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Preface to “Metal-Based Drugs: Past, Present and
Future”

The drug discovery process is a challenging, multi-step path towards the identification of
potential new medicines. New drugs are needed to prevent a disease, fight a pathology, or diagnose
a medical condition when there are currently no suitable medical products. The pharmaceutical
potential of metals and their derivatives has been recognized for millennia in very different cultures,
and with the advent of modern medicine, several metal-based drugs have been approved for clinical
treatment as effective therapeutic tools. Coordination compounds of transition metals such as
Pt, Cu, Ru, and Au have proven their effectiveness as diagnostic and/or antiproliferative agents.
Nanomedicine is a promising anticancer niche area for developing novel diagnostic and therapeutic
strategies. The green synthesis of NPs is a new strategy used for various biomedical applications.
This is a cost-effective, eco-friendly, and biocompatible approach for the synthesis of NPs with varied
biological properties. Green synthesis uses plants and microbes and allows large-scale production
of NPs without extra impurities. Such NPs show enhanced catalytic activity and limit the use of
expensive and toxic chemically synthesized NPs. Recently, numerous metal oxide NPs, such as CuQO,
TiO, and ZnO, have been synthesized through a green approach. Moreover, ZnO NPs have become
popular in biomedical molecular recognition and optics applications due to their inexpensive, easy,
and safe synthetic protocols. Microbial drug resistance has also become a serious medical problem,
causing morbidity and mortality, which has attracted the attention of different researchers working
on the discovery of antimicrobial drugs. The broad-spectrum silver-containing antimicrobial agents
are well represented by N-heterocyclic carbene silver complexes. Due to their stability, this class of
complexes can release the active Ag* cations for prolonged periods of time. Furthermore, AgNPs can
be good metal-based antibacterial drugs. AgNPs can perform synergistically with classic antibiotics,
decreasing the concentrations needed of both agents in the inhibition of bacterial growth, which may
be of interest for fighting infections and lowering toxicity against the bacterial hosts. The reprint
entitled “Metal-Based Drugs: Past, Present, and Future” covers some recent research and review
articles in the field of metal-based drugs used in medicine. By purpose and content, this reprint
is addressed to the vast number of life science researchers and health care workers. Our initiative to
publish the Special Issue entitled “Metal-Based Drugs: Past, Present, and Future” in Molecules Journal
was honored by 13 groups totaling 74 scientists from Asia, Europe, North America, and Africa.
The number of involved researchers and the geographic distribution of their academic institutions
indicate the great interest of the worldwide scientific community in discovering new metal-based

drugs that can treat different diseases.

Adriana Corina Hangan and Roxana Liana Lucaciu
Editors
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Abstract: Cancer treatments which include conventional chemotherapy have not proven very suc-
cessful in curing human malignancies. The failures of these treatment modalities include inherent
resistance, systemic toxicity and severe side effects. Out of 50% patients administrated to chemother-
apy, only 5% survive. For these reasons, the identification of new drug designs and therapeutic
strategies that could target cancer cells while leaving normal cells unaffected still continues to be
a challenge. Despite advances that have led to the development of new therapies, treatment op-
tions are still limited for many types of cancers. This review provides an overview of platinum,
copper and ruthenium metal based anticancer drugs in clinical trials and in vitro/in vivo studies.
Presumably, copper and ruthenium complexes have greater potential than Pt(II) complexes, showing
reduced toxicity, a new mechanism of action, a different spectrum of activity and the possibility of
non-cross-resistance. We focus the discussion towards past, present and future aspects.

Keywords: cancer; metal complexes; platinum; copper; ruthenium

1. Introduction

Cancer is a frequently lethal ilness caused by an abnormal cell growth with the
ability to invade and spread throughout the organism; thus, it has the greatest incidence
and mortality rate worldwide [1]. In the year 2020, the US was anticipated to witness
606,520 deaths and 1.8 million new cases [2]. About 4.5 million premature cancer-caused
deaths were reported worldwide in 2016 [3]. Based on current data, the International
Agency for Research on Cancer (IARC) forecasts that around 13 million cancer-related
deaths will occur by 2030 [4].

There are hundreds different types of cancer affecting various organs, tissues, and
cells (i.e., breast, bone, blood, colon, liver, lung, etc.) in the form of carcinomas, lymphomas,
sarcomas, or leukemia, each one requiring specific treatment [5]. The most common clinical
approaches for cancer treatment are chemotherapy, radiation therapy, surgery, hormone
therapy, and targeted therapy with anticancer drugs [6].

The need for new and better pharmacological therapies for the treatment of cancer
still exists. While there are succesful specific treatment frameworks against some types
of cancer, such as anti-hormonal therapy in breast cancer [7], or monoclonal antibodies
targeting aberrant receptors, the intrinsic heterogeneity found in cancer forces the use of
highly toxic chemotherapeutic regimes [8].

The development of effective antitumor drugs with high selectivity and low toxicity is
currently a major challenge for the scientific community. Indeed, the wide range of adverse
effects resulting from cancer therapy have an impact on therapeutic adherence and general
quality of life for patients and their families [9].

Cisplatin efficacy in the treatment of various cancers places coordinative chemistry
among viable antitumor design alternatives. Although highly efficacious, treatment with
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cisplatin is still limited by side effects, inherited resistance, or acquired resistance, which
has only partially been eliminated by the introduction of new Pt(II) drugs [10].

Other metal complexes containing ions such as coppet, gold and zinc chelating agents
have received great interest as anticancer agents [11-13]. Recently, the chemistry of ruthe-
nium compounds has been intensively analyzed due to the interest in providing an alter-
native to cisplatin, because of their promising cytotoxic and potential anticancer proper-
ties [14-16].

Recently, there has been growing demand for metal-based compounds in the treatment
of cancer. This may be due to the level of in vitro cytotoxic effects exhibited by recently
synthesized metal-based compounds and to the fact that ligand substitution and the
modification of existing chemical structures have led to the synthesis of a wide range of
metal-based compounds, some of which have demonstrated an enhanced cytotoxic and
pharmacokinetic profile [17].

The objective of this review is to provide an overview of previous studies on platinum,
copper and ruthenium metalo-drugs in cancer therapy, focusing on past, present and
future aspects.

2. Chemical and Biochemical Properties of Metallo-Drugs

The therapeutic potential of metal complexes in cancer therapy has attracted a lot
of interest, mainly because metals exhibit unique characteristics, such as redox activity,
variable coordination modes and reactivity towards the organic substrate. These properties
have become an attractive probe in the design of metal complexes that selectively bind to
the biomolecular target with a resultant alteration in the cellular mechanism of proliferation.

Several metal-based compounds have been synthesized with promising anticancer
properties, some of which are already in use in clinical practice for diagnosis and treatment,
while some are undergoing clinical trials [17].

2.1. Platinum Compounds

Platinum drugs attracted attention in cancer treatment once the antineoplastic activity
of cisplatin was discovered in the 1960s. Cisplatin was the first metal-based anticancer drug
introduced into clinical use. Since then, more platinum derivatives have been synthesised
and tested against cancer cells; however, only a few have reached clinical trials. Nowadays,
cisplatin and its derivatives are among the most frequently applied antitumor drugs in
treating lung, colon, ovary, testicles, bladder, cervix and many more cancers. Cisplatin,
carboplatin and oxaliplatin are used as worldwide anticancer drugs, while heptaplatin,
nedaplatin and lobaplatin are used as regional anticancer drugs. Their chemical structures
are shown in Figure 1 [18,19].

Cl NH .
e 3 j; @
Pt / RN
/ N\
Cl NH;

Cisplatin 0 ca rboplatin Oxallplatln

H,C
—O0_  NHy o
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0 1137 0 CH; Pt \PL/
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Figure 1. Chemical structures of cisplatin and its derivatives.
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The platinum compounds currently used in therapy have common structural char-
acteristics, namely, they are neutral compounds, with planar-square geometry and cis
isomerism; they contain two ligands, ammonia molecules or other structures contain-
ing -NH; groups (they do not leave the coordination sphere once the compound enters
the tumor cell non-leaving groups) and they contain two anionic ligands that leave the
coordination sphere (leaving groups) as a result of the intracellular activation process.

Nevertheless, cisplatin-based therapy has several disadvantages: it is highly toxic and
cancer cells can acquire resistance relatively fast. Among the most negative side effects
are neurotoxicity, nephrotoxicity and ototoxicity. To overcome these pharmacological
limitations, new cisplatin derivatives are considered [19].

Cisplatin (1978):

Structurally, cisplatin has an arrangement whereby platinum ion is bounded to two
chloride ions and two amine groups aligned in a square (Figure 1). Amine groups act as the
carrier ligands, while chlorides act as the leaving groups. The arrangement of chloride ion
is next to each other in cisplatin, which is biologically essential. Interestingly, transplatin,
the trans isomer of cisplatin, does not exhibit anticancer activity [18].

The generalized mechanism of action for cisplatin and its derivatives involves four
key steps: (1) cellular uptake, (2) aquation/activation, (3) DNA binding and (4) the cellular
processing of DNA lesions, leading to apoptosis [20]. The two pathways by which this
molecule is most likely to be taken up are passive diffusion through the plasma membrane
and active transport, mediated by membrane proteins [21]. Cisplatin becomes activated
intracellularly via hydrolysis reactions, where one of the two chloride leaving groups is
replaced by a water molecule. Activated aqua platinum species react with nucleophilic
sites in DNA, preferentially the nitrogen on position 7 of guanine (G), and form either
monofunctional (via one leaving group) or bifunctional adducts (via two leaving groups).
Although both inter- and intrastrand cross-links are possible, 1,2-interstrand d(GpG) cross-
links (60-65% of all adducts) and d(ApG) cross-links (20-25% of all adducts) are the major
products [22]. After the formation of DNA-platinum adducts in the nucleus, the consequent
DNA damage is critical to cisplatin cytotoxicity, with several molecular mechanisms. For
example, DNA damage initiates the release of cytochrome-c under the regulation of Bcl-2
family proteins, which activates procaspase-9, and then, forms an active apoptosome
complex; DNA damage induces the activation of p53 protein, which could regulate cell
death by counteracting the anti-apoptotic function of B-cell lymphoma-extra-large (Bcl-xL),
the degradation of flice-like inhibitory protein, etc. In addition to DNA damage, it was
reported cisplatin could induce reactive oxygen species to trigger cell death [19,23,24].

Cisplatin is accepted worldwide and is generally is used in the treatment of many
types of cancer: ovarian, testicular, cervical, bladder, head, neck and lung (particularly the
small cell type) [18].

Unfurtunatelly, cisplatin treatment produces several toxicities such as nephrotoxi-
city, hepatotoxicity, cardiotoxicity, myelosuppression, ototoxicity, gastrotoxicity, allergic
reactions and some reproductive toxicities [18,25].

The fact that cisplatin occurs in the process of cell multiplication explains its more
pronounced activity against tumor cells, with an accelerated rate of division, compared to
that against healthy cells. This fact also explains the toxic effects that this compound has on
the hematoforming marrow [18,26].

Mechanism of cisplatin resistance:

Cispaltin resistance happens once there is an insufficient amount of platinum ions to
reach the target DNA or an insufficient number of Pt-DNA adducts generated to induce
cell death [27].

For small molecular cisplatin, copper transporter-1 (CTR1), as the major plasma-
membrane transporter, plays a substantial role in cisplatin influx. It was reported that
the loss of CTR1 led to a 2- to 3-fold increase in drug resistance. In addition, efflux
proteins such as ATP7A and ATP7B induce a decrease in intracellular cisplatin. Intracellular
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cisplatin exposure would trigger the rapid trafficking of ATP7A/B in the trans-Golgi
towards cell periphery; during this process, ATP7A /B sequester cisplatin and consequently
mediate the efflux of cisplatin [28]. Furthermore, once it has formed the Pt(GS)2 complex
with glutathione (GSH), the cisplatin can also be eliminated by a multidrug resistance
protein. There is still some cisplatin left inside the cancer cells, which could interact with
intracellular thiol, amino, hydroxyl, etc. For example, the thiol-containing molecules,
including glutathione/glutathione-S-transferase and metallothioneins, could inactivate
and detoxify cytoplasmic cisplatin, leading to cisplatin resistance [29]. Even after Pt-DNA
adducts are formed, cellular survival may still occur via several pathways, including DNA
repair, the removal of these adducts and tolerance mechanisms, and eventually induce
platinum resistance. Nucleotide-excision repair, mismatch repair, base-excision repair
and double-strand-break repair are four major DNA repair pathways to remove cisplatin-
induced DNA damage. Among them, as the main DNA repair pathway, nucleotide-excision
repair involves the recognition and incision of DNA damage, followed by DNA synthesis to
replace the excised fragments. Additionally, the core incision reaction requires the protein
factors, including ERCC1-XPFE, XPA, RPA, XPC-HR23B, TFIIH, XPG, etc. Additionally,
mismatch repair is another important pathway to correct single base mispairs or looped
intermediates through the identification and excision of the mismatch, and subsequent
re-synthesis of the excised strand [22,24].

Carboplatin (1986):

Structurally, carboplatin it is diammine(1,1-cyclobutane dicarboxylato)platinum(II)
(Figure 1). Carboplatin was developed in order to reduce the dose-limiting toxicity of
cisplatin. It is obtained by replacing two chloride ions of cisplatin with a cyclobutane
dicarboxylate ligand. It shows good aqueous solubility and high stability, resulting minimal
side effects [18].

The mechanism of action of carboplatin is very similar to that of cisplatin; however, it
has lower reactivity due to the bidentate ligand that replaces the chloride anions and that
leaves the coordination sphere with a lower speed [24]. As a result of reduced reactivity,
the nephrotoxicity, neurotoxicity and ototoxicity after carboplatin treatment are much
less pronounced. Additionally, nausea and vomiting are less severe side effects and can
be controlled easily. Due to its reduced toxicity profile, carboplatin is suitable for more
aggressive high-dose chemotherapy. The myelosuppressive effect is considered to be one
of the major drawbacks associated with carboplatin, with thrombocytopenia being more
severe than neutropenia and anemia [18].

Carboplatin is accepted worldwide and generally is used in the treatment of ovarian
cancer and of small cells lung cancer. It almost replaced cisplatin in combination regimens
with paclitaxel for treatment of ovarian cancer [18,30]. The single intermittent bolus or short
infusion shedule are more practical than the protracted infusion of cisplatin. Additionally,
although carboplatin is more expensive than cispatin, the complete cost of the treatment is
cheaper [31].

As in the case of cisplatin, tumor resistance to carboplatin poses a major clinical
problem. The mechanisms underlying carboplatin resistance are generally similar to the
mechanisms of cisplatin resistance. Unfortunately, cross-resistance ocurs to both platinum
drugs [24].

Oxaliplatin (1996)

Oxaliplatin is a platinum complex with a 1,2-diaminocyclohexane ligand and oxalate
as a leaving group (Figure 1) and was developed to overcome resistance against cisplatin
and carboplatin. Oxaliplatin was initially launched in France in 1996 and was formally
available in the countries of Europe in 1999 and in the US in 2002 [32]. It is licensed to be
used as a combination therapy with other chemotherapeutic agents in the management
of colon cancer and non-small-cell lung cancer [17,33]. In combination with 5-fluorouracil
and folinate, oxaliplatin is used as an efficient treatment of adjuvant and metastatic colorec-
tal cancer and is intrinsically insensitive to cisplatin. The bidentate oxalate significantly
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reduces the reactivity of oxaliplatin and thereby limits the toxic side effects to peripheral
sensory neuropathy [34]. The diaminocyclohexane ligand is more lipophilic, increasing the
passive uptake of oxaliplatin compared to cisplatin and carboplatin. Higher lipophilicity
may also be a reason why oxaliplatin also employs some different routes of cellular entry
to cisplatin and carboplatin. The organic cation transporters OCT1 and OCT2 have been
implicated in mediating oxaliplatin uptake, as their overexpression significantly increases
the cellular accumulation of oxaliplatin, but not cisplatin or carboplatin. Colorectal cancer
cells overexpress organic cation transporters, which may explain the efficacy of oxaliplatin
in this particular type of cancer [35]. The clinical relevance of these transporters remains,
however, unclear. Regarding copper transporter-1 (CTR1), evidence that the transporter is
involved in oxaliplatin uptake is not very strong, as in the case of cisplatin; nevertheless,
the acquisition of oxaliplatin resistance was reported to be accompanied by CTR1 downreg-
ulation. Additionally, reduced expression of the f1-subunit of Na™, K*-ATPase was found
in some oxaliplatin-resistant cells. Copper efflux transporters appear to play an important
role in oxaliplatin sensitivity, too. Low levels of ATP7B in colorectal cancer patients were
associated with a favorable outcome [36]. Similar to cisplatin, oxaliplatin mainly forms
crosslinks on the adjacent guanine bases or between guanine and adenine, but to a lower
extent. However, oxaliplatin-DNA adducts are more efficient in the inhibition of DNA
synthesis. Due to the bulkier diaminocyclohexane ligand, oxaliplatin induces different
conformational distortion on DNA. The bulkiness and lipophilicity of diaminocyclohexane
are considered responsible for the differential processing of oxaliplatin-DNA adducts. The
latter are not recognized by mismatch repair proteins. Interestingly, it does not lead to
decreased cytotoxicity but makes oxaliplatin antitumor-activity mismatch repair proteins
independent. Additionally, an increase in replicative bypass, i.e., DNA synthesis bypassing
platinum-DNA adducts, was reported not to correlate with cytotoxicity of oxaliplatin.
All these factors result in different activity spectra of oxaliplatin compared to cisplatin or
carboplatin [24].

The diaminocyclohexane ligand plays a major role in cytotoxicity and protects oxali-
platin against cross-resistance with cisplatin [32]. Major side effects of oxaliplatin include
nausea, numbness, low blood cell counts, allergic reactions and diarrhea [37]. It has a better
safety profile than cisplatin, and is used for patients who cannot tolerate cisplatin [32].

Nedaplatin (1995)

Structurally, nedaplatin is a diammine-glycolatoplatinum compound (Figure 1) and is
significantly more soluble in water compared to cisplatin. Like cisplatin, nedaplatin also
has two amines: the carrier ligands and a glycolate containing a five-membered ring which
is bonded to the platinum ion. It interacts with the nucleophilic groups of DNA, causing
cell apoptosis [18].

It was approved only in Japan to treat head, neck, testicular, lung, esophageal, ovarian
and cervical cancers [31,38].

A randomised clinical trial compared nedaplatin to cisplatin, both in combination
with vindesine. Nedaplatin showed no advantage over cisplatin in objective response and
overall survival, but was less toxic. More thrombocytopenia was observed, but there was
less leucopenia, nephrotoxicity and gastrointestinal toxicity [31]. The drug is said to have a
better safety profile than cisplatin and similar efficacy [17,18,39]. Compared to carboplatin,
it is more toxic. Unfortunately, nedaplatin is cross-resistant with cisplatin [31].

Heptaplatin (1999)

Structurally, heptaplatin consists of malonate as a chelating leaving group and of
2-(1-methylethyl)-1,3-dioxolane-4, 5-dimethanamine as a chelating group (Figure 1). It was
demonstrated to be stable in solution. Heptaplatin is currently applied in the Republic of
Korea for the treatment of gastric cancer. Its antitumoral mechanism of action is assumed to
be similar to that of cisplatin [18]. Heptaplatin was demonstrated to have fewer and milder
side effects than cisplatin and to retain cytotoxic activity in cisplatin-resistant cell lines. A
Phase III study showed that heptaplatin’s combination with 5-fluorouracil is comparable to
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cisplatin/5-fluorouracil regimen with less severe hematological side effects [34]. Studies
regarding the use of heptaplatin as monotherapy or in combination with other antitumor
agents continue [18,24,40].

Lobaplatin (2010)

Structurally, lobaplatin is represented as 1,2-diammino-l-methyl-cyclobutane-platinum(Il)-
lactate (Figure 1). Lobaplatin is approved in China for the therapy of metastatic breast
cancer, chronic myelogenous leukemia and small cell lung cancer [34].

The antitumor activities of this compound span through the human lung, and ovarian
and gastric cancer xenografts [32]. A phase I clinical trial of dose escalation of lobaplatin
in combination with fixed-dose docetaxel in the treatment of human solid tumor was
established. In this study, the maximum tolerable dose of lobaplatin when combined with
docetaxel for the treatment of solid tumor, known to have progressed after chemother-
apy, was established. Positive results from the phase I trial prompted the researchers to
recommend the same dosage for the phase II clinical trial [18,41].

It has non-cross-resistance to cisplatin, particularly human sensitive cancer cells [17,21].
Concerning toxicity, its presence reduced nephrotoxicity, neurotoxicity and ototoxicity, but
the hematotoxic effects are significant. Its dose-limiting toxicity is thrombocytopenia [34].

2.2. Copper Compounds

The development of cisplatin as one of the most powerful anticancer drugs has opened
new fields in the design of less toxic and more effective chemotherapy drugs based on the
use of essential metals. It has been proposed that endogenous metals might be less toxic to
normal cells than platinum, silver, or gold. In this regard, copper-based complexes present
an attractive chemotherapy drug option [42,43].

The physiological concentration of copper in the body is ensured by several mech-
anisms involving ceruloplasmin and albumin in the liver, as well as copper transport
proteins. However, an excess of copper can be toxic to normal cells due to the generation of
reactive oxygen species (ROS) or reactive nitrogen species (RNS) [44,45].

Unlike normal cells, tumor cells have reduced vascularity, and therefore, a low oxygen
level, which explains the invasion, metastasis and activation of an anaerobic process known
as the Warburg effect [46] As a result, tumor hypoxia can be exploited to develop new
prodrugs that become active in the reducing environment of cancer cells [47]. In this sense,
copper ions become very attractive because they can exist in two different oxidation states
in cells. The presence of hypoxia in cancer cells causes the reduction of Cu(Il) ions to
Cu(I), and thus, allows copper compounds to act as targets at the tumor level. The Cu(I)
ion, once formed, catalyzes the production of ROS and RNS, which will ultimately induce
pro-apoptotic oxidative stress [48].

In the last two decades, copper coordination compounds have consolidated their
position in the design of metallo-drugs, as evidenced by the increase in the number of com-
pounds that have demonstrated their efficacy following in vitro or in vivo testing. Initially,
it was assumed that most Cu(Il) coordination compounds have a similar mechanism of
action to Pt(II) compounds, considering DNA as the main biological target. The newly
synthetized complexes were structurally and physico-chemically characterized; then, they
were tested via in vitro screening on human cancer cell lines and/or interaction studies
with the DNA molecule. Particular attention has been paid to Cu(Il) complexes including
N,N-diimine ligands (and other extended aromatic planar systems contained in thiosemi-
carbazone or Schiff base assemblies) due to their binding/intercalating action in the DNA
structure. Although damage to the DNA molecule is the primary mechanism by which
these copper complexes (and many other conventional chemotherapeutic agents) act, the
antiproliferative process does not always guarantee selective cytotoxicity to cancer cells.
That is why the studies were directed towards the discovery of compounds with other
mechanisms of action, at the level of cellular components [49].

The main mechanisms underlying the antitumor action of Cu(Il) complexes are:
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- Intercalation—the insertion of a copper complex between two pairs of adjacent bases
through van der Waals bonds;

- Interaction with the nucleotides in the chains at the “small cavity” level (“minor
groove”) of the DNA molecule;

The oxidative mechanism—the production of ROS or RNS species in the immediate
neighborhood of the DNA molecule. Electron spin resonance demonstrated mainly the
formation of hydroxyl radicals in the process of reducing the Cu(Il) ion to Cu(I) in the pres-
ence of reducing agents (e.g., H,O,). These radicals, along with other ROS, are produced
by a Fenton or Haber-Weiss type reaction as follows:

LCu (I) + HyO, — LCu (I) + ¢OOH + H *

LCu (I) + HyO, — LCu (II) + ¢OH + OH
where L, represents an organic ligand.

- In the hydrolytic mechanism, the interactions of Cu(Il) ions with the phosphate
anion from the nucleotides cause the breaking of the phosphodiester bonds and the
destruction of nucleic acid molecules;

- The inhibition of topoisomerase I or II, with a role in DNA replication and transcription;

- Proteasome inhibition (proteasomes represent multiprotein complexes located both in
the nucleus and in the cytoplasm, which selectively degrades and recycles intracellular
proteins) [50-52].

2.3. Ruthenium Compounds

The chemical element ruthenium, *Ru, has properties that recommend it as a complex
generator in coordinative compounds, with biomedical implications:

- The ability to form labile complexes that can participate in a slow exchange of ligands
with molecules in biological environments. Ru(Il) and Ru(III) complexes have ligand-
exchange kinetics similar to those of Pt(II) complexes. It was demonstrated that the
Ru(Il) ion has a greater preference for ligands containing S donor atoms, such as
glutathione and methionine, and a lower preference for O or N donor ligands [53].

- The ability to have several oxidation states: Ru(Il), Ru(Ill) and Ru(IV); their oxidation
or reduction processes are possible under physiological conditions. Ruthenium is
unique in the fact that its oxidation states, II, III and IV, are all accessible under
physiological conditions. In these oxidation states, the metal ion which generates
the complex is hexacoordinated, and the complex geometry is octahedral. Due to
this orientation of the ligands, the formation of “intrastand cross-linking” bonds with
residues of nitrogenous bases belonging to the same DNA chain encountered in the
case of platinum complexes is very low. The bonds that are formed between these
Ru complexes and DNA molecules are of the “interstand cross-linking” type, with
residues of nitrogenous bases from two different chains. However, this is not the main
mechanism of antitumor action. The altered metabolism of cancer cells causes, at their
level, hypoxia, a high level of glutathione and a lower pH, which provides the premise
for an environment with reducing properties. To increase the selectivity of ruthenium
complexes against cancer cells and to reduce, as much as possible, the toxic effects on
normal cells, the redox potential of ruthenium can be modified once it enters the body.
For example, these agents can be administered as relatively inert Ru(Ill) complexes
(prodrugs), which are then activated by reduction inside the malignant cell [53,54].

- The ability to replace Fe(III) ions transported in the body by various plasma proteins
(for example, transferrin).

Due to the structural similarities between Fe(Ill) and Ru(IIl) ions, the latter can replace
the Fe(Ill) ion in its site in serum transferrin and albumin (proteins that solubilize and
transport iron in plasma). The transport of ruthenium complexes in the blood is an aspect
that has attracted the attention of the scientific community since the first studies. The similar
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chemical behavior of Ru(Ill) to that of Fe(IlI) explains the interest in ruthenium compounds
for serum proteins, especially for transferrin. This explains the fact that physiological
iron transport mechanisms (the so-called “transferrin pathway”) could be exploited by
ruthenium species as a smart way to enter cells, according to the “Trojan horse” strategy.
Because rapidly dividing cells (including cancer cells) have a greater requirement for iron,
there is an increase in the number of transferrin receptors on the cell surface, resulting in
more iron-loaded transferrin in the blood circulation. Thus, in vivo studies have shown
that there is a 2- to 12-fold increase in the concentration of ruthenium in cancer cells
compared to healthy cells. Since ruthenium complexes preferentially target tumor cells,
its systemic toxicity is expected to be minimized. Furthermore, it has been shown that
ruthenium is transported into cells via both transferrin-dependent pathways and other
plasma protein-independent mechanisms [53,55].

In the last 30 years, a large number of ruthenium complexes with octahedral geometry
characteristic of Ru(Ill) and Ru(Il) ions, have been synthesized and tested for potential
antitumor activity. The initial studies started from the premise that ruthenium will form
coordinating compounds that will manifest their antitumor action through direct interaction
with the DNA molecule, analogously with platinum compounds. It was later shown that
there are significant differences between the two types of antitumor agents in terms of their
mechanism of action [17,53].

First, ruthenium complexes seem to accumulate preferentially in neoplastic cells,
not in normal ones, using transferrin as a transporter to enter into the tumor cell. The
Ru(III) complex remains relatively inactive until it reaches the interior of the target cell
where it binds to the transferrin receptor. Here, the reduction of the Ru(IlI) ion to a Ru(II)
ion and an exchange of ligands with molecules from the biological environment take
place. The low oxygen content and the more acidic pH in tumor cells favors reduction
to the more reactive Ru(Il) ion. This process was named “activation by reduction” and
results in selective antitumor activity on hypoxic tumors resistant to chemotherapy and
radiotherapy. On the other hand, some Ru(IIl) complexes have shown greater efficiency
against metastases than against primary tumors. This antimetastatic effect is explained by
inhibition of the detachment of tumor cells, and therefore, the prevention of the formation
of a new growth substrate. Given these properties, ruthenium complexes show different
patterns of antitumor activity and toxicity to platinum complexes [56,57].

3. New Metallo-Drugs in Clinical Trials

The literature abounds with data on new metal complexes with antitumor activity, but
few of them have reached preclinical and clinical trials, and very few have passed them. In
this review, we stopped only on platinum, copper and ruthenium complexes, presenting
only those that have reached clinical trials in different phases, or that have materialized
into metallo-drugs [58].

3.1. New Platinum Compounds

While cisplatin is used widely in the clinic to treat many tumour types, clinical utility
is limited by two major factors: (i) drug resistance, either intrinsic or acquired, and (ii) the
principal dose-limiting side effects of nephrotoxicity and neurotoxicity. Unfortunately,
although the initial tumour response to cisplatin in many tumours may be high, most
patients will nevertheless relapse and die of their disease.

3.1.1. BBR 3464

BBR 3464 is a charged (+4), triplatinum complex whose structure derives from that
of trans-diammindichloroplatinum(Il), in which the bridges between the Pt(II) ions are
represented by 1,6-diaminohexane (Figure 2).
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Figure 2. Chemical structure of BBR 3464.

BBR 3464 has notable preclinical characteristics. It is approximately fourty to eighty
fold more potent than cisplatin on a molar-dose basis and is active in vivo in cisplatin-
sensitive and -resistant tumors, as well as in insensitive xenografts. Additionally, BBR 3464
was shown to be more active than cisplatin in p53 mutant tumors. The characteristic DNA-
interaction of BBR 3464 results in the inhibition of DNA replication and RNA transcription,
with triggering of the apoptotic cascade leading to cell death. Unlike cisplatin, BBR
3464 leads to prolonged tumor-growth inhibition after the discontinuation of treatment,
suggesting that the two drugs could differ significantly in their ability to perturb the
cell cycle. As a distinctive feature, BBR 3464 achieves a high proportion of interstrand
and intrastrand DNA adducts in contrast to the effects of cisplatin, which predominantly
produces the latter type of DNA damage. While cisplatin-damaged DNA is recognized by
HMG proteins, the conformational changes resulting from BBR 3464 interaction with DNA
are not. This observation might explain the resistance to cisplatin, and the lack of resistance
to BBR 3464 in tumors expressing mutations of the p53 oncosuppressor gene [59].

In vitro and in vivo studies have shown that BBR 3464 manifests its cytotoxic proper-
ties at concentrations 10 times lower than cisplatin and is effective on cell lines resistant to
it [60].

Preclinical toxicology in mice, rats and dogs treated on a single or five-timed-daily
refracted schedule showed that target organs for BBR 3464 toxicity was bone marrow,
resulting in leukopenia, while renal tubulopathy was only minimal or slight. A slight
pulmonary interstitial reaction, with fibroblast proliferation and inflammatory infiltration,
was observed in mice and dogs. This unusual effect was more extensive after intravenous
bolus, given as a single or weekly dose, than after slow infusion or a bolus given every two
weeks. The schedule dependency of the lung toxicity prompted the clinical evaluation of a
five-times-daily refracted schedule in addition to a single dose schedule.

Phase I clinical studies established the value of the maximum tolerated dose as
0.12mg- m~2-day ! at a daily administration rate, for 5 days. The toxicity of this com-
pound is its main disadvantage. In the case of increasing the dose to 0.17 mg-m~2-day !,
severe myelosuppression and gastrointestinal toxicity were recorded. On the other hand,
no nephrotoxic effects were reported [59].

Phase II studies performed on patients with non-small cell lung carcinomas and
ovarian tumors in advanced stages highlight the increased efficiency of BBR 3464 compared
to therapeutic combinations of platinum compounds with taxanes, but also a lack of activity
of the compound against gastric tumors and cancer small cell lung [61-63]. In the case of a
phase II study regarding the effectiveness of this compound in the treatment of pancreatic
cancer, although the completion deadline has been exceeded, the results have not yet been
made public [64].

3.1.2. Satraplatin

Satraplatin (codenamed JM216), structurally, is [bis-(acetato)-ammine dichloro-
(cyclohexyl-amine) platinum(IV) (Figure 3a) and was the first orally active platinum
agent to be reported.
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Figure 3. Chemical structure of: (a) Satraplatin; (b) Picoplatin.

Satraplatin was rationally designed such that the lipophilicity and stability were
suitable for oral administration. The half-life of reduction of satraplatin by 5 mM ascorbate
takes 50 min, which is an adequate time for absorption by the gastrointestinal mucosa in
the platinum(IV) form once ingested [21]. Upon entry into the bloodstream, satraplatin
undergoes reduction to give six distinct platinum(II) species. Ammine dichloro-(cyclohexyl-
amine)platinum(Il), derived from the loss of two acetate ligands, is the major metabolite
and also exhibits the most potent anticancer activity [65].

Like cisplatin, satraplatin acts through the formation DNA cross-links, DNA distortion,
and subsequent inhibition of DNA transcription and replication. The ability of satraplatin
to overcome cisplatin resistance is thought to arise from the asymmetric nature of the DNA
lesions, which unlike cisplatin adducts, can evade recognition by DNA repair proteins [21].

In preclinical studies, satraplatin exhibited a better toxicity profile than cisplatin, and
showed activity in cisplatin-resistant human tumor cell lines [66].

In vivo studies in mice bearing murine AD]/PC6 plasmacytoma, which we note was
the same model used to identify carboplatin as a viable alternative to cisplatin, showed
satraplatin to exhibit markedly superior antitumor efficacy relative to cisplatin and car-
boplatin. Also, in four ovarian carcinoma xenograft models of varying cisplatin and
carboplatin resistance, satraplatin displayed activity similar to that of cisplatin and carbo-
platin, which were administered intravenously. In rodents, the dose-limiting toxicity of
satraplatin was myelosuppression.

We emphasize that less hepatotoxicity and fewer gastrointestinal effects were observed
as compared to treatment with cisplatin or carboplatin [21].

In the first Phase I study, satraplatin was administered at doses ranging from
60-170 mg-m~2 as a single oral dose. The pharmacokinetics data suggested that gastroin-
testinal absorption was being saturated, preventing the maximum tolerated dose from
being reached. To improve absorption into the bloodstream, patients were treated on
a five-times daily schedule with lower doses (30-140 mg-m~2) [67]. The dose-limiting
toxicities were thrombocytopenia and neutropenia and in about 10% of the patients treated,
nausea, vomiting, and diarrhea were also observed. Based on the Phase I studies, doses of
100-120 and 45-50 mg-m~2 were recommended for repeated daily dosing for 5 and 14 days,
respectively, in Phase II/11I trials [21].

Several Phase II/1III trials have been carried out to determine the efficacy of satraplatin.
A Phase II study on metastatic NSCLC patients, in which satraplatin was administered as
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single daily 120 mg-m~2 doses for 5 days on 3 week cycles, failed to provide any objective
responses. Nevertheless, 46% of the patients were noted to express some palliation. A
more advanced Phase II study on patients with small-cell lung cancer and squamous cell
head and neck cancer, with escalated doses of satraplatin, produced a response rate of
38%, similar to that observed with cisplatin. Furthermore, this study found no signs of
severe neurotoxicity or nephrotoxicity. Other Phase II studies in patients with relapsed
ovarian cancer and advanced /recurrent squamous cancer of the cervix produced clinically
beneficial or partial rates of response in several patients. The former study noted that the
most common form of toxicity were neutropenia and thrombocytopenia [67]. Satraplatin
has also been heavily studied as a potential second-line chemotherapeutic for patients with
metastatic castration-resistant prostate cancer. Treatment with 120 mg-m 2 satraplatin daily
for 5 days, used in patients with castration-resistent prostate cancer who had undergone
front-line hormone therapy, resulted in 62% of patients expressing stable disease or partial
response [68,69]. Currently, a phase I clinical trial is underway regarding the efficacy of
satraplatin in the treatment of prostate cancer without metastases [64].

3.1.3. Picoplatin

Picoplatin (codenamed AMDA473 or ZD0473), structurally, is diammine dichloro-(2-
methylpiridine) platinum(Il) (Figure 3b). It was primarily designed to overcome one of the
known mechanisms of platinum resistance-detoxification by intracellular thiols—through
the introduction of a bulky methylpyridine ring to provide steric hindrance to direct
interaction with platinum [58,70].

Preclinical evaluation of picoplatin confirmed that this drug was also able to overcome
platinum complex resistance in cell lines with high levels of glutathione (GSH) [71]. In
studies with human ovarian cell lines, it has been shown that increasing levels of reduced
GSH are associated with increasing platinum resistance. In addition, lower levels of glu-
tathione S-transferase (GST) activity have been shown to be associated with enhanced
clinical response to platinum-based chemotherapy in head and neck cancer [72]. Addition-
ally, picoplatin was able to overcome resistance because of decreased cellular uptake of the
drug in some cell lines or enhanced DNA repair/increased tolerance of platinum adducts
in others. Picoplatin forms interstrand cross-links, but does so at a rate intermediate to that
of cisplatin and carboplatin, because of its reduced reactivity relative to cisplatin. Using a
Taq polymerase stop assay to identify the site of DNA adducts, a novel pattern of DNA
binding was identified in pBR322 DNA after incubation with 10 and 100 mM picoplatin for
2 h [71]. This finding may also, in part, account for the observed capability of picoplatin
to circumvent adduct tolerance and DNA-repair mechanisms associated with resistance
to cisplatin.

Preclinical pharmacology studies in mice have demonstrated that the maximum
tolerated dose is 45 mg-kg !, given as a single intraperitoneal administration, with the
dose-limiting toxicity being myelosuppression. Owing to the limited aqueous solubility of
picoplatin, preclinical toxicology studies were conducted by intraperitoneal injection fol-
lowing a pharmacokinetic demonstration of the equivalent bioavailability of intraperitoneal
and intravenous administration. No renal toxicity was observed. Antitumour activity was
noted in several tumour models including human ovarian carcinoma xenografts with ac-
quired resistance to cisplatin and carboplatin. Picoplatin showed an improved antitumour
effect compared with cisplatin and satraplatin against the CH1cisR xenograft (34 days
growth delay vs 10.4 and 3.5 days, respectively). The antitumour activity was similar when
picoplatin was given daily at 60 mg-kg~! for 5 days every week for 4 weeks or by weekly
administration (300 mg-kg ! every 7 days for 4 weeks) [73].

Results from preclinical studies have highlighted the effectiveness of picoplatin against
some types of ovarian cancer, mesothelioma, small cell lung cancer and non-small cell
lung carcinomas resistant to cisplatin and oxaliplatin. It is interesting to mention that this
compound manages to avoid all three major methods of resistance to cisplatin (deficient
absorption, inactivation by thiol compounds and DNA repair mechanisms) [70].
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On the basis of the preclinical antitumour activity seen with picoplatin, especially in
models with acquired platinum resistance, and its lack of nonhematological toxicity, the
drug was taken into clinical development.

A Phase I trial was carry out at the Royal Marsden Hospital under the auspices of
the Cancer Research UK Phase I/1I Committee. The initial schedule chosen was a short
intravenous infusion given once every 3 weeks. A pharmacokinetically guided dose-
escalation scheme was used, for several reasons. Firstly, there is no evidence of metabolism
of picoplatin in vivo, and thus, the free platinum AUC (area under the concentration
vs. time curve) should reflect the biologically important species in both man and mouse.
Secondly, previous experience with cisplatin and carboplatin has demonstrated the close
relation between the AUC at maximum tolerated dose in mice and humans. It was hoped
that this approach would reduce the number of dose escalations required to reach the
maximum tolerated dose [74].

Following phase I studies, the maximum tolerated dose value was established as
150 mg-m~2 and the picoplatin administration regimen as doses of 120 mg-m~2, intra-
venously, once every 3 weeks, with the possibility of increasing the dose for patients who
had not previously undergone antitumor treatment. The limiting toxic effects were neu-
tropenia and thrombocytopenia, whereas alopecia, neurotoxicity and nephrotoxicity were
not reported. Other adverse effects included nausea and vomiting, anorexia and metallic
taste [58].

Phase II clinical trials in patients suffering from various types of lung tumors re-
sulted in a response rate of 15.4% in small cell lung cancer resistant to other platinum
compounds [75]. Other phase II studies have highlighted the fact that picoplatin is also
active on ovarian tumors sensitive and resistant to other platinum compounds, bringing
a benefit in terms of survival rate and the limitation of disease progression [76]. Similar
results have been reported in the case of patients with mesothelioma and metastatic breast
cancer; for approximately 50% of patients, a stop was found in the progression of the
disease [77,78]. In the case of some phase II studies regarding the effectiveness of picoplatin
in the treatment of colorectal and prostate cancer refractory to hormone therapy, although
the completion deadline has been exceeded, the results have not yet been made public [64].

Only one phase III study was undertaken targeting small cell lung cancer. The study
showed that patients who did not respond to treatment up to that point or who had
experienced rapid disease progression benefited from an extension of life after treatment
with picoplatin [32].

3.1.4. Ormaplatin

Ormaplatin (also known as tetraplatin, codenamed NSC 363812), structurally, is tetra-
chloro (1,2-diaminocyclohexane) platinum(IV) (Figure 4a).

(a) (b)

Figure 4. Chemical structure of: (a) Ormaplatin; (b) Iproplatin.

Ormaplatin is rapidly reduced to the corresponding dichloro (1,2-diaminocyclohexane)
platinum(II) form in tissue culture medium (t; /, = 5-15 min) and undiluted rat plasma
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(t1/2 = 3's) [21]. The active platinum(Il) species is similar to oxaliplatin. Ormaplatin dis-
played in vitro and in vivo activity against some cisplatin-resistant cancers and was taken
forward to clinical trials [79]. Various doses, dose patterns, and modes of administration
(intravenous and intraperitoneal) were investigated in six Phase I clinical trials; however,
no Phase II clinical trials have been planned [80,81]. Ormaplatin was found to induce
severe neurotoxicity at the maximum tolerated dose, and in some cases, a safe maximum
tolerated dose could not be determined. Toxicity is thought to arise from fast reduction to
the active platinum(Il) form as a consequence of the axial chloride ligands [21].

3.1.5. Iproplatin

Iproplatin (also known as JM9 or CHIP), structurally, is dichloro-dihydroxy-bis (iso-
propylamine) platinum(IV) (Figure 4b). Iproplatin is structurally similar to ormaplatin in
the sense that it contains two equatorial chloride groups which are cis to each other [21].

Carbon-14 labelling studies showed that the mechanism of action of iproplatin in-
volves the reduction of the platinum(IV) center to platinum(Il) followed by covalent bond
formation with DNA. Iproplatin is less prone to reduction and deactivation by biological
reducing agents than ormaplatin, presumably because of the presence of hydroxide axial
ligands, allowing less hindered distribution throughout the body. Another advantage of
iproplatin is its very high water solubility (44.1 mM), which allows simpler formulation
and administration [82].

Iproplatin is one of the most clinically studied platinum agents to have not been
approved for marketing, with 38 clinical trials ranging from Phase I to III having been con-
cluded. Phase I studies revealed that the dose-limiting toxic effect was myelosuppression,
which, in one study involving children, was partly correlated with the amount of prior
therapy chemo- and radiotherapy received. The same study recommended intravenous
doses of 324 mg-m~2 over 2 h every 3-4 weeks for Phase II trials in children. Other studies
proposed doses of 45-65 mg-m~2 and 95 mg-m~? for patients treated on a five-times-daily
schedule every three weeks and a four-times-weekly schedule with two-week break peri-
ods, respectively [83]. Phase II trials were carried out in patients with a variety of different
cancer types, and Phase III trials were conducted in ovarian cancer patients and those with
metastatic epidermoid carcinoma of the head and neck [84,85]. The ultimate conclusion of
these studies was that iproplatin did not exhibit overall effectiveness that surpassed that of
cisplatin or carboplatin and no further trials were undertaken [21].

3.2. New Copper Compounds

The differential response of normal and tumor cells exposed to Cu(ll) ions is the
starting point for obtaining new compounds with antineoplastic properties. Many of
the copper complexes are active against tumor cell lines resistant to cisplatin and anal-
ogous compounds, and exhibit lower toxicity than established platinum derivatives as
antitumor agents.

Preclinical and clinical studies provide encouraging evidence to support the thera-
peutic potential of copper complexes despite their high toxicity. Due to the promising
results obtained from in vitro and in vivo testing, some of these complexes have reached
the clinical testing phase. In this context, Cu(I) and Cu(Il) complexes present encouraging
perspectives [86].

3.2.1. Elesclomol

Elesclomol (codenamed STA-4783), structurally, is N-malonil-bis(N-metil-N-tiobenzoyl
hidrazide). The structural formulas of elesclomol and its Cu(Il) complex are shown in
Figure 5.
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Figure 5. Chemical structure of: (a) Elesclomol; (b) Complex Cu(II)-Elesclomol.

Elesclomol is an injectable, small molecule. It has been developed as a sodium salt
formulation for single-agent use or for combination use with other anti-cancer drugs.
The free acid form of elesclomol is the active ingredient in both elesclomol and sodium
elesclomol. While in the bloodstream, elesclomol binds to copper (II) ions present in the
serum. Cancer cells efficiently take up this complex, unlike free elesclomol. Once inside the
cell, the copper in the complex undergoes a redox reaction whereby Cu(Il) is reduced to
Cu(I). This reaction, which is mediated by elesclomol, creates ROS and oxidative stress in
the cell. The anti-cancer activity of elesclomol is attributed to its ability to directly increase
this oxidative stress [87]. Cancer cells already have an elevated level of oxidative stress
relative to most normal cells. It was hypothesized that the further increase in ROS induced
by elesclomol would exceed a critical threshold in cancer cells, enhancing the sensitivity
to traditional cytotoxic chemotherapeutic agents and triggering tumor cell death while
sparing most normal cells [88].

Elesclomol exerts its activity by disrupting the metabolism of mitochondria in cancer
cells. This activity requires the presence of oxygen that results in energy metabolism being
driven primarily through oxidative phosphorylation in mitochondria. Under hypoxic
conditions, energy metabolism occurs through glycolysis in cytoplasm, rather than in mito-
chondria. Under hypoxic conditions, often associated with elevated lactate dehydrogenase
(LDH) levels, elesclomol’s activity is diminished. These observations are consistent with
findings in a phase 3 metastatic melanoma study, where elesclomol activity was found only
in subjects with normal baseline LDH levels [87-89].

Elesclomol and Cu(II)-elesclomol are both highly active in vitro and typically inhibit
tumor cell growth at low (nanomolar) concentrations. In preclinical models, elesclomol has
demonstrated synergistic anti-tumor activity with both paclitaxel and docetaxel, as well as
single-agent activity [88]. Elesclomol showed antitumor activity against a broad range of
cancer cell types and substantially enhanced the efficacy of chemotherapeutic agents such
as paclitaxel in human tumor xenograft models [90].

In a phase I clinical trial, in combination with paclitaxel in patients with refractory
solid tumors, elesclomol was well tolerated, with a toxicity profile similar to that observed
with single agent paclitaxel [91].

In a double-blinded, randomized, controlled phase II clinical trial in 81 patients with
stage IV metastatic melanoma, elesclomol, in combination with paclitaxel doubled median
progression-free survival compared with paclitaxel alone. Cutaneous melanoma is a highly
malignant tumor derived from melanocytes, the pigment-producing cells in the epidermis
of the skin. If diagnosed and surgically removed while localized in the outermost skin layer,
melanoma is potentially curable. However, for patients with deeper lesions or metastatic
disease, the prognosis is poor, with an expected median survival of only 6 to 9 months for
patients with stage IV metastatic melanoma [92]. Interestingly, under hypoxic conditions,

14



Molecules 2022, 27, 6485

H3C

\

A

H;C

often associated with elevated LDH levels, the activity of elesclomol is diminished. Thus,
the combination of elesclomol with paclitaxel proved effective only in patients with normal
LDH levels, and no changes were observed in those with elevated LDH levels. Despite
intensive efforts to improve disease prognosis, little progress has been made [87,90].

In another phase I study, elesclomol, given in combination with paclitaxel in women
with refractory ovarian cancer, obtained a favorable opinion at this stage, with the combi-
nation being well tolerated. Currently, elesclomol combined with paclitaxel is in a phase
II study in patients with ovarian, fallopian tube or peritoneal cancer that is recurrent or
resistant to cisplatin treatment. Only patients with normal LDH levels were selected for
the study [88]. Researchers have also planned to start a phase I study for the combined
administration of elesclomol+docetaxel+prednisone in patients with metastatic prostate
cancer [93].

3.2.2. Casiopeinas: Casiopeina III and Casiopeina II-gly

Structurally, Casiopeinas are mixed Cu complexes with the general formula [Cu(N-
N)(X-Y)H,O]NOj3, where N-N is a diimine ligand (phenanthroline or dipyridyl) and X-
Y is a bidentate ligand (acetylacetone, salicylaldehyde, peptide, benzimidazole). The
representatives selected for preclinical and clinical testing are Casiopeina III (CaslII) and
Casiopeina II-gly (Casll-gly). Their structural formulas are presented in Figure 6.
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Figure 6. Chemical structure of Casiopeinas: (a) Casiopeina III; (b) Casiopeina II-gly.

These are chelated complexes of Cu(II) with 4,7-dimethyl-1,10-phenanthroline and gly-
cocol (Casll-gly) or with 4,7-dimethyl-1,10-phenanthroline and acetylacetone (CaslII) [55].

Casiopeinas are a group of copper-based chemical compounds with cytotoxic, geno-
toxic, antiproliferative and antineoplastic activity, as demonstrated in vitro and in vivo [42].
Casiopeinas were developed based on the rationale that copper compounds, unlike other
metallic-based therapies, are more readily metabolized; this property decreases the inci-
dence of side effects found in several other chemotherapies [94].

The main cytotoxic effect that representatives of this class have demonstrated is the
activation of pro-apoptotic processes in malignant cells. There are at least two ways in
which these compounds act on tumor cells: intercalation into the DNA structure followed
by preventing its proper replication, and biochemical mechanisms leading to programmed
cell death (apoptosis). Casiopeinas increase the level of ROS produced near DNA, most
likely through a redox mechanism involving the Cu(II) ion. These species, once produced,
will react with the DNA molecule causing damage to its structure most often by launching
a radical attack at the level of the deoxyribose residue. Additionally, by increasing the level
of ROS in the mitochondria, dysfunctions occur through the oxidation of thiol residues at
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the level of mitochondrial proteins and, finally, cell apoptosis occurs. Other mechanisms
of action attributed to this class of Cu(Il) chelate complexes, discovered later, involve
DNA fragmentation and cell death through caspase-dependent pathways, or inhibition of
energy metabolism and mitochondrial toxicity. In addition, CaslI-gly exhibits an anti-tumor
effect by inhibiting the cell cycle, regulating the transformation processes in fibroblasts or
reducing the phenomenon of uncontrolled migration of tumor cells [94,95].

Caslll was entered into a phase I clinical trial, to test for acute myeloid leukemia and
colon cancer. Casll-gly, because it blocks the migration and proliferation of HeLa cells, was
entered into clinical trials to treat cervical cancer [96].

Casll-gly is currently in phase I clinical trials looking at its toxicity in humans. Tests
have shown that it inhibits energy metabolism and induces a high cardiotoxic effect, a fact
that will probably cause the clinical trials to be stopped [42,55].

The advantage observed in the case of clinical trials performed on Casiopeinas consists
in an increase in the immunity of the patients; this is accompanied by a mechanism of high
protection of the liver through the repair of damaged cells, compared to other cytotoxic
drugs. A Casll-gly-based therapy may prevent the problematic side effects of chemotherapy,
which often compromise patients” health [54].

3.3. New Ruthenium Compounds

The success of cisplatin stimulated the scientific world in the development of other
metal complexes with antitumor activity that are superior to platinum complexes, have
lower toxicity or are active on other types of tumors. In this context, ruthenium complexes
seem to be promising. Two such compounds have been entered into clinical trials. Despite
their structural and chemical similarities, the two Ru(Ill) complexes show distinct antitumor
behaviors. In preclinical studies, NAMI-A has demonstrated an inhibitory effect against
the formation of cancer metastases in a variety of animal tumor models, but does not show
direct cytotoxic effects on primary tumors, while KP1019 exhibits antitumor activity against
a wide range of primary tumors humans through a cytotoxic mechanism of apoptosis
induction [57,97-99].

3.3.1. NAMI-A
Structurally, NAMI-A is [ImH][trans-RuCl4(DMSO)(Im)] (Im=imidazol, DMSO= dimetil-
sulfoxid) (Figure 7).

©
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Figure 7. Chemical structure of NAMI-A.
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The proposed mechanisms of action of NAMI-A in metastasis control include the
following: limiting actin dependent adhesion in vitro [100]; limiting in vitro tumor cell
motility via cytoskeleton remodeling (the activation of collagen receptor integrin 31 on
the cell surface results in RhoA activation and, subsequently, in rearrangement of the
cytoskeleton in vitro [101,102]; and exerting anti-invasive effects in vitro and in vivo by
promoting capsule formation (NAMI-A increases the extracellular matrix around tumor
cells and tumor vasculature by triggering fibrotic reactions, regulates TGFB1 expression,
binds to collagen and stimulates collagen production [103-105] and anti-angiogenic effect
(e.g., NAMI-A inhibits the angiogenic effect induced by vascular endothelial growth factor
in vitro) [106].

NAMI-A transiently blocks cell cycle progression in vitro at GZM phase [107,108].
The mechanism might be activation of Chkl1, resulting in the inhibition of CDC25 and,
subsequently, in inactive phosphorylated CDC2, thereby preventing mitotic entry [101].

In vitro, NAMI-A inhibits the mitogen-activated protein kinase/extracellular signal-
regulated kinase (MAPK/ERK) signaling pathway and c-myc transcription [109,110]; DNA
binding—although the intrastrand adduct formation of NAMI-A is significantly less than
that of cisplatin, Ru-G and Ru-AG intrastrand adducts—was observed in vitro [111]. The
AG:CG adduct ratio was four times higher for NAMI-A compared to cisplatin. NAMI-A
sporadically forms interstrand crosslinks, whereas the formation of DNA protein crosslinks
is comparable to cisplatin [101].

Due to its fast ligand exchange kinetics, it was found that NAMI-A is not significantly
internalized by cells, but rather, binds to extracellular collagen matrix and to cell surface
integrins, leading to increased adhesion and reduced cancer cell spread. If these results are
consistent with the ability of NAMI-A to inhibit the growth of new metastases, its activity
against already-developed metastases is probably due to its antiangiogenic properties [112].

Contrary to cisplatin, the cytotoxic effect of NAMI-A is not remarkable (on average,
1053 times less than cisplatin) [113]; its cytotoxicity has been found to be correlated with
DNA binding (which is also the case for cisplatin) [101,111].

In preclinical studies, administration of NAMI-A in more frequent smaller dosages
showed more prominent antimetastatic effects. Notably, the action of NAMI-A seems to be
independent of the type of primary tumor or the stage of growth of metastases. NAMI-
A is capable not only of preventing the formation of metastases, but also of inhibiting
their growth once established [56]. Preclinical animal studies using NAMI-A have shown
selective activity against lung metastases from a variety of primary tumors in murine
models. NAMI-A reduced the weight of lung metastases more than their number. Since
larger concentrations of NAMI-A in the lungs than in other tissues was ruled out, this
finding was assumed to be related to the selective interference of NAMI-A with the growth
of metastases already established in the lungs [114].

Toxicologic studies in dogs and mice have revealed an acceptable toxicity profile. The
calculated half-life was approximately 18 h. Toxicity was observed at concentrations greater
than 50 mg/kg/day, and in mice that survived treatment, was reversed within 3 weeks of
the end of the treatment [115].

