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Abstract: Metals are indispensable in the life of all organisms, in fact, their dysregulation causes various
disorders caused by an interruption of their homeostasis. Nowadays different transition metals are
incorporated into pharmaceutical products as diagnostic and therapeutic agents because of their electronic
structure which gives them versatility in terms of tuning molecule properties, differently from organic
molecules. Hence the interest in the study of metal-drug complexes from different points of view was born and
many approaches were developed for the characterization, activation, delivery and molecular mechanisms
clarification. The integration of these different approaches starting from chemoproteomics passing through
nanoparticle systems to different activation strategies allows the understanding of the cellular responses of
metallic drugs, which can be the basis for the design of new drugs and/or modification of drugs currently in
use. This review aims to briefly summarize the recent advances in this area by describing the technological
platforms and their possible applications to identify protein targets for discovering the mechanisms of action
of metallodrugs, and to improve their efficiency in terms of administration.

Keywords: metallodrugs; medicinal chemistry; chemoproteomics; thermal proteome profiling; pro-
metallodrugs; delivery systems; nanoparticles

1. Introduction

The involvement of metals in many cellular and subcellular functions and their role in numerous
vital processes is known. For example, zinc (Zn) is a mineral involved in numerous functions of
cellular metabolism by supporting the catalytic activity of over 100 enzymes [1]. Calcium (Ca) is
essential for cellular physiology and its transfer across membranes serves as a signal for many cellular
processes, such as muscle contraction and the transmission of nerve impulses [2]. Copper (Cu) plays
a key role in the central nervous system (CNS) [3] and in hematopoiesis [4], the process of making
blood cells. Furthermore, Cu and Cu-dependent enzymes are cofactors of numerous redox reactions
and are involved, for example, in neurotransmission [5]. Evolution has made metals indispensable in
the life of all organisms, in fact their dysregulation causes various disorders, sometimes even serious
ones, such as a series of neurodegenerative diseases caused by an interruption of their homeostasis
[6,7]. It is ancient knowledge that metals may serve as therapeutic agents too, for example as
antimicrobial and anti-viral weapons [8-10]. More recently, many metals are incorporated into
pharmaceutical products as diagnostic and therapeutic agents. In fact, the electronic structure of
transition metals has the advantage of great versatility in terms of tuning molecule properties,
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differently from organic molecules [11] The use of Pt coordination compounds in cancer therapy has
certainly been [12] one of the most unexpected developments in the field of medicines in the last 50
years. This new class of chemotherapy was discovered by chance by Barnett Rosemberg (1927 - 2009)
in 1965. The clinical success of cisplatin as an anticancer drug has accelerated the search for metals in
medicine chemistry [13]. Subsequently, several other Pt drugs, including carboplatin and oxaliplatin,
have been developed to improve therapeutic efficacy and reduce systemic toxicity [14],[15],[16].

Clinical studies gave controversial indications: while some patients showed very positive
results, others highlighted the high toxicity of the compound [17]. The spectacular results obtained
in patients suffering from tumors of the genital tract, especially testicular cancer where cisplatin
proved to be practically curative, led to its approval by the FDA (Food and Drug Administration) in
1978. Since then, cisplatin has been one of the most used drugs in the world in anticancer therapy and
is by far one of the most successful drugs (a so-called Blockbuster drug) [18],[19]. The resistance of
tumors to cisplatin, spontaneous or induced, is an extremely serious problem, as it considerably limits
the use of the drug. The main cellular processes through which cisplatin attacks tumor cells are
uptake and transport, formation of adducts with DNA and their recognition by specific proteins
(damage-response proteins), the “translation” of the DNA damage signal which inhibits its
replication and transcription and activates numerous signal transduction pathways which, through
a wide range of proteins that control cell growth, its differentiation and response to stress, can lead
to cell cycle arrest and repair of damage or to cell death [20]. The research was soon also directed
towards other metals with the aim of finding complexes that have activity against tumors resistant
to platinum compounds and which, possibly, also present lower systemic toxicity. For this reason,
other metals have been also tested as potential anticancer compounds such as those containing
ruthenium (Ru) [21], arsenic (As) [22], gold (Au) [23], and osmium (Os) [24], and they are currently
under development [25,26].

