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Abstract

Cancer ranks as a major cause of morbidity and mortality across the globe, notably in
economically developed regions, and its incidence is predicted to rise in the coming decades.
Metal-based compounds represent a particularly promising class of pharmaceuticals for
the treatment of cancer. Following the success of platinum in cancer therapy, attention
soon turned to other transition metals, particularly the platinum group metals such as
ruthenium and palladium. Despite the high anticancer efficacy of many of its compounds,
osmium remained one of the least investigated of these metals for a long time, partly
due to concerns about its toxicity. However, there has been a recent resurgence in the
preparation and evaluation of osmium complexes, which exhibit high structural variability
and demonstrate promising anticancer activity. The present review aims to survey recent
developments in this exciting field, focusing on osmium complexes of the non-arene type
reported during the last decade.
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1. Introduction

Over the last decades, cancer has progressed to the second leading cause of death
worldwide after cardiovascular disease. Cancer’s position in this regard reflects levels of
social and economic development; thus, in developed countries, cancer already ranks first as
a cause of death at ages below 70 years [1]. Based on GLOBOCAN estimates, approximately
8.2 million people died from cancer, and 14.1 million new cases were diagnosed worldwide
in 2012. This negative trend is expected to continue also in the future, with an estimated
20 million new cancer cases annually anticipated by 2025 [2]. The reasons are complex,
including aging of the population, lifestyle risk factors (environmental pollution, stress,
tobacco smoking, overweight, physical inactivity, and improper diet patterns), but also
genetic factors [3]. Despite considerable progress achieved in methods of cancer therapy,
the therapeutic options are still, in the vast majority of cases, far from satisfactory.

The discovery of the anticancer activity of cisplatin represents a milestone in the
evolution of chemotherapy. It shows marked activity in many tumor types. In some cases,
like testicular and ovarian cancer, a complete cure is possible. Since then, a substantial
number of metal complexes have been synthesized and examined for their potential anti-
neoplastic properties in an effort to develop drugs with an enlarged spectrum of activity
and diminished systemic toxicity. Already early on, the focus started to move towards
complexes of metals other than platinum. Such complexes facilitate different mechanisms
of anticancer activity, potentially providing drugs able to circumvent intrinsic and acquired
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resistance in cancer cells [4]. Metallodrugs offer unique possibilities for the development of
pharmaceuticals, allowing variations in the type of the central metal atom, its oxidation
state, redox potential, as well as in the type of ligands, rate of ligand exchange, and the
three-dimensional coordination geometry of the resulting complex. Ruthenium, palla-
dium, and gold are among the most popular metals, although several less common metals
(including osmium) are also gaining attention.

Osmium, a relatively unfamiliar transition element, demonstrates potential not only in
the treatment of cancer but also in the field of antimicrobial chemotherapy. The increased
interest in this metal started around the turn of the millennium in connection with the
role of osmium as a chemical congener of ruthenium. Ruthenium complexes represent
a well-established group of experimental metallodrugs, with several complexes being
tested in clinical trials [5]. Hence, among the first osmium complexes tested were osmium
analogs of ruthenium complexes with known anticancer activity, especially the ruthenium
compounds NAMI-A and KP1019. Many more osmium compounds have been investigated
since, although wider progress in this area has been slowed down due to the low natural
abundance of osmium (and, consequently, high price) as well as the toxicity of many
of its compounds. Nevertheless, the number of reports on osmium metallodrugs has
been increasing recently, with several articles attempting to provide a rationale for their
development [6-9].

The objective of the present survey is to discuss the advancements in the development
of osmium anticancer agents. A concise introduction to the chemistry and applications
of osmium is followed by an examination of its synthesis, properties, and mechanism of
biological action. The text then turns its attention to new osmium complexes with non-arene
structures, that is, structures that do not involve the m-bonding ligands, as reported during
the last decade.

2. Osmium—Its Chemistry, Applications, and Bioactivity

The discovery of osmium as a new element is closely related to the discovery of
platinum and other metals belonging to the platinum group. It is associated with the
name of the English chemist Smithson Tennant, who discovered it in 1803 while examining
the insoluble residue after dissolving platinum in aqua regia [10]. The element derives
its name from the Greek term for “smell”, “osme”, a reference to the pungent odor of the
volatile osmium tetroxide that is produced in trace amounts during the oxidation of metallic
osmium in the air. Osmium is one of the rarest stable elements, with an abundance of
approximately 0.005 ppm in the Earth’s crust.

As a representative platinum group metal, the element demonstrates notable chemical
inertness, exhibiting direct reactions primarily with fluorine, chlorine, and oxygen [11,12].
Compact metallic osmium exhibits a high degree of resistance to molecular oxygen at
ambient temperature. In contrast, finely dispersed osmium undergoes a gradual process of
oxidation, resulting in the formation of osmium tetroxide.

Osmium is known to form an extensive array of compounds, with oxidation states
ranging from —IV to +VIIL. The most prevalent oxidation states are +II, +1II, and +IV. High
oxidation states of Os are stabilized by strong o- and 7t-donor ligands such as O?~, N3, and
F~. Low oxidation states are found in complexes with m-acceptor ligands (CO, PPhs, bipy,
phen, etc.). The high oxidation states of Os are much less oxidizing (i.e., more stable) than
the corresponding oxidation states of its congener ruthenium (e.g., OsOy4 vs. RuOy). The
coordination chemistry of Os is characterized by a high prevalence of octahedral geometry.

The most important compound of osmium is osmium tetroxide, noteworthy as one
of the few compounds where the oxidation state +8 is observed [13]. It is a pale-yellow
crystalline solid with a low melting and boiling point (40 °C and 130 °C, respectively).
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The compound is a strong oxidizing agent, with limited water solubility and significant
solubility in numerous organic solvents. In addition to its synthesis from the elements, a
multitude of other compounds of osmium can be readily oxidized to produce this substance.
Consequently, it is also responsible for a significant proportion of their toxicity, given
its volatility and high reactivity, which can lead to damage to the cornea of the human
eye. OsOy represents the most important starting material for the synthesis of other
osmium compounds.

Of particular significance in the synthesis of biologically active compounds are os-
mium complexes in oxidation states II and III. Mixed valence compounds (Os/11 are also

I complexes exhibit paramagnetism, while Os' is diamag-

frequently encountered. Os
netic [14-16]. The coordination of the 7-acceptor dinitrogen ligand has been reported as
well (e.g., [17]).

