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Abstract: Cancer treatments, including traditional chemotherapy, have failed to cure human ma-
lignancies. The main reasons for the failure of these treatments are the inevitable drug resistance
and serious side effects. In clinical treatment, only 5 percent of the 50 percent of cancer patients
who are able to receive conventional chemotherapy survive. Because of these factors, being able to
develop a drug and treatment that can target only cancer cells without affecting normal cells remains
a big challenge. Since the special properties of cisplatin in the treatment of malignant tumors were
accidentally discovered in the last century, metal anticancer drugs have become a research hotspot.
Metal anticancer drugs have unique pharmaceutical properties, such as ruthenium metal drugs with
their high selectivity, low toxicity, easy absorption by tumor tissue, excretion, and so on. In recent
years, efficient and low-toxicity metal antitumor complexes have been synthesized. In this paper, the
scientific literature on platinum (Pt), ruthenium (Ru), iridium (Ir), gold (Au), and other anticancer
complexes was reviewed by referring to a large amount of relevant literature at home and abroad.

Keywords: platinum anticancer drugs; ruthenium anticancer drugs; iridium anticancer drugs; gold
anticancer drugs; cancer

1. Introduction

Cancer is a major threat to human health. It is a serious disease that has a great
impact on human health [1]. In some developed countries, the number of deaths from
cancer is increasing [2]. According to the World Health Organization (WHO), oncological
diseases have become the second-leading cause of death worldwide. Global cancer deaths
in 2020 will reach 9.96 million, of which 5.53 million will be men and 4.43 million will be
women. The number of new cases of breast cancer in the world has reached 2.26 million,
exceeding the number of cases of lung cancer. Therefore, breast cancer has replaced lung
cancer as the most common type of cancer in the world. Therefore, to cure cancer is our
common hope, and for this goal, research on anticancer drugs is essential. At present,
the methods of treating cancer include targeted anticancer drug therapy, chemotherapy,
hormone treatment, radiotherapy, surgery, and so on. These treatments are selected and
combined according to the patient’s specific condition and tumor type to achieve the best
treatment results [3,4]. Nanotechnology has enormous potential in the prognosis, diagnosis,
and drug delivery of cancer, and is therefore considered to have significant applications
in clinical treatment [5]. New photodynamic therapy is a treatment process that involves
injecting a patient with a light-sensitive drug and then irradiating it using the maximum
absorption wavelength to generate locally reactive oxygen species (ROS) such as singlet
oxygen [6]. The aim is to induce significant toxicological effects at the site of the tumor tissue,
leading to necrosis and ultimately cell death [7]. Transition metals play a very important
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role in biochemistry as cofactors in the active sites of enzymes, enabling a large number of
selective catalytic transitions required to sustain biological processes [8]. Transition metals
naturally occur in trace amounts within living organisms. Nevertheless, overconsumption
of these elements can lead to numerous detrimental effects, including cancer [9]. However, it
is this toxicological potential that lays the foundation for transition-metal-based anticancer
therapies [4]. Besides their extensively researched cytotoxic and anticancer properties,
metal-based drugs are commonly employed in cancer-immune interactions and have the
ability to reverse pivotal aspects of immune evasion [10]. At present, there are dozens
of drugs for the clinical treatment of malignant tumors, but affected by the factors of
cancer pathogenesis, the cure rate of cancer is low, and the therapeutic drugs are rare.
Therefore, the study of anticancer drugs and related mechanisms of action has high clinical
significance. Platinum-based drugs, particularly cisplatin, a first-generation platinum-
based anticancer drug, are the most widely used anticancer drugs in clinical practice, with
established efficacy in head, neck, and reproductive cancers [11]. Carboplatin, the second
generation of platinum anticancer drug after cisplatin, was launched in 1989. The anti-
tumor spectrum of this drug is relatively close to that of cisplatin, and the adverse reactions
are mild. In 2002, oxaliplatin, the third generation of platinum drugs, was used in the
treatment of colon cancer, and then new platinum drugs such as nedaplatin and lobaplatin
were successively used in clinical treatment. For example, BBR-3464 can be used for the
treatment of advanced cancer patients resistant to some common platinum anticancer
drugs. The anticancer mechanism is shown in Figure 1; it has a higher degree of cross-
linking with DNA compared with cisplatin, as well as powerful anticancer efficacy and
no cross-resistance. However, in the development process of such metal anticancer drugs,
difficulties are also encountered, such as hepatotoxicity, neurotoxicity, etc., which seriously
restrict the efficacy of drug use [12]. Since cisplatin’s anti-proliferative properties were
discovered more than half a century ago, intracellular release of poisonous metal ions
such as platinum(II)/(IV), Au(I)/(III), and Ru(II)/(III) has become a major component of
metal-based anticancer therapy [13]. Although there are many chemotherapy methods and
adjuvant anti-tumor drugs used in clinical research, some of them have significant effects
on the treatment of cancer, but many drugs can only alleviate the pain of patients, while
being unable to cure cancer. Therefore, domestic researchers have spent a large amount
of resources on the research and development of anti-tumor drugs, hoping to have major
breakthroughs in the future and striving for a radical cure for cancer. In this paper, the
scientific literature on anticancer complexes such as platinum, ruthenium, iridium, and
gold were reviewed.
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2. Metal Anticancer Drugs
2.1. Platinum Anticancer Drugs

In the 1960s, the American scientist Rosenberg observed for the first time that plat-
inum compounds could inhibit cell growth in an experiment studying the effect of electric
fields on bacterial growth, thus opening the prelude to the development of this unique
configuration of anti-tumor drugs. Figure 2 shows the development history of classical
platinum anticancer drugs. As an important class of metal chemotherapy drugs, platinum
anticancer drugs are used in more than half of chemotherapy. Currently, platinum anti-
cancer drugs that have been approved globally for market include cisplatin, carboplatin,
oxaliplatin, multi-nuclear platinum, with nedaplatin, lobaplatin, and heptaplatin approved
in some countries.
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2.1.1. The First Class of Platinum Drugs

Cisplatin, known chemically as cis-dichlorodiammine platinum (II) (shown in Figure 3),
belongs to the first generation of platinum-based metal anticancer drugs. Cisplatin, which
was approved by the U.S. Food and Drug Administration in 1978, has strong anticancer
activity [15], so it can be used in the treatment of different malignant tumors, mainly for lung
cancer, esophageal cancer, breast cancer, gastric cancer, malignant lymphoma, and ovarian
cancer, and head and neck tumors [15]. Platinum-based anticancer drugs are cell-cycle
non-specific drugs, and DNA is identified as the main cell target. Attracted by the static
electricity of DNA, cisplatin hydrate attacks the bases on the DNA chain, especially the 7 N
atoms of guanine and adenine, forming cross-linked products in the chain, thus changing
the function of the normal replication template of DNA and causing DNA replication
dysfunction(as shown in Table 1). Therefore, it affects the division of cancer cells (the
anticancer mechanism is shown in Figure 4) [16]. At the same time, it can also cause ROS to
accumulate in mitochondria and activate the mitochondria-dependent apathetic pathway to
induce cell death [17]. Oxidative stress is one of the main mechanisms by which cisplatin
exerts anti-tumor effects. Cisplatin can not only bind and consume reducing substances
in cells, but also form complexes with mitochondrial DNA, resulting in mitochondrial
dysfunction and increased ROS production, thus inducing oxidative stress and ultimately
cell death [18].
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However, in the process of tumors receiving continuous cisplatin stimulation and even-
tually evolving into drug-resistant cells, ROS metabolism abnormalities are closely related
to the occurrence of cisplatin resistance. On the one hand, cisplatin-resistant cells reduce
cisplatin-induced oxidative stress by promoting cisplatin efflux, reducing ROS production
and increasing the synthesis of reducing substances such as glutathione, and enhancing
their resistance to cisplatin. On the other hand, intracellular ROS is also involved in the
regulation of multiple links of cisplatin action, including cisplatin transport, DNA damage
repair, and signaling pathways. These adverse reactions have led to great limitations in
the cisplatin treatment of malignant tumors. At the same time, cisplatin has strong side
effects, including gastrointestinal reactions (mainly severe nausea and vomiting), renal tox-
icity (mainly damage to renal tubules), neurotoxicity (mainly muscle pain and movement
disorders), ototoxicity (mainly tinnitus and hearing loss), bone marrow suppression and
allergic reactions, etc. There is also resistance to cisplatin in some tumors [19,20]. Therefore,
to improve resistance and reduce these adverse reactions is the direction of further research
on platinum drugs [21].
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In recent years, cisplatin has often been used in combination with other drugs to treat
breast cancer, so as to reduce cisplatin resistance or alleviate adverse reactions, and improve
its clinical efficacy. Since natural active ingredients can significantly inhibit the recurrence
and metastasis of breast cancer, reverse drug resistance, regulate the immune function of
the body, reduce the toxicity of cisplatin, improve the quality of life of patients, and prolong
the survival period, their application in the treatment of breast cancer is increasing [22,23].
For example, natural flavonoids have anti-tumor, anti-inflammatory, antioxidant, and other
pharmacological activities, and are ideal drugs for tumor prevention or clinical multi-
drug combination therapy. Therefore, flavonoids combined with cisplatin can improve
the anti-breast cancer effect of cisplatin. A variety of natural alkaloids also have anti-
tumor, antibacterial, and other biological activities, and can reduce the adverse reactions of
chemotherapy drugs and improve the body’s immune function [24]. Polyphenols are also
effective natural anti-tumor protective and therapeutic agents, which can directly kill tumor
cells, and can also play a synergistic anti-breast cancer role with cisplatin by inhibiting
angiogenesis, inducing cell cycle arrest, and affecting signal pathways to inhibit cell prolif-
eration and migration [25]. Natural terpenoids also have strong anti-tumor activity [26]
and a synergistic anti-breast cancer effect when combined with cisplatin. Other natural
active ingredients such as polysaccharides have also been combined with cisplatin for anti-
breast cancer research [27]. Shenqi Fuzheng injection can down-regulate the expression of
P-glycoprotein in MDA-MB-231 cells resistant to cisplatin, improve cisplatin sensitivity, re-
duce the release of IL-10 and PGE2 induced by cisplatin, enhance immunity, and thus exert
a good synergistic anti-breast cancer effect [28,29]. There are many studies on the applica-
tion of cisplatin in combination with other chemotherapy agents in the treatment of breast
cancer, both at the cellular level and in clinical patients. The results of the studies mainly
show synergistic effects and reduction or reversal of cisplatin resistance. For example,
gemcitabine combined with cisplatin activates the mTOR/S6K1/NF-κB signaling pathway,
up-regulates the expression of NF-κB protein and mRNA, down-regulates mTOR and S6K1
proteins, changes energy metabolism, inhibits cell proliferation, and promotes cleavage
and death of breast cancer cells [30]. For example, one study mixed Gd-Pt therapeutic
agents that incorporate platinum into micelles or other types of nanoparticles [31]. Xin et al.
studied the efficacy of alanine-proline-arginine-proline-glycine (APRPG) peptide-coupled
polyglycol cationic liposome coated with zoledronic acid (ZOL) (APRPG-PEG-ZOL-CLPS)
for vascular normalization [32]. Cisplatin is used to improve the anticancer effect. Studies
have shown that APRPG-PEG-ZOL-CLPs improves anticancer effects, which is thought
to normalize blood vessels. The results showed that APRPG-PEG-ZOL-CLPs could sig-
nificantly inhibit the activity, migration, and tube formation of human umbilical vein
endothelial cells (HUVECs). In addition, APRPG-PEG-ZOL-CLPs decreased tumor vascu-
lar density, decreased hypoxia-inducing factor 1α(HIF-1α), and increased the expression
of thrombus response protein-1 (TSP-1). Therefore, the anticancer effect of APRPG-PEG-
ZOL-CLPs in combination with cisplatin is better than that of PEG-ZOL-CLP or ZOL in
combination with cisplatin, and the tumor volume is significantly reduced. Therefore,
the APRPG-PEG-ZOL-CLP combined cisplatin regimen is the most effective in regulating
the tumor vascular system and improving the efficacy of antitumor drug therapy. Using
Raman spectroscopy, Jie et al. [33] studied the effects of a combination of a γ-secretase
inhibitor (DAPT) and cisplatin on osteosarcoma (OS) cells (the anticancer mechanism is
shown in Figure 5). The obtained spectral analysis results showed that compared with
DAPT alone, the intracellular components changed significantly after combined treatment,
indicating that DAPT combined with cisplatin had a synergistic effect on OS cells. Changes
in subcellular morphology and biochemical distribution were observed using K-means
clustering and univariate imaging. Thus, this study provides a critical understanding of the
cellular response of DAPT/cisplatin combination therapy from a biochemical perspective,
which provides an experimental basis for exploring therapeutic strategies of other cancer
drug combinations in cancer cell systems. D. Gibson et al. [34] reported on the combination
of cisplatin and caffeic acid for the treatment of cancer cells. The results show that caffeic
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acid is a dual-acting drug that can sensitize or habituate cells to cisplatin therapy depending
on the time of administration. The co-administration of caffeic acid and cisplatin was found
to be effective, which provided a reasonable basis for the preparation of a new platinum
caffeic acid compound.
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2.1.2. The Second Class of Platinum Drugs

Carboplatin is chemically called cis-1,1-cyclobutane dicarboxylate diammine platinum
(II) (shown in Figure 3), and belongs to the second generation of platinum anticancer
drugs. The structure is similar to that of cisplatin, where the two NH3’s of cisplatin remain
unchanged and the two Cl’s are replaced by the chelating coordination of dicarboxylic acid
groups. Compared with cisplatin, the clinical therapeutic effect is more significant and
the adverse reactions are less severe, and it is soluble in water, so it is very convenient to
use [35]. In clinical treatment, the tumors that are treatable with cisplatin can also be treated
with carboplatin, but the toxic side effects of carboplatin are small and the symptoms such
as nausea and vomiting are mild, so carboplatin has a good application in the clinical
treatment of tumors [16]. The anti-tumor mechanism of carboplatin is similar to that of
other platinum drugs, in general: after two groups are removed from carboplatin, they
are transported to the cell through passive diffusion, attracting water molecules to form
positively charged hydrates. By means of electrostatic attraction, the hydrate migrates to the
vicinity of DNA, removes two water molecules, and is replaced by the N-7 position on two
purine nucleotides to form a platinum-DNA admixture(as shown in Table 1) [36]. Through
the combination of these two sites, platinum drugs can form three kinds of cross-linking
modes with their DNA, which are intra-DNA cross-linking, inter-chain cross-linking, and
DNA–protein cross-linking [37]. The most important cross-linking method is the 1,2-D
(GpG) type of in-chain cross-linking, in which the normal expression of DNA is affected,
which leads to the apoptosis of tumor cells. In other words, after carboplatin acts on cells,
transcription factors that regulate signal channels, such as p38, mitogen-activated protein
kinase, extracellular regulatory protein kinase, and stress-activated protein kinase, are
activated, resulting in changes in gene expression [38]. Carboplatin forms a six-membered
ring with DNA, showing greater stability and water solubility [39]. The metabolism of
carboplatin requires two steps (as shown in Figure 6), one of which is the opening of the
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six-membered ring, a slower but critical reaction process. The second is the dissociation of
ligands, which is relatively fast [40]. According to the research results of Yuan Haoyu et al.,
carboplatin can inhibit p53 or prevent p53 mutation, regulate extracellular protein kinase,
reduce its activity, and promote the apoptosis of cancer cells such as cervical cancer [41].
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In clinical applications, carboplatin can be used to treat various cancers, such as head
and neck cancer, brain cancer, testicular cancer, ovarian cancer, colon cancer, and small
cell lung cancer [42]. Carboplatin is a platinum-based derivative of cisplatin with a similar
mechanism of action but different structure and toxicity [43,44]. Carboplatin is mainly
used in the treatment of advanced ovarian cancer [45]. In addition, its nephrotoxicity,
neurotoxicity, and gastrointestinal effects are relatively mild [46], so it can sometimes
be used as an effective substitute for cisplatin [47]. Carboplatin is also combined with
other drugs to make its clinical effect more effective. When combined with other drugs, it
has higher clinical value than simply treating tumors with carboplatin alone, for example,
combined paclitaxel treatment of cervical cancer and cervical cancer due to late onset, which
is difficult to detect, and often found to be in the late stage of treatment. It has become
one of the most common malignant tumors in the female population, having the second
most common incidence after breast cancer. Lin Jia et al. [48] have shown that paclitaxel
combined with carboplatin chemotherapy and radiotherapy have a significant effect in the
treatment of advanced cervical cancer. At present, paclitaxel is the only anticancer drug
that can not only block the dissociation of polymerized microtubules, but also promote
microtubule merger. When paclitaxel enters tumor cells, its accumulation rate will be
accelerated, thus reducing the function of intracellular microtubule tumor cells, blocking
the normal division of tumor cells, and ultimately ending the proliferation process of cells
during mitosis [49,50]. Carboplatin can also prevent the growth of tumor cells by destroying
the structure of DNA molecules. Therefore, the combined use of the two treatment methods
has a significant effect on the treatment of cervical cancer in the middle and late stages.
In order to improve the efficacy of carboplatin, nanomedical drug delivery has enormous
potential. Cytotoxicity, in vitro drug release, and characterization of carboplatin-loaded
polybutylcyanoacrylate nanoparticles (PBCA NPs) were investigated by Majid et al. [51].
In this study, PBCA NPs coated with a hydrophilic polymer, polyethylene glycol 3350
(PEG), were prepared by a novel microemulsion polymerization method, which improved
the performance of the NPs and the therapeutic effect of carboplatin on ovarian cancer
cells. The efficiency of nanomedicine was determined by MTT assay in ovarian cancer
cell lines. The zeta potential of NPs is −10.7 mV and the average particle size is 389 nm.
The encapsulation rate and drug loading of NPs were 41.43% and 3.59%, respectively.
Compared to free carboplatin, NPs have a smaller drug release slope. The results showed
that PEGylated NPs had high drug retention ability, the drug release rate was 14% after
38 h, and the drug release rate and the encapsulation rate increased in a time-dependent
manner. The results also show that the use of PEG in NP formulations and production
processes has a critical impact on NP characteristics, loading rate, and capture efficiency.
In addition, the addition of PEG to NP formulations helps improve the performance of NPs
and minimizes changes in their properties over time. In PEGylated NPs, the cytotoxicity of
carboplatin is associated with a significant increase in drug concentration.
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Nedaplatin, also known as cis-glycolate diammine platinum (as shown in Figure 3), is
a new second-generation platinum drug developed by Shionogi Pharmaceutical Company
in Japan. Nedaplatin has certain curative effect on head and neck tumors, small cell lung
cancer, bladder cancer, ovarian cancer, esophageal squamous cell cancer, and cervical
cancer, and is widely used in Japan, China, and other countries. After entering the cell,
the bond between the alcoholic oxygen on the glycolate ligand and the platinum breaks,
and the water binds to the platinum, resulting in the formation of ionic substances (active
substances or hydrates). The broken glycolate ligands then become unstable and are
released, producing a variety of ionic substances that bind to DNA and inhibit DNA
replication, thus generating anti-tumor activity [52]. The dissolution rate of nedaplatin is
about 10 times that of cisplatin, and the toxicity is significantly reduced compared with
cisplatin, especially with low renal toxicity. Currently, it has been proven that the low renal
toxicity is caused by the different distribution of these two drugs in the kidney. When mice
are given the same dose of nedaplatin and cisplatin, the cumulative amount of nedaplatin
in the kidney is only 40% that of nedaplatin [52,53]. Because there is no need for hydration
during use, the application of nedaplatin has been transferred to the outpatient clinic
abroad, which greatly assists patients. In past studies, nedaplatin alone or in combination
with other drugs has shown good clinical efficacy. In the study of Zhang Pin et al. [54],
the total effective rate of nedaplatin in the treatment of various malignant tumors was
12.9%, and there was no complete cross-resistance with cisplatin. The efficacy of nedaplatin
as a single drug was similar to that of cisplatin, but the gastrointestinal reaction was less
severe than that of cisplatin, and the patients had good tolerance(as shown in Table 1).
Chen Jun et al. [55] found that nedaplatin and cisplatin had similar remission rates and
total remission rates for primary lesions and cervical lymph node metastases in patients
with locally advanced nasopharyngeal carcinoma, with similar efficacy, but that nedaplatin
had higher safety, so nedaplatin could be used as an alternative treatment for patients
with cisplatin intolerance. Niibe et al. [56] treated locally advanced cervical cancer with
radiotherapy and nedaplatin, and the 3-year survival rate of patients reached 73.0% without
severe acute or delayed onset of toxic reactions, indicating that nedaplatin was relatively
effective and safe. In the study of Lu et al. [57], by comparing nedaplatin and cisplatin
in combination with docetaxel for the management of patients with proven advanced
SCLC, it was found that the overall treatment response rate and disease control rate of
the nedaplatin group were higher than those of the cisplatin group. Although there was
no difference in progression-free survival rates between the two groups, the incidence of
non-hematological toxic reactions was lower in the nedaplatin group. Therefore, nedaplatin
can be used as a new alternative drug for advanced or recurrent squamous cell lung cancer.
Also, although the efficacy of nedaplatin is similar to that of cisplatin in monotherapy, the
side effects are lower, so nedaplatin can be used as an alternative treatment for patients
with cisplatin intolerance. In addition, nedaplatin has a certain synergistic effect when
used in combination with other anticancer drugs, which can improve the anticancer effect.
Therefore, it is of great significance in clinical application.

