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Abstract: With the progression in the field of bioinorganic chemistry, the role of transition metal
complexes as the most widely used therapeutics is becoming a more and more attractive research
area. The complexes of transition metals possess a great variety of attractive pharmacological proper-
ties, including anticancer, anti-inflammatory, antioxidant, anti-infective, etc., activities. Transition
metal complexes have proven to be potential alternatives to biologically active organic compounds,
especially as antitumor agents. The performance of metal coordination compounds in living sys-
tems is anticipated to differ generally from the action of non-metal-containing drugs and may offer
unique diagnostic and/or therapeutic opportunities. In this review, the rapid development and
application of metallocenes and metal complexes of elements from Groups 4 to 7 in cancer diagnostics
and therapy have been summarized. Most of the heavy metals discussed in the current review are
newly discovered metals. That is why the use of their metal-based compounds has attracted a lot
of attention concerning their organometallic and coordination chemistry. All of this imposes more
systematic studies on their biological activity, biocompatibility, and toxicity and presupposes further
investigations.

Keywords: transition metals; metallocenes; coordination complexes; drug design; cancer diagnostics
and therapy

1. Introduction

Since the discovery of the first metal-based compounds with proven anticancer activity,
great efforts have focused on the rational design of new metal complexes which can
potentially be used in cancer chemotherapy. In the last several decades, a great number of
metal coordination compounds have been extensively studied and evaluated in vitro and
in vivo as potent antineoplastic agents, some of them being at different stages of clinical
trials. The main representatives from the studied d-block transition metals are platinum [1],
ruthenium [2], rhodium [3], palladium [4], iridium [5], gold [6], silver [7], etc., and their
complexes. Many of these antineoplastic agents have been intensively addressed in the
issued literature [8–10] and are beyond the scope of the present review.

d-Elements are trace microelements with different oxidation states and a high affinity
to various donors of biomolecules. They are essential in various cellular functions, being
involved in most vital life processes such as enzymatic, synthetic, electron, and ion transfer
reactions, as well as energy processes. Transition metal cations are chemically very reactive
and participate in numerous biochemical interactions with biomolecules in living systems
which leads to the formation of different metal-based scaffolds in vivo. Due to their partially
filled d-shells, d-elements are predisposed to complexation reactions. The variable number
of electrons in the d-shell impacts the magnetic and electronic properties of the resulting
metal complexes.

Transition metal complexes can adopt various geometries depending on the number
of coordination bonds they possess, for instance octahedral, square-planar, and square-
and trigonal-bipyramidal, whereas organic compounds are only limited to tetrahedral,
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planar, and linear geometries, which gives rise to some structural diversity of metal-based
compounds. This characteristic improves the flexibility in drug design of metal complexes,
their thermodynamic and kinetic properties, and the opportunity to effectively interact with
the target biomolecules. Metal cations possess individual features and unique biochemical
properties such as charge variation, Lewis acid properties, flexible coordination modes
and a wide range of geometries, different oxidation states and redox activity, metal–ligand
interactions, and exchange reactions. All of these attractive characteristics determine their
great therapeutic potential. Moreover, the therapeutic mechanisms of action of metal-based
compounds are completely different than those of pure organic compounds.

In the past several decades, a number of classes of new metal-based coordination
compounds have been explored as potent anticancer agents based on a wide variety of
d-elements and their properties and diverse modes of action. Because of the excellent review
coverage on the chemistry, biology, and medicine of platinum (Pt2+ and Pt4+), ruthenium
(Ru2+ and Ru3+), gold (Au+ and Au3+), and silver (Ag+) anticancer drugs [1–10], this review
is concentrated on some of the most recent advances regarding the metallocenes and metal
complexes of d-elements from Groups 4 to 7 of the periodic table. The review is focused on
the promising results obtained with monometallic complexes of these groups along with
the new approach of combining different metal centers into heterometallic complexes which
allows combinations of various mechanisms of action and possible synergistic effects.

The d-elements from Groups 4 to 7 possess different chemical and pharmacological
properties and diverse modes of action which can modify pathways in cellular metabolism
or adjust some chemical properties and biofunctions of the obtained complexes, such as the
solubility, lipophilicity, etc. The biological functions, medical applications related to their
anticancer activity, and toxic effects of the most studied elements from Groups 4 to 7 and
their compounds are collected in Table 1.

Table 1. Biological functions, medical anticancer applications, and toxic effects of metals of Groups 4
to 7 and their compounds.

Element Location and Biofunctions Compounds with
Anticancer Activity Toxicity, Antidotes References

Titanium
Bio-stimulant; one of the

most biocompatible
metal implants

Ti(IV) complexes—for treatment of
cancer (budotitane, Ti–salan,

and titanocenes)

Ti metal is not toxic; TiO2
is a carcinogen [11,12]

Vanadium
Stabilizes blood sugar

levels; protects bones and
teeth; insulin mimetic

Vanadocenes—inhibition of
cancerous tumor growth;
insulin-mimetic agents

Non-serious hazard;
V2O5 is more toxic [13–19]

Tantalum
Biocompatible and
non-reactive with

bio-tissues

Ta metal in long-term surgical
implants and bone
defects repairing

Low-soluble Ta
compounds are

moderately toxic
[20,21]

Molybdenum
Part of enzyme

xanthine oxidase,
in purine metabolism

MoO4
2− prevents oxidation of

lipids; protects antioxidant
systems; MoS4

2−-Cu chelator,
in breast cancer and esophageal

carcinoma; isotopes—for
radio-diagnostics

Excess of Mo
disturbs purine

metabolism—endemic gout
[22–32]

Tungsten Essential for some
anaerobic bacteria

Polyoxotungstates—antiviral,
antibacterial, anticancer agents

W quantities in nature
are low; W is nontoxic [33–37]

Manganese

Bone, liver,
lungs, muscles,

pancreas, kidney;
Mn-SOD in mitochondria

Mn—part of enzymes catalyzing
redox reactions; PET and

PET/MR imaging

Excess of Mn
causes manganism;
in ROS production

[38–48]
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Table 1. Cont.

Element Location and Biofunctions Compounds with
Anticancer Activity Toxicity, Antidotes References

Technetium

Tc—in radiation imaging
as a tracer; 99mTc
concentrates in

gastrointestinal tract and
thyroid gland

99mTc (γ-emitter)—in SPECT for
diagnostic imaging of bone, brain,

lungs, thyroid, liver; radiation
treatment of cancers with minimal

adverse effects

Short half-life and rapid
excretion of Tc

radioisotopes minimize
the toxic effects

[49–52]

Rhenium

β-emitters 186Re and
188Re in radio imaging;

therapeutic properties on
malignant tumors,
bone metastases,

rheumatoid arthritis

188Re-HEDP for bone pain
palliation in prostate cancer,

188Re-P2045—for therapy of small
cell lung cancer and

neuroendocrine carcinomas; Re(I)
complexes—anticancer properties

and reduce ROS production

No reports on the
toxicity of metal

and its compounds
[53–55]

2. d-Elements of Group 4
2.1. Titanocenes and Other Ti(IV) Complexes

Titanium(IV) complexes were one of the first classes of metal complexes to enter clini-
cal trials after Pt anticancer complexes with a distinct mechanism of action and spectrum
of activity from Pt(II) and Pt(IV) complexes [56]. That is why they are recommended
to be considered as potential candidates in the treatment of cases of resistance to cis-
platin. In contrast to the platinum complexes, titanium derivatives showed no indication
of nephrotoxicity or myelotoxicity. The first metallocene revealed to have antitumor
activity was titanocene dichloride. Budotitane (Figure 1) and titanocene dichloride ex-
hibit antitumor activity with little toxicity in many tumor cells. TiCp2Cl2 and budotitane
([Ti(IV)(bzac)2(OEt)2], where bzac = 1-phenylbutane-1,3-diketonate) were the first Ti(IV)
compounds to enter clinical trials, but finally failed because of their nonsufficient wa-
ter stability and unspecified mechanism of action. TiCp2Cl2 and budotitane were the
first antitumor metal complexes to enter clinical trials after Pt compounds [57]. With their
two labile ligands, these complexes hydrolyze rapidly in water solutions. Nevertheless,
their active species and action mechanism continue to be unclear and undefined. It has
been found that in the series cis-[M(IV)(bzac)2X2], analogues to budotitane, the activity
varied in the order Ti ≈ Zr > Hf > Mo > Sn > Ge, which is roughly inverse to the rates of
X dissociating from the metal ion. Little is known about the mechanism of action of bu-
dotitane, except that it is different from that of cisplatin, with no significant DNA damage.
Most probably the mechanism of budotitane bears analogy to those of TiCp2Cl2 and some
active Ru complexes.
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The cis-dichloride structure of TiCp2Cl2 makes interesting parallels with cisplatin, but
it hydrolyzes in water to various species and it is not clear which is the active one. The
main disadvantage of Ti(IV) complexes is their low stability in aqueous solutions. The
current investigations are mainly focused on water-soluble and stable Ti(IV) antineoplastic
complexes. Thereafter, new Ti(IV) complexes have been designed to overcome the low
stability. Between them, substituted titanocenes and titanium salan compounds have
shown potential that might offer a greater stability, water solubility, and cytotoxicity [58].
Titanocene-Y contains methoxyphenyl substituents of the Cp rings which give a higher
potency. The Ti complexes Ti–salan and titanocene-Y exhibit contrasting actions related
to their interactions with DNA and albumin, cellular uptake, and intracellular circulation.
Salan-based complexes are a well-established class of coordination complexes. Ti–salan
demonstrates relatively low binding to biomolecules but increased serum-dependent cel-
lular uptake, while titanocene-Y shows lower cellular accumulation and high binding
to albumin and DNA. The biodistribution data have specified that for titanocene-Y the
DNA reactions are critical, whereas for Ti–salan mitochondrial targeting is significant. The
introduction of 2,6-dipicolinic acid as a second chelator to Ti–salan has resulted in novel
heteroleptic complexes with a good aqueous stability and remarkable in vitro and in vivo
cytotoxicity [59]. This ligand system has demonstrated a high adoptability to Group 4
elements. A series of C1 symmetrical Ti(IV)–salan complexes of differently substituted
-NO2, -Cl, and -Br aromatic ligands, halogenated on one ring and nitrated on the other,
have been reported to demonstrate high antineoplastic activity, combining the higher
activity and stability with enhanced solubility [60]. These hybrid complexes are highly
stable and have been found to possess much higher antitumor activity than C2 symmetrical
Ti(IV)–salan analogues with the same substituents and cisplatin. A particular advantage of
the C1 symmetrical complexes is their improved solubility in DMSO, which is important
for therapeutic applications. The same authors have continued their study to hydrolyti-
cally stable trans-Ti(IV) complexes containing the salophen ligand [60]. The trans-Ti(IV)
complexes exhibited high stability and good cytotoxicity against different cancer cell lines.

