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ARTICLE INFO ABSTRACT

Keywords: Three neutral Pt(II) complexes containing 1-Methylimidazole and the antifungal imidazolyl drugs Clotrimazole
Cyclometalated platinum(ll) complexes and Bifonazole have been prepared. The general formula of the new derivatives is [Pt(x%-(C"N)CI(L)], where C'N
C?ommalzole stands for ppy = 2-phenylpyridinate, and L = 1-Methylimidazole (MeIm) for [Pt-MeIm]; L = Clotrimazole
Blfom,izo € i (CTZ) for [Pt-CTZ] and L = Bifonazole (BFZ) for [Pt-BFZ]). The complexes have been completely characterized
Reactive oxygen species (ROS) . .

Antitumoral in solution and the crystal structures of [Pt-BFZ] and [Pt-CTZ] have been resolved. Complexes [Pt-MeIm] and

[Pt-BFZ] present higher cytotoxicity than cisplatin in SW480 (colon adenocarcinoma), A549 (lung adenocar-
cinoma) and A2780 (ovarian cancer) cell lines. [Pt-MeIm] shows the highest accumulation in A549 cells, in
agreement with its inability to interact with serum albumin. By contrast, [Pt-CTZ] and [Pt-BFZ] interact with
serum proteins, a fact that reduces their bioavailability. The strongest interaction with bovine serum albumin
(BSA) is found for [Pt-BFZ], which is the least internalized inside the cells. All the complexes are able to
covalently interact with DNA. The most cytotoxic complexes, [Pt-MeIlm] and [Pt-BFZ] induce cellular accu-
mulation in GO/G1 and apoptosis by a similar pathway, probably involving a reactive oxygen species (ROS)
generation mechanism. [Pt-BFZ] turns out to be the most efficient complex regarding ROS generation and
causes mitochondrial membrane depolarization, whereas [Pt-MeIm] induces the opposite effect, hyperpolar-
ization of the mitochondrial membrane. On the contrary, the least cytotoxic complex, [Pt-CTZ] cannot block the
cell cycle or generate ROS and the mechanism by which it induces apoptosis could be a different one.

1. Introduction external membrane of mitochondria avoiding the phosphorylation of
hexoses and accelerating the cellular apoptosis. This activity has been
observed in different tumor cell lines (breast, cervical, prostate and

melanoma cancer cell lines among others) [5,6].

Clotrimazole (CTZ) and Bifonazole (BFZ) are well known antifungal
agents used in mycotic infections like athlete's foot, vulvovaginal and

oropharyngeal candidiasis, among others [1,2,3]. Due to the high effi-
ciency and the unremarkable side effects of CTZ [4], this drug was tested
against other infectious diseases (Malaria (Plasmodium spp.) and Chagas
(Trypanosoma crugzi)) and cancer

In 1995, in vitro inhibition of tumor growth was described for mel-
anoma and glioblastoma cells treated with CTZ and BFZ. This inhibitory
effect is a consequence of their activity as calmodulin inhibitors [5].
Subsequently, these drugs have also been reported as inhibitors of the
glycolytic enzymes [6]. Indeed, they prevent binding of kinases to the

* Corresponding author.
E-mail address: nbusto@ubu.es (N. Busto).

Coordination of drugs to transition metals is a strategy that intends
enhancing their biological activity and allows reducing the side effects
or modifying their mechanism of action. Several Ru(II) and Ru(III)
complexes bearing CTZ with biological activity as antiparasitic
[7,8,9,10,11,12,13,14,15], antifungal [7,13,16], antitumoral [17,18]
and antibacterial [19] agent and other metal complexes containing Au
@ [20], Ag() [21], PA(D [22], Mn(I) [23], Mn(D [24], Cu(l)
[20,23,25,26], Co(Ill) [23,24,25], Zn(Il) [23,24,25,27], and Ni(Il)
[23,24,25] have been described in the literature, although there are
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scarce examples of Pt(I)-CTZ complexes and no examples of Pt(II)-BFZ
derivatives.

The first clotrimazole-Pt(II) complex Ky[PtCl4(CTZ),] was described
by Sanchez-Delgado and Urbina [8] and tested as antiparasitic agent
against Trypanosoma cruzi with similar activity than [Ru(bpy)(CTZ)s]
(PFg)2 (50 % of inhibition). Following with this strategy, Navarro et al.,
described the CTZ-platinum(II) complexes, cis and trans-[PtX3(CTZ),]
(X= 1 and Cl), that present antitumoral activity [8,28]. The authors
tested their activity against six tumor cell lines (prostate, pancreas,
breast and colon among others) observing that both complexes showed
lower cytotoxicity than cisplatin but higher than transplatin. DNA is
identified as the biological target for these complexes, interacting by
minor-groove [28].

Organometallic Pt(II) complexes containing monodentate N-donor
ligands or cyclometalated ligands that can modify their anticancer
mechanism of action have been recently reported [29,30,31] being DNA
and serum proteins the most common targets. Several neutral cyclo-
metalated complexes described in the literature displayed a different
antiproliferative mechanism to DNA binding, being reactive oxygen
species (ROS) generation a suitable strategy to induce programmed cell
death in anticancer therapy [32,33].

Among the neutral cyclometalated complexes, we have synthesized a
family of chiral neutral cyclometalated platinum(II) complexes with
general formula [Pt(x%-(C'N))Cl(x!-(L))] where C'N = 2-phenyl-
pyridinate and L stands for 2-(2-Pyridyl)benzimidazole derived ligands
functionalized with CHy-Ar (Ar = phenyl, naphtyl and pyrenyl) moieties
on the imidazole fragment [34]. These neutral complexes were tested as
antiproliferative drugs in SW480 cancer cell lines, being the complex
with the unfunctionalized 2-(2-Pyridyl)benzimidazole ligand the most
cytotoxic complex in spite of that DNA was not its biological target.

The antitumor neutral platinum complex, [Pt(II)(cis-[bis-(NHC)Cl
(CD], containing a N-heterocyclic carbene (NHC, being NHC = 1,3-
dibenzylimidazol-2-ylidene) showed a strongly interaction with DNA in
vitro [35]. moreover, this complex reduced the mitochondrial mem-
brane potential and also increased the cellular ROS levels. As a conse-
quence, this complex showed cytotoxicity in 518A2 melanoma cells.

On the other hand, highly cytotoxic neutral cationic platinacycles
based on bidentate phosphines were active against several breast and
colon cancer cells. Their biological activity is related to ROS generation
instead of DNA covalent binding [36].

