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ABSTRACT 

This thesis is based on the past three years of research work including synthesis, 

characterization of three series of iridium(III) complexes and one series of 

ruthenium(II) complexes, and their comparative bio-applications of DNA-binding, 

cell morphology, cytotoxicity, mitochondrial membrane potential, cellular uptake and 

distribution.  

Chapter 1 introduces the background and recent studies of transition-metal 

complexes as biosensors and anti-tumor medicines. Their structure related properties 

of cytotoxicities, cellular uptake and distributions were also discussed.  

In chapter 2, five iridium(III) complexes Ir4: [Ir(4-mpp)2DPPZ]+, Ir7: 

[Ir(4-mpp)2BDPPZ]+, Ir8: [Ir(4-mpp)2MDPPZ]+, Ir115: [Ir(pp)2DBDPPZ]+ and Ir139: 

[Ir(dpapp)2DBDPPZ]+ were synthesized and characterized. The crystals of complex 

Ir139 were successfully cultured and analyzed by X-ray crystallography. The HOMO 

and LUMO energy gaps of complexes Ir4, Ir7 and Ir8 were obtained. The smaller the 

energy gap is the larger the Stokes shift will be. The DNA binding properties of Ir4, 

Ir7 and Ir8 were studied to acquire their binding constants and quenching constants. 

All the five complexes were cultured with hepatocellular carcinoma cell (hep-G2) in 

different concentrations for cell morphologies and MTT assays. The IC50 values were 

calculated and the structure-activity relationship (SAR) was discussed. Properties of 

Ir115 and Ir139 for photodynamic therapy under the visible light were studied, and 

moderate light-enhanced cytotoxicities were discovered. The live and dead cell assay 

and mitochondrial transmembrane potential (ΔΨM) testing were performed and a 

similar cytotoxicity order to IC50 values was obtained. Some interesting interactions 
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between complex and calcein or propidium iodide (PI) dye were observed and 

discussed. Cellular uptake and distribution assay showed that the fluorescence of 

iridium complex was closely related to its toxicity. The obvious cellular uptake at 4 ℃ 

indicated that all the complexes could transfer into cell through a passive transport 

mode of facilitated diffusion without the consumption of ATP. The greatest change in 

uptake intensity of Ir115 implied that the ATP could assist the transport of Ir115 at 

37.5 ℃. The efficiency of uptake and distribution of complexes in paraformaldehyde 

(PFA) fixed cells was found to be strictly related to their size and the hydrophobicity. 

The rigidity of dipyrido[3,2-a:2',3'-c]phenazine based bipyridine ligands in this 

chapter contributed to the main cytotoxcities of those iridium complexes. Most of the 

iridium complexes in chapter 2 have similar structures to their classic ruthenium 

analogues while their activities have largely improved due to the higher cellular 

uptake and more biocompatibility. 

Chapter 3 presented five iridium complexes with rotatable 1H-imidazo [4,5-f] 

[1,10] (phenanthroline) based bipyridine ligands, which are Ir79: [Ir(pp)2MTPIP]+, 

Ir80: [Ir(pp)2EIPP]+, Ir116: [Ir(piq)2APIP]+, Ir119: [Ir(piq)2PPIP]+ and Ir134: 

[Ir(iqdpba)2PPIP]+. Cell morphology and proliferation assay, MTT assay indicated 

that most of them were not quite toxic for hep-G2 cell lines except for Ir116 which 

contained an amino group and was assumed to be very active to the carboxyl group in 

the protein residues in cells. Under the irradiation of visible light, Ir80 and the Ir119 

were found to be quite photo-toxic with the light IC50 value of 8.08 μM and 6.14 μM 

respectively. They could become the potential candidates for the promising drugs of 

photo-dynamic therapy. The cytotoxicities of those five complexes were further 

investigated by the live and dead assay using calcein AM (acetoxymethyl) and 

propidium iodide (PI) double stain method. JC-1 aggregates observation and analysis 
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in the mitochondrial transmembrane potential (ΔΨM) testing proved the lower 

cytotoxicities of those five complexes than those in chapter 2. Fluorescence and 

cytotoxicity relationship (FCR) was also uncovered in chapter 3 in which the stronger 

macromolecular binding to complex could lead to its higher fluorescence intensity. 

Without the metabolic activity and the assistance of ATP at low temperature of 4 ℃, 

little Ir80 and Ir134 were found in cells, and the moderate uptake for Ir79 and higher 

volume of Ir116 and Ir119 were detected. A novel strategy of cold-shock enhanced 

cellular uptake pathway was discovered in Ir119 and its cold-shock caused 

cytotoxicity would be further evaluated. The volumes of uptake for those complexes 

in paraformaldehyde fixed cells were all very low due to their higher hydrophilicity 

and lower structural rigidity than those in chapter 2. 

Chapter 4 reported the investigation of six iridium complexes of Ir105: 

[Ir(4-mpp)2CDYP]+, Ir107: [Ir(piq)2CDYP]+, Ir108: [Ir(3-mpp)2CDYP]+, Ir123: 

[Ir(4-mpp)2CDYMB]+, Ir125: [Ir(piq)2CDYMB]+ and Ir133: [Ir(dpapp)2CDYMB]+ 

with rotatable 5H-cyclopenta[2,1-b:3,4-b']dipyridin Schiff-base ligands. Most of them 

were rather toxic to hep-G2 cell lines from the MTT assay, cell morphology and 

proliferation assay due to the Schiff-base N^N ligands. Those rotatable Schiff-base 

ligands seemed to have more cytotoxicity than the flexible 1H-imidazo[4, 5-f] [1, 

10](phenanthroline) ligands in chapter 3. The planar and rigid structure of piq C^N 

ligands in Ir107 and Ir125 were supposed to contribute to the highest cytotoxicity in 

chapter 4. The dead (red PI) to live (green calcein) cell area ratios and the ΔΨM assay 

were in accordance with the cytotoxocity sequence in MTT assay. Most of the 

complexes in chapter 4 demonstrated characteristics of one kind of programmed cell 

death (PCD), namely apoptosis and the typical features of another cell death mode of 

oncosis including cellular dwelling and cytoplasm vacuolation have been discovered 
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from Hep-G2 cell lines in the incubation with Ir107. The JC-1 aggregates have 

disappeared when the two most toxic complexes Ir107 and Ir125 were cultured with 

the cells at 5 μmol/L, indicating the ΔΨM lost repidly under the damage of iridium 

complexes. All the complexes were distributed in the cellular nuclei when the 

incubation time reached 120 minutes at the concentration of 20 and 40 μmol/L.  

The positive correlation in the fluorescence and cytotoxicity relationship (FCR) 

were also discovered in chapter 4. The luminescence intensity sequence of the 

complexes from the cellular uptake and distribution has almost the same order as the 

previous toxicity results. The two most toxic complexes of Ir107 and Ir125 were 

found to have the two highest fluorescent intensities inside cells at 4 ℃. Most 

complexes in this chapter could easily distribute in the fixed cellular nuclei except for 

Ir125 and Ir133 owing to their large and hydrophobic structures. Generally, the uptake 

of complexes in paraformaldehyde fixed cells was higher than the live cells at 4 ℃ 

according to their passive transport mode. Although the simple Schiff base ligands of 

CDYP and CDYMB in this chapter were rotatable and flexible similar to the 

1H-imidazo[4, 5-f][1, 10](phenanthroline) based bipyridine ligands in chapter 3, the 

cytotoxicities of complexes were much higher than those in chapter 3. The former 

chapters implied that effective uptake of complexes in nuclei were the results of the 

cytotoxicities which damaged the integrity of nuclear envelope and leaked into the 

nucleoplasm. We assumed that there could be another explanation in chapter 4 that 

the complexes transferred into the nuclei through the nuclear pore on the nuclear 

envelope and accumulated in the nucleolus, and therefore, triggered the apoptosis of 

cells. This kind of evidence was discovered for the two most toxic complexes Ir107 

and Ir125 that could enter into cellular nuclei when the cell looked quite healthy. 
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There would be another possiblilty that the Schiff base could interrupt the function of 

intracellular hydrolase enzymes. 

Chapter 5 compared the properties of five ruthenium(II) complexes of Ru2: 

[Ru(bpy)2DBDPPZ]2+, Ru7: [Ru(bpy)2MTPIP]2+, Ru8: [Ru(bpy)2EIPP]2+, Ru15: 

[Ru(phen)2BPDC]2+ and Ru24: [Ru(phen)2CDYMB]2+ with the ligand DBDPPZ from 

chapter 2, MTPIP and EIPP from chapter 3, CDYMB from chapter 4 and BPDC with 

two carboxyl groups. Those two positively charged ruthenium complexes indicated 

very low cytotoxicities from the cell morphology assay and MTT assay. No typical 

features of cellular apoptosis such as round and shrank cells were observed. However, 

the light IC50 value of Ru8 was excitingly obtained to be 2.33 μM upon the irradiation 

of 465 nm which was found to be one of the most promising drugs for photodynamic 

therapy (PDT) in his thesis. Charge and property relationship (CPR) was discovered 

to be the most decisive factor in the cytotoxicities of iridium and ruthenium 

complexes in this thesis which was also supported by a few of the independent 

literature papers mentioning high cytotoxicity of one positively charged ruthenium 

complex or low toxicity of two positively charged iridium complex. The DBDPPZ 

and CDYMB ligands in the ruthenium complexes Ru2 and Ru24 did not add into their 

cytotoxicity but those ligands greatly enhanced the toxicities of iridium complexes. 

The calculation of both area and number ratios of dead to live cells stained by the 

PI and calcein dyes indicated the lowest dark cytotoxicity among the ruthenium 

complexes could be Ru8 while the Ru24 and Ru7 were more toxic than others. Active 

JC-1 aggregates were maintained in the cell mitochondria and did not greatly diminish 

with the increasing concentration of ruthenium complexes. The two positive charges 

were found to play the important role in the poor cellular uptake of all the ruthenium 

complexes and the large size of phen ligand further prevented the uptake of Ru24 and 
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reduced its toxicity. The Ru2, Ru7 and Ru8 were found to distribute in fixed cells 

with much higher luminescence intensities than their corresponding iridium 

complexes of Ir115, Ir79 and Ir80 with the same N^N ligand respectively which were 

assigned to be the two positive charges in those ruthenium complexes.   