The promising diaminobis(phenolato)bis(alkoxo) Ti(IV) anticancer complex (PhenolaTi)
has shown remarkable cytotoxicity with no detected toxicity in animals [61]. The structures
of Ti(IV)–salan and PhenolaTi are presented in Figure 2.
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PhenolaTi has induced apoptosis and cell-cycle arrest at the G2/M phase in MCF7 cells.
It has been shown that, unlike cisplatin and related known metallodrugs, no inhibition of
DNA polymerase activity was detected, which means a distinct ER-related mechanism by
this Ti(IV) complex. The precise interactions between PhenolaTi and its targets are yet to be
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clarified, along with the reason for tumor selectivity and non-toxic effects for this Ti(IV)
complex [62].

Novel antitumor diamino-bis-(phenolato) [ONON] type titanium(IV) complexes stabilized
by 2,6-dipicolinic acid have recently been synthesized [63]. The complexes have displayed
improved inhibiting activity against Hep G2 cells compared to salan–Ti(IV) complexes.

The success of cisplatin and TiCp2Cl2 has stimulated many scientific groups to search
for similar metal complexes containing reactive Cl− anions in the cis-position with vana-
dium, chromium, niobium, molybdenum, manganese, and their analogs. The metallocene
dihalides MCp2X2, where Cp = η5-cyclopentadienide and X = halide, represent a class
of small, hydrophobic anticancer candidates. They undergo rapid hydrolysis in water
solutions [58]. These compounds have distorted tetrahedral structures where two cyclopen-
tadienyl ligands and two halide- or acido-ligands (X) are coordinated to the metal in the
+4 oxidation state. The two Cp rings with delocalized negative charges are bonded to the
metal center in a bent sandwich configuration. Complexes of MCp2Cl2 exhibit activity
against many tumor cells such as the leukemias P388 and L1210, B16 melanoma, colon, and
Lewis lung carcinomas, solid and fluid Ehrlich ascites tumors, and several human colon
and lung carcinomas [58].

The antineoplastic activity of metallocenes of MCp2X2 depends on the metal. The
complexes with Ti, V, Nb, and Mo are active, but the complexes with Ta and W show
insignificant activity, and these with Zr and Hf are inactive. Titanocene and vanadocene
dichlorides have exhibited the best action against lung, breast, and gastrointestinal can-
cers in vivo. Variations in halide and diacido ions have been widely studied mainly for
titanocene dichloride. It has been found that halides do not affect the antitumor activity.
Fractional studies have been performed on different substituents in Cp ligand structures,
and almost all of them have been limited to the titanocenes [56].

The dose-limiting toxic effects of TiCp2Cl2 include nephrotoxicity and elevation of
creatinine and bilirubin levels, which are cumulative but reversible. The detected hepatotox-
icity and gastrointestinal toxicity for titanocene dichloride are also the main disadvantages.
Concerning the mechanism of action, it is still not clear whether DNA is the main target
for Ti(IV) ions. The binding of titanium to nitrogen atoms in DNA appears to be weak at
neutral pH. It is supposed that the phosphate groups are the preferred ligands for titanium.
The binding of Ti(IV) to the Fe(III)-transport protein transferrin may also play a significant
role [56,58]. Furthermore, the studies of the hydrolysis processes, stability at different
pH, and the interactions with nucleic acids have established that each of the metallocene
representatives has its own mechanism of action specific for the respective metal cation.
The metallocenes of MCp2X2 have been initially tested as possible analogues of cisplatin,
but the effectiveness of TiCp2Cl2 against Pt-resistant cell lines indicated a completely differ-
ent mechanism of action that may lead to new therapeutic options against some types of
cancer. The antitumor activity of the metallocenes of MCp2X2 probably depends on the
hydrolysis of the metal, which for Ti, V, Zr, and Mo proceeds much faster than for cisplatin.
Some studies have suggested a correlation between DNA binding and anticancer activity
in that immediate complexation of the DNA nucleotides occurred with the active Ti and
Mo metallocenes, whereas the biologically inactive Hf and Zr metallocenes did not bind
significantly to DNA [64].

The titanocene derivative of tamoxifen (Figure 3) with antineoplastic activity revealed
a superior proliferative action on the estrogen-dependent tumor cells MCF7, derived from
a breast cancer line holding ER+ [56], similar to that detected with TiCp2Cl2. It has to be
mentioned that the resistance to tamoxifen, found in many types of breast cancer, remains
the most significant problem.

Numerous second- and third-generation antitumor titanium complexes have been
developed in order to reduce the decomposition rates and to increase the cellular uptake and
cytotoxic activity [65,66]. The most promising candidates possess an increased lipophilicity
of cyclopentadiene ligands, for instance, titanocene Y [67], complexes of hexadentate
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ligands with increased hydrolytic stability [68] and complexes possessing resistance to
transferrin binding [69].
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Recently, a series of titanocene(IV) carboxylate complexes have been synthesized,
which were more resistant to hydrolysis than titanocene dichloride. The newly synthesized
titanocene dicarboxylates have been tested on MCF7 and MCF7-10A cells [70]. Provoked by
the challenge to develop soluble and bio-obtainable forms of Ti(IV) compounds, new binary
Ti(IV)-(α-hydroxycarboxylic acid) complexes, incorporating natural ligands (α-hydroxy
isobutyric acid, D-quinic acid, 2-ethyl-2-hydroxybutyric acid) have been isolated [71]. The
cytotoxicity studies in 3T3-L1, Saos-2, and KS483 cell lines led to the formulation of a
well-defined antiproliferative profile for the tested compounds.

The inclusion of additional transition metal ions with different properties can func-
tionally complement parent monometallic complexes. This strategy has been employed
to develop new heterometallic compounds as antitumor therapeutics [72]. Due to the
relatively low stability of the Cp-Ti bond, another metal (Au) has been incorporated to the
benzoate ligand in order to increase the stability of the parent compound. The synthesis,
characterization, and stability studies of new titanocene complexes containing a methyl
group and a carboxylate ligand (mba = S–C6H4–COO−) bound to gold(I)-phosphane frag-
ments through a thiolate group have been reported. The obtained titanocene complex
[(η-C5H5)2TiMe(µ-mba)Au(PPh3)] (Figure 4) has been identified as the most active, show-
ing high cytotoxicity to Caki-1 renal cancer cell line by inducing apoptosis and necrosis.
Preliminary mechanistic studies in Caki-1 renal cells have indicated that the cytotoxic
and anti-migration effects of [(η-C5H5)2TiMe(µ-mba)Au(PPh3)] involve the inhibition of
thioredoxin reductase and loss of expression of protein kinases that drive cell migration
(AKT, p90-RSK, and MAPKAPK3). The colocalization of both titanium and gold metals in a
ratio of 1:1 in Caki-1 renal cells has been shown to indicate the strength of the heterometallic
compound in vitro. In a Caki-1 renal cancer xenograft mice model, the compound has
demonstrated only minor toxic effects.

The same group has another heterobimetallic Ti(IV)-Au(I) complex with a different
substituent [(η-C5H5)2TiMe(µ-mba)Au(PEt3)] (Figure 5).

The mechanism of action of Ti(IV)-Au(I) complexes was different compared to the
classical drug cisplatin. These complexes did not bind DNA, but they inhibited protein
kinases such as p90-RSK, AKT, MAPKAPA, and thioredoxin reductase [73]. The two new
Ti(IV)-Au(I) complexes have shown IC50 values under the µM range in the case of the renal
cancer cell line Caki-1 after 72 h incubation. These bimetallic compounds have been found
to be more cytotoxic than the Au(I) monometallic derivatives and much more cytotoxic
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than the titanocene dichloride, with effective antimigration and anti-invasive properties,
making them promising candidates for cancer chemotherapy.
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2.2. Zirconium(IV) Complexes

In aqueous solutions, Zr exists mainly in the +IV oxidation state, although some other
oxidation states (+I, +II, +III) have also been described. The Zr(IV) ion, with its [Kr]4d0

electronic configuration, is a highly charged cation with a small ionic size, which can form
complexes with flexible coordination geometries with variable coordination numbers from
4 to 12, the most common being 6 and 8. The Zr+4 ion with its high charge and small radius
is a typical hard Lewis acid, having a strong affinity for hard Lewis bases with O or N
donor atoms, and very sporadically with S donor atoms.

Zirconium possesses high coordination numbers and the ability to form stable com-
plexes. Despite the success of Ti(IV) complexes, reports for heavier analogues in zirco-
nium(IV) complexes with antitumor activity are rather scarce, which is principally due to
the unsatisfactory water stability of Zr(IV) complexes as demonstrated by earlier reports
of zirconocene dichloride and its amino derivatives [74] and Zr(IV) 1,3-diketonates [75].
Zr(IV) bis-chelated complexes of salan have demonstrated comparable antitumor activity
to cisplatin and good aqueous stability, but they had a low water solubility [76].

Metallocene-diacido complexes containing titanium, vanadium, niobium, zirconium,
and molybdenum have been found to exhibit variable antitumor activity for a wide
spectrum of tumors with reduced toxicity as compared to the classical drug cisplatin.
Zr(IV) coordination complexes of proton-transfer compounds containing pyridine-2,6-
dicarboxylic acid (Figure 6) with 2-methylimidazole and imidazole [2-mimH]2[Zr(pydc)3]
and [imiH]2[Zr(pydc)3].4H2O have been reported. The antiproliferative activity of the
tested compounds has been evaluated in vitro against human breast cancer MCF7, hu-
man lymphocyte HL60, and human colon adenocarcinoma HT29 cell lines. A significant
cytotoxic effect has been observed on MCF7 cells (IC50 = 10 µM) [77].