2.1.3. The Third Class of Platinum Drugs

Oxaliplatin’s chemical name is (1R,2R)-trans-diamine cyclohexane oxalate platin,
also known as oxalate platin, and belongs to the third generation of platinum anticancer
drugs. Its structure can be seen as replacing the two amino groups of cisplatin with 1,
2-diaminocyclohexane groups, and the two chlorines with oxalate groups (see Figure 3).
Oxaliplatin was originally synthesized by Yidani, developed and developed by Debio
Pharm in Switzerland, and first launched in France in October 1996. It was approved by
the Food and Drug Administration (FDA) in August 2002 [58]. Our country approved the
import of oxaliplatin in 1999, and successfully developed domestic oxaliplatin in 2000 [58].
Although it is a platinum metal drug like cisplatin and carboplatin, the most significant
thing is that it does not produce cross-resistance, so the clinical effect is very good when
treating carboplatin- and cisplatin-resistant malignant tumors. Moreover, it is also the
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first platinum metal drug with significant therapeutic effect in the clinical treatment of
colon cancer [59]. In addition, it also has a good effect on tumors treated by cisplatin
and carboplatin [59]. The oxaliplatin structure contains a 1,2-diaminocyclohexane group,
platinum atoms, and a DNA cross-link to produce compounds and prevent DNA repair
and replication, resulting in cell apoptosis [60]. Due to the large volume of the compound,
the cross-linking between the chains is lower. The high-mobility group has a low affinity
for oxaliplatin, and the transcription factor Y-box binding protein can bind to the binding
of oxaliplatin to DNA [61]. Under the condition of constant concentration, cisplatin mainly
reduces the replication rate and activates the late DNA synthesis (cell cleavage stage),
while oxaliplatin activates the early DNA synthesis (replication stage) and blocks the
late DNA synthesis (cell cleavage stage) [62]. It has been reported in the literature that
among the 117 genes related to oxaliplatin regulation, 79 genes have the same effect as
cisplatin, and the other 38 genes are inhibited due to dose dependence [63]. In addition,
oxaliplatin can affect the exchange pathway of sodium and calcium plasma, which can lead
to neurotoxicity in the body [64]. Oxaliplatin may have a major application advantage in
the treatment of metastatic colorectal cancer. It can be used alone or in combination with
5-fluorouracil and leucovorin to achieve a certain effect. In the case that cisplatin and other
platinum-based anticancer drugs cannot obtain significant curative effect, oxaliplatin alone
has no significant effect in the treatment of colon cancer, but clinical oxaliplatin combined
with other drugs can play a certain curative effect. Related research reports pointed out that
oxaliplatin and paclitaxel combined use can significantly improve the clinical efficacy in
ovarian cancer patients, and that 5-fluorouracil, capecitabine combined treatment of colon
cancer, can further improve the clinical effect compared with a single drug. Combined
with capecitabine for the treatment of elderly patients with advanced cardiac cancer, the
drug can quickly relieve the clinical symptoms of patients, and the adverse reactions are
controllable. For relapsed and refractory non-Hodgkin’s lymphoma, dexamethasone, high-
dose cytarabine, and oxaliplatin are effective. Cui [65] explores the clinical efficacy of
oxaliplatin combined with chemotherapy in the treatment of colon cancer. Oxaliplatin
combined with chemotherapy has a significant effect on colon cancer patients. Significantly
increasing TNF-αand IL-2 levels can effectively improve clinical symptoms and improve
patients’ quality of life. Lan et al. [66] studied the efficacy of oxaliplatin combined with
tigio in the treatment of advanced esophageal cancer and its impact on patient survival
time. The results showed that oxaliplatin combined with Tigor in the treatment of advanced
esophageal cancer patients can improve the level of tumor markers, improve drug safety,
and prolong survival time.

The third-generation platinum anticancer drugs also include lobaplatin and hepta-
platin (as shown in Figure 3). Among these, lobaplatin, whose chemical name is 1,2-
diaminomethylcyclobutane platinum(II) lactic acid (as shown in Figure 3), is a clinically
representative platinum complex, successfully marketed in China in 2003. Lobaplatin is
characterized by its ability to generate DNA damage through cross-linking of GG and
AG chains, thereby forming DNA drug complexes that inhibit tumor activity and further
affect the expression of certain specific genes in tumor cells [67]. Studies have shown that
lobaplatin has been shown to have good therapeutic effect on some tumors in clinical
practice. For example, lobaplatin has been proven to inhibit the proliferation and peritoneal
metastasis of colorectal cancer in phase II clinical trials [68], can also inhibit gastric cancer
cells by inducing apoptosis [69], can effectively inhibit human non-small cell lung cancer
cells in phase S, and triggers apoptosis in human non-small cell lung cancer [67–70]. In ad-
dition, lobaplatin has shown lower drug resistance in many malignancies compared with
carboplatin and has lower drug toxicity in patients [71]. Lobaplatin is currently registered
in China for the management of metastatic disease in breast cancer and small cell lung
cancer SCLC. At the same time, lobaplatin, a chemotherapy drug used in the treatment
of chronic myeloid leukemia, has also been widely recognized as effective [72], and some
studies have suggested that lobaplatin also has an inhibitory effect on retinoblastoma [73].
The chemical name of heptaplatin is cis-malonic acid [(4R, 5R)-4, 5-bis-(aminomethyl)-2-
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isopropyl-1, 3-dioxopentyl] platinum (II) (as shown in Figure 5), which is a new generation
of platinum-based anticancer drug developed by South Korea’s Sunkyo Pharmaceutical
Co., LTD., in 1992. First marketed in Korea in 1999, heptaplatin’s outstanding advantage
is that it still has a significant effect on cisplatin-resistant cells or tissues, while its tissue
toxicity is lower. Dose-restriction toxicity can be seen in hepatotoxicity, nephrotoxicity, and
myelosuppression, and is mainly used to treat advanced inoperable gastric cancer and
SCLC [74].

2.1.4. Other Platinum Drugs

In October 2009, Sumitomo Pharmaceutical Co., Ltd. of Japan developed and marketed
miplatin, a new fat-soluble platinum complex used primarily to treat liver cancer (see
Figure 7). In January 2010, miplatin and its special suspension went on sale simultaneously.
This product is an anticancer drug dissolved in special iodized poppy seed oil fatty acid
ethyl ester and administered within the hepatic artery. It has a high affinity with the fatty
acid ethyl ester of poppy seed oil and remains at the tumor site after intrahepatic arterial
administration. The platinum complexes in the suspension can be slowly released into
the blood or tissues for a long time and bind to DNA, thus inhibiting the proliferation of
cancer cells by preventing DNA synthesis and improving the anticancer effect [75]. Clinical
trials have shown that in both patients who have received this treatment for hepatocellular
carcinoma for the first time, and some patients who have received other treatments such
as liver resection and relapse, this product has shown good anticancer effects, resulting
in side effects similar to those of the aforementioned platinum drugs. The side effects of
miplatin chemotherapy, which is received in a medical institution that is proficient in this
type of therapy, can be controlled within the tolerance range.
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Polynuclear platinum is a new type of non-classical platinum anticancer drug; its
structure is different from cisplatin and carboplatin, and its research has become a major
breakthrough in platinum anticancer drugs. Farrell’s team synthesized a large amount
of polynuclear platinum with alkyl diamines as bridging groups. Polynuclear platinum
molecules are composed of two or more platinum atoms, which can bind to the DNA of
cancer cells through non-covalent effects (electrostatic, hydrogen bonding). Compared
with classical platinum complexes, they have a strong aggregation ability, so they will
seriously damage the structure and function of DNA, thus making it difficult for tumor
cells to self-repair. Therefore, polynuclear platinum complexes have stronger anticancer
activity. Clinical studies have shown that BBR-3464 (as shown in Figure 7) has a higher
degree of cross-linking than cisplatin in DNA and has strong anticancer activity without
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cross-resistance [76]. Therefore, it is used to treat some patients with advanced cancer, who
often have developed resistance to some typical platinum anticancer drugs.

The Pt(IV) complex is a potential anticancer drug with a higher degree of kinetic
inertness compared with the Pt(II) complex. Ji et al. [77] designed a new Pt(IV) complex
[Pt(NH3)2Cl2(C10H15N2O3S) (C2HO2Cl2)](DPB) (as shown in Figure 7). The effects of the
axial ligands on the activity of the complexes and the energy metabolism of tumor cells
were also discussed. A number of Pt(IV) complexes are currently under development
that are specific to the characteristics of tumor cells, and as Pt(IV) coordination chemistry
develops, new complexes will be generated to test whether the molecular targets identified
are specific to cancer cells. Although there is great potential for conjugation with axial
ligands, the development of synthetic chemistry is able to provide new donors for axial
sites to allow for a wider range of reduction potentials and reactivity. Compared with
Pt(II) homologues, Pt(IV) precursors have therapeutic advantages. Unlike the square flat
Pt(II) complex, the low-spin d6 Pt(IV) centre uses octahedral architecture and is therefore
coordinately saturated. Therefore, Pt(IV) precursors are more tolerant to ligand exchange
than their Pt(II) counterparts, reducing toxic side effects [14].

Gregory et al. [78] reported new Pt(IV) complexes containing ferrocene (Fc), which
differ only in the properties (esters and amides) of the functional groups connected to
the Fc subunit. A small structural change (one atom difference) can lead to significant
differences in the solubility, stability and anti-proliferative activity of lung cancer cell
A549. Huang et al. [79] designed and prepared a novel Pt(IV) complex containing a
monoaminophosphate moiety. This complex can not only be used as a bone delivery
agent, but also can inhibit the activity of matrix metalloproteinases (MMPs). Compared
with cisplatin and oxaliplatin, the compound has stronger antitumor activity while being
less toxic to normal human liver cells. In recent years, the use of platinum and other
metals to form complex complexes, so as to obtain dual-function or multi-function of new
platinum drugs, has become one of the emerging research hotspots. A novel heteronuclear
Pt(IV)-Ru(II) anticancer drug was reported. The complex showed good stability in aqueous
and PBS buffer solutions. Biological evaluation showed that the bifunctional Pt(IV)-Ru(II)
complex has cytotoxic and anti-metastasis properties, taking advantage of the advantages
of two metal centers. The tumor-normal cell co-culture system further confirmed its
good selectivity for cancer cells [80]. Li et al. [81] prepared dendritic monodisperse Se or
platinum coordination dendritic polymers, in which Se is the embedded platinum core.
Dendritic macromolecules with coordination dendritic macromolecules show controllable
anticancer activity without adding any drugs, and their anticancer activity and low toxicity
to normal tissues have been confirmed by in vivo studies. Malgorzata et al. [82] described
new Au(III) and Pt(II) complexes containing imine phosphate ligands, and further studies
showed that apoptosis is the main mechanism of cell death caused by these compounds.
Xiao Hui et al. [83] developed a self-targeting nanoassembly (STNA) using an amphiphilic
prodrug of platinum (IV)—lactose for the synergistic and safe radio-chemotherapy of
liver cancer. By targeting lactose to liver cancer cells, the platinum STNA can improve
tumor aggregation. After receptor-mediated internalization, platinum STNA releases
cisplatin (II) in cancer cells to bind to DNA, inducing DNA damage and apoptosis. At the
same time, DNA binding also arrests the cell cycle in the radiation-sensitive G2/M arrest
phase by upregulating the expression of phosphorylated checkpoint protein 1 (p-Chk1).
In addition, platinum STNA, as a radiosensitizing agent, has a strong X-ray attenuation
capacity under X-ray irradiation and can store more energy, thereby increasing the level of
ROS during the G2/M phase, thereby amplifying the cell-killing effect of radiation therapy
in the case of increased DNA damage. The results showed that platinum STNA had no
adverse reactions in vivo or in vitro and showed obvious synergistic therapeutic effect in
chemoradiotherapy(as shown in Table 1). Taken together, we know that what they propose
is a new self-targeting nanoassembly strategy based on widely used platinum drugs that
can be used for synergistic chemotherapy and radiosensitized liver cancer therapy.
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2.2. Ruthenium Anticancer Drugs

In 1980, Clarke reported for the first time the ruthenium metal drugs such as cis-
[Ru(NH3)Cl2] and cis-[Ru(II)Cl2(DMSO)4], and found that they had very low toxic side
effects and strong anticancer activity [84]. Its anti-tumor properties were discovered by
Italian chemist Giovanni Mestroni in 1984. Studies have shown that cis-[Ru(NH3)Cl2] and
cis-[Ru(II)Cl2(DMSO)4] can inhibit the growth of several mouse metastatic tumors [85].
Thus, researchers began to study the anti-tumor properties of ruthenium metal drugs.
It has a number of oxidized states, Ru(II), Ru(III), and Ru(IV), which may be regulated by
physiological conditions. Ruthenium complexes are suitable alternatives to Pt(II) anticancer
agents because they have the same ligand-substitution kinetic profile as Pt(II) complexes in
aqueous media. The activity of various ruthenium complexes against malignant tumors has
been studied and exploited for several decades. However, the real breakthrough came with
the discovery of NAMI-A and KP1019 (Figure 8) [86]. This complex has a significant effect
on metastatic malignant tumors and tumors that have become resistant to the classical
platinum complex. Although these two drugs are structurally similar, they have different
toxicities. NAMI-A has low activity against newly developed tumors but high activity
against recurrent tumors [87]. KP1019 has shown strong cytotoxicity to primary tumors,
especially in colorectal cancer [88]. It should be noted that both complexes have moderate
activity in vitro. However, they are better tolerated in vitro and in clinical practice [89].
Because the results of the phase I trial of NAMI-A showed high cellular toxicity, low
efficiency, and a variety of side effects, the drug was not tested further [90]. Due to its low
solubility in water, KP1339 is a sodium salt derivative of KP1019 (Figure 8), which is equally
effective against colorectal cancer [91]. After extensive research, Sava et al. found that
NAMI-A can selectively de-attack potentially metastatic cancer cells [92]. NAMI-A binds
to collagen in the extracellular matrix and to integrins on the cell surface, increasing the
adhesion and decreasing the invasiveness of cancer cells. In contrast, the mode of action of
KP1019 and KP1339 is completely different from that of NAMI-A. KP1019 and KP1339 are
prototypical cytotoxic drugs that follow the mitochondrial apoptotic pathway, interacting
strongly with mitochondria and DNA, leading to ROS, oxidative stress, and endoplasmic
reticulum damage, which in turn induces the process of apoptosis [93]. There is no exact
conclusion on the mechanism of action of ruthenium anticancer drugs, because ruthenium
metal drugs have various structures, so drugs with different structures have different
reaction mechanisms. Studies in vivo and in vitro have shown that NAMI-A and many
ruthenium metal drugs have almost no toxicity, and the ligands of ruthenium metal drugs
can be hydrolyzed and dissociated under certain conditions, and the hydrolyzed products
have stronger nucleophile ability and are easier to bind to the target molecules in vivo.
Therefore, the rate of hydrolysis will directly affect the anticancer activity of such metal
drugs. The target molecule of ruthenium anticancer metal drugs in vivo is usually DNA,
but there are three ways of binding anticancer drugs to DNA, namely electrostatic binding,
insertional binding, and furrow binding. Many ruthenium drugs have a positive charge, so
they can be electrostatically bound to DNA. Ruthenium drugs can also be combined with
DNA insertions, where they act as inserters. It can also cross some base pairs to bind to
small and large furrows in the DNA double helix structure [94].
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2.2.1. Ruthenium(II) Arene Complexes