The facilitated diffusion was found to be the main passive transport for the five 

ruthenium complexes in HepG2 cells at 4 ℃ when the ATP functions were 

considered to be largely inhibited. The low temperature cellular uptake has the similar 

trend of the cytotoxicities of the five complexes, indicating the structures of 

complexes were decisive in the process of facilitated diffusion. The enormous 

difference of cellular uptake and distribution in the fixes cells remind us the normal 

protocol before the cell-image pictures of fluorescence inverse microscopes (FIM) or 

confocal laser scanning microscope (CLSM) should be cancelled or very cautiously 

handled when the luminescent metal complexes were applied. 

In chapter 6, the further structure-activity relationship (SAR) was discussed 

based on the different C^N, N^N ligands and metal cores from the previous chapters. 

The overall research scheme, results and significance were summarized. Highlights 

were listed and future research plan was also proposed. 

At last, Chapter 7 described briefly the experiment protocols and supplementary 

information for the former chapters. 

 

 

 

 

 



viii 

 

 

ACKNOWLEDGEMENTS 

During the past 44 months, I have learned quite a lot not only from the Ph.D. 

courses but the techniques of synthesis as well. There was always a grateful feeling in 

my heart during this happy and fruitful period. 

Firstly，I would like to express my deep and sincere gratitude to my supervisers 

Prof. Raymond Wai-Yeung Wong and Dr. Xunjin Zhu for their patient instructions, 

generous encouragements and insightful viewpoints. I have been benefited 

tremendously from their precious suggestions, thought-provoking discussions and 

continuous support and guidance. I learned quite a lot from the passion and 

enthusiasm, vigour and enery, responsibility and solicitude of Prof. Wong and Dr. 

Zhu. Their diligent work and positive attitude toward science, art, technology and life 

enlightened me that ascension requires dedication, conscientiousness and 

thoroughness. 

I also own a great deal to the professors and doctors for my Ph.D. course studies 

especially my co-supervisor Dr. Ren Kangning who broadened my mind and 

expended my horizon in organometallics greatly.  

    I would like to thank our research team members for their unselfish assistance 

especially Dr. X. L. Yang for his valuable advices and warm-hearted support, and Dr. 

W. H. Yu, Dr. H. Y. Zhang, Dr. C. L. Ho, Dr. P. Y. Ho, Dr. S. C. Yiu, Dr. Y. L. Lei, 

Dr. G. P. Tan, Dr. L. L. Xu, Dr. Z. Chen, Dr. Y. R. Liu, Mr. D. Tritton, Ms. M. T. Lau 

and Ms. Z. L. Guo.  



ix 

Prof. Q. L. Zhang from Shenzhen University has been helping me quite a lot in 

my bio-application experiments and research ideas. I would not have achieved any 

bio-application results without her lab and support. 

    I also appreciate very much the kindness and help from the technical staff Ms. T. 

Mo, administrative staff Ms. T. T. Tsoi of Department of Chemistry and Mr. W. H. 

Tam of Graduate School of HKBU. 

My special thankfulness goes to my dear wife Sally Y. M. Li for her endless love, 

great wisdom, excellent vision, brilliant views, constant support and sacrifice 

throughout my arduous journey. I am also very grateful for my healthy mother S. L. 

Wang and father X. K. Wang who can take good care of themselves in their 70s and 

80s, and lead a happy and colorful life without my companion. Finally, I am very 

thankful for the suggestions from my dear sister Gena H. D. Wang in the biologic 

research field. 



x 

Table of Contents 

 

DECLARATION………………………………………………………………………i 

ABSTRACT…………………………………………………………………………ii 

ACKNOWLEDGEMENTS…………………………………………………………viii 

Table of Contents……………………………………………………………………x 

List of Tables………………………………………………………………………xiii 

List of Figures………………………………………………………………………xv 

List of Schemes……………………………………………………………………ciii 

CHAPTER 1: Introduction……………………………………………………………1 

1.1 Background…………………………………………………………………1 

1.2 Transition-metal complexes as anti-tumor medicines…………………5 

1.3 Transition-metal complexes as biosensors…………….…….…………12 

1.4 Transition-metal complexes for cellular uptake and distributions..…17 

1.5 Cytotoxicities of transition-metal complexes……………………………26 

1.6 Background information on cytotoxicity tests…………………………33 

1.7 Scope of the thesis………………………………………………………43 

References……………………………………………………………………44 

CHAPTER 2: Iridium complexes with dipyrido[3,2-a:2',3'-c]phenazine based 

bipyridine ligands……………………………………………………………………58 

2.1 Introduction………………………………………………………………58 

2.2 Synthesis of four diimine ligands………………………………………60 

2.3 Synthesis of dimers and iridium complexes…………………………67 



xi 

2.4 Crystal cultivation and X-ray crystallography…………………………78 

2.5 Cyclic voltammetry (CV) of iridium complexes.………………………80 

2.6 DNA binding properties of iridium complexes…………………………84 

2.7 Cell morphology, cytotoxicities, proliferation and inhibition…………92 

2.8 Mitochondrial transmembrane potential (ΔΨM) testing, cellular uptake 

and distribution of Ir4, Ir7, Ir8, Ir115 and Ir139……………………………127 

2.9 Conclusions………………………………………………………………162 

References……………………………………………………………………170 

CHAPTER 3: Iridium complexes with 1H-imidazo[4, 5-f][1, 10]phenanthroline based 

bipyridine ligands…………………………………………………………………183 

3.1 Introduction………………………………………………………………183 

3.2 Synthesis of four diimine ligands………………………………………185 

3.3 Synthesis of dimers and iridium complexes……………………………191 

3.4 Cell morphology, cytotoxicities, proliferation and inhibition…………200 

3.5 Mitochondrial transmembrane potential (ΔΨM) testing, cellular uptake and 

distribution of Ir79, Ir80, Ir116, Ir119 and Ir134.……………………………229 

3.6 Conclusions………………………………………………………………266 

References……………………………………………………………………275 

CHAPTER 4: Iridium complexes with Schiff base bipyridine ligands……………277 

4.1 Introduction………………………………………………………………277 

4.2 Synthesis of two Schiff base diimine ligands…………………………278 

4.3 Synthesis of dimers and iridium complexes…………………………282 

4.4 Cell morphology, cytotoxicities, proliferation and inhibition…………293 

4.5 Mitochondrial transmembrane potential (ΔΨM) testing, cellular uptake and 



xii 

distribution of iridium complexes Ir105, Ir107, Ir108, Ir123, Ir125 and 

Ir133…………………………………………………………………………330 

4.6 Conclusions………………………………………………………………376 

References……………………………………………………………………384 

CHAPTER 5: Ruthenium complexes with polypyridine ligands…………………387 

5.1 Introduction………………………………………………………………387 

     5.2 Synthesis of ruthenium complexes………………………………………389 

5.3 Cell morphology, cytotoxicities, proliferation and inhibition……………397 

5.4 Mitochondrial transmembrane potential (ΔΨM) testing, cellular uptake and 

distribution of of ruthenium complexes Ru2, Ru7, Ru8, Ru15 and Ru24..…429 

5.5 Conclusions………………………………………………………………463 

References……………………………………………………………………473 

CHAPTER 6: Summary and perspective…………………………………………478 

6.1 Discussions and conclusions……………………………………………478 

6.2 Highlights and future experiments………………………………………503 

6.3 Prospects…………………………………………………………………510 

References……………………………………………………………………514 

CHAPTER 7: Experimental details and supporting information…………………520 

7.1 Introduction………………………………………………………………520 

7.2 Experimental details……………………………………………………520 

7.3 Supporting information…………………………………………………528 

References……………………………………………………………………574 

CURRICULUM VITAE……………………………………………………………576 

 



xiii 

List of Tables 

Table Caption Page 

2-1 Crystal Data and Structure Refinement for Ir139. 78 

2-2 
Electrochemical Potentials and Calculated HOMO, LUMO Energy 

Levels of Iridium(III) Complexes. 
83 

2-3 
Absorption Spectra Data and Calf Thymus DNA Binding Constants 

of Iridium Complexes. 
89 

2-4 
Emission Spectra Data and Stern-Volmer Quenching Constants of 

Iridium Complexes with CT- DNA. 
91 

6-1 The IC50 Values of Complexes from MTT Assay. 481 

6-2 
Live and Dead Assay of Complexes at 20 μM Using Calcein AM 

and PI. 
486 

6-3 

Luminescent Intensities of JC-1 Aggregates in Mitochondrial 

Transmembrane Potential (ΔΨM) Testing of Complexes, the Marked 

“complex” in Brackets Indicated the Disappearance of JC-1Red 

Dye. 

488 

6-4 
Luminescent Intensities of Complexes at Different Time and 

Concentrations in Cellular Uptake and Distribution Assay. 
491 



xiv 

6-5 

Luminescent Intensity Peak Heights of Complexes in Cellular 

Uptake and Distribution Assay of Complexes Incubated at 4 ℃ for 

60 Minutes. 

497 

6-6 
Luminescent Intensities of Complexes in Cellular Uptake and 

Distribution Assay of Complexes with Formaldehyde Fixed Cells. 
500 

S7-1 Structures of Ir139 and Check CIF/PLATON Report. 528 

S7-2 
Electrochemical Potentials and Calculated HOMO, LUMO Energy 

Levels of Iridium(III) Complexes. 
533 

S7-3 
Electrochemical Potentials and Calculated HOMO, LUMO Energy 

Levels of Iridium(III) Complexes. 
537 

S7-4 
Absorption Spectra Data and Calf Thymus DNA Binding Constants 

of Iridium Complexes. 
541 

S7-4 
Emission Spectra Data and Stern-Volmer Quenching Constants of 

Iridium Complexes with Calf Thymus DNA.. 
545 

 

 

 

 



xv 

List of Figures 

Figure Caption Page 

1-1 Therapeutic Targeting of the Hallmarks of Cancer 1 

1-2 
Anticancer platinum metallodrugs approved and in clinical trials in 

the U.S. 
2 

1-3 Schematic illustration of a multifunctional nanocomposite. 4 

1-4 

Above: number of publications of three metal complexes with 

search criteria: tumor; bottom: percentage of total publications 

(2000-May 2020) (Web of Science) 

6 

1-5 
Structures of Ru(III) complexes: NAMI-A (1), KP1019 (2a), 

NKP1339 (2b) and “piano-stool” Ru (II) complexes (3) 
7 

1-6 
Structure-activity relationships for α-oligothiophenes ruthenium(II) 

complexes. 
9 

1-7 

Synthesis of Os(II) arene sulfonamide complexes 1-8. a, 

Dichlorido-osmium pre-catalyst 1 (X = 4 - methylphenyl) is formed 

in situ en route to16-electron catalysts 2–8. (R,R)- and 

(S,S)-configured complexes were synthesized from 

enantiomerically pure ligands to yield both enantiomers of the 

phenyl-substituted complexes (2 and 4–8), and the 

10 



xvi 

methyl-substituted complex 3. b, Mirror-image ORTEP diagrams of 

the X-ray crystal structures of [Os(biphenyl)(TsDPEN)] (7), 

R,R-7·2CHCl3 (left) and its enantiomer S,S-7·2CHCl3 (right), with 

thermal ellipsoids at the 50% probability level. 

