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The complex [VONargPhenCl] (Narg, naringin; phen = 1,10-phenanthroline) was synthesized and
characterized. Comparative analysis with the binary complex, [VO(Narg),], revealed improvements in
both antioxidant and anticancer effects upon replacing one Narg ligand with Phen. The new complex
behaved as a better antioxidant against reactive oxygen species (ROS) and displayed higher cytotoxicity
(against the A549 human lung cancer cell line, 24 h incubation) compared to the ligands and the binary
complex. This increased cytotoxic effect was associated with intracellular ROS generation and GSH/
GSSG depletion, indicating an oxidative stress mechanism. Additional observations, such as the depletion
of mitochondrial membrane potential and morphological changes, suggested the involvement of an
intrinsic apoptotic pathway. Furthermore, the complex exhibited enhanced cellular uptake of vanadium
compared to the binary complex. The complex demonstrated spontaneous interaction with bovine
serum albumin and the binding constant values indicated its ability to be transported by this protein.
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This study underscores the significance of incorporating a compound with m-electronic delocalization
into the coordination sphere of the oxidovanadium(iv) cation that improves the antioxidant capacity.
DOI: 10.1039/d4nj00655k Moreover, its lipophilic characteristics impart an improved transport across the cellular membrane and
enhance the pro-oxidant effects in cancer cells, ultimately enhancing the anticancer actions of the

rsc.li/njc metal complex.
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Naringin, a flavonoid compound abundantly found in citrus
fruits, especially grapefruit, is a glycoside composed of a
flavonoid aglycone known as naringenin and a sugar molecule
called rutinose. The presence of this glycosidic linkage endows
naringin with its distinctive bitter taste. Upon interaction with

Fig. S1 (ESI). Thermogravimetric analysis (TGA) curve for the thermal decom-
position of [VONargPhenCl]-3H,0. Oxygen flow: 50 mL min~*, rate: 10 °C min".
Fig. S2 (ESI). Infrared spectra of naringin, [VO(Narg),]-8H,0, 1,10-phenanthroline
and the ternary complex [VONargPhenCl]-3H,0. Fig. S3 (ESI). Electronic spectra
of the VONargPhenCl complex in (2.5 x 10> M, DMSO) and (2.5 x 10° M, 1%
DMSO0-99% H,0) for 2 h, 25 °C. Fig. $4 (ESI). Effects of VONargPhenCl on DPPH*,
the reduction in the concentration of the DPPH* radical (517 nm); *OH, the
development of a pink chromogen (4 = 532 nm) from the reaction of deoxyribose,
hydroxyl radicals and thiobarbituric acid (TBA); O,°*~, the reduction of nitroblue
tetrazolium by the generated superoxide radical at 560 nm; ROO®, AAPH-
generated peroxyl radical-pyranine mixture. Time delay (lag pahse) of pyranine
consumption, measured at 454 nm. The values are expressed as the mean + SEM
of at least three independent experiments. Fig. S5 (ESI). Plots of log[(F, — F)/F] vs.
log(Q) for the interaction of BSA with VONargPhenCl at different temperatures,
Jex = 280 nm. See DOI: https://doi.org/10.1039/d4nj00655k
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gut flora, naringin undergoes hydrolysis to form naringenin.
However, due to its large hydrophobic ring structure, naringin’s
bioavailability is limited, affecting its absorption and meta-
bolism within the body." Despite this, naringin has garnered
attention for its potential health benefits, attributed to its
diverse biological properties. These properties encompass anti-
oxidant activity, anti-inflammatory effects, and promising anti-
cancer potential.>® Furthermore, naringin has shown promise
in providing cardiovascular and neuroprotection.”

The binding of metal ions to bioactive compounds like
naringin can introduce novel or enhanced biological functions
to the ligands. Such coordination with biometals offers bio-
logical advantages, encompassing heightened functionality,
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Fig. 1 Structure of naringin.

support of enzymatic activities, facilitation of electron transfer,
structural stability, assistance in signal transduction, contribution
to oxygen binding and transport, regulation of metal homeostasis,
catalysis of reactions, participation in antioxidant defense, and
influence on DNA processes within cells.” Phenanthroline is a
bidentate ligand with the ability to form coordinated bonds with
biometals. It can modify the electronic properties of a molecule
acting as an electron-withdrawing ligand. Introducing phenanthro-
line as a second ligand can enhance the binding affinity of the
biometal, stabilizing the coordination structure and enabling
interaction with other molecules in the biological environment.
This interaction can alter the complex’s three-dimensional struc-
ture, potentially impacting its compatibility with active sites in
proteins, DNA, or other macromolecules.®

In previous work, we successfully synthesized a metal
complex involving naringin (Fig. 1) and the oxidovanadium(wv)
cation, VONarg,.” Our investigations revealed a substantial
improvement in the anticancer effects of naringin through this
complexation. Furthermore, we documented an enhancement
in the flavonoid’s antioxidant power against various radicals
such as superoxide, peroxyl, and DPPH radicals. In assessing
naringin’s performance individually in the A549 lung cancer
cell line, we noted limited anticancer activity within the tested
concentrations.® However, the complex exhibited a reduction in
cell viability, attributed to its pro-oxidant effects. In the context
of our ongoing research, we have undertaken the synthesis
and thorough characterization of a novel ternary complex,
[VONargPhenCl]-3H,0 (VONargPhenCl). This new complex
involves the substitution of one ligand Narg with the inclusion
of phenanthroline (Phen). This modification could potentially
lead to further enhancements in both the antioxidant and
anticancer properties of VONarg,. Our research endeavors
encompassed investigations into mechanisms of action (ROS
production, disruption of mitochondrial membrane potential,
and cell redox state), cellular uptake and interactions with BSA,
providing a comprehensive exploration of the complex’s prop-
erties and potential applications.