Among them, Ru compounds were the first to be studied and still represent a very active
research sector today, followed by As compounds, at the time, the only other non-radioactive metal
approved by the FDA in 2000 for the treatment of tumors [27]. It was introduced into clinical use in
the 1970s, for the treatment of numerous leukaemias and especially acute promyelocytic leukemia
[28]. To date, gold compounds are getting more and more attention because they have displayed
fewer tolerability limits and appear to be target-specific [29]. Recent studies show that Au(l)
complexes have antitumor activity through the induction of apoptosis in different cancer cell lines in
vitro, comparing the effect such compounds have on resistant cells and analyzing the mechanism of
action [30]. In addition, gold compounds have been proposed as potential anti-infective and anti-
tubercular agents [31].

Despite all the potentialities of these metallo-compounds, they have several target “sites”, so
drugs that target a single protein or enzyme can easily develop resistance. For this reason, critical
points are the identification of the molecular targets of these drugs and the elucidation of the
mechanisms of action as well as their "delivery" to the correct target and their activation.

Functional proteomics aims at the identification of protein-protein (PPI) [32,33], protein-
DNA/RNA [34] interactions in vivo in order to define protein complexes and, therefore, cellular
pathways involved in biological processes of interest as extensively described in multiple works and
reviews [35,36]. There are many proteomic approaches used for the study of such interactions based
on classical biochemical protocols adapted to the study of the so-called "interactomics” investigation
thanks also to the coupling with advanced mass spectrometry instruments. This approach can also
be used for the definition and identification of the molecular partners of metal compounds, inside the
chemical proteomics branch. On the other hand, drug delivery, i.e. the vehicle of a substance in a
targeted manner towards the tissue or cell where its consequent controlled release will guarantee
greater efficiency, represents an important field of study. Application in the pharmacological field
allows a molecule to be conveyed within our body, making it selectively reach the target tissue and
releasing it in a controlled way [37,38], [39]. This methodology allows to decrease the doses of the
drug administered, consequently decreasing its possible side effects, and making it more
bioavailable. Nanoparticles (NPs) currently represent a great step forward in this area [40].
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In this mini-review, we aim to give an overview of purification and identification strategies of
protein targets of metal compounds, from affinity purification approaches, including labeling and
cross-linking (photo-affinity) strategies for the identification of transient interactions. Furthermore,
we intend to describe the different methodologies used nowadays to improve the efficiency of
metallodrugs in terms of activation and delivery in vivo from the pro-drug approach to the different
delivery systems. In fact, we are convinced that the study and the combination of the two points (i.e,
target identification and delivery) are milestones towards the clinical route of a metallodrug.

2. Protein targets identification through proteomics approaches

The investigation of protein interactions with different classes of biomolecules has ancient roots
in the proteomics field, but developing and advancing many different biochemical strategies coupled
with mass spectrometry techniques [35,36]. In recent years, several proteomics strategies coupled
with mass spectrometry (MS) have emerged as a powerful and systematic approach for the large-
scale identification of drug-protein interactions and the elucidation of their associated mechanisms
also.

In fact, chemical proteomics, or chemoproteomics, is mostly dedicated to the investigation of
protein-small molecule interaction getting more and more attention in drug target discovery [41,42].
Chemoproteomics is a lead tool in the field of drug discovery, relying on affinity-based or label-free
approaches to identify protein targets.

2.1. Affinity-based strategies

The affinity-based chemical proteomics approach aims of immobilizing the drug on a solid
support and of isolating the protein targets. This strategy is also known as drug pulldown [43,44].
Pull-down strategies and, more in general, affinity purification-mass spectrometry approaches (AP-
MS) are proteomic techniques that allow isolating multiprotein complexes starting from a known
molecule to establish hypotheses about the intracellular processes in which it is involved in [45—47].

Drug pull-down requires four main steps: 1) pharmacophore immobilization on resin beads
through affinity chromatography; 2) targets isolation; 3) targets identification using liquid
chromatography-tandem mass spectrometry (LC-MS/MS) techniques; and 4) bioinformatics analysis
for the protein identification and quantification (Figure 1).
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Figure 1. Drug pull-down is composed of four steps: 1) pharmacophore immobilization on beads,
which can be performed by different approaches (streptavidin beads and biotinylated metallodrugs
or human serum albumin (HSA)-antiHSA antibody interaction); 2) target isolation that can be
preceded by a stabilization step with a UV-crosslinking between the proteic target and the drug; 3)
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mass spectrometry analysis of the target; 4) bioinformatic analysis with Mascot, Maxquant and
Perseus software. Legend: M: metallodrug; B: biotin. Created with BioRender.com.