1-8 

The principle of the label-free detection of transcription factor 

activity using a combination of a luminescent ruthenium-based 

metallointercalator [Ru(phen)2- (dppz)]2+ and 3’→5’Exonuclease III. 

13 

1-9 

Phosphorescence lifetime imaging (PLIM) of labile Zn2+ in 

mitochondria via a phosphorescent Ir (III) complex Zin-IrDPA, 

DPA= bis (pyridin-2-ylmethyl)-amine. 

14 

1-10 
The Ir(III) complex chemodosimeter for Hg2+ in time-resolved 

luminescence assay and cell-imaging. 
15 

1-11 
A two-photon Ir(III) phosphorescent complex for the visualization 

of endo- genous nitric oxide in lysosomes. 
16 

1-12 
Ir (III) complexes 3a capable of distinguishing between exogenous 

and endogenous ClO- in living cells. 
17 

1-13 Schematic diagram of cellular uptake mechanisms. 18 

1-14 

(A) [Ru(DIP)2(dppz)]2+ and cellular uptake by HeLa cells. (J. K. 

Barton, et al,J. Am. Chem. Soc., 2007) (B) Three Ru(dppz)-based 

complexes containing alkyl groups of various lengt, and the effects 

19 



xvii 

of hydrophobicity on cellular localisation; the more hydrophobic 

complexes display a lower DNA accumulation in fixed, per- 

meablised CHO cells, scale bar =10m. 

1-15 

(A) [(Ru (phen)2)2 (tpphz)]4+ (B) Nuclear DNA staining of MCF-7 

cells by the dinuclear complex, as evident by MLCT luminescence 

(red). Co-staining with SYTO-9 (green) is included for reference. 

(C) A collection of cells in various stages of chromosome 

aggregation imaged by the dinuclear complex as they progress 

through the cell cycle. 

20 

1-16 

Chemical structures (left) and confocal microscopy images (right) 

of the two metal-peptide fluorophore conjugates (a: octa-arginine 

conjugate and b: octa- arginine fluoresce inconjugate) (a) displays 

only cytosolic localization, while (b) exhibits nuclear localization. 

20 

1-17 

The cell-impermeable [Ru(bpy)2(dppz)]2+ complex and PCP- 

formed lipophilic ion-pair complexes which distributed in the living 

cell nucleus via passive diffusion mechanism. 

21 

1-18 

Mechanism illustration of theranostic Ir(III) complex induced 

mitophagy and confocal images of A549 cells exposed to Ir 

complex and MTDR (Mito-Tracker Deep Red). 

22 

1-19 
Schematic representation of super-resolution tracking of 

mitochondria with an iridium(III) complex under SIM. 
23 



xviii 

1-20 
(a) Lysosome tracking Ir-Ly complex entered and accumulated in 

lysosomes. (b) Ir-Ly as OH- and H+ sensors. 
24 

1-21 

(a) Ir(III) complexes: TIr1, TIr2, TIr3, and TIr4. (b) Proposed two 

pathways of cross-linking and oxidation for protein modification in 

endoplasmic reticulum (ER) by photoactivation of Ir(III) 

complexes. (c) Two-photon optical imaging using confocal laser 

scanning microscopy. 

25 

1-22 

Comparison of cytotoxicity of [(η5-Cpx) Ir(L∧L′)Z]0/+ complexes 

against A2780 cancer cells. Potent: >50% growth inhibition at 5 

μM, Moderate: 80% to 50% growth inhibition at 50 μM, Inactive: < 

50% growth inhibition at 100 μM. 

27 

1-23 
The C, N-cyclometalated benzimidazole Ru(II) and Ir(III) 

complexes. 
29 

1-24 

Salicyl-aldimine-based Ru(II), Rh(III) and Ir(III) complexes 5-16 

with various lipophilic substituents against the breast cancer MCF7 

cell line. 

30 

1-25 
Triazolyl Ru(II), Rh(III), Os(II), and Ir(III) complexes 1a, 1b, 1c, 

1d. 
31 

1-26 
Anticancer and antibacterial activity in vitro evaluation of three 

Ir(III) polypyridyl complexes. 
32 



xix 

1-27 
Simplified Jablonski diagram for ROS through type I and type II 

photoprocesses. (a) Ir-pzpy and (b) Ir-TAP, 
33 

1-28 Structure of a typical animal cell. 34 

1-29 Detailed diagram of cell membrane. 35 

1-30 

(Left) Fibroblastic (or fibroblast-like) cells are bipolar or multipolar, 

have elongated shapes, and grow attached to a substrate. (Middle) 

Epithelial-like cells are polygonal in shape with more regular 

dimensions, and grow attached to a substrate in discrete patches. 

(Right) Lymphoblast-like cells are spherical in shape and usually 

grown in suspension without attaching to a surface. 

36 

1-31 Reagents for cell viability detection 37 

1-32 Illustration of two ways of defining EC50/IC50s. 38 

1-33 
Structures of calcein AM and PI and their mechanisms of live and 

dead cell assay. 
39 

1-34 
Schematic illustration of cationic JC-1 monomer dye (green) and 

aggregates (red) going in and out of the mitochondria. 
40 

2-1 1H NMR (400 MHz, CDCl3) spectrum of ligand T8 (DPPZ). 61 

2-2 13C NMR (100 MHz, CDCl3) spectrum of ligand T8 (DPPZ). 61 



xx 

2-3 1H NMR (400 MHz, DMSO-d6) spectrum of ligand T9 (BDPPZ). 63 

2-4 13C NMR (100 MHz, CDCl3) spectrum of ligand T9 (BDPPZ). 63 

2-5 1H NMR (400 MHz, CDCl3) spectrum of ligand T10 (MDPPZ). 64 

2-6 13C NMR (100 MHz, CDCl3) spectrum of ligand T10 (MDPPZ). 65 

2-7 1H NMR (400 MHz, CDCl3) spectrum of ligand T23 (DBDPPZ). 66 

2-8 13C NMR (100 MHz, CDCl3) spectrum of ligand T23 (DBDPPZ). 66 

2-9 1H NMR (400 MHz, DMSO-d6) spectrum of complex Ir4. 73 

2-10 13C NMR (100 MHz, DMSO-d6) spectrum of complex Ir4. 73 

2-11 1H NMR (400 MHz, CDCl3) spectrum of complex Ir7. 74 

2-12 13C NMR (100 MHz, CDCl3) spectrum of complex Ir7. 74 

2-13 1H NMR (400 MHz, CDCl3) spectrum of complex Ir8. 75 

2-14 13C NMR (100 MHz, CDCl3) spectrum of complex Ir8. 75 

2-15 1H NMR (400 MHz, CDCl3) spectrum of complex Ir115. 76 

2-16 13C NMR (100 MHz, CDCl3) spectrum of complex Ir115. 76 

2-17 1H NMR (400 MHz, CDCl3) spectrum of complex Ir139. 77 



xxi 

2-18 13C NMR (100 MHz, CDCl3) spectrum of complex Ir139. 77 

2-19 

Needle crystal picture and crystal structure of Ir139. Hydrogen 

atoms, the counter-ion (Cl-), and some solvent molecules are 

omitted for clarity. 

79 

2-20 

Cyclic voltammograms of iridium(III) complex (Ir4) with the 

concentration of 0.2 mM conducted at 100 mV/s in 0.25 M 

[NBu4][PF6] solution CH3CN with a glassy carbon working 

electrode, a platinum wire counter electrode and a saturated silver 

wire pseudo-reference electrode.  

81 

2-21 

Cyclic voltammograms of iridium(III) complex (Ir7) with the 

concentration of 0.2 mM conducted at 100 mV/s in 0.25 M 

[NBu4][PF6] solution CH3CN with a glassy carbon working 

electrode, a platinum wire counter electrode and a saturated silver 

wire pseudo-reference electrode. 

82 

2-22 

Cyclic voltammograms of iridium(III) complex (Ir8) with the 

concentration of 0.2 mM conducted at 100 mV/s in 0.25 M 

[NBu4][PF6] solution CH3CN with a glassy carbon working 

electrode, a platinum wire counter electrode and a saturated silver 

wire pseudo-reference electrode. 
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2-23 
(Left) Absorption spectra of Iridium complex Ir4 in phosphate 

buffer saline (PBS) upon addition of an increasing amount of calf 

87 
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thymus (CT) DNA. [Ir4] = 10 M, [DNA] = 0-6.0 M with the 

interval of 0.5 M, the temperature is 298 K. (Right) plots of 

[DNA] / (a-f vs. [DNA]. 

2-24 

(Left) Absorption spectra of iridium complex Ir7 in phosphate 

buffer saline (PBS) upon addition of increasing amount of calf 

thymus (CT) DNA. [Ir7] = 10 M, [DNA] = 0-6.0 M with the 

interval of 0.5 M, the temperature is 298 K. (Right) plots of 

[DNA] / (a-f vs. [DNA]. 

88 

2-25 

(Left) Absorption spectra of iridium complex Ir7 in phosphate 

buffer saline (PBS) upon addition of increasing amount of calf 

thymus (CT) DNA. [Ir7] = 10 M, [DNA] = 0-6.0 M with the 

interval of 0.5 M, the temperature is 298 K. (Right) plots of 

[DNA] / (a-f vs. [DNA]. 

88 

2-26 

(Left) Emission spectra of iridium complex Ir4 (10M) at 298 K in 

the presence of increasing concentrations of CT DNA (0-6.0 M 

with the interval of 0.5 M). (Right) The plots of relative intensity 

I0 / I vs. [DNA]. 

90 

2-27 

(Left) Emission spectra of iridium complex Ir7 (10 M) at 298 K in 

the presence of increasing concentrations of CT DNA (0-6.0 M 

with the interval of 0.5 M). (Right) The plots of relative intensity 

I0 / I vs. [DNA]. 
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2-28 (Left) Emission spectra of iridium complex Ir8 (10 M) at 298 K in 91 
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the presence of increasing concentrations of CT DNA (0-6.0 M 

with the interval of 0.5 M). (Right) The plots of relative intensity 

I0 / I vs. [DNA]. 

