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Abstract

Cancer is rapidly becoming the top killer in the world. Most of the FDA approved anticancer drugs 

are organic molecules, while metallodrugs are very scarce. The advent of first metal based 

therapeutic agent, cisplatin, launched a new era in the application of transition metal complexes 

for therapeutic design. Due to their unique and versatile biochemical properties, ruthenium-based 

compounds have emerged as promising anti-cancer agents that serve as alternatives to cisplatin 

and its derivertives. The ruthenium(III) complexes have successfully been used in clinical research 

and their mechanisms of anticancer action have been reported in large volumes over the past few 

decades. Ruthenium(II) complexes have also attracted significant attention as anticancer 

candidates; however, only few of them have been reported comprehensively. In this review, we 

discuss the development of ruthenium(II) complexes as anticancer candidates and biocatalysts, 

including arene ruthenium complexes, polypyridyl ruthenium complexes, and ruthenium 

nanomaterial complexes. This review focuses on the likely mechanisms of action of ruthenium(II)-

based anticancer drugs and the relationship between their chemical structures and biological 

properties. This review also highlights the catalytic activity and the photoinduced activation of 

ruthenium(II) complexes, their targeted delivery, and their activity in nanomaterial systems.

Graphical abstract

This review covers ruthenium(II) complexes as anticancer drugs in single molecules and 

nanomaterials including targets, mechanisms, SAR, PDT and nano-systems.
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1. Introduction

Due to a rapid increase in cancer cases worldwide, there is an indispensable need for the 

development and screening of potential anticancer agents. In this regard, metal complexes 

hold potential as novel anticancer agents against a wide majority of cancer types.1–7 

Cisplatin or cis-diamminedichloroplatinum(II) is the most widely known metal-based 

anticancer drug. Cisplatin has been shown to have efficacy against lung, head, ovarian, neck, 

and esophageal cancers.8–10 Although cisplatin and its derivatives are efficacious against the 

vast majority of cancers, they also produce non-cancer cell toxicity, thereby causing severe 

adverse effects, including peripheral neuropathy, hair loss and myelotoxicity in patients.11–17 

The resistance of tumors to platinum decreases the efficacy of platinum-based or even 

renders them ineffective, causing treatment failure.18–22 In the design of new anticancer 

drugs,23–29 the ruthenium complexes have raised great interest and have been tested against 

a number of cancer cell lines,30–36 and are regarded as promising candidates for alternative 

drugs to cisplatin and its derivatives.

Ruthenium is a transition metal in group 8, the same chemical group as iron. Ruthenium has 

two main oxidation states, Ru(II) and Ru(III). Ruthenium(IV) compounds are also possible, 

but they are generally unstable due to their higher oxidation states.37 The ruthenium ion is 

typically hexa- coordinated with octahedral coordination geometries. Generally, the 

thermodynamic and kinetic stability of Ru(III)complexes are lower than that of Ru(II) 

complexes, and the kinetics of the hydration of Ru(II/III) compounds depends significantly 

on the nature of their ligands and net charge.38 Many Ru(III) compounds contain 

exchangeable ligands and require activation by the tumor microenvironment.39 The 

antitumor properties of the Ru(III) complexes occur when they are reduced to their 

corresponding Ru(II) counterparts in vivo. Under biological circumstances of low oxygen 

concentration, acidic pH and high levels of glutathione, the Ru(II/III)redox potential can be 

altered, and thus, Ru(III) complexes can be readily reduced to Ru(II) complexes.40–42 As the 

first approved ruthenium complex in clinical trials, NAMI-A, [ImH][trans-RuCl4(DMSO)

(Im)] (Im = imidazole, DMSO = imethylsulfoxide; Fig 1), has low potency in terms of direct 

cytotoxicity towards cancer cells in vitro; however, in vivo, it has significant efficacy in 

inhibiting tumor metastasis.43–48 The mechanism of action of NAMI-A remains to be 

elucidated. There are data suggesting that NAMI-A is capable of binding to DNA and RNA. 

It can bind to the histidine residues of serum albumin (has or bsA) under physiological 

conditions.49–51 However, the low therapeutic efficiency, the progressive disease in the 

clinical studies (phase I) and partial response (phase I/II) limited the further clinical use of 
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NAMI-A and resulted in the failure of the clinical investigations.52 Alessio et al. believed 

that the main reason of the failure is more philosophical, but nevertheless fundamental.53 

Subsequently, the KP1019 [trans-tetrachlorobis -(1H-indazole)ruthenate(III)] designed by 

the Keppler group entered clinical trial.54,55 But its low solubility limits its further 

development and its better soluble sodium salt KP1339 is currently undergoing clinical 

trials.56

Recently, many organometallic Ru(II), inorganic Ru(II) and nanomaterial Ru(II) complexes 

have been designed and developed into anticancer drugs, with potent therapeutic 

properties.57–61 With the development of new technology, such as photodynamic therapy 

(PDT) and nanomaterials,62–69 Ru(II) complexes can be photophysical and bioactive, 

improving the efficacy and selectivity of Ru(II) complexes as anticancer drugs, as well as 

allowing for the elucidation of their mechanism of action. The Ru(II)-polypyridyl compound 

(TLD-1433) recently entered phase IB clinical trials as PDT agent in patients with bladder 

cancer at 2015.70 Therefore, the direct study of Ru(II) complexes for cancer therapy 

contributes to the design of new metal-based drugs.

Generally speaking, the following options are viable in the design of ruthenium-based drugs: 

(i) constructing complexes with selective and specific targets; (ii) exploiting the potential 

targets and mechanisms; (iii) the evaluation of structure-activity relationships; (iv) exploiting 

prodrugs that can be activated by light; and (v) exploiting drug accumulation and activation 

at the tumour tissues with the nano drug-delivery system. This Review aims to present the 

reader with an impression of the latest progress of development of ruthenium complexes as 

anticancer agents as well as biocatalysts from single molecule compounds to nanomaterials. 

We present an overview of the field today, hoping that colleagues not only may taste a 

comprehensive development of ruthenium(II) complexes as metallodrugs, but that we can 

inspire more researchers to enter the charming field of metallodrugs.

2. The cellular uptake and potential targets of Ru(II) complexes

2.1 Cellular uptake

The uptake of ruthenium complexes by cancer cells or other cells is important for selective 

and effective cancer therapy. In order to move into living cells, molecules and atoms must 

cross or penetrate the cell membrane. The cell membrane contains diverse proteins and 

lipids, and it functions to regulate what substances enter into the cells. The general 

mechanisms of cellular uptake for small molecule drugs are shown in Fig. 2.71 Ru(II) 

complexes are known to enter cells through multiple mechanisms, such as passive diffusion, 

active transport, and endocytosis.71 However, it is noted that most nanostructured ruthenium 

complexes enter cells by endocytosis.72,73 Confocal laser scanning fluorescence microscopy, 

inductively coupled plasma mass spectrometry (ICP-MS), flow cytometry and transmission 

electron microscopy are often used to determine the intracellular accumulation of ruthenium 

complexes.74 As the changes in ligands and hydrophobicity can modulate cellular uptake 

and cellular localization, the intracellular distribution of ruthenium complexes in cells have 

been discussed with regard to: (a) the net ionic charge, which can undergo change from 

anionic to cationic; (b) the degree of lipophilicity based on the octanol/water partition 

coefficient; (c) the structures and sizes of the ligands.75
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2.1.1 Localization in nucleus—The cell nucleus is an enclosed membranous organelle 

that exists in eukaryotic cells, containing nucleic acids and proteins. Typically, the nucleus is 

regarded as one of the most important organelles in eukaryotic cells. Ruthenium complexes 

have been shown to interact with nucleic acids and proteins via multiple binding modes in 

the nucleus.73 The synthesis of Ru(II) complexes would represent an ideal scaffold for the 

optimization of therapeutic compounds targeted to the nucleus.76 In order to allow Ru(II) 

complexes to target the nucleus, a nuclear targeting peptide D-octaarginine (D-R8) was 

conjugated to a Ru(II) complex.77 The Ru-D-R8 significantly enhanced cellular uptake 

compare to the Ru(II) complex and was found to preferentially accumulate in the nucleus at 

high concentration (15–20 μM). The authors speculated that a high concentration of Ru-D-

R8 could enter into the nucleus via a nonendocytic uptake mechanism. Similarly, the same 

research group found that Ru-RrRK, bearing a tetrapeptide, became localized in the nucleus 

at a high concentration (100 μM).78 It should be noted that a low concentration of the 

conjugated Ru(II) complexes had a less cellular uptake. The above studies mainly focused 

on the direct imaging of the nucleus and the compounds did not have significant cytotoxic 

efficacy. Subsequently, Tan et al. designed three Ru(II) complexes containing a β-carboline 

alkaloid. These complexes were shown to penetrate into the cell nucleus and to have 

significant cytotoxic efficacy.79 The most potent complex of this family had greater efficacy 

than cisplatin, and the mechanistic studies showed that reactive oxygen species (ROS), 

autophagy and increased sub-G1 phase arrest were involved in eliciting apoptosis. Recently, 

Chao et al. synthesized a new cycloruthenated [Ru(bpy)(phpy)(dppz)]+ (bpy=bipyridine, 

dppz = dipyridophenazine) by replacing the bpy ligand with the cycloruthenated ligand (Fig. 

3), phpy (2-phenylpyridine) from the molecule [Ru(bpy)2(dppz)]2+. This compound readily 

entered into the nucleus and had IC50 values lower than cisplatin.80

2.1.2 Localization in mitochondria—Although the nucleus is reported to be the key 

target for ruthenium complexes, many studies have demonstrated that the accumulation of 

some ruthenium complexes in the nucleus is far lower than that in other subcellular 

regions.74,81 Some nonnuclear targets, such as the cell surface, and especially mitochondria, 

have also been reported to be targets for the anticancer activity of some Ru(II) complexes. 

Mitochondria function plays a significant role in cellular metabolism and under certain 

cellular conditions, release molecules that can activate the extrinsic and intrinsic apoptotic 

pathways.82 Two key characteristics of mitochondria include mitochondrial DNA nucleoids 

anchored to the matrix side of the inner membrane, and the extremely negative membrane 

potential (−160 to −180 mV) caused by the proton gradient across its inner membrane.83–85 

The negative potential of the inner membrane attracts lipophilic cations, including metal 

complexes such as the Ru(II) complexes. The lipophilicity of Ru(II) complexes can be 

modulated by adjusting the ligands and the valence of complexes, which partly affects the 

uptake and targeting of Ru(II) complexes. For examples, Gasser and co-workers found that 

[Ru(dppz)2(CppH)]2+ (1a, CppH = 2-(2′-pyridyl)pyrimidine-4-carboxylic acid) possesses 

two positive charges and accumulates in the mitochondria (Fig. 4). In addition, 1a had 

significant anticancer efficacy in A2780 cancer cells, with an IC50 value of 2.8 μM, which 

was similar to that of cisplatin (IC50: 2.9 μM).86, 87 Moreover, 1a was more efficacious in 

cisplatin-resistant A2780/CP70 cells than cisplatin and less cytotoxic than cisplatin in 

healthy MRC-5 cells.86 Dickerson and co-workers reported that the Ru(II) complex 1b, 
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carrying an overall charge of +2, can localize to the mitochondria and induce rapid 

membrane depolarization and necrotic cell death.88 In contrast, its analogue Ru(II) complex 

(1c), carrying an overall charge of -4, does not localize to the mitochondria and lacks 

efficacy as it does not localize to the mitochondria.88 Chao et al. reported that the 

mitochondrial-targeting Ru(II) complexes, complexes 1d to 1f, induce cellular apoptosis via 

the mitochondrial pathway.89,90 In addition, the combination of mitochondrial-targeting and 

photodynamic therapy significantly increase the selectivity and anticancer efficacy of the 

Ru(II) complexes.91 Although many Ru(II) complexes target the mitochondria and induce 

cell apoptosis, most research has been directed towards DNA-targeting complexes. 

Therefore, there is potential for further study of mitochondrial-targeting Ru(II) complexes 

and the elucidation of their mechanisms for inducing cell apoptosis.

2.1.3 Localization in lysosomes—Lysosomes are spherical vesicles found in almost 

every eukaryotic cell and contain hydrolytic enzymes that degrade numerous 

biomolecules.92 Lysosomes play an essential role in many physiological processes and cell 

signaling pathways, including intracellular transport, protein degradation and recycling, 

endocytosis and apoptosis. Differing from two-membrane systems, such as cell membranes 

and mitochondria, lysosomes are single-membrane organelles. Lysosomes are an 

intracellular target and the final destination for numerous macromolecules, including drugs 

formulated as nanomaterials.93 The luminal environment pH is 4.6–5.0 in lysosomes, which 

helps optimize hydrolysis and digestion. Because the cell membrane is typically 

impermeable to complexes larger than 1 kDa, and given that most medical nanomaterials 

range from tens to hundreds of nanometers in diameter, nanomaterials generally enter cells 

through an endocytic process.93 In the endocytic process, nanomaterials are transported to 

the endosomes and then fuse with lysosomes, where the nanomaterials begin to degrade. 

Moreover, due to the acidic environment of lysosomes, some nanomaterials are designed to 

release ruthenium complexes or other drugs, preferentially in an acidic environment, to 

improve the stability and selectivity of the nanomaterial. Although lysosomes are regarded 

as the targets of nanomaterial drugs, some organometallics have been found to target 

organelles.94–97 The highly positively charged Ru(II) polypyridyl complex selectively 

localizes in the lysosomes, and can be used in photodynamic therapy as photosensitizers 

(PS).98 Moreover, lysosomes participate in an autophagic process that is linked to 

carcinogenesis and resistance to chemotherapy.99 Targeting these pathways could constitute 

a novel approach to cancer therapy.

2.2 The potential targets of ruthenium complex

There are some different molecules with special structures and distinct function, especially 

DNA and proteins, that have critical roles in determining cellular activity.76,100 The 

understanding of how ruthenium complexes interact with these two specific targets within 

cell is therefore important for exploring the anticancer mechanism and selecting the most 

potent ruthenium complex for selective and effective therapy.