Osmium forms many mononuclear and polynuclear organometallic complexes, mainly
in lower oxidation states. Much interest has been shown in organometallic complexes
of osmium coordinated to the mt-system of aromatic rings (sandwich and half-sandwich
complexes). Prominent among these are metallocenes, a class of organometallic compounds
that are distinguished by the attachment of two cyclopentadienyl [Cp] ligands, which
form 7m-bonds with the central metal atom [18]. Numerous half-sandwich complexes of
osmium bearing coligands have been reported; many of them exert interesting anticancer
activity [9]. A particular type of these complexes incorporates the ‘piano-stool” structural
motif. They typically consist of an 1°- or n°-coordinated arene ligand, a bidentate coligand
(e.g., N-heterocycles), and a monodentate ligand (often halogens). The structure of a typical
piano-stool osmium(II) complex is depicted in Figure 1 [19].

(I
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Figure 1. Chemical formula of a piano-stool osmium(II) complex [19].

Thus far, the practical applications of elemental osmium and its compounds have
been limited due to their cost and toxicity issues. The most significant of these is the use
of osmium tetroxide in the dihydroxylation of olefins to cis diols [20,21]. The reaction is
believed to occur via an osmate ester intermediate, with the resultant oxidative or reductive
cleavage forming the cis-diol (Scheme 1). In this regard, OsOy4 can be utilized either
stoichiometrically or catalytically. An enantioselective variant of the reaction, the Sharpless
asymmetric dihydroxylation, proceeds in the presence of chiral ligands [22]. OsOy is often
generated in situ from K;[OsO,(OH),] due to its lower toxicity.

oxidation
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Scheme 1. Catalytic cis-dihydroxylation of alkenes using OsOy [12].

The utilization of osmium tetroxide solution as a biological stain has a longstanding
history, particularly in the context of sample preparation for electron microscopy [23-25].

https:/ /doi.org/10.3390/ cryst16020094


https://doi.org/10.3390/cryst16020094

Crystals 2026, 16, 94

40f24

The effect is likely based on its lipid-selective chemical reactivity, promoting the formation
of osmate esters of unsaturated fatty acids in lipid membranes. Osmium compounds have
also been used as probes for DNA/RNA sensing and imaging [26-30].

In addition to their anticancer activities, osmium compounds have garnered significant
attention for their antimicrobial properties, e.g., [31]. Recently, osmium complexes with
group 13 analogs of N-heterocyclic carbene ligands were proposed as a potential antidote
to reduce carbon monoxide poisoning [32].

The first osmium anticancer agents were developed as congeners of the existing ruthe-
nium lead structures, such as RAPTA-C, NAMI-A, or RM-175 (Figure 2) [9]. In comparison,
they are often more inert and stable towards hydrolysis. According to the HSAB (Hard
and Soft Acids and Bases) theory, osmium is comparatively softer than ruthenium, thus
modifying its coordination behavior toward biomolecules. The mode of biological action of
osmium compounds is intricate and has been the subject of numerous recent reports. A
selection of these reports is presented below. It is probable that several mechanisms are
implicated, including interactions with DNA, modulation of redox processes, and enzyme
inhibition [6]. In the initial phase, metal complexes, including osmium, can be activated
through the formation of an aquated complex in aqueous solution. This process enables
subsequent interaction with biomolecular targets, including DNA and proteins [33]. This
often involves the exchange of a chlorido-ligand or other halogen against water [34-36].
The complexes have also been observed to bind to human serum albumin in blood serum,
thereby establishing a depot for osmium and modulating its biodistribution and trans-
port processes [37]. Similarly to ruthenium, it has been suggested that for high-valent
anticancer osmium complexes, their antiproliferative activity may depend on an initial
reduction reaction with thiols that occurs within the cells [38]. While not entirely re-
sponsible for their activity, the binding of osmium complexes to the nucleobases of DNA
may contribute to their anticancer properties [36]. Glutathione depletion was suggested
as a distinct mechanism as well [39,40]. Target sites for an organo-osmium complex, a
promising drug candidate, in human ovarian cancer cells were identified with the help of a
synchrotron X-ray fluorescence nanoprobe [41]. The data indicate that Os is localized in
the mitochondria rather than the nucleus, concomitant with calcium mobilization from the
endoplasmic reticulum. This calcium mobilization serves as a signaling event that initiates
cell death. The capability of different osmium anticancer complexes to generate reactive
oxygen species was investigated in vitro and in a zebrafish model, demonstrating elevated
levels of ROS [42]. Inhibition of antioxidant systems represents another way of increasing
oxidative stress in cancer cells [43,44]. The results obtained lend support to the hypothesis
that the observed cell apoptosis is a consequence of thioredoxin reductase inhibition. The
ability of osmium complexes to induce the endoplasmic reticulum (ER) stress pathway
was also demonstrated [45]. Specific mechanisms are involved in the action of photoactive
osmium complexes.

H3Cn, wCH;3
0s—=C N / /
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Figure 2. Examples of the osmium analogs of anticancer ruthenium complexes.
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3. Non-Arene Osmium Complexes for Photodynamic Therapy (PDT)

Photodynamic therapy (PDT) is an antineoplastic treatment that uses a photosensitizer
(PS), low-energy light, and oxygen to create photocytotoxic reactive oxygen species (ROS),
which damage cancer cells [46]. The application of metal complexes as photosensitizers in
PDT can prove advantageous in terms of the amount of ROS generated, quantum emission
efficiency, and phototoxic index [47]. This section primarily lists original studies on novel
osmium complexes with reported photocytotoxic properties.

Osmium polyazine complex and its ruthenium analog, [(Phyphen);Ru(dpp)]*>* and
[(Phyphen),Os(dpp)]**, where (Phyphen = 4,7-diphenyl-1,10-phenanthroline; dpp = 2,3-
bis(2-pyridyl)pyrazine), were prepared and characterized in an effort to study their use
as light-activated medications to combat malignant glioma F98 cells in a rat model [48].
Both complexes showed significant absorption in the visible spectral range, as well as
DNA and BSA photocleavage mediated by oxygen. They also demonstrated substantial
photocytotoxicity under blue light irradiation, with minimal activity observed in the dark.
Additionally, the osmium complex exhibited encouraging photocytotoxicity in F98 rat
malignant glioma cells when exposed to red light. The products were examined using
elemental analysis, ESI-MS, electronic absorption, and electrochemical analysis, displaying
a distorted octahedral coordination.