2-29 

Cell morphology of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir4 of different concentrations for 24 hours, a, control; b, 5 

μmol/L; c, 10 μmol/L; d, 20 μmol/L. e, f, g, h, enlarged typical areas 

of a, b, c, d (blue square frames) accordingly. The blue scale bar is 

100 μm (a, b, c, d) and 20 μm (e, f, g, h). The optical lens is of 10  

magnification in the fluorescence inverse microscope (FIM). 

94 

2-30 

Cell morphology of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir7 of different concentrations for 24 hours, a, control; b, 5 

μmol/L; c, 10 μmol/L; d, 20 μmol/L. e, f, g, h, enlarged typical areas 

of a, b, c, d (blue square frames) accordingly. The blue scale bar is 

100 μm (a, b, c, d) and 20 μm (e, f, g, h). The optical lens is of 10  

magnification in the fluorescence inverse microscope (FIM). 
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2-31 

Cell morphology of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir8 of different concentrations for 24 hours, a, control; b, 5 

μmol/L; c, 10 μmol/L; d, 20 μmol/L. e, f, g, h, enlarged typical areas 

of a, b, c, d (blue square frames) accordingly. The blue scale bar is 

100 μm (a, b, c, d) and 20 μm (e, f, g, h). The optical lens is of 10  

magnification in the fluorescence inverse microscope (FIM). 
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2-32 Cell morphology of hepatocellular carcinoma cell (Hep-G2) with 98 
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complex Ir115 of different concentrations for 24 hours, a, control; b, 

5 μmol/L; c, 10 μmol/L; d, 20 μmol/L. e, f, g, h, enlarged typical 

areas of a, b, c, d (blue square frames) accordingly. The blue scale 

bar is 100 μm (a, b, c, d) and 20 μm (e, f, g, h). The optical lens is of 

10  magnification in the fluorescence inverse microscope (FIM). 

2-33 

Cell morphology of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir139 of different concentrations for 24 hours, a, control; b, 

10 μmol/L; c, 20 μmol/L; d, 40 μmol/L. e, f, g, h, enlarged typical 

areas of a, b, c, d (blue square frames) accordingly. The blue scale 

bar is 100 μm (a, b, c, d) and 20 μm (e, f, g, h). The optical lens is of 

10  magnification in the fluorescence inverse microscope (FIM). 

99 

2-34 

MTT assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir4, Ir7, Ir8, Ir115 and Ir139 of different concentrations: 0, 

2.5, 5, 10, 15, 20, 30, 40 and 50 μmol/L in 96-well plates. Each 

concentration has 6 repeat wells. The five 96-well plates show the 

results of the cleavage of yellow tetrazolium salt MTT into purple 

formazan crystals after adding different complexes for 24 hours. 

101 

2-35 

Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) 

with complexes Ir4, Ir7, Ir8, Ir115 and Ir139 of different 

concentrations, 0, 2.5, 5, 10, 15, 20, 30, 40 and 50 μmol/L. Yellow 

tetrazolium salt MTT was used to quantify the viable cells by a 

scanning multiwell spectrophotometer (ELISA reader). 

102 
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2-36 

Cell viability assay of hepatocellular carcinoma cell (Hep-G2) with 

complexes Ir4, Ir7, Ir8, Ir115 and Ir139 of different concentrations, 

0, 2.5, 5, 10, 15, 20, 30, 40 and 50 μmol/L. IC50 (half maximal 

inhibitory concentration) value was obtained from inhibition and 

concentration curve by absorbance of purple formazan crystals at 

570 nm wavelength. 

103 

2-37 

MTT assay of hepatocellular carcinoma cell (Hep-G2) with 

complexes Ir7, Ir8 and Ir115 of different concentrations: 0, 0.5, 1, 2, 

3, 4, 6, 8 and 10 μmol/L in 96-well plate. Each concentration has 6 

repeat wells. The three 96-well plates show the results of the 

cleavage of yellow tetrazolium salt MTT into purple formazan 

crystals after adding different complexes for 24 hours. 

104 

2-38 

Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) 

with complex Ir7, Ir8 and Ir115 of different concentrations, 0, 0.5, 

1, 2, 3, 4, 6, 8 and 10 μmol/L. Yellow tetrazolium salt MTT was 

used to quantify the viable cells by a scanning multiwell 

spectrophotometer (ELISA reader). 

105 

2-39 

Cell viability assay of hepatocellular carcinoma cell (Hep-G2) with 

complexes Ir7, Ir8 and Ir115 of different concentrations, 0, 0.5, 1, 2, 

3, 4, 6, 8 and 10 μmol/L. IC50 (half maximal inhibitory 

concentration) value was obtained from inhibition and concentration 

curve by absorbance of purple formazan crystals at 570 nm 

wavelength. 

106 
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2-40 

MTT assay of hepatocellular carcinoma cell (Hep-G2) with 

complexes Ir115 and Ir139 of different concentrations: 0, 0.5, 1, 2, 

3, 4, 6, 8 and 10 μmol/L under 465 nm irradiation (13 mW/cm2) for 

30 minutes in 96-well plates. Each concentration has 6 repeat wells. 

The 96-well plates show the results of the cleavage of yellow 

tetrazolium salt MTT into purple formazan crystals after addition of 

different complexes for 24 hours. 
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2-41 

Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) 

with complexes Ir115 and Ir139 of different concentrations of 0, 

0.5, 1, 2, 3, 4, 6, 8 and 10 μmol/L and 0, 2.5, 5, 10, 15, 20, 30, 40 

and 50 μmol/L correspondingly under 465 nm irradiation (13 

mW/cm2) for 30 minutes. Yellow tetrazolium salt MTT was used to 

quantify the viable cells by a scanning multiwell spectrophotometer 

(ELISA reader). 
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2-42 

Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) 

with complexes Ir115 and Ir139 of different concentrations, 0, 0.5, 

1, 2, 3, 4, 6, 8 and 10 μmol/L under 465 nm irradiation (13 

mW/cm2) for 30 minutes. IC50 (half maximal inhibitory 

concentration) value was obtained from inhibition and concentration 

curve by absorbance of purple formazan crystals at 570 nm 

wavelength. 
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2-43 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 110 
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incubation with complex Ir4 of different concentrations for 24 

hours. a, e, control; b, f, 5 μmol/L; c, g, 10 μmol/L; d, h, 20 μmol/L. 

a, b, c, d, calcein AM dye (green) for live cells, excitation/emission: 

485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye (red) for dead 

cells, excitation/emission: 530 nm / 620 nm. The yellow scale bar is 

200 μm. The optical lens is of 4  magnification in the fluorescence 

inverse microscope (FIM). 

2-44 

Left: Area proportion of calcein AM and propidium iodide (PI) dyes 

to the whole pictures of hepatocellular carcinoma cell (Hep-G2) 

with complex Ir4 of different concentrations. The areas of green / 

red colors were calculated by photoshop software. Right: Cell 

numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir4. The 

numbers of cells with green or red colors were calculated by ImageJ 

software. 
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2-45 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir4 of different concentrations, a, b, control; c, d, 5 

μmol/L; e, f, 10 μmol/L; g, h, 20 μmol/L. a, c, e, g, calcein AM dye 

(green) for live cells, excitation / emission: 485 nm / 535 nm. b, d, f, 

h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical 

areas of a, b, c, d, e, f, g, h (yellow square frames) accordingly. The 

yellow scale bar is 100 μm (a, b, c, d, e, f, g, h) and 20 μm (i, j, k, l, 

111 
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m, n, o, p). The optical lens is of 10  magnification in the 

fluorescence inverse microscope (FIM). 

2-46 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir7 of different concentrations for 24 

hours. a, e, control; b, f, 5 μmol/L; c, g, 10 μmol/L; d, h, 20 μmol/L. 

a, b, c, d, calcein AM dye (green) for live cells, excitation/emission: 

485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye (red) for dead 

cells, excitation/emission: 530 nm / 620 nm. The yellow scale bar is 

200 μm. The optical lens is of 4  magnification in the fluorescence 

inverse microscope (FIM). 
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2-47 

Left: Area proportion of calcein AM and propidium iodide (PI) dyes 

to the whole pictures of hepatocellular carcinoma cell (Hep-G2) 

with complex Ir7 of different concentrations. The areas of green / 

red colors were calculated by photoshop software. Right: Cell 

numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir7. The 

numbers of cells with green or red colors were calculated by ImageJ 

software. 
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2-48 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir7 of different concentrations, a, b, control; c, d, 5 

μmol/L; e, f, 10 μmol/L; g, h, 20 μmol/L. a, c, e, g, calcein AM dye 

(green) for live cells, excitation / emission: 485 nm / 535 nm. b, d, f, 

h, propidium iodide (PI) dye (red) for dead cells, excitation / 

114 
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emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical 

areas of a, b, c, d, e, f, g, h (yellow square frames) accordingly. The 

yellow scale bar is 100 μm (a, b, c, d, e, f, g, h) and 20 μm (i, j, k, l, 

m, n, o, p). The optical lens is of 10  magnification in the 

fluorescence inverse microscope (FIM). 

2-49 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir8 of different concentrations for 24 

hours. a, e, control; b, f, 5 μmol/L; c, g, 10 μmol/L; d, h, 20 μmol/L. 

a, b, c, d, calcein AM dye (green) for live cells, excitation/emission: 

485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye (red) for dead 

cells, excitation/emission: 530 nm / 620 nm. The yellow scale bar is 

200 μm. The optical lens is of 4  magnification in the fluorescence 

inverse microscope (FIM). 

115 

2-50 

Left: Area proportion of calcein AM and propidium iodide (PI) dyes 

to the whole pictures of hepatocellular carcinoma cell (Hep-G2) 

with complex Ir8 of different concentrations. The areas of green / 

red colors were calculated by photoshop software. Right: Cell 

numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir8. The 

numbers of cells with green or red colors were calculated by ImageJ 

software. 
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2-51 
Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir8 of different concentrations, a, b, control; c, d, 5 

117 
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μmol/L; e, f, 10 μmol/L; g, h, 20 μmol/L. a, c, e, g, calcein AM dye 

(green) for live cells, excitation / emission: 485 nm / 535 nm. b, d, f, 

h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical 

areas of a, b, c, d, e, f, g, h (yellow square frames) accordingly. The 

yellow scale bar is 100 μm (a, b, c, d, e, f, g, h) and 20 μm (i, j, k, l, 

m, n, o, p). The optical lens is of 10  magnification in the 

fluorescence inverse microscope (FIM). 