Taking into account the above described precedents, the antitumoral
activity of the imidazolyl antifungical agents CTZ and BFZ, the scarce
examples of Pt(II)-CTZ complexes and the lack of Pt(II)-BFZ complexes,
we tackle the synthesis of new neutral cyclometalated Pt(II) complexes
bearing imidazolyl antifungal agents CTZ and BFZ, and 1-Methylimida-
zole (Melm) as a model imidazolyl ligand. It worth mentioning that [Pt-
Melm] was previously tested in leukaemia tumor with promising results
[34].

The coordination of the monodentate imidazolyl ligands to platinum
could increase the cytotoxicity of the complexes respect to the free
imidazolyl ligands, and the cyclometalated ligand ppy~ could confer
interesting properties that could modify the mechanism of action of the
classical Pt(II)-complexes avoiding tumor resistance.

2. Experimental Section.
2.1. General synthetic procedure for the Pt(II) complexes

Platinum precursor [Pt(xz—(ppy)Cl(xl—(pry)] where ppy = 2-phe-
nylpyridinate and Hppy = 2-phenylpyridine named as [Pt-0] (0.185
mmol) and the corresponding imidazolyl ligand (MeIm, 0.222 mmol;
CTZ, 0.203 mmol and BFZ 0.185 mmol) were dissolved in 20 mL of DMF
and the mixture was stirred for 24 h at 65 °C. The solvent was evapo-
rated under reduced pressure, washed under stirring with Et,0 (2 x 7
mL) filtered and dried under vacuum. Detailed synthetic procedures and
characterization of the complexes are compiled in the Supporting
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Information.
2.2. X-ray crystallography

Data collection and refinement parameters for [Pt-CTZ] and [Pt-
BFZ] are summarized in Tables SI1 in the Supporting Information. A
single crystal of the complexes was coated with high-vacuum grease,
mounted on a glass fiber, and transferred to a Bruker SMART APEX CCD-
based diffractometer equipped with a graphite-monochromated Mo Ka
radiation source (A = 0.71073). The highly redundant data sets were
integrated with SAINT [37] and corrected for Lorentzian and polariza-
tion effects. The absorption correction was based on the function fitting
to the empirical transmission surface as sampled by multiple equivalent
measurements with the program SADABS [38]. The software package
WingX [39] was used for space-group determination and structure so-
lution, and OLEX 2 1.2.10 [40] was used for refinement by full-matrix
least-squares methods based on F2. A successful solution by direct
methods provided most non-hydrogen atoms from the E map. The
remaining non-hydrogen atoms were located in an alternating series of
least-squares cycles and difference Fourier maps. All non-hydrogen
atoms were refined with anisotropic displacement coefficients.
Hydrogen atoms were placed by using a riding model and included in
the refinement at calculated positions. CCDC 2091796 ([Pt-CTZ]) and
2,091,795 ([Pt-BFZ]) contain the supplementary crystallographic data
for this paper. These data are provided free of charge by The Cambridge
Crystallographic Data Centre.

2.3. General procedure of stability by NMR spectroscopy

Stability in DMSO-ds: Complexes were dissolved in DMSO-dg (300
pL, 1.42 x 103 M), and 'H NMR spectra were recorded over 24 h in a
400 MHz spectrometer. Stability in H,O (3% DMSO): Complexes were
dissolved first in DMSO-dg (150 pL) and water was added (4.850 mL, 1.5
x 1072 M), 'H NMR spectra were recorded over 24 h in a 300 MHz
spectrometer. Addition of AgNOg: Over a solution coming from the sta-
bility in HoO (3% DMSO), AgNO3 was added and the 'H NMR spectra
were recorded after 24 h and 48 h in a 300 MHz spectrometer.

2.4. General procedure of stability by HR-MS ESI spectroscopy

Samples of the complexes Pt(II) complexes were prepared in NaCaC
(2.5 mM, pH = 7, 3% of DMSO) in concentrations of 100 ppm. The
sample was injected after 24 h in solution in a 6545 Q-TOF (Agilent; Vi,
= 0.1 pL). Mobile phase: HO-formic acid/MeOH (30:70) (0.1% of for-
mic acid). Flow: 0.1 mL/min.

2.5. Cell culture

SW480 (colon adenocarcinoma) and A549 (lung carcinoma) cells
from the ECACC (European Collection of Authenticated Cell Cultures,
Salisbury, UK) were cultured in Dulbecco's Modified Eagle's Medium
(DMEM) and A2780 (ovarian carcinoma) cells, also from the ECACC,
were cultured in Roswell Park Memorial Institute (RPMI-1640). DMEM
and RPMI were supplemented with 10% fetal bovine serum (FBS) and
1% amphotericin-penicillin-streptomycin solution (all from Sigma
Aldrich). Cell were maintained at 37 °C in a humidified atmosphere
containing 5% COx.

2.6. MTT antiproliferative assay

Cell proliferation was determined by the 3-(4, 5-dimethylthiazol- 2-
yD)-2, 5-diphenyltetrazolium bromide (MTT) assay (Sigma Aldrich)
using the following protocol: SW480 were seeded at a density of 1 x 10%,
A549 cells at 5 x 10 and A2780 at 2 x 10* cells per well in 96 well
plates. After 24 h of incubation, cells were treated with different con-
centrations of the complexes under study for other 24 h. Then, treatment
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was removed, and cells were incubated for 3 h with 100 pL of MTT (5
mg/mL) in culture medium at 37 °C and 5% CO,. Then, 100 pL of sol-
ubilizing solution (10% SDS (sodium dodecyl sulfate) and 0.01 M HCI)
was added to each well for dissolving the formazan crystals. Finally,
plates were incubated overnight at 37 °C with soft agitation, and
absorbance was measured at 590 nm using a microplate reader (Cytation
5 Cell Imaging Multi-Mode Reader -Biotek Instruments, USA). Four
replicates per dose were included in each experiment and at least two
independent experiments were performed. Then, half-maximal inhibi-
tory concentration (ICsp) values were calculated using the Graph-
PadPrism Software Inc. (version 6.01) (USA). Phototoxicity experiments
were carried out as previously described [41].

2.7. Cellular uptake

A549 cells were seeded in 12 well plates at a density of 1.5 x 10°
cells in 2 mL of culture medium per well. Cells were treated with 2 pM of
the tested drugs and incubated for 24 h. Then, cells were washed twice
with DPBS (Dulbecco's Phosphate Buffered Saline), harvested and
centrifuged. The pellets were resuspended in 1 mL of DPBS and 10 pL per
sample were used to count the cells in an automated cell counter (TC20 —
Biorad). Then, samples were digested with 65% HNOs3 at room tem-
perature during 24 h for ICP-MS. Finally, solutions were analyzed in an
8900 Triple Quadrupole ICP-MS (Agilent Technologies).