In 1992, Tocher first reported the antitumor activity of arylruthenium (II) complexes [95].
Sadler and Dyson were pioneers in the study of arylruthenium anticancer complexes [96,97].
The arylruthenium (II) complex is an organometallic compound with a “piano stool” structure,
[(η6-arene)Ru(X)(Y)(Z)] (Figure 9, 1), with a unique octahedral geometry with low d6 spin
values, with Ru as the central ion and aromatic “cap” of the aromatic ligand as the “stool
surface” occupying three coordination sites. Common aromatic rings include benzene (ben),
methylisopropylbenzene (cym), biphenyls (bip), and dihydrophenanthrene (dha). The re-
maining three ligands are occupied by the other ligands X, Y, and Z (or “stool legs”) [95,98].
Ligands X and Y can be either monodentate or bidentate ligands (NˆN, NˆO, OˆO, SˆO, etc.),
and Z is usually the leaving group, such as the halogens F, Cl, Br, etc. [95,99]. The aromatic
ring is considered to be the core component of the arylruthenium Ru(II) complex, which
determines the distribution of the electrons in the Ru(II) complex and thus the stability of
the Ru(II) complex. The aromatic ring is lipophilic, which is conducive to the entry of Ru(II)
complex into cells, and the greater the hydrophobicity, the greater the cytotoxicity. According
to literature reports, the larger the size of the aryl group, the stronger the interaction between
the complex and the base, and the stronger the anticancer activity [100]. In addition, the
hydrolysis rate of Ru-Z bond is also affected by the pH and Z ion concentration in the environ-
ment [101]. And the change of ligand can affect the cytotoxicity and stability of the complex.
After hydrolysis of the leaving group, the Ru(II) complex produces an empty coordination
site, which facilitates the interaction of metallic Ru(II) with biomolecules. The hydrolysis of
the leaving group contributes to the cytotoxicity of metal antitumor drugs, but the rate of
hydrolysis of the leaving group is not linearly positive with the antitumor activity of metal.
The ideal state is that when the leaving group is hydrolyzed and the complex just reaches
the target, which can avoid the toxic side effects caused by the combination of the complex
with other biomolecules. Therefore, it is important to introduce appropriate groups to control
the rate of hydrolysis of the complex [102]. Studies have shown that with the arylruthenium
complex [(η6-arene)Ru(XY)Z]+, the more stable Z is, the slower the hydrolysis rate of the
complex, and vice versa. When Z is a halogen atom (Br or Cl), the hydrolysis rate is faster.
When Z is imidazole or pyridine, the hydrolysis rate is slower. The activity of the complex
also has an important relationship with the ligand, so the antitumor activity of the complex
can be further regulated by introducing a different ligand [98]. Phosphorus, nitrogen, and
sulfur are common monodentate ligands; NˆN, OˆO, and NˆO are common bidentate ligands.
Dyson et al. [103] reported Rapta-type compounds (Figure 9, 2–12), on the aryl Ru(II) complex
of 1,3, 5-triaza-7-phosphoheteradamantane (PTA) ligand; the general structure formula is
[(η6-arene)Ru(X)(Y)(PTA)]. Arene is methyl isopropylbenzene (p-cymene), toluene, benzene,
hexamethylbenzene, etc., of which X and Y are most commonly chlorine [104]. The hy-
drophilic PTA ligands have good water solubility and preferentially protonate in low-pH
environments. Chlorinated RAPTA derivatives are readily hydrolyzed in low-chloride-ion
environments [105]. Keppler et al. [106] designed RAPTA-C analogized PTA with gluco-
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furanoside ligands by adjusting the lipophil properties of the complexes, and obtained six
ruthenium complexes containing glucose molecules with high water solubility suitable for
intravenous administration (Figure 9, 13–18). Six complexes were tested for antitumor activity
in vitro, and the results showed that compound 18 had good lipophilic properties, which
were conducive to cell absorption, and the strongest anti-tumor activity (human chordoma
CH1, IC50 = 29 µmol/L). Fabio’s research group [107] prepared and characterized a series of
arylruthenium (II) complexes (Figure 10, 19 and 20), which were connected to the metal center
by biotin-functionalized triphenylphosphine ligands to synthesize a series of arylruthenium
(II) complexes containing biotin fragments. It shows excellent stability in a dimethyl sulfox-
ide/water mixture. The synthesized biotin conjugated arylruthenium Ru(II) complex can be
efficiently taken up by tumor cells with enhanced cellular uptake and selectivity. In addition
to single-tooth P-ligands, imidazole, pyridine, triazole, and quinoline derivatives are com-
monly used in the synthesis of aryl ruthenium complexes as common single-tooth nitrogen
ligands. In order to overcome the shortcomings of multi-drug resistance in tumors, Dyson
and Vock et al. [108] synthesized phenoxazine and anthracyl complexes with imidazole as
ligands by introducing anti-drug resistant molecules that inhibit P-glycoprotein (P-gp) and
imidazole as bridging ligands. It has been reported that coumarins also have good anti-tumor
activity [109]. Zhao et al. [110] designed and synthesized three arylruthenium (II) complexes
containing 7-hydroxycoumarins by pyridine bridging. The MTT assay demonstrated that the
synthetic arylruthenium (II) complexes exhibited higher cytotoxicity to cancer cell lines than
ligands. In coordination chemistry, acylthiourea compounds have a variety of coordination
modes due to the presence of S, N, and O in the structure as electron-donating groups, one of
which is the coordination of sulfur ligands with metals. Cunha et al. [111] synthesized a series
of arylruthenium (II) complexes containing acylthiosemide ligands with the structural formula
[Ru(η6-p-cymene)(PPh3)-(S)Cl]PF6 (Figure 10, 21–26). Five cell lines were selected, including
A549, MDA-MB-231, MRC-5, MCF-10A, and DU145, and the activity of these compounds
was evaluated by MTT assay. Compared with cisplatin, these complexes showed higher
cytotoxicity to MDA-MB-231 (IC50 = 0.28~0.74 µmol/L) and A549 (IC50 = 0.51~1.83 µmol/L),
and their activity was significantly higher than that of cDDP. A significant SI (4.66–19.34) was
found for breast cancer cells.
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The common N-immediately N-binodentate ligands include aliphatic diamines, aro-
matic diamines, and pyridine derivatives. The cytotoxic mechanism of this arylruthenium
(II) involves the hydrolysis of Ru-X bonds to produce active Ru-OH2 [113]. The com-
plex will be present in a certain pH range, but above the pH = pKa value (50% in the
form of Ru-OH2 and Ru-OH via deprotonation of the H2O ligand), the hydroxyl Ru-OH
will dominate, and the complex is generally considered to be less active. Hydroxide
is not as easily exchanged by biomolecular targets because it is a more stable ligand
than water [113]. Ideally, therefore, a pKa of around pH 7 for aqueous adducts should
ensure that the active ingredient is dominant at physiological pH (7.2–7.4). Sadler’s
group [113] studied a series of ethylenediamine arylruthenium (II) complexes such as
[(η6-p-cymene)Ru(en)Cl]+ (Figure 10, 30), [η6-biphenyl)Ru(en)Cl]+ (Figure 10, 31), [(η6-
biphenyl)Ru(en-et)Cl]+(Figure 10, 32 and 33),[(η6-biphenyl)Ru(en-et)Cl]+ (Figure 10, 34);
the general formula is [(arene)Ru(en)Z]+. All of these agents inhibit the growth of A2780
cancer cells with IC50 values between 6 and 9 µmol/L, comparable to the commonly used
anticancer drug carboplatin (IC50 = 6 µmol/L). In addition, complexes involving more
hydrophobic moieties such as [η6-tetrahydronaphthalene)Ru(en)Cl]+ have higher activity,
with IC50 values comparable to cisplatin (0.6 µmol/L) [114]. The structure–activity relation-
ship (SAR) showed that the introduction of polar substituents to the coordination benzene
ring of the [(η6-arene)Ru(en)Cl]PF6 complex reduced their cytotoxicity to A2780 human
ovarian cancer cells [114]. RM175, RAED is a typical ethylenediamine arylruthenium (II)
complex [115]. RM175 has high cytotoxicity both in vivo and in vitro. The anticancer
activity of RM175 has similar activity to carboplatin in the human ovarian cancer cell line
A2780. It can also effectively overcome cisplatin resistance. Aromatic substituents help the
complex enter the cell by increasing its lipophilicity, and when the complex is hydrated, it
covalently binds to the N7 guanine of DNA [116]. The hydrophobic interaction of RM175
(Figure 10, 32) with DNA was achieved by the extension of the aromatic ring into the base
pair. Experiments have shown that RM175 [98] can inhibit the growth of primary MCa
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breast cancer and lung metastases. Moreover, increasing the lipophilicity of the aryl group
can improve the cytotoxicity of the complex. In addition to binding to DNA, RM175 also
inhibits matrix metalloproteinase-2 (MMP-2). MMP-2 can inhibit the adaptive immune
system and play a key role in tumor penetration and spread by removing the extracellular
matrix (ECM) and destroying the histological barrier of cancer cell invasion. It controls the
tumor microenvironment and regulates cell growth and angiogenesis through different
signaling pathways. Chloride ions replaced the hexafluorophosphate (PF6−) anion of
RM175 to form ONCO4417 (Figure 10, 33) [117], showing good antitumor activity and
G2/M phase cell cycle arrest. The complex has been shown to have similar potency to
cisplatin in a variety of cell lines (ovarian, lung, oesophageal, pancreatic, melanoma, col-
orectal, etc.). RAED can bind to DNA and form an adduct with guanine [118]. Changes
in the aromatic ring affect the biological activity of the complex. For example, the more
hydrophobic complex of the aromatic ring ligand (tetrahydroanthracene) (Figure 10, 31) is
10 times more cytotoxic than that of the aromatic ring ligand (methyl isopropyl benzene)
(Figure 10, 30). According to literature reports, the arylruthenium (II) complex with two
chlorines as ligands is easily hydrolyzed, while the OˆO bidentate ligand is relatively stable,
which inhibits the hydrolysis of the complex to a certain extent, because it can form a
stable six-membered chelate structure after coordination with metallic ruthenium, thus
improving the therapeutic effect of drugs [119]. Cyclooxygenase (COX, specifically COX-2)
is commonly up-regulated in malignant tumors, and COX-2 is a key link in triggering sub-
sequent inflammatory responses. NSAID (non-steroidal anti-inflammatory drug) is a kind
of drug with anti-inflammatory, anti-rheumatic, analgesic, antipyretic and anticoagulant
effects; NSAID mainly targets the cyclooxygenase (COX-1 and COX-2), and inhibits the
production of prostaglandins. These NSAIDs have the effect of inhibiting epidermal growth
factor (EGF) function and overexpression of tumor suppressor gene activity. It has been
reported that NSAIDs have a synergistic effect with anti-tumor drugs [120] and can cause
apoptosis. Chanchal et al. [121] selected three different NSAIDs as ligands, reported three
areneRu(II)-NSAID complexes (Figure 10, 27–29), and systematically studied their anti-
proliferation and anti-metastasis activities. The results showed that the areneRu(II)-NSAID
complex had a significant inhibitory effect on tumor metastasis, and could induce cell
apoptosis and block the cell cycle in the G2/M phase. It has been shown that the embedded
binding mode of the aromatic moiety is very helpful in unwinding double-stranded DNA
and allows the drug to work in combination with DNA. Some arylruthenium complexes
act through S-phase cell cycle arrest by DNA damage-mediated phosphorylation of p53.
p53 is a transcription factor that triggers a variety of stress signals such as DNA damage,
oncogene activation, and so on. Cell cycle arrest and cell death are among the major results
of p53 activation. p53 is activated and the cell cycle is first arrested at the G1 checkpoint
phase by activation of CDK inhibitor (CKI) proteins. The CDK inhibitor then binds to the
CDK-cell cycle protein A complex, blocking S phase cell cycle activity and initiating the
process of apoptosis [122].

2.2.2. Ruthenium(II) Polypyridine Complexes

Photodynamic therapy (PDT) is a non-invasive technique used clinically to treat a wide
range of cancers and bacterial, fungal, or viral diseases [123,124]. Among the novel PSs
studied, Ru (II) polypyridinyl complexes have excellent excited state properties, high water
solubility, high chemical stability, and light stability, strong luminescence, large Stokes shift,
and biocompatibility, so they are widely used in PDT [125–127]. Chao et al. proposed a
series of novel asymmetrically substituted 1,10-phenoline and 4,7-diphenyl-1,10-phenoline
Ru-II polypyridine complexes 35~38 (shown in Figure 11) as effective photosensitizers
for single-light and two-photon PDT. The complex shows a redshifted single-photon
absorption in the biospectral window and has a very strong two-photon absorption. They
enter cells through an energy-dependent endocytosis mechanism, and after irradiation
in various 2D monolayer cancer cell lines, the complex apoptoses through the caspase
3/7 pathway, resulting in cell death in the high nanomolar/low micromolar range [128].
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Liu et al. in 2010 prepared two Ru compounds of the type [Ru(dmb)2(DBHIP)](ClO4)2
and [Ru(dmp)2(DBHIP)](ClO4)2 (Figure 11, 39 and 40) with a new ligand 2-(3,4),5-dibromo-
4-hydroxyphenyl)imidazole and [4,5-F][1,10] phenanthroline (DBHIP). These complexes
have excellent optical properties. They facilitate the study of the binding of DNA and
ethidium bromide by emission spectroscopy. Insertion binding to DNA has also been
reported. The mechanism of action involves the formation of singlet oxygen (1O2) and
superoxide radical anion (O2−). These radicals are involved in DNA cleavage. These
compounds have a good antioxidant capacity, are able to lyse plasmid DNA, and have a
high level of cytotoxicity to tumor cell lines [129].
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Polypyridine-ruthenium(II) complexes have become a new type of photosensitizer
because of their highly selective action on tumor cells and their toxicity to any healthy
cells. Chen et al. [131] designed a series of Ru polypyridine complexes (RUpops) in
2022 to systematically explore their potential in promoting NK cell therapy (anticancer
mechanism shown in Figure 12). Interestingly, its structure can determine the anticancer
activity of Ru complexes, whereas only polypyridine ruthenium can effectively modulate
immunosuppressive factors and target proteins in tumor cells. This unique property
contributes to the patient’s MDA-MB-231 cell sensitivity to NK cells. In addition, RuPOP
co-acts with NK cells; in addition to directly damaging tumor cells, it can also trigger
CaspasE3-dependent apoptosis by upregulating NKG2D and its multiple ligands, induce
ROS production, and activate a variety of apoptosis-related receptors, such as tumor
cells and tumor cells, so as to maximize the interaction between NK cells and tumor
cells(as shown in Table 1). Wang Yan’s research group [132] synthesized a lysosomal
targeted polypyridyl ruthenium (II) and synthesized a lysosomal targeted polypyridyl
Ru (bpy)3(bpy=2,2′-bipyridine, rhein=4,5-dihydroxy-9,10-dioxoanthracene-2-carboxylic
acid), and connected with Chinese herbal rhein. The complex showed strong short-term
phototoxicity against cancer cells relative to cisplatin, with IC50 values in the range of
2.4–8.7 µM. In addition, it has low toxicity to cells in dark environments, which helps
to reduce its toxic side effects on normal cells. The experimental results indicate that
this complex can induce cancer cell death through the autophagy pathway. Therefore,
lysosome-targeted photosensitizers based on Ru compounds have great potential for the
application of PDT in cancer treatment. The Dipankar Nandi research group [133] prepared
two ruthenium (II) complexes [Ru (tpy BODIPY)2] Cl2 (tpy=4-phenyl-2,2: 6,2-tripyridine,
BODIPY=boron dipyrrolidene), and studied their phototherapeutic activity and biological
imaging performance. Complexes with structural similarity only affect their physical and
chemical properties due to differences in phenylethyl ligands. These two compounds
show high absorption around 500 nm in DMSO (ε: ~1.5 × 105 M−1 cm −1), high quantum
yield of singlet oxygen and low bleachability, making them useful for PDT applications.
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Both complexes have high DNA binding efficiencies and can generate various types of ROS
and induce photoactivated DNA damage.

Pharmaceutics 2023, 15, x FOR PEER REVIEW 19 of 33 
 

 

 
Figure 12. (a) RuPOP combined with hNKs to promote the killing of MDA-MB-231 tumor cells; (b) 
Structurally optimized RuPOP complexes promote NK cell immunotherapy for triple-negative 
breast cancer [131]. 

2.3. Iridium Anticancer Drugs 
Platinum-based anticancer drugs, although successfully used in clinical treatment, 

have strong toxic side effects, so researchers have begun to explore other metallic anti-
cancer drugs [134]. In the last decade, the interaction of iridium(III) complexes with bi-
omolecules has been studied. Binding to oligonucleotides, amino acids, peptides, and 
proteins was mainly studied [135–139]. In recent years, the activity of iridium(III) com-
pounds against cancer cells has sparked interest, which has led to the design of iridi-
um-based anticancer drugs. Ir(I) compounds such as the mononuclear [Ir(acac)(cod)] 
[137] and binuclear [IrCl(cod)]2 (shown in Figure 13) [140,141] have planar tetragonal 
space structures similar to cisplatin. They have been shown to be remarkably effective in 
suppressing tumors and metastasis in vitro and in vivo. Ir(III) reagents have been used in 
anti-proliferative assays to study cancer cells and have demonstrated a strong potential 
for application. In addition, Ir(III) reagents can be used as imaging probes for the early 
detection and diagnosis of cancer. Ir(III) is a metal complex with important applications, 
which has a more stable oxidation state and higher coordination number compared with 
Ir(I), which gives it superior properties in some specific chemical reactions. At the same 
time, Ir(III) complexes can also provide a wide diversity of different ligands, which offers 
more possibilities for chemical synthesis. In the biomedical field, Ir(III) complexes also 
show many advantages. Firstly, its colour can be changed by simple adjustments, which 
makes it easier to observe and track its behaviour in experiments. Secondly, energy level 
control is also an important property of Ir(III) complexes, which allows us to perform 
chemical reactions or biological experiments at specific energy levels. In addition, the 
lifetime of Ir(III) complexes is also very long, and can reach the microsecond level, which 
allows us to observe biological processes more accurately in our experiments. In addition 
to this, Ir(III) complexes can allow signal recognition of protein autofluorescence. This is 
because Ir(III) ions can bind to protein molecules, thus allowing them to emit fluorescent 
signals at specific wavelengths. This method of signal recognition is important for detec-
tion and observation in biological experiments. Finally, under low oxygen conditions, 
Ir(III) complexes can generate ROS by electron transfer (type I) or energy transfer (type 
II). This property allows Ir(III) complexes to play an important role in specific biological 
processes, such as in the treatment of some diseases. The unique chemical properties of 

Figure 12. (a) RuPOP combined with hNKs to promote the killing of MDA-MB-231 tumor cells;
(b) Structurally optimized RuPOP complexes promote NK cell immunotherapy for triple-negative
breast cancer [131].