Experimental section
Reagents

All chemicals employed in this study were of analytical grade.
Oxidovanadium(wv) chloride (50% aqueous solution, Carlo Erba),
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naringin (Sigma, St. Louis, MO, USA), and 1,10-phenanthroline
monohydrate (Merck) were used as supplied. Elemental analysis
for carbon, nitrogen and hydrogen was conducted using a Carlo
Erba EA1108 analyzer. The methods for the general experiments
are described in the ESL.f The vanadium content was quantified
using the tungstophosphovanadic method (see the ESIt for the
description of this method).’ For thermogravimetric analysis, a
Shimadzu system (model TG-50) operating at a heating rate of
10 °C min~" within a 50 mL min~" oxygen flow was used. Infrared
spectra were acquired using the KBr pellet technique, employing
a Bruker IFS 66 FTIR spectrophotometer, ranging from 4000 to
400 cm™ . Fluorescence spectra were recorded using a Shimadzu
RF-6000 spectrophotometer equipped with a pulsed xenon lamp.
UV-Vis and diffuse reflectance spectra were recorded with a
Shimadzu UV-2600/2700 spectrophotometer, using BaSO4 as the
standard. The molar conductance of the complex was measured
with a Conductivity TDS Probe — 850084, Sper Scientific Direct,
using 1 x 10~ M solutions of DMSO and H,O-DMSO (99-1%).
Microplate measurements were conducted using a Microplate
reader Ivdiagnostik M201. For the X-band CW-EPR spectra, both
powdered samples and DMSO or DMSO/H,O solutions were
examined at temperatures of 100 K and room temperature
(ca. 298 K) on a Bruker EMX-Plus spectrometer. The spectro-
meter was equipped with a rectangular cavity featuring 100 kHz
field modulation, and with standard Oxford Instruments low-
temperature devices (ESR900/ITC4). The spectra were baseline
corrected using WinEPR Processing software (Bruker, Inc).
Simulation of the powder sample was performed with WinEPR
Simfonia, while the spectra of frozen solutions were simulated
using the EasySpin 5.2.3. toolbox based on MATLAB. Cell
culture materials were obtained from Corning or Falcon, with
Dulbecco’s modified Eagle’s medium (DMEM) sourced from
Merck, Tryple™ from Invitrogen (Argentina SRL) and fetal
bovine serum (FBS) from Internegocios, Argentina. All other
chemicals used were of analytical reagent grade and were
utilized without further purification.

Synthesis of [VONargPhenCl]-3H,0, (VONargPhenCl)

1,10-Phenanthroline monohydrate (0.5 mmol) was suspended
in 2.4 mL of water and 0.5 mmol of VOCI, was added, allowing
the solution to stir until homogeneity was achieved. Then,
a solution containing 0.5 mmol of naringin and 0.25 mmol of
triethylamine in 5.6 mL of ethanol was added. After 60 min of
stirring at room temperature, the final pH was adjusted to
6 using triethylamine. The resulting product was precipitated
with 60 mL of acetonitrile and the solid was filtered, washed
with acetonitrile and dried at 60 °C. Elemental analysis calc. for
C30H300,5N,VCI-3H,0: C, 51.1; H, 4.9; N, 3.1; V, 5.6; found: C,
51.3; H, 5.0; N, 3.1; V, 5.7%. UV-Vis data for the 1:1:1 V(iv)O*" to
naringin to Phen ratio, 4yax (DMSO)/nm 769 (¢/dm® mol ™" em™" =
88.4). Thermal analysis (TGA) under an oxygen atmosphere with
a flow rate of 50 mL min ' and a heating rate of 10 °C min "
revealed a first mass loss of 6.0% at 108 °C, corresponding to the
loss of three water molecules (% calc, 5.9) as shown in Fig. S1
(ESIT). After various degradation steps, a final residue value of
9.8% was obtained, which corresponds to the formation of V,05
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(% calc, 9.9). The presence of V,05 in the residue was confirmed
by FTIR spectroscopy. The molar conductance of the complex
measured in DMSO, A,, = 0 Q' cm? mol™?, indicates a non-
electrolyte nature for the complex. Based on these results, the
formula [VONargPhenCl]-3H,0 is proposed for the solid complex.

Antioxidant determination

The antioxidant activities of the complex were assessed through
various assays, including the superoxide dismutase (SOD)
mimetic assay, hydroxyl radical scavenging, inhibitory effects
on peroxyl radical (as reactive oxygen species) and the 1,1-
diphenyl-2-picrylhydrazyl radical (DPPH) assay. Reported pro-
tocols were followed for these determinations.'® Briefly, the
capability of the complex to scavenge hydroxyl radicals was
evaluated by quantifying the degradation of deoxyribose caused
by hydroxyl radicals generated within the ascorbate-Fe-H,O,
system. The degree of deoxyribose degradation was measured
at 535 nm. To indirectly determine SOD activity, the nitroblue-
tetrazolium (NBT) assay was employed. The complex’s inhibi-
tory effect on the reduction of NBT by the superoxide anion,
generated through the phenazinemethosulfate (PMS) and
reduced nicotinamide adenine dinucleotide (NADH) system,
was measured.

For assessing inhibitory activity against peroxyl radicals, the
delay introduced by the compounds in pyranine consumption
(known as the lag phase) caused by peroxyl radicals was
quantified. The DPPH radical scavenging activity was deter-
mined in the presence and absence of the complex, with the
latter value set as the reference at 100%.

Each experiment was performed in triplicate and a mini-
mum of three independent experiments were carried out for
each assay.

Interaction with bovine serum albumin (BSA)

To investigate the interaction between bovine serum albumin
(BSA) and the complex [VONargPhenCl]-3H,0 (VONargPhenCl),
the following experimental procedure was employed: BSA was
incubated for 1 h at a final concentration of 6 uM in Tris-HCI
buffer (0.1 M, pH 7.4) along with the complex at varying
concentrations ranging from 0 to 100 pM (specifically, 5, 10,
15, 20, 25, 50, 75, and 100 uM). The incubation was conducted
in the presence of DMSO at a final concentration of 0.5% v/v.
This process was carried out at three distinct temperatures:
25 °C, 30 °C, and 37 °C (equivalent to 298 K, 303 K, and 310 K,
respectively). Following the incubation, emission spectra were
recorded utilizing a Shimadzu RF-6000 spectrofluorometer
within the wavelength range of 290 to 450 nm, with an excita-
tion wavelength of 280 nm. To maintain consistency, the
excitation and emission bandwidths were both set at 10 nm,
while the scanning speed was 6000 nm minute ', using a
resolution of 1 nm. For each sample and concentration,
a minimum of 5 replicates were measured across at least 3
independent experiments.

To calculate the binding constants and thermodynamic
parameters, the observed fluorescence intensity at 336 nm
(referred to as Fops) was adjusted to account for the influence
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of the complex on the fluorescence intensity; a phenomenon
termed the “inner filter effect.” This correction was achieved
using the formula: Foorr = Fops X €Xp[(Aex + Aem)/2], where A,
and A, represent the absorbance values of the sample at the
excitation wavelength (280 nm) and the emission wavelength
(336 nm), respectively."""?