2.8. Binding to serum albumin and DNA

Bovine serum albumin (BSA) as crystallized and lyophilized powder
was dissolved in double deionized water from a Puranity TU system
(VWR) and its concentration was spectrophotometrically determined
(€278 nm = 45,000 M~ cm™!) [42]. Calf thymus DNA (ctDNA) as
lyophilized sodium salt was dissolved in double deionized water and
sonicated, producing short polynucleotide fragments (ca. 1000 base
pairs). The molar DNA concentration was spectrophotometrically
determined (€260 nm = 13,200 M~ em™) and expressed in base pairs
[43]. Plasmid pUC18 (2686 bp) was extracted from Escherichia coli
DH5a and purified by a HP Plasmid Midi kit (Omega Biotek, VWR).
Sodium cacodylate, (CH3)2AsO2Na, from now named NaCaC, was used
as a buffer solution to keep pH = 7.0. All these reagents were purchased
from Sigma Aldrich. Measurements of pH were made by a Metrohm 713
pH-meter equipped with a combined glass electrode.

2.9. Native polyacrylamide gel electrophoresis (PAGE) of bovine serum
albumin (BSA)

PAGE experiments were done after overnight incubation at 37 °C of
1 pM BSA in the absence or in the presence of different concentrations of
the Pt complexes. Then, 5 pL of sample buffer 2x 0.01% bromophenol
blue and 20% glycerol in Tris HCI buffer (0.5 M, pH 6.8) were added to 5
pL of the sample solutions and loaded onto 10% polyacrylamide gels.
Gels were run in native PAGE buffer (250 mM Tris Base, 1.92 M glycine,
pH = 8.3) at 6.6 V/cm for 6 h at 4 °C to avoid thermal denaturation of
the protein. Finally, gels were stained with Coomassie brilliant blue R-
250 and visualized with a Gel Doc XR+ Imaging System (Bio Rad).

2.10. Agarose gel electrophoresis of plasmid DNA (pUC18)

Agarose gel electrophoresis of plasmid was performed after over-
night incubation at 37 °C of the plasmid (3.7 pM, base pairs) in the
presence of different concentrations of the Pt(II) complexes in 2.5 mM
NaCaC, pH = 7.0. Samples were loaded onto 1% agarose gel and elec-
trophoresis was run at 6.5 V/cm during 150 min. After the run, the gel
was stained with a solution of ethidium bromide 1 pg/mL in Tris-borate-
EDTA (TBE) 1x for 30 min. Finally, the gel was visualized in a Gel Doc
XR+ Imaging System (Bio-Rad).

Data Analysis. All data were expressed as mean + standard deviation
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(SD). Statistical significance was evaluated using by statistical analysis
performed with GraphPadPrism Software Inc. (version 6.01, USA).

2.11. Circular dichroism (CD)

CD spectra were recorded on a MOS-450 Biologic spectrometer
(Claix, France) for samples at a Pt(II) complex/BSA concentrations ratio
of 5 and at Pt(II) complex/ctDNA (calf thymus DNA) concentrations
ratio of 1 incubated overnight, in 2.5 mM NaCacC buffer at pH = 7.0 and
T =25°C.

2.12. Intracellular reactive oxygen species (ROS) generation

A549 cells were seeded in a clear bottom black side 96 well plate at a
density of 3 x 10* cells per well and incubated for 24 h. Then, media was
removed and for ROS quantification by the probe 2',7-dichlorodihy-
drofluorescein diacetate (HoDCFDA), 100 pL of 25 pM of HoDCFDA in
DMEM without phenol-red was added to each well. Cells were incubated
for other 30 min and then, cells were treated with 100 pL of the vehicle
and with the corresponding Pt(II) complex with the required concen-
tration to obtain a final concentration equal to the ICsy value. Cells
treated with 20 pM of tetrabutylammonium hydroxide (TBH) were
included as positive control. After 2 h of treatment, cells were washed
twice with DPBS and emission was measured at Aepy = 530 nm with Aexc
= 490 nm during 2 h in a microplate reader (Cytation 5 Cell Imaging
Multi-Mode Reader -Biotek Instruments, USA). Measurements at 4 h
after treatment were selected at the final point for data analysis. Cell
images were also taken, and the collected results were corrected by the
number of cells. Two independent experiments with 4 replicates per
treatment were performed. For the dihydroethidium (DHE) assay,
instead of HoDCFDA, cells were incubated with 0.5 pM of DHE (dihy-
droethidium) for 20 min. Then, cells were washed twice with phosphate
buffer saline (PBS) and fluorescence intensity was measured after 2 h at
Aem = 535 nm with Aexe = 635 nm in a microplate reader (Cytation 5 Cell
Imaging Multi-Mode Reader -Biotek Instruments, USA). The emission of
each well was corrected by the number of cells. Results are expressed as
the mean and standard deviation of two independent experiments with 4
replicates per dose.

The levels of cytosolic superoxide anion in untreated A549 cells and
after 2 h of treatment with the vehicle (0.5% DMSO) of the imidazolyl-Pt
(II) complexes were also evaluated by flow cytometry. For this aim,
A549 cells were seeded at a density of 30,000 cells/well and incubated
for 24 h. Then, cells were incubated with 1 pM DHE during 20 min in
DMEM without phenol red. Then, cells were washed twice with PBS and
treated at the ICsq values of the Pt(II) complexes under study. After 2 h of
incubation, cells were harvested, washed with PBS, and collected in 100
pL of PBS. Finally, cells were analyzed by flow cytometry (NovoCyte
Flow cytometer, ACEA Biosciences, Inc., USA). Two replicates per
experimental condition and two independent experiments were per-
formed and analyzed by NovoExpress 1.4.0 Software.

2.13. Mitochondrial membrane potential (MMP) assay by TMRM
(tetramethyl rhodamine methyl ester)

The effect of the imidazolyl Pt(II)-complexes on the MMP of A549
cells was evaluated by means of tetramethyl rhodamine methyl ester
(TMRM). A549 cells were seeded in a clear bottom black side 96 well
plate at a density of 3 x 10 cells per well and incubated for 24 h. Then,
media was removed and replaced by 100 pL of assay buffer (25 mM b-
glucose, 80 mM NacCl, 75 mM KCl, 25 mM Hepes (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid), pH = 7.4) and cells were treated with
the vehicle (0.5% DMSO) and the Pt(II) complexes at their ICso values
during 1 h. Then, 10 pL of TMRM (2 pM) were added and after 15 min of
incubation at room temperature and light protected, cells were washed
twice with PBS. Afterwards, 100 pL of PBS were added and fluorescence
of TMRM was measured after 15 min at Aep, = 535 nm with Aeyxe = 590



N. Fernandez-Pampin et al.

nm in a microplate reader (Cytation 5 Cell Imaging Multi-Mode Reader
-Biotek Instruments, USA). The fluorescence intensity of each well was
corrected by the corresponding number of cells. Two independent ex-
periments with 4 replicates per treatment were performed.