2.2.1 DNA as a target—Cancer cells have a high rate of proliferation due to a loss of 

control of the normal restraints on cell cycle division. Also, cancer cell proliferation is 

regulated by DNA. Many ruthenium compounds are known to have high selectivity for 
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binding to DNA.101–105 The electron-deficient metal atoms in these complexes might act as 

electron acceptors for electron-rich DNA nucleophiles by the hydrolysis of ligands. 

Furthermore, Ru(II) complexes can bind to DNA via interaction with aromatic ligands. 

There are two main categories of binding modes between DNA and Ru compounds: covalent 

and noncovalent binding.l The covalent binding is irreversible and forms adducts consisting 

of DNA and Ru(II) complexes. For example, the complex [(η6-arene)Ru(en)Cl]PF6] (arene= 

biphenyl, en= ethylenediamine) can bind to the N7 atom in guanosine.106 The covalent 

mode of binding in Ru–DNA distorts the DNA backbone, which impairs DNA replication 

and transcription. The non-covalent binding of Ru(ll) complexes is usually reversible and 

occurs as electrostatic binding, intercalation, and groove binding, amongst which 

intercalation has received the most attention. Intercalation occurs when planar aromatic 

compounds are inserted between adjacent base pairs in the DNA double helix.107 Many 

Ru(II) polypyridyl complexes can intercalate DNA with high affinity in vitro, and serve as 

DNA molecular probes. For example, the well known complex [Ru(bpy)2(dppz)]2+ was 

reported as a DNA light switch in vitro,108 but this complex did not readily cross the cell 

membrane. Gill et al. reported that the multi-intercalator,109 2a, can bind DNA with a 

binding constant of 2.5× 106 M−1. Moreover, it can bind cellular DNA in fixed and 

membrane-permeabilized HeLa cells (Fig. 5).109 Compound 2a immediately stalled the 

progression of the replication fork in HeLa cells, resulting in the activation of DNA damage 

checkpoints and blocking the cell cycle between the G1 and S stage. This complex induced 

death in HeLa cells, with an IC50 value of 38 μM.109 Önfelt et al. reported that the binuclear 

Ru(II) complex, Δ-Δ [μ-C4(cpdppz)2-(phen)4Ru2]4+ (C4(cpdppz)2 = N,N’ bis-(cpdppz)-1,4-

diaminobut-ane; cpdppz = 12-cyano12,13-carbonyl-11H-cyclopenta[b]- dipyrido[3,2-h:2′3’-

j]phen-azine-12-carbonyl; phen = 1,10-phenanthroline), binds with high affinity to DNA (Kb 

∼108 M−1).110 The entry of this complex into the nucleus was facilitated by electroporation, 

and it induced the run apoptosis at 10−4 M. Thomas et al. showed that the dinuclear 

compound 2b (Fig. 5) rapidly targets the nuclei of MCF-7 cancer cells via a non-endocytic 

mechanism. However, its IC50 value, after 24 h of incubation with MCF-7 cells, was 138 

μM.111,112

2.2.2 Proteins as targets—The primary cellular target of ruthenium complexes is DNA. 

However, data also indicates that certain proteins may be targets for ruthenium complexes, 

especially protein kinases.113–116 It is well known that certain enzymes play key roles in 

metabolic pathways associated with intercellular uptake, cancer cell proliferation, and cell 

death. The targeting of these biological processes with metal complexes has shown 

promising anticancer efficacy (Fig. 6).117 Ru(II) complexes have the potential to inhibit 

protein kinases due to their facile, three-dimensional structure and physicochemical 

properties. These Ru(II) complexes are highly stable, kinetically inert and stable in 

biological environments. The targeting capability and diverse functions of ruthenium 

complexes can be realized by modification of the ligands.118,119 In the early work of Dwyer 

and colleagues, the Ru(II) polypyridyl complex 3a and 3b were designed to act as 

acetylcholinesterase (AChE) inhibitors by a combination of electrostatic and hydrophobic 

interactions between the Ru(II) complexes and the peripheral anionic site of AChE.120 

Generally, most of the Ru(II) complexes bind to the active site of enzymes through their 

biologically active ligands. The natural organic product staurosporine is a potent ATP-
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competitive inhibitor of protein kinase.121,122 Meggers and co-workers designed several 

ligands that retained the active core of staurosporine and coordinated this to ruthenium and 

this yielded compound 3c, 3d and 3e which were inhibitors of the protein kinases Pim1, 

MSK1, and GSK3R, respectively123,124 The kinetic inertness of the coordination bonds 

allowed these Ru(II) compounds to successfully mimic the organic product staurosporine, 

thereby inhibiting these protein kinases. The binding of ATP and the active core of 

staurosporine was illustrated by the co-crystal structures of the protein kinase Pim-1 with the 

Ru(II) complexes, which verified that the ruthenium ion only has a structural role and is not 

involved in binding with the active site of ATP.125–128 Similarly, Dyson et al. designed a 

compound, 3f, which contains a benzimidazole-phenoxazine derivative that significantly 

inhibited P-glycoprotein (P-gp). 3f was shown to inhibit P-gp activity and thus has the 

potential to attenuate multidrug resistance due to the overexpression of P-gp.129 Dyson et al. 
also designed 3g and its analogues that contained ethacrynic acid (EA) ligands that inhibited 

glutathione-S-transferase (GST) in A2780 and cisplatin-resistant A2780cisR cell lines.130

Respondek et al. developed a novel method to inhibit the activity of cysteine protease by 

using the photoactive 3h containing the cysteine protease inhibitor Ac-Phe-NHCH2CN.131 

As a result of binding to the Ru(II) center, the nitriles of Ac-Phe-NHCH2CN were caged, 

and thus 3h could not bind to cysteine protease (Fig. 6). However, when 3h was irradiated, it 

released Ac-Phe-NHCH2CN, which can potently inhibit the cysteine proteases papain and 

cathepsin B. This method provides a novel approach to control the activity of enzymes. In 

addition, the identification of cellular target proteins is a major challenge in drug 

development. However, Hartinger et al. first identify 15 cancer-related proteins that 

associated with the observed antimetastatic ruthenium organometallic complex based on 

1,3,5-triaza-7-phosphaadamantane (RAPTA) by chemical proteomic.116 As shown in Fig. 7, 

this methodology has broad applicability beyond RAPTA complexes and enables, for the 

first time, the direct identification of intracellular interactions of metallodrugs with proteins.

3. Cell death process

Cell death can occur via several mechanisms (Fig. 8).132 Apoptosis is primarily induced by 

the activation of two pathways in cells, the intrinsic and extrinsic (death receptor- mediated) 

pathways.132 The intrinsic pathway, also known as the mitochondria-mediated pathway, is 

activated by DNA damage, oxidative stress and endoplasmic reticulum (ER) stress.133 These 

stimuli can induce the mitochondrial release of the cytochrome c, which can activate the 

apoptotic protease activating factor 1, and regulate other proteins involved in apoptosis. 

Chen and Chao et al. conducted experiments to determine the effect of Ru(ll) complexes on 

the intrinsic pathway of apoptosis.89,90,134,135 Typically, non-apoptotic cell death occurs by 

necrosis and ER stress.132 The process of autophagy is regulated by autophagy-related 

(ATG) proteins and the role of autophagy in cancer is complex and is contextually 

dependent.136 For example, autophagy can inhibit or facilitate cell death. The process of 

necrosis differs from the apoptosis in a number of ways.137 Interestingly, certain stimuli that 

induce apoptosis can also cause necrosis, such as ROS. It has been shown that Ru(ll) 

complexes can induce autophagy and necrosis, as well as apoptosis.138–140
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4. Arene ruthenium(II) complexes

Arene ruthenium(II) complexes are also called piano stool complexes.141 Sadler and Dyson 

are the pioneers in the field of anticancer arene ruthenium complexes.142,143 Arene Ru (II) 

complexes have the general formula [(η6-arene)Ru(X](Y)(Z)], as shown in Fig. 9. Common 

arene rings include benzene (ben), methylisopropyl benzene (cym), biphenyl (bip) and 

dihydroanthracene (dha). The ligands X and Y can be two monodentate ligands or one 

bidentate ligand, and Z is usually a leaving group, such as a halogen.144 The arene is 

regarded as the core component of arene Ru(II) complexes. Furthermore, the arene rings are 

hydrophobic, which facilitates the entry of Ru(II) complexes into cells. The arene rings 

determine the electron distribution of the Ru(II) complex, which affects the stability of the 

Ru(II) complexes. However, the hydrolysis of Ru-Z bonds is also affected by pH and the 

concentration of Z in the environment. The water solubility and volume of the chelating 

ligand and leaving group can also affect the anticancer efficacy of arene Ru (II) 

complexes.141

4.1 Arene Ru(II) complexes with N,N-chelating ligands

Common N,N-chelating ligands include aliphatic diamine, aromatic diamine and pyridine 

derivatives. The arene ruthenium complexes containing ethylenediamine (en) chelating 

ligands have been studied systematically by Sadler.58 Sadler’s group reported that variation 

in the leaving group, the N,N-chelating ligand and the arene ring, can have a significant 

effect on chemical and biological activity.58 The complex [(η6-C6H5)Ru(en)Cl]+ (4a, Fig. 

10) had anticancer efficacy against A2870 cancer cells, with an IC50 value of 17 μM.58 

Another compound, 4b, was synthesized by replacing the benzene with a more hydrophobic 

biphenyl group, and 4b had similar anticancer efficacy compared to carboplatin in A2780 

cells.58 In order to gain insight into the mechanism of arene Ru(II) complexes as anticancer 

drugs, Chen and co-workers reported the recognition of nucleic acid derivatives with the 

compound [(η6-C6H5)Ru(en)X], where arene = Bip, Tha, Dha, Cym or Ben, X = Cl− or 

H2O.106 At neutral pH, pseudo-octahedral diamino arene Ru(II) complexes were found to 

discriminate between G and A nucleobases. In kinetic studies (pH 7.0, 298 K, 100 mM 

NaClO4), the rates of reactions of cGMP (3′, 5′-cyclic-GMP) with X (Cl− or H2O) 

decreased according to arene present as follows: Tha > Bip > Dha, Cym > Ben (Scheme 1). 

The cytotoxicity study showed of the family [(η6-C6H5)Ru(en)Cl]+ was distinctly correlated 

to the above reactions rates.103 These findings indicate that diamine NH2 groups, the 

hydrophobic arene, and the chlorine leaving group all have important roles in the interaction 

of nucleic acids with arene Ru(II) complexes. In addition, Romero-Caneló et al. determined 

the activity of iodido versus chlorido N,N-chelated arene Ru(II) complexes with imino-

pyridine ligand.26 The subtle changes in the monodentate ligands (Cl, I) can lead to major 

changes in cellular metabolism and mechanisms of anticancer efficacy. The iodido complex, 

4d, was more potent and selective than the chlorido analogue, 4c, towards cancer cell lines 

and was not cross-resistant to platinum-based drugs. Moreover, these two halido ligands 

were found to affect cellular uptake of the arene Ru(II) complexes.145 The chloride complex, 

4c, was largely taken up through active transport, whereas the iodide complex 4d entered 

cells through passive transport. After 24 h of drug exposure, the ruthenium accumulation of 

4d was 1.6 times greater than that of 4c in A2780 cells.145 Additional experiments showed 
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that the ABC transporter P-gp contributed to the efflux of 4c, but had little effect on the 

cellular efflux of 4d, indicating that the passive transport may help drugs circumvent some 

resistance mechanisms. Montani et al. determined the antitumor activity of 4e in vivo and 

found that 4e effectively inhibited the growth of A17 triple negative breast cells transplanted 

into mice.146 4e was rapidly eliminated from the liver, kidney and bloodstream due to its 

high hydrosolubility, and it has with excellent therapeutic efficacy and minimal adverse 

effects. Immunohistological studies showed a significant reduction in the number of tumor-

infiltrating regulatory T cells caused by 4e.

Chow et al. synthesized a more effective arene Ru(II) compound, 4g, compared to cisplatin, 

by using high-throughout screening.147 Compound 4g displayed low micromolar IC50 values 

against A2780, A2780cisR, MCF7, HCT116 and SW480 cells. The authors also found that 

the water-soluble and stable half-sandwich arene Ru(II) Schiff-base (RAS) complexes, 4f 

and 4g, can induce non-apoptotic programmed cell death (PCD) through the ER stress 

pathway.148 The mechanism of action was significantly different between the two 

complexes, despite modest structural variations. 4g elicited ROS-mediated ER stress, while 

4f’s efficacy was independent of ROS. These two complexes were more efficacious against 

apoptosis-resistant cells compared to clinical drugs such as oxaliplatin. This work provides 

the basis for targeting ER stress modulation using Ru(II) complexes to bypass apoptosis 

resistance. Recently, the same group study of the relationship between the structures and 

cytotoxicities of a series of arene Ru(II) Schiff-base (RAS) complexes was conducted.149 

They reported that the RAS complexes with more hydrophobic ligands displayed higher 

intercellular accumulation. For example, 4g, with more hydrophobic π-donating arene 

ligands, accumulated 7.5-fold more than the least hydrophobic compound, 4i. 4g exhibited 

more than a 150-fold increase in cytotoxicity compared to 4i in HCT116 cells. The authors 

also found that 4h accumulated 3 times less than 4f, but had a higher cytotoxicity, which 

suggested that the higher cytotoxicity was partially correlated to the intercellular uptake of 

the RAS complexes. In addition, 4j and 4k, with more π-acidic 3-CF3 or 3-Cl substituent 

groups, were more likely to be hydrolyzed compared to 4g, which had a 4-OMe substituent 

group. Further experiments indicated that all of the RAS complexes induced p53-

independent cytotoxicity. Therrien et al. designed hydrazinyl-thiazolo arene Ru(II) 

complexes and these compounds were more cytotoxic to HeLa, A2780 and A2780cisR cells 

compared to cisplatin and oxaliplatin.150 The representative complexes, 4l and 4m, were 

induced HeLa cell death by disrupting mitochondrial membranes and damaging the nucleus. 

