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Abstract 

REDOX ACTIVE LIPOPHILICRUTHENIUM COMPLEXES AS POTENTIAL ANTI-

CANCER DRUGS 

 

Nagham Alatrash, PhD 

 

The University of Texas at Arlington, 2015 

 

Supervising Professor: Frederick M. MacDonnell  

 The dinuclear ruthenium(II) polypyridyl complexes (RPCs)  

[(phen)2Ru(tatpp)Ru(phen)2][PF6]4 (P4+) and the monomeric [(phen)2Ru(tatpp)]Cl2 (MP2+) 

are promising candidates for anti-cancer drug development in terms of the observed anti-

tumor activity in vivo and in vitro. These complexes contain the redox-active tatpp 

(9,11,20,22-tetraazatetrapyrido[3,2-a:2'3'-c:3'',2''-1:2''',3''']-pentacene) ligand which seems 

to be the critical component for biological activity. These complexes cleave DNA when 

reduced in situ to a radical species. Both complexes exhibit selective cytotoxicity toward 

cultured malignant cell lines and showed inhibition of tumor growth in vivo. This work 

expands on this platform by preparing and examining more lipophilic analogues of P4+ and 

MP2+. Specifically, four lipophilic ruthenium(II) polypyridyl complexes, 

[(Ph2phen)2Ru(tatpp)Ru(Ph2phen)2][PF6]4 (PPh
4+), (Ph2phen, 4,7-diphenyl-1,10-

phenanthroline), [(Me4phen)2Ru(tatpp)Ru(Me4phen)2][PF6]4 (PMe
4+), (Me4phen, 3,4,7,8-

tetramethyl-1,10phenanthroline),  [(Me4phen)2Ru(tatpp)][PF6]2 (MPMe
2+), and 

[(Ph2phen)2Ru(tatpp)][PF6]2 (MPPh
2+), have been synthesized and characterized in which 

4,7-diphenyl-1,10-phenanthroline or 3,4,7,8-tetramethyl-1,10-phenanthroline ligands were 

used to replace the 1,10-phenanthroline ligands in P4+ and MP2+. A structure-activity 

examination of their partition coefficient (log P), DNA cleavage activity, cytotoxicity, and 



 

vi 

animal acute toxicity followed. Log P data revealed lipophilicity decreased in the order: 

MPPh
2+ > PPh

4+ > MPMe
2+ > PMe

4+ > MP2+ > P4+ as expected.  We hypothesized that increasing 

the lipophilicity of the ruthenium complexes would increase cytotoxicity and decrease 

animal toxicity, yet have little effect on their DNA cleavage activity. This is because all four 

analogues retain the putative DNA cleaving unit (tatpp ligand) but being more lipophilic, 

they should more easily enter cells, increasing cytotoxicity, and on the same basis, be 

slower to build up in the bloodstream after IP injection in animal toxicity studies.  IC50 values 

for all complexes were obtained for H358, CCL228, MCF-7, and against normal cell line 

MCF-10. The cytotoxicity of P4+, MP2+ and [Ru(phen)2dppz]2+
  were also evaluated in 

NSCLC cell lines H358, HCC2450, H522, H1993, H2073, H322, H2122, H460 and the 

pancreatic cancer (PANC1) cell line using standard MTS and clonogenic assays. The 

lipophilic ruthenium complexes MPPh
2+, PPh

4+, MPMe
2+, and PMe

4+ showed no acute animal 

toxicity in a screen of the MTD in Balb/c mice with doses up to 160 mg drug/Kg mouse. 

Furthermore, the absorption and the distribution of drug after administration by 

intraperitoneal (IP) injection in male Wister Han rats were discussed. Lastly, we present 

the results from a NCI-60 panel prescreen of MPPh
2+ complex that was submitted through 

the Developmental Therapeutics Program of the National Cancer Institute.  In comparison 

with P4+ and MP2+, these analogues generally showed similar DNA cleavage activity, 

enhanced cytotoxic activity in cultured malignant human cells, and reduced animal toxicity 

in Balb/c mice.   
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1 

Chapter 1  

RUTHENIUM POLYPYRIDYL COMPLEXES AS POTENTIAL ANTI-CANCER AGENTS 

1.1 Biological Activity of Coordinately Saturated Ruthenium(II) Polypyridyl Complexes 

Cisplatin (cis-Pt(NH3)2Cl2) is one of the most successful and widely used anti-

cancer drugs in clinical use today.1,2 However, it is not effective against all cancers and 

many cancers can develop resistance to this agent.3 Moreover, there are a number of 

undesirable and often severe side effects that can limit its use.4,5 Besides cisplatin, a 

number of platinum complexes such as carpoplatin, nedaplatin and lobaplatin, shown in 

Figure 1.1,  have been approved for cancer therapy.6 Carboplatin was introduced clinically 

and used worldwide along with cisplatin. Nedaplatin is available only in Japan while 

oxaliplatin is available in a few countries, such as France.6  

Over the past 50 years, there have been thousands of platinum complexes 

examined as potential drugs with the goal of either expanding the scope of anti-tumor 

activity or lessening the severity of the side effects or both.  Success has been limited to 

some new platinum-based drugs being introduced clinically in that time and these mainly 

address the side-effect issues, and do not expand the scope of cancers treatable.7  The 

success and limitations of platinum-based drugs have motivated scientists to look for 

alternative metal-based cancer drugs. In particular, ruthenium(II) and (III) complexes  have 

enjoyed considerable attention8,3 as they display similar ligand exchange kinetics to Pt(II) 

complexes9 but as a d6 or d5 transition metal complexes, they favor six coordination and 

therefore have unique geometries relative to Pt(II).10  
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Figure 1.1 The chemical structures of platinum complexes 

 
Two octahedral ruthenium metal complexes, NAMI-A (ImH[trans-ImDMSORuCl4]) 

and KP1019 (indazolium trans-[tetrachlorobis(1H-indazole)ruthenate(III)]), as seen in 

Figure 1.2, have shown considerable promise as anti-cancer agents both in vitro and in 

vivo.11,12 The latter of these has progressed through Phase I clinical trials as IT-139, shown 

in Figure 1.2, with acceptable toxicity and observed activity in patients with NSCLC 

tumors.13 The activity of these complexes is based on their labile chloride ligands which 

facilitate them to bind their biological target and behave in similar fashion to cisplatin.  Some 

of the toxic side effects were discovered for NAMI-A during the first clinical study.14,15 
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Figure 1.2 The chemical structures of NAMI-A, KP1019 and IT-139 

 

Even before the discovery of NAMI_A and KP1019, scientists have examined a 

variety of ruthenium complexes such as chloro-ammino Ru(III) complexes,  

[fac-Ru(Cl)
3
(NH

3
)
3
]  and [cis-Ru(Cl)2(NH3)4]Cl, depicted in Figure 1.3. It was found that 

these compounds exhibited anti-tumor activity against several cell lines, but the 

insolubility of these complexes prevent their use as drugs.16 
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Figure 1.3 The chemical structures of [fac-Ru(Cl)
3
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)
3
] and [cis-Ru(Cl)2(NH3)4]Cl 
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Furthermore, ruthenium(II) complexes cis-[Ru(Cl)
2
(DMSO)

4
]  and trans-

[Ru(Cl)
2
(DMSO)

4
] (DMSO = dimethylsulfoxi,de), shown in Figure 1.4, were investigated in 

1975 and show low toxicity and similar antitumor activity to cisplatin.17 More recently, there 

has been a wide interest in the redox properties of  coordinately saturated Ru(II) polypyridyl 

complexes (RPCs), which are known for their advantages for cellular uptake in vivo,18 

stability,19 and remarkable biological activity.19 These complexes act in a different way than 

cisplatin, NAMI_A and KP1019 and that is due to the lack of the labile ligands.20        
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Figure 1.4 The chemical structures of cis-[Ru(Cl)2(DMSO)4] and trans-[Ru(Cl)2(DMSO)4] 

 
 

The early study by Dwyer et al. in 1950’s investigated the biological activity of the 

parent complexes: [Ru(2,2’-bipyridine)3]2+ and [Ru(1,10-phenanthroline)3]2+, illustrated in 

Figure 1.5, where it was found that these cations are chemically stable, coordinatively 

saturated, substitutionally inert, and biologically active.18  
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Figure 1.5 The chemical structures of [Ru(bpy)3]2+ and [Ru(1,10-phen)3]2+ (where 

bpy=2,2’-bipyridine, phen = 1,10-phenanthroline) 

 

The stability and the activity of these saturated RPCs were investigated via 

intraperitoneal (IP) injection of radiolabeled [106Ru(phen)3]2+ into rats where it was found 

that this cation complex was not metabolized and excreted unchanged in urine.21 These 

complexes exhibited enzyme inhibitory activities and toxicity in mice.18,19 ,22 

Dwyer and coworkers also reported the neurotoxicity or curare-like behavior of 

these complexes in vivo.  Ultimately, they showed that these complexes are competitive 

inhibitors of acetylcholinesterase (AChE).18 Furthermore, they found that the capability of 

these compounds to inhibit  AChE depends on many aspects such as the charge, size, 

enantiomeric forms and the properties of the ligands.18 As it was found that the chirality of 

the homoleptic ruthenium  complex has significant effect on their biological activity where 

Λ−[Ru(phen)3]2+ was less toxic in mice compared to ∆−[Ru(phen)3]2+ and that is due to the 

distribution rate of these complexes to the blood stream.21 ∆−[Ru(phen)3]2+ complex (shown 

in Figure 1.6) reached the blood in smaller amount than Λ−[Ru(phen)3]2+ complex because 

of the lower rate of absorption.21 The high toxicity or low toxicity of the ruthenium complexes 
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in mice is related to the capability of the complexes to penetrate the cells, which is 

dependent on the lipid/water partition (lipophilicity).18 Ruthenium 3,4,7,8-tetramethyl-1,10-

phenanthroline complex was the most cytotoxic compared to the parent compound 

Ruthenium 1,10-phenanthroline.23 
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Figure 1.6 The chemical structures of ∆−[Ru(phen)3]2+ and Λ−[Ru(phen)3]2+  

 
 

Following Dwyer’s pioneering work on the biological activity of RPCs, Meggers and 

coworkers developed the inert octahedral organoruthenium compounds as kinase and 

acetylcholinesterase (AChE) inhibitors. 24 The shape of the trishetroleptic RPCs was used 

as structural scaffolds. The  [Ru(5,6-Me2phen)(phen-4-CONH2)Me2dppz]2+ complex was 

found to inhibit acetylcholinesterase with an IC50 of 200 nM compared to other tris-

ruthenium complexes.24,25 

More recently the structure activity relationship (SAR) of the Ru(II) complexes was 

studied in Frederick MacDonnell’s group. They have  reported on the unusual DNA 

cleavage activity of the metallointercallator [(phen)2Ru(tatpp)Ru(phen)2]4+ (P4+) which also 



 

7 

displays promising anti-tumor activity in vivo.26  Both the dinuclear ruthenium(II) polypyridyl 

complexes, [(phen)2Ru(tatpp)Ru(phen)2]4+ (P4+), and it’s mononuclear analogue, 

[(phen)2Ru(tatpp)]2+ (MP2+), depicted in Figure 1.7, show promising anti-cancer activity in 

vitro and in vivo and much of this biological activity is attributed to the redox-active tatpp 

(where tatpp = 9,11,20,22-tetraazatetrapyrido[3,2-a:2',3'-c:3'',2''-l:2''',3'''-n]-pentacene) 

ligand present in these complexes. 27 

Yadav and Janaratne have shown that RPCs which containing tatpp ligand are 

potent chemotherapeutic agents as they exhibited potentiated DNA cleavage activity in the 

presence of the reducing agent, glutathione (γ-L-glutamyl-L-cysteinylglycine, GSH), under 

aerobic and anaerobic conditions.27,28 Furthermore, it was found that the reduced form of 

P4+ complex is capable to cleave DNA under low oxygen condition with the presence of 

GSH contrasting other ruthenium complexes and that is due to the redox-activity of P4+  

complex.29 The maximum tolerable dose (MTD, mg complex/Kg mouse) for P4+  and MP2+ 

was examined in C57 BL/6 mice and it was  found to be ~ 65 mg/Kg compared to 6.6 

mg/Kg for the parent complex [Ru(phen)3]2+.27 The cytotoxicity study against non-small cell 

lung cancer (NSCLC) H358 (Human Caucasian Bronchioalveolar Carcinoma) and H226 

(Lung Squamous Carcinoma) cancer lines have revealed that the most promising activity 

was shown by P4+ and MP2+ compared to [Ru(phen)2(tpphz)]2+ (where tpphz is 

tetrapyrido[3,2-a:2',3'-c:3'',2''-h:2''',3'''-j]phenazine), [Ru(bpy)3]2+, and [Ru(phen)3]2+.27  

Also, the previous study by Yadav et al. showed that the chirality of these Ru(II) 

complexes have significant effect on their biological activity against the non-small cell lung 

cancer cell lines.27 In addition, cell cycle study on H358 cell line in our lab have shown that 

treatment the cells with Δ-MP2+ caused a marked G2-M block.26 Similar activity was shown 

before by antineoplastic agent paclitaxel. It is a microtubule stabilizing agent that induces 

apoptosis by arresting cells at the G2-M phase of the cell cycle.30,31 It is also very important 
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to note that the types of ancillary ligands that surround the metal center play an important 

role in the biological activity of these RPCs.27 
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Figure 1.7 The chemical structures of P4+ = [(phen)2Ru(tatpp)Ru(phen)2]4+ and              

MP2+ = [(phen)2Ru(tatpp)]2+ 

 
 

The terminal ligands seem to be one area in which changes can be made to the 

complex which is unlikely to alter the reactivity of the ruthenium complexes. Replacing the 

phen or the bpy ligands in [Ru(bpy)3]2+ and [Ru(phen)3]2+ complexes with larger aromatic 

ligand such as (dipyrido[3,2-a: 2’,3’-c]phenazine) dppz ligand, illustrated in Figure 1.8,  

results in higher DNA binding affinity, which fully intercalate to the DNA.27 Those tris-

ruthenium(II) complexes have a binding constant (Kb) on the order of 103 M-1 compared to 
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the Kb  of the dppz complex which is on the order of 106 M-1 where the Kb increased by 

three orders of  magnitude.32,26 ,27 
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Figure 1.8 The chemical structures of [(bpy)2Ru(dppz)]2+ and [(phen)2Ru(dppz)]2+ 

 

There are many other factors that can affect the DNA binding affinity of 

ruthenium(II) complexes such as size, charge, stereochemistry and lipophilicity.33 The 

chirality of the metal complexes has impact on the intercalation of the enantipore Ru(II) 

complexes with the DNA. For example, the binding constant of ∆− and Λ−[Ru 

(phen)2dppz]2+ into DNA are 3.2 X 106 M-1 and 1.7 X 106 M-1 where we can see that the ∆-

complex has slightly stronger Kb compared to the Λ−complex.34 The binding affinity 

increases by adding a second metal center to the monomeric complexes and that is due 

to their increase in size and higher charge.27 For example, [(phen)2Ru(tatpp)Ru(phen)2]4+ 

and [(phen)2Ru(bidppz)Ru(phen)2]4+ have Kb on the order of 108 M-1 and 1012 M-1 

respectively.27 

P4+ and MP2+ complexes are promising anti-tumor drugs, not only because they 

bind tightly to the DNA, but they also cleave DNA due to their low reduction potential 
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compared by other Ru(II) complexes such as [Ru(phen)3)]2+ and [Ru(phen)2dppz]2+ 

complexes as seen in Figure 1.9. The reduction potential of P4+ is -0.023 mV compared to 

tri-ruthenium complex which is -1.050 mV.  