2.14. Cell cycle arrest

To study the perturbations in the cell cycle of A549 cells induced by
platinum complexes, cells were stained with propidium iodide (PI) and
analyzed by flow cytometry. Briefly, 1.5 x 10° cells per well were seeded
in 6 well plates. Cells were treated at the ICs( value for each complex.
Cells without any treatment and vehicle-treated cells (0.5% DMSO) were
used as control. After 24 of treatment, cells were harvested and centri-
fuged, resuspended in cold PBS and finally fixed in 70% EtOH
(CH3CH20H) overnight at 4 °C. After fixation, samples were treated with
a solution containing 0.1 mg/mL PI, 0.1 mM EDTA (ethyl-
enediaminetetraacetic acid) and 0.1% Triton- x 100 in PBS to per-
meabilize and stain cells, and with RNAse (2 mg/mL) for 30 min in ice
and protected from light. Finally, cells were analyzed using the Novo-
Cyte Flow cytometer (ACEA Biosciences, Inc., USA). Cell cycle distri-
bution was evaluated by NovoExpress 1.4.0 Software. Two replicates per
experimental condition and three independent experiments were
performed.

2.15. Apoptosis detection by flow cytometry

Apoptosis was evaluated by an Annexin V:FITC Assay Kit (Biorad)
according to the manufacturer's instructions. Briefly, A549 cells were
seeded at a density of 2 x 10° cells per well in 12 wells plates and
incubated for 24 h. Then, cells were treated at the ICsg value for each
complex. After other 24 h, cells were washed with cold PBS, harvested,
and resuspended in binding buffer. Afterwards cells were stained with
Annexin V:FITC conjugate, that is, annexin V conjugated with fluores-
cein isothiocyanate (FITC) during 10 min (light protected) at room
temperature. Then, cells were washed with binding buffer, centrifuged,
and resuspended in 190 pL of binding buffer, 10 pL of propidium iodide
(PI) (20 pg/mL) were added just before data collection in a NovoCyte
Flow cytometer (ACEA Biosciences, Inc., USA). 10,000 events were
counted and analyzed by NovoExpress 1.4.0 Software. Two replicates
and two independent experiments were performed.

3. Results and Discussion
3.1. Synthesis of the neutral cyclometalated Platinum(II) complexes

1-Methylimidazole (Melm), Clotrimazole (CTZ) and Bifonazole
(BFZ) are commercially available. All the complexes, isolated as pale-
yellow solids, are air- and moisture- stable. Neutral Platinum(II) com-
plexes [Pt-MeIm], [Pt-CTZ] and [Pt-BFZ] of general formula [Pt(ppy)
CI(L)], being L. = Melm, CTZ and BFZ, respectively, and ppy = 2-phe-
nylpyridinate, were synthesized by direct reaction of the platinum pre-
cursor [Pt(lcz-(ppy)Cl(Kl-(pry)] [34,44], from now [Pt-0] (Hppy = 2-
phenylpyridine), in DMF at 65 °C (Scheme 1 and synthetic procedures in
SI). Complex [Pt-MeIm] has been previously synthesized [45], but the
synthetic procedure described herein avoids the synthesis of the inter-
mediate [Pt(ppy)CI(DMSO)], affording the desired [Pt-MeIm] complex
in similar yields.

3.2. Characterization in solution and in solid state

3.2.1. Characterization in solution

Pt(I)-complexes were completely characterized in solution by NMR
spectroscopy in CDClg, IR, elemental analysis as well as high resolution
mass spectrometry, and, in the solid state, by X-ray diffraction of single
crystal.

Spectroscopic data obtained for [Pt-MeIm] are in concordance with
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Scheme 1. Synthetic procedure for the neutral cyclometalated Pt
(II) complexes.

those described by Esmaeilbeig et al. [45] (see characterization in S-I).
' NMR spectra of the Pt(II) complexes [Pt-CTZ] and [Pt-BFZ] showed
characteristic satellites due to the expected '°*Pt—'H couplings for the
protons H1 (Jp.y = 35-39 Hz) and H5 (Jp.gy = 45-47 Hz) of the 2-phe-
nylpyridinate ligand and for the proton Ha (Jp.y = 18-22 Hz) of the
imidazolyl fragment (see spectra of [Pt-BFZ], Figure SI1, as represen-
tative Pt(II) complex). The last feature corroborates the coordination of
the imidazolyl ligands to the Platinum center. The HR-MS ESI(+) spectra
recorded for the neutral cyclometalated Pt(II) complexes exhibited in
each case a peak fully compatible with the respective cationic fragment
[Pt(C"N)(L)]" (m/z ratio and isotopic pattern), which correspond to the
loss of the chloride ligand (see characterization in Supporting
information).

3.2.2. Solid state characterization

Suitable single crystals for X-ray structural determination were ob-
tained for the complexes [Pt-CTZ] and [Pt-BFZ] by slow evaporation of
a solution of the complexes in acetone. Both ORTEP diagrams are
depicted in Fig. 1, selected bond lengths and angles with estimated
standard deviations are gathered in, and crystallographic refinement
parameters are given in the Supporting Information (Table SI1). Struc-
ture of the [Pt-MeIm] has been previously described by Esmaeilbeig
et al. [45] (data are compiled in Table 1 for comparative purpose).

Complex [Pt-CTZ] crystallizes in the monoclinic space group P2;/c
and shows four molecules in the unit cell, while [Pt-BFZ] crystallizes in
a triclinic space group P-1 with two molecules in the unit cell which
differ from each other in the orientation of the imidazole fragment,
along with an acetone molecule. In both structures, the platinum center
displays a slightly distorted square plane coordination geometry with a
trans-N,N disposition for the N atom of the 2-phenylpyridinate ligand
and the N atom of the imidazole fragment of the corresponding imida-
zolyl ligands. The Pt—N distances that define the distorted square planar

@ c2
$ca
o1 _@C2
T @c2s

C25
c27

e
@ co

Fig. 1. ORTEP diagram for [Pt-CTZ] (left) and [Pt-BFZ] (right) forming part
of the asymmetric units. Hydrogen atoms have been omitted for clarity. Ther-
mal ellipsoids are shown at the 50% probability level.
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Table 1