Cell culture

In a humidified 37 °C incubator with a 5% CO, environment,
the human lung cancer cell line A549 and the human normal
amnion cell line WISH" were grown in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), penicillin (100 U mL™"), and streptomycin
(100 g mL™"). When cells achieved 70-80% confluence, they
were washed with phosphate-buffered saline (PBS) (11 mM
KH,PO4, 26 mM Na,HPO4, 115 mM NaCl, pH 7.4) and sub-
cultured with TrypLE™. Cells were cultivated on multi-well
plates for the studies. When the cells reached 70% confluence,
the monolayers were washed twice with DMEM before being
treated with the compounds.

Cell viability assay (MTT assay)

The 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT) method (Sigma-Aldrich, St. Louis, MO, USA) was used to
assess cell viability. For the treatments, cells were seeded at a
density of 1.5 x 10* per well in 96 well plates, cultured overnight,
and then incubated with the ternary complex and 1,10-phen-
antrhroline chloride in FBS free media. After 24 h of incubation
at 37 °C, 100 pg of MTT per well was added and incubated in
a CO, incubator for 2 h at 37 °C. The formazan crystals were
then dissolved in DMSO, and the absorbance of each well was
measured using a plate reader at a test wavelength of 560 nm.
The data are reported as a percentage of cell viability (%) of the
treated group compared to untreated cells (control), whose
viability is assumed to be 100%.

Cell morphology

To evaluate cell morphology, they were grown in six well/plates
and incubated overnight with fresh serum-free DMEM plus 0
(control) and 100 puM solution of the ternary complex. The
monolayers were subsequently washed twice with PBS, fixed
with methanol and stained with 1:10 dilution of violet crystal
for 10 min. Next, they were washed with water and the mor-
phological changes were examined using light microscopy.

ROS, GSH, GSSG and MMP measurements

The production of intracellular reactive oxygen species (ROS)
in the A549 cell line was assessed by the oxidation of 2',7'-
dichlorodihydrofluorescein diacetate (H,DCFDA) to 2/,7’-dichloro-
fluorescein (DCF), as previously reported.'® To determine the GSH
content, 100 mL aliquots of treated and untreated cells were added
to with 1.8 mL of ice-cold phosphate buffer (Na,HPO4 0.1 M-EDTA
0.005 M, pH 8) and 100 mL of o-phthaldialdehyde (OPT) (0.1%
in methanol) as described by Hissin and Hilf."* To avoid GSH
oxidation, the cellular extracts for GSSG measurements were
incubated with 0.04 M N-ethyl-maleimide (NEM) before being

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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mixed with 1.8 mL NaOH 0.1 M and OPT. The fluorescence ¢m
420 nm was determined (lex 350 nm). The Bradford test was
used to determine the protein level of each cellular extract.®
For the determination of mitochondrial membrane potential
(MMP), cells were treated with VONargPhenCl, washed with
PBS and stained with 0.4 nM of 3,3’-dihexyloxacarbocyanine
iodide, DiOC6 (40 nM stock concentration in DMSO). Changes
in MMP (A¥Ym) were measured using a Shimadzu RF 6000
fluorometer (excitation/emission = 488 nm/525 nm)."®

Cellular vanadium uptake experiment

For vanadium uptake experiments, cells were grown to 80%
confluence in 100 mm Petri dishes. Incubations with the
treatment compounds (100 pM of VONargPhenCl, and
VONarg,) were performed for 24 h. Afterwards, V containing
media were removed, and the cell layers were washed twice with
PBS. Cells were detached using TrypLE enzyme solution for ca.
15 min at 37 °C. The cell suspensions were collected into
centrifuge tubes and pelleted at 4000 x g for 2 min. The cell
pellets were washed once with PBS (1.0 mL per tube) and lysed
with 100 pL of 0.10 M NaOH overnight at 4 °C. Each lysate (2 pL)
was mixed with 98 uL of Bradford reagent and the absorbance
at 560 nm was measured using a plate reader for the deter-
mination of protein content. Freshly prepared solutions
(0-2.0 mg mL™" in 0.10 M NaOH) of bovine serum albumin
were used for calibration. The rest of the lysate was diluted to
1.0 mL with 20% HNOj; and vanadium contents were deter-
mined using ICP-MS, an accurate and extremely sensitive
analytical method that allows quantification of very low levels
of intracellular vanadium. Corresponding amounts of NaOH
and HNO; solutions were used to prepare the blank samples.
The content of vanadium in the cell lysates was calculated in
nmol V per mg protein."”

Statistical analysis

Data were analyzed for statistical significance using one-way
analysis of variance (ANOVA) followed by Fishers least signifi-
cant difference (LSD) test and the results were expressed as
mean + SEM.

Results and discussion
Characterization of the solid complex

FTIR spectroscopy. The FTIR spectrum of the complex was
compared with the spectra of 1,10-phenanthroline (Phen),'®
naringin and the previously reported binary VONarg, complex
(Fig. S2, ESIf).” In the 3400-3200 cm ' region, broad O-H
stretching bands were observed, which can be attributed to the
presence of R-OH and Ar-OH groups from naringin, as well as
OH from the crystallization water. The C—=O0 band of naringin
(1645 cm ') shifted to 1637 cm ™" in the VONarg, complex and
to 1612 cm ™! in the ternary complex (Table 1). The shift in the
C=0O0 vibrational bands suggests that the coordination of this
ligand remained similar to that in the binary complex involving
the 4-C=0 and 5-C-O" groups. Additionally, the replacement
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Table 1 Tentative assignments of the FTIR spectra of naringin and the
oxidovanadium(iv) complexes (band positions in cm™%)?