 

 

Figure 1.9 Reduction potential of ruthenium(II) polypyridyl complexes 

 

The in vitro cytotoxicity of chloropolypyridyl ruthenium complexes against the 

murine L1210 leukemia cell line and human cervix carcinoma HeLa cell line was 

investigated by Novakova and coworkers in 1995.35 The study was conducted on three 

different ruthenium complexes: [Ru(terpy)-bpy)Cl]Cl, cis-[Ru(bpy)2Cl2], and mer-

[Ru(terpy)C13] where terpy = 2,2':6'2"-terpyridine and bpy = 2,2'-bipyridyl.  It was found that 

mer-[Ru(terpy)Cl3] complex, depicted in Figure 1.10, has significantly higher cytotoxicity 

compared to the other ruthenium complexes and that was thought to be related to its ability 

to form interstrand crosslinks in the DNA.35 The ID50 of mer-[Ru(terpy)Cl3] against  L1210 

and Hela cell lines  was 7 µM and 8 µM respectively.35 Also, mer-[Ru(terpy)Cl3] complex in 

the same study, has shown significant anti-tumor activity in standard murine screen.35 
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Figure 1.10 The chemical structure of mer-[Ru(terpy)Cl3] (where terpy = 2,2':6'2"-

terpyridine) 

 
Early studies with three isomeric dichlororuthenium(II) complexes of  the 

[Ru(azpy)2Cl2] complex where azpy = didentate ligand 2-phenylazopyridine showed that 

the activity of the isomers is related to the higher flexibility of the azpy ligand.36 The 

dichlororuthenium(II) complexes: α-[Ru(azpy)2Cl2],  β-[ Ru(azpy)2Cl2], and γ-[Ru(azpy)2Cl2] 

were screened   against a series of human tumor cell lines such as MCF-7, EVSA-T, WIDR, 

IGROV, M19, A498, and H266 where it was found that α-[Ru(azpy)2Cl2] complex has 

appreciably high cytotoxicity compared to the other isomers and cisplatin as seen in Table 

1.1.36 The structure of α-[Ru(azpy)2Cl2] plays a very important role in the biological activity 

of this complex where it has the capability to bind to the DNA in a very useful way.36 
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Table 1.1 ID50 values in mol/L of α-[Ru(azpy)2Cl2],  β-[ Ru(azpy)2Cl2], γ-[Ru(azpy)2Cl2] and 

cisplatin complexes against different human cell lines36 

  
MCF-7 
μmol/L 

 
EVSA-T
μmol/L 

 
WIDR 
μmol/L 

 
IGROV 
μmol/L 

 
M19 
μmol/L 

 
A498 
μmol/L 

 
H266 
μmol/L 

 

α-[Ru(azpy)2Cl2] 0.6 0.1 1.9 0.8 0.2 1.2 1.5 

β-[ Ru(azpy)2Cl2 4.1 1.9 11.2 7.3 2.5 8.8 10.0 

γ-[Ru(azpy)2Cl2] 5.9 5.4 16.6 11.8 4.5 15.3 14.8 

Cisplatin 2.3 1.4 3.2 0.6 1.9 7.5 10.9 

 

Previous research with analogues of [Ru(phen)3]2+ has revealed that use of 

lipophilic ancillary ligands in the synthesis of RPCs can increase their uptake by cells and 

potency.37 Lipophilicity is an important factor that can affect the biological activity on most 

therapeutic compounds.37 Another study with [(phen)2Ru(dppz)]2+ (where dppz is 

dipyrido[3,2-a:2′,3′-c]phenazine) has shown that cellular uptake is correlated to the 

structure and the lipophilicity of the compounds.38 Substitution of the 1,10-phenanthroline 

with lipophilic 4,7-diphenyl-1,10-phenanthroline was shown to exhibit enhanced cellular 

uptake of the complex.38 

In 2008, Barton et al. examined the mechanism of cellular entry of luminescent 

RPCs into HeLa cells where the cellular uptake was tracked and measured by confocal 

microscopy and flow cytometry. They reported that the more lipophilic ruthenium(II) 

complex , [(Ph2phen)2Ru(dppz)]2+ , as shown in Figure 1.11,  was transported more rapidly  

inside the cell compared to [(phen)2Ru(dppz)]2+ and [(bpy)2Ru(dppz)]2+ complexes.39 
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Figure 1.11 The chemical structure of [(Ph2phen)2Ru(dppz)]2+  

 
This transportation was more correlated to the lipophilicity of these compounds 

and not with the size or overall charge. This study’s outcome was in agreement with reports 

on cisplatin analogues, where the complexes with the highest lipophilicity displayed the 

maximum cellular uptake. Hence, the poor uptake into the cell membrane is due to the 

hydrophilicity of the complexes.38,40,41,42 The enhanced cytotoxicity of 

[(Ph2phen)2Ru(dppz)]2+ towards HeLa cells over [(phen)2Ru(dppz)]2+ or [(bpy)2Ru(dppz)]2+  

was postulated to be due to the increased lipophilic character.43  

Zava and coworkers, in an earlier study, reported that the more lipophilic RPCs 

appeared to induce cell death by targeting the plasma membrane, not the nuclear DNA.44 

In their study, different concentrations of [Ru(L)3]2+  complexes (where L = bpy, [2,2'-

Bipyridine]-4,4'-diamine, N4,N4,N4',N4'-tetraethyl, [2,2'-Bipyridine]-4,4'-dicarboxylic acid, 

4,4'-diethyl ester,  [4,4′-dimethoxy-2,2′-bipyridine, 2,2'-Bipyridine, 4,4'-dimethyl) ( illustrated 

in Figure 1.12) were evaluated for their effect on ovarian cancer cell growth using the MTT 

assay (MTT = 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide).44 
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One of the five different compounds was highly cytotoxic (less than 1 µm) toward 

A2780 cell line. The high cytotoxicity of this tris-(4,4′-dimethoxy-2,2′-bipyridine)  ruthenium 

complex was explained by its high lipophilicity and its ability to bind to the plasma 

membrane of the cell. The lipophilicity of the five complexes was determined by using the 

partition coefficient (log Po/w) experiment. The study showed that as the lipophilicity of the 

bipyridine ligand of the ruthenium(II) complexes increased, the cytotoxicity  increased 

significantly.44  

In general, the higher the lipophilicity of a drug, the stronger its binding to proteins 

and the better its volume of distribution.45,46 In 1978, Watanabe et al. demonstrated that 

the volume of distribution is increased by increasing the lipophilicity of drugs, when 

administering fifteen basic drugs to animals, such as dogs.47  
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Figure 1.12 The chemical structures of Ru(II) tris(bpy) complexes 
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In a previous study, Pisani and coworkers described the behavior of lipophilic 

Ru(II) polypyridyl cations as chemotherapeutic agents and their ability to target the 

mitochondria of L1210 murine leukemia cells and cause damage to these cells.48 The 

dinuclear polypyridyl ruthenium(II) complexes [{Ru-(phen2)2}{µ-bbn}]4+ where phen = 1,10-

phenanthroline with flexible bridging ligands such as bb2 {1,2-bis[4(4'-methyl-2,2'-

bipyridyl)]ethane}, bb5 {1,5-bis[4(4'-methyl-2,2'-bipyridyl)]pentane}, bb7 {1,7-bis[4(4'-

methyl-2,2'-bipyridyl)]heptane}, and bb10 {1,10-bis4(4'-methyl-2,2'-bipyridyl)]decane} 

(Rubbn; where bbn=1,n-bis[4(4’-methyl-2,2’-bipyridyl)]-nane (n=2, 5, 7, 10, 12 or 16)) and 

their corresponding mononuclear complexes (shown in Figure 1.13) were synthesized and 

used in flow cytometry experiment to study the uptake mechanism and cellular 

localization.48 The accumulation of the metal complexes in the mitochondria has a vast 

influence on their cytotoxicity, which is related to the nature of the ligand associated with 

the complex. The outcomes of this study demonstrated that lipophilic dinuclear 

ruthenium(II) complexes have a high cytotoxicity when they enter the cell by passive 

diffusion and poison the mitochondria, resulting in cell death by apoptosis.48 Lipophilicity 

(hydrophobicity) is very important factor in drug delivery. This study shows a big correlation 

between the biological activity of a drug and its partition coefficient log P. 49 

 

 

 

 

 

 

 

 



 

17 

 

Figure 1.13 The chemical structures of dinuclear and mononuclear Ru(II) complexes 

(where bbn=1,n-bis[4(4’-methyl-2,2’-bipyridyl)]-nane (n=2, 5, 7, 10, 12 or 16))                                      
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1.3 Scope of Dissertation 

The goal of our research is to investigate the structure-activity relationships of 

Ru(II) polypyridyl complexes and their biological activity. We postulated that by using 

lipophilic ancillary ligands, such as 4,7-diphenyl-1,10-phenanthroline (Ph2phen) and 

3,4,7,8-tetramethyl-1,10-phenanthroline (Me4phen), as shown in Figure 1.14, to synthesize 

mononuclear and dinuclear analogues of MP2+ and P4+  we could alter their observed 

spectrum of cytotoxicity as well as their acute animal toxicity.  We further postulated that 

an increase in the complexes lipophilicity would increase the observed cytotoxicity as these 

complexes would be better able to passively diffuse through the cell membrane and 

concentrate in cells.   

The increased lipophilicity could also render them less acutely toxic according to 

Dwyer’s hypothesis that the acute toxicity of RPCs is due to the peak blood concentration 

at which above some threshold, acetylcholinesterase inhibition causes neurotoxicity.18  In 

principle, the more lipophilic complexes should be slower to partition into the blood after IP 

injection than the more hydrophilic complexes. As all of the complexes are cleared by 

excretion in urine, a complex slow to enter the bloodstream may never reach the threshold 

concentration required for toxic side effects, rendering it safer than the more hydrophilic 

analogues.    
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Figure 1.14 The chemical structures of lipophilic ancillary ligands (where phen = 1,10-

phenanthroline) 

 

Chapter 1 of this dissertation is a review of the relevant literature pertaining to the 

development of platinum and, in particular, ruthenium-based complexes for use as 

chemotherapeutic agents. From this perspective, we develop the thesis of this work. 

Chapter 2 presents the synthesis and characterization of the new RPCs: 

[(Ph2phen)2Ru(tatpp)Ru(Ph2phen)2][PF6]4 ([PPh][PF6]4), [(Ph2phen)2Ru(tatpp)][PF6]2 

([MPPh][PF6]2), [(Me4phen)2Ru(tatpp)Ru(Me4phen)2][PF6]4 ([PMe][PF6]4),  and 

[(Me4phen)2Ru(tatpp)][PF6]2  ([MPMe][PF6]2). Moreover, this chapter demonstrates the 

ability of these analogues to cleave DNA via the same mechanism as observed for MP2+ 

and P4+.  

In chapter 3, the complex lipophilicity is quantified by determination of the partition 

coefficients (log P) via the shake-flask method in PBS at pH 7.4 and octanol, as well as in 

deionized water and octanol. As expected, the lipophilicity of the complexes increased with 

the lipophilicity of the ancillary ligands. The effects of the structural changes on the 

cytotoxicity of the RPCs in terms of IC50 values is examined in numerous malignant cell 

lines including H358, CCL228, MCF-7, HCC2450, H522, H1993, H2073, H322, H2122, 
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H460, and PANC1, as well as the normal cell line, MCF-10. Structure-cytotoxicity 

relationships are discussed as applicable. One analogue, [(Ph2phen)2Ru(tatpp)]Cl2, was 

submitted and accepted for screening against the NCI-60 panel through the Developmental 

Therapeutics Program of the National Cancer Institute.  These results are also presented. 

Furthermore, the effects of the structural changes on the mouse acute toxicity after 

IP injection is examined by determination of the maximum tolerable dose (MTD). As 

hypothesized, the more lipophilic ruthenium complexes: PPh
4+

, PMe
4+, MPMe

2+, MPPh
2+

 

showed no acute animal toxicity at doses up to 160 mg drug/Kg mouse in this screen.  

Pharmacokinetic data related to the rate of three ruthenium drugs accumulation in blood 

serum after IP injection in rats was attempted.  Three RPCs with very different log P values 

were administered IP to 3 groups of three rats and blood samples drawn at several time 

intervals following injection. The data are weak in that large differences were observed in 

the absolute values of [Ru] in serum per animal within a given group.  Nonetheless, this 

data is presented in that the trends observed are supportive of the peak blood 

concentration model.    
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Chapter 2  

SYNTHESIS, CHARCTERIZATION, AND DNA ACTIVITY OF DIFFERENT 

LIPOPHILICITIES 

2.1 Introduction 

In the early 1950’s, Dwyer and coworkers examined the biological activity of 

coordinatively saturated ruthenium polypyridyl complexes (RPCs).50 In this seminal work, 

they discovered promising cytotoxicity against malignant cell lines as well as bacteriostatic, 

bacteriocidal, and anti-viral activity.50 The homoleptic parent complex, ruthenium(II) tris-

1,10-phenanthroline, was shown to exhibit great stability in vivo.22 Experiments in which 

albino rats were injected IP with radiolabeled [106Ru(phen)3]ClO4  revealed that the complex 

did not remain in the animal for longer than a day and was excreted in urine 

unmetabolized.21  

Moreover, the dissociation of dicationic ruthenium complexes was minimal in 

concentrated bases and acids,18 leading them to conclude that the active biological agent 

was the intact complex. Dwyer and coworkers also established that RPCs had neurotoxic 

side effects in mice, including death, when administered at sufficient doses via IP injection.  

Subsequent studies showed the RPCs to be potent competitive inhibitors of 

acetylcholinesterase (AChE) with the Λ enantiomer of ruthenium(II) tris-1,10-

phenanthroline being a better inhibitor of AChE and a more potent neurotoxin than the ∆ 

enantiomer.22 In a preliminary study, they also showed some influence of complex 

lipophilicity on the AChE inhibition and animal neurotoxicity.22 

Later work by MacDonnell’s group showed that RPCs containing the tatpp ligand  

are promising chemotherapeutic agents as they bind and cleave DNA in vitro, exhibit low 

micromolar cytotoxicity against numerous malignant cell lines but 100 µM cytotoxicity 

towards nonmalignant (immortalised)  cells, and show relatively low acute animal toxicity 
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at therapeutically relevant doses.  This is in striking contrast to nearly all other RPCs 

including, [Ru(bpy)3]2+, [Ru(phen)3]2+, [Ru(phen)2(dppz)]2+, and numerous analogues, 

which can bind DNA but do not induce DNA cleavage, may or may not be particularly 

cytotoxic towards malignant cell lines, show little difference in cytotoxicity against malignant 

and normal cells, and are frequently neurotoxic even at modest doses.26, 51 

Ultimately, the DNA cleavage activity of the tatpp-based RPCs has been shown to 

be caused by the redox activity of the tatpp ligand in vitro.  In situ reduction of this ligand 

places a reactive radical intermediate in the immediate vicinity of the DNA deoxyribose 

units, leading to H-atom abstraction and strand scission.26   This enhanced reactivity is 

postulated to be the cause of the enhanced anticancer properties between these 

complexes and other RPCs which lack bioreducible ligands. 

