment light. The maximal effects (Emax) are 98.08 + 6.40% and 102.5 £+ 5.10% for
clusters 1 and 2, respectively.

NOA experiments demonstrated that NO release follows reduction of these
complexes (with or without light irradiation). In the vasodilation assay, phenylephrine
might act as a reducing agent [17]. In fact, we recorded the spectral profile upon
reduction of cluster 1 or 2 after reaction with ascorbic acid or phenylephrine, to find that
they are essentially the same (Figures S15 and S16). Hence, we attribute the relaxation

effect to NO release triggered by the presence of ambient light and phenylephrine.
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Figure 2: Vasodilator effect of (A) [Ruz(ps-O)(u-OOCCH3)s(NO)(4-acpy)]PFs (1) or (B) [Ruz(ps-O)(p-
OOCCHj3)6(NO)(4-tbpy)]PFs (2) on rat aorta pre-contracted with phenylephrine (0.1 M) in the presence
of environment light. Data are the means + SEM of experiments performed on four preparations obtained

from different animals. *P < 0.05.

Although the vasodilation response is maximum at 1 x 10° M, almost 10 times
more cluster 2 (8 x 107 M) than cluster 1 (1 x 107M) is necessary to achieve 50%
relaxation. In terms of concentration range, the ability of clusters 1 and 2 to provide
50% and 100% relaxation is quite similar (107 to 10° and 10 M, respectively) to the
behavior reported in the literature for related complexes including 4,

[Ru(NH.NHa)(tpy)NOJ** (tpy = terpyridine), trans-[RuCl([15]aneN)NO]** ([15]aneN4
9



= 1,5,8,12-tetraazacyclotetraundecane), and the iron complex sodium nitroprusside
(SNP) [17, 42-44]. Except for the first example (in which the ancillary ligand is 3-
methylpyridine), the other complexes do not bear any structural similarity with the
complexes investigated here. Thus, the substituent, or even better, the ancillary ligands

themselves, does not influence the vasodilation effect.

2.4 Cytotoxicity studies of nitrosyl clusters 1 and 2

We examined the in vitro cytotoxicity of nitrosyl cluster 1 or 2 against B16F10 (Figure
3) or L929 (Figure 4) cells in the absence or in the presence of light irradiation (at A =
527 nm; dose of 0.25 or 0.41 J/cm?). Overall, both clusters are cytotoxic to melanoma
cells at different concentration ranges. In addition, relatively low concentrations (25
uM) of cluster 2 appear to be toxic to healthy cells. Surprisingly, photostimulation
increases the cytotoxicity of complexes 1 and 2 only slightly within the concentrations
investigated here. The dark activity of clusters 1 and 2 can be assigned to NO release
mediated by reductive processes [16].

At each particular concentration, clusters 1 and 2 are less toxic to non-tumor
cells (L929) as compared to the murine melanoma cell line (B16F10) in the dark or
upon irradiation with visible light. At 50 uM, cluster 1 is not toxic to fibroblast cells at
all, but it lowers B16F10 cell viability to 54%. Cluster 2 elicits the same effect on
B16F10 cells (approximately 50% of cell viability) at only 1 pM. This concentration
reduces L929 cell viability to approximately 80%.

Our group was the first to report on the cytotoxicity of a triruthenium cluster;
more specifically, complex 3, toward melanoma cells [16]. In that case, complex 3 at 15
uM was necessary to lower B16F10 cell viability to 50%. Light irradiation only raised
the cytotoxicity of complex 3 at higher concentration ranges (30 to 60 uM). The results
of the present work are consistent with the aforementioned behavior and allow us to set
the following order of increasing cytotoxicity of triruthenium complexes toward
B16F10 melanoma cells with respect to the ancillary ligand: 4-acpy < 4-pic < 4-tbpy.

