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For the past 41 years, metal-based drugs have been widely used for the treatment of cancer.
Cisplatin and follow-up drugs carboplatin (Paraplatin™) and oxaliplatin (Eloxatin™) have been
the gold standard for metallodrugs as antineoplastic agents in clinical settings. Although effective,
these drugs, either alone or in combination therapy, have faced a number of clinical challenges resulting
from their limited spectrum of activity, high toxicity producing significant side effects, resistance,
poor water solubility, low bioavailability, and short circulating time. In the past two decades, various
unconventional non-platinum metal-based agents have emerged as potential alternatives for cancer
treatment. These compounds are highly effective and selective in cancers resistant to cisplatin and
other chemotherapeutic agents. Research in this area has recently intensified with a relevant number of
patents and clinical trials, in addition to reports in scientific journals including some excellent reviews
and books published in 2018-2019 [1-6]. Some recent highlights include ongoing clinical trials with
gold auranofin for the treatment of small and non-small lung cancer and high-grade ovarian, fallopian
tube, and peritoneal cancer [7,8], as well as upcoming clinical trials with copper derivatives in metastatic
pancreas cancer [9], and phase II clinical trials with a ruthenium-based photodynamic compound
(TLD-1433) for non-muscle invasive bladder cancer [10]. In parallel to the synthesis of coordination
and organometallic compounds comprising different metals and unconventional platinum-based
derivatives, researchers have also worked on optimizing the mechanistic and pharmacological features
of promising drug candidates [1,2]. This Special Issue is devoted to some of the latest advances in
anticancer metallodrugs with a focus on unconventional anticancer agents, as well as novel activation,
targeting, and delivery strategies aimed at improving their pharmacological profile. Twelve medicinal
inorganic chemistry groups from different countries have provided contributions to this Special Issue.

Three groups contributed with superb and well-organized reviews. In the area of unconventional
anticancer agents, Romero-Canelon et al. completed an overview on key ruthenium drug candidates
and the knowledge acquired during the past two decades with the aim of discussing ideas to optimize
their chemical design by incorporating new concepts [11]. Tinoco et al. contributed a review on the
significant roles that copper and iron play in the molecular pathways involved in cell proliferation and
metastasis, and the evaluation of selected chelators for these metals showing promise as anticancer
drugs [12]. Efforts to optimize the pharmacological profile (cellular delivery, efficacy, and tumor
responsiveness) of these chelators as well as a description of analytical tools used to quantify the metal
levels and to track the metals intracellularly are described [12]. Lastly, Mieszawska et al. contributed a
timely comprehensive review on the use of nano-based systems and biomacromolecules as carriers to
facilitate the in vivo application of metal-based drugs (solubility, bioavailability, and delivery to tumor
tissues). This review focuses on complexes comprising platinum, ruthenium, copper, and iron [13].
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This Special Issue also contains nine original research articles. Seven of these articles focus on
unconventional metal-based agents with promising anticancer activity and/or their interactions with
relevant cancer biomolecular targets. Komeda et al. report on dinuclear platinum(Il) complexes
containing ammonia and a bridge ligand between the platinum(II) centers consisting of a tetrazolate
moiety with lipophilic substituents in the C5 position [14]. The authors describe the interactions of
these complexes with -cyclodextrin and its positive influence on the in vitro and in vivo activity
of the dinuclear platinum(Il) complexes in colorectal cancer cells and tumors [14]. Goémez-et al.
describe the synthesis and cytotoxicity of new trans-platinum complexes containing iodido and amine
ligands, and their chemical behavior in solution and reactivity towards biomolecules [15]. They found
a beneficial effect (increased reactivity towards model nucleobase 5'-GMP) when exposed to UVA
irradiation. Density functional theory (DFT) calculations for these compound, and comparisons of
reactivity and biological activity with other iodide platinum(II) derivatives are also included in this
article [15].

This Special Issue also collects reports on the synthesis and anticancer properties of compounds
containing metals other than platinum [16-20]. Navarro et al. report cell viability assays on selected
human cancer cell lines of cationic ruthenium(Il) compounds based on p-cymene, triphenylphosphine,
and biologically active clotrimazole and ketoconazole as ligands [16]. Preliminary studies on the
cell cycle and mechanism of cell death as well as the promising anti-migration activity of a selected
compound with clotrimazole on a triple negative breast tumor cancer cell line were reported [16].
Da Costa Ferreira et al. contributed to this issue with a report on new copper(Il) and zinc(II) complexes
containing new oxindolimine ligands [17]. The cytotoxicity of these compounds against hepatocellular
carcinoma and neuroblastoma cancer cell lines, as well as their reactivity toward Calf Thymus DNA
and human serum albumin, was investigated. The main conclusion is a confirmation of DNA as an
important target for these compounds and an indication that oxidative damage is not the leading
mechanism of cell death [17]. Three other leading medicinal inorganic chemistry groups contributed
original articles on gold compounds [18-20]. Gimeno et al. describe the excellent cytotoxicity observed
in several cancer cell lines by neutral gold(I) compounds containing biologically relevant thiolates
and a new phosphine ligand bearing a thiophene molecule [18]. Farrell and Beaton report novel
cationic gold(IIl) compounds containing the 1-methylcytosine ligand and chelating diamines for
greater specificity toward biomolecules, with the ultimate goal of avoiding undesirable nonselective
interactions and providing a better understanding of the speciation [19]. They describe the interactions
of these compounds with models for the HIV nucleocapsid protein NCp7. More specifically, the
authors report the affinity of the gold(Ill) complexes with the “essential” tryptophan of the C-terminal
zinc finger motif of NCp7 by fluorescence and 'H NMR spectroscopy, and included results on the
specifics of this interaction by circular dichroism spectroscopy and electrospray-ionization mass
spectrometry. A nearly immediate interaction with the apopeptide and indications of reactions via a
charge transfer mechanism is described for the first time [19]. Casini et al. present findings on the
synthesis and characterization of a series of cationic and neutral gold(Ill) compounds featuring a
pyridine-benzimidazole scaffold [20]. The potent and selective inhibition of the membrane water and
glycerol channels aquaporins (aquaglyceroporin, AQP3) in human red blood cells (hRRBC) and a higher
activity of the neutral compounds on melanoma A375 cells with marked membrane level expression
of AQP3 are described. The potential of these compounds in the development of chemical probes to
study the function of this protein isoform in biological systems is also highlighted [20].

This Special Issue contains a relevant research article by Meier-Menches et al. on the development
and validation of liquid-chromatography-based methods to assess the lipophilicity of cytotoxic
platinum(IV) complexes [21], which is of interest to the medicinal inorganic chemistry community due
to: (1) the current availability of high-performance liquid chromatography (HPLC) instruments in
research laboratories, and (2) the potential of obtaining chromatographic lipophilicity parameters (¢q
that can be interconverted to Log P and Log Kw) for other metal-based compounds [21].
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Lastly, Salassa et al. provide a contribution on functionalized upconverting nanoparticles (UCNPs)
with bone-targeting phosphonate ligands for imaging purposes [22]. The authors report the synthesis
and characterization of a new series of phosphonate-functionalized NaGdF4:YbmEr UCNPs that show
affinity for hydroxyapatite, which is the inorganic constituent of bones, and discuss their potential as
bone targeting multimodal (MRI/PET) imaging agents. In vivo biodistribution studies of 8F-labbeled
functionalized UCPNs in rats revealed the favored accumulation of nanoparticles in bones over
time [22].

I truly hope that the readers find the open access format articles in this Special Issue timely
and relevant, and that the Issue contributes to increasing awareness about the real potential of
optimized metal-based drugs as competitive anticancer agents. The inorganic medicinal community
has demonstrated that the assumption that all anticancer metallodrugs behave as cisplatin and related
platinum-based compounds in terms of spectrum of activity and selectivity is no longer valid.

Finally, I want to thank all the authors for their excellent and diverse contributions to this Special
Issue as well as the participating reviewers for their high quality suggestions and evaluations of
the articles submitted. Lastly, this Special Issue would not have been possible without the constant
dedication, support, and patience of the members of the editorial staff of Inorganics from the beginning
to the end of the process. I am very grateful to them.
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Article
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Abstract: Gold compounds have been proven to be novel and versatile tools for biological applications,
including as anticancer agents. Recently, we explored the potential of Au(Ill) complexes with
bi-dentate N-donor ligands as inhibitors of the membrane water and glycerol channels aquaporins
(AQPs), involved in different physiological and pathophysiological pathways. Here, eight new Au(III)
complexes featuring a pyridine-benzimidazole scaffold have been synthesized and characterized via
different methods. The stability of all the compounds in aqueous solution and their reactivity with
glutathione have been investigated by UV-visible spectroscopy. The Au(Ill) compounds, tested for
their AQPs inhibition properties in human Red Blood Cells (hRBC), are potent and selective inhibitors
of AQP3. Furthermore, the compounds’ antiproliferative effects have been studied in a small panel of
human cancer cells expressing AQP3. The complexes show only very moderate anticancer effects
in vitro and are mostly active against the melanoma A375 cells, with marked expression of AQP3 at
the level of the nuclear membrane. In general, the AQP3 inhibition properties of these complexes
hold promises to develop them as chemical probes to study the function of this protein isoform in
biological systems.

Keywords: Gold(IlI) complexes; pyridine benzimidazole; aquaporins; cancer; stopped-flow
spectroscopy; antiproliferative activity

1. Introduction

The severe side effects associated with chemotherapy necessitate the development of improved
anticancer therapies. Specifically, the discovery of compounds that can disrupt cancerous cellular
machinery by novel mechanisms of action is nowadays the focus of intense research. For example,
metal-based compounds acting via the interaction with proteins and secondary DNA structures, as well
as by alteration of the intracellular redox balance, have become prominent experimental therapeutic
agents. Among them, gold complexes have attracted attention in the last years and numerous families
of Au(I) and Au(IIl) compounds have been synthesized and studied for their anticancer properties
in vitro and in vivo [1,2]. Overall, the investigation of the cytotoxic activity and related mode of action

Inorganics 2018, 6, 123; d0i:10.3390/inorganics6040123 5 www.mdpi.com/journal/inorganics
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of cytotoxic gold-based complexes has enabled the identification of their preferential “protein targets”,
as it is increasingly evident that DNA is not the unique or major target for such compounds [3]. In this
context, coordination cytotoxic Au(Ill) compounds have been identified as selective inhibitors of the
membrane water channels aquaporins (AQPs) [1,4].

Among the 13 mammalian AQPs described so far, three sub-groups can be recognized based
on permeability features: orthodox aquaporins (AQPO, AQP1, AQP2, AQP4, AQP5, AQP6 and AQPS),
which are primarily water selective and facilitate water movement across cell membranes in response to
osmotic gradients [5]; aquaglyceroporins (AQP3, AQP7, AQP9 and AQP10), facilitating the permeation
of small uncharged solutes such as glycerol [6]; and unorthodox aquaporins (AQP11, AQP12), found in
intracellular membranes and with reported permeability to water and glycerol [7-9]. Specifically,
the aquaglyceroporins regulate the glycerol content in the epidermis, fat and other tissues and appear
to be involved in skin hydration, cell proliferation, fat metabolism, and carcinogenesis. Several studies
showed that AQPs are closely associated with cancer proliferation and invasion, and are expressed in
at least 20 human cancers [10]. Moreover, AQPs expression is related to tumour types, grades,
proliferation, migration and angiogenesis, rendering these transport proteins attractive as both
diagnostic and therapeutic targets in cancer [10]. To validate the various roles of AQPs in health
and disease, and to develop AQP-targeted therapies, the use of selective inhibitors in addition to
genetic approaches, holds great promise. However, so far, no reported organic small-molecule AQPs
inhibitor possesses sufficient isoform selectivity to be a good candidate for clinical development [11].

A few years ago, we reported on the potent and selective inhibition of human AQP3 by a series of
Au(IIl) complexes with bidentate N*N ligands [12,13], which could potently and selectively inhibit
glycerol permeation through hAQP3 in human red blood cells (hRBC). The most effective inhibitor of
the series, Auphen ([Au(phen)Cl,|Cl, phen = 1,10-phenanthroline) had an IC5j of 0.8 & 0.08 uM [12].
In a further study, Auphen’s capacity of inhibiting cell proliferation was examined in various cell lines,
including cancerous ones, with different levels of AQP3 expression, and showed a direct correlation
between AQP3 expression levels and the inhibition of cell growth by the Au(Ill) compound [14].
AQP3 inhibition was also demonstrated in the cell lines where proliferation was mostly affected by
treatment with the gold complex [14]. Structure-activity relationships to optimize the design of AQP3
inhibitors were then established investigating other Au(Ill) compounds with different N"N ligand
scaffolds [13].

Pursuing the design of more potent and selective AQP3 inhibitors, we have recently observed that
the cationic complex [Au(pbzMe)Cl,|PFq (C1, pbzMe = 1-methyl-2-(pyridin-2-yl)-benzimidazole)
is even more efficient than Auphen in inhibiting glycerol permeation via AQP3 [1], and ca.
three orders of magnitude more effective than the neutral related complex [Au(pbzH)Cl;]
(C10, pbzH = 2-(pyridin-2-yl)-benzimidazole) [15]. Combined molecular dynamics (MD) and density
functional theory (DFT) studies were able to show that C1, upon binding to Cys40 in AQP3, is able to
induce protein conformational changes, leading to the shrinkage of the channel, and thus, preventing
glycerol and water permeation [15].

Following these promising results, we have synthesized a new series of Au(III) complexes based
on the 2-(2-pyridyl)benzimidazole (pbzH) N-donor ligand, which is also known to inhibit hepatic
enzymes, [16] and exhibits anticancer activities per se [17]. In general, metal complexes based on
2-(2'-pyridyl)benzimidazole scaffolds have attracted attention in various established and potential
application areas, including medicinal inorganic chemistry [18-20]. Thus, we report here on the
synthesis and characterization of eight new cationic Au(Ill) derivatives with functionalization at the
non-coordinated benzimidazole nitrogen. In addition, two neutral complexes featuring extended
aromatic scaffolds (namely pyrene and anthracene), endowed with luminescence properties, have been
obtained. The compounds have been tested for their AQPs inhibition properties in human Red Blood
Cells (hRBC) using a stopped-flow method, and their effects compared to C1 [Au(pbzMe)Cl;]PF4 and
C10 [Au(pbzH)Cl,]. Furthermore, the compounds’ antiproliferative effects have been studied in a
small panel of human cancer cells with different levels of AQP3 expression.
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2. Results

2.1. Synthesis and Characterization of Au(IlI) Complexes

The library of functionalised pyridylbenzimidazole ligands L1-L9 has been obtained by
nucleophilic substitution on the non-coordinated nitrogen atom of the commercially available
pyridylbenzimidazole by reaction with a halogenated substituent (R-X) in the presence of a base
(Scheme S1, Supplementary Materials) [21]. Several types of functional groups have been envisaged
to study the influence of both the steric hindrance and the electronic effect on the biological
properties of the final gold complexes. In parallel, two additional ligands (L11-L12) featuring
luminescent properties [22] have also been synthesized with the idea to monitor their fate in cancer
cells by fluorescence microscopy (Scheme S1, supplementary materials). The use of ligands L1-L9,
which possess a functionalised amine, gives rise to Au(III) cationic complexes (corresponding C1-C9)
by reaction between an equimolar amount of L1-L9 and NaAuCly, in the presence of an excess
of KPF4 (Scheme 1, top). The pure cationic gold complexes can then easily be isolated following
precipitation, washing and filtration. On the other hand, reaction between ligands L10-L12 and
NaAuCly in the presence of a base leads to the formation of the neutral complexes C10-C12 (Scheme 1,
bottom) [15]. The identity and the purity of the complexes C1-C12 was confirmed by NMR, IR and
UV-Visible spectroscopies, as well as by mass spectrometry and in some cases by elemental analysis
(See Experimental and Supplementary Materials for details, Figures S1-524). The obtained results
confirmed the purity of the compounds, which were all obtained in good yields. While all ligands were
found to be soluble in most organic solvents, and thus, their NMR analysis was performed in CDCl3,
the complexes were insoluble in most cases, except in rare examples in acetone or acetonitrile. To ensure
a similar analysis for all complexes, their NMR spectra were recorded in DMSO-dg. The 'H NMR
spectra of the ligands were easily attributable and the most downfield shifted signals corresponded to
the benzimidazole ring. In most cases, the signals of the protons of the pyridyl were found overlapping
each other, in addition to the signals of the phenyl rings for the R substituents in the case of L4-L9.
The 'H NMR spectra of the complexes were similar to those of the corresponding ligands in terms of
number of resonance signals; however, some signals (H,, Hc and Hy,, see Scheme 2 for the numbering
scheme) were clearly more affected by the presence of the Au(III)Cl, fragment [Ad (8coord — Ofree)
of 0.24 and 0.47 ppm]. The NMR analysis of both the ligands L11-L12 and their corresponding
complexes C11 and C12 was very challenging due to the electronic similarity and thus proximity on
the spectra. However, the number and nature of the signals were compatible with the structures,
and further analytical methods allowed us to confirm the purity of the compounds (ESI-MS, UV-Visible
spectroscopy and IR). IR analysis of the complexes showed in all cases the presence of C=C bending,
C-H stretching and C-N stretching bands, and confirmed the presence of specific chemical groups
on the main scaffold: alkyl chains in the case of C1-C3, ester group in the case of C5 and C-F bonds
for C6-C9.

Crystals suitable for X-ray diffraction were obtained for complex C6 by slow diffusion of
pentane in a concentrated solution of the complex in a mixture of acetonitrile and dichloromethane
at room temperature (see Supplementary Materials for details). The structure confirmed a bidentate
coordination mode of the ligand L6 onto the gold centre via the nitrogen of the pyridine and the
benzimidazole rings, giving rise to square planar complexes. The 4-trifluoromethylbenzyl functional
group added on the benzimidazole moiety always points out of the plane, as already described
with similar ligands and copper complexes [18]. It is worth mentioning that the slow process of
crystallisation (10-15 days) may favour the partial decomposition of the complexes, specifically the
de-coordination of the gold centre and the exchange of counter anions. In fact, the structure
of C6 revealed the presence of AuCly counterions in the lattice (see Supplementary Materials).
Furthermore, we attempted to crystallize compound C7 in the same conditions, but the resulting
X-ray structure confirmed the de-coordination of the gold centre from one of the nitrogens of the
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pyridine ligand, thus leading to a neutral gold complex with three coordinated chlorido ligands
(see supplementary materials).

C1 (82 %): R = Methyl
R R C2 (68 %): R = Ethyl
N /N * C3 (89 %): R = Octyl
7 N\ _( :@ + NaAuCly, KPFg CH ]@ PF;  C4 (42 %): R = Benzyl
=N N =N_ N C5 (48 %): R = 4-methylbenzoate
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Scheme 1. Synthetic pathways to the series of cationic (top) and neutral (bottom) Au(III) complexes
C1-C9 and C10-C12, respectively.
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Scheme 2. 'H labelling in the selected ligand scaffold.

The complexes C1-C12 and their corresponding ligands L1-L12 have also been investigated for
their photophysical properties (see Figures 5S25-548). Both ligands L1-L10 and complexes C1-C9
exhibit a strong absorption band centred around 310-315 nm which can be attributed to m—m*
transitions and/or ligand-to-metal charge transfers (LMCT) in the case of the Au(IIl) complexes.
The absorption spectra of ligands L11-L12 and corresponding complexes C11-C12, with the extended
conjugated systems, show several bands attributed to the same transitions between 330 and 390 nm.
Ligands L1-L10 and complexes C1-C9 all have single fluorescence emission bands centred around
375-380 nm, representing a Stokes shift of about 65 nm. Complexes C11-C12 and their corresponding
ligands possess extended aromatic and conjugated systems; thus, a shift in the emission bands is
observed: ligand L11 and complex C11 emit at 415 nm whereas L12 and C12 exhibit an emission band
around 450 nm (Figures S45-548). The quantum yield of fluorescence (®r) has also been assessed for
all the reported compounds (see Figures 525-548). While the ligands with the alkane substituents
(L1-L3) have relatively high quantum yields (50-60%), the ligands with the functionalised benzyl
groups (L4-L9) have decreased quantum yields between 27 and 42%. The ligands with the extended
aromatic systems L11 and L12 have quantum yields of 74 and 61%, respectively (Figures S45 and S47).
In general, upon coordination of the ligands to the gold(Ill) ion, almost all quantum yields of
luminescence are decreased due to the “heavy metal effect”, with the exception of complex C12
(Pr =71%).
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2.2. UV-Visible Stability Studies

The stability of the gold complexes was investigated using UV-Visible spectroscopy before
further biological testing. Thus, the absorbance of the compounds’ solutions in PBS buffer (pH 7.4)
was measured between 300 and 800 nm at regular time intervals during 24 h at room temperature,
allowing the monitoring of possible compound’s transformations such as hydrolysis, reduction and/or
precipitation. In parallel, as Au(Ill) complexes tend to be reduced in physiological conditions to Au(I)
and even Au(0), the reactivity of the compounds with the intracellular reducing agent glutathione
(GSH) was monitored in the same conditions.

All the Au(III) compounds exhibit intense transitions in the 300-400 nm range, characteristic of the
Au(IIl) chromophore, that may be straightforwardly assigned as LMCT bands. Complexes C1, C2, C5,
C6 and C9 were found to be mostly stable over the first 6 h in PBS buffer (pH 7.4) with no significant
change in the UV-Visible spectra (Figures 549, S50, S53, S54 and S57). The observed small spectral
changes developing with time might be related to the occurrence of partial hydrolysis processes.
Instead, the spectra of complexes C3, C4, C7, C8 and C10 were found to undergo major changes over
the first few hours (Figures S51-552, S55-556 and S58), leading to the disappearance of the classical
LMCT bands, suggesting disruption of the Au(Ill) complex. Complexes C11-C12 were moderately
stable in solution (Figures S59 and S60) featuring hypocromic shifts in their spectra over the first 6 h of
incubation. In the presence of GSH, all the compounds immediately reacted to form adducts leading
to the loss of the N-donor ligands from the gold centre, as demonstrated by the disappearance of the
LMCT bands (Figures S49-S58). Only compounds C11 and C12 were scarcely reactive and maintained
their spectral features over time after the addition of GSH (Figures S59 and S60).

2.3. Inhibition of Aquaporins

Based on the previosuly discussed stability studies, only the most stable gold complexes were
tested for their AQP1 and AQP3 inhibition properties in hRBC by stopped-flow spectroscopy, according
to previously reported procedures [12]. A representative ICsy curve for the inhibition of glycerol
permeation via AQP3 by two gold compounds is reported in Figure 1. The obtained results are
summarized in Table 1 and show that all the new cationic complexes C2, C4, C5, C6, C9 and C11
are able to selectively inhibit glycerol permeation via AQP3, with IC5, values in the sub-micromolar
level, comparable to C1 and Auphen. The antiproliferative activities of the corresponding ligands
are presented in the supplementary (Table S1). The most effective compound was Cé. In line with
previous results, the neutral compound C10 was ca. one order of magnitude less effective as an AQP3
inhibtior [15]. Of note, all the compounds were inactive as inhibitors of the orthodox water channel
AQP1 in the same cellular model (data not shown).

A B
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3
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Figure 1. Representative ICs curve for the inhibition of glycerol permeation via AQP3 by the Au(III)
complexes C6 (A) and C11 (B) in hRBC after 30 min incubation.
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Table 1. AQP3 inhibitory effects (IC5) values) measured in hRBC after 30 min incubation;
and antiproliferative activities (ECs( values) of Au(IIl) compounds in human SKOV-3, A375, MCEF-7,
and A549 cells after 72 h incubation, measured by the MTT assay.

Compound AQP3 Inhibition ECsp [uM] !
ICs [uM] 1 SKOV-3 A375 MCF7 A549
Auphen 0.80 + 0.08 7.00 + 2.00 1.7403 3.0040.05  1.07 + 0.09
C1 1.018 + 0.137 >80 >80 >80 >80
C2 0.881 = 0.015 >80 >80 >80 >80
C3 1.825 + 0.017 (1 = 2) 41 +13 23+1 40+ 4 57 +2
C4 0.85 £ 0.21 56 + 12 69 +3 63+ 1 81+9
C5 0.80 4 0.10 >50 >50 25(n=1) >50)
C6 0.69 + 0.06 >50 34(n=1) 38 (n=1) 47 (n=2)
Cc7 n.d. n.d. n.d. n.d. n.d.
C8 n.d. n.d. n.d. n.d. n.d.
C9 0.72 + 0.05 >50 >50 >50 >50
C10 >50 1747 542 1241 >50
C11 0.82 +0.13 (n=2) 33+5 1242 29+ 8 >50
Cc12 nd. 41 +13 1342 1743 45+3

! Values represented as mean (=SEM) of at least three independent experiments (1), unless otherwise stated.
n.d. = non determined.

2.4. Expression of AQP3 in Cancer Cells and Antiproliferative Activities

Afterward, the compounds—with the exception of the highly unstable C7 and C8—were
evaluated for their antiproliferative activities against a panel of human cancer cells in vitro. The cells
were selected and studied for their level of expression of human AQP3. Information on the expression
of AQP3 in cancer lines is limited and most of the data currently available refers to mRNA expression
levels [23]. Specifically, cells were studied for the expression levels of human AQP3 by flow cytometry
(Figure S61) and their AQP3 cellular distribution by immunocytofluorescence, respectively (Figure 1).
As expected from the literature and mRNA levels [23], the breast cancer cell line MCE-7 highly express
AQP3. Ovarian cancer cells SKOV-3 also showed marked AQP3 expression, followed by the lung
cancer cells A549 and the skin malignant melanoma cells A375. Regarding cellular localization, in the
case of the melanoma cells A375, AQP3 was found to be also localized in the nuclear membrane
(Figure 2) as evidenced by fluorescence microscopy.

The antiproliferative activities of the complexes are summarized in Table 1. Overall, the compounds
show very moderate anticancer effects in all cell lines, with compounds C1 and C2 being the least toxic
(ECs0 > 80 uM). Compounds C3 and C4 were moderately cytotoxic, but their scarce stability in the
aqueous environment may affect their antiproliferative effects. Compounds C10-C12 were the most
effective in the series, particularly against the melanoma A375 cells. It is worth mentioning that these
three compounds are the only neutral ones, and may display different uptake and accumulation in
cancer cells with respect to the cationic derivatives. Of note, the ligands L1-L12 generally showed
reduced antiproliferative effects with respect to the corresponding gold complexes (Table S1).

10
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Figure 2. Human AQP3 expression and localization in human cancer cells by immunocytofluorescence.
Human AQP3 expression (green) in A549, A375, SKOV-3 and MCF-7 cancer cells, with nuclei stained
with DAPI (blue). Scale bars represent 25 pum.

3. Materials and Methods

3.1. General Information

All reagents and solvents used have been obtained from Haereus (Hanau, Germany),
Sigma Aldrich (St. Louis, MO, United States), Fluorochem (Old Glossop, UK), Alfa Aesar (Ward
Hill, MA, USA) or Acros (Loughborough, UK) and were used as received unless specified. The identity
and purity (>95%) of the complexes were unambiguously established using high-resolution mass
spectrometry and multinuclear NMR spectroscopy. 'H, 13C and °F NMR spectra were recorded on a
Bruker Avance 11300, 11400 or 11500 spectrometers (Bruker, Coventry, UK) at room temperature (r.t.)
and referenced internally to residual solvent peaks [24]. The coupling constants are reported in Hertz.
HR-ESI-MS spectra were obtained in acetonitrile/methanol on a Thermo Finnigan LCQ DecaXPPlus
quadrupole ion-trap instrument (Thermo Fisher Scientific, Paisley, UK) operated in positive ion mode
over a mass range of 11/z 150-2000. IR spectra were measured on a Shimadzu IRAffinity-1S FI-IR (ATR)
(Shimadzu, Milton Keynes, UK). Ligand functionalization reactions were monitored by thin-layer
chromatography (Merck 60 F254 silica gel). Column chromatography was carried out manually
using silica gel (Fluorochem; 40-63 um, 60 A) or on a Biotage Isolera automated flash purification
system (ZIP cartridge, 5-10 g). The absorption and emission spectra of the ligands and corresponding
complexes were recorded on Cary 5000 or 60 UV-Visible NIR (Agilent, Wokingham, UK), Cary Eclipse
Fluorescence spectrophotometers (Agilent).

11
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3.2. Compounds Synthesis

3.2.1. General Procedure for the Synthesis of Ligands L1-L9

Pyridylbenzimidazole ligand L10 is commercially available. Functionalised pyridylbenzimidazole
derivatives L1 [21], L4 [25], L7 [22], L8 [22], L9 [22], L11 [25], and L12 [18] have been synthetized
following protocols reported in the literature. Ligands L2 and L3 have been obtained adapting
protocols used to produce L1 and L4, and have also been already reported in the literature [26].
The purity of the compounds was confirmed by elemental analysis, and all of them showed purity
greater than 98%. Compounds L5 and L6 have been obtained using the following general protocol:
A solution of 1 eq. of pyridylbenzimidazole (488 mg, 2.50 mmol) and 1.5 eq. of K,CO3 (518 mg,
3.75 mmol) in 5 mL of DMF was stirred at room temperature for 30 min. Then, 1.2 eq. (3.00 mmol) of
methyl-4-(bromomethyl)benzoate (in the case of L5; 687 mg) or 4-(trifluoromethyl)benzyl bromide
(in the case of L6; 717 mg) were added to the mixture and left to stir at room temperature for
approximately 4 h (the reaction was followed by TLC using a 1:1 ethyl acetate/hexane eluent system).
The solution was then concentrated and water was added. The product was extracted several times by
ethyl acetate. Organic layers were combined, washed with water and dried over MgSO,. After filtration
and evaporation of the solvent, the crude products L5 and L6 were obtained and purified by column
chromatography either manually using a 1:1 mixture of ethyl acetate and hexane or on an automated
flash purification system using a gradient of ethyl acetate in hexane.

L5. White powder, 83% isolated yield (712 mg, 2.07 mmol). R¢ (1:1 AcOEt/hexane) ~ 0.6.
NMR 'H (CDCls): 8.56 (ddd, | = 7.9, 4.0 and 2.7 Hz, 1H, H,), 8.44 (dt, ] = 8.0 and 1.0 Hz, 1H,
Hy), 7.92-7.87 (m, 3H, 2xCH-Ph + H.), 7.81 (td, ] = 8.0 and 1.8 Hz, 1H, H,), 7.33-7.25 (m, 5H,
Hy + Hyp + Hf + Hg + He), 7.20 (d, ] = 8.5 Hz, 2H, 2xCH-Ph), 6.14 (s, 2H, CH>), 3.77 (s, 3H, CH3).
NMR BC{'H} (CDCl3): 166.8 (CO>Me), 150.4 (CV), 149.9 (C'), 148.7 (C,), 142.8 (C'V), 142.8 (C'V),
137.0 (C.), 136.8 (C'), 130.0 (2xCH-Ph), 129.3 (CI), 126.7 (2xCH-Ph), 124.7 (Cy4), 124.0, 123.9,
123.0 (Cp, Cy, Cg), 120.3 (Ce), 1105 (Cp), 52.2 (CHs), 48.9 (CHy). ESI-TOF-MS (positive mode) for
Cp1HigN3O; (IM + HJ"): calc. 344.1399, exp. 344.1404 (err. 1.5 ppm). UV-Vis (DMSO): Apax (nm)
(e, em~1:mol~'-dm®) 313 (14,123). IR (ATR): v (cm™!) 1709 (VC_H bending): 1428 (VC_H stretching)s
1276 (vc-o stretching)r 1110 (ven stretching)/ 845 (ve-c bending)- Anal. Caled for CyHi7N30; (343.39):
C,73.45;H,4.99; N, 12.24. Found: C, 73.48; H, 4.97; N, 12.20.

L6. White powder, 88% isolated yield (774 mg, 2.19 mmol). R¢ (1:1 AcOEt/hexane) ~ 0.6. NMR
'H (CDCl3): 8.55 (m, 1H, H,), 8.44 (d, ] =8.0 Hz, 1H, Hy), 7.84 (d, ] = 7.8 Hz, 1H, H,), 7.79 (td, ] = 7.8
and 1.8 Hz, 1H, Hc), 7.46 (d, 2H, 2xCH-Ph), 7.47-7.22 (m, 6H, 2xCH-Ph + Hy, + Hy, + H; + Hy),
6.20 (s, 2H, CHj). NMR BC{'H} (CDCl,): 150.4 (C'), 149.8 (C!V), 148.7 (C,), 142.8 (CVV), 141.7 (CIV),
137.1 (C¢), 136.7 (CIV), 129.7 (q, CIV-CF3, 2Jc—r = 32.0 Hz), 126.8 (2xCH-Ph), 125.7 (q, 2xCH-C-CF;,
3Jc-r = 3.8 Hz), 124.7 (Cy), 124.2 (q, C"VF3, YJc-F = 270 Hz), 124.1,123.9, 123.2 (Cy, Cy, Cg), 120.4 (Ce),
110.4 (Cy), 48.7 (CH,). NMR “F{'H} (CDCl3): —62.5 (s, CF3). ESI-TOF-MS (positive mode) for
CyoHi5N3F3 (IM + HJ*): calc. 354.1218, exp. 354.1225 (err. 2.0 ppm). UV-Vis (DMSO): Amax (nm)
(e, em™-mol !-dm?) 313 (23,130). IR (ATR): v (cm ") 1444 (VC_p stretching)r 1328, 1157 (VC_f stretching)s
1107 (v N stretching)s 833 (YC=C bending)- Anal. Caled for CopH14N3F3 (353.11): C, 67.98; H, 3.99; N, 11.89.
Found: C, 67.95; H, 3.93; N, 11.82.

3.2.2. General Procedure for the Synthesis of the Cationic Complexes C1-C9

Complex C1 was previously reported by us [15], and the same procedure was used to obtain
complexes C2—-C9. Thus, to a solution of 1 eq. of pyridylbenzimidazole ligand L1-L9 in acetonitrile
(2.5 mL) was added an aqueous solution (15 mL) of 1 eq. of NaAuCly and 3 eq. of KPFg, and the
resulting mixture was stirred 3 h at room temperature. The resulting yellow to orange precipitate was
filtered, washed with water, ethanol and diethyl ether and dried under vacuum.

C2. Yield: 68% (480 mg, 0.76 mmol). NMR 'H (DMSO-dg): 8.93 (m, 1H, H,), 8.29 (m, 1H, Hy), 8.21
(m, 1H, H,), 8.05 (m, 1H, He), 7.89 (m, 1H, Hy,), 7.76 (m, 1H, Hy,), 7.61 (m, 2H, H¢ + Hy), 4.87 (m, 2H, CH>),
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1.50 (s, 3H, CH3). NMR 3C{1H} (DMSO-dy): 150.2 (C,), 146.8 (CIV), 144.3 (C1V), 138.3 (C,), 133.3 (2xC!V),
128.0 (Cg), 127.6 (Cy), 126.0 (Cq), 125.8 (Cy), 115.8 (Cp), 112.9 (Ce), 41.4 (CHp), 14.9 (CHs). ESI-TOF-MS
(positive mode) for C14H13N3ClyAu ([M*]): calc. 490.0152, exp. 490.0134 (err. —3.7 ppm). UV-Vis
(DMSO): Amax (nm) (¢, cm™-mol ~'-dm?) 313 (21,654). IR (ATR): v (cm ') 1475, 1457 (V- stretching)s
1036 (ve-n st're’tching)/ 841,749 (vc=c bending)-

C3. Yield: 89% (561 mg, 0.78 mmol). NMR 'H (DMSO-d): 8.92 (m, 1H, H,), 8.29-8.19 (m, 2H,
Hq + He), 8.08 (m, 1H, He), 7.90 (m, 1H, Hy), 7.78 (m, 1H, Hy,), 7.66-7.58 (m, 2H, H; + Hy), 4.85 (m, 2H,
CH,), 1.85 (m, 2H, CH,), 1.17 (m, 10H, CH,), 0.82 (m, 3H, CH3). NMR 3C{1H} (DMSO-ds): 150.3 (Cy),
146.9 (C!V), 143.9 (C"), 138.8 (C.), 136.9 (C!Y), 133.6 (C'), 127.5 (Cg), 127.1 (Cy), 126.7 (Cq), 126.6 (Cyp),
115.7 (Cy), 113.8 (Ce), 46.3 (CHy), 31.6 (CHy), 29.5 (CH>), 28.9 (CH,), 28.8 (CH,), 26.2 (CH5), 22.5 (CHy),
14.4 (CHj3). ESI-TOF-MS (positive mode) for CoHpsN3ClyAu ([M*]): cale. 574.1091, exp. 574.1100
(err. 1.6 ppm). UV-Vis (DMSO): Amax (nm) (e, cm™1-mol~!-dm?) 312 (16,006). IR (ATR): v (cm~1) 2927
(ven strefching)r 1488, 1474 (vcn strefching)r 1039 (ven stretching)r 831,746 (vc=c bending)~

C4. Yield: 99% (403 mg, 1.61 mmol). NMR "H (DMSO-de): 8.83 (m, 1H, Ha), 8.30 (m, 1H, Hy), 8.17
(m, 1H, H), 7.87 (m, 1H, He), 7.78 (m, 1H, Hy), 7.70 (m, 1H, H,,), 7.55-7.49 (m, 2H, H; + Hy), 7.29-7.25
(m, 5H, 5xCH=Ph), 6.21 (s, 2H, CH,). NMR BC{*H} (DMSO-d): 149.9 (C,), 147.2 (C'Y), 144.5 (CI),
138.1 (C), 135.5 (C"), 133.7 (C1V), 128.6 (CH-Ph), 127.7 (CH-Ph), 126.9 (Cp,), 126.5 (Cy4), 125.7 (Cy),
125.7 (Cg), 116.1 (Ce), 113.0 (Cy,), 48.7 (CH,). ESI-TOF-MS (positive mode) for C1H15sN3Cl Au ([M*]):
calc. 552.0309, exp. 552.0307 (err. —0.4 ppm). UV-Vis (DMSO): Apax (nm) (¢, cm~!-mol~1-dm?)
313 (21,527). IR (ATR): v (em ") 1497, 1475, 1454 (VC_H stretching)s 831, 746 (VC=C bending)-

C5. Yield 48% (265 mg, 0.351 mmol). NMR 'H (DMSO-ds): 8.80 (m, 1H, H,), 8.31 (m, 1H,
Hy), 8.17 (t, ] = 5.7 Hz, 1H, H.), 7.92-7.88 (m, 3H, 2xCH-Ph + H.), 7.77 (m, 1H, Hy,), 7.69 (m, 1H,
Hy), 7.58-7.50 (m, 2H, H; + Hy), 7.41-7.39 (m, 2H, 2xCH-Ph), 6.30 (s, 2H, CH), 3.80 (s, 3H, CHj).
NMR BC{1H} (DMSO-d): 165.9 (CO,Me), 149.9 (C,), 145.0 (C'V), 141.3 (C!V), 138.3 (Cy), 134.5 (C1),
129.5 (CH-Ph), 129.1 (C'Y), 127.3 (CH-Ph), 126.6 (Cp,), 125.9 (Ct,g), 125.7 (Cq), 116.5 (Ce), 112.9 (Cy),
52.2 (CHj), 48.8 (CHy). ESI-TOF-MS (positive mode) for Cp1H1yN3O,Cly Au ([M*]): cale. 610.0363,
exp. 610.0350 (err. —2.1 ppm). UV-Vis (DMSO): Amax (nm) (¢, cm ™~ -mol~1-dm?) 312 (23,448). IR (ATR):
v (Cm_l) 1706 (ve-n bending)r 1496, 1481 (vcn stretching)r 1285,1018 (vco stretching)r 1108 (ven stretching)/
845 (ve=c bending)~

C6. Yield: 99% (435 mg, 0.568 mmol). NMR 'H (DMSO-d): 8.81 (d, | = 4.3 Hz, 1H, H,), 8.32
(d, ] = 7.8 Hz, 1H, Hy), 8.18 (td, ] = 7.8 and 1.3 Hz, 1H, H,), 7.92 (d, 1H, | = 7.7 Hz, H.), 7.80
(d, 1H, ] =7.8 Hz, Hy,), 7.72-7.68 (m, 3H, H,, + 2xCH-Ph), 7.59-7.53 (m, 2H, H; + Hy), 7.52-7.49
(m, 2H, 2xCH-Ph), 6.31 (s, 2H, CH,). NMR 3C{'H} (DMSO-dq): 150.2 (C,), 147.3 (C'), 143.9 (C!V),
140.3 (CI), 138.5 (C.), 133.6 (CV), 132.9 (CV), 128.2 (q, CIV-CF3, ?Jc_r = 31.5 Hz), 127.9 (2xCH-Ph),
127.0 (Cp), 126.6 (Cy), 126.4 (Cy), 126.0 (Cq), 125.6 (q, 2xCH-C-CF3, °Jc_p = 3.9 Hz), 123.8 (q, CIVF3,
g =272 Hz), 115.9 (Ce), 113.2 (Cp), 48.8 (CH,). NMR YF{H} (DMSO-dy): —61.0 (s, CF3), —70.0
(d, PFg, Yp_g = 712.4 Hz). ESI-TOF-MS (positive mode) for CooH14N3Cl,F3Au ([M*]): calc. 620.0182,
exp. 620.0212 (err. 4.8 ppm). UV-Vis (DMSO): Amax (nm) (¢, cm~!-mol~!-dm?) 312 (24,699). IR (ATR):
v (Cm_l) 1481 (vcon stretching)r 1324, 1121, 1113 (v p stretching)r 1068 (veoN stretching)/ 834 (ve=c bending)-
Anal. Calcd for CooH14N3Cl, AuPF (766.18): C, 31.35; H, 1.84; N, 5.48. Found: C, 31.35; H, 1.88; N, 5.48.

C7. Yield: 87% (312 mg, 0.436 mmol). NMR 'H (DMSO-dq): 8.82 (d, | = 4.2 Hz, 1H, H,), 8.31
(d,] =8.0Hz, 1H, Hy), 8.15 (t, ] = 7.6 Hz, 1H, H.), 7.86 (d, 1H, | = 7.6 Hz, H,), 7.78 (d, 1H, ] = 7.1 Hz,
Hy), 7.88 (t, 1H, ] = 5.3 Hz, H,,), 7.50 (m, 2H, Hy + Hy), 7.35-7.32 (m, 2H, 2xCH-Ph), 7.15-7.11 (m, 2H,
2xCH-Ph), 6.19 (s, 2H, CH,). NMR BC{'H} (DMSO-de): 162.9 (CV), 160.5 (CV), 150.0 (C,), 147.4 (C'Y),
144.6 (CI), 138.3 (C.), 133.9 (C), 133.0 (d, C!VE YJc_p = 203 Hz), 129.4 (d, 2xCH-Ph, 3Jc_p = 8.4 Hz),
126.7 (Cp), 126.0 (Cy), 126.0 (Cg), 125.9 (Cq), 116.3 (Ce), 115.6 (d, 2xCH-Ph, 2Jc_p = 21.5 Hz), 113.1
(Cp), 48.2 (CH,). NMR “F{'H} (DMSO-dg): —114.3 (s, Ph-F), —70.0 (d, PFs, YJp_r = 711.9 Hz).
ESI-TOF-MS (positive mode) for C19H14N3ClFAu ([M*]): calc. 570.0214, exp. 570.0236 (err. 3.9 ppm).
UV-Vis (DMSO): Amax (nm) (¢, cm~!-mol ~!-dm?) 312 (25,542). IR (ATR): v (em ') 1460 (VC_ stretching)-
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1232 (VC—F st‘retching)/ 835 (VC=C bending)' Anal. Calcd for C18H12N302C12AUPF7 (70214) C, 3186, H,
1.97; N, 5.87. Found: C, 31.82; H, 2.00; N, 5.88.

C8. Yield: 99% (394 mg, 0.500 mmol). NMR 'H (DMSO-d): 8.76 (d, ] = 4.4 Hz, 1H, H,), 8.31
(d,]=79Hz, 1H, Hy), 8.14 (td, ] = 7.8 and 1.6 Hz, 1H, H,), 7.90-7.86 (m, 2H, H,, + H.), 7.66 (m, 1H,
Hy), 7.58-7.51 (m, 2H, H; + Hy), 6.36 (s, 2H, CH,). NMR BC{H} (DMSO-d): 149.3 (C,), 1485 (CV),
146.7 (CV), 146.0 (dd, CVF, Yc_r = 246 Hz), 138.3 (Cc), 137.1 (CI), 135.2 (CV), 126.0 (Cy), 125.4 (Cy),
125.3 (Cy), 125.0 (Cq), 117.9 (Ce), 112.1 (Cp), 110.9 (t, CIV-Ph, 2Jc_g = 17 Hz), 39.9 (CH,). NMR YF{1H}
(DMSO-dg): —141.9 (Ph—F), —154.3 (Ph-F), —162.4 (Ph—F), —70.0 (d, PF¢, Jp_p = 711.9 Hz). ESI-TOF-MS
(positive mode) for C19H;oN3ClFsAu ([M*]): calc. 641.9837, exp. 641.9874 (err. 5.8 ppm). UV-Vis
(DMSO): Amax (nm) (¢, cm~'-mol~!-dm?®) 311 (23,441). IR (ATR): v (em ') 1474 (V_ stretching), 1337,
1128 (ver stretching)r 1029 (ven stretching)r 838 (ve=c bending)-

Q9. Yield: 99% (443 mg, 0.603 mmol). NMR 'H (DMSO-dq): 8.82 (d, ] = 4.2 Hz, 1H, H,), 8.29
(d,J=8.0Hz, 1H, Hy), 8.20 (t,] =7.6 Hz, 1H, H.), 7.91 (d, 1H, ] = 7.6 Hz, H.), 7.78 (d, 1H, ] = 7.1 Hz,
Hy), 7.88 (t, 1H, ] = 5.3 Hz, H,,), 7.57 (m, 2H, H; + Hy), 7.19-7.09 (m, 4H, 4xCH-Ph), 6.20 (s, 2H,
CH,). NMR BC{'H} (DMSO-dg): 162.6 (d, C'VF, Jc_r = 247 Hz), 162.4 (d, C'VF, VJc_p = 247 Hz),
150.2 (C,), 147.2 (C1V), 143.6 (C!V), 139.9 (t, CIVPh, 3]_p = 9.6 Hz), 138.5 (C.), 133.4 (C'Y), 132.4 (C1V),
127.1 (Cp), 126.7, 126.5 (Cy, Cg), 126.1 (Cq), 115.7 (Ce), 113.2 (Cp), 110.6 (d, 2xCH-Ph, ?Jc_p = 26.1 Hz),
103.5 (t, CH-Ph, ?Jc_g = 25.8 Hz), 48.5 (CH,). NMR YF{'H} (DMSO-ds): —109.1 (s, 2xPh-F), —70.0
(d, PFg, Jp_p = 712.6 Hz). ESI-TOF-MS (positive mode) for C19H3N3ClFoAu ([M*]): calc. 588.0120,
exp. 588.0150 (err. 5.1 ppm). UV-Vis (DMSO): Amax (nm) (¢, cm~!-mol~!-dm?) 313 (14,367). IR (ATR):
v (Cmil) 1442 (VC—H stretching)r 1332,1091 (VC—F stretching)/ 1039 (VC—N stretching)/ 833,792 (VC=C bending)-

3.2.3. General Procedure for the Synthesis of the Neutral Complexes C10-C12

The synthesis of complex C10 was already reported by us [15] and others [19], and was adapted
to the synthesis of C11 and C12. To a solution of 1 eq. of pyridylbenzimidazole ligand L10-L12 in
acetonitrile (1 mL) was added an aqueous solution of 1 eq. of KOH in water (6 mL). The reaction mixture
was stirred at room temperature for 15 min. An aqueous solution of 1 eq. of NaAuCly (6 mL) was then
added, and the resulting mixture was stirred overnight at room temperature. The resulting dark brown
precipitate was filtered; washed with water, ethanol and diethyl ether; and dried under vacuum.

C11. Yield: 57% (100 mg, 0.18 mmol). NMR 'H (500 MHz, DMSO-ds): 9.11-8.90 (m, 3H,
3xCH), 8.78 (m, 1H, CH), 8.42 (m, 2H, 2xCH), 8.21 (m, 1H, CH), 8.13 (m, 1H, CH), 7.86-7.74 (m, 3H,
3xCH), 7.67 (m, TH, CH). NMR 3C{'H} (125.77 MHz, DMSO-d): 160.8 (C'V), 150.3 (CH), 145.4 (C'"),
145.0 (C'), 138.0 (CH), 134.9 (C!V), 128.8 (CH), 127.6 (CH), 127.4 (CH), 125.5 (CH), 124.6 (CH),
124.5 (CH), 123.4 (CH), 122.7 (CH), 122.5 (CH), 121.0 (CH), 120.4 (CH). ESI-TOE-MS (positive mode)
for CpoH12N3ClAu ([M - CI*]): calc. 526.0385, exp. 526.0386 (err. 0.2 ppm). UV-Vis (DMSO):
Amax (nm) (¢, cm™-mol~1-dm?®) 333 (20,891), 362 (16,528). IR (ATR): v (cm ™) 1428, 1452 (vc_g stretching)s
1034 (veN stretching)/ 774 (ve=c bending)'

C12. Yield: 47% (87 mg, 0.15 mmol). NMR 'H (500 MHz, MeCN-d): 8.63-8.47 (m, CH), 8.35
(m, CH), 8.27 (m, CH), 8.23 (m, CH), 8.14-7.98 (m, CH), 7.59-7.57 (m, CH). NMR 13C{!H]} (125.77 MHz,
DMSO-dg): 161.2 (CV), 150.4 (CH), 149.6 (CH), 145.7 (C'V), 145.5 (C), 138.0 (CH), 135.6 (C'),
131.7 (CV), 128.3 (CH), 127.8 (CH), 127.2 (CH), 126.6 (CH), 125.0 (CH), 124.5 (C), 123.4 (CH),
122.8 (C'), 122.6 (CV), 122.2 (C'V), 120.0 (CH), 119.7 (CH), 119.5 (C'), 118.3 (CH). ESI-TOF-MS
(positive mode) for C,H1oN3ClAu ([M — CI*]): cale. 550.0385, exp. 550.0393 (err. 1.5 ppm). UV-Vis
(DMSO): Amax (nm) (g, cm ™~ -mol~1.dm?3) 338 (28,904), 353 (28,264), 366 (19,892), 388 (20,031). IR (ATR):
v (em 1) 1442 (ven stretching)r 1064 (ven stretching)r 738 (ve=c bending)~

3.3. UV-Visible and Fluorescence Spectroscopy

The data are reported as the absorption maximum wavelength (Amax, in nm) and corresponding
molar extinction coefficient at Amax (¢, in L-mol~-em™1). Macro quartz cuvettes with a path length of
1 cm were used. The sample concentrations were chosen to obtain a maximum absorbance of around
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0.8 to then measure the quantum yields. Relative quantum yields of fluorescence of the samples were
obtained by comparing the areas under the corrected emission spectra with a standard absorbing in
the same region than the sample. Measurements were performed in degassed DMSO (Sigma-Aldrich,
spectroscopic grade >99.9%) at 298 K. Quinine sulfate (Og = 0.546 in 0.5 M HySOy, Aex = 366 nm) was
used as the standard [26]. In all @ calculations, the correction for the solvent refractive index (1)
was applied: DMSO: 11 = 1.479; H,O (or HySO4): 11 = 1.333 [27]. The following equation was used to
calculate the quantum yield of the sample (®f,), in which ®fg; is the reported quantum yield of the
standard, F is the integral photon flux, f is the absorption factor, and 1 is the refractive index of the
solvent used. The x subscript denotes the sample, and St denotes the standard, and the fluorescence
spectra between the sample and the standard were recorded at the same Aey [28]:

Fy fst ’73
= Ppgg o 25t T
Fx ESFe )

3.4. X-ray Diffraction Analysis

Complexes C6 and C7 were allowed to form crystals by slow diffusion of pentane into a
corresponding complex’s concentrated solution in a mixture of acetonitrile and dicholoromethane
at room temperature. The crystals were analysed at the UK National Crystallography Service in
Southampton [29]. A suitable yellow block-shaped crystal from C6 (0.050 x 0.040 x 0.030) mm?
and from C7 (0.080 x 0.050 x 0.020) mm?, were selected and mounted on a MITIGEN holder in
perfluoroether oil and mounted on a Rigaku 007HF diffractometer equipped with Varimax confocal
mirrors and an AFC11 goniometer and HyPix 6000HE detector. The crystals were kept at T = 100.00(10)
K during data collection. Using Olex2 [30], the structures were solved with the ShelXT [31] structure
solution program, using the Intrinsic Phasing solution method. The models were refined with version
2014/7 of ShelXL [32] using Least Squares minimisation, and the ORTEP views are presented in
Figures 562 and S63. (CCDC 1868645 and 1868642 contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge via http:/ /www.ccdc.cam.ac.uk/conts/retrieving.
html (or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44 1223 336033; E-mail:
deposit@ccdc.cam.ac.uk)).

3.5. UV-Visible Absorption Spectroscopy

The new Au(IIl) complexes were tested for their stability in aqueous media (1x Phosphate Buffer
Saline (PBS, Corning), pH 7.4) in the presence or absence of 2 eq. GSH (vs. 1 eq. of Au(IIl) complex).
The solutions were prepared from a stock solution of the Au(III) complex at a concentration of 1072 M
in DMSO and diluted to reach a concentration of 10~* M in PBS. The absorption spectra were recorded
over time at room temperature using a Cary 500 UV-Visible NIR spectrophotometer.

3.6. Aquaporins Inhibition

Venous blood samples were obtained from healthy human volunteers following a protocol
approved by the Ethics Committee of the Faculty of Pharmacy of the University of Lisbon
(Instituto Portugués de Sangue Protocol SN-22/05/2007). Informed written consent was obtained
from all participants. Blood samples, collected in citrate anticoagulant (2.7% citric acid, 4.5% trisodium
citrate and 2% glucose), were centrifuged at 750x g for 5 min at 4 °C. Plasma and buffy coat were
discarded. Pelleted erythrocytes were washed three times in PBS (KCI1 2.7 mM, KH,PO,4 1.76 mM,
Na;HPO4 10.1 mM, NaCl 137 mM, pH 7.4), diluted to 0.5% haematocrit and immediately used for
experiments. hRBC mean volume in isotonic solution was determined using a CASY-1 Cell Counter
(Schérfe System GmbH, Reutlingen, Germany) and was calculated as 82 fL. Stopped-flow experiments
were performed on a HI-TECH Scientific PQ/SF-53 apparatus, with 2 ms dead time, temperature
controlled and were interfaced with a microcomputer. Measurements of water permeability (Pf) and
glycerol permeability (Pgly) were performed as described in References [12,33]. Briefly, 100 uL of
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the suspension of fresh erythrocytes (0.5%) was mixed with an equal volume of hyperosmotic PBS
containing 200 mM sucrose (a non-permeable osmolyte that induces water outflow and subsequent
cell shrinkage) and 200 mM glycerol (a permeable osmolyte that induces first fast cell shrinkage
due to water outflow and then glycerol influx in response to its chemical gradient, followed by
water influx with subsequent cell reswelling). The kinetics of cell volume change were measured
from the time course of 90° scattered light intensity at 400 nm until a stable light scatter signal was
attained. For each experimental condition, 5-7 replicates were analysed. Pf was estimated by Pf = k
(Vo/A)(1/Vw(osmeyt)o0), where Vw is the molar volume of water, Vo/A is the initial cell volume
to area ratio, (0smoyt)o© is the final medium osmolarity after the applied osmotic gradient, and k
is the single exponential time constant fitted to the light scattering signal of erythrocyte shrinkage.
Pgly was estimated by Pgly = k (Vo/A), where k is the single exponential time constant fitted to the
light scattering signal of glycerol influx in erythrocytes.

In inhibition experiments, cells were incubated with different concentrations of complexes from
freshly prepared stock solutions, for 30 min at r.t. before stopped-flow experiments. A time-dependent
inhibition assay for all the tested compounds over several hours of incubation showed no further
increase of inhibition after 30 min at r.t. The inhibitor concentration necessary to achieve 50% inhibition
(ICs0) was calculated by nonlinear regression of the dose-response curves (Graph Pad Prism, Inc,
San Diego, CA, USA) to the equation: ¥ = ¥min + (Ymax — Ymin)/ (1 + 10((LogICsy — Log[Inh])H)),
where y is the percentage inhibition obtained for each concentration of inhibitor [Inh], and H is the
Hill slope. All solution osmolarities were determined from freezing point depression on a semi-micro
osmometer (Knauer GmbH, Berlin, Germany) using standards of 100 and 400 mOsM.

3.7. Cell Lines and Culture Conditions

Human cell lines of lung adenocarcinoma (A549), breast carcinoma (MCF-7), ovarian
adenocarcinoma (SKOV-3) and skin malignant melanoma (A375) were obtained from American
Type Culture Collection (ATCC). The cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM, 4.5 g/L glucose, Corning, Thermo Fisher Scientific), supplemented with 10% foetal bovine
serum (One-Shot FBS, EU-approved South American Origin, Thermo Fisher Scientific) and 1%
penicillin/streptomycin (Gibco). All cell lines were cultured at 37 °C, in a humidified atmosphere of
5% CO, and passaged when reaching confluence.

3.8. Immunocytofluorescence

Round glass coverslips (& 13mm, VWR) sterilized by UV-light exposure were inserted in
24-well tissue culture-treated plates (Corning) prior to the addition of cells. Cells were seeded at a
concentration of 125,000 cells/mL and incubated at 37 °C under humidified atmosphere with 5%
CO,, for 24 h. Glass coverslips were removed from the wells and washed three times with 1x PBS
(Gibco). Afterwards, cells were fixed for 20 min with 4% formaldehyde (Alfa Aesar) and permeabilized
for 5 min with 0.2% Triton X-100 (Alfa Aesar) at room temperature (r.t.). Glass coverslips were then
incubated with 1:500 primary anti-AQP3 antibody (rabbit anti-human, PA1488 BosterBio, Pleasanton,
CA, USA) in 1x PBS with 5% normal human serum (NHS, Invitrogen, UK), for 1 h at r.t., followed by
incubation with 1:500 secondary goat anti-rabbit Alexa Fluor®488 (ab150077, Abcam, Cambridge, MA,
US), in 1x PBS with 5% NHS for 1 h, at r.t. and in the dark. Before/after each step, cells were washed
thrice with 1x PBS. After removing excess PBS, cells were mounted on glass microscope slides (VWR)
using Mowiol® 4-88 (Sigma-Aldrich). Images were acquired on a Zeiss Axio Vert.A1 microscope and
processed using Fiji (Image]) [34].

3.9. Flow Cytometry Analysis

For flow cytometry evaluation of AQP3 expression, samples of each cell line studied were prepared
with 200,000 cells/sample. Cells were initially washed twice with 1x PBS (Gibco) and subsequently
fixed with 4% formaldehyde (Alfa Aesar) for 30 min at room temperature (r.t.). Afterwards, cells were
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incubated with 1:500 dilution of anti-AQP3 antibody (rabbit anti-human, PA1488 Boster), in 1x PBS
with 5% normal human serum (NHS, Invitrogen) and 0.1% Triton X-100 (Alfa Aesar) at r.t., for 1 h.
Staining with primary antibody was followed by incubation with 1:500 secondary goat anti-rabbit
Alexa Fluor®488 (ab150077, Abcam), in 1x PBS with 5% NHS and 0.1% Triton X-100 also for 1 h and at
r.t., in the dark. Cells were kept on ice and away from direct light until analysed using a BD FACS Verse
Flow Cytometer. Results were analysed using FlowJo 10.5.0. Firstly, samples were gated for live cells.
Afterwards, stained and unstained samples were compared, in order to gate the positive population
and the mean fluorescence, intensity (geometric mean) was taken from each positive sample peak.
Data were normalized for the sample with the lowest AQP3 expression and results are shown as mean
=+ SEM of three independent experiments.

3.10. Antiproliferative Activities

For evaluation of cell growth inhibition, cells were seeded in 96-well plates (Corning) at a
concentration of 15,000 cells/well, grown for 24 h in 200 uL complete medium. Solutions of the
samples with the desired concentration (1 to 100 uM) were prepared by diluting a freshly prepared stock
solution (1072 M in DMSO) of the corresponding compound in aqueous DMEM medium, accordingly.
Auphen (stock solution 10 mM in DMSO) was used as the reference compound. A negative control
(medium only) was run for all the assays. After 24 h incubation, 200 pL of the compounds’ dilutions
were added to each well, and cells were incubated for an additional 72 h. Afterwards, medium was
removed and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Fluorochem) in
10x PBS (Corning) was added to the cells, at a final concentration of 0.3 mg/mL, and incubated
for 34 h. After, the MTT solution was discarded and replaced with DMSO, to allow the formed
violet formazan crystals to dissolve. The optical density was quantified in quadruplicates for each
experiment, at 550 nm using a multi-well plate reader (VICTOR X, Perking Elmer, UK). The percentage
of surviving cells was calculated from the ratio of absorbance of treated to untreated cells. The ECsg
values were calculated, using GraphPad Prism software, as the concentration showed 50% decrease
in cell viability, compared to controls, using a nonlinear fit of concentration vs. response. Data is
presented as mean =SEM of at least three independent experiments.