2.3. Iridium Anticancer Drugs

Platinum-based anticancer drugs, although successfully used in clinical treatment,
have strong toxic side effects, so researchers have begun to explore other metallic an-
ticancer drugs [134]. In the last decade, the interaction of iridium(III) complexes with
biomolecules has been studied. Binding to oligonucleotides, amino acids, peptides, and
proteins was mainly studied [135–139]. In recent years, the activity of iridium(III) com-
pounds against cancer cells has sparked interest, which has led to the design of iridium-
based anticancer drugs. Ir(I) compounds such as the mononuclear [Ir(acac)(cod)] [137]
and binuclear [IrCl(cod)]2 (shown in Figure 13) [140,141] have planar tetragonal space
structures similar to cisplatin. They have been shown to be remarkably effective in sup-
pressing tumors and metastasis in vitro and in vivo. Ir(III) reagents have been used in
anti-proliferative assays to study cancer cells and have demonstrated a strong potential
for application. In addition, Ir(III) reagents can be used as imaging probes for the early
detection and diagnosis of cancer. Ir(III) is a metal complex with important applications,
which has a more stable oxidation state and higher coordination number compared with
Ir(I), which gives it superior properties in some specific chemical reactions. At the same
time, Ir(III) complexes can also provide a wide diversity of different ligands, which offers
more possibilities for chemical synthesis. In the biomedical field, Ir(III) complexes also
show many advantages. Firstly, its colour can be changed by simple adjustments, which
makes it easier to observe and track its behaviour in experiments. Secondly, energy level
control is also an important property of Ir(III) complexes, which allows us to perform
chemical reactions or biological experiments at specific energy levels. In addition, the
lifetime of Ir(III) complexes is also very long, and can reach the microsecond level, which
allows us to observe biological processes more accurately in our experiments. In addition
to this, Ir(III) complexes can allow signal recognition of protein autofluorescence. This
is because Ir(III) ions can bind to protein molecules, thus allowing them to emit fluores-
cent signals at specific wavelengths. This method of signal recognition is important for
detection and observation in biological experiments. Finally, under low oxygen conditions,
Ir(III) complexes can generate ROS by electron transfer (type I) or energy transfer (type
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II). This property allows Ir(III) complexes to play an important role in specific biological
processes, such as in the treatment of some diseases. The unique chemical properties of
iridium metal provide a basis for the study of novel diagnostic agents and drugs with
new mechanisms of action. Most of the current reports on iridium(III) complexes are of
aryl and cyclic metal structures. Most of these studies have focused on the synthesis and
application of neutral and cationic complexes [142–148]. For example, Sadler’s group has
prepared neutral and cationic half-sandwich iridium(III) complexes containing CˆN biden-
tate ligands and NˆN bidentate ligands, respectively. It was found that the replacement
of the neutral NˆN bidentate ligand bipyridine (bpy) with the negatively charged anionic
CˆN bidentate ligand 2-phenylpyridine (phpy) in half-sandwich iridium(III) complexes
improves biological activity [143,149–153]. Because iridium-based anticancer drugs are
iridium-containing metal complexes, they can be divided into the following two main
categories due to the difference in the groups connected to iridium: aryl complexes and
cyclic metal complexes. Therefore, they are divided into aryl iridium anticancer drugs and
cyclometalated iridium(III) anticancer drugs for presentation in the following.

2.3.1. Aryl Liridium Anticancer Drugs

Iridium is an extremely scarce noble metal with a 5d6 outer electronic structure in the
+3 valence state. Although iridium(I) complexes have emerged as potential catalysts in a
number of hydrogenation reactions, the potential of iridium(III) complexes has not been
fully explored and exploited in the pharmaceutical industry [143]. Iridium complexes are
primarily considered inert and have a very low ligand exchange rate, but experimental
results show that this rate is increased many times with the introduction of cyclopenta-
dienyl ligands (often referred to as Cp*) [152,154]. In 2014, Liu’s team engineered a class
of half-sandwich cyclopentadienyl iridium(III) compounds with the general formula [(η5-
Cp*)Ir(L∧L’)Z]0/n+ (shown in Figure 13). The Cp* motif allows the coupler to undergo
an extension, which helps the compounds insert more easily between DNA strands and
interact with the bases. And excellent cell release is provided by the hydrophobicity of
the Cp* moiety. These drugs have been reported to have higher efficacy than the clinical
drugs cisplatin and oxaliplatin. Depending on the substituent, these complexes exhibit
variable ranges of cytotoxic activity against a variety of cancer cells [143]. In 2015, Mil-
lett et al. reported 15 semi-filled iridium complexes [(η5-Cp*)Ir(2-R’-phenyl)-R pyridine)Cl]
(as shown in Figure 13). It has been reported that these complexes bind to guanine better
than adenine. This complex showed significant cytotoxicity against human colon, lung,
ovarian, and breast cancer cells, with the electron-donating methylphenyl being the most
toxic. It is reported that there is a sharp contrast between these structurally similar isomers.
Because of their enhanced hydrophobicity, these compounds accumulate in a variety of
cells, growing their potency [155].

2.3.2. Cyclometalated Iridium(III) Anticancer Drugs

Iridium compounds have very potent anticancer effects against cancer cells. These
complexes are very effective in sensitizing basal oxygen (3O2) to monoclinic oxygen (1O2),
which is extremely cytotoxic, making these complexes great photosensitizers. Cell division
in cancer cells begins with the generation of ROS or singlet oxygen [156]. Cyclometalated
iridium(III) complexes also exhibit outstanding biological photophysical properties, such
as large ligand division energy, long luminescent lifetime, large displacement, good cell
penetration, and cell stabilization, making them great candidates for biological image
processing [157]. They also have good biosensing properties, high quantity yield and
high photobleaching resistance. They also inhibit protein levels by targeting specific
organelles [158]. All these characteristics together make the cyclometalated iridium(III)
complex, which is an effective anticancer drug. Mukhopadhyay et al. [159] studied the
effects of different substitutions in cyclometalated iridium (III) complexes on DNA and
protein targeting and variations in anticancer potential. The team synthesized p-pyridine-
based quinolone ligands and attached iridium complexes with of the formula [Ir(ppy)2(L)]+



Pharmaceutics 2023, 15, 2750 20 of 32

PF6−. The absorption spectra of these compounds shows strong π-π* transitions at 300 nm
and weaker MLCT transitions at 380 to 390 nm. These compounds emit light at wavelengths
ranging from 430 to 571 nm when excited. Various experimental studies have shown that
these complexes efficiently bind to calf thymus DNA by groove and electrostatic binding to
the hydrophobic part of human serum albumin. These complexes also showed considerable
anti-proliferative activity against MDA-MB-231 breast and cervical cancer cell lines(as
shown in Table 1).

2.4. Gold Anticancer Drugs

The absorption spectra of Au3+ compounds shows the same strong π-π* transitions at
300 nm and weaker MLCT transitions at 380 to 390 nm8 closed shell electronic structure
as Pt2+, and can form a square-planar structure. These same characteristics make gold a
promising anticancer drug to be developed. The early use of the antiarthritic drug kinlo-
profen has been re-studied and found to inhibit the activity of tumor cells in vitro [160] and
in vivo on the mouse P388 leukemia cell line [161]. Therefore, in recent years, scientists
have focused their interest on the cytotoxicity and anticancer effects of gold (III) complexes.
Of course, Au3+ also has its own shortcomings. The most influential point is that Au3+ is
prone to instability in the physiological environment and can easily be reduced to Au+ or
Au(0), and the ligand will also leave, which leads to the loss of efficacy of Au3+ before it
reaches the target [162]. In order to solve this fatal shortcoming, scientists have made a
large number of studies, and it has been shown that simple N-containing binodentate or
multi-dentate ligands [163] or other cyclic aromatic ligands can provide enough stability
to electrophilic Au3+ centers to be stable in physiological environments full of reducing
substances for more than 24 h. According to numerous experimental phenomena, gold
(III) complexes can effectively bind cisplatin-resistant cancer cells [164], which indicates
that the mechanism of Au3+ complexes against malignant cell proliferation may be dif-
ferent from that of cisplatin. Moreover, its target is not single; it can be divided into Se
or thiolated proteins (cysteine, thioredoxin reductase TrxR, glutathione reductase GR),
tyrosine, histidine, DNA, and mitochondria [165,166]. Spectroscopic instruments have
detected the interaction of gold (I) complexes with proteins to form SCys-Au single bonds
or ScYS-AU-Scys disulfide bonds, which further indicates that Au-S has a strong binding
effect. Saggioro’s group studied the cytotoxicity and effects of [Au(DMDT)X2][X=Cl, Br]
and [Au(ESDT)X2][X=Cl, Br] (as shown in Figure 13) on mitochondrial function at cellular
and subcellular levels, and found that these two substances can change the internal and
external potential of the mitochondrial membrane and thus alter osmotic pressure; stimu-
late the production of reactive oxygen species; and especially, inhibit the activity of TrxR
containing selenium. It can also increase the phosphorylation of ERK1/2. TrxR is the target
of anticancer agents, but glutathione reductase, which belongs to the pyridinucleotide
REDOX reductase family with TrxR, is not affected, possibly because TrxR contains Se to
catalyze the reaction(as shown in Table 1) [167]. Liao et al. [168] have conducted theoretical
studies on the reactivity of these two gold (III) complexes containing DMDT and ESDT
ligands with purine bases or sulfur-containing proteins, and the results obtained are the
same as the actual ones, showing that the S site is a target of Au3+. Many reports have
reported that organometallic complexes are easy to bind to DNA. These metal complexes
have some common pointsand are easy to prepare; a wide variety of complexes can be
designed with different ligands; and the binding process is easy to explore with instruments.
Navarro et al. [169] synthesized [Au(dppz)2]3+ (as shown in Figure 13) and experimentally
proved that it has a strong toxic effect on Leishmaniasis eggs, and spectrotitration found
that it can change the viscosity of DNA, so it is speculated that the cytotoxic effect of this
type of gold (III) complex may be related to DNA. Gabbiani et al. designed a series of
different OXo-bibritine (III) complexes and studied their inhibitory effects on 36 human
cancer cell lines. Spectroscopic and ESI MS data show that different Auoxo complexes
have different reaction mechanisms, and some of the biased targets are active protein
kinase C in histone deacetylase. Others bind calf thymus DNA significantly, producing
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irreversible Auoxo/DNA adducts. Kaps et al. carried out a detailed physical property
test and cellular toxicity experiment on Au (I)—NHC (i.e., N heterocyclic carving) com-
plexes [170]. The Rana group [171] designed and synthesized a +3 valence Au(III)-NHC
complex containing two Cl− and two NHC ligands which is cytotoxic to HCT 116, HepG2,
A549, and MCF7 cell lines, which may be due to the inhibition of TrxR by Au(III)-NHC,
which disrupts important antioxidant protection systems in cells. As a result, a large
amount of ROS was not consumed in time; at the same time, mitochondrial membrane
potential decreased and osmotic pressure changed. In general, gold (III) complexes have
anticancer potential, but due to insufficient research models, low detection technology, and
the influence of the diversity of ligands, the reaction mechanism between them and the
target molecules is not clear.
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2.5. Other Anticancer Drugs
2.5.1. Other Metal Anticancer Drugs

Osmium complexes have rarely been developed for their therapeutic potential due to
their toxicity (OsO4) and replacement inertia (Os(II) and Os(III) complexes). Sadler et al.
fine-tuned the kinetics and thermodynamics of the reaction of osmium complexes in
aqueous solution by systematically changing the chelating ligands, so that the aryl osmium
(II) complexes showed excellent cytotoxicity to cancer cells compared with the clinical drugs
carboplatin and cisplatin [172]. Jana Hildebrandt et al. [173] reported on various ruthenium
(II) complexes and promising osmium (II) analogues, all of which use cinnamic acid as
an O, S bidentate ligand. The anticancer activity and ability to evade platinum resistance
mechanisms of these compounds were studied. The results showed that Ru (II) and Os
(II) compounds (as shown in Figure 14) containing O and S bidentate ligands have high
cytotoxicity, but their effects on DNA damage and the cell cycle are not strong. This may
be the basis for bypassing drug resistance mechanisms and the high specificity of cancer
cells [174]. Due to the similarity of the extranuclear electron configuration and chemical
properties of isometal elements, in addition to the transition metals platinum, ruthenium,
iridium, osmium, and other complexes described above, rhodium complexes in the same
group VIII and in the same column with iridium have gradually entered researchers’ field
of view. Some studies have found that some Rh (III) complexes can bind specifically to the
biological macromolecules DNA and RNA [175]. Metal Rh (III) complexes can recognize
the mismatching of guanine (G) and uracil (U) bases on RNA and the action site of a single
guanine, and can be cut off under light-induced conditions for the specific recognition of
mismatching bases on RNA, opening up a new road for the development of anticancer
chemotherapy drugs [176].
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Table 1. Types of anticancer drugs, reaction principles and outcomes.

Type of Drugs Reaction Principle Application Areas and Results References

splatin

By the electrostatic attraction of DNA, it
is directed to migrate rapidly towards
the cell nucleus and reach the target,

which alters the function of the normal
DNA replication template and affects

the division of cancer cells.

Mainly effective in lung cancer,
oesophageal cancer, breast cancer,

stomach cancer, malignant lymphoma,
ovarian cancer, head and neck

tumours, etc.

[15,16]

carboplatin

After carboplatin acts on cells,
transcription factors that regulate signal
channels, such as p38, mitogen activated
protein kinase, extracellular regulated
protein kinase, and responsive protein

kinase, are activated, leading to changes
in gene expression.

Used to treat various cancers, such as
head and neck cancer, brain cancer,

testicular cancer, ovarian cancer, colon
cancer, and small cell lung cancer.

[32,36]

oxaliplatin

The structure of oxaliplatin contains a
1,2-diaminocyclohexane group, and the
platinum atom crosslinks with DNA to

produce a compound that prevents
DNA repair and replication, leading to

cell apoptosis.

It also has good therapeutic effects on
tumors that can be treated with cisplatin

and carboplatin
[53,54]

(STNA)

After receptor-mediated endocytosis,
platinum STNA releases cisplatin (II) in
cancer cells, forming DNA binding and

inducing DNA damage and
cell apoptosis.

Used for synergistic and safe
radiotherapy and chemotherapy of liver

cancer. Due to the targeting effect of
lactose on liver cancer cells, platinum

STNA can improve tumor aggregation.

[83]

RuPOP

RuPOP interacts with NK cells, not only
directly damaging tumor cells, but also

triggering caspase-3 dependent cell
apoptosis by upregulating NKG2D and

its multiple ligands, inducing ROS
production, activating various

apoptosis-related receptors, such as
tumor cells and tumor cells, thereby

maximizing the interaction between NK
cells and tumor cells.

RuPOP effectively regulates
immunosuppressive factors and target

proteins within tumor cells. This unique
property contributes to its good ability

to enhance the sensitivity of
MDA-MB-231 cells to NK cells from

cancer patients.

[131]

Cyclometalated iridium(III)
complexes

These complexes bind efficiently to calf
thymus DNA by groove binding and

electrostatic binding to the hydrophobic
portion of human serum albumin.

These complexes also showed
significant antiproliferative activity

against MDA-MB-231 breast cancer cell
line and cervical cancer cell line

[159]

[Au(ESDT)X2]

The ability to change the electrical
potential inside and outside the

mitochondrial membrane thereby
altering the osmotic pressure and

stimulating the production of reactive
oxygen species.

Particularly inhibits
selenium-containing TrxR activity; also
increases phosphorylation of ERK1/2.

[167]
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Rhenium complexes have long been considered potential anticancer agents, and it
is only recently that many studies have emerged demonstrating their effective anticancer
activity. They are easy to synthesize, can produce a large number of various compounds,
and can adjust the performance of and optimize the biological activity. The rich spectral
properties of rhenium complexes can be used for fluorescence and vibration microscopy
imaging in vitro. The stable Re (I) tricarbonyl nuclear structure is most commonly applied to
biological systems [177]. In addition to tricarbonyl Re(I) complexes (as shown in Figure 14),
the anticancer properties of rhenium complexes with larger oxidation states have been
investigated, focusing mainly on metal ligands and metal–metal multi-bonded rhenium
complexes [178]. The study of rhenium in cancer therapy is in its infancy and the mechanism
of action of these complexes is still widely unknown and remains to be explored.