2-52 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir115 of different concentrations for 24 

hours. a, e, control; b, f, 5 μmol/L; c, g, 10 μmol/L; d, h, 20 μmol/L. 

a, b, c, d, calcein AM dye (green) for live cells, excitation/emission: 

485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye (red) for dead 

cells, excitation/emission: 530 nm / 620 nm. The yellow scale bar is 

200 μm. The optical lens is of 4  magnification in the fluorescence 

inverse microscope (FIM). 
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2-53 

Left: Area proportion of calcein AM and propidium iodide (PI) dyes 

to the whole pictures of hepatocellular carcinoma cell (Hep-G2) 

with complex Ir115 of different concentrations. The areas of green / 

red colors were calculated by photoshop software. Right: Cell 

numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir115. The 

numbers of cells with green or red colors were calculated by ImageJ 

software. 
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2-54 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with 120 
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complex Ir115 of different concentrations, a, b, control; c, d, 5 

μmol/L; e, f, 10 μmol/L; g, h, 20 μmol/L. a, c, e, g, calcein AM dye 

(green) for live cells, excitation / emission: 485 nm / 535 nm. b, d, f, 

h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical 

areas of a, b, c, d, e, f, g, h (yellow square frames) accordingly. The 

yellow scale bar is 100 μm (a, b, c, d, e, f, g, h) and 20 μm (i, j, k, l, 

m, n, o, p). The optical lens is of 10  magnification in the 

fluorescence inverse microscope (FIM). 

2-55 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir139 of different concentrations for 24 

hours. a, e, control; b, f, 10 μmol/L; c, g, 20 μmol/L; d, h, 40 

μmol/L. a, b, c, d, calcein AM dye (green) for live cells, 

excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide 

(PI) dye (red) for dead cells, excitation/emission: 530 nm / 620 nm. 

The yellow scale bar is 200 μm. The optical lens is of 4  

magnification in the fluorescence inverse microscope (FIM). 

122 
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Left: Area proportion of calcein AM and propidium iodide (PI) dyes 

to the whole pictures of hepatocellular carcinoma cell (Hep-G2) 

with complex Ir139 of different concentrations. The areas of green / 

red colors were calculated by photoshop software. Right: Cell 

numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir139. The 

123 
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numbers of cells with green or red colors were calculated by ImageJ 

software. 

2-57 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir139 of different concentrations, a, b, control; c, d, 10 

μmol/L; e, f, 20 μmol/L; g, h, 40 μmol/L. a, c, e, g, calcein AM dye 

(green) for live cells, excitation / emission: 485 nm / 535 nm. b, d, f, 

h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical 

areas of a, b, c, d, e, f, g, h (yellow square frames) accordingly. The 

yellow scale bar is 100 μm (a, b, c, d, e, f, g, h) and 20 μm (i, j, k, l, 

m, n, o, p). The optical lens is of 10  magnification in the 

fluorescence inverse microscope (FIM). 
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2-58 

Color area and cell number ratios of dead to live hepatocellular 

carcinoma (Hep-G2) cell lines, live cell shrinkage and swelling 

degree with complexes Ir4, Ir7, Ir8, Ir115 and Ir139 at different 

concentrations. All were calculated by ImageJ software. 
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2-59 

Mitochondrial membrane potential control assay based on JC-1 dye 

staining in hepatocellular carcinoma cell (Hep-G2) without metal 

complex. 
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Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir4 (5 

μmol / L, 15 hours). 

130 
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2-61 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir4 (20 

μmol/L, 15 hours). 

131 

2-62 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir4 of 

different concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 

fluorescence ratio (Red: Green); Right, Li's Intensity Correlation 

Analysis (ICA): Intensity Correlation Quotient (ICQ). ICQ ~ 0, 

random staining; 0 > ICQ ≥ -0.5, segregated staining; 0 < ICQ ≤ 

+0.5, dependent staining. 

132 

2-63 

Cellular uptake and distribution of complex Ir4 (a, b, e, f, i, j: 20 

μmol/L; m, n: 40 μmol/L) in hepatocellular carcinoma cell 

(Hep-G2) for 15 minutes (a, b), 40 minutes (e, f), 120 minutes (i, j, 

m, n) at 37.5 ℃. 
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2-64 
Cellular uptake and distribution of complex Ir4 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) for 60 minutes at 4 ℃. 
135 

2-65 

Cellular uptake and distribution of complex Ir4 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 

30 minutes at 37.5 ℃. 
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2-66 
Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir7 (5 

137 
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μmol/L, 15 hours). 

2-67 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir7 (20 

μmol/L, 15 hours). 

139 

2-68 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir7 of 

different concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 

fluorescence ratio (Red: Green); Right, Li's Intensity Correlation 

Analysis (ICA): Intensity Correlation Quotient (ICQ). ICQ ~ 0, 

random staining; 0 > ICQ ≥ -0.5, segregated staining; 0 < ICQ ≤ 

+0.5, dependent staining. 
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2-69 

Cellular uptake and distribution of complex Ir7 (a, b, e, f, i, j: 20 

μmol/L; m, n: 40 μmol/L) in hepatocellular carcinoma cell 

(Hep-G2) for 15 minutes (a, b), 40 minutes (e, f), 120 minutes (i, j, 

m, n) at 37.5 ℃. 

141 

2-70 
Cellular uptake and distribution of complex Ir7 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) for 60 minutes at 4 ℃. 
142 

2-71 

Cellular uptake and distribution of complex Ir7 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 

30 minutes at 37.5 ℃. 

143 

2-72 Mitochondrial membrane potential assay based on JC-1 dye staining 144 
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in hepatocellular carcinoma cell (Hep-G2) with complex Ir8 (5 

μmol/L, 15 hours). 

2-73 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir8 (20 

μmol/L, 15 hours). 

145 

2-74 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir8 of 

different concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 

fluorescence ratio (Red: Green); Right, Li's Intensity Correlation 

Analysis (ICA): Intensity Correlation Quotient (ICQ). ICQ ~ 0, 

random staining; 0 > ICQ ≥ -0.5, segregated staining; 0 < ICQ ≤ 

+0.5, dependent staining. 
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2-75 

Cellular uptake and distribution of complex Ir8 (a, b, e, f, i, j: 20 

μmol/L; m, n: 40 μmol/L) in hepatocellular carcinoma cell 

(Hep-G2) for 15 minutes (a, b), 40 minutes (e, f), 120 minutes (i, j, 

m, n) at 37.5 ℃. 
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2-76 
Cellular uptake and distribution of complex Ir8 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) for 60 minutes at 4 ℃. 
148 

2-77 

Cellular uptake and distribution of complex Ir8 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 

30 minutes at 37.5 ℃. 

149 



xxxvi 

2-78 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir115 (5 

μmol/L, 15 hours). 
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2-79 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir115 (20 

μmol/L, 15 hours). 
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2-80 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir115 of 

different concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 

fluorescence ratio (Red: Green); Right, Li's Intensity Correlation 

Analysis (ICA): Intensity Correlation Quotient (ICQ). ICQ ~ 0, 

random staining; 0 > ICQ ≥ -0.5, segregated staining; 0 < ICQ ≤ 

+0.5, dependent staining. 
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2-81 

Cellular uptake and distribution of complex Ir115 (a, b, e, f, i, j: 20 

μmol/L; m, n: 40 μmol/L) in hepatocellular carcinoma cell 

(Hep-G2) for 15 minutes (a, b), 40 minutes (e, f), 120 minutes (i, j, 

m, n) at 37.5 ℃. 

153 

2-82 
Cellular uptake and distribution of complex Ir115 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) for 60 minutes at 4 ℃. 
154 

2-83 
Cellular uptake and distribution of complex Ir115 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 

155 
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30 minutes at 37.5 ℃. 

2-84 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir139 (5 

μmol/L, 15 hours). 
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2-85 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir139 (20 

μmol/L, 15 hours). 
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2-86 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir139 of 

different concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 

fluorescence ratio (Red: Green); Right, Li's Intensity Correlation 

Analysis (ICA): Intensity Correlation Quotient (ICQ). ICQ ~ 0, 

random staining; 0 > ICQ ≥ -0.5, segregated staining; 0 < ICQ ≤ 

+0.5, dependent staining. 
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2-87 

Cellular uptake and distribution of complex Ir139 (a, b, e, f, i, j: 20 

μmol/L; m, n: 40 μmol/L) in hepatocellular carcinoma cell 

(Hep-G2) for 15 minutes (a, b), 40 minutes (e, f), 120 minutes (i, j, 

m, n) at 37.5 ℃. 

159 

2-88 
Cellular uptake and distribution of complex Ir139 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) for 60 minutes at 4 ℃. 
161 

2-89 Cellular uptake and distribution of complex Ir139 (15 μmol/L) in 162 



xxxviii 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 

30 minutes at 37.5 ℃. 

2-90 

Mitochondrial transmembrane potential (ΔΨM) assay based on JC-1 

dye staining in hepatocellular carcinoma cell (Hep-G2) with 

complexes Ir4, Ir7, Ir8, Ir115, Ir139 (0, 5, 10, 20 μmol/L, 15 hours). 

Luminescence intensity profiles of JC-1 and Ir(III) complexes 

calculated by ImageJ software. 

164 

2-91 

Fluorescence intensities obtained from profiles in Fig. 2-97 of 

mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complexes Ir4, Ir7, 

Ir8, Ir115, Ir139 (0, 5, 10, 20 μmol/L, 15 hours). 

164 

2-92 

Cellular uptake and distribution of complexes Ir4, Ir7, Ir8, Ir115 and 

Ir139 (15, 40 and 120 min incubation of 20 μmol/L, 120 min 

incubation of 40 μmol/L). Luminescence intensity profiles 

calculated by ImageJ software. 
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2-93 

Left: Fluorescence intensities obtained from profiles in Fig. 2-99 of 

cellular uptake and distribution assay in hepatocellular carcinoma 

cell (Hep-G2) with complexes Ir4, Ir7, Ir8, Ir115, Ir139 for 15, 40 

and 120 min incubation of 20 μmol/L, and 120 min incubation of 40 

μmol/L. Right: Fluorescence intensities of the five complexes of 40 

μmol/L with cells for 120 min incubation. 
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2-94 
Luminescence intensity profile of complexes Ir4, Ir7, Ir8, Ir115 and 

Ir139 in the cellular uptake and distribution at 4 ℃ for 60 minutes 

167 
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calculated by ImageJ software. 