Vibrational modes-

Naringin” ~ VONarg,”  VONargPhenCl  functional groups
3422 br 3395 br 3389 br vO-H
3231 sh 3205 sh 3216 sh
1645 vs 1637 sh 1612 vs vC=0 ring C
1629 sh 1614 vs vC=C
1615 sh
1582 m 1574 vs 1579 vs vC—C
1537 m 1535 m
1520 m 1520 m 1520 m vC—C
1504 m
1355 sh 1357 sh 1361 w 0COH
1341 m
1295 m 1292 w 1291 w OHOC
1281w 1256 w 1260 w O0HOC, 1(C-0-C)
1265 w
1134 s 1134 m 1135 m vC-0 secondary alcohol
1074 vs 1076 vs 1074 vs vO-C sugar
1062 vs 1060 sh vC-O primary alcohol
1041 vs 1040 sh 1039 sh vO-C
987 m 987 m 987 sh 10-C
980 m 972 m WO

847 m Phen
822 m 814 w 814 w vC-C, vO-C

724 m Phen

@vs, very strong; s, strong; m, medium w, weak; vw, very weak; br,
broad; sh, shoulder.

of one flavonoid ligand by Phen caused a red shift of the C=0
stretching band due to n delocalization and a consequent
decrease in the bond order of this moiety.'® The band assigned
to the C-O stretching of the sugar moiety (1074 cm™ ') remained
at the same position in the three compounds, indicating that
the glycoside did not interact with the metal center. The most
significant changes between the spectra were observed in the
VO stretching band and the addition of new bands due to the
Phen ligand in the ternary complex. The VO stretching band
shifted from 980 cm ' to 972 cm ™', suggesting an increase in
bond length and a decrease in bond order after replacing one
naringin ligand with Phen. This change might reduce the n
electron resonance with the VO cation. In addition, the V—0
stretching mode is sensitive to the nature of the trans-ligand.
Donor ligands in the trans-position (anions like chloride, or
electron donor ligands, like pyridine) interacted with the empty
d-orbital of the metal center and can increase the electron
density on the metal ion, producing repulsion of the V—0
bond lowering both the V-O multiple bond character and the
infrared stretching frequency.”® Moreover, Phen bands located
at 852 cm ' and 738 cm ! assigned to in phase and out of
phase ring hydrogen atom motions, shifted to 847 cm™" and
724 cm™ ' with a decrease in intensity, indicating the coordina-
tion of Phen to the metal center.

EPR spectroscopy. The powder EPR spectrum of the complex
obtained at room temperature (not shown) exhibited no notice-
able differences compared to the spectrum obtained at 120 K
(Fig. 2). The EPR spectrum of the powder of VONargPhenCl
indicated that the hyperfine splitting with the *'V nucleus
(I = 7/2) did not collapse. This finding suggests the absence

New J. Chem., 2024, 48, 8556-8568 | 8559
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Fig. 2 EPR spectra of VONargPhenClin powder together with simulation.
EPR spectrum of the powder was recorded using a Bruker EMX-Plus
spectrometer, equipped with a rectangular cavity. Experimental condi-
tions: 100 kHz field modulation field, 4 Gpp modulation amplitude, and
0.6 mW microwave power. The spectrum was baseline corrected using
WInEPR Processing software (Bruker, Inc), and simulation was performed
with WIinEPR Simfonia. The simulation parameters obtained for the powder
were Ay =161 x 10~%cm™, g, = 1.946, A, =57 x 10~*cm™%, g, = 1.975.

of strong spin-spin interactions between neighboring oxido-
vanadium(wv) ions in the solid complex, which would otherwise
lead to a collapse of the hyperfine interaction into a single line,
as observed in VOChrysPhenCl and other V!¥) compounds.?!
The simulation parameters (4 = 161 X 10~ em™, gu = 1.946,
A, =57 x 10°* em ™', g, = 1.975) are consistent with the
oxidovanadium(iv) ion being in a pseudoaxial ligand field, and
this fits well with a 2N,20 coordination sphere as deduced from
the corresponding gy; vs. Ay diagram.>?

Considering the elemental analysis determinations, thermo-
gravimetric measurements and FTIR and EPR spectroscopies,
the following structure for the solid complex is proposed
(Fig. 3).

We can discard the formation of a mixture of complexes
[VO(Narg),] and [VO(Phen),CI]" at the pH value of the prepara-
tive (pH = 6). The solid complex [VO(Narg),] was formed at a
higher pH value, pH = 9.” From speciation measurements,
at pH = 6, the speciation for the VO/phen system shows
the formation of [VO(Phen),(OH)]" as the major species.”?
The species [VO(Phen),(H,0)]*" is formed at pH = 4.

Characterization of the complex in solution

EPR spectroscopy. The EPR spectra of both the pure DMSO
and a water/DMSO 95/5% frozen solutions, measured at 120 K,
exhibited similarities and displayed the typical spectrum for
axial-V(v) systems, Fig. 4. The simulation parameters indicated
that the oxidovanadium(w) ion was in a nearly axial or pseu-
doaxial ligand field. The spin Hamiltonian parameters and the
hyperfine coupling constants (g = 1.941, Ay = 165.2 X
107" em ™ g, =1.976,4, =59.5 x 10~* em™ ") were found to
be very close to those of VOChrysPhen in a DMSO solution

8560 | New J Chem., 2024, 48, 8556-8568
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Fig. 3 Proposed structure of [VONargPhenCl]-3H,O, (VONargPhenCl).

DMSO 100%

Ho0 95% DMSO 5%

simulation DMSO
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Magnetic Field (Gauss)

Fig. 4 EPR spectra of VONargPhenCl in frozen DMSO and water/DMSO
solutions, together with simulation. EPR spectra were recorded using a
Bruker EMX-Plus spectrometer, equipped with a rectangular cavity. Experi-
mental conditions: 100 kHz field modulation field, 4 Gpp modulation
amplitude, and 0.6 mW microwave power. The spectra were baseline
corrected using WIinEPR Processing software (Bruker, Inc), and simulations
were performed using EasySpin 5.2.3. toolbox based on MATLAB assuming
rhombic and axial spin-Hamiltonians. The simulation parameters obtained
for the DMSO solution were gy = 1941, A, = 1652 x 107* cm™%
g, =1976,A, =595 x 107* cm™.

(Chrys, chrysin): gy = 1.941; A = 162.2 x 10 *em™ 5 g, =1.976;
A; =59.5 x 10~* em™."° By considering the empirical relation-
ship between the parallel component of the hyperfine coupling
constant (4,) and the number of equatorial ligands (n;) and
their individual contributions to 4, (4,;), A, = > _nii,,, the
identity of the equatorial ligands around the V(iv) center could
be determined.?® A value for Ay of 164.1 x 10~* cm™' was
calculated, in agreement with the experimental Ay value, based
on the contributions from the following groups: 44.7 X
10~* em™* from CO, 38.6 x 10~* cm™! from ArO~** and 2 x
40.4 x 10"* em™" from N(Phen) x 2. The results indicate that
the binding atoms in the equatorial plane were 20,2N and the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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chloride ion was located in the axial position, trans-to the O
atom of the oxidovanadium(v) cation, similar to its arrange-
ment in the solid complex. This suggests a tetragonal compres-
sion of the octahedron, as determined by the relationships:
g < g1 < g.=2.0023 and |4;| > |A, |, where the ground state
of the vanadium d' ion is defined by the dxy orbital.