Tin complexes (IV) attracted the attention of scientists after their antitumor activity
was discovered in 1980, and a large number of tin anticancer drugs were developed [179].
A large number of studies have shown that some tin complexes are of great significance in
the treatment of lymphatic leukemia, and their therapeutic effect is obviously better than
that of platinum anticancer drugs. However, disadvantages such as a narrow anticancer
spectrum and significant toxic side effects seriously hinder their anti-tumor ability. In the
1990s, dibutyltin rutinate compounds were synthesized, with good anticancer activity
against MCF and other cancer cells. Since it was found in the 1980s that palladium metal
complexes with similar structure to platinum had good anticancer activity against S-180
sarcoma cells, a variety of planar palladium metal complexes have appeared successively,
most of which are soft alkali chelated ligands, and the coordination atoms are often N, P,
and S [180]. The mechanism of interaction between metal palladium and DNA was studied
by the fluorescence method. Gel electrophoresis and transmission electron microscopy
confirmed that the metal palladium complex can induce apoptosis and has good anti-tumor
activity. It is well known that silver metal has an antibacterial effect, and the antibacterial
ability of silver nanoparticles is even stronger. Its good chemical properties have aroused
the interest of researchers, and it is found that silver metal complexes have good anti-tumor
ability in the process of continuous exploration [181]. Silver-NHC complexes (as shown in
Figure 14) have been found to be able to cause the death of breast cancer cells and have
good anticancer activity. In addition, the anticancer activity of silver-NHC complexes
on cervical cancer cells and lung cancer cells is stronger than that of cisplatin, but it can
promote apoptosis of cells without causing significant side effects on normal liver cells.
Such metal anticancer complexes have broad prospects in the field of anticancer research.
Hessam Hosseinkazemi et al. [182] reported on the potential use of iron oxide nanoparticles
as therapeutic drugs and acknowledged their superiority over traditional therapeutic drugs.
Although only used for the treatment of iron-deficiency anemia and cancer, multiple exper-
iments are currently being conducted to promote its clinical application. As an essential
trace metal element in human growth and development, copper plays an important role as
a catalytic cofactor in the physiological processes of cells and participates in the REDOX
process of mitochondria [183]. Some copper (II) tetrahedral coordination complexes have
anti-tumor activity, and researchers have found that the mechanism of apoptosis caused
by copper complexes with different ligands is binding of front-end DNA, resulting in cell
growth cycle obstruction. In addition, copper complexes can also cause ROS to accumulate
in large quantities in cells, leading to apoptosis [184]. As the first non-platinum anticancer
metal drug to enter clinical research, researchers have great expectations for titanium com-
plexes [185]. Titanocene dichloride, developed in the 1970s, has anticancer activity against
gastrointestinal cancer and breast cancer, and has entered the stage of clinical research, but
its anticancer spectrum is narrow, and it has no effect on brain cancer. Budotitane, a metal
anticancer drug developed in the 1980s, has good anticancer activity for solid tumors such
as colorectal cancer.
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2.5.2. Other Non-Metallic Anticancer Drugs

Selenium (Se) is a trace element required by the human body and is involved in
many biological reactions. Selenium has a balanced function for the thyroid, muscles,
prostate, brain, and testes. Both organic and inorganic chemical forms are unique to natural
selenium. Selenium intake is known to have a narrow range between inadequate and
toxic levels [186]. It is therefore important to carefully monitor intake of this element.
It is important to note that the recommended daily intake of selenium varies according
to geographical area [187]. Many studies on selenium have shown that selenium has an
inhibitory effect on a wide range of malignant tumors, including lung, bladder, colon,
liver, stomach, thyroid, and prostate cancers; however, this inhibitory effect tends to vary
depending on the type of selenium, the dose, and the type of cancer. Its mechanisms of
action are also varied, including regulation of the cell cycle and apoptosis, antioxidant
properties of selenium-containing proteins, regulation of neovascularization, influence
on extracellular matrix, inhibition of histone deacetylase, neutralization of carcinogenic
toxicity, repair of DNA damage, and regulation of the immune system [188]. Although
many mechanisms are not clearly understood, many medical workers have tried to inhibit
the development of cancer by increasing the intake of selenium in patients, and have
achieved varying degrees of efficacy. A summary of these cases found that when selenium
levels in the blood of cancer patients were increased to 120–160 ng/mL, these patients
were able to fight some cancers more effectively than patients with selenium deficiency.
However, when selenium levels in the blood are too high, selenium intake has the risk of
promoting tumor tissue growth. Therefore, the intake of selenium needs to be controlled
within a certain range in order to achieve a more ideal therapeutic effect. Se may also be
used to treat cancer when combined with other drugs, chemotherapy, and radiotherapy.
Shuo et al. [189] reviewed the use of NK cell immunotherapy and pemetrexed (Pem)
chemotherapy in the management of tumors. However, the overexpression of NK cell
inhibitory receptors on the surface of tumor cells and the lower intracellular internalisation
efficiency of Pem severely limited its clinical application. Therefore, they designed a set
of selenium-based nanoparticles to synergistically improve proton pump chemotherapy
and NK cell immunotherapy. The nanoparticles can release Pem to the tumor site via
selenite produced by β-selenate oxidation and enhance the chemotherapeutic efficacy of
Pem. In addition, selenium can block the production of NK cell inhibitory genes, thereby
activating the immune capacity of NK cells. This strategy has a promising future in
chemoimmunotherapy, as in vitro and in vivo experiments have revealed the possible
mechanisms of chemoenhancement and immune activation by selenite. Liu et al. [190]
used cell CIK-mediated immunotherapy as a typical adoptive cell transfer modality to treat
cancer. However, the short-term persistence of CIK cells in the body and the complex tumor
environment are major challenging factors for CIK-based immunotherapy. Therefore, they
have shown a safe and efficient strategy for effective cancer immunotherapy by binding
SeNPs to CIK cells. Interestingly, SeNPs can effectively prolong the retention time of CIK
cells in the blood. In addition, SeNPs can substantially promote the cytotoxicity of CIK
cells from cancer patients against tumor cells by increasing the expression of the activating
receptor—NKG2D and its ligand, but are not toxic to CIK and tumor cells. A number
of lines of evidence suggest that SeNPs are metabolized to selenocysteine, which is the
main reason for their unique advantages in promoting CIK therapy. Importantly, this
strategy can effectively induce natural killer cells to infiltrate the tumor and to polarize
tumor-associated macrophages to the M1 phenotype, thereby triggering a potent immune
response against the progression of a variety of tumors, including liver, breast, and prostate.
Therefore, this study is a novel strategy for the advancement of clinical application of CIK
therapy in the management of cancer.

3. Conclusions

In the treatment of cancer, metallic anticancer drugs play an important role. Struc-
turally and in terms of research protocols, these metal drugs are very stable in nature
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and can be used as prodrugs against malignant tumors. They can be used alone or in
combination with other drugs or chemicals to produce novel metallic anticancer drugs
with improved efficacy. These novel anticancer drugs bring more hope to the clinical
treatment of malignant tumors, offering patients more choices and better therapeutic effects.
However, there is still a certain gap between the clinical performance of metal anticancer
drugs and people’s expectations. At present, more in-depth studies are needed because the
pathogenesis of cancer and the mechanism of action of certain metal complex anticancer
drugs in vivo are still unclear. On the one hand, we need to conduct in-depth studies on
the pathogenesis of tumor diseases at the cellular level to establish the relationship between
cancer cell growth and certain intracellular components.

The most important problem to be tackled today is that the principle of action and the
process of altering the biological functions of metal-based anticancer drugs and cells are
particularly important, and the course of the reactions can be studied in terms of kinetics
and thermodynamics. The process of drug synthesis involves many complex organic
reactions and special reaction conditions and other factors, and because there are no specific
tools to keep these conditions constant, various kinds of side reactions and by-products
occur. Whether these non-primary substances will be harmful to the human body, and
how their presence in the human body will further affect the anticancer drugs, has yet to
be unearthed and thoroughly investigated by researchers. In biological experiments and
clinical applications, it is also a significant problem that volunteers cannot fully express
in technical terms the side reactions and effects that occur when the drugs enter the body.
Due to the constraints of ethical and moral norms, some side effects and effects on various
organs of the human body cannot be collected first-hand, so experimental data collection is
also an urgent issue. Although today’s high-tech instruments play an inestimable role in
assisting research, biological experiments still lack a certain theoretical basis, which does
not allow us to see the reactions at the root of the drugs and at the level of biomolecules.
An organism is an individual that undergoes organic reactions at all times and in all places,
and further research into anticancer drugs and biomolecules is crucial not only for the
treatment of cancer, but also for the further study of the evolution of organisms and the
slowing of the aging process. With the further understanding of the anticancer mechanism
of metal complexes and their conformational relationship, the anticancer prospect of metal
complexes will be broader.

Funding: This work was supported by the National Natural Science Foundation of China (Grant
No. 21864020, 82160652), the Natural Science Foundation of Inner Mongolia (Grant No. 2019MS02014
and 2018MS02012), the “Young Science and Technology Talents Program” (Leading Person) in Inner
Mongolia Autonomous Region Colleges and Universities (Grant No. NJYT-19-A04), the Fundamental
Research Funds for the Inner Mongolia Normal University, China, (Grant No. 2022JBZD013), the Key
Project of Natural Science Foundation of Inner Mongolia Autonomous Region (No. 2023ZD21), and the
Science and Technology Planning Project of Inner Mongolia Autonomous Region (No. 2021GG0367).
This work was supported by the National Natural Science Foundation of China (22164016), Program
for Young Talents of Science and Technology in Universities of Inner Mongolia Autonomous Region
(NJYT23034), the Inner Mongolia Autonomous Region Science and Technology Plan (2022YFSH0040).

Data Availability Statement: All data and materials in this study are included in the published article.

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

References
1. Johnstone, T.C.; Suntharalingam, K.; Lippard, S.J. The Next Generation of Platinum Drugs: Targeted Pt(II) Agents, Nanoparticle

Delivery, and Pt(IV) Prodrugs. Chem. Rev. 2016, 116, 3436–3486. [CrossRef] [PubMed]
2. Huang, C.; Liang, Z.J.; Zhao, Y.; Fang, T.T.; Wu, K.; Luo, Q.; Wang, F.Y. New progress in the study of mass spectrometry of the

interaction between platinum based anticancer drugs and protein ligands. J. Mass Spectrom. 2021, 42, 819–844.
3. Valladares, M.; Tres, A.; Lambea, J.; Sáez-Gutierrez, B.; Arruebo, M.; Vilaboa, N.; González-Fernández, Á. Assessment of the

Evolution of Cancer Treatment Therapies. Cancers 2011, 3, 3279–3330.
4. Liana, R.L.; Corina, A.H.; Bogdan, S.; Simona, O.L. Metallo-Drugs in Cancer Therapy: Past, Present and Future. Molecules 2022,

27, 6485.

https://doi.org/10.1021/acs.chemrev.5b00597
https://www.ncbi.nlm.nih.gov/pubmed/26865551


Pharmaceutics 2023, 15, 2750 26 of 32

5. Ahmed, F.; Ahmad, J.; Khan, A.M.; Ahmad, M.Z.; Haider, N. Recent Advances in Theranostic Applications of Nanomaterials in
Cancer. Curr. Pharm. Des. 2022, 28, 133–150. [CrossRef] [PubMed]

6. Chung, T.P.; VanNghia, N.; Yeonghwan, C.; Songyi, L.; Juyoung, Y. Recent Strategies to Develop Innovative Photosensitizers for
Enhanced Photodynamic Therapy. Chem. Rev. 2021, 121, 13454–13619.

7. Patrizia, A.; Kristian, B.; AK, C.; Foster, T.H.; Girotti, A.W.; Gollnick, S.O.; Hahn, S.M.; Hamblin, M.R.; Juzeniene, A.; Kessel,
D.; et al. Photodynamic therapy of cancer: An update. CA A Cancer J. Clin. 2011, 61, 250–281.

8. Hausinger, R.P. New metal cofactors and recent metallocofactor insights. Curr. Opin. Struct. Biol. 2019, 59, 1–8. [CrossRef]
9. Grass, G.; Rensing, L.; Rensing, C. Metal toxicity. Metallomics 2011, 3, 1095–1097. [CrossRef]
10. Bernhard, E.; Christine, P.; Petra, H.; Alessio, T.; Kowol, C.R.; Keppler, B.K.; Walter, B. Metal Drugs and the Anticancer Immune

Response. Chem. Rev. 2019, 119, 1519–1624.
11. Vaidya, S.P.; Shubhankar, G.; Ravi, K.T.; Malay, P. Challenges and opportunities in the development of metal-based anticancer

theranostic agents. Biosci. Rep. 2022, 42, 1–25. [CrossRef]
12. Peng, J.; Pu, S.P.; Hu, J.; Qiu, X.W.; Luan, C.F.; Miao, X.Y.; Liao, Y.X. Determination of trace metal impurities in anticancer drug

miplatin by inductively coupled plasma atomic emission spectrometry and its safety evaluation. China Pharm. 2017, 26, 9–13.
13. Alessio, E.; Guo, Z. Metal Anticancer Complexes-Activity, Mechanism of Action, Future Perspectives. Eur. J. Inorg. Chem. 2017,

2017, 1539–1540. [CrossRef]
14. Kenny, R.G.; Marmion, C.J. Toward Multi-Targeted Platinum and Ruthenium Drugs-A New Paradigm in Cancer Drug Treatment

Regimens? Chem. Rev. 2019, 119, 1058–1137. [CrossRef] [PubMed]
15. Ling, X.; Chen, X.; Riddell, I.A.; Tao, W.; Wang, J.Q.; Hollett, G.; Lippard, S.J.; Farokhzad, O.C.; Shi, J.; Wu, J. Glutathione-

scavenging Poly(disulfide amide) Nanoparticles for Effective Delivery of Pt(IV) Prodrugs and Reversal of Cisplatin Resistance.
Nano Lett. 2018, 18, 4618–4625.

16. Weng, L.; Chen, L.Y. Application and research progress of platinum based anticancer drugs. Chin. Pharm. J. 2005, 16, 1205–1208.
17. Zheng, X.H.; Xia, L.X.; Mao, Z.W. The new anticancer platinum complex designed on the basis of nucleic acid. Prog. Chem. 2016,

28, 1029–1038.
18. Galluzzi, L.; Senovilla, L.; Vitale, I.; Michels, J.; Martins, I.; Kepp, O.; Castedo, M.; Kroemer, G. Molecular mechanisms of cisplatin

resistance. Oncogene 2012, 31, 1869–1883. [CrossRef]
19. Daugaard, G.; Abildgaard, U. Cisplatin nephrotoxicity: A review. Cancer Chemother. Pharmacol. 1989, 25, 1–9. [CrossRef]
20. Galluzzi, L.; Vitale, I.; Michels, J.; Bernner, C.; Szabadkai, G.; Harel-Bellan, A.; Castedo, M.; Kroemer, G. Systems biology of

cisplatin resistance: Past, present and future. Cell Death Dis. 2014, 5, e1257. [CrossRef]
21. Cen, K.L.; Chen, M.; Jia, Y.L.; Shen, P. Research progress of reactive oxygen species in cisplatin resistance of tumor. Chin. J.

Pharmacol. Toxicol. 2022, 36, 851–861.
22. Li, Y.X.; Liang, Y.K.; Gao, F.X.; Duan, H.B.; Huan, C.C. Research progress of traditional Chinese medicine in treating breast cancer.

Chin. J. Exp. Tradit. Med. Formulae 2019, 25, 211–219.
23. Wang, J.H.; Lv, S.W.; Li, M.; Li, Y.J. Anti-breast cancer mechanism of active ingredients of traditional Chinese medicine in vitro.

Chin. J. Exp. Tradit. Med. Formulae 2020, 26, 197–203.
24. Shao, Y.Y.; Yin, S.S.; Wang, K.L.; Bao, X.M.; Yu, H.Y. Research progress in anti-tumor pharmacological effects of alkaloids in

traditional Chinese medicine. Cent. S. Pharm. 2019, 17, 1460–1465.
25. Yin, J.J.; Wang, Z.Y.; Qu, H.; Li, J.T. Research progress in the antitumor activities and related mechanisms of plant polyphenols.

Sci. Technol. Food Ind. 2016, 37, 391–395.
26. Li, J.M.; Zheng, F.; Zhai, L.J.; Xue, Z.H. Advances in study on antitumor activities of triterpenoids. Chin. Herb. Med. 2014, 45,

2265–2271.
27. Tian, W.L.; Liu, F.; Wang, F.S. Research progress on the antitumor effect and mechanisms of squid ink polysac-charides. Chin. J.

Mar. Drugs 2018, 37, 79–85.
28. Wang, Z.; Zhang, W.X. Yang-warming formula on block cell cycle and the influence of invasion and metastasis on breast cancer

cell MCF-7. Chin. Arch. Tradit. Chin. Med. 2018, 36, 1569–1572+1794.
29. Zhou, Q.M.; Su, S.B. Effect of Shenqi Fuzheng injection in improving sensitivity of human breast cancer MDA-MB-231 cells to

cisplatin through tumor associated macrophages. Chin. J. Exp. Tradit. Med. Formulae 2020, 26, 76–81.
30. Zuo, Y.F.; Gao, L.W.; Wu, S.F.; Yan, J.T. Effect of gemcitabine combined with cisplatin on mTOR/SbK1/NF-κB signaling in the

treatment of breast cancer. Pract. J. Cancer 2019, 34, 26–29.
31. Robertson, G.A.; Rendina, M.L. Gadolinium theranostics for the diagnosis and treatment of cancer. Chem. Soc. Rev. 2021, 50,

4231–4244. [CrossRef] [PubMed]
32. Xin, J.C.; Wei, D.F.; Ying, Y.X.; Xu, H.; Yang, G.Y.; Cao, J.W.; Ni, J.J.; Tao, K.Y.; Wang, Z. Liposome-Encapsulated Zoledronate

Favors Tumor Vascular Normalization and Enhances Anticancer Efficacy of Cisplatin. AAPS PharmSciTech 2020, 21, e57.
33. Li, J.; Li, J.; Wang, H.F.; Chen, Y.S.; Qin, J.; Zeng, H.S.; Wang, K.G.; Wang, S. Microscopic Raman illustrating anti-tumor

enhancement effects by the combination drugs of γ-secretase inhibitor and Cisplatin on Osteosarcoma cells. J. Biophotonics 2022,
15, e202200189. [CrossRef] [PubMed]

34. Sirota, R.; Gibson, D.; Kohen, R. The timing of caffeic acid treatment with cisplatin determines sensitization or resistance of
ovarian carcinoma cell lines. Redox Biol. 2017, 11, 170–175. [CrossRef] [PubMed]

https://doi.org/10.2174/1381612827666210916140627
https://www.ncbi.nlm.nih.gov/pubmed/34530703
https://doi.org/10.1016/j.sbi.2018.12.008
https://doi.org/10.1039/c1mt90048j
https://doi.org/10.1042/BSR20212160
https://doi.org/10.1002/ejic.201700196
https://doi.org/10.1021/acs.chemrev.8b00271
https://www.ncbi.nlm.nih.gov/pubmed/30640441
https://doi.org/10.1038/onc.2011.384
https://doi.org/10.1007/BF00694330
https://doi.org/10.1038/cddis.2013.428
https://doi.org/10.1039/D0CS01075H
https://www.ncbi.nlm.nih.gov/pubmed/33599224
https://doi.org/10.1002/jbio.202200189
https://www.ncbi.nlm.nih.gov/pubmed/36057844
https://doi.org/10.1016/j.redox.2016.12.006
https://www.ncbi.nlm.nih.gov/pubmed/27951496


Pharmaceutics 2023, 15, 2750 27 of 32

35. Xu, F.J.; Liu, R.S.; Biao, L.H.; Zu, Y.G.; Liu, Z.G. Study on the interaction between oxaliplatin and DNA. Prog. Biochem. Biophys.
2016, 43, 684–690.