The biological activity of the two compounds was first evaluated using microarray gene 

expression assay and ingenuity pathway analysis. 4I and 4m affected p53 signaling, which 

induced apoptosis. In addition, 4l and 4m activate the genes that correlate with overcoming 

cisplatin-resistance, such as PRMT2, FAS, ZMAT3, BBC3/PUMA, and PDCD4. It is 

hypothesized that 4l and 4m will surmount cisplatin resistance in ovarian cancer therapy.

In addition, Betanzos-Lara et al. investigated the effect of arene Ru(II) complexes on DNA. 

Their results indicated that arene Ru(II) complexes [(p-cym)Ru(bpm)(py)][PF6]2 (where p-

cym = para-cymene, bpm = 2,2′-bipyrimidine and py = pyridine) can selectively 

photodissociate a monodentate ligand (py) when excited by visible light.151 Betanzos-Lara 

et al. also studied the relationship between photoactivity and structure of the arene Ru(II) 
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pyridine and pyridine-derivative complexes with N,N-chelating ligands. These complexes 

can activate the release of its monodentate ligands by photoirradiation to increase the 

activities of these photoactivatable arene ruthenium complexes.152 They found that 

increasing the electron-donating substituents in the Py ring moderately increased the extent 

of the photoinduced hydrolysis. In contrast, more electron-donating substituents on the arene 

ring increased both the extent and the rate of photoinduced hydrolysis, and increasing the 

aromatic N,N-chelating ligands decrease the extent of photoinduced hydrolysis. These 

complexes were only tested for cytotoxicity in the dark, with the IC50 values in the range of 

9.0–60 μM in A2870 cells.152 However, Wang et al. reported that the ferrocenly pyridine-

based arene Ru(II) complex, 5a, was an efficacious photosensitizer that killed cancer cells 

(Fig. 11).153 Interestingly, this complex could produce both hydroxyl radicals and 1O2 as 

well as photoinduced monodentate ligand dissociation upon visible light irradiation (> 400 

nm). The complex produced DNA photodamage under light irradiation and had significant 

photoactivated anticancer efficacy, at 70 uM and irradiated for 30 min, decreased the 

viability of SKOV3 and A549 cells by 70% and 62%, respectively. In addition, the same 

research group also determined the effect of substituents on the photoactivity of the [(η6-p-

cymene)Ru(dpb)(py-R)]2+ (Fig. 11).154 The complexes induced DNA photocleavage and 

DNA photobinding by photoinduced ligand dissociation and 1O2. The magnitude of 1O2 

production by the complexes was: 5e > 5f > 5d > 5h ≈ 5c ≈ 5b, and the order of ligand 

dissociation rates were: 5h > 5f > 5e > 5d > 5c > 5b. 5e produced the most potent 

phototoxicity under irradiation in A549 cells. It was reported that the difference in the 

photoactivities may result from the influence of the substituent groups on the energy levels 

of 3MLCT and 3MC, and the energy gaps between 3MLCT, 3MC and 3IL.

4.2 Arene Ru(II) complexes with N,O-, O,O- and C,N- ligands

N,O-chelating ligands, including tetrahydroisoquinoline, select amino acid ligands, and the 

O,O-ligands, are common β-diketonate and pyrone ligands.155 Chelopo et al. determined the 

anticancer efficacy of several arene Ru(II) complexes containing 1,2,3,4-

tetrahydroisoquinoline amino alcohol ligands (6a-6d, Fig 12) in the human cancer cell lines 

MCF-7, A549, and MDAMB-231.156 These complexes were moderately efficacious against 

only MCF-7 cells, with the lowest IC50 value of 34 μM for complex 6d. These complexes 

displayed much lower activity (> 250 μM) in the normal MDBK cells.156 The results 

indicated that certain Ru(II) N,O-complexes are cytotoxic in certain cancer cell lines but do 

not elicit significant toxic effects in normal cells. Sadler et al. determined the structure-

activity relationships in cytotoxic arene Ru(II) complexes containing N,O-, and O,O-

chelating ligands (Fig. 12, Scheme 2).157 Their results indicated that the amino acidato 

(N,O-) complexes were inactive in A2780 cells, with IC50 values > 100 μM. However, the 

O,O-chelated arene Ru(II) complexes were efficacious in A2780 cells (Scheme 2). Most of 

the O,O-chelated arene Ru(II) complexes were poorly soluble and had a moderate rate of 

hydrolysis. Their efficacy was significantly dependent upon the substituent and the arene 

ring. The IC50 values of neutral Ru(II) acetylacetonate (acac) complexes in A2780 cells had 

the following differences in efficacy, depending upon the arene: p-cymene, biphenyl, 

dihydroanthracene < benzene, indan.157 The effect of substituents in the acac backbone has 

been investigated in p-cymene complexes, where the IC50 values vary with the acac 

substituents in the order: Ph, tert-butyl < Me, Me/naphthyl < CF3, Ph/phenyl.157 In general, 

Zeng et al. Page 10

Chem Soc Rev. Author manuscript; available in PMC 2018 October 02.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



acac-type complexes have low cytotoxicity, poor aqueous solubility and rapid hydrolysis 

compared to the ethylenediamine analogs, which is likely due to the protonation and 

irreversible displacement of the acac derivatives under some conditions.

A series of water-soluble iminophosphorane Ru(II) complexes were synthesized by Frik et 
al. Most of the complexes were found to be more cytotoxic than cisplatin in several human 

cancer cell lines.158 The most effective complex, 6k, produced a 56% decrease in tumor size 

in mice with xenografted breast carcinoma MDA-MB-231 cells, with low systemic toxicity 

after 28 days of treatment (14 doses of 5 mg/kg, every other day). Pharmacokinetic studies 

indicated that 6k appeared rapidly in plasma, with high uptake in the breast tumor tissues 

compared to the kidneys and liver. Mechanistic studies indicated that this complex did not 

interact with DNA or inhibit protease cathepsin B and induced cell death mainly through 

canonical or caspase-dependent apoptosis, independent of p53. Ru(II) complexes with N,O-

ligands were synthesized by Lord et al.159 Most of the complexes were cytotoxic effect in 

HT-29 and MCF-7 cell lines, with significantly greater efficacy in A2780 and A2780cisR 

cells. In addition, the complexes were also cytotoxic to the hypoxic HT-29 cells. The 

complexes were found to inhibit the thioredoxin reductase (TrxR), with IC50 values in the 

nanomolar range, in combination with significant single-strand DNA breaks. The 

representative, 6l, was the most active against all cancer cell lines (IC50 = 1.9 μM for MCF-7 

cells) and 6l was ∼3-fold more efficacious than cisplatin against A2780cisR cells.

Dyson et al. also designed another two arene Ru(II) complexes, 7a and 7b, with O,O-ligands 

(see Fig. 13).160 7b was more cytotoxic than 7a in A2780 cells (IC50 = 22.4 and 73 μM, 

respectively). These two complexes could selectively inhibit the migration of MDA-MB-231 

tumor cells. Moreover, the compounds displayed more potent antivascular effects in vivo 
(chicken chorioallantoic membrane) model compared to RAPTA-C. The Turel group 

discussed the anticancer efficacies of a series of fluorinated O,O-ligands arene Ru(II) 

compounds with different monodentate ligands (Cl, pta, Fig. 13).161 They found that all 

complexes were efficacious against two cancer cell models (ovarian, osteosarcoma), but did 

not produce toxic effect nonmalignant keratinocytes. The analogues of pta Ru(II) complexes 

showed lower cellular Ru accumulation, but higher efficacy, especially in the osteosarcoma 

cells, compared to the chloride analogues. All chlorido complexes significantly induced 

ROS production, DNA damage, and apoptosis. Although the pta compounds did not 

significantly induce ROS production, they blocked cell cycle progression in the G0/G1 

phase. 7c and 7c-I had the highest cytotoxicity in ovarian CH1 cells, with IC50 values of 17 

μM and 8 μM, respectively. Pettinari et al. determined the anticancer efficacies of arene 

Ru(II) complexes (7i-7q, Fig. 13), with the 4-(biphenyl-4-carbonyl)-3-methyl-1-phenyl-5-

pyrazolonate ligand and different monodentate ligands (Cl, CH3OH, pta).162 The nature of 

the monodentate ligands were critical in terms of the DNA binding affinities of the Ru(II) 

complexes, with a rank order of: pta analogues > CH3OH analogues > chloride analogues. 

They found that the three Ru(II) complexes with a hexamethyl benzenearene ring (hmb) had 

IC50 values of 9–34 μM in cancer cells, whereas the other Ru(II) complexes were much less 

active. The three hexamethylbenzene-Ru(II) complexes induced cell apoptosis by activating 

caspases. The active complexes produced DNA fragmentation, accumulation of pro-
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apoptotic proteins (i.e. p27, p53, p89 PARP fragments), and the down-regulation of the 

antiapoptotic protein Bcl-2.

Typically, arene Ru(II) complexes with C,N-cyclometalated ligands are more efficacious 

than cisplatin as anticancer compounds. Yellol and co-workers synthesized some neutral 

benzimidazole C,N-cyclometalated arene Ru(II) complexes (see Fig. 14), and these 

complexes were efficacious in HT29, T47D, A2780 and A2780cisR cancer cell lines.163 The 

IC50 value of 8a, a representative compound, was 2.18 μM in HT29 cancer cells, indicating 

that it is more efficacious than cisplatin (IC50: 9 μM). Further studies indicated that 8a 

induces a high rate of apoptosis, good accumulation, S-phase cell cycle arrest, strong 

binding to HSA at sites I and II, and weak binding to DNA in the minor groove. 

Subsequently, Yellol et al. determined the effects of varying substituents (H, Me, F, CF3, 

MeO, NO2, and Ph) in the R4 position of the phenyl ring of 2-phenylbenzimidazole 

chelating ligand on the anticancer efficacy of the complexes.164 The hydrolysis of the 

ruthenium−chlorido bond was relatively rapid for 8c, 8d, and 8h. The relative 

hydrophobicities, according to RP-UPLC-QTOF-MS studies, were: 8d < 8c < 8h. There was 

no distinct variation in the cytotoxicities for these complexes due to the substitutions, but the 

CF3 substitution was found to increase the efficacy of 8e in almost all of the cell lines.164 

Most of these compounds were more efficacious than cisplatin in A427 and HT29 cell and 

were able to kill A2780cisR cells with IC50 values of 0.96–3.26 μM.

4.3 Arene Ru(II) complexes with RAPTA ligands

RAPTA compounds are characterized by a monodentate phosphane ligand pta (1,3,5-

triaza-7-phosphaadamantane) and a η6-arene ligand bound facially to the metal center, with 

the general formula [(η6-arene)Ru(X)(Y)(pta)], where X and Y are most commonly 

chlorine.141 The hydrophilic pta ligand had good aqueous solubility and is preferentially 

protonated in a low pH environment. RAPTA derivatives containing two chloride ligands 

were susceptible to hydrolysis in a low chloride environment.165 RAPTA-C is the prototype 

of this class of organometallic, half-sandwich compounds and had properties similar to the 

toluene derivative RAPTA-T. In vitro, RAPTA-C and RAPTA-T lack significant 

cytotoxicity, but they inhibited lung metastasis in CBA mice bearing the MCa mammary 

carcinoma, while having only mild effects on the primary tumor.166,167 Weiss et al. recently 

reported that RAPTA-C can reduce the growth of primary tumors in preclinical models for 

ovarian and colorectal carcinomas.156 When administered daily, at a relatively low dose (0.2 

mg/kg), RAPTA-C significantly reduced the growth of A2780 cells transplanted onto the 

chicken chorioallantoic membrane (see Fig. 15). RAPTA-C had similar efficacy in LS174T 

colorectal carcinoma in athymic mice, albeit at a higher dose. This complex restricted 

microvessel density and was cleared from the organs and the bloodstream.168

RAPTA must undergo hydrolysis to be active in vivo, and the extent of hydrolysis depends 

upon the pH and the amount of chloride present in solution. The chloride ligands of RAPTA-

C were replaced with bidentate oxalate to create RAPTA derivatives (9a-9f, Fig. 16) that 

were more inert towards hydration, and some of these complexes displayed efficacy similar 

to RAPTA-C in vitro.169 However, the RAPTA derivatives were highly cytotoxic in A2780 
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and A2780cisR cell lines (IC50 0.14–1.15 and 0.27–1.18 μM, respectively) and all the 

complexes with curcuminoid ligands were more efficacious than cisplatin.169

It was first hypothesized that DNA was the primary target of the RAPTA derivatives.170 

Allardyce et al. reported that RAPTA-C exhibited pH-dependent DNA damage; the pH 

where damage was greatest was significantly correlated with the pH environment of the 

cancer cells.170 As shown in Fig. 17, Davey et al. found that the RAED-C complex 

preferentially targets the DNA of chromatin with cytotoxic effects.171 However, the 

relatively non-cytotoxic antimetastasis RAPTA-C was found to interact with the proteins in 