Selected bond lengths (A) for the molecular structure of complexes [Pt-CTZ] and [Pt-BFZ].
Distances [Pt-MeIm] [45] [Pt-CTZ] [Pt-BFZ] Angles [Pt-MeIm] [45] [Pt-CTZ] [Pt-BFZ]
(A) ©)
Pt(01)-Cl(1) 2.4105(13) 2.3807(18) 2.3876(10) N(2)-Pt(01)-CI(1) 87.45(13) 87.72(15) 88.76(10)
Pt(01)-N(2) 2.026(5) 2.028(5) 2.028(4) C(9)-Pt(01)-N(1) 81.3(2) 82.1(3) 81.51(15)
Pt(01)-C(9) 1.978(5) 1.967(6) 1.979(4) N(1)-Pt(01)-CI(1) 96.60(12) 96.31(16) 95.69(10)
Pt(01)-N(1) 2.017(4) 2.023(5) 2.013(4) C(9)-Pt(01)-N(2) 94.9(2) 93.8(2) 94.67(15)

geometry present values of approx. 2 A, as was described for [Pt-MeIm]
(see Table 1) [45]. The Pt-Cl(1) distance (approx. 2.4 ;\) observed for the
complexes [Pt-CTZ] and [Pt-BFZ] are standard for a Pt—Cl bond in
which the CI™ are located in trans position to the sp2 carbon of the 2-phe-
nylpyridinate ligand [34,45,46,47,48,49]. The bite angles C(9A)-Pt(1)-
N(1) for the Pt(I) complexes are around 81°, while the opposite an-
gles N(2)-Pt(1)-Cl(1) present values of 87-88° (see Table 1).

The 3D-structures of [Pt-CTZ] and [Pt-BFZ] are stabilized by
different spatial interactions. In the structure of [Pt-CTZ] a chloride
atom of one molecule is involved in hydrogen bonding interactions with
two hydrogen atoms (H3 and H4) of two ppy ~ ligands that belong to two
different molecules (see Figure SI2 and Table SI2). Besides, each mole-
cule of [Pt-CTZ] participates in two chloride bond interactions C-Cl—C
between the C20—Cl and C16 of a different molecule (See Figure SI3 and
Table SI4). Additionally, two CH-n interactions are observed for the
same molecule of [Pt-CTZ], (see Figure SI4 and Table SI3). In the case of
the complex [Pt-BFZ] the chloride atom is involved in hydrogen
bonding intermolecular interactions with the H6 atom of a ppy~ of a
neighbor molecule, the Ha and CH of another different neighbor mole-
cule, and a H of a methyl group of the acetone molecule (see Figure SI5
and Table SI2). In addition, between the same molecules of [Pt-BFZ]
different CH-n interactions are observed in the crystal structure. These
interactions are resumed in the supporting information (Figure SI6, and
Table SI3) along with the interactions in which one molecule of acetone
is implicated (Figure SI7).

3.3. Stability in solution

First of all, the stability in solution of the Pt(II)-complexes in
DMSO-dg (1.42 10~3 M, 300 pL) was studied over 24 h by H NMR
spectroscopy (the stock solutions of the complexes were stored in
DMSO). The imidazolyl Pt(II) complexes showed a low degree of ligand
dissociation after 24 h, 3% of dissociation of the MeIm for [Pt-MeIm],
17% and 28% of the corresponding ligands for [Pt-BFZ] and [Pt-CTZ],
respectively (see Figures SI8-SI10). In any case, the substitution of the
Cl” anion by DMSO-dg was observed. This behavior was previously
described for [Pt(ppy)Cl(Hpybzi)] derivatives [34]. The stability of the
Pt(II) complexes in DMSO solution was also studied by UV measure-
ments and the recorded spectra showed no changes during 24 h
(Figure SI11).

Additional stability studies for the Pt(II) complexes were performed
in D,0/DMSO-dg (97:3) by monitoring the evolution of the 'H NMR
spectra during 24 h. DMSO-d¢ was used to ensure the complete disso-
lution of the complexes (see Figures SI12-SI14). Indeed, this solvent
mixture is commonly employed in biological studies for water-insoluble
metal complexes. Then, AgNO3; was added to force the release of the
chloride anion and the formation of the corresponding aqua-complex
(aquation process). In particular, the 1H NMR spectra of [Pt-Melm]
in a D20 (3% DMSO-dg) remained essentially unchanged over 24 h,
confirming the stability of this complex in the medium (compare spectra
a and b in Figure SI12). However, the addition of AgNOs3 gave place to a
new set of signals, that we tentatively assigned to the aqua-complex [Pt
(ppy)(D20)(MeIm)] ™ (compare spectra b, ¢ and d in Figure SI12). This
fact confirmed us that the chloride is still bound to the Pt center after 24
h in aqueous solution. A similar behavior is observed for [Pt-CTZ] and
[PT-BFZ] complexes under analogous conditions. Hence, these two

complexes are also stable in water solution (spectra a and b in
Figure SI13 for [Pt-CTZ] and spectra a and b in Figure SI14 [PT-BFZ]).
Furthermore, we could conclude that the aquation process did not take
place in aqueous media.

The stability of the imidazolyl-Pt(II) complexes was also checked by
HR-MS ESI spectrometry in buffered media (Sodium Cacodylate
(NaCaC), 2.5 mM, pH = 7, 3% DMSO) (see experimental section). All the
complexes are stable after 24 h of incubation in a solution of sodium
cacodylate NaCaC (DMSO 3%; see NaCaC chromatogram in Figure SI15
and chromatograms of the Platinum complexes in Figures SI16 — SI18).
Free ligands MeIm, CTZ and BFZ were not observed in any case.

3.4. Photophysical properties

UV-Vis absorption spectra of the neutral cyclometalated Pt(II)
complexes were recorded in HpO (3% DMSO) (10~> M) and in aceto-
nitrile solutions for comparison with other Pt(II) complexes described in
the literature. The absorption spectra of the Pt(II)-imidazolyl complexes
in HyO present a broad band with the maximum located between 235
and 255 nm (Fig. 2, data in Table 2). These absorption bands could be
attributable to singlet spin-allowed ligand centered transitions (= — 7%,
11,0) that takes place in both the imidazolyl (MeIm, CTZ and BFZ) and
the ppy ligands. In the area between 373 and 433 nm, typical of the
IMLCT transitions, the complexes present low intense bands, similar to
those observed for related cyclometalated ppy-Pt complexes [45,50,51].

The absorption profile of the Pt(II) complexes did not present
remarkable solvatochromism effects when comparing the spectra
measured in aqueous solution with those recorded in acetonitrile (see
Figure SI19 and Table SI5).

The photoluminescence properties of the complexes have been
recorded in 10~> M solutions in both deoxygenated H,0 (3% DMSO)
(see Fig. 2, data in Table 2) and acetonitrile (see Figure SI20, data in
Table SI6).