NAMI-A was the first ruthenium compound which entered into clinical trials. A
phase I study was performed with NAMI-A as a single agent, given as an infusion over
3 h daily for 5 consecutive days every 3 weeks in patients with different types of solid
tumors (including colorectal cancer, non-small cell lung cancer, melanoma, ovarian cancer,
pancreatic cancer and mesothelioma). In total, 24 patients were treated at 12 different
dose levels (2.4-500 mg/m?/day). All 24 patients underwent refractory to conventional
treatment. The advised dose for further testing was 300 mg/m?/day. Adverse events
included only mild hematologic toxicity, quite disabling nausea, vomiting, and diarrhea;
furthermore, patientsexperienced stomatitis, fatigue, common toxicity criteria grade 1 and
2 creatinine increase, fever and sensitivity reactions to NAMI-A. Finally, phlebitis at the
infusion site was observed when NAMI-A was administered intravenously without a
port-a-cath. There was also painful blister formation on hands, fingers and toes, although
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no part of the formal common toxicity criteria was considered dose-limiting. Twenty out
of twenty-four patients were evaluable for response evaluation. One patient (4%) with
non-small cell lung cancer experienced stable disease for 21 weeks, and nineteen patients
(79%) showed disease progression. The transport of NAMI-A was achieved via binding
to plasma proteins. It was found that NAMI-A accumulates in white blood cells, but
accumulation was not directly proportional to daily dose or total drug exposure. Studies of
this phase have shown stabilization of the disease in patients with advanced lung cancer.
This result, together with the excellent activity shown by NAMI-A against lung metastases
in mice, led to the recommendation of NAMI-A for a phase II study in the treatment of
non-small cell lung cancer. As the combination of cisplatin and gemcitabine is widely used
for the first-line treatment of non-small cell lung cancer, researhers decided to test a similar
combination with NAMI-A [56,107,112].

A phase I/1I study in which NAMI-A was given in combination with gemcitabine to
32 patients with advanced non-small cell lung cancer was performed. Phase I of the study
was directed towards establishing the optimal dose of the combination of NAMI-A and
gemcitabine (given at the typical dose of 1000 mg m~2). The maximum tolerated dose of
NAMI-A was found to be 300 mg- m~2 in the 28-day cycle (3 h infusion on days 1, 8, and 15,
and gemcitabine given on days 2, 9, and 16) and 450 mg-m~ in the 21-day cycle (NAMI-A
administered on days 1 and 8, and gemcitabine on days 2 and 9). A further dose escalation
of NAMI-A to 600 mg m~2 was found to induce dose-limiting toxicity. Besides neutropenia,
the main non-hematological adverse events involved elevated liver enzymes, transient
creatinine elevation, nausea, vomiting, constipation, diarrhea, fatigue and renal toxicity.
Blister formation on fingers was observed only at 600 mg- m™2.

The 21-day regimen was used for the phase II part of the study, in which 15 patients
were treated with the maximum tolerated dose of NAMI-A established in phase I with the
aim of assessing the antitumor activity according to the response of evaluation criteria for
solid tumors [116]. Out of the 27 patients evaluable for response, partial remission was
observed in one case (at 300 mg-m™ in the 21-day schedule) and stable disease for at least
6-8 weeks in 10 patients. These results were not sufficient to warrant further expansion
of the phase II cohort with additional 12 patients. Overall, the efficacy of the treatment
was lower than expected for gemcitabine alone and it was declared to be “insufficiently
effective for further use” [107,112].

3.3.2. KP1019 and KP1339

Structurally, KP1019 is [InH][trans-RuCls(In),] (In = indazol) and KP1339 it is KP1019
sodium salt (Figure 8).

The mode of action of KP1019 is very distinct from that of NAMI-A. These differences
probably arise from the observed kinetic differences in the aquation processes and ruthe-
nium activation. A key point is represented by the large difference in ruthenium uptake in
the two cases, leading to significantly higher ruthenium concentrations in the cytosol for
KP1019. Accordingly, the in vivo activity of KP1019 on primary tumor growth is believed
to be predominantly due to cytotoxic effects on tumor cells arising from direct interference
with cell signaling and metabolic pathways; in other words, KP1019 behaves as a classical
cytotoxic drug. Furtheremore, one of the recent interpretation of the molecular mechanism
of KP1339 tends to rule out direct DNA damage as the main determinant of its cytotoxic
action. In contrast, the postulated mode of action involves strong interactions with cytosol
proteins, leading to ROS overproduction, oxidative stress and endoplasmic reticulum stress
through targeting the chaperone protein GRP78. Eventually, this cellular damage triggers
apoptosis through a mitochondrial pathway [117,118].
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Figure 8. Chemical structure of KP1019 and of it’s sodium salt, KP1339.

Based on a quite complex investigative strategy relying on transcriptomics and a
genetic screening approach in a budding-yeast model, various genetic targets and a plethora
of cellular pathways targeted by KP1019 were identified. Then, the actions produced by
KP1019 in yeast were compared with those produced by the same ruthenium drug in
Hela cells, and reasonable extrapolations were made. On the grounds of the obtained
results, a comprehensive model depicting the mode of action of KP1019 and the targeted
cellular pathways was proposed. According to this model, KP1019 induces ROS generation,
causes DNA damage (and thus cell cycle arrest), activates mitogen-activated protein kinase
signaling, alters intracellular metal ion and lipid homeostasis and also affects the chromatin
assembly. Cells activate transcriptional responses to alleviate cellular damage [119]

Moreover, it was found that the toxicity potential of KP1019 is enhanced in the presence
of various metal ions but suppressed by the supplementation of Fe?* ions, and reduced
glutathione, N-acetylcysteine, and ethanolamine. Thus, this model postulates for KP1019
a realistic multifactorial mechanism mediated by a variety of yet-unknown molecular
targets [99].

KP1019 is moderately cytotoxic in vitro. Therefore, when tested against a panel of
chemosensitive cell lines and their chemoresistant sublines, IC50 values in the range of 50
to 180 uM were measured. When compared with its sodium salt, KP1339, in a few cancer
cell lines, KP1019 tended to be moderately more cytotoxic. Nevertheless, the significant
correlation between the cytotoxicity profiles suggests that the two complexes have similar
modes of action. For both compounds, no correlation between total ruthenium uptake
and cytotoxicity was found [120]. Both KP1019 and KP1339 were found to be moderately
cytotoxic (30-95 uM), but more cytotoxic than cisplatin, in SW480 and HT29 colorectal
carcinoma cells, upon 24 h exposure; moreover, they induced apoptosis, predominantly via
the intrinsic mitochondrial pathway. Upon 72 h exposure, cisplatin is much more efective
than the two ruthenium compounds [121]. Studies concerning the antimetastatic ability
of KP1019 in vitro gave controversial results. The complex revealed some anti-invasive
activity in monolayer cultures of breast cancer cell lines, causing the significant reduction
of cell migration and invasion [122].

KP1019 was tested in vitro against more than 50 primary tumors explanted from
humans; in this highly predictive model, the complex proved a positive response rate
higher than 70% [99].

KP1019 has antitumor activity in colon cancer in rats. Treatment with KP1019 resulted
in a 95% reduction in tumor volume, with no mortality and no significant weight loss.
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In addition, its efficacy was superior to 5-fluorouracil, the standard agent used against
colorectal cancer [123].

The time-dependent tissue distribution of KP1339 (given i.v.) in non-tumor-bearing
BALB/c nude mice was recently determined [124]. The highest (and comparable) ruthe-
nium concentrations were found in the liver, lungs, kidneys and thymus, followed by the
spleen and colon (~50% less). Consistent with the trend of total ruthenium in blood plasma,
the peak levels in the mentioned tissues were found one to six hours after administra-
tion and decreased slowly with time, with the exception of the spleen, where the highest
amount was found 24 h post-injection. Based on this promising activity, the two ruthenim
compounds were selected for further clinical evaluation [99].

A preliminary phase I dose-escalation study was performed with KP1019 (total doses
from 25 to 600 mg) on only eight patients with advanced solid tumors [125]. KP1019, given
i.v. twice a week over 3 weeks, was well tolerated in the investigated dose range, and
only mild toxicity was observed [126]. Disease stabilization for 8 to 10 weeks, unrelated
to the dose, was observed for five out of six evaluable patients. The maximum tolerated
dose of KP1019 could not be determined due to insuffcient solubility (too large a volume
of infusion solution required for further dose escalation). Therefore, a full-scale phase I
study was later performed on 34 patients with the more soluble sodium derivative KP1339.
The investigation comprised nine dose levels (20-780 mg/m?/day), and KP1339 was
given by i.v. infusion on days 1, 8, and 15 in a 28-day cycle [123]. Only minor adverse
effects were observed. Grade 2-3 nausea, together with increased creatinine levels, was
found to be dose-limiting toxicity at the highest dose. Stable disease up to 88 weeks was
found for seven patients with different types of tumors, including two cases of non-small
cell lung cancer, and one patient with a neuroendocrine tumor had a partial response.
Then, the phase I clinical investigation was repeated on 46 patients, with the same dose
levels and treatment schedule [127]. The maximum dose tolerated was established to be
625 mg/m?. Addtionally, the tolerability and safety profile were similar to those prior
established; no significant hematological toxicity or neurotoxicity were found, with the
main adverse events being clinically manageable grade <2 nausea, fatigue, and vomiting.
KP1339 showed moderate antitumor activity, with a 26% disease control rate targeting
three of five patients with carcinoid neuroendocrine tumors and a partial response in one
patient with colon cancer [99].

In conclusion, NAMI-A and KP1019/KP1339 are suited for pharmacological investiga-
tions, although their stability is not high, and they undergo facile chemical transformations.
Their behavior is typical of classical prodrugs, and similar to that of cisplatin and re-
lated platinum drugs. In addition, these compounds manifest an acceptable solubility in
biological fluids, and their toxicity is limited and tolerable.

The fact that both compounds have been investigated in clinical trials producing
scarce evidence of systemic toxicity increases their chances of clinical use. Even though
their anticancer effects seem to be rather limited when they are used as standalone agents,
there is still the chance to explore a larger number of cancer models, and also use these
compounds in combination therapies [99].

4. Future Perspectives

Although platinum drugs have brought major advances in oncology, their clinical
success is often hindered by the adverse side effects and development of resistance. Ad-
ditional obstacles include low bioavailability and low water solubility. The strategies for
the development of new platinum compounds, which take advantage of the affinity of the
Pt(II) ion towards DNA while substantially modifying the mode of action, are multiple and
complex. They include:

- The design of Pt(Il) compounds target tumor cells by including in the coordination
sphere some structures that promote a specific interaction with receptors on the surface
of the tumor cell (receptors for glucose, estrogens, etc.). An example is C6-glucose-

20



Molecules 2022, 27, 6485

Pt(Il) type conjugates, which could be efficiently transferred intracellularly by glucose
transporters, promoting, in this way, preferential accumulation in tumor cells [21,128];

- Compounds that do not bind covalently to DNA, but contain a ligand capable of inter-
calating between pairs of adjacent nitrogenous bases (ligands with extended aromatic
structures: 1,10-phenanthroline, bipyridine, quinoxaline derivatives, etc.) [21,61];

- Compounds of Pt(IV) which, following the intracellular reduction process, release, on
the one hand, active species of Pt(Il), and on the other hand, ligands with biological
activity (dual-threat prodrugs)—for example, complexes with ethacrynic acid (in-
hibitor of glutathione-S-transferase, the enzyme that catalyzes the binding of platinum
compounds to glutathione and their inactivation) and with valproic acid (inhibitor of
histone deacetylase, which causes cell differentiation and apoptosis) [21,24,128];

Recently, Pt(IV)-based anticancer prodrugs have been studied extensively, with the aim
of reducing the side effects and drug resistance associated with the original Pt(II) anticancer
drugs such as oxaliplatin [22-28]. The administration of Pt(IV) prodrugs, however, still
faces significant challenges. For example, small-molecule Pt(IV) prodrugs may not be
stable enough in the circulation system and are also limited by an insufficient circulatory
half-life, which reduces Pt accumulation in tumor tissues, and thus, restricts the drug
efficacy [29,30]. Additionally, conventional Pt(IV) prodrugs do not have the property of
controllable activation, leading to adverse effects in off-target tissues [129-131].

- Non-toxic compounds that are activated at the target by enzymes that are found
in much higher concentrations around tumor tissues—for example, complexes of
platinum with cephalosporins, activated by 3-lactamases, and complexes with f3-
glucuronyl, activated by 3-glucuronidase [132];

- Compounds for photodynamic therapy (non-toxic, stable in the presence of thiol
compounds); they are activated following light irradiation at a certain wavelength,
generating active species of Pt(II) and ROS [24,128].

Photoactivatable Pt(IV) antitumor agents represent a promising area for new drug
development. Small-molecule photoactivatable Pt(IV) prodrugs have been developed;
their activation wavelengths still fall within the visible spectrum and are subject to limited
penetration depths. Furthermore, although platinum drugs such as oxaliplatin have been
reported to induce immunogenic cell death (ICD), most of these studies were carried out
in vitro. The prolonged circulation of oxaliplatin may significantly enhance the associated
immune response induced in vivo. Taken together, a comprehensive study to obtain an
NIR-activatable and clinical drug-based Pt(IV) complex that exhibits enhanced circula-
tion and elicits an elevated immune response in vivo is warranted. The development of
photoactivatable prodrugs of platinum-based antitumor agents is aimed at increasing the
selectivity, and hence, lowering toxicity of this important class of antitumor drugs. These
drugs could find use in treating localized tumors accessible to laser-based fiber-optic de-
vices. Pt(IV) complexes appeared attractive because these octahedral complexes are usually
substitution-inert and require reduction to the Pt(Il) species to become cytotoxic. Based
on the knowledge of Pt(IV) photochemistry, Pt(IV) analogs of cisplatin, [Pt(en)Cl,] and
transplatin were designed, synthesized and investigated for their ability to be photoreduced
to cytotoxic Pt(II) species. Two classes of photoactivatable Pt complexes have been looked
at thus far: diiodo-Pt(IV) and diazido-Pt(IV) diammine complexes. The first generation,
diiodo-Pt(IV) complexes, represented by [Pt(en)(I),(OAc);], react to visible light by binding
irreversibly to DNA and forming adducts with 5'-GMP in the same manner as [Pt(en)Cl,].
Furthermore, the photolysis products are cytotoxic to human cancer cells in vitro. However,
these complexes are too reactive towards biological thiols (i.e., glutathione), which rapidly
reduced them to cytotoxic Pt(II) species, thus making them unsuitable as drugs. The second
generation, diazido-Pt(IV) complexes, represented by cis, trans, cis-[Pt(N3)2(OH)2(NH3)2]
and cis, trans-[Pt(en)(N3)2(OH);], are also photosensitive, binding irreversibly to DNA and
forming similar products with DNA and 5'-GMP in the presence of light as the respective
Pt(II) complexes. Recently the Pt(IV) prodrug trans, trans, trans-[Pt(pyridine)2(N3)2(OH)2]
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(Pt1) and its coumarin derivative trans, trans, trans-[Pt(pyridine)2(N3)2(OH)(coumarin-
3-carboxylate)] (Pt2) were discovered as agents for photoactivated chemotherapy. These
complexes are inert in the dark but release Pt(Il) species and radicals upon visible light
irradiation, resulting in photocytotoxicity toward cancer cells [129-131].

Some authors suggest that all these approaches basically have the same mechanism
of action, namely that of cisplatin, and therefore their success is debatable. More recently,
a different mechanism of action has been demonstrated for nanocrystals or nanoclusters
based on platinum ions, and hence, these structures seem promising for the success of
targeted and selective therapies or in combating the resistance phenomena associated with
chemotherapeutics based on platinum ions [22].

Although there have been many studies performed on Cu(II) ion complexes with anti-
tumor activity, a relatively small number of compounds entered the phase of in vitro and
in vivo studies, mainly due to their low solubility and bioavailability. Solving the solubility
problems of the complexes that end up being tested, from the point of view of biological
activity, can be tried by different methods: obtaining inclusion complexes between the
cyclodextrin and the metal complex, or the synthesis and characterization of nanoparticles
as delivery systems for Cu (II) complexes [133]. Moreover, the corroboration of empirical
screening methods with new knowledge from genome and proteome research could allow
the progress, from the simple synthesis of cytotoxic agents, with unknown mechanisms of
action, to the rational design of active principles based on metal complexes [42,95,96].

Possible cytotoxicity mechanisms, such as DNA damage, DNA intercalation, telom-
erase inhibition and apoptosis induction, have been investigated on Cu(ll) and Cu(I)
complexes with 2-thioxoimidazolones as ligands. ROS formation in MCF-7 cells and three-
dimensional (3D) spheroids was proven using the Pt-nanoelectrode. Drug accumulation
and ROS formation at 40-60 pm spheroid depths were found to be the key factors for drug
efficacy in the 3D tumor model, governed by the Cu(Il)/Cu(I) redox potential [134].

Ruthenium compounds have been extensively studied over the past two decades from
both chemical and biological perspectives.

The unique characteristics of Ru(Il) or Ru(Ill) ions make their compounds attrac-
tive antitumor agents through: their selectivity for accumulation in tumor cells through
interaction with transferrin receptors; activation via reduction, from inactive Ru(IIl) to
active Ru(Il); favorable ligand exchange kinetics; antimetastatic effects through inhibiting
tumor cell detachment and migration; and different binding modes to the DNA molecule
compared to platinum complexes (due to different geometries). These distinct behaviors
have led researchers to recommend ruthenium complexes as potential antitumor agents,
useful in malignancies resistant to treatment with platinum derivatives, as they have a
different mechanism of action and low toxicity. Optimizing the physico-chemical pa-
rameters of the complexes by improving their stability and their ability to directly target
cancer cells, ruthenium complexes may constitute an alternative to consider for antitumor
therapy [57,97,107].

Transport and target delivery systems with metallo drugs as antitumor agents:

However, although effective, these drugs have a number of shortcomings: limited spectrum
of activity, high toxicity, significant side effects, resistance of some types of tumors, low
solubility in water, low bioavailability and short retention time in the blood circulation.
Research on obtaining new antitumor metallo-drugs aims to solve these problems, as well
as to adapt the new structures to modern therapies, personalized therapies and targeted
molecular therapies. The design of new inorganic antitumor compounds aims to optimize
their chemical design and pharmacological properties. Ideally, the new chemotherapeutic
agent should be active in low doses, have minor adverse effects, have good bioavailability,
high affinity for tumor cells, be able to be targeted to tumor cells without affecting healthy
cells. In the same context, the development of efficient systems of transport and delivery
to the target of chemotherapeutic drugs represents a major challenge for the scientific
community [135,136].
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Currently, studies are focused on the design of delivery systems that allow the transport
of a large number of platinum ions, protect the chemotherapeutic agent from premature
degradation and inactivation processes, and allow its transport to the target while pre-
venting interaction with healthy tissues. The indisputable advantages of using effective
systems for transport and delivery to the target, macroscopic or nano-sized, are the possi-
bility of drastically reducing the doses of chemotherapy administered and increasing the
concentration of the bioactive agent accumulated in tumor cells and tissues [137,138].
N-(2-hydroxypropyl)methacrylamide is one of the most commonly used polymers for
conjugation with antineoplastic agents. In the case of AP5280, the chloride anions in
cisplatin are replaced by a bidentate malonate anion in the terminal position in the N-(2-
hydroxypropyl)methacrylamide structure [139]. Based on the results of preclinical studies,
which show a 20-fold reduced toxicity compared to ciplatin and a clearly superior tissue
accumulation, the compound was advanced to clinical trials [140]. The less promising
results led to the abandonment of clinical trials in phase I, the developer company turning
its attention to its analogue, AP5346 or ProLindac, in which the compound DACHP}t,
(1,2-diaminocyclohexane)Pt(II), is conjugated to the N-(2-hydroxypropyl)methacrylamide
polymer via an amidomalonate group. The polymeric conjugate, stable at physiological pH,
releases DACHPt at lower pH values from the hypoxic extracellular space of the neoplastic
tissue [141]. The results of preclinical studies and of phase I clinical studies indicate an
efficiency comparable to that of oxaliplatin on various tumor cell lines and in the treatment
of solid tumors, good tolerance and reduced hematotoxicity. Phase I/1I clinical studies that
included patients with ovarian cancer in advanced stages, confirmed that the efficiency of
the conjugate is similar to that of standard oxaliplatin. Administration of ProLindac was
not associated with the onset of acute neurotoxicity, the main adverse effect that limits dose
escalation in oxaliplatin treatment. In the case of a clinical trial in which ProLindac is used
together with Paclitaxel in the combined therapy of advanced ovarian cancer, although the
completion deadline has been exceeded, the results have not yet been made public [142].
BP-C1 is a cisplatin derivative in which the chemotherapeutic agent is fixed by some
polycarboxylic acid residues at the level of an amphiphilic polymer derived from lignin.
The product has passed the stage of preclinical and phase I and II clinical studies on stage
IV metastatic breast cancer and on inoperable metastatic pancreatic cancer. The results of
monotherapy in breast cancer indicate an efficiency comparable to cisplatin and superior to
carboplatin, as well as a lower toxicity compared to cisplatin. The treatment was associated
with a low incidence of adverse effects and, as a result, with a significant improvement in
the patients quality of life [143].

Another type of polymeric nanoparticle, derivative of cisplatin, is NC-6004 or nanoplatin.
Hydrophobic micellar particles functionalized with PEG are currently in phase I, II or III
clinical trials, being evaluated in the treatment of different types of neoplasia: pancreatic
cancer (phase III clinical trials), head and neck cancer (phase I clinical trials ), and other
solid tumors (phase II clinical studies) [144]. The first results indicated a good tolerance to
the treatment and a reduced incidence of adverse effects, with greatly reduced nephrotoxic
effects compared to cisplatin. Nanoplatin is also included in other ongoing clinical trials
evaluating combined therapy with 5-fluorouracil and cetuximab (phase II clinical trials),
with pembrolizumab (phase II clinical trials) and with gemcitabine (phase II clinical trials
phase I and II clinics) [145,146].

The results of clinical studies demonstrate the important role that these transport and target
delivery systems play especially in reducing the incidence and severity of adverse effects
associated with therapy with platinum ion compounds. Although the reduction of toxicity
brings enormous benefits in terms of the patients’ quality of life, the efficiency, which is
often comparable to that of cisplatin, justifies the continuation of studies in order to identify
new strategies that significantly improve clinical results.

In the near future, advanced techniques of metalloproteomics, genomics and molecular
biology will be able to fully elucidate the mechanism of action of metal complexes. Thus,

23



Molecules 2022, 27, 6485

the physico-chemical and structural properties of the coordinating compounds will be able
to be anticipated in order to obtain effective antitumor agents [19].

5. Conclusions

The discovery of platinum drugs have a great impact on the clinical cancer chemother-
apy in that they have been used to treat different malignancies including colorectal, non-
small cell lung and genitourinary cancers. Unfortunately, the treatment efficacy of cisplatin
was hindered by drug resistance and severe side effects. Recently researchers have been
engaged in the discovery of the non platinum complexes, and mononuclear and multinu-
clear metallic complexes. The understanding of the mechanisms of action of an increasing
number of metal complexes impressively demonstrates the broad variety of cell death
pathways activated by metal complexes. Metal complexes that can activate alternative
pathways of cell death highlight possible opportunities for the treatment of tumors resistant
to the currently available drugs. Copper and ruthenium complexes probably have greater
potential over platinum complexes, showing reduced toxicity, a new mechanism of action,
selectivity for tumor cells and the posibility of non-cross-resistance. The current article
briefly reviews the achievements concerning the anticancer activity of platinum, copper and
ruthenium metal complexes, focusing the discussion on past, present and future aspects.
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Abstract: Since the accidental discovery of the anticancer properties of cisplatin more than half a
century ago, significant efforts by the broad scientific community have been and are currently being
invested into the search for metal complexes with antitumor activity. Coordination compounds of
transition metals such as platinum (Pt), ruthenium (Ru) and gold (Au) have proven their effectiveness
as diagnostic and/or antiproliferative agents. In recent years, experimental work on the potential
applications of elements including lanthanum (La) and the post-transition metal gallium (Ga) in
the field of oncology has been gaining traction. The authors of the present review article aim to
help the reader “catch up” with some of the latest developments in the vast subject of coordination
compounds in oncology. Herewith is offered a review of the published scientific literature on
anticancer coordination compounds of Pt, Ru, Au, Ga and La that has been released over the past
three years with the hope readers find the following article informative and helpful.

Keywords: platinum; ruthenium; gallium; gold; lanthanum; coordination complexes; oncology;

cancer research

1. Introduction

Oncological diseases are the second leading cause of death worldwide with 9.6 million
deaths in 2018 as per the World Health Organization fact sheet. Cancer treatment involves
surgery, chemotherapy and radiotherapy [1]. Novel photodynamic therapy is a method that
involves administration of a photosensitizing compound, followed by irradiation with an
absorbance maximum wavelength and subsequent, localized formation of reactive oxygen
species (ROS), such as singlet oxygen [2]. The aim is to produce significant, toxicological
effects in the area of the tumor tissue, causing apoptosis, necrosis and finally—cell death [3].
Transition metals play an essential role in the chemistry of life. Serving as cofactors in
enzymatic active sites, they enable the great multitude of selective catalytic conversions
necessary for maintaining biological processes [4]. In living organisms, transition metals
can be found in trace amounts. Excessive intake of such elements can cause a variety of
toxicological effects, including carcinogenesis [5]. Yet exactly that toxicological potential
presents the fundament of transition-metal-based anticancer therapies [6]. Intracellular
release of toxic metal ions such as Pt(II)/(IV), Au(I)/(III), Ru(II)/(III), La(III), Ga(III) and
many others has been a staple of metal-based anticancer treatments ever since the discovery
of cisplatin’s antiproliferative properties more than half a century ago [7]. The authors of
the present review aim to inform the reader about developments over the past three years
in the research of Pt, Ru, Au and La transition metal complexes with potential antitumor
properties. Gallium as a post-transition metal is also discussed since the biological activity
of its ion is well-established [8] and the search for novel gallium complexes with anticancer
action is gaining traction once again [9,10].
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2. Novel Metal Complexes in Cancer Therapy
2.1. Platinum Coordination Compounds

Platinum-based drugs are widely used in anticancer chemotherapy. The first coordination
complex discovered with clinically viable antitumor action was cis-diamminedichloroplatinum(II)
ubiquitously known as cisplatin. Its biological activity was serendipitously discovered
in the 1960s by Rosenberg and coworkers [11]. Together with carboplatin, oxaliplatin,
nedaplatin and lobaplatin it is a choice drug for treatment of a variety of malignancies
such as testicular, colorectal, ovarian and breast cancer [12]. Cisplatin is characterized
by low specificity and its clinical use is therefore associated with systemic toxicities [12].
Carboplatin is considered a second-generation platinum-based drug with a higher degree
of biosafety [13] that allows for treatment with higher dosages. The main mechanism of
action of Pt(II) involves DNA binding, forming intra-strand and inter-strand crosslinks,
changing DNA structure, resulting in cell cycle arrest and apoptosis in actively proliferating
tumor cells [14]. Platinum drug resistance is a significant issue in chemotherapy. In order
to be overcome, a third-generation complex, oxaliplatin, was introduced in 1996 [15]. The
mechanisms of action of these drugs, their toxicities and modes of development of drug
resistance are well-known and described in detail in the scientific literature [16,17], and a
number of exhaustive reviews on the subject have been published [6,18,19]. An alternative
area of research when it comes to platinum-based anticancer drugs involves Pt(IV) coordi-
nation compounds. Compared to Pt(II) they have higher coordination numbers (6 vs. 4),
improved stability and reduced side effects. The ability to coordinate axial ligands allows
for greater structural modification. Additionally, within the intracellular medium they are
reduced to their active Pt(I) counterparts, with the axial ligands leaving. For these reasons,
Pt(IV) complexes are viewed as potential platinum prodrugs [20,21]. A very attractive
and informative review on the subject of Pt(IV) in cancer research [21] presents exciting
results both in terms of safety and drug resistance. Notably, coordinating biologically active
ligands could produce “multi-action” and “cancer-seeking” Pt(IV) prodrugs with enhanced
efficacy and multiple mechanisms of action [21]. Promising results have been observed
in vitro when treating cancer cell lines; however, there is a long way to go until safety and
efficacy in humans would be properly assessed. Below are introduced the most recent Pt(Il)
and Pt(IV) complexes discussed in the scientific literature over the past three years.

Zhu and coworkers tested a variety of mitochondria-targeted platinum complexes
for anticancer activity against lung cancer [22]. They modified pyriplatin with a triph-
enylphosphonium moiety (Figure 1) with the aim to selectively target and penetrate the
inner mitochondrial membrane.
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Figure 1. Modified pyriplatin, described in [22].

Three complexes were synthesized with a triphenylphosphonium substitute, attached
at the ortho-, meta- and para-positions of the pyridine ring. They were tested for antiprolif-
erative activity against lung cancer A549, cervical cancer HeLa, hepatocellular carcinoma
SMMC cells and normal liver HL-7702, with the aid of the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, 48 h) assay. The ortho-substituted complex manifested
the highest anticancer cytotoxicity (ICsp = 8.7 uM against A549), even compared to the
positive standards cisplatin and pyriplatin. Its ICsy against healthy HL-7702 cells was about
six times higher (ICsy = 64.5), speaking to the improved selectivity of the compound. Tumor
growth in mice, implanted with A549, was significantly suppressed. Pt was discovered
to accumulate primarily in liver and kidneys. More Pt was accumulated in the lungs and
tumor tissue, compared to cisplatin. After 24 h of cultivation the ortho-substituted complex
was found to produce mitochondrial DNA (mtDNA) lesions, reduce oxygen consumption
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and decrease dramatically (by 87%) the mitochondrial membrane potential in A549 cells.
Cellular uptake was observed to increase with lipophilicity.

Eskandari et al. [23] synthesized a triangular polynuclear complex, containing three
Pt(II) centers and tested it against cancer stem cell (CSC)-enriched human mammary
epithelial cells HMLER-shEcad and CSC-depleted HMLER lines (MTT assay, 72 h). Mono-
and dinuclear analogs were also tested. Notably, the more Pt(Il) centers in the complex,
the greater the antiproliferative activity. The trinuclear complex had the lowest ICs
(2.24 uM against HMLER and 1.26 against HMLER-shEcad). Its activity was greater than
the positive controls cisplatin, carboplatin and salinomycin. The ICs5y against non-malignant
breast MCF10A cells was about two times greater than against HMLER-shEcad, showing
good selectivity. It manifested significant non-covalent DNA-intercalative and groove-
binding activity.

He et al. [24] synthesized a folate-containing Pt(Il) complex (Figure 2) with the idea to
specifically target folate receptors that tend to be overexpressed on the surfaces of breast
cancer cells.

NH3
/NH3

o T
X d

HN~ N7 N

Figure 2. The folate-Pt(IT) complex described in [24].

After 72 h’s exposure, the complex significantly suppressed MCF-7 cell viability
(IC50 = 87) compared to the negative control. The complex increased Bakl/Bclx ratios
after 24 h of incubation, compared to cisplatin, a possible sign of pro-apoptotic activity.
Caspase-3 activity was also increased.

Adams and coworkers synthesized a number of Pt(Il)-terpyridine complexes (Figure 3)
and subsequently tested them for in vitro antiproliferative properties against colon cancer
HCT 116, colon adenocarcinoma SW480, lung cancer NCI-H460 and endometrial carcinoma
SiHa cell lines (72 h incubation) [25].

Complex: R:
1 -OH
N(CH,CH,0H),
2 . O/\/

N(CH,CH,Cl)
3 —O/\/ 2 20

Figure 3. Three Pt(II)-terpyridine complexes, described in [25].

Substituting the hydroxyl group of complex 1 with an organic mustard-type side
chain significantly increased the antiproliferative activity of the complex against all cell
lines tested. 1Csy values decreased in the following order complex 3 (ICsy between 0.4
and 4.0) > complex 2 (IC5p between 1.0 and 5.6) > complex 1(ICsy between 14 and 22).
What should be noted is that the corresponding ligands themselves were very active in
the nanomolar range. Adding Pt(II) to form complexes increased ICsy values more than
ten-fold. Despite that, complexes 2 and 3 suppressed cancer cell growth to the same degree
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or even further than the positive control cisplatin. Additional assays showed rapid binding
to L-histidine, 9-ethylguanine and L-cysteine.

Another series of four platinum-terpyridine complexes [26] were studied as promising
antiproliferative agents against A549, its cisplatin-resistant subline A549/DDDP, epidermoid
carcinoma A431, HeLa and MCF-7. Results showed that all tested substances were as active,
or more active, compared to the positive control cisplatin, targeting not only DNA, but
also membrane proteins. Epidermal growth factor receptor (EGFR) inhibitory activity was
estimated to be higher (IC5y about 10 uM for the complexes) than that of gefitinib (ICs( of
about 90 uM).

Kutlu and coworkers [27] synthesized two pyridine-based Pt(Il) complexes (Figure 4)
and tested them against the colon cancer cell line (DLD-1). After 24 h incubation, applying
the MTT assay, complex 1 behaved as a stronger cytostatic (ICsg = 25.79 pM), compared to
complex 2.

- HC gy O
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Figure 4. The pyridine-based complexes 1 and 2 described in [27].

The presence of electron-withdrawing functional groups (such as fluorine atoms in
complex 1) was deemed responsible for the increased antiproliferative effect. In this case,
the authors proposed that the bond between the pyridine nitrogen and the platinum ion
decreases due to lower electron density, causing an effective increase in interaction with
DNA. Electron donors such as the amino- and methyl- groups in complex 2 would tend to
have the opposite effect.

Mbugua and coworkers [28] synthesized Pt(II) and Pd(II) complexes with pyrrole-
substituted Schiff bases. The newly-generated substances were tested with the aid of the
MTT test (24 h exposure) against the colorectal adenocarcinoma Caco-2, HeLa, Hep-G2,
MCE-7 and bone cancer PC-3 cell lines. Non-cancerous MCF-12A was also tested. The most
active Pt(II) complex (Figure 5) was extremely potent against Hep-G2, with ICsy being in
the nanomolar range (ICsp = 0.3 uM). It also suppressed the Caco-2, MCF-7 and PC-3 (ICs
ranging between 16 and30 pM).
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Figure 5. The most potent antiproliferative complex described in [28].

The complex manifests a strong DNA-binding ability, the authors proposed using it
as a possible viable candidate for DNA intercalation. Its low toxicity against the healthy
MCF-12A shows its potential as a selective molecule with anticancer activity.

Another Schiff base containing complex was synthesized, characterized and tested
for antiproliferative activity against MCF-7, Hep-G2, HeLa and A549 cancer cells and
non-cancerous NHDF cells [29]. The complex exhibited pronounced activity against MCF-7.
Its antiproliferative behavior against the cancer cell lines was significant, though lower
than that of cisplatin. On the other hand, toxicity against the healthy NHDF cells was low,
showing better selectivity than the positive control. Additionally, the ligand itself was less
active than the complex. Significant calf thymus DNA (CT-DNA) binding was observed.
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A number of potent phenanthriplatin analogs [30] (Figure 6) with multidentate ligands
have been synthesized and tested (MTT assay, 72 h) for anticancer activity against the
ovarian cancer A2780, its cisplatin-resistant variant A2780cis, ovarian adenocarcinoma
SKOV-3, triple-negative breast cancer MDA-MB-231 and A549 cancer cell lines. Toxicity
against normal MET5A and HEK-293 cells was also measured.

H,C Complex: R:
1 -tert-butyl
2 -CF;

Figure 6. The complexes described in [30].

Both ligands were inactive in the absence of the Pt(Il) coordination center. Complex 2
was much more effective than complex 1. After 72 h incubation, complex 2 was found to
be more potent than cisplatin against all cancer cell lines, including the cisplatin-resistant
A2780cis (IC59 = 0.55 uM). Its toxicity against normal cells was decreased compared to
phenanthriplatin. Cellular uptake was also improved and apoptosis was induced.

Tham and coworkers [31] followed a novel approach in terms of Pt-based anticancer
therapy. They attempted to cause immunogenic cell death by causing endoplasmic retic-
ulum stress. The novel compounds were tested against CT26 colorectal carcinoma (ICs
between 1.5 and 8.8 uM). Increasing lipophilicity caused a corresponding increase in cellular
uptake. The most potent complex increased intracellular ROS levels and caused endoplas-
mic reticulum stress. An induction in phagocytosis-related signaling was observed.

Derivatives of benzothiazole aniline [32] (a substance with known anticancer proper-
ties) were used as ligands it order to produce selective anticancer agents (Figure 7). Cell
viability was measured using the cell counting kit 8 (CCK-8) method (24 h cultivation).

Figure 7. The complexes described in [32].

All three complexes were less active than their corresponding organic ligands, but more
active that benzothiazole aniline itself. Complexes 1 and 2 were particularly effective against
the Hep-G2 human hepatic carcinoma cell line (half-maximal inhibitory concentration
below 30 uM). Complex 1 moderately suppressed the proliferation of rat glioma C6, HeLa,
colorectal adenocarcinoma HT-29 and MCF-7 cancer cell lines (ICsy below 100 uM). Toxicity
against a variety of non-malignant cell lines was measured, revealing good selectivity
toward cancer cells. Molecular docking revealed that complex 1 acted as an intercalating
agent, binding to the minor groove of DNA.

A series of pyridine co-ligand functionalized cationic complexes inhibited prolifera-
tion in MCF-7, A549 and Hep-G2 cancer cells [33]. MTT testing proved a concentration-
dependent antiproliferative effect (48 h treatment). The most active complexes are displayed
on Figure 8.
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Figure 8. The complexes described in [33].

Cancer cell tests revealed complexes 1 and 2 to be more potent than the positive
control oxaliplatin and as potent as cisplatin. Complex 3 was more potent than both
positive controls. Clonogenic studies showed that these three complexes suppressed the
clonogenic potential of the tested cell lines. Cancer cell migration, invasion and cancer
stem cell spheroid formation were decreased. Complex 3 demonstrated potential to target
sterol regulatory element-binding protein 1 (SREBP-1)-dependent signaling pathways, thus
inhibiting lipid biogenesis.

Nadar and coworkers [34] designed radioactive platinum(II)-bisphosphonate com-
plexes in an attempt to specifically target bone cancer. The aim was to combine the anti-
cancer activity of Pt(Il) with the good radionuclide potential of its radioactive isotope '*°Pt
and the bone-targeting properties of bisphosphonates. This novel approach yielded promis-
ing results as Pt uptake, due to treatment of mice with the novel complex, was concentrated
in the hard tissues, compared to a Pt(II) bearing, non-bisphosphonate positive control.

Pt(Il), liganded with two bidentate analogs of thiourea (a known anticancer molecule)
exhibited a moderate antiproliferative effect (MTT assay, 48 h) against colorectal cancer
LoVo and MCF-7 with an ICsy greater than 100 uM [35]. Interestingly, if Pt(Il) was ex-
changed with Pd(Il) as a coordination center, then antiproliferative activity dramatically
improved (ICsp between 10.44 and 62.86 uM), approaching that of cisplatin.

Mononuclear, Schiff base macrocyclic ligands were synthesized and coordinated with
Pt(II) [36] (Figure 9). MTT assay (24 h incubation) was performed in order to estimate
potential antiproliferative activity. Both ligands significantly suppressed the HeLa (ICsq
between 12 and 15 uM) and A549 cell lines (IC59 = 10 uM). The addition of Pt(I) further
improved the observed effect with an IC5) between 6 and 11 pM.
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Figure 9. The macrocyclic Pt(II) complexes described in [36].

A Pt(II) complex with an ONN-“pincer” ligand [37] showed significant antiprolifer-
ative effect against Hep-G2 cells (IC5p = 6 to 12 uM), comparable to cisplatin. Activity
against normal hPBMC was very mild, where I1Csq > 200 pM.

Yambulatov and coworkers have synthesized a series of Pt(II) complexes with sub-
stituted 1,4-diaza-1,3-butadienes (redox-active, “non-innocent” ligands) [38]. They were
tested for antiproliferative activity against malignant SKOV-3 and normal HDF cell lines.
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One of the complexes manifested significant activity against SCOV-3, similar to cisplatin
(IC50 = 12 pM) and high toxicity against the non-cancerous cell line (IC5y = 9 uM)

Octahedral platinum (IV) complexes with the non-steroidal anti-inflammatory drugs
indomethacin and acetylsalicylic acid as axial ligands have been reported [39]. After 72 h of
incubation, the MTT assay showed significant cytotoxicity against a large panel of cancer
cell lines. Particularly notable was the manifested activity against ovarian A2780 and
cisplatin-resistant ovarian (ADDP) cancer cell lines. Activity against HT-29 colon cancer
was also significantly increased in comparison to the positive controls cisplatin, carboplatin
and oxaliplatin.

Another Pt(IV) prodrug was designed with two axial maleimide moieties to facilitate
albumin binding [40]. Testing was performed on an in vivo murine cancer CT26 model.
Twenty days after the beginning of treatment, tumor growth was significantly suppressed
compared to the positive control oxaliplatin. Survival of the test animals was prolonged,
some even entered remission and one was completely cured. The authors propose the
formation of a stable albumin adduct in the blood stream, followed by cellular endocytosis
and subsequent reduction of Pt(IV) to active Pt(II).

A series of mono-axial octahedral diazido Pt(IV) complexes with coumarin 3-carboxylate
(an anticancer agent), 4-phenylbutyrate or dichloroacetate (PDK inhibitors) and their di-
axial functionalized analogs were synthesized and tested against A2780 and A549 [41].
Cytotoxicity was measured versus healthy MRC-5 fibroblasts as well. Both mono- and
di-functionalized complexes manifested significant photocytotoxicity after irradiation with
blue light with ICs( values in the nanomolar range (ICsy = 0.11-7.1 for A2780 and 1.2-51.9
for A549). At equimolar concentrations, the di-functionalized complexes caused higher plat-
inum cell accumulation and photogenerated ROS, compared to their mono-functionalized
analogs. Another diazido-Pt(IV) complex [42] (Figure 10) was unreactive in the dark, but
highly cytotoxic when irradiated with visible or UV light (MTT test, 2 h exposure). It
acted as a prodrug that, upon photoactivation, was reduced to square planar Pt(II) species
that binds to nuclear DNA. Additionally, photoactivation causes the release of a variety
of reactive species such as azidyl and hydroxyl radicals, singlet oxygen and others that
further add to the cytotoxic effect and possibly cause immunogenic cell death.

Figure 10. The diazido-complex described in [42].

When photoactivated, the complex is able to induce calreticulin exposure on the
membrane of A2780 cells as well as the release of high mobility group box 1 (HMGB1)
protein and ATP to the extracellular environment—known symptoms of immunogenic
cell death.

Essential information on the Pt complexes’ structure, type of cancer cells suppressed
and biological activity has been summarized in Table 1.
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Table 1. Summary of the platinum complexes presented.

Citation Number

Metal Ion/Ligand Type

Effective against

Biological Activity
(If Investigated)

[22]

[23]
[24]
[25]

[26]
[27]
[28]
[29]
[30]

[31]
[32]

[33]

[34]

[35]
[36]
[37]
[38]

[39]

[40]

[41]

[42]

Pt(II), triphenylphosphonium-
pyridine
Pt(II), triangular
polynuclear complex

Pt(II), folic acid
Pt(II), terpyridine

Pt(Il), terpyridine

Pt(II), substituted pyridines
Pt(I), pyrrole-substituted
Schiff bases
Pt(II), Schiff base

Pt(Il), phenanthridine

Pt(II), N-heterocyclic carbene
(NHC)
Pt(II), benzothiazole aniline

Pt(II), pyridine cationic

Pt(II), radioactive
bisphosphonate
Pt(II), thiourea
Pt(I), macrocyclic Schiff base
Pt(II), ONN-“pincer”
Pt(II), 1,4-diaza-1,3-butadiene
Pt(IV), axial ligands
indomethacin/
acetylsalicylic acid

Pt(IV), axial maleamide
Pt(IV), mono- and di-axial

diazido complex

Pt(IV), diazido complex

Ab549; HL-7702

HMLER; HMLER-shEcad;
MCF10A

MCEF-7

HCT116; SW480; NCI-H460;
SiHa
A549; A549/DDP; A431; HelLa;
MCE-7
DLD-1
Caco-2; HeLa; Hep-G2;
MCF-7; PC-3
MCE-7
A2780; A2780cis; SKOV-3;
MDA-MB-231; A549

CT26
C6; HelLa; HT-29; MCE-7

MCE-7; A549; Hep-G2

n/a

LoVo; MCE-7
HeLa; A549
Hep-G2
SCOV-3

A2780
ADDP

CT-26 (in vivo murine model)

A2780; A549

A2780

mtDNA lesions, impairment
of mitochondrial
membrane potential
DNA intercalation;
DNA groove binding
increased Bak1/Bclx ratios and
Caspase-3 activity
Binding to L-histidine,
9-ethylguanine and L-cysteine

DNA binding; EGFR inhibition
n/a
DNA intercalation
CT-DNA binding
Apoptosis

Induction of endoplasmic
reticulum stress, increase in ROS
DNA intercalation
sterol regulatory
element-binding protein 1
(SREBP-1) targeting, lipid
biogenesis inhibition
Theragnostic, bone accumulation
in mice
n/a
n/a
n/a
n/a

n/a

Albumin binding enhances drug
accumulation in cancer cells
Photocytotoxicity, DNA binding,
ROS generation
UV-induced photocytotoxicity,
ROS generation, immunogenic
cell death

2.2. Ruthenium Coordination Compounds

Platinum-based drugs are undeniably effective in the treatment of a variety of cancers.
Unfortunately, they are not a “silver bullet”—limited activity against many common neo-
plastic diseases, significant toxicity and acquired platinum resistance [43] have all pushed
the broader scientific community to look for alternatives. One such alternative is presented
by another member of the transition metal family—ruthenium. It is redox-active, i.e., exists
in a variety of oxidation states, the most prominent under physiological conditions being
+2 and +3 (the former is considered more active) [44]. Ru(Il)/(III) complexes are character-
ized by six-coordinated octahedral configuration, allowing for employment of biologically
active ligands with different geometries. Rates of ligand exchange in Ru(Il) and Ru(III)
complexes are similar [45] to those of Pt(II). Ru compounds are considered less toxic than Pt.
Ionic mimicry (similar ionic charge/ionic radius ratios) allows Ru to compete with Fe for
binding with biomolecules, employing the transferrin pathway to specifically target cancer
cells [46]. Protein and DNA binding, impairment of mitochondrial functions, cell cycle
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arrest and apoptosis are frequently described. Photoactivation is also a prominent feature
of Ru-complex research. It provides improved toxicity over a localized area, thus reducing
systemic adverse events while promoting antiproliferative activity. Two main approaches
toward synthesis of Ru-based anticancer complexes seem to prevail above all. The first
one involves complexation with polypyridyl-type bi/tri-dentate ligands, employing a
bipyridine, terpyridine or 1,10-phenanthroline scaffold. The second approach involves
coordination with a five or six-membered arene ligand, a monodentate and a bidentate
ligand. To the reader’s benefit, the authors recommend a number of detailed reviews,
delving deep into the subject of ruthenium complexes in anticancer therapy [43,44,47 48].
Henceforth the authors introduce some prominent samples of the vast experimental and
publication efforts that have been invested over the past three years into the search for
Ru-coordination compounds with anticancer activity.

A Ru(II) complex with a Schiff base and p-cymene as ligands was synthesized and
tested against Caco-2 and normal mouse fibroblast L-929 strains [49]. The Schiff ligand
itself and its ruthenium complex manifested low antiproliferative activity against Caco-2,
the former being the less toxic of the two (IC5p = 803.65 and 510.26, respectively).

Cole and coworkers [50] synthesized a series of Ru complexes, two 6,6'-dimethyl-2,2’-
bipyridine and an imidazo[4,5-f][1,10]phenanthroline ligand as potential photodynamic
therapeutic agents (Figure 11). Cytotoxicities in dark conditions as well as photocytotox-
icities were estimated using the resazurin viability assay in both hypoxic and normoxic
conditions. All compounds were moderately active in dark conditions against SKMEL-28
melanoma cells (ECsp between 30—75 pM). Hypoxic conditions caused ECsy values to
double, consistent with previous observations.

Complex: 1 2 3 4
-3 OCH
o] T O
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Figure 11. The complexes described by [50].

Irradiation with visible light increased cytotoxicity of compounds 1, 4, 6 and 7,
dropping ECs to between 2.5 to 5 pM. Compounds 1 and 7 maintained their high post-
irradiation cytotoxicity even in hypoxic conditions. The authors tried irradiation with red
and green light, with less success. When the substitute R was replaced by a chain of three
or four thiophene rings (complex 8), the complex exhibited attomolar (in normoxia) and
picomolar (in hypoxia) cytotoxicities toward SKMEL-28 cells [51]. The authors proposed the
photosensitizing capacity of these complexes to be a result of efficient production of singlet
oxygen and a possible involvement of triplet intra-ligand charge transfer states. Similar
polypyridine ruthenium(Il) complexes [52] were tested (MTT assay) against melanoma
B16, Hep-G2, A549 cancer and LO2 normal cell lines. The antiproliferative effect was in
the low micromolar range. Particularly against B16, the compounds performed better than
cisplatin both in terms of antiproliferative effect and in terms of selectivity. Cell migration
was disrupted, G0/G1 cell cycle arrest was observed and apoptosis was increased. B16
cells also experienced a significant increase in intracellular ROS. The Ru(Il) complexes
penetrated the mitochondrial membrane. Intracellular GSH was depleted and MDA levels
were significantly increased compared to the non-treated control group.
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Another novel photosensitizing polypyridyl complex incorporates the anthraquinone
rhein [53] (Figure 12). The complex is lipophilic and able to penetrate the lysosomes of
Ab49 cells.

(0] (0]
N
(o] OH

OH

Figure 12. The complex described by [53].

In dark conditions, the complex does not generate intracellular ROS. Light irradiation
causes intracellular ROS production. Cytotoxicities against MCF-7, A549, leukemia NB-4,
A2780, cisplatin-resistant A2780R and normal liver cells LO2 were measured using the
MTT assay in both light and dark conditions. ICsg values against all cell lines are moderate
(35 to 250 uM) after 48 h of cultivation in darkness. Furthermore, 15 min of irradiation
increases toxicities dramatically (ICsy of 35 to 25 uM). Phototoxicity indices against all cell
lines are between 4 and 28.5. The authors propose the main mechanism of action in light
conditions is the induction of autophagy.

Similar polypyridyl Ru(Il) complexes have been synthesized, bearing a naphthoquinone
moiety (plumbagin) [54]. The two most potent complexes bear two 1,10-phenanthroline plus
one plumbagin ligands and two 4,7-diphenyl-1,10-phenanthroline and one plumbagin
ligands. Increasing the lipophilicity of the ancillary ligands (from dimethyl sulfoxide
(DMSO), through bipyridine and 1,10-phenanthroline to 4,7-dipjenyl-1,10-phenanthroline)
increases biological activity against in vivo MCG-803 tumor mice model. The two most
potent substances severely impair mitochondrial respiration and glycolysis, induce DNA
damage and increase expression of the growth arrest and DNA damage inducible alpha
(GADD45A) gene, causing G0/G1 cell cycle arrest.

Notaro and coworkers investigated a polypyridyl Ru(Il) complex, incorporating a mal-
tol ligand with the aim to improve bioavailability of the metal ion [55]. The compound was
highly cytotoxic against HeLa, A2780 and its cisplatin and doxorubicin-resistant varieties
A2780cis and A2780ADR, CT26, CT26LUC cancer cells and normal RPE-1 cells, manifesting
no selectivity toward cancer cells. Adding the maltol moiety improved cytotoxicity of
the complex (ICsp = 0.42-2.86 uM), even though maltol itself is non-toxic. The compound
induces apoptosis in HeLa cells after 4 h of incubation, cell accumulation being greater
than that of cisplatin. It accumulates predominantly in the cellular nucleus. Another
study [56] discovered that cellular resistance to ruthenium cyclometallated compounds
depends on ABCB1 export and EGFR gene expression. Inhibiting these genes improved
the biological activity.

Chen and coworkers tested a Ru(Il) polypyridyl complex with intrinsic antiprolif-
erative properties in combination with taxol [57] against HeLa and A549 cells and their
taxol-resistant variants. Synergistic effects were observed, even at low dosages. Pyroptosis,
caspase 1 activation, gasdermin D (GSDMD) activation and ROS increase in HeLa/Taxol
cells was observed. An in vivo naked mice model also yielded promising results.

A series of N-heterocyclic carbene Ru(Il) arene complexes [58] were synthesized and
tested for antiproliferative activity (Figure 13).
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Figure 13. The complexes presented in [58].

After 48 h of exposure, results from the MTT assay demonstrated that attaching short
alkyl moieties caused very low cytotoxicity. Complexes 4 and 6 had the highest lipophilicity
and manifested high cytotoxicity, comparable to cisplatin, against a panel of cancer cell
lines—A549, HT-29, HCT116, LoVo, HelLa and A2780 (IC5) = 1.98—25.6). They exhib-
ited antimigratory and proapoptotic activity against A2780 and induced mitochondrial
dysfunction, releasing intracellular ROS.

Morais and coworkers tested a series of cyclopentadienyl Ru(Il) complexes [59] with
monodentate imidazole-based or bidentate heteroaromatic ligands. The investigated sub-
stances were very lipophilic. Binding to human serum albumin (HSA) was noted. Those
that incorporate a bidentate heteroaromatic ligand manifested significant antiproliferative
activity (MTT assay, 72 h) against A2780 (IC5y = 0.20—0.45 uM), MDA-MB-231 (ICs, = 13.4
to over 100 uM) and HT-29(IC5( = 11.3 to over 100 uM), unlike the group with monoden-
tate ligands.

Elsayed and coworkers [60] synthesized one Ru(Il) and one Ru(IlI) complex, coordi-
nated with 2-aminophenyl benzimidazole and DMSO (Figure 14-1 and -2, respectively)
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Figure 14. Complexes 1 and 2 presented in [60].

In vitro MTT assay showed that both complexes manifested moderate cytotoxicity
against Caco-2 and MCEF-7 (ICs = 230-320 uM) and very low toxicity against non-cancerous
liver (THLE-2). Activity of the Ru(Ill) complex—complex 2—was higher than that of its
Ru(I) analog. Treatment with complex 2 induced DNA laddering in both cancer cell types
tested. G2/M cell cycle arrest was observed. An in vivo mouse model with Ehrlich ascites
carcinoma (EAC) showed that complex 2 decreases liver damage markers in inoculated
mice. The authors proposed that this complex prevented the growth of the EAC cells and
caused cell death. Superoxide dismutase (SOD), catalase (CAT) and glutathione (GSH)
levels increased in a dose-dependent manner compared to the non-treated group of animals.

A series of Biginelli hybrids were synthesized and liganded to Ru(Il) [61]. The antipro-
liferative activity (MTT, 48 h exposure) against a panel of cancer cell lines of the series of
ligands was moderate. Adding Ru(lI) significantly increased potency. Two of the complexes
(Figure 15) manifested significant cytotoxicity against HeLa, A375 and K562 cancer cells
(IC50 = 8.63—33.85 uM).
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Figure 15. The complexes presented in [61].

Adding chlorine or nitro-groups to the aromatic ring seemed to increase cytotoxic-
ity. These two complexes demonstrated pronounced antiangiogenic effects, via in vitro
inhibition of endothelial cell tube formation after 48 h. Cell migration was also impeded.

A series of Ru(II)-p-cymene-imidazophenanthroline complexes [62] were synthesized
and tested against the HeLa and CaCo-2 cancer cell lines and normal HEK-293 cells. CT-
DNA and bovine serum albumin (BSA) binding was noted. The most prominent member
(Figure 16) exhibited strong antiproliferative activity (MTT assay) at an ICsg of 2.0—2.5 M.
Toxicity against HEK293 was found to be low with selectivity factor of over 40.

O,N

Figure 16. The most active complex presented in [62].

Strong antiproliferative activity was observed even in the presence of 1 mM GSH. Loss
of activity was minimal. Adding electron-donating groups to the hydroxyphenyl moiety
decreased biological activity, while addition of electron-withdrawing groups increased
cytotoxicity. Similar complexes, incorporating substituted phenyl, instead of a substituted
hydroxyphenyl moiety [63] were tested against the MDB-MA-231, HelLa and normal
HEK293 cell lines. CT-DNA and BSA binding was noted here as well. The antiproliferative
activity of the two most prominent substances toward cancer cells was similar to cisplatin
(MTT assay); however, their toxicity toward the normal cell line was significantly lower—
ICsg values of 85 and 178 against cisplatin’s 64. A p-fluorophenyl moiety improved activity
against HeLa and p-nitrophenyl moiety increased toxicity against MDB-MA-231.