For the complexes [VO(Narg),], [VONargPhenH,O]" and
[VO(Phen),H,0]*" in solution, the experimental EPR spectra
showed the following parallel hyperfine values: Ay = 167.0 X
107 em Y, Ay =165.2 x 10 *em ™' and 4 = 162.7 x 10 *em ™Y,
for 3 Neg, Nax, HyOeq,”” respectively. The following values were
calculated considering their different environments: VO (40),
VO (20,2N), VO (3N,0), 166.6 x 10 * cm™*, 164.1 x 10 * cm ™,
161.6 x 10~* cm™',** in agreement with the experimental values.
It can be seen that the Ay, values decreased while increasing N-atom
coordination. These results demonstrate that the binary species are
not seen in the EPR spectra, suggesting that only the ternary
complex is formed at pH 6 in the solid phase.

Molar conductivity and electronic spectrum

The molar conductivity values of the complex varied depending
on the solvent used. In DMSO, the conductance was found to be
0-14 Q' em® mol ™! (¢ = 0-24 h), indicating a non-electrolyte
nature and no decomposition of the compound during 24 h.
A value of 0 Q" em® mol™! (DMSO)” and 16 Q' cm® mol !
(95% H,0-5% DMSO) was also obtained for VONarg,, showing
that the binary complex behaved as a non-elecrolyte. However,
when the VONargPhenCl complex was dissolved in H,O-DMSO
(99-1%), the molar conductance increased to 60-80 Q' cm® mol "
(¢ = 0-24 h). This increase in conductivity can be attributed to the
dissociation of the chloride ion, which remains coordinated to the
metal center in DMSO but dissociates in water, leading to higher
conductivity (Fig. 5).>%*

Measurements with intermediate H,O/DMSO ratios showed
consistent results: 11-14 Q' cm® mol™" (¢ = 0-24 h) in 50%
DMSO and 50-71 Q" em® mol " (¢ = 0-24 h) in 5% DMSO. The

OH

Fig. 5 Proposed structure of [VONargPhenH,Ol" obtained by chloride
dissociation of [VONargPhenCl].
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EPR spectra did not show these effects since the hyperfine
parameter is primarily defined by the equatorial plane around
the vanadium.

Similarly, the electronic spectrum of the complex in DMSO,
Fig. 6, exhibited a d-d electronic transition band at 769 nm
(¢ = 88.4 M~ em ™). This band shifted to shorter wavelengths
(blue shift) upon the addition of different quantities of water
and appeared at 653 nm (¢ = 130 M~ ' cm™') at 1% DMSO. This
shift in the electronic spectrum aligns with the molar conduc-
tance measurements. The shift is explained by the replacement
of the chloride ligand by the oxygen atom from water, resulting
in the formation of the [VONargPhenH,0]" complex. This
change increases the splitting of the d orbitals, causing the
electronic transition to occur at higher energy or lower wave-
number, and is an indication that the chloride ion was bonded
to the vanadium center.?® Moreover, the chloride ion in the
solution and the cationic complex will generate an increase in
the conductivity values.

The stability of the complex was also assessed by measuring
the variation of the electronic spectra with time. The results
(Fig. S3, ESIt) showed that the complex is stable in DMSO and
in 1% DMSO0-99% H,O solutions for at least 2 hours. Numer-
ous metallic compounds undergo redox reactions, hydrolysis,
and ligand exchange in aqueous media, including biological
fluids. These interactions give rise to chemical changes that are
influenced by factors such as pH, concentration, and the nature
and quantity of various biochemical components. The results
of this study, however, allow us to demonstrate that the
molecular structure of the complex remains unchanged before
its introduction into cell culture.

Antioxidant activity

The antioxidant activity of flavonoids is one of their most
important characteristics, and it is responsible for many
of their beneficial health effects. As mentioned earlier, the
antioxidant activity of flavonoids can be attributed to several

0.6
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o
[72]
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500 600 700 800
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Fig. 6 Electronic spectra of VONargPhenCl (2.5 x 10~ M) in DMSO and
mixtures DMSO/H,O (100, 50, 5 and 1% DMSO).
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mechanisms: direct scavenging of free radicals, chelation of
metal ions, upregulation of enzymatic and non-enzymatic
systems involved in the detoxification of oxidizing species,
inhibition of enzymes responsible for the production of reac-
tive oxygen species (ROS) and reactive nitrogen species (RNS),
regeneration of antioxidant species, such as ascorbate, through
electron transfer reactions.

In this study, we evaluated the antioxidant activity of the ternary
complex in vitro by directly scavenging hydroxyl, superoxide,
peroxyl, and 2,2-diphenyl-1-picrylhydrazyl (DPPH®) radicals, Fig. S4
(ESIT). We compared these activities with those of the ligand, the
binary complex and the metal ion, previously reported.” Table 2
shows the antioxidant effects of the compounds. The ligand Phen
did not display superoxide dismutase (SOD) activity and did not
scavenge peroxyl, hydroxyl and DPPH radicals.®

To determine the capacity of the complex to sequester the
*OH radicals, the radicals were generated in situ by the ascor-
bate/Fe/H,0, system and reacted with deoxyribose which,
under acidic conditions, interacted with thiobarbituric acid to
give a pink chromogen. Antioxidant agents inhibit the degrada-
tion of deoxyribose because they compete with it for the *OH
radical, causing a decrease in absorbance at 535 nm. The blank
for the spectrophotometric determination was made with the
reaction mixture without thiobarbituric acid, considering that
the complex exhibited a band with an appreciable intensity at
the working wavelength. Sequestering activity was observed at
low complex concentrations (15% at 5 uM), a trend that was
maintained from 25 pM up to the maximum working concen-
tration of 100 pM, where sequestering activity reached 30%.