In this chapter, we present the synthesis and characterization of several analogues 

of MP2+ and P4+ in which the terminal phenanthroline ligand has been replaced with more 

lipophilic analogues.  These complexes include: [(Ph2phen)2Ru(tatpp)Ru(Ph2phen)2] [PF6]4 

(PPh
4+), [(Ph2phen)2Ru(tatpp)][PF6]2  (MPPh

2+), [(Me4phen)2Ru(tatpp)Ru(Me4phen)2] [PF6]4 

(PMe
4+), and  [(Me4phen)2Ru(tatpp)][PF6]2 (MPMe

2+), which are shown in Figures 2.1 and 2.2. 

In general, these complexes were prepared in a manner similar to the 

[(phen)2Ru(tatpp)Ru(phen)2] [PF6]4, and [(phen)2Ru(tatpp)][PF6]2 complexes. All the 

analogues were all examined for DNA cleavage activity in vitro to determine if the structural 

changes impacted this function.   
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Figure 2.1 Chemical structures and shorthand notation of several key monomeric 

ruthenium polypyridyl complexes prepared and used in this study   
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Figure 2.2 Chemical structures and shorthand notation of several key dimeric ruthenium 

polypyridyl complexes prepared and used in this study 
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2.2 Experimental- Synthesis 

2.2.1 Chemicals 

Tetrabutyl ammonium chloride hydrate, ethanol, lithium chloride, chloroform,  

4,7-diphenyl-1,10-phenanthroline (Ph2phen), 3,4,7,8-tetramethylphen-1,10phenanthroline 

(Me4phen), ammonium hexafluorophosphate, N,N-diethylformamide, acetonitrile were 

purchased from Aldrich and were used as received. Ruthenium(III) chloride trihydrate was 

purchased from Pressure Chemical Co and  was used as received. 1,10-Phenanthroline-

5,6-dione (phendione) was synthesized based on literature procedures.52  

11,12-diaminodipyrido[3,2-a:2’,3’-c]phenazine (dadppz) and 4,5-dinitro-o-phenylene-

diamine, 9,11,20,22-tetraazatetrapyrido[3,2-a:2',3'-c:3'',2''-l:2''',3'''-n]-pentacene (tatpp) 

were prepared as previously described in the literature.53,54,55 Ru(Me4phen)2Cl2 and 

Ru(Ph2phen)2Cl2  were prepared in analogous fashion to Ru(bpy)2Cl2 reported previously 

in literature by Sullivan et al.56 

 [(phen)2Ru(tatpp)Ru(phen)2][PF6]4 
54  and [Ru(phen)2(phendione)][PF6]2 

57
 were prepared 

according to literature procedures. The following homoleptic ruthenium(II) complexes    

[Ru(Ph2phen)3]Cl2   and  [Ru(Me4phen)3]Cl2 were prepared by using a modified procedure 

that was described before in the literature.58 All organic solvents were of analytical grade 

and used as received unless stated otherwise. 

2.2.2 Instrumentation 

1H NMR spectra were obtained on JEOL Eclipse Plus 300 or 500 MHz 

Spectrometers using either CD3CN, (CD3)2CO and CD3Cl as the solvent, and referenced 

to the residual 1H signals in the solvent using TMS as the standard for zero ppm. 
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2.2.3 Synthesis 

2.2.3.1 [(Ph2phen)2Ru(dndppz)][PF6]2  

[(Ph2phen)2Ru(phendione)]Cl2 (0.14 g, 0.13 mmol) and 4,5-dinitro-1,2-phenylenediamine 

(0.026 g, 0.13 mmol) were dissolved in a mixture of 50 mL of absolute ethanol and 5 mL 

of glacial acetic acid in 100 mL round bottomed flask. The solution was refluxed overnight 

and then cooled down to room temperature. Product was isolated upon the addition of 

aqueous NH4PF6, filtered and washed with water and dried in the vacuum at 60 oC. Yield: 

162 mg (87%). 1H NMR (δ, CD3COCD3, 500 MHz): 9.79 (d, J = 5.2 Hz, 2H), 9.26 (s, 2H), 

8.73 (d, J = 7.7 Hz, 4H), 8.64 (d, J = 7.7 Hz, 2H), 8.33 (s, 4H), 8.06 (dd, J1 = 8.6 Hz, J2 = 

5.3 Hz, 4H), 7.78 (apparent triplet, J1 = 8.4 Hz, J2 = 8.2 Hz, 2H), 7.57-7.75 (multiplet, 20H). 

This complex was used in the following step after changed to chloride salt by using the 

following metathesis procedure. 

2.2.3.1.1 Metathesis Procedure 

 The chloride salt of the complex was prepared from the hexafluorophosphate salt by 

adding a concentrated solution of n-tetrabutylammonium chloride in acetone to a 

concentrated solution of the complex in minimum amount of acetone. The resulting 

precipitate was filtered immediately, washed with acetone and dried in vacuo at 60 °C for 

1 to 2 h. The hexafluorophosphate salt of the complex was prepared from the chloride salt 

by dissolving the complex in a minimum amount of water and adding a concentrated 

aqueous solution of ammonium hexafluorophosphate. The resulting precipitate was filtered 

and washed with water, then ethanol, and dried in vacuo at 60 °C for 1 to 2 h. 

 

2.2.3.2 [(Ph2phen)2Ru(dadppz)][PF6]2                                                                                           

 [(Ph2phen)2Ru(dndppz)]Cl2 (0.1 g, 0.082 mmol) was dissolved in 50 mL of ethanol in a 200 

mL glass pressure vessel.  To this solution, 0.05 g of 10% Pd/C was added and the vessel 
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was placed in the Parr hydrogenation apparatus.  The resulting slurry was pressurized to 

5 atm H2 and allowed to react for 24 h at room temperature with mechanical agitation.  After 

the pressure was relieved, the resulting solution was filtered through a pad of Celite.  The 

pad was washed twice with 5 mL of ethanol and the combined filtrates were reduced in 

volume to approximately 5 mL under the reduced pressure. To the concentrated filtrate, a 

concentrated aqueous solution of NH4PF6 was added, which precipitated the product. The 

product was filtered, washed with water, and dried in vacuo at 60 °C for 1 h. This complex 

was changed to chloride salt by using the general metathesis procedure as described 

previously. Yield: 90 mg (80%). 1H NMR (δ, CD3CN, 500 MHz): 9.54 (d, J = 8 .5 Hz, 2H), 

8.25 (d, J = 8.0 Hz, 2H), 8.23 (d, J = 7.7 Hz, 4H), 8.18 (s, 4H), 8.16 (d, J = 8.2 Hz, 4H), 

7.78 (apparent triplet, 2H), 7.57-7.63 (multiplet, 20H), 7.30 (s, 2H), 5.24 (br s, 4H).                                                                                         

 

2.2.3.3 [(Ph2phen)2Ru(phendione)][PF6]2   

This complex was prepared in an analogous fashion to [Ru(phen)2phendione][PF6]2.57   

A mixture of Ru(Ph2phen)2Cl2 (0.05 g, 0.06 mmol) and 1,10-phenanthroline-5,6-dione 

(0.013 g, 0.06 mmol) was dissolved in 50 mL of ethanol and refluxed for 5 h. After cooling 

the product was precipitated by addition of aqueous NH4PF6. The product was filtered, 

washed with ethanol (20 mL) followed by washing with water and dried in vacuum at 60 °C 

for 1h. The complex was changed to chloride salt by using the general metathesis 

procedure as described previously. Yield: 68 mg (90%). Anal. Calcd for 

C60H38F12N6P2RuO2: C, 56.92; H, 3.03; N, 6.64; Found C, 57.42; H, 2.96; N, 6.50. 1H NMR 

(δ,CD3CN, 500 MHz): 7.54-7.64(m , 36H, HPh), 7.78 (d, 2H, J = 6.0 Hz, Hc), 8.11 (d, 2H, J 

= 6.0 Hz, Hc), 8.19 (d, 2H, H3, H9), 8.21 (s, 2H, H5, H6), 8.26 (d, 2H, J = 6.0 Hz, H2, H9) 8.41 

(d, J = 6.0 Hz, 3.0 Hz, Ha). ESI-MS (m/z): 1121.20 [[Ru(Ph2phen)2(phendione)]2+-PF6]+, 

488.33 [Ru(Ph2phen)2(phendione)]2+-2PF6]2+. 
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2.2.3.4 [Ru(Me4phen)2Cl2]   

This complex was prepared in analogous fashion to Ru(bpy)2Cl2 reported by Sullivan et 

al.56 with slight modification. Me4phen ligand (0.56 g, 2.37 mmol), RuCl3·3H2O (0.1g, 0.38 

mmol) and LiCl (0.11g, 2.6 mmol) were dissolved into 20 mL of dimethylformamide (DMF). 

The solution was refluxed overnight for 14 h under nitrogen. The mixture was allowed to 

cool to room temperature and the product was precipitated by adding water (~30 mL).  The 

precipitate was then washed with copious amounts of water followed by washing with 

diethyl ether and allowed to dry at room temperature. Yield: 245 mg (98%). 

 

2.2.3.5 [(Me4phen)2Ru(phendione)][PF6]2                                                                                                                        

This complex was prepared in an analogous fashion to [Ru(phen)2phendione][PF6]2. 57  

A mixture of (Me4phen)2RuCl2 (0.2 g, 0.31 mmol) and 1,10-phenanthroline-5,6-dione 

(0.062 g, 0.31 mmol) was dissolved in 50 mL of ethanol and refluxed for 5 h. After cooling 

the reaction mixture to room temperature, the product was precipitated out with an excess 

amount of aqueous NH4PF6. The product was filtered, washed with ethanol followed by 

washing with water and dried in vacuum at 60 °C for 1h. [(Me4phen)2Ru(phendione)][PF6]2 

was changed to chloride salt by using the general metathesis procedure as described 

previously. Yield: 240 mg (71%). 1H NMR (δ,CD3CN, 500 MHz): 8.43 (dd, 2H, J1 = 6.0 Hz, 

J2 = 3.0 Hz, Ha), 8.36 (d, J = 3.0 Hz,  4H, H2, H9), 7.90 (s, 2H, H6), 7.79 (dd, 2H, J1 = 6.0 

Hz, J2 = 3.0 Hz Hc),  7.60 (s, 2H, H5), 7.42 (dd, 2H, J1 = 6.0 Hz, J2 = 3.0 Hz, Hb), 2.77 (d), 

2.36 (br. s, CH3). ESI-MS (m/z): 929.27 [[(Me4phen)2Ru(phendione)]2+-PF6]+, 392.87 [[(Me4 

phen)2Ru(phendione)]2+-2PF6]2+.   
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2.2.3.6 [(Me4phen)2Ru(tatpp)][PF6]2, [MPMe][PF6]2 

[(Me4phen)2Ru(phendione)]Cl2 (0.1 g, 0.12 mmol) and 11,12-diaminodipyridophenazine, 

(dadppz, 0.04 g, 0.13 mmol) were dissolved in mixture of 5 mL of glacial acetic acid and 

50 mL of absolute ethanol in 100 mL round bottomed flask. The reaction mixture was 

refluxed overnight and then cooled down to room temperature. The addition of saturated 

aqueous NH4PF6 to the solution resulted in a precipitate, which was isolated by filtration 

and washed with 100 mL of water followed by drying under vacuum at 60 °C for 1 h. 

[MPMe][PF6]2 was changed to chloride salt by using the general metathesis procedure as 

described previously. Yield: 115 mg (71%). Anal. Calcd for C66H42F12N12P2Ru·2H2O: C, 

53.72; H, 3.64; N, 12.13; Found C, 53.79; H, 3.34; N, 11.91. 1H NMR (δ, CD3CN, 500 

MHz): 9.95 (d, 2H, J = 10.0 Hz, Hc), 9.62 (s, 2H, Hh), 9.60 (d, 2H, J = 9.5 Hz, Hc’), 9.25 (d, 

2H, J = 8.0 Hz, Ha), 8.38 (s, 4H, H3,H4), 8.32 (dd, 2H, J1 = 5.0 Hz, J2 = 10.0 Hz, Hb), 8.05 

(d, 2H J = 9.0 Hz, Ha’), 7.91 (s, 4H, H1), 7.75 (dd, 4H, J1 = 4.5 Hz, J2 = 9.8 Hz, Hb’), 7.73 

(s, 4H, H4), 2.77 (d, 12H, CH3), 2.23 (s, 12H, CH3).  ESI-MS (m/z): 529.60 [M-2PF6] 2+.           

                                                                                                                                                                                       
 
2.2.3.7 [(Ph2phen)2Ru(tatpp)][PF6]2, [ MPPh][PF6]2      
                                                                
Method 1:  

[(Ph2phen)2Ru(phendione)]Cl2 (0.14 g, 0.13 mmol) and dadppz (0.04 g, 0.13 mmol) were 

dissolved together at the same time in 50 mL mixture of glacial acetic acid and absolute 

ethanol (10:90).  The solution was heated to reflux for 12 h and then cooled down to room 

temperature. The addition of aqueous NH4PF6 solution resulted in a precipitate, which was 

isolated by filtration and washed with water and dried under vacuo at 60 °C for 1 h.   

 [MPPh][PF6]2 was changed to chloride salt by using the general metathesis procedure as 

described previously. Yield: 120 mg (60%). Anal. Calcd for C78H46F12N12P2Ru: C, 60.74; H, 

3.01; N, 10.90; Found C, 59.16; H, 2.94; N, 10.87.  1H NMR (δ, CD3CN, 500 MHz): 9.96, 
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(d, J = 10.0 Hz, Hc), 9.74 (d, J = 10.0 Hz, Hc’), 9.67 (s, Hh), 9.30 (br s, Ha), 8.37 (d, J = 10.0 

Hz, Ha), 8.31 (d, J = 5.0 Hz, H1), 8.23 (d, J = 5.0 Hz, H6), 8.20 (d, J = 10.0 Hz, H3, H4), 8.17 

(br d, J = 5.0 Hz, Hb), 7.89 (dd, J1 = 5.0 Hz, J2 = 1.8 Hz Hb’), 7.59-7.63 (m, Ph). 1H NMR (δ, 

500 MHz, CD3CN), 4[PF6]2: ZnBF4(1:5) : 9.94 (d, J = 7.4 Hz, Hc), 9.71 (d, J = 8.0 Hz, Hc’), 

9.62 (s, Hh), 9.23, (d, 2H, J = 5.0 Hz, Ha), 8.38 (d, J = 5.0 Hz, Ha’), 8.32 (d, J = 5.0 Hz, H1), 

8.32 (d, J = 8.0 Hz, 3.5 Hz, Hb), 8.24 (d, J = 10.0 Hz, H2, H5), 8.23 (d, J = 5.0 Hz, H6), 8.18 

(d, J = 10.0 Hz, H3, H4), 8.15 (br. s), 7.88 (dd, J1 = = 5.0 Hz, J2 = 1.8 Hz Hb’), 7.57-7.60 (m, 

Ph).  ESI-MS (m/z): 1397 [M-PF6]+, 626 [[M-2PF6] 2+. 

Method 2:  

[(Ph2phen)2Ru(dadppz)]Cl2 (0.1 g, 0.087 mmol) and phendione (0.018 g, 0.069 mmol) were 

dissolved in a mixture of 50 mL of absolute ethanol  and 5 mL of glacial acetic acid in 100 

mL round bottomed flask. The solution was refluxed overnight and then cooled down to 

room temperature. Product was isolated upon the addition of aqueous NH4PF6, filtered, 

and washed with water and dried in the vacuum at 60 oC for 1 h. Yield = 63.8 mg (60%). 

The product is identical in all respects to that obtained by method 1. 