Recently, five polypyridyl Os(II) complexes with the general formula [(DIP),OsL](PFe)z,
where DIP = 4,7-diphenyl-1,10-phenanthroline and L are various substituted phenazine
derivatives, were prepared and studied by TH/13C NMR, HRMS, elemental analysis, elec-
trochemistry, and DFT calculations [49]. All complexes showed marked photocytotoxicity
in MGC-803 and HGC-27 human gastric cancer cells, demonstrating ICs, values as low as
0.37 uM and 0.32 uM, respectively, when exposed to blue LED light. An enhancement of
10, generation was observed upon elongation of the conjugated 7t system of the aromatic
ligand. Subcellular localization of osmium in A549 human non-small cell lung cancer cells
was investigated by confocal microscopy.

Lu and Chen investigated a dinuclear osmium(II) complex with a polypyridyl-type
ligand as a new gastric cancer photosensitizer [50]. Spectroscopic measurements indicate
the presence of the expected octahedral coordination. The complex was further studied by
electrochemical cyclic voltammetry, density functional theory (DFT), and time-dependent
DFT (TD-DFT). Its photocytotoxicity was assessed in A549, Caco-2, MGC-803, and HGC-27
cancer cell lines. It exhibited moderate to great photocytotoxicity against HGC-27 human
gastric cancer cells exposed to blue LED light, with the ICs5( value as low as 1.83 uM, while
being almost non-cytotoxic in the dark. Subcellular colocalization studies suggest that the
complex was not enriched in the nucleus and was less likely to target mitochondria.

A series of hypoxia-responsive osmium-containing photosensitizers was synthesized
as analogs of the established ruthenium complex TLD1433 [51]. Their composition corre-
sponds to the general formula [Os(phen),(IP-nT)]Cl,, where IP-nT is a polypyridyl ligand
containing 0 to 4 thiophene units (Figure 3a). The structures of the compounds were
confirmed by high-resolution ESI-MS and 'H-NMR. The compounds in the series exhibited
relatively low in vitro toxicity in the dark; however, they demonstrated an increase in
phototoxicity with the incorporation of additional thiophenes. These properties could be
maintained even in hypoxia. The complex with the longest thiophene chain was identified
as the most suitable candidate compound, exhibiting activity in the picomolar region and a
favorable phototherapeutic index. It has been posited that the substitution of ruthenium(II)
with the heavier osmium(II) center results in a shift in the optical window for activation to
longer wavelengths, accompanied by higher quantum yields for triplet state generation.
A report was also made on several structurally similar osmium(II) complexes in which
bipyridine was used as a coligand instead of phenanthroline [52]. Again, the complex with
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four thiophene rings exerted the highest in vitro activity, with low nanomolar activity in
normoxia and a sub-micromolar potency even in hypoxia. The authors also demonstrated
that the identity of the coligand had a considerable influence on the photophysical and
photobiological outcomes.

Figure 3. The chemical formula of (a) the osmium analog of the ruthenium complex TLD1433 [51];
(b) an osmium-peroxo complex [53].

Lu et al. studied an osmium-peroxo complex (Figure 3b). This complex has the
capacity to release the peroxo ligand O,*~ when irradiated by visible light, even under
anoxic conditions. Additionally, it undergoes transformation into another active osmium
complex [53]. The light-activated osmium-peroxo complex has been shown to promote
photocatalytic oxidation of endogenous 1,4-dihydronicotinamide adenine dinucleotide in
cancer cells, resulting in ferroptosis. The dark- and photocytotoxicities of the osmium-
peroxo complex and of the product of its photochemical decomposition were determined
with an MTT method against HeLa cells. The osmium-peroxo complex demonstrated low
dark cytotoxicity and high photocytotoxicity in both normoxic and hypoxic environments.
The in vivo investigation of the aforementioned complex (in HeLa tumor-bearing Balb/c
mice) revealed a suppression of tumor growth in mice upon treatment with the osmium-
peroxo complex under light exposure.

Recently, Wang et al. designed a heteronuclear iridium-osmium complex as a pho-
tosensitizer for PDT in melanoma cells irradiated by 550 nm LED light (Figure 4) [54].
The complex exhibited outstanding ROS production efficacy and enhanced photocatalytic
oxidation of NADH under irradiation. Moreover, it was able to impede the synthesis of
bioenergetic molecules within cancerous cells by targeting the glycolytic pathway, conse-
quently inducing a state of ATP starvation and subsequent cell death. The results of both
in vivo and in vitro experiments revealed the effective inhibition of melanoma cell growth,
accompanied by notable photocytotoxicity.

Supramolecular coordination compounds have demonstrated considerable promise in
the field of photodynamic cancer therapy. In a recent study, Qin et al. described the design
of a novel heteroleptic/trimetallic Os!' —Rul—Zn"! Sierpinski triangle (a polypyridyl-type
ligand) [55]. The synthesis was accomplished through coordination-driven self-assembly of
bipyridyl osmium(Il) building units and trinuclear terpyridyl ruthenium(Il) building units
with Zn?* ions. The compound exhibited a notable capacity to produce reactive oxygen
species. In vitro experiments revealed the remarkable efficacy of photodynamic therapy
in all studied cancer cell lines, exhibiting low ICsy values in the subnanomolar range and
high phototoxicity indices, even under hypoxic conditions. The structures of the complexes
were established by 1D- and 2D-NMR as well as by ESI-MS.
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Figure 4. Chemical formula of a heteronuclear iridium-osmium complex [54].

Zhou et al. prepared three osmium(Il) complexes containing ligands with different
alkyl chains as organelle-targeting photosensitizers, pursuing an aggregation-induced
photosensitization strategy [56]. Their structure was confirmed by NMR and electrospray
ionization mass spectrometry. They exhibited full-wavelength absorption (350-700 nm)
and near-infrared fluorescence (650-850 nm). The cytotoxicity was evaluated in MCF-7
cells and in a 4T1-tumor-bearing BALB/c mouse model. The complex depicted in Figure 5
exhibited superior PDT performance due to its efficient generation of superoxide anions
and singlet oxygen.

2+

Figure 5. Chemical formula of an organelle-targeting photosensitizer [56].

Carbonic anhydrases (CAs) represent a significant target in antineoplastic therapy, as
they are overexpressed in the cytoplasm or membrane of a variety of cancer cells [57,58].
In their study, Wang et al. presented a series of novel sulfonamide-based monopodal and
dipodal ruthenium and osmium polypyridyl complexes with the capacity to target carbonic
anhydrases, anticipating accumulation of the complexes in or outside cancer cells prior to
irradiation and thus an improvement of the selectivity of the PDT treatment [59]. The com-
plexes demonstrated a high affinity for CAs, accumulating in cancer cells that overexpress
CA and inducing cancer cell death under both normoxic and hypoxic conditions following
irradiation at 540 nm. The candidate compounds were investigated by 'H/!'3C NMR and
HR-MS. They exhibited octahedral coordination and were isolated in the form of a racemic
mixture of the A and A enantiomers. In the case of a non-symmetrical bipyridine ligand,
this results in the formation of a mixture of diastereoisomers.