The enzyme copper and zinc-dependent superoxide dismu-
tase (Cu, ZnSOD) is a metalloprotein that catalyzes the dismu-
tation of the superoxide anion O,° . Measuring the activity of
the complex to carry out the dismutation of the superoxide
radical (similar SOD) consists in generating the radical through
the phenazine-methosulfate (PMS)/reduced nicotinamide ade-
nine dinucleotide (NADH) system. These radicals are capable of
reducing nitroblue tetrazolium (NBT) to formazan blue that was
measured spectrophotometrically. The concentration of the
complex that produces 50% inhibition of the reduction
of NBT versus —log of the concentration of the complex is
considered for the determination of the ICs, value. While the
measured ICs, value for the native enzyme is 0.27 puM, a
35.5 uM value determined for the complex is considered as a
moderate antioxidant compound against superoxide anion.

The thermal decomposition of AAPH (2,2-azobis(2-amidino-
propane)dihydrochloride) generates peroxyl radicals. The lag
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phase, which signifies the delay of the consumption of pyra-
nine upon the addition of the complex, was determined as the
time interval during which peroxyl radicals were consumed
before pyranine consumption commenced. This lag phase was
measured to evaluate a compound’s capability to scavenge
ROO* radicals. The scavenging activity of the ligand and
VONarg, on peroxyl radical was enhanced upon the inclusion
of Phen. The ternary complex caused a delay in pyranine
consumption (lag phase) by the ROO® radical of 6.0 min at a
concentration of 100 uM.

However, this delay was found to be shorter than the lag
phase generated using Trolox (used as reference compound,
37.28 min).

The DPPH? (2,2-diphenyl-1-picrylhydrazyl) radical is a stable
radical with an intense violet color widely used to measure the
capacity of direct radical scavenging using an antioxidant
compound. To evaluate the antioxidant capacity of the complex
against the DPPH"® radical, the absorbance at 517 nm of the
solutions with the radical and increasing amounts of the
complex was measured by electronic spectroscopy. The DPPH*®
anti-radical activity begins at 25 uM complex concentration and
grows up to 100 pM (25% activity).

It was observed that complexation of VONarg, with phenan-
throline improved, with respect to the binary complex and the
free ligand, the SOD-like activity, and peroxyl and hydroxyl
radical scavenging activity. That is, it improved the antioxidant
activity against ROS, with respect to the binary complex. The
DPPH* anti-radical activity was improved with respect to the
free ligand, but not against the binary complex.

As reported, the ligand naringin is a moderate antioxidant
agent, because of the absence of the double bond between the
C2-C3 atoms, which does not allow electronic resonance when
the flavonoid is transformed into a radical.” The improvements
in the antioxidant activities by complexation may be due to the
coordination of both the flavonoid (involving the C—0 and O-
groups) and the aromatic ligand phenanthroline with the VO**
cation. The increase in the delocalization of the unpaired
electron (which is generated when the flavonoid acts as a
radical scavenging agent) by n conjugation, both with the =
bond in VO** and with phenanthroline, produces a more stable
radical, generating a greater antioxidant compound, with even
greater capacity than the binary complex.

In vitro cellular measurements

Cell viability. The results of cytotoxicity assessments for
VONargPhenCl and Phen.Cl conducted using the MTT technique

Table 2 Percentage of free radical scavenging of naringin, VONarg,, oxidovanadium(iv) cation and VONargPhenCl. Values are expressed as the mean +

standard error of at least three independent experiments

SOD (ICso, 1M) ROO?", lag (min), 100 pM *OH, 100 uM DPPH", 100 uM
% Scavenging Naringin’ >1000 0 28.0 £ 0.4 2.0+ 0.7
VONarg,’ 870 £ 5.2 3.8+ 0.8 0 45.0 £ 5.0
V(v)0o*7 15.0 £ 0.2 6.4 + 1.1 38.0 & 2.0 37.0 + 2.0
VONargPhenCl 35.5 £ 3.6 6.0 = 0.4 29.0 + 3.0 24.0 £ 1.5

ICso SODnative = 0.21 puM; lag phase Trolox, 37.28 min.
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against the A549 cell line after 24 h of exposure, are illustrated in
Fig. 7A. The calculated ICs, values are presented in Table 3 and
are compared with those previously reported for the oxido-
vanadium(iv) cation,® naringin and VONarg,.” The ternary
complex demonstrated significantly higher activity compared
to the binary complex, with ICs, values of 48.44 and >100 M,
respectively. This behavior indicates that the replacement of
one ligand Narg with a rigid, hydrophobic and planar, N,N-
heterocyclic ligand in the complex contributes to enhancing its
cytotoxic potential, increasing the lipophilicity and improving
cell absorption. This hypothesis is supported by the cell uptake
assays (see below). Similar results were observed for the ternary
complex with the flavonoid chrysin.*! It is noteworthy to notice
that the cytotoxic activity of the ternary complex after 24 hours
of incubation is higher than that of the free ligands, suggesting
that the vanadium ion may facilitate cellular penetration of
active species.

Furthermore, when evaluating the human amnion WISH
cell line, it was not possible to estimate the ICs, value for
VONargPhenCl, because cell viability was only tested up to 100
uM. The compound moderately reduced the viability of normal
cells (by approximately 25% above 5 pM, Fig. 7B). Due to these
observations, a selectivity index cannot be established;
however, the data indicate that the complex exhibits selectivity
for lung cancer cells.

Morphological changes. Untreated A459 cells have a defined
epithelial morphology and cell-cell close adhesion®® whereas
100 uM of VONargPhenCl treatment resulted in a significant
increase in the percentage of nuclear-shrinking round cells and
a significant reduction in cell number, as seen in Fig. 8. These
morphological features are typical of apoptotic cells. Therefore,
our findings imply that cell death may be caused by an
apoptotic process.

Cellular vanadium uptake. Cellular uptake plays a major role
in drug bioactivity. The internalization and accumulation of
metal-based drugs within cancer cells are crucial for the effec-
tiveness of tumor therapy. Therefore, the cellular vanadium
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Table 3 The results of cytotoxicity testing (expressed as mean ICsq values
+ S.E.M. calculated out of at least three independent experiments in pM) of
VONargPhenCl on the human lung cancer cell line (A549). The cytotoxicity
of the complex is compared to the free ligand naringin, the metal V(v)O?*,
the coligand Phen.Cl, and the binary complex VONarg,