Zirconium(IV) complexes of substituted pyrazole derivatives, e.g., 4-[2-vinylthiophene]-
3-methyl pyrozolin-5(4H)-one, 4-[4-chloro benzylidine]-3-methyl pyrozolin-5(4H)-one,
and 4-[4-dimethylnitro benzylidine]-3-methylpyrozolin-5(4H)-one, have been synthesized.
The tested compounds exhibited considerable antitumor activity and cytotoxic specificity
towards a human colon carcinoma HCT-116 cell line [78].
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The synthesis and characterization of mixed ligand Zr(IV) complexes of 8-hydroxyquinoline
(Figure 6) as a primary ligand and amino acids (L-alanine, L-serine, glycine) as a sec-
ondary ligand have been reported [79]. The ligand 8-hydroxyquinoline stabilizes Group
4 (Ti, Zr, Hf) complexes. Zirconium complexes have been screened for their cytotoxic
properties on Ehrlich ascites and Daltonís lymphoma ascites tumor cell lines. New stabilized
Zr(IV) complexes of 8-hydroxyquinoline with solid state structures have recently been
obtained [80]. The compounds have demonstrated a good solubility and stability in H2O
and DMSO, which can explain their exceptional inhibition effects against human cervical
tumor Hela S3, human-derived hepatoma Hep G2, and human lung cancer PC9 cell lines
via an almost entirely induced apoptotic pathway.

The synthesis, characterization, and reactivity of mononuclear oxy-vanadium(IV)
and oxy-zirconium(IV) complexes (VO(ALz)2 and ZrO(ALz)2) of O,N-monobasic bidenate
arylhydazone derivative 2-((2-(2,4-dinitrophenyl)hydrazineylidene)methyl)-4-nitrophenol,
HALz (Figure 6) have recently been reported [81]. The biological activity of the complexes
was studied within the binding action towards ctDNA. Both V(IV) and Zr(IV) ions in the
complexes promoted their reactivity as antioxidant and antineoplastic reagents more than
the free ligand. The compounds have been tested against human colon carcinoma HCT-116,
human breast adenocarcinoma MCF7, and human hepatocellular carcinoma HepG2 cell
lines in vitro. It has been found that the prominent cytotoxic activity of V(IV) and Zr(IV)
complexes was due to the attendance of the high valent metal ions. Additionally, the
higher Lewis acidity of the V(IV) ion compared to the Zr(IV) ion resulted in more effective
biological activity.

Zirconium(IV) and other transition metal Schiff base complexes of (E)-1-((((1H-benzo[d]
imidazol-2-yl)methyl)imino)methyl)naphthalen-2-ol (Figure 6) have been synthesized [82].
The in vitro antitumor activities of the complexes were tested against human breast adeno-
carcinoma MCF-7, human hepatocellular carcinoma HepG2, and human colon carcinoma
HCT-116 cells. The zirconium(IV) complex has shown significant effects on the HCT-116
cell line.
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Although several isotopes of Zr including 86Zr (T1/2 = 17 h, γ), 88Zr (T1/2 = 85 d,
γ), and 89Zr (T1/2 = 78.4 h, β+) can be produced, 89Zr has received the most attention
for radiopharmaceutical applications. Of all the commercially available pure positron
emission tomography (PET) radionuclides, 89Zr is the only one with a sufficient half-life
(T1/2 = 3.27 d) to be useful for the labeling of antibodies, antibody fragments, cells, and
nanoparticles. The radionuclide zirconium-89 has found extensive use for positron emission
tomography imaging when it is coupled with proteins, antibodies, nanoparticles, etc., [83].
Stable coordination of radioactive 89Zr4+ in an aqueous environment is of critical importance
to attach the 89Zr radioisotope to the targeting biomolecule. Many papers focused on the
design of high-affinity Zr chelators have been reported [84]. Polyazacarboxylate chelators
are the best known. The structures of cyclic (1,4,7,10-tetrakis(carbamoylmethyl)-1,4,7,10-
tetraazacyclododecane DOTAM and 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetra(methylene
phosphonic acid) DOTP) 89Zr polyazacarboxylate chelators, used in radiopharmaceutical
applications, are shown in Figure 7.

 
Figure 7. Structures of cyclic (DOTAM, DOTP) 89Zr polyazacarboxylate chelators, 
used in radiopharmaceutical applications. 

 

Figure 7. Structures of cyclic (DOTAM, DOTP) 89Zr polyazacarboxylate chelators, used in radiophar-
maceutical applications.

The Zr(IV) cation prefers polyanionic hard donor ligands, as proved by the stability
constants of its complexes with the acyclic polyazacarboxylate chelators with a dodec-
ahedron arrangement and a coordination number of eight. Tetraazamacrocycles, like
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DOTA and its derivatives (DOTAM and DOTP), do not fit well with the high oxophilic
demand of the hard Zr(IV) cation. Recent studies have proved the ability of DOTA and
its derivatives with phosphonate pendant groups (DOTP) and with hydroxamate pen-
dant groups (DOTAM) to yield stable 89Zr-labeled compounds with octahedral geom-
etry and a good performance in vitro and in vivo [85]. The availability of 89Zr oxalate
or zirconium-89 chloride is crucial to the development of efficient immuno-PET agents.
Radioactive analogs, based on the 89Zr-oxalate precursor, resulted in low radiochemical
yields, possibly due to the competition between the macrocycle chelator and the oxalates
in solution. In contrast, the usage of the zirconium-89 chloride 89ZrCl4 allowed measur-
able complexation of the chelators. The studies on the stability of these DOTA-based
complexes have confirmed their notable stability. It has been found that the order of the
complexes’ stability is 89Zr-DOTA > 89Zr-DOTP > 89Zr-DOTAM. Recently, the same authors
have described the synthesis and characterization of Zr complexes with octacoordinated
polyazamacrocycle chelators: 1,4,8,11-tetraazacyclotetradecane-1,4, 8,11-tetraacetic acid
(TETA), 2,2′,2′′,2′ ′ ′-(1,4,7,10-tetraazacyclotridecane-1,4,7,10-tetrayl) tetraacetic acid (TRITA),
3,6,9,15-tetraazabicyclo[9.3.1]pentadeca-1(15), 11,13-triene-3,6,9-triacetic acid (PCTA), and
2,2′,2′′-(triazacyclononane-1,4,7-triyl)-triacetic acid (NOTA), Figure 8 [86].
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The research of the important PET isotope 89Zr has developed quickly for understand-
ing zirconium chemistry and for designing ligands that stably chelate 89Zr. Many ligands
containing hydroxamate, hydroxyisopthalamide, terepthalamide, tetraazamacrocycles, and
hydroxypiridinoate coordinating units have been examined to efficiently chelate 89Zr.
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2.3. Hafnium(IV) Complexes

Hafnium is a chemically reactive metal in the titanium-triad of the periodic table,
closely related to titanium and zirconium. The ionic radius of Hf(IV) is higher than that of
Ti(IV) and similar to that of Zr(IV), which may result in some specific characteristics for the
complexes of Hf(IV), for instance, Hf(IV) is a softer Lewis acid than Ti(IV) and Zr(IV) ions.
Hafnium coordinates with ligands holding O, N, and S donor atoms in the +4 oxidation
state with a preference for soft bases containing nitrogen atoms.

Various Hf(IV) complexes have found different applications, though there are not
many reports on their antitumor activity. Cytotoxic Hf(IV) complexes are mainly complexes
of β-diketonates, but they have a low stability and undefined mechanism of action. Zhao
et al. have recently reported the synthesis of novel heptacoordinated Hf(IV) complexes
of salan derivatives and 2,6-dipicolinic acid showing a rapid cellular uptake process [87].
The complexes have been evaluated against the human cervical carcinoma Hela S3 and
human-derived hepatoma Hep G2 cells. Nevertheless, their anticancer activity, hydrolytic
performance, and the involved interactions remained unclear. Salan Hf(IV) alkoxyl and
bimetallic oxidobridged Hf(IV) complexes have been recently obtained [88]. The complexes
have demonstrated improved hydrolytic stability and antineoplastic activity against Hela
S3 and Hep G2 cell lines. Principally, the hafnium(IV) and zirconium(IV) complexes are
very similar with regard to their geometry and coordination modes. Hafnocene dichloride
showed no activity against several tumor cell lines, for instance bis- or tris-β-diketonate
Hf(IV) complexes had comparable inhibitory activity against the human colon cancer HT-29
and human breast cancer MCF-7 cells compared to cisplatin. In fact, Hf exhibits biomedical
advantages such as biocompatibility and low toxicity [89]. Hafnocene dichloride HfO2,
possessing remarkable chemical inertness, has been used in microneedles for transdermal
drug delivery [90].

In addition, Hf(IV) possesses strong X-ray attenuation capability and can serve as
a radio-sensitizer, including HfO2 nanocrystal assemblies [91], Hf(IV)-based nanoscale
metalloorganic frameworks, and Hf carbon dots covering a photosensitizer used for com-
bined radiation therapy and photodynamic therapy [92]. Many studies have explored
the application of Hf-based nanomaterials in cancer imaging and diagnosis, exhibiting
favorable safety profiles with controllable toxicity [93,94]. These nanomaterials not only
hold the potential for tumor visualization and diagnosis but also for cancer therapy, due to
their unique structures and chemical functionalities.

3. d-Elements of Group 5
Vanadocenes and Other Vanadium Complexes

Many studies have established that V complexes reduce tumor growth and provide
anticancer protection [95,96]. Vanadium complexes have been shown to exert either anti-
proliferative or, in some cases, proliferative effects on various cell types, for instance, at
low doses they stimulated, but at higher amounts inhibited, tumor formation. It has
been supposed that the mechanism of anticancer activity of vanadium includes OS, DNA
binding, cellular cycle regulation, and programed cellular death.

Vanadium is a biologically vital metal with the capability to adopt several oxidation
states from +1 to +5 which provides V complexes unique characteristics and a crucial
role in interactions with biomolecules. Particularly, V(IV) exerts functions in various
biological systems by catalyzing reactive oxygen species (ROS) generation. Notably, V(IV)
organometallic complexes with bis(cycopentadienyl) moieties or vanadocenes exhibit
antitumor properties in vitro and in vivo, primarily through oxidative damage. It seems
that the mechanisms of action of vanadocenes are dissimilar from those of titanocenes and
other known metallocenes. Among the metallocenes, the most promising is vanadocene
dichloride [95,96]. Its antitumor activity against human colon and lung carcinomas has
been associated with the inhibition of DNA and RNA synthesis in tumors.