The cytoplasmic conditions of tumor cells, such as low Oy concentration,
atypical nutrient intake, low pH due to lactic acid production in anaerobic glycolysis,
and presence of higher glutathione levels [37,39], often create a favorable environment
for reduction processes, which favors NO release from these clusters even in the

absence of light irradiation.
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Figure 3. Cellular viability of B16F10 cells after treatment with different concentrations of nitrosyl
cluster 1 (A) or 2 (B), with (black bars) or without (white bars) light irradiation (A=527 nm; dose of 0.41
Jlem?) for 24 h. Cell viability was assessed by an MTT assay and expressed as percent of the control.
Data are presented as the mean + SEM of three independent experiments. * is used to represent the
statistically significant differences between the treatments and control, considering p < 0.05 according to
the ANOVA and post hoc Newman—Keuls tests.
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Figure 4. Cell viability of L929 cells after treatment with different concentrations of nitrosyl cluster 1 (A)
or 2 (B), with (black bars) aor without (white bars) light irradiation (A=527 nm; dose of 0.41 J/cm?) for 24
h. Cell viability was assessed by an MTT assay and expressed as a percent of the control. Data are
presented as the mean + SEM of three independent experiments. * was used to represent the statistically
significant differences between the treatments and control, considering p < 0.05 according to the ANOVA

and post hoc Newman—Keuls tests.

Presumably, this effect is operating here, to contribute to both the
vasorelaxation and cytotoxic activities of complexes 1 and 2. However, this contribution
should be similar for both complexes because the first reduction potentials of clusters 1
and 2 differ only slightly (Table 1), and both are accessible in biological medium.
Therefore, the differences in the cytotoxicity of these triruthenium complexes must be a

consequence of structural aspects, namely the presence of distinct substituents in the
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ancillary pyridinic ligands. More specifically, we realized that higher degree of
methylation in the ancillary ligand of complexes 1, 2, and 3 [16] results in higher
cytotoxicity.

The importance of methylation in modulating biological activity is well
documented [45-47]. The methyl group presents many functions and can alter the
pharmacological properties of a molecule [24, 45]. Introduction of this group into
bioactive compounds makes them more lipophilic/hydrophobic. Hence, the structural
differences between clusters 1 (L = 4-acpy) and 2 (L = 4-tbpy) might directly impact
processes like internalization, subcellular localization, and interaction with several
biomolecules (proteins and/or DNA) or bio-structures including cellular membranes
[46].

2.5 Interaction of cluster 1 or 2 with Human Serum Albumin (HSA)

To illustrate our point that increased hydrophobicity through methylation promotes
interaction with biologically relevant targets, we investigated interaction of cluster 1 or
2 with HSA.

Biological activity is related to association between bioactive compounds and
biological targets. This directly affects compound bioavailability, distribution,
metabolism, toxicity, and in vivo half-life. Therefore, studying the interaction of cluster
1 or 2 with HSA (the major transport protein in blood plasma) is mandatory. We
evaluated this interaction by means of HSA fluorescence quenching by cluster 1 or 2.
Here, the assay was considered an indirect method to probe the hydrophobic nature of
the complexes under investigation [45-48, 50]. It has recently been shown that
compound 4 interacts with HSA through hydrophobic forces; the observed Ky suggests
that HSA can efficiently store and transport this complex in the body [18].

Figures 5A and 5B depict HSA fluorescence quenching in the presence of
increasing concentrations of cluster 1 or 2, respectively. Fluorescence quenching may
occur through two distinct mechanisms: static and/or dynamic [51-53]. It is rather
difficult to assign which mechanism takes place exclusively on the basis of fluorescence
measurements. Usually, it is possible to assign one of the mechanisms by analyzing how
Ksv constants vary with temperature. The Ksy quenching constant increases with rising
temperature when interaction is dynamic: because this interaction has a collisional
nature, it predominates at higher temperature. Nevertheless, static contribution

12



(formation of a HSA-quencher adduct in the ground state) might be significant even
when K, increases with temperature. Hence, the quenching mechanism can be
determined by comparing the bimolecular quenching constant (kq) and limiting
diffusion rate constant of biomolecules (kd =~ 2.0 x10*°M™* ™% [50, 53]. If kq is smaller
than kd, dynamic quenching is the main mechanism; otherwise, static quenching
prevails [50, 53].