2-95 

Cellular uptake and distribution of complexes Ir4, Ir7, Ir8, Ir115 and 

Ir139 (15 μmol/L) in paraformaldehyde fixed hepatocellular 

carcinoma cell (Hep-G2) for 30 minutes at 37.5 ℃. Intensity 

profiles of complexes luminescence calculated by ImageJ software. 

168 

3-1 1H NMR (400 MHz, DMSO-d6) spectrum of ligand T5 (EIPP). 186 

3-2 13C NMR (100 MHz, DMSO-d6) spectrum of ligand T5 (EIPP). 186 

3-3 1H NMR (400 MHz, DMSO-d6) spectrum of ligand T6 (MTPIP). 188 

3-4 13C NMR (100 MHz, CDCl3) spectrum of ligand T6 (MTPIP). 188 

3-5 1H NMR (400 MHz, DMSO-d6) spectrum of ligand T25 (PPIP). 190 

3-6 13C NMR (100 MHz, CDCl3) spectrum of ligand T25 (PPIP). 191 

3-7 1H NMR (400 MHz, CDCl3) spectrum of complex Ir79. 195 

3-8 13C NMR (100 MHz, CDCl3) spectrum of complex Ir79. 195 

3-9 1H NMR (400 MHz, MeOD) spectrum of complex Ir80. 196 

3-10 13C NMR (100 MHz, MeOD) spectrum of complex Ir80. 196 

3-11 1H NMR (400 MHz, MeOD) spectrum of complex Ir116. 197 
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3-12 13C NMR (100 MHz, MeOD) spectrum of complex Ir116. 197 

3-13 1H NMR (400 MHz, MeOD) spectrum of complex Ir119. 198 

3-14 13C NMR (100 MHz, MeOD) spectrum of complex Ir119. 198 

3-15 1H NMR (400 MHz, MeOD) spectrum of complex Ir134. 199 

3-16 13C NMR (100 MHz, MeOD) spectrum of complex Ir134. 199 

3-17 

Cell morphology of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir79 of different concentrations for 24 hours, a, control; b, 

10 μmol/L; c, 20 μmol/L; d, 40 μmol/L. e, f, g, h, enlarged typical 

areas of a, b, c, d (blue square frames) accordingly. 

200 

3-18 

Cell morphology of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir80 of different concentrations for 24 hours, a, control; b, 

10 μmol/L; c, 20 μmol/L; d, 40 μmol/L. e, f, g, h, enlarged typical 

areas of a, b, c, d (blue square frames) accordingly. 
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3-19 

Cell morphology of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir116 of different concentrations for 24 hours, a, control; b, 

5 μmol/L; c, 10 μmol/L; d, 20 μmol/L. e, f, g, h, enlarged typical 

areas of a, b, c, d (blue square frames) accordingly. 
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3-20 
Cell morphology of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir119 of different concentrations for 24 hours, a, control; b, 
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10 μmol/L; c, 20 μmol/L; d, 40 μmol/L. e, f, g, h, enlarged typical 

areas of a, b, c, d (blue square frames) accordingly. 

3-21 

Cell morphology of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir134 of different concentrations for 24 hours, a, control; b, 

10 μmol/L; c, 20 μmol/L; d, 40 μmol/L. e, f, g, h, enlarged typical 

areas of a, b, c, d (blue square frames) accordingly. 
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3-22 

MTT assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir79, Ir80, Ir116, Ir119 and Ir134 of different 

concentrations: 0, 2.5, 5, 10, 15, 20, 30, 40 and 50 μmol/L in 

96-well plates. Each concentration has 6 repeat wells. The five 

96-well plates show the results of the cleavage of yellow 

tetrazolium salt MTT into purple formazan crystals after adding 

different complexes for 24 hours. 
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3-23 

Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) 

with complex Ir79, Ir80, Ir116, Ir119 and Ir134 of different 

concentrations, 0, 2.5, 5, 10, 15, 20, 30, 40 and 50 μmol/L. Yellow 

tetrazolium salt MTT was used to quantify the viable cells by a 

scanning multiwell spectrophotometer (ELISA reader). 

206 

3-24 

Cell viability assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir79, Ir80, Ir116, Ir119 and Ir134 of different 

concentrations, 0, 2.5, 5, 10, 15, 20, 30, 40 and 50 μmol/L. IC50 

(half maximal inhibitory concentration) value was obtained from 

207 
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inhibition and concentration curve by absorbance of purple 

formazan crystals at 570 nm wavelength. 

3-25 

MTT assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir 80 and Ir119 of different concentrations: 0, 2.5, 5, 10, 

15, 20, 30, 40 and 50 μmol/L under 465 nm irradiation (13 

mW/cm2) for 30 minutes in 96-well plates. Each concentration has 6 

repeat wells. The 96-well plate show the results of the cleavage of 

yellow tetrazolium salt MTT into purple formazan crystals after 

adding different complexes for 24 hours. 
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3-26 

Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) 

with complex Ir80 and Ir119 of different concentrations, 0, 2.5, 5, 

10, 15, 20, 30, 40 and 50 μmol/L under 465 nm irradiation (13 

mW/cm2) for 30 minutes. Yellow tetrazolium salt MTT was used to 

quantify the viable cells by a scanning multiwell spectrophotometer 

(ELISA reader). 
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3-27 

Cell viability assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir80 and Ir119 of different concentrations, 0, 2.5, 5, 10, 15, 

20, 30, 40 and 50 μmol/L under 465 nm irradiation (13 mW/cm2) 

for 30 minutes. IC50 (half maximal inhibitory concentration) value 

was obtained from inhibition and concentration curve by absorbance 

of purple formazan crystals at 570 nm wavelength. 

209 

3-28 MTT assay of hepatocellular carcinoma cell (Hep-G2) with 210 
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complex Ir 80 of different concentrations: 0, 2.5, 5, 10, 15, 20, 30, 

40 and 50 μmol/L under 630 nm irradiation (13 mW/cm2) for 30 

minutes in 96-well plates. Each concentration has 6 repeat wells. 

The 96-well plate show the results of the cleavage of yellow 

tetrazolium salt MTT into purple formazan crystals after adding of 

different complexes for 24 hours. 

3-29 

Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) 

with complex Ir80 of different concentrations, 0, 2.5, 5, 10, 15, 20, 

30, 40 and 50 μmol/L under 630 nm irradiation (13 mW/cm2) for 30 

minutes. Yellow tetrazolium salt MTT was used to quantify the 

viable cells by a scanning multiwell spectrophotometer (ELISA 

reader). 

211 

3-30 

Cell viability assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir80 of different concentrations, 0, 2.5, 5, 10, 15, 20, 30, 

40 and 50 μmol/L under 630 nm irradiation (13 mW/cm2) for 30 

minutes. IC50 (half maximal inhibitory concentration) value was 

obtained from inhibition and concentration curve by absorbance of 

purple formazan crystals at 570 nm wavelength. 

212 

3-31 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir79 of different concentrations for 24 

hours. a, e, control; b, f, 10 μmol/L; c, g, 20 μmol/L; d, h, 40 

μmol/L. a, b, c, d, calcein AM dye (green) for live cells, 

excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide 

213 
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(PI) dye (red) for dead cells, excitation/emission: 530 nm / 620 nm. 

3-32 

Left: Area proportion of calcein AM and propidium iodide (PI) dyes 

to the whole pictures of hepatocellular carcinoma cell (Hep-G2) 

with complex Ir79 of different concentrations. The areas of green / 

red colors were calculated by photoshop software. Right: Cell 

numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir79. 
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3-33 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir79 of different concentrations, a, b, control; c, d, 10 

μmol/L; e, f, 20 μmol/L; g, h, 40 μmol/L. a, c, e, g, calcein AM dye 

(green) for live cells, excitation / emission: 485 nm / 535 nm. b, d, f, 

h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical 

areas of a, b, c, d, e, f, g, h (yellow square frames) accordingly. 
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3-34 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir80 of different concentrations for 24 

hours. a, e, control; b, f, 10 μmol/L; c, g, 20 μmol/L; d, h, 40 

μmol/L. a, b, c, d, calcein AM dye (green) for live cells, 

excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide 

(PI) dye (red) for dead cells, excitation/emission: 530 nm / 620 nm. 

216 

3-35 
Left: Area proportion of calcein AM and propidium iodide (PI) dyes 

to the whole pictures of hepatocellular carcinoma cell (Hep-G2) 

217 
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with complex Ir80 of different concentrations. The areas of green / 

red colors were calculated by photoshop software. Right: Cell 

numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir80. 

3-36 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir80 of different concentrations, a, b, control; c, d, 10 

μmol/L; e, f, 20 μmol/L; g, h, 40 μmol/L. a, c, e, g, calcein AM dye 

(green) for live cells, excitation / emission: 485 nm / 535 nm. b, d, f, 

h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical 

areas of a, b, c, d, e, f, g, h (yellow square frames) accordingly. 

218 

3-37 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir116 of different concentrations for 24 

hours. a, e, control; b, f, 5 μmol/L; c, g, 100 μmol/L; d, h, 20 

μmol/L. a, b, c, d, calcein AM dye (green) for live cells, 

excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide 

(PI) dye (red) for dead cells, excitation/emission: 530 nm / 620 nm. 

219 

3-38 

Left: Area proportion of calcein AM and propidium iodide (PI) dyes 

to the whole pictures of hepatocellular carcinoma cell (Hep-G2) 

with complex Ir116 of different concentrations. The areas of green / 

red colors were calculated by photoshop software. Right: Cell 

numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir116. 
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3-39 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir116 of different concentrations, a, b, control; c, d, 5 

μmol/L; e, f, 10 μmol/L; g, h, 20 μmol/L. a, c, e, g, calcein AM dye 

(green) for live cells, excitation / emission: 485 nm / 535 nm. b, d, f, 

h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical 

areas of a, b, c, d, e, f, g, h (yellow square frames) accordingly. 
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3-40 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir119 of different concentrations for 24 

hours. a, e, control; b, f, 10 μmol/L; c, g, 20 μmol/L; d, h, 40 

μmol/L. a, b, c, d, calcein AM dye (green) for live cells, 

excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide 

(PI) dye (red) for dead cells, excitation/emission: 530 nm / 620 nm. 
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3-41 

Left: Area proportion of calcein AM and propidium iodide (PI) dyes 

to the whole pictures of hepatocellular carcinoma cell (Hep-G2) 

with complex Ir119 of different concentrations. The areas of green / 

red colors were calculated by photoshop software. Right: Cell 

numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir119. 
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3-42 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir119 of different concentrations, a, b, control; c, d, 10 

μmol/L; e, f, 20 μmol/L; g, h, 40 μmol/L. a, c, e, g, calcein AM dye 

223 
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(green) for live cells, excitation / emission: 485 nm / 535 nm. b, d, f, 

h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical 

areas of a, b, c, d, e, f, g, h (yellow square frames) accordingly. 