A2780 cells and formed protein-Ru(II) complex adducts. About 85% of the adducts 

resulting from the total intracellular ruthenium content were bound to histone proteins, and 

the authors hypothesized that histone lesions may contribute to the efficacy of this 

compound.171 Recently, Dyson and Davey et al. firstly found that the RAPTA-T can 

combine with auranofin to yield a synergistic activity in killing cancer cells via the allosteric 

cross-talk in chromatin.172 In addition, the RAPTA derivatives inhibited the activity of 

glutathione transferase, lysozyme, cathepsin B (Cat B) and TrxR.173 Thus, RAPTA 

complexes can readily react with proteins and inhibit enzymes, but there is no significant 

correlation between this reactivity and toxicity in cancer cells. Dyson et al. postulated that 

the RAPTA derivatives induced cell death via multiple modes of action.173

4.4 Multinuclear arene Ru(II) complexes

The introduction of ligands with multiple ligand-binding sites enables arene Ru(II) 

compounds to occur in multinuclear complexes.174,175 The lipophilicities and water 

solubilities of the new multinuclear ruthenium complexes with large positive charges are 

distinct from the mononuclear arene ruthenium complexes. l Multinuclear ruthenium 

compounds mainly contain dinuclear, trinuclear, tetranuclear, hexanuclear, octanuclear, or 

supermolecular derivatives.176 Among the multinuclear arene ruthenium complexes, 

dinuclear complexes have a variety of significant biological effects. Keppler et al. designed a 

series of dinuclear arene Ru(II) complexes and investigated the relationships related to 

spacer length, lipophilicity, modes of action and cell toxicity (Fig. 18A).177,178 Increasing 

the chain length of the dinuclear arene Ru(II) complexes from 2 to 6 and 12 CH2 groups, 

increased the lipophilicity and the in vitro efficacy, respectively. The most potent dinuclear 

compound, 10f, had an IC50 of 0.29 μM in SW480 cancer cells and there was no cross-

resistance between oxoplatin and 10f in three oxoplatin-resistant cell lines (5637-oxo, SISO-

oxo, and KYSE70-oxo).177 The mechanism study indicated that DNA molecules were the 

main targets for the dinuclear arene Ru(II) compounds. The dinuclear arene Ru(II) 

complexes were rapidly hydrolyzed to predominantly form diaqua species that interacted 

with transferrin, indicating proteins were potential targets. Brabec and co-workers reported 

that the dinuclear arene Ru(II) complexes with long linkers bind DNA by forming 

intrastrand and interstrand cross-links in one DNA molecule in the absence of proteins and 

that they can crosslink two DNA duplexes, as well as proteins, to DNA-a feature not 

observed for other antitumor ruthenium complexes.179 Gras et al. designed some 

thiophenolato-bridged dinuclear arene Ru(II) complexes (Fig. 18B) and found the complexes 

to be highly cytotoxic in A2780 and A2780cisR cells, with IC50 values in the submicromolar 

range.180
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Another feature of multinuclear arene Ru(II) compounds is supramolecular self-assembly: 

the spontaneous association of two or more moieties under equilibrium conditions into 

stable, structurally well-defined aggregates through either covalent or non-covalent 

interactions.181 These compounds can form both two-dimensional and three-dimensional 

structures. Generally, these supramolecular arene ruthenium compounds have large charges, 

good solubility in water and a large, hollow space capable of encapsulating guest 

molecules.182 These multinuclear arene ruthenium compounds have antitumor efficacy in 

certain cancer cells. The Therrien and Barea research groups reported that some p-cymene 

ruthenium- based metalla-cycles (see Fig. 18C) have significant biological activity and the 

metalla-cycles had IC50 values in the micromolar range in A2780 cancer cells.174,183 In 

addition, the three-dimensional cages on these multinuclear compounds can serve as drug 

delivery vectors to control the release of the guest molecule, and may become a new 

platform for future development of efficacious anticancer drugs.184–186 Schmitt et al. used 

the water-soluble Ru(II) metalla-cage, 10g, to deliver hydrophobic porphyrin molecules to 

cancer cells (Fig. 18D).182 After photoactivation, there was a significant increase in cellular 

cytotoxicity.

5. Ruthenium(II) polypyridyl complexes

Recently, many studies have reported that ruthenium(II) polypyridyl complexes have a 

number of significant biological properties.187–190 l Most Ru(II) polypyridyl complexes 

have excellent reactivity, imaging capability, binding ability, and redox chemistry, giving 

them potential as diagnostic and therapeutic drugs for cancer. These ruthenium complexes 

frequently contain N,N-chelating ligands with octahedral structures, and they are kinetically 

inert. Ru(II) polypyridyl complexes can reversibly interact as probes or inhibitors with 

important biological molecules including DNA, proteins and RNA. The interaction of 

ruthenium complexes with biological molecules often leads to damage or toxicity to the 

biological targets. In addition, many Ru(II) polypyridyl complexes have photophysical and 

photothermal properties, including a large stoke shift, long luminescent lifetime, significant 

two-photon absorbing and photostability, which endows Ru(II) polypyridyl complexes with 

the properties of photosensitization for use in cancer photodynamic therapy (PDT).68,191 

PDT is a non-invasive and effective method for localized tumor treatment.l PDT, as a new 

multi-modality treatment platform, requires both a non-toxic photosensitizer and a harmless 

light source which matches the absorption spectrum of the photosensitizer. PDT can cause a 

direct effect on cancer cells, inducing cell death by necrosis or apoptosis.

5.1 Ru(II) tris(polypyridyl) complexes

The Ru(II) polypyridyl complexes frequently contain chelating ligands such as polypyridine, 

1,10-phenanthroline and their derivatives.190 These coordinated, saturated Ru(II) 

tris(bidenatate) complexes are lipophilic and cationic, and are strictly octahedral in their 

geometry. The unique construction of their three-dimensional and molecular geometries 

contribute to a variety of biological properties of the ruthenium complex.192 It has been 

more than 65 years since the biological activity of Ru(II) polypyridyl complexes was first 

reported by Dwyer et al.120 Dwyer and co-workers demonstrated that different types of 

enantiomeric Ru(bpy)3
2+ and Ru(phen)3

2+ have different biological activity. Ji et al. 
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designed a number of Ru(II) tris(polypyridyl) complexes as potential anticancer drugs and 

systematically investigated the interactions between Ru(II) complexes and DNA 

molecules.190 As a source of positive charge and stable molecule construction, most Ru(II) 

tris(polypyridyl) complexes interact electrostatically with various biomolecules. The 

intercalating action of the Ru(II) polypyridyl complexes with DNA is a classical and 

frequent mechanism of anticancer activity.193

Barton et al. reported that Δ-[Ru(bpy)2dppz]2+ could bind to both mismatched and well-

matched sites in the oligonucleotide 5′-(dCGGAAATTACCG)2-3′.194 Furthermore, the 

complex [Ru(bpy)2dppz]2+ was unable to permeate cells due to its poor lipophilicity. 

Strategies using either conjugation to cell-penetrating peptides, lipophilic ancillary ligands, 

such as dip or biochemical compounds (carbonyl cyanide p-(trifluoromethoxy) 

phenylhydrazone, pentachlorophenol and tolfenamic acid) have been used to increase the 

membrane permeability of the Ru(II) complexes.74,77,195 Barton et al. systematically 

explored the cellular uptake of dppz Ru(II) polypyridyl complexes and reported that the 

complex [Ru(dip)2(dppz)]2+ entered the cell by passive diffusion.76,196 The cellular uptake 

of the complex appeared to be facilitated by the lipophilic dip ligand. Overall, the Ru(II) 

complexes with the greatest lipophilicity exhibited the highest uptake and 

[Ru(dip)2(dppz)]2+ mainly accumulated in the mitochondria and ER.76,196

The modification of ligands also affected the uptake and intracellular localization of 

ruthenium complexes. Gill et al. changed the ligands of the ruthenium complexes, and found 

that the modification of lipophilicity and cellular uptake by modulating ligands has the great 

effect on the cytotoxicity and intercellular targets of Ru(II) complexes.197 Compound 1e 

targeted the cell nucleus in the MCF-7 cells, with an IC50 value of 138 μM. However, its 

analogue, with more hydrophobic ligands, targeted the cellular membrane structures in 

MCF-7 cells, with an IC50 value of 7.0 μM.197 Recently, Zeng et al. reported that the chiral 

structures of Ru(II) complexes can also affect the intercellular localization of the complexes 

(Fig. 19). Their study showed that the complex Λ-11, mainly located in the cell nucleus, 

slightly inhibited the growth of MDAMB-231 cancer cells.198 However, Δ-11 was mainly 

enriched in the cytoplasm and produced no significant cytotoxicity in MDAMB-231 cells. 

These results demonstrated that the ligands can affect the anticancer efficacy of Ru(II) 

complexes by affecting their uptake and intracellular localization.

In addition, both the Liu and Chen group designed a series of mitochondria-targeted, Ru(II) 

complex 12a-12e (see Fig. 20), based on a 2-phenylimidazo[4,5-f][1,10]phenanthroline 

(PIP) Ru(II) polypyridyl complex. Their results indicated that these complexes induced 

apoptosis by a mitochondrial pathway.199–204 Moreover, the Chen group found that 12f 

triggered cell apoptosis via the extrinsic pathway by inducing the activation of caspase-9.205 

This complex firstly accumulated on cell membranes by a transferrin receptor-mediated 

endocytosis, promoting access to the cell cytoplasm and ultimately, the nucleus. Notably, the 

complex possessed more prolonged circulation time in the blood, comparable antitumor 

efficacy and significant lower toxicity in vivo experiments in mice, compared to cisplatin.

The luminescent complex, 12g, was used as a theranostic compound by Cardoso et al.206 

This complex was taken up in high amounts by HCT116 cells. In addition, it was cytotoxic 
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in HCT116/p53+/+ and HCT116/p53−/−, with IC50 values of 0.1 and 0.7 μM, respectively. 

The cytostatic mechanism indicated that the complex induced cell cycle arrest in the G1 

phase in both cell lines, and it activated proapoptotic PARP in p53−/−, but not in p53+/+ cells. 

Chao et al. reported that mixed ligand Ru(II) complexes had potent activity against a variety 

of tumor cell lines.89 The Ru(II) complex 1d accumulated preferentially in the mitochondria 

of HeLa cells. Furthermore, 1d induced apoptosis via the mitochondrial pathway, with an 

IC50 value of 7.9 μM after 48 h of incubation, which involved ROS generation, 

mitochondrial membrane potential depolarization and activation of Bcl-2 and caspase family 

members.89 l Recently, MacDonnell et al. determined the cytotoxicity of 12h in H358, 

HCC2998, HOP-62, Hs766t cells, in vitro, under normoxia (18% O2) and hypoxia (1.1% 

O2).207 The cytotoxicity of 12h was increased in Hs766t and HOP-62 cells under hypoxia 

compared to normoxia; however, neither H358 and HCC2998 cells were significantly 

affected by 12h. The authors hypothesized that a mechanistic model where single-strand 

cleavage of the DNA-bound complex was due to redox-cycling mediated by the 

concentration of GSH and O2 in a low O2 environment.

However, other mechanisms are assumed to be operative and Ru(II) complexes also have 

anticancer efficacy by inhibiting topoisomerases,208–210 G-quadruplex stabilizers,211–213 

telomerase,214–216 histone deacetylase, and thioredoxin reductase,217,218 as well as 

stabilizing G-quadruplexes in DNA.

5.2 Cyclometallated Ru(II) complexes

Generally, the cyclometallated ligands are N- and C- donors.219 The metal-to-ligand bond 

distances of Ru-C are significantly shorter than that of Ru-N, and the binding of 

cyclometallated ligands with Ru is very stable.220,221 In addition, the cyclometalation can 

decrease the valence charge of the Ru(II) complexes, which contributes to an increase in the 

lipophilicity and cellular uptake of Ru(II) complexes. Therefore, the cycloruthenated 

complexes may be more stable in biological systems and exhibit distinct biological activities 

compared to non-cycloruthenated complexes (see Fig. 21, Table 1).222 Loeffler et al. 
evaluated the biological effects of cycloruthenated complexes in 2005 and reported that 

some cycloruthenated complexes display significant efficacy as antitumor compounds in 
vitro, compared to the anticancer efficacy of cisplatin.223 Subsequently, Meng et al. reported 

that the cycloruthenated complex, 13b inhibited the growth of various tumors implanted in 

mice more efficaciously than cisplatin.224 Further experiments indicated that this complex 

induced cell death through at least two pathways: the DNA damage/p53 and the ER stress/

CHOP pathways.224 Recently, Licona et al. reported that 13b could interact with histones to 

induce cell death. Three histones (H3.1, H2A, H2B) were regarded as possible targets for 

13b.225

Pfeffer and group reported the synthesis and biological applications of cycloruthenated 

compounds. The synthesized cycloruthenated complexes produced significant cytotoxic 

effects in mammalian tumor cells that were similar to cisplatin and were less likely to 

produce neurotoxicity compared to cisplatin.226,227 Fetzer et al. synthesized a series of 

cycloruthenated compounds with N-C-N and N-N-C pincer derivatives (Fig. 21).228 Most of 

the compounds were tested for their in vitro antitumor efficacy, which ranged from good to 
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excellent. Several of these compounds had IC50 values in the nanomolar range.228 The 

efficacy of the aforementioned cycloruthenated compounds was tentatively correlated to 

their RuIII/II redox potential and lipophilicity (log P).228

In addition, Peña et al. reported some cycloruthenated compounds were cytotoxic, and their 

cytotoxic efficacy in the dark was similar to that of cisplatin.229 The compound 13x, was 6 

times more than cisplatin, and it disrupted the mitochondria membrane potential. Although 

Peña et al. reported that 13p is not an optimal compound for PDT due to its high 

cytotoxicity in the dark and its lack of photochemical sensitivity.230 They found a 7-fold 

increase in the cytotoxicity of cycloruthenated complex 13p upon irradiation with light at 

639 nm.