ICso (1M), 24 h

V(Iv)o**?? >100
Naringin’ >100
Phen.Cl >100
VONarg,’ >100
VONargPhenCl 48.44 + 3.91

content was assessed in A549 cells treated with VONarg, and
VONargPhenCl for 24 h to investigate a potential link between
their cytotoxic effects and cellular accumulation. Cellular vana-
dium levels were quantified using inductively coupled plasma-
mass-spectrometry (ICP-MS), and the results, expressed as
nmol vanadium per mg protein, are presented in Table 4. When
compared to the untreated control, the binary complex, at
100 uM, resulted in approximately a 7-fold increase in intracellular
vanadium levels, while the ternary complex led to an approxi-
mately 11-fold increase at the same concentration. These
results can be expressed as a percentage of the administered
dose, indicating an uptake of 11.7% for the binary complex and
17.6% for the ternary compound. The VONargPhenCl complex
contains a lipophilic ligand in its structure, which may play a
crucial role in facilitating its diffusion through the cell
membrane and subsequent accumulation within the cell. This
information corresponds to the observed trend of ICs, values,
highlighting how cytotoxic effects are often, at least partially,
influenced by cell internalization. Similar results were obtained
by Rivas Garcia et al., where the exposure to (bis(maltolato)-
oxidovanadium(v)) of HepG2 cell line increased the cellular
content of V in about 8-fold with respect to the untreated cells**
and for the VOChrysPhen complex*! with an increase of 5-fold
respect to the binary VOchrys complex. On the other hand,
Levina et al. demonstrated that intracellular V levels (added as a
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Fig. 7 Viability of Phen.Cl and VONargPhenCl on A549 cell line (A) and of VONargPhenCl on WISH cell line (B). The cells were exposed to various doses
of the compounds for 24 h. The results are expressed as a percentage of the control level and represent the mean and standard error of the mean (S.E.M.)
from three separate trials. * Denotes significant values in compared to the control level (p < 0.05).
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Control 100 pM

Fig. 8 Effect of the treatment of A549 cell line with VONargPhenCl on
cell morphology. Cells were incubated for 24 h without (control) and with
VONargPhenCl (100 pM). Morphology was visualized and photographed
under an inverted microscope (magnification, x250).

Table 4 Cellular V content (determined by ICP-MS) following cell treat-
ments with 100 uM of compounds for 24 h. Results are expressed as mean
+ the standard error of the mean (S.E.M.) of two independent experiments

nmol V mg per protein

Control 1.71 £+ 0.50
VONarg,* 11.32 £ 0.75
VONargPhenCl* 18.45 +1.21

% This work.

ternary V(v) complex) ranged from 2 to 22 nmol mg~ "' protein
in different cancer cell lines.'”” In A549 cells, the uptake of
the metal center, measured as a 10 pM VOSO,-5H,0 solution
after 72 hours of incubation, exhibited a lower uptake (0.3 nmol
V per mg protein).>* Furthermore, the vanadium uptake of a
28.9 uM solution of [VO(acac),] (A549 cell line, 24 h incubation)
resulted similar to untreated cells value.*!

Intracellular reactive oxygen species (ROS) generation.
In contrast to cancer cells, normal cells exhibit a different
redox status that is essentially characterized by a lower rate of
ROS production and, consequently, a lower requirement for
ROS-scavenging mechanisms.*® This distinct redox environ-
ment in cancer cells can potentially render them more suscep-
tible to therapies that manipulate ROS levels. In this context,
the impact of VONargPhenCl treatment on ROS levels was
examined using the DCFH-DA staining technique. It was
observed that the fluorescence levels for the complex decreased
compared to the control levels after 24 h of incubation (data not
shown). Given the high rate of cell death, this finding suggests
that the probe cannot be retained within the cell. However,
after 4 h of incubation, the ternary complex induced a dose-
dependent increase in ROS levels (approximately 180% of the
control level at 100 pM), as depicted in Fig. 9. In contrast,
naringin’ and oxidovanadium(wv) cation®** did not significantly
elevate ROS levels, while both VONar,” and Phen® induced
increments in ROS levels at 24 h incubation. The results are
in line with the observations regarding cell viability.

Mitochondrial membrane potential evaluation. Changes
in mitochondrial membrane potential (MMP) are a valuable
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Fig. 9 Effects of VONargPhenCl on ROS production. A549 cells were
incubated for 4 h at 37 °C in the presence of 10 uM H,DCFDA which
oxidizes to DCF. The values are expressed as a percentage of the control
level and represent the mean + S.E.M. * Indicates significant values in
comparison with the control level (p < 0.05).

indicator of mitochondrial function, which is a critical marker
of cellular health. In particular, a loss of mitochondrial
membrane potential occurs commonly when appropriate drugs
induce cancer cell death. To assess the impact of the compound
on mitochondria, A549 cells were treated with various doses of
VONargPhenCl for 24 h and then exposed to a lipophilic
cationic probe, DIOC6, which can penetrate mitochondria.
As depicted in Fig. 10, MMP decreased in response to increas-
ing doses of the ternary complex, indicating mitochondrial
depolarization, since the probe cannot be accumulated within
the organelle.>®

GSH/GSSG cellular levels. The presence of glutathione (GSH)
within the cell is critical because it serves as a non-enzymatic
antioxidant defense mechanism. GSH can be oxidized to its
disulfide form, GSSG, by various substances, including reactive
oxygen species (ROS). In comparison to normal cells, cancer
cells often maintain higher intracellular levels of GSH, possibly
in response to their elevated metabolism and consequently
higher steady-state levels of R0OS.*® Both the levels of GSSG
and the changes in the GSH/GSSG ratio are indicative of altera-
tions in the cellular redox balance. In this regard, Fig. 11 shows
that increasing concentrations of VONargPhenCl induced a
decrease in intracellular GSH levels and the GSH/GSSG ratio.
These results suggest that the mechanism of action of VONarg-
PhenCl involves the mitochondrial pathway mediated by an
increase in intracellular ROS.

Interaction with bovine serum albumin (BSA). The inter-
action between biomacromolecules, especially the interaction
between plasma proteins and drugs, has been an interesting
research field in life sciences, chemistry, and clinical medicine.
Bovine serum albumin (BSA) serves as a prototypical protein for
drug delivery due to its medical significance, abundance,
affordability, ease of purification, ligand binding charac-
teristics, and widespread acceptance in the pharmaceutical
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Fig. 10 Changes of the mitochondrial membrane potential (% Aym) in
A549 cells treated with increasing concentrations of VONargPhenCl for
24 h. Each point represents the mean + (S.E.M.) of three measurements in
three independent experiments. * Indicates significant values in compar-
ison with the control level (p < 0.05).

industry. It is widely acknowledged that bovine serum albumin
contains two tryptophan residues displaying inherent fluores-
cence, located at positions 134 and 212, respectively.?”-*®

Upon interaction with the ternary complex, BSA exhibited a
reduction in fluorescence intensity (quenching) within the
emission spectrum. The mechanism of this interaction can
be studied by applying the Stern-Volmer equation to fluores-
cence data recorded at different temperatures: Fo/F = 1 + Kgy[Q]
(not shown), where F, and F represent the fluorescence inten-
sities in the absence and presence of the quencher, [Q] is
the concentration of the quencher, and Ksy denotes the
Stern-Volmer quenching constant.*

The quenching effect can be categorized as static or
dynamic. Dynamic quenching is characterized by the increase
in Kgy with increasing temperature, while static quenching
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involves a reduction of Kgy at higher temperatures.* From
Table 5, it is evident that the interaction of the complex with
BSA is static, resulting in the formation of a complex between
the protein and the ternary metal complex.