4. Conclusions

In conclusion, we have synthesized a new series of Au(Ill) compounds, cationic and neutral,
featuring a pyridine-benzimidazole scaffold, which has been characterized via different methods.
Varying the ligands’ substitution patterns influences the stability of the resulting Au(IIl) complexes in
aqueous environment, as demonstrated by UV-visible spectroscopy. In general, all the compounds
promptly react with the reducing agent GSH, except C11-C12. All the new gold-based complexes
are potent inhibitors of human water and glycerol channel aqualgyceoroporin-3 (AQP3), while they
are inactive as inhibitors of the water channel AQP1, as evidenced by stopped-flow spectroscopy in
hRBC. While most of the compounds are scarcely active as antiproliferative agents against human
cancer cells, the neutral complexes C10-C12 showed promising anticancer activities, particularly in
the melanoma A375 cancer cell line. Interestingly, while all the selected cell lines express AQP3,
the melanoma cells display protein expression also at the level of the nuclear membrane, as shown
by immunocytofluorescence. Thus, it may be hypothesized that C10-C12 targets mainly AQP3 in the
nuclear membrane after being taken up by the cancer cells. Overall, our results hold promise for the
design of novel selective AQPs inhibitors to be used anticancer agents or as chemical probes to study
the function of these interesting membrane channels.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-6740/6/4/123/s1,
CIF and checkCIF files. Scheme S1: Synthetic pathways to ligands L1-L12. Figure S1: "H NMR (400.13 MHz,
CDCl3) spectrum of ligand L5. Figure S2: 13C{!H} NMR (100.61 MHz, CDCl3) spectrum of ligand L5. Figure S3:
TH NMR (400.14 MHz, CDCl3) spectrum of ligand L6. Figure S4: 13C{1H} NMR (100.61 MHz, CDCl3) spectrum
of ligand L6. Figure S5: 'H NMR (500.13 MHz, DMSO-dg) spectrum of complex C2. Figure S6: 3C{'H} NMR
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(125.77 MHz, DMSO-d;) spectrum of complex C2. Figure S7: TH NMR (400.13 MHz, DMSO-dg) spectrum of
complex C3. Figure S8: 1*C{!H} NMR (125.77 MHz, DMSO-dg) spectrum of complex C3. Figure S9: 'H NMR
(400.13 MHz, DMSO-d;) spectrum of complex C4. Figure 510: 13C{'H} NMR (125.77 MHz, DMSO-d) spectrum of
complex C4. Figure S11: 'H NMR (400.13 MHz, DMSO-ds) spectrum of complex C5. Figure S12: 1>C{'H} NMR
(100.61 MHz, DMSO-dg) spectrum of complex C5. Figure $13: 'H NMR (400.13 MHz, DMSO-d;) spectrum of
complex C6. Figure S14: BC{TH} NMR (100.61 MHz, DMSO-ds) spectrum of complex C6. Figure S15: TH NMR
(400.13 MHz, DMSO-dg) spectrum of complex C7. Figure S16: 13C{!H} NMR (100.61 MHz, DMSO-d) spectrum
of complex C7. Figure S17: "H NMR (400.13 MHz, DMSO-d) spectrum of complex C8. Figure S18: 13C{'H]}
NMR (100.61 MHz, DMSO-dg) spectrum of complex C8. Figure $19: "H NMR (400.13 MHz, DMSO-d;) spectrum
of complex C9. Figure 520: > C{1H} NMR (100.61 MHz, DMSO-ds) spectrum of complex C9. Figure S21: 'H
NMR (500.17 MHz, DMSO-dg) spectrum of complex C11. Figure S22: BBC{IH} NMR (125.77 MHz, DMSO-d;)
spectrum of complex C11. Figure S23: 'H NMR (500.17 MHz, MeCN-d3) spectrum of complex C12. Figure S24:
BC{IH} NMR (125.77 MHz, DMSO-d;) spectrum of complex C12. Figure 525: Absorption and emission spectra of
ligand L1. Figure S26: Absorption and emission spectra of complex C1. Figure S27: Absorption and emission
spectra of ligand L2. Figure S28: Absorption and emission spectra of complex C2. Figure 529: Absorption and
emission spectra of ligand L3. Figure S30: Absorption and emission spectra of complex C3. Figure S31: Absorption
and emission spectra of ligand L4. Figure S32: Absorption and emission spectra of complex C4. Figure S33:
Absorption and emission spectra of ligand L5. Figure S34: Absorption and emission spectra of complex C5.
Figure S35: Absorption and emission spectra of ligand L6. Figure S36: Absorption and emission spectra of
complex C6. Figure S37: Absorption and emission spectra of ligand L7. Figure S38: Absorption and emission
spectra of complex C7. Figure S39: Absorption and emission spectra of ligand L8. Figure S40: Absorption and
emission spectra of complex C8. Figure S41: Absorption and emission spectra of ligand L9. Figure S42: Absorption
and emission spectra of complex C9. Figure S43: Absorption and emission spectra of ligand L10. Figure S44:
Absorption and emission spectra of complex C10. Figure S45: Absorption and emission spectra of ligand L11.
Figure S46: Absorption and emission spectra of complex C11. Figure S47: Absorption and emission spectra of
ligand L12. Figure S48: Absorption and emission spectra of complex C12. Figure 549: UV-Visible spectra of
the Au(IIl) complex C1 (10~* M) in PBS (pH 7.4) recorded over time (left); and of C1 before and after addition
of GSH (2 eq.) recorded over time at room temperature (right). Figure S50: UV-Visible spectra of the Au(III)
complex C2 (10~* M) in PBS (pH 7.4) recorded over time (left); and of C2 before and after addition of GSH
(2 eq.) recorded over time at room temperature (right). Figure S51: UV-Visible spectra of the Au(III) complex C3
(10~* M) in PBS (pH 7.4) recorded over time (left); and of C3 before and after addition of GSH (2 eq.) recorded
over time at room temperature (right). Figure S52: UV-Visible spectra of the Au(III) complex C4 (10~* M) in PBS
(pH 7.4) recorded over time (left); and of C4 before and after addition of GSH (2 eq.) recorded over time at room
temperature (right). Figure S53: UV-Visible spectra of the Au(IIl) complex C5 (10~# M) in PBS (pH 7.4) recorded
over time (left); and of C5 before and after addition of GSH (2 eq.) recorded over time at room temperature (right).
Figure S54: UV-Visible spectra of the Au(Ill) complex C6 (10~* M) in PBS (pH 7.4) recorded over time (left);
and of C6 before and after addition of GSH (2 eq.) recorded over time at room temperature (right). Figure S55:
UV-Visible spectra of the Au(IlT) complex C7 (10~% M) in PBS (pH 7.4) recorded over time (left); and of C7 before
and after addition of GSH (2 eq.) recorded over time at room temperature (right). Figure S56: UV-Visible spectra
of the Au(III) complex C8 (10~* M) in PBS (pH 7.4) recorded over time (left); and of C8 before and after addition
of GSH (2 eq.) recorded over time at room temperature (right). Figure S57: UV-Visible spectra of the Au(III)
complex C9 (10~* M) in PBS (pH 7.4) recorded over time (left); and of C9 before and after addition of GSH
(2 eq.) recorded over time at room temperature (right). Figure S58: UV-Visible spectra of the Au(III) complex C10
(10~% M) in PBS (pH 7.4) recorded over time (left); and of C10 before and after addition of GSH (2 eq.) recorded
over time at room temperature (right). Figure S59: UV-Visible spectra of the Au(III) complex C11 (10~* M) in PBS
(pH 7.4) recorded over time (left); and of C11 before and after addition of GSH (2 eq.) recorded over time at room
temperature (right). Figure S60: UV-Visible spectra of the Au(IIl) complex C12 (10~* M) in PBS (pH 7.4) recorded
over time (left); and of C12 before and after addition of GSH (2 eq.) recorded over time at room temperature
(right). Figure S61: Normalized mean fluorescence intensity (MFI) of AQP3, detected using a secondary Alexa
Fluor®488-labelled antibody. Results were normalized for the sample with the lowest expression (A375) and
results are expressed as mean +=SEM of three independent experiments. * p < 0.03. Figure 562: X-ray structure of
crystals of C6. Thermal ellipsoids drawn at the 50% probability level. Figure S63: X-ray structure of crystals of
C7. Thermal ellipsoids drawn at the 50% probability level. Table S1: Antiproliferative activities (ECsy values) of
ligands in human SKOV-3, A375, MCF-7, and A549 cells after 72 h incubation.
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Abstract: A very promising direction in the development of anticancer drugs is inhibiting the
molecular pathways that keep cancer cells alive and able to metastasize. Copper and iron are two
essential metals that play significant roles in the rapid proliferation of cancer cells and several
chelators have been studied to suppress the bioavailability of these metals in the cells. This review
discusses the major contributions that Cu and Fe play in the progression and spreading of cancer and
evaluates select Cu and Fe chelators that demonstrate great promise as anticancer drugs. Efforts to
improve the cellular delivery, efficacy, and tumor responsiveness of these chelators are also presented
including a transmetallation strategy for dual targeting of Cu and Fe. To elucidate the effectiveness
and specificity of Cu and Fe chelators for treating cancer, analytical tools are described for measuring
Cu and Fe levels and for tracking the metals in cells, tissue, and the body.

Keywords: copper and iron chelators in cancer; transmetalation; metastasis; angiogenesis; metallomics

1. Introduction

In the U.S. cancer is second only to heart disease for the leading causes of death and is soon
expected to become the number one cause [1]. The gold standard in the treatment of cancer remains the
traditional approaches, surgery, radiation, and older drugs like cisplatin (and its second generation of
compounds) but their success rates are extremely low and their applicability is limited [2]. Newer drugs,
both broad and narrow spectrum, suffer from off target side effects and toxicity due to their lack of
specificity for cancer cells and acquired cellular resistance. The omics-era of cancer research has brought
a wealth of information regarding molecular details of cancer cells, the different types of cancer cells,
the differences in the cause of the disease, and has also revealed new drug targets [3,4]. There is
now much potential for personalized treatment especially in the field of immunotherapeutics [5-7],
which seek to bolster the body’s natural immune defense mechanism against aberrant cells.

A very promising direction in the development of anticancer drugs is inhibiting the molecular
pathways that keep cancer cells alive and able to metastasize. Much attention has been directed
toward copper (Cu) and iron (Fe) because they are at the root of cancer cell rapid proliferation and
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metastasis. Several Cu(I)/Cu(Il)and Fe(II)/Fe(III) chelators, originally designed for other applications,
are being repurposed as anticancer agents [8,9]. The chelators of interest operate by different proposed
mechanisms including binding the metals extracellularly, depleting the metal ions from cancer cells or
from intracellular sites that regulate cell function, or inhibiting molecular pathways without necessarily
removing them. The common thread in all of these mechanisms is decreasing the bioavailability of
functional forms of these metals. Using Cu and Fe chelators for anticancer treatment is extremely
promising and several chelators are currently in anticancer clinical trials [10]. In this review article we
discuss the roles of Cu and Fe in the progression and spreading of cancer. We also examine pertinent
Cu and Fe chelators as potential anticancer drugs and describe efforts to improve their cellular uptake,
efficacy, and exclusive cancer cell responsiveness. Transmetallation is introduced as a strategy to
overcome the limitations inherent in the chelators binding other metals by manipulating coordination
chemistry to target Cu and Fe chelation while releasing a cytotoxic metal into cancer cells. Finally, we
briefly examine analytical tools that can be used to gauge the effectiveness of Cu and Fe chelators in
inhibiting cancer growth and in targeting the cancer itself.

2. The Role of Cu in Cancer

2.1. Cu as an Important Biological Co-Factor

Cu is an important metal in many biological processes and is essential for cellular physiology.
The concentration of Cu in blood is around 5 to 25 uM bound majorly with ceruloplasmin and other
Cu binding proteins [11]. Its function stems from Cu'’s potent redox activity because it can easily
change between Cu(II) and Cu(l) in the biological environment [11]. Grubman et al. describe that Cu,
like calcium (Ca) and zinc (Zn), can play a modulatory role in cell signal transduction pathways [11].
Cu is an important biological co-factor of many essential enzymes, cuproenzymes, that take part in
a variety of cellular processes in mammals [12]. With Cu as a co-factor, these cuproenzymes can be
involved in different enzymatic functions, such as melanin synthesis (tyrosinase), energy metabolism
(cytochrome ¢ oxidase), tissue synthesis (lysil oxidase), antioxidative activity [Cu zinc superoxide
dismutase (SOD1)], dopamine synthesis (dopamine-f-hydroxylase) and Fenton reactions, in which the
potent redox activity of which can produce reactive oxygen species (ROS) [11]. Cu transportation into
cells is regulated by the Cu transporter 1 (Ctrl) membrane protein when Cu(ll) is reduced to Cu(l) by
reductases. The metal is then transferred to Cu chaperones (one of which is ATOX1), and subsequently
delivered to several organelles inside the cell. Cu can bind to Cu-dependent proteins in the Golgi
apparatus, such as antioxidants to prevent ROS formation by free Cu ions. Some of the Cu forms a
labile Cu(I) pool [13]. As a way of regulating these pathways and high levels of Cu, the Cu importer is
internalized and degraded [14].

Changes in the homeostasis of Cu play an important role in different types of diseases,
such as inflammation, neurodegeneration, and cancer. In cancer, Cu is involved in several aspects,
including metastasis and angiogenesis [11]. Figure 1 shows the role of Cu in a normal cell and in a
cancer cell. During angiogenesis, a hallmark of cancer progression, it has been demonstrated that
reduced levels of Cu also decreases COX1 and ATP levels. At the same time, oxidative phosphorylation
is reduced, which results in decreased growth of proliferative cancer cells [15]. Depletion of Cu was
found to inhibit the epithelial-to-mesenchymal transition (EMT). EMT describes the process in which
cells lose polarity and cell-cell adhesion. Hence, chelation of Cu can potentially reduce the migratory
and invasive properties of cancer cells [11,16]. Different Cu chelators are used in the treatment of
Wilson disease, including D-penicillamine (D-Pen), tetrathiomolybdate (TM), and trientine (Trien)
(Figure 2), which can modulate cell invasiveness [17,18]. Recent studies demonstrate that small
molecules can specifically target the Cu chaperone for superoxide dismutase (CCS) and antioxidant 1
Cu chaperone (ATOX1) and inhibit the cellular Cu transport [19]. ATOX1 on the other hand, plays a
major role in Cu homeostasis and it has been seen that its deficiency may lead to the accumulation of
high levels of intracellular Cu, and the cause was found impaired with the efflux of cellular Cu [20].
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Barresi el al also demonstrated that ATOX1 deficiency could induce copper dyshomeostasis [21]. In the
study, they used small Cu chelator and ionophore (binds and transports the metal ions into the cells)
molecules to analyze the impact of silencing ATOX1 in colon carcinoma (Caco-2) cells. They observed
that the Cu ionophore 5-chloro-8-hydroxyquinoline (CIHQ), was able to exhibit Cu-dependent toxicity
in Caco-2 cells and the toxicity was enhanced by ATOX1 silencing. Conversely the Cu chelator
N,N,N’,N'-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) generates toxicity which was reversed
by the addition of Cu(ll), consistent with its ability to remove metal ions. They also observed increased
Caco-2 cells sensitivity to TPEN upon gene silencing of ATOX1 [21].

,

.
Normal Cellular . . ,,’ Copper Chelator
Responsesto Copper i Cellular Responses

.,

Angiogenesis

4

MAPK Pathway

Proliferation

Figure 1. Normal cellular responses to Cu and altered cellular responses with Cu chelator treatment in
cancer cells. Once Cu(II) is reduced to Cu(l), it can enter the cell through the high-affinity Cu transporter
Ctrl. Cu(I) can be bound to Cu chaperones and transported in the cytoplasm to several organelles,
not shown here [14,23,24]. Cu can be delivered to many Cu-binding proteins, including Mek1 and
MEMO. Mekl, when activated by Cu binding, will activate the MAPK pathway, which leads to
cell proliferation. Antioxidant 1 Cu chaperone (ATOX1) mediates the delivery of Cu to Cu-binding
proteins located in the lamellipodia (not shown here), such as MEMO, which is separately known to
regulate cancer cell migration and could have implications in metastasis [12,24]. Cu has been associated
with angiogenesis [23]. Cu chelator tetrathiomolybdate (TM) treatment can delay the activation of
angiogenesis on pancreatic islets. In pancreatic neuroendocrine tumor cells, treatment with TM reduced
the activity of Cyt-c, which results in decreased oxidative phosphorylation [23]. CisPt can enter cancer
cells through Ctrl. When Cu is present in high levels (a common property of many cancers) cells
downregulate the expression of Ctrl [12]. This results in less CisPt entering the cells. Here, we show
the use of Cu chelators to overcome CisPt resistance and make cancer cells more sensitive to this
chemotherapeutic agent [12,14,15,23-25].

2.2. Current Studies of Cu in Different Cancer-Altered Biological Processes

In the previous section, we introduced Cu as a metal involved in angiogenesis and cancer
metastasis. Here, we dig deeper on the role of Cu in these cancer-altered biological processes,
including cell growth and survival. During the last several decades, it has been discovered that
Cu plays a role in the development and progression of cancer. The mechanisms by which it does
are being explored. Cu has not yet been found to help in the normal-to-cancer cell transformation,
but it plays a role in the development of new blood vessels called angiogenesis and the spreading of
malignant tumors to secondary sites called metastasis. Ding et al. evaluated the functions of CD147,
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a signaling receptor in the signaling pathway of extracellular divalent Cu in hepatocellular carcinoma
cells (HCC). Their data show that Cu(I)can bind to the extracellular membrane-proximal domain
of CD147. This binding activates the PI3K/Akt signaling pathway, important for cell survival and
growth, causing CD147 to self-dissociate. At the same time, they noticed the up-regulation of matrix
metalloproteinases MMP-2 and MMP-14 in HCC cells. MMP-2 up-regulation induces cell invasion
by stimulating neighboring fibroblasts in the presence of Cu(II). Without CD147, extracellular Cu(II)
cannot affect the regulation of metalloproteinases. The action of CD147, however, cannot induce the
production of MMPs. Ding et al. associated the action of extracellular Cu(II) to the function of CD147
as an interdependent process [22].
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Figure 2. The structure of select Cu chelators for potential anticancer applications.
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Animal studies have demonstrated that Cu-chelating drugs show antiangiogenic effects.
The mechanisms by which Cu regulates angiogenesis are unknown. Ishida et al. assessed the
effects of Cu chelation with tetrathiomolybdate (Figure 2) on the formation of angiogenic islets [23].
They noticed that the number of angiogenic islets decreased significantly after treatment with TM
during premalignant lesions, but not during the formation of tumors and their subsequent growth
suggesting that TM treatment can delay the angiogenic switch or the “activation” of angiogenesis [23].
Ishida et al. also demonstrated that elevated levels of Cu in drinking water increased the proliferation
rate of cancer cells. They determined that intracellular Cu regulated the activity of cytochrome ¢ oxidase
(CcO) in cancer cells. CcO forms the last complex of the electron transport chain to produce ATP during
oxidative phosphorylation. Depletion of Cuby TM decreases CcO activity in pancreatic neuroendocrine
tumor cells (3TC3) thereby reducing oxidative phosphorylation in cancer cells. For ATP production
under Cu-limited conditions, they proved that cells rely on glycolysis. These findings suggest new
target strategies for cancer treatment where Cu chelators can be tested in combination with classical
chemotherapy (platinum-based drugs) or with a glycolysis inhibitor, which would potentially eliminate
overall production of ATP in cancer cells [23].

For cancer metastasis to occur, many signaling pathways and processes dependent on cell motility
and migration must first occur. Cells move through the formation of protrusion “toes” at the leading
edge, known as lamellipodia and filopodia [12]. Several Cu-dependent proteins have been implicated
in cancer metastasis. ATOX1 is a Cu chaperone that picks up Cu from the Ctrl and delivers it to
ATPases found in the Golgi Apparatus [12]. It has not been determined if ATOX1 plays a direct role
in Cu-dependent cancer metastasis. Blockhuys et al. show the presence of ATOX1 in the nucleus
(acting as a transcription factor) and cytoplasm, but more interestingly, in the lamellipodia of MCF-7
and MDA-MB-231 breast cancer cell lines. ATOX1 silencing with siRNAs did not affect the formation
of lamellipodium in MDA-MB-231 cells. Nevertheless, using a wound-healing assay, they determined
that ATOX1 is required for breast cancer cell migration in vitro. ATOX1 may be mediating the delivery
of Cu to Cu-binding proteins located in the lamellipodia, such as MEMO (Mediator of ErbB2-driven cell
motility), which is separately known to regulate cancer cell migration. Another study demonstrated
similar results [26], that ATOX1 was being delivered to the lamellipodia of vascular smooth muscle
cells and that it was essential for platelet-derived growth factor-mediated migration.

McDonald et al. evaluated the behavior of MEMO as a Cu-dependent redox protein in the
process of metastasis and migration [27]. Studying breast cancer, they found that MEMO acts in
the migration and invasion of cancer cells in vitro promoting a more oxidized environment and
that MEMO stimulates the production of ROS. In vivo studies in 6-week-old female non-obese
diabetic/severe combined immunodeficient mice demonstrated that the activity of MEMO was present
in the spontaneous metastasis of breast cancer to the lungs. The authors found that the abundance of
MEMO can be correlated as an independent factor of early distant metastasis [27].

Recent studies examine the role of Cu in many biological processes that are commonly altered
in cancer development and progression. Cu is a co-factor of enzymes that participates in several
biochemical processes, such as oxidative phosphorylation. Turski et al. found that the MAPK
(mitogen activated protein kinase) signaling pathway can be stimulated by the high-affinity Cu
transporter Ctrl, which is overexpressed in genetically engineered mice models (GEMMs) of human
cervical carcinoma when the Ras pathway is activated by external growth factors [23,24]. The Ras
protein is a GTPase encoded by the Ras oncogene, which can subsequently activate several oncogenic
signaling pathways, including the MAPK pathway. This pathway is involved in regulating cell
proliferation, survival, motility, and metabolism, all of which can be altered in cancer cells. Even more,
mutations that hyperactivate molecular components of the MAPK pathway show direct association
with the development and progression of cancer. Tuski et al. found that reduction of intracellular Cu,
using a Cu chelator, results in decreased activation of the MAPK pathway [24]. At a molecular level,
they found that Cu binds to Mek1, a component of the said pathway, which phosphorylates Erk [28].

25



Inorganics 2018, 6, 126

Their research with in vitro cell culture and fly and mice models demonstrated that Cu-dependent
Ctrl affects MAPK pathway activation.

In a related finding, increased levels of Ctrl mRNA in colorectal cancer resulted in a parallel
increase in transcript levels for Cu efflux pump ATP7A, copper metabolism Murrl domain containing
1 (COMMD1), the cytochrome ¢ oxidase assembly factors (synthesis of cytochrome ¢ oxidase 1 (SCO1)
and cytochrome c oxidase Cu chaperone 11 (COX11)), the cupric reductase enzyme six transmembrane
epithelial antigen of the prostate (STEAP3), and the metal-regulatory transcription factors (MTF1,
MTEF2) and specificity protein 1 (SP1) [29]. This data suggests that due to the high proliferation rates,
cancer cells require a greater amount of Cu than the normal cells. Considering that many cancer
patients” serum and cancer cells possess increased levels of Cu, these results have strong implications
on the potential role of Cu on proliferation and metastasis [30].

BRAF (V600E) is a kinase that phosphorylates Mek1, which results in the downstream signaling
activation of the MAPK pathway. In a study, half of the melanoma patients showed mutations
on the BRAFY6F gene. Current drug treatments for BRAFYV°°E-positive melanoma focus on
administering inhibitors for BRAF and Mek1/2 but as with many other drugs, subsets of melanomas
develop resistance. Due to the Cu-dependence of Mek1, downregulating Ctrl (Cu transporter) has
been proposed as a treatment option. Nevertheless, melanoma cells counteract this by producing
Cu-independent Mek1. Brady et al. demonstrated that the use of TM, which was tested in vivo by
Ishida et al., reduces the levels of Cu and activation of the MAPK pathway, resulting in the inhibition
of BRAFV®°°E_positive melanoma tumor cell growth of cells resistant to BRAF and Mek inhibitors.
Other findings of this study showed toxicities in GEMMSs for melanoma, but increased survival benefits
after treatment with TM alone or in combination with a BRAF inhibitor, vemurafenib. This study
highlights the potential of TM as a treatment for BRAFV®°°F-positive melanoma patients alone or in
combination with other melanoma treatments [25].

Altogether, these findings highlight Cu’s role in cancer progression, metastasis, and angiogenesis
and support the study of Cu chelators as potential cancer therapy alone or combined with other
treatments already approved or in cancer clinical trials. We have shown the importance of studying
Cu-dependent proteins, such as MEMO and signaling receptor CD147 and their involvement in
migration and metastasis processes.

2.3. Chelation Strategies

Several strategies to target Cu for cancer therapy are the use of Cu chelators and Cu ionophores.
By definition, chelators are the compounds that sequester the metal ions and can make them
bio-unavailable, in contrast, ionophores usually elevate intracellular bioavailability of metal ions [31,32].
Features of both chelators (intracellular chelation) and ionophores (extracellular chelation) can be
utilized in anticancer drug designing strategy [33]. Denoyer et al. assessed recent literature on the
effects of Cu transporters in cells resistant against platinum complexes. Cisplatin (CisPt) and other
platinum-based drugs can enter cells through Ctrl. When Cu is present in high levels (a common
property of many cancers) cells downregulate the expression of Ctrl. This results in less CisPt entering
the cells [14]. The use of Cu chelators to overcome this resistance has become more popular (Figure 1).
Cu chelators were first synthesized for Wilson’s disease patients that have Cu overload usually
localized to the liver. Clinical data is variable between cancer types, but there seems to be a common
behavior of Cu chelation being most useful in preventing cancer progression of micrometastasis,
where angiogenesis has not reached later stages yet, as demonstrated by Ishida et al. [23]. This suggests
that the role of Cu in cancer progression is mainly due to facilitating angiogenesis. Cu chelators could
play important functions in inhibiting Cu dependent pathways for cancer progression. Cu(l) is a
soft Lewis Acid that is typically bound by the S donor atoms and intermediate N donor atoms in
ligands. It tends to form coordination compounds with coordination numbers 2, 3, and 4 (Figure 3) [34].
Cu(Il) is an intermediate Lewis Acid that in coordination compounds is found bound to N donor atoms
and hard O atoms. Cu(Il) coordination compounds are very commonly of coordination numbers 4, 5,
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and 6 (Figure 3) [34]. Due to the reducing environment of cells, Cu dominantly exists intracellularly
in the +1 oxidation state as opposed to the +2 form in blood. In the following, we discuss a selection
of Cu chelators for anticancer application (Figure 2). Several of these ligands have the ability to bind
Cu in both the +1 and +2 oxidation states and so are capable of binding Cu(Il) extracellularly and
Cu(I) intracellularly.
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Figure 3. Typical geometries for Cu(I) and Cu(II) chelation.
2.3.1. D-Penicillamine

D-Pen is a D-isomer of dimethylcysteine which is used for the treatment of Wilson’s
disease [35]. Additionally, it is used for the treatment of rheumatoid arthritis, Cu poisoning, and lead
poisoning [36,37]. D-pen was developed by Walshe in 1956 and sold under the trade name of
Cuprimine and Depen. It is an x-amino acid metabolite of penicillin which was discovered by
Walshe from the urine of patients with liver disease and treated with penicillin [38]. Later, he isolated
the compound and identified its Cu chelating properties. D-Pen (33 dimethyl cysteine) is a thiol
that contains a sulfhydryl group which binds to Cu(I) and eliminates it via urine both in normal
people and in patients with Wilson’s disease [35]. Depending on the number of functional groups
involved in the formation of the complex, D-pen can function as a monodentate, bidentate, or even
tridentate ligand [39]. Walshe et al. proposed the possibilities of the bond formation between Cu(I)
and D-pen, (i) a single Cu could bind to a single thiol group (C-5-Cu*), (ii) a Cu atom might be
involved in binding with the thiol groups of two D-pen molecules on both sides (-S-Cu-5-), or (iii)
a ring compound might be formed by the linkage of one Cu atom with the thiol and amino groups
of one D-pen [35]. The pKa of the thiol group of D-pen is 7.9 which makes it more reactive thus the
degree of ionization for D-pen at physiological pH would be higher than that compared to cysteine
(pKa 8.3) and Glutathione (GSH; pKa 8.8) [40]. Moreover, it has been seen that D-pen oxidizes at
higher rates in the presence of Cu compared to other thiols (e.g., GSH, cysteine, Homocysteine,
N-acetylcysteine) [41]. The recommended dose for penicillamine is 1 g/day [42]. The drug is highly
efficient in reducing the excess Cu in the body and its safe long-term application has been investigated
in patients. Conversely, it also shows some severe side effects such as neurological deterioration,
induction in degenerative dermopathy, and cutaneous side effects [43,44]. According to a study on 179
patients with rheumatoid arthritis, after treatment with 5 mg D-Pen (control group) and with 100 mg
(drug group) [45], convalescence was observed in 27% patients of the control group and 65% patients
of the drug group. Some adverse reactions were also found in 34% of the control and 49% of the drug
group. In the trial, the common adverse effects in the drug group were skin rashes, taste disturbances,
gastrointestinal upset, and proteinuria.
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Despite the side-effects, the ability of D-Pen to chelate Cu has also been investigated as an
antiangiogenic property [46]. Brem et al. demonstrated that D-pen was able to remove excess serum
Cu levels and reduced it to <50 ug/dL after two months of oral administration [47]. Alireza et al.
demonstrated that penicillamine and low Cu diet reduces the serum Cu levels and serum Vascular
Endothelial Growth Factor in the patients that underwent stereotactic radiosurgery for recurrent
glioblastoma multiforme [48]. D-pen has been found to inhibit human endothelial cell proliferation
in vitro and neovascularization in vivo [49]. Daizo et al. investigated a suppression in the growth of
9L gliosarcoma tumors implanted in rats when treated with D-Pen [47]. It has been studied that in
the process of Cu chelation by D-pen Cu(II) reduces to its Cu(I) form which leads to the generation
of hydrogen peroxide (H,O,) and other ROS [40,50]. It has been studied that D-Pen in combination
with Cu promotes cell death in endothelial and lymphocyte cells due to the generation of ROS [30].
Starkebaum et al. concluded that D-Pen in the presence of Cu oxidizes to form H,O, along with the
superoxide anion (O, ) leading to the inhibition of lymphocyte mitogenesis [51]. They hypothesized
that D-pen initially reduces Cu(II) to Cu(l) probably due to Cu chelation. The reduced Cu, Cu(I)
then induces a reduction of oxygen and produces O,~, leading to the production of HyO, [51].
Another report by Gupte et al. supported the possibility of the formation of ROS in human leukemia
and breast cancer cells [52]. They reported that at low concentration D-Pen in the presence of
Cu produces concentration-dependent H,O, mediated cytotoxicity in cancer cells. Hence, D-pen
could be employed as an anti-cancer agent owing to its dual behavior of exhibiting anti-angiogenic
properties due to Cu chelation and cytotoxic properties due to the generation of ROS. However,
some physicochemical properties of D-pen hinder its in-vivo anticancer activity because of limited
intracellular delivery; for instance, high hydrophilicity, rapid elimination and metal catalyzed oxidation
(due to which it forms an inactive D-pen disulfide or mixed disulfides) [53].

2.3.2. Tetrathiomolybdate

Tetrathiomolybdate (TM) is a highly potent Cu chelating agent. Structurally it has an atom of
molybdenum with four sulfur substitutions and a bidentate ligand. TM possesses dual mechanisms of
action: (a) when given with meals it forms a tripartite complex of TM, Cu, and food protein; (b) in
the dosage without meals, it is absorbed into the blood and forms a tripartite complex with albumin
and the freely available serum Cu [28,54]. Both forms of complexed Cu are unavailable for cellular
uptake. Due to its efficiency to chelate Cu and excellent safety profile, it was first used in patients
with Wilson's disease. Several clinical studies have demonstrated efficacy in treating Wilson’s disease,
especially as a first-line treatment for neurologically affected patients [55,56]. The role of Cu metabolism
in angiogenesis has led to the testing of TM on angiogenesis and, consequently, on carcinogenesis.
TM has been shown to cause the inhibition of nuclear factor kappa B (NF-«B), a master switch for
transcription of many cytokines which results in anti-angiogenesis [57]. Several studies suggest that
TM suppresses tumor growth and angiogenesis [58,59]. Brewer et al. carried out a Phase I clinical trial
in 18 patients with metastatic cancer and reported the reduction of ceruloplasmin, a cuproenzyme in
charge of carrying Cu in the blood, without any toxicity in five of six patients with stable disease [60].
Phase II clinical trials in patients with advanced kidney cancer concluded that TM could reduce
Cu levels. TM was found to be well tolerated, although its anti-cancer activity was limited to the
stabilization of disease for a median of 34.5 weeks [61]. Another phase II trial of TM was performed
on the patients after surgery for malignant mesothelioma [62]. This trial concluded that TM has
antiangiogenic effects in malignant pleural mesothelioma patients after surgery with minimal toxicity.

Some cancer cells overexpress many receptors and proteins in their membrane and other
organelles. One of them is the hypoxia-inducible factor-1« (HIF-1c), which triggers adaptive responses
during low oxygen conditions, including angiogenesis, invasion, metastasis, glycolysis, tumor survival,
and proliferation [63]. Cu was shown to be a requirement for HIF-1x activation, activation of
vascular endothelial growth factor (VEGF) expression in cells, and promotion of wound repair in mice.
TM mediated a time and dose dependent reduction of HIF-1« protein levels in human endometrial and
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ovarian cancer cells after 48 h of treatment [63] due to Cu deprivation. Another study showed that TM
could decrease the activity of complex IV, a Cu-dependent enzyme, in the mitochondria (cytochrome ¢
oxidase). In human endometrial and ovarian cancer cells, TM was the most efficient chelator to exhibit
this effect [63].

2.3.3. Trientine

Trien is sold under the name of Syprine, which is commonly used to treat Wilson’s disease. It is a
tetradentate ligand and chemically known as triethylene tetramine dihydrochloride and was developed
as an alternative drug for penicillamine intolerant patients. Trien works primarily by promoting the
urinary excretion of Cu from the body. Trien was found to produce neurological worsening at the
beginning of treatment but appears much less common than that with penicillamine. Trien has been
shown to induce apoptosis in murine fibrosarcoma cells in vitro and in vivo [64]. Moriguchi et al.
examined the antiangiogenic effect of Trien against hepatocellular carcinoma by focusing on the
relationship between Cu and interleukin-8 (IL-8), which is a potent angiogenic factor produced by
hepatoma cells [65]. Moriguchi et al. concluded Trien efficiently chelates Cu and prevents it from
functioning as a cofactor for angiogenesis, which resulted in reduced IL-8. Another study suggests
that the Trien suppresses the development of tumors and angiogenesis in the murine hepatocellular
carcinoma cells [66]. A recent in vivo study suggests that Trien significantly reduces the Cu in plasma
and liver tissue, additionally with the inhibition of RFA-induced inflammatory gene expression and
ROS-induced malondialdehyde production in liver [67]. Trien also causes some adverse side effects,
for example, reversible sideroblastic anemia, lupus like reactions, and worsening of neurological
manifestations [68].

2.3.4. Bleomycin

Bleomycin (BLM) is a group of glycopeptide antibiotics produced by Streptomyces verticillus. It is
clinically used for the treatment of squamous cell carcinoma, malignant lymphoma, testicular cancer,
cervical cancer, and other cancers [69]. Bleomycin causes DNA strand scission via the formation of an
intermediate metal complex which requires a metal ion such as Cu(Il) or Fe(III) [70,71]. BLM exhibits
strong chelation with various metals and especially with Cu(Il) [72]. Metal free BLM tends to bind
to the Cu(Il) in 1:1 stoichiometry with the formation constant value; log K = 12.63 [73]. Cu(I)-BLM
complex obtains a square-pyramidal geometry [74]. Both forms—free ligand and complex form—are
excellent anti-cancer agents. Due to the strong Cu(Il) chelating ability BLM can reduce Cu storage in
the tissue in Wilson’s disease [73].

2.3.5. Curcumin

One of the most studied phytochemical compounds in Cu-based therapeutics for cancer is
curcumin [75-78]. Curcumin is a bidentate ligand and binds more efficiently with redox-active metals
such as Fe and Cu than the redox-inactive zinc [79]. Curcuminoid compounds have shown an excellent
behavior in antitumor activity in vivo. Ahsan et al. found that curcumin in the presence of Cu(II),
selectively exhibit calf thymus and supercoiled plasmid pBR322 DNA cleavage due to the formation of
ROS [75]. They hypothesized that curcumin is capable of binding to DNA but in the presence of Cu(Il),
it shows cleavage due to the formation of hydroxyl radical (+OH). Curcumin has shown to induce
apoptosis by downregulating the transcription factor NF-«kB in human multiple myeloma cells [80]
According to a study curcumin exhibits enhanced cytotoxicity in the cancer cells in the presence of
Cu(II) selectively over the other metal ions [81]. It has been found that curcumin in combination
with Cu(II) exhibits ionophoric behavior and enhances the levels of intracellular Cu leading to the
suppression of the NF-kB pathway and modification of mammalian target of rapamycin-raptor (mTOR)
signaling in the cancer cells [81]. A study demonstrated that curcumin efficiently chelates the Cu(II)
and prevents the tumor growth, angiogenesis, and induced apoptosis in A549 xenograft model [82].

29



Inorganics 2018, 6, 126

2.3.6. Ionophores

Tonophores are a class of metal-binding chelators that are lipid soluble capable of
transferring metal ions across biological membranes, between intra- and extracellular compartments,
most commonly into the cells, but rarely out of cells [83-85]. In this section we discuss the cases of
ionophores that carry metal ions into the cells. Ionophores usually transport metal ions inside the
cells and can lead to the generation of toxicity in cancer cells. There are two different approaches that
describes ionophoric behavior. First, moderate metal affinity allows some ionophores to bind to the
metal ions from the higher concentration areas and deliver them in the area of lower concentration.
Second, a suitable acid dissociation constant value (pKa) that affects deprotonation of the compound
when it enters in the cellular compartments, this event induces the release of metal ions and can regulate
cytotoxic behavior [86]. If the extracellular pH is higher than the pKa of the ionophore, it will form a
complex with the metal ion and transport it to the environment where the pH is lower than the pKa of
the compound [31]. Some Cu ionophores are selective towards cancer cells and they exhibit activity
for a broad range of cancer types [14]. Bis-(thiosemicarbazone) ligands have been studied widely for
their anticancer activities [87-90] and they can chelate Cu(II) after getting deprotonated at the N atoms
and form neutral complexes, with the square planar N,S; coordination geometry [90]. Cater et al.
suggest that two bis-(thiosemicarbazone) Cu complexes glyoxalbis [N4-methylthiosemicarbazonato]
Cu(Il) [Cu(II)(gtsm)] and diacetylbis-[N4-methylthiosemicarbazonato] Cu(Il) [Cu(II)(atsm)] (ligands;
Figure 2), selectively kill prostate cancer cells in vitro and in vivo [90]. They found enhanced activity
of both ligands when the extracellular Cu concentration increased and found them toxic when
combined with Cu. They found that the Cu(Il) dissociates from Cu(II)(gtsm) leading to the increase in
intracellular bioavailable Cu(Il) which was proven by its mechanistic action of inhibiting proteasomal
chymotrypsin-like activity, an established feature associated with the Cu ionophores that increase
intracellular bioavailable Cu(II) [90]. Cu in both oxidation states 1+ and 2+ can interact with electron
donor groups; thiol and amino groups located on the active site of proteasome. This interaction leads
to conformational changes which causes proteasome inhibition and apoptosis in cancer cells [86].

Two other compounds clioquinol and disulfiram have been investigated for their anticancer
activities and are in clinical trials [31,91]. Clioquinol (5-chloro-7-iodo-8-hydroxyquinoline, CQ),
and disulfiram (DSF) (Figure 2) both exhibit anticancer activities via Cu ionophoric [90] and follow
the same mechanism of the inhibition of the proteasomal system chymotrypsin-like activity and
induce apoptosis in cancer cells [14,83,86,92,93]. CQ is a derivative of 8-hydroxyquinoline which
was initially developed as an effective amebicide for treating diarrhea [31]. CQ is a bidentate ligand
which chelates metals via its N and O donor atoms and shows preference for binding to Cu(Il) and
Zn(II) [94]. It has been found that CQ at the micromolar concentration range induces apoptosis via
a caspase-dependent pathway in eight different human cancer cell lines [31]. Studies revealed that
without exhibiting any toxicity, CQ efficiently slows down the growth of xenografted tumor in mice
models [84]. Caragounis et al. found that CQ elevates the intracellular Cu levels which results in the
activation of PI3K (phosphoinositide 3-kinase), MAPK, and JNK (c-Jun N-terminal kinase) in amyloid
precursor protein overexpressing CHO (Chinese-hamster ovary) cells [95]. In addition, when these cells
are treated with the CQ and Cu(ll) they exhibit a ~85-90% reduction of secreted amyloid 3-peptides,
AB-(1-40) and AP-(1-42) [95,96]. A sulfur-based chelator DSF is a member of dithiocarbamates and
is used to treat alcoholism (FDA approved) [97]. DSF exhibits anticancer activity by the generation
of ROS, inhibition of proteasome, and induction of apoptosis [94]. Denoyer et al. studied the effect
of the treatment of transgenic adenocarcinoma of mouse prostate (TRAMP) cells and normal mouse
prostate epithelial cells (PrECs) with the Cu-ionophores (Cull(gtsm), disulfiram and clioquinol) and
found the production of toxic levels of ROS in TRAMP cells but not in the normal cells [32]. It has been
studied that supplementation of DSF with Cu dramatically enhanced the inhibition of tumor growth
in a prostate cancer mouse model [98]. DSF is currently under phase II clinical trial to study its impact
in combination with Cu on metastatic breast cancer.
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2.4. Efforts to Optimize Drug Delivery and Efficacy of Cu Chelator Agents

Different systems have been designed to deliver Cu chelating agents and improve their uptake
from the body minimizing possible side effects. These systems take advantage of the tumor hallmarks.
The enhanced vascular permeability of tumor tissue is a consequence of rapid tumor growth.
Angiogenesis becomes deficient and produces blood vessels with large pores between the endothelial
cells. In addition, the lymphatic drainage becomes inefficient due to the absence or malfunction of
lymphatic vessels in tumors. These processes lead to the phenomenon of the enhanced permeation
and retention (EPR) effect [99], which results in nanosized species penetrating the tumor vasculature
and being retained for extended periods of time. Drug delivery strategies try to take advantage of this
phenomenon by using nanoparticle carrier formulations of drugs. Optimal nanoparticle size range
between 10 to 100 nm. The minimum size is to avoid secretion by the kidney and the larger size
is to prevent phagocytic clearance by the reticuloendothelial system (RES) [100]. As drug-delivery
agents, nano-carriers are capable of targeting cancer cells with enormous specificity and sensitivity
especially if conjugated with ligands whose receptors are overexpressed in cancer cells versus healthy
cells. If designed with a response system sensitive to the intracellular environment, they can release
drugs in a regulated manner [100]. These structural fine tuning protect healthy cells from potentially
toxic agents, prevent premature drug degradation, and control drug distribution over the body.

Efforts to improve the intracellular delivery of D-pen have been examined, taking into
consideration the importance of the thiol group and the transport of high concentrations to cancer
cells. This Cu chelating agent shows some disadvantages due to its high hydrophilicity. It is easy to
oxidize to D-pen disulfide in vivo and it is rapidly removed from the blood [53]. One of the approaches
for delivery of this drug has been the use of soluble macromolecules, such as peptides, protein, or
polymers. Gupte and co-workers propose the synthesis of gelatin-D-pen conjugate with a reversible
disulfide bond, resulting in the complete release of D-pen after 4 h in the presence of 1 mM glutathione
at pH 7.4. Results showed cellular uptake and cytotoxicity in the HL-60 leukemia cell line [53].
Nevertheless, the system showed low efficacy. More recent methods have been reported, including the
PGA-D-pen conjugate. Poly-L-glutamic acid (PGA) have the advantage of being a biocompatible
and biodegradable polymer [101]. This arrangement increases the cellular uptake in vitro and the
survival of mice in in vivo studies [101]. The chemical structure proposed for the gelatin-D-pen and
PGA-D-pen conjugate is shown in Figure 4. Different strategies have been used to improve the cellular
uptake of BLM. Norum et al. investigated the use of photodynamic therapy (PDT) and photochemical
internalization (PCI) of BLM in CT26. CL25 mouse colon carcinoma cancer cells (Figure 5) [102].
PDT is a treatment well established for cancer in which a photosensitizer is used excited at a specific
wavelength to produce reactive oxygen species to kill cancer cells. PCl is a recent therapy delivery
technique that allows the release of macromolecules from the endosomes or lysosomes to the cytosol
in the desire cancer cell. The in vivo studies implicated the use of athymic and thymic mice, in the
presence and absence of T cells respectively. Delayed tumor growth in athymic mice was observed in
both PCI and PDT of BLM but curative effects were not observed with the selected light dose used
for PDT and PCI treatments. However, the results in thymic mice showed 90% and 70% of curative
effects using PCI and PDT respectively, suggesting the importance of T cells and the immune system
in general inducing cancer cells death [5,6,102].

Delivery systems have been developed to overcome the low solubility and poor bioavailability of
curcumin [103]. Luo and co-workers designed curcumin-conjugated nanoparticles for delivery into
A549 lung cancer cell line. Curcumin was conjugated with 1,4-(hydroxymethyl) phenylboronic acid
(HPBA)-modified poly(ethylene glycol)-grafted poly(acrylic acid)polymer (PPH) in an effort to obtain
a curcumin-coordinated ROS-responsive nanoparticle (PPHC) (Figure 6). Uniform spherical particles
were obtained with a particle size around 163.8 nm that in the presence of H,O; is able to release
curcumin. Cellular studies demonstrated the efficient release of curcumin into A549 cells [103].
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Figure 4. Proposed D-pen conjugates as drug delivery systems for D-pen. (A) Gelatin-D-pen conjugate.
(B) Poly-L-glutamic acid (PGA)-D-pen conjugate. Reprinted with permission from Bioconjugate
Chemistry, 19, 1382-1388. Copyright 2008 American Chemical Society [53].
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Figure 5. Proposed mechanism for photochemical internalization (PCI) stimulating the bleomycin
release out of endosomes bringing a local therapeutic effect. Reprinted with permission from Journal of
Controlled Release, 268, 120-127. Copyright 2017 Elsevier [102].

Due to the high affinity that sulfur exhibits for Cu(I) ions and the efficiency of nanomedicine,
sulfur nanoparticles have been used as Cu chelators in melanoma and breast cancer cells [104]. It has
been shown that Poly ethylene glycol (PEG) Sulfur nanoparticles (nano-S) are efficient as Cu chelators
and selective to Cu enriched cancer cells. Cu depletion inhibited cell growth and the MEK/ERK
proliferation pathway in A375 and MCF-7 cancer cells resulting in mitotic arrest [104].
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Figure 6. Schematic depiction of the preparation and intracellular delivery of reactive oxygen species
(ROS)-sensitive responsive nanoparticle (PPHC) nanoparticles. (A) Preparation of ROS-responsive
PPHC nanoparticles showing coordination between boronic acid and Cur. (B) Graphical representation
of intracellular ROS-triggered drug delivery and cell apoptosis induced by amplified ROS signals.
Abbreviations: PPH, 4-(hydroxymethyl) phenylboronic acid-modified PEG-grafted poly (acrylic acid)
polymer; Cur, curcumin; PAA, poly(acrylic acid); HPBA, 4-(hydroxymethyl) phenylboronic acid; PEG,
poly(ethylene glycol). Reprinted with permission from International Journal of Nanomedicine, 12, 855.
Copyright 2017 Dove Press [103].

In addition to efforts to improve the specificity of Cu chelators for cancer cells, other studies
have been devoted to examining their synergism with other anticancer treatments. Cisplatin is used
to treat different types of cancer diseases [105]. One of the issues with cisplatin is that it needs to
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be in high concentrations to be efficient and it could damage other cells and tissues at high dosages,
while leaving the target drug resistant [105]. It has been shown that cisplatin-resistant mutants express
the Cu transporter Ctrl as a major mediator for cisplatin uptake in cells which gives platinum-based
therapy higher efficacy [105]. The analysis of Cu exporters, ATP7A and ATP7B, confirmed that
Ctrl is the major determinant for cisplatin accumulation in yeast and mice cells [105]. But recent
studies suggest that the transporters involved in the cellular accumulation of cisplatin are classified
as; (i) Cu transporters: Ctrl, Ctr2, ATP7A, ATP7B; (ii) ABC transporter: ATOX1; (iii) organic cation
transporter: OCT1; (iv) multidrug and toxin extrusion family members: MATE; (v) volume sensitive,
the volume-regulated anion channel proteins: VRAC (LRRC8A /D-containing) [106]. Leucine-rich
repeat-containing protein 8 (LRRC8) encoded by genes LRRC8A/D is the subunit of heteromer
protein VRAC [107,108]. Cellular accumulation determination of Pt-based drugs in the cells having
various LRRC8 genotypes of VRAC proteins revealed that 50-70% of long-term cisplatin uptake
depends on LRRC8A and LRRC8D [109]. Studies with mice models of HPV16-induced cervical
carcinoma demonstrated that the Cu chelator TM has a synergistic antitumor effect when combined
with cisplatin [105]. The combination of both treatments shows an increase of cisplatin uptake into
cancer cells compared to healthy cells which have a higher demand for Cu for proliferation and
survival. Cancer cells overexpress Cu transporter Ctrl which gives certain selectivity to the treatments
mentioned before. The mechanism of Ctrl is not clear but it is proposed that Cu starvation enhances
cisplatin transport by changing the conformation of the Cu transporter allowing more cisplatin to
enter cells and tissues. Also, TM serves as an anti-angiogenic agent and increases the efficiency of
cisplatin delivery which indicates that combining both drugs will improve drug delivery and efficacy
to treat different cancer diseases. A similar synergism was observed between cisplatin and the nano-S
Cu chelator [104].

In conclusion, understanding Cu biochemistry especially in how Cu contributes to cancer
development is useful in developing chelators as anticancer therapeutics. A number of strategies are
being undertaken to improve the efficacy and uptake of Cu chelator agents into the body including
formulations consisting of nanoparticles and polymers. Techniques requiring the use of light as in PDT
and PCI have also demonstrated excellent value in these endeavors.

3. The Role of Fe in Cancer

3.1. Fe Transport and Regulation

Fe is the most abundant transition metal in the human body and is a vital nutrient required
for several essential cell functions [110]. The forms of Fe present in the human body are heme,
iron-sulfur clusters, and non-heme Fe [111,112]. Some of their biological functions are oxygen transport,
energy metabolism, electron transport, cell cycle regulation, and DNA synthesis [112,113]. Fe is
essential for replication, metabolism, and cell growth due to its requirement in the active site of the
rate-limiting enzyme in DNA synthesis, ribonucleotide reductase (RR) [114]. The ability of Fe to
convert between the ferrous form (Fe(II)) and the ferric form (Fe(IIl)) is the key factor in performing
these biological functions [115].

Cells strictly regulate the absorption, storage, and distribution of Fe species because an imbalance
in Fe homeostasis is detrimental [111]. Fe is ingested in the body in the heme and nonheme form
(Fe(Il) /Fe(Ill)) and also in metallic form fortified as in some cereal [112]. During digestion, the Fe is
converted into the Fe(Il) ion form and it is in this oxidation state that it is liberated from enterocytes
into the blood circulation by ferroportin 1 (Fpnl), a transmembrane protein [112]. Serum transferrin
(sTf) which is the major Fe transport protein can efficiently bind with Fe in its Fe(Ill) form [116].
For this reason, Fe needs to be oxidized for sTf to be uptaken and thus oxidation of Fe takes place
at the site of Fe export. In enterocytes, the oxidation of Fe takes place by hephaestin, which belongs
to a class of enzyme called multi-copper oxidase (MCOs) [112]. MCOs comprise a small family of
copper-containing enzymes that oxidize substrates followed by the reduction of molecular oxygen to
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water [117]. Fe in +3 oxidation state is quickly uptaken by sTf in the blood, preventing loss of the metal
due to its low solubility in its +3 state at pH 7.4. Fe in the blood is nearly 100% sTf bound. There is
virtually little non-transferrin bound iron (NTBI), which consists of small anionic molecules such as
citrate, which are likely labile in nature [118]. In cases of an overload of iron (hemochromatosis and
thalassemia), Tf can be saturated and an increase in the NTBI occurs resulting in Fe(III) binding to
additional anions such as phosphates and to serum albumin (the blood protein at highest concentration)
and non-specific sites in Tf [118-120].

Under normal conditions, sTf exclusively regulates Fe transport into cells by binding to the
transferrin receptor-1 (TfR1), a cell membrane-associated a homodimeric type II glycoprotein receptor
that plays a major role in the regulation of cell growth [100,112,121]. Binding to TfR1 triggers a
process known as endocytosis (Figure 7) and the subsequent endosome that forms is protected by
becoming coated with the clathrin protein. The TfR1 homodimer is held together by disulfide linkages
and constitutively endocytosed through the canonical clathrin-mediated pathway. Once in acidified
endosomes, a receptor carrying iron loaded Tf undergoes a structural rearrangement that promotes
the release of iron by Tf and then the iron-free Tf molecule is recycled back to the cell surface [121].
A combination of acidification and the reduction by STEAP3 results in the dissociation of the metal
from sTf in the +2 oxidation state [122-126]. It is then released from the endosome into the cytoplasm
via the divalent metal transporter 1 (DMT1). DMTs are transmembrane proteins that exist in isoforms,
for instance DMT1 and DMT?2 [127]. DMT1 specifically transports Fe(II) and other divalent but not all
metal ions [128]. The Fe-free sTf is then returned to the membrane and released back into the blood to
be recycled for further rounds of Fe cellular transport. Fe(Il) ions are then trafficked to different parts
of cells for a variety of functions [129] and also to the protein ferritin for storage. A small but important
pool of labile Fe(II) remains in the cytoplasm for later insertion into biomolecules that depend on Fe
for activity [130,131].

3.2. The Role of Fe in Cancer and Its Progression

Improperly sequestered Fe(Il) or the excessive build-up of the labile Fe pool catalyzes the
overproduction of ROS through Fenton chemistry, which can lead to cell death and disease [115].
Fenton in 1894, conducted an experiment that identified the role of Fe in the production of -OH,
a reaction called the Fenton reaction [132]. O~ and H;O, damage the iron-sulfur clusters of
dehydratases amongst other protein, releasing Fe ions and raising the levels of the labile Fe
pool [133,134]. Any Fe(Ill) that is released from the proteins is quickly converted into the Fe(II)
form because of the presence of O, and the variety of reducing agents such as glutathione,
NADH, and ascorbic acid in addition to redox active enzymes within the cell that create a reducing
environment [134]. Fe(Il) is then able to interact with oxygen leading to the production of H,O,
to initiate the Fenton reaction and yielding the -OH radical [135]. This overall process is called the
Haber—Weiss reaction [136]. In cells, O, is chemically incapable of directly damaging DNA but
serves as a reducer for Fe that is additively bound to DNA [134]. This reaction not only damages
lipids and proteins, but also causes oxidative damage to DNA, including DNA base modifications
and DNA strand breaks which can be mutagenic [111,114]. Mutagenesis by the excessive production
of ROS could contribute to the initiation of cancer, in addition to being important in the promotion
and progression phases [129]. Consequently, elevated levels of Fe have been identified as a risk factor
for the development of cancer [137,138]. Fe-induced malignant tumors were first reported in 1959 by
repeated intramuscular injection of Fe dextran complex in rats [139]. Many years later, several studies
have reported observations of Fenton reactions in diverse types of cancer [114]. For these reasons, Fe is
correlated with carcinogenesis and cancer progression.

The proliferation of tumor cells requires sustenance in the form of nutrients and oxygen [140].
Therefore tumor cells require more Fe which results in an increased expression of the transferrin 1
receptor (TfR1) for the endocytotic uptake of Fe(Ill) (Figure 7) [100,141]. Numerous studies showed
that cancer cells overexpress TfR1 when compared to normal cells [131,142-144]. This is attributed to
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the increased need for Fe as a cofactor of RR, also overexpressed, involved in DNA synthesis of rapidly
dividing cells [145]. Brookes et al. reported that the progression of colorectal cancer is associated
with increased expression of Fe import proteins, such as DMT1 and TfR1, and decreased expression
of the Fe export protein, Fpnl, which lead to an increased labile iron pool (LIP) [146]. Pinnix et al.
demonstrated that Fpnl abundance was reduced in aggressive some breast cancer cell lines when
compared to healthy cells [147]. In addition, the metalloreductase, STEAP3, is overexpressed in cancer
cells, which would increase the rate endosomal Fe(III) reduction to Fe(Il) and subsequent release
from the endosome [114]. In the process of metastasis, some studies have identified that tumor cells
express Fe-containing matrix metalloproteinases that degrade the extracellular matrix and assist in
the invasion of cancer cells [148,149]. As described previously, Cu contributes to the overexpression
of matrix metalloproteinases, which shows an interplay between the excessive levels of Cu and Fe in
cancer progression.
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Figure 7. The endocytotic uptake of Fe(III) bound by sTf and trafficking and storage of Fe within the
cell. In all cells, Fe(Ill)-bound sTf interacts with the TfR1, which then promotes the transport of Fe(III)
across the cell membrane by endocytosis. A combination of pH decrease and Fe(IIl) reduction by
STEAP3 within the endosome results in the release of Fe from sTf and transport as Fe(II) through the
divalent metal transporter 1 (DMT1) into the cytosol. Fe(Il) is then trafficked to several biomolecules
that depend on it for activity such as ribonucleotide reductase (RR). Some of the is stored by ferritin.
A portion of the Fe(II) remains part of a labile iron pool (LIP), readily accessible for use within the
cell. In healthy cells there is a homeostasis between the amount of Fe that enters the cell through the
transferrin receptor-1 (TfR1) and exported via ferroportin-1 (Fpn1). In cancer cells, there is a higher
requirement for Fe and therefore these cells have an overexpression of TfR1 relative to healthy cells
and a decreased expression of Fpnl. There is also less storage of the metal and an increased use of it.
RR is overexpressed, which facilitates cancer proliferation.

In summary, many studies have demonstrated that an increase in the entry of Fe, a fall in its
elimination, and an interruption in its storage inside the cell result in an accumulation of Fe that
leads to an increase in the risk of cancer [114]. Fe inside the cell is available for DNA synthesis,
cell proliferation, or the formation of ROS [135]. Due to the ability of Fe within the cell to catalyze
ROS formation especially when exceeding homeostatic levels, it promotes many aspects of tumor
development and progression [150].
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3.3. Fe Chelators in Cancer Treatment

Several Fe chelators that were originally developed for the treatment of Fe overload in different
diseases [151] were later found to reduce tumor growth by different possible processes that regulate
the cell cycle, angiogenesis, or the suppression of metastases [8,152,153]. Fe in the +2 and +3 oxidation
states forms coordination compounds that are typically six-coordinate. For this reason, Fe chelators
for clinical use have been designed in bidentate, tridentate, or hexadentate modalities to satisfy this
“preferred” coordination number (Figure 8). Fe(Il) is an intermediate Lewis Acid whereas Fe(IlI) is a
hard Lewis Acid and both Fe ions can bind to oxygen, nitrogen, and depending on the denticity even
sulfur donor atoms [34]. The Fe(II) and Fe(III) chelators considered for anticancer application can be
divided into the OO, ON, ONO, and XNS family of ligands (Figure 9). In recent years there has been
an exhaustive collection of review articles on Fe chelators [141,154-156]. To avoid repetition, we herein
highlight a few features about prominent Fe chelators that have the capacity to bind extracellular
Fe(Ill) and intracellular Fe(II) /Fe(III). We explore how their role in suppressing cancer can provide
insight into the next generation of anticancer chemotherapies.

<X////, 3+‘ <x/,,,“ .\x> <X///,,, 5 >

Bidentate ligand Tridentate ligand Hexadentate ligand

Figure 8. General Fe(II) and Fe(III) coordination by bidentate, tridentate, and hexadentate chelators to
satisfy 6-coordinate structures.

3.3.1. OO and ON Ligands

Deferoxamine (DFO) (Figure 9) is a bacterial siderophore [157] that has the capacity to bind Fe in
a hexadentate fashion forming a 1:1 metal:ligand complex. It is a member of the hydroxamate class
of ligands. DFO is clinically used for the treatment of Fe overload and was the first Fe chelator to be
tested for anticancer applications [158]. It inhibits melanoma and hepatoma cell growth both in vivo
and in vitro by blocking their proliferation in the S phase of the cell cycle [159]. The mechanism of
DFO in hepatocellular carcinoma cell lines (HCC) was investigated by monitoring Tf->*Fe uptake in
the cells [160]. Compared with the controls, the cells treated with DFO showed less uptake of 59Fe,
which indicates that the compound chelates the iron extracellularly. DFO was effective in the treatment
of leukemia and neuroblastoma during preliminary clinical trials [159]. Nonetheless, DFO has a
short plasma half-life, and is markedly hydrophilic, which makes it ineffective when administered
orally. Deferiprone (DFP) (Figure 9) is a bidentate ligand that makes 3:1 ligand:Fe(IIl) complexes
at physiological pH with Fe(Ill) [161]. DFP is approved in the United States for the treatment of
thalassemia but also shows antiproliferation activity. It has been found that DFP acts as a pro-oxidant
or protective anti-oxidant and can reduce Fe concentration in cells as much as DFO.

Studies have been conducted to explore modifications of Fechelators to incorporate functional
groups with the hopes of inducing a synergistic antiproliferative effect. To that end Qiao et al.
synthesized endoperoxide conjugates of derivatives of the Fe chelators hydroxamic acids, catechols,
and 8-hydroxylquinolines (Figure 9) [162]. The endoperoxide is proposed to become activated in
the presence of cellular Fe. Following treatment with the conjugates, the cell viability of five human
cancer cells HL-60 (leukemia), A549 (lung), SW480 (colon), and SMMC7721 (liver), and the non-cancer
hepatocellular cell (HL7702) was measured [162]. The 8-hydroxylquinoline conjugates exhibited the
highest antiproliferative effect with IC5 values that were generally less than 10 M. These conjugates
displayed a greater than three selectivity index, suggesting their selectivity towards attacking cancer
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cells. The mechanism of action of the conjugates was owed, in part, of inducing apoptosis and to the
higher stability of the Fe compounds of these conjugates relative to the other chelators.
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Figure 9. The structure of selected Fe chelators for potential anticancer application divided into the OO,
ON, ONO, and XNS family of ligands. DFP: Deferiprone; DFO: Deferoxamine; BHT: 2,6-bis[hydroxy-
(methyl)amino]-1,3,5-triazine; HAPI: (E)-N'-[1-(2-hydroxyphenyl)ethylidene]-isonicotinoylhydrazide;
HPPIL: (E)-N'-[1-(2-hydroxyphenyl)propylidene]isonicotinoylhydrazide.
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3.3.2. ONO Ligands

Deferasirox (Def) (Figure 9) is a tridentate chelator that forms a 1:2 Fe(Ill):ligand complex
at pH 7.4 [163]. It is commercially used as an oral drug for the treatment of Feoverload. Def
is currently being tested against several cancer cell lines [164-167] because it has the capacity to
induce DNA fragmentation, inhibit DNA synthesis, deplete Fe, trigger caspase-related apoptosis,
amongst other activities.