Ru(II) complexes with diclofenac and organophosphines as ligands [64] (Figure 17)
were synthesized and tested for biological activity. MTT testing revealed the compounds to
be effective against A549, MDA-MB-231 and MCEFE-7 cancer cells, with an ICs; from 0.56 to
12.28 puM—similar to or lower than cisplatin.
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Figure 17. The complexes presented in [64].
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The tested compounds were more toxic to the non-cancerous MRC-5 and MCF-10A
cell lines compared to cisplatin. Interactions with BSA and CT-DNA were noted. One of
the complexes induced apoptosis in MCF-7.

Two bis-aminophosphine Ru(Il) complexes with p-cymene ligands [65] exhibited
antiproliferative effects against A375 cells with ICsy values (6.72 and 8.76 uM) lower than
cisplatin. Both compounds were more active than the bis-aminophosphine ligand alone.
The complex, containing two units of p-cymene-Ru(Il) induced apoptosis in the tested
cell line.

A number of Ru(Il) p-cymene complexes with cyclic/polycyclic aromatic diamine
ligands [66] manifested better cytotoxic effects than cisplatin against the OVCAR-3, M-14
and HOP-62 cancer cell lines (IC5p = 4.31-6.31 uM). CT-DNA binding improved with the
increase in the delocalization of the aromatic fragment of the ligand.

A series of dinuclear p-cymene-tetrazole-Ru(Il) complexes [67] were tested against
several types of cancer cell lines (MTT assay). The ligands themselves were non-cytotoxic.
Two of the compounds yielded promising results against the HeLa, MCF-7 and A549
cell lines. DNA binding, bovine serum albumin binding and morphological changes
indicating apoptosis were observed. G0/G1 cell cycle arrest was induced and cell migration
was inhibited.

A number of half-sandwich arene chloride complexes of Ru(Il) [68] were bound to
CT-DNA and BSA protein. All complexes exhibited good anticancer potency against MCE-7
cells (ICsy = 2.64-18.21 uM).

Organometallic Ru(II)-flavone [69] complexes were synthesized and tested against the
MCEF-7 and MDA-MB-231 cell lines. Neither complex exhibited significant antiproliferative
activity. Interestingly, one of the thioflavone ligands, containing a C=S group demonstrated
very high cytotoxic activity against MCE-7. Once this functional group was engaged in
complexation with Ru(Ill), anticancer activity was diminished, though still significant
(ICs50 = 1.2-43.06 uM). The Ru(lI)-thioflavone complex was found to inhibit MCF-7 and
MDA-MB-231 cell migration.

Ru(III)-pyrazolopyrimidine [70] complexes manifested stronger antiproliferative ac-
tivity against SCOV-3 cells compared to cisplatin. Toxicity against normal liver cells was
low. Cell invasion and proliferation were inhibited. Intracellular ROS levels increased,
mitochondrial membrane potential was reduced and apoptosis was initiated.

Ru(II) complexes with biologically active aminoflavone ligands [71] were synthe-
sized in order to overcome cisplatin resistance in a number of cell lines. The compounds
(Figure 18) were tested against A2780, A2780cis, Toledo and Toledo-cis.

Figure 18. The complexes presented in [71].

They were effective in the low-micromolar range both against sensitive and cisplatin-
resistant lines (MTT assay, ICsp = 0.5-4.6 uM). Mitochondrial membrane potential loss oc-
curred in a dose-dependent manner. Apoptosis was induced due to interaction with DNA.

Conjugates containing two or three dinuclear Ru(Il)-arene structures [72] have been
tested against the A2780, A2780cisR (cisplatin-resistant), A24 and (D-)A24cisPt8.0 cell lines.
All compounds are much more potent than cisplatin with an ICsy between 23 and 650 nM.
Ester conjugates are more potent than amide analogs.

Qu and coworkers investigated how protonation states of ligands in Ru(Il) complexes
may influence photodissociation and quantum yields for singlet oxygen [73]. They observed
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that deprotonation of bipyridine ligand hydroxyl groups increased quantum yield for
singlet oxygen (these are reduced ten-fold by protonation) and decreased quantum yield
for photodissociation products.

Oliveira et al. prepared two Ru(Il)-diphosphine complexes, containing lapachol and
lawsone as ligands [74]. Both complexes were highly cytotoxic against the MDA-MB-
231, MCEFE-7, A549 and DU-145 (prostate) cancer cell lines with ICsy values in the low
micromolar range (ICsy = 0.03-2.70 uM). They interacted with the minor DNA grooves
and moderately with bovine serum albumin. The lapachol-containing complex was highly
selective against triple-negative breast cancer (MDA-MB-231), inhibiting cell migration and
colony formation. It arrested cell cycle, disrupted mitochondrial membrane potential and
caused an increase in ROS.

Ru(Ill) coordination compounds with quinolone antibiotics [75] were tested against
LoVo colon cancer in order to translate antibacterial action to anticancer activity. Complexes
with levofloxacin, ciprofloxacin and ofloxacin demonstrated stronger antiproliferative
effect than cisplatin. GO/G1 cell cycle arrest was observed. More Ru(Ill) complexes with
triazolopyrimidine [76] ligands were screened on MCF-7, HeLa and normal L929 cells.
Increased ROS generation was observed as well as DNA and protein binding. Increased
lipophilicity of the tested substances was associated with higher antiproliferative effect
(ICs0 as low as 4 uM against MCF-7 and 5 uM against HeLa). Toxicity against L929 was
lower than cisplatin’s.

A Ru(Ill) complex with 1,4,8,11-tetraazacyclotetradecane exhibited an antiprolifer-
ative effect against SiHa cells, with an ICsy of 48 uM after 48 h of exposure [77]. Cell
morphology changes were observed, such as nuclear fragmentation. The number of apop-
totic cells increased, while the number of viable cells decreased after 24 h of exposure at
50 uM concentration.

Essential information on the Ru complexes’ structure, type of cancer cells suppressed
and biological activity has been summarized in Table 2.

Table 2. Summary of the ruthenium complexes presented.

e . . . Biological Activity
Citation Number Metal Ion/Ligand Type Effective against (If Investigated)
[49] Ru(Il), p-cymene, Shiff base Caco-2 n/a
Ru(I), polypyridine, ) Photocytotoxicity,
(50,511 1,10-phenanthroline SKMEL-28 ROS generation
Disrupted cell migration, G0/G1
L1 ) ) cell cycle arrest, ROS generation,
[52] Ru(Il), polypyridine B16; HepG2; A549 mitochondrial
membrane penetration
Ru(Il), rhein-substituted MCE-7; A549; NB-4; A2780; ..
[53] ( )polypyri dine A2780R Photocytotoxicity, autophagy
Ru(II), 1,10-phenanthroline, ) .. . Mitochondrial impairment, DNA
(541 plumbagin MCG-803 in vivo murine model damage, GO/G1 cell cycle arrest
1 HeLa; A2780; A2780cis; .
[55] Ru(II), polypyridine, maltol A2780ADR; CT-26; CT-26LUC Apoptosis
.. Pyroptosis, caspase 1 activation,
[57] Ru(Il), polypyridine, HeLa, A549 ROS increase
) ) ) ) Mitochondrial dysfunction,
[58] Ru(Il), NHC AS49; HI]:I-ezzla HACZFl;sl(} 6; LoVo; apoptosis, disrupted
! cell migration
[59] Ru(Il), cyclopentadienyl A2780; MDAMB231; HT29 HSA binding.
Ru(II)/(III), 2-aminophenyl ! : s DNA-laddering, G2/M cell
[60] benzimidazole, DMSO Caco-2, MCF-7, EAC(in vivo) cycle arrest
Ru(I), dinuclear, ) ) Inhibited cell migration and
[61] Biginelli hybrids Hela; A375; K562 endothelial tube formation
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Table 2. Cont.

- . . . Biological Activity
Citation Number Metal Ion/Ligand Type Effective against (If Investigated)
[62] . Ru(D, p-cymene, Hela; CaCo-2 CT-DNA and BSA binding
imidazophenanthroline
[63] . RudD), p-cymene, MDB-MA-231; HeLa CT-DNA and BSA binding
imidazophenanthroline
[64] Ru(Il), diclofenac, A549; MDA-MB-231; MCF-7 CTDNA and BSA
organophosphines binding, apoptosis
Ru(II), p-cymene, .
[65] bis-aminophosphine A375 Apoptosis
[66] Ru(l), p-cymene, OVCAR-3; M-14; HOP-62 CT-DNA binding
aromatic diamine
Ru(Il), dinuclear DNA and BSA binding, G0/G1
[67] ’ 4 HeLa; MCF-7; A549 cell cycle arrest, cell migration
p-cymene, tetrazole o
inhibition
[68] Ru(II), half-sandwich arene MCE-7 CT-DNA and BSA binding
[69] Ru(II), flavone MCF-7; MDA-MB-231 Cell migration inhibition
ROS generation, mitochondrial
[70] Ru(Il), pyrazolopyrimidine SCOV-3 impairment, inhibition of cell
invasion and proliferation
[71] Ru(II), aminoflavone A2780; A2780c1§; Toledo; Mltochondrla.I 1mpa1rmen.t, DNA
Toledo-cis interaction, apoptosis
. A2780; A2780cisR; A24;
[72] Ru(Il), dinuclear, arene (D-)A24cisPt8.0 n/a
Ru(l), diphosphine, MDA-MB-231; MCF-7; A549; DNA interaction. Cell cycle
[74] arrest, mitochondrial disruption,
lapachol, lawsone DU-145 -
ROS increase
[75] Ru(III), quinolone antibiotics LoVo GO0/G1 cell cycle arrest
. o Increased ROS generation, DNA
[76] Ru(IIl), triazolopyrimidine MCF-7, HeLa and protein binding
[77] Ru(III), SiHa Nuclear fragmentation,

1,4,8,11-tetraazacyclotetradecane

apoptosis

2.3. Gallium Coordination Compounds

Gallium is a post-transition metal that exhibits a typical oxidation state of +3. In
terms of ionic radius, electric charge and coordination number, Ga(IIl) closely resembles
Fe(III) [78]. For that reason, similar to Ru, Ga compounds are able to compete for iron-
occupied sites in biomolecules. This ionic mimicry is fundamental for the biological activity
of Ga(Ill) substances. The involvement of gallium in cancer research dates back four
decades [79-81]. Gallium compounds have been applied as diagnostic and therapeutic
agents in oncology [79]. Rapidly proliferating malignancies have high metabolic activity
and need significant iron intake. Many types of cancer are characterized with overex-
pression of transferrin receptors [82]. Ga(IIl) competes with iron for transferrin binding
which allows it to penetrate “iron-hungry” cancer cells and exhibit its physiological effects—
impairment of DNA synthesis, disruption of mitochondrial function, overall inhibition of
iron-dependent enzymes, generation of ROS and ultimately, apoptosis [83]. As the search
for novel, metal-based anticancer drugs intensifies, scientific interest into Ga(III) complexes
with antiproliferative action has been revitalized over the past decade [83-89]. The rela-
tively low number of studies, performed so far, combined with the intrinsic anticancer
properties of the Ga(Ill) ion itself present an exciting possibility for research into novel
complexes with biologically active ligands and potential antiproliferative action.

A number of gallium complexes with planar tetradentate ligands have recently been
synthesized. Unlike the most prevalent six-coordinated complexes, these tend to block
interactions between the metal coordination center and biomolecules to a lesser extent. In
this case the vacant coordination sites may possess labile solvent molecules that would, in
theory, allow for improved interaction with biomolecules by way of solvent ligand exchange.
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A number of such gallium(IIl) salens were synthesized by Zhang and co-workers [9]. One
of the complexes (Figure 19) exhibited anticancer activity against several cell lines (HeLa,
Hep-G2, MCF-7, A549) within the nanomolar dosage range (ICsy = 0.42-1.25 pM), as
established using MTT assay.

NC CN
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o © o0

Cl
N N—
CHs— \C H / C,H;
25 C2H5

Figure 19. One of the complexes presented in [9].

Coordination with gallium(III) dramatically improved activity compared to free lig-
ands and zinc analogs. The ethyl substituent at the amino-group turned out to be crucial,
methyl and 1,4-butanediyl moieties decreased biological activity. The most prominent
complex was found to enter cells through passive diffusion, being distributed mainly in
mitochondria, endoplasmic reticulum and lysosomes. It was also discovered to inhibit
protein disulfide isomerase in a concentration-dependent manner.

Gross and coworkers developed tetradentate metallocorroles with potential anticancer
activity [90]. A variety of metal ions were coordinated with a corrole ligand. All com-
pounds manifested moderate cytotoxicity against the DU-145, SKMEL-28, MDA-MB-231
and OVCAR-3 cell lines. Cytotoxicity increased with lipophilicity which depended on
the type of liganded metal ion. The Ga(IIl) complex exhibited moderate antiproliferative
activity (ICsp = 129-274 uM).

A number of benzoylpyridine thiosemicarbazones were synthesized as tridentate lig-
ands with potential antiproliferative properties [91]. After synthesis, these series of ligands
were coordinated with gallium(IIl) in a molar ratio of 1:1. Both the ligands themselves and
their complexes exhibited significant antiproliferative activity (higher than that of cisplatin)
against the HepG-2 cell line. Increasing the lipophilicity of the ligands tended to improve
the antiproliferative effect after 48 h of treatment. Additionally, the inclusion of gallium(III)
further improved the observed action. The most potent ligand and its gallium(IIl) complex
(Figure 20) significantly increased early and late apoptosis in that same cell line at 5uM
concentrations. Mitochondrial membrane potential was decreased. Ferritin expression was
downregulated, while transferrin receptor-1 expression was upregulated. Both activated
caspase-3 and ROS were increased, the effect of the gallium(III) complex being significantly
improved, compared to the ligand itself.

Figure 20. One of the complexes presented in [91].

Firmino and co-workers [92] synthesized two isonicotynoyl hydrazones as potential
iron chelators. Generally, iron chelators tend to exert antiproliferative effects as they deprive
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malignant cells of much necessary iron. Both compounds (Figure 21) were coordinated to
gallium(Ill) at a ligand: metal ion ratio of 1:2.

Complex: 1 2

R: CH3 NHZ

Figure 21. The ligands presented in [92].

The novel ligands and their gallium(IIl) complexes were assayed for antiproliferative
action against the leukemia HL60, MCF-7, HCT116 and PC-3 cancer cell lines as well as
the non-malignant HEK-293 line (MTT, 48 h). The hydrazone, containing primary amino-
group (compound 2) and its gallium(Ill) complex did not inhibit cell viability at 10 pM
concentration. When that amino-group was replaced with a methyl moiety (compound 1),
cell viability in all cancer cell lines was reduced to 50% at that concentration. Clonogenicity
was reduced. Increasing lipophilicity improved anticancer activity. It is noteworthy that
the activity of both ligands did not differ significantly from the activity of their respective
complexes. Compound 1 and its complex were further tested for cytotoxicity. Their ICs, val-
ues against HL60 and HCT116 were within the low micromolar range (ICs = 0.4-2.0 uM),
exhibiting at least 25-fold lesser toxicity toward the non-malignant HEK-293 line.

Two similar hydrazones were complexed with gallium(IIl) (Figure 22) [84] in order
to test their anticancer and antitubercular activities. Both ligands and their respective
complexes were tested for their impact on cell viability of cancer (MCF-7, PC-3) and
non-cancerous (RWPE-1) cells with the help of the MTT test. All substances manifested
cytotoxicity within the micromolar range against MCF-7, with gallium(IIl) complexation
strengthening the observed effect. Ligands and complex 1 were inactive toward PC-3,
while complex 2 has a selectivity index (related to RWPE-1) lower than 1. The improved
activity of the halogenated ligand was associated with its higher lipophilicity. Its complex
accumulated to a larger extent in both cancer cell strains.

R
R
X
|
N|/ N\Gé(:_O Complex: | 1 | 2
P O// \ R1: H|
N | ° /N\
H ® =N

Figure 22. The complexes presented in [84].

A number of octahedral gallium complexes with polypyridyl ligands (Figure 23) were
tested against bulk osteosarcoma cells (OSC) and osteosarcoma stem cells (OSCs) [93].
These compounds were found to be potent at nanomolar concentrations. Anticancer
potency was measured via the MTT assay (IC5p = 0.07-3.60 uM). Salinomycin, cisplatin
and carboplatin were used as positive controls. ICsy values of all three complexes were
significantly lower than those of the positive controls. Activity improved with the increase
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of lipophilicity, complex 3 being active within the nanomolar range against osteosarcoma
cells and osteosarcoma stem cells.

Complex: | 1 2 3
R1: H| H |CH;
R2: H| H |CH;
R3: H|CH; | H
R4: H| H |CH;
& R4 R5: H| H |CH;
R3

Figure 23. The complexes presented in [93].

Assays were conducted also on non-cancerous cell lines—HEK 293T, MCF710A, BEAS-
2B and GMO7575. Complex 3 was significantly less potent against these. It manifested an
ability to enter osteosarcoma cell nuclei with a potential to damage genomic DNA and to
initiate caspase-dependent cell death.

A series of publications [85,94] describe promising antiproliferative activity of a
gallium(Ill) complexes with substituted 8-quinolinols. They are structural analogs of
tris(8-quinolinolato)gallium(Ill), also known as KP46 and AP-002 (Figure 24a)—a potential
metallodrug, currently undergoing clinical trials [94]. Gallium complexes of four struc-
tural analogs of KP46 (Figure 24b) were tested against several cancer cell lines—A2780,
MDA-MB-231 and HCT116. The non-cancerous MRC5pd30 line was also investigated.

R1 R2
Complex: | R1 | R2
N N
0 NI / o N] 1 Cl|H
=N // =N // Rl 2 H | Br
o /Ga\ o /Ga\
\N N R2 \N N ’ : :
A X 4 Cl| 1
R2
G G
@) RI (b)

Figure 24. Structures of KP46 (a) and its analogues (b) presented in [94,95].

Complex 1 (with 5-chloro-substituted ligand) manifested the most pronounced antipro-
liferative effect (IC5y = 6.5-14.0 uM), comparable to that of the positive control cisplatin
with regard to the various cell lines. Non-cancerous cells were affected at 25-65 times
higher concentrations than cancer cells. The complex was significantly more active than
the ligand itself.

A different study [95] focused on KP46 (Figure 24a) itself. It was tested against a
variety of human cell lines: BJAB mock, including vincristine and doxorubicin-resistant;
Nalm-6, including vincristine, etoposide and methotrexate-resistant strains; SK-N-AS and
its vincristine-resistant subline; and K652. KP46 was found to induce apoptosis at a higher
percentage than doxorubicin after 72 h of incubation. The observed activity was partially
caspase-dependent, inducing processing of procaspases 3 and 9. The compound manifested
a significant antiproliferative effect against BJAB and its vincristine-resistant subline, while
the doxorubicin-resistant cells were unaffected. Mitochondrial membrane potential was
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decreased by about 64% at a 20 uM concentration. Increased pro-apoptotic Harakiri
protein expression was observed. The compound was found to possess not only intrinsic
antiproliferative properties, but also to be highly effective in combination treatments with
“established” anticancer agents against resistant cell lines. Synergies with cytarabine and
methotrexate, causing up to a four-fold increase of apoptotic cells when treating BJAB were
observed. Even a low concentration of 0.75 uM, in combination with daunorubibin, was
able to overcome daunorubicin resistance in the K652 strain—increases in the number of
apoptotic cells were three-fold.

Essential information on the Ga complexes’ structures, type of cancer cells suppressed
and biological activity has been summarized in Table 3.

Table 3. Summary of the gallium complexes presented.

ceps . . . Biological Activity

Citation Number Metal Ion/Ligand Type Effective against (If Investigated)

[9] Ga(IIl), salen HeLa, HepG 2, MCF-7, A549  Protein disulfide

isomerase inhibition
[84] Ga(III), hydrazone MCE-7; PC-3 n/a
DU145; SK-MEL-28;
[90] Ga(I1I), corrole MDA-MB-231; OVCAR-3 n/a
Impaired mitochondprial function,
L1 ferritin expression
[91] Ga(II.I), ber}zoylp yridine HepG-2 downregulated, transferrin
thiosemicarbazone .
receptor-1 upregulated, activated
caspase-3 increased ROS
[92] Ga(IlI), isonicotynoyl hydrazone HL-60; MCF-7; HCT-116; PC3 Reduced clonogenicity.
L1 . Damage to genomic
[93] Ga(III), polypyridine OSC; OSCs DNA, apoptosis
. o A2780, MDA-MB-231 and
[94] Ga(III), substituted 8-quinolinol HCT116
) ) Cell proliferation inhibition,
[95] Ga(III), 8-quinolinol BJAB mock; Nalm-6; impaired mitochondrial

SK-N-AS; K652 . .
function, apoptosis

2.4. Gold Coordination Compounds

Gold has been used as a therapeutic since ancient times [96]. The earliest recorded
use of gold as a medicine dates back 2500 years in China. Over the past two centuries in
Europe, gold compounds have been used to treat “melancholy”, fevers, syphilis and tuber-
culosis [96]. Compared to platinum-based drugs, complexes with gold tend to be less toxic.
Such compounds have historically been applied with success in the treatment of rheuma-
toid arthritis (MyocrisinTM, SolganolTM, Ridaura™ (auranofin), etc.) and malaria [97].
Chrysotherapy (therapy with gold-containing compounds) research in the field of oncology
has been ongoing for several decades now as a possible alternative to platinum-based
treatments and their numerous disadvantages in terms of severe side effects and cancer cell
resistance [96,98]. Gold complexes as antitumor agents tend to target thioredoxin reductase
(TrxR), and in general, proteins and enzymes bearing thiol groups [99]. Similar to ruthenium
and gallium, research of novel gold coordination compounds with antiproliferative proper-
ties is driven by the distinct deficiencies of modern platinum-based therapies. Alkynyl-gold
complexes are currently a subject of particular interest due to the particular stability of the
C-Au bond, making the gold ion more resistant to physiological reductants before reaching
its target. Additionally, modifying the ancillary ligand can impact the pharmacological
behavior of the investigated complex [98]. The authors would like to recommend the
following detailed reviews of Au(I)/(IlI)-complex applications in oncology [99-101]. The
most recent discoveries over the past three years are described below.

A number of halo and pseudohalo gold(I) complexes with 4,5-diarylimidazoles (Figure 25)
were synthesized and tested for antiproliferative activity against hepatocellular carcinoma
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strains HepG2, SMMC-7721 and Hep3B [102]. The study was an expansion on previous
work with similar compounds [103].

Complex: | R1 R2 | Complex: R1 R2

R1
O \7 1 F-| - 2 CH;0-| -1
N 3 CH,0-

F- -Br 4

N 5 F-| I 6 CH;0- | I
) 7 F- | -NCO 8 CH;0- | -NCO
RI

9 F- | -OAc 10 CH;0- | -OAc

Figure 25. The complexes presented in [102].

MTT assay was applied to measure the antiproliferative effect with cisplatin and
auranofin being used as positive controls. All investigated substances manifested antipro-
liferative activity similar to that of the controls (ICs values were up to 20uM). Complex 1
was the least active. Notably, the larger the halogen ligand (I > Br > Cl), the stronger the
antiproliferative activity, a fact attributed by the authors to an increase in lipophilicity in
the same order. Acetato-gold complexes were more active than cyanate-gold complexes.
The most active substance 6 was found to be stable in PBS, including in the presence of high
concentrations of GSH (Au prefers “soft” S-ligands). It exhibited better selectivity than the
positive controls toward hepatocellular carcinoma HCC cells compared to normal LO2 and
HB8 cells. TrxR, a prominent target for gold, was inhibited, intracellular ROS production
was increased and mitochondrial function was impaired.

Walther and coworkers [104] investigated two gold(I)-N-heterocyclic carbene com-
plexes for anticancer activity (Figure 26).

O \ N NMe, O N

>7 ‘m—S«S \ >7.‘wa—S o OAc

N N AcO OAc
\@ O @ OAc

1 2

Figure 26. The complexes presented in [104].

ICs values were within the nanomolar range (sulforhodamine B (SRB) assay) after 48 h
of incubation against OVCAR3, NCI-H522, HT29, T-47D and PC-3 lines (Glsp = 0.26-0.79 uM).
Growth of PC-3 derived xenograft tumors was inhibited, mammalian TrxR was suppressed
and nuclear protein Ki67 was reduced—a marker for inhibition of cell proliferation.

Gulzar and coworkers [105] synthesized a series of NHC-gold(I)-thione complexes
(Figure 27) and tested them against the HCT-15, A549 and MCF7 cancer cell lines (MTT
assay, 24 h). Cisplatin was the positive standard.
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Figure 27. The complexes presented in [105].

ICs values (74.26 to 102.17uM) were about 2-3 times higher than the those for cisplatin.
The authors concluded that thione ligands do not contribute to the antiproliferative activity
of such gold(I) complexes.

Alkynyl-gold complexes have been intensively studied in recent years for their an-
tiproliferative effect [98]. They tend to exhibit significant anticancer effects, associated with
TrxR inhibitory activity [106-109]. A number of investigations to that effect have been
carried out recently.

A phenanthrene bridge was substituted with two terminal alkynyl groups in order to
build potential anticancer complexes with two gold(I)-phosphine centers [110] (Figure 28).
The potential antiproliferative activity of both gold complexes was assessed against the
MCF-7, HEPG-2, PC-3 and MOLT-4 cancer cell lines (SRB, 72 h). The phenanthrene-ethynyl
“bridging” ligand had very low activity against all tested strains. Both gold complexes
behaved in a similar manner to the positive control cisplatin (ICs varied at 18-28 uM with
all cancer cell lines). DNA binding was noted for both complexes and the ligand. The
authors of the study proposed that substituting the phenanthrene skeleton at positions
9 and 10 would allow for modification of lipophilicity of the complexes improving their
solubility—a common issue with alkynyl-gold compounds [111].

_PRy
Au
Z
C,H50 ‘ Compound: R
O 1 -phenyl
C,Hs0 O 2 -cyclohexyl
A
Au_
PR,

Figure 28. The complexes presented in [110].

Another study [112] evaluated a number of alkynyl-gold(I)-triphenylphosphine com-
plexes against cancerous HT29, IGROV1, HL60 and non-malignant 1407 cells. The most
active substance (Figure 29) exhibited antiproliferative activity in the low-micromolar range
(ICs50 = 3.3-7.9 uM), similar to that of the positive standard auranofin. It, however, turned
out to be most toxic against the normal cell line (IC5y = 1.7 uM). Two other noteworthy
compounds inhibited proliferation in IGROV1 and HL60 cells, while being non-toxic to 1407.
Both were binuclear complexes and their thioredoxine reductase inhibitory activity was
significantly stronger than in the rest of the experimental substances that were mononuclear.
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Figure 29. One of the complexes presented in [112].

Marmol and coworkers synthesized and tested alkynyl-gold(I)-substituted 3-hydroxyflavones
against a series of cancer cell lines [113]. Several alkyne-substituted ligands were coor-
dinated with Au(I), together with either triphenylphosphane (PPhs), or 1,3,5-triaza-7-
phosphaadamantane (PTA) (Figure 30). Their antiproliferative activity, expressed as ICsg
against undifferentiated Caco-2/TC7 cells is within the micromolar range (IC59 = 1.5-7.68 uM,
MTT assay).

- R2 Complex: R R2 | Complex: R R2
la H PPh; 2a H PTA
1b Br | PPh; 2b Br | PTA
lc Cl | PPh; 2¢ Cl PTA

1d OCH, | PPh;, 2d OCH; | PTA

Figure 30. One of the complexes presented in [113].

Lipophilicity was higher in the PPhs compounds, compared to the PTA-containing
complexes. MTT and SRB assays were both utilized to measure cytotoxicity of all eight
gold complexes against MCF-7, HepG5 and Caco-2/TC7 cells. Selectivity was assessed
with the help of non-cancerous differentiated Caco-2 as a model of the intestinal barrier.
Cisplatin and auranofin were used as positive controls. All complexes manifested antipro-
liferative effects against the cancer cell lines within the micromolar range (ICsy is higher
than auranofin and lower than cisplatin). The more lipophilic series of PPh3-containing
compounds suppressed proliferation in Caco-2/TC7 and HepG2 to a greater extent com-
pared to the PTA series. This trend was reversed with MCF-7. Selectivity indices of the PTA
complexes were similar to those of auranofin and cisplatin. Those of the PPhz-complexes
were much improved. Complexes 1b and 2c were additionally examined. Complex 1b
inhibited COX-2, thioredoxine reductase, glutathione reductase, increased ROS levels and
triggered apoptosis after 24 h of incubation. Complex 2c¢ inhibited COX-1, thioredoxine
reductase, glutathione reductase, increased ROS levels and triggered apoptosis after 48 h.

A series of mononuclear phosphane-Au(I)-alkynyl complexes (Figure 31) were synthe-
sized by Babgi and coworkers [114] with the aim to elucidate the impact of phenolic Schiff
base addition on biological activity, including antiproliferative (SRB assay), HSA binding
and thioredoxine reductase inhibition (in silico docking).
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Figure 31. One of the complexes presented in [114].

The aldehyde complexes (Figure 1-1,-2) suppressed the proliferation OVCAR-3 and
HOP-62 cells (ICsg in the 12-16 uM range). Changing the aldehyde group with a phenolic
Shiff base caused dramatic improvement of cytotoxicity (ICsp in the 5-9 uM range). The
p-hydroxy substituted complex 4 was much more effective against OVCAR-3, compared to
its o-hydroxy-substituted analogs. Within the scope of this investigation, substituting the
triphenylphosphine with a tricyclohexyl moiety did not impact biological activity. Molecu-
lar docking calculations showed that substituting the aldehyde group for a Schiff base may
change the binding site with human thioredoxin reductase. Changing triphenylphosphine
with tricyclohexanephosphine increased HSA binding. Adding a phenolic moiety had the
same effect.

An alkynyl-activated quinazoline carboxamide was synthesized in order to produce a
series of alkynyl-Au(I) complexes [115] (Figure 32). Quinazoline carboxamides tend to bind
to translocator protein 18kDa (TSPO), situated on the outer mitochondrial membrane [116].
They could be applied as chemo-/photo-sensitizers and diagnostic agents as TSPO is
overexpressed in a variety of cancer types.

Compound: R

0]
N\ N/%\ll_R 1 -PPh3
H
N

2 -TPA

H;C

¢ o
HC

Figure 32. Some of the complexes presented in [115].

All three complexes were stable in PBS at 37 °C for over 72 h, including in culture
media. Their cytotoxicities were tested with the help of the XTT assay. Bladder cancer
lines 5637 and T24 were incubated with the complexes for 72 and 96 h. Compound 3
manifested modest activity against 5637 after 72 and 96 h. The IC5( values of complexes 1
and 2 were in the low micromolar to nanomolar ranges (ICsp = 0.17-12.40 uM). Complex 1
was more active than complex 2 with 5637 (72 and 96 h) and T24 (72 h). Complex 2
was more active with T24 after 96 h. Cellular uptake decreased in the following way
2>1>3. Complexes 1and 2 activated caspases, in the case of the latter with delayed
timing. Thioredoxine reductase inhibition increased in the following order 1 >2 > 3.

Bian and coworkers [117] synthesized a series of alkyne-activated pentacyclic triter-
pene derivatives (betulinic acid, ursolic acid, clycyrrhetic acid and oleanolic acid). Triter-
penes are known for their anticancer activity [118], attacking a multitude of targets.
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The authors tested whether conjugating such substances with gold(I) and PPh; would
yield complexes with varied mechanisms of action beyond the expected thioredoxine
reductase inhibition. All substances were tested against the MCF-7, HT-29, HepG3 and
A2780 cancer cell lines (MTT assay) and were found to manifest moderate antiproliferative
activity against most cell lines, except A2780 where the impact was significant (ICs for
A2780 was mostly between 25 and 40 uM). The oleanolic acid derivative (Figure 33) was
found to have an ICs) against A2780 in the low micromolar range (10 pM)—similar to the
positive controls cisplatin and auranofin. It inhibited thioredoxine reductase (both purified
enzyme and cellular-A2780) to a lesser extent than auranofin, impaired mitochondrial
function, increased cellular ROS production and induced endoplasmic reticulum stress.

“,
,,
4

Figure 33. One of the complexes presented in [117].

Romanova and coworkers synthesized a series of gold(I) complexes with alkynyl-
activated ibuprofen [119] (Figure 34) and tested them (MTT assay, 72 h) for antiproliferative
activity against MCF-7, MDA-MB-231 and HT-29 cancer lines as well as MCF-10A non-
cancerous cells.

Complex: R
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Figure 34. One of the complexes presented in [119].

The activity of both complexes was comparable to the positive controls cisplatin and
auranofin, where the ICsy was in the low micromolar range (0.98-3.42 uM), and selectivity
was very much improved with regard to the non-cancerous cell line. The N-heterocyclic
carbenium (NHC) complex had lower antitumor activity than the triphenylphosphine one,
but manifested much better selectivity in relation to the non-neoplastic MCF-10A cells.
TrxR and glutathione reductase inhibition was observed as well as an increase in ROS.

Essential information on the Au complexes’ structures, type of cancer cells suppressed
and biological activity has been summarized in Table 4.
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Table 4. Summary of the gold complexes presented.

e . . . Biological Activity
Citation Number Metal Ion/Ligand Type Effective against (If Investigated)
[102] Au(l), 4,5-diarylimidazoles HepG2; SMMC-7721; Hep3B TrxR inhibition, ROS increase
OVCARS3; NCI-H522; HT29; TrxR inhibition, nuclear protein
[104] Au(l), NHC T-47D; PC-3 Ki67 reduction
[105] Au(I), NHC HCT-15; A549; MCF7 n/a
[110] Au(D), phosphine, MCF-7; HEPG-2; PC-3; MOLT-4 DNA binding
alkynylphenanthrene
[112] _Au(D-alkynyl, HT29; IGROV1; HL60 TrxR inhibition
triphenylphosphane
Au(I)-alkynyl, . . ! TrxR inhibition, COX-1/2
[113] triphenylphosphine/ PTA MCE-7; HepGS; Caco-2/TC7 inhibition, increased ROS
[114] Au(I)-alkynyl, phosphane OVCAR-3; HOP-62 HSA binding
[115] Au(I)-alkynyl 5637; T24 TrxR inhibition
TrxR inhibition, mitochondrial
[117] Au(I)-alkynyl-triterpene MCF-7; HT-29; HepG3; A2780 impairment, increased ROS,
endoplasmic reticulum stress
[119] Au(D-alkynyl-ibuprofen MCF-7, MDA-MB-231; HT-29 (xR and glutathione reductase

inhibition, increased ROS

2.5. Lanthanum Coordination Compounds

Lanthanum is the first member of the lanthanide series of f-transition metals. Its
typical oxidation state is +3 and its coordination number can vary between 6 and 12.
In terms of ionic potential La(Ill) resembles a multitude of “biological” ions (Fe(IIl),
Ca(Il), Zn(II), Mg(Il)) and is therefore able to competitively replace them in ion-binding
proteins [120]. A number of studies have related La(IIl) toxicity to impairment of zinc- and
iron-dependent enzymatic systems, suppressing SOD, CAT and disrupting mitochondrial
function [121-123]. Currently lanthanum is applied in medicine in the form of the phos-
phate binder lanthanum carbonate [124]. During the past decade, the popularity of La(IIl)
complexes in cancer research has been steadily rising, mostly due to La’s ability to mimic
biometals and to coordinate bioactive ligands [83]. As the search for La(Ill) complexes suit-
able for cancer therapy is slowly gaining traction [125], the authors would like to introduce
the most prominent studies on this subject over the past three years.

Mohammed and coworkers synthesized a series of lanthanide complexes with two
ferrocene-substituted Schiff bases [126]. Both La(IlI) complexes with these two ligands
(1:1 metal ion:ligand molar ratio) manifested moderate antiproliferative activities (ICs
about 22 pM) against the MCF7 cell line (SRB, 48 h). Molecular docking studies suggested
interaction with the 3HB5 breast cancer receptor.

A tetradentate Schiff base ligand (Figure 35) was coordinated with La(III) [127]. Both
substances were tested for antiproliferative activity against MCF-7 and HepG2 (SRB, 48h
exposure) and yielded promising results (IC5g = 23-50 pM). Adding La(IlI) to the Schiff base
decreased anticancer activity against MCF-7 and dramatically improved it against Hep-G2.

N—N N—N
\
Phxwﬁ\mi?)\%

N N
{:g 2:>
Figure 35. The ligand of the complex presented in [127].
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A La(IIl)-5-fluorouracil complex (1:1 molar ratio) was synthesized and tested against
the Caco-2 cell line (trypan blue exclusion assay). The presence of the La(IlI) coordination
center significantly improved cytotoxicity, compared to 5-fluorouracil [128]. Molecular
docking studies suggested interaction with site II of BSA.

A La(IlI) complex with tyrosine (metal: ligand molar ratio is 1:3) was tested against
MCE-7 cells [129]. After 72 h of incubation (MTT assay), the complex manifested antiprolif-
erative activity (ICs5p = 21 puM) similar to the positive control cisplatin. Furthermore, the
compound was found to be non-toxic to non-cancerous ADSC cells.

La(IIl) was complexed with N,N’-bis(2-aminoethyl)oxamide (Figure 36-1), 2,2’-bipyridine
(Figure 36-2), 1,10-phenanthroline (Figure 36-3) and dipyrido(3,2-a:2,3'-c)phenazine
(Figure 36-4) [130]. Four complexes were synthesized—{[La(1)2(NO3)2](NO3), [La(1)(2)[(NO3)3,
[La(1)(3)][(NO3)s and [La(1)2(3)[(NOs3)3. All complexes manifested moderated cytotoxic ac-
tivities (MTT assay against MCF-7), the highest activity being observed by [La(1)2(3)](NOs)3,
with an ICsp = 22 uM. The bigger the aromatic planar structure of the ligand, the greater
the cytotoxicity, attributed by the authors to DNA intercalation and cleaving.

R

Figure 36. The ligands of the complexes presented in [130].

N
\/\NHZ
/\/NHZ

A mixed ligand La(IIl) complex with 2,2’-bipyridyl and 5,7-dibromo-8-quinolinol man-
ifested significant activity against SK-OV-3/DDP, NCI-H460, HeLa and HL-7702 cells [131].
ICsp is within the low micromolar range (MTT assay). The strongest cytotoxicity was
against HeLa—about 2 uM.

Two La(Ill) complexes (Figure 37) with pyridine-2,6-dicarboxylate were tested against
the HL60, HepG2, HT29 and normal HFF cell lines [132]. Oxaliplatin was used as a positive
control. The complexes were more potent than the ligands themselves.
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Figure 37. The ligands of the complexes presented in [132].

Complex 1 manifested a stronger antiproliferative effect compared to complex 2
against all cell lines (MTT assay). Complex 1 was particularly effective against HL60
(IC50 = 0.69 uM). Activity against Hep-G2 and HT-29 was moderate (IC5y = 20.76 and
90.34 uM, respectively). Both compounds were non-toxic against HFF. Complexes 1 and 2
increased ROS levels in HL 60 by 211% and 141%, respectively, the result being higher than
that for the positive control oxaliplatin.

A La(IIl) complex with 2,2"-bipyridine [133] was tested against the MCF-7, A549 and
the non-cancerous HFB cell lines (MTT test, 24 h). Molecular docking suggested interaction
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with site III in BSA. 5-FU and methotrexate were used as positive controls. The complex
manifested a promising antiproliferative effect. ICsy was about ten-fold lower than the
positive controls (3.25-3.99 versus 27.5-47.8 uM). Additionally, cytotoxicity against the
healthy cell line was about two times lower than methotrexate and 5-FU.

Essential information on the La complexes’ structures, type of cancer cells suppressed

and biological activity has been summarized in Table 5.

Table 5. Summary of the lanthanum complexes presented.

eps . . . Biological Activity
Citation Number Metal Ion/Ligand Type Effective against (If Investigated)
[126] La(I1I), ferroc.ene-substltuted MCE-7 Molecular docking: 3HB5 breast
Schiff base cancer receptor
[127] La(IIl), tetradentate Schiff base MCEF-7, HepG2 n/a
[128] La(III), 5-fluorouracil Caco2 n/a
[129] La(IIl), tyrosin MCE-7 Molecular docking: interaction
A, tyrosine with site II of BSA
La(Il), polypyridine, : DNA intercalation, DNA
[130] 1,10-phenanthroline MCE-7 cleaving
S SK-OV-3/DDP; NCI-H460; HeLa;
[131] La(III), bipyridyl HI-7702 n/a
La(III), ) ] .
[132] pyridine-2,6-dicarboxylate HL60; HepG2; HT29 ROS increase
[133] La(Ill), bipyridine MCF-7; A-549 Molecular docking: interaction

with site III of BSA

3. Discussion and Conclusions

Metal-based drugs are continually gaining ground in modern medicine, particularly

in the field of oncology. Platinum, ruthenium, gold, lanthanum and gallium coordination
compounds provide promising perspectives in the constant search for novel anticancer
drugs. The research reviewed here helped the authors draw a number of conclusions:

Depending on the element serving as coordination center, the complexes under review
exhibit their antiproliferative activity via different pathways: DNA impairment via
inter-/intra-strand crosslinks, mitochondrial function impairment, generation of ROS
and apoptosis/necrosis. These effects result from a variety of biochemical and physico-
chemical mechanisms: DNA /protein binding, ionic mimicry, competitive inhibition of
enzymes and photosensitization. This multitude of possible metal-dependent modes
of anticancer action allows for consideration of potential combination therapies that
improve effectiveness, avoid therapy resistance and reduce systemic toxicities;

The activities of the metal coordination centers can be modified with a suitable choice
of ligands. High cytotoxicity against tumors is not enough, unless it goes hand in
hand with good selectivity and/or a suitable cancer cell targeting mechanism;
Physicochemical mechanisms such as photoactivation, as in photodynamic therapy,
allow for targeting specific areas of the body with the aid of a photosensitizer with low
systemic toxicity. Developing transition metal complexes with suitable photophysical
properties seems to be a suitable direction, both logical and necessary, in the search of
novel anticancer treatments.
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Abstract: The interest in the use of copper as a metal scaffold for the development of novel chemother-
apeutics has considerably grown in recent years. This is mainly due to the relatively lower toxicity
of copper complexes with respect to platinum drugs (i.e., cisplatin), the different mechanisms of
action, and the cheaper cost. In the last decades, hundreds of copper-based complexes were de-
veloped and screened as anticancer agents, with the antesignanus of all compounds being copper
bis-phenanthroline [Cu(phen),]** developed by D.S. Sigman in the late 1990s. In particular, cop-
per(phen) derivatives have been shown high interest in their capacity to interact with DNA by
nucleobase intercalation. Here, we report the synthesis and chemical characterization of four novel
copper(Il) complexes functionalised with phenanthroline derivatives containing biotin. Biotin, also
known as Vitamin B7, is involved in a series of metabolic processes, and its receptors are often
overexpressed in many tumour cells. A detailed biological analysis including cytotoxicity in 2D and
3D, cellular drug uptake, DNA interaction, and morphological studies are discussed.

Keywords: copper(II) complexes; biotin; anticancer activity; 3D cell cultures

1. Introduction

Platinum(II) anticancer drugs, cisplatin, carboplatin, and oxaliplatin have displayed
phenomenal clinical activity in the treatment of solid tumours in the past several decades,
and are used in nearly 50% of all clinical chemotherapeutic regimens [1-3]. Platinum-
derived anticancer agents deliver their cytotoxicity mainly through covalent binding to
the therapeutic target DNA rather than noncovalent interaction, a behaviour that is dif-
ferent from most of the classical nonmetal organic drugs, therefore resulting in enhanced
anticancer activity due to the amplified duration of drug action [4-6]. The drawbacks
associated with the use of these drugs are the offsite interactions between the platinum and
biomolecules (such as proteins, enzymes ... ), which not only lead to chronic side effects
but also to decreased drug efficacy. This effect, coupled with the increasing resistance
developed by cancers to platinum complexes, opens the door for the need of designing
new and highly selective-based anticancer therapeutics [1]. One strategy is to exploit the
overexpression of specific receptors on or within the tumour cell. The use of specific vectors
that can be recognized by these overexpressed receptors is a smart strategy to increase the
selectivity of metal-based drugs enhancing the accumulation inside cancer tissues [7]. This
strategy, paired with the use of an endogenous metal centre like copper(Il), should lead to
a more selective and less-toxic alternative to a platinum-based therapeutic arsenal [8].
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Biotin belongs to the family of B vitamins, and it is more specifically known as
vitamin B7 or vitamin H. Biotin is involved in a huge array of metabolic processes in
mammals but also in many other organisms. Mostly, it is used for the regulation of
carbohydrates and amino acids [9]. Biotin is a water-soluble heterocyclic molecule formed of
two condensed five-member rings (a tetrahydrothiophene ring fused to an ureido ring) and
a carboxylic acid at the end of a four-carbon chain which makes it a highly attractive delivery
vector (Figure 1). Recent reports have shown that the biotin-specific uptake systems are
enhanced in many cancer cells, including leukaemia (L1210FR), ovarian (Ov2008, IDS),
colon (Colo-26), mastocytoma (P815), lung (M109), renal (RENCA, RD0995) and breast (4T1,
JC, MMTO06056) cancer cell lines [10]. Biotin has been demonstrated to be very rapidly taken
up into tumour cells which overexpress the biotin-related receptors on their cell surface.
Studies have already shown that tagging classical metal-based chemotherapy drugs with a
biotin moiety leads to very positive effects [11]. Guo et al. developed several biotinylated
Pt(IV) complexes with indomethacin [12,13] and, in 2017, Wang et al. created a library of
Pt(IV) complexes with biotin in an axial position [14]. Very recently, in 2022, Han et al.
developed a Pt(IV) complex bearing one HDAC inhibitor (4-phenylbutyric acid) and biotin
moiety attached in the axial positions [15]. In 2019, Upadhyay et al. reported the synthesis
and biological evaluation of platinum(II) complexes where a biotin moiety was conjugated
to a 1,10-phenanthroline scaffold [16] and biotinylated ruthenium, osmium, and copper
complexes are described [17-21].

ON-NH H o
HE/@“\\\/\)J\OH
H \—s

Figure 1. Structure of biotin.

Inspired by these results, we here report the synthesis, characterization, and biological
application of four novel Cu(Il) complexes (1-4) with two different biotin-functionalized
ligands A and B (Scheme 1). The addition of the biotin to the scaffolds of phenanthroline and
dafone (4,5-Diazafluoren-9-one) will enhance not only the selectivity toward tumour tissues
but also the hydrophilic features of the final complexes, which is an important characteristic
for biological applications. The in vitro anticancer potential of these complexes has been
investigated on 2D and 3D cancer-cell models; additionally, cell-free and in-cell studies
were carried out in order to elucidate their mechanism of action.
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Scheme 1. Synthetic pathway for the formation of complexes 1-4. (i)—CuCl,/MeOH/reflux;
(ii)—1,10-Phenanthroline / AgNO3 /DMEF/r.t; (iii)—[Cu(phen)(ONO,),]/DMF /40 °C.
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2. Results and Discussion
2.1. Synthesis and Characterisation

Phenanthroline derivatives of Cu(Il) have been historically studied as antimicrobial
and anticancer compounds, with a strong ability to intercalate between the DNA nucle-
obases [22,23]. On these bases, we decided to modify the phenanthroline scaffold to allow
functionalisation with the vector biotin. Two novel ligands (A and B) were conjugated to
the Cu(Il) centre, obtaining four novel complexes, two with two chlorides (1 and 2) and
two with another phenanthroline (3 and 4) completing the copper coordination sphere
(Scheme 1).

As described in the experimental section and in Scheme S1 (Supporting Information),
biotin was transformed in the corresponding methyl ester derivative (1) before being func-
tionalised with hydrazine to obtain the biotin-hydrazine derivative (2). Biotin-hydrazine 2
was then reacted with dafone (4,5-Diazafluoren-9-one) or phendione, obtaining the two
novel ligands (A and B, respectively). The novel ligands were characterised by multinuclear
NMR, IR, elemental analyses, and HR-MS (Figures S1-56 in Supporting Information).

The synthesis of the four novel complexes 1-4 has been challenging and only after
different attempts, the complexes were obtained in high purity for biological studies.
Complexes 1 and 2 were obtained by reacting CuCl, and the corresponding ligand (A or B)
in MeOH. Complex 3 was obtained from complex 1 by reaction with one equivalent of
phenanthroline in the presence of AgNO3;. Complex 4, finally, was obtained by direct
reaction of ligand B with one equivalent of [Cu(phen)(ONO,),] in DMEF. All the complexes
have been characterised by IR and HR-MS and the purity was assessed by elemental
analyses and HPLC (Figures S7-513 in Supporting Information). The complexes are stable
in physiological buffer solutions in the pH range of 4-9 and are stable at pH 6 for at least
one week (UV-Studies, Figure 514 in Supporting Information).

2.2. Cytotoxicity

The in vitro anticancer potential of the newly developed complexes and of the ligands
has been tested on six different cancer cell lines including PSN-1 (pancreatic), HCT-15
(colorectal with low sensitivity for cisplatin), 2008 (ovarian), A431 (cervical), MDA-MB-231
(breast), and U1285 (lung) cancer cells. For comparison purposes, cisplatin efficacy was
assessed under the same experimental conditions. The cytotoxicity parameters, expressed
in terms of ICsy and obtained after 72 h of drug exposure by MTT assay, are reported in
Table 1.

Table 1. ICs, values of complexes 1-4 in PSN-1 (pancreatic), HCT-15 (colorectal with low sensitivity
for cisplatin), 2008 (ovarian), A431 (cervical), MDA-MB-231 (breast), and U1285 (lung) cancer cells.
Cells (3-5 x 10% x well) were treated for 72 h with tested compounds. Cell viability was estimated
by means of the MTT test. The ICs5y values were calculated by a four-parameter (4-PL) logistic model
(p <0.05). S.D. = standard deviation.

Complex PSN-1 HCT-15 2008 A431 MDA-MB-231 U-1285
1 0.6 0.2 0.4 +0.1 454+0.6 72+0.6 21404 59+05
2 04+0.1 04+0.1 1.14+03 1.24+05 14401 3.8+05
3 0.7 4+£0.2 1.8+£0.2 3.34+0.1 0.94+0.2 14+04 3.0+0.3
4 06+02 044+0.02 0.6 +0.2 0.3 +0.03 0.6 £0.1 20+ 0.6
A >50 >50 >50 >50 >50 >50
B N/A N/A 21.48 +0.72 N/A N/A 28.13 +2.77
Cisplatin 121 +29 139417 22+ 1.4 21409 305+26 21+09

All the newly developed copper complexes showed strong cytotoxicity against most
of the cell lines, with average ICs( values from three to fourteen times lower with respect
to those elicited by the reference drug cisplatin. Ligands A and B did not show activity
comparable to the complexes. Compound 4 was the most active complex in 2D assays,
with an average ICsy value in the low micromolar range (0.8 pM) while the weakest was
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complex 1 (average ICsy 3.4 uM). Due to note, all the complexes were very effective in the
MDA-MB-231 cell line, which overexpress the SMVT (sodium-dependent multivitamin
transporter) receptor, which is well known to be involved in the intracellular translocation
of biotin [24].

Table 2 reported the ICs values of the complexes against two types of ovarian cancer
cells, one sensitive (2008) and one resistant to cisplatin (C13*). Very interesting, all com-
plexes showed similar activity in both cell lines, indicating that they can overcome the
cisplatin resistance. The resistance factor (R.F., the ratio among ICs5 values obtained in
resistant C13*cells and those calculated in the sensitive 2008 ones) calculated for all tested
complexes resulted to be <2 (R.F. for cisplatin 11.1), strongly confirming the ability of the
complexes to bypass cisplatin resistance.

Table 2. ICs values of complexes 1-4 against 2008 and C13* ovarian cancer cell lines. Cells (3 x 10> x well)
were treated for 72 h with tested compounds. Cell viability was estimated by means of the MTT test. The
ICs values were calculated by a four-parameter (4-PL) logistic model (p < 0.05). S.D. = standard deviation.
RF = ICs resistant/ICs parental cells.

Complex 2008 C13* R.E
1 45+ 0.6 20+08 0.4
2 1.1+03 1.1+04 1.0
3 33+0.1 25+02 0.7
4 0.6 0.2 1.1+£03 1.9
Cisplatin 22+14 241+3.0 11.1

In order to preliminarily assess the possible toxic effect on noncancerous cells, we
also evaluated the cytotoxic potential of the newly developed Cu(Il) complexes against
noncancerous CHO cells (Table 3). For all tested complexes, calculated ICsy values were
higher than those obtained (on average) against tumour cells, thus indicating for this class
of metal complexes a slightly preferential cytotoxicity against cancer cells, as attested by
the calculated selectivity index values (SI = the quotient of the average ICsy toward normal
cells divided by the average ICs for the malignant cells).

Table 3. Cytotoxic potential of the developed Cu(II) complexes against noncancerous CHO cells.

Complex CHO S.IL
1 13.1+£0.9 3.9
2 52+0.3 3.7
3 21408 1.1
4 1.8+ 0.7 2.3
Cisplatin 241+3.0 11.1

The most active complexes, 2 and 4, were also screened against 3D spheroids of
human pancreatic PSN-1 cancer cells to further assess their anticancer potential in a more
predictive environment. The 2D cell cultures reflect only in part the morphology of human
cancer cells and do not represent the complexity of the in vivo tumour microenvironment
regarding morphology, growth, gene expression, and differentiation. Conversely, the
3D cell cultures (spheroids), constitute an alternative and/or parallel approach to 2D,
as they more accurately mimic the tumour microenvironment, and, nowadays, they are
increasingly used as preclinical tumour models in anticancer drug screenings.

The cancer spheroids were treated with tested complexes for 72 h, and the cell viability
was estimated by means of a modified acid phosphatase (APH) assay. The ICsy values
for complexes 2 and 4 in 3D PSN-1 human pancreatic adenocarcinoma-cell spheroids
are shown in Table 4. Both complexes proved to be far more active than cisplatin in 3D
spheroids, being about forty and eight times more effective than the reference metallodrug,
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respectively. On the other hand, compared with 2D assays, complex 2 was found more
cytotoxic than complex 4 in 3D studies.

Table 4. ICs values of complexes 2 and 4 against human pancreatic PSN-1 cancer-cell spheroids. The
cells (2.5 x 103 cells/well) were treated for 72 h with tested compounds. Cell viability was estimated
by means of the APH test. ICsy values were calculated from the dose-response curves by a 4-PL
logistic model (p < 0.05). S.D. = standard deviation.

Complex PSN-1
2 13405
4 69+13

Cisplatin 52.6 +3.8

2.3. Cellular Uptake

The ability to enter cancer cells is a very important factor to determine the biological
activity of metal-based compounds. Consequently, with the aim of correlating the antipro-
liferative activity elicited by all the newly developed complexes and their accumulation
profiles into cancer cells, the Cu content was evaluated in the SMVT overexpressing MDA-
MB-231 cells. Uptake profiles were determined by treating cancer cells for 24 h with two
concentrations (2 and 3 uM) of tested complexes. Results, reported in Figure 2, clearly
showed that the Cu intracellular content was dose dependent and, among all, complexes
which are most internalised into cancer cells are derivatives 3 and 4. These results suggest
that the role of the biotin in the cellular uptake is minimal and that complexes are mainly
internalised by passive diffusion, being that complexes 3 and 4 are the most lipophilic ones
(due to the presence of phenanthroline with respect to the chlorides in complexes 1 and
2). Interestingly, a linear and direct correlation between drug uptake and 2D cytotoxicity
could be drawn for all tested complexes (Figure S15 in Supporting Information).

1.8 . 2 M
I /3 4 uM
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Figure 2. Cellular uptake of complexes 1-4 in drug-treated MDA-MB-231 human breast cancer cells.
Cells were incubated for 24 h with 2 or 4 uM of tested complexes. The amount of cellular Cu was
estimated by GF-AAS. Error bars are S.D.