To treat our data, we firstly employed the dynamic Stern-Volmer equation (1).
Fo/F = Ksv[Q] + 1 = 1okq[Q] + 1 1)

where Fo and F are the fluorescence intensities in the absence or in the presence of the
quencher, respectively; Ksy is the Stern—Volmer quenching constant; ky is the
bimolecular quenching constant; and 1o is the average lifetime of the excited

biomolecule in the absence of a quencher (for HSA, 1o is about 1078 s) [48, 53].
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Figure 5: Intensity of HSA solution emission with increasing concentration of cluster 1 (A) or cluster 2
(B). ([HSA] = 1.0 uM) (on the basis of the quencher concentration (0.0 M to 10° M) during 5-min
incubation with HAS).

We obtained the Ksy of systems HSA-1 and HSA-2 at different temperatures
from the slopes of Fo/F versus [Q] plots (Figure S19) and the kg, values from the slopes
of Fo/F versus [Q]xto plots (Figure S20). Table 3 presents these values.

Ksv increases slightly and significantly with temperature for clusters 1 and 2,
respectively. However, kq is greater than the diffusion rate constant of the biomolecule

(kq) for both complexes, which indicates that static quenching happens between the

13



clusters and HSA. To confirm this observation, we performed lifetime measurements
(Figure S21 and S22). We did not observe variation in the HSA excited state lifetime at
any of the investigated temperatures, which attested to static quenching.

Table 3. Stern-Volmer quenching constants (Ksv and k) of the systems HSA-1 and HSA-2 at different

temperatures
Cluster T(K) Ksv (M) R kg (M*ST R
1 298 6.79 x 10° 0.9923 | 6.79 x 10" 0.9923
305 7.06 x 10° 0.9931 | 7.06 x 10™ 0.9931
312 8.01 x 10° 0.9951 | 8.01x 10™ 0.9955
2 298 9.49 x 10’ 0.9986 | 9.49 x 107 0.9985
305 1.22 x 10° 0.9987 | 1.22x 10" 0.9986
312 1.12 x 10° 0.9981 | 1.12x10™ 0.9981

Furthermore, cluster 2 has atypically high Ksy, even greater than the value
obtained for complex 4 and other coordination complexes [18, 55, 56]. Therefore,
cluster 2, which bears the methylated ligand 4-tbpy in its structure, interacts more
efficiently with HSA and is a more potent quencher.

Because we concluded that static quenching takes place for the systems HSA-1
and HSA-2, we calculated the binding constant K, by using the modified Stern-Volmer

equation:

log(Fo-F)/F = logKp, + nlog[Q] (2)

where Fo and F are the fluorescence intensities in the absence or in the presence of the
quencher, respectively; Ky is the binding constant; and n is the average number of
interacting clusters (or drug) per protein molecule. Plots of log[(Fo—F)/F] versus log[Q]
yields log Ky as the intercept and n as the slope (Figure S23 and Table S1). For both
clusters, the number of interacting clusters per protein unit is close to 1, which suggests
that a single binding site is present in the HSA structure in these complexes, and that the
stoichiometry is 1:1. On the other hand, Ky is rather small (~10®° M™) despite the

efficiency with which complexes 1 and 2 quench HSA fluorescence [18, 54].
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Together, these results suggests that the nature of the interaction leading to the
formation of a ground state adduct between HSA and the clusters must be weak even for
complex 2 and presumably does not involve covalent bonds. Alternatively, quenching
might occur due to unspecific interactions on the protein surface rather than through
binding to specific sites. Indeed, the circular dichroism spectra collected for HSA do not
reveal significant changes upon addition of increasing amounts of complexes 1 or 2
(Figure S24), which shows that interaction between these species does not modify HSA
conformation upon binding.

The nature of the interaction forces between HSA and a molecule may comprise
hydrophobic interactions, hydrogen bonds, van der Waals forces, and electrostatic
interactions [18, 54]. Positive enthalpic and entropic changes indicate hydrophobic
interactions; negative variations indicate that hydrogen bonds and/or van der Waals
forces take place. Finally, negative AH and positive AS values attest to electrostatic
interaction [52]. We determined the thermodynamic parameters for the interactions
between cluster 1 or 2 and HSA according to the following equations:

InKp = -AH/RT + AS/R  (3)
AG=-RTInK,  (4)

where Ky is the binding constant at a temperature T, and R is the gas constant. AH and
AS are calculated from the slope and intercept values of a InKy versus 1/T plot,
respectively (Figure S25). AG, which addresses interaction spontaneity, was determined
according to equation 4. The obtained values are available in Table S2. Positive AH and
AS suggest that hydrophobic forces direct binding between cluster 1 or 2 and HSA. For
cluster 2, values are more positive (AH = 80.81 KJ/mol; AS = 334.71 J/Kmol) as
compared to complexes 1 (AH = 48.10 KJ/mol; AS = 238.02 J/Kmol) and 4 [18]. This
fact highlights the more hydrophobic character of cluster 2 due to the presence of the
tert-butyl substituent in the structure of the ancillary ligands. For both clusters studied
herein, processes are spontaneous (AG > 0).

3. Conclusion

We have presented the synthesis and characterization of two novel triruthenium clusters

with general formula [Rus(us-O)(u-OOCCH3)s(NO)L,]PFg, where L = 4-acetylpyridine
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(4-acpy, 1) or A4-tert-butylpyridine (4-tbpy, 2)). Chemical characterization by
spectroscopic and electrochemical experiments has demonstrated the proposed structure
of the new nitrosyls. In addition, complexes 1 and 2 can release NO in solution under
irradiation at Airag = 377 nm and through chemical reduction with ascorbic acid.

More interestingly, these compounds have proven to be useful vasodilation
agents: they relax pre-contract rat aorta up to 100%. This ability apparently does not
depend on the structure of the complexes in our experimental conditions. In contrast, the
cytotoxicity of complexes 1 and 2 toward murine melanoma (B16F10 cells) and murine
fibroblasts (L929) is related to the structure of the ancillary ligands 4-acpy and 4-tbpy.
Cluster 2 has three methyl groups in the ancillary ligands 4-tbpy. This certainly
influences the increased cytotoxicity as compared to the results obtained for clusters 1
and 3 [16]. The presence of methyl groups also promotes stronger hydrophobic
interactions between cluster 2 and HSA as compared to cluster 1, which confirms that
methylation increases interactions with biomolecules.

All these results allow us to conclude that the choice of ancillary ligands is
critical to define the cytotoxic potential of the candidate drug when dealing with the
design of metallo drugs. However, the search for compounds with higher cytotoxicity
obtained through introduction of hydrophobic CH3 groups is a controversial issue—
methylation also increases cytotoxicity to healthy cells, as demonstrated here for cluster
2 at concentrations above 25 puM. At this point, our data do not allow us to discuss
whether internalization of the whole complex or of the released NO molecule only
underlies the observed cytotoxicity. In other words, it is not yet known whether NO is
released outside or inside the cells. Nevertheless, our results constitute an interesting
example of how a molecule with increased hydrophobicity (through methylation)

enhances its interaction with biotargets and its cytotoxicity.

4. Experimental Section

4.1 Preparation and Purification

Complexes 1 and 2 were synthesized according to modifications of the procedure

published by Toma et al. [18, 19].

[Rus(us-O)(u-OOCCHj3)s(NO)(L)2]PFs (L = 4-acpy (1) and 4-tbpy (2)). The precursors