3-43 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir134 of different concentrations for 24 

hours. a, e, control; b, f, 10 μmol/L; c, g, 20 μmol/L; d, h, 40 

μmol/L. a, b, c, d, calcein AM dye (green) for live cells, 

excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide 

(PI) dye (red) for dead cells, excitation/emission: 530 nm / 620 nm. 

224 

3-44 

Left: Area proportion of calcein AM and propidium iodide (PI) dyes 

to the whole pictures of hepatocellular carcinoma cell (Hep-G2) 

with complex Ir134 of different concentrations. The areas of green / 

red colors were calculated by photoshop software. Right: Cell 

numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir134. 
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3-45 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir134 of different concentrations, a, b, control; c, d, 10 

μmol/L; e, f, 20 μmol/L; g, h, 40 μmol/L. a, c, e, g, calcein AM dye 

(green) for live cells, excitation / emission: 485 nm / 535 nm. b, d, f, 

h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical 

areas of a, b, c, d, e, f, g, h (yellow square frames) accordingly. 
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3-46 

Color area and cell number ratios of dead to live hepatocellular 

carcinoma (Hep-G2) cell lines, live cell shrinkage and swelling 

degree with complexes Ir79, Ir80, Ir116, Ir119 and Ir134 at different 

concentrations. All were calculated by ImageJ software. 
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3-47 

Mitochondrial membrane potential control assay based on JC-1 dye 

staining in hepatocellular carcinoma cell (Hep-G2) without metal 

complex. 
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3-48 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir79 (5 

μmol/L, 15 hours). 
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3-49 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir79 (20 

μmol/L, 15 hours). 

233 

3-50 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir79 of 

different concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 

fluorescence ratio (Red:Green); Right, Li's Intensity Correlation 

Analysis (ICA): Intensity Correlation Quotient (ICQ). 

234 

3-51 

Cellular uptake and distribution of complex Ir79 (a, b, e, f, i, j: 20 

μmol/L; m, n: 40 μmol/L) in hepatocellular carcinoma cell 

(Hep-G2) for 15 minutes. 

235 



xlix 

3-52 
Cellular uptake and distribution of complex Ir79 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) for 60 minutes at 4 ℃. 
237 

3-53 

Cellular uptake and distribution of complex Ir79 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 

30 minutes at 37.5 ℃. 

238 

3-54 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir80 (5 

μmol/L, 15 hours). 
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3-55 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir80 (20 

μmol/L, 15 hours). 

241 

3-56 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir80 of 

different concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 

fluorescence ratio (Red:Green); Right, Li's Intensity Correlation 

Analysis (ICA): Intensity Correlation Quotient (ICQ). ICQ ~ 0, 

random staining; 0 > ICQ ≥ -0.5, segregated staining; 0 < ICQ ≤ 

+0.5, dependent staining. 

242 

3-57 

Cellular uptake and distribution of complex Ir80 (a, b, e, f, i, j: 20 

μmol/L; m, n: 40 μmol/L) in hepatocellular carcinoma cell 

(Hep-G2) for 15 minutes (a, b), 40 minutes (e, f), 120 minutes (i, j, 
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m, n) at 37.5 ℃. 

3-58 
Cellular uptake and distribution of complex Ir80 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) for 60 minutes at 4 ℃. 
244 

3-59 

Cellular uptake and distribution of complex Ir80 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 

30 minutes at 37.5 ℃. 
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3-60 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir116 (5 

μmol/L, 15 hours). 
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3-61 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir116 (20 

μmol/L, 15 hours). 

248 

3-62 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir116 of 

different concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 

fluorescence ratio (Red:Green); Right, Li's Intensity Correlation 

Analysis (ICA): Intensity Correlation Quotient (ICQ). ICQ ~ 0, 

random staining; 0 > ICQ ≥ -0.5, segregated staining; 0 < ICQ ≤ 

+0.5, dependent staining. 
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3-63 
Cellular uptake and distribution of complex Ir116 (a, b, e, f, i, j: 20 

μmol/L; m, n: 40 μmol/L) in hepatocellular carcinoma cell 

250 
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(Hep-G2) for 15 minutes (a, b), 40 minutes (e, f), 120 minutes (i, j, 

m, n) at 37.5 ℃. 

3-64 
Cellular uptake and distribution of complex Ir116 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) for 60 minutes at 4 ℃. 
251 

3-65 

Cellular uptake and distribution of complex Ir116 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 

30 minutes at 37.5 ℃. 
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3-66 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir119 (5 

μmol/L, 15 hours). 
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3-67 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir119 (20 

μmol/L, 15 hours). 

254 

3-68 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir119 of 

different concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 

fluorescence ratio (Red:Green); Right, Li's Intensity Correlation 

Analysis (ICA): Intensity Correlation Quotient (ICQ). 
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3-69 

Cellular uptake and distribution of complex Ir119 (a, b, e, f, i, j: 20 

μmol/L; m, n: 40 μmol/L) in hepatocellular carcinoma cell 

(Hep-G2) for 15 minutes (a, b), 40 minutes (e, f), 120 minutes (i, j, 
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m, n) at 37.5 ℃. 

3-70 
Cellular uptake and distribution of complex Ir119 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) for 60 minutes at 4 ℃. 
258 

3-71 

Cellular uptake and distribution of complex Ir119 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 

30 minutes at 37.5 ℃. 
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3-72 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir134 (5 

μmol/L, 15 hours). 

260 

3-73 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir134 (20 

μmol/L, 15 hours). 

262 

3-74 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir134 of 

different concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 

fluorescence ratio (Red:Green); Right, Li's Intensity Correlation 

Analysis (ICA): Intensity Correlation Quotient (ICQ). 
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3-75 

Cellular uptake and distribution of complex Ir134 (a, b, e, f, i, j: 20 

μmol/L; m, n: 40 μmol/L) in hepatocellular carcinoma cell 

(Hep-G2) for 15 minutes (a, b), 40 minutes (e, f), 120 minutes (i, j, 

m, n) at 37.5 ℃. 

263 



liii 

3-76 
Cellular uptake and distribution of complex Ir134 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) for 60 minutes at 4 ℃. 
264 

3-77 

Cellular uptake and distribution of complex Ir134 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 

30 minutes at 37.5 ℃. 

266 

3-78 

Mitochondrial transmembrane potential (ΔΨM) assay based on JC-1 

dye staining in hepatocellular carcinoma cell (Hep-G2) with 

complexes Ir79, Ir80, Ir116, Ir119 and Ir134 (0, 5, 10 and 20 

μmol/L, 15 hours). Luminescence intensity profiles of JC-1 and 

Ir(III) complexes calculated by ImageJ software. 

267 

3-79 

Fluorescence intensities obtained from profiles in Fig. 3-78 of 

mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complexes Ir79, 

Ir80, Ir116, Ir119 and Ir134 (0, 5, 10 and 20 μmol/L, 15 hours). 

269 

3-80 

Cellular uptake and distribution of complexes Ir79, Ir80, Ir116, 

Ir119 and Ir134 (15, 40 and 120 min incubation of 20 μmol/L, 120 

min incubation of 40 μmol/L). Luminescence intensity profiles 

calculated by ImageJ software. 
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3-81 

Left: Fluorescence intensities obtained from profiles in Fig. 3-80 of 

cellular uptake and distribution assay in hepatocellular carcinoma 

cell (Hep-G2) with complexes Ir79, Ir80, Ir116, Ir119 and Ir134 for 

271 
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15, 40 and 120 min incubation of 20 μmol/L, and 120 min 

incubation of 40 μmol/L. Right: Fluorescence intensities of the five 

complexes of 40 μmol/L with cells for 120 min incubation. 

3-82 

Luminescence intensity profile of complexes Ir79, Ir80, Ir116, Ir119 

and Ir134 in the cellular uptake and distribution at 4 ℃ for 60 

minutes calculated by ImageJ software. 

272 

3-83 

Cellular uptake and distribution of complexes Ir79, Ir80, Ir116, 

Ir119 and Ir134 (15 μmol/L) in paraformaldehyde fixed 

hepatocellular carcinoma cell (Hep-G2) for 30 minutes at 37.5 ℃. 

Intensity profiles of complexes luminescence calculated by ImageJ 

software. 

272 

4-1 1H NMR (400 MHz, DMSO-d6) spectrum of ligand T20 (CDYP). 279 

4-2 13C NMR (100 MHz, DMSO-d6) spectrum of ligand T20 (CDYP). 279 

4-3 1H NMR (400 MHz, DMSO-d6) spectrum of ligand T31 (CDYMP). 281 

4-4 

13C NMR (100 MHz, DMSO-d6) spectrum of ligand T31 

(CDYMP). 
281 

4-5 1H NMR (400 MHz, CDCl3) spectrum of complex Ir105. 287 

4-6 13C NMR (100 MHz, CDCl3) spectrum of complex Ir105. 288 

4-7 1H NMR (400 MHz, CDCl3) spectrum of complex Ir107. 288 



lv 

4-8 13C NMR (100 MHz, CDCl3) spectrum of complex Ir107. 289 

4-9 1H NMR (400 MHz, MeOD) spectrum of complex Ir108. 289 

4-10 13C NMR (100 MHz, MeOD) spectrum of complex Ir108. 290 

4-11 1H NMR (400 MHz, MeOD) spectrum of complex Ir123. 290 

4-12 13C NMR (100 MHz, MeOD) spectrum of complex Ir123. 291 

4-13 1H NMR (400 MHz, MeOD) spectrum of complex Ir125. 291 

4-14 13C NMR (100 MHz, MeOD) spectrum of complex Ir125. 292 

4-15 1H NMR (400 MHz, MeOD) spectrum of complex Ir133. 292 

4-16 13C NMR (100 MHz, MeOD) spectrum of complex Ir133. 293 

4-17 

Cell morphology of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir105 of different concentrations for 24 hours. a, control; b, 

5 μmol/L; c, 10 μmol/L; d, 20 μmol/L. e, f, g, h, enlarged typical 

areas of a, b, c, d (blue square frames) accordingly. 
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4-18 

Cell morphology of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir107 of different concentrations for 24 hours. a, control; b, 

5 μmol/L; c, 10 μmol/L; d, 20 μmol/L. e, f, g, h, enlarged typical 

areas of a, b, c, d (blue square frames) accordingly. 
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4-19 

Cell morphology of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir108 of different concentrations for 24 hours. a, control; b, 

5 μmol/L; c, 10 μmol/L; d, 20 μmol/L. e, f, g, h, enlarged typical 

areas of a, b, c, d (blue square frames) accordingly. 
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Cell morphology of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir123 of different concentrations for 24 hours. a, control; b, 

5 μmol/L; c, 10 μmol/L; d, 20 μmol/L. e, f, g, h, enlarged typical 

areas of a, b, c, d (blue square frames) accordingly. 
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4-21 

Cell morphology of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir125 of different concentrations for 24 hours. a, control; b, 

5 μmol/L; c, 10 μmol/L; d, 20 μmol/L. e, f, g, h, enlarged typical 

areas of a, b, c, d (blue square frames) accordingly. 
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4-22 

Cell morphology of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir133 of different concentrations for 24 hours. a, control; b, 

10 μmol/L; c, 20 μmol/L; d, 40 μmol/L. e, f, g, h, enlarged typical 

areas of a, b, c, d (blue square frames) accordingly. 