The combination of photodynamic (PDT) and photothermal (PTT) therapy has the
potential to generate a synergistic effect, thereby enhancing the efficacy of cancer treat-
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ment [60-62]. In 2024, Xiong et al. reported the preparation of mono- and dinuclear Os
complexes exhibiting dual PDT/PTT capabilities using a single excitation wavelength
in the near-infrared (NIR) region [63]. The molecular structure of the products was con-
firmed by single-crystal X-ray diffraction. The structural analysis revealed the presence of
a bisbenzoimidazolyl naphthyridine ligand within both complexes, exhibiting a cationic
character with a CI~ counterion. The Os center was coordinated with two bipyridines,
as well as a pyridyl and a benzimidazolyl group of the main ligand, to yield a regular
octahedral geometry. Additionally, the authors prepared aptamer-conjugated cellulose
nanoparticles (NPs) doped with the osmium complex, exhibiting an increased ability to
target mitochondria. Following single NIR laser irradiation, the resultant NPs exhibited an
apparent increase in singlet oxygen production and temperature, thereby substantiating
their efficacy in PDT and PTT therapies.

Fluorophores that emit in the near-infrared (NIR) region can significantly reduce
light scattering and background absorption due to the existence of an optical window
in a biological system, minimizing photodamage to biological material [64]. Zhang et al.
synthesized a pair of Os(II) and Ru(Il) analogs as lysosome imaging and photodynamic
therapy agents [65]. The products were examined using MS, NMR, and elemental analysis,
supporting the putative octahedral coordination around the central atom. The osmium
complex was found to be advantageous over its ruthenium analog in terms of photophysical
characteristics, cellular imaging capability, and phototoxicity towards cancer cells. A549
cancer cells were highly susceptible to the toxicity of the studied osmium(II) polypyridyl
complex upon 633 nm light irradiation. It also displayed activity against HeLa and Hep-G2
cells, but was nearly non-toxic towards MRC-5 normal cells.

In recent years, mitochondria have become a significant target for cancer therapy,
with agents designed to target mitochondria frequently able to circumvent cell resistance
mechanisms [66-69]. Ge et al. developed three NIR-active terpyridine Os(II) complexes tar-
geted to mitochondria as photosensitizers for PDT, displaying strong NIR phosphorescence
emission as well as long phosphorescence lifetime [70]. Their structure was confirmed by
elemental analysis, NMR, and ESI-MS spectra. The compounds displayed specific staining
ability directed towards mitochondria, generated singlet oxygen, converted NADH to
NAD, and showed marked phototoxicities against cancer cells upon both 465 nm and
633 nm light irradiation. The putative structure of the most cytotoxically active osmium
complex is depicted in Figure 6. Ge and co-workers also prepared two novel osmium(II)
complexes that exhibited outstanding NIR luminescence capability [71]. They were char-
acterized by ESI-MS, elemental analysis, and NMR, supporting the expected octahedral
coordination. The study revealed the distinct binding ability of both compounds to RNA,
suggesting that RNA may represent a novel target for osmium compounds. The cytotoxicity
of the complexes in the cell line A549 (human lung carcinoma), expressed as cell viability,
was low.

Figure 6. Mitochondria-targeted terpyridine osmium(II) complex [70].
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Five novel osmium(Il) polypyridyl complexes with the general composition [Os(4,7-
diphenyl-1,10-phenanthroline), L]?>* were prepared as photosensitizers for PDT [72]. All
complexes showed intense absorption in the NIR region. Single crystal X-ray diffraction
studies of two of the complexes revealed distorted octahedral coordination with the central
atom linked to two or three bathophenanthroline ligands (Figure 7). The complex [Os(4,7-
diphenyl-1,10-phenanthroline),(2,2-bipyridine)]** exerted the highest activity in several
cancer cell lines. These findings were further supported by experiments on CT26 tumor-
bearing BALB/c mice.

Figure 7. X-ray single-crystal structures of the complexes studied in [72] (CCDC 2175813, 2175814);
partial numbering scheme, hydrogen atoms are omitted for clarity, ellipsoids drawn at 50% probability
level. Color code: Os green, N blue, C grey. Depiction of the structures with Mercury® software.

The complex osmium(II) (bis-2,2-bipyridyl)-2(4-carboxylphenyl)imidazo [4,5f][1,10]
phenanthroline (Figure 8) was synthesized and linked to octaarginine, a cell-penetrating
peptide [73]. A comparison was made between the properties and bioactivity of the
osmium complex and those of its ruthenium analog. Neither the parent osmium complex
nor its peptide conjugate was oxygen responsive. Their cytotoxicity in the Chinese hamster
ovarian CHO and murine myeloma spleen SP2 cell lines was low in both complexes, in the
dark as well as under irradiation with a continuous white light source.

NH

Figure 8. Chemical formula of the octaarginine conjugate complex [73].

A new dinuclear osmium(Il) polypyridyl-type complex bridged by (4-hydroxy-3-
methoxyphenyl)diphenanthropyrromethane was prepared as a potential phototherapeutic
agent, and its binding to calf thymus DNA was investigated (Figure 9) [74]. The structure of
the complex was characterized by UV /Vis spectroscopy, cyclic voltammetry, and elemental
analysis. Photocleavage studies with circular plasmid DNA were performed under low-
energy light irradiation, resulting in complete photocleavage of the DNA. Investigations on
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the mechanism of DNA photocleavage suggest that the activity arises from the formation of
both 1O, and oxygen radicals. The osmium(Il) complex demonstrated significantly greater
efficacy in photocleavage compared to its ruthenium analog.

Figure 9. Chemical formula of the dinuclear osmium(II) complex described in [74].

Three new polypyridyl osmium-based photosensitizers were prepared, and their
photophysical and photobiological properties were studied [75]. They are panchromatic
(i.e., black absorbers), activable in the range of 200 to 900 nm, and show activity in normoxic
and hypoxic conditions with both red and near-infrared light. Structural characterization
by 'H NMR, ESI-MS, and HPLC was performed on their PFg salts, followed by anion
metathesis, which yielded the water-soluble Cl salts suitable for biological evaluation.
The complexes were evaluated for their PDT efficacy in vitro using HT1376 and U87 cell
lines. The inverse therapeutic ratio (Dark LDsy/PDT LDsp) was employed to compare
the efficacy. Higher inverse therapeutic ratios were correlated with higher light-triggered
efficacy and lower dark toxicity. These findings were further expanded upon by studies on
CT26 tumor-bearing BALB/c mice.