 

2.2.3.8 [(Me4phen)2Ru(tatpp)Ru(Me4phen)2][PF6]4, [PMe][PF6]4                                                                 

A mixture of tatpp (0.1 g, 0.021 mmol) and Ru(Me4phen)2Cl2 (0.32 g, 1.36 mmol) was 

suspended in 30 mL of a 1:1 ethanol-water mixture and refluxed for 7 days under N2. The 

mixture was then stored at 4°C for 12 h and filtered. The addition of aqueous NH4PF6 

resulted in a precipitate, which was isolated by filtration and washed with 10 mL of water 

(3×) and 10 mL of ethanol (3×). The crude product was further purified by repeated 

metatheses between the chloride and hexafluorophosphate salts using the general 

metathesis procedure that described previously. Yield: 158 mg (34%). Anal. Calcd for 

C94H78F24N16P4Ru2.: C, 51.00; H, 3.55; N, 10.12; Found C, 50.71; H, 3.34; N, 9.74.  1H NMR 
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(δ, 500 MHz, CD3CN) δ:9.65 (s, 2H, Hh), 9.62 (d, J = 10.0 Hz, 4H, Hc), 8.38 (s, 8H, H3,H4), 

8.04 (d, J = 5.0 Hz, 4H, Ha), 7.87 (s, 4H, H1), 7.74 (dd, J1= 3.5 Hz, 4H, J2 =10.0 Hz, Hb), 

7.71 (s, 4H, H4), 2.77 (d, 24H, CH3),  2.23 (s, 24H, CH3).  ESI-MS (m/z): 409 [M-4PF6]4+.

 

2.2.3.9 [(Ph2phen)2Ru(tatpp)Ru(Ph2phen)2][PF6]4, [PPh][PF6]4         

A mixture of tatpp (0.1 g, 0.21 mmol) and (Ph2phen)2RuCl2 (0.42 g, 0.5 mmol) was 

suspended in 30 mL of a 1:1 ethanol-water mixture and refluxed for 7 days under N2. The 

mixture was then stored at 4°C for 12 h and filtered. The addition of aqueous NH4PF6 

resulted in a precipitate, which was isolated by filtration and washed with 10 mL of water 

(3x) and 10 mL of ethanol (3x). The crude product was further purified by repeated 

metatheses between the chloride and hexafluorophosphate salts using the general 

metathesis method that described previously. Yield: 270 mg (41%). Anal. Calcd for 

C126H78F24N16P4Ru2: C, 58.25; H, 3.03; N, 8.63; Found C, 57.18; H, 2.46; N, 8.67. 1H NMR 

(δ, CD3COCD3, 500 MHz): 9.79 (d, J = 10.0 Hz, 4H, Hc), 9.28 (s, 4H, Hh), 8.74 (d, J = 5.0 

Hz, 8H, H1,H6), 8.64 (d, J = 10.0 Hz, 4H, Ha), 8.34 (s, 8H), 8.06(dd, J1 = 5.0 Hz, J2 = 10.0 

Hz, 4H, Hb), 7.78-7.80 (dd, J1 = 5.0 Hz, J2 = 10.0 Hz, 8H, H2,H5), 7.61-7.66(m, 40H, Ph). 

ESI-MS (m/z): 712.47 [M-3PF6]3+, 504.61 [M-2PF6]4+.             

                                                                                                                                         

2.3 DNA Cleavage Assay 

2.3.1 Reagents 

Tris-Cl, EDTA (ethylenediamintetraacetic acid), Tris-acetate, agarose, ethidium 

bromide, dimethyl sulfoxide (DMSO) and glutathione (GSH) were used as received from 

Sigma Aldrich. Supercoiled plasmid pUC18 was obtained from Bayou Biolabs. Millipore 

water was used to prepare all buffers. 
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2.3.2 Sample Preparation for the DNA Cleavage Assay 

Samples were prepared for stock solutions of Ru complex, supercoiled pUC18 

DNA, GSH, and buffer as depicted in Table 2.1. Once the solutions were made up, the final 

concentrations of [DNA] = 0.154 mM, [GSH] = 0.513 mM, and [Ru complex] = 0.0128 mM.  

2.3.3 Sample Workup and Analysis 

Prepared samples were left to incubate for 12 hours at room temperature in dark 

place. The cleavage reaction was stopped by adding 3 µL sodium acetate and 80 µL 

ethanol to precipitate the DNA in each tube. The solutions were then kept in a -20 °C 

refrigerator overnight. The samples were centrifuged at 4 °C at 13,000 rpm for 30 minutes. 

After centrifugation, the supernatant was removed and the precipitant vacuum dried for 

 30 to 60 minutes. Thereafter, 40 µL of phosphate buffer (4 mM Na3PO4 and 50 mM NaCl) 

and 12 µL loading buffer (30% glycerol in distilled water with 0.1% w/v bromophenol blue) 

were added to all the samples. The samples were mixed thoroughly and 6 μL of each was 

loaded into a well of a 1% agarose gel (0.4 g of agarose, 40 mL of Tris-HCl EDTA buffer 

(40 mM Tris-Cl, 1 mM EDTA, pH 8.0), and 4.0 μL ethidium bromide). The gel was subjected 

to electrophoresis at 120 V for 1 hours using TAE buffer (40 mM Tris-acetate, 1 mM EDTA, 

pH 8.0). The same cleavage reaction was performed under low [O2] condition in a glovebox 

(N2 atm) to determine how DNA cleavage was affected under hypoxic condition. 

Equilibration of degassed buffer solutions with the glovebox atm which had an [O2] of 4.0 

µM as measured by PO2 sensitive electrode.59 
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Table 2.1 Experimental design for the DNA cleavage assay. Tube number identifies the lane in an agarose gel that would be used 

to analyze that sample 

Tube 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

DNA 4 µL 4 µL 4 µL 4 µL 4 µL 4 µL 4 µL 4 µL 4 µL 4 µL 4 µL 4 µL 4 µL 4 µL 

GSH   8 µL   8 µL   8 µL   8 µL   8 µL   8 µL   8 µL 

[P]Cl4     8 µL 8 µL                     

[MP]Cl2         8 µL 8 µL                 

[PPh]Cl4             8 µL 8 µL             

[MPPh]Cl2                 8 µL 8 µL         

[PMe]Cl4                     8 µL 8 µL     

[MPMe]Cl2                         8 µL 8 µL 

Buffer 
36 
µL 

28 
µL 

28 
µL 

20 
µL 

28 
µL 

20 
µL 

28 
µL 

20 
µL 

28 
µL 

20 
µL 

28 
µL 

20 
µL 

28 
µL 

20 
µL 

Total Volume 
40 
µL 

40 
µL 

40 
µL 

40 
µL 

40 
µL 

40 
µL 

40 
µL 

40 
µL 

40 
µL 

40 
µL 

40 
µL 

40 
µL 

40 
µL 

40 
µL 

 

� Buffer = phosphate buffer (4 mM Na3PO4 and 50 mM NaCl) 

� Final concentrations: [DNA] = 0.154 mM, [Ru complex] = 0.0128 mM, [GSH] = 0.513 mM      

�  [P]Cl4 = [MP]Cl2 = [PPh]Cl4= [MPPh]Cl2 = [PMe]Cl4 = [MPMe]Cl2 = 0.0128 mM 
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2.4 Results and Discussion 

2.4.1 Synthesis of Ruthenium Polypyridyl Complexes 

Two mononuclear [(L-L)2Ru(tatpp)]2+ and two dinuclear [(L-L)2Ru(tatpp)Ru(L-

L)2]4+, RPCs containing the 9,11,20,22-tetraazatetrapyrido [3,2-a:2’,3’-c:3’’,2’’-l:2’’’,3’’’-

n]pentacene (tatpp) ligand were synthesized, where L-L is 3,4,7,8 tetramethyl-1,10-

phenanthroline (Me4phen) and 4,7-diphenyl-1,10-phenanthroline (Ph2phen).  

The most direct route to prepare the dinuclear tatpp complexes is to prepare a 

slurry of tatpp with two equivalents of Ru(L-L)2Cl2 in refluxing ethanol and water (50:50),54  

as shown in Figure 2.3.  The sparing solubility of tatpp leads to long reaction times (up to 

seven days), and moderate yields.  The pure dinuclear compounds were obtained by 

repeated metatheses between the hexafluorophosphate salt and the chloride salt. The  

yield varied among the analogues with 65% for  [(phen)2Ru(tatpp)Ru(phen)2]4+ (P4+),54 

34% for [(Me4phen)2Ru(tatpp)Ru(Me4phen)2]4+ (PMe
4+), and 41% for  

[(Ph2phen)2Ru(tatpp)Ru(Ph2phen)2]4+ (PPh
4+).  

 

2 Ru(L-L)2Cl2,

EtOH/ H2O

7 days reflux, N2
N

NN

N N

N N

NN

NN

N N

N N

N

tatpp

where = [Ru(L-L)2]
2+

 fragment and

      L-L is = Me4phen or Ph2phen

Typical yeilds
  34 to 65 %

 

Figure 2.3 Synthetic route for Ru(II) dinuclear complexes 
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Attempts to synthesize the mono-metallated Ru(II) complexes using the direct 

route by refluxing one equivalent of Ru(L-L)2Cl2 with tatpp invariably gave the dimer, as the 

solubility of the mono-metallated complex results in facile addition of the second metal 

center.  Instead, we examined two alternative approaches in which the tatpp ligand is built 

up onto the metal complex, as outlined in Figure 2.4. We had difficulty preparing dadppz 

from the condensation reaction between freshly prepared 1,2,4,5-tetraaminobenzene and 

phendione as described by Warnmark et al.,60 a problem that was also noted by Mattay 

and co-workers in a separate study.61,62  Instead, they prepared dadppz using protected 

diamines, such as 4,5-dinitro-o-phenylenediamine or 4,5-diamino-N1,N2-ditosyl-o-

phenylenediamine, to prepare a protected form of the dadppz.62,61  Subsequent reduction 

of the dinitro species or detosylation for the latter species yielded pure dadppz, 

respectively.  

Synthesis of mononuclear complexes was done by the condensation of 11,12-

diaminodipyrido[3,2-a:2’,3’-c]phenazine with [(L-L)2Ru(phendione)]2+ overnight in ethanol 

(method 1) to obtain 60 to 71% yield as shown in Figure 2.4. In another route [(L-

L)2Ru(phendione)]2+ coupled with 1,2-diamino-4,5-dinitrobenzene to obtain [(L-

L)2Ru(dinitro-dppz)]2+ (method 2), which are further reduced to [(L-L)2Ru(diamino-dppz)]2+ 

using H2 atm over Pd/C as a catalyst. In the last step [(L-L)2Ru(diamino-dppz)]2+ was 

coupled with one equivalent of phendione in glacial acetic acid and ethanol (1:1) to obtain 

mononuclear ruthenium complexes. While both methods work, method 2 is less desirable 

route as the expensive ruthenium complexes are carried through more synthetic 

procedures and risk additional losses. Method 1 is more efficient as it carries pure material 

between the multiple sequences of the reaction compared to method 2. 
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Figure 2.4 Synthetic route for Ru(II) mononuclear complexes 
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1H NMR 

1H NMR of the dinuclear and mononuclear ruthenium(II) complexes, were taken in 

CD3COCD3 or CD3CN. Despite the stereochemical complexity of the dinuclear complexes 

prepared by the ligand displacement method, the NMR spectra of the diastereomers are 

indistinguishable, which was reported earlier as being due to the large distances between 

stereocenters in complexes like P4+.54  As with P4+, the 1H NMR of PPh
4+, and PMe

4+ are 

surprisingly simple as the complexes have relatively high symmetry (C2h for ∆Λ).  The tatpp 

peaks in PPh
4+, and PMe

4+, show essentially the same chemical shifts as seen in P4+,54  for 

which the most diagnostic peak is a doublet for Hc ( see Figure 2.5 and 2.6). This peak 

comes downfield between 9.6 and 9.8 ppm and is indicative of pyrazine ring formation in 

the condensation reactions. The Hc proton of tatpp ligand is observed at 9.79 ppm and 9.62 

ppm for PPh
4+ and PMe

4+, respectively as shown in Figures 2.5 and 2.6. Similarly, a singlet 

for Hd is observed at 9.8 ppm for P4+ which is shifted downfield because of its location 

between that adjacent aza nitrogens.  In both dinuclear complexes, PPh
4+ and PMe

4+, a 

sharp singlet Hd is observed at 9.28 and 9.65 ppm respectively. The data comparing the 

tatpp chemical shifts are collected in Table 2.2.  The most prominent changes the various 

NMR spectra are associated with the substitution of the phen ligands, as expected.
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Figure 2.5 1H NMR spectrum of [(Ph2phen)2Ru(tatpp)Ru(Ph2phen)2]4+ 
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Figure 2.6 1H NMR spectrum of [(Me4phen)2Ru(tatpp)Ru(Me4phen)2]4+  

(extended downfield region) 

 
 
 

 
 

Figure 2.7 1H NMR spectrum of [(Me4phen)2Ru(tatpp)Ru(Me4phen)2]4+ 

(extended upfield region) 

 
 



 

40 
 

The phenyl protons in PPh
4+ were observed as a multiplet between 7.61-7.66 ppm 

as seen in Figure 2.5. The methyl protons in in PMe
4+ were observed as a broad singlet at 

2.23 ppm, and a doublet at 2.77 ppm as shown in Figure 2.7. While the NMR data for the 

dinuclear complexes is straightforward, the presence of the large planar tatpp ligand in the 

mononuclear complexes complicates the spectra as π-π aggregation is evident in both the 

NMR and mass-spectroscopic data. As reported previously for the monomer 

[(bpy)2Ru(tatpp)][PF6]2, the proton NMR for these complexes are concentration dependent 

due to the formation of π-stacked aggregates in MeCN.63  Such aggregation appears 

common in complexes with large planar aromatic ligands64,65 and has been reported for 

[(phen)2Ru(tpphz)]2+,66,52,67 as well as a number of related complexes containing large 

planar aromatic ligands.68,69,70 As is typical for all these compounds, π-stacking shifts the 

resonant absorptions for protons associated with the stacking moiety, tatpp in this case, 

upfield and broadens the peak(s).  

Coordination of Zn(II) ions to the open diimine site on the tatpp ligand in monomer 

complexes MP2+, MPPh
2+ and MPMe

2+ provides a convenient way to break-up the π-

aggregates and simplify the 1H NMR spectra.63 Addition of a 5-fold excess of Zn(II) relative 

to the  monomeric Ru complexes favors formation of a simple (Ru-tatpp-Zn)4+,  heterodimer 

of the general structure [(L-L)2Ru(tatpp)Zn(MeCN)x]4+ (MP4+, MPPh
4+, MPMe

4+), the data for 

which is collected in Table 2.2. This is seen in Figure 2.8 for MPPh
2+ and Figure 2.9 for 

MPMe
2+.  In particular, Ha' shifts downfield by 1.04, 1.18 ,0.86 and 1.22 ppm in 

[(phen)2Ru(tatpp)Zn(MeCN)x]4+ ([MP-Zn]4+), [(Ph2phen)2Ru(tatpp)Zn(MeCN)x]4+ ([MPPh-

Zn]4+), and [(Me4phen)2Ru(tatpp)Zn(MeCN)x]4+ ([MPMe-Zn]4+) respectively as compare to 

Ha (Table 2.2). The peaks due to the auxiliary ligands 1,10-phenanthroline, 3,4,7,8 

tetramethyl-1,10-phenanthroline, 4,7-diphenyl-1,10-phenanthroline on the Ru(II) ions are 
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observed at almost identical chemical shifts to their respective dimer and are largely 

unaffected by Zn(II) coordination. 