Chao et al. reported the efficacy of novel cycloruthenated compounds in different cancer cell 

lines. Interestingly, the Ru(II) complexes 13s to 13x had lower IC50 values against HeLa 

cells, resulting from an increase of the volume of the chelating ligands, which is partly due 

to the larger chelating ligands which produces higher cellular uptake and stronger 

interactions with DNA.80,229,231 Recently, the same group also designed some 

cycloruthenated compounds with significant potency in hypoxic and cisplatin-resistant 

cancer cell lines.232,233 Complex 13y-5 (see Fig. 21) was efficacious against hypoxic HeLa 

cancer cells (IC50 = 0.53 μM).232 This complex was 46-times more potent than cisplatin 

(IC50= 24.62 μM) in HeLa cells.215 The hydrophobicity and cellular uptake of the 

complexes were consistent with their cytotoxicity. They also postulated that the 

cycloruthenated compounds have the potential to surmount drug resistance.232

The mechanism of action and subcellular localization of the cycloruthenated compounds, 

13k and 13l, in cancer cells and normal cells was reported by Klainer et al. (see Fig. 21).234 

They first tested and compared the intrinsic luminescence of cycloruthenated compounds 

with an anionic cyclometalated 2-phenylpyridine chelate or neutral aromatic chelating 

ligands, using a special charge-coupled camera instrument.234 Both 13k and 13l had 

nonselective interactions with DNA, RNA and BSA in vitro. 13k had reduced cellular 

uptake and cytotoxicity due to its improved water solubility compared to 13l. Further studies 

showed that 13l preferentially accumulated in the ER and induced H2AX phosphorylation, 

as well as expression of CHOP/UPR and SATB2 (signaling pathways). 13l entered into cells 

via passive transport (at high concentration, 10 μM) and active/facilitated transport (at low 

concentration, 5 μM). 13l, at 5 μM, accumulated to a greater level in glial A172 cancer cells 

compared to normal cells (neurons or glial cells), which may have resulted from the above 

mentioned transport modes. 13l had some selectivity for glial cancer cells compared to 

healthy glial cells, with IC50 values of 0.25 μM and 1.2 μM, respectively.234 Mechanistic 

studies indicated that multi-mode ER stress mechanisms and mitochondrial stress responses 

were involved in producing 13l’s cytotoxic efficacy in the cancer cells. This work provides 

novel and critical information on the molecular mechanisms and direct targets of 

organoruthenium compounds.
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5.3 Ru(II) polypyridyl complexes for PDT

Recently, a variety of Ru(II)polypyridyl complexes have been reported to have excellent 

photoactive properties, with certain compounds having enhanced cytotoxicity following light 

irradiation, providing a platform for relatively selective and improved tumor therapy (see 

Fig. 22, Table 2).235–237 The mechanism of action for most photoactive Ru(II) compounds 

involves: ligand dissociation and ROS/1O2 (reactive singlet oxygen).63,238 The ligand 

dissociation property is regarded as an O2-independent mechanism, and the Ru(II) dyes can 

undergo photoinduced ligand dissociation, which allows the Ru(II) dyes to bind DNA, 

typically resulting in DNA damage.238 For the ROS/1O2 mechanism, the Ru(II) complexes 

enter excited states under light irradiation, giving them the potential for producing ROS 

or 1O2 by electron/energy transfer. Moreover, ROS or 1O2 can produce direct damage to 

cancer cells.63

5.3.1 Ligand dissociation—The research groups of Turro and Sadler reported that Ru(II) 

complexes can lose the ligands following light irradiation, allowing them to covalently bind 

DNA to produce phototoxicity.239,240 They hypothesized that this class of complexes may 

provide valuable leads for new photoactivatable, antitumor Ru(II) complexes. l Turro et al. 

recently reported that irradiation of the cycloruthenated complex, 13b, at 690 nm, resulted in 

an IC50 value of 70 nM, representing a 14-fold increase in toxicity relative to the IC50 

obtained in the dark.241 Furthermore, glutathione (GSH) facilitated ligand exchange of the 

cycloruthenated complex 13b, with solvent DMSO-d6 molecules. Intracellularly, in the 

absence of DMSO, a ligand exchange may result in the covalent binding of the complex to 

DNA and other biomolecules to produce phototoxicity. In order to increase the toxicity of 

the Ru(II) complex, Turro et al. used a dual-action therapeutic compound, 5-cyanouracil 

(5CNU), as a photoreleased ligand to combine with Ru obtain a photodynamic compound, 

14a.242 14a binds to DNA following light (≥ 395 nm) irradiation and release of the 5CNU 

ligand, damaging HeLa cancer cells. The above mentioned research group also designed a 

new tris-heteroleptic, 14b, and this complex was more photocytotoxic due to both 1O2 

production and ligand exchange upon irradiation.243 This dual-action is useful for increasing 

the efficacy of photochemotherapy drugs.

Bonnet et al. first obtained two Ru(II) complex prodrugs by using a tetrapyridyl biqbpy 

ligand and two trans monodentate ligands.244 The complexes 14c and 14d had trans 
geometries and the trans ligands were found to be photosubstituted by water under green 

light irradiation. The complexes were well taken up and had mild cytotoxicity in A431 and 

A549 cells in the dark. In contrast, when 14c and 14d were activated by green light 

irradiation, they produced significant cytotoxic, with EC50 (EC = effective concentration) 

values below 1 μM and a PI of up to 22 for complex 14c. Recently, the same group designed 

a photosensitive Ru(II) complex 14e.245 The complex was found to have similar cytotoxicity 

as cisplatin in the dark and increased photocytoxicity after 24 h incubation with blue light 

activation. Interestingly, the complex had monomer characteristics at a low concentration (< 

3.5 μM) and it released the monodentate ligand under blue light activation. However, the 

complex formed supramolecular aggregates by self-aggregation at high concentrations (> 3–

5 μM), which could induce non-apoptotic cell death by permeabilizing cell membranes and 

extracting membrane proteins and cell lipids.
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Two photoactive [Ru(bpy)2(L)]2+ complexes (14f, 14g), with sterically clashing ligands, 

were designed by Glazer et al.246 The complexes were inert until activated by visible light, 

which induces ligand loss and covalent modification of DNA.246 Mechanistically, 14f lost 

the 6,6′-dimethyl-2,2′-bpy ligand and 4g lost the 2,9-dimethyl-dpq (dpq: dipyrido[3,2-f:2′,
3′-h]-quinoxaline) under light irradiation. The photo-ejection kinetics was 30-fold faster for 

14f compared to 14g. A greater than 100-fold increase in cytotoxicity of these two 

complexes occurred with light activation in HL60 and A549 cancer cells. Glazer et al. also 

found that Ru(II) polypyridyl complexes (14h, 14i), with biquinoline ligands, could 

photobind DNA following the loss of the biquinline ligands in the presence of visible and 

near infrared light.247 These two complexes were cytotoxic in HL60 cancer cells after 

irradiation with near infrared light, with phototoxicity indices (PI) of 3.32 and 9.2, for 14h 

and 14i, respectively. Recently, the same group designed two novel, strained Ru(II) 

polypyridyl complexes (14j, 14k), containing a 2,3-dihydro-1,4-dioxino[2,3-f]-1,10-

phenanthroline ligand (dop), and these two complexes selectively lost a methylated ligand 

when irradiated with light > 400 nm.248 The compound 14k was 1880-fold more cytotoxic 

in HL60 cancer cells upon activation by light and was 19-fold more potent than cisplatin.248 

Glazer et al. hypothesized that this O2-independent mechanism and ligand dissociation in 

photoactive metal complexes can simultaneously provide effective and selective 

phototherapy and overcome diminished efficacy due to hypoxia in the core of the 

tumor.65,249

5.3.2 ROS/1O2—As most Ru(II) complexes have high photostability and long fluorescence 

lifetimes, they can produce ROS or 1O2 when irradiated by light. The Ru(II) polypyridyl 

complex elevates ROS production, resulting in the efficient cleavage of supercoiled DNA 

and damage to certain biomarkers.63 Swavey et al. designed several Ru(II) polypyridyl 

complexes with porphyrin derivative ligands.250,251 The Ru(II) porphyryl complex, 14i, 

efficiently cleaved supercoiled DNA and induced apoptosis in melanoma cells after 

irradiation with light, while normal cells were unaffected. Ke et al. also designed a 

mitochondria-specific, porphyrin-Ru(II) conjugate (14m), with high a luminescence and a 

high singlet oxygen quantum yield.252 The porphyrin-Ru(II) complex held a large two-

photon absorption cross section σ value of 1104 GM (GM = 10−50 cm s4 photon−1 

molecule−1) upon light irradiation 800 nm. This complex was used to sensitize the formation 

of 1O2, with high 1O2 quantum yields (0.93) upon irradiation at 424 nm. This complex could 

kill 80% of HK-1 cells at a concentration of 1 μM and a light dose of 3 J/cm2. After a 5 

minute flash excitation by an 850 nm laser on cells loaded with 5 μM of this complex, 90% 

of the HeLa cells were deformed or had lost their integrity.

Gasser’s group recently inactivated 1a by attaching it to a photo-labile protecting group 

(PLPG).87 Upon UV-A exposure, 1a was released from the PLPG and had effective 

phototoxicity. In addition, two other light sensitive Ru(II) polypyridyl complexes (14n and 

14o) were tested for photosensitization efficacy.253 The two complexes had significant PDT 

activity in HeLa cancer cells, with IC50 values of 25.3 μM for 14o and 0.62 μM for 14n 

under light irradiation (420 nm, 6.95 J/cm2). Moreover, both complexes showed significant 

antimicrobial PDT activity against the Staphylococcus aureus and the Escherichia coli.253 

Recently, the same group reported that 14o localized in the nucleus of various cancerous and 
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normal cells, but only produced cytotoxicity upon irradiation.254 This complex induced the 

production of ROS, causing DNA damage, cell cycle arrest and cell death. Importantly, the 

complex had a 3.6-fold increase in its phototoxicity against mitotic cells. This dual mode of 

cell death upon photo irradiation of the complex may open new avenues in PDT. Cloonan et 
al. designed a new Ru(II) PDT candidate, 14q, that efficiently entered cells by incorporation 

of 1,4,5,8-tetraazaphenanthrene ancillary ligands and the lipophilic aromatic pdppz ([2,3-

h]dipyrido[3,2-a:2′,3′-c]phenazine) ligand.255 The complex entered into cells via an energy-

dependent mechanism and was localized in mitochondria, lysosomes and ER. The complex 

was nontoxic to HeLa cells, with an IC50 value 70 μM in the dark, and cellularclearance 

occurred within 96 h. However, it had significant photoactivity against HeLa cells, with an 

IC50 value 8.8 μM upon visible light activation. Further studies showed that the complex 

could induce DNA photocleavage and caspase-dependent and ROS-dependent apoptosis 

upon light activation. Recently, Bonnet et al. obtained two highly photosensitive Ru(II)-

based anticancer prodrugs. The complexes contained either a D- or L-glucose.256 The D-

glucose, 14r, was present in the mitochondria and had significant photocytotoxicity in A549 

cells, with an IC50 value of 0.72 μM due to both 1O2 production and ligand exchange upon 

irradiation at 454 nm.

McFarland et al. designed and tested the PDT efficiency of Ru(II) polypyridyl complexes 

that had the lowest-lying 3IL-based excited states, with remarkably long lifetimes (from 22 

to 270 μs), by linking pyrenylethynylene derivatives ligands,257–259 which made the 

complexes hold higher 1O2 quantum yields compared to [Ru(bpy)3]2+. These complexes 

interacted with DNA via intercalation and produced photocleavage of DNA in vitro at 

submicromolar concentrations when irradiated with visible light. These photosensitizers had 

highly potent photocytotoxicities in melanoma, HL60 and bacterial cells at very low 

concentrations. Compounds 14s induced cell death in a HL60 cells, and the LC50 (LC = 

lethal concentration) went from 262 μM in the dark to less than 0.15 μM upon visible light 

irradiation.258 Another class of Ru(II) polypyridyl complexes, with polythiophene chains of 

variable lengths, were obtained and studied by the same group.1,260 These compounds gave 

access to a low-lying, 3IL excited state and a strong interaction with plasmid DNA. These 

complexes were also found to possess high 1O2 quantum yields that increase with 

polythiophene chain length, and the complex, 14t-III, was found to targeted DNA in HL60 

cells, inducing = DNA photodamage.1 The cytotoxicity of this family in the dark was very 

low, with an EC50 > 300 μM in the dark. However, there was a 200-fold increase 

cytotoxicity after light exposure compared to dark conditions as n was increased (n = 1 to 4) 

in polythiophene chain. Furthermore, animal survival was significantly increased after the 

administration of 14t-III and 14u-III. The complex 14u-III is currently undergoing human 

phase IB clinical trials.1,70 Interestingly, McFarland’s group found that the family of 14v, 

containing the π-expansive dppn (benzo[i]dipyrido[3, 2-a: 2′, 3′-c]phenazine) ligand, also 

shared the properties of low-energy and long-lived 3IL excited states, and had efficient 

photodynamic activity in HL60 cancer cells.261 In addition, a photoactive cycloruthenated 

complex [Ru(bpy)2(pbpn)]+, 14x, was developed by replacing dppn with the π-expansive 

cyclometalating ligand pbpn (4,9,16-triazadibenzo (a,c-napthacene).262 This complex 

displayed intense green ligand-centered fluorescence from inside the cell. This complex had 

very weak to no room temperature phosphorescence, extremely short phosphorescence state 
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lifetimes (< 10 ns), low singlet oxygen quantum yields (0.5–8%) and lack of cytotoxicity in 

the dark (EC50 > 300 μM). However, it had significant phototoxicity in cancer cells, with an 

IC50 in the nanomolar range.262 The authors postulated that 3IL excited states affected the 

phototoxicity of 14x. Moreover, three cycloruthenated compounds of N-C-N pincer were 

designed by Tabrizi et al. The compounds showed high uptake and effective 

photocytotoxicity in HeLa cells under light irradiation (350 nm) with the formation of 1O2 

and hydroxyl radicals.263

Recently, Chao et al. developed an efficacious cancer therapy by combining PDT with 

targeting.68 They found that 15a, (Fig. 23) with a triphenylphosphine (TPP) group, highly 

targeted mitochondria and was activated by 2 photons.264 15a had an IC50 value as low as 

9.6 μM in one-photon PDT (λirr = 450 nm, 12 J cm−2) and an IC50 of 1.9 μM in two-photon 

PDT (λirr = 830 nm, 800 J cm−2) towards 3D HeLa, with multicellular spheroidal tumors 

(MCTSs). In addition, several highly charged Ru(II) complexes (15c-15e), were designed as 

two-photon photosensitizers by the same group.98 The three complexes were found to 

localize in the lysosomes via an endocytotic uptake pathway. 15c produced significant 

phototoxicity upon irradiation (800 nm, 10 J/cm2) in 3D HeLa MCTSs, with an IC50 value 

as low as 1.9 μM. Thus 15c has the potential to be used for two-photon photodynamic 

therapy. Moreover, Chao’s group utilized a GSH-activatable Ru(II)-azo photosensitizer, 

(15b), for two-photon PDT.265 15b did not show luminescence but exhibited a strong 

luminescence after incubation in HeLa cells due to the activation of intracellular GSH. 15b 

accumulated to a significant extent in mitochondria and could produce ROS in HeLa cells 

upon two-photon irradiation (810 nm, 100 mW). In dark conditions, 15b lacked significant 

cytotoxicity in 3D HeLa MCTSs (IC50 > 100 μM). In contrast, 15b was significantly 

cytotoxic in MCTSs, with an IC50 value as low as 5.71 μM upon two-photon irradiation.265 

The Chao et al. study demonstrated that the combination of organelle-targeting and two-

photon activation provides a valuable paradigm for developing Ru(II) complexes for PDT 

applications.