The number of binding sites on the protein and the binding
constant can be determined by plotting the logarithm of (F, —
F)/F against the logarithm of Q, and applying the subsequent
equation: log[(F, — F)/F] = log Ky, + nLog(Q), where K, denotes
the binding constant (y-intercept) and n is the number of
binding sites (slope of the line), Fig. S5 (ESI}). The calculated
K, and Kgy values are presented in Table 5. The value of n,
indicating binding sites, is nearly 1, being in concordance with
the presence of almost one binding site for both the ligand and
the complex. Furthermore, the binding constants decreased
with increasing temperature, with Kj, values ranging between
10*-10°> M~! range. These K, values are adequately high to
facilitate the complex’s transportation by the protein, yet not
excessively high to hinder its release at the target site. These
results suggest that the complex likely possesses favorable
bioavailability, promoting solubility and influencing its distri-
bution at the cellular level both in vivo and in vitro.*!

Likewise, the binding mechanism between proteins and
small molecules like drugs involves different interaction types
associated with thermodynamic parameters, such as hydropho-
bic forces (AH > 0 and AS > 0), electrostatic interactions
(AH < 0 and AS > 0), and hydrogen bonding and van der
Waals interactions (AH < 0 and AS < 0). The enthalpy change
(AH) and entropy change (AS) values can be computed from
fluorescence measurements at various temperatures using the
following equation: In Ky, = —AH/RT + AS/R, where K;, represents
the binding constant at different temperatures, R is the uni-
versal gas constant (8.31 ] mol ' K™ ') and T is the temperature
in Kelvin. van’t Hoff plots (In K}, and 1/7) were used to estimate
the AH and AS values. The free energy change (AG) was
evaluated in accordance with the thermodynamic relationship:
AG = —RTInK,. The negative AG values obtained at three
different temperatures indicate the spontaneous binding of
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Fig. 11 Effect of VONargPhenCl on GSH cellular levels (A) and GSH/GSSG ratio (B) in A549 cells, 24 h incubation. Results are expressed as mean + SEM
of three independent experiments. * Significant values in comparison with the basal level (p < 0.05).
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Table 5 Fluorescence experiments. Stern—Volmer constant (Ksy), binding constant (Ky,) and n binding sites and thermodynamic parameters for the

interaction of BSA with VONargPhenCl

T (K) K, M1 x 10* n Ky MY x 10* AH° (K] mol™) AG° (KJ mol ™) AS° (K] mol " K1)
298 33.85 + 1.55 1.27 £ 0.04 2.77 £ 0.04 —121.91 + 6.01 —31.42 + 1.38 —0.30 + 0.02

303 13.06 + 0.76 1.17 £ 0.05 2.51 £ 0.06 —29.90 + 1.21

310 4.97 £ 0.27 1.08 £ 0.02 2.49 £ 0.04 —27.83 £ 1.15

the complex to BSA (Table 5). The calculated negative entropy
and enthalpy values imply that the interaction with BSA mainly
occurs through the formation of hydrogen bonds and van der
Waals interactions.*

Comparatively, the binary complex showed higher Ky, values
than naringin, and these values increased with temperature.”
The replacement of one naringin ligand with Phen in the
ternary complex, led to increased binding at 298 K. However,
the strength of the BSA-complex bond is weakened with tem-
perature, resulting in a reduction in the binding constant.
Moreover, while naringin and VONarg, displayed hydrophobic
interactions with BSA (indicated by positive AH and AS values),
the ternary complex showed hydrogen bonding and van der
Waals interactions. As evidenced by electronic spectroscopy
and conductance measurements, the ternary complex substi-
tuted the chloride ligand with water, forming the cationic
[VONargPhenH,0]" complex. The distinctive behavior of BSA
binding could potentially be attributed to the cationic nature of
the new complex in an aqueous environment. Moreover, the
different interaction with BSA could be due to the high polariz-
ability of the ligand phen because of the n electronic charge
distribution. When the polarizability of the « electron density of
the compounds interacting with BSA increases the negative
self-association parameters for AH and AS also increase.>®
Notwithstanding, it can be assumed that this complex could
exhibit stability in biological systems and could be transported
by albumin.

Conclusions

Flavonoids can interact with metal ions at different metal
chelation sites. Metal flavonoid complexes were shown to
increase the therapeutic effects of the parent natural phyto-
chemical compounds. In this study, the replacement of one
naringin ligand with phenanthroline in the binary complex
VO(Narg), was achieved, by the synthesis of the VONargPhenCl
complex. The solid compound retained the same structure
in DMSO solution. However, a ligand substitution reaction
(replacement of chloride with water) was suggested when the
complex was dissolved in DMSO and increasing amounts of
water were added. In any case, both compounds showed
stability during the time of manipulation of the solutions,
before the addition to the cell culture. The replacement of
one ligand by phen, a conjugated system containing deloca-
lized m-electron clouds, provides substantial effects in the free
radical scavenging activities. From the experimental data, it is
clear that the coordination of the oxidovanadium(iv) complex
and the lipophilic ancillary phen ligand had beneficial effects

8566 | New J Chem., 2024, 48, 8556-8568

by increasing cytotoxicity, in the human lung cancer A549 cell
line, through the apoptotic pathway. Loss of mitochondrial
potential and morphological changes agree with these observa-
tions. A pro-oxidant effect was observed for the VONargPhenCl
complex, with increased ROS production and GSH/GSSG deple-
tion in correlation with the anti-tumorigenic actions. Moreover,
the complex showed selectivity toward tumor cells over non-
tumor cells. The introduction of phen increased the lipophili-
city of the complex, which could improve cellular uptake and
showed favorable binding with BSA.
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