of [Rus(ps-O)(n-OOCCH;)s(H20)(4-acpy).]PFs (0.40 g) (1a) and [Rus(us-O)(p-
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OOCCHz3)s(H20)(4-tbpy)2]PFs (0.40 g) (2b) were dissolved in DCM, and the solution
was degassed with Ar) for 20 min. The system was saturated with NO, for 24 h, and
the blue solution became violet. After this reaction time, the reaction medium was
evaporated to dryness, and the obtained purple solid was washed with petroleum ether
and dried under vacuum in desiccators. Further purification of cluster (2) was performed
by using alumina as stationary phase and a mixture of 10% ACN and 90% DCM as
mobile phase. In this system, NO() was generated by reaction of nitric acid and copper
pellets; two solutions were used as trapping system: concentrated NaOH,q) solution (1
M), to remove NO; ) traces, and DCM solution, to saturate the reaction system solvent.
[Rus(u3-O)(u-OOCCHj3)6(NO)(4-acpy).]PFs (1). Yield: 0.26 g, 0.24 mmol, 65% (MW
= 1090.72 g/mol). Elemental Analysis Calcd for (Ru3z015C19H25N2PFg) C: 28.63% H:
2,96% N: 3.85% Found: C: 28.41% H: 3.01% N: 3.90%. *H NMR (ACN-ds, 500 MHz):
3 (ppm) = 4.37 (12 H, s, CH;3 (a)); 3.48 (6 H, s, CH3 (b)); 8.64 (4 H, d, J = 6.5 Hz, Ha);
4.03 (4 H, d, J = 6.5 Hz, HP); 2.70 (6 H, d, J = 4.0 Hz, Hy). IR (KBr pellets, cm™): 568
d (FPF), 690 m (Ruz0), 838 vas(PFs), 1255 85 (CH3) 4-acpy, 1415 v (COO)Ac, 1589
v(pyridine ring), 1700 (C=0) 4-acpy, 3442 v (OH).
[Rus(us3-O)(u-OOCCHs3)s(NO)(4-thpy),)]PFe (2). Yield: 0.30 g, 0.27 mmol, 75%; (MW
= 1118.96 g/mol). Elemental Analysis Calcd for (Ru3014C1H31N2PFg) C: 32.20% H:
3.96% N: 3.76% Found: C: 33.40% H: 3.99% N: 3.96%. 'H NMR (ACN-ds, 500 MHz):
8 (ppm) = 3.79 (12 H, s, CH3 ()); 3.15 (6 H, s, CH3 (b)); 8.22 (4 H, d, J = 6.6 Hz, Ha);
481 (4 H, d, J =6.6 Hz, HB); 1.53 (18 H, s, Hy). IR (KBR pellets, cm™): 548 & (FPF),
693 © (Ruz0), 830 vas(PFg), 1430 vis (COO)Ac, 1591 v(pyridine ring), 2940 v (CHj3) 4-
tbpy, 2971 s (CH3) 4-tbpy, 3432 v (OH).
Warning: in the solid state, especially with exposure to light, we observed some degree
of decomposition for this compound, with substitution of NO ligands by solvent
molecules of crystallization, which is acetonitrile in this case (from the mobile phase of
the chromatographic column). This effect accounts for the poor match of the calculated
and experimental values of elemental analysis. The experimental values reported above
corresponds to a mixture of the original nitrosyl compound and the solvated species in
an approximated ratio of 60% nitrosyl : 40% solvated complex. We performed a *H
NMR measurement in CD3OD in order to probe the presence of acetonitrile in our
product. The spectrum profile was the same as the one reported in CD3CN, with an
additional signal at 2.1 ppm ascribed to acetonitrile present in the sample. We also
17



performed a control IR experiment in which we measured the spectrum of a freshly
prepared KBr pellet of compound 2 and measured it again after 2 days of exposure of
compound 2 to ambient light and heat. It was verified, by integration of the nNO band
area, the loss of 20% of NO.

4.2 Physical measurements

UV-Vis spectra were recorded on a UV Agilent 8453 spectrophotometer (190-1100
nm) equipped with xenon and tungsten lamps and a quartz cuvette with path length of
1.0 cm. IR spectra were acquired on an IR spectrophotometer Shimadzu Prestige 21
(400-4000 cm™ with resolution 4 cm™), from KBr pellets. *H NMR spectra were
obtained on a Bruker Avance DRX- 500 500 MHz from 10 M CDsCN solutions. EPR
spectra were recorded in a Bruker EMX instrument operating at the X-band (frequency
= 9.48 GHz, power = 20mW, modulation frequency =100 kHz, modulation amplitude =
5-15 G), at 77 K, in the solid state and in ACN solution; Wilmad quartz tubes were
used. Cyclic voltammetry experiments were performed in a conventional three-electrode
cell (platinum as working electrode, platinum wire as auxiliary electrode, and Ag/AgCl
as reference electrode). The supporting electrolyte was tetrabutylammonium
hexafluorophosphate (TBAPFg) 0.1 M. Cluster solutions (10° M) were prepared in
ACN. Lifetime measurements were recorded on Tsunami - Spectra Physics; the selected
excitation wavelength was 281 nm at three incubation temperatures (298, 305, or 310
K). To a HSA solution (1.0 x 10° M), successive aliquots of cluster 1 or cluster 2
solutions (0, 1.4 x 10, 1.8 x 10, 2.2 x 10®, 2.6 x 10, or 3.0 x 10™ M), both prepared
in Trizma® buffer, were added. The signal detected as pulse excitation is called IRF
(instrument response function). The resulting curves were fitted by an exponential
adjust of the program Origin 8.0®. Circular Dichroism spectra were registered with a
Jasco 810 Spectropolarimeter (Jasco, Hachioji City, Tokyo, Japan). HSA (1.0 x 10 ° M)
CD spectra in the presence of complex 1 or 2 were acquired in a 1-cm quartz cuvette in