36. Shi, C.; Cao, H.X.; Lou, R.; Xu, C.X.; Feng, J.F. Research Progress on the relationship between lncRNA and platinum resistance in
tumor platinum resistance. Chin. J. Oncol. Surg. 2020, 12, 70–73+78.

37. Gao, C.Z.; Wang, T.S.; Chen, J.; Fei, F.; Yang, B.; Yang, J.; Liao, X.L. Research Progress on the mechanism of action of platinum
antitumor drugs. J. Kunming Univ. Sci. Technol. 2017, 42, 51–62.

38. Liu, Q.H.; Yang, P.; Gao, C.Z.; Yang, B.; Qian, Y.X. Research Progress in Gold Nanoparticle-Based Delivery Systems of Antitumor
Platinum Drugs. Chem. Bull. 2017, 80, 995–1001.

39. Li, H.Y. Research Progress on the action targets and drug resistance mechanism of platinum anticancer drugs. Tianjin Pharm.
2018, 30, 62–66.

40. Li, Y.Y.; Wang, X.J. Molecular Mechanisms of Chemoresistance and Cytotoxicity Associated with Platinum Drugs. Chin. J. Cell
Biol. 2013, 35, 1008–1017.

41. Yuan, H.Y.; Yang, S.Y.; Yi, H.; Wang, P.; Yu, Y. Clinical Observation of Platinum Analogue in Treating Recurrent Cervical Cancer.
China Pharm. 2017, 26, 31–34.

42. Fuertes, A.M.; Carlos, A.; Pérez, M.J. Biochemical modulation of Cisplatin mechanisms of action: Enhancement of antitumor
activity and circumvention of drug resistance. Chem. Rev. 2003, 103, 645–662. [CrossRef] [PubMed]

43. Mehdipour, M.; Karami, M.R.; Keshavarz, P.; Ayatollahi, S. Analysis of CO2 Separation with Aqueous Potassium Carbonate
Solution in a Hollow Fiber Membrane Contactor. Energy Fuels 2013, 27, 2185–2193. [CrossRef]

44. Abadi, R.D.F.; Hasan, S.E.; Anita, A.; Alavi, S.E.; Movahedi, F.; Koohi, M.E.M.; Zadeh, M.T.; Akbarzadeh, A. Polybutylcyanoacry-
late nanoparticles and drugs of the platinum family: Last status. Indian J. Clin. Biochem. IJCB 2014, 29, 333–338.

45. Fotopoulou, C. Limitations to the use of carboplatin-based therapy in advanced ovarian cancer. Eur. J. Cancer Suppl. 2015, 12,
13–16. [CrossRef] [PubMed]

46. Lei, L.; Wang, S.; Liang, H.M. Application of carboplatin intraperitoneal chemotherapy in the treatment of advanced ovarian
cancer. Chin. J. Clin. Obstet. Gynecol. 2018, 19, 469–471.

47. Expert consensus on clinical application and adverse reaction management of platinum drugs. Pharm. Today 2019, 29, 577–585.
48. Lin, J. Short term efficacy of paclitaxel combined with carboplatin chemotherapy and concurrent radiotherapy in the treatment of

advanced cervical cancer. Chin. Mod. Med. Misc. 2017, 19, 72–74.
49. Pan, T. Short term efficacy of paclitaxel combined with carboplatin chemotherapy and concurrent radiotherapy in the treatment

of advanced cervical cancer. J. Clin. Ration. Drug Use 2020, 13, 95–96.
50. Wang, J.R.; Yu, K.; Yang, X.; Wang, L. Clinical effect of paclitaxel combined with carboplatin in the treatment of cervical cancer

and its relationship with mlvd and MVD in cervical cancer tissues. Cancer Prog. 2019, 17, 351–353.
51. Hassanzadeganroudsari, M.; Heydarinasab, A.; Soltani, M.; Chen, P.; Khiyavi, A. Enhancing anti-cancer efficacy of carboplatin by

PEGylated poly(butyl cyanoacrylate) nano-particles. J. Drug Deliv. Sci. Technol. 2019, 54, 101218. [CrossRef]
52. Uehara, T.; Watanabe, H.; Itoh, F.; Inoue, S.; Koshida, H.; Nakamura, M.; Yamate, J.; Maruyama, T. Nephrotoxicity of a novel

antineoplastic platinum complex, nedaplatin: A comparative study with cisplatin in rats. Arch. Toxicol. 2005, 79, 451–460.
[CrossRef] [PubMed]

53. Kawai, Y.; Taniuchi, S.; Okahara, S.; Nakamura, M.; Gemba, M. Relationship between Cisplatin or Nedaplatin-Induced Nephro-
toxicity and Renal Accumulation. Biol. Pharm. Bull. 2005, 28, 1385–1388. [CrossRef] [PubMed]

54. Zhang, P.; Feng, F.Y.; Wu, L.Y.; Hu, Y.; Liu, J.W.; Gao, Y.J.; Guan, X.Q.; Nan, K.J.; Suo, A.L.; Wang, X.W.; et al. Clinical study of
nedaplatin in the treatment of malignant tumors. Chin. J. Oncol. 2006, 28, 230–234.

55. Chen, J.; Wang, W.H.; Gu, J. Efficacy and safety of nedaplatin and cisplatin in the treatment of advanced nasopharyngeal
carcinoma: A systematic analysis. Chin. J. Pharm. 2016, 51, 144–150.

56. Yuzuru, N.; Takashi, O.; Keitaro, M.; Yusuke, I.; Kazushige, H. Phase II Study of Concurrent Chemoradiotheapy Using Nedaplatin
for Locally Advanced Uterine Cervical Carcinoma (KGROG0501): Final Results. Anticancer Res. 2017, 37, 6983–6988.

57. Lu, S.; Chen, Z.W.; Hu, C.P.; Zhang, J.; Chen, Y.; Song, Y.; Zhao, Q.; Fan, Y.; Wu, G.; Ma, Z.Y. Nedaplatin plus Docetaxel versus
Cisplatin plus Docetaxel as First-Line Chemotherapy for Advanced Squamous Cell Carcinoma of the Lung—A Multicenter,
Open-label, Randomized, Phase III Trial. J. Thorac. Oncol. 2018, 13, 1743–1749. [CrossRef]

58. Liang, X.H. Development of platinum anticancer drugs. Shanghai Pharm. 2013, 3–5, 6.
59. Wu, J.J. Research progress of oxaliplatin, a new generation of platinum drugs. Med. Recapitul. 2012, 18, 1906–1908.
60. Shi, F.L.; Yuan, S.X.; Liang, R.R. Research Progress on the mechanism of oxaliplatin resistance. Mod. Instrum. Med. Treat. 2016, 22,

1–4.
61. Gu, L.; Li, X.S.; Liu, D.; Deng, L.; Wang, L.; Song, Q.Y.; Zhang, C.L. The mechanism and prevention of Oxaliplatin Neurotoxicity. J.

Pharmacoepidemiol. 2017, 35, 429–435.
62. Zhao, Q.F.; Guan, L.L.; Chen, X.B. Research Progress on the mechanism of oxaliplatin induced thrombocytopenia. J. Basic Clin.

Oncol. 2017, 43, 546–549.
63. Zheng, M.L.; Hua, H.Q. Research Progress on the mechanism of oxaliplatin resistance in hepatocellular carcinoma. J. Clin. Oncol.

2017, 22, 369–373.
64. Liu, S.; Zhang, X. Research progress of Oxaliplatin Neurotoxicity mechanism and gene polymorphism. Chin. J. Clin. 2015, 39,

1685–1689.

https://doi.org/10.1021/cr020010d
https://www.ncbi.nlm.nih.gov/pubmed/12630848
https://doi.org/10.1021/ef4000648
https://doi.org/10.1016/S1359-6349(15)70005-4
https://www.ncbi.nlm.nih.gov/pubmed/26759527
https://doi.org/10.1016/j.jddst.2019.101218
https://doi.org/10.1007/s00204-005-0648-6
https://www.ncbi.nlm.nih.gov/pubmed/15856183
https://doi.org/10.1248/bpb.28.1385
https://www.ncbi.nlm.nih.gov/pubmed/16079479
https://doi.org/10.1016/j.jtho.2018.07.006


Pharmaceutics 2023, 15, 2750 28 of 32

65. Cui, Z.J. Efficacy of oxaliplatin combined with chemotherapy in the treatment of colon cancer. Chin. J. Mod. Drug Appl. 2023, 17,
129–131.

66. Lan, F.; Sun, J.; Zhang, Y.H.; Cheng, S.Q. Therapeutic efficacy of oxaliplatin combined with tigio in treating progressive esophageal
cancer and its impact patients’ survival. J. Guizhou Med. Univ. 2023, 48, 1204–1208.

67. McKeage, M.J. Lobaplatin: A new antitumour platinum drug. Expert Opin. Investig. Drugs 2001, 10, 119–128. [CrossRef]
68. Shan, L.; Bai, B.; Lv, Y.; Xie, B.B.; Huang, X.F.; Zhu, H.B. Lobaplatin suppresses proliferation and peritoneal metastasis of colorectal

cancer in a preclinical model. Biomed. Pharmacother. 2018, 108, 486–491. [CrossRef]
69. Yin, C.Y.; Lin, X.L.; Tian, L.; Ye, M.; Yang, X.Y.; Xiao, X.Y. Lobaplatin inhibits growth of gastric cancer cells by inducing apoptosis.

World J. Gastroenterol. 2014, 20, 17426–17433. [CrossRef]
70. Xie, C.Y.; Xu, Y.P.; Jin, W.; Lou, L.G. Antitumor activity of lobaplatin alone or in combination with antitubulin agents in

non-small-cell lung cancer. Anticancer Drugs 2012, 23, 698–705. [CrossRef]
71. Chen, L.; Cao, H.; Yu, C.; Feng, Y.G. Lobaplatin inhibits prostate cancer progression in part by impairing AR and ERG signal.

Fundam. Clin. Pharmacol. 2018, 32, 548–557. [CrossRef] [PubMed]
72. Wheate, N.J.; Walker, S.; Craig, G.E.; Oun, R. The status of platinum anticancer drugs in the clinic and in clinical trials. Dalton

Trans. 2010, 39, 8113–8127. [CrossRef] [PubMed]
73. Pan, S.; Sun, Y.; Sui, D.; Yang, T.; Fu, S.B.; Wang, J.Z.; Hui, B.N.; Xi, R.X.; He, C.C.; Zhang, X.Z. Lobaplatin promotes radiosensitivity,

induces apoptosis, attenuates cancer stemness and inhibits proliferation through PI3K/AKT pathway in esophageal squamous
cell carcinoma. Biomed. Pharmacother. 2018, 102, 567–574. [CrossRef] [PubMed]

74. Wang, Z.M.; Yu, H.Y.; Gou, S.H. Design synthesis and biological features of platinum(II) complexes with rigid steric hindrance.
Inorg. Chem. 2016, 55, 4519. [CrossRef] [PubMed]

75. Liu, F.F.; Gou, S.H.; Chen, F.H. Study on antitumor platinum(II) complexes of chiral diamines with dicyclic species as steric
hindrance. Med. Chem. 2015, 58, 6368–6377. [CrossRef] [PubMed]

76. Xu, G.; Jiang, P.Y.; Gou, S.H. Study on antineoplastic polynuclear platinum complexes. Prog. Chem. 2012, 24, 1707–1719.
77. Jin, S.X.; Guo, Y.; Song, D.F.; Zhu, Z.Z.; Zhang, Z.Q.; Sun, Y.W.; Yang, T.; Guo, Z.J.; Wang, X.Y. Targeting Energy Metabolism by a

Platinum(IV) Prodrug as an Alternative Pathway for Cancer Suppression. Inorg. Chem. 2019, 58, 6507–6516. [CrossRef]
78. Grégory, T.; Louis, H.; Yoo-Jin, G.; Sajal, S.; Chi, X.T.; Bachman, J.L.; Lynch, V.M.; Siddik, Z.H.; Sessler, J.L. Platinum(IV)-Ferrocene

Conjugates and Their Cyclodextrin Host-Guest Complexes. Inorg. Chem. 2019, 58, 7886–7894.
79. Huang, X.C.; Huang, R.Z.; Gou, S.H.; Wang, Z.M.; Wang, H.S. Anticancer Platinum(IV) Prodrugs Containing Monoaminophos-

phonate Ester as a Targeting Group Inhibit Matrix Metalloproteinases and Reverse Multidrug Resistance. Bioconjug. Chem. 2017,
28, 1305–1323. [CrossRef]

80. Ma, L.L.; Lin, X.D.; Li, C. A cancer cell-selective and lowtoxic bifunctional heterodinuclear Pt(IV)-Ru(II) anticancer prodrug. Inorg.
Chem. 2018, 57, 2917. [CrossRef]

81. Li, T.Y.; Mario, S.; Wim, D.H. Seleniumplatinum coordination dendrimers with controlled anticancer activity. JACS Appl. Mater.
Interfaces 2015, 8, 3609. [CrossRef] [PubMed]

82. Malgorzata, F.; Jacob, F.; Oscar, G. Cyclometalated iminophosphorane gold(III) and platinum(II) complexes. A highly permeable
cationic platinum(II) compound with promising anticancer properties. Med. Chem. 2015, 58, 5825–5841.

83. Xiao, X.H.; Wang, Y.P.; Chen, J.Y.; Qin, P.; Chen, P.Y.; Zhou, D.F. Self-targeting platinum(IV) amphiphilic prodrug nano-assembly as
radiosensitizer for synergistic and safe chemoradiotherapy of hepatocellular carcinoma. Biomaterials 2022, 289, 121793. [CrossRef]
[PubMed]

84. Wu, Y.H. Research progress in the anticancer activity of metal complexes. Chem. Reagent 2017, 39, 1179–1187.
85. Apfelbaum, H.C.; Blum, J.; Mandelbaumshavit, F. Preparation and anticancer activity of two tryptamine derivatived platinum

complexes. Inorg. Chim. Acta 1991, 186, 243–246. [CrossRef]
86. Muhammad, N.; Guo, Z.J. Metal-based anticancer chemotherapeutic agents. Curr. Opin. Chem. Biol. 2014, 19, 144–153. [CrossRef]

[PubMed]
87. Yeul, S.L.; Young, C.K.; TaeGyu, N. Ruthenium Complexes as Anticancer Agents: A Brief History and Perspectives. Drug Des.

Dev. Ther. 2020, 14, 5375–5392.
88. Dömötör, O.; Hartinger, C.G.; Bytzek, A.K.; Kiss, T.; Keepler, B.K.; Enyedy, E.A. Characterization of the binding sites of the

anticancer ruthenium(III) complexes KP1019 and KP1339 on human serum albumin via competition studies. J. Biol. Inorg. Chem.
JBIC A Publ. Soc. Biol. Inorg. Chem. 2013, 18, 9–17. [CrossRef]

89. Save, G.; Bergamo, A.J.; Dyson, P. Metal-based antitumour drugs in the post-genomic era: What comes next? Dalton Trans. 2011,
40, 9069–9075. [CrossRef]

90. Hartinger, C.; Jakupec, M.; Zorbas-Seifried, S.; Groessl, M.; Egger, A.; Berger, W.; Zorbas, H.; Dyson, P.J.; Keepler, B.K. KP1019, A
New Redox-Active Anticancer Agent—Preclinical Development and Results of a Clinical Phase I Study in Tumor Patients. Chem.
Biodivers. 2008, 5, 2140–2155. [CrossRef]

91. Chen, L.; Chen, J.; Liao, S.; Liu, J.Q.; Luo, H.; Zheng, K.C. Hydrolysis Mechanism of the NAMI-A-type Antitumor Complex
(HL)[trans-RuCl4L(dmso-S)] (L=1-methyl-1,2,4-triazole). J. Theor. Comput. Chem. 2011, 24, 383–390. [CrossRef]

92. Bytzek, K.A.; Koellensperger, G.; Keppler, K.B.; Hartinger, C.G. Biodistribution of the novel anticancer drug sodium trans
-[tetrachloridobis(1 H -indazole)ruthenate(III)] KP-1339/IT139 in nude BALB/c mice and implications on its mode of action. J.
Inorg. Biochem. 2016, 160, 250–255. [CrossRef] [PubMed]

https://doi.org/10.1517/13543784.10.1.119
https://doi.org/10.1016/j.biopha.2018.09.063
https://doi.org/10.3748/wjg.v20.i46.17426
https://doi.org/10.1097/CAD.0b013e328352cc10
https://doi.org/10.1111/fcp.12377
https://www.ncbi.nlm.nih.gov/pubmed/29733466
https://doi.org/10.1039/c0dt00292e
https://www.ncbi.nlm.nih.gov/pubmed/20593091
https://doi.org/10.1016/j.biopha.2018.03.109
https://www.ncbi.nlm.nih.gov/pubmed/29597090
https://doi.org/10.1021/acs.inorgchem.6b00361
https://www.ncbi.nlm.nih.gov/pubmed/27074104
https://doi.org/10.1021/jm501952r
https://www.ncbi.nlm.nih.gov/pubmed/26247573
https://doi.org/10.1021/acs.inorgchem.9b00708
https://doi.org/10.1021/acs.bioconjchem.7b00117
https://doi.org/10.1021/acs.inorgchem.8b00053
https://doi.org/10.1021/acsami.5b07877
https://www.ncbi.nlm.nih.gov/pubmed/26390019
https://doi.org/10.1016/j.biomaterials.2022.121793
https://www.ncbi.nlm.nih.gov/pubmed/36126545
https://doi.org/10.1016/S0020-1693(00)85428-6
https://doi.org/10.1016/j.cbpa.2014.02.003
https://www.ncbi.nlm.nih.gov/pubmed/24608084
https://doi.org/10.1007/s00775-012-0944-6
https://doi.org/10.1039/c1dt10522a
https://doi.org/10.1002/cbdv.200890195
https://doi.org/10.1088/1674-0068/24/04/383-390
https://doi.org/10.1016/j.jinorgbio.2016.02.037
https://www.ncbi.nlm.nih.gov/pubmed/26993078


Pharmaceutics 2023, 15, 2750 29 of 32

93. Lea, S.; Robert, T.; AM, J.; Keppler, B.K. Molecular mode of action of NKP-1339—A clinically investigated ruthenium-based
drug—Involves ER- and ROS-related effects in colon carcinoma cell lines. Investig. New Drugs 2016, 34, 261–268.