2.4. DNA Interaction and PDI Inhibition

A number of research studies were performed on the elucidation of the mechanism of
action of copper complexes in the past three decades. Despite several different molecular
targets having been proposed for copper(ll) complexes, DNA still represents one of the
most substantiated when considering diamine ligands. On this basis, we thought it of
interest to evaluate the ability of tested complexes to interact with DNA, both at molecular
and cellular levels. An ethidium bromide (EB) displacement assay was used to understand
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if the complexes interact with the DNA at a molecular level. Compounds 3 and 4 displayed
the highest quenching values and the relative fluorescence decrease was greater than 50%
with binding constants of 2.53 x 107 M(bp~!) and 1.28 x 10’ M(bp~!) for compounds 3
and 4, respectively (Figure 3). These values are very much in line with what was previously
seen by us [25] and also very close to the reported literature values of 2.60 x 107 M(bp’l)
and 3.04 x 107 M(bp_l) for the bis complexes of [Cu(phen)2]2+ and [Cu(DPQ),]* reported
by Molphy et al. [26]. Compounds 1 and 2 instead showed very small quenching and
the binding constants were not determined. It is largely possible that the presence of
the 1,10-phenanthroline scaffold on compounds 3 and 4 is contributing to the increased
displacement of the EtBr (probably by intercalation) and leading to a more noticeable
decrease in the fluorescence.
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Figure 3. DNA Fluorescence quenching and relative displacement of EtBr for complexes 1-4.

As proof of the principle of their DNA-targeting ability, the alkaline single-cell gel elec-
trophoresis (Comet assay, Figure 4) assay was performed to evaluate cellular genomic DNA
lesions induced by tested complexes. The most effective cytotoxic derivatives, complexes
2 and 4, were chosen as the most representative compounds. MDA-MDB-231 cells were
exposed for 3 h to 4 uM of tested compounds or 200 uM of the reference drug chlorambucil.
Figure 4A depicts the relative percentage of comets and the number of cells forming a comet
relative to the total number of detected cells per each condition in two randomly captured
fields from two independent experiments. Comet assay studies clearly showed that at least
one fourth and one third of cells treated with compounds 2 and 4, respectively, presented
lesioned genomic DNA. Interestingly, the DNA damaging efficacy of compound 4 was even
much higher than that induced by the reference compound chlorambucil. On the contrary,
cell metalation studies clearly showed that complexes are not able to covalently bind the
DNA (Figure 516 in Supporting Information). Altogether, these data confirm that DNA
is a major target for this class of complexes and the interaction is mainly by intercalation.
On the other hand, some reports highlighted protein disulphide isomerase (PDI) as an
emerging target for copper complexes [27]. On this basis, we also evaluated the ability of
our complexes to act as PDI inhibitors. The enzyme was treated with 25 uM of complexes 2
and 4, and the ability to hamper its activity was assessed by a biochemical colourimetric
method (Proteostat kit). As shown in Figure 4B, both complexes are able to inhibit the PDI
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by 45 and 15%, respectively, indicating that PDI could be a possible secondary molecular
target for this class of copper(Il) complexes.
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Figure 4. Mechanistic studies. (A) Comet assay: MDA-MDB-231 cells were treated for 3 h with 4 uM
of tested compounds 2 and 4 or 200 uM of the reference drug chlorambucil. The relative percentage
of comets (number of cells forming a comet/total number of cells) was detected in two randomly
captured fields from two independent experiments. (B) PDI inhibition induced by tested compounds
was measured by Proteostat PDI assay kit. The PDI inhibitor Bacitracine (0.5 mM) was used as a
positive control. Error bars indicate S.D. ** p < 0.01 compared with control.

Transmission electron microscopy (TEM) studies were also performed to assess the
eventual modification of cellular/subcellular morphological features induced by the tested
complexes. Figure 5 reports the TEM images of the breast carcinoma cells MDA-MB-
231 treated for 24 h with IC5p concentrations of cisplatin or compounds 2 and 4. Cells
treated with compounds 2 and 4 showed a very different morphology with respect to the
untreated cells and were characterized by a substantial enhancement of the mitochondrial
dimensions (swelling) and a partial disruption of the cristae structures. Furthermore, an
extensive increase in cytoplasmatic multivesicular bodies and in nuclear multilamellar
bodies was detected. It is reported that the multivesicular bodies derive from activation
of the lysosomes and, therefore, this suggests that the mechanism of action involves
cytoplasmic acidic organelles.

Figure 5. TEM analysis of MDA-MB-231 human breast cancer cells: (a,b) control cells; (c—e) cells
treated for 24 h with ICsy concentrations of 2; (f-h) cells treated for 24 h with ICsy concentrations of 4.
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2.5. Apoptosis and Morphological Studies

In order to assess the ability of the most representative complex 4 to induce cancer cell
death by apoptosis, the Hoechst33258 assay was performed on human breast carcinoma
cells MDA-MB-231. Cells were incubated with complex 4 at 3 uM for 24 and 48 h. Cells
treated with derivative 4, similar to cisplatin, presented brightly stained nuclei and mor-
phological features typical of cells undergoing apoptosis, such as chromatin condensation
and fragmentation (Figure 6) in a time-dependent manner. These results clearly indicate
that the newly developed copper(Il) complexes induced cancer-cell death by apoptosis.

Figure 6. Hoechst staining of MDA-MB-231 cells: (a) control cells; cells incubated for 24 h (b) or 48 h
(c) with ICs of cisplatin; cells incubated for 24 h (d) or 48 h (e) with ICsq of 4.

3. Experimental Part
3.1. Material and Methods

All reactants and reagents were purchased from commercial sources, in particular
Sigma-Aldrich and Fluorochem. All solvents were used without further purification.
Dafone [28], phendione [25] and [Cu(phen)(ONO;),] [29] were synthesised as previously
reported with minor modifications.

The description of the instruments and of the experiments to assess the purity of the
samples via HPLC are described in previous papers [25,30-32].

3.1.1. Stability

The pH stability was examined over a pH range of 4-9 by preparing a 10 uM solution
of each compound in H,O and adjusting the pH using 0.01 mL of either NaOH 1 M or
0.1 M and HCI of the same in order to keep the volume consistent. When the desired pH
was reached, the solution was allowed to stabilise for 10 min at 18 °C before it was then
examined in a UV-Vis spectrometer at over a range of 200-600 nM. The stability at pH = 6
was assessed over a period of 1 week.

3.1.2. Ethidium Bromide Displacement Assay

EtBr displacement assays were performed in 10 mM phosphate buffer solution (pH
7.4) as described by Boger et al. [33] The binding values were calculated using the % relative
decrease of fluorescence at 50% and the equation below.

[EtBr]
compound)50%py

)

EB[
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3.1.3. Experiments with Cultured Human Cancer Cells

Tested compounds were dissolved in DMSO and added to the cell-growth medium to
a final solvent concentration of 0.5%, which is well reported to not have cytotoxic effects
on cell viability. Cisplatin (Sigma Chemical Co., St. Louis, MO, USA) was dissolved in a
physiologic solution (0.9% sodium chloride).

3.1.4. Cell Cultures

Human colon (HCT-15), pancreatic (PSN-1), and breast (MDA-MB-231) carcinoma-
cell lines were obtained from the American Type Culture Collection (ATCC, Rockville,
MD). Human cervical carcinoma (A431) cells were kindly provided by Prof. F. Zunino
(Division of Experimental Oncology B, Istituto Nazionale dei Tumori, Milan). Human
ovarian carcinoma (2008) cells and their cisplatin-resistant counterpart (C13*) were kindly
provided by Prof. G. Marverti (Dipartimento di Scienze Biomediche, Universita di Modena
University, Italy). Cell lines were cultured in RPMI-1640 or DMEM medium (Euroclone)
added with 10% fetal calf serum (Euroclone, Milan, Italy), antibiotics (50 units per mL
penicillin, and 50 pg mL~! streptomycin), and 2 mM L-glutamine.

3.1.5. MTT Test

The growth inhibitory effect toward the tumour cell lines was evaluated by the MTT
test as previously described [34].

3.1.6. Spheroid Cultures

Spheroid cultures were performed by seeding 2.5 x 10® PSN-1 cancer cells/well in
spheroid-suitable tissue culture untreated 96-well plates (Greiner Bio-one, Kremsmdiinster,
Austria) in RPMI-1640 cell culture medium without phenol red (Sigma Chemical Co.,
St. Louis, MO, USA) containing 10% fetal calf serum and supplemented with 20% methyl
cellulose stock solution.

3.1.7. APH Assay

An established APH-modified assay was used to detect the cytotoxicity profile in 3D
spheroids, as previously described. IC5 values were calculated using a 4-PL model [35,36].

3.1.8. Copper Cellular Content

MDA-MB-231 cells (2.5 x 10°) were seeded in 75 cm? flasks in a growth medium
(20 mL). Following 24 h, cells were treated for 24 h with tested complexes and samples
processed as previously described [27].

3.1.9. Comet Assay

About 3 x 10* MDA-MB-231 cells were seeded in 25 cm? flasks in a growth medium.
After overnight incubation, cells were treated for 3 h with 2.5 pM of tested compounds
and processed as previously described [27]. Pictures were captured with a Zeiss LSM-800
confocal microscope (Zeiss, Oberkochen, Germany). All photos were analyzed by the Zen
2.3 system (Zeiss, Oberkochen, Germany).

3.1.10. Protein Disulfide Isomerase (PDI) Activity

The reductase activity of PDI was assayed by measuring the PDI-catalysed reduction
of insulin in the presence of increasing concentrations of the tested compounds by using
the PROTEOSTAT PDI assay kit (Enzo Life Sciences, Lausen, Switzerland). Experiments
were performed according to the manufacturer’s instructions as previously described [27].
ICs5¢ values were calculated by the 4-PL model.

3.1.11. Transmission Electron Microscopy (TEM) Analyses

About 10° MDA-MB-231 cells were seeded in 24-well plates and, following overnight
incubation, were treated with the tested compounds for 24 h. Then, cells were processed as

73



Molecules 2023, 28,4112

previously described [1]. Pictures were captured with a Hitachi H-600 electron microscope
(Hitachi, Tokyo, Japan) operating at 75 kV. All photos were analyzed by using Corel Draw 11.

3.1.12. Cell Death Induction

MDA-MB-231 cells were seeded into 8-well tissue-culture slides (BD Falcon, Bedford,
MA, USA) at 5 x 10* cells/well (0.8 cm?). After overnight incubation, cells were treated
with IC5¢ doses of the tested compound and processed as previously described [27].

3.1.13. Statistical Analysis

All values are the means £ SD of no less than three measurements starting from
three different cell cultures. Multiple comparisons were made by ANOVA followed by the
Tukey—-Kramer multiple comparison test (* p < 0.05, ** p < 0.01), using GraphPad InStat
software 3.10 (GraphPad Software, San Diego, CA, USA).

3.2. Synthesis and Characterisation
The ligands A and B were synthesised according to Scheme 51 in Supporting Information.

3.2.1. 1,10-Phenanthroline-5,6-dione (phendione)

The phendione was prepared using a previous method from our group [24]; 1,10-
phenanthroline (2000 mg, 10 mmoles) and potassium bromide (2000 mg, 16.8 mmoles) were
added to a round bottom flask containing an ice-cold mixture of H,SO4 (20 mL) and HNO;
(10 mL). The solution was refluxed at 100 °C for 3 h and a dark-orange colour was observed.
The solution was allowed to cool to room temperature, then slowly poured into deionised
iced HyO (200 mL). To this was added slowly a solution of NaOH (200 mL, 5 M) until a
pH of ~6 was reached. The solution was then poured into a separation funnel and washed
with CHCI3 (2 x 50 mL). The organic phase was dried using anhydrous sodium sulphate.
The solution was then filtered and reduced in vacuo. A yellow solid was recovered. The
crude yellow solid was purified via recrystallization from MeOH to give yellow needles
(162 mg, 77%). '"H NMR (500 MHz, CDCl3) 6 9.11 (dd, 2H), 8.49 (dd, 2H), 7.58 (dd, ] = 7.9,
4.7 Hz, 2H). 13C NMR (126 MHz, CDCl3) § 178.8, 156.5, 153.0, 137.4, 128.2, 125.7. Elemental
Analysis: C1oHgN»,O% Calculated C 68.57, H 2.88, N 13.51, % Found: C 67.97, H 3.07,
N 13.14 HR-MS (+): m/z Calculated for C1,HgN,O + [H*] 211.0508, Found 211.0507.

3.2.2. Dafone (4,5-Diazafluoren-9-one)

Dafone was synthesised as reported in the literature with modifications [28]; 1,10-
phenanthroline (1000 mg, 5.54 mmoles) and KOH (1010 g, 18.1 mmoles) were refluxed into
H,0 (60 mL). In a separate flask KMnOy (2540 mg, 16.01 mmoles) was dissolved in warm
H,O (35 mL, 85 °C). The KMnO, was then added dropwise with stirring over the course
of 3.5 h. It was kept at 85 °C for the duration of the addition. After the final addition, the
stirring was allowed to continue for 1 h. The brown solution was gravity filtered while hot
and the brown solid was washed extensively with H,O. The orange filtrate was allowed to
cool to room temperature and then extracted with CHCl3 (3 x 150 mL). The organic layers
were combined and washed with brine (100 mL), then dried over Na;SO4 anhydrous. The
solvent was removed under reduced pressure to yield the crude yellow/orange solid. The
crude product was purified via recrystallization from acetone to give needles (450 mg, 45%).
'H NMR (500 MHz, CDCl3) § 8.80 (ddd, ] = 5.0, 1.5, 1.0, 2H), 7.99 (ddd, ] = 7.5, 1.5, 1.1, 2H),
7.35(ddd, ] = 7.5, 5.0, 0.8, 2H). 13C NMR (126 MHz, CDCl3) 5 189.7, 163.5, 155.3, 131.6, 129.4,
124.8. Elemental Analysis: C11HgN,O % Calculated: C 72.52, H 3.32, N 15.38. % Found: C 73.06,
H 3.83, N 15.94. HR-MS (+): m/z Calculated for C1;HgN,O + [ H] 183.0482, Found 183.0561.

3.2.3. Biotin Methyl Ester (1)

The synthesis of biotin methyl ester was performed according to a modified protocol
previously reported [37]. Biotin (300 mg, 1.23 mmoles) was suspended in dry MeOH (3 mL)
and placed under N;. Following this, the system was flushed entirely with N,. SOCl, (0.3 mL,
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4 mmoles) was then added dropwise via cannula. The solution was allowed to stir overnight
at room temperature. A clear golden solution was observed. The excess SOCl, and MeOH
were removed under reduced pressure. The flask was cooled in an ice bath for an hour and a
crystalline solid was obtained. The white solid was taken up in CHCl3 (25 mL) and washed
with NaHCO; (2 x 30 mL) and then with brine (25 mL). The organic layer was dried over
Na;SO4 (anhydrous) and the solvent was removed under reduced pressure to yield the title
compound as a white solid (269 mg, 85%). 'H NMR (500 MHz, DMSO-d;) 6 6.46 (s, 1H),
6.38 (s, 1H), 4.30 (dd, ] = 7.5, 5.3, 1H), 4.13 (m, 1H), 3.57 (s, 3H, O-CH3), 3.09 (m, 1H),
2.81 (dd, ] = 124, 5.1, 1H), 2.56 (t, ] = 13.4, 1H), 2.29 (m, 2H), 1.53 (m, 4H), 1.27 (m, 2H).
13C NMR (126 MHz, DMSO-d) 6 173.3162.7, 61.1, 59.3, 55.4, 51.2, 48.6, 33.1, 28.1, 28.0, 24.5.
Elemental Analysis: C11H gN»03S % Calculated: C 51.14, H7.02, N 10.84% Found: C 50.86,
H 6.77, N 10.56.

3.2.4. Biotin Hydrazide (2)

Biotin-hydrazide was synthesised as reported in the literature with slight modifica-
tion [38]. Biotin methyl ester (200 mg, 0.77 mmoles) was suspended in dry MeOH (10 mL)
and placed under Np. Hydrazine hydrate (210 mg, 6.77 mmoles) was added dropwise via
cannula to the suspension of biotin methyl ester. The solution was warmed to 50 °C until
a clear solution was observed (10-12 min). The solution was allowed to stir for 24 h at
room temperature and a white precipitate was observed. The MeOH was removed under
reduced pressure to yield a white solid. The crude product was taken up in warm H,O
(40 mL) and the aqueous layer was washed with CHCl3 (3 x 30 mL). The aqueous layers
were combined, and the H,O was removed under reduced pressure to yield a white solid
(184 mg, 92%). R¢ 0.72 (DCM: MeOH 90:10). 'H NMR (500 MHz, DMSO-dg) & = 8.93 (s, 1H,
N-H), 6.44 (s, 1H), 6.37 (s, 1H), 4.30 (dd, 1H), 4.19 (s, 2H, N-Hj), 4.12 (m, 1H), 3.09 (m, 1H),
2.82 (dd, ] = 12.4, 5.1, 1H), 2.61 (m, 1H), 2.00 (m, 2H), 1.43 (m, 6H). 3C NMR (126 MHz,
DMSO-dg) 6 = 175.6, 165.3, 62.0, 60.2, 55.2, 39.6, 33.3, 27.7, 27.5, 24.8. Elemental Analysis:
C10H18N40,S % Calculated: C 46.49, H 7.02, N 21.69% Found: C 46.19, H 7.16, N 20.46.
HR-MS (+): m/z Calculated for C;90H138N4O,S + [Na*] 281.1047, Found 281.1049.

3.2.5. Biotin-Dafone (A)

Biotin hydrazide (138 mg, 0.537 mmoles), dafone (98 mg, 0.537 mmoles), and p-TSA
(p-Toluenesulfonic acid 10% mol) were suspended in EtOH (20 mL). The solution was
refluxed until a clear solution was observed (1-1.5 h). The solution was then allowed to
stir for 24 h at room temperature. A white precipitate was observed. The white solid
was collected via Buchner filtration, washed with CHCl3 (2 x 30 mL) and dried under a
high vacuum. No further purification was required (112 mg, 54%). 'H NMR (500 MHz,
DMSO-d;) 6 11.38 (s, 1H, H-N-N), 8.73 (dd, | = 11.9, 7.0, 3H, Ar-H), 8.22 (s, 1H, Ar-H),
7.51 (m, 2H, Ar-H), 6.47 (d, ] =4.7, 1H, C=0O-N-H), 6.38 (d, ] = 5.2, 1H, C=0O-N-H), 4.32 (d,
J=4.4,1H, NCH), 4.12 (m, 2H, S-CH>), 3.17 (m, 2H, SCH & NCH), 2.83 (d, broad, | = 5.0,
2H, C=0-CH,), 1.78-1.28 (m, 6H, 3 x CH,). 13C NMR (126 MHz, DMSO-d) 5 162.7, 158.4,
156.7,151.3,140.4, 134.5, 132.4,129.0, 124.3, 123.5, 89.8, 87.7, 61.1, 59.2, 55.4, 48.6, 40.4 (under
DMSO, DEPT—135), 28.3, 28.1, 24.5, 16.9. Elemental Analysis: Cp1H»NgO,5% Calculated:
C59.70, H 5.25, N 19.89, % Found: C 59.06, H 5.16, N 19.46. HR-MS (+): m/z Calculated for
C1HpNgO,S + [Na*] 445.1423, Found 445.1390.

3.2.6. Biotin-Phen (B)

Biotin hydrazide (245 mg, 0.948 mmol) was suspended in warm EtOH (20 mL, 50
°C). In a separate flask, phendione (200 mg, 0.948 mmol) was dissolved in warm EtOH
(20 mL, 50 °C). The phendione was then added dropwise while stirring to the biotin
hydrazine over the course of 45 min. A yellow mixture was observed. P-TSA (10% mol)
was added and after 20 min the solution turned a clear-yellow colour. The solution was
allowed to reflux for 12 h and then allowed to cool to room temperature. The EtOH was
reduced under vacuum to 25% volume and the flask was placed in the fridge overnight. A
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bright-yellow precipitate was observed. The yellow solid was taken up in CHCl3 (20 mL),
washed with brine (2 x 30 mL), and dried over Na;SOy4. The excess CHCl3 was removed
under reduced pressure to yield a bright-yellow solid. The crude product was purified via
silica-gel chromatography (95:5) DCM/MeOH (360 mg, 85%). R¢ 0.88. 'H NMR (500 MHz,
DMSO-dg) 6 =13.97 (s, 1H, N-H), 9.08 (dd, ] =4.5, 1.8, 1H, Ar-H), 8.86 (dd, ] =4.5,1.7, 1H,
Ar-H), 8.55 (m, ] = 8.0, 1.7, 2H, Ar-H), 7.73 (dd, 1H, Ar-H), 7.64 (dd, ] = 8.1, 4.5, 1H, Ar-H).
6.48 (s, 1H, CN-H), 6.37 (s, 1H, CN-H), 4.31 (dd, ] = 7.6, 5.2, 1H, CH), 4.15 (m, 1H, CH), 3.14
(m, 2H, SCH,), 2.83 (m, 2H, amide CH,), 2.60 (m, 1H, SC-H), 1.71-1.52 (m, 6H, 3x CH,).
13C NMR (126 MHz, DMSO-d;) 6 = 180.8, 162.7, 155.5, 152.2, 150.6, 146.2, 135.7, 131.5, 131.4,
130.8, 128.4, 127.4, 125.0, 124.0, 79.2, 61.0, 59.2, 55.4, 54.9, 40.1 (under DMSO dept—135),
28.1, 24.1. Elemental Analysis: CppHy»NgO35% Calculated: C 58.65, H 4.92, N 18.65, %
Found: C 58.40, H5.11, N 18.22. HRMS (ESI +): m/z Calculated for Co,H,NgO3S + [Na™]
473.1372, Found 473.1366.

3.2.7. [Cu(phen)(ONO;),]

[Cu(phen)(ONO,),] was synthesised as reported in the literature with slight modifica-
tion [28]; 1,10-Phenanthroline (250 mg, 1.38 mmoles) was dissolved in methanol (30 mL). To this
was added Copper (II) nitrate trihydrate (366 mg, 1.51 mmoles) dissolved in MeOH (5 mL). The
solution was refluxed for 2 h at 80 °C. A bright-blue colour was observed. The solution was
allowed to cool to room temperature. Et,O (20 mL) was added while stirring continued. A blue
precipitate was observed. The precipitate was collected via vacuum filtration and washed with
Et,O (20 mL). The blue solid was purified via recrystallization from MeOH to give bright-blue
needles (225 mg, 44%). Elemental Analysis C1,HgCuN4Og + HyO% Calculated: C 37.36, H 2.61,
N 14.52, % Found: C 37.81, H2.96, N 14.21.

3.2.8. [Cu(dafone-biotin)Cl;] (1)

A (153 mg, 0.363 mmol) was suspended in refluxing MeOH (40 mL). CuCl,.2H,O
(68 mg, 0.398 mmol) was added dropwise while stirring. A green suspension was observed
and after 5-6 min a clear solution was observed. The solution was allowed to reflux for
another 4 h at which stage a fine-green precipitate was formed. The solution was allowed
to stir for a further 3 h and then was cooled at r.t. and the green solid was collected
via Buchner filtration and washed with cold MeOH (98 mg, 49%). Elemental Analysis:
C21HppCl,CuNgO,25% Calculated: C 45.29, H 3.98, N 15.09, % Found: C 45.88, H 3.48,
N 14.80. IR (ATR): 3335, 2922, 1655, 1610, 1481, 1086, 741. cm~!. HPLC (RP): CH5CN:
H,0 (80:20) RT 2.17 min 100%. HR-MS (+): m/z Calculated for Cp1HpCl,CuNgO,S [M]*
555.0230, Found 555.0021.

3.2.9. [Cu(phendione-biotin)Cl,] (2)

B (246 mg, 0.546 mmol) was suspended in MeOH (30 mL) and warmed to 50 °C and a
solution of CuCl,.2H,0 (111 mg, 0.655 mmol) in MeOH was added dropwise. The solution
was refluxed. After 10-15 min a clear-green solution was observed for a brief few moments
before a green precipitate began to form. The reflux was allowed to continue for a further
4 h before allowing the solution to cool to room temperature. The fine-green precipitate was
collected via Buchner filtration and washed very gently with CHCl3 (10 mL) to dispel any
unreacted ligand. No further purification was required (148 mg, 47%). Elemental Analysis:
CHpCl,CuNgO35% Calculated: C 45.17, H 3.79, N 14.37, % Found: C 45.78, H3.91, N
14.76. IR (ATR): 3341, 2907, 1650, 1608, 1480, 1078, 741. cm . HPLC (RP): CH3CN: H,O
(80:20) RT 1.97 min 100%. HR-MS (+): m/z Calculated for CyHypCulNgO,S [M*] 583.0147,
Found 584.0004.

3.2.10. [Cu(phen)(dafone-biotin)](NOs); (3)

One (104 mg, 0.180 mmol) was dissolved in anhydrous DMF (20 mL). AgNO; (61 mg,
0.36mmol) dissolved in anhydrous DMF (3 mL) was added to the solution containing [Cu(dafone-
biotin)Cly] (1) and the solution was allowed to stir at r.t and in darkness for 4 h. An extremely
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fine white precipitate was observed. The white precipitate was filtered off and 2 drops of HCI
(1M) were added to the filtrate to examine for excess Ag. The filtrate was filtered a second time
and the clear-green filtrate was placed back into a round bottom and protected from light. To this
was added solid 1,10-phenanthroline (35 mg, 0.0180 mmol). Immediately a deep-green solution
was observed. The solution was allowed to stir overnight at r.t.; the DMF was reduced in vacuo
and the resulting solution precipitated into excess Et;O. A light-green solid was observed. This
solid was filtered and washed with CHCl; (20 mL) and dried under a high vacuum (108 mg,
74%). HPLC (RP): CH3CN: H,O (80:20) RT 3.34 min 97% 3.85 min 3%. Elemental Analysis:
C33H30CulN19OgS % Calculated: C 50.16, H 3.83, N 17.72. % Found: C 49.72, H 3.50, N 17.28.

3.2.11. [Cu(phen)(phendione-biotin)](NO3); (4)

B (73 mg, 0.162 mmol) was dissolved in DMF (15 mL); in a separate flask [Cu(phen)(ONO,);]
(66 mg, 0.162 mmol) was dissolved in DMF (5 mL). The copper(Il) solution was then added
dropwise with stirring to the solution of biotin-phen B. A green colour was observed. The solution
was allowed to stir for 24 h at 40 °C after which a brown colour was observed. The solution was
allowed to cool to room temperature and diethyl—ether (30 mL) was added. A pale precipitate
was observed. The brown solid was filtered off and the filtrate was concentrated in vacuo. The
remaining green concentrate was precipitated into excess EtO and the pale-green solid was
collected. The solution was spun in the centrifuge for 10 min at 4000 rpm and a dark-green pellet
was recovered. The pellet was washed gently with CHCl3 (82 mg, 67%). Elemental Analysis:
C34H3pCuNgOgS% Calculated: C 49.91, H 3.70, N 17.12,% Found: C 49.42, H 3.46, N 16.82.
IR (ATR): 3058, 1647,1518, 1361, 1298, 1033, 846, 718. cm~!'. HPLC (RP): CH;CN: H,O
(80:20) RT, 3.23 min, 100%. HR-MS (+): m/z Calculated for C34H3iCuNgO3S [M-2(NO3)]*
693.1442, Found 693.1444.

4. Conclusions

In this research article, we have described the synthesis and the chemical characteri-
sation of four novel copper(ll) complexes functionalised with phenanthroline derivatives
containing biotin. Biotin (Vitamin B7) plays a major role in many metabolic pathways
and its receptors are overexpressed in many different cancer cell types. Two of the final
complexes (1 and 2) contain two chlorides while the other two complexes (3 and 4) contain
a phenanthroline ligand at the completion of the coordination sphere. The complexes were
found stable in physiological conditions and over the pH range of 4-9. A detailed biological
screening revealed that the four complexes possess strong anticancer properties against
five different cancer cells, being also effective in overpassing cisplatin resistance in C13*
ovarian cancer cells. The most promising complexes 2 and 4 showed strong activity also
in 3D pancreatic cancer-cell cultures. The complexes are intracellularly uptaken probably
by passive diffusion, as complexes 3 and 4 containing an extra phenanthroline moiety
characterized by superior lipophilicity showed the highest internalisation profiles. Mecha-
nistically, the principal molecular targets seem to be the protein disulphide isomerase (PDI)
together with the nuclear DNA (electrostatic interaction rather than covalent DNA adducts).
Morphological studies of the most promising complex 4 on SMVT overexpressing human
breast carcinoma cells MDA-MB-231 indicate that the newly developed copper(Il) complex
elicited cell death by means of apoptosis. Unfortunately, the cellular-uptake studies do not
clarify if biotin is playing the role of a targeting vector, but the lower cytotoxicity shown
in normal cells with respect to the tumour cells is important to pursue for research in this
field. Further biotinylating strategies will be taken into account in the development of
novel biotin-functionalised metal complexes.

Supplementary Materials: The following supporting information can be downloaded at: https://

www.mdpi.com/article/10.3390/molecules28104112 /51, Synthetic Schemes, NMR Spectra, HPLC Chro-
matograms, ESI-MS, UV-pH dependance and further biological assays.
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Abstract: Our previous findings have shown that the chlorophyllides composites have anticancer
activities to breast cancer cell lines (MCF-7 and MDA-MB-231). In the present study, microarray
gene expression profiling was utilized to investigate the chlorophyllides anticancer mechanism on
the breast cancer cells lines. Results showed that chlorophyllides composites induced upregulation
of 43 and 56 differentially expressed genes (DEG) in MCF-7 and MDA-MB-231 cells, respectively.
In both cell lines, chlorophyllides composites modulated the expression of annexin A4 (ANXA4),
chemokine C-C motif receptor 1 (CCR1), stromal interaction molecule 2 (STIM2), ethanolamine kinase
1 (ETNK1) and member of RAS oncogene family (RAP2B). Further, the KEGG annotation revealed
that chlorophyllides composites modulated DEGs that are associated with the endocrine system in
MCEF-7 cells and with the nervous system in MDA-MB-231 cells, respectively. The expression levels of
9 genes were validated by quantitative reverse transcription PCR (RT-qPCR). The expression of CCR1,
STIM2, ETNK1, MAGI1 and TOP2A were upregulated in both chlorophyllides composites treated-
MCEF-7 and MDA-MB-231 cells. The different expression of NLRC5, SLC7A7 and PKN1 provided
valuable information for future investigation and development of novel cancer therapy.

Keywords: chlorophyllides; microarray-based detection; breast cancer; MCF-7; MDA-MB-231

1. Introduction

Breast cancer is the second most likely cause of cancer-related mortality in women [1-3].
It is evident that molecular alterations or epigenetic modifications in cancerous cells leads
to the formation of the malignancies [4]. Clinical classifications of breast cancers were based
on the status of estrogen receptor (ER), progesterone receptor (PR) and human epidermal
growth receptor 2 (HER2) [5]. Generally, MCF-7 includes ER-positive and PR-positive
breast cancer cell lines [6]. MDA-MB-231 cells are triple-negative breast cancer (TNBC),
which are negative for ER, PR and HER2. Morphologically, MCF-7 and MDA-MB-231 cells
are both epithelial cells that are derived from mammary gland carcinoma cells. Histo-
logically, MCF-7 is a luminal type of breast cancer, while MDA-MB-231 is a basal type.
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MCE-7 cells were effectively treated with drugs, such as tamoxifen paclitaxel, docetaxel or
doxorubicin. MDA-MB-231 cells (TNBC) are found to be aggressive, prone to relapse, have
high metastasis rate and poor prognosis and are insensitive to treatment [7-11].

Current treatment for breast cancer is a multi-strategy approach, including chemother-
apy, surgery, radiotherapy and endocrine therapy [5,12,13]. Treatment for breast cancer
(stages I-III) includes surgery and radiation therapy, with chemotherapy or other drug
therapies administered before (neoadjuvant) or after (adjuvant) surgery. Chemotherapy is
used mainly for downstaging, shrinking of tumors or to determine the response to therapy
during early-stage breast cancer and to locally advanced breast cancer [14]. Cancer can
be removed by surgery, including lumpectomy and then by whole-breast irradiation or
mastectomy [15]. Whole breast irradiation is relatively acceptable, but it has inevitable
acute and delayed toxic effects [16,17]. Systemic chemotherapy using cytotoxic agents or
endocrine therapy are the major treatment strategy for metastatic breast cancer [12]. For
example, the commonly used chemotherapy drugs—paclitaxel was diterpene (C20) formed
through the condensation of four isoprene molecules [18,19]. Generally, paclitaxel was
applied as a first-line (adjuvant) treatment of node-positive breast cancer [20]. For the
metastatic breast cancer which has failed after combination of chemotherapy or relapse of
adjuvant chemotherapy (within 6 months), paclitaxel was app clied as a second line agent
in breast cancer. The cytotoxic effects of paclitaxel are targeting of p53, inducing cellular
apoptosis and mitotic arrest [21]. Natural compounds that are derived from plants have
interesting biological activities, including antimicrobial, anti-oxidation, anti-inflammatory
and cytotoxic effects [22]. The diverse range of compounds that showed potential inhibitory
effects against oncogenic transcription factors in breast cancer were surveyed and reviewed,
namely edomin, triterpenoids, parthenolide, vincristine, irinotecan, green tea polyphenol
and several others [5,12].

Although there are several technologies for the identification of differentially expressed
genes after treatment, microarray is a precise and thorough tool [23]. The advantages of
microarray for gene detection are rapid, high accuracy and comprehensive detection [24,25].
Microarray technology has been used to study gene expression during the oncogenesis,
metastasis or drug resistance during cancers [26-28]. Similarly, it can also be applied
to the diagnosis, classification, prognosis and screening of drug targets involved in the
treatment of breast cancer [29-31]. For example, microarray could be applied in cell lines
with different stages of metastasis to obtain metastasis-related genes [32,33]. Further, to
compare the differential expressions between different subtypes of breast cancers (e.g., MCF-
7 and MDA-MB-231 cells), a large number of tumor-specific markers could be screened.
Therefore, advances in microarray has made it possible and accelerated the overall study
on the differentially expressed genes in breast cancer.

MDA-MB-231 cells are insensitive to conventional breast cancer treatments (e.g.,
chemotherapy, endocrine therapy or targeted therapy) due to drug resistance and metas-
tasis [34-36]. The differentially expressed genes (DEGs) may be involved in signaling
pathways, such as apoptosis, cell cycle and cell growth and thus have been common ther-
apy targets in drug-resistant breast cancers. Although drugs that target important factors in
signaling pathways may activate another or inhibit to resist drug effect, therapies targeting
those factors have offered promising results for preventing breast cancer. Our previous
studies have demonstrated that chlorophyllide composites have potential in the treatment
of MDA-MB-231 cells [37,38]. However, the underlying molecular mechanisms involved
have yet to be fully elucidated. Understanding the mechanisms that drive drug resistance
is important to the development of novel treatment and to increase the surveillance in
patients. Therefore, the main aim of this study is to characterize the effects of chlorophyl-
lides on MCF-7 and MDA-MB-231 cells through microarray gene expression profiling. We
compared the gene expression profiles among chlorophyllides composites-treated MCF-
7 and MDA-MB-231 cells to exhibit the cancer-related or drug resistance-related molecular
mechanism and frame a possible strategy to develop as a target of botanical drugs.
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2. Materials and Methods
2.1. Materials

Ethanol and n-hexane were purchased from Seedchem Company Pty., Ltd. (Mel-
bourne, Australia). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT),
potassium hydroxide, sodium phosphate, Triton™ X-100 and chlorophyll a/b standards
were purchased from Sigma-Aldrich, Inc. (St. Louis, MO, USA). Sweet potato leaves were
purchased from a local market in Kaohsiung, Taiwan. Human breast cancer cell lines
(MCF-7 and MDA-MB-231) were purchased from the Bioresource Collection and Research
Center (Food Industry Research and Development Institute, Taiwan). Dulbecco’s modified
Eagle’s medium (DMEM) and fetal bovine serum (FBS) were obtained from Invitrogen
(Carlsbad, CA, USA). TRIzol® reagent was purchased from Invitrogen Corp. (Carlsbad,
CA, USA).

2.2. Chlorophyll Extraction and Measurement

Chlorophyll was obtained as described from the laboratory of Prof. Shaw [37]. Fresh
leaf samples were washed with water and blotted. Ten grams of fresh, clean leaves were
weighted and ground into powders using a mortar and pestle, with liquid nitrogen (50 mL)
in the dark. Chlorophyll was extracted by immersing 1 g of leaf powder in 125 mL of ethanol.
After 48 h, ethanol extract was centrifuged at 1500 g for 5 min. The chlorophyll from
ethanol extracts were then sequentially extracted using n-hexane. After 48 h, the double
extract of chlorophylls was centrifuged at 1500 x g for 5 min, and purified chlorophylls
from ethanol-hexane extracts were obtained. The concentrations of chlorophyll a/b were
measured by UV-Vis spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA) for
the absorbance at 649 and 665 nm, which are the major absorption peaks for chlorophyll a
and b, respectively. The chlorophyll 2 and b contents of the leaves were calculated using
previously devised equations [39].

2.3. Preparation of Chlorophyllides Composites by Using Chlorophyllase

Chlorophyllase was obtained as described from the laboratory of Prof. Shaw [40]. The
reaction mixture contained 0.5 mg of recombinant chlorophyllase, 650 uL of the reaction
buffer (100 mM sodium phosphate (pH 7.4) and 0.24% Triton X-100) and 0.1 mL of chloro-
phyll extracts from the sweet potato leaves (100 mM). The reaction mixture was incubated
at 37 °C for 30 min in a shaking water bath, then the enzymatic reaction was stopped by
adding 1 mL of 10 mM KOH. The reaction mixture was then vortexed vigorously and
centrifuged at 4000 rpm for 10 min to collect chlorophyllides composites. Chlorophyllides
composites were then concentrated, and the solvents were removed by evaporation under
reduced pressure at 40 °C on a rotary evaporator (IKA-Werke, Germany). The concentrated
composites were processed by lyophilization, weighed and stored at —80 °C for further
experiments. All compounds were found to be >95% pure by HPLC analysis (Figure S1).

2.4. Total RNA Preparation for Sequencing

Breast cancer cell lines (MCF-7 and MDA-MB-231), cultured in DMEM supplemented
with 10% FBS and maintained at 37 °C under a humidified atmosphere of 5% CO, with
5 x 10* cells/well, were treated with 100 pg/mL of prepared chlorophyllides compos-
ites [37,38] or DMSO (vehicle control). Cells were collected at 24 h after treatment and
shipped using dry ice to Welgene Biotech. Co., Ltd., Taipei, Taiwan.

Total RNA was extracted using TRIzol® reagent according to the manufacturer’s
instructions [41]. The RNA quality was confirmed using the ratios A260/280 and A260/230
(Thermo fisher scientific Inc., Waltham, MA, USA). RNA concentration and integrity
were analyzed by Bioanalyzer 2100 total RNA Nano series II chip (Agilent, Santa Clara,
CA, USA).
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2.5. Preparation of cDNA Library and Sequencing

RNA integrity was assessed using the RNA Nano 6000 Assay Kit on the Bioanalyzer
2100 system (Agilent Technologies, Santa Clara, CA, USA). 0.2 pg of total RNA was
amplified by a Low Input Quick-Amp Labeling kit (Agilent Technologies, Santa Clara,
CA, USA) and labeled with Cy3 (CyDye, Agilent Technologies, Santa Clara, CA, USA)
during the in vitro transcription process. 0.6 pug of Cy3-labled cRNA was fragmented to an
average size of about 50-100 nucleotides by incubation with fragmentation buffer at 60 °C
for 30 min [42].

2.6. Microarray Gene Expression Profiling

Microarray profiling was performed using Agilent SurePrint Microarray (Agilent
Technologies, Santa Clara, CA, USA) at 65 °C for 17 h After washing and drying by nitrogen
gun blowing, microarrays were scanned with an Agilent microarray scanner (Agilent
Technologies, Santa Clara, CA, USA) at 535 nm for Cy3. Scanned images were analyzed
by Feature Extraction 10.7.3.1 software (Agilent Technologies, Santa Clara, CA, USA), an
image analysis and normalization software was used to quantify signal and background
intensity for each feature. Raw signal data was normalized by quantile normalization
for differential expressed genes discovery. For functional assay, enrichment tests for gene
ontology (GO) and KEGG pathway were performed for DEGs by clusterProfiler.

2.7. Quantitative Reverse Transcription PCR (RT-gPCR)

Validation of RNA-Seq data was performed by RT-qPCR. DNase I-treated total RNA
from chlorophyllides composites-treated MCF-7 and MDA-MB-231 cells was subjected to
cDNA synthesis using iScript™ cDNA synthesis kits (Bio-Rad, Hercules, CA, USA). PCR
primers were designed based on the transcriptome sequences of annexin A4 (ANXA4),
chemokine C-C motif receptor 1 (CCR1), stromal interaction molecule 2 (STIM2), ethanolamine
kinase 1 (ETNK1) and member of RAS oncogene family (RAP2B) using Primer 2 Plus soft-
ware (Table 1). GAPDH served as the internal control, and RT-qPCR was performed using
iQSYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA, USA), and each sample was
run in triplicate. The thermal gradient feature (CFX96, Bio-Rad Laboratories) was used to
determine the optimal annealing temperature for all primers. The real-time PCR program
used was 95 °C for 3 min, followed by 40 cycles of 95 °C for 15 s, 58 °C for 15 s, and 72 °C
for 35 s. Dissociation and melting curves of amplification products were performed and
results were analyzed using the CFX Manager Software package (Bio-Rad Laboratories).
The 2/22Ct method was chosen as the calculation method [43]. The difference in the cycle
threshold (Ct) value of the target gene and its housekeeping gene (GAPDH), called ACt,
was calculated using the following equation: AACt = (ACt of chlorophyllides composites
treatment or vehicle control group for the target gene at each time point) — (ACt of the initial
control).

2.8. Statistical Analysis

Statistical comparisons were carried out by independent ¢-test using SPSS statistical
software version 22.0 (SPSS Inc., Chicago, IL, USA). Values are shown as mean =+ standard
deviation. The acceptable level for statistical significance was p < 0.05.
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Table 1. Primer name, sequence, target gene and product size used in the present study.

Name Sequence Target Gene Product Size (bp)
GAPDH-F ATCACTGCCACCCAGA AGAC GAPDH 460
GAPDH-R ATGAGGTCCACCACCCTGTT

CCRI1-F AGAAGCCGGGATGGAAACTC CCRI 165
CCR1-R TTCCAACCAGGCCAATGACA
STIM2-F AGTCTTTGGGACTCTGCACG STIM? 129
STIM2-R TGTTGCCAGCGAAAAAGTCG
ETNK1-F CCAAAGCATGTCTGCAACCC ETNK1 114
ETNKI1-R AAGCAGAAGCCTTGACCCTC
RAP2B-F AGCTTCCAGGACATCAAGCC RAPB 190
RAP2B-R AGGCTTTGTTTTTGGCCGAC
MAGIL-F GCCTTGCACAACCCGATCT MAGIL 150
MAGIL-R GGCTTGGGTGTCCCATAATAG
NLRC5-F ACCTTAAGCCTGTGTCCACG NLRC5 115
NLRC5-R CTGTGAACCTGCCACAGCA
SLC7A7-F CTCACTGCTTAACGGCGTGT SLCTA7 170
SLC7A7-R CCAGTTCCGCATAACAAAGG
PKN1-F GCCATCAAGGCTCTGAAGAA PKNT 136
PKN1-R GTCTGGAAACAGCCGAAGAG
TOP2A-F CTTTGGCTCGATTGTTATTTCC TOP2A 142
TOP2A-R CCCAGTACCGATTCCTTCAG

3. Results and Discussion
3.1. DEG Analysis in MCF-7 and MDA-MB-231 Cells

MCF-7 cells and MDA-MB-231 cell were subjected to chlorophyllides composites
treatment, and the gene expression levels were compared. The data indicated that a total of
124 and 77 DEGs were specifically identified in MCF-7 and MDA-MB-231 cells, respectively
(Figure 1A). These included 43 upregulated and 81 downregulated genes in MCF-7 and
56 upregulated and 21 downregulated genes in MDA-MB-231 cells (>2-fold change (FC),
p <0.05). To analyze the common and specific DEGs in the two cells, a Venn diagram was
also performed. There were 118 specific DEGs for the chlorophyllides composites-treated
MCE-7 cells and 71 specific DEGs for the chlorophyllides composites-treated MDA-MB-
231 cells. We first identified the 6 overlapped genes were found between chlorophyllides
composites-treated MCF-7 and MDA-MB-231 cells (Figure 1B). The results revealed that
the significant differences in the chlorophyllides composites-treated MCF-7 and MDA-MB-
231 cells as compared to their parental cells. Therefore, chlorophyllides composites targeted
and affected the expression of DEGs, indicating that chlorophyllides composites specifically
inhibited the proliferation of MCF-7 and MDA-MB-231 cells. This finding is consistent with
our previous results [38]. Furthermore, a higher number of DEGs was found in MCF-7,
indicating that chlorophyllides composites were more efficient in MCE-7 cells.

85



Molecules 2022, 27, 3950

100
B Up-regulated
Q] —= Down-regulated
80
2 60 - 56
el
: 5
g 40 -
L
&
21
20
0
MCF-7 MDA-MB-231
Chlorophyllides treatment
B

Chlorophyllides treatment

& 7N\ \
&

MCF-7 MDA-MB-231
Figure 1. Comparisons of differentially expressed genes (DEGs) from MCF-7 and MDA-MD-231.
(A) Upregulation and downregulation of DEGs in MCF-7 and MDA-MD-231 cells with chlorophyl-

lides treatments. (B) Venn diagram of the overlapped DEGs between chlorophyllides-treated MCF-
7 and MDA-MB-231 cells. The MCF-7 and MDA-MB-231 cells shared six genes of DEGs.

3.2. GO Annotation of Differential Expessed Genes

Comparison of gene expression levels between the MCF-7 cells, subjected to chloro-
phyllides composites and control cells, a total of 1383 GO terms were enriched. 29, 39 and
26 genes were clustered into three categories, namely biological process (BP), cellular com-
ponent (CC) and molecular function (MF). The most enriched groups with 4 genes in MF
were purine nucleoside binding and nucleoside binding. Eight groups in BP were enriched,
including mesenchyme development, negative regulation of catabolic process, maintenance
of location, negative regulation of cell migration, negative regulation of cell motility, nega-
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tive regulation of cellular component movement, negative regulation of locomotion and
muscle system process. The most enriched groups with 4 genes in CC were cell leading
edge and synaptic membrane.

Comparison of gene expression levels between chlorophyllides composites-treated
MDA-MB-231 cells and control cells revealed that a total of 1051 GO terms were enriched.
Twenty-five, 27 and 16 genes were clustered into BP, CC, and MF. Fourteen groups in MF
were enriched, such as enzyme activity, cytokine activity or receptor ligand activity. The
most enriched groups with 2 genes in BP were organelle fission and response to nutrient
levels. The most enriched groups in CC were tertiary granule, ficolin-1-rich granule,
secretory granule membrane, postsynaptic density, asymmetric synapse, postsynaptic
specialization, neuron to neuron synapse, nuclear chromatin and microtubule.

To investigate the functional roles of the DEGs, specific DEGs with chlorophyllides
composites treatment were mainly functionally annotated and assigned to GO terms
(Figure 2). In MCF-7 cells, specific DEGs with chlorophyllides composites treatment were
assigned to 958 GO terms based on sequence homology, and a total of 21 functional
groups were clustered into BP, CC and MF (Figure 2A). The unigene sequences from MF
were clustered into 6 different classifications. The largest subcategory within MF was
“binding”, followed by “catalytic activity”. Twenty genes and 11 genes were annotated
for binding and catalytic activity out of total MF. In the CC, sequences were distributed
into 3 classifications. The most represented subcategories were “cell”, followed by “cellular
anatomical entity”. “Metabolic process” with 246 GO annotations was the most represented
among 12 subcategories within the BD, followed by “development process” for 226 GO
annotations.

In MDA-MB-231 cells, specific DEGs were annotated and shown in Figure 2B. Those
DEGs with chlorophyllides composites treatment were ascribed to 590 GO terms and
divided into 21 functional groups (Figure 2B). The unigene sequences from MF were clus-
tered into 7 different classifications. The largest subcategory within MF was “catalytic
activity”, followed by “binding”. In the CC, sequences were distributed into 3 classifica-
tions. The most represented subcategories were “cellular anatomical entity”, followed by
“cell”. “Metabolic process” with 369 GO annotations was the most represented among
11 subcategories within the BP, followed by “cellular process” for 191 GO annotations.

It has been reported that ursolic acid, quercetin, curcumin and kaempferol are poten-
tial anti-cancer compounds in the treatment of breast cancer [44—47]. Guo et al. evaluated
the anti-cancer mechanism of ursolic acid by microarray [48]. They indicated that the
effects of ursolic acid were by inhibition of nuclear factor kappa-B kinase (IKK)/nuclear
factor kappa-B (NF-kB) and serine/threonine kinase protein (RAF)/ERK pathways in
MCE-7 cells [48]. Bachmeier et al. reported that curcumin inhibited the phosphoryla-
tion of the IKK in breast cancer cells [49]. In the present study, our results demonstrated
that the group-biological process was enriched with chlorophyllides composites treat-
ment, indicating that chlorophyllides composites treatment may affect the metabolism,
cell communication, or development. Therefore, the functional annotations of unigenes
according to the GO database provide ample numbers of candidate genes and valuable
information of the biological activity of chlorophyllides composites treatment in MCF-7 and
MDA-MB-231 cells.
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Figure 2. Functional distribution of GO annotation extracted from chlorophyllides composites
treatments. (A) MCEF-7 cells with chlorophyllides composites treatments. (B) MDA-MB-231 cells
with chlorophyllides composites treatments. The results of GO enrichment analysis of DEGs were
classified into three categories: molecular functions, cellular component and biological process. The

y-axis is gene functional classification of GO, while x-axis is the corresponding number of genes.
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3.3. KEGG Pathway Analysis of DEGs

Overall, specific DEGs from MCF-7 with chlorophyllides composites treatment had
significant matches, which were allocated to 41 KEGG pathways classified into 6 main
categories, namely metabolism, genetic information processing, environmental information
processing, cellular processes, organismal systems and human diseases (Figure 3A). The
highest number of genes (13 gene) categorized from KEGG analysis related to human
diseases with sub-groups from viral infectious disease (3 genes), substance dependence
(3 genes), cardiovascular disease (2 genes), cancer (2 genes in overview and 1 gene in
specific types), neurodegenerative disease (1 gene) and endocrine and metabolic disease
(1 gene). Ten genes were related to organismal systems, where the majority of the genes
were categorized as endocrine system (4 genes), followed by digestive system (2 genes),
sensory system (2 genes), immune system (1 gene), circulatory system (1 gene), nervous
system (1 gene) and aging (1 gene). Seven genes related to environmental information
processing were categorized as signal transduction (6 genes) and signaling molecules and
interactions (1 gene). Six and 3 genes were related to metabolism and genetic information
processing, respectively. However, no genes were categorized into cellular processes.

Moreover, DEGs from MDA-MB-231 cells with chlorophyllides composites treatment
were allocated to 22 KEGG pathways (Figure 3B). The highest number of genes categorized
from KEGG analysis related to organismal systems with sub-groups from the nervous or
immune systems (2 genes). Seven pathways with 3 genes (RGS9, IL1B and SPI1) were
related to human disease. It is interesting that IL1B was categorized into 6 pathways,
including of hsa05010, hsa05321, hsa05146 and hsa05152. Three genes were allotted to
metabolism with subgroups of global and overview map, carbohydrate metabolism, amino
acid metabolism and glycan biosynthesis and metabolism.

It has been reported that genomic profile is substantially different between MCF-7 and
MDA-MB-231 cells. In the present study, we found that only 41 and 22 KEGG pathways
were annotated in MCF-7 and MDA-MB-231 cells. It is worth noting that different cell lines
carried specific genomic alternations, possibly due to different response to chlorophyllides
composites.
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Figure 3. KEGG (Kyoto Encyclopedia of Genes and Genomes) assembled unigenes from chlorophyl-
lides composites treatments. (A) MCE-7 cells; (B) MDA-MB-231 cells. The results were classified
into six categories: A. metabolism; B. genetic information processing; C. environmental informa-
tion processing; D. cellular processes; E. organismal systems; and F. human diseases. The y-axis is
classification of KEGG, and the x-axis is the corresponding numbers of pathways. p < 0.5.

3.4. Analysis of Common KEGG Pathways

To further identify the chlorophyllides composites relevant KEGG pathways that were
common in both breast cancer cell lines, we compared the KEGG pathways that were en-
riched in chlorophyllides composites-treated MCF-7 and MDA-MB-231 cells (Figure 4). The
top 20 common KEGG pathways were shown, including the PI3K-Akt signaling pathway,
MAPK pathway, Rap1 signaling pathway or human T-cell leukemia virus 1 infection. In
this study, we focused more on the underlying pathways that are related to cancer or drug
resistance. Hence, the differential expression involved in cancer or drug resistance was
compared between MCF-7 and MDA-MB-231 cells (Tables 2 and 3). The results revealed
that 23 and 4 significantly enriched KEGG pathways related to cancer and drug resistance
were identified, respectively. We observed that 90, 89 and 74 DEGs were mapped to “pro-
teoglycans in cancer” (hsa05205), “transcriptional misregulation in cancer” (hsa05202) and
“viral carcinogenesis” (hsa05203) pathways (Table 2). For the chlorophyllides composites
relevant pathways in drug resistance, there were 15, 38, 42 and 45 DEGs related to “antifo-
late resistance” (hsa01523), “platinum drug resistance” (hsa01524), “EGFR tyrosine kinase
inhibitor resistance” (hsa01521) and “endocrine resistance” (hsa01522) pathways (Table 3).
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Figure 4. Common KEGG pathways in chlorophyllides composites-treated MCF-7 and MDA-MB-
231 cells. The y-axis is classification of KEGG, and the x-axis is the corresponding number of genes.

Table 2. Analysis of chlorophyllides composites relevant pathway in cancers.

Number of DEGs ;
Pathway ID Pathway Description All Genes WIth. g-Value
Up Down Total DEGs Pathway Annotation
hsa05202 Iranscriptional 47 42 89 (3.749%) 186 (2.347%) 1.296 x 105
misregulation in cancer
hsa05203 Viral carcinogenesis 34 40 74 (3.117%) 201 (2.536%) 0.0428029
hsa05205 Proteoglycans in cancer 35 55 90 (3.791%) 204 (2.574%) 0.0002796
hsa05210 Colorectal cancer 22 26 48 (2.022%) 86 (1.085%) 2.367 x 1075
hsa05211 Renal cell carcinoma 17 12 29 (1.222%) 69 (0.871%) 0.0433838
hsa05212 Pancreatic cancer 15 22 37 (1.559%) 69 (0.871%) 0.0021288
hsa05213 Endometrial cancer 13 14 27 (1.137%) 69 (0.871%) 0.0159683
hsa05214 Glioma 17 17 34 (1.432%) 69 (0.871%) 0.0118167
hsa05215 Prostate cancer 25 23 48 (2.022%) 97 (1.224%) 0.0005016
hsa05216 Thyroid cancer 10 11 21 (0.885%) 37 (0.467%) 0.0032991
hsa05217 Basal cell carcinoma 9 15 24 (1.011%) 63 (0.795%) 0.1293504
hsa05218 Melanoma 15 16 31 (1.306%) 72 (0.909%) 0.0298569
hsa05219 Bladder cancer 9 9 18 (0.758%) 41 (0.517%) 0.0669118
hsa05220 Chronic myeloid 14 2 36 (1.516%) 76 (0.959%) 0.0045089

leukemia
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Table 2. Cont.