New oxovanadium(IV) complexes with acetyl- and benzoylacetone-S-alkyl-thiosemicar-
bazones (alkyl= methyl, ethyl, propyl or butyl) and salicylaldehyde ligands, Figure 9,
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have been recently synthesized [97]. The cytotoxicity of the obtained complexes has been
determined against the MCF-7, MDA-MB-231, and 3T3 cell lines. All the complexes
have shown improved cytotoxic effects than the drug 5-fluorouracil. The most effective
was the complex holding the S-propyl group. Additionally, the capability of the tested
compounds to inhibit xanthine oxidase, elastase, and neuraminidase has been studied and
the complexes showed the inhibition of elastase and xanthine oxidase. The complexes
containing ethyl and propyl groups have shown a better inhibition of neuraminidase than
that of quercetin.
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Many biologically active reductants change the vanadate ion, [O2V]+, in coordination
compounds, for instance, cis-[(OH)2O2V(V)]−, to the vanadyl ion, [OV(IV)]2+. The ion
[OV(IV)]2+ can bind bioproteins and other cellular constituents with oxygen and nitrogen
donors, where transferrin seems to be involved in this metabolism. Vanadate [O2V]+ and
vanadyl [OV(IV)]2+ ions inhibit numerous phosphatases, ATPases, kinases, nucleases, etc.
Vanadate(V) and vanadyl(IV) cations mimic the insulin effect, possibly by preventing the
participation of protein phosphotyrosine phosphatase (PPTK). This leads to the inhibition of
the insulin receptor kinase, responsible for the inactivation of insulin receptors, and to lipid
peroxidation in hepatocytes. The inorganic salts [OV]SO4 and Na[VO2] inhibit the prolifer-
ation of cancer cells without affecting normal cells. The cytotoxic activity is improved in the
presence of H2O2. [O-(maltolato)2V] has shown activity against MDAY-D2 implanted can-
cers [98]. Hydrogen peroxide dislocates oxo-groups from [O2V]+ compounds, thus forming
side-bound peroxo-vanadates. Cytotoxicity against L1210 leukemia cells has been detected
for peroxo-vanadium compounds, such as (NH4)4[O(O(O2)2V)2], M3[O(O2)2(C2O4)V],
and NH4[O(O2)(malato)V], where M = K+, NH4

+. In the presence of hydrogen perox-
ide, [OV(IV)]2+, which displays antitumor activity, cleaves DNA probably by producing
hydroxyl ROS. In general, vanadium peroxidase activity appears to be dominant in its
antineoplastic activity, perhaps via oxidative DNA damage; however, the inhibition of
enzymes is also likely.

4. d-Elements of Group 6
4.1. Molybdenum(II) Complexes

Molybdenum is one of the ten essential biogenic metals [23–29], which is the only
metal of the second transition series that is vital for life. The biochemical significance of
Mo is due mostly to its various oxidation states, which afford easy and different electron-
transfer routes. Its ability to form strong chemical bonds with O-, S-, and N-donor atoms is
of great importance for the interactions with numerous biomolecules. Biological usages
of Mo compounds are attributable to the ability of bioligands to chelate with trace Mo
ions, to their specific mechanisms of action, and to their aptitude in generating ROS. These
features can disturb the redox balance of biosystems leading to a rise in DNA damage, lipid
peroxidation, cell toxicity, etc. In the literature, the molybdate anion MoO4

2− is reported to
prevent lipid oxidation and defend antioxidant biological systems in vivo. The analogous
tetra-thiomolybdate anion MoS4

2− is an appropriate Cu chelator not only for its ability
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to decrease Cu amounts, but also as a cytotoxic agent in breast cancer and esophageal
carcinoma therapy in clinical trials [32]. Ammonium tetra-thiomolybdate is clinically
approved as an anticancer agent. Furthermore, poly (lactic-co-glycolic) acid nanoparticles
containing Mo octahedral clusters have been utilized for PDT of ovarian cancer [99].

In the search for new antitumor metal complexes within the transition metals, the
coordination compounds of molybdenum have been the least considered. Molybdenum(II)
complexes with 2-(pyridine-2-yl)-1H-benzo[d]imidazole ligand, Figure 10, have shown
cytotoxic effects against HeLa cells with IC50 values of 15 µM and 12 µM, respectively [100].
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In therapeutic practice, molybdenum radioactive isotopes are utilized for diagnostic
determinations for liver scanning and examination of blood circulation in muscles. The key
molybdenum isotopes are 95Mo, 96Mo, 98Mo, and 99Mo, the last being the most commonly
used diagnostic medical isotope [23–30].

4.2. Tungstenocenes

Inspired by the success of titanocene dichloride, molybdocene dichloride (Cp2MoCl2)
and tungstenocene dichloride (Cp2WCl2) were developed as potential antitumor agents
along with other metallocenes based on vanadium, niobium, and rhenium, capitalizing on
their specific physicochemical properties [101]. The molybdenocenes and tungstenocenes
bear a cis-dihalido motif like cisplatin, which is the primary reason for their interest in
anticancer drug discovery. Molybdocene dichloride has received more attention than tung-
stenocene dichloride based on its more stable metal-Cp bonds, improved antineoplastic
properties, and favorable hydrolysis chemistry. Tungstenocene chemistry was abandoned
for many years in research, until the great cytotoxic activity of Cp2WCl2 derivatives bearing
3-hydroxy4-pyrone ligands, such as [(Cp2W(ethyl-maltolato)]Cl, was discovered and com-
pared to the cytotoxicity of molybdenocenes [102]. The in vitro cytotoxic activity of these
tungstenocenes, bearing (O,O–) donor ligands, has been improved, compared to Cp2WCl2,
against HT29 colon cancer and MCF-7 breast cancer cell lines.

Furthermore, the structure modification by replacing chlorido ligands with bioac-
tive chelating ligands has modulated the aqueous solubility, as well as stability, and the
functionalization of the bidentate ligands provided has improved the antitumor potential.
Another strategy for increasing anticancer activity could be the functionalization of the
Cp ring with hydrophobic or hydrophilic groups and biologically active molecules. In
fact, anticancer studies with tungstenocenes are very rare. Nevertheless, with the correct
choice of chelating ligands (containing softer S-donors), an improved stability of the tung-
stenocenes can be attained, making this class of compounds more interesting in terms of
anticancer research. A wide range of ligands have been utilized, including thiol derivatives
of 3-hydroxy-4-pyrones, to improve the stability and the in vitro cytotoxicity. Recently, the
synthesis, characterization, and biological studies of ten tungstenocenes containing (O,O–),
(S,O–) or (N,O–) chelates, as well as mode-of-action studies, have been reported [103]. The
bidentate ligand scaffolds have been coordinated to the cytotoxic tungstenocene dichloride,
enhancing the cytotoxic activity and increasing the stability of the complexes in aqueous
media. The influence on the aqueous stability of the W–S vs. W–O bonds and counter ion
exchange from chloride to hexafluorophosphate has been discussed. The natural product
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3-hydroxy-2-methyl-4-(1H)-pyrone (maltol), commonly applied as a ligand with a broad
range of biologically relevant metals, has been used because of its potential bioavailabil-
ity. Along with maltol, additional bioactive ligands such as thioallomaltol, ethylmaltol,
thiomaltol, thioethylmaltol, picolinic acid, deferiprone, 3-hydroxy-2-(4′-chlorophenyl)-
chromen-4-thione, and 3-hydroxy-2-(4′-chlorophenyl)-chromen-4-one (Figure 11) have
been used. Ethylmaltol and its thioethylmaltol analogue were used for comparison pur-
poses. Biologically active picolinic acid has demonstrated immunological, neuroprotec-
tive, and antiproliferative effects, while deferiprone has been shown to selectively kill
tumor cells over normal cells. This group of ligands was suitable to determine the most
promising chelating motif and to identify structure–activity relationships for the studied
maltol-based complexes.
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Complexes have been obtained by exchanging the chlorido ligands of the tung-
stenocene dichloride (Cp2WCl2) by the abovementioned ligands, resulting in positively
charged complexes [Cp2W(L)]+. The cytotoxicity of the obtained compounds has been in-
vestigated by means of the MTT assay against the human cancer cell lines A549 (non-small
cell lung carcinoma), SW480 (colon carcinoma), CH1/PA-1 (ovarian teratocarcinoma), and
human lung fibroblasts IMR-90. Compounds with (thio)flavone ligands were the most
active of this series. The picolinic acid and deferiprone derivatives have shown negligible
activity, while the allomaltol, thioallomaltol and ethylmaltol derivatives have shown similar
activity to the complex with maltol. Overall, the (S,O–) chelates have been more active
than their (O,O–) counterparts with improved IC50 values. Tungstenocenes were found to
be more active than molybdenocenes, which was probably due to their lower oxidation
potentials and higher redox activity under physiological conditions compared with their
Mo analogs. To find the mode of action of the new tungstenocenes, the potential to form
ROS and apoptosis induction have been studied in HCT116, HT29, and MCF-7 cell lines.
The most active complexes induced apoptosis and necrosis in a concentration-dependent
manner in all three cell lines [103].
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The biocompatibility and low toxicity of tungsten disulfide (WS2) nanotubes and
nanoparticles make them suitable for biomedical applications. One potential application
is photothermal therapy (PTT), a method for the targeted treatment of cancer, in which a
light-responsive material is irradiated with a laser in the near-IR range. Polyoxometalates,
a type of O-cluster anions formed by transition metals such as V, Nb, Ta, Mo, and W in their
highest oxidation states, can implement a variety of sizes, shapes, and compositions. This
adaptive nature allows their application in many medical fields [36]. Polyoxotungstates
in medicine have been studied for their application as antitumor agents and for a range
of other medicinal applications [37]. Nevertheless, they are not close to a clinical trial or a
final application in the treatment of malignant diseases.

5. d-Elements of Group 7
5.1. Manganese(II) Complexes

The Mn(II) cation is characterized as a spherically polarized ion, which is a typical
hard Lewis acid. That is why the most stable complexes of Mn(II) have been produced
with hard ligands containing O and N donor atoms. Mn(II) cations coordinate with EDTA,
CDTA, DOTA, DTPA, and their derivatives (Figure 12). Mn(II) ions possess five unpaired
electrons, which leads to high paramagnetic moments of the complexes. Consequently,
the obtained Mn(II) complexes with the above ligands have been studied as possible MRI
contrast agents [46–48].
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Manganese salts and complexes are investigational ambiguous cancerogenic agents.
Although the antineoplastic properties of manganese complexes are underexplored, a
number of cytotoxic Mn(II/III) complexes containing Schiff base, porphyrin, flavonoids,
and polypyridyl ligands have been identified. Mn(II) complexes are generally stable
and inert to biomolecules because of the protective effect of bioligands and can therefore
alleviate the toxicity of Mn(II) cations. It has been proven that Mn(II) cations are mainly
absorbed and transported by transferrin (Tf) and the transferrin receptor (TfR) system,
which is highly expressed in cancer cells. The cellular mechanism of action of Mn(II/III)
complexes is highly dependent on the nature of the coordinated ligand. Many studies have
shown that manganese and its coordination compounds increase markers of OS in various
cell lines because of intracellular ROS generation. Utilizing Mn over other more common
endogenous metals like Cu and Fe leads to advantages in many physiologically important
processes including Mn-mediated ROS generation.