6. Ruthenium(II)-based nanomaterial systems

Over the years, numerous strategies have been used to deliver Ru(II)-based metal complexes 

into cancer cells. However, their particle size and specificity have always been major 

obstacles for effective tumor targeting. Nanomaterials represent a wide range of nanoscaled, 

hybrid components that are linked together by covalent or non-covalent interactions. l 

Recently, nanomaterials have been developed for a variety of biomedical applications for the 

treatment and imaging of diseases.266 Drug encapsulation into nanomaterials can provide 

significant improvements in pharmacokinetics, solubility, toxicity and biodistribution when 

compared to freely administered molecules.267 Importantly, once nanomaterial drugs are 

injected into the bloodstream, they preferentially accumulate in solid tumors due to the 

enhanced permeation and retention (EPR) effect.268–290 Past studies have shown that 

encapsulating Ru(II) metal complexes in a nanomaterial system improves their targeting and 

delivery into tumor cells. Ru(II) complexes in nanomaterial systems play four main roles: (a) 

to control the release of payloads (drugs) with better efficiency; (b) to work as drugs or 

catalysts in the nanomaterial systems; (c) to improve the photothermal efficacy and the 
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stability of nanomaterials and (d) to act as theranostic tools to track the import of 

nanomaterials through luminescence imaging.

6.1 Ru(II)-selenium nanoparticles

Due to its biocompatibility, rapid degradation, low toxicity, facile synthesis, selenium has 

evolved as one of the most commonly used nanosystems to deliver drugs.271 Moreover, 

selenium shows promising chemopreventative efficacy when used as a nanosystem to deliver 

chemotherapeutic drugs such as 5-fluorouracil and doxorubicin.272,273 Several selenium 

nanoparticle systems have been utilized to deliver Ru(II) complexes as anti-cancer 

compounds. The Ru(II) complex, RuPOP, produced significantly greater anticancer efficacy 

and lower toxicity compared to cisplatin, but its use was limited due to poor aqueous 

solubility.274 Liu et al. loaded RuPOP in selenium-based nanoparticles (Fig. 24A) and 

determined its anti-cancer efficacy.274 They developed pluronics (a group of block 

copolymers that are amphiphilic) based on the ruthenium complex antagonism of the folate 

receptor and formulated a selenium-based nanosystem. This formulation (FA-SeNPs) 

entered cells via endocytosis. Furthermore, 20 μM of FA-SeNPs had significant cellular 

uptake after 8h of incubation in doxorubicin-resistant R-HepG2 cells. The intracellular 

translocation was achieved in 1 h and the pluronic-bound ruthenium was released in acidic 

conditions. In vitro, FA-SeNPs had significant cytotoxicity in the parental and drug-resistant 

hepatocellular carcinoma cell lines, with IC50 values of 0.33 and 0.24 μM, respectively.274 

The mechanistic experiments indicated that FA-SeNPs induced cell apoptosis by up-

regulating the level of ROS in cells to activate the MAPK and AKT pathways. Moreover, 

0.48 μM of FA-SeNPs decreased the expression level of major drug efflux transporters, 

namely, ABCB1, ABCC1, and ABCG2 and induced apoptosis by stimulating the sub-G1 

phase of the cell cycle. This work suggests that FA-SeNPs are significantly more cytotoxic 

in cancer cells compared to normal cells and this system may provide a suitable approach for 

surmounting multidrug resistant cancers.

A key study by Sun et al. demonstrated the anti-angiogenic effects of Ru-SeNPs, which are 

luminescent ruthenium selenium nanoparticles (Fig. 24B).275 The chicken chorioall-antoic 

membrane (CAM) assay in vivo was used to evaluate the anti-angiogenic effects of Ru-

SeNPs. At 50 μg, the nanoparticles significantly reduced the angiogenesis in the 

chorioallantoic membrane, compared to the control. Moreover, Ru-SeNPs inhibited the 

proliferation of the following cancer cell lines: prostate PC-3, MCF-7, human umbilical vein 

endothelial cells (Huvec), SW480, and HepG2, with IC50s in the range of 3–20 μg/ml. A 

concentration-dependent increase in apoptosis occurred in HepG2 cells after 24 h of 

exposure to Ru-SeNPs. Furthermore, an inhibition of the phosphorylation of FGFR1, 

Erk1/2, and AKT validated the anti-angiogenic effects of Ru-SeNPs.275 Another study 

indicated that the anti-angiogenic effects of ruthenium-thiol selenium nanoparticles (Ru-

MUA@Se) by the same group (Fig. 24C).276 Ru-MUA@Se directly suppressed HepG2 

tumor growth, with no significant body weight loss, and also blocked blood vessel growth in 
vivo by decreasing microvessels. Ru-MUA@Se entered the cells via a clathrin-mediated 

endocytosis pathway. This system was shown to inhibit mitochondrial membrane function 

and induce ROS formation in HepG2 cells. Moreover, there was a significant reduction in 

tumor angiogenesis and low-systemic toxicity in HepG2 tumor.
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6.2 Ru(II)-gold nanomaterials

Gold nanomaterials have been a topic of significant interest due to their interesting surface 

plasmon resonance (SPR) properties.277–282 The functionalized gold nanostructures have the 

properties of good biocompatibility, small size and shape-dependence, and they have proven 

to be a versatile platform for a wide range of biomedical applications. Similarly, Ru(II)-

polypyridyl complexes, due to their photophysical properties, high luminescence and large 

two-photon absorption cross sections, have emerged as promising theranostic tools for 

cancer treatment.283–285 In addition, there are two excellent examples for Ru(II) complex 

functionalized gold nanomaterials as anticancer compounds for photothermal therapy (PTT). 

Zhang et al. developed the gold nanoparticles for PTT by grafting two-photon luminescent 

Ru(II) complexes to the surface of gold nanoparticles as antenna molecules (Fig. 25A).286 

The Ru@AuNPs converted NIR (808 nm) light to heat (ΔT = 9.4–38.5 °C), with high 

photothermal therapy efficiency (ΔT = 38.5 °C, η = 33.3%), which was well over the 

required temperature increase for efficient cancer photothermal therapy. More importantly, 

the in vivo experiments indicated that Ru@AuNPs, as PTT compounds, had significant 

tumor ablation efficacy. Indeed, under diode laser (808 nm) irradiation at the power density 

of 0.8 W/cm2 for 5 min, tumors shrunk gradually or disappeared individually after 10 days 

of treatments.286 This study with Ru(II) complex modifications provides an effective 

solution for overcoming the typically poor NIR absorbance and low photostability (melting 

effect) of gold nanoparticles in PTT. Recently, the same group developed two novel gold 

nanostructures to get the Ru(II)-functionalized gold nanorods, (AuNRs@Ru) and nanostars 

(AuNTs@Ru) (see Fig. 25B).287 AuNRs@Ru and AuNTs@Ru had higher photothermal 

stability and photothermal efficiency compared to pure AuNRs and AuNTs (ΔTAuNRs@Ru= 

41.1 °C, ΔTAuNTs@Ru =38.9 °C; ΔTAuNRs = 21.0 °C, ΔTAuNTs = 19.2 °C). AuNRs@Ru 

and AuNTs@Ru exhibited efficacious photothermal therapy both in vitro and in vivo under 

low power (808 nm laser, 0.25 W cm−2), which suggested that the two candidates have 

potential application as cancer therapy through photothermal destruction.

6.3 Ru(II)-silica composites

Silica has long been used as a nanocarrier to deliver drugs for therapeutic uses.288,289 Silica 

nanoparticles are non-toxic to cells and readily undergo endocytosis in acidic liposomes. 

The release of these nanoparticle in specific pH environments, photon activation, redox 

activation, and tumor targeting, makes them an ideal nanocarrier for Ru(II) complexes and 

other drugs. Frasconi et al. developed ruthenium-silica nanoparticles (Fig. 26A), with 

enhanced cellular uptake and photoactivation.290 l The Ru(II) complex was linked covalently 

to the mesoporous silica nanoparticles (MSNPs) to form MSNPs2 by coordination of the 

monodentate ligand (3-isocyanato- propylethoxysilane with 4-(aminomethyl)-

benzonitrile).290 The MSNPs2 showed rapid cellular uptake and the ruthenium complexes 

were rapidly released and transformed upon light irradiation into a cytotoxic aqua complex 

that formed monoadducts with DNA. In addition, the MSNPs2 could load paclitaxel with an 

82% uptake efficiency and 35% release efficiency. Cytotoxicity studies showed that empty 

MSNPs2 had no significant cytotoxicity against MDAMB-231 cells. In contrast, light 

activation enhanced the cytotoxicity of docetaxel-loaded MSNPs2 significantly in MDA-

MB-468 and MDAMB-231 breast cancer cell lines but had no effect on the cytotoxicity of 

Zeng et al. Page 23

Chem Soc Rev. Author manuscript; available in PMC 2018 October 02.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



free paclitaxel. Moreover, a photoactive drug delivery system, using only low light intensity, 

was developed by He et al. by grafting mesoporous silica coated UCNPs (lanthanide-doped 

upconverting nanoparticles) with Ru(II) complexes.291 The photoactive and blue light-

cleavable Ru(II) complexes were grafted to the surface of the UCNPs to generate DOX-

UCNP@mSiO2-Ru (Fig. 26B).291 The concept of this system is that the UCNPs can 

convert NIR light (∼980 nm) to UV and visible light which subsequently activates Ru(II) 

complexes to initiate photoreactions, releasing doxorubicin. Approximately 27% of 

doxorubicin and 59% Ru(II) complexes in this system can be released after 974 nm light 

irradiation, with 0.35 mW cm−2 for 5 hours. Using the same irradiation condition, NIR 

irradiation of DOX-UCNP@mSiO2-Ru for 10–30 min reduced cell viability to 40–29%. No 

obvious burn wound was observed when the light intensity was lower than 1 mW cm−2. The 

results of the above experiments indicate that the UNCPs may be an efficacious and safe 

therapy strategy using low intensity NIR light.

Knežević et al. used multifunctionalized, porous silicon nanoparticles (pSiNPs) to deliver 

the photosensitized ruthenium complex for PDT (Fig. 26C).292 This ruthenium complex had 

good two photon absorption at 800 nm, yielding a ROS that killed cancer cells upon light 

irradiation. In addition, polyethylene glycol (PEG) was added to the surface of the 

nanoparticles to improve the dispersibility and biocompatibility of pSiNP-Ru-PEG-

Man.292 Cytotoxicity studies indicated that 87% of MCF-7 cancer cells died at 80 mg/mL−1, 

following a 5 h pre-incubation upon 800 nm irradiation of pSiNP-Ru-PEG-Man. Recently, 

He et al. developed silica nanoparticle as a carrier for delivering anticancer Ru(II) 

complexes.292 The RGD (arginine-glycine-aspartic acid) peptide, which targets the ανβ3 

integrin receptor, was attached to the surface of the mesoporous silica nanoparticles to 

improve their selectivity for cancer cells compared to and cells.293 The nanoparticle system, 

RuPOP@MSNs (Fig. 26D), released Ru(II) complexes much faster at pH 5.3 than at pH 

7.4, with a 63.3% release for pH 5.3 and 43.1% for pH 7.4 after 12 days.293 Under a 

fluorescence microscope, RuPOP@MSNs was shown to enter the cells through endocytosis 

and release the Ru(II) complexes from lysosomes into the cytosol. The nanoparticle system 

had unprecedented, enhanced cytotoxicity in cancer cells overexpressing the integrin 

receptor and the mechanistic studies indicated that ROS overproduction induced by 

RuPOP@MSNs was involved in the cancer cell apoptosis through the regulation of AKT 

and MAPK signaling pathways.

6.4 Ru(II)-carbon nanotubes

Carbon nanotubes (CNTs) are one-dimensional, columniform structures of wrapped 

graphene sheets, forming tubular architectures. Single-walled nanotubes (SWNTs) and 

multiwalled nanotubes (MWNTs) are two main types of carbon nanotubes that can have 

high structural perfection.294 Single-walled nanotubes (SWNTs) are formed by a single 

graphite sheet seamlessly wrapped into a cylindrical tube. Multi-walled carbon nanotubes 

(MWCNT) contain several graphene sheets, leading to multiple concentric tubes of different 

diameters.295,296 Carbon nanotubes have unique properties that make them a highly 

promising system for biomedical application, as they can be used to deliver therapeutic 

drugs and diagnostic agents into cells.297,298 However, carbon nanotubes can also absorb 
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light in the near-infrared region as photosensitizers and can kill cancer cells by localized 

photothermal effects.299

Wang et al. determined if nanostructured RuPOP@MWCNTs (Fig. 27A) are efficacious in 

surmounting multidrug resistance and radio resistance in cancer cells.300 

RuPOP@MWCNTs was formed by loading a potent anticancer Ru(II) polypyridyl 

complex (RuPOP) in multiwalled carbon nanotubes via π−π interactions and by formation 

of a hydrogen bond. The RuPOP@MWCNTs entered cells via endocytosis and enhanced 

the selective cellular uptake of RuPOP in HepG2 and multidrug-resistant R-HepG2 cells. A 

concentration-dependent cell apoptosis occurred in HepG2 and R-HepG2 cells with the 

RuPOP@MWCNTs. The IC50 values of RuPOP@MWCNTs against R-HepG2 and 

HepG2 cells were 40 and 100 ng/mL, respectively. However, RuPOP@MWCNTs had 

significantly lower cytotoxicity towards L02 normal liver cells at the same concentration. 