In both solvent systems, the new cyclometalated Pt(II) complexes
showed photoluminescence in the cyan-green hue under irradiation
with Aexe = 375 nm, absorption wavelength that corresponds to MLCT
transitions. The spectra profiles for the platinum complexes [Pt-MeIm]
and [Pt-CTZ] are quite similar in both solvent systems with the
maximum of the emission bands centered at 480 nm and 514 nm that are
assigned to spin-allowed 'MLCT and spin-forbidden and, for [Pt-
MelIm] 3MLCT (singlet to triplet dn(Pt) — n*(N"N)), SLLCT (singlet to
triplet, 3n(N"N) —»xn*(C"N)) and 3Lc (singlet to triplet 3n — =*) transi-
tions.®! The complex [Pt-BFZ] showed a different emission spectrum
with broad emission bands (491 nm and 529 nm) and a plateau that

4,0x10°

2,0x10°

—— [Pt-Melm]
8 —— [Pt(Me-Im)] ——[PtCTZ]
g oz ——[PtCTZ] [ —I[PtBFZ] |
5 ——[Pt-BFZ]
3
<

Emission intensity

300 400 500 500 600 700
Wavelength (nm) Wavelength (nm)

Fig. 2. Absorption (left) and emission (right) spectra in deoxygenated H,0 (3%
DMSO) of the Pt(II) complexes (107> M).
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Table 2

Electronic and photophysical data for the Pt(II) complexes in deoxygenated H,O (3% DMSO, 10> M) at 25 °C.
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Xabs (nm)/ € 1073
(M’l-cm’l)

Complex

T — T MLCT

Aem [nm] A [nm]™ dpr, [%]" 1/ [ns]™!

232(19.87), 247(21.90)®, 322(5.71)°
235(34.13)®, 235(21.81)°, 322(7.13)°
232(37.45), 256(41.96)®, 326%(10.78), 355 (7.98)

[Pt-MeIm]
[Pt-CTZ]
[Pt-BFZ]

364(1.88)*
390(1.13)*
392(6.75)*

478,¢ 512¢
476, 510
491, 529, 602*

103, 137 6.43 3014
101, 135 4.21 166
116, 154, 227 2.58 267

2 dexe = 375 nm, @ Shoulder, *Broad band, ®= maximum.

enter into the red spectrum region centered at 602 nm. The spectrum of
the complex in acetonitrile showed a great blue-shifted for the bands up
to 54 nm. As for the excited state half lifetime,t;,5, the complexes
exhibited higher half-life times in HoO (3% DMSO) (3 ps for [Pt-MeIm],
166 ns and 267 ns for [Pt-CTZ] and [Pt-BFZ], respectively, Table 2)
than in acetonitrile (28.97 ns for [Pt-MeIm], 28.90 ns for [Pt-CTZ] and
43.29 ns [Pt-BFZ], see Table SI6). We should highlight here that [Pt-
Melm] is a phosphorescent complex in deoxygenated HyO. The differ-
ences on the half-life times in both solvent systems are related to the
stabilization of the excited state in protic polar solvents compared to
those in acetonitrile solution [52]. Regarding to the photoluminescence
quantum yields (¢pr), the values decrease according the following
sequence [Pt-Melm] > [Pt-CTZ] > [Pt-BFZ]. Hence, [Pt-Melm]
exhibit the maximum value in both solvent systems (6.43% in H2O (3%
DMSO) and 15.81% in acetonitrile). Despite their emission properties,
they have not been visualized inside the cells.

3.5. Biological behavior

3.5.1. Cytotoxicity of the Pt(II) complexes

The viability of the human cell lines A549 (lung adenocarcinoma),
SW480 (colon adenocarcinoma) and A2780 (ovarian cancer) was stud-
ied after 24 h of treatment of the cells with the platinum complexes by
means of the MTT assay (Table 3).

Our present studies have demonstrated that [Pt-CTZ] is the less
cytotoxic complex whereas [Pt-MeIm] and [Pt-BFZ] are more active
than cisplatin against all the studied tumor cells. While [Pt-Melm] is
the most active derivative in the SW480 cell line, [Pt-BFZ] is as cyto-
toxic as [Pt-MeIm] in the A549 and A2780 cells. Photoactivation of
these Pt(II) complexes by UV (A = 365 nm, 8 chm’Z) and blue (A =
460 nm, 5.5 mWem ™ 2) light irradiation have also been evaluated with
negative results since no variation of the half maximal inhibitory con-
centration was observed.

3.5.2. Cellular uptake

After 24 h of exposure of lung adenocarcinoma A549 cells to 2 pM of
the Pt-complexes, the values obtained for the cellular uptake by ICP
mass spectrometry were compared with those observed for cisplatin
(CDDP) (Fig. 3). [Pt-MeIm] was the most internalized compound in the
A549 cells, in agreement with its high cytotoxic activity, in high extent
than CDDP. By contrast, [Pt-BFZ] exhibits a low degree of accumulation
in this cell line, lower than cisplatin, in spite of its high cytotoxicity. The
opposite trend is observed for [Pt-CTZ], which displays a high cellular
uptake inside A549 cells although is almost inactive.

Table 3
ICso (uM) of the Pt(II) complexes in different cell lines after 24 h of exposure
time.

SW480 A549 A2780
[Pt-MeIm] 11.6 + 3.5 22.6 £1.8 7.0+ 0.6
[Pt-CTZ] 61.5 + 4.0 50.6 + 1.6 68.7 + 4.0
[Pt-BFZ] 38.3+£33 19.0+1.4 6.1 £0.4
cisplatin 45.1+9.1 38.8+1.2 10.5+ 0.5

2.0

1.5

1.0 4

0.5+

nmoles PtI106 cells

0.0 - T

Fig. 3. Metal accumulation determined by ICP-MS in A549 cells after 24 h of
treatment with 2 uM of the Pt complexes.

3.5.3. Binding studies of the Pt(II) complexes to BSA and DNA

Cellular uptake depends, among other factors, on drug sequestration
by plasma proteins before reaching the tumor cells. Since human serum
albumin (HSA) is the main protein of blood and cerebrospinal fluid and
plays a key role in bio-distribution of essential metal ions and a large
variety of endogenous and exogenous molecules [53], HSA binding
studies are essential to understand ADME (Absorption, Distribution,
Metabolism, and Excretion) properties of the drugs [54]. Bovine serum
albumin (BSA) is often used as a model for HSA binding studies due to its
similarity and its lower cost. It is known that upon cisplatin adminis-
tration, more than 90% of the Pt is covalently bound to the plasma
proteins as albumin, transferrin, and y-globulin [55]. Therefore, native
polyacrylamide gel electrophoresis (PAGE) experiments over BSA
incubated with different ratios of the imidazolyl-Pt complexes were
performed (Fig. 4). [Pt-BFZ] strongly affects the BSA native confor-
mation at low concentration of this complex ([Pt-BFZ] /[BSA] = 25). On
the contrary, [Pt-CTZ] only affects BSA conformation at high concen-
tration ratios ([Pt-CTZ] /[BSA] ratios of 25 and 50) and in a less extent
than [Pt-BFZ].