The antitumor Mn(II) complexes with thiosemicarbazone or hydrazone groups work
by the induction of apoptotic cell death at relatively high concentrations [44]. Dithiocarba-
mate (R2NCS2

−) ions strongly coordinate in a bidentate chelating mode metal cations in
different oxidation states owing to the high electron density on the S atoms of the dithiocar-
bamato moieties. The use of low toxic dithiocarbamate ligands with different donor groups
such as O and N in amino acids to synthesize complex compounds increases the anticancer
activity [104].

Wang et al. have reported two Mn(II) complexes [Mn(QA)Cl2] and [Mn(QA)(OAc)
(H2O)2]OAc where OAc = acetate ion and QA = 2-di(picolyl)amine-N-(quinolone-8-yl)aceta-
mide (Figure 13) [105]. The obtained manganese(II) complexes were tested against the
HepG-2 cell line. The IC50 values revealed that [Mn(QA)Cl2] was more cytotoxic than the
other complex towards the HepG-2 cell line.
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A new Mn(II) complex has been derived from the condensation of 2-aminophenol with
2-hydroxynapthaldehyde [106]. The in vitro cytotoxicity of the synthesized complex has
been screened out against HCT-116, HepG-2, and MCF-7 cancer cell lines, showing better
cytotoxicity against MCF-7, followed by HepG-2 and HCT-116 cancer cell lines. Khan et al.
have recently synthesized a Mn(II) complex of imidazole, Figure 14 [107]. The MTT assay
indicated that this complex can be used as anticancer agent against the RAW 264.7 cell line.

The Manganese(II) complex of N-(3-chlorobenzylidene)-1H-1,2,4-triazol-3-amine,
Figure 15, has been investigated and found to exert anticancer properties against the
human breast cancer MCF7 cell line [108].

The Mn(II) coordination compound of the ligands saccharin and 2,6-bis(2-benzimidazolyl)-
pyridine, Figure 16, displayed around a 3-fold stronger cytotoxicity towards A549 and
HT-29 tumor cells than cisplatin with an IC50 = 7.86 µM and 3.50 µM, respectively. The
compound has shown no toxic effects against normal MCF10A cells. The Mn(II) complex
has induced cell arrest in the G0/G1 phase, enhanced intracellular ROS amounts, produced
mitochondrial dysfunction, and shown nuclease activity [109].
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the complex showed around 10–40-fold better activity than cisplatin or salinomycin and 
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Figure 16. Mn(II) complex with saccharin and 2,6-bis(2-benzimidazolyl)pyridine.

The Mn(II) complex containing 1,10-phenanthroline and two diclofenac molecules
(common non-steroidal inflammatory drug (NSAID) type ligands), Figure 17, has demon-
strated a high antiproliferative activity against breast (HMLER) and breast CSC-enriched
(HMLERshEcad) cancer cell lines (IC50 = 0.186 µM and 0.137 µM, respectively). Notably, the
complex showed around 10–40-fold better activity than cisplatin or salinomycin and above
60-fold higher potency against breast CSCs cells than against normal skin fibroblasts. Its
mechanism of action includes intracellular ROS generation and cyclooxygenase-2 (COX-2)
inhibition [110].
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The manganese(II) cation possesses many characteristics that are valuable for MR,
PET, and positron emission tomography–magnetic resonance imaging (PET–MRI), such
as kinetic lability, a long relaxation time, high spin number, and fast water exchange. The
Mn(II) ion is one of the most promising options compared to the Gd(III) ion as a result of
its lower thermodynamic stability and kinetic inertness than that of Gd(III) or other active
metal ions. This is because of the smaller charge of Mn(II) and the minimum ligand-field
stabilization energy due to its d5 electron configuration [44].
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Several manganese radionuclides are currently known with their valuable properties;
for example, Mn-51, Mn-52m, and Mn-52g are positron emitters used in MR, PET, and
PET/MR imaging [45]. 51Mn (T1/2 = 46 min) has a satisfactory β+ branching fraction similar
to that of 68Ga (T1/2 = 68 min), which is appropriate for the imaging of fast bioprocesses. The
β+ energy of 52mMn is higher than that of 51Mn. In contrast to 51Mn and 52mMn isotopes,
the most promising 52gMn has a suitable long half-life (T1/2 = 5.6 d), which is advantageous
for target separations and chemical handling of the radionuclide. Furthermore, its half-life
is well suited for the investigation of slow bioprocesses, for instance, the pharmacokinetics
of antibodies. For medical imaging, the attention is on the long-living 52gMn and its
effective usage for radiolabeling of molecules, the imaging of Mn-dependent biological
processes, and the development of PET/MRI probes in combination with the paramagnetic
contrast agent natMn. Since natMn(II) is paramagnetic and PET isotopes of the metal are
available, isotopically radiolabeled Mn-based PET/MRI contrast agents could be interesting
agents with a high potential to become new emerging radiometals for nuclear medicine
applications. The main challenge is the possibility to find suitable chelators, which can
yield Mn(II) complexes of tolerable stability and relaxivity. Various approaches towards the
development of these Mn(II) complexes have been broadly described in the literature [45].

5.2. Technetium Complexes

As members of Group 7 of the periodic table, the elements technetium and rhenium
possess a rich coordination chemistry. In the heterometallic complex (Figure 18), the
99mTc-tricarbonyl unit has been combined with a Pt complex to allow biodistribution
investigations and imaging studies in normal mice. The intensity of radioactivity has been
found to be higher in the excretory liver and kidney, where the complex accumulated the
most [111].

Technetium is a radioactive element, with no stable isotopes. Technetium-99m is
the most extensively used radioisotope in nuclear diagnostic imaging. Its short half-life
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(T1/2 = 6 h), easy assimilation into a variety of carrier molecules, low energy γ-emission,
and fast excretion make it perfect for obtaining images of the most important internal
organs and skeleton of the human body. Technetium-99m is easily generated at the bed-
side from the long-lived radioisotope molybdenum-99. Many 99mTc radiopharmaceutical
drugs, mainly coordination complexes, are currently in use for the imaging of different
body organs, including bones, brain, lungs, thyroid gland, myocardium, liver, etc., [49,50].
Modern trends in the radiopharmaceutical chemistry of technetium focus on the ‘label-
ing’ of biologically active molecules such as peptides, steroids, or other receptor-seeking
units. The bioligands play a central role in the targeting functions of the complexes, for
instance, phosphate and phosphonate complexes for bones. Bone scanning by means of
99mTc methylene diphosphonate (99mTc-MDP) is used to estimate renal osteodystrophy.
Methylene diphosphonate adsorbs to bones and shows a better affinity to locations of
new bone formation [49,51]. SPECT with 99mTc-glucoheptonate (99mTc-GHA) has shown
promising results in brain scans for the differentiation of recurrent brain tumors from
radiation necrosis. Cardiolite (99mTc-sestamibi) and Neurite (99mTc-disicate) have been
used for folate-receptor-positive tumor tissues. 99mTc-MIP-1404 is used for prostate cancer
imaging [49,52].
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5.3. Rhenium Complexes

Of the variety of metal cations being studied for therapeutic applications, rhenium
and its complexes are among the most promising antitumor agents. Perrhenate ion ReO4

−

is one of the least toxic transition metal ions; therefore, Re compounds are very attractive in
anticancer drug discovery. The Re(I) tricarbonyl complex compound, Figure 19, holding
1-naphthalenesulfonamide has been reported to have more activity than cisplatin against
NCI-H292 lung cancer cells, with IC50 = 9.91 µM. This compound was around 5-fold less
toxic against normal lung fibroblast cells. In contrast, a similar 2-naphtalenesulfonamide
complex had no cytotoxic activity against the NCI-H292 cell line [112].

Re(I) tricarbonyl complexes containing bipyridine derivatives with different sub-
stituents, Figure 20, have exhibited strong cytotoxic effects towards HCT-116 cells
(IC50 = 5.0–6.0 µM) and are less toxic towards normal fibroblast cells. Re(I) tricarbonyl
complexes with bipyridine ligands have not caused cardiotoxic, hepatotoxic, or myelosup-
pressive effects and have been shown to possess stronger anticancer and anti-angiogenic
activity than the well-known drugs cisplatin or sunitinib. Re(I) complexes containing
diethylamine or diisopropylamine instead of diisobutylamine were not selective towards
HCT-116 cells in vitro, while derivatives disubstituted with 2-toluidine or trimethylamine
possessed around ten times less antitumor activity towards HCT-116 cells [113].
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A series of Re(I)/Au(I) heterotrimetallic complexes with the general formula
fac-[Re(CO)3(bipy(CC)2-(AuL)2)X]n, where bipy(CC)2 = 4,4’-alkynyl-2,2’-bipyridine and
L = triphenylphosphine (PPh3); [1,3-bis(2,6-diisopropylphenyl)-imidazol-2-ylidene] (IPr);
tert-butyl isocyanide (CNtBu) and X = Cl− (n = 0); CH3CN (n = 1), (Figure 21), have
been obtained and compared with fac-[Re(CO)3(bipy(CC)2)X]n. The cytotoxic activity of
gold(I)-rhenium(I) heterometallic neutral and ionic complexes has been assessed against
A549 and He-La cell lines and the results have shown better selectivity towards HeLa
cells, probably associated with the Au fragment [114]. The cationic complexes have gen-
erated better results than the neutral complex compounds. The cellular uptake of gold(I)
ancillary ligands follows the order -PPh3>-CNtBu>-Ipr. In the case of the A549 cell line,
all the complexes have accumulated outside the cells, whereas in the HeLa cell line, the
cationic complexes have been found very close to the membrane, signifying some kind of
interaction of the compounds with the cellular membrane, thus elucidating the observed
cellular selectivity demonstrated in A549 and He-La cell lines. The stronger cytotoxicity of
fac-[Re(CO)3(bipy(CC)2)X]n against HeLa cells can be connected with its solubility.