Droge et al. prepared a dinuclear osmium(Il) complex, [{Os(TAP),},tpphz]**,
where tpphz = tetrapyrido[3,2-a:2/,3’-c:3”,2"-h:2"" ,3""-j]phenazine and TAP = 14,58-
tetraazaphenanthrene [76]. The complex exhibited NIR emission within the biological
optical window. Cell-based studies were conducted using the human ovarian cancer line
A2780. These studies revealed that, in contrast to its ruthenium(Il) analog, the new complex
does not exhibit any significant levels of toxicity, either cytotoxic or photocytotoxic. The
authors proposed it as a near-infrared cell imaging probe for optical microscopy due to its
high photostability and cell permeability.

A symmetric osmium(II) [bis-(4’-(4-carboxyphenyl)-2,2:6' 2" -terpyridine)] complex
was synthesized by Gkika et al. and linked to two mitochondrial-targeting peptide se-
quences [77]. The parent and conjugate complexes showed strong near-infrared emission.
The complex was studied using confocal fluorescence imaging in HeLa and MCEF-7 cells.
Unlike the parent complex, the conjugated osmium (II) system was membrane permeable
and demonstrated membrane permeation and the capacity to target mitochondria at con-
centrations below 50 uM. Gkika et al. also synthesized two polyarginine conjugates of an
osmium(Il) polypyridine complex [78]. The conjugates exhibited NIR emission, which was
essentially oxygen-insensitive.

Pursuwani et al. reported the synthesis of osmium(IV) complexes based on a
tetrazolo[1,5-a]quinoline ligand [79]. The proposed structure of the products was sup-
ported by elemental analysis and by NMR, IR, and MS spectra, suggesting a deformed
octahedral geometry with the bidentate main ligand and four bromo-ligands surrounding
the central atom. The complexes were evaluated for their photocytotoxicity in the HCT-
116 cell line, with ICs values of 121-342 pg/mL (in the dark) and 48-316 ug/mL upon
irradiation. DNA binding and cleavage were studied as well.
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Eight new ruthenium(Il) and osmium(II) complexes with substituted 4,4’-di(styryl)-
2,2'-bipyridine ligands were designed as potential photosensitizers for PDT [80]. The
identity of the complexes was verified by 'H and '*C NMR and HRMS, and their purity
was confirmed by elemental analysis. An examination was conducted to ascertain the effect
of modifications of the ligands on the spectroscopic, physical, and biological properties
of the synthesized complexes. Slight alterations to the structure of the distyryl ligand
demonstrated only a moderate effect on the visible light absorption and singlet oxygen
quantum yield of the corresponding complexes, while having a considerable impact on
the lipophilicity, cellular uptake, and phototoxicity of the compounds. Cytotoxicity in
the dark and under light irradiation at 480 nm was studied in HeLa and RPE-1 cells.
The osmium complex (Figure 10) was non-toxic in the dark and moderately phototoxic
under irradiation.

OoMe | 2%

Figure 10. Chemical formula of a phototoxic osmium(II) complex described in [80].

In their report, Omar and colleagues described the preparation of a water-soluble thera-
nostic osmium(Il) complex targeting mitochondria, with the composition [Os(btzpy),][PF¢l2,
where btzpy = 2,6-bis(1-phenyl-1,2,3-triazol-4-yl)pyridine [81]. The complex exhibited
phosphorescence at 595 nm. The structure of the compound was determined through
spectroscopic methods and DFT calculations. The complex demonstrated a substantial
quenching of luminescence intensity in the presence of oxygen, accompanied by a sub-
stantial quantum yield for singlet oxygen sensitization of luminescence intensity in the
presence of oxygen and a high quantum yield for singlet oxygen sensitization. The cellular
viability in HeLa cells was investigated in dark conditions, demonstrating no cytotoxicity
at concentrations up to 100 puM.

Osmium(II) pyridyltriazole complexes [Os(bpy)s_,(pytz).][PFsl2 (bpy = 2,2'-bipyridyl,
pytz = 1-benzyl-4-(pyrid-2-yl)-1,2,3-triazole, n = 0-3) were also prepared by Omar et al. [82].
Crystal structure was obtained for the compound [Os(bpy),(pytz)]>* (Figure 11). The
complex crystallizes in the space group P21/n, adopting a distorted octahedral geometry.
The complexes were investigated for their potential as phosphorescent cellular imaging
agents. Cytotoxicity in the dark as well as long-term viability were evaluated in the bladder
cancer (E]) cell line and the HeLa cervical cancer cell line, indicating that the complexes
have comparatively low dark toxicity levels in both cell lines. Preliminary experiments
to assess photocytotoxicity were conducted upon 455 nm irradiation, demonstrating no
photoactivated cytotoxicity.
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Figure 11. X-ray single-crystal structure of the complex studied by Omar et al. [82] (CCDC 1826209);
partial numbering scheme, hydrogen atoms omitted for clarity, ellipsoids drawn at 50% probability
level. Color code: Os green, N blue, C grey. Depiction of the structure with Mercury® software.

Cyclometalated complexes represent a noteworthy category of novel anticancer com-
pounds [83,84]. They are organometallic complexes where a metal atom is directly bonded
to a carbon atom in an organic ligand, forming a chelate ring through an intramolecular
coordination with a heteroatom. Herndndez-Garcia reported the synthesis and characteriza-
tion of six cyclometalated benzimidazole osmium(II) complexes [85]. They were thoroughly
investigated by 'H and '*C or DEPT NMR and ESI-MS. The crystal structure of one of
the complexes was examined by means of single-crystal X-ray analysis (Figure 12). The
complex exhibits an octahedral geometry at the central atom. The phototoxic activity of Os
complexes was determined in several cancer cell lines. The present investigation utilized
two-dimensional monolayer cancer cell lines and three-dimensional multicellular tumor
spheroids under dark conditions and green light irradiation. The complexes exhibited
significantly higher potency compared to the standard cisplatin treatment. On the other
hand, photoactivation under hypoxic conditions was only inferior.