In order to confirm this interaction, circular dichroism experiments
of BSA incubated overnight in presence of the cyclometalated Pt(Il)-
complexes were performed (Figure SI21). No significant differences in
the BSA intrinsic band (centered at 220 nm) were observed for [Pt-
Melm]. However, [Pt-BFZ] and [Pt-CTZ] induce conformational

[Pt-BFZ]/BSA [Pt-CTZ]/BSA [Pt-Melm]/BSA BSA
10 25 50 10 25 50 10 25 50 alone

Fig. 4. Native PAGE of BSA incubated overnight with Pt-complexes. Cgsa = 1.5
pM, [Pt-complex]/[BSA] ratios: 10, 25 and 50, Cpyso = 0.2%.
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changes in the BSA structure according to the native PAGE results. These
results allowed us to explain qualitatively the large differences in metal
accumulation observed in the uptake studies (see Fig. 3). The higher the
interaction of the complexes with BSA, the lower their accumulation
inside cells.

Although the antitumoral activity of [Pt-MeIm] has been previously
described in leukaemia tumor cells [45], there is no evidence of its
interaction with DNA. To explore the potential interactions of the Pt(II)-
imidazolyl complexes with DNA they were incubated with the plasmid
DNA (pUC18) at 37 °C overnight and, then, their electrophoretic
mobility through an agarose gel was evaluated (Fig. 5). The presence of
the imidazolyl-Pt(II) complexes affects the DNA migration in a concen-
tration dependent manner, suggesting conformational modifications in
the standard double stranded DNA. All of them induced condensation of
the Open Circular (OC) band and retardation in the migration of the
Super-coiled (SC) band. These changes are compatible with DNA cova-
lent binding.

In order to confirm these results, Circular Dichroism (CD) experi-
ments were performed. The Pt(II)-complexes modified the molar ellip-
ticity of the DNA double helix as a function of the incubation time
(Figure SI22). This feature together with the observed changes in the
migration patterns of the electrophoresis experiments indicate a cova-
lent Pt-DNA binding. More specifically [Pt-MeIm] induces the most
pronounced structural changes in DNA conformation, while [Pt-CTZ]
causes the lowest impact in DNA conformation. Therefore, the covalent
Pt-DNA binding could be one of the mechanisms of cytotoxicity oper-
ating in the case of these Pt-complexes. Nevertheless, it is insufficient to
justify the paradoxical high cytotoxicity of [Pt-BFZ] considering its
reduced cellular uptake and moderate interaction with DNA.

3.5.4. ROS production

The generation of reactive oxygen species (ROS) is often involved in
the mechanism of action of many cytotoxic agents [56], some Pt(II)
derivatives among them [35,57,58,59]. Although ROS play important
roles in living cells, an abnormal increase of these species can generate
damage on DNA, lipids and proteins. These oxygen species can produce
oxidative stress altering the redox status of the tumor cells and trig-
gering their programmed dead [60].

Thus, the levels of intracellular ROS in A549 tumor cells was
measured by means of two different probes: H,DCFDA (2',7'-dichlor-
odihydrofluorescein diacetate), that allows to measure hydrogen
peroxide (H205) and other radical oxidative species, and DHE (dihy-
droethidium), for superoxide anion (O5*) detection [61].

Cytosolic superoxide levels were evaluated in A549 cells treated with
the imidazolyl-Pt(II) complexes at their corresponding ICso values dur-
ing 2 h by fluorescence measurements. As a result, only [Pt-BFZ] was
able to significantly increased O,* levels (Fig. 6A). These results were
also confirmed by flow cytometry experiments (Fig. 6B) in which a dose
dependent increase in the O, production was observed for [Pt-BFZ],
whereas [Pt-MeIm] and [Pt-CTZ] induce no effect even at two-fold the
ICs value.

[Pt-Melm] [Pt-CTZ] [Pt-BFZ] coop

A A A A
/G - 01 o5 1 10 *for 05 1 10" 01 o5 1 10 "1 10
lane 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

SC

Fig. 5. Agarose electrophoresis of the plasmid DNA (pUC18) incubated over-
night in the absence of Pt(I)-complexes (lane 1) and in the presence of different
concentrations of [Pt-MeIm] (lanes 2-5), [Pt-CTZ] (lanes 6-9), [Pt-BFZ] (lanes
10-13) and CDDP (lanes 14 and 15). Cp/Cp stands for the Pt(II) complex/
pUC18 concentrations ratio. Cisplatin (CDDP) was included as positive control.
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Fig. 6. Detection of superoxide anion by DHE after 2 h exposure of A549 cells
to the imidazolyl-Pt(II) complexes. A) Relative fluorescence of treated cells at
the ICsq values of the Pt(II) complexes relative to control cells. ** Statistical
significance p-value <0.05 (t-test). B) Flow cytometry plots at the ICso and 2-
fold the ICsq values.

As afore-mentioned, to evaluate the generation of other ROS, A549
cells were treated with HDCFDA and with the Pt(II) complexes at their
corresponding ICsy values or with TBH (tert-butyl hydroperoxide) as
positive control during 4 h. [Pt-CTZ] do not induce significant differ-
ences in ROS levels compared to untreated cells (Fig. 7). By contrast, the
generation ROS was clearly confirmed for [Pt-MeIm] and [Pt-BFZ].
Indeed, [Pt-BFZ] is the most potent HoO5 and other reactive oxygen
species generator explaining is high cytotoxicity. Thus, the capacity of
[Pt-BFZ] to induce oxidative stress seems to be the dominant factor in
its anticancer activity. Therefore, a dual mechanism, that is to say co-
valent binding to DNA and ROS generation, could be responsible for the
high cytotoxicity of [Pt-MeIm] and [Pt-BFZ].