The (E)-N’-[1-(2-hydroxyphenyl)ethylidene]isonicotinoylhydrazide (HAPI) and
(E)-N'-[1-(2-hydroxyphenyl)propylidenelisonicotinoylhydrazide (HPPI) Fe semicarbazone chelators
(Figure 9) also demonstrate antiproliferative properties. Vavrova et al. prepared derivatives of
these chelators by modifying the hydrazide component of the molecules [168]. The derivatives
were evaluated for their Fe-chelating abilities, anti/pro-oxidative properties, capacities to prevent
Fe(III) uptake from transferrin, amongst other properties in MCF-7 (human breast cancer) and HL-60
(leukemia) cell lines. To compare intracellular Fe chelation, the calcein assay was used [169,170].
The HAPI analogues with a nitrogen heterocycle in the hydrazide part of the molecules showed similar
or better Fe chelating activities than the standard chelators and greatly improved hydrolytic stability
in plasma. It was also demonstrated that some of the derivatives with increased lipophilicity retained
comparable antiproliferative activity as the unmodified HAPI and HPPIL The same compounds also
showed high selectivity ratios, specifically the biphenyl-containing ligands.

The 2,6-bislhydroxy-(methyl)amino]-1,3,5-triazine (BHT) family of tridentate chelators
(Figure 9) [171] consists of the following properties: (i) strong binding of Fe(Ill) along with high
Fe(IlI) /Fe(II) selectivity resulting in very low redox potential of the formed Fe(III) complex which
precludes uncontrolled formation of reactive oxygen species in normal cells; (ii) rigidity of the ligand,
resulting in size-selectivity towards Fe(III) binding; and (iii) balanced hydrophobicity of the ligand,
allowing it to be soluble in aqueous media and membrane permeable. The in vitro antiproliferative
behavior of BHT analogues against two human cancer cell lines, MDA-MB-231 (breast cancer),
and MiaPaCa (pancreatic cancer) was assessed [171]. The results suggested that the substitution
on the nitrogen or oxygen atoms of the hydroxyamino groups is essential for modulating the cytotoxic
activity of the BHT analogues and improving selectivity toward cancer cells versus normal cells.

3.3.3. XNS Ligands

Like the semicarbazones, thiosemicarbazones (TSC) (Figure 9) are effective Fe(II) and Fe(III)
chelators. TSC are versatile ligands that exhibit wide pharmacological properties for instance,
antineoplastic, antibacterial, antiviral, and antifungal activity [33,172]. Their antineoplastic mechanism
of action includes the activities for instance; (a) inhibition of cellular iron uptake from transferrin,
(b) mobilization of iron from cells, (¢) inhibition of RR, and (d) the formation of ROS [173,174].
One of the best studied TSC compounds is Triapine. Triapine (3-AP) was initially developed as
a potent RR inhibitor, which uses radical-based catalysis to form deoxyribonucleotides. Its exact
mechanism of inhibition is still being researched, but it is believed to be caused by ROS generation,
specifically by the formation of the 3-AP Fe(Il) complex, and/or depletion of cellular iron pools [8].
Triapine has undergone Phase I and II clinical trials for cancer treatment [153], because of the
anti-proliferative activity against a number of cancers [172], including L1210 leukemia cells both
in vitro and in vivo [175,176].

The use of iron chelators in the treatment of cancer does not require blockage or depletion of the
metal from the cell but rather attenuating the toxicity or functionality of the metal to then detrimentally
alter the intracellular processes of tumors. Koppenol et al. found that Fe complexes with some clinically
used chelators such as desferrioxamine, deferiprone, and deferasirox exhibit a large negative electrode
potential, which prevents the toxicity that is generated by Fe redox cycling from excessive labile
Fe [177]. Some iron chelators interfere with the cell cycle and/or inhibit the reproduction of DNA,
angiogenesis, cellular growth, amongst other molecular mechanisms that depend on Fe. Studies with
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iron chelators of clinical interest have revealed strategies that could prevent the onset of certain cancers
and provide new molecular targets that are Fe dependent.

3.4. Efforts to Optimize Drug Delivery and Efficacy of Fe Chelator Agents

Fe chelators can prevent Fe acquisition or utilization by cancer cells. This results in a pronounced
anti-proliferative effect due to the inactivation of the RR [178]. This discovery propitiated researchers
to start developing novel Fe chelators, looking to exploit their strong Fe-binding capabilities for
anti-proliferative cancer therapy. Many Fe-chelating compounds have been developed, and a few
are even FDA-approved, such as DFO, DFP, and Def [179]. However, these compounds present
limitations due to their acute toxicity and short plasma life [180]. For example, DFO is limited by its
rapid excretion, metabolic breakdown, and low cellular uptake [159,180]. The demand exists for novel
methods that can reduce the toxicity of these Fe chelators and enhance the bioavailability of these
compounds in target tissues. We will discuss some innovative drug delivery methods, prochelation,
and synergistic treatment approaches to improve the cellular specificity and/or efficacy of Fe chelators.

3.4.1. Nano-Approaches for Delivering Fe Chelators

Nanoparticles based on poly(lactic-co-glycolic acid) (PLGA) are being widely used as delivery
agents because of their biocompatibility, ease of attachment of targeting molecules, and ability to fine
tune the release of bound compounds [178]. Di-2-pyridylketone-4,4-dimethyl-3-thiosemicarbazone
(Dp44mT) is an Fe chelator compound that has previously shown great anti-proliferative characteristics
in several cancers including breast cancer and melanoma [178]. A PLGA-NP was successfully
developed with high encapsulation efficiencies and efficient release of Dp44mT [179,180]. Cell viability
assays indicate that Dp44mT in free form and PLGA-NP encapsulated were highly effective in killing
U251 glioma cells, suggesting that encapsulation of this compound in PLGA NPs did not affect its
activity [179]. These findings suggest that PLGA-NPs are suitable carriers for efficient encapsulation of
Dp44mT, which increases the number of drug particles that actually reach the tumor. This results in a
targeted delivery of this Fe chelator to malignant cells.

Abayaweera et. al. reported the synthesis, characterization, and efficacy of Fe/Fe304-nanoparticles
co-labeled with a tumor-homing and membrane-disrupting oligopeptide and the Fe chelator Dp44mT [181].
This Fe chelator and the peptide sequence PLFAERL (D[KLAKLAKKLAKLAK])CGKRK were conjugated
to the surface of the nanoparticles using dopamine anchors [181]. The peptide sequence has two
important parts, one responsible for tumor targeting and the other is responsible for the disruption of
mitochondrial cell walls and triggering apoptosis [182]. In this study, the activity of the nanocarrier
was tested on the highly metastatic 4T1 murine breast cancer cell line and was compared with a
non-cancerous murine skin fibroblast cell line (MSFs) [181]. It was observed that at an optimal ratio of
1 to 3.2 of the peptide sequence and the Fe chelator, the IC5, value was 2.2 times lower for the breast
cancer cells than for the control cell line [181]. These were encouraging results but further studies in
different compositions of nano-carriers are necessary to achieve higher efficacies and better specificity.

Polymeric micelles are self-assembly nanocarriers with core/shell structures formed by
amphiphilic block copolymers [183]. The core can enclose the hydrophobic drug with a hydrophilic
shell, increasing the solubility and stability [167,183]. PEG is commonly used as the shell because of its
stealth property and hydrophilicity which allows micelle to avoid recognition by the mononuclear
phagocyte system (MPS) [167]. MPS is a class of cells that occur in separated parts of the human
body and that have in common the property of phagocytosis, whereby the cells engulf and destroy
bacteria, viruses, and other foreign substances and ingest worn-out or abnormal body cells [184].
Theerasilp et al. presented the modification of the Fe-chelating drug Def (Figure 9), by conjugation
of a pH-sensitive moiety encapsulated into PEG-b-PCL micelles as a drug delivery strategy for
cancer chemotherapy [167]. Release studies of Def and its derivatives including methoxy (mDef) and
imidazole-modified (iDef) deferasirox micelles were tested under simulated lysosomal condition
(pH 6.0 and 5.5) representing different stages of endocytosis [167]. The results showed that in
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iDef-loaded micelles, a small change in pH environment (intracellular pH gradient) caused a significant
effect of the drug release rate [167]. The cytotoxicity assays of the micelles loaded with Def, mDef and
iDef demonstrated anti-proliferative properties suggesting that they have potential applications for
cancer treatment, especially micelles loaded iDef [167]. These micelles showed cytotoxic effect against
the PC-3 cell line in sub-micro molar level [167]. The ICs of drug-loaded micelles was slightly higher
than that of the free drug because of the prolonged release of the drug from micelles. The IC5, values of
iDef-micelles in normal and cancer cell lines showed promising antiproliferative activity with minimal
cytotoxicity to the normal cell lines [167].

3.4.2. Liposomes for Delivering Fe Chelators

Traditional drug delivery systems are engineered to yield a sustained release of bioactive
compounds. Liposome drug delivery systems have played a significant role in delivering significant
amounts of drug to improve therapeutic outcomes [185]. Recently, the liposome formulations are
targeted to reduce toxicity and increase accumulation at the target site, which has been a limitation with
conventional delivery systems for Fe chelators. Most clinical applications of liposomal drug delivery
are focused on targeting tissue with or without expression of target recognition molecules on lipid
membranes. This mode of drug delivery lends more safety and efficacy to administration of several
classes of drugs like antiviral, antimicrobial, vaccines, and gene therapeutics. Recent developments in
this field have demonstrated the specific binding properties of a drug-carrying liposome to a target
cell such as a tumor cell and specific molecules in the body [179]. This ability can be exploited for the
efficient delivery of Fe chelators.

O'Neill et al. examined the timed-release capabilities of lysolipid-based thermosensitive
liposomes (LTSL) embedded in a chitosan-based thermo-responsive hydrogel matrix (denoted Lipogel).
They tested their model by using DFO (Figure 9), the chelator of choice for removal of excess stored
Fe. The group loaded their chitosan hydrogels with either free DFO or LTSL-encapsulated DFO and
proceeded to test the release of DFO in PBS for 10 days. Their results demonstrate a sustained and
prolonged release of DFO using LTSLs embedded in a hydrogel matrix [180]. With these experiments,
they proved that the entrapment of drug-loaded liposomes in an injectable hydrogel permits local
liposome retention, thus providing a prolonged release in target tissues [159,180]. They also showed
that release of DFO can be controlled through the use of an external stimulus [180]. In this case,
stimulus consisted of a hyper-thermic pulse of 42° for a period of 1 h. Their experimental model
consisted of irradiating hydrogel particles containing 100 uM LTSL-encapsulated DFO with the
hyper-thermic pulse on day 2, 6, or 10 [180]. An initial burst release of drug was observed in the
first 24 h due to passive DFO diffusion from the LTSLs. A second burst release was observed after
application of the hydro-thermic pulse at different time points. With this, they demonstrated that their
system is capable of delivering two different doses of drug at different time intervals [180].

3.4.3. Prochelation

Prochelation strategies, in which a chelator is formed in response to a triggering event, are
being developed to increase the preferential activity of metal chelators within cancer cells versus
healthy cells. One such approach has been undertaken by Tomat et al. using the thiosemicarbazone
tridentate scaffold (Figure 9) [186-189]. They have included a redox responsive disulfide bond switch
that following reduction in the reducing environment of cells activates the formation of the chelator.
This switch is particularly sensitive in cancer cells because of their higher GSH concentrations relative
to normal tissue. Tomat et al. have found that the thiosemicarbazone prochelators attenuate the
bioavailability of Fe within cancer cells and as a consequence inhibits the activity of the RR enzyme.
This finding was demonstrated by the decrease in the g ~ 2 electron paramagnetic resonance (EPR)
signal associated with the active enzyme’s tyrosyl radical and the growth of a low spin Fe(Ill) signal in
anearby region (Figure 10). Structural modifications to the prochelators have been made to incorporate
functional groups that would allow targeting of specific tumor types [188].
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Figure 10. (A) Schematic of the reduction of the prochelator (thiosemicarbazones (TSC)-S), for the
activation of an antiproliferative thiosemicarbazone chelator (TC1-SH). This chelator would bind Fe
from the LIP. (B) Enhanced permeation and retention (EPR) spectra of whole Jurkat cells: (1) untreated
cells, (2) after treatment with 50 uM DFO for 3 h, and (3) after treatment with 50 uM (TC1-S), for 1 h.
Experimental conditions: microwave frequency, 9.338 GHz; microwave power, 2 mW; magnetic field
modulation amplitude, 0.5 mT; temperature, 30 K. Reprinted with permission from Metallomics, 6,
1905-1912. Copyright 2014 Royal Society of Chemistry [187].

3.4.4. Synergistic Treatment

The clinical use of 3-AP is potentially limited by its low efficacy in some trial studies
and possible toxicity related to its dosage [8]. Synergism between compounds has been an area
of interest for researchers regarding the anticancer activity of TSC compounds. One way to
enhance the ROS formation from TSC compounds is with PDT [190]. This would influence
the cellular redox environment of the cells, leading to the induction of oxidative stress. It has
been shown that mixtures of PS and TSC increases the production of singlet oxygen, provoking
different types of cellular damage, including lipid peroxidation and accumulation of ROS in
the mitochondria, due to the labile mitochondrial iron metabolism [191]. Another important
characteristic of TSC, is the ability to upregulate the metastasis suppressor NDRGI1 [173].
NDRGT1 expression is induced by cellular iron depletion, thus effective iron chelators render a
promising therapeutic ability through a different pathway. A more potent TSC was generated,
di-2-pyridylketone-4-cyclohexyl-4-methyl-3-thiosemicarbazone (DpC), which showed complete
inhibition of pancreatic tumor growth [192]. Amongst the targets that DpC affects are: (a) NDRG1;
(b) p21CIPI/WAF]I a cyclin-dependent kinase inhibitor; and (c) cyclin D1, which is necessary for the
cell cycle progression, by the depletion of iron [193]. Cyclin D1 is known to function as an oncogene
in pancreatic cancer, usually being overexpressed in these tumors [194], hence anticancer agents that
are able to reduce cyclin D1 levels are beneficial for the treatment of pancreatic cancer. In a study
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against pancreatic cancer drugs gemcitabine and 5-fluorouracil, DpC’s ICs values were at least 4-
and 2000-fold lower respectively in four pancreatic cell lines [8]. Dp44mT, a DpC analogue also
showed potent anti-cancer activity against various cancer cell lines, with IC5( values in the nanomolar
range, even against cells lacking the important tumor suppressor protein that prevents tumorigenesis
P53 [174]. Moreover, it was found that Dp44mT increased Fe mobilization, resulting in the release of
38% of total cellular Fe, as well as reducing its uptake to less than 10% of the control sample [174].

In summary, there are various drug delivery methods, structural modifications, and synergistic
approaches that can mitigate some of the issues with common Fe chelators. Nanoparticle-based
therapeutic systems can enhance the bioavailability of the drug, plasma retention time, and produce
a stronger anti-tumor effect. A targeting ligand can be attached to carriers in order to increase the
selective uptake in tumors and reduce adverse side effects. Responsive systems can be designed for
improved drug release in cells and for exclusive activation in cancer cells. Combining chelators with
other therapeutic strategies could enhance their cytotoxicity while minimizing their general toxicity.

4. Transmetalation as a New Anticancer Strategy to Target Cu and Fe Chelation

A major limitation in the use of Cu and Fe chelators is that although they have high affinity for
these metals and thus are termed selective for them, they still have the capacity to bind other metals
and can perturb their homeostasis in the body. The ability of Cu and Fe chelators to bind other metals
can be exploited in a therapeutic manner by the judicious choice of transmetalation. In this approach
other metals are introduced into the cells in compound form with the Cu or Fe chelators and in the
presence of the labile Cu and Fe pool, metal exchange occurs releasing the external metal. The released
metal will then synergize with the chelators to enhance the antiproliferative and/or cytotoxic effect.
For this approach to be successful, the metal needs to display potent cell killing capacity and also be
able to form a stable compound with the chelator that only in the intracellular environment undergoes
induced dissociation by the labile Cu and Fe pool at physiologically fast rates [195,196].

In metal-based therapeutics, transmetalation can be a detriment because of the exchange
of essential metals in the body for the metals delivered in the drugs [197,198]. For instance,
platinum(Il) from Pt(II)-based anticancer compounds and gold(I) from Au(I)-based Rheumatoid
arthritis compounds have been shown to transmetalate with zinc(Il) in undesired parts of the body and
decrease the bioavailability of the metal. Pt(II) can displace Zn(II) from human serum albumin [199],
one of its main blood transporters, and Au(I) can displace Zn(II) from zinc finger protein sites [200].
With careful consideration of coordination chemistry, these undesirable transmetalation events can be
avoided. To this end, Tinoco et al. has sought to manipulate the chemical proximity of titanium(IV) for
Fe(III) for a transmetalation anticancer strategy [201,202]. Ti(IV) mimics the coordination chemistry
of Fe(IlI) in being able to bind the same biomolecules though not always in the same coordination
modalities [203]. Ti(IV) in chelate form is typically redox inert and this property distinguishes it from Fe
because many of its biological functions depend on its redox activity and being able to easy interconvert
between Fe(Il) and Fe(IIl). In this capacity, Ti(IV) via transmetalation could work to inhibit molecular
mechanisms dependent on Fe and its redox activity [202]. A series of Ti(IV) compounds has been made
with a family of Fe(III) chelators termed chemical transferrin mimetics (cTfm). These chelators mimic
Fe(III) coordination by the blood transport protein serum transferrin, which is responsible for the
delivery of Fe(III) into cells. This protein also serves to transport Ti(IV) and binds it in the same binding
site as Fe but with some different ligating atoms [203]. The cTfm chelators form very stable Ti(IV)
compounds but have a higher affinity for Fe(III) and this preferential binding facilitates transmetalation.
Solution studies that approximate Ti(IV) binding conditions in the blood have demonstrated that
these compounds remain intact and that only in the intracellular environment are they dissociated
by the labile Fe pool [201,202]. The chelator Def (Figure 9) serves as an excellent cTfm representative.
Ti(Deferasirox),?~ exists at pH 7.4 and it is able to decrease the bioavailability of Fe in Jurkat cells
and thereby inhibit the activation of RR [202] similar to findings reported by Tomat et al. and their
prochelators [187]. In a recent surprise finding, Ti(Def),>~ also transmetalates with Cu(Il) possibly
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leading to the formation of a multinuclear species [Cu(Def)],," ~. A metal competition study between
labile citrate sources of Fe(Ill), Cu(Il), and Zn(IT) with Ti(Def),?~ that was monitored by UV-Vis
spectroscopy showed that both Cu(Il) and Fe(IIl) underwent transmetalation and Zn(II), which can
bind to Def, exhibited no reactivity (Figure 11) [204]. Characteristic ligand to metal charge transfer
absorbances were observed for the formation of the [Cu(Def)],,”~ and Fe(Def),3~ species. Ti(Def),2~
has been shown to operate by triggering apoptotic cell death [196]. Correlations with possible Cu
and Fe chelation and apoptosis are being further studied. This work elucidates a transmetalation
strategy to directly impact both Cu and Fe in cancer cells, which could lead to a very promising drug
considering the roles Cu and Fe play in cancer progression.
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Figure 11. The transmetalation reaction from the simultaneous reaction between Ti(deferasirox),>~
and labile sources of Fe(III), Cu(Il), and Zn(II) monitored by UV-Vis spectroscopy. (A) Growth in the
ligand to metal charge transfer absorbance for [Cu(Def)]," ™ is observed very rapidly. (B) Growth in
the ligand to metal charge transfer absorbance for [Fe(Def)],3~ is observed. (C) Proposed model for
the intracellular transmetalation of Ti(deferasirox),?~ by Cu(Il) and Fe(III) leading to release of Ti(IV)
and subsequently apoptosis.

5. Analytical Tools to Quantify and Track Cu and Fe

The study of trace elements and their functions in living organisms and biological systems
requires methods to study metals in cells or tissues [205]. This requirement has spawned the field
of metallomics [206] and is providing great insight into the biodistribution of metals in the body
to understand biomolecular metal regulation, metal accumulation, and abnormalities that could
be indicative of a diseased state [201]. The quantification of metals provides information on the
biodegradation of biomolecules containing the metals and biodefense patterns due to changes in the
levels of the metals [207]. Studies have shown that some patients infected with a bacterial pathogen
experience nutritional immunity wherein their blood Felevels purposely decrease to deprive the
bacteria of their Fe supply [208]. For purposes of understanding the overall impact of applying Cu
and Fe chelators for clinical use, the quantification of Cu and Fe in samples, either in vitro, ex vivo
(removing tissue from organisms), or in vivo, is quite useful to determine whether the chelators
decrease the levels of these metals in the areas of interest and to what extent can the levels be affected
in healthy cells, tissue, blood, etc. Given that not all chelators will necessarily work by directly
depleting the metal levels, methods have been devised to try to examine tissue localization and
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biomolecular binding. This information is often lost during metal quantification due to destructive
sample preparation and metal extraction steps. This section will briefly discuss tools that are available
for quantifying Cu and Fe and for assessing the Cu and Fe metallome in vitro and in the body.

5.1. Techniques to Quantify Cu and Fe Levels

The most common techniques used today for the quantification of Cu and Fe from biological
samples in vitro and ex vivo include inductive coupling plasma mass spectrometry (ICP-MS) [209-212],
atomic absorption spectrometry (AAS) [212,213], total reflection X-ray fluorescence (TXRF) [214,215],
and colorimetric assays by UV-Vis measurements [216,217]. ICP-MS is a highly sensitive tool that
allows the precise quantification of metal content down to sub parts per billion (ppb) levels using
internal standards [218,219]. These detection limits are possible because highly efficient mass filters and
octopolar cells are employed to single out Cu and Fe from possible interferences [220]. The technique
is time-consuming, costly, and requires considerable preparation involving sample acid digestion [221].
AAS requires similar sample preparation as ICP-MS but its sensitivity is considerably lower thus
requiring higher amounts of samples. In the TXRF technique atoms of the sample (liquids or solids)
are excited by a primary X-ray beam and consequently emit low-energy photons that are characteristic
of each element [222]. The intensity of each fluorescence radiation is directly proportional to the total
amount of the element in the sample after normalization with internal standards [223]. Data collection
and processing is fast with this technology and prior sample preparation may not be necessary [224].
The technique is highly sensitive, capable of measuring picograms of Fe [225].

Among the various analytical techniques colorimetry is a simple, reliable, general purpose
and cost-effective alternative for routine analysis. While colorimetric assays are easy to perform,
sample digestion is often required to release biomolecular bound metal in addition to a specific pH
working range. In these assays an absorption spectrum is produced either by a chemical reaction with
the metal of interest or from the formation of a colored complex due to ligand binding of the metal.
As an example of the latter, the ferrozine-based assay works well to quantify both Fe and Cu [216,217].
Ferrozine (3-(2-pyridyl)-5,6-bis(4-phenylsulfonic acid)-1,2,4-triazine) is an efficient chelator of Fe(II)
and Cu(I). To maintain these metals in these oxidations states, reducing agents like hydroxylamine
or ascorbic acid are included in the sample preparation [216]. Ferrozine binds to Fe(II) and produces
a complex that absorbs strongly at 550 nm [216] whereas the Cu(I) complex absorbs at 470 nm [217].
The ferrozine assay can detect the metals to low ppm values, which is much lower sensitivity compared
to ICP-MS (and related techniques), AAS, and TXRE.

5.2. Techniques to Track Cu and Fe in Vitro/ex Vivo and in Vivo

There are several techniques available to help localize metals in living cells and tissue in vitro and
ex vivo. X-ray absorption spectroscopy (XAS) approaches such as X-ray absorption near-edge structure
(XANES) [226], extended X-ray absorption fine structure (EXAFS) [227], and X-ray fluorescence
microscopy [228] are quite useful in determining metal speciation in biological samples. However,
these tools can be too specialized for practical purposes of measuring metal level differences.
Mass spectrometry techniques are more appropriate for these applications such as secondary
ion mass spectrometry (SIMS) and laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) [229,230]. Electron spectroscopy imaging (ESI) combined with electron energy loss
spectroscopy (EELS) have been very useful in monitoring time dependent changes in metal sub-cellular
localization [231-233].

A popular approach for visualizing metals especially at low concentrations is the use of metal
binding probes via microscopy [170]. An optical signal can be achieved from several sources including
fluorescence, phosphorescence, luminescence, or magnetic resonance imaging (MRI) but fluorescence
is the most common one. There are three types of fluorescent probes that differ depending on the effect
on the fluorescent property that metal binding induces [170]. Intensiometric sensors are those that
alter fluorescence intensity after metal binding either resulting in a “Turn-on” or “Turn-off” probe.
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Ratiometric sensors are those that result in a change in the wavelength of excitation or emission
and allow for quantification based on the ratio of wavelength intensities between the metal bound
and unbound signals. The third type of probe is the class that changes the fluorescence lifetime
after metal binding. These probes can come in the small molecule or macromolecule variety and
can be fine-tuned for specific organelle or subcellular localization [170]. To identify a subcellular
localization, specific dyes are used such as Propidium Iodide (PI), which labels the nucleus and the
dye MitoTracker Red, which labels the mitochondria [234]. Due to the predominance of Cu(l) in the
reducing environment of cells, most fluorescent probes have been designed to detect Cu(I). Some
probes have been designed by conjugating common Cu chelators with highly fluorescent molecules
like BODIPY [234]. For studying Fe in cells, fluorescent probes have been created for Fe(II) and Fe(III).
Calcein is commonly used to track Fe(II) [169,170] whereas siderophore-containing probes have been
synthesized to study Fe(Ill) in cells [235].

The field is still quite primitive in tracking metals in the body outside of standard blood testing.
MRI has been configured to quantify Fe levels in organs [236]. Chang et al. are leading the field
in the development of fluorescent and bioluminescent Cu and Fe probes to study these metals
in vivo [237-239]. The clinical application of these techniques is pending.

6. Conclusions

Many strategies are being developed to combat the complex set of diseases that constitute cancer.
The use of Cu and Fe chelators, while likely not sufficient to combat cancer alone given the status of
these metals as essential to the body, holds tremendous promise to be combined with other anticancer
approaches. This review has highlighted the numerous ways that Cu and Fe participate in the
molecular mechanisms for the onset, proliferation, angiogenesis, and metastasis of cancer. Several Cu
and Fe chelators were surveyed to identify important properties that can be exploited in future drug
development in addition to structural fine-tuning efforts and analytical tools to improve cellular uptake,
cancer cell specificity, and efficacy of the chelators. We anticipate that with the judicial optimization
of Cu and Fe chelators and appropriate combination with other drugs that operate in distinct ways,
a powerful new treatment will emerge.
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Abstract: trans-Platinum complexes have been the landmark in unconventional drugs prompting the
development of innovative structures that might exhibit chemical and biological profiles different
to cisplatin. Iodido complexes signaled a new turning point in the platinum drug design field
when their cytotoxicity was reevaluated and reported. In this new study, we have synthesized
and evaluated diodidoplatinum complexes trans-[Ptl,(amine)(pyridine)] bearing aliphatic amines
(isopropylamine and methylamine) and pyridines in trans configuration. X-ray diffraction data
support the structural characterization. Their cytotoxicity has been evaluated in tumor cell lines such
as SAOS-2, A375, T-47D, and HCT116. Moreover, we report their solution behavior and reactivity
with biological models. Ultraviolet-a (UVA) irradiation induces an increase in their reactivity towards
model nucleobase 5'-GMP in early stages, and promotes the release of the pyridine ligand (spectator
ligand) at longer reaction times. Density Functional calculations have been performed and the results
are compared with our previous studies with other iodido derivatives.

Keywords: platinum iodido complexes; cytotoxicity; photoactivation

1. Introduction

Antitumor platinum drug design has been and still is a major project in metallodrug research.
The latest reviews and the large number of contributions therein identify new complex designs to face
the known side effect problems of these antitumor drugs [1]. One of the latest contributions to this field
has been the results that we published when studying the impact of the leaving group in the reactivity
and cytotoxicity of the iodido complexes [2,3]. Looking for a new design, our group of researchers
reevaluated cis platinum iodido complexes; their reactivity turned out to be quite unexpected versus
sulfur donor biomolecules [4]. Our studies proved that the iodido groups stayed in the adducts formed
in the reaction with the protein cytochrome c or lysozime while the aliphatic amines acted as leaving
groups [5]. This peculiar reactivity was not detected versus DNA, with which they showed classical
reactivity cisplatin like.

Following these results, we extended our studies to include the reactivity of trans diiodido
diamine platinum(Il) with different aliphatic amines versus some selected models of biomolecules [6].
These reactivity studies revealed a very similar profile for the cis and trans complexes upon binding
to model nucleobases (DNA). The adduct formation occurs with retention of the amine spectator
ligands. Additionally, trans-type complexes manifested a lower propensity to form adducts with
peptide and a more classical reactivity, the iodido ligands release upon protein binding. Morevoer,
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these last trans series seemed to be affected by the size of the amine ligands showing differences in
their reactivity versus S-donor models and in their cytotoxicity [6]. The reconsideration of these iodido
derivatives have shown a great impact in the field, and the trend and behavior of these complexes is
being reevaluated [7].

Within the design of novel metallodrugs, the use of activation therapies such as the use of
UVA light offers a wide fan of possibilities for metallic complexes such as activation of reactivity [8],
change in conformation [9], heterobimetallic complexes with PDT ligands [10] and singlet oxygen
producing complexes [11]. Photochemical studies on a selected number of trans iodido complexes
initially showed that irradiation induces a faster reaction with CT DNA and a higher amount of Pt
bound to DNA. These complexes also reacted faster with 5'-GMP under irradiation and even showed
noticeable improvements in their cytotoxicity when treatment was combined with UVA light [12].
These results support the idea that UVA light could be used to increase the activity of the diiodido
platinum complexes, and might even make it more selective, in a similar way than those observed for
chlorido derivatives [8].

Within this frame, we have looked at the role of the spectator ligand within the iodido complex
structures and replaced one of the aliphatic amines with an aromatic planar amine, widely used in
the frans type of complexes with highly satisfying results [13]. In particular, we prepared two frans
configured iodido-platinum complexes with a pyridine and isopropylamine/methylamine ligands.
X-ray structure studies of both complexes complete the structural characterization. The cytotoxicity was
evaluated and the possible mechanism investigated, looking for a possible photochemical activation.
The interaction studies of these new complexes with a representative model biomolecules such as:
model nucleobase 5'-GMP and N-Methylimidazol (MeIm) have been performed and photochemical
studies on such interaction analyzed and discussed together with the DFT calculations.

2. Results

2.1. Synthesis and Characterization

The trans-[Ptl;(amine)(pyridine)] complexes were prepared according to published procedures
with slight variations, using the cis-[Ptl;(amine),] complexes with the corresponding aliphatic amine:
isopropylamine or methylamine as the starting material [6]. The reaction was carried out in water with
an excess of pyridine and without isolating the tetraamine species, giving the desired trans complexes
by slow evaporation of the solvent at high temperature.

The structure and numbering of the complexes are depicted in Figure 1. Their characterization
performed by usual techniques is nicely in agreement with the proposed structure and detailed data
have been collected in the experimental section.

X amine complex
N
'~ Pt = (CH3),CHNH, 1
~N
amine” I (CH3)NH 2

Figure 1. Structure and numbering of the complexes studied in this manuscript.

The molecular structure of complexes 1 and 2 are shown in Figure 2. Crystal data are listed
in Table S1. Selected bond lengths and angles are shown in Table 1. The platinum(II) atom has a
square planar coordination geometry and is coordinated to two nitrogen atoms of the methylamine or
isopropylamine and pyridine ligands and two iodido ligands in trans-arrangement.
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Figure 2. Molecular views: (a) complex 1 (b) complex 2.

Table 1. Selected distances (A) and angles (°) in complexes 1 and 2.

Distances Complex 1 Complex 2
Pt-I1 2.5962(9) 2.5906(11)
Pt-12 2.5920(8) 2.59861(19)

Pt-N1 2.050(9) 2.077(13)
Pt-N2 2.014(8) 2.025(13)
Angles Complex 1 Complex 2
N2-Pt-N1 179.24(4) 179.3(5)

N1-Pt-I1 90.1(3) 90.2(4)

N1-Pt-12 90.0(3) 89.1(4)

N2-Pt-I1 89.7(3) 90.1(4)

N2-Pt-12 90.02(3) 90.6(4)

[1-Pt-12 179.05(3) 177.24(4)

2.2. Cytotoxicity of trans-[Ptl,(amine)(py)] Complexes

The cytotoxicity of complexes 1 and 2 was determined in comparison to cisplatin. The cancer
cell lines selected for this study are SAOS-2 (human osteosarcoma), A375 (melanoma), T-47D (breast
carcinoma), HCT116++ (human colon carcinoma with the presence of p53) and HCT116- (human

colon carcinoma in the absence of p53). The IC5p and standard deviation values for complexes 1 and 2
are shown in Table 2.

Table 2. IC5, values for complexes 1 and 2 and cisplatin in five cancer cell lines. Data were collected
after 96 h of exposure to the drugs. Standard deviation is shown in brackets.

Cell line Complex 1 Complex 2 Cisplatin
SAOS-2 329 (22.6) * 53.7(15.8) 5.9(1.5)
A375 18.9(3.4) 27.9(5.1) 9.2(1.7)
T-47D 30.9(5.6) 45.0(2.5) 10.2(3.4)
HCT116++ 18.1(3.6) 29.8(4.4) 8.3(2.7)
HCT116—— 56.4(10.3) 63.4(17.3) 62.2(14.3)

* This value could be an overestimated number, because of the high standard deviation.

2.3. Reactivity of trans-[PtI,(amine)(py)] Complexes with 5'-GMP and Melm

One of the main cellular targets of metallodrugs is DNA [14,15]. There are many techniques to
study the interaction with DNA, since our objective in this section is to compare the reactivity of these
compounds with the data available in the references, we have used a small model of DNA, such as
5'-GMP to carry out the experiments. This model has proved to be an excellent approach in many
systems by monitoring the changes at its H8 signal by "H NMR [16,17].
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Thus, the study on the reactivity of complexes 1 and 2 with the model nucleobase 5-GMP was
carried out. The complexes under investigation were incubated at a molar ratio of complex: 5-GMP of
1:2 as described in the experimental section and the reactivity toward this nucleobase was monitored
by NMR spectroscopy. The 'H NMR spectra of the interaction of complex 1 with 5-GMP monitored in
a mixture of acetone-ds and D,O (ratio 2:1) from 1 h to 7 h are shown in Figure 3. When following
the changes at the H8 peak signal of 5-GMP, a new signal arises at 9.1 ppm that is assignable to a
HS8 nucleotide adduct and the intensity increases during the first 3 h of reaction while the H8-signal
of the free nucleotide decreases. At longer reaction times, the first monoadduct intensity does not
increase and simultaneously, a new adduct is detected at 8.2 ppm. The monitoring of the reaction
provides evidence for the presence of 5-GMP adducts in the sample (label S at Figure 3 and Figure
S1). The reaction of the trans complex 2 with 5'-GMP was also studied and the results are similar to
the reactivity described for complex 1. However, the reactivity of compound 2 seems to be slower
since the signals assigned to the adduct species are weaker in complex 2 than for complex 1 after 3 h of
reaction (Figure S2). Furthermore, a smaller amount of the model nucleotide adducts are detected for
complex 2 over longer periods of time.

,,L/Mwhbuk\ J ” h_

1-py/py*IS

1-py/S GMP(free) / GMPpy* / S

S LA

H8-GMP(free)

1-py/py* / *
1-py GMP(free) / GMPpy’
1-py
py* -
initial

H8-GMP*,

i

Mﬁwi i
9.‘0 3.‘5 8.‘0 7..5 7.‘0 6.‘5 G.IO ppm

Figure 3. Progress of the reaction between complex 1 and 5'-GMP at 37 °C monitored by 'H NMR
(acetone-dg and D,O in a ratio 2:1) showing changes in the aromatic area. Labels: GMP(free), free
5'-GMP; H8-GMP*: H8-5'-GMP coordinated adduct signal; 1-py, pyridine ligand signals of complex 1;
py*, adduct pyridine signal, and S: speciation.

When similar experiments were repeated under irradiation, the reactivity of complex 1 with
5'-GMP showed some important differences compared to the non-irradiated sample. In the first hour
of irradiation, the reported monoadduct is formed in a higher amount (integrals shows a higher
formation), but after 1 h the spectra shows a new signal at 8.6 ppm (Figure 4) corresponding to free
pyridine and its intensity increases along the time. Moreover, we can clearly observe new species in
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the high-field region of the spectra and there are also signals corresponding to the isopropylamine
group that appear to split into several sets.

H8-GMP(free)
1-py/py*/py(free)/S GMP(free)/S

1-py
1-py/py(free)/S

py*/S
H8-GMP* py(free) S \ s

9.0 8.5 8.0 7.5 7.0 6.5 6.0 ppm

Figure 4. 'H NMR spectrum of the reaction between complex 1 and 5'-GMP (acetone-dg and D,O in
a ratio 2:1) showing changes in the aromatic and aliphatic area after 1 h under irradiation at 37 °C.
Labels: GMP(free), free 5'-GMP; H8-GMP*: H8-5'-GMP coordinated adduct signal; 2-py, pyridine
ligand signals of complex 2; py*, adduct pyridine signal, and S: speciation.

In addition, we extended our NMR study of the complexes” coordination to the heterocyclic
ligand N-methyllmidazole, Melm. It has been reported that this model can provide information about
the possibilities of a complex to bind into a lopsided configuration like those presented by biological
molecules such as proteins or DNA [18]. Moreover, its structure is different to 5-GMP (already used)
but similar to those presented by proteins at, for example, histidine’s sites. We monitored the reactivity
with this model at 37 °C (Figure 5a) and detected monoadduct species formation within the first hour,
becoming almost a major product only after 3 h. The speciation is clearly formed quickly and the
starting material has fully reacted after 7 h. The photoactivation of the sample (Figure 5b) enhances
the reactivity but more importantly, produces the release of the pyridine ligand like in its reaction with
5'-GMP.

1
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|
AN, O NS | 24h e e Nfrnan” NS
i
m ‘
. N . N A u AR ‘AL‘ »
- T B — 3h e i —
|
I i py free
i | .
| 1h - o
free
Il free
Py Melm
e Melm* py* |
PY" [ A Py
k o M initial
89 88 87 86 85 84 83 82 8.1 80 79 78 77 76 75 12 9.1 9.0 69 88 87 86 8.5 84 83 8.2 8.1 80 7.9 7.8 7.7 76 75
(a) (b)

Figure 5. Progress of the reaction between complex 1and MeIm monitored by 'H NMR (acetone-dg and
D,0 in a ratio 2:1) showing changes in the aromatic area. Labels: py, pyridine ligand complex 1; py*,
pyridine signal adducts, MeIm*, N-Methylimidazol signal adducts, free MeIm, free N-Methylimidazol.
(a) reaction at 37 °C and (b) reaction at 37 °C and irradiating.
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2.4. DFT Calculations

For a better understanding of the photochemistry of these trans-iodido platinum(II) complexes,
we performed a set of Density Functional Theory (DFT) and time-dependent DFT (TD-DFT)
calculations on complexes 1 and 2 and their 9-EtG adducts. The DNA basis mimic, 9-EtG, was used
instead of 5'-GMP to ease the computational calculations. After geometry optimization (Table S2a—d),
we analyzed the single-singlet transitions on the complexes and gauged their excited-state chemistry
(Tables S3 and S4). Consistently with experimental results, the parent complexes 1 and 2 display
electronic transition that are mostly dissociative towards the iodido ligands (Table S3). The calculated
absorption spectrum of the mono 9-EtG adducts of the two complexes displays a band at ca. 350 nm,
which can be excited under UVA excitation (Table S5). Both mono and bis 9-EtG adducts present a
dissociative transition towards the four ligands, as shown in the electron difference density maps
(EDDMs, Table S6). As an example, Figure 6 (and Table S7) reports two EDDMS for complexes 1
and 2 corresponding to the calculated lowest-energy electronic transition in which the antibonding
orbitals LUMO+4 and 5 have significant contributions. According to this scenario, the 9-EtG adducts
are more likely to prompt the release of a pyridine under light irradiation compared to the parent 1
and 2. A summary of the most relevant bond distances for 1 and 2 and their 9Et-G derivatives are
reported in Table S8.

9EtG, N H
9EIG_NH,CH(CHy), N NHaCHs
Pt

Ve
=N" 9EtG »

LUMO+4

i
i

LUMO+5 LUMO+5
(@ (b)

Figure 6. Selected electron difference density maps (EDDMs, transition 1, Table S7) and
corresponding LUMOs for the bis 9-EtG adducts of complexes 1 (a) and 2 (b) in water at the
CAM-B3LYP/LANLO08/6-31G** level. In the EDDMs (top), gray indicates a decrease in electron
density, while blue-gray indicates an increase.
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3. Discussion

The complexes were designed based on the positive results achieved with previous complexes of
nonconventional structure and using iodidos, aliphatic amines, and pyridine as ligands. The synthesis
was performed following our published procedure, although the final yields obtained for complexes 1
and 2 are lower than usual. Many attempts for varying concentrations, temperature or longer reaction
time did not improve the results. The characterization by usual techniques was in accordance with the
X-Ray study and allowed for a detailed knowledge of the structural features. The mentioned structures
are compared with those of published Pt complexes with aliphatic amines, iodide, and pyridine
ligands. The Pt-N (aliphatic amine) [19,20], Pt-1[21,22] and Pt-N (pyridine) [23,24] distances fall in the
typical ranges. The interactions between the methyl groups and the iodido ligands result in significant
strain in the complexes. This is reflected in the deviation of the Pt-N-C angles (116°) from the ideal
tetrahedral values (109°). Cytotoxicity was evaluated versus SAOS-2 human osteosarcoma, A375
melanoma, T-47D breast cancer, SF-268 glioblastoma, NCI-H460 lung cancer and colorectal carcinoma
HCT116, and matched p53-deficient HCT116 (-/-) cell lines. The antiproliferative effects are found to
be moderate, with IC5( values generally being in the micromolar range and the differences between
the cytotoxic potencies of complexes 1 and 2 are comparatively small. Substitution of one aliphatic
amine by pyridine seems to decrease cytotoxic potency; the steric demand could be responsible for
these poor specific antitumor effects. We believe that irradiation of the complexes will produce the
enhancement of the antitumoral activity, as discussed in the following results.

e  The interaction of these complexes with 5-GMP shows the formation of the expected DNA adduct
after hydrolysis of the iodido complexes as reported for similar compounds with no release of the
spectator ligands.

e  However, once we irradiate the samples, we can only observe a promotion of the reactivity in
the first hour, and then the release of the pyridine ligand becomes clear at longer reaction times
under irradiation.

e This release of the spectator ligand, enhanced by irradiation, has not been observed studying trans
isomers with iodido ligands versus DNA [6], but only with cis isomers and versus proteins [5].
In addition, when the results of the interaction of compounds 1 and 2 with Melm are evaluated,
they are very similar to the results obtained with DNA.

e  Our interpretation of the data is that after irradiation, the reactivity of complexes 1 and 2 is
enhanced, forming active species. However, at longer reaction times, the compounds lose the
pyridine, affording new adducts and species that are more similar to those reported from the
cytotoxic compounds than their original aqua species/adducts.

e DFT calculations justify the quicker formation of the bis/monoadduct species (Figure 6) along
the first hour, but once the irradiation applies for longer periods of time, the pyridine is released
and the compound is no longer the structure proposed but similar to those bearing only aliphatic
amines [12].

The potential photoactivation of these poor pharmacological complexes is apparently not a simple
mechanism. In the short term the irradiation will afford the DNA adducts but the most effective
photoactivation will take place in the long term, as the species will be the same as the most active
iodido series reported previously (Figure 7).
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Figure 7. Reactivity versus 9-EtG and Melm proposed in the discussion.
4. Materials and Methods

Complexes cis-Ptl(amine), (wWhere amine = isopropylamine or methylamine) were synthesized
as described in the previous communications based on reported procedures [12]. Characterization
was in agreement with our previous data. Chemical starting materials; K, PtCly, amines, pyridine and
biological molecules—were purchased from VWR (Madrid, Spain).

4.1. Method for the Synthesis of trans-[PtI;(amine)(pyridine)]

We followed published methods with slight variations, briefly: 500 mg of cis-Ptly(amine), (where
amine is ipa for 1 and ma for 2) and 20 equivalents of pyridine were mixed together in 30 mL of water
and heated at reflux temperature for 3-6 h. The suspension turned to an almost clear solution that was
filtered over celite. The resulting solution was concentrated very slowly at high temperature (100 °C)
until the detection of an orange solid, which was allowed to stand overnight at 4 °C until complete
precipitation. Then, the solid was filtered off, washed with warm water, and vacuum dried overnight
at 60 °C in a drying oven. Afterwards, recrystallization in chloroform/ether was required. Single
crystals were achieved by slow evaporation of a chloroform solution.

trans-[Ptlp(ipa)(py)] 1 (orange solid). Yield: 18%. Elemental analysis found, C, 16.23; H, 2.44; N, 4.63;
CeHyolaNyPt requires C, 16.37; H, 2.40; N, 4.77. NMR (acetone-d): & (1H): 1.33 (d, | = 6.46 Hz, 6H,
2CHj3-ipa), 3.50 (sept, | = 6.7 Hz, 1H, CH-ipa), 4.16 (b.s., 2H, NHy), 7.36 (dd, | = 6.6, 1.5 Hz, 2H, CH-py),
7.83 (td, ] =7.7,1.7 Hz, 1H, CH-py), 8.81(dd, ] = 6.6, 1.8 Hz, 2H, CH-py).

trans-[Ptlp(ma)(py)] 2 (orange solid). Yield: 15%. Elemental analysis found, C, 13.20; H, 1.94; N, 5.03;
CsgHy4IbN, Pt requires C, 12.89; H, 1.80; N, 5.01. NMR (acetone-ds): & (1H): 2.57 (t, ] = 6.5 Hz, 3H,
CHs-ma), 4.20 (b.s., 2H, NHy), 7.40 (dd, ] = 7.1, 1.51 Hz, 2H, CH-py), 7.88 (td, ] = 7.1, 1.9 Hz, 1H,
CH-py), 8.84 (dd, ] = 6.6, 1.84 Hz, 2H, CH-py).

4.2. Nuclear Magnetic Resonance Spectroscopy

1D 'H NMR spectra were recorded on a 300 MHz Bruker Advance III HD (Bruker,
Rivas-Vaciamadrid, Madrid, Spain) and 500 MHz DRX spectrometers (Bruker, Rivas-Vaciamadrid,
Madrid, Spain). Solutions were prepared in acetone-dq for the characterization spectra and in a
mixture of acetone-dg and D,0 in a ratio 2:1 for the interaction studies with the 5'-GMP and Melm
with a final concentration of [Pt] = 6.5 mM. 'H chemical shifts were internally referenced to sodium
3-(trimethylsilyl)propionate (TSP).

4.3. Irradiation

The light source used in the photoactivation experiments was a Photoreactor LZC-ICH2 from
Luzchem (Ottawa, ON, Canada) fitted with UVA lamps (2 mW/ cm?, A = 365 nm). The temperature in
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the light chamber during irradiation was kept at 37 °C and the sample preparation was performed as
describe in the Section 4.2.

4.4. X-ray Diffraction

The structural features of the new complexes 1 and 2 were unambiguously proven
by X-ray diffraction.  Data collection was performed on a Bruker Kappa Apex II (X8
APEX, Bruker, Rivas-Vaciamadrid, Madrid, Spain) area detector X-ray diffractometer using a
graphite-monochromated Mo radiation. Crystal data and the structure refinement parameters are
listed in Table S1. CCDC 913250 (complex 1) and 913249 (complex 2) contains the supplementary
crystallographic data for this paper. These data can be obtained free of charge via http:/ /www.ccdc.
cam.ac.uk/conts/retrieving.html (or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; Fax:
+44 1223 336033; E-mail: deposit@ccdc.cam.ac.uk).

4.5. Cytotoxicity

SAOS-2 human osteosarcoma, A375 melanoma, T-47D breast cancer, SF-268 glioblastoma,
NCI-H460 lung cancer cell lines were purchased from ATCC (Barcelona. Spain). Colorectal carcinoma
cell lines HCT116 and matched p53-deficient HCT116 (—/—) were a kind gift of Bert Vogelstein
(John-Hopkins University, Baltimore, MD, USA). These cell lines were cultured with DMEN (A375 and
NCI-H460) or RPMI (HCT116) (Sigma, Madrid, Spain) with 10% fetal bovine serum, 2 mM L-glutamine,
100 U/mL penicillin and 100 pg/mL streptomycin in humidified air with 5% CO, at 37 °C.

The cytotoxicity was performed in Dr. Amancio Carnero’s laboratory, following our published
methodology, which is fully described in reference [6]. The compounds were dissolved in DMSO,
diluted with PBS phosphate buffered saline to reach 10 mM solutions.

4.6. DFT Calculations

All calculations on complexes 1 and 2 and their 9-EtG adducts were performed with the Gaussian
09 (G09) program [25] employing the DFT and TD-DFT [26,27] methods. Basis sets, ECPs for Pt and I
and functionals were benchmarked (not shown) and the best combination in terms of performance
and computational demand was the PBE1PBE:LANLO08/6-31G** [28] for geometry optimization and
CAM-B3LYP/LANLO08/6-31G** [29] for electronic transition calculations (see below). The PCM solvent
model [30] was adopted in all DFT and TD-DFT calculations with water as solvent. The nature of all
stationary points was confirmed by normal mode analysis.

Thirty-two singlet excited states with the corresponding oscillator strengths were determined for
the complexes at the ground-state geometry by TD-DFT. Theoretical UV-Vis spectra were obtained
using GAUSSSUM 2.2 [31].

Molecular graphics images were produced using the UCSF Chimera package from the Resource for
Biocomputing, Visualization, and Informatics at the University of California, San Francisco (supported
by NIH P41 RR001081) [32].

5. Conclusions

We have presented two new diiodido complexes with aliphatic amines (ipa, 1 and ma, 2) in trans
to a pyridine ligand. Although the cytotoxicity of the complexes was not as encouraging as cisplatin
and other similar compounds, their reactivity in the presence of UVA light and upon binding to model
biological molecules revealed a new and interesting profile. We observed that irradiation at 365 nm
enhances the DNA adduct formation at early stages (up to 1 h). Our photoactivation experiments
suggest that longer irradiation times produce the release of the pyridine ligand and the subsequence
generation of species that have previously proved to be active and interact with biomolecular targets.

Since this is the first time that we have observed the release of the spectator ligand in trans-type
complexes, these results suggest that the aromatic nature of the amine ligand could play an important

67



Inorganics 2018, 6, 127

role in the photochemistry of trans diiodido platinum complexes. We have identified two potential
photoactivable compounds that showed two different photoactivation pathways.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-6740/6/4/127/s1,
Cif and cifchecked files. Table S1. Crystal Data for complex 1 and 2; Figure S1. Progress of the reaction between
complex 1 and 5-GMP at 37 °C monitored by "H NMR (acetone-dg and D,0 in a ratio 2:1) showing changes in
the aromatic area and showing above the 'H NMR (acetone-dg and D,O in a ratio 2:1) of non coordinated 5'-GMP
and pyridine. Figure S2. Progress of the reaction between complex 2 and 5'-GMP at 37 °C monitored by "H NMR
showing changes in the aromatic area. Table S2a. Selected bond distances (A) for complexes 1 and 2 optimized
with the DFT method at the PBEIPBE:LANL08/6-31G** level using the PCM solvent (water) model. Table S2b.
Selected bond distances (A) for complex 2 optimized with the DFT method at the PBE1PBE:ECP/6-31G** level

using different ECPs for the Pt atom and the PCM solvent (water) model. Table S2c. Selected bond distances (A)
for complex 2 optimized with the DFT method at the PBEIPBE:LANLO8/BS level using different basis sets (BS)

for the non-Pt atoms and the PCM solvent (water) model. Table 52d. Selected bond distances (A) for complex 2
optimized with the DFT method using different functionals, the LANLO08/6-31G** ECP/basis set and the PCM
solvent (water) model. Table S3. Experimental and theoretical absorption spectra for complexes 1 and 2 in water at
the CAM-B3LYP/LANLO08/6-31G** level. Table S4. Selected TD-DFT singlet-singlet transitions and corresponding
electron difference density maps (EDDMs) for complexes 1 and 2 in water at the CAM-B3LYP/LANLO08/6-31G**
level. Table S5. Experimental and theoretical absorption spectra for mono and bis 9-EtG adducts (complexes
3 to 6) of complexes 1 and 2 in water at the CAM-B3LYP/LANL08/6-31G** level. Table S6. Selected TDDFT
singlet-singlet transitions and corresponding electron difference density maps (EDDMs) for mono and bis 9-EtG
adducts of complexes 1 and 2 in water at the CAM-B3LYP/LANLO08/6-31G** level. In the EDDMs gray indicates
a decrease in electron density, while blue-gray indicates an increase. Table S7. Selected frontier molecular orbitals
for complexes 3 to 6. Table S8. Selected bond distances (A) for the mono and bis 9-EtG adducts of complexes 1 and
2 optimized with the DFT method at the PBE1PBE:LANL08/6-31G** level using the PCM solvent (water) model.
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Abstract: Lipophilicity is a crucial parameter for drug discovery, usually determined by the logarithmic
partition coefficient (Log P) between octanol and water. However, the available detection methods have
restricted the widespread use of the partition coefficient in inorganic medicinal chemistry, and recent
investigations have shifted towards chromatographic lipophilicity parameters, frequently without a
conversion to derive Log P. As high-performance liquid chromatography (HPLC) instruments are readily
available to research groups, a HPLC-based method is presented and validated to derive the partition
coefficient of a set of 19 structurally diverse and cytotoxic platinum(IV) complexes exhibiting a dynamic
range of at least four orders of magnitude. The chromatographic lipophilicity parameters ¢y and Log ki,
were experimentally determined for the same set of compounds, and a correlation was obtained that
allows interconversion between the two lipophilicity scales, which was applied to an additional set of
34 platinum(IV) drug candidates. Thereby, a ¢ = 58 corresponds to Log P = 0. The same approaches were
successfully evaluated to determine the distribution coefficient (Log D) of five ionisable platinum(IV)
compounds to sample pH-dependent effects on the lipophilicity. This study provides straight-forward
HPLC-based methods to determine the lipophilicity of cytotoxic platinum(IV) complexes in the form of
Log P and ¢ that can be interconverted and easily expanded to other metal-based compound classes.

Keywords: ¢g; anticancer agents; chromatographic lipophilicity parameter; distribution coefficient;
HPLG; lipophilicity; Log ky; Log P; partition coefficient; platinum(IV)

1. Introduction

Optimising lipophilicity is a crucial process in drug discovery [1,2], because it significantly affects
the diffusion of drugs through cell membranes and thus, plays a role in pharmacokinetic processes,
including absorption, distribution, metabolism, and excretion [2,3]. Some authors have also suggested
that an optimal lipophilicity might increase the chances of success during drug development [1].

Lipophilicity is typically determined by means of a compound’s partition coefficient between
octanol and water on a logarithmic scale, commonly abbreviated as Log P, ,,, henceforth called
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Log P [4-6]. The Organisation for Economic Cooperation and Development (OECD) has outlined the
standard method for experimentally obtaining partition coefficients of investigational compounds
by the shake flask method [7], which is followed by an appropriate detection technique such
as photometry, gas chromatography, or high-performance liquid chromatography (HPLC) [7-9].
The partition coefficient obtained by the shake flask method is typically found between —2 < Log P
<4 [7]. Hydrophilic compounds are characterised by negative values and lipophilic compounds by
positive values.

Purely chromatographic alternatives to the partition coefficient between octanol and water have
emerged as well because of the potential for automation, higher throughput, and minimising sample
preparation efforts [10,11]. In particular, reversed phase-HPLC (RP-HPLC) has been suggested to
provide a suitable means to directly assess the lipophilic property of an investigational compound.
As these methods do not involve the shake flask procedure, they have the additional advantage of
being independent of the concentration effects. In this setup, RP-HPLC is performed by using a C8-
or C18-bonded stationary phase and a polar mobile phase, the latter being a mixture of water and
methanol or water and acetonitrile. Chromatographic retention results from the partition of analytes
between the two phases and can thus directly relate to the lipophilicity of an analyte [10]. For example,
high capacity factors are indicative of a strong interaction with the lipophilic stationary phase and,
thus, the strong lipophilic character of an analyte.

The corresponding chromatographic parameters Log ky, and ¢ are independent of the flow rate
and column length and can indeed provide relevant information about the lipophilic property of an
analyte featuring its own scale even without conversion into Log P values [11]. On the one hand,
Log ki is defined as the logarithmic capacity factor of a compound in a mobile phase containing pure
water. It is usually obtained by extrapolation using the linear Soczewinski-Snyder relationship [12,13],
defined as Log k = Log kyw — S¢, where k is the capacity factor of a compound in a specific mobile
phase composition, ¢ is the volume percentage of the organic modifier in the eluent, and S is a constant
for a given analyte and HPLC system. On the other hand, ¢( corresponds to the volume percentage of
the organic modifier in the mobile phase at which the analyte is equally distributed in the mobile and
the stationary phase [14].

The estimation of lipophilicity has been mostly implemented in the discovery process of organic
drugs. However, lipophilicity determinations have also become of growing importance for the optimisation
of metal-based anticancer drugs, among which is the class of platinum compounds [15-21], as they
must accumulate efficiently in cells to execute their DNA-binding properties [22]. The lipophilicity of
platinum anticancer agents was most commonly assessed by the shake flask method, followed by the
detection of a platinum isotope by atomic absorption spectroscopy or inductively coupled plasma mass
spectrometry (ICP-MS) [16-18,21]. Hyphenation of microemulsion electrokinetic chromatography to
ICP-MS is a promising alternative but is experimentally demanding [23]. Due to restrictions in accessing
such instruments, the chromatographically determined lipophilicity parameter Log k. has recently become
more popular [24-26]. In addition, quantitative structure property relationships have been developed for
modelling the lipophilicity of platinum complexes, and a free access database for the prediction of their
Log P values is available [20,25,27-30]. However, an in depth analysis of representatives of the platinum(IV)
class has not been reported to date. Also, a direct conversion of the chromatographic lipophilicity parameter
¢ into partition coefficients has not been established, which would allow the interconversion between the
two lipophilicity scales of ¢y and Log P.

In this study, a set of 19 structurally diverse cytotoxic platinum(IV) complexes was used for
evaluating the shake flask method by chromatographic detection and deriving lipophilicity parameters
directly by chromatographic approaches (Table 1). The findings were validated by ICP-MS detection
and the approach was extended to the distribution coefficient that accounts for ionisable compounds
(e.g., containing carboxylic acids). Finally, we provide for the first time an empirical equation to convert
the chromatography-based lipophilicity parameter ¢ (and Log k) of platinum(IV) complexes into
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Log P. This equation was then used to calculate Log P values for an additional set of 34 cytotoxic
platinum(IV) complexes from experimentally determined .

Table 1. List of 19 platinum(IV) complexes included in the standard set. The lipophilicity of each
compound was assessed by the shake flask method using chromatographic (the logarithmic partition
coefficient (Log P, HPLC) and element specific (Log P, inductively coupled plasma mass spectrometry,
ICP-MS) detection. The chromatographic lipophilicity parameters Log ky, and ¢y were determined
using potassium iodide (KI) as a dead time marker. The compounds were sorted according to increasing
Log P (HPLC).
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2. Results and Discussion

Typically, lipophilicity is determined by the shake flask method as the logarithmic partition
coefficient (Log P) of the concentration of an analyte between 1-octanol and water [7]. The concentration
of each phase is derived by spectroscopic or spectrometric detection techniques [7-9]. Alternatively,
lipophilicity can be directly obtained from chromatographic experiments, such as RP-HPLC, where
the retention time of the analyte depends on the partition between the lipophilic stationary and
the hydrophilic mobile phase. Here, the analyte is detected online by either spectroscopic or mass
spectrometric techniques. The chromatographic lipophilicity parameters are calculated from capacity
factors that are independent of the void volume, flow rate, and column length.

Several studies have found correlations between the lipophilicity of metal-based anticancer
agents, usually determined by the shake flask method with element-specific detection, and their
cytotoxic activity [21,30-35]. However, a restricted access to such instrumentation may have favoured
the recent emergence of chromatographic lipophilicity parameters for metallodrugs [24,26,31,32].
So far, correlations between Log P and chromatographic parameters have been derived only for
relatively homogenous series [20,25,35]. Thus, such approaches are presented and validated here to
directly obtain Log P from shake flask experiments and indirectly by converting the chromatographic
lipophilicity parameter ¢ into Log P (Scheme 1). The current investigation was performed with a set of
19 structurally diverse cytotoxic platinum(IV) complexes (Table 1). An additional set of 34 platinum(IV)
complexes was used to test the conversion of the chromatographic lipophilicity parameter ¢ into Log
P. A detailed list of the additionally employed compounds can be found in Tables S1 and S2.

Partition by Partition by
shake flask chromatography

Detection by Detection by Detection by

ICP-MS HPLC-UV/Vis HPLC-UV/Vis

Area of Retention
195
Fieais absorbance time
Log P Po
[ Loo P ] [ Log D, ] [ (Log k)
A A
Validation Conversion

Scheme 1. The lipophilicity of platinum(IV) complexes was evaluated by chromatographic workflows
and validated by ICP-MS detection.

2.1. Determining Partition Coefficients by the Shake Flask Method

The platinum complexes were individually dissolved in water, saturated with 1-octanol, and the
classical shake flask method was performed according to the OECD guidelines (Scheme 1) [7].
A stock solution of 0.5 mmol-L.~! was prepared of each compound. Then, equal volumes of the stock
solution and 1-octanol pre-saturated with water were mixed for 60 min, and after phase separation,
the individual phases were analysed. It must be noted that the metal-based anticancer agents must be
inert with respect to ligand exchange reactions during this time period in order to be amenable to the
shake flask procedure.

Of each sample, the stock solution and the resulting aqueous and 1-octanol phases were analysed
by RP-HPLC using isocratic methods. The Log P values of the platinum compounds were calculated
based on the areas of absorbance determined in the aqueous and 1-octanol phases that are directly
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proportional to the concentration according to the Lambert-Beer law. The sum of the area values
of the aqueous and 1-octanol phase was compared with the stock solution and considered valid if
the two values matched. After each run of a 1-octanol sample, the column was washed with 95%
methanol before equilibrating to the original mobile phase composition. This was necessary to remove
any remaining 1-octanol bound to the stationary phase of the column, which would increase the back
pressure of the system, alter the properties of the stationary phase, and thus, influence the partition of
the analytes between the mobile and the stationary phase.

Under these conditions, the lipophilicity of the representative platinum(IV) complexes was found
between —2.0 < Log P < 2.4, spanning at least four orders of magnitude. In general, the complexes
featuring equatorial acetates 1-3 showed the lowest lipophilicity, while the examples containing
carboplatin- (11, 13, 15, 18, and 19) or cisplatin/satraplatin-derived cores (12, 14, 16, and 17) were the
most tuneable and lipophilic compounds in our series (Table 1).