The advantage of using pulldown techniques lies in preserving the physiological state of the
proteins, concentration levels (i.e., abundance), post-translational modifications, and natural binding
partners, simply using non-denaturing lysis buffers. In particular, for step 1 of the drug-pulldown
workflow (Figure 1), different methods can be used to immobilize the active pharmacophore also
depending on the stability of the organic- and inorganic-metallic complexes. Due to this issue, Babak
et al used a biotin/streptavidin approach to immobilize a Ru(Il) compound ascribed to the RAPTA
family [48]. In fact, the arene ligand of the complex has been functionalized with a primary amine,
able to be biotinylated via an aminocaproic acid linker. Drug biotinylation could also be performed
by using the click reaction (Cu(I)-catalyzed alkyne-azide cycloaddition (CuAAC)). CuAAC is a
reaction occurring between an alkyne and an azide group, catalyzed by Cu(I) ion [49,50]. The reaction
has been used by Neuditschko and colleagues to derivatize the drug with biotin and fish the targets
with streptavidin beads [51]. Another clever method used to immobilize metal drugs is reported by
the same research group. A complex between the Ru(Ill) compound (i.e., BOLD-100) and human
serum albumin (HSA) has been formed. After that, the authors used the anti-HSA beads used in the
depletion of human serum to form the BOLD-100-HSA-beads adduct, used to isolate the drug targets
[52]. Since pulldown experiments are victims of high false-positive rates, the authors also performed
a competitive assay. The cell lysate was pre-treated with free BOLD-100 before exposure to the
immobilized drug on the beads. This latter strategy allowed the saturation of selective binding sites,
as illustrated in Figure 2 so that the resulting target profile includes only non-selective binding
partners. The subtraction of these from the target profile obtained by normal pull-down cancels the
non-selective interactors and provides a list of the selective binding partners. The competitive
pulldown experiment is an alternative way to validate and remove the possible false-positive targets
from a canonical pulldown experiment.
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Figure 2. Competitive pulldown workflow. A) The total protein extract has been incubated with the
free metallodrug and then subjected to the chemoproteomics strategy. Only the non-specific binders
were eluted, instead, the specific target is not retained on the beads. B) The total protein extract has
been incubated with the metallodrug-derivatized beads for the chemoproteomics strategy. The non-
specific and the specific proteins were eluted. The comparison between the eluted proteins in the
competitive and non-competitive will highlight the false-positives content. Created with
BioRender.com.

Even if the simple pulldown strategy is a straightforward approach, it suffers from classical
disadvantages such as the missing transient interactions and the above-mentioned false positives
issue (see [35] for further insights). However, it is possible to stabilize the interactions working in
living cells as reported by Liu et al [53]. The authors synthesized a photoactivatable molecule able to
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covalently preserve the target-drug interactions through the introduction of UV-activatable groups.
These kinds of probes typically contain a photoactivatable group (e.g., azide, benzophenone,
diazirine) which allows the probe to form covalent adducts with the metal drug interacting proteins
upon UV light irradiation [54]. The authors incubated HeLa cells with Au(Ill) meso-
tetraphenylporphyrin (gold-1a) compound and irradiated at 365 nm to activate the benzophenone
reaction with proteins via a radical mechanism. After the cell lysis, an alkyne group present on the
probe has been used to functionalize the protein-drug complexes with biotin, allowing the adducts
enrichment.

These approaches can be used to identify interactions characterized by non-covalent and
coordinative bonds. Covalent capture of drug-target interaction in cells can be used to identify
physiological-occurring and moderately strong binding events by affinity-based chemoproteomics in
vivo [55,56].

1.2. Label-free approaches

On the other hand, the label-free approaches leverage the protein stability driven by the drug
interaction.

Thermal proteome profiling (TPP) [57], for example, has been used to study metallodrug targets
by proteomic profiling [58]. TPP measures the extent of the drug-target interaction by monitoring the
effect of pharmacological treatment on protein denaturation/solubility as a function of the
progressive increase in temperature.