Mass spectrometry: 

ESI-MS is a powerful technique to observe non-covalent polymeric aggregations, 

such as those proposed as the source of peak broadening in the 1H NMR spectra in the 

absence of Zn2+.  The singly charged mononuclear complex [MP - 1PF6]+ is observed at 

1093 m/z and [MP - 2PF6]2+ is at 474.0 m/z, respectively. Parent ion peaks at 529.6 for 

[MPMe - 2PF6]+ and at 1397 and 626 for [MPPh -  PF6]+ and [MPPh - PF6]2+ respectively.  

The ESI-MS mass spectra for the dinuclear complexes do not indicate any formation of  

π--stacked aggregates.  ESI-MS data of dinuclear complexes [PPh][PF6]4 and  [PMe][PF6]4  

shows  parent ion peak with m/z of 409 and 504.6 respectively, which correspond well with 

the calculated m/z ratios for the PPh
4+, and PMe

4+ cation with loss of four associated PF6
- 

counterions.  
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Figure 2.8 1H NMR spectrum of (a) [(Ph2phen)2Ru(tatpp)]2+ in the absence of Zn(BF4)2 

and (b) [(Ph2phen)2Ru(tatpp)]2+ with excess Zn(BF4)2 
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Figure 2.9 1H NMR spectrum of [(Me4phen)2Ru(tatpp)]2+ with excess Zn(BF4)2 

 (expended down field region) 
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Table 2.2 1H NMR chemical shifts in ppm for ruthenium(II) complexes and tatpp in 

MeCN-d3 

 
Complex 

δδδδ 

 

MP
2+ 54

 

 

MP
Ph

2+
 

 

MP
Me

2+
 

 

P
4+ 54

 

 

P
Ph

4+
 

  

 

MP
Me

4+
 

Tatpp 
(with 

excess 
Zn(BF

4
)
2
 

H
a 
Ru 8.19 8.38  8.02 8.15 8.32 8.04   

H
b
 Ru 7.82 7.90 7.76 7.82 7.89 7.74   

H
c
 Ru 9.81 9.71 9.59 9.70 9.73 9.63   

H
a
 Zn 9.37 9.24 9.24       9.27 

H
b
 Zn 8.48 8.32 8.32       8.35 

H
c
 Zn 10.1 9.94 9.96       9.99 

H
a
 Ru 8.20 8.3           

H
b
 Ru 7.82 7.91           

H
c
 Ru 9.48 9.74           

H
a’
 9.20 9.31 br.           

H
b’

 9.18 8.32           

H
c’
 9.89 9.97           

H
d
 9.28 9.67  9.70 9.69 9.65  

H
d
-Zn 9.78 9.62 9.62    9.66 
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2.4.2 DNA Cleavage of Ruthenium Polypyridyl Complexes 

While substitution of the phenanthroline ligands in P4+ and MP2+ should not impact 

the DNA cleavage activity, this is not guaranteed, therefore, complexes PPh
4+, MPPh

2+, 

PMe
4+, MPMe

2+ were all examined for DNA cleavage activity using a standard plasmid 

cleavage assay.  All complexes were incubated with supercoiled pUC18 DNA (1 μg/1 μL, 

0.154 mM DNA base pairs) for 12 h and the products examined using agarose gel DNA 

electrophoresis. The gel is used to separate the three different topological confirmations 

(Form I, Form II and Form III) of the plasmid DNA pUC18. If supercoiled (Form I) undergoes 

a single strand nick, it will be converted to circular plasmid (Form II) and if undergoes a 

double strand nick, it will be converted to a linear plasmid (Form III) as shown in Figure 

2.10. 

 

 

 

Figure 2.10 Topological confirmation of the plasmid DNA pUC18 
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The ability of tatpp-based RPCs to bind to DNA have been examined in earlier 

studies. 29,71,72 Previous work had established that P4+ and MP2+, were DNA cleavage 

agents in the presence of GSH and that they showed potentiated DNA cleavage under 

hypoxia conditions.28,27   This oxygen sensitive  DNA cleavage activity is almost apparent 

in line calls as revealed by an increase in their potency as cytotoxic agents for H358 tumor 

cells are under hypoxia (1% O2) compared to H358 cells under normoxic conditions.26  

The mechanism of DNA cleavage has been shown to be related to reduction of the 

intercalated Ru complex.59 Formation of a tatpp-based radical in the immediate vicinity of 

the DNA leads to H-atom abstraction from the deoxyribose backbone, ultimately leading to 

strand scission.  

As with MP2+ and P4+, the new analogues were examined for DNA cleavage activity 

under normoxia (~200 µM O2), and hypoxia (~ 4 µM O2) in the presence or absence of 

GSH.   These gels are shown in Figures 2.11, 2.12 (normoxia) and 2.13, 2.14 (hypoxia). 

For the experiments conducted under normoxia, it was clear that the presence of GSH was 

essential for cleavage activity, as seen for PPh
4+, MPPh

2+ in Figure 2.11 and for PMe
4+ and 

MPMe
2+ in Figure 2.12. All complexes were inactive in the absence of the reducing agent. 

It also was shown that the DNA cleavage activity was enhanced under hypoxia conditions. 

Moreover, mononuclear Ru(II) complexes have shown greater cleavage activity compared 

to the dinuclear complexes as revealed in Figure 2.13 and 2.14.  

This data show that all the novel lipophilic Ru(II) complexes sustain their DNA 

cleavage activity upon changing their terminal ligands to Ph2phen and Me4phen.  
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Figure 2.11 1% Agarose gel exhibiting conversion of supercoiled pUC18 plasmid DNA 

(0.154 µM bp) to circular DNA upon treatment with of ruthenium complexes P4+, MP2+, 

PPh
4+

 and MPPh
2+

  (final concentration 0.0128 µM) with and without mM GSH (51 µM) 

under normoxic conditions at 20 °C for 12 h in phosphate buffer (4 mM Na3PO4 and 50 

mM NaCl) at pH 7.35 
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Figure 2.12 1% Agarose gel exhibiting conversion of supercoiled pUC18 plasmid DNA 

(0.154 mM bp) to circular DNA upon treatment with 0.0128 mM of ruthenium complexes 

P4+, MP2+, PMe
4+ and MPMe

2+
  with and without 0.513 mM GSH under normoxic conditions 

at 20 °C for 12 h in phosphate buffer (4 mM Na3PO4 and 50 mM NaCl) at pH 7.35 
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Figure 2.13 1% Agarose gel exhibiting conversion of supercoiled pUC18 plasmid DNA 

(0.154 mM bp) to circular DNA upon treatment with 0.0128 mM of ruthenium complexes 

P4+, PPh
4+

 and PMe
4+

  with and without 0.513 mM GSH under hypoxic conditions at 20 °C 

for 12 h in phosphate buffer (4 mM Na3PO4 and 50 mM NaCl) at pH 7.35 
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Figure 2.14 1% Agarose gel exhibiting conversion of supercoiled pUC18 plasmid DNA 

(0.154 mM bp) to circular DNA upon treatment with 0.0128 mM of ruthenium complexes 

MP2+, MPPh
2+

 and MPMe
2+

  with and without 0.513 mM GSH under hypoxic conditions at 

20 °C for 12 h in phosphate buffer (4 mM Na3PO4 and 50 mM NaCl) at pH 7.35 
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2.5 Conclusion 

We have synthesized four new lipophilic Ru(II) complexes and characterized them 

by NMR, MS and  CHN.  While the dinuclear complexes can be prepared in a one-step 

assembly reaction, the mononuclear complexes require a more elaborate synthesis.  Two 

routes in which the tatpp ligand is built up onto a [(L-L)2Ru(phendione]2+ starting complex 

were explored, with the route in which a diaminodppz unit is coupled to the [(L-

L)2Ru(phendione]2+ ultimately being favored as it involves the least amount of manipulation 

of the more expensive metal complex.  DNA cleavage studies on PPh
4+, PMe

4+, MPPh
2+

 and 

MPMe
2+

 showed that all of the new derivatives behave similarly to P4+ and MP2+ in that they 

require GSH to cleave DNA and show potentiated DNA cleavage under low O2 conditions.  

This data reveals that they should, in principle, be similarly effective as cytotoxic agents 

with any differences observed being largely due to the ancillary ligands.   
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Chapter 3  

CYTOTOXICITY AND LIPOPHILICITY OF RUTHENIUM POLYPYRIDYL COMPLEXES  

3.1 Introduction:  

Ruthenium(II) polypyridyl complexes (RPCs) have been utilized for numerous 

applications including sensors, photosensitizers, and biological probes for over 30 years 

because of their favorable redox and photophysical properties as well as their synthetic 

variability and inherent stability.73,74,75,76,77,78,79,80 Polyazine ligands such as dppz 

(dipyrido[3,2-a:2’,3’-c]phenazine), tatpp, tpphz (tetrapyrido[3,2-a:2‘,3‘-c:3‘‘,2‘‘-h:2‘‘‘,3‘‘‘-

j]phenazine), and tatpq (9,11,20,22-tetraazatetrapyrido [3,2-a:2’,3’-c:3’’,2’’-l:2’’’,3’’’-

n]pentacene-10,21-quinone), illustrated in Figure 3.1, are of special interest as they 

comprise a series of closely related structures which have shown interesting properties 

upon interacting with DNA.81,82,83,84,85,86,87 Ruthenium(II) complexes of the dppz and tpphz 

ligands complexes are known to act as molecular light switches which luminesce upon 

intercalation into DNA or in non-protic solvents.88,89,90,91  
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Figure 3.1 Chemical structures and abbreviations for the diimine ligands 
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This field has expanded considerably in the past decade, with numerous groups 

exploring substitutionally-inert ruthenium polypyridyl complexes as potential cytotoxic 

agents (drugs) for cancer therapy and can broadly be divided into two groups: those 

exploring light-activated ruthenium-based drugs (aka photodynamic therapy) and those 

simply examining the innate cytotoxicity of the complexes in the absence of external 

activation. The photodynamic approach can offer certain advantages if the unactivated 

complex can be modified to have limited deleterious side-effects or toxicity and become 

active only when irradiated.92,  However, such a strategy implies that one knows where the 

cancer is and can direct light to activate the drug complex in this location.93  Drugs that find 

and destroy cancer cells wherever they are found are systemic. This is especially important 

in situations where a cancer is suspected to have metastasized but is still too small to 

detect. These drugs must work without external activation; seeking out these metastases 

and eliminating them before they cause a reoccurrence.   

While RPCs activated by light are generally known to induce cell damage via 

activation of O2 to form reactive oxygen species (ROS)94 or via ligand loss such that the 

metal forms adducts with biological substrates,2 the mechanisms and targets by which non-

externally activated ruthenium complexes induce cell death are much less understood.  At 

present, there is no consensus on the cellular target: the nuclear DNA,95,96,97 

mitochondria,98,99,100 and cell membrane101,37,95,102  are all postulated to be putative targets.  

Furthermore, it is possible that some or all of these targets are involved when RPCs are 

used; this depends on the structure characterization and activity of these drugs. 

The initial examination of the biological activity of RPCs began in earnest in the 

1950’s with the work of Dwyer and coworkers. They examined the bacteriostatic, virostatic, 

mammalian cell cytotoxicity, and even anti-tumor properties of simple [Ru(diimine)3]2+ and 

[Ru(diimine)2(acac)]+ complexes18 and further established that potency in a number of 
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applications, including cytotoxicity, was enhanced by either increasing the lipophilicity of 

the diimine ligand or lowering the overall charge to +1.19,18  In 2008, Barton and coworkers 

reported enhanced cellular uptake of the more lipophilic ruthenium(II) complex 

[(Ph2phen)2Ru(dppz)]2+ over the [(phen)2Ru(dppz)]2+ analogue; this enhanced cellular 

uptake was postulated to be a result of better transport through the cell membrane.101  

Dwyer’s early work also established that [Ru(phen)3]2+ and related polypyridyl complexes 

are competitive inhibitors of AChE and that inhibition of this particular enzyme was 

responsible for their observed acute toxicity in mice at relatively low dosages.103 

  Recently, Meggers and coworkers expanded on this theme by examining 

heteroleptic ruthenium(II) polypyridyl complexes as AChE inhibitors. Upon proper 

optimization of the heteroleptic ligands, they were able to increase the inhibitory power of 

the simple homoleptic complex by 50-fold.24 Meggars has gone on to show that heteroleptic 

Ru(II) complexes with monodentate ligands represent a rich area to explore for biologically 

active metal complexes, including the development of several complexes which show good 

cytotoxicity towards malignant cell lines and a melanoma spheroid model.104  

As described in chapter 2, we have focused on the tatpp-based complexes 

[(phen)2Ru(tatpp)]2+ (MP2+) and [(phen)2Ru(tatpp)Ru(phen)2]4+ (P4+), as potential anti-

cancer drug candidates based on their ability to bind and cleave DNA and to regress tumor 

growth in mice with H358 xenografts.26  While we are not certain that the DNA cleavage 

observed in vitro is responsible for the tumor regression observed in vivo, we postulate this 

connection.  Presently, there is a significant and increasing amount of data supporting that 

different RPCs, and our tatpp-based RPCs in particular, show promise as investigational 

new drugs, which could possibly be taken into human clinical studies. However, there is 

noticeable lack in pharmacokinetic (PK), pharmacodynamic (PD) and toxicological studies.  
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Aside from the Dwyer early reports, the toxicity of these complexes in mammals is largely 

unexplored.   

Dwyer and coworkers were pioneers in this area, as they reported on the minimal 

lethal doses of [M(phen)3][ClO4]2, where M = Ru(II), Ni(II), and Fe(II);  [Os(bpy)3][ClO4]2, 

[Ru(bpy)3]I2, [Ru(terpy)2][ClO4]2, and [Ru(terpy)2]I2 in mice when the complex was 

administered via intraperitoneal (IP) injection.18 In general, doses higher than 18 mg 

complex/Kg mouse were toxic and in many cases doses as low as 3 mg/Kg were too much.  

They further showed that the toxicity of the Λ enantiomers of  [M(phen)3]2+ complexes was 

twice that of the ∆ enantiomers, in cases where the enantiomers were resolved, but there 

was no difference in toxicity between enantiomers for [Os(bpy)3][ClO4]2 and [Ru(bpy)3]I2.
18

   

When toxicity was observed, symptoms appeared within minutes of the injection: the mice 

exhibited hind limb paralysis, labored breathing, tonic-clonic seizures, and, ultimately 

death, in short order, all of which are characteristic signs of acute neurotoxicity.22   

Dwyer and coworkers postulated that it is the rate of drug perfusion through tissue 

and into the blood that dictates the toxicity. Slower perfusion is hypothesized to limit the 

peak blood concentration and, therefore, reduce drug toxicity toward the nervous system.22   

In this respect, Dwyer’s work has demonstrated that the mechanism of acute toxicity in 

animals has less to do with how the complexes affect singular cells, and more to do with 

the effect on the systems’ biology, such as poisoning of the central nervous system.22  

Ultimately, the development of a drug from the ruthenium polypyridyl platform will 

depend on the therapeutic index of the individual drug, which is a measure of the toxicity 

to therapeutic benefit ratio.  In early studies, it was not easy to determine the therapeutic 

index, but it is obvious that the lower the acute toxicity, the better this index will be.  Given 

the promising anti-tumor activity of P4+ and MP2+ and relatively modest MTDs,26 we decided 

to prepare a number of derivatives in which the terminal 1,10-phenanthroline ligands were 
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replaced with more lipophilic ligands.  The synthesis of these and the parent complexes 

and the synthetic strategies used to prepare them were described in chapter 2, as was an 

analysis of their ability to similarly cleave DNA.  