Importantly, the nanosystem was found to significantly enhance the anticancer efficacy of 

clinically used X-rays in R-HepG2 cells through induction of apoptosis and G0/G1 cell 

cycle arrest, which involved the generation of ROS. Moreover, the nanosystem effectively 

reduced the toxic side effects of loaded drugs and prolonged the blood circulation of 

RuPOP in vivo.

Zhang et al. used the single-walled carbon nanotube, loaded with Ru(II) complexes (Fig. 

27B) for bimodal photothermal and photodynamic therapy, with near-infrared (808nm) 

irradiation.301 The carbon nanotube nanosystem had a high phothothermal conversion 

efficiency of ∼39.4% for Ru1@SWCNTs and 38.3% for Ru2@SWCNTs.300 The 

nanosystem can convert NIR (808 nm) light to heat (creating temperature changes from 20.3 

to 58.5 °C for Ru1@SWCNTs and from 20.2 to 56.6 °C for Ru2@SWCNTs), a marked 

improvement from pure SWCNTs (where temperatures changed from 20.2 °C to 44.2 °C). 

The Ru(II) complex in the system can be released from the Ru@SWCNTs upon irradiation 

(808 nm, 0.25 W/cm2). Furthermore the released Ru(II) complexes produced 1O2 upon two 

photon laser irradiation (808 nm, 0.25 W/cm2). Cytotoxicity studies in vitro indicated that 

the Ru@SWCNTs (50 μg/mL) could kill all the HeLa cells under 808 nm laser irradiation 

at 0.25 W/cm2 for 5 min. More importantly, the tumors in nude mice shrank gradually or 

disappeared individually after 15 days of intratumoral injection with 100 μL of an aqueous 

dispersion of 1 mg/mL of Ru@SWCNTs upon the irradiation (808 nm laser).

6.5 The organic and biomaterial Ru(II) nanomaterials

Due to its biocompatibility and biodegradability, poly-(DL-lactic-co glycolic acid) (PLGA) 

is widely used as a nanocarrier to deliver drugs. Boeuf et al. encapsulated Ru(II) 

photosensitizers in PLGA-based nanosystems and determined their cytotoxicity in C6 

glioma cells.302 The ruthenium-PLGA nanoparticles typically released a lower amount of 

the ruthenium complexes in phosphate buffer of pH 7.4 at 37 °C. In contrast, the 

nanoparticle systems exhibited faster release of the ruthenium complexes upon light 

irradiation. After exposure to a pulsed laser at 740 nm, the released Ru(II) complexes 

produced 1O2 and had potent cytotoxicity in the C6 glioma cells. Moreover, light exposure 

to PLGA-based ruthenium nanoparticles enhanced the cytotoxicity in C6 cells by ≈ 60%, 

supporting the notion that ruthenium-PLGA nanoparticles could be good candidates for two-
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photon-excited PDT applications in the future. In an effort to improve the blood circulation 

times and increase in the cellular uptake of polymetallodrugs, Wu et al. used the 

poly(ethylene glycol) (PEG) block to bind metal ruthenium to form a nanoparticle, PolyRu, 

via self-assembly.303 The PolyRu efficiently accumulated at the tumor sites through the 

enhanced permeability and retention (EPR) effect. Furthermore, PolyRu released anticancer 

Ru(II) complexes and generate cytotoxic 1O2 and inhibited the growth of tumors under 656 

nm red light, with minimal systemic toxicity.

Zhou et al. investigated the anticancer efficacy of functionalized Ru(II) nanoparticles 

(RuNPs) loaded with luminescent Ru(II) complexes (RuBB) and epigallocatechingallate 

(EGCG).72 The nanoparticle system (RuBB-loaded EGCG-RuNPs) displayed red 

fluorescence and were entered SMMC-7721 liver cancer cells by 67LR-mediated 

endocytosis, with drug accumulation in the cytoplasm after 6 h.72 However, some of the 

nanoparticles were found in the nucleus after 12 h of incubation; the gradual accumulation 

indicated that the nucleus is a potential organelle target of the nanoparticles. Moreover, the 

nanoparticles significantly inhibited migration and invasion of the liver cancer cells and 

induced apoptosis by generating ROS and activating both the intrinsic and extrinsic 

apoptotic pathways. In vivo studies indicated that RuBB-loaded EGCG-RuNPs (50 μg/

mouse) decreased the average tumor volume to 23% of the control level after 15 days of 

treatment.

In addition, a 3P-Ru/PbPS nanocapsule system for delivering the tris (1,10-phenanthroline) 

Ru(II) complex (3P-Ru) to tumor cells based on a pH-sensitive Poly (2-diisopropyl- 

aminoethyl methacrylate)-blockpoly (2-aminoethyl methacryl-ate hydrochloride) was 

designed by Chen et al.304 This system released 35% of the 3P-Ru in the nanocapsule in a 

pH 7.4 solution after 48 h of dialysis. However, the release rate reached 65% in a solution at 

pH 6.5, indicating a selective and rapid release in acidic environments. The 3P-Ru/PbPS 

system delivered the 3P-Ru into gliomas cells with high efficiency and inhibited U251 cell 

proliferation in a concentration-dependent manner via an apoptosis pathway. More 

importantly, the 3P-Ru/PbPS system significantly decreased tumor growth in tumor-bearing 

mice, resulting in smaller tumor volumes (5 mm−3), compared to mice treated for 8 days 

with PBS (25 mm−3), PbPS-NC (26 mm−3) and PEG-Ru-NC (20 mm−3) mice.

Recently, Chakrabortty et al. used the TPP-functionalized bloodplasma protein serum 

albumin (HSA) as the targeting peptide to combine with a Ru(II) complex to serve as a new 

photosentizer (cHSA-PEO-TPP-Ru) (Fig. 28).305 cHSA-PEO-TPP-Ru produced an ∼8-

fold improvement in 1O2 quantum yields and a five times higher TP action cross section 

compared to the single Ru(II) complex. cHSA-PEO-TPP-Ru was highly localized in 

mitochondria. cHSA-PEO-TPP-Ru had potent phototoxicity, with an IC50 value of 34.9 nM 

against HeLa cells after light irradiation for 5 min (470 nm, ∼20 mW/cm2) and had a 

significantly high PI of 250. Further study indicated that cHSA-PEO-TPP-Ru had effective 

antileukemic activity, which occurred by decreasing cell proliferation and clonogenic 

property of the myeloid leukemic cell line OCI-AML3. However, cHSA-PEO-TPP-Ru was 

less toxicity to normal bone marrow cells compared to leukemic cells.
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In addition, there are other nanomaterials functionalized with Ru(II) complexes for cancer 

treatments, such as nanographene oxide,306 polymers,307 DNA origami and 

liposomes.308–311 These Ru(II) complex, functionalized-nanomaterials were safety and 

efficacious. Although further research, including clinical studies, is needed to verify these 

results, these examples serve as the basis of new developments for treating cancer.

7. Ru(II) complexes for bioorthogonal catalysis

The sections above presented ruthenium complexes as anticancer drugs or drug delivery 

systems, which play the role of reagents and direct targeting of tumor cells. Furthermore, 

ruthenium complexes could also be used as catalysis in biological system. The field, called 

bioorthogonal catalysis, has extended our understanding and is useful in imaging and drug 

development. Bioorthogonal chemistry allows for the occurrence of chemical reactions 

inside living cells without interfering with native biochemical processes. Thus, for this 

reason, bioorthogonal catalysts should selectively recognize specific functional, unnatural 

groups and catalyze the chemical reaction, especially in living systems. The catalyst needs to 

balance reactivity and stability. As a result, there is a lack of efficient bioorthogonal catalysts 

available today that match these crucial criteria.312 The design of bioorthogonal synthetic 

catalyst/substratepairs, which can passively diffuse into cells for use as tools in chemical 

biology studies, is a highly formidable challenge that has only recently started to be 

investigated.313 Recently, unique opportunities, arising from the catalysis of transition 

metals,314,315 have been explored.

Metal ruthenium complexes represent a powerful toolkit for selective synthesis and lysis of 

chemical bonds, thus offering plentiful physicochemical properties. It is possible that Ru(II) 

complexes may serve as catalysts in bioorthogonal chemistry. Based on how they enter into 

cells, Ru(II) complexes could also be cataloged into direct catalysis and nano-systems.

7.1 Ru(II) complexes as catalytic agents

Within the last decade, significant attention has been centered around improving the 

biocompatibility of a Cu(I)-catalyzed bioorthogonal reaction in living cells. Meanwhile, 

additional transition metals, such as palladium or ruthenium, have been examined as 

alternative sources to facilitate a bioorthogonal conjugation reaction in living cells.316 

Current concepts of bioorthogonal chemistry have largely centered on ‘bond formation’ 

reactions between two mutually reactive bioorthogonal handles (Fig. 29). Recently, in a 

reverse strategy, a collection of ‘bond cleavage’ reactions has emerged with excellent 

biocompatibility.317 In 2006, Meggers et al. reported allylcarbamate cleavage in living cells 

using Ru(II) complexes (Ru1).318 In addition, researchers in the above group made progress 

towards synthesizing organometallic Ru(II) complexes for the catalytic uncaging of 

allyloxycarbonyl-protected amines under biologically relevant conditions and within living 

mammalian cells (Ru2).312,313 To find a catalyst with an improved activity, they screened a 

set of ruthenium complex and found that catalytic efficiency is fine-tuned by ligand- 

modifications (Ru3-Ru5).319 Using those Ru(II) complexes catalysts, the fluorescence 

development was more pronounced in the presence of thiophenol, yielding a 10-fold 

increase within 15 min in the cytoplasm of HeLa cells.313
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Sadhu et al. developed a luminescent Ru(II) complex that labeled proteins, enabling the 

direct visualization and photocatalytic reduction of arylazide in live cells.320 Hsu et al. 
reported that a bioorthogonal precatalyst Ru(II) complex cleaves a novel caged 

bioluminescence probe in luciferase- transfected 4T1 cells. The rate of the probe release and 

enzymatic turnover could be evaluated in 4T1 cells using a luciferase reporter system.321 

With this method, researchers could measure the catalytic cleavage of a pro-probe and 

intracellular enzyme-mediated turnover of the released probe. This approach provides a set 

of critical metrics to observe the performance of biological catalysts and caging strategies 

for analogously cleavable pro-drugs.321 Similarly, Mascarenas et al. developed a Ru(II) 

catalyst in the mitochondria of living cells by integrating the phosphonium-targeting 

moieties to Ru(II) complexes.322 This metal catalysts was had significant catalytic efficacy 

and produced a smooth and rapid ruthenium-dependent depolarization of the mitochondria.

Sadler and colleagues summarized the design approaches of catalytic metallodrugs. Of 

special interest was the development of redox-modulating drugs, including the thiol 

oxidation and transfer hydrogenation reactions.323 The complexes [(η6-arene)Ru(azpy)I] 

(where arene = biphenyl, and azpy = N,N-dimethylphenyl- or hydroxyphenyl-azopyridine) 

were highly cytotoxic to A2780 and A549 cell lines, with IC50 values from 2–6 μM.324 The 

replacement of iodide by chloride dramatically decreased the cytotoxicity of the arene Ru(II) 

complexes.325 Intriguingly, the iodide Ru(II) complexes were catalysts in reactions with the 

tripeptide glutathione (γ-L-Glu-L-Cys-Gly).324 In addition, millimolar concentrations of 

glutathione were oxidized to glutathione disulfide in the presence of micromolar 

concentrations of Ru(II) complexes (Fig. 30A), significantly influencing intracellular redox 

processes. In addition, the same group also reported that another class of Ru(II) complexes 

with a chelated sulfonylethylamine ligand can convert coenzyme NAD+ into NADH in the 

presence of formate, thereby modulating the NAD+/NADH redox couple, as depicted in Fig. 

30B.326 The efficacy of the arene Ru(II) sulfonamidoethyleneamine complexes toward 

ovarian cancer cells was enhanced by up to 50-fold in the presence of low, non-toxic 

concentrations of formate. The IC50 of this Ru(II) complex towards A2780 cells decreased 

from 13.6 μM (in the absence of formate), to 1.0 μM, in the presence of 2 mM formate, 

making the complex equipotent to cisplatin.326 Catalytic reactions in cancer cells offer a new 

strategy for the design of safe, Ru-based anticancer drugs that may contribute to further 

insight into the mechanism of cell death. The catalytic metallodrugs may offer the prospect 

of low-dose therapy and a challenging new design strategy for future exploration.323

Currently, the catalytic efficiency of most precious-metal organometallic catalysis within 

living cells or in the presence of cell lysates has not been maximized. There are two major 

restrictions for organometallic catalysis in a cellular environment: 1) the catalyst and 

enzymes would affect each other and 2) even millimolar concentration of glutathione in cells 

under aerobic conditions would inhibit the precious metals catalytic activity.327 Enzymes 

have evolved to be efficient biocatalysts, and with the development of protein engineering, 

researchers have the potential obtain powerful tools to exploit more matallo-enzymes 

combined with natural proteins.328 The undeniable advantage of signal amplification 

through catalytic turnover has been successfully exploited in the area of enzyme-based bio-

imaging and sensing.329
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7.2 Ru(II) complexes as nano-catalytic system

In the sections above, results indicated that by combining ruthenium complexes and Au 

nanoparticles, the metallodrug could enter into living cells more easily and effectively. Au 

nanoparticles (AuNPs) provide non-toxic carriers for drug and gene delivery applications. In 

these systems, the gold core imparts stability to the assembly, while the monolayer allows 

tuning of surface properties, such as charge and hydrophobicity.279 The adaptable 

functionalization of both selective and specific recognition elements and environmentally 

responsive optoelectronic properties of AuNPs can be utilized to accomplish the 

transduction of the binding event with appropriate affinity and selectivity toward target 

analytes. Functionalized AuNPs may be both molecular receptor and signal transducer in a 

single sensing motif, thereby simplifying the sensor design while improving the 

sensitivity.282 All of the characteristics are present in bioorthogonal catalysis. Utilizing the 

well known property of thiols to bind to gold nanoparticles, researcher could produce facile 

access to multivalent, functional systems anchored on support. In addition, this complex 

would be soluble, with limited mobility and conformational restraint, thereby being suitable 

to act cooperatively in a catalytic process.281 Thus, various research groups have reported 

that Ru(II) form complexes with traditional gold nanoparticles, which are so-called 

nanozymes (see Fig. 31).