Aliquots of the stock solution and the aqueous phase of the same samples were serially diluted
for ICP-MS analysis by acquiring the °°Pt isotope signal. Because the injection of the organic phase
containing 1-octanol into the ICP-MS is problematic, the Log P was calculated by assuming coctanol =
Ctotal — Cwater- The lipophilicity of the same compounds was then found between —2.2 <Log P < 1.3,
spanning roughly three orders of magnitude.

The Log P values obtained by the two methods correlated well with a regression coefficient of
R? = 0.957 (Figure 1). Importantly, the slope of the fitting line was close to one and the intercept close to
zero, thus validating the chromatographic approach to determine Log P of the cytotoxic platinum(IV)
complexes. Some variation was observed at the hydrophilic and hydrophobic ends, which probably
stems from the uncertainty of the assumption of Coctanol = Ctotal — Cwater to calculate Log P by ICP-MS.
A linear relationship seemed to exist over three orders of magnitudes between —1.5 < Log P < 1.8
(R? = 0.991) between the two approaches.

Log P(ICP-MS)
&

R?=0.957

Log P(HPLC)

Figure 1. The correlation of the Log P values obtained by the shake flask method using HPLC-UV /Vis
and ICP-MS detection was linear according to Log P (ICP-MS) = 0.805-Log P (HPLC) — 0.177.

2.2. Extending the Approach to Determine Distribution Coefficients

For ionisable compounds, the partition between an aqueous and 1-octanol phase is a function
of the pH value and is described as the logarithmic distribution coefficient (Log Dy, abbreviated as
Log D) [36]. The distribution coefficient includes all species of an analyte in each of the two phases
(e.g., both the ionised and neutral species) and also the potential hydrolysis products. Lipophilic
properties at different pH values are essential for orally administered platinum(IV) anticancer agents
that must additionally permeate several cellular membranes [37].

In order to extend the previous experiments to Log D values, five acidic platinum(IV) compounds
(20-24, Table S1) featuring free carboxylic groups were analysed at different pH values (i.e, pH=17,25,3.7,
42,47,5.6,6.2,and 7.4 (Table 2)). Again, the shake flask method was used, followed by RP-HPLC-UV /Vis
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detection. Compound 10 was used as a non-ionisable control, as its lipophilicity should be independent of
the pH value of the solution. Indeed, it showed an average Log P = —0.27 & 0.02 over the entire tested pH
range. Compound 20 did not yield a clear UV /Vis signal during Log D determination and, thus, was not
analysed. In general, the acidic platinum(IV) representatives showed a clear dependence of the Log D on
the pH value that is indicative of their titration curves. Increasing the pH above the pKj of the acidic groups
significantly increased the hydrophilicity by deprotonation. Thus, the distribution coefficient can also be
obtained by the shake flask method using chromatography-based methods with UV /Vis detection and
can provide important insight into the lipophilicity of different species of an analyte in solution depending
on the pH.

Table 2. The distribution coefficient (Log D) values of the platinum(IV) compounds at different pH
values, determined by the shake flask method using RP-HPLC-UV /Vis detection. The colour code is
determined by blue = +0.5, white = 0, red = —3. n.d. = not detected.

pH
Complex

1.7 25 3.7 4.2 4.7 5.6 6.2 7.4
20 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
21 —-156 —154 —-1.82 =216 - n.d. n.d. n.d.
22 -119 -126 -142 -169 -203 nd. n.d. n.d.
23 —-035 —-039 -056 —091 —1.36 - n.d. n.d.
24 _ 0.37 015 —-023 -134 -217 nd.
10 -025 —-028 —-024 -027 -027 -027 -029 -027

2.3. Determination of the Chromatographic Lipophilicity Parameter ¢g

The chromatographic lipophilicity parameter ¢ is intuitive, as it represents the percentage of
the organic phase in the eluent at which the partition of an analyte between the mobile and stationary
phase is equal. Higher values indicate a stronger lipophilic character of the analyte, and ¢ ranges
between 0-100. The parameter is obtained by determining the capacity factors of an analyte with
at least three different mobile phase compositions and then solving the linear Soczewinski-Snyder
relationship for Log k = 0 (see Section 4).

In a first step, uracil and potassium iodide (KI) were investigated as system dead time (to)
markers, and their retention times were determined in the range of 5-90% organic modifier (Figure S1).
These were used to calculate ¢ values for the same set of 19 platinum(IV) complexes. The ¢ values
derived from the two different dead time markers correlated linearly with R? = 0.999 and covered the
range of ¢ = 20-80. The retention time of uracil increased with increasing aqueous phase from 70-95%
(Figure S1) and consequently, KI may be more appropriate for hydrophilic compounds, as its retention
time remained relatively constant over the entire range of mobile phase compositions. As metal-based
anticancer agents may undergo ligand exchange reactions, it is advised to use potassium iodide as an
external marker if necessary. Of the platinum(IV) compounds, 4 displayed the lowest ¢ = 22.5, being
the most hydrophilic, and 19 was the most lipophilic, with the highest ¢g = 76.5.

The correlation of ¢y and Log ky, for the same set of compounds appeared to be a quadratic
polynomial, with an acceptable fit of R? = 0.982 for potassium iodide as the dead time marker (Figure S2).
The quadratic dependence of these parameters was already observed by Schoenmakers [38]. In a more
recent publication, it was noted that the dependence of ¢y and Log ky, was linear for narrow ranges of ¢q
and generally quadratic when considering wide ranges of ¢. Also, the choice of organic modifier has a
considerable impact on the Log k, value of purely organic molecules with respect to the regression model
used, and methanol was suggested as the most suitable [39].

2.4. Converting Chromatographic Lipophilicity to Shake Flask Lipophilicity

According to the OECD guidelines, the Log ky values of compounds with known Log P can
be used to create a calibration curve to evaluate partition coefficients from chromatographic data [7].
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In this study, the ¢ values were plotted against the chromatographically detected Log P values of
the 19 platinum(IV) complexes. The resulting correlation curve was a quadratic polynomial with an
R? = 0.951 (Figure 2). Thus, the calculated Log P values (cLog P) of platinum(IV) complexes can be
obtained from ¢(-values according to Equation (1):

cLog P = 0.001¢2 (KI) — 0.027¢pg (KI) — 1.758. @)

Log P (HPLC)

R?=0.951

@, (KI)

Figure 2. The overall correlation of the chromatographically determined ¢ (using potassium iodide as
a dead time marker) and Log P by the shake flask method (using HPLC-UV /Vis) is shown.

The corresponding linear correlation between Log ky, and Log P featured R? = 0.918 (Figure S2).
However, the hydrophilic region showed increased variance with both chromatographic approaches
reflecting the uncertainty of the experimental determination of Log P < —1 directly by HPLC. As a rule
of thumb, a ¢y = 58 yields a Log P = 0, and consequently, lipophilic platinum(IV) compounds are
characterised by ¢ > 58, while hydrophilic platinum(IV) compounds display ¢ < 58. The calibration
curve was applied to the set of 34 platinum(IV) complexes, and their cLog P values were calculated
based on their experimentally determined ¢ (Table S2). The conversion worked well for the lipophilic
representatives. For example, 54 featured a cLog P = 0.6, which was very similar to the reported
Log P = 0.7 [21]. The quadratic approximation implied that ¢p-values < 25 would yield constant
cLog P values of —1.9. In fact, the uncertainty in the hydrophilic region is also reflected by the OECD
guidelines that restrain the range of experimental Log P values determined by the shake flask method
to a lower end of —2 [7]. The increased uncertainty of the correlation in the hydrophilic region is
further exemplified by compound 34, which displayed a cLog P = —1.5, while its reported value was
Log P = —0.8 [21].

As the antiproliferative activity is known for most of the complexes reported herein, we tried to
directly correlate the concentration to inhibit 50% of cell proliferation (ICsg) of the set of 19 platinum(IV)
complexes (except 4-6) in a particular cell line with their lipophilicity parameters (Figure S4).
As expected, the two parameters did not directly correlate, and the regression coefficients were
uniformly below 0.1. This was indicative that active cellular accumulation and stability towards
reduction may have strongly contributed to the cytotoxic property of these platinum(IV) complexes in
addition to the lipophilicity [33,40,41].

3. Materials and Methods

Ultrapure water (18.2 MQ cm, Milli-Q Advantage, Darmstadt, Germany) was used for the
RP-HPLC experiments, as well as for all the dilutions in the ICP-MS measurements. Nitric acid
(TraceSELECT®, >65%, p.a., Fluka, Buchs, Switzerland) was used without further purification.
The platinum and rhenium standards for the ICP-MS measurements were obtained from CPI
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International (Amsterdam, The Netherlands). All the other reagents and solvents were obtained
from standard commercial sources and were used without further purification.

NMR spectra were recorded with a Bruker Avance III 500 MHz NMR spectrometer (Bruker
Daltonics, Bremen, Germany) at 500.32 MHz (*H). Mass spectra were measured with a Bruker
maXis electrospray-ionisation-quadrupole-time-of-flight mass spectrometer (Bruker Daltonics, Bremen,
Germany) using ACN/MeOH + 1% H,O as the solvent or a Bruker Amazon SL ion trap using
water/MeOH. The elemental analysis was performed at the Microanalytical Laboratory of the
University of Vienna with a Eurovector EA3000 elemental analyser (Eurovector Srl, Pavia, Italy)
for CHNS analysis.

3.1. Platinum(IV) Complexes

The platinum(IV) compounds used in this investigation were prepared at the Institute of Inorganic
Chemistry, University of Vienna. A complete list of the complexes, together with their structures
and determined lipophilicity parameters can be found in Tables 1, S1 and S2. The complexes
1-15, 17-19 [24,26,30,33,35,40-42], the ionisable complexes 20-24 [24,43], and the extended set
of platinum(IV) complexes 25-26, 28, 30, and 32-58 [24,26,32,33,35,40-42,44-47] were synthesised
according to procedures in the literature.

3.2. (OC-6-43)-Amminedichlorido(cyclohexaneamine)bis[(4-ethoxy)-4-oxobutanoato]platinum(IV) (16)

Complex 16 was obtained upon the reaction of (OC-6-43)-amminedichlorido(cyclohexaneamine)
dihydroxidoplatinum(IV) with 3-(ethoxycarbonyl)propanoic anhydride (3 eq) in N,N-dimethylformamide
(DMF) under anhydrous conditions and light protection, as described for analogous compounds in
reference [41]. Yield = 45% (55 mg). Elemental analysis: C1gH34CLN,OgPt (672.46); caled. C 32.15, H 5.10,
N 4.17; found C 32.17, H 5.12, N 3.97. 'H-NMR (DMF-d;): = 7.49 (bs, 2H, NH,), 6.96 (m, 3H, NH3),
4.10 (m, 4H, H9), 3.01 (bs, 1H, H1), 2.58 (m, 4H, H6), 2.50 (m, 4H, HY), 2.16 (m, 2H, H2), 1.72 (m, 2H,
H3), 1.60 (m, 1H, H4), 1.36 (m, 4H, H2 and H3), 1.22 (t, 3]y 1y = 7.1 Hz, 6H, H10), 1.17 (m, 1H, H4) ppm.
ESI-MS (positive): 71/z 673.1397 (Mgeor 673.1411) [M + H]*, 695.1215 (Mgpeor 695.1230) [M + Na]*. ESI-MS
(negative): m/z 671.1245 (671.1265) [M — H] ™.

3.3. (OC-6-54)-Dichlorido(N,N-dimethyl-ethane-1,2-diamine)hydroxido[4-(2-propyn-1-ylamino)-
4-oxo-butanoato]platinum(IV) (27)

Complex 27 was synthesised by dissolving the precursor (0.20 g, published in [46]), 0.41 mmol) in
4 mL of DMF under an argon atmosphere and heating it to 50 °C. Then, 1,1-carbonyldiimidazol
(0.07 g, 0.45 mmol) dissolved in 2 mL of DMF was added dropwise. After stirring for 10 min,
the reaction mixture was cooled to room temperature, and the remaining CO, was removed by
a flush of argon stream through the solution. Propargylamine (29 uL) was added, and the reaction
was stirred overnight. DMF was removed under reduced pressure, and the crude mixture was
purified by column chromatography (mobile phase EtOAc/MeOH/triethylamine = 3:1:0.1) to yield
a white powder. Yield = 33% (70 mg). Elemental analysis: Cq1H1CloN3O4Pt (525.29); caled. C 25.12,
H 4.03, N 8.00; found C 25.06, H 4.26, N 7.65. TH-NMR (d¢-DMSO): 5 = 9.45 (bs, 1H, NH5a); 8.25 (t,
1H, NH10, ] =5.3 Hz); 7.10 (bs, 1H, NH5b); 3.81 (dd, 2H, H11, | = 2.5, 5.4 Hz); 3.07 (t, 1H, H13,
] = 2.5 Hz); 2.86-2.75 (bm, 4H, H3/H4); 2.68 (bs (s+d), 3H, H2a or H2b); 2.59 (bs (s+d), 3H, H2a or
H2b); 2.50-2.25 (bm, 4H, H7 /H8); 1.48 (bs, 1H, OH1) ppm. ESI-MS (positive): m/z 547.6 [M + Na*]*,
563.6 [M + K*]*. ESI-MS (negative): m/z 523.5 [M — H*]*.

3.4. (OC-6-33)-Dichlorido(ethane-1,2-diamine)bis[ (4-(2-propyn-1-ylamino)-4-oxobutanoato]platinum(IV) (29)

Complex 29 was synthesised by dissolving 20 (0.40 g, 1.11 mmol) in 8 mL DMF under an argon
atmosphere and heating it to 60 °C. Then, 1,1-carbonyldiimidazol (0.24 g, 1.48 mmol) dissolved in
16 mL of DMF was added dropwise. After stirring for 10 min, the reaction mixture was cooled to
room temperature and the remaining CO, was removed by a flush of argon stream through the
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solution. Propargylamine (110 uL) dissolved in 24 mL of DMF was added, and the reaction was
stirred overnight. DMF was removed under reduced pressure, and the crude mixture was purified by
column chromatography (mobile phase EtOAc/MeOH = 7:1) to yield a white powder. Yield = 23%
(110 mg). Elemental analysis: C16H4CloN4OgPt (634.40); caled. C16Ho4CloN4OgPt-0.5H,0 (644.39)
C 29.87, H 3.92, N 8.71; found C 29.56, H 3.58, N 8.61. 'H-NMR (d¢-DMSO): 5 = 8.42 (bs, 4H, NH,2),
8.27 (t, 2H, NH7, ] = 5.4 Hz), 3.84 (dd, 4H, HS8, ] = 2.5, 5.4 Hz), 3.09 (t, 2H, H10, ] = 2.5 Hz), 2.67 (bs, 4H,
H1),2.48 (t, 4H, H4 or H5, ] = 7.1 Hz), 2.31 (t, 4H, H4 or H5, | = 7.1 Hz) ppm. ESI-MS (positive): m/z
657.1 [M + Na*]*.

3.5. (OC-6-33)-Dichlorido(ethane-1,2-diamine)bis[ (4-dimethylamino)-4-oxobutanoatolplatinum(IV) (31)

Complex 31 was synthesised by dissolving 1-(dimethylcarbamoyl)-3-methyl-1H-imidazol-3-ium
iodide (0.41 g, 2.95 mmol) and 20 (0.40 g, 1.11 mmol) in 8 mL of DMF under an argon atmosphere.
Trimethylamine (0.15 g) was added, and the clear brown reaction mixture was stirred at room
temperature for 24 h. DMF was removed under reduced pressure, and the crude mixture was purified
by column chromatography (mobile phase EtOAc/MeOH = 1:1). A white powder was obtained after
crystallisation in methanol. Yield = 35% (150 mg). Elemental analysis: C14HgClN4OgPt (614.4);
caled. C14HagCloN4OgPtH,O (632.4) C 26.59, H 4.78, N 8.86; found C 26.47, H 4.64, N 8.61. "H-NMR
(de-DMSO): 6 = 8.44 (bs, 4H, 2NHy), 2.95 (s, 6H, H7 or H7"), 2.79 (s, 6H, H7 or H7"), 2.68 (bs, 4H, H1),
2.47 (bs, 8H, H4/H5) ppm. ESI-MS (positive): m/z 637.1 [M + Na*]*. ESI-MS (negative): m/z 613.0
M —H*]".

3.6. Instrumentation

HPLC. The RP-HPLC experiments were carried out on a Dionex Ultimate 3000 RS system
(Dionex, Germering, Germany), controlled by the Dionex Chromeleon 6.80 software. The following
chromatographic conditions were used: Agilent Poroshell 120 SB-C18 column (2.1 x 150 mm, 2.7 um);
injection volume: 1 pL; flow rate: 0.2 mL-min~!; collection rate: 5-100 Hz; temperature of the column
and autosampler: 25°C; UV /Vis detection set up at 210-256 nm. Mobile phases consisted of (A) water
with 0.1% FA and (B) methanol with 0.1% FA.

ICP-MS. The ICP-MS measurements were carried out on an ICP-quadrupole MS instrument
Agilent 7500ce (Agilent Technologies, Waldbronn, Germany) equipped with a CETAC ASX-520
autosampler (Omaha, NE, USA) and a MicroMist nebuliser at a sample uptake rate of approx.
0.25 mL min~'. The instrument was tuned on a daily basis in order to achieve the maximum sensitivity.
Rhenium ('%°Re) served as internal standard for platinum to account for instrumental fluctuations,
and the platinum isotopes **Pt and %3Pt were acquired. The ICP-MS was equipped with nickel cones
and operated at an RF power of 1500 W. Argon was used as the plasma gas (15 L-min~!), carrier gas
(~1 L-min~1), and make up gas (~0.2 L-min~1). The dwell time was set to 0.1 s, and the measurement
was performed in 10 replicates. The Agilent MassHunter software package (Workstation Software,
Version B.01.01, 2012, Agilent, Santa Clara, CA, USA) was used for data processing.

3.7. Shake Flask Procedure

The logarithmic partition coefficient Log P between 1-octanol and water phases was determined
for platinum complexes using the shake flask method according to the OECD guidelines with slight
modifications [7]. The platinum compounds were dissolved in water (Milli-Q, pre-saturated with
1-octanol) to yield stock solutions of 0.5 mmol-L~!, which were filtered through a 0.45-um filter
(Minisart RC 25, Sartorius AG, Gottingen, Germany). An equal volume of 1-octanol (pre-saturated
with ultrapure water) was added to the platinum-containing aqueous solutions, and the mixtures were
shaken mechanically for 60 min at room temperature. The samples were centrifuged to assist with
bilayer formation. The experiments were performed at least in duplicates.
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3.8. Analysis of Samples Obtained from the Shake Flask Procedure

RP-HPLC. The two phases obtained by the shake flask method were analysed by RP-HPLC
for each complex, using an isocratic mode in a suitable water/methanol ratio ranging from 95:5 to
10:90. However, after elution of each sample containing 1-octanol, the methanol percentage was
increased to 95% for 20 min before returning to the initial isocratic conditions in order to remove any
remaining 1-octanol from the column. Additionally, the total platinum concentration was determined
by analysing an aliquot of each stock solution. The concentration of the platinum compounds was
detected by UV /Vis spectroscopy. According to the Lambert—Beer law, the area of absorbance (A) of
an eluting analyte is directly proportional to its concentration (c). The Log P was calculated according
to Equation (2):

Log P(HPLC) = Log (Coctanol / Cwater) = L0g (Aoctanol / Awater)- )

ICP-MS. The total platinum content in the initial stock solution and in the final aqueous phase obtained
by the shake flask method was determined by ICP-MS. Each aliquot was diluted gravimetrically
with 1% HNOj3 to match the linear range of the ICP-MS system. By assuming Coctanol = Ctotal — Cwater,
the Log P was calculated according to Equation (3):

Log P(ICP-MS) = Log [(Ctotal — Cwater)/ Cwater)] 3

3.9. Determining the Distribution Coefficient by the Shake Flask Method with HPLC-UV/Vis Detection

Compared with the partition coefficient (Log P), the distribution coefficient (Log Dpp, henceforth
called Log D) takes into account all the species of an analyte at a given pH and is suitable for ionisable
compounds. Thus, the Log D of 5 platinum(IV) compounds (20-24) featuring an acidic moiety was
determined at different pH values. The platinum(IV) complex 10, bearing non-ionisable functional
groups, was evaluated as a control.

In this case, the aqueous phase consisted of phosphate or acetic acid buffer solutions at
10 mmol-L~!, saturated with octanol. The phosphate buffers were prepared at pH = 1.7, 2.5, 6.2,
and 7.4, and the acetic acid buffers were prepared at pH = 3.7, 4.2, 4.7, and 5.6. Thus, the platinum
complexes were dissolved in those buffer solutions, and the shake flask method was performed as
described above using HPLC-UV /Vis detection.

3.10. Determining the Lipophilicity from Chromatographic Parameters

The platinum complexes (0.5 mmol-L~1) were dissolved in 1 mL of water/methanol (1:1) and the
solutions were filtered through a 0.45-pm filter (Minisart RC 25, Sartorius AG, Gottingen, Germany).
Uracil was employed as an internal standard (1 pumol-L~1) and potassium iodide (KI) as an external
standard for determining the system dead time (tp). The obtained samples were directly analysed
by RP-HPLC. The RP-HPLC experiments were performed in isocratic modes at least in duplicates,
employing at least 3 different water/methanol compositions per complex. The capacity factors
k = (t; — t9)/to, where t; is the retention time of the analyte, were determined for all the investigated
eluent compositions. From these, the capacity factor at 100% aqueous mobile phase (Log k) was
extrapolated using the linear Soczewinski—Snyder relationship [12,13], Log k = Log ki — S¢, where
Log k is the capacity factor in a specific mobile phase composition, ¢ is the volume fraction of the
methanol in the eluent, and S is a constant for a given analyte and HPLC system (slope). Then,
the chromatographic hydrophobicity parameter ¢y was derived, defined as the volume percentage of
the organic modifier required to achieve an equal distribution of a compound between the mobile and
stationary phase, corresponding to Log k = 0 [10,14].

4. Conclusions

Lipophilicity is a crucial parameter in drug discovery and also for metal-based drug candidates.
However, experimentally determining lipophilicity by the shake flask method may have been
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somewhat impeded by restricted access to suitable detection methods besides element-specific
spectroscopy or spectrometry. Because high-performance liquid chromatography (HPLC) instruments
are more widely available to research groups, chromatographic lipophilicity parameters have recently
become more popular but are in different scales compared with the classically obtained partition
coefficient. Here, a straight-forward HPLC-based method was validated to derive the partition
coefficient (Log P) of cytotoxic platinum(IV) complexes from shake flask experiments, which exhibited a
dynamic range of at least four orders of magnitude from —2 < Log P < 2.4. In addition, chromatographic
partition by means of the parameter ¢ was assessed and calibrated against the corresponding Log P
values so that the chromatographic lipophilicity of cytotoxic platinum(IV) complexes may be directly
converted into Log P, which is valid for ¢( > 25. The same methods were extended to determine the
distribution coefficient (Log D) of ionisable platinum(IV) representatives, which showed pH-dependent
lipophilicity changes. These approaches can be applied to other classes of metal complexes that may
ultimately enable the estimation of lipophilicity for metal-based anticancer agents in general.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2304-6740/6/4/130/s1:
Table S1: List of five platinum(IV) complexes bearing ionisable groups for determining distribution coefficients;
Table S2: List of 35 platinum(IV) complexes for converting ¢ into calculated Log P (cLog P) based on the calibration
curve described in the main text; Figure S1: Comparison of the retention times of uracil (detection at 256 nm) and
potassium iodide (KI, detection at 230 nm) at different percentages of methanol (¢) in the eluent; Figure S2: The
correlation between the chromatographic lipophilicity parameters ¢ and Log kyy is a quadratic polynomial (using
potassium iodide as a dead time marker) with R? = 0.982 for the standard set of 19 platinum compounds; Figure S3:
The correlation between Log P by the shake flask method and the chromatographic Log kyy is linear (using potassium
iodide as a dead time marker) with R? = 0.918 for the standard set of 19 platinum compounds. Log P (HPLC) =
1.250-Log ky — 3.000.
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Abstract: The efficacy of organoruthenium complexes containing ergosterol biosynthesis inhibitors
(CTZ: clotrimazole, KTZ: ketoconazole and FCZ: fluconazole) against tumor cells, and their interaction
with important macro-biomolecules such as human serum albumin and DNA have been investigated
here. Our experimental results indicated that these ruthenium(Il) complexes present spontaneous
electrostatic interactions with albumin, and act as minor groove binders with the DNA. The ability of
these Ru(Il)-azole complexes to inhibit the proliferation of selected human tumor and non-tumor
cell lines was determined by MTT assay. Complexes [RuCl(CTZ)(116-p-cymene)(PPhg,)]PF(j (3) and
[RuCl(KTZ)(né—p—cymene)(PPhg,)]PF(, (4) were shown to be between 3- and 40-fold more cytotoxic
than the free ligands and the positive control cisplatin. Complex 3 was selected to continue studies
on the triple negative breast tumor cell line MDA-MB-231, inducing morphological changes, loss of
adhesion, inhibition of colony formation, and migration through Boyden chambers, cell cycle arrest
in the sub-G1 phase, and a mechanism of cell death by apoptosis. All these interesting results show
the potential of this class of organometallic Ru(Il) complexes as an antiproliferative agent.

Keywords: ruthenium complexes; antiproliferative; antimigration; DNA interaction; HSA binding

1. Introduction

According to the WHO, cancer is a generic term for a group of diseases involving abnormal cell
growth with the potential to invade or spread to other parts of the body. There are over 100 different
known cancer types that affect humans, causing about 8.2 million deaths, estimated as 13% of all
deaths worldwide. In 2012, about 14.1 million new cases of cancer occurred globally (not including
skin cancer other than melanoma) [1]. One of the principal causes of cancer deaths is the developing of
tumor metastasis. Metastasis is defined as the capacity of tumor cells to move from the original tumor
to adjacent or distant tissues and spread to other organs [2].

Transition metals, particularly multiple platinum derivatives, have been tested in clinical
trials against several types of cancers and cisplatin is one of the most potent chemotherapy
drugs approved for clinical practice worldwide. However, its use is limited due to severe side
effects. The other two FDA-approved agents are carboplatin and oxaliplatin, while nedaplatin,
lobaplatin and heptaplatin received restricted approval for clinical use [3]. Furthermore, many
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non-platinum compounds have been evaluated against tumor cells. The clinical phase I trials

of three ruthenium compounds: indazolium trans-[tetrachlorobis(1H-indazole)ruthenate(III)]

KP1019, sodium trans-[tetrachlorobis(1H-indazole)ruthenate(III)] NKP1339 and imidazolium

trans-[tetrachloro-(S-dimethylsulfoxide)(1H-imidazole)ruthenate(IlI)| NAMI-A has led to considerable
interest in anticancer drugs based on this metal center [4,5]. Over the last two decades, Ru—arene

complexes have become a focus of interest due to their anticancer properties [6-9]. These kind of

metal complexes with monodentate or bidentate ligands showing different modes of action [10]

such as apoptosis induction via DNA damage and anti-angiogenic properties [11], protein kinase

inhibitors [12] protein RNase A [13] or a multi-target concept inhibit human topoisomerase IIx and

covalently bind to DNA [14].

Organometallics and coordination ruthenium complexes containing well-known antifungal
compounds like clotrimazole (CTZ) and ketoconazole (KTZ) have shown promising biological
properties against Leishmania major, Trypanosoma cruzi [15], Mycobacterium tuberculosis [16] and also
display antiproliferative activities on human tumor cells lines [17]. Some of these complexes present a
mechanism of cell death preferentially through apoptosis. The triazole compound Fluconazole (FCZ)
together with other azole compounds were evaluated against human breast adenocarcinomas MCF-7
and MDA-MB-231 and the compounds CTZ and KTZ showed induction of apoptosis, cell cycle arrest
in the G1 phase, anti-migration, and anti-invasion properties [18].

We recently reported four organoruthenium complexes incorporated in the coordination
sphere of ligands CTZ, KTZ or FCZ, triphenylphosphine and chloride, presenting the
formulas [RuCl(nG—p-cymene)(u—FCZ)]z[Cl]z 1), [RuCl(FCZ)(né-p—cymene)(PPh3)]PF6 (2),
[RuCl(CTZ)(n6—p—cymene)(PPh3)]PF6 (3) and [RuCl(KTZ)(n6—p—cymene)(PPh3)]PF6 (4), which
display high antiparasitic activity and ultrastructural alterations against Leishmania amazonensis [19].
In this work, we evaluated the ability of complexes 1-4 to interact with important biological targets
such as human serum albumin (HSA) and DNA, as well as, their cytotoxic activity against three human
tumor cell lines: Prostate (DU-145), breast (MDA-MB-231), lung (A549) and non-tumor (MRC-5 and
L.929). The most active ruthenium complex was selected to study the mechanism of action in the breast
tumor cell line through analysis of morphology, clonogenic, migration, cell cycle and cell death assays.

2. Results and Discussion

2.1. Interaction Studies with Macro-Biological Targets: Blood Human Serum Albumin and DNA

The organoruthenium complexes were previously synthetized from [RuClz(né-p-cymene)]z and
[RuCl, (né—p—cymene)(PPh3)] by reaction with FCZ, CTZ or KTZ in methanol at different molar ratios.
All complexes were characterized by usual techniques including X-ray; their chemical structures are
shown in Scheme 1 [19].

Cl

Scheme 1. Structure of organoruthenium complexes 1-4.
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In order to study the interaction of complexes 1-4 with blood human serum albumin (HSA),
fluorescence quenching was used, which is considered the earliest and simplest method for measuring
binding affinities between this protein and an organic or inorganic compound. The advantage of this
technique is that it has shown a decrease in the quantum yield of fluorescence from a fluorophore
induced by a variety of molecular interactions with a quencher molecule. Albumin proteins are
considered to have intrinsic fluorescence due to the presence of three fluorophores: tryptophan,
tyrosine and phenylalanine, the latter two contributing to its fluorescence to only a minor extent [20].
The results obtained by exciting HSA at 280 nm and recording its emission (Amax = 305 nm) as a
function of the concentration of complexes 2—4 are shown in Figure S1. Compound 1 does not decrease
protein fluorescence intensity in the experimental conditions used, and therefore it was not possible
to calculate its interaction with the protein. The Stern—Volmer quenching constant (Ksv), binding
constants (Kj,), the number of binding sites (1) and thermodynamic parameters AH, AS and AG were
calculated accordingly with the equation descripted in the supplementary material. The results show
that Ksv is inversely correlated with temperature (Table 1), indicating a quenching static mechanism
caused by a specific interaction between the HSA and Ru—-azole complexes (2-4).

The values of n approximate to 1 suggest that only one reactive site exists in HSA for these
Ru(Il)-azole complexes. The magnitude of K}, values calculated for complexes 2-4 were between
(1.78-7.90) x 10° M~1, which suggested a moderate interaction with the HSA molecule, when
compared with other metal complexes [21]. Ross et al. [22] have used the signal and magnitude
of the thermodynamic parameters to interpret the nature of the interaction in a variety of host-guest
systems. The negative values of AG support the assertion that the binding process is spontaneous.
The positive AH and AS values of the interaction of all Ru(II)-azole complexes to HSA indicate that
the electrostatic interactions played a major role in the binding reaction, which is allowed by the
positive charge of the complexes with negative regions of the protein. Indeed, the fluorescence spectral
results of two ruthenium(II) arene complexes of curcumin (O-O) analogs with the general formula
[RuCl(n®-p-cymene)(O-0)] indicated that they quenched the intrinsic fluorescence of HSA through
static quenching mode and the thermodynamic parameters showed that Van der Waals and hydrogen
bond interactions played major roles in complex stabilization [23].

Table 1. Stern—Volmer quenching constant (Ksy, L-mol’]), bimolecular quenching rate constant
(Kq, L-mol~1.s71), binding constant (K}, M~1), the number of binding sites (1), AG (KJ-mol~1), AH
(KJ-mol~1) and AS (J-mol~1-K) values for the complex-HSA system.

Compound T (K) Koy (10%) Ky, (10%) n AG AH AS
2 M0 12at0l0  imioe 123 s BP 15612
3 Mo Um0 20020 123 _sos 0890 2412
: M0 ston  aweom 1w a0 V70 120

The interaction of compounds 1-4 with calf thymus DNA (ct-DNA) were studied by UV-vis
titration, viscosity, circular dichroism (CD) and agarose gel electrophoresis assay using procedures
previous reported by us [24]. From the UV-vis titration experiments, changes in the UV-vis spectrum
were clearly observed, showing an intense absorption band around 280 nm for all Ru(II)-azole
complexes. After adding increasing amounts of ct-DNA to the compound, as previously reported, they
showed a decrease in the intensity of the absorbance and also bathochromic shifts; however, it was not
possible to calculate the binding constant because the data presented a non-linear correlation. Viscosity
measurements have often been used to evaluate structural changes in the DNA helix and to determine
intercalation or non-intercalation binding modes of metal complexes to DNA in solution. The ct-DNA
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viscosity was constant in different complex/DNA ratios. This behavior in DNA viscosity ruled out the
intercalative binding mode of the complexes to DNA.

To investigate in more detail the interaction of complexes 1-4 with ct-DNA, CD assessments
were performed. The CD spectrum of ct-DNA free consists of two bands due to base stacking and
to the helicity, which is a characteristic of DNA in the right-handed B form [25]. All Ru(Il)-azole
complexes did not induce changes in the ct-DNA CD spectrum, neither in the helicity of the negative
or positive bands. Considering that, the interaction between pBR322 DNA with compound 1-4 was
studied by agarose gel electrophoresis assays, observing a lower intensity of the bands corresponding
to supercoiled (SC), open circular (OC) and linear (L) forms with increasing concentration of these
compounds. An explanation for this result is the replacing of ethidium bromide (EB), used as staining
in this assay, resulting in no fluorescent bands, even though this behavior has been reported mainly
by DNA intercalation binding compounds, and it is also reported that several compounds are able to
replace EB through DNA groove interaction [26,27]. For example, Hoechst 33258 (H33258), a known
benzimidazole dye (not intercalator compound) binds to the minor groove of ds-DNA with a preference
for adenine and thymine-rich, and its fluorescence intensity greatly increases when it is bound to
DNA [28,29]. For this reason, a competitive Hoechst 33258 (H33258) displacement assay was performed
by fluorescence spectroscopy. The emission spectra of the H33258-DNA adduct in the presence of
increasing amounts of 1 is shown in Figure 1. The emission spectra for complexes 2—4 is shown in
Figure S2.

Ri

—— 0.00

Intensity (a. u)

T T T T T T T T T T 1
400 425 450 475 500 525 550 575 600 625 650

Wavelength (nm)

Figure 1. Hoechst 33258 (H33258) displacement assay for metal complex 1.

A decrease in the fluorescence intensity occurred and fluorescence quenching was observed due
to the release of free H33258 molecules from the H33258-DNA adduct, which suggested that 1-4
acted as minor groove binders. The Ksy values calculated and shown in Table 2 presented an inverse
correlation with the temperature, which indicates a static quenching mechanism, initiated by an adduct
formation in the ground state. The quenching efficiency shows the following trend 1 > 2 > 3 > 4. Thus,
the interaction between new complexes 1-4 and ct-DNA is probably by groove binding that is based
upon intermolecular interactions, such as electrostatic and /or van der Waals attractions resulting in
relatively minor changes to the structure of the double helix [30].
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Table 2. Stern-Volmer quenching constant (Ksy, L-mol~1) values for the complex-H33528 system.

T (K) 1 2 3 4

298 56.71 £+ 0.49 39.12 4+ 0.01 11.99 + 0.38 2.76 +0.29
310 32.04 £0.14 24.42 £+ 2.57 9.71 +£0.81 2.30 £+ 0.41

Ksv (10%)

In order to confirm that no covalent binding occurs between these Ru(Il)-azole complexes and
DNA, due to the possible lability of the chlorido ligand present in these Ru(Il) complexes, two
experiments were included. A reaction between complex 3 and guanosine (DNA nitrogen base) was
carried out at different times. These reactions were followed by 'H (Figure S3) and 3'P{'H} NMR.
No changes were observed in the NMR spectra, indicating that non-covalent binding occurred between
them. The quantification of ruthenium by inductively coupled plasma optical emission spectrometry
(ICP OES) of the final solution of complex 4 with ct-DNA after 24 h of incubation (see experimental
section) indicated that the amount of metal bounded to DNA was 75 £ 3 nmol of Ru/mg of DNA
(corresponding to 1 atom of Ru per 20 DNA base), which can be taken as evidence that no metal-DNA
covalent binding is taking place. These binding levels are lower than those observed for other metal
complexes with DNA covalent binding such as cisplatin [31] and other ruthenium complexes [32].
Another family of potential ruthenium-arene complexes containing dipyrrinato ligands showed
electrostatic/intercalative interaction with ct-DNA and protein affinity toward bovine serum albumin
(BSA) [33].

2.2. Biological Evaluations against Tumor Cell Lines

Antiproliferative assay: The ability of complexes 1-4 and their respective ligands to inhibit the
proliferation of selected human tumor and non-tumor cell lines were determined by MTT assay
(Table 3). It is worth mentioning that before performing the biological screening, the stability of the
complexes was tested using the >'P{'H} NMR technique in DMSO or Tris-HCl solution containing
70% DMSO. After seven days, the spectra of these complexes were the same, when compared with
those recorded using fresh solutions (Figure S4). The Ru(I)-azole complexes presented good activities
in vitro and were also considerably more active than their free ligand in all the cell lines tested,
except for compound binuclear 1, which was not active against the tumor cells studied, and nor
was the free ligand. The present organoruthenium complexes 2—4 showed even higher activity than
some of the other reported Ru-p-cymene complexes containing KTZ and CTZ. The cytotoxicity of
[RuCl, (n6-p-cymene)(L)] or [Ru(n"’-p—cymene)(L)(N—N)]2+ (L = KTZ, CTZ and N-N = bipyridine,
ethylenediamine) type complexes showed ICs( values ranging from 4 to 74 uM for KTZ and from 5 to
546 uM for CTZ, against prostate and other tumor cells [17]. It is clear from the comparison that the
presence of triphenylphosphine ligand in the complexes showed a better activity profile. Additionally,
it is possible to observe that imidazole (KTZ and CTZ) ruthenium derivatives are more active against
tumor cells (A549 and MDA-MB-231) than the triazole (FLZ) ruthenium derivative, showing them to
be more selective to these tumor cells. To continue the biological studies and investigate the mechanism
of cell death in MDA-MB-231 cells, compound 3 was selected.

Cell morphology and colony formation: To investigate the effects on cell morphology, complex
3 was incubated with the MDA-MB-231 cells at different concentrations. Figure 2A depicts the
effect of the treatment on the morphology. The untreated control cells appeared phenotypically as
spindle-shaped, whereas the cells treated with complex 3, especially in 0.60 and 1.20 uM, were found to
be mostly spherically shaped, demonstrating damaged cell bodies, a loss of adhesion and confluence,
where there was a clear concentration-response tendency. This result suggests a clear change in cell
morphology induced by complex 3. The clonogenic cell survival assay determines the ability of a cell
to proliferate, thereby retaining its reproductive ability to form a large colony (>50 cells) or a clone after
treatment with a cytotoxic agent. Complex 3 at a concentration of 0.06 M inhibited the number of
colonies of MDA-MB-231 and A549 cells, when compared to the control (Figure 2B,C); however, in the
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MRC-5 cells, the compound did not significantly inhibit colony formation until concentration 0.6 uM,
indicating the selectivity of the compound by tumor cells. The highest concentrations (0.6 uM and
6.0 uM) completely abolished the capacity of breast and lung tumor cells to form colonies. Barr et al.
described the ability to inhibit the colony number in JWA-overexpressing BGC823 cells by treatment
with 2.7 uM of cisplatin [34]. In the case of treatment with 1 uM and 10 uM of NAMI-A in B16F1 cells,
a decrease of cell survival was reported, however no colonies were observed with cells exposed to
100 uM NAMI-A [35]. Thus, it can be concluded that compound 3 is capable of inhibiting the cell
colonies more efficiently for tumor cells than non-tumor ones.

Table 3. In vitro cytotoxicity in micromolar concentrations of the complexes in tumor cells A549,
DU-145, MDA-MB-231 and non-tumor cell MRC-5, L929 by 48 h.

Compound A549 DU-145 MDA-MB-231 MRC-5 L929
1 >100 >100 >100 >100 >100
2 294 4+ 0.73 3.90 £0.85 2.35 £ 042 2.02 £0.10 2.00 £ 0.16
3 0.61 £ 0.07 5.13 £ 0.98 0.63 £+ 0.03 1.16 £ 0.01 1.15 + 0.03
4 0.64 £0.04 445+ 0.75 0.62 £+ 0.02 1.09 + 0.06 1.80 +0.13
Fluconazole >100 >100 >100 >100 >100

Clotrimazole 14.47 £ 0.95 15.82 £0.23 10.11 £ 2.43 12.70 £ 0.65 9.74 + 2.05
Ketoconazole 41.85 £ 2.54 47.54 +2.53 10.26 + 1.04 37.50 £ 2.25 16.35 £ 0.47
Cisplatin 14.42 £1.45 2.33 +0.40 2.44 4+ 0.20 23.90 £+ 0.70 16.53 £ 2.38
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Figure 2. (A) Cellular Morphology of MDA-MB-231 treated with complex 3. (B) Effects of complex 3
on MDA-MB-231, A549 and MRC-5 colony formation. Clonogenic assay of untreated cells (control) or
treated with complex 3. (C) Graph of colony area quantification.

Cell migration: Cellular migration occurs during physiological and pathological processes that
play an important role in the progression of various diseases, including cancer. The Boyden chamber
assay is commonly used to measure cell mobility through the PET (Polyester) transwell membrane.
In vitro migration assays are necessary to understand mechanism cell migration and identify inhibitory
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or stimulatory compounds [36]. To investigate the inhibition of cell migration, the invasive breast
MDA-MB-231 cells were treated with different concentrations of compound 3 (lower concentrations
that ICs5p value 1.22 4 0.07 uM, in 24 h). Moderate inhibition of the migration was observed in
the MDA-MB-231 cells, as shown in Figure 3, treated with 0.15 pM and 0.30 uM of compound 3,
an average of 30% and 52% respectively, while treatment with 0.60 uM resulted in significant inhibition
of migration cells (an average of 97%). Similar results described by Chen et al. demonstrated the
inhibition of the migration of MDA-MB-231 cells treated with concentrations of 1.0 to 4.0 uM of
[Ru(phen),-p-MOPIP](PF¢),-2H,O (PIP = 2-phenylimidazo[4,5-f][1,10]phenanthroline), with -OCHj3
on the p-site substitution, a type of Ru polypyridyl complex that has been identified as a potent
antimetastatic agent [37].
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Figure 3. Effects of complex 3 on MDA-MB-231 cell migration in Boyden chambers. Up: Graph of
number of cells. Down: The positive control (C+) represents migrating cells without any treatment and
the negative control (C—) was cells migrating toward an FBS-free medium.

Cell cycle analysis: The ability of a compound to interfere with the distribution of cell cycle
phases can provide information about their mechanism of action. To investigate the mechanism of cell
division and cell cycle analysis, cytometry was performed using propidium iodide DNA staining of
MDA-MB-231 cells following 24 h of treatment with 0.15, 0.30 and 0.60 uM of compound 3. Figure 4
shows the percentage of the sub Gy, Gy/G1, S and G, /M phases of breast tumor cells treated with
compound 3, indicating a decrease in the number of cells in Gy/G; and inducing an accumulation in
the number of cells in the sub-G; phase, similar to other ruthenium-arene complexes [33]. A small
decrease of cells in the S and G, /M phases was also observed. Identification of a sub-G1 cell population
is usually related to apoptotic cells [38], which is a marker of cell death caused by apoptosis, consistent
with the morphological observations described above. A large number of studies have shown that
anticancer drugs can induce tumor cell apoptosis, which is the main objective of malignant tumor
treatment [39].

Cell death analysis: Apoptosis occurs normally during development and aging as a homeostatic
mechanism to maintain cell populations in tissues; in apoptotic cells, in addition to the morphological
changes discussed above, the membrane phospholipid phosphatidylserine (PS) is translocated from the
inner to the outer part of the plasma membrane, thereby exposing PS to the external cellular environment.
Annexin V is a recombinant phosphatidylserine-binding protein that interacts strongly and specifically
with PS residues and can be used to detect apoptosis [40]. Using a vital dye such as 7-Amino-Actinomycin
(7-AAD) can identify early apoptotic cells. The extent of apoptosis for MDA-MB-231 cells caused
by different concentrations of complex 3 was investigated by flow cytometry. Figure 5A shows the
percentage of live cells (PE AnnexinV~, 7-ADD ™, PI"), cells in early apoptosis (PE AnnexinV*, 7-ADD ™,
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PI7), cells in late apoptosis (PE AnnexinV*, 7-ADD*, PI*) and necrotic cells (PE AnnexinV~, 7-ADD™,
PI") after 24 h of exposure. The total of apoptotic cell populations in Figure 5B is expressed as the sum of
percentages of early and late stages of apoptosis. These results indicate that cell death in MDA-MB-231
cells induced by compound 3 is mainly caused by apoptosis in a concentration-dependent way, in
agreement with what was observed for the investigations of the cell death pathway of clotrimazole
ligand, through apoptosis triggered by the displacement of key glycolytic enzymes in breast cancer cell
proliferation [41], as well as for other organometallic Ru-CTZ complexes [17].
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Figure 4. Effects of compound 3 on cell cycle distribution of MDA-MB-231 cells. Cell population
percentages of sub-G1, G0/G1, S and G2/M phases were indicated and statistical analyses are shown
as averages with indicated standard errors (1 = 3).
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Figure 5. Effect of compound 3 on apoptosis in MDA-MB-231 tumor cells. Camptothecin was used as
a positive control for apoptosis. (A) Cytometry analysis, the fluorescence of 7AAD is detected in the
FL3-A channel and the fluorescence of PE Annexin V is detected in the FL2-A channel. (B) Bar chart
showing percentages of apoptotic cells.
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3. Materials and Methods

All the syntheses of the complexes were performed under an argon atmosphere. The ct-DNA,
Hoechst 33258 and HSA were purchased from Sigma-Aldrich (St. Louis, MO, USA). Starting materials
[RuClz(né-p-cymene)]z and [RuClz(n6-p-cymene)(PPh3)] were prepared following the method described
in the literature [42,43]. The organoruthenium complexes 1-4 were synthetized and characterized
previously by us [19].

3.1. Biomolecules Interaction

Fluorescence measurements with HSA: HSA solutions were prepared in a Tris-HCI buffer
(5 mM Tris-HCl and 50 mM NaCl, pH 7.4). A quantitative analysis of the potential interaction
between the complexes and HSA was performed by fluorimetric titration (excitation at 280 nm and
emission at 305 nm) monitored at different temperatures (295 and 310 K) in 96-well plates used for
fluorescence assays. The HSA concentration was kept constant in all samples, while the complex
concentration was increased from 100 to 0.78 uM. The experiments were carried out in triplicate on
a Synergy H1 Multi-Mode Reader (BioTek, Winooski, WI, USA). The equations used to determine
the constant interaction between the albumin and the studied Ru(Il)-azole complexes are in the
supplementary material.

Interaction studies with DNA: Hoechst 33258 displacement assays were recorded from 385 to
650 nm with an excitation wavelength of 343 nm for solutions of ct-DNA (50.0 M), Hoechst 33258
(5.0 uM), and complexes dissolved in DMSO (0-100 uM).

DNA interaction by spectroscopic titration, viscosity, gel electrophorese, circular dichroism and
reaction with guanosine were performed following the same procedure as reported previously [16].

For the determination of total metal content per mg of DNA, 10 mL of complex 4 (0.9 mM)
was mixed with 10 mL of ct-DNA (4.45 mM) obtained a molar ratio of 0.2. After 24 h of incubation,
the DNA was precipitated by adding 30 mL of EtOH and 1 mL of NaCl (2 M) for 10 min. At this
point, the tubes were centrifuged (30 min. at 5000 rpm), the supernatant decanted, and the DNA
was resuspended in water. This precipitation-resuspension cycle was repeated twice and the final
DNA was solubilized in water [31]. The DNA quantification was determinate by electronic absorption
measurements (Hewlett-Packard diode array-8452A, HP, Palo Alto, CA, USA). The Ru content was
analyzed by IPC emission spectrometry (icap 6000 ICP OES, Thermo Fisher Scientific, Waltham, MA,
USA), assisting the digestion of the sample by microwave (Berghof MW, speedwave® DIRC, Eningen,
Germany). Instrument settings, data acquisition parameters and Microwave-assisted acid digestion
specifications are in the supplementary material.

3.2. Biological Evaluations

Cell culture, viability and morphological observations: The cell lines were obtained from
the American Type Culture Collection (ATCC), human tumor cells: A549 (lung, ATCC CCL-185),
MDA-MB-231 (breast, ATCC HTB-26), DU-145 (prostate, ATCC HTB-81), non-tumor cell lines: MRC-5
(lung, ATCC CCL-171) and L929 (mouse fibroblast, ATCC CCL-1) and were cultivated under sterile
conditions in Dulbecco’s Modified Eagle’s medium (DMEM, A549, MDA-MB-231, L929 and MRC-5)
or RPMI 1640 (DU-145) supplemented with 10% of fetal bovine serum (FBS), at 37 °C in a humidified
5% CO, atmosphere. The growth, confluence and the morphology of the cells were observed using an
inverted microscope (Nikon, T5100, Minato, Japan) and microscopic images were captured using a
camera (Motic Moticam 1000, Kowloon Bay, Hong Kong, China). For antiproliferative assays, cells
(1.5 x 10* cells) were seeded in flat-bottom 96-well plates, allowed to attach for 24 h prior to adding the
compounds dissolved in DMSO in eight different concentrations in noneplicate. Cells were incubated
at the time required, and then cell proliferation was determined by the MTT-reduction method. Briefly,
30 uL/well of MTT (1 mg/mL) was added and plates were incubated for 1—4 h at 37 °C. Finally,
the formazan crystal was dissolved by adding 100 puL/well of isopropanol and quantified at 540 nm
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using a multi scanner microplate absorbance reader (Labtech, LT 4000, Heathfield, England). For the
morphological study, 0.8 x 10° cells/well were seeded into 12-well plates. After allowing 24 h to
adhere, images of cells treated with or without compounds were taken at 0, 24 and 48 h.

Clonogenic assay: Growing tumor and non-tumor cells were harvested, counted and seeded
(300 cells) into Petri dishes. Cells were allowed to grow at 37 °C in a humidified 5% CO, atmosphere
overnight and then treated with different concentrations of the compounds 3 for 48 h. At this time
point, the medium was changed without any compound. After incubation for an additional 10 days,
the cells were rinsed with PBS, fixed with a solution 3:1 of methanol: acetic acid for 5 min and stained
with 0.5% crystal violet for 25 min. Relative survival was calculated from the number of single cells
that formed colonies of >50 cells on the 10th day. The covert area by the colonies was calculated with
the Image J software.

Cell migration: The migration assay was performed using a 24-well chamber (BD Biosciences,
Franklin Lakes, NJ, USA). MDA-MB-231 cells (0.5 x 10° /well) were resuspended in FBS free medium
and were added to the upper chamber, together with different concentrations of compound 3. In the
lower chamber, only the medium with FBS was added. The negative control contained FBS free
medium. The chamber incubated for 22 h at 37 °C and 5% CO,. Then, the cells that did not migrate to
the upper surface were removed and the cells attached to the lower section were fixed with methanol,
stained with toluidine blue, and washed with distilled water. Images of migrated cells were captured
and counted using Image J software.

Cell cycle analysis: Cell cycle arrest was evaluated by flow cytometry. Briefly, 1.5 x 10° cells
were seeded into 12-well plates and incubated for 24 h. Compound 3 (0.15, 0.30 and 0.60 puM)
was added to the wells and incubated for 24 h. Then, the cells were trypsinized, collected and
harvested in cold PBS and fixed in ethanol (70%) at —20 °C overnight. After this period, the cells
were centrifuged; the supernatant was discarded and RNase A was added (0.2 mg-mL~!) for 30 min
at 37 °C. Then, the cells were stained with hypotonic fluorochrome solution (P15 pg-mL~!, sodium
citrate 0.1% and Triton-X-100 0.1%) for 1 h. Finally, the cells were analyzed by flow cytometry (Accuri
C6 BD Biosciences).

Cell death analysis: The apoptosis-mediated cell death of MDA-MB-231 cells was examined by
using the Annexin V-FITC Apoptosis Detection Kit (BD Biosciences), according to the manufacturer’s
instructions. MDA-MB-231 cells were treated with compound 3 (6.0, 4.0, 2.0, 0.60, 0.06 uM) for 24 h.
In brief, 1.0 x 10° cells were harvested and washed with PBS and resuspended in 200 pL binding
buffer. Next, 2.5 uL of Annexin V-FITC and 2.5 uL of PI were added. Flow cytometric analysis was
performed immediately after supravital staining. The reading was performed in Accuri C6 flow
cytometer (BD Biosciences) and fluorescence emitted by each dye was quantified using CellQuest
software (BD Biosciences). The criteria for positivity in cells in the early stages of apoptosis were
Annexin V positive and PI negative, whereas the criteria for cells in the late stages of apoptosis were
Annexin V positive and PI positive.

4. Conclusions

Complexes 2—4 bind to HSA with moderate affinity based on the magnitude of their Kj,
(1.78-7.90 x 10° M~1). The thermodynamic parameters helped to understand the interaction between
complexes 2-4 and the HSA molecule. The negative values of AG support the assertion that the
binding process between complex/HSA is spontaneous. The positive AH and AS values of the
interaction of all complexes with HSA indicate that the electrostatic interactions played a major role
in the binding interaction of complex/HSA. A minor groove binding is the interaction suggested
between these ruthenium(Il)-azole complexes and DNA. The biological results showed that complex 2
displayed a very good activity against the tumor cells studied here. Moreover, it was demonstrated
that ruthenium(Il)-azole complexes 34 are significantly active in the inhibition of the proliferation of
selected human tumor cells at a very low level of concentration. The phosphine used as an auxiliary
ligand seems to have a significant effect on the remarkable biological activity observed for complexes
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3 and 4. Further studies will be conducted to establish a better structure—-activity correlation and to
identify the main target of these promising metallodrugs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-6740/6/4/132/s1,
Figure S1: Spectrofluorometric titration spectra of HSA with ruthenium compounds 2-4. Figure S2: 'H NMR
spectrum of guanosine and complex 3 at different times (only resonances of H8, NH and NH2 are assignments).
Figure S3: Hoechst 33258 (H33258) displacement assay for metal complexes 2-4. Figure S4: 31 P{'H} NMR spectrum
in the mixture 70:30 DMSQO: Culture medium (DMEM) of complex 3 at different times.
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Abstract: The HIV nucleocapsid protein NCp7 was previously shown to play a number of
roles in the viral life cycle and was previously identified as a potential target for small
molecule intervention. In this work, the synthesis of the previously unreported complexes
[Au(dien)(1MeCyt)]**, [Au(N-Medien)(1MeCyt)]**, and [Au(dien)(Cyt)]** is detailed, and the
interactions of these complexes with the models for NCp7 are described. The affinity for these
complexes with the target interaction site, the “essential” tryptophan of the C-terminal zinc finger
motif of NCp7, was investigated through the use of a fluorescence quenching assay and by
TH-NMR spectroscopy. The association of [Au(clien)(1MeCyt)]3Jr as determined through fluorescence
quenching is intermediate between the previously reported DMAP and 9-EtGua analogs, while the
associations of [Au(N—Medien)(1MeCyt)]3+ and [Au(dien)(Cy’c)]3Jr are lower than the previously
reported complexes. Additionally, NMR investigation shows that the self-association of relevant
compounds is negligible. The specifics of the interaction with the C-terminal zinc finger were
investigated by circular dichroism spectroscopy and electrospray-ionization mass spectrometry.
The interaction is complete nearly immediately upon mixing, and the formation of Au,F"* (x =1,
2, or 4; F = apopeptide) concomitant with the loss of all ligands is observed. Additionally, oxidized
dimerized peptide was observed for the first time as a product, indicating a reaction via a charge
transfer mechanism.

Keywords: gold; zinc finger proteins; 1-methylcytosine; gold fingers; fluorescence quenching;
mi—7t stacking; protein-DNA recognition

1. Introduction

Gold compounds have a long history in medicinal chemistry. The thiophilic nature of gold
suggests sulfur-rich proteins, such as thioredoxin, as reasonable cellular targets for gold action [1].
Au(Ill) is quite labile in its chemistry and is susceptible to reduction to Au(I) [1]. Apart from the inherent
difficulty in understanding speciation of an Au(III) complex in a biological medium, nonselective
interactions are also highly likely. This is especially true when highly nucleophilic sulfur sites in
proteins are considered as viable targets. Formally, substitution-inert coordination spheres, such as
MNy or MN3L (where M = Pt, Au and Ny may be an N3 chelate such as diethylenetriamine (dien)
and L a purine or pyrimidine ligand), have been explored by our group for greater specificity with
biomolecules [2]. In principle, we suggested that highly nucleophilic cysteines of biomolecules can be
targeted using weak nucleophiles, such as platinum-nucleobase PtN, complexes for selective peptide
reactions [2]. Although Au(Ill) is more chemically reactive than Pt(II), the same principle applies [3].
A complementary approach to enhance selectivity in metal ion-biomolecule interactions involves using
an inherent property of the protein along with appropriate design of the small molecule. A two-stage
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approach to selectivity can then be envisaged: Molecular recognition followed by “fixation”, where the
inorganic moiety forms covalent linkages to the protein of interest. In this contribution, we summarize
how this approach might work using formally substitution-inert platinum-metal nucleobase complexes
and a tryptophan-containing zinc finger peptide from the HIV nucleocapsid protein HIVNCp?7.
Specifically, we describe the synthesis and properties of Au(Ill)-1-MeCytosine complexes and their
interactions with the C-terminal NCp7-F2 targeting the essential tryptophan of the protein.

Zinc binding proteins are one of the most common types of metalloprotein and make up as much
as 10% of proteins found in humans [4]. In these proteins, zinc can serve a catalytic role, a structural
role, and even a recently discovered inhibitory role [5,6]. In zinc-finger proteins, the zinc serves a
structural role, binding in a tetrahedral geometry to four surrounding amino acids [7]. These amino
acids are generally a combination of cysteines and histidines, and take the forms Cys,His;, Cys;HisCys
(Cys3His), or Cysy. The modification of the zinc-coordinating residues can have a dramatic effect on
protein function [8]. The HIV nucleocapsid protein (NCp7), a 55 amino acid protein that contains
two CyszHis zinc fingers (Figure 1), has been identified as a potential target for chemical intervention
through the modification of these structural elements. It was previously shown that alteration
of the zinc coordination sphere significantly hinders viral replication [5]. NCp?7 interacts with its
polynucleotide substrate, viral RNA, through guanine stacking with both W37 on the second C-terminal
zinc finger motif, as well as through the phenylalanine (F16) located on the first zinc finger [5,9].
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Figure 1. Structures of the complexes studied. Metal binding sites are highlighted in red.

NCp7 recognition by small molecules can be optimized through a noncovalent —m stacking
interaction between the “essential” tryptophan residue and metallated nucleobases, analogous to
the RNA(DNA) interaction. Previously reported gold (IIT) complexes based on [Au(dien)L]** (dien
= diethylenetriamine; L = N-heterocycle) were investigated for their ability to stabilize the Au(III)
oxidation state, as well as their ability to eject zinc from zinc-finger proteins [10-13]. In the case of
coordination complexes, this interaction brings the metal center in close contact with the highly
nucleophilic zinc-bound cysteine residues, allowing for a secondary electrophilic attack by the
metal center, resulting in zinc ejection [2,10]. Changing the N-heterocyclic ligand can be used
to fine-tune the electronic properties of the metal center in order to impart higher selectivity for
the protein of interest. To this end, the [Au(dien)L]** coordination sphere was studied with the
previously uninvestigated ligand 1-methylcytosine (1-MeCyt). Compared to the N-heterocycles
4-Dimethylaminopyridine (DMAP) and 9-Etylguanine (9-EtGua), the free ligand 1-MeCyt has a higher
association constant with tryptophan [14]. Additionally, 1-MeCyt has an intermediate basicity (pKa
= 4.45) relative to DMAP (pK, = 9.1) and 9-EtGua (pK,y7) = 2.7) [15]. Previously, basicity of the
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heterocycle was thought to be proportional to association constant in the [Au(dien)(N-heterocycle)]**
motif [10]. The [Au(dien)(1-MeCyt)]** is, to our knowledge, the first 1-MeCytosine compound of
Au(TII) to be synthesized, and it completes the series of Pt(IT) and Pd(IT) complexes [M(dien)L]"** (L =
9-EtGua, 1-MeCyt) studied for their isostructural and isoelectronic similarities [14,16,17]. We report the
synthesis of the [Au(dien)(1-MeCyt)]** (A), [Au(N-Medien)(1-MeCyt)]** (B), and [Au(dien)(Cyt)]**
(C) (Figure 1). The associative interaction with N-Acetyl-L-tryptophan (NAcTrp) as a model for
the recognition site of NCp7 (W37) was probed through the use of a fluorescence quenching assay.
Additionally, the interactions with the C-terminal zinc finger of NCp7 (Figure 1) were investigated by
mass spectrometry and circular dichroism spectroscopy.

2. Results

2.1. Synthesis and Characterization

The previously unreported complexes A, B, and C (Figure 1) were successfully synthesized
in accordance with previously published methods [10]. The 'H-NMR spectra of the complexes A
and B show multiple protonation states with varying pH* (Figure S1, see Supplementary Materials),
analogous to previously reported 9-EtGua analogs [10]. As 1-MeCyt does not have a labile proton,
the changes in the shifts observed with changing pH may be due to the previously reported
deprotonation of the dien-chelate, likely at the central nitrogen in the case of A, and at the terminal
nitrogen in the case of B (pK; = 3.3 for 9-EtGua analog) [10]. By analogy with the Pd and Pt
complexes, [14], the N3 is assigned as the binding site to Au(IIl). Unique to the 1-MeCyt complexes,
the signals for the aromatic H6 protons split. This splitting of the aromatic protons is not observed in
the complex of C nor in the platinated analog, and highlights the increased electronegativity of Au(III)
relative to Pt(II) [3,17].