Number of DEGs i
Pathway ID Pathway Description All Genes WIth. g-Value
Up Down Total DEGs Pathway Annotation
hsa05221 Acute myeloid 15 16 31 (1.306%) 67 (0.845%) 0.0118167
leukemia
hsa05222 Small cell lung cancer 13 33 46 (1.938%) 92 (1.161%) 0.0005016
hsa05223 Non-small cell lung 13 20 33 (1.390%) 66 (0.833%) 0.0029084
cancer
hsa05224 Breast cancer 34 27 61 (2.570%) 147 (1.855%) 0.0066776
hsa05225 Hepatocellular 32 40 72 (3.033%) 168 (2.120%) 0.0016521
carcinoma
hsa05226 Gastric cancer 30 28 58 (2.443%) 149 (1.880%) 0.0283904
hsa05230 Central carbon 13 17 30 (1.264%) 69 (0.871%) 0.0286728
metabolism in cancer
hsa05231 Choline metabolism in 20 16 36 (1.516%) 98 (1.237%) 0.1137391
cancer
PD-L1 expression and
hsa05235 PD-1 checkpoint 14 21 35 (1.474%) 89 (1.123%) 0.0624114
pathway in cancer
Table 3. Drug resistance pathway analysis of chlorophyllides composites.
Number of DEGs 5
Pathway ID Pathway Description All Genes WIth. g-Value
Up Down Total DEGs Pathway Annotation
hsa01521 EGER tyrosine kinase 2 20 42 (1.769%) 79 (0.997%) 0.0002796
inhibitor resistance
hsa01522 Endocrine resistance 24 21 45 (1.896%) 98 (1.237%) 0.0032168
hsa01523 Antifolate resistance 5 10 15 (0.632%) 31 (0.391%) 0.0464471
hsa01524 Platinum drug 15 23 38 (1.601%) 73 (0.921%) 0.0006735

resistance

Li et al. identified the key genes and pathways associated with metastasis of MCF-
7 and MDA-MB-231 cells [50]. Further, they identified survival-correlated genes (ALOX15,
COL4A6, LMB13, MTAP, PLA2G4A, TAT) and metastasis-associated genes (SNRPN, ARNT?2,
HDGFRP3, ERO1LB, ERLIN2, YBX2, EBF4). They also identified signaling pathways;
metabolic pathways, phagosome pathway, PI3K-AKT signaling pathway, focal adhesion,
ECM-receptor interaction, pancreatic secretion and human papillomavirus infection were
mainly associated with metastasis. In addition, Sun et al. screened and identified common
and specific genes in breast cancer subtypes basal-like, Her2, LumA, LumB and normal-like
molecular subtypes [51]. The authors identified 4 common and 34 specific DEGs in different
subtypes. Similar to these studies, chlorophyllides composites treatment also affected signal
transduction or metabolic progress, indicating that chlorophyllides composites may act on
the genes that correlated with metastasis.

3.5. Validation of RNA Expression by RT-qPCR

The functions of upregulated and downregulated genes are correlated with chloro-
phyllides composites treatment. For further understanding the role of chlorophyllides
composites in breast cancers and to find potential targets for chlorophyllides composites
treatment, gene expression profiles between chlorophyllides composites-treated MCF-
7 cells and MDA-MB-231 cells were compared. We analyzed the microarray data sets
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of upregulated and downregulated genes in MCF-7 and MDA-MB-231 cells to identify
specific effects of chlorophyllides composites-induced cytotoxicity. Hierarchical clustering
indicated that the DEGs were detected by chlorophyllides composites treatment between
MCF-7 and MDA-MB-231 cells (Figure 5). Collectively, the levels of 52 genes were dif-
ferentially expressed in MCF-7 and MDA-MB-231 cells. The expression of 16 genes was
upregulated in MCF-7 cells, such as annexin A4 (ANXA4), chemokine C-C motif receptor
1 (CCR1), stromal interaction molecule 2 (STIM2), ethanolamine kinase 1 (ETNK1) and
member of RAS oncogene family (RAP2B). There were 36 upregulated expressed genes in
MDA-MB-231 cells, such as membrane-associated guanylate kinase WW and PDZ domain
containing 1 (MAGI1), NLR family CARD domain containing 5 (NLRC5), solute carrier
family 7 membrane 7 (SLC7A?7), protein kinase N1 (PKN1) and DNA topoisomerase II
alpha 170 kDa (TOP2A). The log2 FC of CCR1, STIM2, ETNK1 and RAP2B from microarray
resulted in chlorophyllides composites-treated MCF-7 cells that were 5.954, 2.783, 2.181 and
2.375, respectively. The log2 FC of MAGI1, NLRC5, SLC7A7, TOP2A and PKN1 from
microarray results in chlorophyllides-treated MDA-MB-231 cells were 2.307, 5.824, 22.208,
2.52 and 2.32, respectively.

HIST2H3A
MYC

250

500

Gene expression

750

1000

ARHGEF10

MCF-7 MDA-MB-231
Chlorophyllides treatments

Figure 5. Identification of common DEGs between chlorophyllides composites-treated MCF-7 and
MDA-MB-231 cells. Heat map showing the hierarchical cluster of differential expression levels
between chlorophyllides composites-treated MCF-7 and MDA-MB-231 cells. The top 50 candidate
genes were selected from chlorophyllide-treated MCF-7 and MDA-MB-231 cells. The color scale
represents expression values; red indicates the high expression level, and the green refers to the low
expression level.
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To validate the expression level of CCR1, STIM2, ETNK1, RAP2B, MAGI1, NLRC5,
SLC7A7, TOP2A and PKN1 identified in chlorophyllides composites-treated MCF-7 and
MDA-MB-231 cells, we performed RT-qPCR to evaluate their expression levels of genes as
mentioned above (Figure 6). Nine randomly selected genes were detected in the chlorophyl-
lides composites-treated MCF-7 and MDA-MB-231 cells by RT-qPCR, and the primers were
listed in Table 1. The FC of CCR1, STIM2, ETNK1, MAGI1 and TOP2A by RT-qPCR were
6.798, 2.687, 5.75 and 1.574, respectively. The FC of above-mentioned genes were consistent
with the expression changes detected by microarray dataset. In MDA-MB-231 cells, the
expression level of CCR1, STIM2, ETNK1, RAP2B, MAGI1, NLRC5, SLC7A7 and TOP2A
were significantly upregulated, while PKN1 was significantly downregulated. The FC of
CCR1, STIM2, ETNK1, RAP2B, NLRC5, SLC7A7 and TOP2A were 10.07, 3.508, 5.95, 3.694,
5.523,11.015 and 1.159, respectively. The FC of STIM2, RAP2B and NLRC5 were similar to
the expression changes detected by RT-qPCR and microarray dataset.

B MCF-7

1 MDA-MB-231
14
12 T
10 I
g |

6 I I

Z_ Ul Bl & iﬂ il i.ﬁ .

CCRI1 STIM2 ETNKI RAP2B MAGI1 NLRC5 SLC7A7 PKN1 TOP2A

Figure 6. Validation of relative expression levels from RNA-seq and real-time polymerase chain
reaction. Nine randomly selected differentially expressed genes (DEGs) were validated for the
expression level from chlorophyllide-treated MCF-7 and MDA-MB-231 cells. Expression of target
genes was normalized to GAPDH as a reference gene, and statistically significant differences from
control are presented, with p < 0.05. The x-axis denotes nine genes. The y-axis refers to the relative
expression level with the mean =+ standard deviation of five replicates.

The genes mentioned below were identified and mapped to the KEGG database, and
their association was observed (Table 4). It has been reported that the natural products from
plant sources have various biological activities, such as anti-oxidation, anti-inflammation
or anti-proliferation [5]. Many of the reported anti-cancer effects of natural compounds also
target cellular proteins that play important roles in signal transduction, apoptosis or cell
cycle arrest [52]. By the bioinformatics analysis, we found that many DEGs were enriched
in signaling and cellular process, such as CCR1, STIM2, ETNK1, RAP2B, MAGI1, NLRCS5,
SLC7A7, PKN1 and TOP2A. Previously, we have demonstrated that purified chlorophyl-
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lides composites could be a potential candidate for combination therapy to breast cancers
with multiple drug resistance [38]. Therefore, we focused on several interesting factors
that were differentially affected by chlorophyllides composites treatment in MCF-7 and
MDA-MB-231 cells. CCR1 expression was upregulated in both MCF-7 and MDA-MB-
231 cells. CCR1 belonged to the G protein-linked receptor superfamily. The expression of
CCR1 has been reported on tumor cells, peripheral blood cells, immune cells and stromal
cells. After the binding of CC chemokine (e.g., CCL14, CCL15, CCL16), CCR1 exhibited
important roles in tumor invasion and metastasis in several cancers [53-57]. STIM2 was
upregulated in both MCF-7 and MDA-MB-231 cells, and the FC in both cells was in accor-
dance with RT-qPCR and microarray data. STIM2 is an endoplasmic reticulum-associated
Ca?*-sensing protein that responded to endoplasmic reticulum Ca?* store depletion and
transduced this cellular signal to Orail channel proteins [58,59]. Previous studies have
demonstrated that disturbance of STIM is associated with the pathogenesis of several dis-
eases, such as autoimmune disorders, cancer, cardiovascular disease, ageing, Alzheimer’s
and Huntington’s diseases [60-62]. ETNK1 expression was upregulated in both MCF-7 and
MDA-MB-231 cells. ETNK1 is an ethanolamine-specific kinase that catalyzes the phos-
phorylation of ethanolamine to generate phosphoethanolamine, which is the first step for
biosynthesis of phosphatidylethanolamine. Previous studies have reported that mutations
of ETNK1 may play important roles in oncogenesis [63,64]. RAP2B is a member of the
Ras oncogene family that was upregulated by chlorophyllides composites in MDA-MB-
231 cells. As signaling effectors of GTPase-binding protein Rap, Rap2B mediated various
biological functions, including regulating the p53-mediated pro-survival function, and
binding phospholipase C-¢ and interferon-7y that promote the development of tumors [65].

The increased levels of MAGI1 by chlorophyllides composites was observed in the
MCEF-7 and MDA-MB-231 cells. MAGI1 is an important protein that is transmitted from
extracellular environment to intracellular signaling pathways [66,67]. It has been reported
that MAGI1 functioned as a tumor suppressor in several tumors (e.g., cervical cancer,
leukemia, colorectal cancer, hepatocellular carcinoma, and gastric cancer. The expression of
the NLRC5 gene was upregulated in MDA-MB-231 cells, and the relative expression be-
tween MCF-7 and MDA-MB-231 cells was strongly downregulated by more than 5.523-fold.
This finding is similar to the expression levels observed in microarray data (5.824 fold).
NLRCS5 belongs to a large protein family that is involved in the regulation of inflammatory
response in tumors. Functions of NLRC5 in tumors remain as a debate [68]. NLRC5 over-
expression upregulated the MHC class I-mediated antigen presentation pathway that
leads to immune escape of tumor cells. In contrast, new evidence has demonstrated that
NLRC5 could promote tumor malignancy [69]. Similarly, the expression of the SLC7A7 gene
was upregulated in MDA-MB-231 cells, and the relative expression between MCE-7 and
MDA-MB-231 cells was strongly downregulated as observed by more than 35.4-fold. The
SLC7A7 gene encodes for the y*"LAT1 transporter [70,71]. The y*LAT1 transporter was
responsible for exchanging cationic amino acids with neutral amino acids and sodium at
epithelial cells of the kidney and intestine. It has been reported that mutation in SLC7A7
caused a rare inherited metabolic disorder of dibasic amino acid transport-lysinuric protein
intolerance.

The expression levels of the PKN1 gene in MCF-7 cells were higher in comparison to
MDA-MB-231 cells. PKN1 is a member of the protein kinase C superfamily. Disruption of
PKNT1 kinase activity is involved in several human diseases, including cancer. A previous
study has demonstrated that mitotic phosphorylation is essential for PKN1’s oncogenic
function [72]. It was reported that PKN1 acted as a RhoA effector that transduced androgen-
responsiveness to serum response factor [73]. Overexpression of PKN1 occurred during
clinical castration-recurrent prostate cancer progression, stimulated tumor growth and
shortened the survival of prostate cancer xenograft. Since PKIN1 belongs to the kinase
family, which function as signaling proteins and are identified as successful targets for
cancer treatment, it is reasonable to suggest that chlorophyllides composites may interact
with PKNT1 or inhibit the activity of PKNTI.
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Table 4. Differentially expressed genes (DEGs) regulate after chlorophyllides treatment between
MCF-7 and MDA-MB-231 cells.

Description Gene Name Log2 FC * KEGG Pathway
Up regulation (MCF-7-chlorophyllides/ MDA-MB-231-chlorophyllides)
annexin A4 ANXA4 1.3495564 hsa04974
C-C motif chemokine receptor 1 CCR1 2573958 k004060, k004061, ko04062, ko05163,
ko05167

stromal interaction molecule 2 STIM?2 1.4764014 hsa04020
ethanolamine kinase 1 ETNK1 1.1246655 hsa00564, hsa01100
RAP2B, member of RAS oncogene family =~ RAP2B 1.2477774 NA
BRCA?2 and CDKN1A interacting protein BCCIP 1.0360939 NA

. . hsa00230, hsa00240, hsa00480, hsa00983,
ribonucleotide reductase M2 B RRM2B 1.1502474 hsa01100, hsa04115
cysteine-serine-rich nuclear protein 2 CSRNP2 1.155312 NA
serine kinase H1 PSKH1 1.1608988 NA
zinc f%nger and SCAN domain 7SCAN16 1175633 NA
containing 16
histone cluster 2, H3a HIST2H3A 1.2060455 hs204613, hsa05034, hsa05131, hsa05202,

hsa05322

hsa04150, hsa04310, hsa04390, hsa04550,
wingless-type MMTYV integration site hsa04916, hsa04934, hsa05010, hsa05022,
family, member 3A WNT3A 1.2382799 hsa05165, hsa05200, hsa05205, hsa05206,
hsa05217, hsa05224, hsa05225, hsa05226

hsa00061, hsa00620, hsa00640, hsa01100,

acetyl-CoA carboxylase beta ACACB 1.2477973 hsa04152, hsa04910, hsa04920, hsa04922,
hsa04931

zinc finger protein 90 ZNF90 1.4318171 hsa05168

hyaluronan-mediated motility receptor HMMR 1.4742341 ko04512

tribbles pseudokinase 2 TRIB2 1.5311222 NA

Down- regulation (MCE-7-chlorophyllides/MDA-MB-231-chlorophyllides)

membrane associated guanylate kinase,

WW and PDZ domain containing 1 MAGI1 —1.2064317 hsa04015, hsa04151, hsa04530, hsa05165
NLR family, CARD domain containing 5 NLRC5 —2.5420052 NA

solute carrier family 7 (amino acid

transporter light chain, y+L system), SLC7A7 —4.4729806 hsa04974

member 7

protein kinase N1 PKN1 —1.3322328 hsa04151, hsa04621, hsa05132, hsa05135
topoisomerase (DNA) II alpha 170kDa TOP2A —1.1590858 hsa01524

UDP-Gal:betaGIcNAc beta 1,4- B4GALT6 —3.2967566 k000600, ko01100

galactosyltransferase, polypeptide 6
zinc finger protein 334 ZNF334 —2.4680017 hsa05168
hsa00010, hsa00620, hsa00630, hsa00640,

acyl-CoA synthetase short-chain family

member 1 ACSSI —2.1925126 hsa01100, hsa01200
isovaleryl-CoA dehydrogenase IVD —1.8816549 ko00280, ko01100
ADP-ribosylation factor-like 2 ARL2 —1.8091316 NA
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Table 4. Cont.

Description Gene Name Log2 FC * KEGG Pathway

ko04270, ko04611, ko04810, ko04928,

Rho guanine nucleotide exchange factor 10 ARHGEF10 —1.9429478 ko05130, ko05135, ko05163, ko05200,
ko05205, ko05417

cyclin-dependent kinase 13 CDK13 —1.3298924 NA

diacylglycerol O-acyltransferase 2 DGAT2 —1.3269336 ko00561, ko01100, ko04975

sc?lute carrier family 13 (sodium-dependent SL.C13A3 13049987 NA

dicarboxylate transporter), member 3

nuclear receptor subfamily 1, group D, NR1D1 1.2920206 k004710

member 1

zinc finger protein 76 ZNF76 —1.2438793 hsa05168

ankyrin repeat domain 34A ANKRD34A —1.2280619 NA

salt-inducible kinase 2 SIK2 —1.2129109 ko04922
k004010, ko04012, ko04110, ko04151,
k004218, ko04310, ko04350, ko04390,
ko04391, ko04550, ko04630, ko04919,

v-mve avian mvelocytomatosis viral ko05132, ko05160, ko05161, ko05163,

Oncoy o homg’lo y MYC —1.2045108 k005166, ko05167, ko05169, k005200,

& & k005202, k005205, k005206, k005207,

k005210, k005213, k005216, ko05219,
k005220, ko05221, k005222, ko05224,
ko05225, k005226, ko05230

zinc finger protein 780A ZNF780A —1.1839843 hsa05168

ohgonucle.ot.lde /oligosaccharide-binding OBECI 11801386 NA

fold containing 1

lanosterol synthase LSS —1.163355 k000100, ko01100, ko01110, ko01130

zinc finger, DHHC-type containing 17 ZDHHC17 —1.1437738 NA

carbamoyl-phosphate synthetase 2,

aspartate transcarbamylase, and CAD —1.1388409 hsa00240, hsa00250, hsa01100, hsa01240

dihydroorotase

centrosomal protein 152kDa CEP152 —1.1385807 NA
ko04066, ko04137, ko04140, ko04212,
ko04361 Axon regeneration

hypoxia inducible factor 1, alpha subunit HIF1A —1.0661852 k004659, ko04919, k005167, k005200,
k005205, ko05211, k005230, ko05231,
ko05235

aldehyde dehydrogenase 3 family, member B hsa00010, hsa00340, hsa00350, hsa00360,

B1 ALDH3BI 1.063386 hsa00410, hsa00980, hsa00982, hsa01100

polymerase (DNA directed), epsilon 2, POLE2 —1.0376518 k003030, ko03410, ko03420

accessory subunit

arginine methyltransferase 3 PRMTS3 —1.0357205 NA

polymerase (RNA) I polypeptide E, 53kDa  POLRIE —1.0155994 k003020

cytochrome P450, family 1, subfamily A, B ko00140, ko00380, ko00830, ko00980,

polypeptide 1 CYPIAL 10129887 ko01100, ko04913, ko05204

WD repeat containing, antisense to TP53 WRAP53 —1.0114268 NA

heat shock transcription factor 2 HSF2 —1.0091325 ko03000

inositol monophosphatase domain IMPAD1 —1.0071035 ko00562, k00920, ko01100, ko01120,

containing 1

ko01130, ko04070

NA: not available; Log2 FC *: Log2 FC (MCF-7-chlorophyllides/ MDA-MB-231-chlorophyllides).
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TOP2 A was upregulated in MCF-7 and MDA-MB-231 cells. TOP2A acted as a DNA
replication- and cell division-regulating enzyme. The overexpression of TOP2A was re-
ported in several human cancers, including breast cancer and hepatocellular carcinoma [74].
Also, high levels of expression of chromatin regulatory genes (e.g., TOP2A) increased
DNA accessibility and then led to greater anthracycline benefit [75]. Amplification of the
MYC oncogene was the most common abnormality in breast cancer cells, which is similar
to the previous study [50]. We also observed that Myc oncogenes were upregulated in
chlorophyllides composites-treated MDA-MB-231 cells.

Breast cancer is regarded as a heterogeneous disease characterized by molecular
aberrations and varying histologic and biological features. Microarray-based gene ex-
pression profiling had a significant impact on the understanding of breast cancers. The
molecular classification system and prognostic multigene classifiers by microarrays was
developed [10]. For example, correlation was found between immunohistochemistry and
gene profiling of breast cancer, especially basal-like breast carcinoma. The intrinsic 40-gene
set was found to classify breast cancer subtype and genes expression differentiations by
microarray [76]. In addition, the gene expression profiling from triple negative breast
cancer (TNBC) patients by next generation sequencing assay targeted all coding regions
of 229 common cancer-related genes [77]. Genetic alterations in TNBC by next-generation
sequencing assays was successfully detected [78]. Nonetheless, the functional annotation
of common or specific unigenes provided ample numbers of candidate genes and valuable
information about biological features of chlorophyllides composites treatment in this study.

4. Conclusions

Chlorophyllides composites could be mass manufactured from chlorophyll using
chlorophyllase. In addition, chlorophyllides composites clearly exhibited amazing anti-
cancer activities to breast cancer cell lines (MCF-7 or MDA-MB-231) [37]. To the best of our
knowledge, this study is the first to evaluate the effects of chlorophyllides composites on
MCE-7 and MDA-MB-231 cells by microarray profile. Moreover, it is also first to identify the
global gene expression pattern from the chlorophyllides-treated group. Results indicated
that 124 and 77 differentially expressed genes in MCF-7 cells and MDA-MB-231 cells after
chlorophyllides composites treatment (A > 2-fold change) was evident. Among these, it is
possible to highlight that the expression of CCR1, STIM2, ETNK1, MAGI1 and TOP2A were
upregulated in both chlorophyllides composites treated-MCF-7 and MDA-MB-231 cells,
indicating that chlorophyllides composites may specifically target or inhibit the activity
of these genes. Altogether, these results provide valuable information on the molecular
mechanisms induced by chlorophyllides composites in MCF-7 and MDA-MB-231 cells.
The DEGs of NLRC5, SLC7A7 and PKN1 may be used as therapy targets that facilitate the
development of botanical drugs.
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(ANXA4) annexin A4

(BP) biological process

(CO) cellular component

(CCR1) chemokine C-C motif receptor 1
(TOP2A) DNA topoisomerase II alpha 170 kDa
(ER) estrogen receptor

(ETNK1) ethanolamine kinase 1

(FC) fold change

(HER2) human epidermal growth receptor 2

(RAP2B) member of RAS oncogene family

(MAGI1) membrane associated guanylate kinase WW and PDZ domain containing 1
(MF) molecular function

(NLRC5) NLR family CARD domain containing 5

(SLC7A7)  solute carrier family 7 membrane 7

(STIM2) stromal interaction molecule 2
(PR) progesterone receptor

(PKNT1) protein kinase N1

(TNBC) triple negative breast cancer

(RT-gPCR)  quantitative reverse transcription PCR
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Abstract: Ruthenium(III) complexes are very promising candidates as metal-based anticancer drugs,
and several studies have supported the likely role of human serum proteins in the transport and
selective delivery of Ru(Ill)-based compounds to tumor cells. Herein, the anticancer nanosystem
composed of an amphiphilic nucleolipid incorporating a Ru(IIl) complex, which we named DoHuRu,
embedded into the biocompatible cationic lipid DOTAP, was investigated as to its interaction with two
human serum proteins thought to be involved in the mechanism of action of Ru(Ill)-based anticancer
drugs, i.e., human serum albumin (HSA) and human transferrin (hTf). This nanosystem was studied
in comparison with the simple Ru(IIl) complex named AziRu, a low molecular weight metal complex
previously designed as an analogue of NAMI-A, decorated with the same ruthenium ligands as
DoHuRu but devoid of the nucleolipid scaffold and not inserted in liposomal formulations. For this
study, different spectroscopic techniques, i.e., Fluorescence Spectroscopy and Circular Dichroism
(CD), were exploited, showing that DoHuRu/DOTAP liposomes can interact with both serum
proteins without affecting their secondary structures.

Keywords: ruthenium(IIl) complexes; anticancer drugs; liposomes; serum proteins; interactions

1. Introduction

Interest in Ru-based anticancer agents has rapidly increased since the discovery of
their promising anticancer activity coupled with a significantly lower toxicity compared to
known Pt-containing drugs [1-7].

Three Ru(Ill)-containing complexes have undertaken advanced clinical trials as anti-
cancer drugs, i.e., NAMI-A [8,9], KP1019 [10-13] and its sodium salt analogue known as
NKP-1339 [14-17]. Despite their structural similarity (Supplementary Materials, Figure S1),
these Ru(Ill) complexes significantly differ in their bioactivity [18], but share the ability to
interact with plasma proteins, particularly serum albumin [19-25], by far the most abun-
dant protein in the plasma, and human transferrin (hTf) [26-30]. In this context, particularly
promising were also Ru(Ill) complexes bearing tetradentate N,O, bis(aminophenolate)
ligands, i.e., Salan-type ligands, which exhibited significant cytotoxicity against different
cancer cell lines and a strong binding to serum albumin, as determined by steady-state
and time-resolved fluorescence spectroscopy [31] In addition, they were recently proved
to strongly interact with lipid bilayers, mimicking mammalian plasma or cancer cell line
membrane, leading to a significant increase in the permeability of the lipid vesicles without
significantly affecting their structure [32].

Intrigued by the promising properties of these Ru(Ill)-based anticancer agents, a
NAMI-A-like Ru(Ill) complex—first described by Attia et al. in 1993[33] and then revisited
by Walsby and colleagues [34] and by some of us [35,36] —was considered a valuable
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starting compound for further optimization. From a structural point of view, this low
molecular weight complex, which we named AziRu (Scheme 1), has a pyridine ligand
replacing the imidazole moiety of NAMI-A and sodium in place of imidazolium as the
counterion. Like NAMI-A, AziRu proved to be poorly cytotoxic on various tumorigenic
cells, showing lower ICs values, however, on human breast MCF-7 and cervical HeLa
cancer cell lines than its parent compound (Supplementary Materials, Table S1) [35,37].

'\ -
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Scheme 1. Chemical structures of the Ru(Ill) complex AziRu, the cationic lipid DOTAP and
nucleolipid-based Ru(Ill) complex DoHuRu, as indicated.

Analogously to NAMI-A, AziRu undergoes a hydrolysis process in aqueous solu-
tions [38] through a ligand exchange mechanism, mainly involving the replacement of
the more labile chloride ligands with water molecules or hydroxide ions, providing more
reactive aquo complexes, eventually leading to poly-oxo species formation [39-43].

A detailed insight into the interaction of AziRu with proteins in the solid state could
be obtained by analyzing crystals of its complexes with bovine pancreatic ribonuclease A
(RNase A) [44] and hen egg white lysozyme (HEWL) [45,46]. In both cases, upon binding,
the metal lost all its original ligands, as a consequence of the hydrolysis process, but the
protein structure was not significantly altered by the metal complexation [44,45].

Although it is generally accepted that the hydrolysis process activates Ru(Ill) com-
plexes into more reactive species effectively able to react with potential biomolecular targets,
such as proteins or nucleic acids, the premature formation of aquated or poly-oxo species
in the extracellular medium can deactivate, or activate too early, most of the administered
drug. Thus, the hydrolysis of Ru(Ill) complexes must be retarded, not to be reached until at
least after they are effectively internalized into cells [47].

To this end, AziRu was decorated with nucleolipid [47,48] or aminoacyl lipid scaf-
folds [49], and then co-aggregated with vesicle-forming lipids as the zwitterionic POPC
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) or the cationic DOTAP (1,2-dioleoyl-
3-trimethylammoniumpropane) (Scheme 1), providing a mini-library of various Ru(III)-
loaded nanovectors [47]. The use of highly functionalized scaffolds combined with their
co-formulation with biocompatible lipids proved to efficiently increase the stability of
AziRu in physiological conditions, by reducing its hydrolysis rate, and also to enhance
its cellular internalization [35-37,50-54]. As a major achievement, the proposed design
allowed converting a weakly cytotoxic compound, i.e., AziRu, into potent antiproliferative
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agents, particularly active on breast cancer cells, without showing significant toxicity on
healthy cell lines [35-37,47,50-54]. These formulations proved to be effective and selective
also in vivo in breast cancer xenografts mouse models [55,56].

Among the various developed systems, the nucleolipid-based Ru(IIl) complex called
DoHuRu (Scheme 1) [35,51,52], embedded into the biocompatible lipid DOTAP (a schematic
representation of the obtained liposome-based nanosystem is reported in Scheme 2) proved
to have intriguing biological activity on different cancer cell lines with respect to naked
AziRu (Supplementary Materials, Table S1), and was chosen here as a representative
compound in the previously prepared compounds library to analyze in more detail their
binding properties with serum proteins.

Ry = DoHuRu

A® = DOTAP

DoHuRu/DOTAP nanosystems

Scheme 2. Schematic representation of liposomal DOTAP-based nanoaggregates containing the
nucleolipid-based Ru(Ill) complex DoHuRu.

Since anticancer Ru(Ill)-based compounds are usually administered intravenously,
extensive in vivo binding to plasma proteins can have significant consequences on the
biodistribution and bioavailability of these complexes [57]. These proteins can in fact behave
as suitable carriers for ruthenium inside cells through permeation and/or endocytosis
mechanisms, providing selective tumor targeting [58-62].

In detail, human serum albumin (HSA) is the major soluble protein constituent of
the circulatory system, identified as a well-established transporter of both endogenous
and exogenous species in the bloodstream, including drugs [63,64]. In addition, HSA is
known to accumulate in tumors as a consequence of enhanced permeability and retention
effect [60-62].

In turn, to promote their rapid growth, some malignant cells require high levels of
iron(Ill) and for this reason upregulate the expression of transferrin receptors on their
surface. In this context, human transferrin (hTf) could have a role in vivo as a natural
carrier for metal complexes, and hTf receptors can be exploited to provide a privileged
route for delivering drugs to tumor cells [59,65].

Considering that both albumin and transferrin are involved in the mechanism of action
proposed for NAMI-A, in this work we studied the interaction of the effective anticancer
DoHuRu/DOTAP formulations with HSA and hTf, using the naked AziRu complex and
the pure lipid DOTAP as controls.

Aiming at obtaining precious information on the mechanism of action of the pro-
posed liposome-containing nucleolipid-based Ru(Ill) complexes, fluorescence and Circular
Dichroism (CD) spectroscopies data were exploited here. In detail, fluorescence spec-
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troscopy was used to obtain information on the interaction between the proteins and AziRu
or the Ru(Ill)-containing vesicles. In contrast, CD measurements were exploited to verify
the effect on the secondary structures of the target proteins produced by binding with
AziRu or DoHuRu/DOTAP liposomes.

2. Results and Discussion
2.1. Preparation and Characterization of Ru(IIl) Complexes and Liposomes

As a first step, the Ru(IlI) complexes AziRu [34,38] and DoHuRu [35,51,52] were syn-
thesized following previously described procedures. Then, DoHuRu/DOTAP liposomes
were prepared through the thin film protocol by dissolving known weighed amounts of
both components and mixing them at the desired Ru complex: lipid 30:70 molar ratio.
In parallel, also bare DOTAP liposomes were prepared as control. After preparation, as
described in Material and Methods and in Mangiapia et al. [51], these liposomes were
analyzed by Dynamic Light Scattering (DLS) measurements. In Supplementary Materials,
Figure S2, the hydrodynamic radius distribution functions for the two preparations are
shown. The hydrodynamic radius of the DOTAP and DoHuRu/DOTAP nanosystems proved
to be in the 70-100 nm range, which is the typical range of unilamellar vesicles, in accor-
dance with previous investigations [51]. DLS measurements fully confirmed a monodisperse
liposome dispersion for both bare DOTAP and DoHuRu/DOTAP formulations.

2.2. Study of the Interaction of AziRu and DoHuRu/DOTAP Liposomes with Serum Proteins

Fluorescence quenching is a widely used technique to gain information on the inter-
action of serum proteins with drugs or small ligands [66,67]. The fluorescence emission
of proteins comes from the three aromatic residues tryptophan, tyrosine, and phenylala-
nine. Phenylalanine has a very low quantum yield, and the fluorescence of tyrosine is
almost totally quenched if it is ionized or close to an amino group, a carboxyl group, or a
tryptophan. Hence, the fluorescence of proteins (and thus also of HSA and hTf) is almost
exclusively due to the tryptophan emission alone. Particularly, the emission spectrum of
HSA mainly derives from a single tryptophan residue located at the 214 position in the
subdomain IIA, while that of hTf is essentially due to 8 Trp residues. In addition to the
common sources of quenching, in the case of hTf, the two iron ions strongly affect the hTf
emission spectrum [68]. Changes in the intrinsic fluorescence intensity of HSA and hTf
proteins—due to spatial reorganization of the tryptophan residues—are evidenced when
small molecules are bound to the proteins [69].

The nude AziRu complex has been used as a reference in this study to probe the
effects of the liposomal carrier in interactions with human serum proteins. The fluorescence
spectra at 20 °C of HSA and hTf in the absence and presence of AziRu are reported in
Figure 1A,B, respectively.

Upon excitation at 280 nm, HSA and hTf showed strong fluorescence emission bands
centered at 345 and 330 nm, respectively. On the other hand, AziRu has no intrinsic
fluorescence upon excitation at the same wavelength. It is important to note that AziRu
absorbs at the used excitation wavelength and, to a much lesser extent, at the wavelength of
emission of the proteins (see Supplementary Materials, Figure S3 for the UV /Vis spectrum
of AziRu in PBS buffer). Thus, an inner filter effect could be active and should be corrected.
However, since at the used AziRu concentrations, the absorbance of the ligand is quite
low, the lack of correction can lead to a slight overestimation of the binding constants.
The addition of increasing amounts of AziRu (in the 5-150 uM range) to each protein,
kept at a fixed concentration of 5 M, produced a marked fluorescence quenching, that
represents clear evidence of interaction. Similar outcomes were reported for several Ru
complexes [70-72], and also for the binding of NAMI-A to hTf [28,29] where, in all cases,
a decrease of fluorescence intensity was observed upon binding. It is important to note
that the observed decrease of intensity suggests that the Trp residues are localized not far
from the binding pocket of AziRu, otherwise no changes in the intensity could be observed.
Finally, the binding of AziRu to both proteins did not cause any change in the emission
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surrounding the Trp residues was not affected by the small ligand.
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Figure 1. Fluorescence emission spectra at 20 °C of (A) HSA and (B) hTf in the absence and presence
of increasing concentrations of AziRu, as reported in the legend. The spectra of the proteins in the
absence of the ligand are reported in black. The concentrations of HSA and hTf were kept constant
at 5 uM. The excitation wavelength was set at 280 nm. The fluorescence emission of HSA and hTf
are centered at 345 and 330 nm, respectively. The arrows indicate the direction of the effects due to

addition of increasing concentrations of AziRu.

To evaluate the strength of the complex formed between AziRu and each serum
protein, fluorescence quenching data were analyzed by the Stern-Volmer Equation (1):

B =14 Koy [Q) = 1+ Ks[Q) 0
where F and F are the steady-state fluorescence intensities of the proteins in the absence
and presence of the quencher AziRu, respectively. Kgy is the Stern—Volmer quenching
constant and [Q] is the concentration of the quencher, i.e., AziRu in the present case. As
will be shown later, the quenching mechanism was found to be static. Thus, the Stern—
Volmer constant is, in this case, a quenching constant due to a static process (i.e., complex
formation) and, thus, can be indicated also as Kg (where S is for static). In Figure 2, the
Stern—Volmer plots obtained at the temperature of 20 °C for the titration of a solution of
HSA and hTf with a solution of AziRu are reported.
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Figure 2. Stern—Volmer plots for the binding of AziRu with (A) HSA and (B) hTf at 20 °C. The red
lines represent the best fit of experimental data according to equation 1 reported in the text.
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As evidenced by the data reported in Figure 2, a linear plot was obtained in both
cases, allowing the data fitting by using equation 1. The obtained values of Ksy for the
interaction of AziRu with HSA and hTf are (9.7 & 0.5) x 103 M~!and (3.7 £ 0.7) x 103 M1,
respectively (Table 1). These data revealed a higher ability of AziRu to quench the flu-
orescence of HSA than that of hTf, suggesting a higher affinity of AziRu for HSA than
hTf. However, quenching due to the interaction of AziRu with proteins can be dynamic
(deactivation of the excited state through collisional events) or static (complex formation in
the ground state) in nature [73]. Static and dynamic quenching can be distinguished on the
basis of their dependence from temperature. Higher temperatures result in faster diffusion
and hence a larger amount of collisional quenching. Thus, if dynamic quenching is the
only active mode, an increase in temperature should lead to an increase of the value of Kgy.
In contrast, when the quenching is static, an increase in temperature should not favor the
complex formation, and a decrease of Kgy is normally observed [73]. In Supplementary
Materials, Figure S4, the Stern—Volmer plots recorded at 10 and 20 °C are shown. In Table 1
the corresponding values of Kgy are collected.

Table 1. Stern—Volmer constants for the complex formation between AziRu and serum proteins
obtained at 10 °C and 20 °C.

System T/°C Kgy/M—1
HSA-AziRu 10 (1.1 £0.5) x 10*
HSA-AziRu 20 (9.7 £ 0.5) x 10°
hTf-AziRu 10 (5.1 +1.0) x 103
hTf-AziRu 20 (3.7 £ 0.7) x 103

As reported in Table 1, the value of Kgy decreased on increasing the temperature for
both proteins, i.e., Ky (20 °C) < Kgy (10 °C), thus indicating that the quenching mechanism
is essentially static. Finally, in supporting the static nature of the observed decrease in
fluorescence, it is to be considered that the Kgy values for dynamic quenching are usually
~10' M~. In contrast, for static quenching, the constants are higher at least by one order
of magnitude. Thus, one can conclude that the observed quenching is indeed due to the
formation of a complex between the ligand and the proteins. Consequently, the value of
Ksy is equivalent to the binding constant (K}), defined as the ratio between the complex
concentration and the product of the concentrations of the free ligand and free protein.
Collectively, the reported data showed that AziRu had a higher affinity for HSA compared
to hTf. However, it is important that both obtained Kgy values are quite small. This finding
agrees with the hypothesized role of these proteins in serum, allowing the transport of
small compounds, but also their release.

The static nature of the quenching mechanism, as demonstrated above, allows us
treating the Stern—Volmer constants as binding constants for the complex formation. How-
ever, in the Stern—Volmer analysis, a 1:1 complex is assumed to be formed. The linearity
of the Stern—Volmer plots reported in Figure 2 is strong evidence that the stoichiometry is
effectively 1:1, otherwise deviations from linearity should be observed. However, in order
to determine the binding stoichiometry (1) and further support the 1:1 complex formation,
the Stern—Volmer equation can be rearranged in the following form (Equation (2)) [74]:

l%<&;F

where Fj and F are the fluorescence intensities in the absence and presence of the ligand,
respectively, [Q] is the ligand concentration, K}, is the apparent binding constant, and 7 is the
stoichiometry defined as the number of ligand molecules interacting with one molecule of
protein. The calculated K}, and n at 20 °C are reported in Table 2. In turn, the corresponding
plots of log(Fy — F/F) vs. log[Q] are shown in Supplementary Materials, Figure S5.

> = log K}, +nlog[Q] (2)
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Table 2. Values of the apparent binding constant (Kj) and stoichiometry (1) for the complex formation
between AziRu and each serum protein obtained at 20 °C.

System K,/M-1 N
HSA-AziRu (1.240.3) x 10* 0.94 4+ 0.20
hTf-AziRu (2.3 £0.5) x 103 11402

The obtained values showed that both proteins formed a 1:1 complex, with obtained
values of Kj in excellent agreement with the values of Kgy reported above, completely
validating the Stern—Volmer analysis reported above [75].

Next, in order to probe specific interactions between the studied proteins and the
Ru-containing vesicles, the same fluorescence analysis carried out on AziRu was performed
with the DoHuRu/DOTAP liposomes. However, to take into account possible interactions
between the proteins and pure DOTAP vesicles, both protein solutions were titrated first
with a pure DOTAP vesicles suspension, and, after each addition, the corresponding fluo-
rescence spectrum was acquired. The spectra obtained for HSA/DOTAP and hTf/DOTAP
systems are shown in Supplementary Materials, Figure S6A and S6B, respectively.

For both proteins, a small but significant decrease of their fluorescence intensity
was observed upon addition of DOTAP vesicles. In particular, at the highest DOTAP
concentration tested, the fluorescence intensity drop in the case of HSA was around 16%
and for hTf around 5%. In addition, no wavelength shift of the fluorescence maximum
(346 nm for HSA and 332 nm for hTf) was observed. The reported data indicated that
both proteins could interact with DOTAP vesicles. However, due to the low change in the
fluorescence intensity, the interaction appeared overall very weak, particularly in the case
of hTf.

The same titration experiments were repeated by titrating the HSA and hTf solutions
with the DoHuRu/DOTAP 30:70 vesicles suspension (Figure 3A and Figure 3B, respectively).
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Figure 3. Fluorescence emission spectra of (A) HSA and (B) hTf in the absence (black spectra)
and in the presence of increasing DoHuRu/DOTAP vesicles concentrations (colored spectra). The
arrows indicate the direction of the effects due to increasing concentrations of DoHuRu/DOTAP. The
excitation wavelength was set at 280 nm. All the experiments were performed in a 1-cm path length
quartz cuvette at the temperature of 20 °C.

For the HSA titration (Figure 3A), a marked decrease of the fluorescence intensity upon
addition of the Ru-containing vesicles was observed, reaching a 24% fluorescence intensity
drop at the highest vesicle concentration explored. In contrast, the decrease in fluorescence
intensity at 332 nm observed for hTf after titration with the Ru-containing vesicles was less
pronounced (around 12%). The observed decrease could be due to the complex formation
between the proteins and the vesicles, which affects the fluorescence emission of the
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tryptophan residues. In addition, in both cases, no shift of the emission maximum was
observed, indicating that the microenvironment surrounding the Trp residues was not
affected by the interaction process, thus suggesting that the interaction probably occurred
without any conformational change of the proteins.

In order to quantitatively describe the complex formation with the Ru-containing
vesicles, these data were treated by the Stern—Volmer analysis as carried out with AziRu.
The Stern—Volmer plots obtained from the titrations experiments on the serum proteins
with DOTAP and DoHuRu/DOTAP are reported in Supplementary Materials, Figure S7,
while the values of the corresponding Stern—Volmer constants are reported in Table 3.

Table 3. Stern—Volmer constants for the complex formation between DOTAP and DoHuRu/DOTAP
vesicles with serum proteins (HSA and hTf) obtained at 20 °C.

Scheme 1 T/°C Kgy/M—1
HSA-DOTAP 20 (2.9 +0.7) x 103
HSA-DoHuRu/DOTAP 20 (55 + 0.5) x 10°
hTf-DOTAP 20 (0.98 + 0.10) x 10°
hTf-DoHuRu/DOTAP 20 (2.3 +0.6) x 10°

Inspection of the data reported in Table 3 revealed that HSA is able to interact with
DOTAP vesicles alone. This agrees with the known ability of serum proteins like BSA and
HSA to interact with a wide variety of ligands, and primarily fatty acids [76]. When DOTAP
was coformulated with the nucleolipid-based Ru(Ill) complex DoHuRu, an increase of the
Ksy value was observed (from 2.9 x 103 M~! to 5.5 x 10® M), clearly demonstrating
that the interaction of liposomes with proteins is enhanced when the nucleolipidic Ru
complex is incorporated in the vesicles. It is interesting to note that the presence of a lipid
formulation does not seem to dramatically limit the ability of HSA to interact with the Ru
complex, since the Kgy value for DoHuRu/DOTAP vesicles is only ca. two-fold lower with
respect to that found with AziRu.

As far as hTf is concerned, this protein proved to be able to interact with pure
DOTAP vesicles, but with a lower affinity with respect to HSA (Kgy of 0.98 x 10° M1 vs.
2.9 x 10> M~!). Interestingly, the vesicles containing the Ru complex showed enhanced
ability to interact with hTf compared to pure DOTAP liposomes, also highlighting in
this case the presence of specific interactions with the Ru complex. Indeed, the value of
Ksy for the complex between hTf and DoHuRu/DOTAP liposomes (2.3 x 10> M~1) was
comparable, within the experimental error, to the one obtained for AziRu (3.7 x 103 M),

Finally, the hydrodynamic radius distribution of DOTAP and DoHuRu/DOTAP vesi-
cles in the presence of the two serum proteins was also verified by means of dynamic light
scattering experiments. In Supplementaty Materials, Figures S8 and S9 the hydrodynamic
radius distribution functions for vesicles in the absence and presence of HSA and hTf are
reported, respectively. HSA affects the size distribution of DOTAP and DoHuRu/DOTAP
vesicles in a concentration dependent manner, leading to a broader size distribution cen-
tered at higher Ry values compared to those in the absence of the protein. Interestingly,
this effect is evident for DoHuRu/DOTAP vesicles at a lower protein concentration with
respect to the bare DOTAP, which could be attributable to the higher affinity of HSA for
the nucleolipid Ru complex. In contrast, the size distribution of DOTAP vesicles is not
affected at all by the presence of hTf. This is expected for a low affinity binding event.
Surprisingly, hTf showed a marked effect on DoHuRu/DOTAP vesicles. As in the case of
HSA, at the highest protein concentration used, the size distribution is centered at higher
Ry values compared to those in the absence of protein, leading to bigger vesicles. However,
it is remarkable that the integrity of liposomes is always preserved upon proteins binding.

2.3. Conformational Behavior of Serum Proteins in the Presence of the Ru-Containing Complexes

Changes in the protein secondary structure induced by ligand binding and/or interac-
tion with vesicles are typically studied by recording CD spectra in the far-UV region [77].
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The CD spectra of free HSA and hTf in the absence and presence of increasing concentra-
tions of AziRu are shown in Figure 4A and Figure 4B, respectively.
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Figure 4. Far UV-CD spectra of (A) HSA and (B) hTf recorded in the absence (black spectra) and
in the presence of increasing concentrations of AziRu. The concentrations of both proteins were
1.5 uM. The AziRu concentrations were: 1.5 uM (red spectra), 7.5 uM (blue spectra) and 75 uM (green
spectra). The spectra were recorded at 20 °C by using a 0.1 cm path length quartz cuvette.

The CD spectrum of HSA showed two negative bands at 208 and 220 nm, and a positive
band around 195 nm, indicative of the presence of an «-helix structure [77], in agreement
with previously reported CD data and the deposited protein crystal structure [76,78].
Conversely, the CD spectrum of hTf showed a distinct minimum around 210 nm, a weak
negative band around 220 nm, and a positive band at 195 nm. These spectral features
suggested that also this protein adopts an «-helical conformation. However, the intensities
of the two minima are not the same, indicating that not all the protein is folded in a helix
conformation. Indeed, an inspection of the hTf crystal structure revealed the presence of a
consistent portion of the protein folded in a twisted 3-sheet conformation, as well as turns
and disordered regions [79], thus explaining the obtained CD spectrum.

For HSA, in the presence of AziRu (at a ligand-to-protein ratio of 1:1, 5:1, and 50:1),
only a modest decrease in the intensity of these negative bands occurred, suggesting that
the interaction with this small ligand does not sensibly affect the overall secondary structure
of the protein. Similar results were obtained for hTf. Thus, even if AziRu can bind both
proteins, the integrity of their secondary structures is preserved upon complex formation.

The same experiments were also performed in the presence of the DoHuRu/DOTAP
liposomes, to verify possible conformational changes of the proteins imposed by the com-
plexation with Ru(III) containing vesicles. In Figure 5, the CD spectra of HSA (panel A) and
hTf (panel B) in the absence and presence of increasing concentrations of DoHuRu/DOTAP
are shown.

Interestingly, the addition of the vesicles to HSA did not affect at all the secondary
structure of the protein, even at the very high vesicles/protein concentration ratio of 100:1.
This result agrees with previous studies showing that the secondary structure of HSA is
only slightly affected by interaction with vesicles [80,81]. In sharp contrast, the CD spectra
recorded for hTf suggested that some, even if small, conformational changes are produced
in the protein upon interaction with DoHuRu/DOTAP vesicles. Indeed, the intensities
of the two negative bands had already decreased at the lowest vesicle concentrations
investigated (1.5 and 15 uM, i.e., at a 1:1 and 10:1 vesicles/protein concentration ratio).
Upon increasing the vesicles concentration at 75 pM, the changes were more evident.
Conversely, the intensity of the positive band at 195 nm was not affected by the interaction
process. These findings suggested that the helical content of the protein decreased upon
interaction, but to a low extent. Conversely, the CD spectrum of hTf (Supplementary
Materials, Figure S10) was not affected at all by the presence of DOTAP vesicles. This

111



Molecules 2023, 28, 2800

result highlights the key role played by the nucleolipid-based Ru complex in driving
the interaction process, inducing small conformational changes in the protein structure.
In conclusion, the overall secondary structure of hTf is only marginally affected by the
presence of DoHuRu/DOTAP vesicles.
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Figure 5. Far UV-CD spectra of (A) HSA and (B) hTf recorded in the absence (black spectra) and in
the presence of increasing concentrations of DoHuRu/DOTAP. The concentrations of both proteins
were 1.5 uM. For HSA, the vesicles concentrations were 45 uM (red spectrum), 75 uM (blue spectrum),
and 150 uM (green spectrum). For hTf, vesicles concentrations were 1.5 uM (red spectrum), 15 uM
(blue spectrum) and 75 uM (green spectrum). The spectra were recorded at 20 °C by using a 0.1 cm
path length quartz cuvette.

3. Experimental Section
3.1. Materials and Methods

The following were all purchased from Sigma Aldrich and used as received:
1,2-dioleoyl-3-trimethylammonium-propane (chloride salt) (DOTAP, MW = 698.55 g/mol,
>99%); albumin from human serum (>99%); transferrin human (>98%); and chloroform
(for HPLC, >99.9%). All the experiments were carried out in a pseudo-physiological phos-
phate buffer solution (NaCl = 137 mM, KCl = 2.7 mM, NayHPO, = 10 mM, KH;PO4 =2 mM,
pH=7.4).

3.2. Synthesis of AziRu and DoHuRu Ru(III) Complexes

AziRu was prepared by reacting pyridine with Na* [trans-RuCly(DMSO);]~ in an-
hydrous acetonitrile, following a previously described protocol [34,38]. The nucleoli-
pidic ruthenium complex, named DoHuRu, was prepared by reacting in stoichiometric
amounts the starting nucleolipid, named DoHu [48], with the Ru complex Na* [trans-
RuCly(DMSO),]~ following previously reported procedures [35,51,52].

The desired salt was obtained in almost quantitative yields and in pure form, as
confirmed by TLC, NMR, and ESI-MS analysis, whose results were in all cases in accordance
with literature data.

FTIR-ATR of AziRu: significant vibrational frequencies (cm~1): 3018. 2 (w) [v (CH)],
1667.1 (s) [v (C=N)], 1317.2 (w) [ (CH)]; 1080.3 (s) [v (S=O) (DMSO)]; 1025.8 (s) [p (CH)];
764.0 (s) [v (C-9)].

3.3. Preparation of DOTAP and DoHuRu/DOTAP Vesicles

For the preparation of the vesicles composed of 1,2-dioleoyl-3-trimethylammonium-
propane (chloride salt) (DOTAP), 0.346 mL (0.00101 mmol) of a DOTAP standard solution
in chloroform (2.92 mM) was transferred in a round-bottom glass vial. A thin film was
obtained through evaporation of the solvent under a gentle flow of dry N for at least 24 h.
The film was hydrated with the phosphate buffer and dispersed in solution through
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sonication at 59 kHz at 40 °C for at least 40 min. The vesicles suspension was then
extruded through polycarbonate membranes of 100 nm pore size, at least 11 times. For the
preparation of vesicles composed of DoHuRu and DOTAP, 2.47 mL (0.000721 mmol) of a
DoHuRu (MW = 1620 g/mol) standard solution (0.292 mM), and 0.592 mL (0.00179 mmol)
of a DOTAP standard solution (3.02 mM) were introduced in a round bottom glass vial.
Then, the following steps were identical to the ones used for the preparation of bare
DOTAP liposomes.

3.4. Preparation of the Protein Solutions

The solutions of HSA (M.W. 66 kDa g mol ') and hTF (M.W. 80 kDa) were prepared by
dissolving the lyophilized powder directly in PBS buffer, pH 7.4. Their concentrations were
determined spectrophotometrically by evaluating their absorbance at 280 nm, using the follow-
ing extinction coefficient at 280 nm: £(280) = 35700 M~ ! cm~! and £(280) = 85240 M~ cm ™!
for HSA and hTf, respectively.

3.5. Dynamic Light Scattering Experiments

Dynamic light scattering (DLS) analyses were performed with a setup composed of
Photocor compact goniometer, a SMD 6000 Laser Quantum 50 mW light source operating
at 5325 A, and a PMT and correlator obtained from Correlator.com. All the measurements
were performed at (25.00 + 0.05) °C by using a thermostat bath. The concentration of the
used lipids was 0.5 mM in all the performed experiments. The concentrations of HSA
were 0.12 uM and 0.45 uM. In turn, the concentrations of hTf were 0.15 uM and 0.45 pM.
DLS measurements were performed 24 h after each addition of protein solution into the
vesicles suspension.

3.6. Fluorescence Spectroscopy Experiments

The interaction between serum proteins HSA and hTf with AziRu, DOTAP and
DoHuRu/DOTAP vesicles was studied by following the intrinsic fluorescence changes of
proteins induced by the addition of each compound. The titrations were performed by
recording spectra of a protein solution at fixed concentration (5 tM) containing increasing
Ru(IIT) complex or DOTAP amounts ranging from 0 to ~10~* M. AziRu stock solutions
were prepared by weight. All the samples were prepared in a saline sodium phosphate
buffer (PBS) solution at pH 7.4.

Steady state fluorescence measurements were performed by means of a FluoroMax-4
fluorescence spectrophotometer (Horiba, Edison, NJ, USA), using a quartz micro cuvette
(1 cm in excitation and 0.2 cm in emission) of 400 L volume. The excitation wavelength was
280 nm, and the emission spectra were recorded in the 290-500 nm range. The excitation
and emission slits were 3 nm, and the temperature was set to 20 °C and 10 °C. All protein
fluorescence spectra were corrected by subtraction of the buffer alone.

3.7. Circular Dichroism Experiments

Circular dichroism (CD) spectra were acquired in the far UV-region (190-250 nm) using
a Jasco J-715 spectropolarimeter (from Jasco Corporation, Tokyo, Japan) under constant
nitrogen flow. The temperature was controlled by a Peltier type temperature control
system (Model PTC-348WI). The spectra were recorded in a 0.1 cm quartz cuvette, with 4 s
response time, 2 nm bandwidth, and 20 nm/min scan rate. Protein concentrations between
0.05-0.1 mg/mL were typically used. The spectra were measured in the absence and
presence of increasing concentrations of AziRu or DoHuRu/DOTAP vesicles in a 20 mM
sodium phosphate buffer, pH 7.4. Spectra were recorded at a fixed temperature of 20 °C,
averaged, and corrected for the buffer baseline.

4. Conclusions

With the aim of better understanding the mechanism of action of Ru(Ill)-based an-
ticancer drugs, we herein investigated via spectroscopic measurements the interaction
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occurring between the nucleolipidic Ru complex DoHuRu embedded in DOTAP liposomes
and two serum proteins, i.e., HSA and hTf, using the NAMI-A-like low molecular weight
complex AziRu as a reference.

Fluorescence analysis gave solid evidence of the binding of the DoHuRu/DOTAP
liposomes, and of AziRu as well, with both proteins. Indeed, in all cases the addition of
the Ru(IIl)-containing compounds to the target proteins caused a quenching of the protein
intrinsic fluorescence, which increased on increasing the amount of ligand, indicative of
the formation of stable ligand-protein complexes. Notably, the quantitative analysis of
the fluorescence data revealed binding constants in the 103-10* M~! range, indicative of a
moderate affinity. This is fully consistent with the postulated behaviour of these proteins,
able to sequester anticancer metal-based drugs in the bloodstream and then release them in
the proximity of tumour tissues. These fluorescence analysis data were further corroborated
by CD spectroscopy.

Circular dichroism spectra of the studied proteins were essentially similar in shape if
registered in the absence or presence of each complex, suggesting that the binding did not
alter their secondary structures.