The extent of protein stabilization by the small molecule is proportional to the strength of the
interaction and can be evaluated by multiplexed mass spectrometry analysis (see [59] for a
comprehensive description of all the TPP applications). As shown in Figure 3, TPP can be performed
by varying the temperature range (TR-TPP) (Figure 3A) or the drug concentration (CR-TPP) (Figure
3B). After the protein digestion and mass spectrometry analysis by LC-MS/MS, proteins are relatively
quantified comparing the drug-treated and untreated conditions. The soluble fraction for each
protein is reported as a temperature/ drug concentration function.
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Figure 3. A)TR-TPP experiment. Protein extract is incubated both with the vehicle and the
metallodrug. For each condition, ten aliquots are made. Each aliquot is heated at one specific
temperature and then the soluble fractions are digested with trypsin and labeled with a TMT isotope
tag. Samples are analyzed by LC-MS/MS and the protein is identified. Melting curves are fitted and
the melting temperatures are calculated for all the proteins. B) CR-TPP experiment. Protein extract
untreated, as control, and treated with nine different concentrations of metallodrug, are heated at the
same temperature Then the soluble fractions are digested with trypsin and labeled with a TMT isotope
tag. Samples are analyzed by LC-MS/MS and the protein identification is made by Mascot and the
isobarQuant software package. Dose-response curves are fitted and thermal stability parameters are
calculated. Legend: M:metallodrug. Created with BioRender.com

TR-TPP has been recently applied to discover the antitumor Bis(N-Heterocyclic Carbene)Pt(II)
complex targets in intact cells leading to the asparagine synthetase (ASNS) identification [60].
Another label-free based method used in the metallodrug-targets investigation is the Functional
Identification of Target by Expression Proteomics (FITExP) approach [61]. The founding principle is
that protein targets and main mechanistic-related proteins are modulated upon long drug exposure,
in particular, they are overexpressed when the lethal concentration (LCso) is administered to the cells.
Lee et al applied the FITExP methodology to evaluate the mechanism of action of Ru(Il) complexes,
RAPTA-T and RAPTA-EA. Although the approach suggested many protein targets, the best results
were achieved in terms of disclosing the mechanism of action of the molecules. In fact, they found
the overexpression of several oxidative stress-related and tumor-suppressing proteins for RAPTA-
EA and RAPTA-T, respectively [62]. The combination of TPP and FITExP has been performed in the
work carried out by Saei and colleagues, to have more chances to reduce the number of false positives
and negatives [58]. In principle, other label-free strategies used in the study of protein-small molecule
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interactions could be applied also to the metallodrug field. These methods encompass the stability of
proteins from rates of oxidation (SPROX) [63], pulse proteolysis (PP) [64], drug affinity responsive
target stability (DARTS) [65] and limited proteolysis-coupled mass spectrometry (LiP-MS) [66].
However, no paper has been published yet, to the best of our knowledge.

Label-free techniques are able to detect transient interactions of drug candidates with potential
protein targets, globally evaluating the temperature altered by the drug, and proteolytic or chemical
stability of proteins and otherwise require no synthetic modification of the drug [67,68].

3. Methods to enhance metallodrugs efficiency administration

Another crucial aspect in medicinal chemistry is the development of innovative delivery systems
able to recognise the target site or strategies to induce their selective activation in the drug target.
Usually, once introduced in a biological environment (serum, a cell, or a biomimetic environment),
metal complexes could interact with biological ligands such as lipids, amino acid residues of proteins,
nucleic acids (DNA), or small molecules (i.e., vitamins, ions, neurotransmitters). This plethora of
interactions can often lead to severe, deleterious side effects in most patients that limit their use [69].
New advances in the field, such as the design of pro-metallodrugs, or drug delivery systems (for
example, liposomes or solid-lipid nanoparticles), offer opportunities to improve both the safety and
efficacy of metallodrugs and to dispel the pervasive myth of inherent toxicity. Figure 4 shows an
outline of the activation/delivery strategies discussed below.
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Figure 4. Most common strategies to enhance the bioavailability of the metallodrugs: Pathway 1) Pro-
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metallodrugs: the metallodrug is bound to a probe which allows the molecule to pass the
phospholipid bilayer. After that, the metallodrug can be activated via hydrolysis (A), redox activation
(B) or photochemistry activation (C); Pathway 2) the metallodrug is carried by delivery systems (i.e.
liposomes, nanoparticles) transporting and protecting the drug properly. Created with BioRender.com