The mass spectra of A and B are typical of many coordination complexes because the parent
ion peak is nearly indistinguishable from the background. However, the Au(llI)-diethylenetriamine
backbone bound to fragments of 1-MeCyt is observed, indicating that the desired product had been
obtained (Figure S2). Synthesis of the ribosylated analog of [Au(Dien)(Cycl)]3+ (Cyd = cytidine) was
attempted, but the recovered yellow product quickly turned purple, indicating the formation of
colloidal gold (reduction of the metal center to Au(0)).

2.2. Determination of Tryptophan Affinity by Fluorescence Quenching

Complexes A, B, and C were titrated into a solution of NAcTrp, and fluorescence quenching was
used to determine the affinity (Figure 2). The data was found to be statistically significant (p-values =
4%107%5% 1075, and 9 x 1071 for A, B, and C, respectively). Complex B shows a lower affinity
for NAcTrp (K; =13.0 x 103 M’l) than the DMAP and 9-EtGua analogs. The association constant
for A, as determined by tryptophan quenching (24.2 x 103 M™1), is intermediate between that of the
DMAP and 9-EtGua analogs, while C has a lower association constant (9.31 x 103 M~1). The synthesis
and study completes the isoelectronic and isostructural series [M(dien)L]"*, where M = Pd(II), Pt(II),
and Au(Ill), and L = purine, 9-Ethylguanine, or pyrimidine, 1-meCytosine [10,17]. Figure 2 shows how,
for this closely related series, the electronic factors from individual metal ions can be modulated to
control the tryptophan affinity to some extent [14].
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Figure 2. Association constants for [M(dien)(nucleobase)]"* determined by fluorescence quenching
of NAcTrp [10,16,17].

2.3. Interactions With Zinc Finger Proteins

Circular dichroism (CD) can be used to gain qualitative information about the structure of the
zinc-finger protein. As previously described, the zinc-finger structural motif, shown in the second
finger of HIV-NCp?7, has a characteristic positive band at 220 nm and a negative band at 195-200 nm [18].
The CD spectrum of the C-terminal zinc-finger motif of NCp7 (NCp7-F2) was recorded before and
after incubation with one equivalent of A, and the interaction was monitored for 4 h (Figure 3).
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Figure 3. Circular dichroism (CD) spectrum of a 1:1 mixture of the C-terminal zinc-finger of NCp7 and
A, monitored over 4 h. The characteristic positive band is indicated by an arrow.

Similarly to all previously studied gold(IlI)-dien complexes, the interaction with A results in rapid
zinc ejection. The decrease seen in the positive band at 220 nm and the increase seen in the negative
band at 200 nm upon interaction are indicative of random coil, and are similar to the previously
reported CD spectrum of the apopeptide [11]. Thus, it is assumed that the zinc was ejected very rapidly.
Additionally, the spectrum does not change over the remainder of the next 4 h, indicating that the
reaction is complete after 15 min. After a 15 min incubation with B, the result was also zinc ejection
(data not shown).

The mass spectra of a 1:1 mixture of NCp7-F2 and A were recorded immediately after mixing,
after 6 h, and after 24 h (Figure 4a, Figures S3 and S4). The spectra did not change substantially
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from the initial timepoint to the final measurement, supporting the results obtained in the CD
spectra and in the previous literature that the interaction between Au(Ill) complexes and zinc-finger
peptides occurs rapidly. At the time of the initial measurement, the zinc-coordinated peptide is not
observed. Additionally, all Au-bound ligands are lost, and only the well-described “gold fingers” are
observed [11]. Replacement of zinc by one, two, and four atoms of gold was observed: 605.4805 m/z
(4+),438.1595 m/z (6+), and 1003.2671 m /z (3+), respectively. This is the first instance that incorporation
of four gold atoms has been observed upon interaction with a single zinc-finger motif. Oxidized
apopeptide (without zinc) is the most readily observable species: 741.3176 m/z (3+) and 1111.4739 m/z
(2+). An unusual feature, previously unseen in our studies, is the presence of oxidized dimerized
apopeptide assigned to the mass observed at 889.5802 m1/z for the n = 5 charge state.
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Figure 4. Mass spectra of a 1:1 mixture of A (a) and B (b) with the C-terminal zinc-finger of NCp?7.

The mass spectra of a 1:1 mixture of NCp7-F2 and B taken immediately upon mixing and after
one hour of incubation show essentially the same products as the spectra observed upon interaction
with A (Figure 4b, Figure S5). Additionally, there is little difference in the initial spectrum and spectra
obtained at later time points, again indicating that the reaction between NCp7-F2 and B is very rapid.
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Oxidized peptide and oxidized dimerized peptide were seen again, as well as the incorporation of
one, two, and four gold ions. Generally, since the ligands are not observed attached to gold after
interaction with zinc-finger proteins, the species observed in the mass spectra of the reaction with A
and B are identical.

2.4. Cyclic Voltammetry

Cyclic voltammetry (CV) studies of complexes A and B showed that the new complexes follow
the trend of resistance toward reduction, seen in the previously studied DMAP and 9-EtGua analogs
(Table 1) [10]. The reduction is irreversible in both complexes, and no other redox events were observed.
The reduction potentials were determined relative to [AuCl(dien)]**. The reduction potential of A is
intermediate between the previously studied DMAP and 9-EtGua analogs, and the Au(III) oxidation
state is stabilized relative to the AuCINj3 coordination sphere. The reduction potential of B is slightly
higher than the previously studied DMAP analog, but is still slightly lower than the chloride analog.

Table 1. Peak potential values (vs Ag/AgCl) for the reduction of selected Au(Ill) complexes at a
platinum disc electrode relative to [AuCl(dien)]**. Measurements were obtained in 50 mM phosphate
buffer (4 mM NaCl, pH =7.4).

Complex AE, (V) Ref.
[Au(dien)(9-EtGua)]** —0.069 [10]
[Au(dien)(1-MeCyt)I>* (A) —0.052 -
[Au(dien)(DMAP)]3* —0.048 [10]
[AuCI(N-Medien)]%* +0.048 [10]
[Au(N-Medien)(1-MeCyt)]** (B) +0.045 -
[Au(N-Medien)(DMAP)]3* +0.042 [10]
[Au(N-Medien)(9-EtGua)]** +0.017 [10]

3. Discussion

The synthesis of complexes A and B serves to complete the series of complexes of the form
[M(dien)(1-MeCyt)]"*, in which the Pt(II) and Pd(Il) complexes, both isoelectronic and isostructural to
the Au(III) complexes investigated in this work, had been previously investigated. However, the Au(III)
analog had remained unreported up to this point.

Tryptophan is present on the C-terminal zinc-finger of NCp7 and plays an essential role in
protein-DNA /RNA recognition, which occurs through a —m stacking interaction between the aromatic
tryptophan (or in the case of the full peptide, phenylalanine) residues and the nucleobases in
DNA/RNA [14,19]. Previously, it was shown that association with free N-Acetyl-L-tryptophan
(NACcTrp) is a good indicator of a compound’s affinity for the full protein. The fluorescent emission
of NAcTrp can be quenched by a complex that interacts with NAcTrp in a 7t—m stacking interaction,
and the degree to which the fluorescent emission is quenched is directly related to the strength of the
interaction [3,10-12,14,15].

Compared to the Pt(Il) and Pd(Il) analogs, the Au(IIl) complexes show a higher affinity for
NAcTrp, consistent with the previous literature [5,20]. The lower affinity of B for NAcTrp than the
DMAP analog and similar affinity compared to the 9-EtGua analog is surprising given the intermediate
basicity of 1-MeCyt. The result for A is as expected, as the basicity of free 1-MeCyt is intermediate
between that of DMAP and 9-EtGua, but the results obtained for B and C show that there are factors
other than the basicity that influence the associative interaction. Therefore, it is likely that the N-methyl
group present on the chelating ligand in B causes a lower association constant for the — stacking
interaction with NAcTrp than in A. This shows that the modulation of the electronic environment
of the metal center can influence the interactions between the complex and the protein recognition
element. However, this reduction upon methylation of the chelating ligand is only observed to a lesser
extent in the 9-EtGua analog.
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Mass spectrometry studies with the previously reported Au(Ill) analogs showed that the
formation of random coil observed by CD was accompanied by the formation of “gold fingers,”
in which one or more atoms of gold replaced the zinc in the zinc-finger structure upon zinc
ejection [10]. The observation of oxidized apopeptide is indicative of disulfide bond formation between
cysteine molecules of the same peptide, while the observation of oxidized dimerized apopeptide
is indicative of disulfide bond formation between cysteine residues of different protein molecules.
These interactions would likely be facilitated by the reduction of the metal center from Au(Ill) to
Au(I)/Au(0). This interaction is in contrast to the interactions observed in the Pt(Il) analogs, in which
reduction and incorporation of the Pt(II) metal center is not seen. Instead, the metal center is observed
with the ligands intact and with the zinc still incorporated [3,5,20]. Like previously reported aurated
DMAP and 9-EtGua analogs, but unlike the platinated analogs, peaks representing the unreacted
zinc-finger protein are not seen at the initial time point, highlighting the increased reactivity of the
Au(III) metal center. The incorporation of four equivalents of gold was thought to be due to a difference
in the redox properties of A and B when compared to the previously studied Au(IIl) analogs. Therefore,
CV studies were carried out in order to assess these differences.

CV showed that it is significantly easier to reduce cytosine and thymine than it is to reduce
adenine and guanine [21]. In the context of interaction with zinc-finger peptides, this reduction would
be accompanied by disulfide bond formation. In this case, the greater ease of reduction may cause
the occurrence of a charge transfer mechanism, in which the disulfide bond formation occurs across
two equivalents of the peptide, forming the oxidized dimerized peptide uniquely observed in the
case of A and B, in contrast to the simple oxidation of one equivalent of zinc finger. Whereas this
latter oxidation is easily understood with reduction of Au(III) to Au(I) and concomitant oxidation of
two Zn-bound cysteines, the first step in peptide dimerization may be an electron transfer between
the 1-MeCyt ligand to the tryptophan ligand. This suggestion would explain why similar products
would not be seen in the isostructural Pt(II) complexes, as the platinum center is not reduced upon
interaction with zinc-finger peptides, while a charge transfer mechanism must occur with concomitant
reduction of the metal center [22]. No evidence for self-association was observed by NMR studies for
A or for free ligands (Figure S6). Previously published work discussed the reduction potential and
accessibility of the cysteine residues of the C-terminal zinc finger, and this data suggests that disulfide
bond formation would likely occur between C39 residues (Figure 5), as C39 has a reduction potential
nearly as low as that of C49 (—33.35 vs. —35.91 mV) but has a much greater accessibility (52.88 vs.
15.17) [22]. It is also possible that reduction of multiple molecules of A or B could also result in the
formation of multiple disulfide bonds, in which case both C49 and C39 could form disulfide bonds to
form the dimer.

KGCWKCGKEGHQMKDCTER
KGCWKCGKEGHQMKDCTER

Figure 5. Illustration of disulfide bond formation. Zinc coordinating residues are highlighted in red.
4. Materials and Methods

[AuCl(dien)]Cl, and [AuCl(N-Medien)]Cl, were synthesized according to previously published
procedures [23]. The 1-methylcytosine was synthesized and purified according to previously published
procedures [24,25]. The addition of the N-heterocycles were carried out analogously to previously
published procedures [10]. The apoNCp7-F2 was purchased from GenScript (Piscataway, NJ, USA).
NCp7-F2 was prepared according to previously published procedures [10]. All nuclear magnetic
resonance (NMR) studies were carried out in deuterium oxide on a Bruker AVANCE III (400 MHz)
(Bruker, Billerica, MA, USA). CD studies were carried out at 50 uM concentrations in water on a
Jasco J-1500 spectrometer (Jasco, Easton, MD, USA). Mass spectrometry studies were carried out on a
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Thermo Electron Corporation Orbitrap Velos mass spectrometer (Thermo Scientific, Waltham, MA,
USA). Mass spectrometry samples were prepared at 10 uM concentrations in 10% methanol, and were
sprayed at 2.30 kV and 0.9 pL/minute at 230 °C.

Synthesis of [Au(dien)(1-Mecyt)[(NO3)3 (A): [AuCl(dien)]Cl, (101.2 mg, 0.249 mmol) was
dissolved in dH,O (10 mL).The 1-methylcytosine (30.2 mg, 0.242 mmol) and silver nitrate (125.4 mg,
0.738 mmol) were added, and the reaction mixture was stirred under light protection for 72 h.
The precipitated silver chloride was removed by filtration through celite, and the filtrate was
evaporated to dryness under reduced pressure. The orange/yellow residue was dissolved in a
small amount of dH,O, and acetone was added to the cloud point. The orange/yellow solid product
was collected by vacuum filtration and characterized by 'H-NMR, infrared spectroscopy, and elemental
analysis (experimental (theoretical)): C: 14.46 (14.62) H: 2.81 (2.86) N: 17.70 (17.17). 'H NMR (D,0O,
400 MHz): 7.83,7.73 (d, 1H), 6.14 (d, 1H), 3.69 (broad, 6H), 3.45 (s, 3H), 3.18 (broad, 2H). UV-Vis (1 mM,
H,0): 237 nm (Abs = 3.98), 357 nm (Abs = 0.408).

Synthesis of [Au(N-Medien)(1-MeCyt)[(NO3)3 (B): [AuCl(N-MeDien)]Cl; (100.12 mg, 0.238 mmol)
was dissolved in dH,O (10 mL). Silver nitrate (121.4 mg, 0.715 mmol) and 1-methylcytosine (29.8 mg,
0.238 mmol) were added and the reaction mixture was stirred under light protection for 4 days.
The reaction mixture was filtered through celite and the solvent was evaporated under reduced
pressure. The resulting crude product was dissolved in a small amount of water and excess acetone
was added to precipitate the yellow product, characterized by TH-NMR, Far-IR, and elemental analysis
(experimental (theoretical)): C: 16.77 (17.20) H: 3.33 (3.46) N: 17.69 (18.05). 'H-NMR (D,0O, 400 MHz):
7.82,7.72 (d,1H), 6.13(d, 1H), 4.21, 4.09 (m, 4H), 3.65 (m, 3H), 3.46 (d, 2H), 3.38 (s, 3H), 3.19 (m, 2H).
UV-Vis (1 mM, Hy0): 237 nm (Abs = 3.94), 352 nm (Abs = 0.921).

Synthesis of [Au(dien)(Cyt)[(NO3)3 (C): [AuCl(dien)]Cl, (100.44 mg, 0.168 mmol) was dissolved
in dH,O (10 mL). Cytosine (28.2 mg, 0.164 mmol) and silver nitrate (85.61 mg, 0.506 mmol) were added,
and the reaction mixture was stirred under light protection overnight. The precipitated silver chloride
was removed by filtration through celite, and the filtrate was evaporated to dryness under reduced
pressure. The orange residue was dissolved in a small amount of dH,O, and acetone was added to the
cloud point. The orange solid product was collected by vacuum filtration. 'H-NMR (D,0O, 400 MHz):
7.64 (d, 1H), 6.06 (d, 1H), 3.52 (t, 4H), 2.99 (broad, 4H).

Fluorescence quenching of tryptophan: Tryptophan quenching methods were adapted from
those previously published [10]. A solution of N-acetyl-L-tryptophan (5 uM) was titrated with the
Au(III) complexes (7.5 mM) in amounts ranging from 1-10 equivalents of quencher. The decrease in
fluorescence intensity of N-acetyl-L-tryptophan was plotted using the Eadie-Hofstee method in order
to determine the association constant.

Determination of self-association by NMR spectroscopy: Varying concentrations (0.1-2.5 mM) of
N-heterocycle and gold(ITT) complex were analyzed by 'H-NMR. The degree of self-association was
determined by previously published methods [26]. The change in chemical shift with increasing
concentration was fitted to the equation &y = {[—Kys+ (K3 + 8CKL1)1/2]/4C}((5M —dp) + p.
Microsoft Excel Solver was used to solve the three-variable equation.

Cyclic voltammetry: CV studies were carried out following the previously published
procedures [10]. A three-electrode cell was employed, containing a platinum disk working electrode,
a platinum mesh counter electrode, and a silver/silver chloride reference electrode (0.1 M KCI).
Solutions were degassed with nitrogen for 15 minutes before analysis. Measurements were obtained in
50 mM phosphate buffer (4 mM NaCl, pH = 7.4).

5. Conclusions

In conclusion, the previously unreported 1-methylcytosine complexes based on the [Au(dien)
(N-heterocycle)]3* motif, A, and B, have been synthesized and investigated for their ability to interact
with the C-terminal finger of the HIV nucleocapsid protein NCp7 as a model for a protein with
highly nucleophilic cysteines. Gold compounds are considered to primarily interfere with protein,
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rather than DNA, function. In considering the series [M(dien)L]"*, the electronic properties can be
modulated systematically for optimal protein interaction. A key feature leading to the rational design
of complexes of the form [Au(dien)L]** is the enhancement of the redox stability of the complexes
relative to the precursor [AuCl(dien)]**, due to the incorporation of a more substitution inert nitrogen
donor in the form of an N-heterocycle [9]. In the case of the more sterically hindered complex B,
the reduction potential is greater than the chloride analog [AuCI(N-Medien)]**, and is in line with the
reduction in stabilization of the gold(IlI) oxidation state seen in the complex [Au(N: -Medien)(DMAP)]?*.
The aurated nucleobase may interact preferentially with an RNA(DNA) recognition motif, such as
tryptophan. Formation of oxidized dimerized peptide was observed in the mass spectrometry studies
conducted with NCp7-F2, and indicated a difference in the reactivity profile of A and B compared
to the previously studied DMAP and 9-EtGua analogs. These results further confirm that tuning the
electronic and steric properties of the ligands on the Au(Ill) coordination sphere can modulate the
strength of interaction between complexes of the [Au(dien)(N-heterocycle)]** motif and a zinc finger a
systematic manner.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-6740/7/1/1/s1:
Figure S1: The 'H-NMR spectra of A (left) and B (right) at varying pH* values, where pH?* is the reading of the pH
meter; Figure S2: Mass spectra of A (left) and B (right); Figure S3: Mass spectrum of A with NCp7-F2 immediately
after mixing; Figure S4: Mass spectrum of A with NCp7-F2 6 hours after mixing; Figure S5: Mass spectrum of B
with NCp7-F2 1 hour after mixing; Figure S6: Self-association determination of DMAP, NAcTrp, 9-EtGua, and A.
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Abstract: Since the discovery of cisplatin and its potency in anticancer therapy, the development of
metallodrugs has been an active area of research. The large choice of transition metals, oxidation
states, coordinating ligands, and different geometries, allows for the design of metal-based agents
with unique mechanisms of action. Many metallodrugs, such as titanium, ruthenium, gallium,
tin, gold, and copper-based complexes have been found to have anticancer activities. However,
biological application of these agents necessitates aqueous solubility and low systemic toxicity.
This minireview highlights the emerging strategies to facilitate the in vivo application of metallodrugs,
aimed at enhancing their solubility and bioavailability, as well as improving their delivery to tumor
tissues. The focus is on encapsulating the metal-based complexes into nanocarriers or coupling to
biomacromolecules, generating efficacious anticancer therapies. The delivery systems for complexes
of platinum, ruthenium, copper, and iron are discussed with most recent examples.

Keywords: metallodrugs; nanoparticles; dendrimers; nanotubes; liposomes; biomacromolecules;
encapsulation; targeting; micelles

1. Introduction

Cisplatin was the first Food and Drug Administration (FDA)-approved metallodrug for the
treatment of solid tumors. Cisplatin, or cis-diamminedichloroplatinum (II), is a square planar
coordination complex with two chlorine and two amine ligands in cis configuration. The cytotoxic
effects of cisplatin originate from the formation of active cis-[Pt(NH3),(H,O), 12+ species that bind to
nuclear DNA distorting the helical structure, and interfere with DNA replication and transcription
inducing cancer cell apoptosis [1,2]. However, the major limitation of cisplatin is the formation of active
species in the systemic circulation. The fast exchange of chloride ligands to water leads to high systemic
toxicity and limits the clinical dose of the drug [3]. Therefore, often sub-therapeutic concentrations of
cisplatin reaching cancer cells leads to minor DNA damage, DNA repair, and eventually might lead to
the growth of resistant cells. Developing platinum-resistance is a major problem in cisplatin-based
therapy [4,5]. Carboplatin and oxaliplatin are second-generation platinum complexes approved by
the FDA for use as anticancer drugs. They are characterized with lower toxicity profiles, broader
spectrum of action, and overcoming resistance in some types of tumors. However, analogous to
cisplatin mechanism of action hampers elimination of all problems associated with Pt(Il) therapy.
Therefore “trans” geometries [6-9], polynuclear [10-14], or platinum (IV) prodrugs [15,16] have been
explored as possible alternatives, but none have yet entered the clinic. Importantly, high efficacy
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of platinum paved the way for the development of other transition metal complexes, many with
outstanding cytotoxic properties against cancer cells.

Transition metals form complexes of multiple geometries based on the number of coordination
sites, offering a stereoisomeric diversity higher than carbon. In addition, a synthesis of metallodrugs
requires fewer steps when compared to organic compounds. This is accompanied by a myriad choice
of coordinating ligands [17] facilitating fine-tuning the properties of metal-based complexes [17,18].
The octahedral titanium species cis-diethoxy-bis(1-phenylbutane-1,3-dionato)titanium(IV) [(bzac),
Ti(OEt),] (budotitane), was the first non-Pt(Il) metal compound that reached clinical trials [19].
Following this, ruthenium-based complexes were explored showing fewer side effects when
compared to platinum-based agents and activity against Pt-resistant cancers [20-22]. Two ruthenium
derivates, imidazolium frans-DMSO-imidazole-tetrachlororuthenate (NAMI-A) and imidazolium
trans-[tetrachlorido(DMSO)(1H-imidazole)ruthenate(Ill)] (KP-1019), have been tested in clinical
trials [22,23]. KP-1019 showed efficacy towards primary tumors, such as colon cancer, without
triggering systemic toxicity, while NAMI-A was not cytotoxic but demonstrated activity
against metastases. Moreover, NKP-1339 (the sodium salt analogue of KP1019, sodium
trans-[tetrachloridobis(1H-indazole)ruthenate(IIl)]) has successfully completed a phase I clinical
trial [24]. NKP-1339 is Ru(III) that binds to serum proteins albumin and transferrin, which transport
and deliver the metallodrug to the tumor tissue. Once inside endosomes, NKP-1339 reduces to Ru(II).
Recently, new designs of ruthenium complexes are emerging that include Ru(n°-CsHs) core. This class
of Ru(II) compounds demonstrates enhanced selectivity and effectiveness, for example ruthenium
pyridocarbazole (DW1/2) showed inhibition of protein kinase in vitro [22,25,26]. Other transition
metal complexes include redox-active mono(thiosemicarbazone) copper compounds [27-29],
nucleic acid-targeting gold(I) complex auranofin [30], or osmium(II) arene complexes that act on
mitochondria [31]. Figure 1 shows a few examples of metallodrugs, including platinum, ruthenium,
gallium, and titanium complexes that were found to have anti-cancer activities [32,33].
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Figure 1. Chemical structures of representative Pt, Ru, Ti, and Ga anticancer drugs.

However, major challenges in the clinical application of metallodrugs, when delivered
via conventional intravenous methods, include limited aqueous solubility and short in vivo
half-lives, resulting in inadequate bioavailability and low accumulation in the tumors. Therefore,
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many approaches have been proposed to address these limitations, and the main strategies focus on
exploring nanotechnology-based systems [34,35]. This minireview discusses the examples of synthetic
nanoparticles as well as biological carriers used to increase the solubility, reduce the systemic toxicity,
increase cancer-cell delivery, or achieve cancer-specific targeting of metallodrugs.

2. Synthetic Nanocarriers

The important advantages of nano-based systems for drug delivery applications are high
stability, loading capacity, possibility to incorporate hydrophobic or highly toxic drug molecules,
and, depending on the core material used, achieving controlled or sustained drug release. This can
sharply improve the solubility and bioavailability of the drugs, as well as their pharmacokinetics,
while reducing the side effects associated with therapy [36,37]. The nanoparticles can accumulate in
the tumor through the enhanced permeability and retention (EPR) effect [38]. In EPR the nanoparticles
extravasate through the impaired tumor vasculature, and the lack of appropriate lymphatic drainage
leads to their prolonged retention in the tumor tissue. The degree of nanoparticle accumulation in the
tumor via EPR depends on the tumor’s type and size. The most pronounced EPR effect was observed
in pancreatic, colon, breast, and stomach cancers. Also, a higher accumulation of nanoparticles was
found in larger tumors [39].

In addition, the versatility of nanoparticle technologies and coating strategies, allows the design
of nanoparticle systems capable of cancer cell recognition and selective tumor targeting [40-42].
The advantages of nanocarriers heighten the drug payload within the tumor, thereby improving the
therapeutic outcomes. Table 1 summarizes the nanocarrier-based systems for metallodrug delivery
that have entered clinical trials.

Table 1. Representative metallodrug delivery systems that have entered clinical trials.

Delivery Active Drug Formulation Clinical Status Tumor Target Identifier
System
oxaliplatin AP5346 Phase I Head and Neck NCT00415298
Polymeric cancer
nanoparticles oxaliplatin NC-4016 Phase I Colorectal cancer NCT03168035
cisplatin NC-6004 Phase IIT Pancreatic cancer NCT03109158
cisplatin Lipoplatin Phase I Lung cancer NCT02702700
. . Opvarian, Breast and NCT01861496
Liposome cisplatin SPI-077 Phase [, I Skin cancer NCT00004083
Advanced
oxaliplatin Lipoxal Phase I gastrointestinal NCT00964080
cancer
Inorgartlc iron oxide Ferumoxytol Early Phase I Glioblastoma NCT00660543
Nanoparticles

Data are gathered from www.clinicaltrials.gov.

2.1. Liposomes

Liposomes, discovered in 1960s, are one of the first nanosized vehicles used in drug delivery
applications. They are spherical vesicles having an aqueous core surrounded by lipid bilayers, a similar
morphology to cellular membranes [43]. Liposomes are ideal to encapsulate hydrophilic drugs in an
aqueous core, but the hydrophobic therapeutics can also be entrapped within a lipid bilayer. Liposomes
are considered one of the most successful drug delivery vehicles to date [44], with several formulations
approved by the FDA for anticancer therapy and available in the clinic [43,45].

The liposomal formulations of cisplatin have been the most studied including LiPlaCis, SPI-77,
L-NDDP, or lipoplatin [46,47]. Lipoplatin has successfully completed Phase I, Phase II, and Phase III
human clinical trials. It is a liposome with diameter of ~110 nm with long in vivo half-life of ~120 h,
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and was found to effectively accumulate into tumors, while reducing major toxicities associated with
cisplatin [48,49]. Tumoral accumulations with up to ten to 200-fold increase versus normal tissue were
reported [48,49]. However, the liposomal formulations did not enhance the clinical efficacy of cisplatin,
possibly due to inadequate release of the drug in the tumor [50].

The liposomal formulations of Ru have also been proposed [51,52] Shen et al. demonstrated
encapsulation of ruthenium polypirydine complex [Ru(phen), dppz](ClO4); in a liposome
carrier (Lipo-Ru), composed of dipalmitoylphosphatidylcholine (DPPC), cholesterol, and
distearoylphosphatidylethanolamine (DSPE)-PEG (polyethylene glycol). The schematic of the Lipo-Ru
is presented in Figure 2A. The presence of dipyridophenazine (dppz) ligand in the complex served
as a “light switch” that emitted when nitrogen atoms of dppz were exposed to the hydrophobic
environment of the lipid bilayer [51]. Lipo-Ru was an example of a theranostic system, where drug
delivery, as well as imaging studies, can be accomplished using a single platform [53]. The fluorescent
properties of the nanocarrier were demonstrated using confocal imaging of cells incubated with
Lipo-Ru (Figure 2B). The average diameter of Lipo-Ru was 82.53 4 2.66 nm with Ru loading of 4% [51].
The liposomes were stable under physiological conditions and biologically active. The in vitro studies
using triple negative breast cancer cells demonstrated high cytotoxicity of Lipo-Ru and low ICsq value
of 4 uM.
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Figure 2. (A) Schematic Representation of Lipo-Ru liposomes, and (B) confocal microscopy images of
tumors 2 h post injection of Lipo-Ru. Lipo-Ru particles are shown in red and highlighted with white
arrows. Nuclei are stained in blue with DAPI. Reprinted with permission from reference [51].

2.2. Micelles

Micelles are simple nanostructures formed from amphiphilic molecules, they range in size between
5 and 100 nm, and are considered to be suitable for drug delivery applications [54]. Micelles are
spherical ellipsoid systems that self-assemble in an aqueous environment to form a hydrophobic
monolayer in the core and a polar surface. Micelles disintegrate slowly upon the interaction of polar
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groups with water, which leads to pore formation within the hydrophobic part and effective drug
escape from the core.

Micelles delivering metallodrugs have been investigated [55-60]. One strategy involved the covalent
attachment of the drug directly to the micelle to avoid its premature release in the circulation [55-59].
Sentzel’s group has developed micelles to deliver Pt(II) and Ru(Il) complexes to cancer cells [61-64].
They used various lengths of poly[oligo(ethylene glycol) methyl ether methacrylate] (POEGMEMA) and
1,1-di-tert-butyl 3-(2-(methacryloyloxy)ethyl) butane-1,1,3-tricarboxylate (PMAETC) block copolymers
with pendant bidentate carboxylate ligands to form a carboplatin-like complex directly on the
polymer [62]. The length of hydrophobic PMAETC block was varied and micelles with the shortest
PMAETC block showed highest Pt(II) loading of 83%, smallest hydrodynamic diameter of ~77 nm,
faster Pt(II) release, and higher cytotoxicity towards lung cancer cells than micelles with longer
PMAETC blocks. A similar approach was used to prepare ruthenium micelles of RAPTA-C [RuCl,
(p-cymene)-(PTA)] [63]. RAPTA-C limits growth of solid tumor metastases, and its mechanism of
action relies on inducing cancer cell apoptosis by triggering G2/M phase arrest. However, RAPTA-C
suffers from poor delivery efficacy [65]. The amphiphilic polymers containing the water-soluble
1,3,5-phosphaadamantane (PTA) ligand were used to attach RAPTA-C [63]. The polymers were
modified with fluorescein enabling in vitro evaluation of the micelle uptake by cancer cells.
Encapsulation into micelles showed increased cellular uptake of RAPTA-C and a ten-fold increase in
toxicity in ovarian cancer cell lines, when compared to a free drug.

2.3. Polymeric Nanoparticles

Poly(lactic-co-glycolic) acid (PLGA) [66] is an FDA-approved biodegradable slow-releasing
polymer exhibiting a wide range of erosion times [67]. At present, many PLGA-based formulations
are at the pre-clinical stage [68,69]. Recently, PLGA nanoparticles incorporating ruthenium-based
radiosensitizer, Ru(phen),(tpphz)** (phen = 1,10-phenanthroline, tpphz = tetrapyridophenazine)
(Rul), were investigated as a combination therapy in oesophageal cancer cells [70]. The nanoparticles
were formed via a double emulsion evaporation method from a polymer:drug mixture at the ratio of
1:6.25, respectively, resulting in drug loading of 1.14%. The surface of the nanoparticles was modified
with metal ion chelator diethylenetriaminepentaacetic acid (DTPA) for '''In radiolabelling, and the
targeting ligand for human epidermal growth factor receptor (EGFR). The schematic of the nanoparticle
is shown in Figure 3A. The Rul is electron-dense and can be clearly distinguished inside the PLGA
core. The in vitro studies showed higher nanoparticle uptake in EGFR-overexpressing oesophageal
cancer cells, when compared to cells with normal EGFR levels. Importantly, co-delivery of My
and Ru1 led to synergistic cytotoxic effects through 'In radiotoxicity and DNA damage fortified
by Rul intercalating properties, resulting in enhanced therapeutic outcomes (Figure 3B). In another
approach, Ru(ll) was encapsulated into PLGA nanoparticles with a diameter of ~100 nm and evaluated
in two-photon-excited photodynamic therapy (PDT) [71]. The nanoparticles showed cytotoxic effects
in vitro on C6 glioma cells.

Yang et al. coordinated Pt (IV) to diamminedichlorodihydroxyplatinum (DHP) polymer or its
dicarboxyl derivative diamminedichlorodisuccinatoplatinum (DSP) [72]. The platinum(IV)-polymer
conjugates were easily reduced in acidic conditions producing active Pt(II) species. The constructs
were cytotoxic in vitro towards breast (MDA-MB-468, MCF-7) and ovarian cancer (SKOV-3) cell lines,
and in vivo evaluation showed accumulation of the conjugates in the tumor.

Earlier reports on Pt(IV) prodrugs delivery using polymeric carriers include the work of
Dhar et al., where Pt(IV) complex was loaded into PEG-PLGA nanoparticles, and the nanoparticle’s
surface was decorated with aptamer targeting ligand for prostate-specific membrane antigen
(PSMA) [73]. The in vitro studies demonstrated higher cytotoxicity of nanoparticle Pt(IV) formulation
towards prostate cancer cells than the free drug. Furthermore, Aryal et al. conjugated Pt(IV) to PLA of
PEG-PLA block copolymer, using acid labile bonds [74]. The nanoparticles formed from the construct
had an average diameter of about ~100 nm, and showed a controlled acid-responsive drug release.
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Also, Rieter et al. synthesized the nanoparticles by precipitation of disuccinatocisplatin (DSCP) with
Tb%* ions [75]. The nanoparticles were stabilized with a shell of amorphous silica and showed higher
than cisplatin in vitro cytotoxicity.
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Figure 3. (A) The ruthenium(II) metallo-intercalator and radiosensitizer, Rul, is encapsulated within
Poly(lactic-co-glycolic) acid (PLGA) core and nanoparticles are surface labeled with 111 In-DTPA-hEGF,
bottom—chemical structure of Rul. (B) Clonogenic survival assays of OE21 or OE33 cells exposed
to "'In radiolabelled hEGF-PLGA nanoparticles with or without Rul-loading (24 h incubation time).
Non-radiolabelled nanoparticles (in equivalent concentrations; 0 to 1000 ug mL 1) and free "1 InCly
(in equivalent specific activity) are included as controls. Data points are the mean of triplicates 4+ S.D.
Reprinted with permission from reference [70].

In another example, Keppler’s group used poly(lactic acid) nanoparticles stabilized with Tween
80 surfactant, as a delivery vehicle for KP1019 [76]. The mean diameter of the nanoparticles was
164 £ 10 nm with ruthenium loading of about 2.4 umol and 95% loading efficiency. The nanoparticles
were stable for at least 25 days. The in vitro testing with colon carcinoma SW480 and the hepatoma
Hep3B cell lines demonstrated higher cytotoxicity of the formulation versus free KP1019. Interestingly,
the interaction of Ru(III) with Tween 80 led to an exchange of one chlorido ligand and reduction of
Ru(III) to Ru(Il), the 20-fold higher in vitro biological activity of the construct was observed.

2.4. Carbon Nanotubes (CNTs)

Carbon nanotubes, high aspect ratio nanomaterials, have been considered as drug delivery
vehicles primarily due to their excellent cellular penetration ability, and hollow interior capable of
incorporating high payloads of drug molecules. The major challenge in biological use of CNTs is their
toxicity. However, large surface area of CNTs and the choice of surface chemistries can potentially
alleviate this problem by introducing additional functionalities to increase biocompatibility [77].

Several carbon nanotube-based carriers have been developed for Pt(IV) prodrug delivery [78-83].
In one example, two different diameters of multi-walled carbon nanotubes were examined to deliver
Pt(IV) to HeLa cells [82]. The cells internalized the CNTs-Pt effectively, with the larger diameter
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CNTs-Pt showing higher cytotoxicity than the smaller one or free drugs. Importantly, low toxicity was
observed after the incubation of CNTs-Pt with murine macrophages.

Zhang et al. encapsulated ruthenium(Il) complexes into single-walled carbon nanotubes for
photothermal and photodynamic therapy with near-infrared (NIR) irradiation [84]. Ru(II) complexes,
were sonicated with SWCNTs for 4 h to produce Ru@SWCNTs. The schematic of the construct and
TEM image are shown in Figure 4A. Ru(Il) encapsulated into SWCNTs via 7-7 interactions, and Ru(II)
loading was 15.4 pg/mL at SWCNTs concentration of 34.6 ug/mL. The irradiation with an 808 nm
diode laser led to localized photothermal effects due to light absorption by SWCNTs, while released
Ru(IT) complexes produced singlet oxygen species (O,). The synergistic effect led to tumor ablation
in vivo. The thermographs from the in vivo studies are shown in Figure 4B.
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Figure 4. (A) Schematic design of Ru@SWCNTs. (B) Thermographs of tumor-bearing mice receiving
photothermal treatment with Rul@SWCNTs different periods of time (0 to 5 min). Reprinted with
permission from reference [84].

A similar approach was used by Wang et al., where a Ru(Il) polypyridyl complex was loaded
in multi-walled carbon nanotubes producing RuPOP@MWCNTs delivery system [85]. The cellular
uptake and efficacy of the construct was evaluated in drug-resistant R-Hep-G2 liver cancer cells.
The RuPOP@MWCNTs entered cells via endocytosis, and higher uptake was observed in cancer cells
than in normal cells. Also, the system was evaluated with clinical X-rays, and resulted in reactive
oxygen species (ROS) overproduction, which induced cancer cell apoptosis.

2.5. Inorganic Nanoparticles

Inorganic nanoparticles have been applied in anticancer therapy as either therapeutic agents
or as carrier vehicles for small drug molecules. Their advantages include unique physicochemical
properties, large surface area, and versatility of surface chemistries for ligand attachment, as well as
biocompatibility [86].

Several groups have studied gold nanoparticles as a delivery system for platinum-based
agents [87-91]. In one example by Xiong et al., cisplatin was complexed onto a gold nanoparticle
modified with tripeptide and a folic acid-PEG linker [87]. The laser irradiation led to Pt (II) release
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either through the ligand exchange with chloride ions, or Au-S bond cleavage and peptide—folate—Pt
conjugate release from the surface of the nanoparticle. The cytotoxic effects were evaluated against
folate-overexpressing human epidermoid carcinoma KB cells, where the nanoparticles showed high
biological activity.

Pramanik et al. also used gold nanoparticles to deliver a copper(Il) diacetyl-bis(N4-
methylthiosemicarbazone) complex [92]. The loading strategy involved the attachment of the Cu(II)
complex to the linker containing disulfide bond in the middle and carboxylic acid end. The linker-Cu(II)
was loaded onto the gold nanoparticle surface modified with the amine terminated PEG. The schematic
of the nanoparticle is shown in Figure 5A. In addition, the attachment of biotin on the nanoparticle’s
surface provided cancer specific targeting, as fast proliferating cells demand biotin and often
overexpress the biotin receptors on their surface. The in vitro and in vivo studies showed activity
towards HeLa cells and a HeLa cell xenograft tumor model, respectively. The 3.8-fold reduction in
tumor volume was observed with the Cu(Il)-nanoparticle treatment (Figure 5B).

The use of selenium nanoparticles as carrier vehicles for metallodrugs has also been
reported [93,94]. Sun et al. investigated the cytotoxicity of selenium nanoparticles stabilized with
thiolated Ru(II)-polypyridyl complexes [93]. The fluorescent properties of the nanoconstructs allowed
the imaging studies of Ru(II)-Se nanoparticle uptake by cancer cells. The Ru(II)-Se nanoparticles
inhibited tumor growth and angiogenesis in vivo in a xenograft HepG2 tumor model.
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Figure 5. (A) Schematic illustration for the synthesis of PEG stabilized gold nanoparticles and
nanoconjugates. (B) In vivo anticancer activity of AuNPs in mice bearing HeLa xenografts. *** indicates
p < 0.001. Reprinted with permission from reference [92].

Liu et al. synthesized folic acid-conjugated selenium nanoparticles as a carrier for ruthenium
polypyridyl [94]. Similarly to previous reports, the nanoparticle was modified with folic acid for
cancer cell targeting, and the system exhibited fluorescent properties allowing the imaging of the
nanoparticle trafficking inside the cell. The main goal of this study was to overcome the multidrug
resistance using the proposed nanoparticle system. The in vitro studies with multidrug resistant cells
R-HepG2 demonstrated high toxicity through up-regulating the ROS level inside the cells triggering
mitogen-activated protein kinases (MAPKSs) and protein kinase B (AKT) pathways for cancer cell death.

Mesoporous silica nanoparticles also emerged as nanocarriers for metal-based complexes.
The advantages of silica carriers include chemical stability, ease of surface modification with
different functional groups for subsequent drug conjugation, as well as a tunable pore diameter [95].
Gomes-Ruiz’s group employed mesoporous silica nanoparticles as carriers for tin, titanium,
and ruthenium complexes [34,96-103]. Interestingly, they observed that the entire nanostructure
of mesoporous silica—drug conjugate was involved in triggering cancer cell apoptosis, and only a
small release of the encapsulated metallodrug was contributing to cytotoxic effects. This work was
pioneering as it pointed towards a non-classical mechanism of action usually observed for these types
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of systems. This was highlighted in a recent publication by this group, where the complexes of tin and
titanium were immobilized onto silica-based material SBA-15 (Santa Barbara Amorphous-15) modified
with the aminodiol ligand 3-[bis(2-hydroxyethyl)amino] propyltriethoxysilane [102]. This construct
was used as a support to attach diorganotin(IV) compound, SnPh,Cl,, and two titanocene derivatives,
TiszClz ([Ti(nS—C5H5)2C12] and TleCpPthClz ([Ti(T]S—C5H5) (T‘|5—C5H4CHPth)C12] (Ph = C6H5,'
Nf = C19Hy). The tin loading was determined to be 12 wt % and titanium 3.2 and 2.0 wt %, respectively.
The pore diameter of mesoporous silica decreased from 5.4 nm to 3.3 nm after the drug conjugation.
The apoptotic effects have been studied in three different cancer cell lines: Human DLD-1 colon
carcinoma, A2780 ovarian carcinoma and A431 epidermoid carcinoma. Although the observed drug
release was low, only 10% of loaded tin and 1% of titanium from the constructs, the cancer cell viability
was markedly reduced. It was found that silica-tin nanostructures induce apoptosis through the
Fas—FasL system while silica-titanium constructs interfere with the TNF-« pathway. Therefore, it was
concluded that the factors contributing to cancer cell death were small release of metallodrug from
mesoporous silica as well as the presence of the nanoconstruct itself.

Other groups have investigated biomimetic hydroxyapatite nanocrystals as the delivery
vehicles for platinum (II) [104-106]. The advantage of hydroxyapatite nanostructures is their
intrinsic biocompatibility with biological systems since they are mineral constituents of bone [107].
For example, Natile’s group used hydroxyapatite nanocrystals to deliver two platinum derivatives
of cis-1,4-diaminocyclohexane ([PtX;(cis-1,4-DACH)], X; = Cl, and 1,1-cyclobutanedicarboxylate
(CBDCA) [105]. The complexes were adsorbed on the surface of the nanocrystals and the
systems were tested in different cancer cell cultures. The in vitro studies included human colon
(LoVo) and lung (A549) cancer cells as well as human osteosarcoma cells sensitive (U20S) and
resistant (U20S/Pt) to cisplatin. The release of the complexes was accelerated at lower pH
associated with the tumor’s microenvironment, upon dissolution of hydrohyapatite nanocrystals.
The hydroxyapatite-PtX;(cis-1,4-DACH) nanoconstruct has proven to be more cytotoxic than the other
derivative, primarily due to its fast release from the nanocrystals.

2.6. Dendrimers

Dendrimers are nanoscale macromolecules that have a spherical three-dimensional morphology
and are formed by a successive addition of layers of branching groups. The step-wise synthesis of
dendrimers provides the control over the number of branches, producing different generations of
the dendrimers with distinct size and molecular weight. The external layer of the dendrimer has
functional groups that can provide solubility or serve as an anchoring site to attach additional ligands.
The drug molecules can be encapsulated in the interior of the branches or attached to the surface
groups. Dendrimers can be composed of any type of monomer, and thus a variety of dendrimers exists,
with many showing low cytotoxicity profiles while applied in biological settings [108].

Dendrimers have been investigated for the delivery of metallocomplexes [109-114]. For example,
Gouveia et al. produced low generation dendrimers modified with an organometallic compound
of Ru(Il) [110]. The nitrile poly(alkylidenimine) dendritic scaffolds of different sizes were modified
with an organometallic fragment [Ru(n®-C5Hs)(PPhs),]* attached to the peripheral end groups of the
dendrimers. The Ru(II)-dendrimers showed high biological activity in vitro against different cancer
cell lines, such as Caco-2 (colon adenocarcinoma), CAL-72 (osteocarcoma), and MCF-7 (breast cancer).
In addition, the metallodendrimers showed cytotoxicity higher than cisplatin in ovarian A2780 cells
and A2780-platinum resistant cells.

In another example, Smith’s group studied organometallic dendrimers of diaminobutane
containing ruthenium(Il)-p-cymene, ruthenium(Il)-hexamethylbenzene, rhodium(Ill)-cyclopentadienyl,
and iridium(III)-cyclopentadienyl moieties [113]. The biological activity of the metallodendrimers was
evaluated in vitro using A2780 cisplatin-sensitive and A2780cisR cisplatin-resistant human ovarian
cancer cell lines as well as a non-tumorigenic HEK-293 human embryonic kidney cell line. All constructs
showed cytotoxicity but the most pronounced effects were observed for ferrocenyl-derived
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ruthenium(Il)-hexamethylbenzene metallodendrimer. Importantly, all metallodendrimers showed
lower cytotoxicity towards non-malignant cells. Interestingly, it was proposed that the possible mode
of action of these constructs might involve non-covalent interactions with DNA.

Li et al. formulated supramolecular dendritic system for Pt(II) delivery (Figure 6). The building
blocks included the lipoic acid functionalized dendrons, Pt(II)-PEG conjugate, and a NIR fluorophore
for in vivo imaging purposes [114]. The core was bridged via disulfide bonds and incorporated
Cy5.5 dye, while Pt(II)-PEG conjugate was attached to the terminal carboxyl groups of lipoic acid.
Pt(IT) formed carboplatin-like complex with the carboxyl groups of the acid, and PEG moiety provided
the shell of the nanoplatform. The in vitro studies with lung adenocarcinoma A549 cells showed
internalization of the nanostructures via endocytosis and high cytotoxicity, while in vivo studies
demonstrated efficacy comparable to cisplatin with avoiding the nephrotoxicity. NIR imaging revealed
the localization of nanostructures in vitro and in vivo facilitating the determination of Pt(II) delivery
to target sites.
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Figure 6. (A) Schematic illustrations for molecular and supramolecular engineering of theranostic
supramolecular PEGylated dendritic systems. (B) Dynamic Light Scattering (DLS) results (in aqueous
solutions) and TEM images for Theranostic supramolecular PEGylated dendritic systems (TSPDSs).
Reprinted with permission from reference [114].

3. Biological Carriers

Natural biomacromolecules, such as proteins and peptides, are attractive carriers for small drug
molecules due to their inherent biodegradability, biocompatibility, low toxicity, and high aqueous
solubility. Additionally, biological drug carriers can recognize tumor markers overexpressed by cancer
cells, which has been readily used in targeted therapies. Finally, peptides and proteins are easy to
manufacture and stable, which is often challenging to accomplish with synthetic nanoparticles [115].

3.1. Peptides

The delivery of metallodrugs using peptides as biological carriers has been investigated.
Wilodarczyk et al. used the SV40 large T antigen-derived PKKKRKYV peptide known as nuclear
localization sequence (NLS) peptide, as a carrier to deliver Pt(Il) therapy [116]. The NLS peptide
is a recognition signal on proteins facilitating the nuclear transport of biomolecules. In the study,
the N-terminal of the NLS peptide was modified with malonic acid derivative during the solid-state
peptide synthesis, and the carboplatin-like complex was formed directly on the peptide from activated
Pt(Il). The schematic of the construct is presented in Figure 7A. The solubility of the Pt-NLS hybrid
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was 50 mg/mL, which was much higher than that of native carboplatin (10 mg/mL). The construct
was found to effectively translocate through the cellular membrane (Figure 7B) and deliver platinum
to the nucleus. Importantly, the Pt-NLS hybrid showed high biological activity in ovarian cancer cell
lines, overcoming platinum resistance. This can be attributed to higher Pt(II) content in the resistant
cells. The quantification of Pt(II) in the nucleus from two isogenic A2780 (Pt sensitive) and CP70 (Pt
resistant) cells showed that in A2780 cells one Pt(II) was attached every 20th DNA turn, while in CP70
cells every 10th turn.
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Figure 7. (A) Chemical structure of the Pt(Il)- nuclear localization sequence (NLS) hybrid. (B) Viability
of platinum sensitive (left) and resistant (right) cells after 72 h incubation with Pt-NLS hybrid and
controls. * Each column represents the mean and standard deviation of N = 3 and p < 0.005. Reprinted
with permission from reference [116].

Similarly, Noor et al. used the NLS peptide to form ferrocene-NLS conjugate [117]. The ferrocene
carboxylic acid was attached to the N-terminus of the NLS peptide. The evaluation of the conjugate
with Hep G2 cells did not show the cytotoxic effects. However, the presence of metallocene moiety
increased the cellular uptake of the construct, which can potentially serve as a platform to add
additional functionalities. The same group tested the cobaltocenium-NLS conjugates prepared using
the same approach, and also observed the enhanced cellular accumulation of the construct [118].
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3.2. Antibodies and Proteins

Antibody-drug conjugates (ADC) represent a highly potent class of therapeutics that combines
precise cancer cell recognition by monoclonal antibodies mAb with cell killing by small molecule drugs.
The ADC conjugates with metallodrugs have also been developed. Recently, Gupta et al. reported a
Pt(II)-based linker that can re-bridge the inter-chain cysteines in the antibody [119]. The schematic of
the construct is shown in Figure 8A. This strategy resulted in ADC-Pt(Il) constructs with higher stability
than conventional ADCs connected via maleimide-based chemistry, reducing the drug exchange with
blood serum albumin and off-target toxicity. The ADC-Pt(II) demonstrated high toxicity in vitro,
and the in vivo studies using the A549 non-small cell lung cancer model showed marked tumor growth
inhibition (Figure 8B) with up to ~80% of apoptotic cells in tumor sections. This novel technology can
be extended to various types of antibodies with a potential to target multiple malignancies.

Hanif et al. demonstrated the functionalization of Ru(Il) (arene) complexes with maleimide.
The complexes alone were characterized in vitro with human ovarian (CH1), colon (SW480),
and non-small cell lung cancer (A549) cells, and showed high biological activity. The complexes
were attached to thiolated biomolecules, such as Cysteine (Cys), glutathione (GSH), N-acetylcysteine
(NAC), and N-acetylcysteine methyl ester (N-AcCysMe), as well as human serum albumin
(HSA) [120]. The coupling of the complexes to biomolecules was fast and was completed within
1 h, while binding to HSA occurred in 72 h. These results demonstrate an effective approach to attach
the maleimide-modified metallodrugs to Cys-containing carrier biomolecules.

In A different approach, Zhang et al. studied the delivery of vanadocene dichloride
(Cp2VClp) using human serum transferrin (h-Tf) and apotransferrin (apo-Tf) plasma proteins [121].
The transferrin protein has two Fe(IIl) binding sites and its primary role is to transport iron. It was
demonstrated that Cp, VCl, could bind with h-Tf/apo-Tf by noncovalent conjugation at pH 7.4 and 4.8.
Moreover, the conjugates showed dose-dependent cytotoxicity towards human lung adenocarcinoma
cell line A549. Interestingly, higher cytotoxicity was observed for the vanadocene—protein conjugates
than for the free complex.
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Figure 8. (A) Pt(II)-linker re-bridges the antibody chains with strong Pt-S interaction imparting stability,
homogeneity and site-specificity. (B) In vivo efficacy of the Ctx-Pt~-PEG-CPT treated animals showed
significant differences in tumor volume compared with the control group (p < 0.016), with a tumor
growth inhibition (TGI) of 55%. Reprinted with permission from reference [119].

4. Conclusions

In summary, nanocarriers have proven to be powerful tools in enhancing the delivery of
metallordrugs to cancer cells. Nanotechnology offers versatility in nanostructure synthesis methods and
choice of materials, giving the control over physicochemical properties of the final nanodelivery system.
This also allows encapsulating metallodrugs at sufficient payload, increasing their solubility, limiting
the release in the systemic circulation preventing toxicities, and eventually heightening their efficacy
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in vivo. The main advantage of long-circulating nanocarriers is their accumulation in the tumor via
EPR, which leads to increased drug payloads in the tumor. Moreover, the nanodelivery vehicles can be
decorated with targeting ligands that further enhance the entry into cancer cells via receptor-mediated
endocytosis. Furthermore, incorporating fluorescent dyes to the nanocarriers allows unique theranostic
applications. Another attractive strategy involves conjugation of metallodrugs to biomacromolecules,
such as antibodies or functional peptides. They are cheap, easy to produce, stable, and, most
importantlym inherently biodegradable. Also, superior cancer cell recognition can be achieved
using mAb, which, coupled to metallodrugs, amplifies their intracellular delivery. The biological
carriers might be extended even further to include vitamin-mediated drug targeting [122,123]
or steroid-conjugates [124]. These systems have the potential to evolve into highly efficacious
metallodrug-based therapies.
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Abstract: Tetrazolato-bridged dinuclear platinum(II) complexes ([{cis-Pt(NHjz)z}2(n-OH)(u-5-R-
tetrazolato-N2,N3)]**; tetrazolato-bridged complexes) are a promising source of next-generation
platinum-based drugs. B-Cyclodextrin (3-CD) forms inclusion complexes with bulky organic
compounds or substituents, changing their polarity and molecular dimensions. Here, we determined
by '"H-NMR spectroscopy, the stability constants for inclusion complexes formed between 3-CD
and tetrazolato-bridged complexes with a bulky, lipophilic substituent at tetrazole C5 (complexes
1-3, phenyl, n-nonyl, and adamantyl substitution, respectively). We then determined the in vitro
cytotoxicity and in vivo antitumor efficacy of complexes 1-3 against the Colon-26 colorectal cancer
cell line in the absence or presence of equimolar 3-CD. Compared with the platinum-based anticancer
drug oxaliplatin (1R,2R-diaminocyclohexane)oxalatoplatinum(II)), complex 2 had similar cytotoxicity,
complex 3 was moderately cytotoxic, and complex 1 was the least cytotoxic. The cytotoxicity of the
complexes decreased in the presence of 3-CD. When we examined the in vivo antitumor efficacy of
complexes 1-3 (10 mg/kg) against homografted Colon-26 colorectal tumors in male BALB/c mice,
they showed a relatively low tumor growth inhibition compared with oxaliplatin. However, in the
presence of 3-CD, complex 3 had higher in vivo antitumor efficacy than oxaliplatin, suggesting a new
direction for future research into tetrazolato-bridged complexes with high in vivo antitumor activity.

Keywords: anticancer drug; cancer; cyclodextrin; drug discovery; platinum

1. Introduction

Platinum(II) coordination compounds are an important group of pharmacophores in cancer
chemotherapy. The first Pt(I) coordination compound approved for clinical use was cisplatin
(cis-diamminedichloridoplatinum(II)) in the 1970s [1-3], and since then, other related compounds have
been developed—such as carboplatin (cis-diammine(1,1-cyclobutanedicarboxylato)platinum(II)) [4,5]
and oxaliplatin (1R,2R-diaminocyclohexane)oxalatoplatinum(II)) [6,7] —which have fewer side effects
than cisplatin and have been approved for different clinical applications (Figure 1). These Pt-based
drugs remain some of the most utilized agents in current cancer chemotherapy.

Inorganics 2019, 7, 5; d0i:10.3390/inorganics7010005 127 www.mdpi.com/journal/inorganics
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Figure 1. Chemical structures of (a) the platinum-based anticancer drugs cisplatin, carboplatin,
and oxaliplatin, (b) the tetrazolato-bridged complexes 5-H-Y and 1-3, and (c) 3-cyclodextrin (3-CD).

Platinum(II) complexes with the general formula cis-[PtL,X;] (Where L = an ammine or amine,
and X = a leaving group, such as a halide or dicarboxylate) and antitumor efficacy are mostly much
less effective against cisplatin-resistant cancer cells than against its parent cancer cells, due to their
similar DNA-binding modes [8-10]. Therefore, we have been systematically modifying these general
Pt(II) complexes [11-13] to provide structurally unconventional platinum complexes with antitumor
spectra distinct from those of current platinum-based drugs [14-18].

The importance of the platinum-DNA interaction for antitumor efficacy has been shown
for cisplatin, which forms covalent DNA adducts, such as 1,2-intrastrand and interstrand
crosslinks [19-24], that induce local conformational changes in the DNA structure. Although these
conformational changes are major determinants of the cytotoxicity of cisplatin, it remains unknown
whether the most important factor in cytotoxicity is the formation of the DNA adducts themselves or the
resulting conformational changes. We hypothesized that DNA adduct formation is the most important
factor and thus designed azolato-bridged dinuclear Pt(Il) complexes with the general formula
[{cis-Pt(NH3), }o-(u-OH)(p-azolato)]?* (azolato = pyrazolato, 1,2,3-triazolato, or tetrazolato) [11-13]
that can crosslink two adjacent nucleobases with minimal kinking of the double helix [25,26] and
escape from the DNA repair systems of tumor cells [27,28]. These complexes consist of two Pt(II)
coordination spheres bridged by azolato and hydroxo anions, the latter of which acts as a leaving
group, enabling bifunctional covalent binding to DNA. Due to their positive charges, these complexes
have multimodal DNA binding modes [29,30], a characteristic that makes these series of complexes
cytotoxic in many human tumor cell lines and circumvents the cross-resistance to cisplatin [31-34].

Recently, we reported the structure-activity relationships of a series of tetrazolato-bridged dinuclear
platinum(Il) complexes ([{cis-Pt(NH3),}o-(1-OH)(u-5-R-tetrazolato-N2,N3)|%*; tetrazolato-bridged
complexes) with a diverse range of substituents introduced at tetrazole C5 of [{cis-Pt(NH3),}>-
(u-OH)(u-tetrazolato-N2,N3)]** (5-H-Y) and concluded that this series was a promising source
of next-generation platinum-based drugs. For instance, against the mouse homografted Colon-26
colorectal tumor, two of the derivatives exhibited much higher in vivo antitumor efficacy than
oxaliplatin [35], which is currently used for the treatment of colorectal cancer.

To build on our previous research, here we report the invitro cytotoxicity and in vivo
antitumor efficacy of three tetrazolato-bridged complexes, each with a bulky, lipophilic
substituent at tetrazole C5 ([{cis-Pt(NHj3)z}2(n-OH)(p-5-phenyltetrazolato-N2,N3](NO3), (1),
[{cis-Pt(NH3)2}2(u-OH)(pu-5-nonyltetrazolato-N2,N3] (NOg3), (2), and [{cis-Pt(NH3)2}2(1u-OH)(p-5-
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adamantyltetrazolato-N2,N3] (NO3), (3)), against the Colon-26 colorectal cancer cell line.
We hypothesized that the addition of the bulky, lipophilic substituents would increase the membrane
permeability of the complexes and thereby increase antitumor efficacy. We also examined the effects
of the presence of -cyclodextrin (3-CD) on the actions of the compounds because 3-CD can form
an inclusion complex with bulky organic compounds or substituents and change their polarity or
molecular dimensions, thereby altering their efficacy compared with the non-complexed compound.

2. Results

2.1. Determination of the Stability Constant of Inclusion Complexes with B-CD

3-CD is a cyclic oligosaccharide comprising seven («-1,4)-linked D-glucopyranose units arranged
in a doughnut shape, with a hydrophilic outer surface and a somewhat lipophilic central cavity
(Figure 1). Generally, 3-CD increases drug permeability through biological membranes and improves
drug bioavailability. To find out if this is also true for tetrazolato-bridged complexes, we determined the
stability constants (Ks) for inclusion complexes formed between complexes 1-3, oxaliplatin, or 5-H-Y
and B-CD. The K, values were determined from the "H-NMR chemical shift of the Pt(II) complexes
(0.2 mM) in different concentrations of 3-CD (0.2-2 mM) in D,O at 293 K. The K values shown in Table 1
were obtained using the Benesi-Hildebrand equation [36-38], assuming a 1:1 guest/host interaction
(Pt(II) complex/ 3-CD). For complexes 1-3, the observed linear correlation (Figure 2) confirmed that
they formed a 1:1 inclusion complex with 3-CD. No definite directional downfield /upfield shift or
chemical shift change in protons originating from the guest compounds was observed for oxaliplatin
or 5-H-Y, in the presence of 3-CD, within the concentration range examined. This implied that they
weakly associate with 3-CD and that the 1:1 inclusion complexes for complexes 1-3 were formed
via interactions between the substituent at tetrazole C5 and the lipophilic surface inside the 3-CD
cavity. The highest stability constant was obtained for complex 3 (adamantyl group at tetrazole C5) and
decreased by approximately one order of magnitude in the following order of complexes: 3 > 2 (n-nonyl
group at tetrazole C5) > 1 (phenyl group at tetrazole C5). The order of the stability constants was
somewhat consistent with previously reported data: The stability constants for complexes containing
adamantane moieties are between 10* and 10° M1 in water [39,40], those for a series based on the
cationic surfactant cetyltrimethylammonium bromide (CTAB) are mostly within the range of 103 to
10* M1 [41], and those for benzene [42] or phenylalanine [43] are less than 103 M~ L. The K; value for
the inclusion complex between complex 3 and 3-CD indicates that they form a tight inclusion complex,
in which the adamantyl group is located within the 3-CD cavity. It is generally considered that 3-CD
affects drug biodistribution and elimination only when Kj is greater than 10° M~! [44]. Therefore,
the in vivo antitumor efficacy study described in later sections was performed with a 1:1 (molar ratio)
mixture of complex 3 with 3-CD, in addition to complex 3 alone, to examine how the formation of the
B-CD inclusion complex affects tumor growth inhibition.

140 -10 450

100 23
20 \

0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 "0 1000 2000 3000 4000 5000
1/(H], (mM-) 1/(H], (M) 1/(H], (mM?)

(a) (b) (c)

Figure 2. Benesi-Hildebrand plots of 0.2 mM of complexes 1 ((a) R2 =0.997), 2 ((b), RZ = 0.999) and
3 ((¢) R? = 0.990) for various concentrations of 3-CD (0.2-2 mM) at 293 K in D,0, as assessed by 'H
NMR titration.
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Table 1. Stability constant (Ks) of Pt(Il) complex/p-cyclodextrin (3-CD), as determined from the
TH-NMR chemical shift of Pt(II) complexes (0.2 mM) in different concentrations of 3-CD (0.2-2 mM) in

D,0 at 293 K.
Pt(II) Complex KyM™1
Oxaliplatin n.d.?
5-H-Y n.d.?
1 (1.81 + 1.28) x 103
2 (1.30 £ 0.26) x 10*
3 (1.27 £ 0.03) x 10°

@ Not determined since no definite directional downfield /upfield shift or no chemical shift change on protons
originating from the guest compounds was observed.