Trizma® buffer solutions (complex concentration: 1.5 x 10°, 2.5 x 10®, or 3.0 x 10> M).

4.3 NO release experiments

NO release from clusters 1 or 2 was evaluated by two methods. Photolysis of cluster 1
or 2 was accomplished from 10 M solutions in ACN in quartz cuvette with optical path
of 1 cm. Solutions were stirred continuously during the irradiation time (2 min, A = 377
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nm). Irradiation was performed with a diode laser Colibri QuantumTech®. Light
intensities were determined by chemical actinometry (ferrioxalate salts) in order to
calculate quantum yields. The second method was based on a General Electric model
NOA-280i nitric oxide analyzer (NOA) under helium flow, which helped to analyze the
generated NO. NO was detected in the absence of ambient light; an ascorbic acid
aqueous solution (10 M) was used as reducing agent. First, 20 or 40 uL of cluster 1 or
2 in ACN solution (10®° M) was added to the system. NO was detected in the presence
of UV irradiation. To this end, 60 pL of cluster 1 or 2 in ACN (10" M) was added to the
system, followed by irradiation with a UV lamp for 5 s (The Graphs are in SI-1 and SI-
2). The number of NO moles was based on the straight line obtained from the analytical

curve (Supplementary Data) of the device; the full area was based on the release curve.

4.4 Vasodilation assay and aortic ring preparation
Experiments were conducted in accordance with the Animal Ethics Committee,
Ribeirdo Preto Campus, University of S&o Paulo, Brazil, under environment light. The
vasodilation assay was conducted in a bath system for isolated organs; the vascular
reactivity procedure was employed. First, Male Wistar rats (180-200 g) were stunned by
inhalation of isoflurane, euthanized by decapitation, and exsanguinated. The descending
thoracic aorta was rapidly dissected and cut into rings (4-mm length). Endothelium was
mechanically removed by gently rubbing the vessel surface of the rings with a thin wire.
Rings were maintained in a 10-mL organ chamber containing Krebs buffer solution
with the following composition (mM): NaCl 130, KCI 4.7, KH,PO,4 1.2, MgSO, 1.2,
NaHCOj3; 14.9, glucose 5.5, and CaCl; 1.6. The solution was maintained at pH 7.4 and
gassed with 95% O, and 5% CO, at 37 °C. Initially, rings were stretched to a basal
tension of 1.5 g (previously determined by length—tension relationship experiments),
before they were allowed to equilibrate for 60 min in the bath fluid, which was changed
every 15-20 min. Since our studies required endothelium-denuded aorta, endothelial
integrity was qualitatively assessed by the degree of relaxation caused by acetylcholine
(ACh, 1 M) in the presence of a contractile tone induced by phenylephrine (0.1 puM).
Absence of endothelium was confirmed by lack of relaxation response to acetylcholine
1 uM in aortic rings pre-contracted with phenylephrine 0.1 pM.

Complex solutions were prepared in water (0.1 nM to 10 uM) by diluting the
stock concentration that had been prepared in DMSO (0.1 mM). To examine how the
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complexes affected smooth muscle cell relaxation, aortic rings were pre-contracted with
phenylephrine 0.1 uM. When the contraction had reached a plateau, complex solution
(0.1 nM to 10 uM) was cumulatively added.