3.1. Pro-metallodrugs

Unlike most common small molecule drugs, metal-complex drugs are often “prodrugs” which
undergo activation en route to or at the target site. There are many different activation strategies
studied, and here we reported some recent examples:

1) Activation via hydrolysis

Regarding the activation via hydrolysis, this is a common activation mechanism for transitional
metal drugs, involving the displacement of weakly bound o-donor ligands by water (Figure 4a).
Square-planar Pt(II) complexes are certainly the most used. The pioneering compound in this family
is undoubtedly cisplatin, cis-[PtIICI2(NHzs)2], a well-known anticancer drug widely used for the
treatment of a wide variety of cancers. Cisplatin becomes activated once it enters the cell: its mode of
action starts inside the cell with the hydrolysis of Pt—Cl bonds to form a Pt-H2O complex, resulting
in more reactive mono-aquated [PtII(OH2)CI(NHs)2]* and/or di-aquated [PtII(NHs)2(OHz)2]?* species
(48). These intracellular products can react with DNA, where they cause cell cycle arrest and
apoptosis. Unfortunately, the problem with cisplatin is that it may be inactivated into transplatin,
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trans-[PtIICl2(NHs)2], during the uptake into the cell. To avoid this problem several other derivatives
of cisplatin, with a similar mechanism of action (MOA), have been synthesized, where two ligands
are inter-connected and trans effect is decreased. One of the most common is Carboplatin,
[Pt(NHs)2(CBDCA-O,Q")], where CBDCA is cyclobutane-1,1-dicarboxylate. Similarly to cisplatin,
half-sandwich pseudo-octahedral Ru(ll) and Os(II) n6-arene diamine anticancer complexes,
[Rull/OslI(n6-arene)(N,N)CIJ*, also hydrolyze and bind to DNA, but monofunctionally as they have
only one labile monodentate ligand [70].
2) Redox activation

The alteration of the redox balance is an effective anticancer strategy, owing to the distinct redox
vulnerability of cancer cells, including hypoxia. The vast majority of examples reported consist of
Pt(IV) complexes, less active than the Pt(II) analogues, that are reduced at the tumor site due to the
higher levels of glutathione (GSH) and other antioxidants presented there (50). The general MOA is
constituted by three main steps: octahedral Pt(IV) complexes reach the cancer cells intact, they are
then activated by reductive elimination of the axial ligands (the two accepted electrons enter the dz2
orbital (LUMO), which destabilizes the ligands in axial positions) leading to the final release of the
cytotoxic Pt(Il) complex, thus acting as prodrugs (Figure 4b) (51). Four octahedral Pt(IV) prodrugs
have entered clinical trials, namely, tetraplatin, iproplatin, satraplatin, and LA-12 but none of these
have been currently approved for clinical use. As axial ligands they can contain bioactive carboxylate
molecules: i) specific tumor-targeting molecules such as steroids, folates, amino acids and peptides;
ii) enzyme inhibitors and iii) anticancer drugs having different targets than DNA able to synergize
with the action of the cytotoxic Pt(II) metabolite. Recently, Ravera and co-workers studied several
dual-action cisplatin-based Pt(IV) combos containing as axial ligands anticancer drugs such as
ketoprofen (2-(3-benzoylphenyl)propanoic acid) or naproxen (2-(6-methoxynaphthalen-2-
yl)propanoic acid. These complexes proved to act synergistically: the presence of Non-Steroidal Anti-
Inflammatory Drugs (NSAIDs) in the structure increases the lipophilicity of the complex, facilitating
its cellular accumulation. Once inside the tumor cells (HCT 116 and A-549), cisplatin is released after
Pt(IV) — Pt(II) reduction and together with the NSAID induces the activation of NAG-1, a protein
that has anti-tumorigenic and pro-apoptotic propensity (52). Similarly, in a recent study, a Pt(IV)
combo contains as axial ligand an active antimetastatic metabolite of limonene, 4-
isopropenylcyclohexene-1-carboxylic acid or perillic acid (PA), was designed. Also in this case, the
increase in lipophilicity caused increased cellular accumulation and the consequent release of
cisplatin moiety and PA ligand-induced cytotoxic and antimetastatic effects, respectively [71].