2.2. In Vitro Cytotoxicity

We evaluated the invitro cytotoxicity of four platinum(ll) complexes—5-H-Y and
complexes 1-3—against the Colon-26 colorectal cancer cell line in the absence or
presence of equimolar B-CD. Oxaliplatin was used as the positive control. The Colon-26
cells were exposed to each of the compounds for 24 or 48 h, after which an MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt) assay was used to determine the half-maximal inhibitory concentrations (ICs) of the
complexes (Table 2). As expected, the longer exposure time (48 h) provided lower ICs values for
all of the tested compounds in the absence of 3-CD. When the shorter exposure time was used
(24 h), in the absence of 3-CD, 5-H-Y had the highest cytotoxicity and was approximately 20 times
more cytotoxic than oxaliplatin; complex 2 had a level of cytotoxicity similar to that of oxaliplatin,
complex 3 was moderately cytotoxic, and complex 1 had the least cytotoxicity. 3-CD alone showed
no cytotoxicity (data not shown). In the presence of 3-CD, the cytotoxicity of each of the complexes
decreased, particularly that of oxaliplatin (24-h exposure), complex 1 (48-h exposure) and 3 (both 24 h
and 48 h exposure). Only complex 3 showed a marked decrease in cytotoxicity at both exposure
times, probably because this complex possessed an adamantyl group and so likely formed a tight
inclusion complex with 3-CD, as indicated by the K value of the 1:1 inclusion complex. In contrast,
for 5-H-Y, which did not have an additional substituent, and complex 2, which had a phenyl group at
tetrazole C5, there was little difference between the ICsy values in the absence or presence of 3-CD
(+B-CD/—p-CD ratio in Table 2).

Table 2. Invitro cytotoxicity (ICsg) of oxaliplatin, 5-H-Y, and derivatives of 5-H-Y with bulky
substitutions at tetrazole C5 (complexes 1-3) against Colon-26 colorectal cancer cells in the absence
(—=B-CD) or presence (+3-CD) of B-cyclodextrin (3-CD). +3-CD/—f3-CD values are the ratios of the
mean ICs( values in the presence or absence of 3-CD.

Mean ICsy = SD/uM (n = 6)

Pt(II) Complex

—B-CD +B-CD +B-CD/—B-CD
Oxaliplatin (24 h) 2 1143 28+ 3 25
Oxaliplatin (48 h) 57 +1.2 79 +03 1.4
5-H-Y (24 h) @ 0.59 + 0.21 0.74 + 0.03 1.3
5-H-Y (48 h) b 0.23 + 0.09 0.25 + 0.02 1.1
1(24h)2 >360 >270 -
1(48h)P 43 +1 >270 >6.3
2(24h)? 63+0.7 5.6+ 0.5 0.9
2(48h)b 49406 74402 15
3(24h)? 1134+ 8 >270 >2.4
3(48h)P 109 + 10 >270 >2.5

2 Exposed to the Pt(IT) complex for 24 h; ® exposed to the Pt(IT) complex for 48 h.
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2.3. In Vivo Antitumor Efficacy

We examined the in vivo antitumor efficacy of complexes 1-3 against homografted Colon-26
colorectal tumors in male BALB/c mice. This was a preliminary study, in which the same dosage
was used for all of the compounds tested, to ensure that the animals survived for at least one week.
Complexes 1-3, oxaliplatin, or a 1:1 (molar ratio) mixture of complex 3 with 3-CD were dissolved in
5% glucose and administered to the mice as a single dose (10 mg (Pt complex)/kg) via the tail vein
on day 0, which was 7 days after their inoculation with the Colon-26 colorectal cancer cells. No mice
in any of the groups died and none showed significant body weight loss (Figure 3a). No marked
tumor growth inhibition was observed in the mice treated with complexes 1-3: The mean terminal
tumor volume in the mice treated with complexes 1-3 was 90%, 83%, and 89% of that in the control
group, respectively, and the value for oxaliplatin was 54% (Figure 3b). However, when complex 3 was
administered as a 1:1 (molar ratio) mixture with 3-CD, marked tumor growth inhibition was observed
five times greater than that when complex 3 was administered alone (mean terminal tumor volume,
44% of that in the control group) and was slightly more effective than oxaliplatin (Figure 3b).
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Figure 3. (a) Body weight and (b) tumor volume in male BALB/c mice laterally homografted with
Colon-26 colorectal cancer cells and then treated with 10 mg kg’1 oxaliplatin, complexes 1-3, a 1:1
(molar ratio) mixture of complex 3 and B-cyclodextrin (3-CD), or vehicle. Mice were treated with
a single dose of the test compounds or vehicle on day 0, which was 7 days after their inoculation with
the Colon-26 colorectal cancer cells. Body weights and tumor volumes were measured weekly, starting
on day 0. Each data point represents the mean of six body weights or tumor volumes, and the error
bars indicate standard deviations of the mean.

3. Discussion

Previously, we found that a variety of substitutions at tetrazole C5 increased the cytotoxicity
of the tetrazolato-bridged complex, and that complexes with an ester group substituted at
tetrazole C5, such as [{cis-Pt(NHz),}>(1-OH)(u-ethyl tetrazolato-5-carboxylate-N2,N3)](NOs), and
[{cis-Pt(NH3),}2(u-OH)(pu-propyl tetrazolato-5-acetate-N2,N3)](NOs3),, had much higher antitumor
efficacies than oxaliplatin [35]. To build on this previous research, here we examined the efficacies of
derivatives with bulky alkyl or aryl groups at tetrazole C5.

Compared with 5-H-Y, complexes 1-3 were much less cytotoxic against the Colon-26 cell line.
Comparable results were obtained for cytotoxicity against L1210 murine leukemia cell lines [35].
Therefore, the introduction of bulky substituents tended to produce a lower in vitro cytotoxicity,
possibly because the DNA interaction mode and cellular accumulation of complex 1 and 2 are distinct
from those of 5-H-Y, and from other derivatives with a relatively small substituent at tetrazole C5 [34,45].
The cytotoxicity of oxaliplatin and complex 3 was markedly decreased in the presence of equimolar
-CD, whereas the cytotoxicity of 5-H-Y and complex 2 remained largely unchanged. Complex 3
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possesses an adamantyl group that forms a tight inclusion complex with 3-CD, as indicated by the
stability constant. 3-CD and other CDs, and their inclusion complexes, are unable to cross the cell
membrane. Therefore, the reduction in cytotoxicity induced by 3-CD could be due to a reduction in
the speed of release of the platinum(II) complex from the 3-CD inclusion complex.

Although the in vitro cytotoxicity results for complexes 1-3 suggest that the substitution of
relatively bulky alkyl or aryl groups at tetrazole C5 is not a successful approach for improving
antitumor efficacy, because 3-CD decreased the cytotoxicity of the compounds, we did find in vivo
that 3-CD markedly enhanced the antitumor efficacy of complex 3 until it was higher than that of
oxaliplatin. Some anticancer drugs complexed with a cyclodextrin have increased bioavailability and
reduced toxicity, indicating that complexation with cyclodextrin changes the polarity and molecular
dimensions of the compound. The present results suggest that the water solubility of complex 3
was increased by partial inclusion into 3-CD, which covered the lipophilic part of the complex.
Since opposite trends were observed in vitro and in vivo, the improved water solubility and increase in
the molecular dimensions of complex 3 must have improved its delivery to the tumor site and reduced
its cellular accumulation; the increase in the molecular dimensions likely means that the complex was
unaffected by the enhanced permeability and retention effect. Together, the present results suggest
that substitution with substituents bulkier than those examined here may be a promising means of
identifying highly antitumor-active lead tetrazolato-bridged complexes.

With respect to methodology, the present in vivo study was a preliminary study in which
the same dosage was used for all of the compounds tested to ensure that the animals survived
for at least one week. Therefore, it is possible that the antitumor efficacy of the complexes can
be increased by increasing the dosage. Furthermore, it may be possible to combine complex 3
with other -CD derivatives, such as methyl-3-CD, (2-hydroxyalkyl)-3-CD, or other specially
functionalized cyclodextrins. Further studies are warranted. We have already designed and synthesized
tetrazolato-bridged complexes with an adamantyl group linked by an ester or alkyl group at tetrazole
C5, and in future experiments, we intend to find out which derivative is most suitable for complexation
with 3-CD.

4. Materials and Methods

4.1. Materials

Tetrazolato-bridged complexes with the formula [{cis-Pt(NH3)2}» (1-OH)(pu-5-R-tetrazolato-N2,N3)]
(NO3), (complexes 1-3, 5-H-Y) were prepared using previously reported methods [13,31,34,35].
Oxaliplatin and 3-CD were purchased from Tokyo Chemical Industry (Tokyo, Japan) and Wako Pure
Chemical (Osaka, Japan), respectively.

4.2. Determination of Stability Constant

The stability constant (Ks) of Pt(Il) complex/3-CD was determined by analysis of the TH-NMR
chemical shift of Pt(II) complexes (0.2 mM) in different concentrations of 3-CD (0.2-2 mM) in D,0 at
293 K. To prevent changes of the resonance frequency due to the formation of an inclusion complex
between (3-CD and the reference compound, 3-(Trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt
(TSP), a solution of TSP in D,0, sealed in a capillary tube, was placed inside an NMR tube. The NMR
tube was then placed in the sample solution and used as the reference (6 = 0). The K value was
obtained by using the Benesi-Hildebrand Equation (1), assuming a 1:1 guest/host interaction (Pt(II)
complex/3-CD):

1/A5 = 1/(Ks A(smax [H]O) + 1/A5ma><r (1)

where A/ is the change in the TH-NMR chemical shift, Admay is the maximum possible change in the
"H-NMR chemical shift, [H]y is the total 3-CD concentration, and Kj is the stability constant.
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4.3. In Vitro Cytotoxicity Study

The murine colorectal cancer cell line Colon-26 was provided by RIKEN BioResource Center
through the National Bio-Resource Project of the Ministry of Education, Culture, Sports, Science,
and Technology of Japan. The Colon-26 mouse colorectal cells were maintained in RPMI-1640
containing 10% fetal bovine serum (Gibco; Life Technologies, Carlsbad, CA, USA), 100 U/mL penicillin,
and 100 mg/mL streptomycin (Wako, Osaka, Japan) in a humidified atmosphere of 5% CO, at 310 K.
The Colon-26 cells (3 x 10* cells/mL; 100 uL/well) were seeded onto 96-well microplates (Corning,
Corning, NY, USA). All of the Pt(II) complexes tested, except for complex 2, were dissolved in water to
prepare 4 mM solutions. For assays in the presence of 3-CD, each Pt(II) complex solution was mixed
with 12 mM 3-CD aqueous solution in a 1:1 molar ratio and incubated for at least 10 min. Due to the
low solubility of complex 2, the concentrations of the solution or suspension of complex 2 were 0.25
or 1 mM for assays in the absence or presence of 3-CD, respectively. After sterilization by filtration,
the solutions were diluted with water, and then 10 pL of each diluted solution was added to the wells
of the microplate. After incubation of the microplate for 23 or 47 h at 310 K, 10 uL of Cell Counting Kit-8
solution (Nacalai Tesque, Kyoto, Japan) was added to each well, and the incubation was continued
for an additional 1 h at 310 K. The absorbance of each well at a wavelength of 460 nm was measured
with a Spectra Max M5 microplate reader (Molecular Device; Orleans Drive Sunnyvale, CA, USA).
Each experiment was performed independently for six wells per drug concentration. Half-maximal
inhibitory concentrations (IC5p) were calculated as the concentration that provided 50% formazan
production, relative to the control (no complex added), using the KaleidaGraph analytical software
(version 4; Synergy Software, Reading, PA, USA).

4.4. In Vivo Mouse Homografts

The homograft study was performed using BALB/c mice (male, 4 weeks old; Japan SLC,
Inc, Hamamatsu, Japan). The Colon-26 cells were maintained in 55-cm? dishes containing
RPMI-1640 medium (Sigma-Aldrich (Merck), Darmstadt, HE, Germany) supplemented with 10%
fetal bovine serum (Gibco; Life Technologies, Carlsbad, CA, USA) containing 100 U/mL penicillin,
and 100 mg/mL streptomycin. The cultures were grown in a humidified atmosphere of 5% CO; at
310 K. Cells were grown to 80%-90% confluence and then harvested with 0.25% trypsin/0.02%
ethylenediaminetetraacetic acid (Sigma-Aldrich (Merck), Darmstadt, HE, Germany) before each
subsequent passage.

The Colon-26 cells were subcutaneously injected into the lateral side of the mice (2 million
cells/flank). About 7 days later (tumor diameter, ca. 8 mm), the animals were randomly assigned
to the following eight study groups (n = 6 per group): Control, oxaliplatin, 5-H-Y, complexes 1-3,
and 1:1 (molar ratio) mixture of complex 3 and 3-CD. Test substances were dissolved in 5% glucose
and administered by single intravenous injection to the Colon-26 cell-bearing mice. The control group
received 5% glucose (vehicle) only (total volume =200 uL). The homograft tumor dimensions (d and D,
shortest and longest dimensions of the tumor, respectively) were measured once a week with a digital
caliper, and tumor volume (mm?) was calculated by using the equation d>D/2. The body weights were
measured weekly and statistically analyzed by means of one-way analysis of variance. This animal
study was carried out with approval from the Institutional Animal Care and Use Committee of Suzuka
University of Medical Science (Permission number: 34, 9 August 2017) and in accordance with all
applicable institutional animal experimentation regulations.

5. Conclusions

The approval of cisplatin for clinical use prompted a search for novel platinum coordination
compounds with improved efficacy. The tetrazolato-bridged complex can be greatly modified from
the basic structure that is in current clinical use, and these modified complexes are an important group
of potential next-generation platinum-based drug candidates. In the present study, the introduction
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of a bulky adamantyl group at tetrazole C5 provided the interesting finding that while the in vitro
cytotoxicity of the modified complex was reduced in the presence of 3-CD, its in vivo antitumor
efficacy increased and was greater than that of the currently used colorectal cancer treatment,
oxaliplatin. This finding indicates a new direction for further drug discovery research to provide
tetrazolato-bridged complexes with high in vivo antitumor activity and less toxicity.
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Abstract: A new oxindolimine ligand derived from isatin (1H-indole-2,3-dione) and
2-aminomethylbenzimidazole was synthesized, leading to two novel complexes after metalation with
copper(Il) perchlorate or zinc(Il) chloride, [Cu(isambz),](ClO4), (complex 1) and [Zn(isambz)Cl;]
(complex 2). This new ligand was designed as a more lipophilic compound, in a series of
oxindolimine-metal complexes with antitumor properties, having DNA, mitochondria, and some
proteins, such as CDK1 kinase and topoisomerase IB, as key targets. The new complexes had their
reactivity to human serum albumin (HSA) and DNA, and their cytotoxicity toward tumor cells
investigated. The binding to CT-DNA was monitored by circular dichroism (CD) spectroscopy
and fluorescence measurements using ethidium bromide in a competitive assay. Consequent DNA
cleavage was verified by gel electrophoresis with complex 1, in nmolar concentrations, with formation
of linear DNA (form III) after 60 min incubation at 37 °C, in the presence of hydrogen peroxide,
which acts as a reducing agent. Formation of reactive oxygen species (ROS) was observed, monitored
by spin trapping EPR. Interaction with HSA lead to «-helix structure disturbance, and formation of
a stable radical species (HSA-Tyr-) and carbonyl groups in the protein. Despite showing oxidative
ability to damage vital biomolecules such as HSA and DNA, these new complexes showed moderate
cytotoxicity against hepatocellular carcinoma (HepG;) and neuroblastoma (SHSY5Y) cells, similarly
to previous compounds in this series. These results confirm DNA as an important target for
these compounds, and additionally indicate that oxidative damage is not the leading mechanism
responsible for their cytotoxicity. Additionally, this work emphasizes the importance of ligand
characteristics and of speciation in activity of metal complexes.

Keywords: isatin-derived ligands; oxindolimine-metal complexes; DNA cleavage; HSA oxidation;
cytotoxicity; antiproliferative activity

1. Introduction

Cancer is a very important cause of death globally, according to the World Health Organization
(WHO) [1]. It corresponds to a large group of diseases, affecting different organs, with slow through to
very quick progression. Although platinum complexes are the only metallodrugs approved by Food
and Drug Administration (FDA) for clinical use against cancer [2], different metal complexes have
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been developed as alternatives, trying to bypass induced resistance and severe toxic effects [3]. Besides
platinum, ruthenium, copper, gold, and vanadium compounds are being extensively investigated.
Furthermore, different targets have been identified in wide-ranging studies, depending on the metal
and on the ligand.

A primary target in such studies is DNA, and different metal complexes exhibit quite different
binding constants, depending on the nature of the metal ion and the structural features of the
ligands. Usually, three types of interactions can occur: intercalation, covalent bonds, and electrostatic
interactions [4]. For complexes of redox active metal ions, such as iron or copper, oxidative stress plays
an important rule, usually causing single and double strand scission by reactive oxygen species (ROS),
and can lead to a wide array of DNA lesions implicated in the etiology of many human diseases [5].
Many metal complexes reported as anticancer agents act by an oxidative mechanism involving ROS,
in a process modulated by the ligand that is responsible for changes in charge, redox potential, and
geometry around the metal, affecting different organelles [6].

However, although most of the reported studies focus on DNA, considerable efforts have been
made in unravelling mechanistic details of new metal-based drugs [7], including speciation of the
most active compounds, identification of critical regulatory genes, and search for alternative targets.
An array of different strategies are being developed to circumvent cancer hallmarks [8]. Most of
the potential metallodrugs investigated are multifunctional, interacting with diverse biomolecules.
As alternative targets, kinases [9], topoisomerases [10], and histone deacetylases (HDACs) [11] have
received high interest in the literature, since these proteins play crucial roles in cell-cycle progression
and differentiation, and several types of cancer are associated with deregulation in these activities.

Among the new developed anticancer metal complexes, copper has a deserved special interest,
coordinated to a wide range of ligands [12], some of them acting as intercalators to DNA [13] or groove
binders [14]. In this scenario, Schiff base complexes have allowed important progress in the field.
Classical diimines or Schiff bases, such as phenanthroline and correlated planar ligands, are common
examples of DNA intercalators, acting efficiently as artificial metallonucleases [15]. Since many
copper compounds show preference for interaction with guanine moieties [16], investigations into new
complexes able to act as G-quadruplex DNA binders have increased significantly [17]. Further, there is
evidence that G-quadruplex structures are improved in cancer cells compared to healthy ones [18].
Therefore, different metal complexes have been reported interacting with both duplex and quadruplex
DNA, especially with Schiff base ligands [19]. Recently, two dinuclear copper(II) complexes based
on phenanthroline ligands were shown to promote oxidative damage to DNA and mitochondria
through the formation of singlet oxygen and superoxide radicals, causing double strand breaks and
mitochondrial membrane depolarization [20]. Furthermore, these compounds are able to discriminate
oligomer sequences, mediating Z-like DNA formation.

Isatin (1H-indole-2,3-dione, or 2,3-dioxoindoline), an endogenous oxindole widely distributed
in different tissues in mammals, is formed in the metabolism of amino acids such as tryptophan,
and some of its derivatives have demonstrated a wide range of effects in biological media, including
inhibition of monoamine oxidase, anti-viral, fungicidal, bactericidal, and anti-proliferative activities [21].
Schiff base ligands containing an oxindole group also exhibited pharmacological properties, especially
anti-convulsing, anti-depressive, analgesic, and anti-inflamatory activities [22], and these properties
were improved when coordinated to metal ions [23]. Further, synthetic isatin derivatives were developed
as potent kinase inhibitors, exhibiting good antineoplastic and anti-angiogenesis activities [24,25], and
some of them entered into clinical tests [26], being approved by FDA, such as, for instance, sunitinib
malate (SU11248; Sutent®; Pfizer Inc., New York, NY, USA).

With the aim of preparing new metal complexes that exhibit promising pharmacological or
medicinal activity in neoplastic processes, we have designed and isolated some oxindolimines and
their corresponding metal complexes, inspired by such oxindole derivatives [27,28]. Therefore, we
have investigated a series of oxindolimine-metal complexes as pro-apoptotic compounds toward
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different tumor cells, trying to elucidate their possible modes of action and verifying their potential as
alternative antitumor agents.

As delocalized lipophilic cations [29,30], they are able to enter the cell and generate reactive
oxygen species (ROS), causing oxidative damage and triggering AMPK-dependent apoptosis in
different tumor cells. DNA and mitochondria were reported as their main targets. In more recent
studies, a significant inhibition of crucial proteins, kinase (CDK1/cyclin B) [31] and topoisomerase
IB [32], was additionally verified, emphasizing the contribution of the ligand to the reactivity of
such complexes, and their behavior as multifunctional compounds. Interactions of the ligands at the
active cavity of the proteins, mostly through hydrogen bonds and stacking, modulate the activity
of such complexes [31,32]. These compounds exhibited high thermodynamic stability when tested
using human serum albumin (has) as a competitive biological ligand. The relative stability constants
determined for this series of compounds are very similar to those of copper ions inserted at the
N-terminal of the protein (pK = 12) or of zinc ions bound at Cys34 residue (pK = 7) [31].

Herein, a copper(Il) and an analogous zinc(II) complex of a new oxindolimine ligand, derived
from isatin and 2-aminomethylbenzimidazole and designed to facilitate intercalative interactions,
were investigated for their oxidative ability and cytotoxicity toward human hepatocellular carcinoma
(HepG,) and neuroblastomas (SH-SY5Y), trying to improve their antiproliferative properties in relation
to previously studied related compounds.

2. Results and Discussion

The new complexes, named here [Cu(isambz),]** 1 and [Zn(isambz)] Z* 2, (see Figure 1) were
prepared according to a similar procedure used in a series of other oxindolimine-metal compounds
previously studied [27,28]. After characterization by UV /Vis and IR spectroscopies (see Experimental
Section), their reactivity versus human serum albumin (HSA) and CT-DNA was investigated.
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Figure 1. Scheme of the studied complexes, [Cu(isambz),]2* 1, and [Zn(isambz)]?* 2.

The copper(Il) complex was isolated as 1:2 species, with ligands in the keto form, while the
analogous zinc(II) was obtained as the 1:1 species, with the ligands in the enol form. Both species can
be obtained by controlling the pH of the solution during the syntheses. However, in solution there
is an equilibrium (Scheme 1) between those two forms depending on the pH, involving tautomeric
forms of the ligands, similarly to what was observed in correlated complexes [28].

In further experiments, the analogous copper(Il) compound [Cu(isambz)]ClO4 was isolated and
the EPR spectra of both copper(Il) species were compared in order to clarify their structural features.
Based on the spectroscopic parameters determined, the compound 1:2 showed a more tetrahedral
distorted structure (g,,/A,, = 182 cm), while the complex 1:1 exhibited a tetragonal configuration
(g/,/A,; =116 cm), according to a semi-empirical approach [33].

Initially, the ability of the copper complex 1 in generating reactive oxygen species (ROS) was tested
after 10 min incubation of this complex with hydrogen peroxide, by EPR measurements, using the
spin trapping method. In Figure 2, it can be seen that up to 150 uM this complex is not very oxidative,
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forming a limited amount of hydroxyl radicals, as detected by DMPO-OH adducts. However, in
complementary experiments at much lower concentrations, it was able to oxidize HSA, as monitored
by carbonyl groups formation through reaction with DNPH.

HN _ [ HN _N
N N OH \[ N, O

Scheme 1. Equilibrium involving tautomeric forms of oxindolimine ligands coordinated to

copper(Il) ions.
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Figure 2. (A) Double integrated signal of 5,5-Dimethyl-1-pyrroline N-oxide (DMPO)-OH adduct
detected by EPR spectroscopy after 10 min reaction in phosphate buffer at pH 7.4, at room temperature,
using DMPO (100 mM) as spin trap, in the presence of complex [Cu(isambz),]?* 1 (50 to 200 uM) and
H,0; (2.0 mM); (B) Oxidative damage to human serum albumin (HSA, 75 uM) induced by complex
[Cu(isambz),]?* 1 after incubation for 30 min at 37 °C in the presence of hydrogen peroxide (750 uM),
monitored by the formation of carbonyl groups in the protein.

By incubation of the protein with complex 1 and hydrogen peroxide, and using EPR spectroscopy,
a stable protein-radical species was detected under air, at g = 1.989 (line width of 52 G), as shown in
Figure 3. A very similar species (g = 1.996, line width of 45 G) was obtaining by using an analogous
complex, [Cu(isaepy)2]2+, one of the most reactive in a series of such copper(II) complexes [29,30].
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Studies on the oxidation of bovine serum albumin (BSA) by Cu,Zn—superoxide dismutase (SOD1) and
hydrogen peroxide in the presence of nitrite, have identified a similar radical (g = 2.007; total line
width of 54 G) [34]. This protein-bound radical is very stable, detectable at room temperature and
under air, and was identified as a protein-Tyr- species. It was also reported in the heme detoxification
process by HSA, inhibiting further destructive or irreversible oxidation of the protein [35].
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Figure 3. EPR spectra of radical species formed by oxidation of HSA (0.600 mM), in the presence of
[Hy0;] = 2.5 mM and each of the complexes (100 uM), [Cu(isambz),]** 1 (A) or [Cu(isaepy)z]2+ (B).

Further studies by CD spectroscopy showed that by titrating HSA with this copper complex 1,
the protein «-helix structure is substantially altered, indicating an efficient binding of the complex to
the protein (see Figure 4) that probably favors its oxidation.

However, complementary experiments by SDS PAGE (Figure S1, supplementary material) of HSA
(75 uM) incubated for 30 min at 37 °C with each of these copper(II) complexes (75 M), in the presence
or in the absence of hydrogen peroxide, did not show degradative damage (cleavage) of the protein.
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Figure 4. CD spectra registered (double scanning) after increasing concentrations of complex 1 (0.15
to 7.5 uM), to HSA solution (2.5 uM), in phosphate buffer 50 mM containing 0.10 M NaCl, at pH 7.4,
at room temperature.

2.1. Quenching of DNA-EtBr Fluorescence

Since one of the most studied targets for metal complexes is DNA, we verified by fluorescence
measurements the ability of both complexes to bind to CT-DNA saturated with ethidium bromide
(EtBr), a known nucleic acid intercalator.

Results in this competitive assay revealed that changes in fluorescence were more noticeable
for complex 1 than for complex 2 at high concentrations of quencher [Q], as shown in Figure 5.
By using two methods, Stern—Volmer plots of Fy/F versus [Q], and logarithmic Scathchard graphs,
log(Fo — F)/F versus log[Q)], the corresponding binding constants Kgy as well as K, and binding site
number 1 were determined. The values of Kgy was obtained by linear fitting up to 400 uM [Q] and
was higher for the copper complex 1 (4.52 x 102 M~1) than for the zinc complex 2 (2.75 x 102 M1,
suggesting a stacking or intercalative interaction. The difference observed can be probably attributed
to a more planar structure of the copper compound relative to that of zinc, enabling an intercalation
among bases.

However, for both complexes a non-collisional quenching seemed to work, as indicated by the
curves obtained in Scathchard graphs (see Figure 5). A linear plot indicates a single quenching
mechanism, while a positive deviation points to different binding sites in the biomolecule available for
the quenchers, usually with different affinities.

The corresponding parameters, K, and 1, were determined and were very low when compared
to analogous values previously obtained for a series of similar Schiff base-copper(Il) complexes,
[Cu(isaepy),]**, [Cu(enim)H,OJ?*, [Cu(isaenim)]**, and [Cu(o-phen),]** in competitive experiments
with EtBr intercalated in plasmidial DNA (see Table 1) [36]. Furthermore, in the case of plasmidial
DNA, the observed K, values are usually lower (100-fold) than for CT-DNA. For all the complexes
in previous series, an efficient interaction with DNA structure was verified, with K, in the range of
102 and 7 between 0.5 and 1. However, for the new complexes 1 and 2, these parameters are too low,
with K, in the range of 101 and 7 between 0.2 and 0.3, indicating little binding to DNA, that is, little
competitive substitution of EtBr as DNA intercalator.

The small decrease of fluorescence intensity of EB bound to CT-DNA observed upon increasing
addition of the complexes 1 and 2 (up to 400 uM), shown in Figure S2 (supplementary material),
corroborates this fact. Additionally, this was reinforced by CD spectra, monitoring the decrease in the
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typical DNA band at 270-280 nm by increasing addition of the metal complexes, up to 250 uM (see
Figure 6). Most likely, in the case of complexes focused on herein, the main interactions occur at minor

or major grooves, with slight intercalation.
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Figure 5. (A,B) Fluorescence emission spectra of EtBr intercalated to CT-DNA, in the absence and in
the presence of the complexes [Cu(isambz),]?* 1 or [Zn(isambz)]** 2, respectively. [EtBr] = 50 uM;
[CT-DNA] = 30 uM, and quencher concentration varying from 20-3000 uM; (C,D) Stern—Volmer
equation dependence on the concentration of quenchers, complexes [Cu(isambz)]?* 1 or [Zn(isambz)]>*
2, respectively; (E,F) Scathchard plots and linear regression fittings to estimate association binding
constants, and corresponding binding site number for quenchers, [Cu(isambz),]** 1 or [Zn(isambz)]**

2, respectively.
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Table 1. The quenching constants and binding site number of CT-DNA /EtBr or plasmidial DNA /EtBr*
by some Schiff base—copper(Il) or zinc(II) complexes.

Complex Kgy M~1) K, M1 N

[Cu(isambz),]>*  5.83 x 102  4.02x 10~  0.19
[Zn(isambz)]** 275 x 10> 9.04 x 107! 0.34

[Cu(isaepy), > - 3.64 x 102 0.68*
[Cu(enim)H,01** - 413 x 102 045*
[Cu(isaenim)]** - 8.85 x 102 0.73 *
[Cu(o-phen), ]** - 755 x 102 0.60*

* Previous work, ref. [29].
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Figure 6. CD spectra of CT-DNA (50 uM) in phosphate buffer 50 mM containing NaCl 100 mM, in the
absence and presence of (A) varied concentrations of the copper(Il) complex, [Cu(isambz)]** 1 and

(B) varied concentrations of the zinc complex [Zn(isambz)]** 2.

2.2. Oxidative Damage to DNA

Despite not showing very significant interaction with DNA (at low concentrations), significant
single and double cleavage of CT-DNA was verified in the presence of hydrogen peroxide (50 uM) and
complex 1, after incubation for 30 or 60 min at 37 °C (see Figure 7). This was the most reactive copper
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complex in an already investigated series of complexes regarding its nuclease activity [37], leading to
the linear DNA form III after 60 min, at 50 nM. In different experimental conditions, by using 125 mM
H,0,, formation of linear DNA form was observed at 5 uM after 12 h incubation, as also shown in
Figure 7.
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Figure 7. DNA strand double cleavage observed in the presence of (A) [Cu(isambz),]** (50, 200, or
500 nM), and H,O, (50 uM), after 30 or 60 min incubation, at 37 °C; (B) [Cu(isambz),]** (5, 20, or
50 uM), and HyO, (125 mM), after 6 or 12 h incubation, at 37 °C. Initial [DNA] = 240 ng of supercoiled
DNA (Form I), in 20 uL phosphate buffer (50 mM, pH 7.4).

2.3. Cytotoxicity Toward Tumor Cells

The antiproliferative properties of the new complexes 1 and 2 were tested against hepatocellular
carcinoma cells (HepG,) and neuroblastoma cells (SHSY5Y), up to 50 uM concentration. The compounds
showed different cytotoxic effects toward SHSY5Y cells which were more susceptible with respect to
the HepG2 cells (Figure 8). In particular, the zinc complex 2 did not significantly affects cell viability
of HepG2 cells, but is significantly toxic for SHSY5Y cells only at 50 uM (p < 0.01). On the contrary,
copper complex 1 showed slightly toxic effect at both 25 uM and 50 uM for HepG2 cells (p < 0.05),
and a more pronounced toxicity for the SHSY5Y cells at both 25 uM and 50 uM (p < 0.01). Therefore,
the cytotoxicity of both complexes was cell type dependent. This behavior is very similar to that
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observed with copper(Il) complexes with related ligands derived from isatin [28,29]. Consequently,
the introduction of a more lipophilic moiety in the ligand (benzimidazole group) apparently did not
significantly improve the cytotoxicity of these complexes, as expected.

In the literature [38], [Cu(o-phen)2]2+ complex has been reported to induce apoptosis in HepG2
cells by generation of ROS, with IC5y around 5 uM after 24 h incubation at 37 °C. Its higher
cytotoxicity can be explained by the almost planar arrangement of the phenanthroline rings that
helps its intercalation with DNA [39]. For both of our complexes, the main interactions with DNA
probably occurred at minor or major grooves due their structure (distorted tetrahedral geometry).
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Figure 8. Viability of (A) neuroblastoma SHSY5Y cells, and (B) hepatocellular carcinoma HepG2 cells,
after 24 h incubation at 37 °C with complexes [Cu(isambz),]?* 1 or [Zn(isambz)]>* 2.

3. Experimental Section

3.1. Materials

The reagents isatin (1H-indole-2,3-dione, 98%), 2-(2-aminoethyl)pyridine (95%), 1,3-diaminopropane
(98%), histamine dihydrochloride (99%), 2-aminomethylbenzimidazole dihydrochloride (99%), copper(II)
perchlorate hexahydrated (98%), were purchased from Aldrich Chemical Co. Calf thymus DNA as
sodium salt (CT-DNA) and human serum albumin (HSA) were from Sigma-Aldrich (St. Louis, MO,
USA), while most of the solvents, ethanol, methanol, and dichloromethane were from Merck Chemical
Co. (Darmstadt, Germany). All the solutions were prepared with water purified in a deionizer Barnstead
apparatus, model D470.
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Syntheses of the Complexes

The new metal complexes with oxindolimine ligands were prepared by methodology already
developed in previous studies, with suitable modifications [27,28]. Depending on the pH during
the metalation step, tautomeric forms (keto or enol) of the ligand are preferentially formed and the
corresponding metal complexes can be isolated. For complex 1, the species [CuL,] with the ligand in
the keto form was isolated at apparent pH in the range 5 to 7, while the analogous [ZnL] complex 2,
with the ligand in the enol form, was isolated at pH 9. In previous studies with similar oxindolimine
ligands, both complex species 1:2 (ligand in keto form) and 1:1 (ligand in enol form) could also be
isolated and characterized [36].

Complex [Cu(isambz);](ClO4),—complex 1: To a solution of isatin 1.47 g (10.0 mmols) dissolved in
25 mL ethanol and 25 mL CH,Cl,, 2.20g (10.0 mmols) of 2-aminomethylbenzimidazol were added,
adjusting the pH to 5.5 with drops of HCI. The solution was kept under constant stirring for 24 h.
Afterwards, the metallation of the formed ligand was carried out by addition of 1.85g (5.00 mmols)
copper(Il) perchlorate hexahydrate dissolved in 5 mL water. In this step, the pH was adjusted around
7 by adding some drops of NaOH solution, and a brown precipitate was formed. This precipitate was
collected after cooling the final solution, washed with cold ethanol and ethyl ether, and finally dried in
a desiccator under reduced pressure. The keto form of the ligand coordinated to the copper ion, in
a 1:2 metal:ligand complex, was isolated. The yield was 74% (3.02 g). Elemental analyses: Calc. for
C3HpNgO,Cu(ClOy4), (MW= 815.05): C, 47.16; H, 2.97; N, 13.75; Experim.: C, 48.51; H, 3.05; N, 14.30.
UV/Vis: Amax = 256 nm (e = 1.61 x 1074 M~ 1.em™1), Apax = 284 nm (e = 1.87 x 107* M~ 1.cm ™). IR
(em™1): 3343, v(N-H); 2976, V(Cspp—H and C=C); 1722, v(C=0), 1614 and 1597, v(C=N Schiff base, isatin
ring and N-H); 741, v(C-H phenyl). EPR spectra, in DMSO/water at 77K: g | =2.096; g,/ =2.427; A/,
=118 G =133 x 10~* cm™~! (distorted tetrahedral symmetry). For analogous complex, isolated as 1:1
species [Cu(isambz)]ClOy, EPR spectra, in DMSO/water at 77K: g | =2.107;g,, =2.450; A,, =186 G =
212 x 10~* cm~! (tetragonal symmetry).

Complex [Zn(isambz)Cl,]-HyO—complex 2: By a similar procedure, the analogous dark orange
[Zn(isambz)Cl,] was prepared, using zinc(I) chloride instead of copper salt. In this case, a 1:1
metal:ligand complex was isolated, maintaining the pH around 9 during metalation. The yield was
58% (1.25 g). Elemental analyses: Calc. for C1H12N4OZnCl, (MW = 430.50): C, 44.64; H, 3.28; N, 13.01;
Experim.: C,44.24; H,3.11; N, 12.77. UV /Vis: Amax =259 nm (e = 8.85 x 1073 M~ 1-cm™!), Apax = 284 nm
(e =867 x 107> M L.em™1). IR (cm™1): 3344, v(N-H); 2978, vCypp—H and C=C); 1721, v(C=0), 1613
and 1471, v(C=N Schiff base, isatin ring and N-H); 744, v(C-H phenyl).

3.2. Methods

Elemental analyses (C, H, and N) were performed using a Perkin Elmer model 2400 analyzer
(Perkin-Elmer, Billerica, MA, USA), and metal components were determined in duplicate by
ICP emission spectroscopy in a Spectro Analytical Instruments equipment (Spectro/ AMETEK,
Kleve, Germany), at Central Analitica of our institution. UV/Vis spectra were registered in
a UV-1650PC spectrophotometer from Shimadzu (Shimadzu Corp., Kyoto, Japan), using 1.00 cm
optical length quartz cells. Fourier transform infrared (FTIR) spectra of samples were recorded
in the 4000400 cm~! range on a Bruker FTIR ALPHA (Bruker, Billerica, USA) equipped with
a single reflection diamond ATR module with a spectral resolution of 4 cm~!. EPR experiments
were conducted in a Bruker EMX spectrometer operating at X-band (standard conditions: frequency
9.51 GHz, microwave power 20.12 mW, modulation frequency 100 kHz) (Bruker, Karlsruhe,
Germany), using Wilmad flat cells. HSA-radical was registered directly, at room temperature,
after incubation of the protein with complex 1 or [Cu(isaepy)] (100 uM), and immediately after
addition of hydrogen peroxide (2.5 mM). 5,5-Dimethyl-1-pyrroline N-oxide (DMPO, 100 mM) and
4-hydroxy-1-oxyl-2,2,6,6-tetramethylpiperidine (Tempol, 36 M) were used as spin trap and calibrant
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respectively, in spin trapping EPR experiments, to detect hydroxyl radical generation in the presence
of hydrogen peroxide and complex 1.

3.2.1. Interactions with Biomolecules Monitored by CD Spectroscopy

Interactions of complex 1 with HSA were monitored by circular dichroism (CD) spectroscopy,
in the range 190 to 300 nm, in a JASCO J]-720 spectropolarimeter. The spectra (double scan) were
registered in a spherical quartz cell (0.10 cm optical path), after increasing addition of complex 1
(stock solution 1.0 mM) to HSA solution (2.5 uM), in phosphate buffer 50 mM containing 0.10 M
NaCl, at pH 7.4 at room temperature. Results were expressed as residual elipsicity (0), defined as 6
(deg c¢m?/dmol) = CD (mdeg)/10 x n x I x Cp, where CD is the measure in mdeg, # is the number of
amino acid residues (for HSA, n = 585), [ is the optical path, and Cp is the protein concentration [40].

Binding to DNA was monitored through a typical DNA band at 270-280 nm, using the same
instrument, a JASCO J-720 spectropolarimeter (JASCO Inc., Easton, MD, USA). Decreasing intensity of
this band (DNA 50 uM) was verified by addition of increasing concentrations of complex 1 or 2, up to
250 uM.

3.2.2. Monitoring HSA Damage

Oxidation of the protein was detected by following the formation of carbonyl groups through
reaction with dinitrophenylhydrazine (DNPH) [41], after incubation of HSA with the copper complex 1
for 30 min at 37 °C, in the presence of hydrogen peroxide.

Samples of HSA (75 uM) were incubated with hydrogen peroxide (750 uM) and different
concentrations of copper complex 1 at 37 °C for 30 min. To each sample was added 1 mL of 0.10 M
DNPH solution in HC1 1 M, and the mixture was incubated for more 30 min at the same temperature.
After cooling, 1.5 mL of 1 M NaOH solution was added, and the formation of corresponding
dinitrophenylhydrazones was monitored spectrophotometrically, at 370 nm (¢ = 22,000 M~!.cm~1) [42].

3.2.3. Fluorescence Measurements with DNA and Ethidium Bromide

The fluorescence assays were performed by using fixed concentrations of CT-DNA (30 uM)
and ethidium bromide (EtBr, 50 uM), and adding varying concentration of each metal complex as
a quencher (20-3000 pM). The CT-DNA concentration per nucleotide was determined by absorption
spectrometry with a molar extinction coefficient value of 6600 M~!.cm~! at 260 nm. A SPEX-Fluorolog
2 spectrometer (Horiba Scientific, Kyoto, Japan) was used in fluorescence intensity measurements,
with excitation wavelength at 510 nm and emission wavelength in the range of 530-800 nm. All
these measurements were made by taking fresh solution each time in a quartz cell with 1.00 cm
optical path, and the acquisitions were performed at 37 °C under lower and constant stirring. The
maximum fluorescence resembles at 587 nm, and the first acquisition for each set of data was made
in the absence of the quencher (complex). The initial fluorescence intensity was called Fj, and the
subsequent fluorescence intensities at a fixed solution concentration were entitled as F.

To describe the fluorescence quenching of the EtBr in a competitive reaction between CT-DNA
and the complexes [Cu(isambz),]** 1 and [Zn(isambz)]?* 2, two different mathematical methods were
used. The first method describes a dynamic process in which the quenching mechanism is mainly due
to collision and can be described by the linear Stern—Volmer equation [43], Fo/F = 1 + Kq7o[Q] = 1 +
Ksy[Q], where Fy and F represent the fluorescence intensities in the absence and in the presence of
different quencher concentration [Q] in mole per liter, respectively. The product KqTo is known as the
Stern—Volmer constant, Kgy, and it is a parameter that responds to the availability of the quencher
to the fluorophore. The fluorophore quenching rate constant is given by Kq, Ksy is the quenching
constant, and T is the lifetime of the fluorophore in the absence of a quencher. When non linearity
occurs in the experimental data, the quenching mechanism is not purely collisional. This variation may
be due either to the ground state complex formation or to the static quenching model [44]. The second
method, described using the expression log[(Fy — F)/F] = logKx + n log[Q], expresses the binding
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constant and the number of binding sites per nucleotide (1) for the new species formed between the
studied compound and the CT-DNA. The linear correlation log[(Fy — F)/F] versus log[Q] gives an
equation where the slope corresponds to the binding stoichiometry (1), and the intercept gives the K,
(10M*ecept= K,). In our experiments, fitting was restricted up to 400 {M quencher concentration.

3.2.4. DNA Cleavage Studies

In these experiments, the plasmid pBluescript II (Stratagene, San Diego, USA) was used after
purification, using Qiagen plasmid purification kit (Qiagen, Hilden, Germany). Mixtures of 240 ng of
supercoiled DNA (Form I), in 20 uL total volume containing 50 mM phosphate buffer (pH 7.4), in the
presence or absence of hydrogen peroxide and varying concentrations of complex 1 were incubated
at 37 °C for different periods of time. Stock solutions of the complexes (1.0 mM) were prepared by
dissolving them in small amounts of dimethylsulfoxide (DMSO, 0.5 to 1 mL), and immediately diluting
appropriate samples to the desired concentration with buffer solution. The final amount of DMSO
was <1%. After incubation, a quench buffer solution (4 uL) was added, and the final solution was
subjected to electrophoresis on an 1% agarose gel in 1 x TAE buffer (40 mM Tris-acetate, 1 mM EDTA)
at 100V, for 2 h.

3.2.5. Cytotoxicity Assays In Vitro

Human hepatoma cells, HepG2, and neuroblastoma cells, SHSY5Y, were purchased from the
European Cell Culture Collection and grown in RPMI 1640 supplemented with 10% fetal calf serum,
and in Dulbecco’s modified Eagle’s/F12 medium supplemented with 15% fetal calf serum, respectively,
at 37°C in an atmosphere of 5% CO; in air.

Cells were routinely trypsinized and plated at 30 x 10°/75 cm? flasks until sub-confluence. For the
experiments, cells were plated on multiwell at 2 x 10° cells/ml and treated after 24 h. The complexes
were dissolved in DMSO (stock solution 1.0 mM), and used at different concentrations (1 uM, 10 uM,
25 uM, and 50 uM). Cytotoxicity assay was performed at 24 h. Cells were collected in the medium
by a scraper and harvested by centrifugation at 1000 rpm x 5 min. Cell pellets were washed once in
phosphate buffer solution, pH 7.4. Cell viability was estimated by direct count with a Toma’s chamber
upon Trypan blue exclusion.

4. Conclusions

Two novel complexes were obtained with an oxindolimine ligand, and had their oxidative
properties toward HSA and DNA verified. Their cytotoxicities against tumor cells (HepG2 and
SHSY5Y) were verified to be only moderate, in comparison to similar copper(ll) complexes in the
literature, and were then correlated with these oxidative properties, to clarify the main targets or modes
of action of these studied complexes. This type of ligand exhibits tautomers in solution, depending on
the pH, leading to corresponding keto and enol forms of copper(Il) or zinc(Il) complexes (Figure 1,
Scheme 1). In the case of zinc, the 1:1 metal:ligand complex was isolated, while for copper the 1:2
species was obtained by careful control of the pH during the synthesis. According to the overall results,
in both cases the 1:1 species is probably the most active toward biomolecules at pH 7.4, as already
observed for other complexes in this series. However, in our studies we should consider the possibility
of having both complexes 1:1 and 1:2 in equilibria, based on our previous studies with similar copper
complexes, and on reported data in the literature for the speciation of different metallodrugs [45].
In this case, the predominant species detected in solution depends primarily on the pH. The enol form
of these oxindolimine ligands has a more delocalized electronic dispersion, in addition to a negative
charge, since it is more easily deprotonated, and this usually leads to more stabilized and less sterically
hindered metal center.

Both complexes 1 and 2 interact with HSA as well as with DNA, as detected by CD spectroscopy
and fluorescence measurements, and are able to damage these biomolecules. Complex 1 is able to
reasonably generate reactive oxygen species (ROS) up to 150 uM concentration, but to a remarkable
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extent at concentration >200 1M, as detected by spin trapping EPR measurements. It causes oxidative
damage to has, as monitored through carbonyl group formation, and significantly affects its x-helix
structure to a high extent. Additionally, a very stable protein-radical species was detected at g = 1.989
(width 52G) by EPR spectroscopy after treatment with complex 1 in the presence of H,O, at room
temperature. This radical was attributed to a protein-bound radical, HAS-Tyr- species, by comparison
to a similar one, already identified in the literature, by treatment of bovine serum albumin (BSA) with
Cu,Zn-superoxide dismutase, and hydrogen peroxide in the presence of nitrite [40]. Furthermore,
this radical has been implicated in heme detoxification process by HSA, and seems to protect the
protein against other potentially more toxic effects of this oxidant [41]. Therefore, the formation of
such intermediary species attested to the remarkable oxidative properties of both copper(Il) complexes
investigated, complex 1 and [Cu(isaepy),]**. Interactions with HSA and other extracellular proteins
can collaborate to decrease the amount of complexes entering the cells, and therefore contribute to
their lower observed cytotoxicity.

The copper complex 1 is also capable of oxidizing DNA at very low ICsg, in nM concentration
range, in the presence of hydrogen peroxide (50 uM). It leads to single and double strand cleavage after
60 min incubation at 37 °C, despite not binding remarkably to DNA by intercalation, as attested by
fluorescence quenching in competitive measurements with EtBr. Compared to other copper complexes
with analogous ligands, this new copper compound showed much better oxidative properties, although
it exhibited only moderate anti-proliferative effect against hepatocellular carcinoma (HepG,) and
neuroblastoma (SHSY5Y) tumor cells [29]. Additionally, the analogous zinc complex 2, with no redox
properties, exhibited similar cytotoxic effects against the same tumor cells. The ligand structure can be
crucial for metal activity toward DNA, as exemplified in comparative studies of copper(Il) complexes
with correlated ligands, 2,2"-bipyridine (bpy), 2,2'-dipyridylamine (dpa) or dipicolylamine (dpca),
where [Cu(bpy)z]2+ complex was the most active in double cleavage reaction [46].

These data can also be indicative of alternative targets inside the cell in addition to DNA, in a
process modulated by the metal ion, by the ligand, as well as by the predominant metal-ligand species
formed. This class of metal complexes has already shown good inhibition activity toward kinases [31]
and topoisomerases [32], and the remarkable ability to damage mitochondria [30].

These results point to other factors than oxidative assets in determining the reactivity of these
compounds. A more voluminous and sterically hindered ligand can be responsible for the verified
decreased toxicity of complexes 1 and 2, due to difficulties in entering the cell or intercalating at
DNA structure. Their low solubility in aqueous solution is also a factor to consider. More recent
studies in the development of metallodrugs use the strategy of inserting the active compounds into
nanostructured materials, trying to increase their stability and efficiency in achieving their biological
targets, as well enhancing anticancer activity. [Cu(phen)]Cl, complex, an inhibitor of aquaporin, was
successfully incorporated into different liposomes, preserving its cytotoxicity against different tumor
cells [47]. These copper loaded liposomes seem to have therapeutic potential for the treatment of solid
tumors, based on their preferential accumulation. In other investigations, two correlated oxindolimine
complexes based on copper and zinc, for which the anticancer properties had been already verified [29]
were immobilized in functionalized nanoporous silica, and the obtained materials exhibited increased
antiproliferative activity against melanomas [48]. They were monitored inside the cells, and released
the active compounds in a kinetic process that depended on the metal. For the copper based materials,
a 98% release was observed after 24 h at 37 °C, while for the analogous zinc based materials an 80% or
55% release could be verified, depending on the matrix used.

Our results confirmed DNA as an important target for these oxindolimine—metal complexes,
as already observed [29], and additionally pointed out that oxidative damage is not the leading
mechanism responsible for the cytotoxicity of this class of compounds.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-6740/7/2/12/s1.
Figure S1: Monitoring HSA damage in the presence of hydrogen peroxide and copper complexes. Figure S2:
Quenching of CT-DNA /EB fluorescence by complexes 1 or 2.
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Abstract: A new phosphine ligand bearing a thiophene moiety, C4H3SNHCOCH,CH,PPh,
(L), has been prepared by reaction of the aminophosphine Ph,PCH,CH,NH, with
thiophenecarbonylchloride in the presence of triethylamine. The coordination behavior towards
gold(I), gold(Ill) and silver(I) species has been studied and several metal compounds of
different stoichiometry have been achieved, such as [Aul,]OTf, [AuXL] (X = Cl, CgFs),
[Au(Cg¢Fs)3L], [AgL,]OTf or [Ag(OTf)L]. Additionally, the reactivity of the chloride gold(I)
species with biologically relevant thiolates was explored, thus obtaining the neutral thiolate
compounds [AuL(SR)] (SR = 2-thiocitosine, 2-thiolpyridine, 2-thiouracil, 2-thionicotinic acid,
2,3,4,6-tetra-6-acetyl-1-thiol-3-D-glucopyranosato or thiopurine). The antitumor activity of the
compounds was measured by the MTT method in several cancer cells and the complexes exhibit
excellent cytotoxic activity.

Keywords: gold; silver; amidophosphine; thiophene; cytotoxicity; cancer

1. Introduction

Metal complexes have received increasing interest in the development of new chemotherapeutical
drugs after the great success of cisplatin and the second or third generation drugs Carboplatin,
Paraplatin and Oxaliplatin [1-3]. Platinum drugs are extensively used in cancer treatment, but the
side effects and the development of platinum drug resistance on several cancer cell lines have led
to research with other metallic complexes, as for example ruthenium compounds, which have been
entered into clinical trials with great success [4]. Gold derivatives have been known as antiarthritic
drugs for a long time, such as the well-known Auranofin. The discovery of the strong antiproliferative
activity of this compound prompted to deepen in further studies about its wide biological activity,
and nowadays is on clinical trials for ovarian cancer [5]. Many gold compounds, including gold(I) or
gold(III) derivatives [6-9], have revealed as promising cytotoxic agents, in many cases overcoming
cisplatin resistance to specific types of cancer. Additionally, they have exhibited a mechanism of action
very different from that of platinum drugs. Several targets have been identified for gold complexes
being the inhibition of Thioredoxin reductase one of the most important [10-12].

Five-membered aromatic rings are very important building blocks as may confer an
improvement in the pharmacokinetic and pharmacodynamic drug properties. In particular, thiophene,
a five-membered aromatic sulfur-containing heterocycle, is encountered in many therapeutically active
agent [13], which show a number of pharmacological properties, such as antipsychotic, antidepressive,
antithrombolytic, antifungal, antiviral, antiallergic, prostaglandin, dopamine receptor antagonist,
and 5-lipoxygenase inhibitor [14-16]. Examples of some drugs containing a thiophene ring are
tiagabine (Gabitril), raloxifene (Evista), olanzapine (Zyprexa) or clopidogrel (Plavix) (Figure 1). These
compounds are widely used in the treatment of several diseases, the first is an anticonvulsant,

Inorganics 2019, 7, 13; doi:10.3390/inorganics7020013 154 www.mdpi.com/journal/inorganics



Inorganics 2019, 7,13

the second is an oral selective estrogen receptor modulator with estrogenic actions on bone (prevention
of osteoporosis) [17], the third is an antipsychotic [18] and the latter is one of the most successful
platelet aggregation inhibitors [19].

/
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tiagabine raloxifene olanzapine clopidogrel

Figure 1. Drugs containing the thiophene ring.

Within our research line in gold and silver compounds as antitumoral agents [20-24], here we
report on the synthesis of a thiophene-substituted phosphine ligand and the studies of coordination
to gold or silver complexes. The cytotoxicity of these derivatives in several cancer cell lines has been
carried out, showing excellent activities in all of them.

2. Results and Discussion

2.1. Synthesis and Characterization

The synthesis of the new ligand containing the thiophene moiety was achieved by reaction of
thiophenecarbonylchloride with the aminophosphine Phy PCH,CH,;NH; in a 1:1 ratio in the presence
of triethylamine, which results in the formation of the ligand C4H3SNHCOCH,CH,PPh; (L) in good
yield (see Scheme 1). In the 'H NMR spectrum of L the signals of the protons H3 and H5 of the
thiophene group are overlapped with the resonances due to the phenyl protons. The resonance for
the H4 of the thiophene appears at 7.02 ppm as a triplet, and the NH proton of the amide group
is observed at 6.25 as a broad doublet. The protons of the methylene groups appear at 3.61 and
2.42 ppm. The 3C{!H} APT presents the expected resonances for all functional groups, the carbon of
the CO group appears at 161.76 ppm, the carbon atoms of the thiophene at 138.99, 129.98, 128.01 and
127.64 ppm and the methylene carbons at 37.56 and 28.63 ppm. The 3! P{!H} spectrum presents only
one resonance for the free phosphorus atom at —20.6 ppm.

PPh
PPh, S~ NEts s m—
unN— vl e |
2 O CH20|2 /
o)
L

Scheme 1. Synthesis of the ligand L.

The coordination behavior of L with several gold and silver complexes has been
studied. In first place the reaction of the complex [Au(tht),]JOTf (tht = tetrahydrothiophene;
OTf = trifluoromethanesulphonate) with L in a 1:2 ratio in dichloromethane results in the formation
of complex [AuL,]OTf (1) with good yields (see Scheme 2). The 3'P{!H} NMR spectrum showed
a signal at 37.0 ppm, which confirms a low field shift of 57 ppm relative to the free ligand, due to
the coordination of the metal fragment to the phosphorus atom of the ligand. All resonances of the
ligand were observed in the proton NMR spectrum and, as expected, the methylene groups near the
phosphine move slightly to a low field due to the coordination of the metal. The proton of the amide
group -NH- undergoes a low field shift of 1.54 ppm, probably due to the formation of intermolecular
hydrogen bonds with the carbonyl group of another molecule.
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The reaction of L with the gold(I) species [AuCl(tht)] or [Au(CsF5)(tht)] or the gold(III) derivative
[Au(CgFs)3(tht)] in dichloromethane in a 1:1 molar ratio afforded the mononuclear linear gold(I)
complexes [AuX(L)] (X = Cl (2), C¢F5 (3)) or the square planar gold(Ill) compound [Au(CeF5)3(L)]
in good yields (see Scheme 2). The complexes have been characterized by IR, NMR spectroscopy
and mass spectrometry. In the IR spectra the absorptions for the v(Au-Cl) in complex 2 and the
vibrations due to the pentafluorophenyl rings bonded to gold(I) or gold(III) for compounds 3 or 4 were
observed. In the 3'P{'H} NMR spectra a downfield displacement for the phosphorus atoms is observed
as a consequence of the coordination to the gold center, with resonances at 24 ppm for the gold(I)
species and at 11 ppm for the gold(IIl) derivative. The '°F spectra for compounds 3 and 4 are also
characteristic of the coordination of the ligand to the AuCgFs or the Au(CgF5)3 fragments, with three
or six resonances for the ortho, meta and para fluorine of the pentafluorophenyl groups, respectively.

.
o
}-(/j_l Ph

Ph NH S P —Au—X
e 2_pu—p— s~/
S, HN Phy m
E/)_ﬁo 1 O Xx=0l(2.Cofs (3)
i) if)

CeFs
R RICEREETEERRE . Ph,

|
: P "—Au—CqF
PPhy iii) _/_ 65
s S HN |

_— CeF
o

iv)

.
0
el
Phy Ph, Ph, NH S
—Ag—OTf —/_

P —Ag—FP
S HN—/_

Scheme 2. Coordination studies of ligand L. Reaction conditions: CH,Cly, r.t., (i) [Au(tht),]OTf:
(ii) [AuCl(tht)] or [Au(CeFs)(tht)]; (i) [Au(CsFs)s(tht)]; (iv) 1/2 Ag(OTY); (v) Ag(OTH).

5

The reaction of the chloro-gold derivative 2 with different thiols derived from DNA-bases
or related species, such as 2-thiocitosine, 2-thiolpyridine, 2-thiouracil, 2-thionicotinic acid,
2,3,4,6-tetra-6-acetyl-1-thiol-u-D-glucopyranosato or thiopurine were carried out in dichloromethane
in the presence of potassium carbonate to afford the phosphine-thiolate gold derivatives 7-12
(see Scheme 3).
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Scheme 3. Synthesis of the thiolate-gold(I) derivatives.

The NMR data for these complexes are in accordance with the substitution of the chlorine ligand
for the corresponding thiolate. The resonances in the 'H and '3C NMR spectra corroborate the
presence of both the amide-phosphine and the thiolate ligand. In the S1p(1H) NMR the resonances for
the phosphorus atom are displaced downfield.

2.2. X-ray Diffraction Studies

Molecular structures of complexes 3, 6 and 7 were confirmed by an X-ray crystallographic study.
Complexes 3 and 6 crystallized in the monoclinic space group P2; /n with two or one molecules by
an asymmetric unit, respectively. Compound 7 crystallized in the triclinic space group P—1 with two
molecules by asymmetric unit. Figure 2 collects the molecular structures for the pentafluorophenyl
and thiolate gold(I) derivatives.

Figure 2. Molecular structure of the gold compounds 3 and 7, with the atom labelling scheme (some of
the hydrogen atoms are omitted for clarity).

The gold(I) atoms in complexes 3 and 7 lie in an almost linear geometry, as expected for gold(I)
derivatives, defined by the P atom and the C of the pentafluorophenyl (3) or the S atom of the thiolate
ligand (7). The P-Au—C bond angles in 3 are 175.9(3)° and 170.6(3)°, and the P-Au-S bond angles
are 176.02(7)° and 173.55(8)° in 7. The Au-P, Au-C, and Au-S bond distances are unexceptional for
both complexes and compared well with most of the distances found in related complexes with the
same CgFs—Au-P or S—Au-P core [25,26]. The longer Au-P bond distances in the pentafluorophenyl
derivative 3 (2.276(3) A, 2.273(3) A) compared with those in complex 7 (2.256(2) A, 2.256(2) A) and
are in agreement with the higher trans influence of the pentafluorophenyl ligand compared with the
thiolate ligand.
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In the crystal of 3 the molecules are associated into chains parallel to the crystallographic b-axis
via short hydrogen bonds between the amide NH proton and the oxygen atom of the CO group of
neighbouring molecules as a proton acceptor (Figure 3). The distances and angles of the D---A moieties
are N2-H2---O1_$1 ($1 x — 1/2,y +1/2,z — 1/2) 2.897(11) A and 167(9)° and N1-H1.--02_$2 ($2 —x +
1, —y+1,—z+1)2.918(11) A and 148.1°.

Figure 3. Association of molecules in 3 via hydrogen bonding.

In the crystal of 7 the molecules are organized into dimers though classical H-bonds (N-H:--N)
between the thiocytosine groups of neighbouring molecules, with D---A distances of 3.103(9) A for
N3-H3b---N5 with an angle of 147.5° and a distance of 3.059(9) A for N3-H3a---N2_$1 (%1 —x+1,
—y +2, —z+ 1) with an angle of 169.1 C. Moreover, dimers are organized in a 3D array through
additional H-bond (N-H:-N), N7-H7a---N6_$2 ($2 —x + 2, —y + 1, —z — 1) distance of 3.124(10) A
with an angle of 170.3° (Figure 4).

Figure 4. Association of molecules in complex 7 via hydrogen bonding. Phenyl rings are omitted for
clarity, only ipso carbon is maintained.

Complex 6 can be seen as chains of silver atoms in which the thiophene-phosphine group is acting
as a bidentate bridging ligand through the P atom and the O of the carboxamide group atom (Figure 5).
In addition, each triflate anion is bonded to two silver atoms of different chains that lead to a 3D array.
The silver atom is in a highly distorted tetrahedral geometry. The angles around the silver center range
from 77.4(2)° to 155.0(1)°. The bond lenghts are normal in tetra-coordinated silver compounds, with
Ag-P distance of 2.380(2) A and Ag—O carboxamide distance of 2.265(4) A, whereas the Ag-O triflate
bonds (2.444(4) A and 2.574(4) A) are longer than the carboxamide oxygen. However, these Ag-O
distances are shorter than the usually found in silver-triflate complexes with weak bonds [27,28].
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Figure 5. Structure of compound 6, with the atom labelling scheme, showing the tridimensional
network (hydrogen atoms, phenyl rings and the CF3 units from the triflate are omitted for clarity).