94. Lin, S.Y.; Zhu, J.Y.; Liu, W.T. Research progress of ruthenium based antitumor compounds. Sci. Technol. Econ. Guide 2016, 17, 118.
95. Mark, R.J. Reactions of (η6-arene)(η6-[2.2]paracyclophane)ruthenium(II) complexes with nucleophiles. J. Chem. Soc. Dalton Trans.

1992, 11, 1797–1801.
96. Dyson, P. Systematic design of a targeted organometallic antitumour drug in preclinical development. Chimia 2007, 61, 698–703.

[CrossRef]
97. Dougan, S.; Peacock, A.; Sadler, J. The design of organometallic ruthenium arene anticancer agents. Chim. Int. J. Chem. 2007, 61,

704–715. [CrossRef]
98. Morris, R.E.; Aird, R.E.; del Socorro Murdoch, P.; Chen, H.; Cummings, J.; Hughes, N.D.; Sadler, P.J. Inhibition of cancer cell

growth by ruthenium(II) arene complexes. J. Med. Chem. 2001, 44, 3616–3621. [CrossRef]
99. Fricker, P. Metal based drugs: From serendipity to design. Dalton Trans. 2007, 4903–4917. [CrossRef]
100. Peacock, A.; Sadler, J. Medicinal organometallic chemistry: Designing metal arene complexes as anticancer agents. Chem.-Asian J.

2010, 3, 1890–1899. [CrossRef]
101. Pettinari, C.; Marchetti, F.; Cerquetella, A.; Pettinari, R.; Monari, M.; Leod, T.C.O.M.; Martins, M.D.R.S.; Pombeiro, A.J.L.

Coordination chemistry of the (η6-p-cymene)ruthenium(II) fragment with bis-, tris-, and tetrakis(pyrazol-1-yl)borate ligands:
Synthesis, structural, electrochemical, and catalytic diastereoselective nitroaldol reaction studies. Organometallics 2011, 30,
1616–1626. [CrossRef]

102. Sonkar, C.; Sarkar, S.; Mukhopadhyay, S. Ruthenium(II)-arene complexes as anti-metastatic agents, and related techniques. RSC
Med. Chem. 2022, 13, 22–38. [CrossRef] [PubMed]

103. Allardyce, S.; Dyson, J.; Ellis, J.; Heath, S.L. [Ru(η6-p-cymene)Cl2(PTA)] (PTA=1,3,5-triaza-7-phosphatricyclo-[3.3.1.1]decane): A
water soluble compound that exhibits pH dependent DNA binding providing selectivity for diseased cells. Chem. Commun. 2001,
15, 1396–1397. [CrossRef]

104. Garcia-Fernandez, A.; Diez, J.; Manteca, A.; Sanchez, J.; Rosula, G.N.; Sierra, B.G.; Mollinedo, F.; Gamasa, M.P.; Lastra, E.
Antitumor activity of new hydridotris(pyrazolyl)borate ruthenium(II) complexes containing the phosphanes PTA and 1-CH3-PTA.
Dalton Trans. 2010, 39, 10186–10196. [CrossRef] [PubMed]

105. Liu, J.; Lai, H.; Xiong, Z.; Chen, B.; Chen, T.F. Functionalization and cancer-targeting design of ruthenium complexes for precise
cancer therapy. Chem. Commun. 2019, 55, 9904–9914. [CrossRef] [PubMed]

106. Berger, I.; Hanif, M.; Nazarov, A.; Hartinger, C.G.; John, R.O.; Kuznetsov, M.L.; Groessl, M.; Schmitt, F.; Zava, O.; Biba, F. In vitro
anticancer activity and biologically relevant metabolization of organometallic ruthenium complexes with carbohydrate-based
ligands. Chemistry 2010, 14, 9046–9057. [CrossRef] [PubMed]

107. Biancalana, L.; Gruchała, M.; Batchelor, K.; Blauz, A.; Monti, A.; Pampaloni, G.; Rychlik, B.; Dyson, P.J.; Marchetti, F. Conjugating
biotin to ruthenium(II) arene units via phosphine ligand functionalization. Eur. J. Inorg. Chem. 2019, 2020, 1061–1072. [CrossRef]

108. Vock, C.; Ang, W.; Scolaro, C.; Phillips, A.D.; Lagopoulos, L.; Lucienne, J.J.; Sava, G.; Scopelliti, R.; Dyson, P.J. Development of
ruthenium antitumor drugs that overcome multidrug resistance mechanisms. J. Med. Chem. 2007, 50, 2166–2175. [CrossRef]

109. Li, Y.C. Coumarin β- Synthesis, Characterization and In Vitro Antitumor Activity of Diketone Aryl Ruthenium (II) Complexes.
Master’s Thesis, Hebei University, Baoding, China, 2022.

110. Zhao, J.; Zhang, D.; Hua, W.; Li, W.C.; Xu, G.; Gou, S.H. Anticancer activity of bifunctional organometallic ru(II) arene complexes
containing a 7-hydroxycoumarin group. Organometallics 2018, 37, 441–447. [CrossRef]

111. Cunha, B.; Luna, D.; Plutin, A.; Silveira, R.G.; Honorato, J.; Cairo, R.R.; De, O.T.D.; Cominetti, M.R.; Castellano, E.E.; Batista,
A.A. Selective coordination mode of acylthiourea ligands in half-sandwich ru(II) complexes and their cytotoxic evaluation. Inorg.
Chem. 2020, 59, 5072–5085. [CrossRef]

112. Wang, M.Y. Synthesis, Characterization and Antitumor Activity of Arylruthenium (II) Complexes Containing Immune Checkpoint
Inhibitors. Master’s Thesis, Hebei University, Baoding, China, 2022.

113. Habtemariam, A.; Melchart, M.; Fernandez, R.; Parsons, S.; Oswald, L.D.H.; Parkin, A.; Fabbiani, F.P.A.; Davidson, J.E.;
Dawson, A.; Aird, R.E. Structure-activity relationships for cytotoxic ruthenium(II) arene complexes containing N,N-, N,O-, and
O,O-chelating ligands. J. Med. Chem. 2006, 49, 6858–6868. [CrossRef] [PubMed]

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

115. Steel, T.; Walsh, F.; Wieczorek-Błauz, A.; Hanif, M.; Hartinger, C.G. Monodentately-coordinated bioactive moieties in multimodal
half-sandwich organoruthenium anticancer agents. Coord. Chem. Rev. 2021, 439, 213890–213908. [CrossRef]

116. Huang, S.; Li, H.; Liu, Y.; Liang, Y.; Su, W.; Xiao, Q. Comparable investigation of in vitro interactions between three ruthenium(II)
arene complexes with curcumin analogs and ctDNA. Polyhedron 2019, 167, 51–61. [CrossRef]

117. Antonarakis, E.; Emadi, A. Ruthenium-based chemotherapeutics: Are they ready for prime time? Cancer Chemother. Pharmacol.
2010, 66, 1–9. [CrossRef] [PubMed]

118. Gossens, C.; Tavernelli, I.; Rothlisberger, U. DNA structural distortions induced by ruthenium-arene anticancer compounds. J.
Am. Chem. Soc. 2008, 130, 10921–10928. [CrossRef] [PubMed]

https://doi.org/10.2533/chimia.2007.698
https://doi.org/10.2533/chimia.2007.704
https://doi.org/10.1021/jm010051m
https://doi.org/10.1039/b705551j
https://doi.org/10.1002/asia.200800149
https://doi.org/10.1021/om101146q
https://doi.org/10.1039/D1MD00220A
https://www.ncbi.nlm.nih.gov/pubmed/35224494
https://doi.org/10.1039/b104021a
https://doi.org/10.1039/c0dt00206b
https://www.ncbi.nlm.nih.gov/pubmed/20882255
https://doi.org/10.1039/C9CC04098F
https://www.ncbi.nlm.nih.gov/pubmed/31360938
https://doi.org/10.1002/chem.200801032
https://www.ncbi.nlm.nih.gov/pubmed/18688905
https://doi.org/10.1002/ejic.201900922
https://doi.org/10.1021/jm070039f
https://doi.org/10.1021/acs.organomet.7b00842
https://doi.org/10.1021/acs.inorgchem.0c00319
https://doi.org/10.1021/jm060596m
https://www.ncbi.nlm.nih.gov/pubmed/17154516
https://doi.org/10.1038/sj.bjc.6600290
https://www.ncbi.nlm.nih.gov/pubmed/12085218
https://doi.org/10.1016/j.ccr.2021.213890
https://doi.org/10.1016/j.poly.2019.04.013
https://doi.org/10.1007/s00280-010-1293-1
https://www.ncbi.nlm.nih.gov/pubmed/20213076
https://doi.org/10.1021/ja800194a
https://www.ncbi.nlm.nih.gov/pubmed/18651736


Pharmaceutics 2023, 15, 2750 30 of 32

119. Kandioller, W.; Kurzwernhart, A.; Hanif, M.; Meier, S.M.; Henke, H.; Keepler, B.K.; Hartinger, C.G. Pyrone derivatives and metals:
From natural products to metal-based drugs. J. Organomet. Chem. 2011, 696, 999–1010. [CrossRef]

120. Tatematsu, Y.; Hayashi, H.; Taguchi, R.; Fujita, H.; Yamamoto, A.; Ohkura, K. Effect of N phenylanthranilic acid scaffold
nonsteroidal anti-inflammatory drugs on the mitochondrial permeability transition. Biol. Pharm. Bull. 2016, 39, 278–284.
[CrossRef]

121. Sonkar, C.; Malviya, N.; Ranjan, R.; Pakhira, S.; Mukhopadhyay, S. Mechanistic insight for targeting biomolecules by ruthenium(II)
NSAID complexes. ACS Appl. Bio Mater. 2020, 3, 4600–4612. [CrossRef]

122. Wu, Q.; Fan, C.D.; Chen, T.F.; Liu, C.R.; Mei, W.J.; Chen, S.D.; Wang, B.G.; Chen, Y.Y.; Zheng, W.J. Microwave-assisted synthesis of
arene ruthenium(II) complexes that induce S-phase arrest in cancer cells by \{DNA\ damage-mediated p53 phosphorylation. Eur.
J. Med. Chem. 2013, 63, 57–63. [CrossRef]

123. Karges, J.; Heinemann, F.; Jakubaszek, M.; Maschietto, F.; Subecz, C.; Dotou, M.; Vinck, R.; Blacque, O.; Tharaud, M.; Goud, B.
Rationally Designed Long-Wavelength Absorbing Ru(II) Polypyridyl Complexes as Photosensitizers for Photodynamic Therapy.
J. Am. Chem. Soc. 2020, 142, 6578–6587. [CrossRef] [PubMed]

124. Zhuang, L.; Wei, H.J.; Li, Q.; Su, X.L.; Liu, S.J.; Zhang, K.Y.; Lv, W.; Zhao, Q.; Li, X.H.; Huang, W. Achieving efficient photodynamic
therapy under both normoxia and hypoxia using cyclometalated Ru(II) photosensitizer through type I photochemical process.
Chem. Sci. 2018, 9, 502–512.

125. Heinemann, F.; Karges, J.; Gasser, G. Critical Overview of the Use of Ru(II) Polypyridyl Complexes as Photosensitizers in
One-Photon and Two-Photon Photodynamic Therapy. Acc. Chem. Res. 2017, 50, 2727–2736. [CrossRef] [PubMed]

126. Mari, C.; Pierroz, V.; Ferrari, S.; Gasser, G. Combination of Ru(II) complexes and light: New frontiers in cancer therapy. Chem. Sci.
2015, 6, 2660–2686. [CrossRef] [PubMed]

127. Palmer, A.M.; Pena, B.; Sears, R.B.; Chen, O.; El Ojaimi, M.; Thummel, R.P.; Dunbar, K.R.; Turro, C. Cytotoxicity of cyclometallated
ruthenium complexes: The role of ligand exchange on the activity. Philos. Trans. Ser. A Math. Phys. Eng. Sci. 2013, 371, 20120135.
[CrossRef] [PubMed]

128. Karges, J.; Kuang, S.; Ong, Y.C.; Chao, H.; Gasser, G. One- and Two-Photon Phototherapeutic Effects of RuII Polypyridine
Complexes in the Hypoxic Centre of Large Multicellular Tumor Spheroids and Tumor-Bearing Mice. Chem.-A Eur. J. 2021, 27,
362–370. [CrossRef] [PubMed]

129. Liu, Y.J.; Liang, Z.H.; Li, Z.Z.; Zeng, C.H.; Yao, J.H.; Huang, H.L.; Wu, F.H. 2-(3,5-Dibromo-4-hydroxyphenyl)imidazo [4,5-
f][1,10]phenanthrolinoruthenium(II)complexes: Synthesis, characterization, cytotoxicity, apoptosis, DNA-binding and antioxidant
activity. Biometals 2010, 23, 739–752. [CrossRef] [PubMed]

130. Qian, X.T. Design, Synthesis and Biological Properties of Ruthenium or Iridium Metal Anticancer Complexes. Master’s Thesis,
Nanjing Normal University, Nanjing, China, 2021.

131. Chen, Q.; He, L.Z.; Li, X.Y.; Xu, L.G.; Chen, T.F. Ruthenium complexes boost NK cell immunotherapy via sensitizing triple-negative
breast cancer and shaping immuno-microenvironment. Biomaterials 2022, 281, 121371. [CrossRef]

132. Chen, J.; Tao, Q.; Wu, J.; Wang, M.M.; Su, Z.; Qian, Y.; Yu, T.; Wang, Y.; Xue, X.L.; Liu, H.K. A lysosome-targeted ruthenium(II)
polypyridyl complex as photodynamic anticancer agent. J. Inorg. Biochem. 2020, 210, 111132. [CrossRef]

133. Subhadeep, P.; Sanmoy, P.; Somarupa, S.; Maji, R.C.; Bhattachryya, U.; Nandi, D.; Chakravarty, A.R. Bichromophoric ruthenium(II)
bis-terpyridine-BODIPY based photosensitizers for cellular imaging and photodynamic therapy. Dalton Trans. 2022, 51, 10392–10405.

134. Gilles, G.; Ingo, O.; Nils, M. Organometallic anticancer compounds. J. Med. Chem. 2011, 54, 3–25.
135. Lo, K.K.; Ng, C.D.; Chung, C. First Examples of Luminescent Cyclometalated Iridium(III) Complexes as Labeling Reagents for

Biological Substrates. Organometallics 2001, 20, 4999–5001. [CrossRef]
136. Stinner, C.; Wightman, D.M.; Kelley, O.S.; Hill, M.G.; Barton, J.K. Synthesis and spectroelectrochemistry of Ir(bpy)(phen)(phi)(3+),

a tris(heteroleptic) metallointercalator. Inorg. Chem. 2001, 40, 5245–5250. [CrossRef] [PubMed]
137. Lo, K.K.; Hui, W.; Chung, C.; Tsang, K.H.K.; Lee, T.K.M.; Li, C.K.; Lau, J.S.Y.; Ng, D.C.M. Luminescent transition metal complex

biotin conjugates. Coord. Chem. Rev. 2006, 250, 1724–1736. [CrossRef]
138. Tae-Hyuk, K.; Jongchul, K.; Jong-In, H. Signal amplification via intramolecular energy transfer using tripodal neutral iridium(III)

complexes upon binding to avidin. J. Am. Chem. Soc. 2008, 130, 3726–3727.
139. Wing, K.L.; Yin, K.Z.; Kit, S.L.; Tang, M.C. Exploitation of the Dual-emissive Properties of Cyclometalated Iridium(III)-

Polypyridine Complexes in the Development of Luminescent Biological Probes. Angew. Chem.-Int. Ed. 2008, 120, 2213–2216.
140. Giraldi, T.; Sava, G.; Mestroni, G.; Zassinovich, G.; Stolfa, D. Antitumor action of rhodium (I) and iridium (I) complexes. Chem.-Biol.

Interact. 1978, 22, 231–238. [CrossRef] [PubMed]
141. Gianni, S.; Sonia, Z.; Laura, P.; Mestron, G.; Zassinovich, G.; Bontempi, A. Coordination metal complexes of Rh(I), Ir(I) and Ru(II):

Recent advances on antimetastatic activity on solid mouse tumors. Inorg. Chim. Acta-Bionorg. Chem. 1987, 137, 69–72.
142. Hearn, M.J.; Isolda, R.; Bushra, Q.; Liu, Z.; Lan, H.P.; Salder, P.J. Organometallic Iridium(III) anticancer complexes with new

mechanisms of action: NCI-60 screening, mitochondrial targeting, and apoptosis. ACS Chem. Biol. 2013, 8, 1335–1343. [CrossRef]
143. Zhe, L.; Sadler, J.P. Organoiridium complexes: Anticancer agents and catalysts. Acc. Chem. Res. 2014, 47, 1174–1185.
144. Liu, L.J.; Wang, W.H.; Huang, S.Y.; Hong, Y.J.; Li, G.D.; Lin, S.; Tian, J.L.; Cai, Z.W.; Wang, H.M.D.; Ma, D.L.; et al. Inhibition of the

Ras/Raf interaction and repression of renal cancer xenografts in vivo by an enantiomeric iridium(iii) metal-based compound.
Chem. Sci. 2017, 8, 4756–4763. [CrossRef]

https://doi.org/10.1016/j.jorganchem.2010.11.010
https://doi.org/10.1248/bpb.b15-00717
https://doi.org/10.1021/acsabm.0c00501
https://doi.org/10.1016/j.ejmech.2013.01.037
https://doi.org/10.1021/jacs.9b13620
https://www.ncbi.nlm.nih.gov/pubmed/32172564
https://doi.org/10.1021/acs.accounts.7b00180
https://www.ncbi.nlm.nih.gov/pubmed/29058879
https://doi.org/10.1039/C4SC03759F
https://www.ncbi.nlm.nih.gov/pubmed/29308166
https://doi.org/10.1098/rsta.2012.0135
https://www.ncbi.nlm.nih.gov/pubmed/23776296
https://doi.org/10.1002/chem.202003486
https://www.ncbi.nlm.nih.gov/pubmed/32716591
https://doi.org/10.1007/s10534-010-9340-2
https://www.ncbi.nlm.nih.gov/pubmed/20422275
https://doi.org/10.1016/j.biomaterials.2022.121371
https://doi.org/10.1016/j.jinorgbio.2020.111132
https://doi.org/10.1021/om010652b
https://doi.org/10.1021/ic010376t
https://www.ncbi.nlm.nih.gov/pubmed/11559089
https://doi.org/10.1016/j.ccr.2006.01.010
https://doi.org/10.1016/0009-2797(78)90128-X
https://www.ncbi.nlm.nih.gov/pubmed/699174
https://doi.org/10.1021/cb400070a
https://doi.org/10.1039/C7SC00311K


Pharmaceutics 2023, 15, 2750 31 of 32

145. Kang, T.S.; Zhong, H.J.; Wang, W.; Dong, Z.Z.; Huang, Q.; Mok, S.W.F.; Leung, C.H.; Wong, V.K.W.; Ma, B.L. An anti-prostate
cancer benzofuran-conjugated iridium(III) complex as a dual inhibitor of STAT3 and NF-κB. Cancer Lett. 2017, 396, 76–84.
[CrossRef] [PubMed]

146. Du, Q.; Yang, Y.; Guo, L.; Tian, M.; Ge, X.X.; Tian, Z.Z.; Zhao, L.K.; Xu, Z.S.; Li, J.J.; Liu, Z.Z. Fluorescent half-sandwich
phosphine-sulfonate iridium(III) and ruthenium(II) complexes as potential lysosome-targeted anticancer agents. Dyes Pigments
2019, 162, 821–830. [CrossRef]

147. Yang, Y.; Guo, L.; Ge, X.; Shi, S.P.; Gong, Y.T.; Xu, Z.S.; Zheng, X.F.; Liu, Z. Structure-activity relationships for highly potent
half-sandwich organoiridium(III) anticancer complexes with CˆN-chelated ligands. J. Inorg. Biochem. 2019, 191, 1–7. [CrossRef]
[PubMed]

148. Du, Q.; Zhao, L.; Guo, L.; Ge, X.X.; Zhao, S.M.; Xu, Z.S.; Liu, Z. Lysosome-targeted Cyclometalated Iridium (III) Anticancer
Complexes Bearing Phosphine-Sulfonate Ligands. Appl. Organomet. Chem. 2019, 33, e4746. [CrossRef]

149. Liu, Z.; Salassa, L.; Habtemariam, A.; Pizarro, A.M.; Clarkson, G.J.; Salder, P.J. Contrasting Reactivity and Cancer Cell Cytotoxicity
of Isoelectronic Organometallic Iridium(III) Complexes. Inorg. Chem. 2011, 50, 5777–5783. [CrossRef] [PubMed]

150. Zhe, L.; Abraha, H.; MA, P.; Fletcher, S.A.; Kisova, A.; Vrana, O.; Salassa, L.; Bruijinincx, P.C.A.; Clarkson, G.J.; Brabec, V.; et al.
Organometallic half-sandwich iridium anticancer complexes. J. Med. Chem. 2011, 54, 3011–3026.