Interestingly, Pt(IV) complexes are not only being studied as anti-cancer agents but
also as inhibitors of amyloid aggregation. It was largely reported that Pt(II)
complexes can modulate A3 peptide aggregation through the coordination of amino
acids side chains (54); however, the main problem with these complexes is their poor
uptake by the brain which limits their use in vivo. Kenche and co-workers studied a
novel Pt(IV) complex [PtIV( N,N-dimethyl-2-[2-(quinolin-8-yl)-1H-- benzimidazol-
1-yl] ethanamine) Cli]. The Pt(IV) complex showed increased brain uptake in
comparison to the Pt(II) complex, and upon reduction to Pt(Il), it can limit peptide
aggregation and toxicity in cortical neurons. The treatment of an APP/PS1 mouse
model of Alzheimer's Disease (AD) showed a statistically significant reduction in
CSF A4 levels and a reduction in plaque load [72].

3) Photoactivation (Light-activatable metallodrugs)
Metallodrugs can be selectively activated with high spatial resolution in cancer cells in
photodynamic therapy (PDT), photothermal therapy (PTT) or photoactivated chemotherapy (PACT).
Ru(Il) complexes are a class of molecules known for their rich photochemistry: they can undergo
photoinduced ligand dissociation and the resulting Ru(II) aqua species can covalently bind to DNA
similarly to cisplatin [73] (Figure 4c). This process is linked to ™LCT (Metal-to-Ligand Charge
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Transfer) transitions: when irradiated by appropriate light, Ru(Il) complexes first achieve the IMLCT
state and then reach the SMLCT state through the ultra-fast intersystem crossing. The SMLCT excited
state of Ru(ll) complexes can return to the ground state through non-radiative inactivation or
luminescence pathways or can interact with other molecules such as O2 to generate singlet oxygen
(through intersystem crossing to intra-ligand (IL, ILCT) states), showing potential as photodynamic
agents or may populate the SMC (metal-centered state or ligand-field) state by thermal activation that
may lead to ligand dissociation and generate Ru(II) aqua species with DN A-binding ability, showing
potential in photoactivated chemotherapy [69].

Ru(I)-TLD1433 is a novel water-soluble photosensitizer currently undergoing clinical trials. It
has unique properties including bladder tumor selectivity: in the dark it has low cytotoxicity while,
after activation with green laser light, it produces cytotoxic singlet oxygen ('O2) and radical oxygen
species (ROS), causing cancer cell death [74].

As agents for PDT, another metal complex not containing Ru(Il) has been already authorized in
the EU since November 2017: TOOKAD® soluble (Pd II). It is a palladium bacteriopheophorbide
monolysotaurine, also known as WST11 used for the treatment of adenocarcinoma of the prostate. It
is a derivative of bacteriochlorophyll, the photosynthetic pigment of certain aquatic bacteria that
draw their energy supply from sunlight, and becomes pharmaceutically active when illuminated by
light. Tookad is retained within the vascular system and after being activated with 753 nm
wavelength laser light, it generates oxygen radicals causing local hypoxia that induces the release of
nitric oxide (*NO) radicals. This results in transient arterial vasodilation that triggers the release of
the vasoconstrictor, endothelin-1. Rapid consumption of the *NO radicals, by oxygen radicals, leads
to the formation of reactive nitrogen species (RNS) (e.g. peroxynitrite), in parallel to arterial
constriction [75,76].

3.2. Delivery systems

Often, the administration of metallodrugs as such can be problematic due to their rapid
metabolism, difficulties in reaching the drug site, and high systemic toxicity. To overcome these
limitations, the research has moved to identify novel carriers capable of transporting and protecting
the drug appropriately. The most studied delivery systems are generally polymeric or inorganic
nanoparticles (NPs) and liposomes (Figure 4d).

The studies in this field were mainly focused on Pt chemotherapeutics aiming to overcome the
disadvantages associated with the use of this class of drugs in clinical cancer chemotherapy. A
liposomal formulation of cisplatin, named Lipoplatin, reached Phase III clinical trials. Lipoplatin, a
nanoparticle of 110 nm average diameter composed of lipids and cisplatin, was revealed to be able to
evade immune surveillance thus escaping clearance from macrophages, and to extravasate through
the compromised endothelium of the vasculature in tumors [77,78].