The combination of two different metal centers, Pt(II) with therapeutic properties and
Re(I) with diagnostic properties for theranostics, has been investigated [111]. The new
heterometallic complex (Figure 22) has a Re moiety with photosensitizing properties and a
non-classical Pt center with basic cytotoxicity in the dark.

There is great interest in the application of rhenium in medical diagnostics for imaging
determinations based on its radioactive beta-emitter isotopes 186Re (T1/2 = 16.9 h) and 188Re
(T1/2 = 89.2 h) that combine diagnosis by radio imaging with conventional γ-cameras with
therapeutic actions, allowing an effective energy transfer to cancer tissue. Radioisotopes of
rhenium, 188Re (β-emitter) and 186Re with decays by electron capture and beta-emission,
are used in the treatment of malignant cancers, bone metastases, rheumatoid arthritis, etc.
Colloidal S-particles labelled with rhenium-186 are used in radiosynovectomy in rheuma-
toid arthritis therapy and 188Re-1,1-hydroxyethylidenediphosphonate (188Re-HEDP) for
bone pain palliation in cases of prostate cancer [55]. Rhenium radioisotopes have both
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particle emissions with characteristics appropriate for targeted treatment and photon emis-
sions, which may be used for diagnostic investigation purposes by SPECT. The best studied
coordination complexes of technetium and rhenium are those with carbonyl and nitrosyl
ligands such as [M(CO)3]+, [M(CO)2(NO)]2+, which is isoelectronic to [M(CO)3]+, as well
as [ReCl2(CO)2(NO)]2 and [M(CO)3X3]2− anions (M = Re, Tc; X = Cl, Br). It is clear from the
structures that for both metals, substitution of more than one CO ligand was not observed.
Many of the Re(I) tricarbonyl complexes were noted as photosensitizers for PDT [115].
New Re(I) tricarbonyl complexes containing the water-soluble phosphines 3,7-Diacetyl-
1,3,7-triaza-5-phosphabicyclo[3.3.1]nonane (DAPTA) and tris(hydroxymethyl)phosphine
(THP), Figure 23, have been found not to be toxic for HeLa, A2780, and A2780cisR cell lines
in the dark (IC50 > 200 µM). However, after 365 nm light irradiation clear phototoxicity of
the compounds towards HeLa, A2780, and A2780cisR cells has been observed with low
values of IC50. The mode of action possibly includes the release of CO and ROS [116].
Further studies with biologically relevant organic ligand systems and chelators (viz., cyclic
thioethers, diimines, aminocarboxylic acids, N-heterocyclic carbenes, phenylimido, etc.),
which are promising for the bifunctional approach, are currently in progress and it is to
be expected that this new class of technetium and rhenium compounds will play a role in
future radiopharmaceutical research.
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6. Conclusions and Prospective 
In this review, the rapid progress in the design and application of metal-based com-
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treatment and diagnostics has been summarized. Cancer imaging, diagnostics, and ther-
apies that include metal-based compounds have improved in the last several years. The 
transition metal complexes and metallocenes of the reviewed elements possess a good 
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6. Conclusions and Prospective

In this review, the rapid progress in the design and application of metal-based com-
pounds (metallocenes and metal complexes) of elements from Groups 4 to 7 in cancer
treatment and diagnostics has been summarized. Cancer imaging, diagnostics, and ther-
apies that include metal-based compounds have improved in the last several years. The
transition metal complexes and metallocenes of the reviewed elements possess a good anti-
carcinogenic activity. Some of them have proved to be very active antiproliferative agents
against various cancer cell lines. The results showed that the complexes increase the cyto-
toxic activity with respect to the free ligands. Among numerous metal-based compounds
reported, some candidates with these elements have been found as good alternatives to
classical anticancer drugs, offering lower toxicity, broader ranges of oxidation states, slow
ligand exchange rates, and various coordination numbers and geometries, which provide
different modes of action and reactivity. The possible application of transition metal com-
plexes of the studied groups of the periodic table is an underdeveloped research area and
is full of opportunities for further progress.
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14. Ścibior, A.; Pietrzyk, Ł.; Plewa, Z.; Skiba, A. Vanadium: Risks and possible benefits in the light of a comprehensive overview of its

pharmaco-toxicological mechanisms and multi-applications with a summary of further research trends. J. Tr. Elem. Med. Biol.
2020, 61, 126508. [CrossRef]

15. Anke, M. Vanadium-an element both essential and toxic to plants, animals and humans. Anal. Real. Acad. Nac. Farm. 2004, 70,
961–999.

16. Rehder, D. Vanadium: Biological, Environmental, and Engineering Aspects. Adv. Chem. Res. 2020, 2, 002. [CrossRef]
17. Amante, C.; De Sousa-Coelho, A.L.; Aureliano, M. Vanadium and melanoma: A systematic review. Metals 2021, 11, 828. [CrossRef]
18. Treviño, S.; Diaz, A. Vanadium and insulin: Partners in metabolic regulation. J. Inorg. Biochem. 2020, 208, 111094. [CrossRef]
19. Crans, D.C.; Henry, L.; Cardiff, G.; Posner, B.I. Developing vanadium as an antidiabetic or anticancer drug: A clinical and

historical perspective. Met. Ions Life Sci. 2019, 19, 203–230.
20. Zhou, Y.L.; Niinomi, M.; Akahori, T.; Nakai, M.; Fukui, H. Comparison of various properties between titanium-tantalum alloy

and pure titanium for biomedical applications. Mater. Transact. 2007, 48, 380–384. [CrossRef]
21. Huang, G.; Pan, S.T.; Qiu, J.X. The clinical application of porous tantalum and its new development for bone tissue engineering.

Materials 2021, 14, 2647. [CrossRef]
22. Halmi, M.I.E.; Ahmad, S.A. Chemistry, biochemistry, toxicity and pollution of molybdenum: A mini review. J. Biochem. Microbiol.

Biotechnol. 2014, 2, 1–6. [CrossRef]
23. Schwarz, G. Molybdenum cofactor and human disease. Curr. Opin. Chem. Biol. 2016, 31, 179–187. [CrossRef] [PubMed]
24. Mendel, R.R.; Bittner, F. Cell biology of molybdenum. Biochim. Biophys. Acta (BBA)-Mol. Cell Res. 2006, 1763, 621–635. [CrossRef]

[PubMed]
25. Hille, R.; Nishino, T.; Bittner, F. Molybdenum enzymes in higher organisms. Coord. Chem. Rev. 2011, 255, 1179–1205. [CrossRef]
26. Rana, M.; Bhantana, P.; Sun, X.C.; Imran, M.; Shaaban, M.; Moussa, M.; Hu, C.X. Molybdenum as an essential element for crops:

An overview. Int. J. Sci. Res. Growth 2020, 24, 18535.
27. Ferreira, C.R.; Gahl, W.A. Disorders of metal metabolism. Transl. Sci. Rare Dis. 2017, 2, 101–139. [CrossRef] [PubMed]
28. Ghasemzadeh, N.; Karimi-Nazari, E.; Yaghoubi, F.; Zarei, S.; Azadmanesh, F.; Reza, J.Z.; Sargazi, S. Molybdenum cofactor biology

and disorders related to its deficiency; a review study. J. Nutr. Food Secur. 2019, 4, 206–217. [CrossRef]
29. Novotny, J.A.; Peterson, C.A. Molybdenum. Adv. Nutr. 2018, 9, 272–273. [CrossRef]
30. Crawford, A.M.; Cotelesage, J.J.; Prince, R.C.; George, G.N. The catalytic mechanisms of the molybdenum and tungsten enzymes.

In Metallocofactors that Activate Small Molecules; Ribbe, M., Ed.; Structure and Bonding; Springer: Cham, Switzerland, 2018;
Volume 179.

31. Iksat, N.N.; Zhangazin, S.B.; Madirov, A.A.; Omarov, R.T. Effect of molybdenum on the activity of molybdoenzymes. Eurasian J.
Appl. Biotechnol. 2020, 2, 1–13. [CrossRef]

32. Xing, Y.; Cai, Y.; Cheng, J.; Xu, X. Applications of molybdenum oxide nanomaterials in the synergistic diagnosis and treatment of
tumor. Appl. Nanosci. 2020, 10, 2069–2083. [CrossRef]

33. Bolt, A.M.; Mann, K.K. Tungsten: An emerging toxicant, alone or in combination. Curr. Environ. Health Rep. 2016, 3, 405–415.
[CrossRef]

34. Rieber, M. Cancer pro-oxidant therapy through copper redox cycling: Repurposing disulfiram and tetrathiomolybdate. Curr.
Pharm. Des. 2020, 26, 4461–4466. [CrossRef]

https://doi.org/10.1021/acs.chemrev.8b00271
https://doi.org/10.3390/inorganics7030031
https://doi.org/10.1016/j.ejmech.2021.113308
https://doi.org/10.1016/j.xcrp.2021.100446
https://doi.org/10.3390/molecules24152739
https://doi.org/10.3390/inorganics11020056
https://doi.org/10.1186/s40729-019-0162-x
https://doi.org/10.3390/ma12030368
https://doi.org/10.3390/inorganics10120244
https://doi.org/10.1016/j.jtemb.2020.126508
https://doi.org/10.21926/acr.2001002
https://doi.org/10.3390/met11050828
https://doi.org/10.1016/j.jinorgbio.2020.111094
https://doi.org/10.2320/matertrans.48.380
https://doi.org/10.3390/ma14102647
https://doi.org/10.54987/jobimb.v2i1.122
https://doi.org/10.1016/j.cbpa.2016.03.016
https://www.ncbi.nlm.nih.gov/pubmed/27055119
https://doi.org/10.1016/j.bbamcr.2006.03.013
https://www.ncbi.nlm.nih.gov/pubmed/16784786
https://doi.org/10.1016/j.ccr.2010.11.034
https://doi.org/10.3233/TRD-170015
https://www.ncbi.nlm.nih.gov/pubmed/29354481
https://doi.org/10.18502/jnfs.v4i3.1313
https://doi.org/10.1093/advances/nmx001
https://doi.org/10.11134/btp.2.2020.2
https://doi.org/10.1007/s13204-020-01389-9
https://doi.org/10.1007/s40572-016-0106-z
https://doi.org/10.2174/1381612826666200628022113


Molecules 2024, 29, 824 24 of 27

35. Bertinat, R.; Westermeier, F.; Gatica, R.; Nualart, F. Sodium tungstate: Is it a safe option for a chronic disease setting, such as
diabetes? J. Cell. Physiol. 2019, 234, 51–60. [CrossRef]