151. Zhe, L.; Isolda, R.; Abraha, H.; Clarkson, G.J.; Salder, P.J. Potent Half-Sandwich Iridium(III) Anticancer Complexes Containing
C∧N-Chelated and Pyridine Ligands. Organometallics 2014, 33, 5324–5333.

152. Liu, Z.D.; Romero-Canelón, I.D.; Qamar, B.; Hearn, J.M.; Habtemariam, A.; Barry, N.P.E.; Pizarro, A.M.; Clarkson, G.J.; Salder, P.J.
The Potent Oxidant Anticancer Activity of Organoiridium Catalysts. Angew. Chem. 2014, 126, 4022–4027. [CrossRef]

153. Liu, Z.; Habtemariam, A.; Pizarro, A.M.; Clarkson, G.J.; Sadler, P.J. Organometallic Iridium(III) Cyclopentadienyl Anticancer
Complexes Containing C,N-Chelating Ligands. Organometallics 2011, 30, 4702–4710. [CrossRef]

154. Poth, T.; Paulus, H.; Elias, H.; Carlos, D.B.; Eldik, V.R. Kinetics and Mechanism of Water Substitution at Half-Sandwich Iridium(III)
Aqua Cations Cp*Ir(AB)(H2O)2+ in Aqueous Solution (Cp*=η5-Pentamethylcyclopentadienyl Anion; AB = Bidentate N,N or N,O
Ligand). Eur. J. Inorg. Chem. 2001, 2001, 1361–1369. [CrossRef]

155. Millett, A.J.; Habtemariam, A.; Romero-canelón, I.; Clarkson, G.J.; Salder, P.J. Contrasting Anticancer Activity of Half-Sandwich
Iridium(III) Complexes Bearing Functionally Diverse 2-Phenylpyridine Ligands. Organometallics 2015, 34, 2683–2694. [CrossRef]
[PubMed]

156. Qin, W.W.; Pan, Z.Y.; Cai, D.H.; Li, Y.; He, L. Cyclometalated iridium(III) complexes for mitochondria-targeted combined
chemo-photodynamic therapy. Dalton Trans. 2020, 49, 3562–3569. [CrossRef] [PubMed]

157. He, L.; Li, Y.; Tan, C.P.; Ye, R.R.; Chen, M.H.; Cao, J.J.; Ji, L.N.; Mao, Z.W. Cyclometalated iridium(III) complexes as lysosome-
targeted photodynamic anticancer and real-time tracking agents. Chem. Sci. 2015, 6, 5409–5418. [CrossRef] [PubMed]

158. Ye, R.R.; Cao, J.J.; Tan, C.P.; Ji, L.N.; Mao, Z.W. Valproic Acid-Functionalized Cyclometalated Iridium(III) Complexes as
Mitochondria-Targeting Anticancer Agents. Chem.-A Eur. J. 2017, 23, 15166–15176. [CrossRef] [PubMed]

159. Mukhopadhyay, S.; Singh, R.S.; Paitandi, R.P.; Sharma, G.; Koch, B.; Pandey, D.S. Influence of substituents on DNA and protein
binding of cyclometalated Ir(iii) complexes and anticancer activity. Dalton Trans. 2017, 46, 8572–8585. [CrossRef] [PubMed]

160. Kean, W.; Hart, L.; Buchanan, W. Auranofin. Rheumatology 1997, 36, 560–572. [CrossRef]
161. Madeira, J.M.; Gibson, D.L.; Kean, W.F.; Klegeris, A. The biological activity of auranofin: Implications for novel treatment of

diseases. Inflammopharmacology 2012, 20, 297–306. [CrossRef]
162. Zou, T.; Lum, C.T.; Lok, C.-N.; Zhang, J.J.; Che, C.M. Chemical biology of anticancer gold (III) and gold (I) complexes. Chem. Soc.

Rev. 2015, 44, 8786–8801. [CrossRef]
163. Rubbiani, R.; Zehnder, T.N.; Mari, C.; Blacque, O.; Venkatesan, K.; Gasser, G. Anticancer profile of a series of gold(III) (2-

phenyl)pyridine complexes. ChemMedChem 2014, 9, 2781. [CrossRef]
164. Wang, X.; Guo, Z. Towards the rational design of platinum(II) and gold(III) complexes as antitumour agents. Dalton Trans. 2008,

12, 1521–1532. [CrossRef] [PubMed]
165. Milacic, V.; Chen, D.; Ronconi, L.; Landis, P.K.R.; Fregona, D.; Dou, Q.P. A novel anticancer gold (III) dithiocarbamate compound

inhibits the activity of a purified 20s proteasome and 26s proteasome in human breast cancer cell cultures and xenografts. Cancer
Res. 2006, 66, 10478–10486. [CrossRef] [PubMed]

166. Castelli, S.; Vassallo, O.; Katkar, P.; Che, C.M.; Sun, R.W.Y.; Desideri, A. Inhibition of human DNA topoisomerase IB by a
cyclometalated gold III compound: Analysis on the different steps of the enzyme catalytic cycle. Arch. Biochem. Biophys. 2011, 516,
108–112. [CrossRef] [PubMed]

167. Marzano, C.; Ronconi, L.; Chiara, F.; Giron, M.C.; Faustinelli, I.; Cristofori, P.; Trevisan, A.; Fregona, D. Gold (III)-dithiocarbamato
anticancer agents: Activity, toxicology and histopathological studies in rodents. Int. J. Cancer 2011, 129, 487–496. [CrossRef]
[PubMed]

168. Liao, J.; Zhou, L. Insights into the mechanism of binding of the gold (III) dithiocarbamate derivatives to cysteine or DNA purine
bases. Struct. Chem. 2016, 27, 651–662. [CrossRef]

169. Navarro, M.; Hernández, C.; Colmenares, I.; Hernandez, P.; Fernandez, M.; Sierraalta, A.; Marchan, E. Synthesis and characteriza-
tion of [Au(dppz)2]Cl3. DNA interaction studies and biological activity against Leishmania(L) mexicana. J. Inorg. Biochem. 2007,
101, 111–116. [CrossRef] [PubMed]

https://doi.org/10.1016/j.canlet.2017.03.016
https://www.ncbi.nlm.nih.gov/pubmed/28323031
https://doi.org/10.1016/j.dyepig.2018.11.009
https://doi.org/10.1016/j.jinorgbio.2018.11.007
https://www.ncbi.nlm.nih.gov/pubmed/30445339
https://doi.org/10.1002/aoc.4746
https://doi.org/10.1021/ic200607j
https://www.ncbi.nlm.nih.gov/pubmed/21618978
https://doi.org/10.1002/ange.201311161
https://doi.org/10.1021/om2005468
https://doi.org/10.1002/1099-0682(200105)2001:5%3C1361::AID-EJIC1361%3E3.0.CO;2-M
https://doi.org/10.1021/acs.organomet.5b00097
https://www.ncbi.nlm.nih.gov/pubmed/26146437
https://doi.org/10.1039/D0DT00180E
https://www.ncbi.nlm.nih.gov/pubmed/32123890
https://doi.org/10.1039/C5SC01955A
https://www.ncbi.nlm.nih.gov/pubmed/29861886
https://doi.org/10.1002/chem.201703157
https://www.ncbi.nlm.nih.gov/pubmed/28833658
https://doi.org/10.1039/C7DT01015J
https://www.ncbi.nlm.nih.gov/pubmed/28640302
https://doi.org/10.1093/rheumatology/36.5.560
https://doi.org/10.1007/s10787-012-0149-1
https://doi.org/10.1039/C5CS00132C
https://doi.org/10.1002/cmdc.201402446
https://doi.org/10.1039/B715903J
https://www.ncbi.nlm.nih.gov/pubmed/18335133
https://doi.org/10.1158/0008-5472.CAN-06-3017
https://www.ncbi.nlm.nih.gov/pubmed/17079469
https://doi.org/10.1016/j.abb.2011.10.008
https://www.ncbi.nlm.nih.gov/pubmed/22033340
https://doi.org/10.1002/ijc.25684
https://www.ncbi.nlm.nih.gov/pubmed/20853318
https://doi.org/10.1007/s11224-015-0600-1
https://doi.org/10.1016/j.jinorgbio.2006.08.015
https://www.ncbi.nlm.nih.gov/pubmed/17055060


Pharmaceutics 2023, 15, 2750 32 of 32

170. Kaps, L.; Biersack, B.; Müller-Bunz, H.; Mahal, K.; Muenzner, J.; Tacke, M.; Mueller, T.; Schobert, R. Gold (I)–NHC complexes
of antitumoral diarylimidazoles: Structures, cellular uptake routes and anticancer activities. J. Inorg. Biochem. 2012, 106, 52–58.
[CrossRef]

171. Peacock, A.F.; Simon, P.; Sadler, P. Tuning the hydrolytic aqueous chemistry of Marene complexes with N,O-chelating ligands to
achieve cancer cell cytotoxicity. J. Am. Chem. Soc. 2007, 129, 3348–3357. [CrossRef]

172. Henrik, J.; Hart, J.R.; Jennifer, K.; Glebov, O.; Kirsch, I.R.; Barton, J.K. A rhodium(III) complex for high-affinity DNA base-pair
mismatch recognition. Proc. Natl. Acad. Sci. USA 2003, 100, 3737–3742.

173. Jana, H.; Norman, H.; Daniel, K.; Goerls, H.; Duerst, M.; Runnebaum, I.B.; Weigand, W. Highly Cytotoxic Osmium(II) Compounds
and Their Ruthenium(II) Analogues Targeting Ovarian Carcinoma Cell Lines and Evading Cisplatin Resistance Mechanisms. Int.
J. Mol. Sci. 2022, 23, 4976.

174. Li, Z.Y.; Shen, Q.H.; Mao, Z.W.; Tan, C.P. A Rising Interest in the Development of Metal Complexes in Cancer Immunotherapy.
Chemistry 2022, 17, e202200270. [CrossRef] [PubMed]

175. Ernst, R.J.; Hang, S.; Barton, J.K. DNA mismatch binding and antiproliferative activity of rhodium metalloinsertors. J. Am. Chem.
Soc. 2009, 131, 2359–2366. [CrossRef] [PubMed]

176. Fabio, Z.; Bernhard, S.; Thomas, F.; Roger, A. Toward novel DNA binding metal complexes: Structure and basic kinetic data of
[M(9MeG)2(CH3OH)(CO)3]+(M = 99Tc, Re). Inorg. Chem. 2003, 42, 2818–2820.

177. Ismail, B.M.; Booysen, N.I.; Akerman, P.M. Oxorhenium(V) complexes with bidentate carbohydrazide Schiff bases: Synthesis,
characterization and DNA interaction studies. Transit. Met. Chem. 2017, 42, 405–412. [CrossRef]

178. Noriaki, K.; Kohji, T.; Tetsuya, M.; Itoh, C.; Tsujimoto, M.; Sakaeda, T.; Yokoyama, T. Factors affecting sensitivity to antitumor
platinum derivatives of human colorectal tumor cell lines. Cancer Chemother. Pharmacol. 2008, 62, 577–584.

179. Gleeson, B.; Claffey, J.; Ertler, D.; Hogan, M.; Mueller, B.H.; Paraadisi, F.; Wallis, D.; Tacke, M. Novel organotin antibacterial and
anticancer drugs. Polyhedron 2008, 27, 3619–3624. [CrossRef]

180. Ma, L.L.; Peng, W.; Wang, J.J.; Yang, X.Y.; Li, S.H.; Wang, S.X.; Zhang, J.C. Research progress of palladium (II) antitumor drugs.
Sci. Chin. 2014, 44, 1–14.

181. Pan, X.F.; Yin, H.Y. Effect of nano silver on proliferation of human lung cancer A549 cells and its mechanism. J. Pract. Oncol. 2014,
29, 148–152.

182. Hessam, H.; Saeed, S.; Andrew, O.; Soezi, M.; Moghoofei, M.; Azhdari, M.; Aavani, F.; Nazbar, A.; Keshel, S.H.; Doroudian, M.
Applications of Iron Oxide Nanoparticles against Breast Cancer. J. Nanomater. 2022, 2022, 6493458.

183. Saverio, T.; Ovidio, B.; Monica, M.; Tegoni, M.; Giannetto, M.; Dall, A.V.; Franchi, G.R.; Lanfranchi, M.; Pellinghelli, M.A.;
Mucchino, C. Thioamido coordination in a thioxo-1,2,4-triazole copper(II) complex enhances nonapoptotic programmed cell
death associated with copper accumulation and oxidative stress in human cancer cells. J. Med. Chem. 2007, 50, 1916–1924.

184. Njenga, W.L.; Mbugua, N.S.; Odhiambo, A.R.; Onani, O.M. Addressing the gaps in homeostatic mechanisms of copper and
copper dithiocarbamate complexes in cancer therapy: A shift from classical platinum-drug mechanisms. Dalton Trans. 2023, 52,
5823–5847. [CrossRef] [PubMed]

185. Caruso, F.; Rossi, M.; Pettinari, C. Anticancer titanium agents. Expert Opin. Ther. Pat. 2001, 11, 969–979. [CrossRef]
186. Santos, D.M.; da Silva, F.M.R., Jr.; Muccillo-Baisch, L.A. Selenium content of Brazilian foods: A review of the literature values. J.

Food Compos. Anal. 2017, 58, 10–15. [CrossRef]
187. Saha, U.; Fayiga, A.; Sonon, L. Selenium in the Soil-Plant Environment: A Review. Int. J. Appl. Agric. Sci. 2017, 3, 1–18. [CrossRef]
188. Fairweather-Tait, S.J.; Bao, Y.; Broadley, M.R.; Collings, R.; Ford, D.; Hesketh, J.E.; Hurst, R. Selenium in human health and disease.

Antioxid. Redox Signal. 2011, 14, 1337–1383. [CrossRef] [PubMed]
189. Shuojiong, P.; Tianyu, L.; Yizheng, T.; Huaping, X. Selenium-containing nanoparticles synergistically enhance Pemetrexed&NK

cell-based chemoimmunotherapy. Biomaterials 2021, 280, 121321.
190. Liu, T.; Xu, L.; He, L.; Zhao, J.F.; Zhang, Z.H.; Chen, Q.; Chen, T.F. Selenium nanoparticles regulates selenoprotein to boost

cytokine-induced killer cells-based cancer immunotherapy. Nano Today 2020, 35, 100975. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jinorgbio.2011.08.026
https://doi.org/10.1021/ja068335p
https://doi.org/10.1002/asia.202200270
https://www.ncbi.nlm.nih.gov/pubmed/35419865
https://doi.org/10.1021/ja8081044
https://www.ncbi.nlm.nih.gov/pubmed/19175313
https://doi.org/10.1007/s11243-017-0143-y
https://doi.org/10.1016/j.poly.2008.09.009
https://doi.org/10.1039/D3DT00366C
https://www.ncbi.nlm.nih.gov/pubmed/37021641
https://doi.org/10.1517/13543776.11.6.969
https://doi.org/10.1016/j.jfca.2017.01.001
https://doi.org/10.11648/j.ijaas.20170301.11
https://doi.org/10.1089/ars.2010.3275
https://www.ncbi.nlm.nih.gov/pubmed/20812787
https://doi.org/10.1016/j.nantod.2020.100975

	Introduction 
	Metal Anticancer Drugs 
	Platinum Anticancer Drugs 
	The First Class of Platinum Drugs 
	The Second Class of Platinum Drugs 
	The Third Class of Platinum Drugs 
	Other Platinum Drugs 

	Ruthenium Anticancer Drugs 
	Ruthenium(II) Arene Complexes 
	Ruthenium(II) Polypyridine Complexes 

	Iridium Anticancer Drugs 
	Aryl Liridium Anticancer Drugs 
	Cyclometalated Iridium(III) Anticancer Drugs 

	Gold Anticancer Drugs 
	Other Anticancer Drugs 
	Other Metal Anticancer Drugs 
	Other Non-Metallic Anticancer Drugs 


	Conclusions 
	References