Recently, researchers have altered the surface of AuNPs with a variety of unnatural 

molecules such as sialic acids with azide groups, acylhydrazide, amine, or azide 

moieties.330,331 Supramolecules were also introduced onto gold nanoparticles to target 

different sites in cells and control the size of NPs.332 The new in vivo targeting strategy of 

nanoparticles, based on bioorthogonal, copper-free click chemistry, greatly broadens nano 

applications.333 The catalytic efficiencies of ruthenium complex nanoparticles in solutions 

and in cells have been measured and compared by Rotello et al.334 This bioorthogonal 

catalysis can be used not only in therapeutic applications, but also in treating noncancerous, 

chronic diseases. The system introduces biomimetics into bioorthogonal chemistry, 

providing a new platform for imaging and therapeutic applications, as well as combining 

pharmacological treatments with human made synthetic tools.333

8. Conclusions and future perspectives

Ru(II) compounds have highly promising anticancer activity in in vitro and in vivo models. 

Compared to platinum(II) compounds, ruthenium can be coordinated at two additional axial 

sits and it tends to form octahedral compounds. In general, the ligand combination and 

coordination geometry between ruthenium and its ligands mainly determine the activity of 

ruthenium compounds, mostly in their reactivity, hydrophobicity, binding, cellular uptake 

and intracellular distribution. In this regard, several different Ru(II) compounds in this 

review have been reported to have high selectivity and targeting, ultimately improving 

efficiency in cancer cells and minimizing toxicity in normal cells. Further studies of 

ruthenium compounds should investigate structure-activity relationships (SARs) to 

determine how modifying different functional groups on the ligands affect the anticancer 

efficacy of the complexes. As expected, most of the ruthenium complexes are lipophilic and 

hold positive charge, which facilitates their diffusion across the cell membrane, which is 
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composed of negatively-charged and similarly lipophilic phospholipids. In addition, DNA, 

proteins and mitochondria often contain negative charges, allowing ruthenium complexes to 

selectively target these biomolecules or organelles and have significant efficacy. However, 

the ruthenium complexes must be non-toxic or relatively less toxic in normal tissue before 

use in patients. Simply modulating the ligands or increasing the lipophilicity and the charge 

of ruthenium complexes does not decrease their adverse effects, limiting their clinical 

application.

The introduction of PDT allows for the design of additional Ru(II) complexes with enhanced 

anticancer efficacy and higher selectivity. Ruthenium complexes have been proven to be 

effective photosensitizers for PDT due to the relatively long lifetimes of their excited states 

and efficient, low-energy visible-infrared light absorption. PDT has been shown to have high 

efficacy and minimal adverse effects, and has also been used to overcome resistance in 

tumor cells. Ru(II) complexes have long 3MLCT-based, excited states, with a luminescent 

lifetime of 1.1 μs and 3IL-based excited states, with remarkably long and tunable lifetimes 

(from 22 to 270 μs).335 These lifetimes is sufficient to produce ROS, which kill cancer cells 

upon light irradiation. Moreover, the use of O2-independent, Ru(II) complex 

photosensitizers may kill hypoxic tumors with enhanced cytotoxicity. Many Ru(II) 

complexes have efficient two-photon absorption in the NIR or IR region. These Ru(II) 

complexes were developed into the photosensitizers for two-photon absorption PDT, with 

less photodamage and a maximum tissue penetration depth. These Ru(II) complexes have 

the potential to be the next-generation photosensitizer compounds for PDT. Therefore, the 

characterization of Ru(II) complexes, with excellent physicochemical properties, remains 

urgent. In parallel with these advances in chemistry, improvement in the methods of 

irradiation should further improve the efficacy of Ru(II) complexes for PDT.

In this review, we discussed typical nanostructured Ru(II) complexes. The application of 

nanostructures improves the delivery and penetration of Ru(II) complexes,336,337 thus 

increasing the concentration in cells. For example, the combination of nanomedicine and 

Ru(II) complexes yields significant anticancer efficacy in drug resistant cancer cells as they 

are not substrates for MDR transporters. The encapsulation and delivery of Ru(II) complexes 

with nanomaterials may also improve certain pharmacological barriers relevant to drugs 

such as bioavailability, targeting ability, solubility, degradation and adverse effects. In 

addition, the Ru(II) complexes are designed to allow the nanomaterial systems to control the 

release of drugs and maintain efficacy within an acidic tumor environment. Despite the 

major benefits of the nano-functionalization of Ru(II) complexes in cancer therapy, 

nanomaterials also produce a certain level of toxicity in normal cells. The physical 

properties of nanomaterials affect the efficacy and toxicity of the nanomaterials. Therefore, 

further research should investigate the structure-activity relationship in nanostructured 

Ru(II) complexes. Finally, new ideas and breakthroughs in nano-functionalized complexes 

are expected to produce safer and more efficacious anticancer drugs.

Finally, we briefly discussed the role of Ru(II) complexes as bioorthogonal catalysts. With 

the formation and especially lysis of chemical bond, Ru(II) complexes accelerate 

biochemical reactions in living systems without interfering with normal physiological 

processes. The metallo-drugs could directly function at the specific groups, and also be 
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delivered to cellular targets in encapsulated nanoparticles. With the development of protein 

engineering, it is essential that we integrate more transitional metal-based biological 

catalysts with natural biomolecules. By combining fluorescence with Ru complex moieties, 

we hypothesize that we can realize a real-time tracking of catalysts in cells, which would 

greatly improve our understanding of biological processes.

The complete mechanisms of action of the Ru(II) complexes are diverse and still poorly 

understood. However, this review delineates a number of different mechanisms where Ru(II) 

complexes have efficacy in certain cancers, with the ultimate goal of obtaining clinically 

acceptable candidates in the near future. We also believe that the design of metallo-drugs 

based on nanomaterials have potential as anticancer treatments.338 Also, we anticipate that 

metallodrugs will foster interdisciplinary research among organometallics, oncology, 

photochemistry, biology and nanomedicine.
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Fig. 1. 

Three ruthenium(III) compounds in clinical trials.
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Fig. 2. 

Conmmon cellular uptake mechanisms of drugs. Reproduced with permission from ref. 71. 

Copyright 2012, Royal Society of Chemistry.
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Fig. 3. 

The schematic description of the anticancer effect of the nucleic targeting complex [Ru(bpy)

(phpy)dppz]+. Reproduced with permission from ref. 80. Copyright 2015, American 

Chemical Society.
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Fig. 4. 

Representation of Ru(II) compounds that accumulate in mitochondria. Bottom 

image:fluorescence confocal microscopy images of HeLa cells incubated with 1a with 

commercial dyes. Reproduced with permission from ref. 86. Copyright 2015, American 

Chemical Society.
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Fig. 5. 

Representation of Ru(II) compounds that target DNA. Left-hand fluorescence image: the 

nuclear DNA staining of 2a in PFA-fxed HeLa cells, as evident by red luminescence, with 

co-staining by nuclear DNA dye DAPI. Right-hand fluorescence image: the nuclear DNA 

staining of the dinuclear 2b in MCF-7 cells, as evident by the red luminescence, with co-

staining SYTO-9 (green). Reproduced with permission from ref. 109 and 111, respectively. 

Copyright 2015, Nature Publishing Group.
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Fig. 6. 

Representation of Ru(II) compounds that target proteins as enzymes inhibitors. Right-

bottom image: caging strategy for comound 3h as photoinduced cysteine protease inhibitors. 

Reproduced with permission from ref. 131. Copyright 2015, American Chemical Society.
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Fig. 7. 

Schematic representation of the work-flow used in the metallodrug pull-down experiments 

performed by Hartinger et al. Reproduced with permission from ref. 116. Copyright 2012, 

Royal Society of Chemistry.
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Fig. 8. 

General representation of the main targets and proposed mechanisms of action of ruthenium 

compounds as anticancer drugs.
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Fig. 9. 

Common structures of [(η6-arene)Ru(X](Y)(Z)].
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Fig. 10. 

Common structures of arene Ru(II) compounds with N,N-chelating ligands.
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Fig. 11. 

The N,N- ligands arene Ru(II) compounds with good photoactivity.
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Fig. 12. 

Ru(II) arene complexes bearing N,O- chelating ligands.
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Fig. 13. 

0,O- ligands arene Ru(II) complexes with different monodentate ligands.
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Fig. 14. 

C,N-cyclometalated (η6-p-cymene) Ru(II) complexes.
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Fig. 15. 

(A) The structures of PTA, RAPTA-C, RAPTA-T and RAPTA-B. (B) Growth curve of 

A2780 tumors with respect to RAPTA-C treatment. (C) Images show representative tumors 

from the vehicle treated (CTRL) and RAPTA-C (0.2 mg kg-1) treated CAMs. (D) 

Representative images of the immunohistochemical staining of the endothelial cell marker 

CD31 (in brown) showing reduced microvessel density per mm2 in tumors treated with 

RAPTA-C normalized to the tumor surface area and provided as a % of the control (E) and 

Ki-67 positive nuclei (in blue) (D) and quantification of the percentage of the tumor surface 

area staining positive for Ki-67 (as a % of CTRL) (F). Black bar in the right image of (D) 

represents 500 mm and is valid for both images. Reproduced with permission from ref. 168. 

Copyright 2012, Royal Society of Chemistry.
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Fig. 16. 

Curcuminate complexes derived from the RAPTA structure.
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Fig. 17. 

Chemical structures and nucleosomal adducts of RAPTA-C and RAED-C by X-ray. 

Reproduced with permission from ref. 171. Copyright 2015, Nature Publishing Group.
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Fig. 18. 

(A), (B), (C) and (D) The structures of selective dinuclear and tetranuclear arene Ru(II) 

complexes.
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Fig. 19. 

Cellular localization of Λ- and Δ-11 in MDA-MB-231 cells. Reproduced with permission 

from ref. 198. Copyright 2015, American Chemical Society.
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Fig. 20. 

The structures of selective Ru(II) polypyridyl compounds as anticancer drugs.
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Fig. 21. 

The structures of the selective cyclothenated compounds used in anticancer durgs.
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Fig. 22. 

The structures of the selective Ru(II) compounds used in PDT
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Fig. 23. 

The Ru(II) compounds used for two-photon-PDT in Chao’s group, and the schematic 

description of 15c used for two-photon-PDT. Reproduced with permission from ref. 98. 

Copyright 2015, Wiley-VCH.
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Fig. 24. 

(A) The diagrammatic figure of FA-SeNPs and the structure of RuPOP. (B) The method for 

the synthesis of the Ru-SeNPs. (C) The structure of the Ru-MUA@Se. Reproduced with 

permission from ref. 274, 275 and 276, respectively. Copyright 2015, Elsevier.
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Fig. 25. 

(A) Schematic illustration of the photothermal efficiency of Ru@AuNPs under two-photon 

luminescence. (B) The structure of AuNRs@Ru and AuNTs@Ru, and the schematic 

illustration of photothermal treatment on mice. Reproduced with permission from ref. 286 

(Copyright 2015, Elsevier) and 287 (Copyright 2012, Royal Society of Chemistry), 

respectively.
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Fig. 26. 

(A) Graphical representation for the assembly of mechanized MSNPs. (B) Schematic model 

and TEM image of UCNP@mSiO2 nanoparticles (1), the schematic illustrationof the drug 

release from DOX-UCNP@mSiO2-Ru nanoparticles (2). (C) Synthetic scheme for the 

pSiNP–Ru–PEG–Man. (D) The reaction pathways for the construction of the materials 

RuPOP@MSNs. Reproduced with permission from ref. 290 (Copyright 2015, American 

Chemical Society), 291, 292 (Copyright 2012, Royal Society of Chemistry) and 293 

(Copyright 2015, Wiley-VCH), respectively.
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Fig. 27. 

(A) The design and radiosensitization action mechanisms of the RuPOP@MWCNTs 

nanosystem. (B) Schematic Design of Ru@SWCNTs for bimodal photothermal therapy and 

two-photon photodynamic therapy with 808 nm Irradiation, and the presentative 

photographs of HeLa tumors in mice Ru@SWCNTs treatments. Reproduced with 

permission from ref. 300 and 301, respectively. Copyright 2015, American Chemical Society.
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Fig. 28. 

Schematic designof cHSA-PEO-TPP-Ru for PDT. Reproduced with permission from 

ref. 305. Copyright 2015, American Chemical Society.
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Fig. 29. 

Uncaging reactions of allyloxycarbonyl (alloc) protected amines under (a) biologically 

relevant conditions and (b) within living human cells with ruthenium(II) complexes reported 

by Meggers et al. Reproduced with permission from ref. 319. Copyright 2015, Elsevier.
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Fig. 30. 

The Ru(II) catalytic reactions reported by Sadler group. Reproduced with permission from 

ref. 324 (Copyright 2008, National Academy of Sciences.) and 326 (Copyright 2015, Nature 

Publishing Group), respectively.
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Fig. 31. 

Spatiotemporal resolution of the sequential actions performed by Rotello’s nanobots. 

Reproduced with permission from ref. 333. Copyright 2015, Nature Publishing Group.
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Scheme 1. 

The reaction rate of [(η6-C6H5)Ru(en)Cl]+ family with cGMP and their cytotoxicity towards 

A2780 cells. Data originate from ref. 103 and 108.
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Scheme 2. 

Ru(II) arene complexes bearing O,O-chelating ligands, and their cytotoxicity towards A2780 

cells. Data originate from ref. 157.
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