36. Van Rompuy, L.S.; Parac-Vogt, T.N. Interactions between polyoxometalates and biological systems: From drug design to artificial
enzymes. Curr. Opin. Biotechnol. 2019, 58, 92–99. [CrossRef]

37. Liu, J.C.; Wang, J.F.; Han, Q.; Shangguan, P.; Liu, L.L.; Chen, L.J.; Song, Y.F. Multicomponent Self-Assembly of a Giant
Heterometallic Polyoxotungstate Supercluster with Antitumor Activity. Angew. Chem. Int. Ed. Engl. 2021, 60, 11253–11257.
[CrossRef]

38. Erikson, K.M.; Aschner, M. Manganese: Its role in disease and health. Met. Ions Life Sci. 2019, 19, 253–266.
39. Millaleo, R.; Reyes-Díaz, M.; Ivanov, A.G.; Mora, M.L.; Alberdi, M. Manganese as essential and toxic element for plants: Transport,

accumulation and resistance mechanisms. J. Soil Sci. Plant Nutr. 2010, 10, 470–481. [CrossRef]
40. Lingappa, U.F.; Monteverde, D.R.; Magyar, J.S.; Valentine, J.S.; Fischer, W.W. How manganese empowered life with dioxygen

(and vice versa). Free Rad. Biol. Med. 2019, 140, 113–125. [CrossRef]
41. Anagianni, S.; Tuschl, K. Genetic disorders of manganese metabolism. Curr. Neurol. Neurosci. Rep. 2019, 19, 33. [CrossRef]
42. Martins, A.C.; Krum, B.N.; Queirós, L.; Tinkov, A.A.; Skalny, A.V.; Bowman, A.B.; Aschner, M. Manganese in the diet: Bioaccessi-

bility, adequate intake, and neurotoxicological effects. J. Agric. Food Chem. 2020, 68, 12893–12903. [CrossRef]
43. Cloyd, R.A.; Koren, S.A.; Abisambra, J.F. Manganese-enhanced magnetic resonance imaging: Overview and central nervous

system applications with a focus on neurodegeneration. Front. Aging Neurosci. 2018, 10, 403. [CrossRef] [PubMed]
44. Doan, B.-T.; Meme, S.; Beloeil, J.-C. General Principles of MRI. In The Chemistry of Contrast Agents in Medical Magnetic Resonance

Imaging, 2nd ed.; Merbach, A., Helm, L., Tóth, É., Eds.; John Wiley & Sons Ltd.: Chichester, UK, 2013; Volume 1, pp. 1–24.
45. Brandt, M.; Cardinale, J.; Rausch, I.; Mindt, T.L. Manganese in PET imaging: Opportunities and challenges. J. Label. Comp.

Radiopharmac. 2019, 62, 541–551. [CrossRef]
46. Garda, Z.; Molnár, E.; Kálmán, F.K.; Botár, R.; Nagy, V.; Baranyai, Z.; Brücher, E.; Kovács, Z.; Tóth, I.; Tircsó, G. Effect of the

Nature of Donor Atoms on the Thermodynamic, Kinetic and Relaxation Properties of Mn(II) Complexes Formed With Some
Trisubstituted 12- Membered Macrocyclic Ligands. Front. Chem. 2018, 6, 232. [CrossRef]

47. Drahoš, B.; Kotek, J.; Hermann, P.; Lukeš, I.; Tóth, É. Mn2+ Complexes with Pyridine-Containing 15- Membered Macrocycles:
Thermodynamic, Kinetic, Crystallographic, and 1H/17O Relaxation Studies. Inorg. Chem. 2010, 49, 3224–3238. [CrossRef]

48. Drahoš, B.; Lukeš, I.; Tóth, É. Manganese(II) Complexes as Potential Contrast Agents for MRI. Eur. J. Inorg. Chem. 2012, 12,
1975–1986. [CrossRef]

49. Ruth, T.J. The shortage of technetium-99m and possible solutions. Annu. Rev. Nucl. Part. Sci. 2020, 70, 77–94. [CrossRef]
50. Zolle, I. Technetium-99m Pharmaceuticals: Preparation and Quality Control in Nuclear Medicine; Springer: Berlin, Germany, 2007.
51. Mandegaran, R.; Dhillon, S.; Jen, H. Beyond the bones and joints: A review of ligamentous injuries of the foot and ankle on

99mTc-MDP-SPECT/CT. Br. J. Radiol. 2019, 92, 20190506. [CrossRef]
52. Li, Y.; Zhang, J. A Review of 99mTc-labeled Tumor Metabolic Imaging Agents. Mini Rev. Med. Chem. 2022, 22, 1586–1596.

[CrossRef]
53. Haase, A.A.; Bauer, E.B.; Kühn, F.E.; Crans, D.C. Speciation and toxicity of rhenium salts, organometallics and coordination

complexes. Coord. Chem. Rev. 2019, 394, 135–161. [CrossRef]
54. Bauer, E.B.; Haase, A.A.; Reich, R.M.; Crans, D.C.; Kühn, F.E. Organometallic and coordination rhenium compounds and their

potential in cancer therapy. Coord. Chem. Rev. 2019, 393, 79–117. [CrossRef]
55. Pourhabib, Z.; Ranjbar, H.; Bahrami Samani, A.; Shokri, A.A. Appraisement of 186/188Re-HEDP, a new compositional radiophar-

maceutical. J. Radioanal. Nucl. Chem. 2019, 322, 1133–1138. [CrossRef]
56. Wang, X.; Zhong, X.; Cheng, L. Titanium-based nanomaterials for cancer theranostics. Coord. Chem. Rev. 2021, 430, 213662.

[CrossRef]
57. Muhammad, N.; Guo, Z. Metal-based anticancer chemotherapeutic agents. Curr. Opin. Chem. Biol. 2014, 19, 144–153. [CrossRef]
58. Skoupilova, H.; Hrstka, R.; Bartosik, M. Titanocenes as anticancer agents: Recent insights. Med. Chem. 2017, 13, 334–344.

[CrossRef]
59. Zhao, T.K.; Grützke, M.; Gotz, K.H.; Druzhenko, T.; Huhn, T. Synthesis and X-ray structure analysis of cytotoxic heptacoordinate

sulfonamide salan titanium(IV)-bischelates. Dalton Trans. 2015, 44, 16475–16485. [CrossRef]
60. Glasner, H.; Tshuva, E.Y. A marked synergistic effect in antitumor activity of salan titanium(IV) complexes bearing two differently

substituted aromatic rings. J. Am. Chem. Soc. 2011, 133, 16812–16814. [CrossRef]
61. Shpilt, Z.; Tshuva, E.Y. Binding of the anticancer Ti(IV) complex phenolaTi to serum proteins: Thermodynamic and kinetic aspects.

J. Inorg. Biochem. 2022, 232, 111817. [CrossRef]
62. Miller, M.; Mellul, A.; Braun, M.; Sherill-Rofe, D.; Cohen, E.; Shpilt, Z.; Tabach, Y. Titanium tackles the endoplasmic reticulum: A

first genomic study on a titanium anticancer metallodrug. Iscience 2020, 23, 7. [CrossRef]
63. Zhao, T.; Wang, P.; Liu, N.; Li, S.; Yang, M.; Yang, Z. Facile synthesis of [ONON] type titanium (IV) bis-chelated complexes in

alcoholic solvents and evaluation of anti-tumor activity. J. Inorg. Biochem. 2022, 235, 111925. [CrossRef]
64. Das, R.; Chatterjee, D.R.; Shard, A. Oxidation states in metallocenes: A key mechanistic component in cancer alleviation. Coord.

Chem. Rev. 2024, 504, 215666. [CrossRef]
65. Tshuva, E.Y.; Miller, M. Coordination complexes of titanium(IV) for anticancer therapy. Met. Ions Life Sci. 2018, 18, 219–250.

https://doi.org/10.1002/jcp.26913
https://doi.org/10.1016/j.copbio.2018.11.013
https://doi.org/10.1002/ange.202017318
https://doi.org/10.4067/S0718-95162010000200008
https://doi.org/10.1016/j.freeradbiomed.2019.01.036
https://doi.org/10.1007/s11910-019-0942-y
https://doi.org/10.1021/acs.jafc.0c00641
https://doi.org/10.3389/fnagi.2018.00403
https://www.ncbi.nlm.nih.gov/pubmed/30618710
https://doi.org/10.1002/jlcr.3754
https://doi.org/10.3389/fchem.2018.00232
https://doi.org/10.1021/ic9020756
https://doi.org/10.1002/ejic.201101336
https://doi.org/10.1146/annurev-nucl-032020-021829
https://doi.org/10.1259/bjr.20190506
https://doi.org/10.2174/1389557521666210521114024
https://doi.org/10.1016/j.ccr.2019.05.012
https://doi.org/10.1016/j.ccr.2019.04.014
https://doi.org/10.1007/s10967-019-06816-y
https://doi.org/10.1016/j.ccr.2020.213662
https://doi.org/10.1016/j.cbpa.2014.02.003
https://doi.org/10.2174/1573406412666161228113650
https://doi.org/10.1039/C5DT01618E
https://doi.org/10.1021/ja208219f
https://doi.org/10.1016/j.jinorgbio.2022.111817
https://doi.org/10.1016/j.isci.2020.101262
https://doi.org/10.1016/j.jinorgbio.2022.111925
https://doi.org/10.1016/j.ccr.2024.215666


Molecules 2024, 29, 824 25 of 27

66. Serrano, R.; Martinez-Argudo, I.; Fernandez-Sanchez, M.; Pacheco-Linan, P.J.; Bravo, I.; Cohen, B.; Calero, R.; Ruiz, M.J. New
titanocene derivative with improved stability and binding ability to albumin exhibits high anticancer activity. J. Inorg. Biochem.
2021, 223, 111562. [CrossRef]

67. Levina, A.; Crans, D.C.; Lay, P.A. Advantageous reactivity of unstable metal complexes: Potential applications of metal-based
anticancer drugs for intratumoral injections. Pharmaceutics 2022, 14, 790. [CrossRef]

68. Meker, S.; Braitbard, O.; Hall, M.D.; Hochman, J.; Tshuva, E.Y. Specific design of titanium(IV) phenolato chelates yields stable and
accessible, effective and selective anticancer agents. Chem.-Eur. J. 2016, 22, 9986–9995. [CrossRef]