Taken together, our results highlight the fact that DoHuRu/DOTAP liposomes can also
interact extensively with serum proteins, similarly to NAMI-A-like complex AziRu and in
line with other anticancer Ru(Ill) complexes described in the literature. This binding can
have important consequences for the pharmacokinetics of these metal complexes. Indeed,
the formation of Ru(Ill) complex/serum protein adducts is of potential pharmaceutical
interest, considering the putative in vivo role of these proteins as carriers allowing the
selective delivery of metal complexes to cancer cells and tissues.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/molecules28062800/s1, Figure S1: Chemical structures of NAMI-A, KP1019 and NKP-1339,
Figure S2: Hydrodynamic radius distribution functions of DOTAP and DoHuRu/DOTAP vesicles,
Figure S3: UV /Vis absorption spectrum of AziRu in solution, Figure S4: Stern—Volmer plots for the
interaction of AziRu with HSA and hTf, Figure S5: Modified Stern—Volmer plots for the interaction
of AziRu with HSA and hTf, Figure S6: Fluorescence spectra of HSA and hTf with DOTAP vesicles,
Figure S7: Stern—Volmer plots for the interaction of DOTAP and DoHuRu/DOTAP vesicles with HSA
and hTf, Figure S8: Hydrodynamic radius distribution functions of DOTAP and DoHuRU/DOTAP
vesicles in the presence of HSA, Figure S9: Hydrodynamic radius distribution functions of DOTAP
and DoHuRU/DOTAP vesicles in the presence of hTf, Figure S10: CD spectra of hTf in the presence
of DOTAP vesicles, Table S1: ICsy values of Ru(Ill) complexes in different tumor and healthy
cell lines [82].
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Abstract: Rubus fairholmianus (RF) has widely been used to treat various ailments, including pain,
diabetes, and cancer. Zinc oxide nanoparticles (ZnO NPs) have drawn attention in modern healthcare
applications. Hence, we designed this study to synthesize zinc oxide (ZnO) nanoparticles using R.
fairholmianus root extract to investigate its synergistic cytotoxic effect on MCF-7 cells and explore the
possible cell death mechanism. ZnO NPs were synthesized via green synthesis using R. fairholmianus
root extract, and the effect on MCF-7 cells was determined by looking at cellular morphology, prolif-
eration, cytotoxicity, apoptosis, and reactive oxygen species (ROS). The results showed that cellular
proliferation was reduced following treatment with R. fairholmianus capped zinc oxide nanoparticles
(RFZnO NPs), while cytotoxicity and ROS were increased. There was also an increase in apoptosis
as indicated by the significant increase in cytoplasmic cytochrome ¢ and caspase 3/7 (markers of
apoptosis), as well as increased levels of pro-apoptotic proteins (p53, Bax) and decreased levels of
anti-apoptotic protein (Bcl-2). In conclusion, these results showed that REZnO NPs induce apoptosis
in breast cancer cells via a mitochondria-mediated caspase-dependent apoptotic pathway and suggest
the use of acetone root extract of R. fairholmianus for the treatment of cancer-related ailments.

Keywords: Rubus; zinc oxide; nanoparticles; MCF-7; apoptosis; caspases

1. Introduction

Cancer is an abnormal and uncontrolled growth of cells resulting in an increased
mass or lump of cells called tumors. Cancer is a serious health concern worldwide with
significant morbidity and mortality [1]. Various well-established treatments are available
to treat cancer, though the side effects and high cost make the fight against cancer difficult,
particularly in developing countries. Chemotherapy is one of the effective cancer treatments,
but it still displays minimal specificity and is limited by the severity of the side effects
and toxicity toward healthy cells. It has become a challenge to find an effective therapy
for cancer treatments [2]. Thus, traditional treatment methods need to be combined with
modern drug delivery technology to enhance the treatment outcome and lessen the toxic
side effects [3].

Nanomedicine is a promising anticancer niche area for developing novel diagnostic
and therapeutic strategies. Green synthesis of nanoparticles (NPs) is a new strategy used
for various biomedical applications. This is a cost-effective, eco-friendly, and biocompatible
approach for the synthesis of NPs with varied biological properties [4]. Green synthesis
uses plants and microbes and allows large-scale production of NPs without extra impurities,
and such NPs show enhanced catalytic activity and limit the use of expensive and toxic
chemically synthesized NPs [5]. Various plant parts (flower, leaf, stem, and root) have been
used for the synthesis of NPs, and the phytocompounds in the plant extracts can act as both
stabilizing and reducing agents during the process [6-8]. Recently, numerous metal oxide
NPs such as copper (II) oxide (CuO), titanium (II) oxide (TiO), and zinc oxide (ZnO) have
been synthesized through a green approach, and ZnO NPs have become popular in biomed-
ical, molecular recognition, optics, and electronic applications due to the inexpensive, easy,
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and safe synthetic protocols [9-11]. The United States Food and Drug Administration
(FDA) has approved ZnO as a safe metal oxide which showed semiconducting, catalytic,
anti-inflammatory, and wound healing properties with a large band gap and high excitation
binding energy [12-14]. Zinc is also an essential micronutrient in the human body and
is vital for health and disease control, bone metabolism, and immune function [15-17].
Zinc-dependent proteins also play an important role in transcriptional regulation, cell
death, and DNA repair [18,19].

The diverse genus Rubus includes over 750 species and is found on many conti-
nents [20]. Rubus species have been used in folk medicine due to their varied pharmacologi-
cal properties. R. fairholmianus is also used for various ailments by tribal people [21-23]. We
have reported the in vitro cytotoxic effects of R. fairholmianus on colorectal, breast, and lung
cancer and melanoma cells [24-26]. The apoptotic efficacy of silver NPs conjugated with
R. fairholmianus and the bioactive compounds of R. fairholmianus were studied on MCF-7
breast cancer cells [27,28]. We have recently reported on the biosynthesis of ZnO NPs using
R. fairholmianus root extract and their antibacterial effects [29]. To our knowledge, no study
assessing the in vitro anticancer effects of ZnO NPs capped with R. fairholmianus root extract
in MCF-7 breast cancer cells has been reported. The anticancer potential of REZnO NPs
in MCF-7 cells was determined by analyzing cytotoxicity, proliferation, reactive oxygen
species (ROS), and apoptotic cell death.

2. Results
2.1. Morphological Assessment, Cell Proliferation, and Cytotoxicity Analysis

The changes in the shape of treated and untreated breast cancer cells were analyzed.
As compared to healthy untreated breast cancer cells, treated cells showed significant mor-
phological variations such as irregular shape and rounding, as well as detachment from the
culture plate and decreased confluency. The RF- and RFZnO-treated cells showed signifi-
cant morphological changes compared to ZnO NP-treated and untreated cells (Figure 1a—e).
The proliferation of breast cancer cells following the treatments was evaluated using the
adenosine triphosphate (ATP) proliferation assay. Cellular proliferation in control cells was
higher, as was evident from the increased ATP content. Exposure of cells to RE, ZnO NPs,
and RFZnO NPs led to a reduction in intracellular ATP levels, which indicates reduced
cellular proliferation. Cells incubated with REZnO NPs resulted in a significant decrease
(p < 0.01) (Figure 2a) in cell proliferation compared to untreated cells. The cytotoxic effects
of RF, ZnO NPs, and RFZnO NPs were measured using the lactate dehydrogenase (LDH)
assay. The release of LDH from damaged cells (through a ruptured cell membrane) into the
culture media is a direct measure of cellular toxicity. Untreated MCF-7 cells showed the
least amount of LDH release (absorbance: 0.2183) compared to RF- and ZnO-treated cells
(absorbance: 0.361 and 0.616, respectively). A significant 5.22-fold (p < 0.01) increase in toxi-
city (absorbance: 1.141) was observed in REZnO NP-treated cells (Figure 2b). These results
indicate that the NPs synthesized from R. fairholmianus decreased cellular proliferation and
increased cytotoxicity in MCF-7 cells 24 h post-treatment.
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Figure 1. Morphological changes in MCF-7 breast cancer cells 24 h after treatment with Rubus
fairholmianus (RF 10 pg/mL), zinc oxide nanoparticles (ZnO NPs 10 pug/mL), and R. fairholmianus
capped zinc oxide nanoparticles (RFZnO NPs 10 png/mL). Control cells did not show any sign of cell
death and were found to be healthy and confluent (a). Treated groups showed more dead cells with
loss of membrane integrity. An increased number of dead cells was seen in RF (b) and RFZnO NP (d)
treatment groups compared to the control group (a) and cells treated with ZnO NP (c). (e) Possible
cell death/cytotoxicity mechanism of action induced by RFZnO NPs.
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Figure 2. (a) Measurement of cell proliferation by adenosine triphosphate (ATP) luminescent assay.
Control cells showed maximum levels of ATP. ATP levels were significantly decreased in cells treated
with Rubus fairholmianus (RF 10 pug/mL), zinc oxide nanoparticles (ZnO NPs 10 pug/mL), and R.
fairholmianus capped zinc oxide nanoparticles (REZnO NPs 10 pg/mL). (b) Lactate dehydrogenase
(LDH) was used to measure cytotoxicity. A significant increase in cytotoxicity 24 h after treatment
with RF, ZnO NPs, and RFZnO NPs was observed. Significant differences are shown as * p < 0.05
and ** p < 0.01. Results represent the mean =+ SE of three independent experiments.

2.2. Cytochrome C Release and Caspase 3/7 Activity

Cytochrome C (cyt c) is a water-soluble hemeprotein (~12 kDa) mainly located in
the inner mitochondrial membrane. Mitochondrial release of cytotochrome c into the
cytoplasm is a vital process in the execution phase of apoptosis. Cyt ¢ functions as an
electron transporter/vehicle in the respiratory chain and is then translocated to the cytosol
in cells that undergo apoptosis, where it is involved in the activation of the caspase cascade
signaling pathway [30]. Many apoptotic proteins induce mitochondrial damage resulting in
the release of cyt c and thereby the activation of caspases. The cyt c assay results reveal that
compared to the untreated cells, a significant amount of cyt c was released by treated cells
(Figure 3a). A significant (p < 0.01) increase in cyt c release was observed in REZnO NP-
treated cells compared to untreated cells with a 4.57-fold increase. RF- and ZnO NP-treated
cells showed a 2.36- and 2.20-fold increase in cyt c release, respectively.
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Figure 3. (a) Cytochrome c levels in control and treated MCF-7 cells. A significant increase in
cytochrome c levels was observed in all treated cells when compared with the control. (b) Caspase
3/7 activity. A significant increase in caspase 3/7 activity was observed after treatments. Significant
differences are shown as * p < 0.05 and ** p < 0.01. Results represent the mean + SE of three
independent experiments.

Previous studies have documented that caspase 3 is important in regulating DNA
fragmentation and the initiation of apoptosis, whereas caspase 7 plays a major role in cell
cycle progression and tumor growth. Based on these facts, we determined the levels of
caspase 3/7 as a measure of apoptosis [31] 24 h after treatment with RF, ZnO NPs, and
REZnO NPs using the Caspase-Glo 3/7 luminescent assay kit. Caspase 3/7 levels were
compared with untreated cells, and the results revealed that REZnO NP treatment induced
a noticeable increase (p < 0.01) in caspase 3/7 (Figure 3b).

2.3. Reactive Oxygen Species (ROS) Production and Nuclear Hoechst Staining

ROS play an important role in inducing apoptosis in cancer cells. The production
of ROS was evaluated after exposure to RF, ZnO NPs, and RFZnO NPs using ELISA
(Figure 4a) and qualitative fluorescence methods (Figure 4b—e), and nuclear damage was
assessed qualitatively through Hoechst staining. Increased intracellular ROS levels were
observed in the treated groups (RF and ZnO NPs: p < 0.05; RFZnO NPs: p < 0.01) (Figure 4a).
The presence of red fluorescent signals in treated groups shows increased levels of ROS
(Figure 4c—e). Similarly, groups incubated with RE, ZnO NPs, and REFZnO NPs showed
slight nuclear damage as determined by the Hoechst stain. Untreated cells presented with
homogeneously stained round nuclei, while treated cells displayed an uneven nuclear
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shape and DNA condensation (Figure 4f-i). These results reflect that REZnO NPs can
induce cytosolic oxidative stress and cell death.
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Figure 4. (a) Measurement of reactive oxygen species (ROS) in control and treated MCF-7 cells.
There was a significant increase in ROS in R. fairholmianus capped zinc oxide nanoparticle (REZnO
NP)-treated groups. Significant differences are shown as * p < 0.05 and ** p < 0.01. Results represent
the mean + SE of three independent experiments. (b—e) Qualitative assessment of ROS: ROS are
indicated by red fluorescence and nuclei are stained blue. There was increased red fluorescence, and
hence increased ROS, in the treatment groups, while in the control group ROS production was lower.
(f-i) Nuclear damage as determined by Hoechst staining. Treatments induced minor nuclear damage
in MCF-7 cells; the intensity of nuclear stain was decreased, indicating nuclear disintegration (as
shown by the arrows).

2.4. Immunofluorescence and Immunoblotting of p53, Bax, and Bcl-2

Apoptotic proteins were studied to determine the influence of RF, ZnO NPs, and
RFZnO NPs in inducing the apoptotic pathway in breast cancer cells. From the results,
apoptotic proteins Bax (Figure 5a—d) and p53 (Figure 5e-h) were found at high levels in
treated groups, specifically in REZnO NP-treated cells, while the anti-apoptotic protein
Bcl-2 (Figure 5i-1) was reduced considerably in the treated groups. Following treatment,
we observed activated p53 nuclear translocation, and hence more p53 was observed in the
nucleus while the Bax was seen in the cytosol. Arrows in the figure indicate the presence of
p53, Bax, and Bcl-2 proteins.
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Figure 5. Inmunofluorescence images of Bax (a—d), p53 (e-h), and Bcl-2 (i-1) in control and treated
cells. Treated cells showed significant changes in the activity of apoptotic proteins. Control cells
showed few p53- and Bax-positive cells and more Bcl-2-positive cells. Cells treated with Rubus
fairholmianus (RF), zinc oxide nanoparticles (ZnO NPs), and R. fairholmianus capped zinc oxide
nanoparticles (REZnO NPs) showed higher levels of p53 and Bax positivity. The treatment with RF,
ZnO NPs, and RFZnO NPs decreased Bcl-2. Magnification: 20X original; arrows indicate the presence
of proteins p53, Bax, and Bcl-2 (FITC stained, green); nuclear stain: DAPI (blue).

We also examined the level of these proteins by Western blotting (Figure 6a,b) and
observed a similar pattern. From the immunoblot results, the levels of Bax and p53
pro-apoptotic proteins were high in cells treated with RFZnO NPs, while the level of
anti-apoptotic protein Bcl-2 appeared to be low. The REZnO NP-treated groups showed
significantly increased levels (p < 0.01) of Bax and p53, while reduced levels (p < 0.01) of Bcl-
2 were observed. The activation of p53 and Bax leads to the loss of mitochondrial membrane
potential and cyt c release, and immunofluorescence assays also support these findings.
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Figure 6. Cont.
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Figure 6. Effect of RFZnO NPs on the level of p53, Bax, and Bcl-2 apoptotic proteins, as determined by
immunoblotting (a). L1: control; L2: Rubus fairholmianus (RF) (10 pg/mL); L3: zinc oxide nanoparticles
(ZnO NPs) (10 ug/mL); L4: R. fairholmianus capped zinc oxide nanoparticles (REZnO NPs) (10 pug/mL).
The results showed that p53 and Bax levels were significantly increased, while the level of Bcl-2 was
decreased in treated groups. Relative expression shown in a graph (b). Protein levels were quantified
using Image]J software and normalized to GAPDH band intensity. Significant differences are shown
as *p < 0.05and ** p < 0.01. Results represent the mean =+ SE of three independent experiments.

3. Discussion

ZnO NPs are multi-faceted metal oxide NPs with diverse biological properties [32].
This study investigated the anticancer activity of green synthesized ZnO NPs against
breast cancer cells. As revealed by morphological analysis by inverted microscopy, the
RFZnO NP-treated MCE-7 cells showed significant morphological variations, including
rounding of cells and detachment from culture plates. In addition, the ATP proliferation
results displayed a significant (p < 0.01) decrease in proliferation after REZnO NP treatment.
However, RF- and ZnO NP-treated groups also showed decreased proliferation (p < 0 05).
The LDH cytotoxicity assay results were supportive of the morphology and proliferation
assay results. RF, ZnO NP, and RFZnO NP treatment significantly (p < 0.01) induced
cytotoxicity by releasing LDH into the culture media. Cytoplasmic LDH will be released
into the cell culture media upon the loss of cell membrane integrity. The cytotoxicity results
revealed that there is an increased cell death observed in the treated groups. This might
be due to the synergistic action of R. fairholmianus and ZnO NPs, and it can be postulated
that when cells are treated with REZnO NPs, there will be an accumulation of Zn?* in the
cytosol [33] and the Rubus bioactive compounds will be released into the cytosol, which
will result in an increased free radical production and oxidative stress which in turn might
induce DNA and cell membrane damage and loss of cellular function [25,26]. The released
bioactive compounds also activate apoptotic signals, resulting in cell death (Figure 1e).
LDH activity is a direct measure of cellular toxicity and cell death due to cell membrane
rupture and apoptosis [34]. Similarly, the cell proliferation biomarker ATP is abundant
in all metabolically active viable dividing cells. Higher ATP levels indicate increased
cell proliferation rates. The reduction in ATP levels is directly linked with reduced cell
proliferation [35]. In this study, the data from cell morphology analysis, cytotoxicity, and
proliferation assays provided evidence for the reduction in cell numbers in treated groups.
Reports show that ZnO NPs induce structural changes including the loss of cell-to-cell
adhesion in human cervical carcinoma cells [36].

Cyt c is a vital mitochondrial peripheral protein, and it acts as an electron shuttle
and contributes to apoptosis. The intermembrane mitochondrial space (IMS) comprises a
heterogeneous group of proteins that promote cell death upon release. The first molecule
belonging to this group of proteins is cyt c. Upon apoptotic stimuli, cyt c is released into the
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cytoplasm where it activates the adaptor molecule in the presence of ATP and generates a
complex known as the apoptosome to execute apoptotic cell death [37,38]. Previous studies
reported that ethanolic extracts of medicinal plants induce apoptosis via intrinsic and
extrinsic pathways. The loss of mitochondrial membrane potential is a major characteristic
of mitochondria-dependent apoptosis [39,40]. Hence, the analysis of mitochondrial cyt ¢
release is an important measure of apoptotic cell death. The results (Figure 3a) show that
RFZnO NPs significantly induced cyt c release (p < 0.01).

Apoptotic events are strongly controlled by numerous caspase proteins that ultimately
mediate cell death. Caspase 3 activation occurs in the perinuclear area of the cell and is
associated with mitochondrial cyt c release which can be prevented by the upregulation of
Bcl-2 proteins [41]. McComb et al. reported that the stimulation of caspase 3 or 7 initiates
the augmentation of the upstream apoptotic process, which is a vital feature of cell death
via apoptosis. The activity of caspase 3 or 7 is essential for mitochondrial membrane
depolarization, and hence cyt c release [42]. Results from this study showed that a 2-fold
increase in caspase 3/7 activity was obtained (Figure 3b) after treatment with RFZnO NPs
(p <0.01).

Even though higher levels of ROS play a vital role in cancer incidence and progres-
sion, levels above a cytotoxic threshold lead to cancer cell death. Many commonly used
anticancer therapies such as radiation, chemotherapy, and photodynamic therapy (PDT)
depend on ROS production to induce cancer cell death mechanisms. Numerous reports
proved that ZnO NPs exert significant antitumor activity via the generation of ROS and
free radical production, and this is regarded as one of the pathways by which ZnO NPs
induce cancer cell death [42,43]. Increased ROS levels lead to a decrease in antioxidant
enzymes and ultimately result in cellular oxidative damage [44]. It is well proven that ROS
can regulate the translocation, phosphorylation, and/or cleavage of pro-apoptotic Bcl-2
family proteins, leading to apoptosis induction [45]. Our quantitative (ELISA) (Figure 4a)
and qualitative (immunofluorescence) (Figure 4b—e) experimental results showed the in-
creased production of ROS following treatments (p < 0.01). Nuclear damage was assessed
by Hoechst staining, which did not indicate significant nuclear damage after treatments;
the control and treated cells looked similar, although minor nuclear damage was seen in
treated cells (Figure 4f-i).

Further, we studied the cell death mechanism caused by ZnO NPs and RFZnO NPs
using immunofluorescence and immunoblot analysis of vital apoptotic proteins (Bax, Bcl-2,
and p53). Levels of pro-apoptotic proteins (Bax and p53) were increased, whereas the
anti-apoptotic Bcl-2 activity was reduced. Mitochondria-mediated apoptosis requires
mitochondrial membrane depolarization to release apoptotic mediators such as cyt c [38].
Tumor suppressor gene P53 is involved in the mediation of apoptosis via the regulation
of BCL-2 family genes [46]. The Bcl-2 family proteins involve pro-apoptotic and anti-
apoptotic members. Bcl-2 proteins are vital mediators which control the mitochondrial
pores to regulate cyt c release to aid in the apoptotic process [38—40]. The anti-apoptotic
Bcl-2 proteins help in cell survival by inhibiting the pro-apoptotic proteins [40]. Bax
controls cell death by disrupting the mitochondria, and its activity is in turn controlled by
p53 [42]. The overexpression of Bax improves mitochondrial pore opening followed by cyt
c release [47]. Several studies showed that translocation of Bax without Bax/Bcl-2 ratio
variation can upregulate caspase 3 to execute apoptosis [48-50]. Similar to the findings
of Akhtar et al. [51] in human lung cancer cells (HepG2), our results (breast cancer cells)
also reported significantly increased levels of p53 and Bax in treated cells, while there were
reduced levels of Bcl-2.

The results presented show that RFZnO NPs induce p53 and Bax (pro-apoptotic);
however, they did not induce anti-apoptotic Bcl-2. Furthermore, treatment with REZnO NPs
also leads to the activation of caspase 3/7, suggesting that a mitochondrial apoptotic cell
death mechanism is involved in MCF-7 breast cancer. These results are also in correlation
with the ROS analysis. Mohammadinejad et al. [52] reported that several kinds of oxidative
stress activate intrinsic apoptosis. Our data also showed that REZnO NPs enhanced
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intracellular ROS levels, and subsequently disrupted mitochondrial function by the release
of cyt c in breast cancer cells. Hence, we propose that REZnO NP-induced apoptosis
might have been caused by oxidative stress in breast cancer cells as shown in the proposed
mechanism (Figure 7).

Rubus ZnO NPs

{

Cytoc

Mitochondrial
f Damage
Cytochrome c
release

AU

Figure 7. Proposed cell death mechanism induced by Rubus fairholmianus capped zinc oxide nanopar-
ticles (RFZnO NPs). The reactive oxygen species (ROS) produced during REZnO NP treatment
induced mitochondrial cytochrome c release, induced nuclear damage, and increased the activity of
p53 and Bax while reducing the activity of Bcl-2, leading to apoptotic cell death in breast cancer cells.

DNA damage 1

4. Materials and Methods
4.1. Plant Material, Collection Site, and Herbarium

Rubus fairholmianus Gard. was collected from Munnar, Kerala, India, and a herbarium
sample BSI/SRC/5/23/2010-11/Tech.1657 was deposited in the Botanical Survey of India.

4.2. Extraction and Green Synthesis of ZnO NPs

The freshly collected root of R. fairholmianus was cleaned and shade dried. The
powdered roots were used for the hot percolation Soxhlet extraction process using ace-
tone. About 200 mg of root acetone extract was dissolved in 10 mL of 0.5% DMSO for
in vitro studies.

Green synthesis of ZnO NPs: Previously we have reported on the green synthesis of
ZnO NPs using R. fairholmianus root extract. The protocol explained by Rajendran et al. [29]
using zinc nitrate was employed in the synthesis of ZnO NPs.

4.3. Cell Culture

Human breast adenocarcinoma cells (MCF-7, ATCC HTB-22) were used in this study.
Dulbecco’s modified Eagle medium (DMEM) was used for cell culture with 10% fetal bovine
serum (FBS; Gibco 306.00301), 1% penicillin/streptomycin (PAA Laboratories GmbH, P11-
010), and 1 pg/mL amphotericin B (PAA Laboratories GmbH, P11-001). Cells were grown
at 37 °C, 5% CO,, and 80% humidity in a CO, incubator. Hank’s Balanced Salt Solution
(HBSS, Merck, Johannesburg, South Africa) was used to wash cells when confluent. Cells
were detached using 1 mL/cm? TryplExpress (Gibco, ThermoFischer Scientific, 12604,
Johannesburg, South Africa) for subculturing. For experiments, 5 x 10° cells were seeded
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in 3.5 cm diameter cell culture plates, allowed to attach for 6 h, and treated /incubated for
24 h with 10 pg/mL of RE, ZnO NPs, and REZnO NPs for each experiment.

4.4. Morphology, Cell Proliferation, and Cytotoxicity Analysis

The morphological variations in cells after 24 h incubation with newly synthesized
nanomaterials were observed using cellSens imaging software and an Olympus CKX 41
inverted light microscope (Wirsam, Johannesburg, South Africa). Treated cells were washed
with HBSS before images were captured.

The CellTiter-Glo Luminescent cell viability assay (Promega, G7571, Anatech Ana-
lytical Technology, Johannesburg, South Africa) was used for the quantitative analysis
of metabolic ATP contents in living cells. About 50 pL of ATP reagent and 50 pL cell
suspension were incubated in the dark for 10 min at room temperature before lumines-
cence was measured (in relative light units, RLU) on a Victor3 1420 Multilabel Counter
(Perkin-Elmer, Separation Scientific, Johannesburg, South Africa). The estimation of ATP
levels is a measure of cell proliferation. The CytoTox 96 Non-Radioactive Cytotoxicity
Assay kit (Promega G 400, Anatech Analytical Technology, South Africa) was used to assess
the cytotoxic activity of green synthesized NPs. Lactate dehydrogenase (LDH) released
into the media measures the membrane integrity of the cells after treatment, which indi-
rectly corresponds to cytotoxicity. Equal volumes (50 pL) of LDH reagent and culture
medium were incubated for 30 min in the dark at room temperature and measured at
490 nm (Victor3 1420 Multilabel Counter, Perkin-Elmer, Separation Scientific).

4.5. Cytochrome C Release and Caspase 3/7 Assay

Cytochrome c is a vital factor for apoptotic events. Cytochrome c (cytoplasmic cyt c)
levels were measured using the human cytochrome c Platinum ELISA assay kit (Invitrogen,
KHO01051, ThermoFisher Scientific, Johannesburg, South Africa), and the downstream
executioner caspase 3/7 activities were measured by the Caspase-Glo 3/7 assay (Promega
G8091, Anatech Analytical Technology, South Africa) according to the manufacturer’s
protocol [27].

4.6. Hoechst Staining and Reactive Oxygen Species (ROS) Production

ZnO NP-induced nuclear damage was studied by Hoechst nuclear staining (Hoechst
33258, H21491, Sigma-Aldrich, Johannesburg, South Africa) as explained by George et al. [19].
ROS formed in response to treatment with NPs and plant extract were analyzed using
the dichlorodihydrofluorescein diacetate (DCFH-DA) assay [27]. In brief, for quantitative
measurement of ROS, cells were grown in 96-well plates, and once they reached 80 to 90%
confluency, they were treated for 24 h with different treatment solutions at a concentration of
10 ug/mL. After the treatment period, the medium was removed and cells were incubated
with 100 uM of DCFH-DA in 100 pL of HBSS for 30 min at 37 °C. ROS generated in the cells
were immediately measured at Ex: 540 nm, Em: 570 nm using the Victor3 1420 Multilabel
Counter (Perkin-Elmer, Separation Scientific, South Africa). For the staining of ROS, the
cells were grown on sterile coverslips in a clear-bottom 6-well plate. Once cells reached 80%
confluency, they were treated similarly, i.e., 10 ng/mL treatment solutions for 24 h. After
treatment, the media were replaced with fresh media and treated with 100 uM DCFH-DA
for 30 min in the dark. Cells were washed once with phosphate-buffered saline (PBS) and
stained with 1 pug/mL of nuclear stain (DAPI, Invitrogen, D1306, Sigma-Aldrich, South
Africa). Finally, the coverslips were washed with PBS and fixed on a glass slide. Image
were captured with AxioVision imaging software (Version 4) installed on a Carl Zeiss Axio
Observer Z1.

4.7. Immunofluorescence and Immunoblotting

The qualitative and quantitative levels of apoptotic proteins (p53, Bax, and Bcl-2) after
treatment with REZnO NPs were determined using immunofluorescence and immunoblot-
ting, respectively, as previously explained by George et al. [27]. The cells were cultured on
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coverslips for immunofluorescence experiments, whereas for Western blotting the proteins
were isolated 24 h post-treatment, separated by SDS PAGE, and transferred to a PVDF mem-
brane. We used the primary antibodies p53 (Pab 240) (mouse monoclonal antibody, Santa
Cruz Biotechnology SC-99, Anatech, Johannesburg, South Africa) Bax monoclonal antibody
(2D2) (mouse monoclonal antibody, Life Technologies 336400, ThermoFisher Scientific,
Johannesburg, South Africa), Bcl-2 monoclonal antibody (Bcl-2-100) (Life Technologies
13-8800), and GAPDH loading control monoclonal antibody (GA1R) (mouse monoclonal
antibody, Invitrogen MA5-15738), and we used a horseradish peroxidase-conjugated sec-
ondary antibody (goat anti-mouse HRP, Santa Cruz Biotechnology SC-2005) for Western
blotting and a goat anti-mouse IgG (H+L) Superclonal recombinant secondary antibody;,
Alexa Fluor 488 (ThermoFisher Scientific A28175), for immunofluorescence.

4.8. Statistical Analysis

The data are represented as the standard error of the mean (SEM) of three replicates
(n = 3) performed in duplicate. The statistical significance was analyzed using SigmaPlot
version 14.0. Untreated control cells were used to compare the statistical significance
of treated cells. The differences between groups were determined using paired Stu-
dent’s t test and one-way analysis of variance (ANOVA). A p value less than 0.05 was
considered significant.

5. Conclusions

In this study, we established that RFZnO NPs can significantly induce cytotoxicity in
breast cancer cells via the induction of apoptosis and ROS production. The effect of REZnO
NPs could be directly linked with mitochondrial cyt c release to induce intrinsic apoptosis.
Moreover, REZnO NPs could increase the levels of pro-apoptotic proteins Bax and p53,
eventually leading to apoptosis. Hence, the results of this study lead to the conclusion
that apoptosis induction is directly linked with the toxicity of REZnO NPs through ROS
generation, increased levels of apoptotic proteins, and the release of the mitochondrial
marker cyt c. The mechanisms behind the activity of RFEZnO NPs necessitate an additional
detailed study to validate the cell death pathway by protein and gene expression profiling.
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Abstract: The conjugation of chitosan 15 and 100 KD with anticancer drugs cis— and trans-Pt
(NH3),Cl; (abbreviated cis—Pt and trans—Pt) were studied at pH 5-6. Using multiple spectroscopic
methods and thermodynamic analysis to characterize the nature of drug—chitosan interactions and
the potential application of chitosan nanoparticles in drug delivery. Analysis showed that both
hydrophobic and hydrophilic contacts are involved in drug—polymer interactions, while chitosan
size and charge play a major role in the stability of drug-polymer complexes. The overall bind-
ing constants are Kj,_15_cis_pt = 1.44 (£0.6) x 10° M1, K,_100_cis_pt = 1.89 (£0.9) x 10° M~! and
Koh-15-trans_pt = 9-84 (0.5) x 10* M~1, and Kg,_100-trans—pt = 1.15 (£0.6) x 10° M~!. More stable
complexes were formed with cis—Pt than with trans—Pt-chitosan adducts, while stronger binding
was observed for chitosan 100 in comparison to chitosan 15 KD. This study indicates that polymer
chitosan 100 is a stronger drug carrier than chitosan 15 KD in vitro.

Keywords: chitosan; cis and trans—Pt(II); delivery; loading efficacy; thermodynamic analysis

1. Introduction

Biodegradable polymers, such as chitosan, have been extensively studied as carriers
for therapeutic protein and gene delivery systems [1,2]. Chitosan (Scheme 1) is a natural
polymer obtained by the deacetylation of chitin [3]. It is a non-toxic, biocompatible, and
biodegradable polysaccharide. Chitosan nanoparticles have gained increased attention
as drug delivery carriers because of their superior stability, low toxicity, and simpler
and milder preparation method, thus providing versatile routes for the administration of
drugs [4,5]. The deacetylated chitosan backbone of glucosamine units has a high density of
charged amine groups, allowing strong electrostatic interactions with proteins and genes
that carry an overall negative charge at neutral pH conditions [4,6]. The fast-expanding
research regarding the valuable physicochemical and biological properties of chitosan has
led to the recognition of this cationic polysaccharide as an important natural polymer for
drug delivery [6-13]. Therefore, it was of major interest to study the conjugation of cis—
and trans—Pt with chitosan and the potential application of chitosan nanoparticles in the
delivery of Pt drugs.

Cisplatin has been widely used for solid tumor chemotherapy but its trans—platin
isomer proved to be ineffective due to its instability and rapid deactivation by hydrolysis
in the blood circulation [14-17]. It is commonly believed that the mode of action of this
anticancer agent relies mainly on the formation of intrastrand cross-linked DNA adducts
that block DNA replication and transcription, finally causing cancer cell death. The use
of nanodelivery tools has also grown and many different strategies have been explored
to deliver platinum compounds in vitro and in vivo [17,18]. Trans-Pt also causes DNA
damage. It is relatively more reactive than cis-Pt and, consequently, it can be deactivated
before reaching DNA. Furthermore, its trans geometry does not allow for the formation
of closed di-adducts on DNA [19,20]. These facts explain the lower biological activity of
trans—Pt in comparison to cis—Pt. The literature shows that trans—-Pt forms different types
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of DNA lesions: 35% of monofunctional adducts, 53% of intrastrand crosslinks (mainly
1,3-GXG and 1,3-AXG where X is any nucleotide), and 12% of interstrand crosslinks [21]. It
is also reported that trans-Pt DNA damage can be more easily recognized and repaired than
that produced by cis—Pt [22]. It is important to note that there are many platinum antitumor
complexes with trans geometry possessing antitumor activity [22]. A comparative study on
the interaction of cis-Pt and trans-Pt with DNA and RNA found that aggregation occurs at
high concentrations and that DNA remains in the B-family conformation and RNA retains
its A-family conformation [23]. It is evident that a substantial body of work was performed
to study cis—Pt and trans—Pt interaction with DNA, their mechanism of action, and cell
processing of platinated DNA [24,25]. However, little is known about cis—Pt and trans-Pt
delivery by natural and synthetic polymers. Hence the rationale for this investigation.

HO

NH, NH

Chitosan

Scheme 1. Chemical structure of chitosan.

Here, we present a spectroscopic and thermodynamic analysis of the conjugation of cis—
and trans-Pt with chitosan 15 and 100 KD in an aqueous solution at pH 5-6, using a constant
polymer concentration and various drug contents. Structural information regarding Pt drug
binding sites, binding efficacy, and the stability of Pt—chitosan complexes are discussed in
this study.

2. Results and Discussion
2.1. Stability of Drug—Chitosan Complexes by UV Spectroscopy

The binding constants of cis— and trans-Pt with chitosan nanoparticles were deter-
mined as described in Section 3 [26,27]. The increasing drug concentration resulted in
a constant decrease in UV light of chitosan at 270 nm (Figure 1). This is in agreement
with the aggregation of chitosan upon drug interaction (Figures 1 and 2). The double
reciprocal plot of 1/(Ag — A) vs. 1/(drug concentration) is linear and the binding con-
stants (K) are estimated from the ratio of the intercept to the slope (Figures 1 and 2), where
Ay is the initial absorbance of the free polymer at 270 nm and A is the recorded ab-
sorbance of complexes at different drug concentrations. The binding constants were
of Kch-15—cis—Pt = 1.44 (+0.6) x 10° M~!, Kch-100—cis-Pt = 1.89 (£0.9) x 10° M~!
and Kch—15-trans—Pt = 9.84 (£0.5) x 10* M~1, Kch-100—trans—Pt = 1.15 (+0.6) x 10° M~!
(Figures 1 and 2 and Table 1). Cis—Pt forms more stable complexes than trans—Pt-chitosan
adducts, while stronger binding was observed for chitosan 100 in comparison to chitosan
15 KD. Thermodynamic analysis of drug—chitosan interactions with regard to hydrophobic
and hydrophilic contacts are discussed below.
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Figure 1. UV-visible spectra of chitosan nanoparticles with cis-Pt with free chitosan at 60 uM (a) and
cis-Ptat 1, 5, 10, 20, 30, 40, 60, and 80 uM (b—i). Inset: plot of 1/(Ag — A) vs. (1/drug concentration)
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and binding constant (K) for cis—Pt—polymer complexes. (A) Cis—Pt-Ch-15, (B) Cis—Pt—Ch-100.

Table 1. Variations in the binding constants for Ch—15 and Ch-100 kD with cis—Pt and trans—Pt at

different temperatures.

Complexes Temperature (K) Binding Constant K (mol/L)~1

298.15 1.44 x 10°

Cis-Pt-Ch-15 308.15 1.24 x 10°
318.15 1.02 x 10°

298.15 1.89 x 10°

Cis-Pt—~Ch-100 308.15 1.23 x 10°
318.15 9.39 x 10%

298.15 9.84 x 10%

Trans-Pt-Ch-15 308.15 8.44 x 10*
318.15 7.63 x 10*

298.15 1.14 x 10°

Trans-Pt~Ch-100 308.15 1.01 x 10°
318.15 8.50 x 10%
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Figure 2. UV-visible spectra of chitosan nanoparticles with trans—-Pt with free chitosan at 60 uM
(a) and trans-Pt at 1, 5, 10, 20, 30, 40, 60, and 80 uM (b—i). Inset: plot of 1/(Ay — A) vs. (1/drug
concentration) and binding constant (K) for trans—Pt—polymer complexes. (A) Trans-Pt-Ch-15,
(B) Trans-Pt-Ch-100.

2.2. Thermodynamic Analysis of Drug—Chitosan Adducts

The conjugation of Pt drugs was further analyzed by thermodynamic analysis.
Based on the data of AH? and AS?, the nature of drug—chitosan interactions was deter-
mined [28-31]. The thermodynamic parameters for the interaction of the Pt drugs and
chitosan nanoparticles at 298.15, 308.15, and 318.15 K are shown in Figures 3 and 4 and
Table 2. The negative sign of AG? showed that the binding process between drug and
polymer is spontaneous. The drug-polymer complexes have negative AH?, showing that
the complex formation between the polynucleotide and the Pt drugs is an exothermic
reaction. The negative AH” and positive AS® for drug adducts indicate that ionic inter-
actions are observed in the Pt—chitosan complexation [28-31]. Therefore, the enthalpy
provides more contribution to AG? than entropy, which indicates that the binding process
is enthalpy driven (Table 2).
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Figure 3. InK vs. 1/T for chitosan with cis—Pt conjugates: (A) Cis—Pt-Ch-15; (B) Cis—Pt-Ch-100.
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Table 2. Thermodynamic parameters for Ch-15 and Ch-100 kD with cis-Pt and trans-Pt.

Thermodynamic Parameters

Complexes AH® AS° TAS® AGO
P (kJ. mol—1) (J.mol-1. K1) (kJ. mol—1) (kJ. mol—1)

691 ~12.80 (298.15 K)

Cis—Pt-Ch-15 —5.89 23.18 7.14 —13.03 (308.15 K)
7.37 —13.26 (318.15 K)

1.07 —13.05 (298.15 K)

Cis-Pt-Ch-100 —11.98 3.59 1.11 —13.09 (308.15 K)
1.14 —13.13 (318.15 K)

8.02 —12.37 (298.15 K)

Trans-Pt-Ch-15 —4.35 26.88 8.28 —12.64 (308.15 K)
8.55 —12.91 (318.15 K)

7.54 —12.54 (298.15 K)

Trans-Pt-Ch-100 —5.00 25.3 7.79 —12.80 (308.15 K)
8.05 —13.05 (318.15 K)
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The binding efficacy for drug—chitosan conjugates was determined as reported [32]. The
binding efficacy was estimated to be 75% for cis—Pt and 65% for trans—polymer complexes.

2.3. FTIR Spectra of Pt Drug—Chitosan Complexes

The chitosan interactions with cis— and trans—Pt were characterized by infrared spec-
troscopy and its derivative methods. The spectral shifting and intensity variations in
protein and chitosan amide I band at 1656-1630 cm ! (mainly C=O stretch) and amide
Il band at 1547-1525 cm~! (C-N stretching coupled with N-H bending modes) [9,33]
were monitored upon Pt interaction. The difference spectra ((chitosan solution + Pt drug
solution)—(chitosan solution)) were obtained, in order to monitor the intensity variations in
these vibrations and the results are shown in Figures 5 and 6.
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Figure 5. FTIR spectra in the region of 1800-600 cm ™! of hydrated films (pH 5-6) for chitosan-15 kD
with cis—Pt (A) and trans-Pt (B) with chitosan (60 uM) and its Pt conjugates with difference spectra
(diff.) (bottom two curves) obtained at different drug concentrations (indicated on the figure).

At a low polymer concentration (15 pM), an increase in intensity was observed for
the protein amide I at 1658-1656 and amide II at 1544-1543 cm ™! in the difference spectra
of the chitosan—cis—Pt and chitosan—trans—-Pt complexes (Figures 5A,B and 6A,B, and diff.,
15 uM). The positive features located in the difference spectra for the amide I and Il bands at
1657, 1546 cm ! (ch—15-Pt) and 1661, 1551 cm ! (ch-100-Pt) are due to the increase in the
intensity of chitosan amide I and amide II bands upon Pt drug interaction (Figures 5 and 6
and diffs 15 uM). This increase in the intensity for the polymer amide I and amide II bands
is due to chitosan binding to Pt drug via C=0, C-N, and N-H groups (hydrophilic contacts).

As the chitosan concentration increased to 60 uM, strong positive features were ob-
served for the amide I band at 1656, 1546 (ch—15-Pt) and 1654, 1546 (ch—100-Pt), upon
chitosan complexation (Figures 5A,B and 6A,B, and diff., 60 pM). In addition, spectral
shifting was observed for chitosan amide I at 1637-1632 and amide II at 15401526 cm ™!
upon polymer—-Pt complexation (Figures 5A,B and 6A,B, and 60 uM complexes). The
observed spectral shifting and intensity variations in the amide I and amide II bands are
due to chitosan binding via C-O, C-N, and NH, groups [9].
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Figure 6. FTIR spectra in the region of 1800-600 cm ! of hydrated films (pH 5-6) for chitosan—-100 KD
with cis-Pt (A) and trans-Pt (B) with chitosan (60 M) and its Pt conjugates with difference spectra

(diff.) (bottom two curves) obtained at different drug concentrations (indicated on the figure).

3. Materials and Methods
3.1. Materials

Purified chitosan 15 and 100 KD (90% deacetylated) were from Polysciences Inc.
(Warrington, FL, USA) and used as supplied. Cis— and trans-Pt(NH3)Cl, were purchased
from Sigma Chemical Company (St. Louis, MO, USA) and used as supplied. Other
chemicals were of reagent grade and used without further purification.
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3.1.1. Preparation of Cis— and Trans-Pt Adducts with Chitosan Nanoparticles

Chitosan nanoparticles were prepared as reported in an earlier study [34,35]. Chitosan
was dissolved in acid solution (40 mg/mL or 0.5 mM) containing 10 mM acetate buffer
(pH 5-6). HCI (1 mmol) was used for this preparation. An appropriate amount of cis-Pt or
trans—Pt was dissolved in water solution and diluted in Tris—-HCI. Pt—chitosan complexes
were characterized by UV, FTIR, and thermodynamic analysis.

3.1.2. UV-Visible Spectroscopy

The UV-Vis spectra were recorded on a Cary 60 UV-Visible spectrophotometer with
a slit of 2 nm and a scan speed of 400 nm min~!. Quartz cuvettes of 1 cm were utilized.
The absorbance measurements were performed at pH 7.2 by keeping the concentration of
chitosan constant (60 M), while increasing drug concentrations (1 to 60 uM). The binding
constants of drug—chitosan adducts were determined as reported [26].
The drug-chitosan binding constants were calculated according to the follow-
ing equations:
Chitosan + drug < Chitosan:drug 1)

K = [Chitosan: drug complex]/[chitosan]unc. [druglunc. (2)

wherein

drug = cis—Pt or trans—Pt and unc. stands for uncomplexed.

The values of the binding constants K were obtained from the chitosan absorption at
270 nm according to the methods published in the literature [26] where the bindings of
various ligands to biomolecules were described. For weak binding affinities, the data were
treated using linear reciprocal plots based on the following equation:

1 1 1 1

_ + . 3
A— Ay A— A K(Aoo - AO) Cligund ®

where A is the absorbance of chitosan at 270 nm in the absence of ligand, A is the final
absorbance of the ligated-chitosan, and A is the recorded absorbance at different ligand
concentrations. The double reciprocal plot of 1/(A — Ag) vs. 1/Cjigpyg is linear and the
binding constant (K) can be estimated from the ratio of the intercept to the slope [26].

3.1.3. FTIR Spectroscopy

Infrared spectra were recorded on a FTIR spectrometer (Impact 420 model), equipped
with deuterated triglycine sulfate (DTGS) detector and KBr beam splitter, using AgBr
windows. Solutions of drugs were added dropwise to chitosan solution with constant
stirring to ensure the formation of a homogeneous solution and with drug concentrations of
15, 30, and 60 uM, and a final chitosan concentration of 60 utM. Spectra were collected after
2 h incubation of polymer with drug solution at room temperature, using hydrated films.
Interferograms were accumulated over the spectral range 4000-600 cm ! with a nominal
resolution of 2 cm~! and 100 scans. Bands from chitosan in-plane vibrational frequencies
were used as standard reference in spectral subtraction [9,33].

4. Conclusions

Pt drugs bind chitosan via hydrophilic and hydrophobic contacts with more stable
complexes formed for cis—Pt than for trans—Pt. Chitosan 100 forms stronger complexes
with Pt than with chitosan 15 KD. As chitosan size becomes larger, protein self-aggregation
occurs, which induces a major effect on polymer—drug interactions. From this study, it is
established that chitosan 100 is a stronger Pt carrier than chitosan 15 KD. The former could
be used to transport Pt-based drugs, potentially enhancing efficacy and drug availability
in vivo.
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Abstract: One of the main problems in chemotherapy using platinum drugs as anticancer agents is
the resistance phenomenon. Synthesizing and evaluating valid alternative compounds is challenging.
This review focuses on the last two years of progress in the studies of platinum (II)- and platinum
(IV)-based anticancer complexes. In particular, the research studies reported herein focus on the
capability of some platinum-based anticancer agents to bypass resistance to chemotherapy, which
is typical of well-known drugs such as cisplatin. Regarding platinum (II) complexes, this review
deals with complexes in trans conformation; complexes containing bioactive ligands, as well as those
that are differently charged, all experience a different reaction mechanism compared with cisplatin.
Regarding platinum (IV) compounds, the focus was on complexes with biologically active ancillary
ligands that exert a synergistic effect with platinum (II)-active complexes upon reduction, or those for
which controllable activation can be realized thanks to intracellular stimuli.

Keywords: platinum (II) complexes; platinum (IV) complexes; anticancer agents; orphan tumors;

resistance phenomena

1. Introduction

Cancer is one of the most lethal diseases, causing millions of deaths worldwide [1,2].
In particular, carcinogenesis, the process responsible for healthy cells” transformation
into tumoral cells, is characterized by multi-stage evolution: initiation, promotion, and
the malignant transformation of cells and progression [3-5]. During this process, some
DNA mutations occur, providing the cancer with different distinctive features, such as
uncontrolled cell proliferation, replicative cell immortality, the circumvention of growth
suppressors (p53, RAS), the induction of angiogenesis, resistance to cell death, activation to
invasion, and metastasis [6-8]. The principal cancer treatments rely on surgical resection,
radiotherapy, chemotherapy, immunotherapy, and targeted therapy, but usually combined
therapy is the preferred choice. Indeed, after surgery, the patient often undergoes radio-
or chemotherapy [9]. The most common chemotherapeutic agents are based on platinum
complexes, among which the first-in-class drug is cisplatin [10-12]. Transport across the
cancer cell membrane is the first step for cisplatin therapy to be successful. Cisplatin
is a highly polar species, and its cellular accumulation generally occurs at a slower rate
compared with that of other small-molecule anticancer drugs. Apart from passive diffusion,
other non-saturable systems, such as fluid-phase endocytosis, may be involved in platinum
drug uptake, and evidence for some active or facilitated transport has been identified
over the years. Moreover, several experiments have demonstrated a direct connection,
with platinum-containing compounds trafficking to copper transporters [13]. Subsequent
studies have highlighted the role of Ctr-1 in the uptake of cisplatin analogs. Arnesano’s
extensive work [14-16] showed that the role of Ctr-1 and the other proteins involved in
copper metabolism is unambiguously connected to platinum drug movements across cell
membranes. Upon aquation, cisplatin is activated, and it is responsible for DNA lesions
due to the formation of intrastrand crosslinks; this activates signal transduction pathways,
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leading to apoptosis [13,17]. On the other hand, it is also responsible for numerous side
effects and, above all, drug resistance, inducing therapeutic failure despite consistent initial
response rates [18,19]. Three mechanisms define cisplatin’s direct involvement, demon-
strating the chemo-resistant tumor cell phenotype: pre-target, on-target, and post-target
resistance [20-22]. The first is characterized by reduced intracellular accumulation and
increased cisplatin sequestration caused by GSH and other scavengers. For example, recent
metabolomics studies have revealed that the presence of the enzyme glucose-6-phosphate
dehydrogenase (G6PDH) in cisplatin-resistant ovarian cell lines is responsible for NADPH
production, which maintains the GSH level and redox balance, thus reducing cisplatin’s
effectiveness [23]. In the second, activating particular classes of DNA polymerases removes
platinum-DNA adducts that would normally generate an apoptotic signal. Moreover,
multidrug resistance-associated proteins (MRPs) and ATP-binding cassette (ABC) trans-
porters can also induce cellular resistance to cisplatin. MRP2 is mostly responsible for
this effect, as its levels are overexpressed in patients with colorectal, hepatocellular, and
esophageal cancer. Finally, after the interaction between cisplatin and DNA takes place,
the third resistance mechanism involves defects in the signal transduction pathways that
usually bring about cell death [24,25]. This is the main subject driving research toward
developing new derivative complexes that can overcome these resistance mechanisms. For
example, an emerging approach relies on introducing different metals. A vast library of
non-platinum metal complexes has been prepared and evaluated for anticancer activities
for this purpose. Ruthenium is one of the most investigated non-Pt metals for cancer
treatment: Ru(Ill) complexes, especially NAMI-type ones, are useful for their excellent an-
timetastatic properties [26]. Moreover, polypyridyl Ru(ll) complexes have been extensively
investigated as a possible DNA “light switch”, with interesting photophysical and cell
migration inhibition properties [27]. Another promising strategy to improve the anticancer
efficacy of platinum drugs and overcome their shortcomings is incorporating a second
metal center with distinct biological targets, oxidation states, and ligand(s) of different
natures into platinum complexes, which could influence their modes of action [28].

Additional studies have led to the discovery of a second and third generation of
platinum complexes. Respectively, these are carboplatin, which possesses higher solubility
and stability than cisplatin, and oxaliplatin, which is water-soluble and exhibits a broader
spectrum of activity than other complexes.

Starting from cisplatin’s structure, some ligand modifications that could improve the
complex’s biological properties have been introduced [29,30].

This review aims to go through all the progress of the last two years regarding the
design of platinum complexes, both as Pt(Il) and Pt(IV), used as anticancer agents in the
treatment of cisplatin-resistant and orphan tumors (Figure 1).
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Figure 1. Pt(II) and Pt(IV) trafficking within cells.

2. Treatment of Cisplatin-Resistant Tumors: Pt(II) Complexes
2.1. Pt(1I) Complexes in Trans Conformation

There are different ways to overcome cisplatin drug resistance, side effects, toxicity,
and poor selectivity. One of them is related to the introduction of a trans conformation of
Pt(II) complexes. The advantage of this approach is that there are different structural and
DNA-binding properties in comparison with cisplatin and its derivatives, which notably
possesses a cis arrangement of ligands around the metal center. For this reason, a series of

trans-Pt(Il) complexes (complex 1) with heterocyclic thionate ligands has been synthesized
(Figure 2) [31].

th /R
/\/ t
/ / \P/\/
R Ph,

(QCr G O -
1a 1b 1c 1d 1e

Figure 2. Trans-Pt(I) complexes with heterocyclic thionate ligands 1a-Te.

All of these new complexes have been tested on three human cancer cell lines (A549
lung, SKOV3 ovarian, and MCF-7 breast cancer cell lines) and studied for their antiprolif-
erative activities in comparison with cisplatin and complex 2, a dichloride Pt(II) complex
counterpart in a cis conformation (Figure 3).
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Figure 3. Dichloride cis-Pt(II) complex (complex 2).
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All the new complexes showed cytotoxicity in vitro against the three cancer cell lines,
but only complex 1a showed statistically significant different activity compared with
cisplatin, with significantly lower ICs values, 4.31, 6.23, and 4.80 uM, compared with
9.71, 14.48, and 11.59 puM for cisplatin against A549, SKOV3, and MCF-7, respectively.
Moreover, and most importantly, all complexes showed selectivity between tumorigenic
and nontumorigenic cell lines. Interestingly, complex 2 showed lower antiproliferative
activity (22.49, 34.50, and 19.01 pM against A549, SKOV3, and MCF-7, respectively) than
others; complex 1b and, above all, 1a showed an ability to induce apoptosis in cancer cells
with the highest potency, such that 1a has been used as the representative compound of the
series in further studies. In addition, 1a can target the genomic content of MCF-7 cancerous
cells and directly interact with DNA, as confirmed by comet assay. However, further
studies are needed to identify the underlying mechanism of action of these platinum drugs
within biological systems.

Analogously to complexes 1a—e, trans-Pt(II) complexes with triphenylphosphine lig-
ands have also been synthesized, and in particular, complexes 3 and 4 have been evaluated
for their promising anticancer activities (Figure 4) [32]. Indeed, several analogs have been
studied, starting with complexes 3 and 4, where a triphenylphosphine ligand was substi-
tuted with a triphenylarsine ligand (complexes 5 and 6) with the same dialkylamino ligand
preserved, in addition to the two chloride ligands. For all the performed studies, cisplatin
was used as a reference and 3 and 4 were used as comparisons.

CI\Pt AsPh; Cl.., AsPhs
Phl/\N'\c\l HOV\N'\C\,

3 4+ OH

©l PPhy CI._ PPh;
~n Pt HO Pt

5 6  OH

Figure 4. Complexes 3 and 4 and previously synthesized analogs 5 and 6.

Complex 3's results were the most effective due to the presence of N,N-dialkylamino
side chains, which contributed to an increase in lipophilicity in the complex. This is an
important aspect to evaluate, as it could be useful in overcoming one of the primary issues
involved in cisplatin resistance, i.e., low cellular accumulation. The Pt content found in
cells incubated with 3 was found to be higher than the reference drug, suggesting the ease
3 has in crossing the cell membrane.

Furthermore, in comparison with complex 5, complex 3 has a higher cytotoxic effect:
the ICs5¢ values were 0.49 and 1.85 uM compared with 3.55 and 3.63 uM, seven and two
times lower than complex 5 in sensitive and resistant ovarian carcinoma cells, A2780 and
A2780cis, respectively. These results underline that the triphenylarsine group is more
effective than the ancient triphenylphosphine group in eliciting cytotoxicity.

In studying platinum complex interactions with salmon testis DNA, complex 3 showed
the ability to covalently link with the target, but to a lesser extent in comparison with the
reference drug, cisplatin. In addition, this cytotoxicity was related to the ability of complex
5 and complex 3 to interfere with the activity of topoisomerase II, an important enzyme
involved in DNA metabolism and correct functionality. In particular, 3 behaved as a
topoisomerase II poison. This detrimental effect on topoisomerase II, along with its ability
to induce transmembrane depolarization in mitochondria, is primarily responsible for the
cytotoxic effect of the complex, and it can promote cell death through the apoptotic pathway.
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Another trans-conformation Pt(II) complex that can be used to overcome cisplatin
resistance and its side effects is an inhibitor of the Hedgehog (Hh) pathway based on
GANT61 (Figure 5) [33]. The Hedgehog signaling pathway regulates cell differentiation,
cell proliferation, and stem cell maintenance during embryonic development, which results
in the transcription of three glioma-associated oncogene homolog (GLI) transcription factor
proteins: GLI1, GLI2, and GLI3. Thus, inhibiting this pathway means targeting cancer
stem cells (CSCs). GANT61 could be useful for this because it can inhibit the Hh pathway
at the GLI level, and it shows antiproliferative activity in vitro and in vivo. In vivo, it
undergoes hydrolysis to produce 4-pyridine carboxaldehyde (4-PCA) and the bioactive
diamine derivative GANT61-D.