In this chapter, we examined the cytotoxicity and acute mammalian toxicity that 

these and some additional closely-related RPCs in an attempt to discern what structure-

activity relationships exist, especially those that may be related to the complex lipophilicity 

and charge. It is postulated that complexes with higher lipophilicity will more easily 

penetrate the cell membrane and therefore show enhanced cytotoxicity over their more 

hydrophilic counterparts.  It is also postulated that the more lipophilic complexes will be the 

slower in entering the bloodstream after IP injection. Slower build up was suggested by 

apparent renal clearance, evident in the observation of orange color in the mouse urine 

after injection. These observations indicate that increasing complex lipophilicity lowers 

peak blood concentration. We have observed that our tatpp-based complexes display the 

same type of neurotoxicity that Dwyer observed for [Ru(phen)3]2+ and related RPCs; thus 

controlling their peak blood concentration may be critical in any clinical application. 

3.2 Experimental 

3.2.1 Determination of the Partition Coefficient (log PO/W) 

3.2.1.1 Reagents 

0.01 M Phosphate Buffered Saline (PBS) which contains the following: 0.027 M 

potassium chloride, 0.137 M sodium chloride, and 0.00176 M potassium phosphate, was 

prepared in lab at pH 7.4, 1-octanol was purchased from Sigma-Aldrich. 

3.2.1.2 Instrumentation 

Hewlett -Packard HP8453A spectrophotometer. 
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3.2.1.3 Partition Coefficient Experiment 

The lipophilicity of the ruthenium(II) complexes was determined by using the 

shake-flask technique105 with 1-octanol (CH3(CH2)7OH) and PBS (PBS buffer instead of 

pure water is generally considered more appropriate model of blood serum, as 10 mM PBS 

(pH 7.4) better approximates the ionic strength and pH of blood plasma). 33.3 x 10-5 M of 

the solute was dissolved first in octanol and PBS, then the two saturated phases were 

shaken for 30 minutes at room temperature and let to set and equilibrate for 24 hours. After 

this period, the distribution of the complex in each solvent was measured using a Hewlett 

-Packard HP8453A spectrophotometer. The corresponding concentration of the solute in 

each solvent was determined by using Beer’s law from the absorbance of the measured 

spectra; the concentration was then used in calculating the partition coefficient. The 

partition coefficient (PO/W) is the ratio of the equilibrium concentration of the dissolved 

compound in two phases:  

 
log Po/w= log ([solute]octanol /[solute]water) 

 

The log P of the ruthenium complexes was also obtained for a biphasic solution of DI water 

and 1-octanol using the same general procedure as above. 

3.2.2 Cytotoxicity Screening 

3.2.2.1 Reagents 

Dulbecco's Modified Eagle Medium (DMEM), RPMI-1640 Medium, fetal bovine 

serum (FBS), penicillin/streptomycin solution (P/S), L-glutamine, Trypsin-EDTA were 

purchased from Sigma-Aldrich. DMSO, phenazine methosulfate (PMS), 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and 3-(4,5-dimethylthiazol-2-

yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) were obtained 
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from Sigma. 0.01 M PBS was prepared in lab at pH 7.4. Colony fixation staining solution 

was glutaraldehyde 6.0% (vol/vol), crystal violet 0.5% (wt/vol) in H2O. 

3.2.2.2 Instrumentation 

The absorbances of the MTT plates were analyzed using a microplate reader 

(Fluostar-omega, BMG Labtech). The absorbances of the MTS plates were measured 

using Spectra Max 190 (Molecular Devices). 

3.2.2.3 Cell Culture and Cell Lines for MTT Assay 

The cell lines, non-small cell lung cancer (NSCLC) line (H358), breast cancer 

(MCF-7), colon cancer (CCL228) and breast epithelial cell line (MCF-10), were kindly 

donated by Dr. Mandal Subhrangsa. The MCF-7, CCL228, MCF-10 were grown and 

maintained in DMEM that was supplemented with 10% FBS, 1% L-glutamine, and 1% 

Penicillin/streptomycin solution. H358 was grown and maintained in RPMI-1640 medium 

that was supplemented with 10% FBS, 1% L-glutamine, and 1% Penicillin /streptomycin 

solution. All the cells were cultured at 37°C in a humidified atmosphere of 5% CO2. Cells 

were grown on cover slips for microscopy experiments and in 96 well microtiter plates for 

cell viability and cytotoxicity assays.  

3.2.2.4 MTT Assay 

For the cytotoxicity measurements, 2 x 104 cells were seeded into each well of 

a 96-well microtiter plate, grown for 24 h, then treated with varying concentration (0 to 50 

μM final concentration) of [MP]Cl2, [P]Cl4, [PPh]Cl4, [MPPh]Cl2, [PMe]Cl4, [MPMe]Cl2, 

[Ru(phen)3]Cl2, [Ru(Ph2phen)3]Cl2, [Ru(Me4phen)3]Cl2,  [Ru(phen)3]Cl2, [Z]Cl4, [MZ]Cl2, 

[Ru(phen)2dppz]Cl2, and cisplatin. The plates were then left to incubate for an additional 

96 h. Each of the metal complexes was initially dissolved in DMSO to make a concentrated 

stock solution (100 mM) that was then diluted in culture media prior to treatment of the 

cells. Each reaction was performed in five parallel replicates. Control cells were treated 
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with an equivalent amount of DMSO (final DMSO concentration in culture was less than 

0.1% v/v). After 96 h of incubation, the cell viability was analyzed by using 30 µL MTT 

(stock 5 mg ml−1 in PBS), added to each well and incubated for 4 h under normal growth 

condition to allow the viable cells to convert MTT to formazan. The cell culture supernatants 

were then removed and replaced with 100 µL DMSO for 1 h with continuous shaking to 

dissolve the formazan crystals at room temperature. The absorbance of the lysates was 

directly measured at 560 nm using a microplate reader. The percentage viable cells 

(calculated based on absorbance of the control untreated sample) were plotted as a 

function of concentration of the complexes to obtain the IC50 values. Three separate 

experiments were done to determine the IC50 for each drug. 

3.2.2.5 Cell Culture and Cell Lines for MTS and Clonogenic Assays 

The cell lines, NSCLC, HCC2450 (squamous cell carcinoma), H522 

(adenocarcinoma; epithelium), H322 (Caucasian bronchioalveolar carcinoma), H1993 

(adenocarcinoma; epithelium), H460 (carcinoma; epithelium), H2073 (adenocarcinoma; 

epithelium), H2122 (adenocarcinoma), and pancreatic cancer (PANC1), were kindly 

donated by Dr. Rolf Brekken. All cell lines were grown and maintained in RPMI-1640 or 

DMEM that was supplemented with 10% FBS, and 1% L-glutamine. All cells were cultured 

at 37°C in a humidified atmosphere of 5% CO2. Cells were grown in T-flask for microscopy 

experiments and in 96-well microtiter plates for cell viability. 

3.2.2.6 MTS Assay 

For the cytotoxicity measurements, 2000 cells were seeded into each well of a 

96-well microtiter plate, grown for 24 h, then treated with varying concentration (100 to 0.1 

μM final concentration) of [P]Cl4, [MP]Cl2 and [Ru(phen)2dppz]Cl2 complexes for an 

additional 96 h. Drugs were added in 4-fold dilutions with a maximum dose of 100 μM. 

Each metal complex was initially dissolved in DMSO to make a concentrated stock solution 
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(100 mM) that was then diluted in culture media prior to treatment of the cells. Each drug 

was given at 8 drug concentrations per assay. Each reaction was performed in eight 

parallel replicates. Control cells were treated with an equivalent amount of medium. After 

96 h of incubation, relative cell number was determined by incubating for 1 to 3 hours at 

37°C in the presence of MTS (Promega, Madison, WI), final concentration 333 mg/ml. The 

absorbance was directly measured at 490 nm using a Spectra Max 190 (Molecular 

Devices). Each plate contained eight replicates per concentration and was repeated at 

least 4 times. Two separate experiments were done to determine the IC50 for each drug. 

The drug sensitivity curves and each IC50 were calculated using in-house software, DIVISA.            

3.2.2.7 Clonogenic Assay                                                                                        

Colony formation survival test was accomplished by seeding ~ 500 cells per well 

in 6-well plate after adding 2 mL of media to each well. After adding the cells, the plate was 

gently tapped few times to aid in even the distribution of the cells. The drug was added 

after 24 h of plating the cells. The plate was placed in the incubator 2 to 4 weeks to allow 

the cells to grow. This period of time can be varied based on type of the cells. The end of 

the assay was determined when control colonies have approximately 50 cells per colony. 

The assay was completed by fixing and staining the colonies.     

3.2.2.7.1 Fixation and Staining of Colonies 

The medium was removed and the formed cell colonies were stained by using 

crystal violet solution (50 mg crystal violet in 30% ethanol). Stain was left for at least 30 

minutes and then removed. Plates were rinsed by gently immersing them in tap water. 

Plates were left to dry at room temperature and then counted.                                                                                  

3.2.2.7.2 Counting the Colonies 

Colonies were counted with a Gel Doc-XR Imager (Bio-Rad Laboratories) using 

the colony counting program.                  
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3.2.3 Animal Study: Maximum Tolerable dose 

3.2.3.1 Chemicals 

The following ruthenium(II) complexes: [PMe]Cl4, [MPMe]Cl2, [PPh]Cl4, [MPPh]Cl2, 

[MP]Cl2, [P]Cl4, [Z]Cl4, [MZ]Cl2, [Ru(phen)3]Cl2, [Ru(Ph2phen)3]Cl2,  [Ru(Me4phen)3]Cl2, and 

[Ru(phen)dppz]Cl2 were synthesized in the laboratory as described previously in chapter 

2. Phosphate buffered saline (PBS) (10X) was purchased from Bio-Rad. Dimethyl sulfoxide 

(DMSO) was used as received from Sigma Aldrich.  

3.2.3.2 Experiment 

The animal study was carried out according to the protocol approved by the 

Institutional Animal Care and Use Committee (IACUC A08.018, approved 2/20/08). Male 

Balb/c mice, twelve to fourteen weeks of age, were obtained from an established colony at 

the UTA Animal Care Facility. The Balb/C mice are commonly-used inbred laboratory mice 

noted for their white fur and red eyes (albinos) and have been widely adopted for cancer 

research.  The animals were housed in a temperature controlled room and allowed to 

acclimate before treatment. RPCs were screened for acute toxicity by IP injection; three 

mice were designated for each complex. One group of four mice were used as control. 

Stock solutions of ruthenium complexes were prepared using PBS buffer at pH 7.4, and 

2% DMSO.  A typical experiment was conducted as follows: A single mouse (~ 27 g) was 

given a single dose of 90 µL of 6.0 mg/mL (20 mg drug/Kg mouse) via IP injection and 

monitored for 2 hours for any toxic symptoms and/or death. If all three mice survived the 

treatment, two additional mice were treated at the same dose and examined for 24 h. If the 

mice survived the treatment, the dose was escalated to 90 µL of a 12 mg/mL (40 mg/Kg) 

and monitored for 24 h. If the mouse survived this treatment, the dose was again escalated 

to 90 µL of a 18 mg/mL (60 mg/Kg) and monitored for 24 h. Further dose escalations to 90 

uL of a 24 mg/mL (80 mg/Kg) or a 48 mg/mL (160 mg/Kg) were done if needed. If at any 
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stage any of the mice showed signs of toxicity, morbidity or death, the experiment was 

stopped and the previous tolerable dose was considered the MTD for this compound.   

3.2.4 Pharmacokinetic study 

3.2.4.1 Reagents 

0.1X Dulbecco`s Phosphate Buffered Saline (DPBS), DMSO, and dipotassium 

ethylenediaminetetraacetic acid anticoagulant (K2EDTA). 

3.2.4.2 Instrumentation for Ru Analysis 

The concentrations of ruthenium were analyzed using inductively coupled plasma 

mass spectrometry Thermo Scientific X Series II ICP-MS. The data were further 

processed using vendor supplied software (Thermo Plasma Lab, version 2.5.5.290). 

3.2.4.3 Experiment 

The animal dosing and blood collection were performed by Charles River 

Laboratories under contract. Nine male Wister Han rats were allowed to acclimate before 

treatment. The animals were placed into three groups of three rats per group. All animals 

were fasted overnight before dosing and food was returned 4 hours post dose. Each animal 

in groups 1 through 3 received a single IP injection of 5 mg/Kg dose at a dose volume of 

0.8 mL/Kg as presented in Table 3.1. Following dosing, the animals were observed for any 

clinically relevant abnormalities and all animals appeared normal at the time of each 

observation. At the following times post injection: 0.15, 0.5, 1, 1.5, 2, 3, 9, 12, 18, and 24 

h, 300 µL of whole blood sample was taken via jugular vein catheter. The blood was 

separated into plasma, whole blood cells and flash frozen on dry ice. These samples were 

shipped to UTA for Ru analysis by ICP-MS. After the final blood collection, all animals were 

euthanized via CO2 asphyxiation in accordance with accepted American Veterinary 

Medical Association (AVMA) guidelines.  
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Table 3.1 Study design 

 
Group 

 
No. of 
Rats 

 
Compound 

 
Dose 
Level 
mg/Kg 

 

 
Dose 
Conc. 
mg/mL 

 
Dose 
Vol. 

mL/Kg 

 
Dose 

Medium 

 
Dose 
Route 

 
 
1 
 

 
 
3 

 
 

[Ru(phen)2dppz]2+ 

 
 
5 

 
 

6.25 

 
 

0.8 

 
4% DMSO, 
96% 0.1x 

DPBS 
 

 
 

IP 

 
 
2 
 

 
 
3 

 
 

MP2+ 

 
 
5 

 
 

6.25 

 
 

0.8 
 

 
4% DMSO, 
96% 0.1x 

DPBS 
 

 
 

IP 

 
 
3 
 

 
 
3 

 
 

MPPh
2+ 

 
 
5 

 
 

6.25 

 
 

0.8 

 
4% DMSO, 
96% 0.1x 

DPBS 
 

 
 

IP 

 
 

 
3.2.4.4 Dose Administration 

For Group 1, 16.58 mg of compound [Ru(phen)2dppz]2+  was combined with  53.1  

µL of DMSO to produce a thick, red  312.5  mg/mL stock solution.  Because the stock 

solution was too thick to pipette, it was further diluted down with an additional 53.1 µL of 

DMSO to produce a red 156.2 mg/mL stock solution. From that, 80 µL was added to 1.92 

mL of 0.1X DPBS to produce a clear red dosing solution at a target concentration of 6.25 

mg/mL for IP dosing. To ensure homogeneity, the dose formulations were stirred 

continuously on a magnetic stir plate until the completion of dosing. The dose site was 

shaved in preparation for dose administration and was marked with indelible ink for dose 

site collection. The same procedure was followed for all the other complexes. Dose 

concentration was varied based on the rat weight as seen in Table 3.2 
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Table 3.2 Dose administration 

 
Compound 

 
Rat Sex 

 
Rat Weight 

(Kg) 

 
Dose Route 

 
Dose 

Concentration 
(mg/Kg) 

 
[Ru(phen)2dppz]2+ 

 