Figure 12. X-ray single-crystal structure of the osmium complex from [85], CCDC 2226215; partial
numbering scheme; hydrogen atoms, counterions, and solvent molecules are omitted for clarity;
ellipsoids drawn at 50% probability level. Color code: Os green, N blue, O red, C grey. Depiction of
the structure with Mercury® software.
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4. Other Cytotoxic Non-Arene Osmium Complexes

A novel series of osmium(IIl) complexes with pyrazinamide and its structural analogs
has been synthesized by Biedulska et al. Mass spectrometry, FT-IR, 'H-NMR, elemen-
tal, and thermogravimetric analyses were used to confirm their structures [86]. Thus,
the authors propose bidentate binding of selected pyrazine derivatives, as well as coor-
dination to the central atom involving the azomethine and amine nitrogen atoms. The
biological safety of Os'!

non-cancerous cell lines: immortalized human keratinocytes (HaCaT) and primary bovine

complexes was evaluated by measuring their cytotoxicity in two

fibroblasts. The MTS assay showed no significant cytotoxic activity against these healthy
cell lines at the tested concentrations (1-1000 uM). Electroanalytical studies suggest that
the complexes may be selectively reduced in hypoxic tumor environments, thus leading to
selective cytotoxicity.

Preparation and structural characterization of three novel osmium(II) complexes were
reported by Petrovi¢ and co-workers [87]. Their chemical composition corresponds to the
general formula [0Os"LCL,(H,0)], where L = 2,6-bis(5-tert-butyl-1H-pyrazol-3-yl)pyridine,
2,6-bis(5-tert-butyl-1-methyl-1H-pyrazol-3-yl)pyridine, and 2,2:6',2"-terpyridine, respec-
tively. The chemical structure of one of the complexes (Figure 13a) was examined through
single-crystal X-ray analysis (Figure 13b). This distorted octahedral complex features a
nearly planar tridentate N,N,N-donor ligand in a mer arrangement. Crystallization from
a DMSO/water mixture resulted in the replacement of the coordinated water molecule
with DMSO. The osmium atom is located above the bis(pyrazolylpyridine)-ligand plane,
while the sulfur donor atom of the coordinating DMSO resides within the ligand plane.
The chlorides exhibit an axial orientation. The binding affinities of the complexes under
examination to biologically significant molecules, CT-DNA, and HSA were investigated by
means of UV-Vis spectrophotometry, fluorescence spectroscopy, and gel electrophoresis,
showing moderate interaction. Substitution reactions with GSH, L-Met, and 5'-GMP were
also examined. The evaluation of the complexes’ cytotoxicity in the HCT-116, SW-480,
MRC-5, and HeLa cell lines demonstrated marked activity in several instances.

tBu

(a) | (b)

tBu

Figure 13. Chemical formula (a) and X-ray single-crystal structure (b) of an osmium(II) complex
with a bis(pyrazolylpyridine)-ligand [87], CCDC 2045190; partial numbering scheme; hydrogen
atoms and solvent molecules are omitted for clarity; ellipsoids drawn at 50% probability level. Color
code: Os dark green, Cl light green, N blue, O red, S yellow, C grey. Depiction of the structure with
Mercury® software.

In order to investigate the effect of geometrical isomerism on anticancer activ-
ity of octahedral metal complexes, Biichel and co-workers prepared cis-tetrachlorido-
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bis(indazole)osmium(IV) (Figure 14a) and its osmium(IIl) congeners [88]. The title complex
crystallized in the monoclinic centrosymmetric space group P21/c, the osmium atom
displaying a distorted octahedral coordination geometry (Figure 14b). Two 1H-indazole
ligands and two chlorido ligands were found in equatorial positions, with the remaining
two chlorido ligands bonded axially. The title complex, its sodium salt, and a reduced
congener showed antiproliferative effects in HT29 and 4T1 cancer cell lines. HT29 cells
demonstrated a higher degree of susceptibility to treatment with osmium complexes com-
pared to cisplatin, while the 4T1 cell line exhibited a reduced propensity for apoptosis
induction by osmium complexes in comparison to cisplatin. A very high cytostatic activity
was detected for the sodium salt of the cis-configured osmium(III) complex.

Figure 14. Chemical formula (a) and X-ray single-crystal structure (b) of cis-tetrachlorido-
bis(indazole)osmium(IV) complex [88], CCDC 1544885; partial numbering scheme, hydrogen atoms
are omitted for clarity, ellipsoids drawn at 50% probability level. Color code: Os dark green, CI light
green, N blue, C grey. Depiction of the structure with Mercury® software.

Osmium(IV) complexes with ligands containing the pyrazole moiety were developed
by Pursuwani et al. [89]. Their structure was investigated by IR- and electronic spec-
troscopy, ESI-MS, ICP-OES, magnetic measurements, and conductance. All complexes
were paramagnetic with octahedral geometry. Most complexes show only moderate ICsg
values in the lung cancer cell line A549. However, the occurrence of the thiophene ring
exerted a substantial influence on cytotoxic activity, with the complex depicted in Figure 15
demonstrating the best performance. Pursuwani et al. prepared similar osmium(IV) com-
plexes based on pyrazole and quinoline moieties [90] and characterized them by common
analytical techniques. Their cytotoxicities were measured using the HCT-116 cell line,
showing moderate ICs values.

Br Br Cl

Figure 15. Chemical formula of an osmium (IV) complex with a pyrazole nucleus [89].
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Diphosphine-containing osmium(Il) and ruthenium(Il) —chromene and chromone
complexes were prepared, and their structure was investigated by single-crystal X-ray
analysis [91]. The osmium atom displays a distorted octahedral geometry, binding to a
C1/CH;3CN ligand, two x?-dppm ligands, and a monodentate chromene /chromone ligand
(Figure 16). The in vitro anticancer activities of the studied compounds were evaluated
against cervical carcinoma (HeLa), breast adenocarcinoma (MCEF-7), fibrosarcoma (HT1080),
and lung adenocarcinoma (A549) human cell lines by means of the MTT assay. Most
complexes possessed moderate to strong cellular toxicity towards the examined human
cancer cell lines.

Figure 16. X-ray single-crystal structures of the osmium complexes studied in [91] (CCDC 1979800—
1979802); partial numbering scheme; hydrogen atoms, counterions, and solvent molecules are omitted
for clarity; ellipsoids drawn at 50% probability level. Color code: Os dark green, Cl light green, N
blue, P orange, O red, C grey. Depiction of the structures with Mercury® software.

Stitch et al. [92] designed two novel osmium(II) polypyridyl complexes, [Os(TAP),dppz]**
and [Os(TAP),dppp2]**, with dppz (dipyrido[3,2-a:2’,3'-c]phenazine) and dppp2 (pyrido
[2/,3":5,6]pyrazino[2,3-f][1,10]phenanthroline) intercalating ligands as well as TAP (1,4,5,8-
tetraazaphenanthrene) ancillary ligands. These complexes were developed as novel cellular
imaging agents designed to target DNA and were characterized by photophysical methods.
The cytotoxicity of both complexes was measured in a cell viability assay on HeLa cells,
with the IC5( values of 45 and 90 uM, respectively.