3.5.5. Evaluation of mitochondrial membrane potential (MMP)

The main source of intracellular ROS are the mitochondria, and their
accumulation on them can alter mitochondria dynamics provoking
mitochondria membrane depolarization, along with mitochondrial
dysfunction and apoptosis triggered by the mitochondrial pathway. As a
matter of fact, apoptosis induced by oxidative stress on mitochondria is a
suitable approach for cancer treatment [62]. One of the effects of ROS
generation may be the alteration of the mitochondrial membrane po-
tential (MMP). So, we have evaluated changes of the MMP (AW) by using
the tetramethyl rhodamine methyl ester (TMRM) probe, which is
accumulated inside the mitochondria due to its cationic nature [63].
Treatment of A459 cells with [Pt-CTZ] seems to have no effect in MMP,

Fluorescence (a.u.)/Cell

Untreated

Fig. 7. Detection of ROS by H,DCFDA after 4 h exposure of A549 cells to the
imidazolyl-Pt(II) complexes. ** Statistical significance p-value <0.05 (ANOVA
test with Dunnet's correction).
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whereas [Pt-BFZ] led to a decreased in AW relative to vehicle-treated
cells in a dose dependent manner (Fig. 8). Consequently, this AW is
thought to affect both mitochondrial integrity and functionality. By
contrast, the opposite trend is observed in cells treated with [Pt-MeIm] .
The hyperpolarization of the mitochondrial membrane is larger as the
concentration is increased, being extremely high at 2-fold the ICs( value.
An enhanced AV indicates that the mitochondrial function is increased
and a collapse in the mitochondria bioenergetics may occur.

3.5.6. Cell cycle analysis

Cell-cycle dysregulation is one of the prime features of cancer cells.
Since cell cycle arrest renders tumor cells susceptible to apoptosis, tar-
geting cell cycle phases and checkpoints is one promising approach in
anticancer therapy [64]. Indeed, the cytotoxicity of many anticancer
drugs is related to DNA damage and cell cycle perturbation [65]. To
better understand the biological effect of the imidazolyl-Pt(II) com-
plexes, the impact of these compounds at ICsg values on A549 cell cycle
distribution was evaluated after 24 h of incubation time. The results
indicated that complexes [Pt-MeIlm] and [Pt-BFZ] lead to accumula-
tion of treated cells at the Go/G; phase (Fig. 9). Compared with the
vehicle-treated control (DMSO), the percentage of cells in Go/G; phase
increased by 15.4% and 9.4% for [Pt-MeIm] and [Pt-BFZ], respec-
tively, while the number of cells in the S phase decreased accordingly.
Go/Gj cell cycle arrest was previously described for several organome-
tallic Pt(II) complexes [66] as well as for imidazole antifungal drugs,
such as Clotrimazole, in some cancer cell lines [67,68,69]. By contrast,
treatment with [Pt-CTZ] does not the block cell cycle progression.

3.5.7. Apoptosis induction

The ability of inducing apoptosis (programmed cell death) was
evaluated for the Pt(II) complexes by flow cytometry using Annexin V
staining, being this probe able to bind the anionic phospholipid phos-
phatidylserine in the cell surface of apoptotic cells [70]. The gathered
results in Fig. 10 show that treatment of A549 cells with half the
maximal inhibitory concentration of the Pt(II) complexes caused the
highest accumulation in early apoptosis for [Pt-BFZ] and [Pt-MeIm].
In the case of [Pt-CTZ] treatment, similar amounts of cells in late
apoptosis and necrosis were observed, while the percentage of cells in
early apoptosis is smaller. Thus, the apoptosis induction pathway for
[Pt-CTZ] may be different from that of [Pt-BFZ] and [Pt-MeIm]. The
observed results suggest that [Pt-BFZ] and [Pt-MeIm] probably induce
oxidative stress since ROS levels are increased and the MMP is affected.
Hence, we speculate that apoptosis may be triggered by the mitochon-
drial pathway upon treatment with these two complexes.

4. Conclusion

In this work three neutral Pt(II) complexes containing imidazolyl

2.04 L Fkkk [ | [Pt-MeIm]
B B [Pt-CTZ]
f 1.54 * I [Pt-BFZ]
= Il Vehicle Treated
= 10
[
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®
T, 0.5
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\c’i@c’@ \o‘«i‘}o@ \c;i"}oé’ \C;”Q*}O"Q
Fig. 8. Relative MMP (AW) of A549 cells treated with the Pt(I) complexes at
their ICso and 2-fold ICso values relative to untreated cells. Vehicle treated
(0.5% DMSO). Data were obtained from duplicates of two different experiments
and plotted as mean values with standard deviation. **** (p-value <0.001) and
** (p-value <0.05) (ANOVA test with Dunnet's correction).
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Fig. 9. A549 cells distribution in G¢/G1, S and G,/M phases upon treatment
with the vehicle (0.5% DMSO) and the platinum complexes under study at the
ICsp values. Data were obtained from duplicates of three different experiments
and plotted as mean values with standard deviation. **** (p-value <0.0001)
and *** (0.0001 > p-value <0.001) extremely significant and ** (0.001 > p-
value <0.01) very significant differences (ANOVA test with Dun-
net's correction).
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Fig. 10. Flow cytometry results expressed as percentage of A549 cells in alive,
early apoptotic, late apoptotic and necrotic phases. Data were obtained from
duplicates of two different experiments and plotted as mean values with stan-
dard deviation.

drugs have been synthesized and characterized. The crystal structures of
[Pt-CTZ] and [Pt-BFZ] have been resolved by X-Ray diffraction. These
complexes exhibit high stability in water and in buffered solutions. The
electronic and photophysical studies have shown that [Pt-MeIm] is
phosphorescent in deoxygenated H2O (71,2 = 3 ps), whereas the other
two cyclometalated Pt(II) complexes containing antifungal imidazolyl
ligands, [Pt-CTZ] and [Pt-BFZ], are also photoluminescent but exhibit
lower excited state lifetimes. [Pt-MeIm] and [Pt-BFZ] present higher
cytotoxicity than [Pt-CTZ] and cisplatin against colon adenocarcinoma
(SW480), ovarian cancer (A2780) and lung adenocarcinoma (A549) cell
lines. Despite their similar ICsy values, [Pt-MeIm] and [Pt-BFZ]
feature dissimilar cellular uptake behaviors, [Pt-MeIm] is highly
accumulated but [Pt-BFZ] is poorly internalized inside the cells after
24 h of incubation. Indeed, we postulate that the cellular uptake of the
latter is strongly hindered by its interaction with plasma proteins. DNA
may not be the main target for these complexes since all of them are able
to interact with DNA by covalent binding inducing similar conforma-
tional changes on the DNA double helix, and the cytotoxicity of [Pt-
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CTZ] is low. However, only [Pt-MeIm] and [Pt-BFZ] cause cell cycle
perturbation with a significant accumulation of cells in Go/G;. Both
induce changes in the mitochondrial membrane potential, and they
seem to induce apoptosis by the mitochondrial pathway whereas the
pathway of [Pt-CTZ] in apoptotic induction may be a different one. On
the other hand, only [Pt-Melm] and [Pt-BFZ] are able to cause ROS
increase. The less accumulated, but high cytotoxic complex, [Pt-BFZ]
shows a marked increase in ROS levels in comparison to [Pt- MeIm]. In
fact, [Pt-BFZ] is the only derivative that increases O,*" levels. Thus, ROS
generation seem to be the key for their biological activity.
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