N
| N
N = N N AN 4
N N H,O N N | N\
+
o/
GANT61 GANT6'1-D 4-PCA

Figure 5. GANT61 hydrolysis releasing GANT61-D and 4-PCA.

Two trans-[Pt(II)Cl, (dmso)L]-type complexes, 7 and 8, where L represents both GANT61
and 4-PCA, have also been synthesized (Figure 6).

Figure 6. Complexes 7 and 8.

Both complexes have been tested on two human mammary epithelial cell lines, HM-
LER and HMLER-shEcad. This showed a larger cancer stem-like cell (CSC) population,
using salinomycin as the positive control and cisplatin and carboplatin as the Pt compound
control. Complex 7 showed the highest potency against both cell lines (the IC5 values
were 1.0 and 2.6 uM against HMLER and HMLER-shEcad cell lines, respectively) but
without selectivity for the CSC-enriched cells and normal cells. It also showed positive
activity against mammospheres, the multicellular, three-dimensional structures formed
by CSCs: a significant reduction in their formation, size, and viability could be observed.
Complex 7 induced apoptosis against two triple-negative breast cancer (TNBC) cell lines,
MDA-MB-231, and BT549, with a potency that is, respectively, thirty and three times higher
than complex 8 (ICsy values of 3.6 and 4.0 uM for complex 7 vs. ICs values of >100 and
12.78 uM for complex 8 against MDA231 and BT549, respectively). A possible explanation
for this activity is related to the presence of GANT61 as an N-donor ligand in complex 7;
according to the abovementioned hydrolysis process (Figure 4), it releases the bioactive
Hh pathway inhibitor GANT61-D, and 4-PCA can remain bound to the Pt(Il) center. In
addition to inhibiting the Hh pathway, complex 7 can bind DNA, as shown by an increase
in the DNA damage marker YH2AX and a reduction in the expression of GLI-1 and GLI-2,
confirming the GLI function in the nucleus is blocked.
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2.2. Pt(1I) Complexes Carrying Biologically Active Ligands

Since the aim is to improve the anticancer effects of conventional platinum-based
drugs, another possible strategy is selectively introducing structural changes around the
active platinum center by choosing either carrier ligands endowed with biological activity
by themselves or substituting common chloride ligands.

In this case, new platinum(Il) complexes with 1-alkyl-1H-pyrazole ligands containing
both iodide- and chloride-leaving groups have been synthesized (Figure 7) [34].
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Figure 7. Platinum(II) diiodide complexes and platinum(II) dichloride complexes.

It was discovered that both iodide complexes, 9a and 9b, were more effective than the
chloride analogs, 10a and 10b, and cisplatin against all cisplatin-resistant cell lines; while
the chloride complexes had an effect comparable to cisplatin: 11 and 11.9 uM vs. 4 uM in the
A2780 cell line; 21 and 19 uM vs. 22 uM in the A2780cisR cell line; 29 and 25 uM vs. 24 uM
in the MDA-MB-231 cell line. These differences show that the mechanism of action of the
new alkyl pyrazole complexes is different from that of cisplatin, thus potentially allowing
the compounds to overcome the resistance mechanism. Another important aspect is that
the new Pt(II) complexes are more effective in tumor cells with respect to healthy cells, thus
confirming their higher selectivity toward tumor cells. Coherent with the antiproliferative
effect, the intracellular Pt amount increases with lipophilicity: the most lipophilic complex
causes the ethyl group to bond to the pyrazole and the iodide-leaving ligands. However,
even if the amount of Pt from complexes 9a and b was about ninety-fold higher than
cisplatin, their effectiveness would only be five-fold higher than that of cisplatin (4.2 and
5.0 uM vs. 24 uM in the MDA-MB-231 cell line). This means that a higher amount of Pt(II)
alkyl pyrazole complex is necessary to obtain a certain level of biological activity compared
with cisplatin.

These data suggest a new anticancer mechanism compared with cisplatin, whose main
target is nuclear DNA. Binding studies using calf thymus DNA have revealed that both
chloride and iodide complexes can covalently interact with the target, but although iodide
binds DNA more efficiently than its chloride analog (as demonstrated by ICP-MS), the
DNA platination occurs in both to a lesser extent than cisplatin. These results suggest that
DNA might not be the main target of the new complexes, 9a,b and 10a,b. The experimental
evidence shows that the contribution exerted by the unrepaired DNA lesions (due to alkyl
pyrazoles) on cytotoxicity was minimal compared with cisplatin. Conversely, it was found
that the time-dependent cell response profiles (TCRPs) for complexes 9a,b and 10a,b, which
can predict the mechanism of action in biologically active compounds, significantly differed
from those typically expressed by DNA-damaging agents, such as cisplatin. Their profiles
were instead superimposable on those displayed by nontubulin-targeting mitotic inhibitors
toward Eg5. The mitotic tubulin Eg5 is an essential spindle motor protein, and it assembles
and maintains the bipolar spindle during mitosis. When inhibited, a monoastral spindle
forms, thus resulting in mitotic arrest. In the literature, it is reported that pyrazoles are
important and potent inhibitors of Eg5, so analyzes have been performed to ascertain
whether all the new Pt(II) complexes, 9a,b and 10a,b, cause a cell cycle arrest in the G2/M
phase. This plausible molecular target also explains the selectivity for tumor cells exerted
by these complexes, since healthy cells do not divide or only slowly proliferate tumor cells.
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Concurrently, to develop platinum complexes able to hit novel molecular targets,
one possible strategy relies on synthesizing Pt(II) complexes based on natural products,
which have been recognized for their biological activity. Tropolone derivatives could be a
significant example consistent with this idea [35]. Tropolone is a natural product isolated
mostly from plants and fungi, with a seven-membered aromatic ring possessing strong
activity against bacteria, antibiotic-resistant bacteria, and fungi. The different substitution
groups on the aromatic ring could confer it with a plethora of different properties, such
as antiviral, anti-inflammatory, and antidiabetic activities. Thus, two new complexes,
[Pt(Q)(L)] (11) and [Pt(MQ)(L)] (12), were synthesized, and their cytotoxicity was evaluated,
in which tropolone was combined with 8-hydroxy-quinoline (Q) or 2-methyl-8-hydroxy-
quinoline (MQ), two pyridinic scaffolds known for their cytotoxic activity in different types
of tumor cell lines (Figure 8).
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Figure 8. [Pt(Q)(L)] (11) and [Pt(MQ)(L)] (12).

The cytotoxicity was tested on different cancer cell lines: Hela, T24, A549, NCI-H460,
and MGC80-3, as well as on HL-7702 (a healthy cell line). Complex 11 showed high
cytotoxicity in these cell lines, especially T24 (IC5 = 3.6 uM), but also significant cytotoxic
activity against the normal cell line, HL-7702; complex 12 showed selectivity in the tested
cell lines, such as T24 and MGC80-3 (the ICsy values were 10.3 and 5.97 uM, respectively),
and lower cytotoxicity than cisplatin in the normal cell line. Overall, complex 11 showed
an effect against T24, while complex 12 showed effects against both T24 and MGC80-3. The
possible anticancer mechanism of both complexes, but especially complex 11, may be the
production of high ROS levels through cell mitochondria, which can damage organelles
and induce severe dysfunction in the cells’ machinery. In addition, complex 11 was proven
to induce apoptosis by decreasing mitochondrial membrane potential, with a simultaneous
increase in the Ca?* level in the cells contributing to the onset of mitochondrial dysfunction,
and, finally, by activating caspase-3 and caspase-9. Furthermore, complex 11 induced
cell death in the G2 phase, downregulating the expression of Cdc25A, CDK1, cyclin A,
and cyclin B and upregulating the expression of p27 and p21, proteins that interact with
cyclin-CDK complexes within the nucleus and, hence, modify cell cycle progression. On
the contrary, complex 12 induced cell arrest in the G1 phase and had similar effects to 11,
but it lacked the influence of p27 expression. Complex 11 showed a significant in vivo
anticancer effect, revealed by its inhibiting effects on tumor growth in T24 xenograft mice
without any renal pathological changes or influence on renal function.

Furthermore, thiosemicarbazones have shown promising activity for cancer therapy
by inhibiting P-gp expression in particular. Considering the beneficial effects on both the
pharmacokinetics and pharmacodynamics arising from metal coordination, their platinum
complexes also possess promising biological activities, such as anticancer, antibacterial, and
antiviral properties. For this reason, six novel Pt(II) complexes (13-18) were synthesized to
overcome cisplatin resistance (Figure 9) [36].
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Figure 9. Series of new Pt complexes, 13-18.

The antiproliferative activity of 13-18 was then evaluated using an MTT assay. It was
discovered that the anticancer effect was improved when Ry was a methyl (14), phenyl
(15), o-toluene (16), or tert-butyl (17), and the best activity occurred when both R; and R,
were methyl groups. Furthermore, the different substitutions of R; and R; also influenced
the accumulation of Pt agents in cancer cells, such that the anticancer activity could be
modified by regulating the lipophilicity of the ligands.

To confirm the ability of these complexes to overcome cisplatin resistance, they were
analyzed in comparison with cisplatin. After 48 h of incubation, the antiproliferative
activity of these Pt complexes is two- to seven-fold higher than the activity of cisplatin
against cisplatin-resistant lung cancer (A549cisR) cells (ICsy values from 5.02 to 15.32 uM
vs. cisplatin value of 36.58 uM). The higher concentration of Pt inside the cells correlates
with higher anticancer activity.

Both 13 and 18 can induce cell apoptosis in the depths of the 3D cell spheres, and 18
has a greater effect on metastasis than cisplatin or 13. This means that 18 shows not only
an improved tumor penetration potential, but also effectiveness in inducing cell death.
Complex 18 can bind to DNA, leading to the formation of DNA-Pt adducts that can form
inter-strand crosslinks, arresting DNA synthesis. It can also induce mitochondrial apoptosis
and lethal autophagy.

However, the principal mechanisms by which 13 and, above all, 18 overcome cisplatin
resistance rely on three different possible mechanisms: the inhibition of endogenous P-gp
expression, a transporter that enables the active efflux of the drug from the cancer cells; the
generation of ROS inside the cells that can reduce GSH levels, a reducing substance; and
the inhibition of the MEK/ERK pathway. Another advantage of 18 is its ability to avoid
important side effects in vivo, i.e., there has been no significant body weight loss observed
in treated mice.

Since one of the chemoresistance mechanisms is represented by the overexpression
of enzymes in the thiol redox system, such as glutathione and thioredoxin, which are
generally involved in the regulation of redox balance in cells, two new Pt(II) complexes
containing the triphenylphosphine moiety (widely used as a mitochondriothropic moiety),
the dialkylamino group, and the bromide groups were synthesized (Figure 10) [37].
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Figure 10. Pt(II) complexes 19 and 20.
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It is worth noting that the substituents of the amino group are fundamental to the
cytotoxicity of both 19 and 20 in resistant cell lines, but, at the same time, complex 19 has
proven to be more effective, underlying the beneficial effects of the dissymmetrical substitution
pattern between these two brominated triphenylphosphine trans-platinum derivatives (the
IC50 values are three times lower than the cisplatin values, 2.15 uM vs. 6.61 uM, respectively).

While studying the mechanism of action of these two complexes, some differences
with cisplatin have been found. First of all, from the cell uptake point of view, after 60 min of
incubation, the amount of Pt is comparable with cisplatin and 19; after 180 min, the uptake
of cisplatin does not change, but the amount of complex 19 increases threefold. Indeed,
while cisplatin probably undergoes an efflux effect, compound 19 shows a time-dependent
accumulation in cells and a greater ability to cross the membrane. DNA interaction has been
confirmed for both complexes due to the presence of the triphenylphosphine hydrophobic
moiety and the trans geometry of bromide groups. However, this is not the only target that
could explain the cytotoxic effect. Different biological assays support complex 19’s ability
to depolarize more mitochondrial membranes than cisplatin under the same concentrations
and experimental conditions, thus confirming that it interferes with the cellular redox
state. Both complexes 19 and 20 can decrease the total thiols in both cisplatin-resistant and
-sensitive cell lines, with cisplatin influencing the thiol concentration to a lower extent and
only in the sensitive cell line. In addition, another mechanism of cytotoxicity is related to its
influence on thioredoxin reductase (TrxR) activity. TrxR, along with glutathione reductase
(GR), is a key enzyme in redox regulation and antioxidant responses inside cells. High
levels of TrxR are one of the main characteristics of cisplatin-resistant tumor cells that
need to be defeated. In cisplatin-resistant cells, complexes 19 and 20 can both affect the
responsivity of TrxR, resulting in a lower amount than in untreated cells.

2.3. Ionic Pt(II) Complexes

The purpose of synthesizing monofunctional cationic Pt(II) complexes is to produce
substrates that benefit from binding to organic cation transporters (OTCs). This allows
them to be used in the selective treatment of tumors where this transporter is overexpressed.
Indeed, most of these transporters display high tissue specificity and subcellular or peculiar
expressions, thus translating into specific tumor efficacy. To reach this goal, a series of
cationic triamine platinum compounds have been synthesized. The general formula is
[Pt(N-N")N'CI]X, where N-N' is an aminomethyl-imidazole ligand, and N’ is an imidazole
ring bearing the same alkyl group in the N1 position (Figure 11) [38—40].
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Figure 11. Series of cationic platinum(Il) complexes, 21-24.

After this series, where complex 24 is more effective compared with cisplatin, other
ligands have also been studied, such as 8-aminoquinoline and its chiral 5,6,7,8-tetrahydro-
derivatives, also called CAMPY (Figure 12) [41].
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Figure 12. Synthesis of cationic platinum(II) complexes, 25-28.

Modifying the ligand causes a different biological effect in the corresponding cationic
platinum(II) complexes. These differences are principally found in the accumulation of
the complexes in different cellular phases, which results in a different effect on DNA:
they seem to arrest cells into a GO/G1 phase to a greater extent; they more efficiently
induce p53 mRNA; and a-tubulin and (3-actin levels significantly reduce in response to
new platinum(Il) complexes. Furthermore, it should be highlighted that 28 is the most
potent cytotoxic agent of this series against the triple-negative breast cancer MDA-MB-231,
a particularly aggressive tumor still lacking effective chemotherapeutic treatments.

For this reason, 28 (Pt-8AQ) has been further analyzed against six tumor cell lines.
Three cell lines of human glioblastoma were present, i.e., U87-MG (expressing wild-type
p53), U373-MG, and U138-MG (expressing endogenous mutant p53) [42].

Complex 28 shows higher activity against glioblastoma cells compared with cisplatin,
with ICsg values of 3.68, 11.53, and 8.05 uM against U87-MG, U373-MG, and U138-MG,
respectively, compared with cisplatin, which shows IC50 values of 7.27, 22.69, and 32.1 uM
against U87-MG, U373-MG, and U138-MG, respectively, while they had a similar effect on
pancreatic adenocarcinoma CFPAC-1, mesothelioma MSTO-211H, and adenocarcinoma
MCE-7. Furthermore, a comparison relative to the stability of the complex compared
with cisplatin was made after incubating them at 37 °C for 24 h. Interestingly, 28 showed
only 2.05-fold decreased activity, but significant pharmacological activity was still present.
Furthermore, it was impossible to measure the ICsg of the cisplatin, thus indicating that the
activity was completely lost after the treatment. In addition, the authors proved that even
after 6 days of treatment, 28 maintained some pharmacological activity, paving the way for
the development of slow-release chemotherapeutics.

To understand this new complex’s mechanism of action, its interaction with some pos-
sible molecular targets and nucleophiles known to prevent platinum-based chemotherapy
was studied. One of the most important factors responsible for drug resistance is glu-
tathione (GSH) and, through 'H-NMR analysis, it was possible to confirm the interaction
with 28; other factors are the membrane transporters and channels, called transportomes,
in which copper transporters (CTRs) important for the cellular uptake of platinum are
present. Furthermore, in this case, a monocoordinated complex with a 1:1 stoichiometry
was found using ESI-MS experiments by exploiting the peptide Mets7, which mimics the
methionine-rich motif involved in platinum coordination. Similarly, the interaction with
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9-ethylguanine (9-EtG) was confirmed via 'H-NMR, and this result highlights that DNA is
the main target of this complex. Furthermore, the cytotoxicity of 28 up to a concentration of
20 uM against all three human glioblastoma cell lines is higher than that of cisplatin, whose
ICs5p was undetectable. The new complex affects the cells in the GO/G1 phase, showing an
earlier cell death mechanism. Since the three cell lines differ from each other regarding
the genetic status of p53, the influence of 28 and cisplatin on the functional expression of
this gene was evaluated, showing a different impact on the proapoptotic molecules BCL-2,
BAX, PUMA, and NOXA. Both complexes downregulate p53, except in U138-MG upon
treatment with 28, and BCL-2 is downregulated by both complexes in all cells. In U87-MG,
cisplatin upregulates PUMA, BAX, and NOXA. However, 28 upregulates NOXA in a more
significant way, though BAX is downregulated, whereas PUMA levels remain unaltered.
In U138-MG, the three genes are downregulated by cisplatin and upregulated by 28; in
U373-MG, all three genes are downregulated by both complexes.

To confirm these cytotoxic effects, photographs under a light microscope were taken
and a triple staining assay was performed in one study. In cells treated with cisplatin, there
were no consistent changes compared with the untreated cells, while cells treated with
28 detached from the surface and completely changed in morphology, which is typical
of damaged cells. In contrast, the control cells were viable and adherent, cells treated
with cisplatin were early-apoptotic, and cells treated with 28 were mostly detached and
late-apoptotic. Interestingly, there were no necrotic cells, thus indicating that apoptosis is
the exclusive cell death mechanism.

These experiments confirmed that 28 is a promising candidate for treating human
glioblastoma, and considering its high chemical stability, it may be suitable for loading on
mesenchymal stromal cells (MSCs) as a new drug delivery system [43-48]. MSCs are cells
from different tissues that can uptake drugs and release them directly into the neoplastic
microenvironment due to their ability to accumulate in the stroma of several primary and
metastatic neoplasms. This system aims to target the tumor cells, reduce the side effects,
and overcome cisplatin resistance [49].

While a plethora of cationic platinum complexes has been proposed in recent research,
anionic Pt(II) complexes have never been tested for their anticancer activity. A series of
complexes with the general formula NBus[(C"N)Pt(O"O)] has recently been synthesized
and evaluated for promising TNBC activity and theranostic properties (Figure 13). The
structure of this series can comprise a C"N ligand, which is a cyclometalated form of 2-
phenylpyridine (H(PhPy)); 2-thienylpyridine (H(Thpy)); or 2-benzo[h]quinoline (H(Bzq)),
whereas the dioxygenated leaving group O"O represents the dianion of tetrabromocatechol
(H,(BrCat)) or the dianionic form of alizarine (H,(Aliz)) [50].

Alizarine moiety, because of its extended aromatic system, was chosen to introduce
a labeling system to the anticancer activity, furnishing the properties of the emissive
compounds so that, in principle, many biologically relevant processes could be followed
in real-time by Pt-based probes. All these new complexes were tested against TNBC, an
“orphan” tumor that has a negative response to currently approved drugs and hormonal
therapy, as well as compounds that target HER2 protein receptors; in particular, its in vitro
biological activity against the MDA-MB-231 cell line was tested.

Complexes with bromocatechol (32-34) showed good cytotoxic activity against MDA-
MB-231 cells, which were independent of the cyclometalated ligand’s nature. Complexes
29-31, possessing alizarine as a ligand, were studied as a mixture of the two isomers,
showing a different form of cytotoxic activity that depends on a different C"N ligand.
In particular, complex 29 possessed PhPy, which showed the highest cytotoxic activity
(IC50 = 1.9 uM) and selectivity between the tumoral cells and nontransformed vascular
smooth cells (IC5y = 12.5 uM vs. 1.9 uM). As to whether this activity is independent of the
deoxygenated ligand, complex 35 was chosen as a test bed to confirm this hypothesis. Sub-
stituting the cyclometalated ligand with two ammonias dramatically reduced the cytotoxic
activity in comparison with both its cyclometalated counterparts and cisplatin, confirming
phenylpyridine and alizarine are the best matches for exerting a maximum anticancer effect.
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Furthermore, studying the effect of the new complex on the cell cycle progression showed
that complex 29 displays antiproliferative activity, blocking the progression of the cells
through the S phase and decreasing cells in the G2/M phase.
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Figure 13. Anionic Pt(II) complexes, 29-35.

In addition, even if all the anionic complexes were found to be emissive in solution
in the red region of the electromagnetic spectrum in a confocal analysis, it was possible to
localize complex 29 in the perinuclear region.

3. Treatment of Cisplatin-Resistant Tumor: Pt (IV) Complexes

Platinum(IV) complexes are prodrugs that have to be activated into platinum(II)
complexes to act as anticancer agents. The anticancer potential of platinum(IV) agents
has been known for many years, but their potential anticancer activity still needs to be
elucidated and investigated; even if some complexes show encouraging pharmacological
profiles, reaching different clinical phases of evaluation, they have not been approved for
clinical use yet [51].

These new complexes are six-coordinated and possess octahedral geometry that can
confer better stability than the square-planar geometries of platinum(Il) complexes. Indeed,
the lack of empty space within the platinum coordination sphere ideally prevents the
metal in its +4 oxidation state from being attacked by nucleophilic substitution in the
circulatory system, endowing Pt(IV) derivatives with an innate advantageous inertness
over the Pt(Il) counterparts.

The synthesis of platinum(IV) complexes instead of platinum(II) complexes could
lead to further important advantages, such as lipophilicity, stability, the possibility of oral
administration, cell targeting, and improved cellular uptake [52]. Another advantage is
the possibility of enhancing the therapeutic effect, conjugating active biological moieties in
the axial position to the center of the platinum. The ligands in the axial position have to be
released to activate platinum(IV) into the reduced active form, which carries a platinum(lI)
center. This has a favorable synergistic effect on the tumoral cells. Octahedral platinum(IV)
complexes are nontoxic to cancer cells on their own; they require a bioreduction process
in their activated forms, and this is why they are considered prodrugs [53]. Some recent
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examples clarifying this strategy are reported in [54]. Two Pt(IV) complexes, in which the
ligands were ferulic acid (FA-COOH) and rhein (RH-COOH) and complexes 37 and 38,
were synthesized and compared with other complexes in which the ligands were benzoic
acid (BA-COOH), crotonic acid (CA-COOH), and trans-cinnamic acid (TCA-COOH) and
complexes 36, 39, and 40 (Figure 14).
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Figure 14. Pt(IV) complexes 36—40.

Complexes 36-40 were tested against lung carcinomas A549 and A549/DDP, cisplatin-
insensitive cells, and normal healthy (HL-7702) cells. In particular, complex 38 showed
the highest cytotoxic activity (IC5p = 0.11 pM) against the A549/DDP cell line in com-
parison with complex 36 (IC5p = 3.01 uM), complex 37 (ICsy = 0.75 uM), complex 39
(IC50 = 3.87 uM), complex 40 (ICs5p = 0.91 pM), and cisplatin (IC5p = 50.12 uM), all of which
showed lower cytotoxic effects against HL-7702 compared with the standard approved
regimen based on cisplatin. Complex 37 and, above all, 38, were the most effective, but
the latter led to higher activated Pt content inside the cells (probably because of its greater
reduction rate), as well as inside the mitochondria, compared with complex 37 and cisplatin.
To explore the mitochondrial effect caused by complexes 37 and 38, the level of mitochon-
dria membrane potential (MTMP) was monitored. This significantly reduced after 37 and
38 treatments, leading to cell death in lung carcinoma cancer cells due to the induction of
mitochondria dysfunction. Thus, the expression levels of the apoptosis-associated proteins
were evaluated to clarify their possible mode of action, and it was found that complex
38, compared with complex 37, exhibited higher induction in all the proteins, including
cytochrome ¢, active-caspase-3, BAX, apaf-1, and active-caspase-9, thus providing a rational
explanation of their relative ICsy values. Similar behavior was also observed in in vivo
experiments, in which complex 38 was found to be the most cytotoxic of the series. In
addition, these new compounds seem to induce minimal side effects in mice, as confirmed
by the non-negligible weight loss of the animals after the treatment [53]. Another possible
bioactive ligand that could be released by reducing the Pt(IV) complex is an inhibitor of
glutathione (GSH) synthesis, which is generally overexpressed in cancer cells or the tumor
microenvironment. For example, L-buthionine-(S,R)-sulfoximine (BSO) is a potent, specific,
and irreversible inhibitor of the glutamate—cysteine ligase (GCL), as well as a rate-limiting
enzyme in the synthesis of GSH; however, it also possesses antitumor activity in and of
itself, although it also has a fast metabolism and excretion issues. Indeed, using this bioac-
tive molecule in axial positions could improve pharmacokinetics and tumor selectivity,
especially when used as an albumin-binding moiety, leading to a sensible decrease in GSH
levels after its release.

Two Pt(IV) complexes, derivatives of oxaliplatin, have also been synthesized: BSO-
OxOAc (with an inert acetate ligand) and BSO-OxMal (with the albumin-binding maleimide)
(Figure 15).
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Figure 15. Pt(IV) complexes 41 and 42.

Both complexes were tested against a human colon cancer model (HCT116), an ovarian
cancer model (A2780), and their corresponding oxaliplatin (HCT116/OxR) and cisplatin-
resistant models (A2780/Cis). Complex 41 was the only compound selected for the in vitro
experiments, although its cytotoxicity was reduced in comparison with oxaliplatin and
cisplatin in the HCT116 and A2780 cancer cell lines, with IC5y = 32.1 uM vs. 0.58 uM and
20.6 uM vs. 1.9 uM, respectively. As such, the resistance mechanisms of the Pt(IV) prodrug
(41) and its toxicity against nonmalignant cell lines were demonstrated to be extremely neg-
ligible, making it a promising candidate for further investigations. For this reason, complex
41 has the advantage of a large therapeutic window but the disadvantage of needing a
longer exposure time and more reducing agents to undergo the activation bioprocess.

Conversely, for in vivo experiments, only complex 42 has been explored. Pharmacoki-
netics studies showed that the AUC and serum half-life of complex 42 increase compared
with oxaliplatin, and it is also accompanied by a significantly selective accumulation of the
Pt(IV) prodrug in tumor tissue with respect to healthy tissue. Furthermore, both complexes
41 and 42 have been compared with oxaliplatin using in vivo experiments. In the first two
weeks, both new complexes and oxaliplatin can reduce the tumor volume, but after this
period, only complex 42 proved efficacious in stabilizing the cytotoxic effect, thus prolong-
ing the overall survival of the mice. This higher antitumoral activity could be explained
by its stronger GSH-depleting effect, increased DNA damage, and proliferation arrest in
comparison with oxaliplatin. In addition, Pt(IV) prodrug did not increase DNA damage in
healthy organs, thus confirming that the BSO effect is limited only to tumoral tissue.

A structure quite similar to complex 42 was retained in series 43-46; the ligands were
an albumin-targeting maleimide and 1-methyl-D-tryptophan (1-MDT) [55]. 1-MDT inhibits
the indoleamine 2,3-dioxygenase (IDO) enzyme, which catabolizes tryptophan (Trp) into
kynurenine (Kyn), with the binding thereof to its receptor leading to the inhibition of T-cell
activation and T-cell proliferation support (Figure 16).

The four derivatives belonging to this series differ from each other in the diverse
strategies applied to their synthesis and their reduction behavior.

The advantage of these new complexes seems to rely on the release of an unmodified
1-MDT ligand intracellularly, thus suggesting that coupling this ligand to a platinum(IV)
center could be an effective strategy in delivering 1-MDT inside tumoral cells.

Furthermore, in vivo experiments have been performed to gain information on their
pharmacokinetics and further details on their anticancer activity. The IdoEs complexes, such
as 44 and 46, show higher activity in cell cultures and lower activity in mice because of their
faster reduction process, thus leading to deactivation; on the contrary, the IdoCa complexes,
such as 43 and 45, have higher cytotoxic activity in vivo because of their slower activation
process, thus retaining their effects until they reach the molecular target. In addition, these
experiments have confirmed that these new complexes are capable of inhibiting IDO in
malignant tissue, leading to a tumor-specific change in the T-cell population [56]. The
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choice to employ bioactive axial ligands in the design of platinum(IV) prodrugs could
represent a valid strategy in protecting and increasing the efficacy of molecules known
to be unstable or easy to deactivate under physiological conditions, thus compromising
their use as active ingredients on their own. For example, chlorambucil (CLB) is a potent
anticancer agent that can bind the nucleotides of DNA, such as guanine and adenine, at
the N(7) and N(3) positions, thus forming DNA crosslinks. Nevertheless, its clinical use is
compromised by its low bioavailability and poor selectivity, thus resulting in numerous and
serious side effects. For this reason, one possibility is conjugating CLB to a platinum(IV)
moiety, resulting in an advantageous delivery system for this drug (Figure 17).
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Figure 16. Pt(IV) complexes 43-46.
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Figure 17. Pt(IV) complexes 47-49.

All these complexes were synthesized starting with their Pt(I) precursors, PHENSS,
SMESS, and 56MESS respectively, and were tested against different cell lines and different
types of tumors, such as HT29 colon, U87 glioblastoma, MCEF-7 breast, A2780 ovarian,
H460 lung, A431 skin, Dul45 prostate, BE2-C neuroblastoma, S]-G2 glioblastoma, MIA
pancreas, ADDP ovarian (cisplatin-resistant A2780 clone), and nontumor-derived MCF10A
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breast lines. The cytotoxicity data revealed that complexes 47, 48, and 49 exert important
antitumor activity, with complex 49 being the most promising in the series. It possessed
a potency similar to its Pt(Il) precursor, 56MESS, toward all tested cell lines, affording it
an average ICsy of around 40 uM, but most of all, it proved to be more potent than either
cisplatin or CLB. These promising results were confirmed via 'H- and '*>Pt-NMR studies
recording the reduction process of Pt(IV) complexes 47-49 5 min after the addition of an
appropriate reducing agent with the release of the CLB ligand. This confirms the validity
of this synthetic strategy and represents a proof-of-concept for the development of Pt(IV)
analogs. However, it is important to mention that these experiments are only approximate
and do not necessarily reflect how prodrugs would behave in blood and blood serum.

In addition, complex 49’s anticancer properties seem to be related to its ability to
produce considerable amounts of ROS inside cells, thus promoting an antitumorigenic
signal and triggering oxidative stress that can selectively induce cancer cell death. Finally,
the presence of the two methyl groups on the phenanthroline ligand could account for the
higher cytotoxicity displayed by 49 in comparison with analogs 47 and 48 as a consequence
of its higher lipophilicity.

Conversely, ROS production is indeed an evident consequence of the increased respira-
tion process, and exaggerated proliferation featuring cancer cells can be usefully exploited
as a stimulus for the activation process within tumor tissue. Thus, a ROS-activated plat-
inum (IV) prodrug bearing two boronate-ester-masked N-alkylaminoferrocene ligands
has been proposed (Figure 17) [57]. Different studies have revealed that compound 50
can be selectively activated only by ROS, which is resistant to both GSH and ascorbic
acid stimuli. The activation pathway presumably provided C-B oxidation, leading to the
formation of two N-alkylaminoferrocenes that, once deprotected, may acquire the ability to
act as electron donors for the Pt(IV) center, activating the platinum(II) drugs. This prodrug
shows comparable antiproliferative activity to cisplatin (IC5y = 2.5 uM vs. 2.1 uM) in
A2780 cisplatin-resistant human ovarian carcinoma. The corresponding ROS-activated
oxaliplatin analog, 51, bears the same two boronate ester-masked N-alkylaminoferrocenes
and was also proposed and evaluated for the same cancer cell line, revealing significant
cytotoxicity with an ICs value of 0.4 uM, endowed with a 45-fold smaller effect on healthy
cells (Figure 18).

0 o
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Figure 18. ROS-activated Pt(IV) complexes, 50 and 51.
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4. Conclusions and Further Perspectives

This review summarizes the recent advances in the synthesis of both platinum(II) and
prodrugs platinum(IV) complexes for cisplatin-resistant cancer cell lines, whose therapeutic
treatment still represents a great challenge. This can be correlated to the lack of selectivity
toward the desired target and, therefore, the systemic side effects that often limit their
final clinical approval. In this regard, despite continuous efforts in this direction, cisplatin
remains the lead compound for so-called orphan tumors. The inability of researchers to
bypass these problems can be linked to the incomplete unraveling of the mechanism of
action of cisplatin, which is unknown in many ways. In recent years, [58-61] drug-delivery
strategies have been developed to ameliorate the selectivity and, therefore, the systemic
effects, but it will be necessary to implement and differentiate molecular targets to reverse
therapeutic failure risks. As far as platinum(IV) complexes are concerned, the mechanism of
activation and the consequent reduction products that form remain to be clarified. Indeed,
the bioactivation in the complex biological system is far from fully addressed, as particular
attention needs to be paid to the role played by the protein pool in delineating the activation
pathway. Notably, most Pt(IV) prodrugs in the literature have oxygen donor ligands in
axial positions, whereas only a few examples comprise different atom donors, which means
that, ideally, the vast potential of platinum compounds could be explored. In this sense, a
future goal can be achieved by using selective activation and drug delivery systems.
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Abstract: Although important progress has been made, cancer still remains a complex disease to
treat. Serious side effects, the insurgence of resistance and poor selectivity are some of the problems
associated with the classical metal-based anti-cancer therapies currently in clinical use. New treatment
approaches are still needed to increase cancer patient survival without cancer recurrence. Herein, we
reviewed two promising—at least in our opinion—new strategies to increase the efficacy of transition
metal-based complexes. First, we considered the possibility of assembling two biologically active
fragments containing different metal centres into the same molecule, thus obtaining a heterobimetallic
complex. A critical comparison with the monometallic counterparts was done. The reviewed
literature has been divided into two groups: the case of platinum; the case of gold. Secondly,
the conjugation of metal-based complexes to a targeting moiety was discussed. Particularly, we
highlighted some interesting examples of compounds targeting cancer cell organelles according
to a third-order targeting approach, and complexes targeting the whole cancer cell, according to a
second-order targeting strategy.

Keywords: platinum compounds; gold compounds; metal-based drugs; heterobimetallic complexes;
targeting strategies

1. Introduction

During the last decades, great strides have been made in the fight against cancer.
The knowledge about the mechanisms of its onset and cellular resistance has notably in-
creased, as well as the discovery of new potential therapies. Despite this, cancer remains
a problematic pathology to treat due to its characteristics of aggression, ability to metas-
tasize, resistance onset, and severe side effects of the available drugs. For these reasons,
cancer is still the second leading cause of morbidity and mortality worldwide [1]. In the
context of the most promising anticancer therapies developed so far, metal-based drugs
have represented for several decades the cornerstone for tumour chemotherapy [2,3]. In
fact, platinum complexes, such as cisplatin, oxaliplatin, and carboplatin, are still the most
widely used treatments in several kinds of cancer, including testicular, cervical, ovarian,
and non-small cell lung cancers. However, in several cases after a variable number of
chemotherapy cycles with platinum-based complexes, tumoral cells could become less
susceptible to the cytotoxic effects of the drug, thanks to the activation of a multifacto-
rial adaptive response that involves three major components: autophagy, endoplasmic
reticulum stress signalling, and senescence [4]. Thus, the majority of cisplatin-treated
patients experience therapeutic failure and tumour recurrence during—or right after—the
treatments [5]. In addition, there are severe side effects associated with therapeutic reg-
imens based on platinum complexes, such as nephrotoxicity, neurotoxicity, leukopenia,
thrombocytopenia, gastrointestinal issues, nausea, vomiting, and hair loss [6]. These latter
are mainly due to poor drug selectivity causing the death of healthy cells together with
the tumoral ones. Considering all these issues, improvements in developing new effective
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therapies can indeed be pursued. These problems have prompted researchers to focus on
developing a new generation of chemotherapeutics. Firstly, the research has been extended
to other transition metal compounds, such as gold, ruthenium, silver, iridium, rhenium,
and copper, that proved to have important cytotoxic effects on cancer cells, becoming
promising potential new anticancer drugs. For example, the gold compounds’ popularity
increased following the idea to repurpose Auranofin, an Au(I)-based complex approved
by the FDA in 1985 as an antirheumatic Au(I) agent, for the treatment of cancer [7]. In
fact, several studies highlighted its promising cytotoxic properties, entering also in three
separate clinical trials in the United States as an anticancer compound [8]. Additionally, for
Ru-based compounds the interest of the scientific community significantly grew after the
publication of NAMI-A, KP1019 and KP1339, which are three Ru(IlI) complexes that have
entered other human clinical trials [9]. During the past years, various strategies have been
explored to optimise the efficiency of metal complexes with anti-cancer activity, both in
potency and selectivity, aiming to obtain the so coveted “anticancer magic bullet”, already
conceptualised in the early 1900s by Paul Ehrlich [10]. In this review, we will focus on some
examples referring to two main strategies: the first one regards heterobimetallic complexes
with a synergic action, while the second one refers to constructs where the metallic complex
was conjugated to a targeting moiety. Starting from the promising results obtained with
some monometallic complexes, a new approach was attempted combining different metal
centres in one compound by forming a heterobimetallic complex able to combine the vari-
ous modes of action that are typical of the constituting metal centres. The heterobimetallic
compound should enhance the anticancer properties of single metallodrugs. The objective
is to enlighten any possible synergistic effect due to the administration of two or more
active ingredients as a single drug [11,12]. Generally, the two metal centres have a different
final molecular target with diverse mechanisms of action, or they can modify different
pathways in the cellular metabolism, or adjust some chemical-physical properties of the
whole heterobimetallic complex, such as the solubility or lipophilicity, with different con-
tributions [13]. The combination of different activities into one single drug should reduce
the concentration needed for the therapeutic approach, and this should decrease the side
effects produced by a large amount of compound needed to have a positive response to
the therapy. This behaviour could be expressed in lower ICs values or by overcoming the
resistant problems to the current therapies. Another appealing approach involves targeting
strategies, which has proved to have many advantages and potential interesting applica-
tions. Targeted anticancer agents are designed according to a strategy that aims to direct
them towards cancer-specific biomarkers or biological targets which are overexpressed
in cancer cells. The aim is to achieve higher selectivity than standard platinum-based
therapies and, consequently, lower side effects. In fact, preferential recruitment of the drug
into tumour cells results in a selective cytotoxic action that damages tumour cells more than
healthy ones. After being preferentially accumulated in tumour cells, the drug interacts
with specific targets by modifying or interrupting a signalling pathway that supports the
evasion of apoptosis, tumour growth, and resistance in cancer cells. While in classical
therapies the focus is on discovering increasingly cytotoxic and potent drugs, in targeted
therapies the aim is to achieve selectivity on diseased cells, potentially leading to more
significant and controlled cytotoxicity [14].

2. Heteronuclear Metal Complexes with Anticancer Activity

One of the new strategies here presented concerns the combination of two different
metal centres in one single drug to build a heteronuclear metal complex. The combina-
tion of more than one metal was already used for other types of applications, such as
catalysis, where electronically different metals could synergistically cooperate and have
better properties compared to the monometallic precursors in a catalytic process [15]. The
same approach was used more recently for potential anticancer applications. The opportu-
nity to use different metal-based compounds, which act as anticancer but have different
mechanisms of action from each other, could promote cooperative activity and synergis-
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tic effects. In this review, we divided different examples into two main groups, one of
platinum and one of gold. These two metal centres, as monometallic compounds, have
been extensively studied and they are known to exploit their anticancer activity in different
types of final targets. Platinum compounds generally act in the genomic moiety [16], while
gold complexes are considered good inhibitors of thioredoxin reductase [17]. One of the
most recent and interesting results of the literature concerns the combination of platinum
or gold with different metal centres or a combination of them. A discussion on the possible
synergistic effects of the new heteronuclear metal drugs has been done. To be sure that
the enhanced anticancer activity is truly done by the cooperative action of the two metal
centres, a comparison with the monometallic fragments is always needed.

2.1. The Case of Platinum

Transition metal complexes have been deeply studied for different applications, such as
catalysis, antimicrobial, and also antitumoral drugs [18]. Platinum complexes are probably
the most well-known and studied in the field of anticancer compounds, also thanks to
the omnipresence of cisplatin and its derivatives as a starting point [19,20]. To overcome
all the side effects of cisplatin such as neurotoxicity, nephro-, oto-, and gastrointestinal
toxicity, alternative transition metal centres gained a place in this field [21-23]. In the last
years, there are many examples of Pt(II) complexes combined with different metal centres
such as Ru(Il), Rh(IIl), Au(I), Re(I), Te(I) [17,24-27]. Platinum-based complexes are mainly
binders of genomic targets via a covalent bond between the Pt metal centre and N-7 atom of
guanine base [16], even if there is also evidence of protein binding, as serum albumin [28].
Here we present the most recent and promising results of bimetallic complexes that involve
different types of compounds such as photoactivable, macrocycle, or prodrugs compounds.
The possible synergistic effects of two metal centres with different targets were evaluated.

Starting from the ruthenium and rhodium ones, these metal centres can form
organometallic complexes usually by the coordination to nitrogen atoms or with arene
ligands, making the coordination easily achievable [29]. Ruthenium-based compounds,
usually considered to have antimetastatic activity, received interest as anticancer agents
after the discovery of the antitumoral properties of NAMI-A, KP1019, and KP1339 men-
tioned above. These organometallic Ru(II)-arene derivatives have a different mechanism of
action compared to cisplatin to exploit the anticancer activity, which involves the binding
to the biomolecule transferrin, an iron-binding protein [30].

In 2019 Askari and co-workers published their work, where the synthesis of three
heterobimetallic Pt(II)-Ru(II) and Pt(II)-Rh(III) complexes (1-3) (Figure 1) is described. The
three bimetallic complexes 1-3 turned out to be active in the human 20S proteasome, one
of the main targets for cancer therapy. Compounds 1-3 also inhibited cathepsin B and
L, which take part in tumour progression and invasion. The cytotoxic activity has been
evaluated also in comparison to the Pt(I)-based precursors and cisplatin. The bimetallic
complexes showed a good reduction of cell viability in different tumour cell lines such as
neuroblastoma SH-SY5Y, melanoma SKMel-28, hepatocellular adenocarcinoma HepG2,
and colorectal adenocarcinoma Caco-2 tumour cell lines, comparable or in some cases even
greater than cisplatin, while for the healthy cell line of human fibroblasts WI 38 there is no
sign of cytotoxicity. The flow cytometry analyses with Annexin-V /Pl staining revealed that
the cell death mechanism in the SH-SY5Y line is apoptotic after 72 h of treatment. Pt(II)
precursors showed no significant inhibition or antiproliferative activity, which makes them
a structural feature of the proposed heterobimetallic complexes [25].
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Figure 1. Molecular structure of compounds 1-3.

A paper by Zheng and co-workers, published in 2018, described the synthesis and
characterization of a new bimetallic Ru(Il)-Pt(II) complex (Figure 2). In this case, the
platinum moiety plays a pivotal role in the activity of the whole bimetallic compound
improving the anticancer activity of the Ru-containing moiety. The photoactivable Ru
complex 4 is combined with cis-Pt(DMSO),Cl; to obtain the heterobimetallic complex 5
through the coordination of Pt to the two free nitrogen of the bpm (2,2'-bipyrimidine)
ligand. The dichloroPt(II)-containing portion could covalently bind DNA. All the tests have
been performed both in dark and light conditions. The cytotoxic activity of 5 is extremely
increased in light conditions and is more cytotoxic compared to 4. These results pointed out
that both complexes have overcome the cisplatin resistance of the A549R (lung cancer) cell
line taking advantage of the photodamage of mtDNA. Moreover, the bimetallic complex 5
can bind to mtDNA also through the Pt centre; in fact, the impairment of the polynucleotide
occurs both in the dark and upon visible light irradiation. The higher affinity of 5 to DNA
is due to the double type of binding: covalent, through the Pt(II) moiety, and noncovalent,
through the planar ligand of Ru(Il) moiety. Under light irradiation, 5 can produce ROS
inside the mitochondria, causing their dysfunction, including MMP collapse, ATP depletion,
and attenuation of mitochondrial energy status (see Figure 3). Both complexes have been
tested in vivo and compound 5 has shown better pharmacological properties with respect
to compound 4. In particular, 5 produced lower side effects and decreased the tumour
volume without causing mouse death (Figure 4) [31].
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Figure 2. Molecular structure of compounds 4 and 5.
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Figure 3. Representation of the mechanism of action of complex 5. (Reprinted with permission from
ref. [31]. Copyright 2018 John Wiley and Sons).
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Figure 4. (a) Chart of the relative tumour volumes (V/Vj) of mice treated with PBS, 4 (Ru), and
5 (RuPt), measured for 11 days after treatment with PBS (control), under dark and light conditions. On
the first and sixth days, intratumoral injections were performed. (b) Photo of the tumours removed
from the nude mice. The completed scavenged tumours have been underlined by red dotted circles.
(Reprinted with permission from ref. [31]. Copyright 2018 John Wiley and Sons).

Photoactivable systems seem to be a good alternative to overcome cisplatin toxicity
and another promising new metal complex that is active upon irradiation inside the tumour
cells has been studied by Zhou and co-workers [32]. The Ru-Pt complex 6 (Figure 5) has a
large macrocyclic structure, and the metallacycle facilitates its cellular uptake, as confirmed
by ICP-MS analyses. The uptake values for complex 6 reach 114.82 ng and 451.37 ng
per million cells for Ru and Pt, while the same test with the Ru moiety alone revealed a
maximum cellular Ru concentration of 2.32 ng per million cells. The study of the cytotoxic
activity on the A549 cell line showed that 6 is accumulated preferentially in mitochondria
and nuclei as an intact metallacycle (confirmed by confocal laser scanning microscopy
analysis). Compound 6 exhibits its cytotoxic potential upon LED irradiation at 450 nm
(21.8 mW cm ™2, 5 min), with ICs, values of 0.71-4.4 uM, while it is extremely decreased in
dark conditions, with ICsg of 65.2-80.9 uM. Light promotes the generation of singlet oxygen
specie which causes cell death producing damages concurrently in the mitochondria and
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nuclei. As already observed for products 5 and 4, also in this case the in vivo tests at low
light doses obtained with a diode laser (800 nm, 50 mW, 20 s/mm), showed that 6 causes
an effective tumour remission associated with low systemic toxicity.

S
~ 10* 10NO,”

Pt pt
N~ CPEt; EtPT N
|

|
\Pt/PEts EtsP\Pt/N 7
Et,P” “PEt,

~
_N

6

Figure 5. Molecular structure of compound 6.

Another interesting strategy, that involves in this case the platinum moiety, is to exploit
the advantage related to Pt(IV) complexes. The platinum centre in its higher oxidation state
is chemically less reactive and kinetically more inert than its respective Pt(I) counterpart.
This feature can be fruitfully used to prevent off-target reactions, obtaining complexes that
can be considered prodrugs [33,34]. Moreover, the Pt(IV) complexes adopt the octahedral
coordinative geometry, giving the opportunity to functionalise the axial positions with
other biologically active molecules [35,36]. Since inside the cancer cells there is an increased
reductive environment compared to the healthy ones [37], this can be exploited to obtain
the selective Pt(IV) reduction inside the cancer cell, restoring the reactive Pt(II) complex
with the simultaneous release of the axial ligands [38].

In this frame, the Guangyu Zhu group worked on the synthesis of new Pt(IV)-Ru(II)
metal complexes (Figure 6) which combine the cytotoxic properties of cisplatin with the
antimetastatic properties of ruthenium-arene complexes. They were all found to be more
cytotoxic compared to cisplatin with low micromolar (11), sub-micromolar, and nanomolar
(7-10) cytotoxicity in most of the human cancer cells tested. All the bimetallic complexes
are effective also in cisplatin-resistant cells A2780cisR (ovarian carcinoma) and A549cisR
(lung adenocarcinoma). Compounds 7-11 have a selectivity index (the ratio between the
ICs59 in MRC-5 (lung fibroblast) and the ICsp in A549 cells) that is nearly 10-fold higher than
that of cisplatin. A direct comparison with the performances of the monometallic moieties
revealed that the increased cytotoxic activity is produced by a synergistic effect between
the two metal complexes [39,40].
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Figure 6. Molecular structure of compounds 7-11.

Quental and co-workers investigated the combination of two different metal cen-
tres: one with therapeutic properties (i.e., Pt(Il)), and the other with properties use-
ful in diagnostics (i.e., Re(I)) to achieve a theranostic agent. The new heterobimetallic
complex (12) (Figure 7) had indeed a rhenium moiety with photosensitizing properties and
a non-classical platinum centre with intrinsic cytotoxic activity in the dark. The metalation
of cellular DNA caused after the treatment with 12 both in the dark or under irradiation
was investigated by employing ICP-MS analysis. After the administration of 12 in dark
conditions, the polynucleotide was extracted from the cell culture and mineralised, and
ICP-MS detected no presence of platinum. This agrees with gel electrophoresis experiments,
where there is no modification of the mobility of the supercoiled form. On the contrary,
light exposure of the cell culture treated with the studied compound increases the amount
of open circular form, which is correlated to photosensitization with consequent ROS
production (singlet oxygen 10,).

The Re-tricarbonyl unit in 12 could be replaced by *™Tc (13) (Figure 7) to allow biodis-
tribution investigations and imaging studies in normal mice. The intensity of radioactivity
was higher in the excretory organs (liver and kidney), where 13 accumulated the most [27].
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Figure 7. Molecular structure of compounds 12 and 13.

In 2020, Bertrand and co-workers synthesised different bimetallic complexes of
Pt(II)-Re(I) (15a—d, 16¢) starting from the Pt(Il) precursors (14a—d) (Figure 8). The first
screening was based on the MTT assay (Table 1). The most promising ones were the
monometallic 14a and the bimetallic 15a, 15d, and 16c which were 10 times more cyto-
toxic compared to cisplatin. Additionally, 15b and 15¢ had no cytotoxic activity, while
16c was the most cytotoxic of this group. Even those that showed good ICs5 values on
MDA-MB-231, MCF-7, and A2780 cancer cell lines all showed a very scarce selectivity
when comparing the data obtained with the control healthy cells (MCF-10A). In addition,
the lipophilicity of the whole complex (Table 1) was directly correlated to the ligand nature,
and the bimetallic compounds 15a—d were more lipophilic than the mono Pt counterparts,
while the charged 16c was the most hydrophilic. The amount of metal content revealed
in cellular uptake experiments exactly reflected this order of lipophilicity, and it was not
correlated to the cytotoxic activity. Additionally, in this case, there was no evidence of
synergistic effects [24].
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Table 1. Antiproliferative activity of compounds 14a, 15a, 15d, 16¢, and cisplatin on different cancer

cell lines and the healthy cell line MCF-10F after 72 h of incubation at 37 °C. Partition coefficients of
all complexes are reported as Log P /. (Adapted with permission from ref. [24]. Copyright 2020

John Wiley and Sons).
Complex Log Py
MDA-MB-231 MCE-7 A2780 MCF-10F

14a 3.1+£05 1.6 +£09 1.5+ 0.6 1.1+0.2 3.7
14b n. d. n. d. n. d. n. d. 3.3
14c n. d. n. d. n. d. n. d. 6.9
14d n. d. n. d. n. d. n. d. 4.5
15a 21+0.6 22+04 1.5+03 1.82 £ 0.06 3.6
15b n. d. n. d. n. d. n. d. 49
15c¢ n. d. n. d. n. d. n. d. 8.1
15d 9.2+35 20.3£1.9 345+72 174 +26 5.8
16¢ 1.7 +£0.3. 1.14+04 1.3+0.2 3.3+03 24

cisplatin 204 + 34 14 +35 1.0+02 29+0.8 —-242

n. d. = not determined; ? data retrieved from ref [41].

2.2. The Case of Gold

Other types of combinations involve gold compounds. Gold complexes are usually
composed by the coordination of the soft metal centre with phosphine or sulphur ligands,
but carbenes ligands have also gained much interest [42,43]. Gold complexes express
anticancer activity by disrupting the reduction/oxidation (redox) system within the cell via
the inhibition of thioredoxin reductases (TrxRs). This enzyme is present in the mitochondria
and an alteration of its activity could lead to apoptosis [17,44—47]. Here we present some
relevant examples of recently synthesised complexes that combine the cytotoxic potential
of gold-based compounds with other metal centres which exploit their anticancer activity
differently, such as Pt(Il), Ru(Il), Ti(IV), Ir(IlT), and Re(I).
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To date, there are only a few examples in the literature on the combination of Au(I) and
Pt(Il) metal centres [13,48,49]. Some of the most promising examples are the heterometallic
Pt—Au complexes depicted in Figure 9 (18a—c), which have shown synergistic effects by
an improvement of the antiproliferative activity against A549 (lung), SKOV3 (ovarian),
and MCF-7 (breast) cancer cell lines in comparison to their Pt-based precursor complexes
17a—c and [CIAu(pu-dppm)AuCl], which are not toxic to any of the cell lines investigated.
Inhibition of cell proliferation was also compared to cisplatin and Auranofin, revealing 18b
as the most promising complex, and apoptosis is the cell death mechanism in MCF-7 cancer
cells in a dose-dependent manner. Furthermore, 18a effectively internalises in MCF-7 cells,
and the nucleus showed the highest accumulation of the complex, which was revealed by
fluorescence microscopy, with less dispersion in the cytoplasm. Selectivity for cancer cells
was investigated by comparing the ICsj values of the healthy cell line MCF-10A (epithelial
breast), with the one obtained with MCE-7. All the complexes showed good selectivity for
the tumorigenic cell line, and complexes 18b and 18c demonstrated higher specificity for
human breast cancer cells with minor damage to normal epithelial breast cells [13].
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Figure 9. Molecular structure of compounds 17a—c and 18a—c.

In the case of the two Pt(II)-Au(I) complexes (19, 20) (Figure 10) proposed by Wenzel
and co-workers, the new compounds exhibited great cytotoxic activity. A comparison of the
ICs5¢ values between the ovarian cancer cell A2780 and cisplatin-resistant A2780cis showed
that 19 and 20 were able to overcome possible resistance phenomena. There is no evidence
of cooperative effects of the two metals, and the cytotoxicity towards a healthy cell line is
comparable to the tumoral one, demonstrating a total lack of selectivity. The sugar moiety
seems to improve the transport of the compound into the cells, but the phosphine ligand
may counter the Pt moiety from freely binding to the double strand of DNA [49].
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Figure 10. Molecular structure of compounds 19 and 20.

Cinellu and co-workers compared the activity of monometallic Pt(II) complex 21 with
the bimetallic Pt(I)-Au(I) complexes 22 and 23 (Figure 11). Interestingly, the heterobimetal-
lic complex bearing the triphenylphosphine ligand (22) presented greater cytotoxic effects
compared to the mononuclear Pt complex 21. The ICsy value obtained after the administra-
tion of 21 and the gold(I) precursor (AF) together in an equal amount was compared with
the values obtained with the heterobimetallic complexes. The data suggested an additive
rather than a synergistic effect of the platinum and gold centres in compound 21. On the
other hand, it is important that even if joined in the same molecular scaffold, the two metal
complexes do not reduce their biological activity. Further, the Au(TPA) ligand decreases
the antiproliferative activity of complex 23. Moreover, compounds 21 and 22 interact with
RNase A but in a different way. It seems that Rnase A shows selectivity for gold over
platinum. In addition, complex 22 breakdowns in the presence of the oligonucleotide
(ODN4: 5'-CGC-GCG-3), forming different adducts with the pt fragment, [AuPPh3]* and
Au(I). The formation of different biomolecular adducts, which could be caused by the
presence of different metal centres in the same molecule, may lead to enhanced cytotoxic
effects in agreement with the observed additive effect of coupled metals [48].
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Figure 11. Molecular structure of compounds 21-23.