 
M 

 
0.334 

 
IP 

 
5.052 

 
[Ru(phen)2dppz]2+ 

 

 
M 

 
0.343 

 
IP 

 
4.920 

 
[Ru(phen)2dppz]2+ 

 

 
M 

 
0.338 

 
IP 

 
4.993 

 
MP2+ 

 

 
M 

 
0.324 

 
IP 

 
5.015 

 
MP2+ 

 

 
M 

 
0.293 

 
IP 

 
4.906 

 
MP2+ 

 
M 
 

 
0.349 

 
IP 

 
5.014 

 
MPPh

2+ 

 

 
M 

 
0.323 

 
IP 

 
5.031 

 
MPPh

2+ 

 

 
M 

 
0.316 

 
IP 

 
4.945 

 
MPPh

2+ 

 

 
M 

 
0.305 

 
IP 

 
4.918 
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3.2.4.5 Collection of Blood Samples  

All blood samples were collected by way of jugular vein catheter.  Blood samples 

were collected from each animal at 0.15, 0.5, 1, 1.5, 2, 3, 6, 9, 12, 18, and 24 hours after 

IP dosing. 300 µL of whole blood sample was collected at each time point and placed into 

tube containing K2EDTA anticoagulant. All whole blood samples were placed on wet ice 

immediately after collection and were centrifuged at 2200 x g for 10 minutes at 2– 8 ºC to 

isolate plasma. The resulting plasma was transferred to individual polypropylene tubes in 

a 96-well plate format and instantly placed on dry ice. The residual red blood cells were 

also frozen after plasma collection and both the plasma and residual red blood cells were 

stored at nominally -70 °C.                                                  

3.2.4.6 Evaluation of Ruthenium Content by Using ICP-MS    

ICP-MS quantification was performed on a single quadruple instrument of 0.7 

amu mass resolution (X-Series II, ICP-MS, Thermo Fisher Scientific). The results are 

reported as average ± standard deviation (n=3). Operational parameters for the ICP–MS 

are shown in the Table 3.3. The data were processed through vendor supplied software 

(Thermo PlasmaLab, ver. 2.5.9.300). An ASX-520 CETAC Autosamplers performed 

sample delivery. Ruthenium standards were prepared from 0 ppb to 100 ppb of Ru. All 

data were interpreted in terms of a 5-point calibration with check standards run daily. 
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Table 3.3 Operation parameter of ICP-MS 

 
Parameter 

 

 
Value 

RF power 
 

1400 W 

Cooling gas flow (Argon) 
 

13.0 L/min 

Auxiliary gas flow (Argon) 
 

0.8 L/min 

Nebulizer gas flow (Argon) 
 

0.8 L/min 

Spray chamber temperature 
 

3 °C 

Interface cones 
 

Nickel 

Expansion chamber pressure 
 

1.9 mbar 

Analyzer chamber pressure 
 

3.6 x 10-7 mbar 

Nebulizer back pressure 
 

2.1 bar 

Sampling depth 
 

150 mm 

Detector mode 
 

Pulse Counting 

Resolution 
 

Standard 

Elements monitored 
 

101Ru, 102Ru, 104Ru 

Integration time/mass 
 

170 ms 

Software 
 

Thermo PlasmaLab, version 2.5.9.300 
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3.3 Results and Discussion 

3.3.1 Lipophilicity of Ruthenium Polypyridyl Complexes 

The lipophilicity was measured by determining the log PO/W value for the following 

ruthenium(II) complexes: [MPPh]Cl2, , [PMe]Cl4, [MP]Cl2, [P]Cl4, [Ru(Ph2phen)3)]Cl2, [PPh]Cl4,  

[MPMe]Cl2, [Ru(Me4phen)3)]Cl2 [Ru(phen)3)]Cl2, [Ru(phen)2dppz]Cl2, [MZ]Cl2 and [Z]Cl4  

and the data collected in Table 3.4. The log P data was obtained under two different 

aqueous phase compositions. One set of data reveal the partition coefficient when 

deionized (DI) water was used and another set when 0.1 M PBS buffer at pH 7.4 was used. 

The data was arranged in order of decreasing lipophilicity in the octanol/PBS 

system with [MPPh]Cl2 being the most lipophilic and [Z]Cl4 the least lipophilic. As can been 

seen Table 3.4, the log P values in the PBS/octanol system are higher than those in the 

water/octanol system, which is most likely due to the lower ionic strength of the pure water 

system, but, in general, the trends are the same in both systems.  

As shown in Figure 3.2, the log P values are different by five order of magnitude 

from 2.5 for the most lipophilic ruthenium complexes to -2.0 for the least ones. The trend 

of the lipophilicity data comes to an agreement with the data of Barton et al. where it was 

found that the complexes containing the Ph2phen ancillary ligands are the most lipophilic 

followed by complexes containing the Me4phen and that least lipophilic are the ones 

containing phen ligands.38 The lipophilicity of the RPCs may have a correlation with the 

cytotoxicity and that will have important effects on the biological activity.106   
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Table 3.4 Log P values of Ru(II) polypyridyl complexes 

 
Ruthenium Complex 

 

 

log P, PBS (pH 7.4) 
 

log P, DI water 

MPPh
2+ 2.3 1.6 

[Ru(Ph2phen)3]2+ 1.9 1.4 

PPh
4+ 1.7 0.46 

[Ru(Me4phen)3]2+ 1.6 -0.9 

MPMe
2+ 1.5 -0.6 

PMe
4+ 1.0 -1.4 

[(phen)2Ru(dppz)]2+ 0.2 -1.3 

MZ2+ -0.18 -0.9 

MP2+ -0.4 -1.4 

P4+ -0.6 -1.0 

[Ru(phen)3]2+ -1.1 -1.5 

Z4+ -1.9 -1.26 

 

 

Figure 3.2 Lipophilicity trend of Ru(II) polypyridyl complexes 
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3.3.2 Cytotoxicity of Ruthenium Polypyridyl Complexes 

3.3.2.1 Cytotoxicity (MTT) 

The cytotoxicities of the following RPCs: [MP]Cl2, [P]Cl4, [PPh]Cl4, [MPPh]Cl2, 

[PMe]Cl4, [MPMe]Cl2, [Ru(phen)3]Cl2, [Ru(Ph2phen)3]Cl2, [Ru(Me4phen)3]Cl2,  [Ru(phen)3]Cl2, 

[Z]Cl4, [MZ]Cl2, [Ru(phen)2dppz]Cl2, and cisplatin were evaluated in cancerous and non-

cancerous human cell lines using a standard MTT assay and the data summarized in Table 

3.5. In MTT, the yellow tatrazole was reduced to purple formazan in living cells. The amount 

of formazan present after 4 h incubation is correlated with the number of living cells and 

thus can be used to help quantify the cytotoxicity of various drugs. One lane of cells is not 

treated with drugs (negative control) and another lane is treated with cisplatin as a positive 

control. 

The first screen was an evaluation of the complexes against MCF-7 breast cancer 

cell line. The data in the form of a bar graph indicating the IC50 values for all the complexes 

screened, arranged according to their log P values, is shown in Figure 3.3.  The IC50’s of 

the dinuclear and mononuclear complexes [PPh]Cl4 and [MPPh]Cl2 are 1.4 µM and 2.13 µM, 

respectively, and were noticeably lower than the other tatpp-based complexes. Only 

[Ru(Ph2phen)3]2+ showed a similarly low IC50 and was also one of the most lipophilic 

complexes tested.  If we only consider the tatpp-based complexes (indicated by red bars 

in Figure 3.3) we observe that the less lipophilic tetramethyl-phen complexes were less 

cytotoxic but this trend does not continue.  The even less lipophilic [P]Cl4 and [MP]Cl2 show 

significantly better cytotoxicity than the Me4phen derivatives. We note that aside from 

[Ru(Ph2phen)3]Cl2, all the other non-tatpp based RPCs are not particularly cytotoxic 

regardless of the log P value, reinforcing the importance of the redox-active tatpp ligand 

for much of the observed cytotoxicity.  
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A screen against a non-malignant breast epithelial cell line, MCF-10, is particularly 

revealing, as seen in Figure 3.4.  Every RPC except [Ru(Ph2phen)3]Cl2 showed much less 

cytotoxicity. This data shows that [Ru(Ph2phen)3]Cl2 is not selective for malignant over non-

malignant cells whereas the tatpp-based complexes, in general, show good selectivity.  

The selectivity index, calculated as shown below, is a measure of this discrimination: 

Selectivity Index (SI) = IC50 MCF-10/ IC50 MCF-7 
 
 

Using the data from Figures 3.3 and 3.4, we plotted the SI of each complex in Figure 3.5 

and 3.6. With a SI of 71, [MPPh]Cl2 is the most pronounced, however most of the tatpp 

complexes have SI closer to 10 and the remaining RPCs show no selectivity, with SI’s of 

1.  Even cisplatin has a modest SI of 2.5 in this experiment, which is in part a reflection of 

its modest cytotoxicity towards MCF-7.    

 Two additional cell lines were screened: non-small cell lung carcinoma (H358) and 

colorectal cancer cell line (CCL228).  These data are shown in graph format in Figures 3.7 

and 3.8.  The most striking findings here are that [MPPh]Cl2 and [PPh]Cl4 are considerably 

less active against these two cell lines than seen for MCF-7.  In contrast, the cytotoxicity 

of [P]Cl4 and [MP]Cl2 are similar in all three lines, shown in Figure 3.9, indicating that while 

the lipophilic phenyl-phen derivatives are more active in breast cancer cells, the phen 

analogues show a broader spectrum of activity. As with MCF-7 and MCF-10, the 

[Ru(Ph2phen)3]Cl2 complex is very cytotoxic against H359 and CCL228, indicating that this 

particular RPC is a potent cytocidyl agent regardless of the cell type examined.  The reason 

for this broad spectrum cytotoxicity is not immediately apparent, but it seems likely that the 

root of its cytotoxic properties differ from the tatpp-based complexes. 

As mentioned previously, the data in Figures 3.3 to 3.9 are plotted versus complex 

lipophilicity and aside from a weak correlation of decreasing lipophilicity leading to 

decreasing cytotoxicity, there is no strong connection between these two parameters.
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Figure 3.3 IC50 of Ru(II) polypyridyl complexes against breast cancer cell line MCF-7 
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Figure 3.4 IC50 of Ru(II) polypyridyl complexes against a non-malignant breast epithelial cell line MCF-10 
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Figure 3.5 Selectivity Index (SI): IC50 MCF-10/ IC50 MCF-7 

 



 

 
 

7
4

 
 

Figure 3.6 Selectivity Index (SI): IC50 MCF-10/ IC50 MCF-7 (MPPh excluded) 
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Figure 3.7 IC50 of Ru(II) polypyridyl complexes against non-small cell lung cancer (NSCLC) 
 

cell line H358 (Bronchioalveolar), * Yadav et al. results 
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Figure 3.8 IC50 of Ru(II) polypyridyl complexes against colon cancer cell line CCL228 
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Figure 3.9 IC50 of Ru(II) polypyridyl complexes against cancerous cell line (MCF-7, H358, CCL228) and non-cancerous cell line 

(MCF-10) for tatpp-based Ru(II) complexes 
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Table 3.5 Cytotoxicity results of Ru(II) complexes against cancerous and non-cancerous cell lines 

 

Complex IC50/µM IC50/µM IC50/µM IC50/µM Selectivity Index 

   MCF-7 CCL228 H358 MCF-10 
IC50 MCF-10/ IC50 

MCF-7 

[MPPh]Cl2 1.4 ± 0.2 > 50 > 50 > 100 > 71 

[PPh]Cl4 2.1  ± 0.9 >50 34 ± 5.2 23 ± 11 11 

[Ru(Ph2phen)3]Cl2 1.5 ± 0.2 4.0 ± 1.0 1.7 ± 0.1 1.5 ± 0.5 1.0 

[Ru(Me4phen)3]Cl2 23 ± 3.0 42 ± 3.0 > 50 > 50 > 2.2 

[MPMe]Cl2 18 ± 2.0 > 50 > 50 > 50 > 2.8 

[PMe]Cl4 31 ± 3.0 >50 37 ± 1.4 > 50 > 1.6 

[MZ]Cl2 > 50 > 50 44* > 50 > 1.0 

[Ru(phen)2dppz]Cl2 > 50 > 50 35 ± 0.7 > 50 > 1.0 

[MP]Cl2 12 ± 2.0 10 ± 2.6 13* > 100 > 8.3 

[P]Cl4 11 ± 1.5 7.0 ± 3.5 15 ± 1.8* 79 ± 3.0 7.2 

[Ru(Phen)3]Cl2 > 50 > 50 > 50 > 50 > 1.0 

[Z]Cl4 > 50 > 50 41 ± 2.7* > 50 > 1.0 

Cisplatin 20 ± 1.2 32 ± 2.0 34 ± 1.6 > 50 > 2.5 
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3.3.2.2 Cytotoxicity (MTS) 

The cytotoxicity of three specific RPCs was extended to evaluate NSCLC lines 

HCC2450, H522, H1993, H2073, H322, H2122, H460 and pancreatic cancer (PANC1) cell 

line using standard MTS assay. This chromogenic assay was used to see if the compounds 

have effects on cell proliferation or cell death in an expanded panel and as a function of 

PO2. MTS produces formazan in the presence of phenazine methosulfate (PMS). The 

results from this study are given in Table 3.6. 

 
Table 3.6 IC50 values for RPCs against a number of cell lines (MTS Assay) under 

normoxic and hypoxic conditions (< 2% O2) 

    P4+  MP2+  [Ru(phen)2dppz]2+  

Cell Line   IC50 (µM) IC50 (µM) IC50 (µM) 

  Condition       

H1993 Normoxic 2 ± 0.3 100 ± 20 31 ± 21 

H1993 Hypoxic 4* 100* 64* 

HCC2450 Normoxic 10 ± 40 100 ± 20 41 ± 19 

HCC2450 Hypoxic 25 ± 49 82 ± 25 33 ± 2.1 

H2073 Normoxic 50 ± 39 100 ± 16 12 ± 21 

H322 Normoxic 11 ± 9.9 100 ± 38 76 

PANC1 Normoxic 25* 100* 43* 

 
   All Experiments were carried out in triplicated except those with * notation. 

 

We found that P4+ is more effective at treating platinum-resistant cell lines than 

MP2+ and [Ru(phen)2dppz]2+. Treated cells grown under hypoxic conditions did not show 

an increase in sensitivity related to those under normoxia, as shown in Table 3.6. In fact, 

the two tatpp-based RPCs showed less effectiveness under hypoxia, which contrasts 

earlier data with H358. 26 However, it is noticeable the P4+ was considerably more effective 

than MP2+ or [Ru(phen)2dppz]2+ . We also evaluated the activity of RPCs against pancreatic 
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cancer cell line (PANC1). It was found that MP2+ and [Ru(phen)2dppz]2+ have poor 

cytotoxicity against this cell line compared to P2+ but, in general, all the RPCs are largely 

ineffective toward PANC1.  

Of the NSCLC lines, H358, H1993, HCC2450 and H322 are considered to be 

somewhat poorly sensitive to cisplatin with IC50’s of 15, 9, 11, 18.5 µM, respectively, 

whereas H2073 is very sensitive with an IC50 of 1.7 µM.107 It is notable the P4+ shows good 

activity, as measured by IC50 values, against platinum-resistant lines whereas neither MP2+ 

nor [Ru(phen)2dppz]2+ is particularly effective. This suggests P4+ may have some utility in 

treating platinum-resistant cancers. It is clear that the redox-active bridging ligand tatpp is 

an essential component at the most effective RPCs.  