69. Loza-Rosas, S.A.; Vazquez-Salgado, A.M.; Rivero, K.I.; Negron, L.J.; Delgado, Y.; Benjamin-Rivera, J.A.; Vazquez-Maldonado, A.L.;
Parks, T.B.; Munet-Colon, C.; Tinoco, A.D. Expanding the therapeutic potential of the iron chelator deferasirox in the development
of aqueous stable Ti(IV) anticancer complexes. Inorg. Chem. 2017, 56, 7788–7802. [CrossRef]

70. Guk, D.A.; Gibadullina, K.R.; Burlutskiy, R.O.; Pavlov, K.G.; Moiseeva, A.A.; Tafeenko, V.A.; Beloglazkina, E.K. New Titanocene
(IV) Dicarboxylates with Potential Cytotoxicity: Synthesis, Structure, Stability and Electrochemistry. Int. J. Mol. Sci. 2023, 24, 3340.
[CrossRef]

71. Tsave, O.; Iordanidou, C.; Hatzidimitriou, A.; Yavropoulou, M.P.; Kassi, E.N.; Nasiri-Ansari, N.; Salifoglou, A. Structural
Speciation of Ti(IV)-(α-Hydroxycarboxylic Acid) Complexes in Metabolism-Related (Patho) Physiology—In Vitro Approaches to
(Pre) Adipocyte Differentiation and Mineralization. Int. J. Mol. Sci. 2023, 24, 11865. [CrossRef]

72. Fernández-Gallardo, J.; Elie, B.T.; Sadhukha, T.; Prabha, S.; Sanaú, M.; Rotenberg, S.A.; Ramos, J.W.; Contel, M. Heterometallic
titanium–gold complexes inhibit renal cancer cells in vitro and in vivo. Chem. Sci. 2015, 6, 5269–5283. [CrossRef]

73. Elie, B.T.; Fernández-Gallardo, J.; Curado, N.; Cornejo, M.A.; Ramos, J.W.; Contel, M. Bimetallic Titanocene-Gold Phosphane
Complexes Inhibit Invasion, Metastasis, and Angiogenesis-Associated Signaling Molecules in Renal Cancer. Eur. J. Med. Chem.
2019, 161, 310–322. [CrossRef]

74. Allen, O.R.; Knox, R.J.; McGowan, P.C. Functionalised cyclopentadienyl zirconium compounds as potential anticancer drugs.
Dalton Trans. 2008, 39, 5293–5295. [CrossRef]

75. Lord, R.M.; Mannion, J.J.; Hebden, A.J.; Nako, A.E.; Crossley, B.D.; McMullon, M.W.; Janeway, F.D.; Phillips, R.M.; McGowan, P.C.
Mechanistic and Cytotoxicity Studies of Group IV β-Diketonate Complexes. ChemMedChem 2014, 9, 1136–1139. [CrossRef]

76. Schneider, F.; Zhao, T.; Huhn, T. Cytotoxic heteroleptic heptacoordinate salan zirconium(IV)-bis-chelates—synthesis, aqueous
stability and X-ray structure analysis. Chem. Commun. 2016, 52, 10151–10154. [CrossRef]

77. Abdolmaleki, S.; Ghadermazi, M.; Ashengroph, M.; Saffari, A.; Sabzkohi, S.M. Cobalt(II), zirconium(IV), calcium(II) complexes
with dipicolinic acid and imidazole derivatives: X-ray studies, thermal analyses, evaluation as in vitro antibacterial and cytotoxic
agents. Inorg. Chim. Acta 2018, 480, 70–82. [CrossRef]

78. El-Shwiniy, W.H.; Shehab, W.S.; Mohamed, S.F.; Ibrahium, H.G. Synthesis and cytotoxic evaluation of some substituted pyrazole
zirconium(IV) complexes and their biological assay. Appl. Organomet. Chem. 2018, 32, e4503. [CrossRef]

79. Malghe, Y.S.; Prabhu, R.C.; Raut, R.W. Synthesis, characterization and biological activities of mixed ligand Zr (IV) complexes.
Acta Pol. Pharm. 2009, 66, 45–50.

80. Yang, M.; Liu, N.; Wang, P.; Zhao, T. Synthesis and cytotoxicity study of water soluble 8-hydroxyquinoline stabilized zirconium(IV)
complexes. Inorg. Chem. Commun. 2023, 153, 110795. [CrossRef]

81. Adam, M.S.S.; El-Hady, O.M.; Makhlouf, M.M.; Bayazeed, A.; El-Metwaly, N.M.; Mohamad, A.D.M. Effect of oxy-vanadium
(IV) and oxy-zirconium (IV) ions in O, N-bidentate arylhydrazone complexes on their catalytic and biological potentials that
supported via computerized usages. J. Taiw. Inst. Chem. Engin. 2022, 132, 104168. [CrossRef]

82. Al-Hakimi, A.N.; Alminderej, F.; Aroua, L.; Alhag, S.K.; Alfaifi, M.Y.; Samir, M.O.; Mahyoub, J.A.; Elbehairi, S.E.I.; Alnafisah,
A.S. Design, synthesis, characterization of zirconium (IV), cadmium (II) and iron (III) complexes derived from Schiff base
2- aminomethylbenzimidazole, 2-hydroxynaphtadehyde and evaluation of their biological activity. Arab. J. Chem. 2020, 13,
7378–7389. [CrossRef]

83. Bhatt, N.B.; Pandya, D.N.; Wadas, T.J. Recent Advances in Zirconium-89 Chelator Development. Molecules 2018, 23, 638. [CrossRef]
84. Melendez-Alafort, L.; Ferro-Flores, G.; De Nardo, L.; Ocampo-García, B.; Bolzati, C. Zirconium immune-complexes for PET

molecular imaging: Current status and prospects. Coord. Chem. Rev. 2023, 479, 215005. [CrossRef]
85. Pandya, D.N.; Bhatt, N.; Yuan, H.; Day, C.S.; Ehrmann, B.M.; Wright, M.; Bierbach, U.; Wadas, T.J. Zirconium tetraazamacrocycle

complexes display extraordinary stability and provide a new strategy for zirconium-89-based radiopharmaceutical development.
Chem. Sci. 2017, 8, 2309–2314. [CrossRef]

86. Pandya, D.N.; Henry, K.E.; Day, C.S.; Graves, S.A.; Nagle, V.L.; Dilling, T.R.; Sinha, A.; Ehrmann, B.M.; Bhatt, N.B.; Menda, Y.; et al.
Polyazamacrocycle ligands facilitate Zr-89 radiochemistry and Yield Zr-89 complexes with remarkable stability. Inorg. Chem.
2020, 59, 17473–17487. [CrossRef]

87. Zhao, T.; Wang, P.; Liu, N.; Zhao, W.; Yang, M.; Li, S.; Huhn, T. Synthesis and X-ray structure analysis of cytotoxic heptacoordinated
Salan hafnium (IV) complexes stabilized with 2, 6-dipicolinic acid. J. Inorg. Biochem. 2023, 240, 112094. [CrossRef]

88. Zhao, W.; Yuan, P.; Zhang, Q.; Liu, N.; Wang, Y.; Wang, P.; Zhao, T. Novel bimetallic oxido-bridged phenolato hafniumIV complex
with enhanced anti-tumor activity and aqueous stability. Res. Chem. 2023, 6, 101161. [CrossRef]

89. Jayaraman, V.; Bhavesh, G.; Chinnathambi, S.; Ganesan, S.; Aruna, P. Synthesis and characterization of hafnium oxide nanoparti-
cles for bio-safety. Mater. Express 2014, 4, 375–383. [CrossRef]

https://doi.org/10.1016/j.jinorgbio.2021.111562
https://doi.org/10.3390/pharmaceutics14040790
https://doi.org/10.1002/chem.201601389
https://doi.org/10.1021/acs.inorgchem.7b00542
https://doi.org/10.3390/ijms24043340
https://doi.org/10.3390/ijms241411865
https://doi.org/10.1039/C5SC01753J
https://doi.org/10.1016/j.ejmech.2018.10.034
https://doi.org/10.1039/b812244j
https://doi.org/10.1002/cmdc.201402019
https://doi.org/10.1039/C6CC05359A
https://doi.org/10.1016/j.ica.2018.04.047
https://doi.org/10.1002/aoc.4503
https://doi.org/10.1016/j.inoche.2023.110795
https://doi.org/10.1016/j.jtice.2021.104168
https://doi.org/10.1016/j.arabjc.2020.08.014
https://doi.org/10.3390/molecules23030638
https://doi.org/10.1016/j.ccr.2022.215005
https://doi.org/10.1039/C6SC04128K
https://doi.org/10.1021/acs.inorgchem.0c02722
https://doi.org/10.1016/j.jinorgbio.2022.112094
https://doi.org/10.1016/j.rechem.2023.101161
https://doi.org/10.1166/mex.2014.1190


Molecules 2024, 29, 824 26 of 27

90. Zhang, Y.H.; Campbell, S.A.; Karthikeyan, S. Finite element analysis of hollow out of-plane HfO2 microneedles for transdermal
drug delivery applications. Biomed. Microdevices 2018, 20, 19. [CrossRef]

91. Li, Y.; Qi, Y.; Zhang, H.; Xia, Z.; Xie, T.; Li, W.; Zhong, D.; Zhu, H.; Zhou, M. Gram-scale synthesis of highly biocompatible and
intravenous injectable hafnium oxide nanocrystal with enhanced radiotherapy efficacy for cancer theranostic. Biomaterials 2020,
226, 119538. [CrossRef]

92. Liu, J.; Yang, Y.; Zhu, W.; Yi, X.; Dong, Z.; Xu, X.; Chen, M.; Yang, K.; Lu, G.; Jiang, L.; et al. Nanoscale metal− organic frameworks
for combined photodynamic & radiation therapy in cancer treatment. Biomaterials 2016, 97, 1–9.

93. Marill, J.; Anesary, N.M.; Zhang, P.; Vivet, S.; Borghi, E.; Levy, L.; Pottier, A. Hafnium oxide nanoparticles: Toward an in vitro
predictive biological effect? Radiat. Oncol. 2014, 9, 150. [CrossRef]

94. Pottier, A.; Borghi, E.; Levy, L. New use of metals as nanosized radioenhancers. Anticancer Res. 2014, 34, 443–453.
95. Prasad, K.S.; Ramachandrappa, S.U. Potential medicinal applications of vanadium and its coordination compounds in current

research prospects: A review. Curr. Bioact. Comp. 2020, 16, 201–209. [CrossRef]
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