The group of Maria Contel synthesised new heterobimetallic Ru(II)-Au(I) complexes
(25a—d) (Figure 12) where the Au metal centre is coordinated to an N-heterocycle car-
bene. PrestoBlue assay, a resazurin-based compound which has similar behaviour to the
most well-known MTT, was used to evaluate the antiproliferative activity of the com-
plexes [50]. The bimetallic complexes are more cytotoxic compared to cisplatin and have a
better selectivity toward cancer cell lines compared to the healthy ones (HEK293T). The
same assay was performed with a combination of a ratio of 1:1 of the monometallic gold
(24a-d) and ruthenium counterparts and they all have a lower ICsy value compared to the
corresponding heterometallic complexes. Compounds 25a—d do not interact with the DNA
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plasmid pBR322, so other targets may cause cell death. Complex 25a has been tested for the
inhibition of the TrxR (thioredoxin reductase) and it is more efficient than its monometal-
lic counterparts (Figure 13). This behaviour could suggest a synergist effect of the two
metal centres when present in the same compound [51]. Further inhibition studies on
complex 25b published two years after revealed as inhibited molecular targets different
interleukins, metalloproteases, and cathepsins, which are important in tumour metastasis
and angiogenesis [52].
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Figure 12. Molecular structure of compounds 24a—d and 25a—d.
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Figure 13. Activity of thioredoxin reductase of Caki-1 cells treated with 0.1% of DMSO (control) or
complex 25a (5 uM) after 5, 12, and 24 h of incubation. (Reprinted with permission from ref. [51].
Copyright 2016 Royal Society of Chemistry).

The same group worked also with heterobimetallic complexes of Ti(IV)-Au(l) (26
and 27) (Figure 14). The mechanism of action of 26 and 27 is different compared to
cisplatin, because they do not bind DNA, but they inhibit protein kinases such as p90-
RSK, AKT, MAPKAPA, and thioredoxin reductase [53,54]. The two new compounds show
ICs5p values under the uM range, after 72 h of incubation, for renal cancer cell line Caki-1.
Compounds 26 and 27 are more cytotoxic than the Au(I) monometallic derivatives and
much more cytotoxic than the titanocene dichloride, with effective anti-migration and
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anti-invasive properties, making these bimetallic compounds two promising candidates for
cancer therapy [55].
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Figure 14. Molecular structure of compounds 26 and 27.

Ir(I1I) complexes can form emissive phosphorescent compounds with tuneable pho-
tophysical properties. By changing the organic ligands, the wavelength of emission
changes accordingly, obtaining highly pure primary colours for OLEDs (full-colour dis-
plays), or near-infrared emission for chemical sensors, bio-imaging, and telecommunica-
tion [56,57]. Only very recently have Ir(III) complexes exhibited their potency as theranostic
agents. Their emission properties enable the visualisation of their cellular biodistribution
and, concomitantly, Ir(Ill) complexes have displayed good cytotoxicity towards different
cancer cells [58,59].

Three new Au(I)-Ir(IIl) bimetallic complexes (29, 30, and 31) (Figure 15) were presented
by Redrado and co-workers in 2021 and the results were compared with the monometallic
precursor [Ir(N"C),(dppm)]* (28). All complexes induce apoptosis with the formation
of cytoplasmic vacuolisation. The value of IC5p in A549 cells ranges between 0.6 and
1.7 uM, with complex 31 being the most cytotoxic. The emission properties of Ir(III)
moiety (green irradiation) allowed the investigation of cell distribution, which showed
the complexes more located in the cytoplasm, and the superimposition with MitoTracker
Red (MTR) emission (red irradiation), a mitochondrial selective dye used as internal
standard, suggested an accumulation in the mitochondria. The presence of the gold
fragment increases the generation of ROS and the inhibition of TrxR but there is no evidence
of synergistic or additive effects for the heterometallic complexes [60].
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Figure 15. Molecular structure of compounds 28-31.
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Luengo and co-workers published a paper on Au(I)-Re(I) heterometallic complexes
(34a—c and 35a-b) (Figure 16). The antiproliferative activity has been evaluated with lung
cancer cells A549 and cervix cancer cells He-La. Better results have been obtained for
the cationic complexes compared to the neutral ones. The monometallic Re(I) complexes
(32, 33) show their cytotoxic activity even at 24 h, while only the heterotrimetallic com-
plexes reveal their selectivity towards HeLa cells after 72 h with exception of 34b. The
gold moiety is involved in the mechanism of action, even in terms of internalisation. The
gold ancillary ligand guides the cellular uptake following the order -PPh3>-CN'Bu>-Ipr.
The distribution of the heterometallic species in HeLa cells was evaluated with fluorescent
microscopy, thanks to the optical properties of Re moiety. In A549 cells all the compounds
precipitate and accumulate outside the cells, especially the neutral complexes 32 and 34a—c,
while in HeLa cells, the positively charged heterotrimetallic compounds 35a-b were in
the outer cellular membrane media, very close to the membrane, suggesting a possible
interaction of the complexes with the membrane. These different behaviours may explain
the selectivity and higher toxicity toward the HeLa cell line over A549. The monometallic
Re complex 33 internalised in the cells and no precipitate was detected outside the cell
membrane. This suggests that the gold moiety could be responsible for the localisation pat-
tern, additionally with the selectivity for HeLa cells membrane over A549 one, displayed by
heterometallic species [61].
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Figure 16. Molecular structure of compounds 32, 33, 34a—c, and 35a-b.

3. Targeting Strategies

In order to selectively accumulate metal complexes within tumour cells, two main
approaches are generally used. The first is a sort of “passive targeting”, where the EPR effect
(Enhanced Permeability and Retention) is exploited (Figure 17) [62]. Solid tumours have
a particular microenvironment characterised by rich vascularization and low lymphatic
drainage, where the leaky blood vessels present several wider fenestrations than healthy
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tissues [63]. While these characteristics allow the tumour to satisfy the augmented demand
for nutrients necessary to support their rapid proliferation, at the same time, they allow
drugs to have preferential extravasation into tumoral tissues [64]. However, they are not
able to access so readily to healthy tissues, where the junctions between epithelial wall cells
are tighter [64]. Anti-cancer nanomedicine is associated with finding delivery solutions,
such as micelles, liposomes, and nanoparticles, that deliver the drug to tumour cells, mainly
by exploiting the EPR effect [64,65]. Nevertheless, limited results have been achieved
through passive targeting, due to the high heterogeneity of the tumour microenvironment,
which can differ depending on the specific kind of tumour and its different stages [66]. In
fact, tumours have a highly heterogeneous nature, and the intensity and nature of the EPR
effect can vary [67]. Furthermore, this effect also depends on the chemical and physical
characteristics of the drug, such as size, shape, and elasticity [68,69].

Epithelial cell ~ 1ightjunction Wide fenestration

Tumor mass

Figure 17. Schematic representation of the EPR effect.

The second approach concerns using an “active targeting strategy” that can be de-
signed according to different methods. One of the most common approaches is the use
of ligands that selectively recognise biomarkers overexpressed on tumour cells, such as
receptors on the cell surface or proteins in the intracellular environment [70,71]. Otherwise,
other strategies foresee the use of a prodrug, inactive in healthy cells but activated only at
the site of the tumour, exploiting the unique characteristics of the tumoral microenviron-
ment, such as the presence of high levels of ROS, low pH value, overexpression of matrix
metalloprotease, or the reducing conditions [72]. There are three levels towards which
active drug targeting can be directed: first-order drug targeting to a specific organ or tissue,
second-order drug targeting to specific cells, and third-order drug targeting to an intracel-
lular organelle, such as the nucleus, mitochondria, endoplasmic reticulum [73,74]. This
section does not intend to make a complete and exhaustive review of all cancer-targeting
metal complexes. Instead, it aims to propose an overview of some of the most significant
examples of methods that have been rationally designed to obtain a preferential interaction
with cancer cells, according to different active targeting strategies belonging to second and
third-order types.

3.1. Organelle-Targeting Metal Complexes

Each organelle in the eukaryotic cell (Figure 18) plays a defined role, and for each
organelle, a malfunction can lead to various diseases, including cancer [75]. This latter
is one of the reasons why some organelles, such as mitochondria, have proved to be
promising targets in anticancer therapy [76]; others are only recently emerging, such as the
endoplasmic reticulum [77].

Organelle targeting can be achieved with metal complexes through two main strategies:
coupling the complex to specific organelle-targeting biomolecules or finetuning of the com-
plex’s properties to satisfy the characteristics required to target that particular organelle [76].
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3 Mitochondrion
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6 Nucleus

Figure 18. Representation of the most important organelles in the eukaryotic cell. (Reprinted with
permission from ref. [76]. Copyright 2019 Elsevier).

3.1.1. Metal Complexes Targeting the Mitochondrion

Since discovering the critical role of mitochondria in apoptosis evasion mechanisms,
these organelles have attracted much interest as potential targets in anticancer therapy [78].
Mitochondria are also called the “powerhouse of the cell” because of their role in cell
energy production. However, mitochondria have many other essential roles, such as
biosynthetic metabolism, regulation of cell signalling, ROS neutralization through antioxi-
dant pathways activation, adaptive functions in response to oxidative stress, and cell death
induction [79]. For these reasons, mitochondria happen to be strictly connected to many
different tumorigenesis pathways [80]. Deregulation of mitochondria metabolism leads to
insensitivity to anti-growth signals and consequent apoptosis evasion and uncontrolled
proliferation [80]. Additionally, dysfunctions in the phenomena of mitochondrial biogene-
sis and mitophagy, aimed at maintaining a healthy mass turnover, seem to be involved in
the activations of oncogenic pathways [80]. Therapeutic strategies that rely on mitochon-
drial targeting have several advantages. Among the most interesting is the opportunity to
exploit the difference between the structural characteristics of the mitochondrion in healthy
and diseased cells to have a drug accumulation in tumour cells. Compared to normal
cells, mitochondria have different characteristics in cancer cells that can be exploited in
targeting strategies to direct drugs, especially towards the tumour site. For example, the
increased mitochondrial transmembrane potential (A{m), which has been highlighted in
many kinds of cancer, can be exploited to selectively accumulate delocalised lipophilic
cations (DLCs) within mitochondria (Figure 19) [81,82]. This selectivity depends on the
DLCs chemical-physical characteristics, especially the positive charge number and the
lipophilicity (logP) tuning [83,84].

Respiratory chain complexes F_F,ATP-synthase

Figure 19. Uptake mechanism of DLCs in the mitochondrion. (A{pm: mitochondrial membrane
potential; I, I, ITI, IV: complexes related to the mitochondrial respiratory chain; IMM: inner mitochon-
drial membrane; OMM: outer mitochondrial membrane). (Reprinted with permission from ref. [85].
Copyright 2018 Elsevier).
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In addition, considering the central role of this organelle in tumorigenesis and in
sustaining cancer cell proliferation, drugs that accumulate within the mitochondrion can
inhibit its functions, cause its impairment, and activate proapoptotic signalling pathways
leading to programmed cell death [86]. Beyond the issue of poor selectivity, mitochondrial
targeting drugs may potentially overcome another recurring problem in classic anticancer
therapy such as drug resistance. Cisplatin-induced resistance seems to depend on the
action of the nucleotide excision repair (NER) machinery, which repairs alterations in DNA
that prevent replication [87]. This repair pathway is only active in the nucleus while it
is absent in the mitochondrion; for this reason, it is far more difficult that the damage
induced by cisplatin on the mitochondrial DNA leads the onset of resistance [87]. Erxleben
published an extensive review in 2019 in which 241 references regarding mitochondrion
targeting metal complexes were reported [86].

In the present review, this section provides some of the most significant examples of
mitochondria-targeting complexes divided by the type of metal centre.

(1). Platinum-based complexes targeting mitochondria

Although the primary target for platinum-based complexes is nuclear DNA, some
studies have shown that cisplatin may have interesting direct interactions with mitochon-
drial DNA (mtDNA), therefore inducting apoptosis also through different mechanisms, in
addition to the expected ones or also alternatively [87-89]. Intending to redirect cisplatin
onto mitochondrial DNA, Wisnovsky et al. synthesised a cisplatin analogue (mtPt, 36;
Figure 20) conjugated to a peptide carrier that explicitly targets this organelle [88]. mtPt
shows accumulation in the mitochondrion, cytotoxicity on HelLa cells, and damage to
mtDNA without damaging nuclear DNA. Although cytotoxicity is lower than cisplatin,
mtPt is also efficient in killing cisplatin-resistant ovarian A2780/CP70 cancer cells.

Dhar and collaborators used a different carrier to deliver cisplatin selectively into
mitochondria [87]. They designed a cisplatin Pt(IV) prodrug that targets these organelles,
Platin-M (37, Figure 20). Mitochondrial targeting is provided by the presence of two delo-
calised triphenylphosphonium cations on the Pt(IVI) complex in the axial position. Drug
delivery, good pharmacokinetic, and distribution properties are achieved using biocom-
patible polymeric nanoparticles (NP) constituted by biodegradable poly(lactic-co-glycolic
acid)-block-polyethyleneglycol, functionalised with a terminal triphenylphosphonium
cation too, obtaining in this way a double targeting effect. Compared to cisplatin alone,
Platin-M NPs resulted in a 30-times higher Pt concentration in mitochondria than in the
nucleus. Prodrug Platin-M is locally activated by the highly reducing environment and
converted into the active Pt(Il) cisplatin, which was observed to form cross-links with
mtDNA (Figure 21). Platin-M NPs showed 85 times higher potency than cisplatin in
resistant A2780/CP70 cells, and enhanced cytotoxicity was also underlined in human
neuroblastoma SH-SY5Y cells and androgen-independent Pca cells. Although the insertion
of TPP moiety was successful in achieving mitochondrial targeting in the case of Platin-M,
this strategy is not universally applicable; in fact, other platinum-based complexes that
exhibit TPP functionalization accumulate in the nucleus [90].
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Figure 21. Mechanism of the release of Platin-M. (Reprinted from ref. [87] under the CC BY-NC-ND
license, 2014).

Che and coworkers proposed a luminescent Pt(II) complex (38, Figure 20), that fea-
tures an N-heterocyclic carbene as a ligand [91]. Given the optimal emission properties,
the cellular localization of the synthesised complex was studied through fluorescence
microscopy, incubating it with fluorescent dyes such as MitoTracker™, Hoechst 3342, and
LysoTracker™ in order to highlight the localization in mitochondria and cytoplasm, in
the nucleus and lysosomes, respectively. Experiments showed that the complex is pref-
erentially co-localised in mitochondria with MitoTracker™. Complex 38 was found to
show promising cytotoxicity towards HeLa, HepG2, SUNE1, and CCD-19Lu cell lines
(IC50 = 0.057-0.77 uM), with a 300-fold higher potency toward HeLa than cisplatin.

(2). Gold-based complexes targeting mitochondria

The thioredoxin (Trx) system, composed of thioredoxin reductase (TrxR), thioredoxin,
and NADPH, plays an essential role in regulating cellular redox balance [92]. TrxR is a
ubiquitous homodimeric flavoenzyme responsible for reducing several species, including
the protein thioredoxin. In mammals, two principal isoforms have been isolated, TrxR-1
(cytosolic) and TrxR-2 (mitochondrial). Cancer cell often shows TrxR overexpression, es-
pecially the isoform TrxR-2, which seems to be induced by increased levels of oxidative
stress [85]. In several types of tumours, TrxR-2 has an important role in the desensitization
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of cancer cells towards pro-apoptotic signals; in fact, it neutralises reactive oxygen species
(ROS), which are considered important mediators of apoptosis [85,93]. As a result, TrxR
has emerged as a potential target for anticancer therapies, and there has been a growing
interest in metal complexes that can inhibit TrxR and induce apoptosis in cancer cells. Gold
complexes have shown interesting cytotoxic activities on several tumour cell lines, and
although the mechanism of action has not yet been fully elucidated, the main mechanism is
explicated through the inhibition of mitochondrial thioredoxin reductase [94,95]. Regarding
gold complexes, mitochondrial targeting has been achieved through two main methods.
The first one, a second-order targeting, involves the conjugation of the gold complex to
mitochondria-targeting carriers that allow the accumulation in the organelle. One example
of carrier-conjugated gold complexes was synthesised by Koster and collaborators [96].
They exploited the mitochondrial targeting properties of di- and tetra-peptides, using them
as carriers for the selective delivery of Au(I) phosphines [96]. The peptide-Au(I)phosphine
conjugates (3940, Figure 22) showed a cytotoxicity (2-50 uM) that seems to be corre-
lated to their lipophilicity. This latter seems to be responsible for a higher initial uptake.
Through this strategy, they could overcome the cisplatin resistance in MDA-MB231 breast
cancer cells.
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39a R;{=R,=R3=Ph 40a R{=R,=R3=Ph
39b R,=Ph, R,=R,=Et 40b R;=Ph, R,=R,=Et
39¢c R;=R,=Rs=Ph 40c Ry=R,=R=Ph

Figure 22. Structures of complexes 39a—c and 40a—c.

The second method involves a third-order targeting strategy: the use of complexes able
to target mitochondrial proteins, the most studied of which is thioredoxin reductase in this
context. Various metal-based complexes can inhibit thioredoxin reductase (e.g., complexes
based on silver, copper, platinum, bismuth, palladium, antimony, iron, and ruthenium) [85].
However, gold-based complexes are still the most promising ones and seem to have the
most significant potential for selective targeting strategies. Gold has a high affinity for
selenium, present in the selenocysteine at the C-terminal end of the enzyme’s active site [95].
This latter amino acid is relatively easy to target since, with a pKa of 5.4, it has a higher
nucleophilicity than cysteine and is easily accessible on the enzyme structure [97]. Although
there is an overexpression of TrxR in many tumour types, the preferential affinity of gold-
based compounds for TrxR is not sufficient in most cases to ensure selective cytotoxicity on
diseased cells without harming healthy cells. However, there are a few examples of gold-
based compounds that showed selectivity in cancer cells. For the synthesis of gold-based
complexes, N-heterocyclic carbenes ligands are particularly useful in the fine control of the
complexes’ lipophilicity, thanks to the structural modifications on the heterocyclic ring that
can be made in a relatively easy way [98].

Hickey and collaborators designed three Au(l) N-heterocyclic carbene (Au-NHC)
compounds (41, Figure 23) that combine TrxR inhibition and, due to their properties as
DLGCs, also the mitochondria targeting action [99].
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Figure 23. Structures of complexes 41a—c and 42a-e.

The effects of different concentrations of the three complexes were evaluated on cell
growth of MDA-MB-231 and MDA-MB-468, two breast cancer cell lines, and also on
HMEC, healthy human mammary epithelial cells. The three Au(I) NHC complexes have
shown selective toxicity to both cancer cell lines but not to the normal cells, and the degree
of selectivity is correlated with their lipophilicity. Among the three complexes, the 41a
complex, presenting an intermediate log P value, shows the best selectivity and cytotoxic
potency (Figure 24).
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Figure 24. (Panel a) Cell growth measured 24 h after treatment with 6a, 6b, and 6¢c. (Panel b) ATP
levels of cells measured 24 h after treatment, using the ATPlite luminescence assay kit. (Reprinted
with permission from ref. [99]. Copyright 2008 American Chemical Society).

In addition to carbenes, phosphines can also be used as ligands to obtain gold com-
plexes having DLCs properties, able to target the mitochondrion. A study on the anti-
cancer activity of eight bis-chelated Au(I) bidentate phosphine complexes was reported
by Rackham and collaborators [100] that revealed selective anti-cancer properties of the
complex [Au(d2-pypp),]Cl, presenting 1,3-bis(di-2-pyridylphosphino)propane as ligand
(42, Figure 23). This gold complex selectively induces apoptosis in breast cancer cells MDA-
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MB-468 but not in normal breast cells HMEC, at submicromolar concentrations (0.8 uM).
Gold complex’s accumulation in mitochondria is driven by the characteristic cancer cells’
high potential difference; thus, apoptosis induction is accomplished through the mitochon-
drial pathway, involving mitochondrial membrane potential depolarization, depletion of
the glutathione pool, and caspase-3 and caspase-9 activation.

In general, gold complexes are not able to discriminate between the two TrxR iso-
forms. However, there are some examples of selective inhibition of TrxR-2 [85]. The two
isoforms have a high percentage of identity, and it is therefore rather difficult to achieve
selectivity on either of them. However, as the two isoforms are distributed in different cell
compartments, a promising way to achieve a selective inhibition of TrxR-2 is to use the
mitochondrial targeting strategy so that the accumulated drug can preferentially interact
with the mitochondrial isoform.

(3). Ruthenium-based complexes targeting mitochondria

Ruthenium-based complexes show promising cytotoxic activity against various cancer
cell lines, including cisplatin-resistant ones, due to their ability to interact with DNA and
RNA [101]. Although their primary target is generally nuclear genomic material, some
examples of DLCs Ru(Il) polypyridyl complexes accumulate in the mitochondrion, where
they also exert their cytotoxic action [102]. A significant example is Rubby4 (43, Figure 25),
a dinuclear complex reported by Pisani et al., which shows an ICsy of about 5 uM on
L1210 murine leukaemia cancer cell line [103]. Even if the cytotoxicity is comparable to
that of cisplatin, Rubby4 presents 16 times higher accumulation in tumour cells than in
healthy B cells. Rubbjg is part of a series of lipophilic cations that present two metal centres
connected by a flexible bridge, with the lipophilicity of the entire complex increasing as the
number of methylenes in the linker rises. Using confocal microscopy and a mitochondrial
tracking dye (MitoTracker Green FM), the cellular localization of the luminescent complex
was highlighted in the mitochondrion, with no staining observed in the cytoplasm or
other organelles. Interesting results emerged from the study on the two complexes 44a
and 44b (Figure 25), which, despite having relatively similar molecular structures, have a
considerable difference in cytotoxicity and cellular localization. Cytotoxicity was assessed in
five cancer cell lines and one healthy cell line, human lung fibroblasts MRC-5. Complex 44a
had similar cytotoxicity to cisplatin but higher selectivity to diseased cells, while complex
44b had a considerably higher ICsy. Confocal microscopy studies showed that complex 44a
is localised in the cytoplasm with a weak fluorescence in the nucleus, unlike complex 44b,
which diffuses through the whole cell, including the nucleus. Then, using high-resolution
continuum source atomic absorption spectrometry (HR-CS AAS), a mitochondrial uptake
of 68% of the total was measured in HeLa cells for 44a. For these reasons, although complex
44a interacts with isolated DNA, a mechanism of action via the mitochondrial pathway has
been proposed, characterised by a perturbation of the mitochondrial membrane potential
caused by the intercalation of the hydrophobic dppz moieties.

44a R=COOH
44b  R=CONHCH,(CgHs)

Figure 25. Structures of complexes 43 and 44a-b.
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Interestingly, the conjugation of 44a to mitochondria-targeting or receptor-targeting
peptides, performed by the same group, led to the lack of accumulation in mitochondria
and, consequently, cytotoxic potency being compromised [104].

3.1.2. Metal-Based Complexes Targeting the Nucleus

The nucleus is not only the organelle that contains most of the genetic material, but it
is also referred to as the “brain” of the cell, being responsible for vital cellular functions
such as replication, gene expression, and cell differentiation [105]. As nuclear DNA is one
of the main targets of metal-based anticancer drugs, nuclear drug delivery is crucial for
optimal therapeutic efficiency. The drugs transport from the cytoplasm to the nucleus
through the nuclear envelope lipidic bilayer does not take place by passive diffusion but
via the nuclear pore complex (NPC), a cylindrical structure of nucleoporins that forms a
hydrophilic channel through which the bidirectional transport of macromolecules between
the nucleus and cytoplasm takes place [106]. Regarding NPCs, diffusion pores with an
estimated diameter of 90-100 A allow free transit of macromolecules up to 40 kDa, whereas
large macromolecules with a diameter of up to 390 A require an active transport mediated
by specific receptors [107]. Nucleus-targeting metal complexes can be obtained either
intrinsically or extrinsically. Intrinsic nuclear targeting complexes usually have positive
charges, allowing electrostatic interaction with the phosphate groups in DNA and a planar
aromatic system allowing intercalation in the double helix [76]. Conversely, extrinsic
nucleus-targeting activity can be achieved by conjugating the metal complex to a nuclear
localization signal (NLS), a short peptide that selectively binds the nuclear transport
receptors (NTRs), that facilitate the passage across the NPCs central channel [76].

An interesting example of intrinsic targeting is [Ru(bpy)(phpy)(dppz)]* (45, Figure 26) [108],
a Ru(II) complex that showed rapid uptake in Hela cells, with nearly 90% of the complex
accumulating in the nuclei. It showed a similar distribution also in MDA-MB-231, A549,
and A549/CDDP cancer cell lines, with an ICsy value that was an order of magnitude
lower than cisplatin. Further research indicated that the strong DNA binding affinity of
[Ru(bpy)(phpy)(dppz)]* effectively inhibited the binding of NF-B transcription factor to
DNA sequences, causing cancer cell apoptosis (Figure 27).

O
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M PKKKRKV
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46a M=Fe
46b M=Co*

Figure 26. Structures of complexes 45 and 46a-b.
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Apoptosis

Figure 27. Representation of [Ru(bpy)(phpy)(dppz)]™ nucleus-targeting activity. (Reprinted with
permission from ref. [108]. Copyright 2014 American Chemical Society).

Concerning extrinsic targeting, Noor et al. synthesised a bioconjugate where an
organometallic complex, a cobaltocenium cation, was linked to an NLS peptide, SV-40 T
(with primary sequence H-Pro-Lys-Lys-Lys-Arg-Lys-Val-OH) [109]. The conjugate shows
enhanced cellular uptake and a significant accumulation in the nucleus of HepG2 cells. The
same group studied the uptake and cellular localization of some neutral ferrocene (Fe?*)
and positively charged Cobaltocenium (Co®*) bioconjugates (46, Figure 26) [110], where the
metal-based core was conjugated with the NLS wild-type sequence PKKKRKYV. Although
they did not find the complexes cytotoxic on the Hep G2 cell line, for both metal centres the
fluorescence microscopy study showed significant cellular uptake and nuclear localization
of the conjugates. Interestingly, the results obtained are similar for the two metal centres,
thus highlighting that the positive charge may not appear decisive in nuclear targeting.

3.1.3. Metal-Based Complexes Targeting Endoplasmic Reticulum

It has been demonstrated that the endoplasmic reticulum (ER) is not just passively
responsible for the transport of proteins in the intracellular or extracellular space, but it
also plays a key role in regulating cellular homeostasis; in fact, the insurgence of ER stress
seems to be closely related to the onset of pathological states, such as neurodegenerative
disorders, diabetes, cardiac diseases, and cancer [111]. Features usually present in the
tumour environment, such as low pH, lack of oxygen, strongly reducing environment, and
lack of nutrients, can lead to perturbations of protein homeostasis, inducing ER stress and
consequently activating signalling transduction pathways such as the unfolded protein
response (UPR) [112]. This latter is an adaptive mechanism contributing to cancer growth,
aggressiveness, and resistance to the treatment. For this reason, ER has attracted much
interest as a promising target to address potential anticancer drugs according to a selective
anticancer strategy. Notwithstanding the UPR being a key element in cancer growth and
chemotherapy resistance, the promotion of ER stress induction has lately received attention
as a promising anticancer technique. In particular, certain metal complexes are able to
induce ER stress, which often leads to desirable immunogenic cell death. Additionally,
an interesting aspect is that ER-targeting cytotoxic compounds often accomplish selectiv-
ity on cancer cells [77]. Drugs can induce ER stress through different mechanisms, such
as direct contact with UPR machinery, generation of ROS, disruption of protein folding
chaperones, inhibition of protein degradation, and interference with Ca?* trafficking [77].
Metal complexes capable of generating ER stress in cancer cells through various mecha-
nisms include complexes based on copper [113,114], vanadium [115], iridium [116,117],
ruthenium [118,119], gold [120,121], platinum [122], palladium [123], osmium [124,125],
and rhenium [126].

However, it is essential to emphasise that several mechanisms are frequently acti-
vated at the same time, and furthermore, activation of ER stress is often not the primary
mechanism of action of a metal complex but rather a collateral mechanism. A promis-
ing investigated class of compounds with ER stress-inducing activities is cyclometalated
cationic Ru(II) complexes. In this context, Fetzer et al. reported an interesting study on a
library of 32 organoruthenium C-N, N-C-N, N-N-C cyclometalated compounds that have
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been synthesised and tested for their in vitro antitumoral activity on HCT-116 colon cancer
cell lines [118]. The library of compounds originates from the original lead compound
RDC11 (47), whose structure is reported in Figure 28. Good to excellent cytotoxic properties
have been found for the complexes, many of which have demonstrated an ICsy below the
nanomolar threshold. The compounds” activity was correlated to their physicochemical
properties, such as the Ru"!' redox potential and lipophilicity, as shown in Figure 29.
Further investigation of the biological properties and cellular responses reveals that some
compounds cause both DNA damage and ER stress, while others only target the ER [119].
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Figure 28. Structure of compound 47.
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Figure 29. Three-dimensional representation of the correlation between ICs, the redox potential
(E°Rut/m) and the lipophilicity (logP, /v ). (Reprinted with permission from ref. [118]. Copyright
2011 Royal Society of Chemistry).

3.2. Cell-Targeting Metal-Based Complexes

In the human organism, cells deputed to different functions or belonging to different
tissues present a heterogeneity expressed by specific biomarkers existing on the cell surface,
often consisting of proteins and receptors. The same also applies to diseased cells, such as
cancer cells, that usually show a cancer-specific overexpression of particular receptors [127].
In order to specifically target only cancer cells exploiting these cancer-specific biomarkers,
cytotoxic compounds can be conjugated to selected ligands capable of being recognised
and bound by receptors overexpressed on the cancer cell surface and then internalised
via endocytosis, then released into the cytoplasm [128]. Peptides, antibodies, aptamers, or
natural ligands of cell receptors can represent valuable site-selective tools to distinguish
between cancer and healthy cells based on cellular surface different compositions. The
most widely used and studied ligands for metal complexes delivery are the cell-penetrating
homing peptides (CPHPs) [129,130]. It is necessary to specify that there are various types
of peptides capable of delivering the drug to the cell, and the mode and ability to reach the
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cell’s interior vary greatly. Homing peptides (HP) can recognise the corresponding receptor
and bind it but are not internalised within the cell, remaining on the membrane surface
in the extracellular environment [129,130]. In contrast, cell-penetrating homing peptides
(CPHPs) can bind the receptor and have the intrinsic ability to activate the internalization
process through endocytosis. Another technique used is binding an HP, responsible for the
recognition, to a cell-penetrating peptide (CPP), responsible for activating the internaliza-
tion process (Figure 30) [128].

a) b)

Pore formation Endocytosis

Figure 30. A representation of the three mechanisms of action of HP (a), CPP linked to an HP (b),
CPHP (c¢).

Lippard and his team reported in 2007 the synthesis of a series of mono- and di-
functionalised platinum(IV) complexes (48—49, Figure 31) conjugated to an RGD or NGR
peptides [131]. These latter target ayP3/ oty 5 integrins and membrane-spanning sur-
face protein aminopeptidase N (APN), respectively, both of which are over-expressed in
endothelial cells of angiogenic tumour vasculature. The HP has been conjugated by an
amide linkage to the Pt(IV) centre through a succinate group. From concentration-response
studies emerged that, when compared to nontargeting Pt(IV) compounds and the unconju-
gated targeting RGD peptide, RGD-conjugated Pt(IV) complexes are potent inhibitors of
cellular growth. Although less inhibitive than their RGD counterparts, NGR conjugates
were nonetheless more active than nonspecific Pt(IV)-peptide analogues.
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Figure 31. Structures of compounds 48a—b and 49a-b.

As mentioned above, in addition to peptides, other kinds of site-selective cancer-
targeting molecules can also be conjugated to metal complexes to obtain a targeting activity
on specific cancer cell lines. An interesting example is that of aptamers, which are short
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single-stranded chains of oligonucleotides that can specifically bind their targets with high
affinity, as well as being biocompatible and stable [132].

Niu et al. reported the synthesis of a bioconjugate (50, Figure 32) in which an NHC
gold(I) complex has been linked to the sgc8c aptamer, which can selectively recognise
CCRF-CEM leukaemia cells binding the protein tyrosine kinase 7(PTK-7), more abundantly
expressed in cancer cells surface than in healthy ones [133].
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Figure 32. Structure of the bioconjugate 50.

The bioconjugate is enriched with a double tag, making it possible to independently
follow the fate of the two functional elements inside the cancer cell. An anthracenyl
moiety was inserted to follow the gold complex, while the aptamer was functionalised
with fluorescein isothiocyanate (FITC). Remarkably, the ICs of the aptamer-functionalised
complex shows higher cytotoxicity than the non-targeting complex, going from a value of
14.6 + 1.4 uM to 0.54 £ 0.85 uM.

4. Conclusions

Inspired by the promising anticancer properties of some well-known metal-based
complexes, such as auranofin, cisplatin, and NAMI, new strategies have been developed
to improve the characteristics of the existing complexes and overcome the problems that
they carry. Higher selectivity, lower side effects, higher potency, and the overcoming of
the resistance mechanism are some of the objectives of this new generation of anticancer
strategies. In this review, we focused on some interesting examples related to two main
approaches: the conjugation of metal-based complexes to a targeting moiety and the
synthesis of heterobimetallic complexes bearing two active molecules in just one compound.
We believe this review can be a valuable tool to be used as a starting point for those
researching this area, to identify the recent advances that have been made in research and
to exploit the competencies to progress towards new ideas and strategies.

Author Contributions: Conceptualization, A.P. and C.G,; literature search, E.G., FEB. and C.M,;
software, E.G. and F.B.; writing—original draft preparation, E.G. and F.B.; writing—review and
editing, A.P. and D.C.; supervision, A.P. and C.G. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Not applicable.

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

193



Molecules 2023, 28, 273

References

1. Bailar, J.C.; Gornik, H.L. Cancer Undefeated. N. Engl. ]. Med. 1997, 336, 1569-1574. [CrossRef] [PubMed]

2. Cirri, D,; Bartoli, F,; Pratesi, A.; Baglini, E.; Barresi, E.; Marzo, T. Strategies for the Improvement of Metal-Based Chemotherapeutic
Treatments. Biomedicines 2021, 9, 504. [CrossRef] [PubMed]

3. Jia, P; Ouyang, R.; Cao, P,; Tong, X.; Zhou, X,; Lei, T.; Zhao, Y.; Guo, N.; Chang, H.; Miao, Y.; et al. Review: Recent Advances and
Future Development of Metal Complexes as Anticancer Agents. J. Coord. Chem. 2017, 70, 2175-2201. [CrossRef]

4. Chern, YJ.; Tai, L.T. Adaptive Response of Resistant Cancer Cells to Chemotherapy. Cancer Biol. Med. 2020, 17, 842-863. [CrossRef]
[PubMed]

5. Galluzzi, L.; Vitale, I.; Michels, J.; Brenner, C.; Szabadkai, G.; Harel-Bellan, A.; Castedo, M.; Kroemer, G. Systems Biology of
Cisplatin Resistance: Past, Present and Future. Cell Death Dis. 2014, 5, e1257. [CrossRef]

6.  Mei, Y. Review of the Toxicological Mechanism of Anticancer Drug Cisplatin. AIP Conf. Proc. 2021, 2350, 020010. [CrossRef]

7. Roder, C.; Thomson, M.]. Auranofin: Repurposing an Old Drug for a Golden New Age. Drugs RD 2015, 15, 13-20. [CrossRef]

8. Abdalbari, EH.; Telleria, C.M. The Gold Complex Auranofin: New Perspectives for Cancer Therapy. Discov. Oncol. 2021, 12, 42.
[CrossRef]

9. 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]

10.  Strebhardt, K.; Ullrich, A. Paul Ehrlich’s Magic Bullet Concept: 100 Years of Progress. Nat. Rev. Cancer 2008, 8, 473-480. [CrossRef]

11.  van Niekerk, A.; Chellan, P.; Mapolie, S.F. Heterometallic Multinuclear Complexes as Anti-Cancer Agents-An Overview of Recent
Developments. Eur. J. Inorg. Chem. 2019, 2019, 3432-3455. [CrossRef]

12.  Redrado, M.; Fernandez-Moreira, V.; Gimeno, M.C. Theranostics Through the Synergistic Cooperation of Heterometallic
Complexes. ChemMedChem 2021, 16, 932-941. [CrossRef] [PubMed]

13. Shahsavari, HR.; Giménez, N.; Lalinde, E.; Moreno, M.T.; Fereidoonnezhad, M.; Babadi Aghakhanpour, R.; Khatami,
M.; Kalantari, F; Jamshidi, Z.;, Mohammadpour, M. Heterobimetallic PtII-Aul Complexes Comprising Unsymmetrical
1,1-Bis(Diphenylphosphanyl)Methane Bridges: Synthesis, Photophysical, and Cytotoxic Studies. Eur. J. Inorg. Chem. 2019,
2019, 1360-1373. [CrossRef]

14. Weidmann, A.G.; Komor, A.C.; Barton, ].K. Targeted Chemotherapy with Metal Complexes. Comments Inorg. Chem. 2014,
34,114-123. [CrossRef]

15.  Cooper, B.G.; Napoline, ].W.; Thomas, C.M. Catalytic Applications of Early/Late Heterobimetallic Complexes. Catal. Rev. Sci.
Eng. 2012, 54, 1-40. [CrossRef]

16. Longato, B.; Bandoli, G.; Trovo, G.; Marasciulo, E.; Valle, G. Mono- and Polynuclear Guanine Complexes of Platinum(II).
Syntheses and Crystal and Molecular Structures of Bis(9-Methylguanine-N(7))Bis(Trimethylphosphine)Platinum(II) Dinitrate and
Cyclo-Hexakis(9-Methylguanine(-H)-N(1),N(7))Hexakis(Cis-Bis(Trimethylphosphine)Platinum(II)) Hexanitrate. Inorg. Chem.
1995, 34, 1745-1750. [CrossRef]

17.  Berners-Price, S.J.; Filipovska, A. Gold Compounds as Therapeutic Agents for Human Diseases. Metallomics 2011, 3, 863-873.
[CrossRef]

18. Bertrand, B.; Casini, A. A Golden Future in Medicinal Inorganic Chemistry: The Promise of Anticancer Gold Organometallic
Compounds. Dalton Trans. 2014, 43, 4209-4219. [CrossRef]

19. O’Dwyer, PJ.; Stevenson, ].P; Johnson, S.W. Clinical Status of Cisplatin, Carboplatin, and Other Platinum-Based Antitumor Drugs.
Cisplatin Chem. Biochem. Lead. Anticancer Drug 2006, 29-69. [CrossRef]

20. Rozencweig, M.; von Hoff, D.D.; Slavik, M.; Muggia, FM. Cis-Diamminedichloroplatinum (II). A New Anticancer Drug. Ann.
Intern. Med. 1977, 86, 803-812. [CrossRef]

21. dos Santos, N.A.G.; Ferreira, R.S.; Santos, A.C. dos Overview of Cisplatin-Induced Neurotoxicity and Ototoxicity, and the
Protective Agents. Food Chem. Toxicol. 2020, 136, 111079. [CrossRef]

22. Crona, D.J; Faso, A.; Nishijima, T.E; McGraw, K.A.; Galsky, M.D.; Milowsky, M.I. A Systematic Review of Strategies to Prevent
Cisplatin-Induced Nephrotoxicity. The Oncologist 2017, 22, 609-619. [CrossRef]

23. Manohar, S.; Leung, N. Cisplatin Nephrotoxicity: A Review of the Literature. . Nephrol. 2018, 31, 15-25. [CrossRef]

24. Bertrand, B.; Botuha, C.; Forté, J.; Dossmann, H.; Salmain, M. A Bis-Chelating ONO" /NN" Ligand for the Synthesis of
Heterobimetallic Platinum(II) /Rhenium(I) Complexes: Tools for the Optimization of a New Class of Platinum(II) Anticancer
Agents. Chem. Eur. ]. 2020, 26, 12846-12861. [CrossRef] [PubMed]

25.  Askari, B.; Rudbari, H.A.; Micale, N.; Schirmeister, T.; Maugeri, A.; Navarra, M. Anticancer Study of Heterobimetallic Platinum(II)-
Ruthenium(II) and Platinum(II)-Rhodium(IIl) Complexes with Bridging Dithiooxamide Ligand. ]. Organomet. Chem. 2019,
900, 120918. [CrossRef]

26. Tsolis, T.; Nikolaou, N.; Ypsilantis, K.; Kougioumtzi, A.; Kordias, D.; Magklara, A.; Garoufis, A. Synthesis, Characterization,
Interactions with 9-MeG and Cytotoxic Activity of Heterobimetallic Rull-PtII Complexes Bridged with 2, 2’-Bipyrimidine. J. Inorg.
Biochem. 2021, 219, 111435. [CrossRef]

27. Quental, L.; Raposinho, P.; Mendes, F,; Santos, I.; Navarro-Ranninger, C.; Alvarez-Valdes, A.; Huang, H.; Chao, H.; Rubbiani,

R.; Gasser, G.; et al. Combining Imaging and Anticancer Properties with New Heterobimetallic Pt(II)/M(i) (M = Re, 99mTc)
Complexes. Dalton Trans. 2017, 46, 14523-14536. [CrossRef]

194



Molecules 2023, 28, 273

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Massai, L.; Pratesi, A.; Gailer, ].; Marzo, T.; Messori, L. The Cisplatin/Serum Albumin System: A Reappraisal. Inorganica Chim.
Acta 2019, 495, 118983. [CrossRef]

Dougan, S.J.; Sadler, PJ. The Design of Organometallic Ruthenium Arene Anticancer Agents. Chimia 2007, 61, 704-715. [CrossRef]
Smith, C.A.; Sutherland-Smith, A.].; Keppler, B.K.; Kratz, F.; Baker, E.N. Binding of Ruthenium(III) Anti-Tumor Drugs to Human
Lactoferrin Probed by High Resolution X-Ray Crystallographic Structure Analyses. |. Biol. Inorg. Chem. 1996, 1, 424-431.
[CrossRef]

Zheng, Y.; Zhang, D.-Y.; Zhang, H.; Cao, J.-J.; Tan, C.-P; Ji, L.-N.; Mao, Z.-W. Photodamaging of Mitochondrial DNA to Overcome
Cisplatin Resistance by a Rull-PtII Bimetallic Complex. Chem.—Eur. ]. 2018, 24, 18971-18980. [CrossRef] [PubMed]

Zhou, Z.; Liu, ].; Rees, TW.; Wang, H.; Li, X.; Chao, H.; Stang, P.J. Heterometallic Ru—-Pt Metallacycle for Two-Photon Photody-
namic Therapy. Proc. Natl. Acad. Sci. USA 2018, 115, 5664-5669. [CrossRef] [PubMed]

Hall, M.D.; Mellor, H.R; Callaghan, R.; Hambley, T.W. Basis for Design and Development of Platinum(IV) Anticancer Complexes.
J. Med. Chem. 2007, 50, 3403-3411. [CrossRef] [PubMed]

Yempala, T.; Babu, T.; Karmakar, S.; Nemirovski, A.; Ishan, M.; Gandin, V.; Gibson, D. Expanding the Arsenal of PtIV Anticancer
Agents: Multi-Action PtIV Anticancer Agents with Bioactive Ligands Possessing a Hydroxy Functional Group. Angew. Chem. Int.
Ed. 2019, 58, 18218-18223. [CrossRef] [PubMed]

Babu, T.; Sarkar, A.; Karmakar, S.; Schmidt, C.; Gibson, D. Multiaction Pt(IV) Carbamate Complexes Can Codeliver Pt(II) Drugs
and Amine Containing Bioactive Molecules. Inorg. Chem. 2020, 59, 5182-5193. [CrossRef] [PubMed]

Harringer, S.; Hejl, M.; Enyedy, E.A.; Jakupec, M.A.; Galanski, M.S.; Keppler, B.K.; Dyson, P.J.; Varbanov, H.P. Multifunctional
Pt(Iv) Prodrug Candidates Featuring the Carboplatin Core and Deferoxamine. Dalton Trans. 2021, 50, 8167-8178. [CrossRef]

Da Veiga Moreira, J.; Hamraz, M.; Abolhassani, M.; Bigan, E.; Péres, S.; Paulevé, L.; Nogueira, M.L.; Steyaert, ].M.; Schwartz, L.
The Redox Status of Cancer Cells Supports Me—Chanisms behind the Warburg Effect. Metabolites 2016, 6, 33. [CrossRef]
Johnstone, T.C.; Suntharalingam, K.; Lippard, S.J. The Next Generation of Platinum Drugs: Targeted Pt(II) Agents, Nanoparticle
Delivery, and Pt(IV) Prodrugs. Chem. Rev. 2016, 116, 3436-3486. [CrossRef]

Ma, L.; Lin, X.; Li, C.; Xu, Z.; Chan, C.-Y.; Tse, M.-K.; Shi, P.; Zhu, G. A Cancer Cell-Selective and Low-Toxic Bifunctional
Heterodinuclear Pt(IV)-Ru(Il) Anticancer Prodrug. Inorg. Chem. 2018, 57, 2917-2924. [CrossRef]

Ma, L.; Ma, R.; Wang, Z.; Yiu, S.M.; Zhu, G. Heterodinuclear Pt(IV)-Ru(II) Anticancer Prodrugs to Combat Both Drug Resistance
and Tumor Metastasis. Chem. Commun. 2016, 52, 10735-10738. [CrossRef]

Cirri, D.; Fabbrini, M.G.; Pratesi, A.; Ciofi, L.; Massai, L.; Marzo, T.; Messori, L. The Leading Established Metal-Based Drugs: A
Revisitation of Their Relevant Physico-Chemical Data. BioMetals 2019, 32, 813-817. [CrossRef] [PubMed]

Marzo, T,; Cirri, D.; Gabbiani, C.; Gamberi, T.; Magherini, F,; Pratesi, A.; Guerri, A.; Biver, T.; Binacchi, F.; Stefanini, M.; et al.
Auranofin, Et3PAuCl, and Et3PAul Are Highly Cytotoxic on Colorectal Cancer Cells: A Chemical and Biological Study. ACS Med.
Chem. Lett. 2017, 8,997-1001. [CrossRef] [PubMed]

Binacchi, F.; Guarra, F.; Cirri, D.; Marzo, T.; Pratesi, A.; Messori, L.; Gabbiani, C.; Biver, T. On the Different Mode of Action
of Au(I)/Ag(I)-NHC Bis-Anthracenyl Complexes Towards Selected Target Biomolecules. Molecules 2020, 25, 5446. [CrossRef]
[PubMed]

Cirri, D.; Massai, L.; Giacomelli, C.; Trincavelli, M.L.; Guerri, A.; Gabbiani, C.; Messori, L.; Pratesi, A. Synthesis, Chemical
Characterization, and Biological Evaluation of a Novel Auranofin Derivative as an Anticancer Agent. Dalton Trans. 2022,
51, 13527-13539. [CrossRef]

Menconi, A.; Marzo, T.; Massai, L.; Pratesi, A.; Severi, M.; Petroni, G.; Antonuzzo, L.; Messori, L.; Pillozzi, S.; Cirri, D. Anticancer
Effects against Colorectal Cancer Models of Chloro(Triethylphosphine)Gold(I) Encapsulated in PLGA-PEG Nanoparticles.
Biometals Int. |. Role Met. Ions Biol. Biochem. Med. 2021, 34, 867-879. [CrossRef]

Gamberi, T.; Pratesi, A.; Messori, L.; Massai, L. Proteomics as a Tool to Disclose the Cellular and Molecular Mechanisms of
Selected Anticancer Gold Compounds. Coord. Chem. Rev. 2021, 438, 213905. [CrossRef]

Magherini, F; Fiaschi, T.; Valocchia, E.; Becatti, M.; Pratesi, A.; Marzo, T.; Massai, L.; Gabbiani, C.; Landini, I.; Nobili, S.;
et al. Antiproliferative Effects of Two Gold(I)-N-Heterocyclic Carbene Complexes in A2780 Human Ovarian Cancer Cells: A
Comparative Proteomic Study. Oncotarget 2018, 9, 28042-28068. [CrossRef]

Serratrice, M.; Maiore, L.; Zucca, A.; Stoccoro, S.; Landini, I.; Mini, E.; Massai, L.; Ferraro, G.; Merlino, A.; Messori, L.; et al.
Cytotoxic Properties of a New Organometallic Platinum(II) Complex and Its Gold(i) Heterobimetallic Derivatives. Dalton Trans.
2016, 45, 579-590. [CrossRef]

Wenzel, M.; Bigaeva, E.; Richard, P.; Le Gendre, P.; Picquet, M.; Casini, A.; Bodio, E. New Heteronuclear Gold(I)-Platinum(II)
Complexes with Cytotoxic Properties: Are Two Metals Better than One? |. Inorg. Biochem. 2014, 141, 10-16. [CrossRef]

Boncler, M.; Rézalski, M.; Krajewska, U.; Podswdek, A.; Watala, C. Comparison of PrestoBlue and MTT Assays of Cellular
Viability in the Assessment of Anti-Proliferative Effects of Plant Extracts on Human Endothelial Cells. |. Pharmacol. Toxicol.
Methods 2014, 69, 9-16. [CrossRef]

Fernandez-Gallardo, J.; Elie, B.T.; Sanau, M.; Contel, M. Versatile Synthesis of Cationic N-Heterocyclic Carbene-Gold(I) Complexes
Containing a Second Ancillary Ligand. Design of Heterobimetallic Ruthenium-Gold Anticancer Agents. Chem. Commun. 2016,
52,3155-3158. [CrossRef]

195



Molecules 2023, 28, 273

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

78.

79.
80.

Elie, B.T.; Pechenyy, Y.; Uddin, E; Contel, M. A Heterometallic Ruthenium-Gold Complex Displays Antiproliferative, Antimigra-
tory, and Antiangiogenic Properties and Inhibits Metastasis and Angiogenesis-Associated Proteases in Renal Cancer. J. Biol. Inorg.
Chem. 2018, 23, 399-411. [CrossRef] [PubMed]

Mui, Y.E,; Fernandez-Gallardo, J.; Elie, B.T.; Gubran, A.; Maluenda, I.; Sanau, M.; Navarro, O.; Contel, M. Titanocene-Gold Com-
plexes Containing N-Heterocyclic Carbene Ligands Inhibit Growth of Prostate, Renal, and Colon Cancers in Vitro. Organometallics
2016, 35, 1218-1227. [CrossRef] [PubMed]

Fernandez-Gallardo, J.; Elie, B.T.; Sadhukha, T.; Prabha, S.; Sanat, M.; Rotenberg, S.A.; Ramos, ].W.; Contel, M. Heterometallic
Titanium-Gold Complexes Inhibit Renal Cancer Cells in Vitro and in Vivo. Chem. Sci. 2015, 6, 5269-5283. [CrossRef] [PubMed]
Elie, B.T.; Fernandez-Gallardo, J.; Curado, N.; Cornejo, M.A.; Ramos, ].W.; Contel, M. Bimetallic Titanocene-Gold Phosphane
Complexes Inhibit Invasion, Metastasis, and Angiogenesis-Associated Signaling Molecules in Renal Cancer. Eur. |. Med. Chem.
2019, 161, 310-322. [CrossRef]

Li, T.Y,; Wu, J.; Wu, Z.G.; Zheng, Y.X.; Zuo, J.L.; Pan, Y. Rational Design of Phosphorescent Iridium(III) Complexes for Emission
Color Tunability and Their Applications in OLEDs. Coord. Chem. Rev. 2018, 374, 55-92. [CrossRef]

Wilde, A.P; King, K.A.; Watts, R.]. Resolution and Analysis of the Components in Dual Emission of Mixed-Chelate/Ortho-
Metalate Complexes of Iridium(IIl). J. Phys. Chem. 1991, 95, 629-634. [CrossRef]

Hao, L.; Li, ZW.; Zhang, D.Y.; He, L,; Liu, W,; Yang, J.; Tan, C.P; Ji, L.N.; Mao, Z.W. Monitoring Mitochondrial Viscosity with
Anticancer Phosphorescent Ir(lii) Complexes: Via Two-Photon Lifetime Imaging. Chem. Sci. 2019, 10, 1285-1293. [CrossRef]
Liu, Z,; Li, J.].; Ge, X.X.; Zhang, S.; Xu, Z.; Gao, W. Design, Synthesis, and Evaluation of Phosphorescent Ir(IIl)Complexes with
Anticancer Activity. J. Inorg. Biochem. 2019, 197, 110703. [CrossRef]

Redrado, M.; Benedi, A.; Marzo, I.; Garcia-Otin, A.L.; Fernandez-Moreira, V.; Concepciéon Gimeno, M. Multifunctional Het-
erometallic IrIII—Aul Probes as Promising Anticancer and Antiangiogenic Agents. Chem. Eur. . 2021, 27, 9885-9897. [CrossRef]
Luengo, A.; Redrado, M.; Marzo, I.; Fernandez-Moreira, V.; Gimeno, M.C. Luminescent Re(I)/ Au(I) Species As Selective
Anticancer Agents for HeLa Cells. Inorg. Chem. 2020, 59, 8960-8970. [CrossRef] [PubMed]

Park, J.; Choi, Y.; Chang, H.; Um, W.; Ryu, J.H.; Kwon, I.C. Alliance with EPR Effect: Combined Strategies to Improve the EPR
Effect in the Tumor Microenvironment. Theranostics 2019, 9, 8073-8090. [CrossRef] [PubMed]

Trédan, O.; Galmarini, C.M.; Patel, K.; Tannock, LF. Drug Resistance and the Solid Tumor Microenvironment. . Natl. Cancer Inst.
2007, 99, 1441-1454. [CrossRef] [PubMed]

Subhan, M.A; Yalamarty, S.5.K ; Filipczak, N.; Parveen, E; Torchilin, V.P. Recent Advances in Tumor Targeting via Epr Effect for
Cancer Treatment. |. Pers. Med. 2021, 11, 571. [CrossRef] [PubMed]

Shi, Y.; Van der Meel, R.; Chen, X.; Lammers, T. The EPR Effect and beyond: Strategies to Improve Tumor Targeting and Cancer
Nanomedicine Treatment Efficacy. Theranostics 2020, 10, 8-11. [CrossRef]

Danhier, F. To Exploit the Tumor Microenvironment: Since the EPR Effect Fails in the Clinic, What Is the Future of Nanomedicine?
J. Control. Release 2016, 244, 108-121. [CrossRef]

Maeda, H. Toward a Full Understanding of the EPR Effect in Primary and Metastatic Tumors as Well as Issues Related to Its
Heterogeneity. Adv. Drug Deliv. Rev. 2015, 91, 3-6. [CrossRef]

Stylianopoulos, T. EPR-Effect: Utilizing Size-Dependent Nanoparticle Delivery to Solid Tumors. Ther. Deliv. 2013, 4, 421-423.
[CrossRef]

Sharifi, M.; Cho, W.C.; Ansariesfahani, A.; Tarharoudi, R.; Malekisarvar, H.; Sari, S.; Bloukh, S.H.; Edis, Z.; Amin, M.; Gleghorn,
J.P; et al. An Updated Review on EPR-Based Solid Tumor Targeting Nanocarriers for Cancer Treatment. Cancers 2022, 14, 2868.
[CrossRef]

Bazak, R.; Houri, M.; El Achy, S.; Kamel, S.; Refaat, T. Cancer Active Targeting by Nanoparticles: A Comprehensive Review of
Literature. |. Cancer Res. Clin. Oncol. 2015, 141, 769-784. [CrossRef]

Manzari, M.T.,; Shamay, Y.; Kiguchi, H.; Rosen, N.; Scaltriti, M.; Heller, D.A. Targeted Drug Delivery Strategies for Precision
Medicines. Nat. Rev. Mater. 2021, 6, 351-370. [CrossRef] [PubMed]

Graf, N,; Lippard, S.J. Redox Activation of Metal-Based Prodrugs as a Strategy for Drug Delivery. Adv. Drug Deliv. Rev. 2012,
64,993-1004. [CrossRef] [PubMed]

Zinovkin, R.A.; Zamyatnin, A.A. Mitochondria-Targeted Drugs. Curr. Mol. Pharmacol. 2018, 12, 202-214. [CrossRef] [PubMed]
Davis, S.S. Biomedical Applications of Nanotechnology—Implications for Drug Targeting and Gene Therapy. Trends Biotechnol.
1997, 15, 217-224. [CrossRef] [PubMed]

Diaz, P.; Sandoval-Bérquez, A.; Bravo-Sagua, R.; Q