Mardanya and co-workers reported the preparation, characterization, and DNA bind-
ing affinities, as well as photophysical and electrochemical studies of two homobimetallic
Ru(II) and Os(II) complexes [93]. They employed a novel bridging ligand composed of two
pyridyl-imidazole coordinating units that were rigidly coupled with the central pyrene
moiety. Only the diruthenium complex was structurally described by X-ray crystallography.
The dinuclear osmium(II) complex demonstrated notably better binding properties in rela-
tion to its Ru(Il) analog. The authors have also reported a mixed-ligand osmium(II) complex
containing pyrenyl—pyridylimidazole and 2,2"-bipyridine ligands [94]. The complex was
shown to efficiently intercalate calf-thymus DNA. An X-ray crystallographic study revealed
that the complex crystallized in the triclinic system, with a distorted octahedral geometry
and the central atom of osmium six-coordinated.

High-valent metal complexes represent an innovative category of potential anticancer
metallodrugs. Among them, nitrido-osmium(VI) complexes [95,96] have been a subject of
increasing research attention due to their distinctive and unconventional mode of action.
Berger et al. studied the efficacy of osmium(VI) nitrido compounds on glioblastoma initiat-
ing cells in vitro and in vivo using conventional MTT and 3D cytotoxicity assays, indicating
efficiency at low micromolar concentrations, as well as in mice bearing patient-derived
glioma neurospheres extracted from malignant high-grade gliomas [97]. Both tested Os"!
complexes exhibited marked therapeutic activity in vivo against glioblastoma, significantly

https://doi.org/10.3390/ cryst16020094


https://doi.org/10.3390/cryst16020094

Crystals 2026, 16, 94

16 of 24

increasing survival in mice. Cell cycle analysis, cellular distribution, and osmium uptake
studies provided further insight into the anticancer properties of the complexes.

Huang et al. described the preparation of three nitrido-osmium(VI) complexes with
the composition [OSVI(N)(sap)(py)Cl], [OSVI(N)(sap)(pz)Cl], and [OSVI(N)(sap)(MeIm)Cl]
(sap = N-salicylidene-2-aminophenol, py = pyridine, pz = pyrazole, Melm = 1-methylimidazol
e) [98]. Due to its favorable solubility and stability in water solution, [Os(N)(sap)(py)Cl]
(Figure 17a) was selected as a potential anti-cancer candidate compound for a more thor-
ough examination. Its molecular structure was examined using X-ray crystallography. The
central atom displays a distorted octahedral geometry with the osmium atom linked to
one tridentate sap ligand, one N3, one Cl~, and one py ligand (Figure 17b). An evalua-
tion of the in vitro antiproliferative activities was conducted using a panel of cancer cell
lines, including cisplatin-resistant cells (ICsq values of 2.8-13.8 uM). The complex was also
found to interfere with the induction of G2/M phase arrest, reduction in mitochondrial
membrane potential, and induction of caspase-mediated apoptosis through the activation
of mitochondrial (intrinsic) and death receptor (extrinsic) pathways in HepG2 cells. The
antitumor efficacy in vivo of the osmium(VI) complex was studied in HepG2-bearing nude
mice. Compared to cisplatin, the complex displayed good anti-cancer activity with a low
propensity to toxic side effects.

(a) = (b)

Figure 17. Chemical formula (a) and X-ray single-crystal structure (b) of the osmium(VI) nitrido-
complex [98], CCDC 1982872; partial numbering scheme, hydrogen atoms and solvent molecules
omitted for clarity, ellipsoids drawn at 50% probability level. Color code: Os dark green, Cl light
green, N blue, O red, C grey. Depiction of the structure with Mercury® software.

The osmium(VI) nitrido complex Na[Os(N)(tpm);], where tpm = [5-(thien-2-yl)-1H-
pyrazol-3-ylJmethanol, was shown to have a more pronounced inhibitory effect on the cell
viability than cisplatin for cervical, ovarian, and breast cancer cell lines [99]. It induced
cell cycle arrest and apoptosis in HepG2 cells. The observed activation of caspases and
the occurrence of oxidative stress in the cells subsequent to treatment with the compound
indicate that apoptosis involves intrinsic (mitochondrial) pathways. Additionally, the study
demonstrated a significant downregulation of DNA-metabolism-associated proteins and an
upregulation of oxidative-stress-associated proteins. The findings indicate that the complex
has the potential to reduce DNA repair capacity and augment DNA damage accumulation.
The complex crystallizes in the orthorhombic crystal system (space group P21212,), as
determined by X-ray crystal structure analysis. The structure is based on the osmium center
linked to two deprotonated tpm ligands and one nitrido ligand (Figure 18).
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Figure 18. Chemical formula of the osmium(VI) nitrido-complex reported in [99].

The Os(VI) nitrido complex [OsN(PhenOH)Cl3] was designed and synthesized as an
efficient radiosensitizer with low toxicity by Chen et al. The complex has been shown
to promote G2/M cell cycle arrest by augmenting intracellular ROS levels. This, in turn,
activates the mitochondrial pathway and prompts DNA damage in response to X-ray
irradiation [100]. The complex showed low toxicity against human cervical cancer (Caski
and HeLa) and particularly against normal cervical cell lines (E6E7/Ect). Subsequent to the
combination treatment involving the Os drug and X-ray, there was a marked enhancement
in the anticancer efficacy, with an observed increase exceeding 500%.

The hypoxia-inducible factor (HIF) pathway has been identified as a promising target
for cancer treatment, e.g., by the disruption of the HIF-1a—p300 protein—protein interaction.
Yang et al. prepared seven polypyridyl osmium(II) complexes and subsequently identified
the complex that exhibited the highest degree of potential as an inhibitor of the HIF-1o—
p300 interaction, based on a methyl-substituted phenanthroline ligand [101]. The complex
was found to inhibit hypoxia response element (HRE)-dependent expression, exhibiting
an ICsq of approx. 1.22 uM in hypoxic MC3T3-E1 cells. Notably, it demonstrated a higher
potency compared to chetomin, a known HIF-1a—p300 interaction inhibitor, under similar
experimental conditions.