4.5 Cell Culture

B16F10 (melanome murine) and L929 (fibroblast murine) cells were obtained from the
cell bank from the city of Rio de Janeiro. Cells were cultured in 75-cm?® flasks
containing RPMI medium (Roswell Parking Memorial Institute Medium — Gibco®) with
10% defined supplement fetal bovine serum plus penicillin G 100 1U/mL, streptomycin
100 mg/mL, and amphotericin 1 pg/mL. Cells were cultured until 75-90% confluence
in a humidified incubator at 37.0 °C with 5.0% CO,( for 24 h.

4.6 Cell viability assay

Cytotoxicity of the nitrosyl clusters was evaluated against two cell lines, murine
melanoma, B16F10, and murine fibroblast, 1L929. To this end, 2 x 10* cells were
incubated in 96-well cell culture plates for 24 h. After this period, treatment with cluster
1 (2.0, 5.0, 10, 25, 50, or 100 uM) or cluster 2 (0.1, 0.5, 1.0, 2.5, 5.0, or 25 uM)
previously dissolved in DMSO was conducted with or without light irradiation (A = 527
nm; dose of 0.25 or 0.41 J/cm?). Graphs obtained at 0.25 J/cm? are available as
Supplementary Data (S15). After the incubation time, cell viability was evaluated by the
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-ditetrazolium bromide) colorimetric assay; wells
that did not contain any of the complexes were used as control [29]. The blue MTT
formazan precipitate was then dissolved in 100 uL of DMSO, and absorbance at 492 nm
was measured on a VARIAN CARY-50MPR multi-well plate reader. Cell viability is
expressed as the percentage of these values in treated cells as compared to non-treated
(control) cells. All experiments were carried out in triplicates on different occasions.
Data are presented as the mean + standard error of triplicate cultures. For statistical
significance, differences were considered at the 0.05 level of significance with p < 0.05;
One-way ANOVA- Newman-Keuls Multiple Comparison Test was used to compare
results from different treatments. Complexes were dissolved in DMSO and then in the
culture medium and serially diluted to the appropriate concentration, to give a final
DMSO concentration of 1%.
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4.7 Complex interaction with HSA

The interaction of the complexes with human serum albumin (HSA) was assayed in the
absence of ambient light, to ensure that the investigated species were the nitrosyls. HSA
was purchased from Sigma-Aldrich. Stock HSA solutions were prepared in aqueous
tris-buffer (pH = 7.2, 10* M) solutions on the basis of its molecular weight (66,463Da)
and kept refrigerated at 10 °C. A stock solution (10 M) of cluster 1 or 2 was prepared
in ACN (0 M — 1 x 10° M). Measurements were carried out at three incubation
temperatures (298, 305, or 312 K). Initially, the spectrum of the solution containing
HAS only was recorded after incubation for 5 min to adapt the conformation of the
macromolecule to the monitoring temperature. Sequentially, aliquots (30 uL) of on of
the complexes were added, and 2-min incubation was allowed before the luminescence

spectrum was recorded.

4.8 Fluorescence measurements

HSS fluorescence spectra at different temperatures were recorded on a Shimadzu
fluorescence spectrophotometer, model RF-5301PC, in a quartz cell with optical path of
1.0 cm. The fluorescence spectrophotometer was set up with excitation and emission slit
widths of 5 nm. The wavelength 280 nm was used for sample excitation. The
fluorescence intensities were corrected for absorption of the exciting light and inner

filter effects by means of the equation:

Fcorr — Fobs e(Aexc+Aem)/2

where F¢or and Fqps represent the corrected and observed fluorescence intensities, and
Ae and Aqy are the absorbance of protein and ligand at the excitation and emission

wavelengths, respectively.
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Abbreviation List

4-acpy = 4-acetylpyridine

4-tbpy = 4-tert-butylpyridine

4-pic = 4-methylpyridine

3-pic = 3-methylpyridine

ACN = acetonitrile

CLCT = cluster-to-ligand charge transfer
DCM = dichloromethane

DMSO = dimethylsulfoxide

IC = intra-cluster transition

HSA = human serum albumin

MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NOA = NO analyzer

TBA = tetrabutylammonium

Appendix A. Supplementary data
Supplementary data related to this article can be found at http:// dx.doi.org
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