2.3. Biological Studies

The cytotoxic activity of ligand L and the gold and silver complexes 1-12 were tested against four
different tumor cell lines: A-549 (human lung carcinoma), Hep-G2 (human liver cancer), NIH-3T3
(mouse embryonic fibroblast) or PC12 (pheochromocytoma of the rat adrenal medulla) and comparison
with that of cisplatin has been performed [29-31].

Compounds L and 1-10 are not water-soluble, but they are soluble in DMSO and
in the DMSO/water mixtures used in to perform the tests, containing a small amount of
DMSO, concentrations up to 100 uM. No precipitation of the compounds, or metallic gold or
silver was observed while performing the tests. Their DMSO-ds solutions are stable at room
temperature, according to the 'H NMR spectra in which the same resonances were present
for more than two weeks. Cells were exposed to various concentrations of each compound for
a total of 48 h. The IC5) values were calculated using the colorimetric MTT viability assay,
(MTT = 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide). The final concentration of
DMSO was <0.1%. IC5q values are necessary concentrations of a drug to inhibit tumor cell proliferation
by 50%, compared to the control cells treated with DMSO alone. The ICs, values for L and complexes
1-12 are collected in Table 1.

Table 1. IC5) of L and complexes 1-12 at 48 h (uM).

1C5p (M)
Complex A-549 Hep-G2  NIH-3T3 PC-12
L >100 >100 >100 >100
1 489+21 171+11 14+£009 05+0.1
2 >100 169+12 28£09 1.6 0.8
3 106 +14 56+£35 3937+£22 16+£07
4 >100 >100 >100 >100
5 20.8+21 10.0+1.1 40=£038 1.1+0.6
6 125+12 789+24 208+18 69+1.0
7 451+27 59+17 30+£12 1.0+ 0.5
8 245+18 67+23 21+04 05+0.2
9 >100 141+25 6.1+19 1.3+04
10 >100 158 +24 63+17 27+1.0
11 99+14 59+11 29+09 -
12 65.7 + 3.4 >100 13.7 +24 -
Cisplatin 64 25+3.1 145 £ 13 -
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The IC5) values listed in Table 1 showed that the tested thiophene amidophosphine ligand
(L) did not show significant antiproliferative activity and neither the gold(Ill) complex bearing
pentafluorophenyl groups (4). However, the rest of the compounds were quite effective as cytotoxic
agents against in vitro growth of the tested cancer cell lines. They showed certain selectivity in their
cytotoxic action, being the A549 and the Hep-G2 cell lines the more resistant and the PC-12 the most
sensitive in all the tested compounds.

The bis(amidophosphine) gold (1) or silver (5) complexes exhibited excellent activities
with low ICsy values in all the cell lines, especially the silver species 5 showed ICs; values
ranging from 1.1 to 20.8 cells. The chloro-gold derivative 2 did not show significant activity
in A549 cancer cells, whereas presented excellent results in the other cell lines. Surprisingly,
the gold(I) species with a pentafluorophenyl moiety 3 showed very good activity in A549 cancer
cells, in contrast to the lower activity observed in our group for other gold complexes with
pentafluorophenyl ligands. The best results in the thiolate gold derivatives were achieved with
the 2,3,4,6-tetra-6-acetyl-1-thiol-B-D-glucopyranosato ligand, complex 11, for which excellent activities
were obtained in all the cancer cell lines.

With these results is possible to get some interesting structure activity relationships.
The tested thiophene amidophosphine derivatives showed excellent activities in PC-12 and
NIH-3T3 cell lines. Interestingly, the gold complexes exhibited slightly better activity than the
silver compounds with the exception of the A549 cell line for which the silver species are more
active. The best results were obtained for the thiolate-gold derivatives, specifically with the
2,3,4,6-tetra-6-acetyl-1-thiol-3-D-glucopyranosato ligand, although in general the other thiolate gold
complexes presented dissimilar ICsy values depending on the cell line. Excellent values were also
achieved with the bis(phosphine) gold and silver complexes, probably because of their cationic
character. Practically in most of the cases the antiproliferative activity was superior to that presented
by cisplatin.

3. Experimental Section

3.1. Instrumentation

Mass spectra were recorded on a BRUKER ESQUIRE 3000 PLUS (Bruker, Bremen, Germany),
with the electrospray (ESI) technique and on a BRUKER MICROFLEX (MALDI-TOF) (Bruker, Bremen,
Germany), using Dithranol or a T-2-(3-(4-tbutyl-phenyl)-2-methyl-2-propenylidene)malononitrile as a
matrix. NMR spectra were recorded with a Bruker ARX 400 spectrometer (Bruker, Bremen, Germany)
('H, 400 MHz and '°F, 376.5 MHz). Chemical shifts are reported in ppm relative to the residual solvent
peak ['H (CD3),CO: 2.05] and CFCls, respectively.

3.2. Starting Materials

[AuCl(tht)], [Au(CgFs)(tht)] [32], [Au(tht);JOTf [33,34] and [Au(CeF5)3(tht)] [32], were prepared
according to literature procedures. Other starting materials and solvents are commercially available.

3.3. General Procedure for the Synthesis of Ligand L and Complexes 1-6

Synthesis of 2-(diphenylphosphino)ethylamine-2-carbonylthiophene (L): To a solution of
2-(diphenylphosphino)ethylamine (46 pL, 0.2 mmol) in CH,Cl, (20 mL) was added triethylamine
(60 uL, 0.43 mmol). After stirring the solution for 10 min at room temperature, it was poured onto an
ice bath and a solution of 2-chlorocarbonylthiophene in CH,Cl, (20 mL) was added dropwise and
stirred overnight. An aqueous solution of NaHCOj3; (30 mL) was added and the two phases were
separated. The organic phase was dried with anhydrous Na;SOy. The solvent was evaporated to ca.
5 mL and hexane (20 mL) was added to obtain a white solid. 80% yield. TH NMR (CDCl3) & (ppm):
7.45 (m, 6H, Ph, H3, H5), 7.34 (m, 6H, Ph), 7.02 (dd, | = 4.8 Hz, 3.6 Hz, 1H, H4), 6.25 (m, br, 1H, NH),
3.61 (m, 2H, -CH,N-), 2.42 (t, ] = 7.2 Hz, 2H, -CH,P-). 3C{'H} NMR (CDCl3) & (ppm): 161.76 (C=0),
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138.99 (C2), 137.70 (d, !Jpc = 11.7 Hz, ipso-CsHs), 132.87 (d, 2Jpc = 18.8 Hz, 0-C¢Hs), 129.98 (C3), 129.04
(p-CsHs), 128.79 (d, 3Jpc = 6.9 Hz, m-CgHs), 128.01 (C5), 127.64 (C4), 37.56 (d, 2Jc_p = 19.9 Hz, -CH,N-),
28.63 (d, 'Jc_p = 13.3 Hz, -CH,P-). 3'P{'H} NMR (CDCl3) § (ppm): —20.64.

Synthesis [AuL;]OTf (1): To a solution of L (0.1018 g, 0.30 mmol) in CH,Cl, (20 mL), [Au(tht),]OTf
(0.0783 g, 0.15 mmol) was added and the solution was stirred for 1 h. Evaporation of the solvent to ca.
5 mL and addition of hexane (15 mL) gave a white solid of 1. 73% yield. TH NMR (CDCl3) & (ppm):
7.79 (m, 2H, NH), 7.53 (m, 10H, Ph, H3), 7.39 (m, 14H, Ph, H5), 6.92 (dd, ] = 4.9, 3.9 Hz, 2H, H4), 3.70
(m, 4H, -CH,;N-), 2.82 (t, ] = 6.4 Hz, 4H, -CH,P-). *C{'H} NMR (CDCl3) & (ppm): 162.96 (C=0),
138.84 (C2), 133.08 (0-C5Hy), 131.28 (p-CsHy), 130.37 (C3), 129.47 (m-CsHy), 128.66 (C5), 127.96 (C4),
36.83 (-CH,N-), 27.70 (-CH,P-). 3'P{'H} NMR (CDCl3)  (ppm): 36.99. ’F NMR (CDCl3) § (ppm):
—78.4. MS (ESI*) m/z: [M]* 875.3 (100%). C39Hzs AuF3N,O5P,S3 (1024.8) caled. C 45.70, H 3.54, N 2.73,
$9.37; found C 45.48, H 3.35, N 2.73, S 8.97.

Synthesis of [AuCIL] (2): To a solution of L (0.15 mmol) in CH,Cl, (20 mL), [AuCl(tht)] (0.15 mmol)
was added and the mixture was stirred for 1 h. Then, the solution was evaporated to ca. 5 mL and
addition of hexane (15 mL) afforded a white solid of 2. 94% yield. "H NMR (CDCl3) & (ppm): 7.69 (m,
4H, Ph), 7.45 (m, 8H, Ph, H3, H5), 7.03 (dd, ] = 4.7, 4.0 Hz, 1H, H4), 6.69 (m, 1H, NH), 3.74 (m, 2H,
—-CH,N-), 2.91 (dt, ] = 10.9 Hz, 7.1 Hz, 2H, -CH,P-). 3C{'H} NMR (CDCl3) § (ppm): 162.44 (C=0),
138.22 (C2), 133.30 (d, ?Jpc = 13.3 Hz, 0-C¢Hs), 132.28 (p-CsHs), 130.62 (C3), 129.55 (d, 3Jpc = 11.8 Hz,
m-CgHs), 128.84 (d, YJpc = 42.2 Hz, ipso-C¢Hs), 128.44 (C5), 127.90 (C4), 36.98 (d, *Jc_p = 5.6 Hz,
~CH,N-), 28.35 (d, 'Jc_p = 39.1 Hz, -CH,P-). 3'P{'H} NMR (CDCl3) § (ppm): 24.55. C19H1s AuCINOPS
(571.8) caled. € 39.91, H3.17, N 2.45, S 5.61; found C 39.61, H 3.08, N 2.60, S 5.39.

Synthesis of [Au(CgF5)L] (3): To a solution of L (0.15 mmol) in CH,Cl, (20 mL), [Au(CgFs)(tht)]
(0.15 mmol) was added and the solution was stirred for 1 h. Evaporation of the solvent to ca. 5
mL and addition of hexane (15 mL) gave a white solid of 3. 75% yield. '"H NMR (CDCl3) § (ppm):
7.66 (m, 4H, Ph), 7.51 (d, ] = 3.3 Hz, 1H, H3), 7.40 (m, 7H, Ph, H5), 7.07 (t, ] = 5.5 Hz, 1H, NH), 7.0
(m, 1H, H4), 3.70 (m, 1H, -CH,N-), 2.89 (m, 1H, -CH,P-). *C{'H} NMR (CDCl3) § (ppm): 162.36
(C=0), 137.15 (C2), 133.48 (d, }Jpc = 13.4 Hz, 0-C¢Hs), 132.01 (d, *Jpc = 2.1 Hz, p-C¢Hs), 130.55 (C3),
130.06 (d, !Jpc = 53.8 Hz, ipso-CsHs), 129.61 (d, 3Jpc = 11.2 Hz, m-C4Hs), 128.36 (C5), 127.67 (C4), 36.88
(d, ?Jc_p = 6.2 Hz, -CH,N-), 28.57 (d, 'Jc_p = 33.3 Hz, -CH,P-). 3'P{'H}-NMR (CDCl3) § (ppm): 24.24.
F NMR (CDCl3) & (ppm): —116.13 (m, 2F, 0-C¢Fs), —157.81 (t, Jef = 19.96 Hz, 1F, p-C4F5), —161.97
(m, 2F, m-CgFs). Co5Hig AuFsNOPS (703.4) caled. C 42.68, H 2.58, N 1.99, S 4.56; found C 42.65, H 2.84,
N 2.01,S4.73.

Synthesis of [Au(CgF5)3L] (4): To a solution of L (0.15 mmol) in CH,Cl, (20 mL), [Au(CgF5)3(tht)]
(0.15 mmol) was added and the mixture stirred for 1 h. Then the solution was evaporated to ca. 5 mL
and added hexane (15 mL) to obtain a white solid of 4. 72% yield. 'H NMR (CDCl3) § (ppm): 7.53
(m, 11H, Ph, H3), 7.41 (dd, ] = 3.7, 1.0 Hz, 1H, H5), 7.08 (dd, ] = 4.9, 3.8 Hz, 1H, H4), 6.14 (t, ] = 5.9 Hz,
1H, NH), 3.50 (m, 2H, -CH,N-), 2.90 (m, 2H, ~-CH,P-). 3C{'H} NMR (CDCl3) & (ppm): 162.35 (C=0),
137.62 (C2), 133.11 (d, *Jpc = 2.7 Hz, p-C¢Hs), 132.76 (d, 2Jpc = 10.4 Hz, 0-CHs), 130.94 (C3), 129.53 (d,
3Ipc = 11.6 Hz, m-CgHs), 128.77 (C5), 128.01 (C4), 123.18 (d, Jpc = 57.7 Hz, ipso-CgHs), 35.93 (~CH,N-),
25.59 (d, Jc_p = 29.6 Hz, -CH,P-). 31P{'H} NMR (CDCl3) § (ppm): 11.26 (q, Jp_r = 11.10 Hz). 1°F NMR
(CDCl3) b (ppm): —120.34 (m, 4F, 0-C4Fs), —121.51 (m, 2F, 0-CgFs), —155.95 (t, Jp_p = 19.92 Hz, 2F,
p-CeFs), —156.80 (t, Jp_p = 19.85 Hz, 1F, p-C¢Fs), —159.94 (m, 4F, m-CgFs), —160.79 (m, 2F, m-C¢Fs). MS
(ESI*) m/z: [M—CgFs]* 870.1 (25.8%). C3yH18AuF15NOPS (1037.5) caled. C 42.83, H 1.75, N 1.35, S 3.09;
found C 43.01, H 1.79, N 1.38, S 3.16.

Synthesis of [Ag(L)2]OTf (5): To a solution of L (0.30 mmol) in CH,Cl, (20 mL), Ag(OTf) (0.15 mmol)
was added and the mixture stirred for 1 h. The solution was evaporated to ca. 5 mL and addition of
hexane (15 mL) afforded a white solid of 5. 77% yield. TH NMR (CDCl3) & (ppm): 8.35 (t, ] =5.5 Hz, 2H,
NH), 7.67 (m, 8H, Ph), 7.48 (m, 14H, Ph, H3), 7.36 (d, ] = 4.9 Hz, 2H, H5), 6.96 (dd, | = 4.8, 3.9 Hz, 2H,
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H4), 3.82 (m, 4H, -CH,N-), 3.12 (m, br, 4H, -CH,P-). *C{'H} NMR (CDCl3) § (ppm): 163.05 (C=0),
139.04 (C2), 133.37 (d, ?Jpc = 6.9 Hz, 0-C4Hs), 132.39 (p-CsHs), 130.37 (C3), 129.87 (d, *Jpc = 5.4 Hz,
m-CgHs), 128.89 (C5), 128.19 (d, 'Jpc = 28.8 Hz, ipso-C¢Hs), 128.14 (C4), 36.20 (-CH,N-), 27.82 (2d,
Je-p=16.9 Hz, -CH,P-). 3'P{'H} NMR (CD,Cl,, —85 °C) & (ppm): 6.44 (d, Jp_aq = 527.1 Hz). ’F NMR
(CDCl3) & (ppm): —77.75. MS (MALDI*) m/z: [M]* 787.2 (100%). C3oHzs AgF5N2O5P,S;3 (935.7) calcd.
C 50.06, H 3.88, N 2.99, S 10.28; found C 49.98, H 4.01, N 2.92, S 9.90.

Synthesis of [Ag(OTf)L] (6): To a solution of L (0.15 mmol) in CH,Cl, (20 mL), Ag(OTf) (0.15 mmol)
was added and the solution was stirred for 1 h. Then the solution was evaporated to ca. 5 mL and
addition of hexane (15 mL) led to a white solid. 62% yield. 'H NMR (CDCl3) & (ppm): 7.82 (m,
br, 1H, NH), 7.55 (m, br, 4H, Ph), 7.46 (m, br, 1H, H3), 7.35 (m, br, 7H, H5), 6.90 (m, 1H, H4), 3.76
(m, br, 2H, -CH,N-), 2.80 (m, br, 2H, ~CH,P-). 3'P{'H} NMR (Acetone-dg, —85 °C) & (ppm): 3.27
(d, Jp-ag =708.8 Hz). 9F NMR (CDCl3) & (ppm): —77.49. CooH13AgFsNO4PS; (596.31) caled. C 40.28,
H 3.04, N 2.35, S 10.75; found C 40.15, H 3.16, N 2.42, S 11.04.

3.4. General Procedure for the Synthesis of Phosphinegold(I) Thionucleobase Analogues 7-12

A suspension of thionucleobase (0.2 mmol) and K;COj3 (1 mmol) in CH,Cl, (15 mL) was stirred
for 30 minutes. Then, the chlorophosphinegold(I) complex (0.2 mmol) was added and the suspension
was stirred overnight. The solution was filtrated and the solvent was evaporated until ca. 5 mL and
added hexane (15 mL) to obtain a solid of the corresponding complex.

[Au(2-thiocytosine)L] (7): White solid, 60% yield. 'H NMR (Acetone-dg) & (ppm): 8.70 (m, br, 1H,
NH), 7.92 (m, 4H, Ph), 7.76 (d, ] = 5.77 Hz, 1H, H6), 7.60 (m, 2H, H3’,H5"), 7.53 (m, 6H, Ph), 7.02 (dd,
] =5.0,3.8 Hz, 1H, H4'), 6.13 (d, ] = 5.79 Hz, 1H, H5), 5.93 (m, br, 2H, NH5), 3.79 (m, 2H, -CH,N-), 3.08
(m, 2H, -CH,P-). BC{'H} NMR (Acetone-dg) § (ppm): 163.89 (C4), 162.58 (C=0), 155.36 (C6), 140.64
(C27),134.29 (d, ?Jpc = 13.6 Hz, 0-CsHs), 132.47 (d, *Jpc = 2.3 Hz, p-C4Hs), 131.85 (d, Jpc = 55.1 Hz,
ipso-CgHs), 131.05 (C3'), 130.12 (d, 3Jpc = 11.3 Hz, m-C4Hs), 128.86 (C5’), 128.35 (C4’), 100.70 (C5), 37.37
(d, ] = 7.8 Hz, -CH,N-), 28.85 (d, ] = 35.2 Hz, -CH,P-). 3'P{!H} NMR (Acetone-dg) 5 (ppm): 31.03. MS
(EST*) m/z: [M]* 663 (100%). Co3Hy AuN4OPS, (662.5) caled. C 41.69, H 3.35, N 8.46, S 9.68; found C
41.55,H 3.13, N 8.42, S 10.15.

[Au(2-thiopyridine)L] (8): Yellow solid, 55% yield. 'H NMR (Acetone-dg) 5 (ppm): 8.59 (m, br, 1H,
NH), 8.18 (d, br, | = 5.0 Hz, 1H, H6), 7.93 (m, 4H, Ph), 7.60 (dd, ] = 5.0, 1.1 Hz, 1H, H4), 7.57 (dd, | = 3.8,
1.1 Hz, 1H, H3), 7.53 (m, 6H, Ph), 7.38 (m, 2H, H5’, H3"), 7.00 (dd, ] = 5.0, 3.8 Hz, 1H, H5), 6.88 (td,
J =4.9,3.6 Hz, 1H, H4), 3.79 (m, 2H, -CH,N-), 3.11 (m, 2H, -CH,P-). 3C{'H} NMR (Acetone-d)
§ (ppm): 169.33 (C2), 162.50 (C=0), 148.97 (C6), 140.65 (C2’), 136.46 (C4), 134.28 (d, ?Jpc = 13.6 Hz,
0-CgHs), 132.52 (d, *Jpc = 2.3 Hz, p-C¢Hs), 131.69 (d, Ypc = 55.4 Hz, ipso-C¢Hs), 131.03 (C3’), 130.13
(d, 3Jpc = 11.3 Hz, m-C¢Hs), 128.79 (C5’), 128.30 (C4’), 127.06 (C5), 118.79 (C3), 37.32 (d, | = 7.4 Hz,
—~CH,N-), 28.72 (d, | = 35.3 Hz, -CH,P-). 3'P{'H} NMR (Acetone-dg) & (ppm): 35.31. Co4Hp AuN,OPS,
(646.5) caled. C 44.59, H 3.43, N 4.33, S 9.90; found C 44.65, H 3.28, N 4.34, S 9.93.

[Au(2-thiouracil)L] (9): White solid, 62% yield. 'H NMR (CDCl3) & (ppm): 8.70 (m, br, 1H, NH), 7.63
(m, 4H, Ph), 7.50 (m, 2H, H6, H3"), 7.37 (m, 7H, Ph, H5'), 6.92 (dd, | = 5.0, 3.8 Hz, 1H, H4’), 6.05
(d, ] = 5.6 Hz, 1H, H5), 3.69 (m, 2H, -CH,N-), 2.88 (m, 2H, -CH,P-). *C{!H} NMR (CDCl3) 5 (ppm):
162.84 (C=0), 138.84 (C2), 133.24 (d, 2Jpc = 13.4 Hz, 0-C¢Hs), 131.85 (p-CgHs), 130.26 (C3), 129.64
(d, YJpc = 57.4 Hz, ipso-CgHs), 129.35 (d, *Jpc = 11.5 Hz, m-C¢Hs), 128.70 (C5'), 127.72 (C4’), 109.89 (C5),
36.95 (d, ] = 3.5 Hz, -CH,N-), 28.72 (d, ] = 36.8 Hz, -CH,P-). 3'P{'H} NMR (CDCl3) & (ppm): 30.59.
MS (ESI*) m/z: [M]* 663.8 (38.34%). Co3Ha1 AuN3O,PS, (663.5) caled. C 41.63, H 3.19, N 6.33,S 9.67;
found C 41.55, H 3.18, N 6.50, S 10.11.

[Au(2-thionicotinic acid)L] (10): Yellow solid, 57% yield. "H NMR (CDCl3) § (ppm): 9.36 (m, br, 1H,
OH), 7.70-7.00 (m, 14H, Ph, H6, H4, H5, H3’, H5'), 6.72 (m, br, 1H, H4’), 6.31 (m, br, 1H, NH), 3.50-3.45
(m, 2H, -CH,N-), 2.56 (m, br, 2H, -CH,P-). 3'P{*H} NMR (CDCl3) § (ppm): 28.91. MS (ESI*) m/z: [M]*
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691 (100%). Ca5Hop AuN, O3PS, (690.1) caled. C 43.48, H 3.21, N 4.06, S 9.27; found C 43.52, H 3.03, N
3.93,5 8.55.

[Au(thioglucose)L] (11): White solid, 65% yield. TH NMR (Acetone-dg) & (ppm): 7.94 (m, 5H, Ph, NH),
7.64 (dd, | = 5.0, 1.0 Hz, 1H, H3'), 7.55 (m, 7H, Ph, H5’), 7.07 (dd, ] = 5.0, 3.8 Hz, 1H, H4’), 5.18 (t,
] =9.4 Hz, 1H, H5), 5.07 (t, | = 9.7 Hz, 1H, H4), 5.00 (m, 2H, H6, H1), 4.24 (dd, | = 12.3, 4.8 Hz, 1H,
—CH,-), 4.09 (dd, ] = 12.3,2.2 Hz, 1H, -CH,-), 3.92 (m, br, 1H, H3), 3.77 (m, 2H, -CH,N-), 3.17 (m, 1H,
—CH,P-), 3.00 (m, 1H, -CH,P-), 1.98 (s, 6H, -COCH3), 1.91 (s, 6H, -COCHj3). 3C{'H} NMR (CDCl5)
& (ppm): 170.29, 169.69 (O-C=0), 162.50 (N-C=0), 138.80 (C3'), 133.49 (d, *Jpc = 13.6 Hz, 0-CsHs),
133.11 (d, ?Jpc = 13.4 Hz, 0-C¢Hs), 131.73 (d, #Jpc = 2.5 Hz, p-CsHs), 131.65 (d, 4Jpc = 2.5 Hz, p-CgHs),
130.37 (d, Ypc = 55.4 Hz, ipso-CsHs), 130.21 (C3’), 130.04 (d, YJpc = 55.6 Hz, ipso-C¢Hs), 129.43 (d,
3Ipc = 5.9 Hz, 0-C¢Hs), 129.28 (d, 3Jpc = 5.9 Hz, m-C¢Hs), 128.24 (C5’), 127.43 (C4), 76.16 (C3), 74.29
(C5,C6, C1), 68.84 (C4), 62.60 (-CH,-), 37.66 (d, | = 4.6 Hz, -CH,N-), 28.10 (d, | = 34.9 Hz, -CH,P-),
21.42, 20.77 (CH3~COOCH}). 3'P{'H} NMR (Acetone-dg) & (ppm): 31.49. MS (ESI*) m/z: [M]* 900.3
(45.70%). C33H37AuNO1gPS, (899.7) caled. C 44.04, H 4.15, N 1.56, S 7.13; found C 43.96, H 4.14, N 1.47,
S 6.99.

[Au(6-thiopurine)L] (12): White solid, 57% yield. 'H NMR (Acetone-dg) § (ppm): 9.77 (m, br, 1H,
NH), 8.34 (s, 1H, H9), 8.03 (s, 1H, H5), 7.96 (m, 4H, Ph), 7.50 (m, 8H, Ph, H5', NH, H3’), 6.79 (dd,
J=4.9, 3.8 Hz, 1H, H4’), 3.84 (m, 2H, -CH,N-), 3.08 (m, 2H, -CH,P-). 13C{*H} NMR (Acetone-d;)
§ (ppm): 162.55 (C=0), 134.31 (d, ?Jpc = 11.5 Hz, 0-C4Hs), 132.36 (s, p-CeHs), 130.23 (C3’), 130.06
(d, 3Jpc = 9.4 Hz, m-C4Hs), 129.91 (C5’), 128.51 (C4’). 3'P{'H} NMR (Acetone-dg) 5 (ppm): 26.82. MS
(EST*) m/z: [M]* 691 (100%). Cp4Hyp AuN5OPS, (687.1) caled. C 41.93, H 3.08, N 10.17, S 9.33; found C
4224, H3.12,N 9.71,S 8.55.

3.5. Cristallography

Crystals were mounted in inert oil on glass fibers and transferred to the cold gas stream of Xcalibur
Oxford Diffraction (3, 6) or a SMART Apex CCD (7) diffractometer equipped with a low-temperature
attachment. Data were collected using monochromated Mo K« radiation (A = 0.71073 A). Scan type w.
Absorption correction based on multiple scans was applied using spherical harmonics implemented in
SCALE3 ABSPACK [35] scaling algorithm or SADABS. The structures were solved by direct methods
and refined on F? using the program SHELX [36]. All non-hydrogen atoms were refined anisotropically,
with the exception of some solvent atoms. Refinements were carried out by full-matrix least-squares
on F? for all data. CCDC 1881668 (6), 1881669 (7) and 1881670 (3) contains the Supplementary
crystallographic data for this paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

3.6. Cell Culture

HEP-G2 cells (human hepatocellular carcinoma cells), NIH-3T3 cells (mouse fibroblasts), A-549
cells (human lung carcinoma cells), and PC12 (pheochromocytoma of the rat adrenal medulla). All cell
lines were cultivated in Dulbecco’s Modified Eagle’s medium (DMEM, D7777 Sigma-Aldrich, Madrid,
Spain) supplemented with with 10% fetal bovine serum (FBS) and 1% antibiotics (penicillin/ 100U/mL
and streptomycin/ 100png/mL) in a humidified environment at 37 °C/5% CO,. After three to four
days the cells were then detached with trypsin and cultured in another cell culture flask. Wells of a
96 well plate were seeded with the cells and incubated for three days. At day 4 the medium of each
well was removed and 200 uL of the gold and silver complexes in different concentrations in the cell
culture medium were added to the wells (1-100 uM). The cells were cultivated for two additional days
and then, the viability of the cells was determined by the MTT-assay.
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3.7. Cytotoxicity MTT Assay

The MTT assay was used to calculate cell viability. Exponentially growing cells were seeded at
a density of ~4 x 10° cells/mL, in a 96-well microplate, and 48 h later they were incubated with the
complexes. The compounds were dissolved in DMSO and tested in concentrations ranging from 1 to
100 puM.

Cytotoxicity of tested compounds was evaluated by the MTT method [37]. The optical density
was measured at 570 nm using a 96-well multiscanner autoreader. The ICs, values were calculated by
non-linear regression analysis using Origin software (Origin Software, Electronic Arts, Redwood City,
CA, USA)

4. Conclusions

A new amidophosphine ligand bearing a thiophene moiety has been synthesized and the
coordination behaviour towards gold and silver complexes has been studied. The coordination
of the gold(I/IIl) or silver(I) fragments takes place through the phosphorus atom. In contrast
for the silver species coordination to the phosphorus atom together with the oxygen atoms of
the carbonyl and triflate groups is observed. The crystal structures of some of these derivatives
present supramolecular structures through hydrogen bonding. Cytotoxicity studies in several
cancer lines, such as A-549, Hep-G2 or NIH-3T3 and PC-12 have been performed for the ligand
and all the synthesized complexes, showing that whereas the thiophene amidophosphine lacks
activity, the gold and silver complexes exhibit moderate to excellent activities in all the cell lines.
From the structure activity relationship perspective is possible to conclude that the best activities
are achieved with the cationic bis(amidophosphine) species and with the thiolate derived from
the 2,3,4,6-tetra-6-acetyl-1-thiol--D-glucopyranosato ligand. In general, gold complexes are more
cytotoxic than the silver ones, with the exception of the A-549 cell line. The cytotoxicity values are
much better than those exhibited by cisplatin.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-6740/7/2/13/s1,
CIF and checkClIF files.
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Abstract: After nearly 20 years of research on the use of ruthenium in the fight against cancer,
only two Ru(Ill) coordination complexes have advanced to clinical trials. During this time, the field
has produced excellent candidate drugs with outstanding in vivo and in vitro activity; however,
we have yet to find a ruthenium complex that would be a viable alternative to platinum drugs
currently used in the clinic. We aimed to explore what we have learned from the most prominent
complexes in the area, and to challenge new concepts in chemical design. Particularly relevant
are studies involving NKP1339, NAMI-A, RM175, and RAPTA-C, which have paved the way for
current research. We explored the development of the ruthenium anticancer field considering that
the mechanism of action of complexes no longer focuses solely on DNA interactions, but explores a
diverse range of cellular targets involving multiple chemical strategies.

Keywords: ruthenium; anticancer; metal complex

1. Introduction

Cancer is a major health burden in the developed world. Although many breakthroughs in
biological targeted approaches have occurred (specifically, immunological therapy), an unmet clinical
need remains for a large section of the patient population, so wide-spectrum chemotherapy agents are
still required. This space is currently addressed with the use of platinum(II) coordination complexes,
namely Cisplatin (CDDP), Oxaliplatin and Carboplatin (worldwide approval), alongside Nedaplatin
and Lobaplatin, which are restricted to selected markets. Such platinum agents lack cellular selectivity,
so rapidly proliferating cells (hair follicles, bone marrow, and gastrointestinal tract) are particularly
vulnerable to off-target effects. This lack of cellular selectivity can lead to the development of severe
side effects not limited to nausea, vomiting, hair loss, nephrotoxicity, neurotoxicity, and hearing
loss [1,2].

The prevalence of platinum resistance in the clinic, both intrinsic and acquired [3-5], is an
escalating clinical concern, especially considering that platinum drugs are currently used in over
half of all chemotherapy regimens [3]. This has sparked the development of a new generation of
cytotoxics based on different metals, and corresponding coordination complexes, which excel in
cellular selectivity and retain their use against a wide range of malignancies, while exhibiting unique
mechanism(s) of action. Given the chemical similarity of the platinum group of metals (Pt, Pd, Rh, Ir,
Ru, and Os), given the successes of platinum therapies, interest in ruthenium(II/III) complexes has
increased considerably.

2. Ruthenium Complexes as Anticancer Agents

Ruthenium compounds have been proven to be a starting point in the search for alternatives
to platinum drugs in the clinic, as these compounds have both comparable ligand exchange kinetics
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and a greater number of accessible coordination geometries. Such comparison considers that Pt(II)
compounds are limited to square planar geometries, akin to cisplatin, and that octahedral geometries
comparable to ruthenium complexes can be only be achieved by a higher oxidation state, e.g.,
Pt(IV). The investigation around such complexes has been intense, with highly-renowned and
international-leading research groups pouring resources into this fast growing field. The chemistry of
Ru(Il) and Ru(Ill) complexes is well established in both the materials and medicinal chemistry fields,
and research into their use as prospective anticancer agents is widely spread. The latter oxidation state
complexes are typically considered to be more inert, which is, to some extent, attributable to the higher
effective nuclear charge. In combination with the highly reducing environment of a cancer cell, an
“activation by reduction” mechanism has been speculated for many Ru(Ill) complexes [6], which are
reduced to their more active Ru(II) form by cellular reductants such as ascorbate [7].

The in-cell mechanism of action (MoA) for many ruthenium complexes differs from the
DNA-binding mechanism typically associated with platinum drugs [8]. With a wider range of
intracellular targets, ruthenium anticancer complexes are well established, and many examples have
shown promise in chemical model systems, in vitro, and in vivo [9-11]. However, despite widespread
efforts, only three ruthenium complexes (NKP1339, NAMI-A, and TLD1433) have reached clinical
trials. NKP1339, and NAMI-A are both being developed as chemotherapeutic agents, while octahedral
Ru(II) complex TLD1433 has potential as a photosensitizer for photo-dynamic therapy [12]. Research
into future anticancer agents should learn from both successes and difficulties encountered during the
development of previous complexes in order to identify desirable physical, chemical, and biological
properties associated with a successful future Ru drug candidate.

In this review, we critically evaluate four of the most significant Ru coordination complexes,
NAMI-A, NKP1339, RM175, and RAPTA-C, and assess their contribution to the advancement of
future ruthenium-based anticancer agents.

3. Case Study: RM175

RM175 [Ru(biphenyl)Cl(en)]*, where en = 12-ethylenediamine, was amongst the first
ruthenium(Il) complexes to be explored for anticancer activity (Figure 1). This pseudo-octahedral
organometallic complex was developed by the Sadler group in 2001 [13]. RM175 is comprised of
monodentate (chloride), bidentate (diamine), and arene (biphenyl) ligands, typical of a 3-legged
“piano-stool” geometry. Originally synthesized with the aim of targeting DNA, it is intended to take
advantage of the lower 2+ oxidation state that would not require activation by cellular reduction [14].

: :_r

N—™\ Ru-
HoN—RUcy [ _p "l
N—=
NH, \/NJ Cl
RM175 RAPTA-C

Figure 1. RM175 (left) and RAPTA-C (right) are typical examples of 18-electron ruthenium arene
“piano-stool” complexes, in which an n°-arene ring stabilises the 2+ oxidation state of the ruthenium
metal centre.

The arene substituent provides a hydrophobic surface, allowing for cellular diffusion through the
lipophilic plasma membrane [14]. After entry into the cell, but prior to binding with DNA, complex
activation is thought to occur by ligand exchange at the monodentate site [15,16]. The complex’s
design envisaged the halogen atom acting like a leaving group, drawing similarities with the activation
of cisplatin. The aquation reaction would then generate a coordinative vacancy, which, in turn,
would allow for covalent binding to the N7 of guanine in the DNA double helix [14]. Although
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Ru(Il) complexes are known to bind to the guanine residues in DNA [17], it is thought that the
extended arene in this complex enables hydrophobic interactions to occur between RM175 and DNA
via arene-intercalation between base pairs [18]. As a consequence of the free rotation of biphenyl about
the Ru(II) centre, the structure is relatively flexible, which is anticipated to limit steric hindrance and
increase the complex’s DNA-binding affinity [19]. Conformational flexibility may allow the complex
to intercalate into the base pairs and bind to guanine simultaneously, as has been shown possible with
other ruthenium complexes [19]. This may explain why the resulting RM175-DNA adduct is more
resistant to DNA repair than platinated DNA; therefore, such observation begins to explain the lack of
cross-resistance with platinum [20].

Further biological studies into the mechanism of action of RM175 revealed new cellular targets
in addition to DNA binding, most notably the inhibition of matrix metalloproteinase-2 (MMP-2) [14].
MMPs are the most important members of the metalloproteinase family that contribute to tumor
progression. They govern the conditions of the tumor microenvironment and use signalling pathways
to assist in the modulation of cell growth and angiogenesis [21]. MMPs facilitate the migration and
invasion of cancerous cells, through degradation of the extracellular matrix (ECM), suppression of
the adaptive immune system, and other processes that promote cell survival and protect malignant
cells from apoptosis [21,22]. Apoptosis, as a form of programmed cell death, does not procure an
inflammatory response in principle; thus, MMPs are a noteworthy target for anticancer agents [23].

RM175 also exerts activity by disrupting the processes of cell invasion and migration. In order to
assess the effect of metallodrugs on cellular detachment and re-adhesion, several proteins have been
investigated including collagen 1V, fibronectin, and poly-L-lysine. All these proteins may come into
contact with malignant cells in vivo, since poly-L-lysine attracts cells through electrostatic interactions,
and both fibronectin and collagen IV are constituents of the extracellular matrix. Upon exposure to
RM175, invasive MDA-MB-231 breast adenocarcinoma cells became more resistant to detachment
from either fibronectin or poly-L-lysine, depending on the substance on which the cells were originally
grown. This effect was absent in non-tumorigenic and non-invasive cell lines (HBL-100 and MCEF-7,
respectively), suggesting that the reduction in cellular detachment after exposure to RM175 was
selective for invasive cells that would otherwise metastasize. Adherence to cellular components is
a vital stage in the formation of metastases, so the Ru(Il) complex has the potential to expand this
selective action across other cell lines. RM175 significantly inhibits cellular contact-induced movement
(haptotaxis) in MDA-MB231 and HLB-100 cells, preventing metastatic formation induced by this
stimulus [14].

The described effects on cell invasion and migration explain why the use of RM175 was directed
toward preventing and treating metastases as opposed to the reduction in primary tumor volume.
Though in vivo studies demonstrated a 50% reduction in primary mammary carcinoma (MCa) tumor
mass, upon withdrawal of RM175, tumor growth resumed, demonstrating the limited effect of RM175
on primary tumors. MCa cells are also liable to spontaneously spread to lung tissue; therefore,
the anti-metastatic activity was also assessed. The ruthenium complex was found to have greater
potency against metastases over primary tumors, and the size of the administered dose was found to
significantly impact the extent of metastatic growth. Although a high dose (10 mg/kg/day) resulted
in an 85-95% reduction in metastatic mass, only 70% reduction was achieved at a lower dosage
(7.5 mg/kg/day). Supplementation of the dose with human serum albumin (HSA) in ratios from 1:1
to 1:10 were found to elevate the drug’s cytotoxic profile and reduce cell viability to a greater extent,
indicating that efficacy of RM175 may be greater in vivo than in vitro [14].

RM175 has been reported to up-regulate the tumor suppressor p53 and the pro-apoptotic protein
Bax in HCT-116-wt cells, contributing to apoptosis. Significant apoptosis only occurred in cells that
were not p53/Bax-null, demonstrating that both proteins are vital for early RM175-induced apoptosis
(<48 h). Treatment with RM175 also induced long-term loss of cellular replication, independent of p53,
p21 wafl/Cipl, and Bax [17].
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RM175 also induces G1/Gp-phase cell cycle arrest in vitro [17]. G inhibition of cell cycle
progression was found to be dependent on tumor suppressors and cell cycle regulators, p53 and
p21, which binds to CDK1, as well as to, CDK2 [24], yet independent from the Bcl-2 family member,
Bax [17]. This highlights the vital role of both tumor suppressors in initiating cell cycle arrest in
contrast to RM175-mediated apoptosis, which only requires p53 and Bax. Exposure resulted in the
accumulation of the aforementioned genetic components [17], particularly p21, as expression of this
cell cycle regulator typically leads to cell cycle arrest [25]. Activation of p53 initiates a cascade of
anti-mitogenic signals, promoting the p21-induced inhibition of CDK2 activity. This consequently
prevents expression of various genes (some of which are involved in DNA replication) [25] and
inhibits progression to S phase. Alternatively, the cell cycle arrest in the G, phase could be attributed
to p53-mediated activation of either the GADD45 protein or p21 [24], both of which inhibit CDK1,
thereby inducing G, /M cell cycle arrest [26]. RM175 exerts its anticancer activity by both preventing
progression through the cell cycle leading to apoptosis, and “traditional” disruption of DNA replication
by strand intercalation and nucleobase binding.

4. Case Study: RAPTA-C

A second notable piano-stool complex is RAPTA-C, a ruthenium(II) arene complex developed
by the Dyson group that comprises an amphiphilic 1,3,5-triaza-7-phosphaadamantane (PTA) ligand
and two labile chloride ligands additional to the n®-coordinated arene, which helps to stabilize the
+2 oxidation state (Figure 1) [27]. In contrast to other phosphine ligands [28], PTA is relatively
sterically undemanding and is anticipated to contribute to the increased water solubility of RAPTA-C
relative to other Ru(ll) arene complexes [29]. Similarly to cisplatin, RAPTA-C undergoes rapid
hydrolysis of Ru—Cl at low (intracellular) chloride concentrations (4-5 mM), predominantly yielding
the mono-aquated complex, [Ru(p-cymene)CI(H,O)(PTA)]*. The Ru-Cl bond remains intact at higher
chloride concentrations (100 mM, i.e., in blood) and, like cisplatin, RAPTA-C may be considered a
pro-drug in its di-chlorido form [28]. Initial studies of RAPTA-C indicated that damage to supercoiled
pBR322 DNA was pH-dependent (occurring only below physiological pH; <7.0), so it was hypothesized
that this may invoke selective targeting of the typically more acidic environment of cancer cells [27].

Unlike cisplatin, preliminary in vitro studies found RAPTA-C to be remarkably inactive toward
TS/ A adenocarcinoma and non-cancerous epithelial (HBL-100) cell lines, as well as initially having
limited activity against primary tumors in vivo. However, later in vivo studies using pre-clinical
models (using chicken chorioallantoic membrane and, more recently, mice) found that RAPTA-C
was able to inhibit tumor growth by 50-75% [30,31]. In both instances, analysis of the treated tumor
identified the significant anti-angiogenic properties of the complex. Both RAPTA-C and structurally
similar RAPTA-B (in which the arene unit has been changed to a benzene ring) showed promise for
size reduction of solid lung metastases in vivo [30]. These pre-clinical studies clearly demonstrate
the requirement for careful optimization and control of experimental conditions, and for scientists
to be mindful of the fact that in vitro experiments often do not accurately predict in vivo activities.
Complexes, such as RAPTA-B or HC11, that contain cyclic, non-substituted hydrocarbons in their
structure have the potential to cause liver toxicity after P450 poly-hydroxylation; hence, in vivo
experiments need to closely monitor phase I metabolism of the ruthenium drugs [32]. In the case
of RAPTA complexes, even at the highest dose administered to mice, negligible side effects were
observed. Ruthenium was found to be excreted rapidly via the renal system and did not significantly
accumulate in vital organs [28,33].

Later structural iterations of RAPTA-C included tethering of organic substituents on the
coordinated arene. Planar anthracene groups were investigated to enhance DNA interaction by
intercalation with concurrent fluorescence to map intracellular localization, with limited success [34-36].
In contrast, similar naphthalimide (a DNA intercalator) complexes were found to possess modest
potencies against A2780 ovarian cancer cells (and a platinum-resistant-derived cell line, A2780Cis)
(IC50 2.3-9.1 uM) and displayed some selectivity over non-cancerous (HEK-293) cells [37]. Conjugation
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of ethacrynic acid, a glutathione transferase inhibitor, to RAPTA-C yielded a new ruthenium complex
that was found to bind to the enzyme’s H-site. Importantly, the ruthenium center is involved in
the inhibition of glutathione transferase through cysteine residue binding [38]. After an extended
incubation time, the ethacrynic acid moiety remained in the H-site of the enzyme but the ruthenium
center had been released, which was also found to occur in vitro [39,40].

Most recently, a comparative metallomic study of the metabolism of RAPTA-C and cisplatin was
reported. Despite RAPTA-C and cisplatin having similar labile chloride ligands with comparable
exchange kinetics, RAPTA-C was found to be more inert to extracellular reactions despite being
administered at a dose 40-fold higher than cisplatin. RAPTA-C was found to predominantly bind
albumin, though extracellular metal speciation was found to be time-dependent [41]. This highlights
the need to better understand speciation, and consequently drug pharmacokinetics and dynamics,
to form a well-rounded pre-clinical research portfolio.

Various combination therapies involving RAPTA-C have also been explored in vivo. When
administered alongside erlotinib (epidermal growth factor receptor (EGFR) inhibitor) and BEZ-235
(Phosphoinositide 3-kinase PI3K/mTOR inhibitor), the combination was found to synergistically
inhibit tumor growth (up to 11-fold relative to single-drug experiments) [42]. An alternative
combination therapy involving RAPTA-C and axitinib (vascular endothelial growth factor receptor
(VEGEFR) targeting tyrosine kinase inhibitor) led to a ca. 90% inhibition of tumor growth with a dose of
only 0.4 mg/kg, despite negligible toxicity observed at doses of 100 mg/kg [43].

5. Case Study: NAMI-A

NAMI-A, originally synthesized by the groups of Alessio and Sava (Figure 2), differs from the
two previously described complexes, being composed of chloride, imidazole, and dimethylsulfoxide
(DMSO) in an octahedral arrangement around a Ru(Ill) center. Ruthenium(Ill) complexes are
often considered to be pro-drugs, since they are typically less reactive than Ru(II) congeners and
require activation via reduction to the 2+ oxidation state [44,45]. Such activation improves tumor
targeting as the hypoxic cellular environment favors reduction of the metal center, thereby generating
antiproliferative selectivity for cancerous cells compared to healthy cells [45,46]. Reduction of
ruthenium from +3 to +2 also leads to kinetic lability; hence, the hydrolysis of chlorido ligands
occurs at a faster rate, which may facilitate the reaction of ruthenium complexes with DNA [47].
In highly reactive cases, such substitution process, like hydrolysis, can effectively occur before the
activation via reduction [48].

Having entered clinical trials in 2008, NAMI-A constitutes one success story in the development
of ruthenium anticancer complexes. NAMI-A was first used in a phase I/II study in 32 patients
suffering from an advanced form of non-small cell lung cancer (NSCLC) [49]. The metallodrug was
administered intravenously in combination with gemcitabine, which is regularly used alongside
cisplatin in this type of cancer [44]. Trial results indicated that such combination of NAMI-A and
gemcitabine affected the quality of life of the patients, with side effects including gastrointestinal (GI)
disturbances, neutropenia, and elevated liver enzymes [44]. Although the regimen was deemed to be
“insufficiently effective for further use” [49], this problem may yet have a solution.
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Figure 2. NAMI-A (left) and KP1019/NKP1339 (right) are octahedral Ru(Ill) pro-drugs, which are
hypothesized to undergo an “activation by reduction” mechanism inside cells to form more active
Ru(Il) species.

NAMI-A has a synergistic ability to prevent cell invasion and hinder neo-angiogenesis [50],
making it selective for metastasis rather than fully formed tumors [46]. Compared to cisplatin, NAMI-A
has a wide variety of biological targets, most of which are extracellular rather than DNA-based [44].
One of the main mechanisms through which NAMI-A exerts its anti-angiogenic effects is thought to be
the scavenging of nitric oxide [51]. The nitric oxide synthetase (NOS) pathway stimulates angiogenesis
and endothelial cell migration and also includes VEGF-activated enzymes that catalyze the generation
of NO—a signaling molecule involved in these processes [51,52]. The ruthenium center of NAMI-A,
as well as its albumin adducts, have been proven to bind strongly to NO through displacement of the
DMSO ligand [53]. This reaction is thought to be irreversible in vivo as NO release is unfavorable,
even in the presence of glutathione or other reducing agents. Nitric oxide is a downstream mediator of
VEGEF and is implicated in endothelial cell migration [52]. NO scavengers, including NAMI-A, are
reported to cause potent blockade of VEGF-mediated endothelial cell processes related to angiogenesis,
including cell migration [51]. This may be due to NAMI-A’s observed effects on NO, since NAMI-A
has no effect on the phosphorylation status of the downstream proteins, PKB (more commonly known
as Akt) and ERK% [54]. NAMI-A does not affect VEGF itself but instead is thought to enable cells
to overcome its inductive properties, supporting the theory that NAMI-A prevents VEGF-mediated
activity through NO scavenging [54].

Another angiogenic process effected by NAMI-A is inhibition of endothelial cellular
proliferation [51], since NO is also a signaling molecule in the mitogen-activated protein kinase (MAPK)
pathway [55]. This pathway includes a cascade of kinases that partake in cellular signaling, which
coordinate various biological processes including cellular proliferation, migration, and survival [56].
After treatment with NAMI-A, cellular proliferation was inhibited for at least 48 h [51], an effect that
could be attributed to NO’s role in the MAPK pathway. Angiogenesis is essential for tumor progression,
since oxygen and nutrients are needed to sustain malignant growth. Angiogenic-inhibition provides
another means of suppressing metastatic development. NAMI-A also reduces the VEGF-dependent
migration of cancerous cells [57]. Inhibition of VEGF activity hence provides a selective mechanism
through which NAMI-A can prevent neo-angiogenesis and the formation of metastases.

NAMI-A has also been reported to act on cells via selective inhibition of the Ca?*-activated
potassium ion channel, KCa3.1 [58]. In most cells, the concentration of potassium ions regulates the
membrane potential, which, in turn, governs cell cycle progression [59]. However, the gene that
encodes KCn3.1 (KCNN4) is overexpressed in many cancer cells [58]. The downstream biological
processes governed by KCa3.1 differ depending on the cell type: (1) proliferation in leukemia and
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lymphoma cells or (2) migration in epithelial and glial cancer cells [58,60]. Such cell-type-dependent
function of the KCa ion channel may explain why the activity of NAMI-A is typically limited in
primary tumors, yet the complex remains potent against leukaemia and metastases. In leukemia
cells, NAMI-A-induced inhibition of KCa3.1 was found to induce G, /M cell cycle arrest, leading to
apoptosis [58]. Ion channels such as KCa3.1 are considered to be indispensable in relation to cellular
migration [61]; hence, NAMI-A is also able to inhibit cell motility. Proliferation and migration of
NSCLC cells is also thought to be dictated by KCa3.1, as more aggressive cancers typically display
up-regulation of this ion channel [62]. NAMI-A-mediated inhibition of KCa3.1 effects malignant cell
migration, either by diminishing or completely preventing the migration of epithelial cancer cells [61].

Another pathway thought to be involved in the mechanism of action of NAMI-A is the ATM/ATR
(Ataxia telangiectasia mutated / RAD3-related) kinase pathway, which is activated after DNA damage
and works to regulate the cellular response [63]. NAMI-A activates both kinases, though appears
more selective for phosphorylation of ATR [54]. The downstream effects include phosphorylation
of the tumor suppressor p53 and kinases CHK1/CHK2, which are normally activated in response
to genetic irregularities to coordinate cell cycle arrest [54]. NAMI-A also increases the expression of
tumors suppressors such as p15INK4b, p21, and p27Kip1—CDK inhibitors that contribute to cell cycle
arrest [54,64].

The anti-metastatic properties of NAMI-A arise from its ability to inhibit certain processes that are
vital for metastatic formation and survival, including the adhesion and migration of cells. In addition
to the mechanisms explained above, NAMI-A can inhibit these processes through protein interference,
such as via «5p31 integrin [65]. Integrins are transmembrane-bound proteins that bind to other cellular
components to facilitate the adhesion and migration of cells. Studies indicate that NAMI-A not only
blocks o531 but significantly reduces the number of integrin receptors by modulating the expression
of ITGAS5 and ITGB1—the coding genes for the integrin subunits &5 and 1, respectively. This reduces
downstream phosphorylation of focal adhesion kinase (FAK) and both of these processes are thought to
contribute to decreased cellular adherence. Pre-treatment of HCT-116 colon cancer cells with NAMI-A
significantly reduced adherence to Fibronectin and collagen I; an effect that was less apparent in 531
integrin-null cells. Notably, the observed effects on cellular adhesion and pFAK occurred in a manner
that was inversely correlated with NAMI-A concentration, further supporting the hypothesis that
lower doses of NAMI-A have greater efficacy [65].

MMP targeting is another anti-metastatic mechanism associated with NAMI-A. It inhibits the
production of MMP-2 and the activity of MMP-2 and MMP-9 [66]. Within the functions of these
MMPs, those of particular interest include chemotaxis and the activation of transforming growth
factor (TGF (1) [67]. Since NAMI-A inhibits endothelial chemotaxis, this may be mediated via MMP
inhibition [66]. The MMPs inhibited by NAMI-A and TGF-f1 partake in a feedback mechanism
as TGF-p1 is also responsible for regulating MMP expression [68], which may explain the effect of
NAMI-A on MMP-2 generation. TGF-31 is a growth factor that selectively targets cancerous cells,
inducing the epithelial-mesenchymal transition (EMT), invasion and migration; all integral processes
needed for metastatic growth. NAMI-A counteracts this stimulus as it supposedly shares some of the
pathways used by TGE-f31 but leads to opposing outcomes. Therefore, a metastatic response to TGF-f31
is prevented in tumor cells by hindering the processes mentioned above, leaving non-cancerous cell
lines unaffected [69].

6. Case Study: KP1019/NKP1339

Another success story in the development of Ru(Ill) compounds that have reached clinical
trials is NKP1339, reported by the Keppler group (Figure 2). The original form, KP1019, was
modified to increase its aqueous solubility, generating the sodium salt equivalent, NKP1339 [46].
This Ru(IlI) complex has some structural similarity to NAMI-A due to its octahedral geometry and
chloride ligands [46]. NKP1339 is a pro-drug and relatively inert compared to NAMI-A, as ligand
loss/exchange does not occur as readily [44,47].
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Both NAMI-A and NKP1339 bind non-covalently with proteins in the blood, likely via
hydrophobic interactions [44,46]. NKP1339 undergoes rapid binding with albumin, so this is an
important factor to consider when the metal complex is administered intravenously. The metal-protein
adduct does account for the low side effect profile documented during the phase I trial of
NKP1339, as the complex remains in its pro-drug form until it undergoes activation by reduction,
after internalization by cells and release from albumin [70]. Albumin binding may also improve the
selective accumulation of NKP1339 through two possible mechanisms: the EPR effect or by binding
to the glycoprotein, gp60 [44]. The former occurs due to leaky vasculature within malignant cells,
resulting in a greater uptake of albumin and other substances, which are then prevented from leaving
by poor lymphatic drainage. In contrast, gp60 is present along the tumor endothelium and allows
receptor-mediated transcytosis of the drug-albumin adduct to occur through to the extracellular
tumor matrix [44]. Adduct formation with blood proteins is more significant for NKP1339 than
NAMI-A since cellular uptake for the latter is limited [44], whereas uptake of NKP1339 is considered
significantly more efficient [71].

Other ruthenium complexes, including RM175 [17], have been previously shown to interact
with DNA through binding to guanine bases after reduction to their active hydrolyzed form [72],
and NKP1339 is no exception. Due to the ability of NKP1339 to accumulate within the nucleus after
activation [47], DNA may be one of the drug’s intracellular targets [46]. During activation, the metal
ion is reduced, and the Ru(II) species is responsible for the DNA-adduct formation. Only weak
adduct signals were emitted when NKP1339 was incubated with oligonucleotides, indicating low
levels of interaction. This may be due, at least in part, to the slow ligand exchange rate of NKP1339,
and a significant proportion of the drug remains intact [47]. In contrast with cisplatin, neither drug
uptake nor genetic mutations, such as those involving p53 and k-ras, are correlated with the efficacy of
NKP1339. This p53-independent mechanism implies that DNA binding is not likely to be the primary
mechanism of action of NKP1339 [70], which may account for the lack of platinum-cross resistance
observed with this Ru(Ill) complex in pre-clinical studies [73].

NKP1339 induces cell cycle arrest through mechanisms attributed to its redox activity in cancer
cells [46]. Intracellular reactive oxygen species (ROS) concentrations (such as hydroxide radicals
and superoxide) are already elevated in neoplastic cells compared with healthy cells [74] and this
is thought to increase the vulnerability of cancer cells to further ROS fluctuations [75]. As such,
redox-targeting metal complexes have attracted significant attention in recent years, and often
exhibit significant selectivity for cancer cells over healthy cells [74,76-78]. NKP1339 has been shown
to increase the intracellular ROS concentration [79] and upregulate the pro-apoptotic p38 MAPK
pathway [80]. This biological cascade is normally activated in response to cellular stress, such as
cytokines, DNA damage and ROS, and is implicated in cell cycle progression [81]. Activation of this
pathway leads to downstream regulation of gene expression, including those that encode for cytokines,
transcription factors, and cellular receptors [82]. More importantly, this pathway also regulates the
G1/S and G, /M check points within the cell cycle [81]. By generating ROS and altering the cellular
redox balance, NKP1339 induces G, /M cell cycle arrest [46].

Treatment of sensitive cell lines with NKP1339 induced cell death, typically within 20-30 h [70].
Accumulation of ROS prompts the loss of the mitochondrial membrane potential by inducing
membrane permeabilisation, leading to activation of the intrinsic apoptosis pathway [83,84],
which is typically caspase-dependent, and involves the cleavage of the zinc finger protein,
poly-(ADP-ribose)-polymerase (PARP). [70,85] However, in the case of NKP1339, the extent of
mitochondrial membrane depolarization is limited, suggesting another mechanism of apoptosis
may be at work. Caspase-8 was cleaved as part of NKP1339-induced apoptosis [70], a key feature
of the extrinsic apoptosis pathway. Combination treatment with NKP1339 and a caspase-8 inhibitor
increased the extent of apoptosis observed within less responsive cell lines. The researchers deduced
that the majority of apoptosis occurs not by the mitochondrial-intrinsic pathway, but via the extrinsic
pathway [70]. Though mitochondria are a target of NKP1339, the effect of this interaction is limited as
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the majority of apoptotic activity is mediated by either death receptors on the cell surface or via other
extrinsic pathways [86]. Since NKP1339 does not enhance the expression of these death receptors or
their ligands, the Ru(Ill) complex may act via an alternative extrinsic pathway involving endoplasmic
reticulum (ER) homeostasis [70].

Since the anticancer activity of NKP1339 is predominantly mediated through changes in redox
homeostasis [46], another notable target is the endoplasmic reticulum (ER), which is also influenced
by the cellular redox environment. This organelle controls the maturation, folding, and release of
proteins, and initiates the unfolded protein response (UPR) as part of a feedback system, suspending
the cell cycle either temporarily until the proteins are restored or, permanently, prior to apoptosis [79].
The protein N#f2 is able to trigger the expression of antioxidant genes to reduce the cell’s exposure to
oxidative stress [87]. After treatment with NKP1339, Nrf2 translocates to the nucleus to commence
its protective activity. This observation may be ROS-mediated and demonstrates that drug-induced
hyper-oxidation is sufficiently substantial to initiate a cellular response. The redox properties of
NKP1339 lead to dysregulation of various other proteins that affect the ER. NKP1339 increases ROS
levels in vitro in colon carcinoma cell lines (HCT116 and SW480), causing upregulation of CHOP
mRNA [79]. The targets of this transcription factor include (1) GADD34, implicated in cell cycle arrest;
(ii) DR5, which promotes cell death through caspase activation and initiation of the extrinsic pathway;
and (3) Erola, which leads to ER hyper-oxidation and stimulates cell death [88]. CHOP also reduces
the expression of the anti-apoptotic protein Bcl2, and consequently, excess CHOP generation favors the
induction of apoptosis [79].

Sustained ER stress may result in cellular dysfunction or death [88], so alterations in the UPR
could be exploited for antiproliferative activity. In vitro treatment with NKP1339 was shown to
downregulate various ER-based proteins, including signaling molecules PERK and Irela and the
chaperone proteins calnexin and GRP78 [70]. NKP1339 is an effective inhibitor of the last one by
preventing its activation [70,89]. These proteins all have an active role in UPR regulation: calnexin
assists with protein folding, whereas the signaling molecules PERK and Irela are two of the main
transmembrane receptors bound to the heat shock protein, GRP78 [79]. When GRP78 senses unfolded
proteins, it simultaneously binds them and liberates the signaling molecules that drive the UPR [79].
GRP78 is often viewed as the “master regulator” of the UPR [89] and functions to protect the cell with
the aim of restoring the ER to its original condition [90]. Downregulation or inhibition of ER proteins
results in a lack of control over protein folding and accumulation of damaged proteins. Drug-induced
ROS generation damages proteins, further enhancing the ER’s exposure to stress [79]. Another
advantage of this mechanism is that GRP78 is associated with chemo-resistance, so inhibition of this
protein may lead to a better prognosis and prevent the occurrence of GRP78-mediated resistance [89].
In vitro use of NKP1339 is also able to increase drug-sensitivity in cells that are already resistant;
a promising indication that drug-resistance might be reversed.

Another reactive oxygen species, nitric oxide, can be scavenged by NKP1339, though its effect on
NO-mediated processes is weak in comparison to NAMI-A [51]. Therefore, there is little evidence to
support its interference with VEGF/NO-stimulated angiogenesis or cell migration [51], explaining
why NKP1339 is more effective against solid tumors than NAMI-A. By unsettling redox homeostasis,
NKP1339 is able to inhibit DNA synthesis, induce G, /M cell cycle arrest and initiate both intrinsic [46]
and extrinsic apoptosis [70]. Owing to its multi-targeting mechanism of action, overexpression of
proteins associated with multi-drug resistance (MRP1, BCRP, LRP, and the transferrin receptor) little
hinders the drug’s efficacy, which also explains the lack of cross-resistance [73,85]. The phase I trial
of NKP1339 was used as a dose-escalation study to assess its use for the treatment of advanced solid
tumors. The study included patient tolerability as well as pharmacodynamic and pharmacokinetic
studies of the drug (Niiki Pharma Inc. and Intezyne Technologies Inc., 2017). The trial (NCT0145297)
was completed in 2016 and was deemed successful [46]. NKP1339 was also shown to be particularly
effective against neuroendocrine tumors (and exhibited limited side effects in trial participants [46,73].