Nanoparticle systems have also been developed for the two Ru(IlI)-drugs which reached clinical
trials, KP1019 and NAMI-A. A nanosized drug conjugate of (NAMI-A)-block copolymer micelles
showed improved inhibition of cell invasion and migration and simultaneous enhanced
antimetastatic activity with respect to the metallodrug alone in pancreatic and ovarian cancer cells
[79,80]. Concerning KP1019, its encapsulation into poly(lactic acid) (PLA) nanoparticles containing
Tween-80 promoted higher cytotoxicity than the KP1019 alone in hepatoma cell lines and colon
carcinoma [81].

A recent study reported on the design of diruthenium(ILIII)-NSAID metallodrugs encapsulated
into biocompatible terpolymer-lipid nanoparticles (TPLNSs) to target glioblastoma cancer. The metal
complex was formed by a Ruz(ILIII) mixed-valence metal-metal multiply bonded core linked to four
carboxylate ibuprofen (Ibp)drug ligands, [Ruz(Ibp)«Cl]. Its encapsulation into TPLNs was able to
promote a significant enhancement of the antiproliferative effect in two human glioblastoma cancer
cells, US7MG and T98G, which are chemoresistant to cisplatin [82].

Since a perfect drug delivery system should be characterized by high biocompatibility, stability
and selectivity for a specific target site, research is moving towards the use of carrier systems
consisting of molecules already present in our body, such as ferritins (Fts). They are natural proteins
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involved in the storage and release of iron that are able to self-assemble into hollow cage-like
structures and are recognized by receptors overexpressed on cancer cells' surfaces. These proteins
were recently chosen to encapsulate the prototype of a novel class of metallodrugs containing a
PtAs(OH):2 core, named Arsenoplatin-1(AP-1). Cellular experiments in human epidermoid carcinoma
cell line and human keratinocyte cells (A431 and HaCaT) showed a significant increase in selectivity
of AP-1-loadedFt against cancer cells with respect to normal cells [83].

4. Conclusions and Future Directions

To date, the use of drugs containing metal centers is prompted for the treatment of different
classes of pathologies. This brief review aims to emphasize how these techniques can contribute to
research in this important scientific area with the aim of advancing ambitious hypotheses on the
introduction of new anticancer agents in clinical development and their use. There are numerous
reviews illustrating the different chemical proteomics techniques that allow the investigation of
metal-protein interactions in a biological system. Obviously, a lot depends on the type of
investigation to be performed, the type of information to be obtained, and the type of interactions to
be preserved. To date, increasingly advanced techniques of affinity purification, photolabeling, and
quantification combined with mass spectrometry techniques allow us to easily identify putative
interactors of metal-drug complexes while preserving labile interactions and providing useful
information on drug mechanisms of action. Thus, it remains important to investigate the behavior of
the different metal complexes to overcome problems of resistance and perhaps reduce toxicity. The
information retrieved by chemical proteomics analysis might be useful also for the understanding of
the mechanisms by which the metal-based drugs are conveyed to their targets.

In this field, significant advancements in the development of prodrugs and delivery systems
have been obtained. The use of metallodrugs as prodrugs allow for targeted and controlled activation
of the therapeutic effect, minimizing off-target effects and enhancing efficacy. Incorporating metal
ions into delivery systems provides improved drug stability, controlled release, and targeted delivery
to the desired site, enhancing therapeutic potential [69].

Looking ahead, the future of metallodrugs holds great promise. Continued research and
technological advancements will further optimize prodrug design, delivery systems, and targeting
strategies, leading to enhanced specificity, efficacy, and safety of metallodrug-based therapies. The
ability to tailor metallodrugs for specific diseases and patient populations will pave the way for
personalized medicine. Furthermore, the integration of metallodrugs with emerging fields such as
nanotechnology, bioconjugation, and regenerative medicine opens up new avenues for innovative
therapeutic approaches. Ultimately, the advancements in metallodrugs from prodrugs to delivery
systems provide a solid foundation for the development of next-generation metal-based therapeutics
with improved clinical outcomes.
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