3.3.2.3 Colony Formation  

Clonogenic assay or colony formation assay is an in vitro cell survival assay which 

tests the ability of a single cell to grow and form colony.108,109 It is a more sensitive assay 

of drug cytotoxicity than MTT or MTS and reveals morphological changes to treated cells. 

We examined P4+, MP2+ and [Ru(phen)2dppz]2+ against two NSCLC cell lines: H1993 and 

HCC2450 using the clonogenic assay. Before treatment, cells were seeded out in 

appropriate dilutions to form colonies in 2-4 weeks. The cells were then inoculated with the 

drugs at different concentrations 24 h after the initial cell seeding. The cells were then 

incubated for 4 weeks to allow for colony formation, stained with crystal violet, and counted 

with a Gel Doc-XR Imager (Bio-Rad Laboratories) using the colony counting program. The 

IC50 data from these assays are summarized in Table 3.7.  

The photographs in Figures 3.10 and 3.11 shown the plates after staining for all three 

complexes against both cell lines. Of the three RPCs examined, P4+ inhibited colony 

formation the best by far.  Surprisingly, [Ru(phen)2dppz]2+
  was more effective than MP2+ 

in inhibiting colony formation, which contrasts the data obtained via MTT or MTS assays.  
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The reasons for this are unclear, but the significantly longer incubation time of the 

clonogenic assay, 4 weeks contrasted to 4 days to the MTT or MTS assay, suggests that 

and [Ru(phen)2dppz]2+ is more active at longer treatment times.  The data were consistent 

between the two cell lines and reveal a slightly greater cytotoxicity for P4+ than obtained via 

MTT or MTS methods. At least for P4+ greatest colony against H1993 and HCC2450 

compared to and [Ru(phen)2dppz]2+
 as shown in Figures 3.10 and 3.11. There was a great 

reduction in the colony numbers with P4+ complex compared to the control.  

 
Table 3.7 Representation of the IC50 values of the colony formation assays of three 

independent experiments after four weeks 

  P4+ MP2+ [Ru(phen)2dppz]2+
  

  IC50 (µM) IC50 (µM) IC50 (µM) 

Cell Line       

H1993 0.6 ± 0.2 3 ± 0.4 1 ± 0.5 

HCC2450 0.8 ± 1.5 3 ± 0.9 3 ± 1.5 
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Figure 3.10 Representative colony formation assay for H1993 cell line after four weeks of 

treatment with P4+, MP2+, and [Ru(phen)2dppz]2+ 
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Figure 3.11 Representative colony formation assay for HCC2450 cell line after four 

weeks of treatment with P4+, MP2+, and [Ru(phen)2dppz]2+ 
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3.3.3 Animal Study 

In this study, the maximum tolerated dose (MTD) reports the highest dose in 

milligrams drug per kilogram mouse that is tolerated without unacceptable toxicity; in this 

case, short term toxicity (24 h), and only uses 3 animals per compound.  Death is not the 

only endpoint for an MTD study and therefore we define unacceptable toxicity as any 

dosage that causes morbidity in the animal. In addition to obvious signs of stress such as 

paralysis, seizures, and tremors, more subtle signs of toxicity including lethargy, labored 

breathing, or glassy eyes were also considered a toxic dose and the mouse was sacrificed. 

The MTD of the Ru(II) complexes was examined in male Balb/c mice. The data in Table 

3.8 is organized in the order of descending lipophilicity.  

As seen in Figure 3.12, the RPCs fall into two classes. RPCs with tatpp ligand are 

tolerated for better than those lacking a tatpp ligand. The reason for this is not clear, but it 

may have something to do with the redox-activity. As can be seen, the lipophilicity of the 

complexes does not correlate with the MTDs, with all non-tatpp RPCs showing acute 

toxicity at related low dosing. Among the tatpp RPCs, there may be a correlation with 

lipophilicity as the least lipophilic complex, MP2+, had a lower MTD than the non-lipophilic 

complexes but the single data point makes it hard to draw a firm conclusion. MP2+ complex 

showed signs of systemic toxicity including sickness and morbidity after treatment with 60 

mg/Kg where the animal was sacrificed. The previous tolerable dose of 40 mg/Kg was 

considered the MTD for this compound. The differences in activity between MPMe
2+, MPPh

2+
 

and MP2+ cationic complexes are most likely due to differences in penetration. MPMe
2+ and 

MPPh
2+

 are drastically more lipophilic than MP2+, as shown before in the partition coefficient 

experiment results Table 3.4. Dwyer and coworkers’ study  showed that increasing the 

lipophilicity of the ancillary ligand of the Ru(II) complexes can lower the animal toxicity; this 

is possibly due to the slow diffusion of the complex to the blood stream.18,19 However, 
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[Ru(Ph2phen)3]2+ (lipophilic complex) and [Ru(phen)3]2+ (hydrophilic complex) did not follow 

this trend; both of these are equally toxic at very low dose. It is clear that lipophilicity plays 

very important roles, but only in the presence of the tatpp bridging ligand as shown in 

Figure 3.12. 

 

 

 

 

Figure 3.12 Maximum tolerable dose (mg/Kg) for Ru(II) polypyridyl complexes verse  

log P values 
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Table 3.8 Maximum tolerable dose (mg/Kg) for Ru(II) polypyridyl complexes administered 

to Balb/c mice 

Compound Maximum tolerable dose 
(mg/Kg) 

MPPh
2+ > 160 

[Ru(Ph2phen)3]2+ 6 

PPh
4+ > 160 

[Ru(Me4phen)3]2+ 6 

PMe
4+ > 160 

MPMe
2+ > 160 

[Ru(phen)2dppz]2+ 6 

MZ2+ 6 

P4+ > 160 

MP2+ 40 

[Ru(phen)3]2+ 6 

Z4+ 6 
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3.3.4 Pharmacokinetic study 

The following three Ru complexes: [Ru(phen)2dppz]2+, MP2+, and MPPh
2+ were 

used in a PK study using male Wister Han rats. After IP dosing, blood samples were taken 

at various time intervals and separated the plasma and red blood cells. Each was then 

analyzed for Ru content by ICP-MS. One major characteristic that distinguishes ICP-MS 

from other spectroscopic instruments is its sensitivity.110 Its sensitivity is well into the parts-

per-billion (10−9) to the parts-per-trillion (10−12) range.111 In our PK experiment, ICP-MS 

quantification was performed on a single quadrupole (X-Series II) instrument to determine 

the concentration of ruthenium in the plasma of Wister Han rats after IP administration. 

Before each analysis of the samples, the instrument was calibrated. The performance of 

the instrument was tested using standard plasma samples that were spiked with different 

concentrations of ruthenium from 0.00 to 100 ppb to evaluate the linearity of the calibration 

curve. 2% ultrapure concentrated nitric acid was used in preparation of standards, internal 

standards and samples. The blood pellets were digested and analyzed for ruthenium 

content.      

Control samples in which RPCs were spiked into blood reveal the technique gives 

reliable data. The three RPCs were chosen because each is a dication and they have very 

different lipophilicities, with log P values of -1.9, -0.4, and 2.3 respectively. The raw data 

and a plot of the [Ru] versus the time for each RPC are shown in Tables 3.9, 3.10, and 

3.11 and in Figures 3.13, 3.14, and 3.15 correspondingly.  From the data, it is clear that 

the large standard deviation makes interpretation of the data difficult, but if we just consider 

the trends revealed, it appears that the temporal blood concentration of the RPCs does 

correlate with the lipophilicity of RPC. The least lipophilic complex, [Ru(phen)2dppz]2+, is 

seen to build up to a peak concentration of ~1000 ppb in 9 h, whereas MP2+ takes ~18 h 

to reach a maximum which peaks at ~400 ppb. The most lipophilic complex MPPh
2+, never 
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reaches a peak in the 24 h observation period. Figure 3.16 shows the three profiles plotted 

together and reveals that, the greater the lipophilicity, the slower the build up in blood serum 

is. Importantly, the RBC fraction shows essentially no Ru content, indicating that all the 

complex is in the serum. 
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Table 3.9 Ruthenium concentration (ppb) in plasma for [Ru(phen)2dppz]2+ complex after 

IP injection in Wister Han rats 

 

 

 

 

Figure 3.13 Rat blood concentration plasma ruthenium content as a function of time post 

IP injection in [Ru(phen)2dppz]2+ 

          Ru concentration  (ppb) Standard Standard

Time/h Exp#1 Exp#2 Exp# 3 Average  deviation  error

0.15 66 286 65 139 128 74

0.5 134 141 119 132 11 6

1 152 116 144 137 19 11

1.5 126 156 87 123 35 20

2 140 125 75 113 34 20

3 153 818 76 349 408 236

9 139 2622 14 925 1471 849

12 112 141 25 93 60 35

18 124 121 24 90 57 33

24 123 224 12 120 106 61
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Table 3.10 Ruthenium concentration (ppb) in plasma for MP2+ complex after IP injection 

in Wister Han rats 

 

 

 

 

 

Figure 3.14 Rat blood concentration plasma ruthenium content as a function of time post 

IP injection in MP2+ 

      Ru concentration  (ppb) Standard Standard

Time/h Exp#1 Exp#2 Exp# 3 Average deviation  error

0.15 28 80 37 48 28 16

0.5 28 232 15 92 122 70

1 23 82 13 39 37 22

1.5 27 79 39 48 27 16

2 19 117 27 54 54 31

3 37 99 19 51 42 24

6 38 488 37 188 260 150
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Table 3.11 Ruthenium concentration (ppb) in plasma for MPPh
2+ complex after IP injection 

in Wister Han rats 

 

 

 

 

 

Figure 3.15 Rat blood concentration plasma ruthenium content as a function of time post 

IP injection in MPPh
2+ 

 
 

      Ru concentration  (ppb) Standard Standard

Time/h Exp#1 Exp#2 Exp# 3 Average  deviation error
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Figure 3.16  Rat blood concentration plasma ruthenium content as a function of time post 

IP injection in [Ru(phen)2dppz]2+, MP2+, and MPPh
2+ 
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3.3.5 NCI Screen Data for [MPPh]Cl2 

The compound [MPPh]Cl2 was submitted for the NCI-60 cell panel testing and 

was accepted and assigned a reference number NSC 782009.  The mean percentage of 

growth for cells treated with 10 µM complex was 118% which was too high to qualify the 

compound for further 5-dose testing.  Nonetheless, this single dose data does provide a 

picture of the activity of this very lipophilic compound against 60 different cell lines and 

several cancer types.  This data is plotted in Figure 3.17 and is reported as the percent 

growth inhibition relative to the mean of 118% (central vertical line) per cell line. As can 

be seen, [MPPh]Cl2 was consistently better against colon cancer cells than other types of 

cells.  Similar trends are seen for NSCLC, CNS, renal, and melanomas, but exceptions 

are noticeable. It appears to be less effective, on average, towards ovarian, breast, and 

prostate cancers.      
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Figure 3.17 One dose mean graph for MPPh
2+ (NSC 782009) 
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3.4 Conclusion 

We have investigated the structure activity relationship of the Ru polypyridyl 

complexes by changing the lipophilicity of the ancillary ligands from phen to Ph2phen or 

Me4phen. It was found addition of the phenyl substituents results in a large increase in 

lipophilicity compared to complexes with unsubstituted 1,10-phenanthrolines. Methyl 

substituents on the phenanthroline ligands give complexes with an intermediate 

lipophilicity. There was a strong correlation between the tatpp-based compounds’ 

lipophilicity and animal toxicity, as measured by the MTD. As the lipophilicity increased, 

animal toxicity decreased. All of the following RPCS: [PMe]Cl4, [MPMe]Cl2, [PPh]Cl4, [MPPh]Cl2 

and [P]Cl4, were very well tolerated at doses up to 160 mg compound per Kg mouse. 

[MP]Cl2 complex exhibited signs of toxicity including sickness and morbidity after 60 mg/Kg, 

where the animal was sacrificed. In general, the [MP]Cl2 complex is well tolerated with MTD 

value of 40 mg/Kg compared to other complexes. The low toxicity of the tatpp-based Ru(II) 

complexes may be due to a relatively slower rate of diffusion of these complexes into the 

blood stream. Pharmacokinetic data suggest that the lipophilic RPC takes more time to 

build up in blood stream than the hydrophilic ones. The distinct biological properties of 

theses tatpp-based ruthenium complexes increase their chances to advance into clinically 

used therapeutic agents. 

  The IC50 values were investigated and the tatpp-based complexes were found to 

have good cytotoxicity against most cancerous cell lines. Different cancer cell lines yield 

different response patterns regard the correlation of compound lipophilicity with 

cytotoxicity.  While the general trend of increasing lipophilicity yielding better cytotoxicity 

seems to hold with MCF-7, is not seen with other cell line. The most lipophilic complexes, 

PPh
4+

 and MPPh
2+, have shown high cytotoxicity against MCF-7 cell line with IC50 of 1.4 µM 

and 2.13 µM respectively. All tatpp-based RPCs have shown high SI against non-
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cancerous cell line (MCF-10) compared to cisplatin that has SI of 2.5 in the same 

experiment. However, P4+
 and MP2+ exhibited good cytotoxicity towards all three malignant 

cell lines and a respectable selectivity index. Also, we have found that P4+
 is effective at 

treating platinum resistant cell lines such as H1993,  HCC2450 and H322 compared to 

MP2+ and [Ru(phen)2dppz]2+ complexes, but none of these complexes were effective 

against pancreatic cell line, PANC1. This suggests P4+ may have some effectiveness in 

treating platinum-resistant cancers. It is clear that the redox-active bridging ligand tatpp is 

an important component in the most effective RPCs. In summary, all of the tatpp-based 

RPCs show promising antitumor activity.
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Appendix A 

1H NMR of Ruthenium Polypyridyl Complexes 
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1H NMR Spectrum of [(Ph2phen)2Ru(tatpp)Ru(Ph2phen)2]4+ 
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1H NMR Spectrum of [(Me4phen)2Ru(tatpp)Ru(Me4phen)2]4+  

(expended down field region) 
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1H NMR spectrum of [(Me4phen)2Ru(tatpp)Ru(Me4phen)2]4+ 

 (extended upfield region) 
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 1H NMR Spectrum of [(Ph2phen)2Ru(tatpp)]2+ in the absence of Zn(BF4)2 
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1H NMR Spectrum of [(Ph2phen)2Ru(tatpp)]2+ with excess Zn(BF4) 
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1H NMR Spectrum of [(Me4phen)2Ru(tatpp)]2+ with excess Zn(BF4)2  

(expended down field region)
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Appendix B 

 IC50 of Ruthenium Polypyridyl Complexes
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IC50 of Ru(II) polypyridyl complexes against breast cancer cell line MCF-7 
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IC50 of Ru(II) polypyridyl complexes against breast epithelial cell line MCF-10 
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Selectivity Index (SI): IC50 MCF-10/ IC50 MCF-7 
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 Selectivity Index (SI): IC50 MCF-10/ IC50 MCF-7 (MPPh excluded) 
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IC50 of Ru(II) polypyridyl complexes against non-small cell lung cancer (NSCLC) 
 

cell line H358 (Bronchioalveolar), * Yadav et al. results 
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IC50 of Ru(II) polypyridyl complexes against colon cancer cell line CCL228 
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IC50 of Ru(II) polypyridyl complexes against cancerous cell line (MCF-7, H358, CCL228) and non-cancerous cell line (MCF-10) for 

tatpp-based Ru(II) complexes
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