175



Inorganics 2019, 7, 31

7. Current Developments in Ruthenium Anticancer Agents and Future Perspectives

The complexes in these four case-studies have paved the way for future research, much of which is
now being completed by not only by well-established researchers but also by internationally recognized
new and upcoming leaders in the field. Pushing the boundaries, new ruthenium anticancer complexes
show a wider diversity of coordination spheres and a vast range of ligands that include, but are not
limited to, extended intercalating aromatic units, polypyridyl rings, fluorescent derivatives, bio-active
molecules, ferrocifen analogues, and carbenes, all of which exploit donor atoms such as C, N, O, S
and P.

Even more interesting is observing the escalation of novel approaches regarding targeting
strategies and MoA involved in the anticancer activity of Ru complexes, all of which are fueled by our
increased understanding of the complexes’ fates at the cellular level. Disruption of protein-protein
interactions, [91] enzymatic inhibition [92,93], and redox modulation [94], as well as chromatin [95]
and histone [96,97] targeting, are only a few examples of cellular events being used as means for
antiproliferative activity, with in-cell catalysis taking advantage of well-established reactions in the
chemistry of materials field [77,78]. Crucially, the understanding of metal anticancer complexes as
efficient multi-targeting agents is starting to have a positive outlook, if not yet for funding bodies,
then at least from an academic perspective. Hence, the attempts to locate a single drug target may
yet develop into the search for a majoritarian cellular event in a field that seems to move at a highly
fast pace.

Such advances and new trends in thought should not forget how far NKP1339, NAMI-A, RM175,
and RAPTA-C have advanced the field, and how critical these complexes have been in the development
of the field. As a community, we may benefit from more closely examining these four compounds to
learn, amongst other things, that small structural changes generate large variations in the MoA at the
cellular level [98]. Although structure activity relationships are not easily established, current and
further developments of analytical and cellular techniques will provide more investigative tools and,
subsequently, a better understanding of cellular behavior. The key for the new generation of anticancer
complexes may well be just round the corner.

Funding: This research received no external funding.

Acknowledgments: Economic support from the School of Pharmacy and Institute of Clinical Sciences at the
University of Birmingham are acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Florea, AM.; Biisselberg, D. Cisplatin as an Anti-Tumor Drug: Cellular Mechanisms of Activity,
Drug Resistance and Induced Side Effects. Cancers (Basel) 2011, 3, 1351-1371. [CrossRef] [PubMed]

2. Pérez-Herrero, E.; Fernandez-Medarde, A. Advanced targeted therapies in cancer: Drug nanocarriers,
the future of chemotherapy. Eur. J. Pharm. Biopharm. 2015, 93, 52-79. [CrossRef] [PubMed]

3. Ai, Z; Lu, Y; Qiu, S; Fan, Z. Overcoming cisplatin resistance of ovarian cancer cells by targeting
HIF-1-regulated cancer metabolism. Cancer Lett. 2016, 373, 36—44. [CrossRef] [PubMed]

4. Shen, D.W.; Pouliot, L.M.; Hall, M.D.; Gottesman, M.M. Cisplatin resistance: A cellular self-defense
mechanism resulting from multiple epigenetic and genetic changes. Pharmacol. Rev. 2012, 64, 706-721.
[CrossRef] [PubMed]

5. Parker, RJ.; Eastman, A.; Bostick-Bruton, F.; Reed, E. Acquired cisplatin resistance in human ovarian cancer
cells is associated with enhanced repair of cisplatin-DNA lesions and reduced drug accumulation. J. Clin.
Invest. 1991, 87, 772-777. [CrossRef] [PubMed]

6.  Schluga, P,; Hartinger, C.G.; Egger, A_; Reisner, E.; Galanski, M.; Jakupec, M.; Keppler, B.K. Redox behavior
of tumor-inhibiting ruthenium(III) complexes and effects of physiological reductants on their binding to
GMP. Dalt. Trans. 2006, 1796-1802. [CrossRef] [PubMed]

176



Inorganics 2019, 7, 31

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Wisniewska, J.; Fandzloch, M.; bLakomska, I. The reduction of ruthenium(IIl) complexes with
triazolopyrimidine ligands by ascorbic acid and mechanistic insight into their action in anticancer therapy.
Inorg. Chim. Acta 2019, 484, 305-310. [CrossRef]

Dasari, S.; Bernard Tchounwou, P. Cisplatin in cancer therapy: Molecular mechanisms of action. Eur. J.
Pharmacol. 2014, 740, 364-378. [CrossRef] [PubMed]

Dougan, S.J.; Habtemariam, A.; McHale, S.E.; Parsons, S.; Sadler, PJ. Catalytic organometallic anticancer
complexes. Proc. Natl. Acad. Sci. USA 2008, 105, 11628-11633. [CrossRef] [PubMed]

Kandioller, W.; Balsano, E.; Meier, S.M.; Jungwirth, U.; Goschl, S.; Roller, A.; Jakupec, M.A.; Berger, W.;
Keppler, B.K.; Hartinger, C.G. Organometallic anticancer complexes of lapachol: Metal centre- dependent
formation of reactive oxygen species and correlation with cytotoxicity. Chem. Commun. 2013, 49, 3348-3350.
[CrossRef] [PubMed]

Zhang, P; Sadler, PJ. Advances in the design of organometallic anticancer complexes. J. Organomet. Chem.
2017, 839, 5-14. [CrossRef]

Fong, J.; Kasimova, K.; Arenas, Y.; Kaspler, P,; Lazic, S.; Mandel, A.; Lilge, L. A novel class of ruthenium-based
photosensitizers effectively kills in vitro cancer cells and in vivo tumors. Photochem. Photobiol. Sci. 2015, 14,
2014-2023. [CrossRef] [PubMed]

Morris, R.E.; Aird, R.E.; Murdoch, P.D.S.; Chen, H.; Cummings, J.; Hughes, N.D.; Parsons, S.; Parkin, A.;
Boyd, G.; Jodrell, D.L; et al. Inhibition of cancer cell growth by ruthenium(Il) arene complexes. J. Med. Chem.
2001, 44, 3616-3621. [CrossRef] [PubMed]

Bergamo, A.; Masi, A.; Peacock, A.F.A.; Habtemariam, A.; Sadler, PJ.; Sava, G. In vivo tumour and
metastasis reduction and in vitro effects on invasion assays of the ruthenium RM175 and osmium AFAP51
organometallics in the mammary cancer model. |. Inorg. Biochem. 2010, 104, 79-86. [CrossRef] [PubMed]
Wang, F; Habtemariam, A.; van der Geer, E.; Fernandez, R.; Melchart, M.; Deeth, RJ.; Aird, R.; Guichard, S.;
Fabbiani, EP.; Lozano-Casal, P; et al. Controlling ligand substitution reactions of organometallic complexes:
Tuning cancer cell cytotoxicity. Proc. Natl. Acad. Sci. USA 2005, 102, 18269-18274. [CrossRef] [PubMed]
Barry, N.P.E.; Sadler, PJ. Exploration of the medical periodic table: Towards new targets. Chem. Commun.
2013, 49, 5106-5131. [CrossRef] [PubMed]

Hayward, R.L.; Schornagel, Q.C.; Tente, R.; Macpherson, ].S.; Aird, R.E.; Guichard, S.; Habtemariam, A;
Sadler, PJ.; Jodrell, D.I. Investigation of the role of Bax, p21/Wafl and p53 as determinants of cellular
responses in HCT116 colorectal cancer cells exposed to the novel cytotoxic ruthenium(II) organometallic
agent, RM175. Cancer Chemother. Pharmacol. 2005, 55, 577-583. [CrossRef] [PubMed]

Carter, R.; Westhorpe, A.; Romero, M.].; Habtemariam, A.; Gallevo, C.R.; Bark, Y.; Menezes, N.; Sadler, PJ.;
Sharma, R.A. Radiosensitisation of human colorectal cancer cells by ruthenium(II) arene anticancer
complexes. Sci. Rep. 2016, 6, 1-12. [CrossRef] [PubMed]

Chen, H.; Parkinson, J.; Parsons, S.; Coxall, R.; Gould, R.O.; Sadler, P.J. Organometallic ruthenium(II) diamine
anticancer complexes: Arene-nucleobase stacking and stereospecific hydrogen-bonding in guanine adducts.
J. Am. Chem. Soc. 2002, 124, 3064-3082. [CrossRef] [PubMed]

Aird, R.E.; Cummings, J.; Ritchie, A.A.; Muir, M.; Morris, R.E.; Chen, H.; Sadler, PJ.; Jodrell, D.I. In vitro
and in vivo activity and cross resistance profiles of novel ruthenium(Il) organometallic arene complexes in
human ovarian cancer. Br. J. Cancer 2002, 86, 1652-1657. [CrossRef] [PubMed]

Kessenbrock, K.; Plaks, V.; Werb, Z. Matrix Metalloproteinases: Regulators of the Tumor Microenvironment.
Cell 2010, 141, 52-67. [CrossRef] [PubMed]

Nagase, H.; Visse, R.; Murphy, G. Structure and function of matrix metalloproteinases and TIMPs. Cardiovasc.
Res. 2006, 69, 562-573. [CrossRef] [PubMed]

Fink, S.L.; Cookson, B.T. Apoptosis, Pyroptosis, and Necrosis: Mechanistic Description of Dead and Dying
Eukaryotic Cells. Infect. Immun. 2005, 73, 1907-1916. [CrossRef] [PubMed]

Abbas, T.; Dutta, A. P21 in cancer: Intricate networks and multiple activities. Nat. Rev. Cancer 2009, 9,
400-414. [CrossRef] [PubMed]

Rowland, B.D.; Peeper, D.S. KLF4, p21 and context-dependent opposing forces in cancer. Nat. Rev. Cancer
2006, 6, 11-23. [CrossRef] [PubMed]

Jin, S.; Tong, T.; Fan, W.; Fan, F,; Antinore, M.].; Zhu, X.; Mazzacurati, L.; Li, X; Petrik, K.L.; Rajasekaran, B.;
et al. GADD45-induced cell cycle G2-M arrest associates with altered subcellular distribution of cyclin Bl
and is independent of p38 kinase activity. Oncogene 2002, 21, 8696-8704. [CrossRef] [PubMed]

177



Inorganics 2019, 7, 31

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Allardyce, C.S; Dyson, PJ; Ellis, DJ; Heath, S.L. [Rum’-p-cymene)Cly(pta)] (pta =
1,3,5-triaza-7-phosphatricyclo-[3.3.1.1]decane): A water soluble compound that exhibits pH dependent DNA
binding providing selectivity for diseased cells. Chem. Commun. 2001, 2, 1396-1397. [CrossRef]

Murray, B.S.; Babak, M.V.; Hartinger, C.G.; Dyson, PJ. The development of RAPTA compounds for the
treatment of tumors. Coord. Chem. Rev. 2016, 306, 86-114. [CrossRef]

Phillips, A.D.; Gonsalvi, L.; Romerosa, A.; Vizza, F; Peruzzini, M. Coordination chemistry of
1,3,5-triaza-7-phosphaadamantane (PTA): Transition metal complexes and related catalytic, medicinal and
photoluminescent applications. Coord. Chem. Rev. 2004, 248, 955-993. [CrossRef]

Scolaro, C.; Bergamo, A.; Brescacin, L.; Delfino, R.; Cocchietto, M.; Laurenczy, G.; Geldbach, TJ.; Sava, G.;
Dyson, PJ. In vitro and in vivo evaluation of ruthenium(Il)-arene PTA complexes. |. Med. Chem. 2005, 48,
4161-4171. [CrossRef] [PubMed]

Nowak-Sliwinska, P.; Van Beijnum, J.R.; Casini, A.; Nazarov, A.A.; Wagnieres, G.; Van Den Bergh, H.;
Dyson, PJ.; Griffioen, A.W. Organometallic ruthenium(II) arene compounds with antiangiogenic activity. J.
Med. Chem. 2011, 54, 3895-3902. [CrossRef] [PubMed]

Guichard, S.M; Else, R.; Reid, E.; Zeitlin, B.; Aird, R.; Muir, M.; Dodds, M.; Fiebig, H.; Sadler, PJ.; Jodrell, D.I.
Anti-tumour activity in non-small cell lung cancer models and toxicity profiles for novel ruthenium(II) based
organo-metallic compounds. Biochem. Pharmacol. 2006, 71, 408-415. [CrossRef] [PubMed]

Weiss, A.; Berndsen, R.H.; Dubois, M.; Miiller, C.; Schibli, R.; Griffioen, A.W.; Dyson, PJ.; Nowak-Sliwinska, P.
In vivo anti-tumor activity of the organometallic ruthenium(II)-arene complex [Ru(n®-p-cymene)Cl, (pta)]
(RAPTA-C) in human ovarian and colorectal carcinomas. Chem. Sci. 2014, 5, 4742-4748. [CrossRef]
Nazarov, A.A.; Risse, J.; Ang, WH.; Schmitt, F; Zava, O.; Ruggi, A.; Groessl, M.; Scopelitti, R.;
Juillerat-Jeanneret, L.; Hartinger, C.G.; et al. Anthracene-tethered ruthenium(II) arene complexes as tools to
visualize the cellular localization of putative organometallic anticancer compounds. Inorg. Chem. 2012, 51,
3633-3639. [CrossRef] [PubMed]

Furrer, M.A.; Schmitt, F.; Wiederkehr, M.; Juillerat-Jeanneret, L.; Therrien, B. Cellular delivery of
pyrenyl-arene ruthenium complexes by a water-soluble arene ruthenium metalla-cage. Dalt. Trans. 2012, 41,
7201-7211. [CrossRef] [PubMed]

Kilpin, K.J.; Clavel, C.M.; Edafe, E; Dyson, PJ. Naphthalimide-tagged ruthenium-arene anticancer complexes:
Combining coordination with intercalation. Organometallics 2012, 31, 7031-7039. [CrossRef]

Bailly, C.; Brafia, M.; Waring, M.]. Sequence-Selective Intercalation of Antitumour Bis-Naphthalimides into
DNA. Eur. J. Biochem. 2018, 240, 195-208. [CrossRef]

Ang, WH.,; Parker, L.J.; De Luca, A.; Juillerat-Jeanneret, L.; Morton, C.J.; Lo, B.M.; Parker, M.W.; Dyson, PJ.
Rational design of an organometallic glutathione transferase inhibitor. Angew. Chemi. Int. Ed. 2009, 48,
3854-3857. [CrossRef] [PubMed]

Chakree, K.; Ovatlarnporn, C.; Dyson, PJ.; Ratanaphan, A. Altered dna binding and amplification
of human breast cancer suppressor gene BRCA1 induced by a novel antitumor compound,
[Ru(n6-p-phenylethacrynate)Clz(pta)]. Int. J. Mol. Sci. 2012, 13, 13183-13202. [CrossRef] [PubMed]
Chatterjee, S.; Biondi, I.; Dyson, PJ.; Bhattacharyya, A. A bifunctional organometallic ruthenium drug with
multiple modes of inducing apoptosis. J. Biol. Inorg. Chem. 2011, 16, 715-724. [CrossRef] [PubMed]
Holtkamp, H.U.; Movassaghi, S.; Morrow, S.J.; Kubanik, M.; Hartinger, C.G. Metallomic study on the
metabolism of RAPTA-C and cisplatin in cell culture medium and its impact on cell accumulation. Metallomics
2018, 10, 455-462. [PubMed]

Weiss, A.; Ding, X.; van Beijnum, J.R.; Wong, I.; Wong, T.].; Berndsen, R.H.; Dormond, O.; Dallinga, M.;
Shen, L.; Schlingemann, R.O.; et al. Rapid optimization of drug combinations for the optimal angiostatic
treatment of cancer. Angiogenesis 2015, 18, 233-244. [CrossRef] [PubMed]

Weiss, A.; Berndsen, RH.; Ding, X.; Ho, CM.; Dyson, PJ; Van Den Bergh, H.; Griffioen, AW,
Nowak-Sliwinska, P. A streamlined search technology for identification of synergistic drug combinations.
Sci. Rep. 2015, 5, 1-11. [CrossRef] [PubMed]

Alessio, E. Thirty Years of the Drug Candidate NAMI-A and the Myths in the Field of Ruthenium Anticancer
Compounds: A Personal Perspective. Eur. |. Inorg. Chem. 2017, 1549-1560. [CrossRef]

Clarke, M.J. Ruthenium metallopharmaceuticals. Coord. Chem. Rev. 2003, 236, 209-233. [CrossRef]

178



Inorganics 2019, 7, 31

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Trondl, R.; Heffeter, P.; Kowol, C.R.; Jakupec, M.A.; Berger, W.; Keppler, B.K. NKP-1339, the first
ruthenium-based anticancer drug on the edge to clinical application. Chem. Sci. 2014, 5, 2925-2932.
[CrossRef]

Artner, C.; Holtkamp, H.U.; Hartinger, C.G.; Meier-Menches, S.M. Characterizing activation mechanisms
and binding preferences of ruthenium metallo-prodrugs by a competitive binding assay. J. Inorg. Biochem.
2017, 177,322-327. [CrossRef] [PubMed]

Mestroni, G.; Alessio, E.; Sava, G.; Pacor, S.; Coluccia, M.; Boccarelli, A. Water-soluble
ruthenium(IIl)-dimethyl sulfoxide complexes: Chemical behaviour and pharmaceutical properties. Met.
Based. Drugs 1993, 1, 41-63. [CrossRef] [PubMed]

Leijen, S.; Burgers, S.A.; Baas, P.; Pluim, D.; Tibben, M.; Van Werkhoven, E.; Alessio, E.; Sava, G.; Beijnen, ].H.;
Schellens, ].H.M. Phase I/1I study with ruthenium compound NAMI-A and gemcitabine in patients with
non-small cell lung cancer after first line therapy. Invest. New Drugs 2015, 33, 201-214. [CrossRef] [PubMed]
Dyson, PJ.; Sava, G. Metal-based antitumour drugs in the post genomic era. Dalt. Trans. 2006, 1929-1933.
[CrossRef] [PubMed]

Morbidelli, L.; Donnini, S.; Filippi, S.; Messori, L.; Piccioli, E; Orioli, P.; Sava, G.; Ziche, M. Antiangiogenic
properties of selected ruthenium(Ill) complexes that are nitric oxide scavengers. Br. ]. Cancer 2003, 88,
1484-1491. [CrossRef] [PubMed]

Feliers, D.; Chen, X.; Akis, N.; Choudhury, G.G.; Madaio, M.; Kasinath, B.S. VEGF regulation of endothelial
nitric oxide synthase in glomerular endothelial cells. Kidney Int. 2005, 68, 1648-1659. [CrossRef] [PubMed]
Oszajca, M.; Kulis, E.; Stochel, G.; Brindell, M. Interaction of the NAMI-A complex with nitric oxide under
physiological conditions. New ]. Chem. 2014, 38, 3386-3394. [CrossRef]

Lai, H.; Zhao, Z.; Li, L.; Zheng, W.; Chen, T. Antiangiogenic ruthenium(Il) benzimidazole complexes,
structure-based activation of distinct signaling pathways. Metallomics 2015, 7, 439-447. [CrossRef] [PubMed]
Zhang, W.; Liu, H.T. MAPK signal pathways in the regulation of cell proliferation in mammalian cells.
Cell Res. 2002, 12, 9-18. [CrossRef] [PubMed]

Cargnello, M.; Roux, P.P. Activation and Function of the MAPKSs and Their Substrates, the MAPK-Activated
Protein Kinases Marie. Microbiol. Mol. Biol. Rev. 2011, 50-83. [CrossRef] [PubMed]

Bergamo, A.; Pelillo, C.; Chambery, A.; Sava, G. Influence of components of tumour microenvironment on
the response of HCT-116 colorectal cancer to the ruthenium-based drug NAMI-A. |. Inorg. Biochem. 2017,
168, 90-97. [CrossRef] [PubMed]

Pillozzi, S.; Gasparoli, L.; Stefanini, M.; Ristori, M.; D’Amico, M.; Alessio, E.; Scaletti, F.; Becchetti, A_;
Arcangeli, A.; Messori, L. NAMI-A is highly cytotoxic toward leukaemia cell lines: Evidence of inhibition of
KCa 3.1 channels. Dalt. Trans. 2014, 43, 12150-12155. [CrossRef] [PubMed]

Urrego, D.; Tomczak, A.P.; Zahed, F,; Stiihmer, W.; Pardo, L.A. Potassium channels in cell cycle and cell
proliferation. Philos. Trans. R. Soc. B Biol. Sci. 2014, 369, 1-9. [CrossRef] [PubMed]

Grossinger, E.M.; Weiss, L.; Zierler, S.; Rebhandl, S.; Krenn, PW.; Hinterseer, E.; Schmolzer, J.; Asslaber, D.;
Hainzl, S.; Neureiter, D.; et al. Targeting proliferation of chronic lymphocytic leukemia (CLL) cells through
KCa3.1 blockade. Leukemia 2014, 28, 954-958. [CrossRef] [PubMed]

Schwab, A.; Fabian, A.; Hanley, PJ.; Stock, C. Role of Ion Channels and Transporters in Cell Migration.
Physiol. Rev. 2012, 92, 1865-1913. [CrossRef] [PubMed]

Bulk, E; Ay, AS; Hammadi, M.; Ouadid-Ahidouch, H.; Schelhaas, S.; Hascher, A.; Rohde, C,;
Thoennissen, N.H.; Wiewrodt, R.; Schmidt, E.; et al. Epigenetic dysregulation of Kc,3.1 channels induces
poor prognosis in lung cancer. Int. ]. Cancer 2015, 137, 1306-1317. [CrossRef] [PubMed]

Maréchal, A.; Zou, L. DNA Damage Sensing by the ATMand ATR Kinases. Cold Spring Harb. Perspect. Biol.
2013, 5, a12716. [CrossRef] [PubMed]

Bergamo, A.; Delfino, R.; Casarsa, C.; Sava, G. CDK1 Hyperphosphorylation Maintenance Drives the
Time-course of G2-M Cell Cycle Arrest after Short Treatment with NAMI-A in Kb Cells. Anticancer. Agents
Med. Chem. 2012, 12, 949-958. [CrossRef] [PubMed]

Pelillo, C.; Mollica, H.; Eble, J.A.; Grosche, J.; Herzog, L.; Codan, B.; Sava, G.; Bergamo, A. Inhibition of
adhesion, migration and of «531 integrin in the HCT-116 colorectal cancer cells treated with the ruthenium
drug NAMI-A. |. Inorg. Biochem. 2016, 160, 225-235. [CrossRef] [PubMed]

179



Inorganics 2019, 7, 31

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Vacca, A.; Bruno, M.; Boccarelli, A.; Coluccia, M.; Ribatti, D.; Bergamo, A.; Garbisa, S.; Sartor, L.; Sava, G.
Inhibition of endothelial cell functions and of angiogenesis by the metastasis inhibitor NAMI-A. Br. . Cancer
2002, 4, 993-998. [CrossRef] [PubMed]

Gialeli, G.; Theocharis, A.D.; Karamanos, N.K. Roles of MMP in cancer progression and their pharmacological
targeting. FEBS J. 2011, 278, 16-27. [CrossRef] [PubMed]

Gomes, L.R,; Terra, L.E.; Wailemann, R.A.M.; Labriola, L.; Sogayar, M.C. TGF-1 modulates the homeostasis
between MMPs and MMP inhibitors through p38 MAPK and ERK1/2 in highly invasive breast cancer cells.
BMC Cancer 2012, 12, 1-15. [CrossRef] [PubMed]

Sava, L.B.A.M.G.; Bergamo, A. Effects of the ruthenium-based drug NAMI-A on the roles played by TGF-f1
in the metastatic process. . Biol. Inorg. Chem. 2015, 20, 1163-1173.

Schoenhacker-Alte, B.; Mohr, T.; Pirker, C.; Kryeziu, K.; Kuhn, PS.; Buck, A.; Hofmann, T.; Gerner, C.;
Hermann, G.; Koellensperger, G.; et al. Sensitivity towards the GRP78 inhibitor KP1339/1T-139 is
characterized by apoptosis induction via caspase 8 upon disruption of ER homeostasis. Cancer Lett. 2017,
404, 79-88. [CrossRef] [PubMed]

Kapitza, S.; Pongratz, M.; Jakupec, M.A.; Heffeter, P.; Berger, W.; Lackinger, L.; Keppler, B.K.; Marian, B.
Heterocyclic complexes of ruthenium(III) induce apoptosis in colorectal carcinoma cells. J. Cancer Res. Clin.
Oncol. 2005, 131, 101-110. [CrossRef] [PubMed]

Chen, H.; Parkinson, J.; Morris, R.E.; Sadler, P.J. Highly selective binding of organometallic ruthenium
ethylenediamine complexes to nucleic acids: Novel recognition mechanisms. J. Am. Chem. Soc. 2003, 125,
173-186. [CrossRef] [PubMed]

Dickson, N.R.; Jones, S.F; Burris, H.A.; Ramanathan, RK., Weiss, G.J.; Infante, J.R.; Bendell, J.C.;
McCulloch, W.; Von Hoff, D.D. A phase I dose-escalation study of NKP-1339 in patients with advanced solid
tumors refractory to treatment. J. Clin. Oncol. 2011, 29, 2607. [CrossRef]

Liu, J.; Wang, Z. Increased oxidative stress as a selective anticancer therapy. Oxid. Med. Cell. Longev. 2015,
2015. [CrossRef] [PubMed]

Diehn, M.; Cho, R.W.; Lobo, N.; Kalisky, T.; Dorie, M.].; Kulp, A.N.; Qian, D.; Lam, ].S.; Ailles, L.E.; Wong, M.;
et al. Association of reactive oxygen species levels and radioresistance in cancer stem cells. Nature 2009, 458,
780-783. [CrossRef] [PubMed]

Gorrini, C.; Harris, 1.S.; Mak, T.W. Modulation of oxidative stress as an anticancer strategy. Nat. Rev. Drug
Discov. 2013, 12,931-947. [CrossRef] [PubMed]

Coverdale, J.P.C.; Romero-Caneldn, 1.; Sanchez-Cano, C.; Clarkson, G.J.; Habtemariam, A.; Wills, M.;
Sadler, PJ. Asymmetric transfer hydrogenation by synthetic catalysts in cancer cells. Nat. Chem. 2018,
10, 347-354. [CrossRef] [PubMed]

Soldevila-Barreda, ].J.; Romero-Canel6n, I.; Habtemariam, A.; Sadler, PJ. Transfer hydrogenation catalysis in
cells as a new approach to anticancer drug design. Nat. Commun. 2015, 6, 6582. [CrossRef] [PubMed]
Flocke, L.S.; Trondl, R.; Jakupec, M.A.; Keppler, B.K. Molecular mode of action of NKP-1339—A clinically
investigated ruthenium-based drug—Involves ER- and ROS-related effects in colon carcinoma cell lines.
Invest. New Drugs 2016, 34, 261-268. [CrossRef] [PubMed]

Heffeter, P.; Atil, B.; Kryeziu, K.; Groza, D.; Koellensperger, G.; Korner, W.; Jungwirth, U.; Mohr, T.;
Keppler, B.K.; Berger, W. The ruthenium compound KP1339 potentiates the anticancer activity of sorafenib
in vitro and in vivo. Eur. J. Cancer 2013, 49, 3366-3375. [CrossRef] [PubMed]

Thornton, TM.; Rincon, M. Non-classical p38 map kinase functions: Cell cycle checkpoints and survival. Int.
J. Biol. Sci. 2009, 5, 44-52. [CrossRef] [PubMed]

Zarubin, T.; Han, J. Activation and signaling of the p38 MAP kinase pathway. Cell Res. 2005, 15, 11-18.
[CrossRef] [PubMed]

Kowaltowski, A.J.; Castilho, R.E,; Vercesi, A.E. Mitochondrial permeability transition and oxidative stress.
FEBS Lett. 2001, 495, 12-15. [CrossRef]

Indran, LR.; Tufo, G.; Pervaiz, S.; Brenner, C. Recent advances in apoptosis, mitochondria and drug resistance
in cancer cells. Biochim. Biophys. Acta 2011, 1807, 735-745. [CrossRef] [PubMed]

Hartinger, C.G.; Zorbas-Seifried, S.; Jakupec, M.A.; Kynast, B.; Zorbas, H.; Keppler, B.K. From
bench to bedside—Preclinical and early clinical development of the anticancer agent indazolium
trans-[tetrachlorobis(1H-indazole)ruthenate(IlI)] (KP1019 or FEC14A). . Inorg. Biochem. 2006, 100, 891-904.
[CrossRef] [PubMed]

180



Inorganics 2019, 7, 31

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Kalkavan, H.; Green, D.R. MOMP, cell suicide as a BCL-2 family business. Cell Death Differ. 2018, 25, 46-55.
[CrossRef] [PubMed]

Ma, Q. Role of Nrf2 in Oxidative Stress and Toxicity. Annu. Rev. Pharmacol. Toxicol. 2013, 53, 401-426.
[CrossRef] [PubMed]

Sano, R.; Reed, J.C. ER stress-induced cell death mechanisms. Biochim. Biophys. Acta, Mol. Cell. Res. 2013,
1833, 3460-3470. [CrossRef] [PubMed]

Gifford, J.B.; Huang, W.; Zeleniak, A.E.; Hindoyan, A.; Wu, H.; Donahue, T.R.; Hill, R. Expression of
GRP78, Master Regulator of the Unfolded Protein Response, Increases Chemoresistance in Pancreatic Ductal
Adenocarcinoma. Mol. Cancer Ther. 2016, 15, 1043-1052. [CrossRef] [PubMed]

Fiskus, W.; Saba, N.; Shen, M.; Ghias, M.; Liu, J.; Gupta, S.D.; Chauhan, L.; Rao, R.; Gunewardena, S.;
Schorno, K.; et al. Auranofin induces lethal oxidative and endoplasmic reticulum stress and exerts potent
preclinical activity against chronic lymphocytic leukemia. Cancer Res. 2014, 74, 2520-2532. [CrossRef]
[PubMed]

Liu, L.-J.; Wang, W,; Huang, S.-Y.; Hong, Y.; Li, G; Lin, S.; Tian, J.; Cai, Z.; Wang, H.-M.D.; Ma, D.-L; et al.
Inhibition of the Ras/Raf interaction and repression of renal cancer xenografts in vivo by an enantiomeric
iridium(IIl) metal-based compound. Chem. Sci. 2017, 8, 4756-4763. [CrossRef] [PubMed]

Ang, W.H.; Casini, A.; Sava, G.; Dyson, P.J. Organometallic ruthenium-based antitumor compounds with
novel modes of action. J. Organomet. Chem. 2011, 696, 989-998. [CrossRef]

Mitrovi¢, A.; Kljun, J.; Sosi¢, I.; Gobec, S.; Turel, I.; Kos, J. Clioquinol-ruthenium complex impairs tumour
cell invasion by inhibiting cathepsin B activity. Dalt. Trans. 2016, 45, 16913-16921. [CrossRef] [PubMed]
Jungwirth, U.; Kowol, C.R.; Keppler, B.K.; Hartinger, C.G.; Berger, W.; Heffeter, P. Anticancer activity of
metal complexes: Involvement of redox processes. Antioxidants Redox Signal. 2011, 15, 1085-1127. [CrossRef]
[PubMed]

Palermo, G.; Magistrato, A.; Riedel, T.; von Erlach, T.; Davey, C.A.; Dyson, PJ.; Rothlisberger, U. Fighting
Cancer with Transition Metal Complexes: From Naked DNA to Protein and Chromatin Targeting Strategies.
ChemMedChem 2016, 11, 1199-1210. [CrossRef] [PubMed]

Adhireksan, Z.; Davey, G.E.; Campomanes, P.; Groessl, M.; Clavel, C.M.; Yu, H.; Nazarov, A.A_; Yeo, CH.E;
Ang, WH.; Droge, P et al. Ligand substitutions between ruthenium—cymene compounds can control protein
versus DNA targeting and anticancer activity. Nat. Commun. 2014, 5, 3462. [CrossRef]

Wu, B.; Ong, M.S.; Groessl, M.; Adhireksan, Z.; Hartinger, C.G.; Dyson, PJ.; Davey, C.A. A ruthenium
antimetastasis agent forms specific histone protein adducts in the nucleosome core. Chem. Eur. . 2011, 17,
3562-3566. [CrossRef] [PubMed]

Meier-Menches, S.M.; Gerner, C.; Berger, W.; Hartinger, C.G.; Keppler, B.K. Structure-activity relationships
for ruthenium and osmium anticancer agents-towards clinical development. Chem. Soc. Rev. 2018, 47,
909-928. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).

181



inorganics MBPY

Communication

Functionalizing NaGdF4:Yb,Er Upconverting
Nanoparticles with Bone-Targeting Phosphonate
Ligands: Imaging and In Vivo Biodistribution

Silvia Alonso-de Castro 1?2, Emmanuel Ruggiero ¥, Aitor Lekuona Fernandez ', Unai Cossio !,

Zurifie Baz 1, Dorleta Otaegui 1 Vanessa Gomez-Vallejo 1, Daniel Padro !, Jordi Llop 1+ and
Luca Salassa 2-3*

1 CIC biomaGUNE, Paseo de Miramén 182, 20014 Donostia, Spain; silviaalonsodc@gmail.com (S.A.-d.C.);
emmanuel.ruggiero@basf.com (E.R.); alekuona@cicbiomagune.es (A.L.F.); ucossio@cicbiomagune.es (U.C.);
zbaz@cicbiomagune.es (Z.B.); dotaegui@cicbiomagune.es (D.O.); vgomez@cicbiomagune.es (V.G.-V.);
dpadro@cicbiomagune.es (D.P.)

2 Donostia International Physics Center (DIPC), Manuel Lardizabal Ibilbidea 4, 20018 Donostia, Spain

Ikerbasque, Basque Foundation for Science, 48011 Bilbao, Spain

Correspondence: jllop@cicbiomagune.es (J.L.); Isalassa@dipc.org (L.S.)

1t Current address: BASF SE, Department of Material Physics & Analytics, Carl-Bosch-Strasse 38,

67056 Ludwigshafen, Germany.

Received: 11 December 2018; Accepted: 19 April 2019; Published: 30 April 2019

Abstract: Lanthanide-doped upconverting nanoparticles (UCNPs) transform near infrared light
(NIR) into higher-energy UV and visible light by multiphotonic processes. Owing to such unique
feature, UCNPs have found application in optical imaging and have been investigated for the NIR
light activation of prodrugs, including transition metal complexes of interest in photochemotherapy.
Besides, UCNPs also function as magnetic resonance imaging (MRI) contrast agents and positron
emission tomography (PET) probes when labelled with radionuclides such as '®F. In this contribution,
we report on a new series of phosphonate-functionalized NaGdF4:Yb,Er UCNPs that show affinity
for hydroxyapatite (inorganic constituent of bones), and we discuss their potential as bone
targeting multimodal (MRI/PET) imaging agents. In vivo biodistribution studies of 'F-labelled
NaGdF,:Yb,Er UCNPs in rats indicate that surface functionalization with phosphonates favours
the accumulation of nanoparticles in bones over time. PET results reveal leakage of '8F~ for
phosphonate-functionalized NaGdF,:Yb,Er and control nanomaterials. However, Gd was detected in
the femur for phosphonate-capped UCNPs by ex vivo analysis using ICP-MS, corresponding to 6-7%
of the injected dose.

Keywords: upconverting nanoparticles; phosphonates; bones; imaging; MRI; PET

1. Introduction

In recent years, our group developed a number of unconventional approaches for the photoactivation
of metal-based anticancer prodrug complexes [1-3], including the use of lanthanide-doped upconverting
nanoparticles (UCNPs) as near infrared (NIR) light triggers [4-6]. In this context, we and others reported
on the capacity of UCNPs to prompt the photochemistry of several transition metal complexes such
as Ru, Pt, Mn and Fe [7]. However, UCNPs have much more to offer besides their photophysics [8]
since they can simultaneously act as multimodal imaging agents and be employed in theranostics.
Gd-containing UCNPs are magnetic resonance imaging (MRI) contrast agents, while labelling with
radionuclides such as '8F and '®*Sm yields positron emission and single photon emission tomography
(PET and SPECT) probes, respectively [9,10].

Inorganics 2019, 7, 60; doi:10.3390/inorganics7050060 182 www.mdpi.com/journal/inorganics
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In this work, we explored the potential of phosphonate-functionalized NaGdF,:Yb,Er UCNPs to
behave as MRI and PET imaging tools for bones, motivated by the long-term prospect of designing
theranostic nanoconstructs for the photoactivated delivery of metal-based drugs. Actually, recent results
highlight the possibility of adopting photodynamic therapy and related strategies for the treatment
of spinal metastases [11] and to ablate tumors within vertebral bone [12]. Therefore, phosphonate
ligands were selected for functionalization of UCNPs because of their capacity of accumulating in
bones. The use of bisphosphonates for targeting bones has been recently explored in combination of
superparamagnetic iron oxide nanoparticles (SPIONs) [13]. Several phosphonates, e.g., alendronate,
etidronate, are used in the treatment of osteoporosis and investigated for their use against bone
cancers [14]. Furthermore, a recent study by Li et al. [15] demonstrated that phosphonates have high
affinity for the surface of UCNPs and show the ability of stabilizing colloidal dispersions of UCNPs in
acidic conditions (e.g., in lysosomes), thus lowering their pro-inflammatory effects both in vitro and
in vivo. Lastly, we recently demonstrated the functionalization and UCNP loading of photoactivatable
Ru complexes modified with a phosphonate arm [4].

Herein, we investigated a set of 10 nm NaGdF,:Yb,Er NPs functionalized with three phosphonic
acids, namely etidronic acid, alendronic acid and nitrilo(trimethylphosphonic acid) (3P), as MRI and
PET agents and evaluated their biodistribution and in vivo accumulation capacity in bones.

2. Results and Discussion

2.1. Synthesis and Surface Decoration of UCNPs NaGdF,:Yb,Er

Oleate-capped NaGdF,:Yb,Er nanoparticles were synthesized by thermal decomposition following
a procedure previously reported by us and others [6,16]. The obtained UCNPs had homogeneous
distribution in size and shape, displaying an average diameter of 9.5 + 1.1 nm according to TEM
measurements (Figures 1a and S1). The relatively small size of these UCNPs is advantageous for MRI
because of their high surface area, increasing the amount of Gd** ions accessible to water molecules
and hence the relaxivity per Gd atom [17-19]. Conversely, small UCNPs such as the ones prepared in
this work have modest upconversion properties due to solvent deactivation processes (Figure S2) [20].
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Figure 1. (a) TEM image of Gd-UCNPs capped with oleic acid; (b) chemical structure of the phosphonate

capping ligands.

Next, the surface of the oleate-capped nanoparticles was decorated with phosponates to achieve
aqueous dispersibility and to assess the capacity of these ligands to drive accumulation of UCNPs
into bones. Surface functionalization was performed by ligand exchange [21]. Accordingly to
the different ligand solubility, oleic acid was exchanged for etidronic acid, alendronic acid or
nitrilo(trimethylphosphonic acid) (3P) in a CHCl3:H,O mixture (Figure 1b), affording water dispersible
nanoparticles where the negatively charged phosphonates are electrostatically tethered to the positive
surface of the Gd-UCNDPs.
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All phosphonate-decorated UCNPs were characterized with FI-IR (Figure S3) and ICP-MS
(Table S1) to confirm ligand functionalization and determine the quantity of Gd** per gram of
functionalized nanoparticle.

2.2. MRI Characterization and Interaction with Hydroxyapatite

UCNPs serve as contrast agents for T1-weighted MR imaging. T1 relaxation times in UCNPs
depend on the accessibility of Gd®* ions on the surface of the nanomaterials and can be strongly
affected by different surface coatings [17]. For this reason, we investigated the longitudinal r; relaxivity
of the three phosphonate-functionalized NaGdF,:Yb,Er UCNPs and how this parameter responded to
different media, including human serum as a mimic of blood components.

Relaxivity values for the three UCNPs were determined at 1.5 T (Figures S4-59 and Table S2) and
are summarized in Table 1. In aqueous solution, UCNPs coated with etidronate have the highest ry
(347 mM~1s71) compared to the alendronate and 3P analogues (r; < 0.70 mM~! s71). In the case of
etidronate UCNPs, a significant increase in r; was observed upon changing the medium, while this
was not the case for the other phosphonates.

Table 1. Longitudinal r; relaxivity values determined at 1.5 T (37 °C) for the three
phosphonate-functionalized UCNPs in different media.

r; (mM-1s-1)

H,0 MES Buffer Human Serum
Gd-UCNP-etidronate 3.47 +0.02 8.47 +0.02 9.73 + 0.02
Gd-UCNP-alendronate 0.59 + 0.05 0.66 + 0.03 0.27 £ 0.03
Gd-UCNP-3P 0.70 + 0.01 0.69 + 0.07 0.76 + 0.05

In MES buffer, the r; value of etidronate-capped UCNPs is five units higher than in water.
In human serum r reached a value of 9.73 + 0.02 mM~! s71, that is twice the relaxivity of Gadobutrol
(gadovist) in water (3.30 mM~! s71) and in human blood plasma (4.70 mM~1s71) [22,23].

We also evaluated the capacity of the etidronate UCNPs to provide contrast by acquiring T1
weighted MRI images at 7 T in H,O (Figure S10) and in human serum (Figure 2) using a phantom.
As shown in Figure 2, good contrast levels were obtained for etidronate UCNPs already at Gd
concentrations of 0.25 mM.

OmM 025mM 0.5mM 0.7 mM 1 mM

Figure 2. 7T MRI phantom (37 °C) of etidronate-capped UCNPs in human serum.

The different behaviour of etidronate UCNPs in terms of relaxivity compared to the other
phosphonate analogues can be rationalized in terms of colloidal stability. As shown by results
obtained from DLS (dynamic light scattering, Figure S11), etidronate favours the dispersion of UCNPs,
particularly in MES buffer, while nanoparticles capped with alendronate or 3P tend to aggregate and
eventually precipitate in solution (Table S3), ultimately displaying a reduced number of Gd atoms
exposed to solvent and hence lower r; values.

Hydroxyapatite (HA) is a recognized analogue of bone mineral [14] and was employed as model
to evaluate the affinity for bones of our phosphonate-functionalized UCNPs. To this aim, we performed
relaxivity r; measurements on solutions containing different concentrations of phosphonate-capped
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UCNPs that were incubated in the presence of 12.5 mg/mL HA (insoluble). In all cases, binding
of UCNPs to HA resulted in lower r; values compared to samples without HA. For example,
etidronate-UCNPs showed remarkable affinity with HA already after 2 h of incubation. Figure 3a
clearly demonstrated that UCNPs incubated with HA do not induce any T1 shortening effect in the
medium until a concentration of 1 mM Gd is reached. At higher concentrations, the T1 shortening
effects of etidronate-UCNPs are restored due to the saturation of HA surface. In order to quantify
the affinity of UCNPs for HA, we compared relaxivity values for 2 mM Gd solutions of UCNPs in
the presence and absence of the mineral. For etidronate nanoparticles a 75% affinity was found in
human serum (Figure 3b). Similar behaviour was obtained for alendronate and 3P UCNPs upon 24 h
of incubation with HA in human serum (Figure S12). However, the capacity of these nanomaterials to
interact with HA was significantly lower (Figure 3b). For comparison, the same type of measurements
was performed using UCNPs functionalized with EDTA (ethylenediaminetetraacetic acid) which
decorates the nanoparticles through carboxylate groups instead of phosphonates. EDTA UCNPs have
an 1 value in water of 3.9 mM~! 5! that is not modified in the presence of HA (Figure 3b), confirming
that affinity of our UCNPs for this mineral is associated to phosphonate groups.

20

HA binding

Human Serum H,0O

UCNP-Etidronic

15

UCNP-Etidronic + HA
5 / |
(g i

mM Gd u Etidronic w3P « Alendronate wEDTA

1/T1 ()

(@) (b)

Figure 3. (a) 1/T1 profile of etidronate UCNPs at 1.5 T (37 °C) before and after addition of 12.5 mg/mL
hydroxyapatite (HA) in human serum; (b) HA binding of UCNPs capped with etidronate, alendronate,
3P and EDTA in human serum and H;O.

2.3. Biodistribution Study by Radiolabeling UCNPs

Nuclear imaging, and in particular PET, is routinely employed in the clinics to study the whole-body
distribution of radiolabeled species with high sensitivity [24]. 18F-labelling of UCNPs has demonstrated
to be an effective strategy to monitor the biodistribution of these nanomaterials in vivo [25-27], often
in combination with other imaging modalities [28]. In this study, the observation of the UCNPs in vivo
adhesion to the bones using MRI was discarded due to the intrinsic low sensitivity of the technique
added to the specific characteristics of the bones: low water content, very short T2 relaxation times due
to its rigid nature and susceptibility effects. Adopting the procedure reported by Li and coworkers [25],
we radiolabelled phosphonate UCNPs by exposing the nanoparticles to [\¥F]F~ ions with the aim of
visualizing via PET their biodistribution in healthy rodents and gain information about their eventual
accumulation in bones. As previously described [25], this straightforward synthetic method afforded
high incorporation ratios, with non-decay corrected radiochemical yields of 36%, 43% and 43% for
citrate, 3P and alendronate-UCNPs, respectively, resulting in estimated specific activity values of
105 MBg/mg for citrate-UCNPs and of 126 MBq/mg for 3P and alendronate-UCNPs. Only etidronate
functionalised UCNPs resulted in low radiochemical yields (<10%), and therefore were no further
investigated in vivo. Nanoparticles decorated with citrate were used as control since this carboxylate
ligand did not show any specific affinity to HA (as confirmed by MRI, data not shown). The stability
(Figure S13) and radiochemical purity of alendronate, 3P and citrate UCNPs were confirmed by
radio-TLC at different time points. The radiochemical purity of the labelled particles was >95% at
t = 5 h of incubation in physiologic saline solution (see Figure S14 for representative example).
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Biodistribution and clearance of the 1®F-labeled UCNPs was obtained by PET imaging (Figure 4)
after intravenous injection in the tail of 100 uL of a saline solution of the alendronate, 3P and citrate
UCNPs (0.5 mg/mL). Direct inspection of the images (see Figure 4) clearly showed initial accumulation
in the lungs and the liver, probably due to sequestration of the NPs by the mononuclear phagocyte
system (MPS) which might be a consequence of aggregation of the NPs under physiologic conditions.
At 3 hand 6 h after nanoparticle injection, '8F radioactivity was also clearly identified in the bones and
joints, independently of the ligand coating. These initial results were confirmed by image quantification
(Figure S15). All NPs, irrespective of the surface decoration, exhibited initial accumulation in the
lungs, with values close to 4% of injected dose per cm? of tissue (%ID/cc). Initial localization was also
observed in the liver and kidneys, which was paralleled by high accumulation in the urine (results not
shown) suggesting partial elimination of the NPs via urinary excretion or detachment of the label.

0-2.5 min

/

£

Citrate

Alendronate

3P

Figure 4. Biodistribution of 8F-labelled phosphonate and control UCNPs at different time points after
intravenous injection (0.5 mg/mL).
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At early times, citrate nanoparticles (controls) displayed a pronounced accumulation in bladder
and kidney compared to the phosphonate-functionalized UCNPs, suggesting that they were excreted
more rapidly.

A progressive accumulation of the radioactivity in the bones was observed, which reached
values close to 2%ID/cc in the case of citrate UCNPs. This result, confirmed by dissection/y-counting
(Figure 5a), was unexpected considering that the citrate had no affinity for HA, and suggested that
18F~ jons could leak partially from the nanoparticles, hence masking the real uptake of the labelled
particles in bone tissue. For this reason, we further investigated the accumulation of NPs in bone by ex
vivo analysis using ICP-MS. With that aim, the amount of Gd in the femurs was quantified (Figure 5b).
The samples to be analysed by ICP-MS were obtained after digestion of the femurs harvested from
the animals with HNOj. In the case of the citrate control (Figure 5b), no sign of Gd was detected by
ICP-MS indicating that the totality of the ['8F]F~ signal in the femur could be associated to free [\®F]F~.
Conversely, Gd was detected by ICP-MS in the femur for phosphonate-capped UCNPs, corresponding
to 6-7% (Figure 5b) of the injected dose per gram of bone. Although these results confirmed the leakage
of 13F~ ions for alendronate, 3P and citrate UCNPs, they also indicated that phosphonate ligands were
capable of promoting accumulation of UCNPs in bones to some extent, while the control nanomaterial
did not. Although further studies are required, we speculate that phosphonate-capped UCNPs can
escape the endothelium and reach the skeleton via a mechanism known as nanomaterial induced
endothelial leakiness. In this process, nanomaterials enter and enlarge the nanosized gaps between
microvascular capillary endothelial cells favouring their leakage to other tissue sites [29,30].
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Figure 5. (a) 18F detection in bones in vivo (color) and ex vivo (white), where in vivo units are % ID/mL
(where ID is the injected dose), and corresponds to all skeleton, while ex vivo is only femur; (b) Gd
detection in femur bones by ICP-MS. ICP-MS data is presented as mean + SEM of two independent
measurements. * = statistically significant difference (p < 0.05); ** = statistically significant difference
(p < 0.01), ns = non-significant by one-way ANOVA followed by Tukey’s test.

3. Materials and Methods

3.1. Materials

All chemical reagents, yttrium(Ill) acetate hydrate, ytterbium(III) acetate tetrahydrate, erbium(III)
chloride hexahydrate, 1-octadecene (technical grade), oleic acid (technical grade), sodium hydroxide,
ammonium fluoride, etidronic acid, alendronic acid, nitrilo(trimethylphosphonic acid) and solvents
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

3.2. Synthesis of UCNPs NaGdF4:Yb,Er

The NaGdF,:Yb,Er (rare earth element ratio 78/20/2 mol %) synthesis was carried out following a
slightly modified literature procedure [6]. In a typical synthesis (total rare earth amount, 3 mmol),
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gadolinium (III) chloride hydrate (618 mg, 2.34 mmol), ytterbium(IIl) acetate tetrahydrate (253.8 mg,
0.60 mmol) and erbium (III) chloride hexahydrate (23 mg, 0.06 mmol) were dissolved in 1-octadecene
(25 mL) and oleic acid (15 mL) in a 100 mL three-neck round-bottom flask with coil condenser.
The suspension was heated up to 120 °C with a slow temperature ramp of 3.2 °C/min under stirring
and vacuum. Once the reaction mixture reached such temperature, it was kept in these conditions for
30 min in order to form a clear solution and eliminate residual water and oxygen. The system was then
allowed to cool to 50 °C under a flow of nitrogen gas.

A solution of sodium hydroxide (300 mg, 7.5 mmol) and ammonium fluoride (444 mg, 12.0 mmol)
in methanol (8 mL) was added to the reaction flask dropwise in 10 min. The subsequent cloudy
solution was stirred for 30 min at 50 °C and for 30 min at 70 °C under nitrogen to evaporate the entire
amount of methanol from the solution. Successively, the system was heated up to 300 °C with a fast
temperature ramp of 13.5 °C/min under stirring and nitrogen and maintained in such conditions for
1 h. The reaction mixture progressively changed from turbid to slightly yellow and transparent.

Next, the flask was left cooling to room temperature, and nanoparticles were purified by
centrifugation (4500 rpm at 20 °C for 15 min) to remove any excess of reagents and solvents. The white
pellet was washed once with of ethanol (30 mL) and once with THF/ethanol (5/30 mL) and recollected
by centrifugation. Upconverting nanoparticles were dried at room temperature overnight. Typically,
ca. 700 mg of NaGdF,:Yb,Er nanoparticles are obtained employing the reaction conditions described.

3.3. Functionalization of UCNPs/Ligand Exchange

Typically, 30 mg of UCNPs were dissolved in 2 mL of chloroform and 100 mg of organic ligand
were dissolved in 10 mL of MES buffer (20 mM, pH 6). The solution mixture was left stirring overnight
and the aqueous phase (supernatant) lyophilized. The solid obtained was then washed three times
with 3 mL of ethanol (or a mixture of HyO:EtOH 1:3 in the case of etidronate) and left drying at room
temperature for two days.

3.4. Relaxivity Measurements and HA Binding

All relaxivity results were obtained in triplicates by measuring at 37 °C 300 uL of aqueous solution
containing different concentrations of UCNPs on a 1.5 T MiniSpec MQ60 (Bruker, Madrid, Spain.
The affinity of UCNPs for HA was evaluated by adding a fixed quantity of HA (insoluble) in every
sample and were directly measured on the 1.5 T MiniSpec at two time points (2 and 24 h).

3.5. Labeling of UCNPs with '8F

UCNPs with four different capping ligands (citrate, 3P, alendronate and etidronate) were labelled
with fluorine-18 (positron emitter with Ty, = 109.7 min). In brief, ['8F]F~ (ca. 440 MBq) dissolved
in 150 pL of '80-enriched water (used for the production of '8F by proton irradiation) was added to
the suspension of UCNPs (1.5 mg in 10 pL of distilled water). The reaction mixture was incubated
for 10 min at room temperature and centrifuged to remove the unreacted ['8F]F~ from ["®F]JUCNPs.
The [8FJUCNPs were washed three times with distilled water by centrifugation (5 min, 10,000 rpm).
Finally, the pellet was suspended in 150 pL of physiological saline solution (NaCl 9.0 g per liter).
The amount of radioactivity in the final suspension was determined using a dose calibrator (CRC-25R
PET dose calibrator, Capintec Inc., Ramsey, NJ, USA) and the non-decay corrected radiochemical yield
was calculated as the ratio between the final and the starting amounts of radioactivity. Estimated
specific activity values were calculated as the ratio between the final amount of radioactivity and the
starting mass amount of UCNPs.

The stability of the NPs in physiologic saline solution was determined. With that aim, NPs were
incubated at 37 °C and fractions were withdrawn at pre-selected time points, diluted with purified
water (1:20) and further analysed by radio-Thin Layer Chromatography (radio-TLC, silica and 9:1
saline/ethanol as eluent). Under experimental conditions, '8F-labeled UCNPs remained at the seeding
spot while free [*8F]F~ eluted with the solvent front.
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3.6. Gd®* Determination from Ex Vivo Femur Bones

After the last imaging session (6.5 h post-administration, see Section 3.7.5) the animals were
sacrificed and the bones harvested in order to conduct ex vivo analysis and determine the amount
of Gd** by ICP-MS. We followed a protocol reported elsewhere [31]. Briefly, the femurs (1 = 2 per
UCNTP type) treated with citrate, 3P, alendronate UCNPs were dissolved in 3 mL of HNOj3 overnight.
An aliquot of this solution was then diluted 50 times to use it as ICP sample. A non-treated femur was
also digested in HNO3 overnight, to build a matrix for the calibration curve of Gd3*.

3.7. Instrumentation

3.7.1. Transmission Electron Microscopy (TEM)

TEM was performed on a JEOL JEM-1400 PLUS-HC microscope (Peabody, MA, USA) operating at
120 kV. The TEM samples were prepared by dropping 3 puL sample solutions (0.1-1 mg/mL in THF or
in water) onto a 400-mesh carbon coated copper grid (3 mm in diameter) followed by the evaporation
of the solvent under vacuum. The nanoparticle sizes were estimated from over 150 nanoparticles.

3.7.2. Fourier Transform Infrared (FTIR)

FTIR spectra of NaGdF,:Yb,Er UCNPs coated with oleic acid, citrate, EDTA, 3P, alendronate and
etidronate were recorded on a Nicolet FTIR 6700 spectrometer (Thermo Fisher, Waltham, MA, USA) as
KBr pellet.

3.7.3. Dynamic Light Scattering

The hydrodynamic radius of the different functionalized NaGdF4:Yb,Er UCNPs was obtained
measuring an aqueous solution containing the nanoparticles (0.5 mg/mL) with 173° scattering angle at
25 °C using a NanoSizer Malvern Nano-Zs (Malvern Panalytical, Malvern, UK).

3.7.4. MRI

T1 and T2 experiments were performed on a 1.5 T MiniSpec TD-NMR (Bruker) at 37 °C. Also,
they were performed on a 7 Tesla Bruker Biospec 70/30 USR MRI system (Bruker Biospin GmbH,
Ettlingen, Germany) at 37 °C, interfaced to an AVANCE III console. The BGA12-S imaging gradient
(maximum gradient strength 400 mT/m switchable within 80 us and a 40 mm inner diameter quadrature
volume resonator were used. R1 values were determined using a series of Spin echo measurements
with increasing repetition time (TR) of 110.0, 130.0, 160.0, 190.0, 220.0, 280.0, 400.0, 600.0, 850.0, 1110.0,
1250.0, 1500.0, 1800.0, 2100.0, 2500.0, 3000.0, 4000.0 and 5000.0 ms, with an echo time (TE) of 10 ms.
R2 values were measured using a multislice multiecho (MSME) spin echo sequence with a TR of
20,000 ms and TE ranging from 50 to 1600 ms, with an echo interval of 50 ms. All images were acquired
with one average, 256 X 256 points and a resolution of 125 pm in plane, with a slice thickness of 2.0 mm.
The images were fitted into Levenberg-Margardt method to calculate T1 and T2 values using Bruker’s
Paravision 5.1 software.

3.7.5. PET

Healthy, 10-12 weeks aged Sprague-Dawley rats (Harlan, Udine, Italy) were used to investigate
the biodistribution of the 18F-labelled NPs. Animals were maintained and handled in accordance with
the Guidelines for Accommodation and Care of Animals (European Convention for the Protection
of Vertebrate Animals Used for Experimental and Other Scientific Purposes) and internal guidelines,
and experimental procedures were approved by the Ethical Committee of CIC biomaGUNE and local
authorities (AE-biomaGUNE-0216, 26 June 2016). Rats were acclimated to the housing facility at
22-24 °C and 40-60% of humidity under light/dark conditions for at least five days prior to experiments.
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For imaging sessions, animals were anesthetized with 5% isoflurane in pure oxygen. Anaesthesia
was maintained afterwards with 2-3% isoflurane in pure oxygen. '#F-labelled NPs suspended in
physiologic saline solution and prepared as previously described were appropriately diluted to a
concentration of ca. 370 MBg/mL and 100 uL (containing ca. 37 MBq) were intravenously administered
via one of the lateral tail veins.

After administration of the NPs, PET images were dynamically acquired on an eXplore Vista-CT
camera (GE Healthcare, Las Rozas, Madrid, Spain) in four bed positions to cover the whole body of the
animal (frames: 4 X 30's, 4 X 1 min, 3 X 2 min, 4 X 4 min; total acquisition time = 28 min). Static imaging
sessions (20 min each) were repeated at t = 3 and 6 h after administration of the labelled NPs. After each
PET acquisition, a CT scan was performed for later attenuation correction during image reconstruction.
Random and scatter corrections were also applied to the reconstructed images (2DOSEM iterative
algorithm, four iterations). PET-CT images were co-registered and analysed using PMOD image
processing tool. Volumes of interest (VOIs) were drawn in major organs on the CT images, translated
to the PET images and the concentration of radioactivity in each organ was determined as a function of
time. Injected dose and organ mass normalizations were finally applied to data to achieve percentage
of injected dose per gram of tissue (%ID/g).

3.7.6. ICP-MS

After diluting the digested samples to a suitable concentration, Gd was determined by iCAP-Q
ICPMS (Thermo Scientific, Bremen, Germany) equipped with an autosampler ASX-520 (Cetac
Technologies Inc., Omaha, NE, USA). The instrumental operating conditions for the determination of
the elements are summarized in Table 2. The quantification was based on at least five point external
calibrations and Qtegra™ v2.6 (Thermo Scientific) software was used for the analysis.

Prior to analyses, instrument settings were optimized by infusion of TUNE B iCAP Q solution
(Thermo Scientific).

The analyses were carried out in KED mode using He as collision gas in order to reduce possible
polyatomic interferences. All the samples were measured in triplicate using Iridium 193 as internal
standard. Blank samples containing 2% HNO53/0.5% HCl were infused before the calibration curve and
wash samples (2% HNO3/0.5% HCI) were also infused and measured after calibration and between
samples. Calibration samples were prepared at 25, 10, 5, 1, 0.1 pg/L in 2% HNO3/0.5% HCl from a
certified stock solution from Inorganic Ventures (Lakewood, NJ, USA).

Table 2. ICP-MS operating conditions.

Parameter Condition
Nebulizer gas flow 1.075 L min ™!
Spray chamber 2.70 °C
Extraction Lens -111.3V
CCT focus lens 0.6V
Plasma power 1550 w
Cooling gas flow 14 L min~!
Auxiliary gas flow 0.8 L min~"
Colision gas flow 4.733 L min™!
Pole bias -18V
CCT bias -21V
Wash time 30s
Uptake time 50s

4. Conclusions

Our study shows that phosphonates are suitable ligands for functionalizing the surface of UCNPs
in pursues of multimodal imaging agents. They confer promising MRI properties to these nanomaterials
in term of r; relaxivity and allow efficient labelling with 8F~ ions. These simple ligands favour
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the affinity of UCNPs for HA. The integration of in vivo PET imaging and ex vivo ICP-MS analysis
demonstrated that indeed alendronate and 3P UCNPs have the capacity to accumulate in bones,
although '®F-labeling is not an appropriate strategy to monitor in vivo such accumulation, as leakage
of the radiolabel can mask the accumulation of UCNPs in bones.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-6740/7/5/60/s1.
Table S1: Gd** determination per gram of functionalized UCNPs by ICP-MS; Table S2: Relaxivity r; and 1y
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Dynamic light scattering data for UCNPs in water and MES buffer (pH 6). Figure S1: TEM images (1 = 150) of
NaGdFy:Yb,Er capped with oleic acid and dissolved in THF; Figure S2: Emission spectra of NaYF, Yb:Er UCNPs
capped with oleic acid irradiated at 980 nm with 4.0 W; Figure S3: FT-IR spectra of NaGdF:Yb,Er UCNPs capped
with different ligand coatings and of their corresponding free ligand; Figures S4-S9: Relaxivity values for the three
UCNPs in different solvents; Figure S10: T1 weighted MRI image of etidronate UCNPs (7 T, 37 °C) in H,O at
different concentrations; Figure S11: Dymanic Light Scatering of UCNPs coated with etidronate, alendronate,
3P and citrate measured in H,O and MES buffer (pH 6); Figure S12: Relaxivity ry values for 3P and alendronate
UCNPs in the presence and in the absence of hydroxyapatite HA (12.5 mg/mL); Figure S13: TEM images of 3P and
alendronate UCNPs in aqueous solution measured at different time points (¢t = 0 and 1 day); Figure S14: Diluted
solution of '8F-labeled UCNPs (1:20) analysed by radio-TLC at t = 5 h of incubation in physiologic saline solution;
Figure S15: Concentration of radioactivity in different organs at different time points for the different labeled NPs,
as determined from PET imaging.
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