Another appealing therapeutic strategy for the treatment of hematologic malignancies
and inflammation is the targeting of STATS5 (signal transducer and activator of transcription),
a family of transcription factors activated by tyrosine kinases. Liu et al. reported on a novel
osmium(Il) complex as the first metal-based inhibitor of STAT5B dimerization [102]. The
complex is based on chlorine-substituted dipyrido[3,2-a:2’,3'-c]phenazine (dppz) ligand
and 2,2'-bipyridine coligands. Its structure was characterized by 'H-NMR, *C-NMR,
high-resolution mass spectrometry, and elemental analysis. The complex was able to
inhibit in vitro STAT5B DNA-binding, STAT5B phosphorylation, STAT5 dimerization, and
transcription inhibition in cellulo.

5. Conclusions

This brief review summarizes the research on cytotoxic complexes of osmium pub-
lished during the last decade, focusing on non-arene complexes, which constitute a distinct
category of compounds compared to complexes with -bonding arene ligands. Depictions
of their single-crystal X-ray structures were included where available. On the one hand,
these complexes are of interest due to their general cytotoxic properties, analogous to the
already established use of cytotoxic platinum complexes. They mainly contain central
atoms of osmium in the oxidation state II, although a number of complexes with higher
oxidation numbers (III, IV, VI) displayed very good cytotoxic activities. Of particular
interest among the latter are osmium(IV) complexes containing the nitrido ligand, due to
their potentially distinctive mechanism of action and, consequently, a broader spectrum of
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activity. An advantageous combination treatment involving an Os(VI) nitrido complex and
X-ray treatment was also reported. Investigations have been conducted into the potential
for a targeted therapy approach, involving the hypoxia-inducible factor (HIF) and signal
transducer and activator of transcription (STAT5) as possible targets.

Another current and promising research direction involves the application of osmium
complexes in photodynamic therapy. These are mainly Os(II) complexes containing one
or several polycyclic aromatic hydrocarbons and their derivatives, often polypyridyl-type
ligands. Comparisons could be drawn with the structurally and chemically analogous
ruthenium complexes, which also demonstrate significant photocytotoxicities. A shift in
the optical window for activation (the wavelength of the applied radiation) and a change
in efficiency have been observed upon the transition from Ru(Il) to the heavier Os(II).
Several attempts have also been made to design osmium complexes that exhibit selective
cytotoxicity in hypoxic conditions. Other innovative approaches involve the preparation
of mitochondria-targeted compounds or the design of theranostic osmium complexes,
which combine therapeutic efficacy with imaging capabilities. A notable category of
osmium compounds, the cyclometalated complexes, has the potential to exhibit a distinct
mechanism of anticancer action, making them a significant subject of interest in the field.

A brief summary of the research on mono- and oligonuclear osmium complexes
presented in this review is given in Table 1, including the oxidation number of the central
atom(s), the counterion (if present), the type of assay used to assess the cytotoxicity of
the compounds, and the employed cell lines, as well as an indication of the availability of
in vivo bioactivity studies and of single-crystal X-ray diffraction structural data.

Table 1. Cytotoxic osmium complexes mentioned in this survey.

Mononuclear Complexes

Ref. Oxid. Nr. Counter-Ion CytAo’;(S):;city Cell Line gt‘u\cflii‘:z(; D?fsfii-gi?,n
[48] II PF¢~ Resazurin F98

[49] II PFg~ CCK-8 MGC-803, HGC-27

[51] II Cl~ Resazurin/SRB ~ SK-MEL-28, B16-F10 +

[52] I Cl~ /PFs~ Resazurin SK-MEL-28 +

[53] II BPhy~ MTT HeLa +

[56] I PFg~ CCK-8 MCE-7 +

[59] II PF¢™ Resazurin @Siﬁgg&l

[65] I PFy~ MTT A58, Tieta, HepG2,

[70] II Cl~ MTT HepG2

[71] II PFg~ MTT A549

[72] II PF¢~ Resazurin Aé;gg', 12;561 + +
[73] 1II PF¢~ Resazurin CHO, SP2

[75] I PF¢™ Resazurin HT1376, U87 +

[77] II cl- Resazurin HeLa, MCF-7

[78] II Cl~ Resazurin Ab49
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Table 1. Cont.
Mononuclear Complexes
. Cytotoxicity . In Vivo Os X-Ray
Ref Oxid. Nr. = Counter-Ion Assay Cell Line Studies Diffraction
[79] v none MTT HCT-116 +
[80] 11 PF¢~ Resazurin HeLa, RPE-1
[81] II Cl~ /PFe~ MTT HelLa
[82] II PF¢~ MTT HelLa +
PSN1, MCF7, HelLa,
HCT116,
[85] II CF3503™~ MTT MDA-MB-231, OE33, +
A375, MRC5pd30,
PNT1A
_ HaCaT, bovine
[86] m cl MTS primary fibroblasts
HCT-116, SW-480,
[87] II none MTT HeLa, MRC-5 +
. HT29, 4T1, HEK293
+ 7 7 4
[88] v Na*/none Resazurin H446 +
[89] v none MTT Ab549 +
[90] v none MTT HCT-116 +
_ Hela, MCEF-7,
[91] I CF3S05™ /none MTT HT1080, A549 "
[92] 11 PFq~ CellTiter-Glo® Hela +
_ Ab49, A2780,
[98] VI Cl~ /none MTT A2780/CP70, HeLa +
Hela, A549, HepG2,
A2780, MCEF-7,
[99] VI none MTT MDA-MB-231, + +
A549/DDP, LO-2
HepG2,
HepG2-stem, A549
+ ’ s
[100] VI Na MTT A549CIS, A2780, + +
MDA-MB-231
Caski, Hela,
[101] VI none MTT E6E7 /Ect
_ MC3T3-E1, HepG2,
[102] II PFq MTT A498
[103] II PF¢™ MTT Caco-2, LO2
Oligonuclear complexes
_ Ab549, Caco-2,
[501 I PFe CCK=8 MGC-803, HGC-27
II (Os) _
[54] I (Ir) Cl MTT B16 +
II (Os) 4T1, MDA-MB-231,
[55] II (Ru) PF¢~ MTT MCEF-7, HeLa, A549, +
II (Zn) MCEF-10A, HUVEC
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Table 1. Cont.

Mononuclear Complexes

Ref. Oxid. Nr. Counter-Ion CytAozz:;city Cell Line ISrt‘u\cllii‘:e(; D?fsfi(;;cliiag’n
56] II PF¢~ CCK-8 MCF-7, 4T1 +
63] I Cl- MTT HeLa + +
74] II PFg~ - -
76] II Cl~ MTT A2780
94] II ClO4~ - -
95] I ClO4~ - - +
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