299 

4-23 

MTT assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir105, Ir107, Ir108, Ir123, Ir125 and Ir133 of different 

concentrations: 0, 2.5, 5, 10, 15, 20, 30, 40, 50 μmol/L in 96-well 

plates. Each concentration has 6 repeat wells. The six 96-well plates 

show the results of the cleavage of yellow tetrazolium salt MTT into 

purple formazan crystals after adding different complexes for 24 
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hours. 

4-24 

Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) 

with complex Ir105, Ir107, Ir108, Ir123, Ir125 and Ir133 of different 

concentrations, 0, 2.5, 5, 10, 15, 20, 30, 40, 50 μmol/L. Yellow 

tetrazolium salt MTT was used to quantify the viable cells by a 

scanning multiwell spectrophotometer (ELISA reader). 

301 

4-25 

Cell viability assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir105, Ir107, Ir108, Ir123, Ir125 and Ir133 of different 

concentrations, 0, 2.5, 5, 10, 15, 20, 30, 40, 50 μmol/L. IC50 (half 

maximal inhibitory concentration) value was obtained from 

inhibition and concentration curve by absorbance of purple 

formazan crystals at 570 nm wavelength. 

303 

4-26 

MTT assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir105, Ir107, Ir108, Ir123 and Ir125 of different 

concentrations: 0, 0.5, 1, 2, 3, 4, 6, 8 and 10 μmol/L in 96-well 

plates. Each concentration has 6 repeat wells. The five 96-well 

plates show the results of the cleavage of yellow tetrazolium salt 

MTT into purple formazan crystals after adding different complexes 

for 24 hours. 
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4-27 

Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) 

with complex Ir105, Ir107, Ir108, Ir123 and Ir125 of different 

concentrations, 0, 0.5, 1, 2, 3, 4, 6, 8 and 10 μmol/L. Yellow 
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tetrazolium salt MTT was used to quantify the viable cells by a 

scanning multiwell spectrophotometer (ELISA reader). 

4-28 

Cell viability assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir105, Ir107, Ir108, Ir123 and Ir125 of different 

concentrations, 0, 0.5, 1, 2, 3, 4, 6, 8, and 10 μmol/L. IC50 (half 

maximal inhibitory concentration) value was obtained from 

inhibition and concentration curve by absorbance of purple 

formazan crystals at 570 nm wavelength. 
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4-29 

MTT assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir107 of different concentrations: 0, 0.5, 1, 2, 3, 4, 6, 8 and 

10 μmol/L under 465 nm irradiation (13 mW/cm2) for 30 minutes in 

96-well plates. Each concentration has 6 repeat wells. The 96-well 

plates show the results of the cleavage of yellow tetrazolium salt 

MTT into purple formazan crystals after adding different complexes 

for 24 hours. 
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4-30 

Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) 

with complex Ir107 of different concentrations, 0, 0.5, 1, 2, 3, 4, 6, 

8 and 10 μmol/L under 465 nm irradiation (13 mW/cm2) for 30 

minutes. 
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4-31 

Cell viability assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir107 of different concentrations, 0, 0.5, 1, 2, 3, 4, 6, 8 and 

10 μmol/L under 465 nm irradiation (13 mW/cm2) for 30 minutes. 

308 



lix 

4-32 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir105 of different concentrations for 24 

hours. a, e, control; b, f, 5 μmol/L; c, g, 10 μmol/L; d, h, 20 μmol/L. 

a, b, c, d, calcein AM dye (green) for live cells, excitation/emission: 

485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye (red) for dead 

cells, excitation / emission: 530 nm / 620 nm. 

309 

4-33 

Left: Area proportion of calcein AM and propidium iodide (PI) dyes 

to the whole pictures of hepatocellular carcinoma cell (Hep-G2) 

with complex Ir105 of different concentrations. The areas of green / 

red colors were calculated by photoshop software. Right: Cell 

numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir105. 
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4-34 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir105 of different concentrations, a, b, control; c, d, 5 

μmol/L; e, f, 10 μmol/L; g, h, 20 μmol/L. a, c, e, g, calcein AM dye 

(green) for live cells, excitation / emission: 485 nm / 535 nm. b, d, f, 

h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical 

areas of a, b, c, d, e, f, g, h (yellow square frames) accordingly. 
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4-35 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir107 of different concentrations for 24 

hours. a, e, control; b, f, 5 μmol/L; c, g, 10 μmol/L; d, h, 20 μmol/L. 

312 
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a, b, c, d, calcein AM dye (green) for live cells, excitation/emission: 

485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye (red) for dead 

cells, excitation/emission: 530 nm / 620 nm. 

4-36 

Left: Area proportion of calcein AM and propidium iodide (PI) dyes 

to the whole pictures of hepatocellular carcinoma cell (Hep-G2) 

with complex Ir107 of different concentrations. The areas of green / 

red colors were calculated by photoshop software. Right: Cell 

numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir107. 
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4-37 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir107 of different concentrations, a, b, control; c, d, 5 

μmol/L; e, f, 10 μmol/L; g, h, 20 μmol/L. a, c, e, g, calcein AM dye 

(green) for live cells, excitation / emission: 485 nm / 535 nm. b, d, f, 

h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical 

areas of a, b, c, d, e, f, g, h (yellow square frames) accordingly. 

314 

4-38 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir108 of different concentrations for 24 

hours. a, e, control; b, f, 5 μmol/L; c, g, 10 μmol/L; d, h, 20 μmol/L. 

a, b, c, d, calcein AM dye (green) for live cells, excitation/emission: 

485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye (red) for dead 

cells, excitation/emission: 530 nm / 620 nm. 

315 
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4-39 

Left: Area proportion of calcein AM and propidium iodide (PI) dyes 

to the whole pictures of hepatocellular carcinoma cell (Hep-G2) 

with complex Ir108 of different concentrations. The areas of green / 

red colors were calculated by photoshop software. Right: Cell 

numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir108. 
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4-40 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir108 of different concentrations, a, b, control; c, d, 5 

μmol/L; e, f, 10 μmol/L; g, h, 20 μmol/L. a, c, e, g, calcein AM dye 

(green) for live cells, excitation / emission: 485 nm / 535 nm. b, d, f, 

h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical 

areas of a, b, c, d, e, f, g, h (yellow square frames) accordingly. 

317 

4-41 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir123 of different concentrations for 24 

hours. a, e, control; b, f, 5 μmol/L; c, g, 10 μmol/L; d, h, 20 μmol/L. 

a, b, c, d, calcein AM dye (green) for live cells, excitation/emission: 

485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye (red) for dead 

cells, excitation/emission: 530 nm / 620 nm. 

318 

4-42 

Left: Area proportion of calcein AM and propidium iodide (PI) dyes 

to the whole pictures of hepatocellular carcinoma cell (Hep-G2) 

with complex Ir123 of different concentrations. The areas of green / 

319 
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red colors were calculated by photoshop software. Right: Cell 

numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir123. 

4-43 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir123 of different concentrations, a, b, control; c, d, 5 

μmol/L; e, f, 10 μmol/L; g, h, 20 μmol/L. a, c, e, g, calcein AM dye 

(green) for live cells, excitation / emission: 485 nm / 535 nm. b, d, f, 

h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical 

areas of a, b, c, d, e, f, g, h (yellow square frames) accordingly. 

320 

4-44 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir125 of different concentrations for 24 

hours. a, e, control; b, f, 5 μmol/L; c, g, 10 μmol/L; d, h, 20 μmol/L. 

a, b, c, d, calcein AM dye (green) for live cells, excitation/emission: 

485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye (red) for dead 

cells, excitation/emission: 530 nm / 620 nm. 

322 

4-45 

Left: Area proportion of calcein AM and propidium iodide (PI) dyes 

to the whole pictures of hepatocellular carcinoma cell (Hep-G2) 

with complex Ir125 of different concentrations. The areas of green / 

red colors were calculated by photoshop software. Right: Cell 

numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir125. 
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4-46 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir125 of different concentrations, a, b, control; c, d, 5 

μmol/L; e, f, 10 μmol/L; g, h, 20 μmol/L. a, c, e, g, calcein AM dye 

(green) for live cells, excitation / emission: 485 nm / 535 nm. b, d, f, 

h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical 

areas of a, b, c, d, e, f, g, h (yellow square frames) accordingly. 

324 

4-47 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir133 of different concentrations for 24 

hours. a, e, control; b, f, 10 μmol/L; c, g, 20 μmol/L; d, h, 40 

μmol/L. a, b, c, d, calcein AM dye (green) for live cells, 

excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide 

(PI) dye (red) for dead cells, excitation/emission: 530 nm / 620 nm. 

325 

4-48 

Left: Area proportion of calcein AM and propidium iodide (PI) dyes 

to the whole pictures of hepatocellular carcinoma cell (Hep-G2) 

with complex Ir133 of different concentrations. The areas of green / 

red colors were calculated by photoshop software. Right: Cell 

numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir133. 
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4-49 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir133 of different concentrations, a, b, control; c, d, 10 

μmol/L; e, f, 20 μmol/L; g, h, 40 μmol/L. a, c, e, g, calcein AM dye 
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(green) for live cells, excitation / emission: 485 nm / 535 nm. b, d, f, 

h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical 

areas of a, b, c, d, e, f, g, h (yellow square frames) accordingly. 

4-50 

Color area and cell number ratios of dead to live hepatocellular 

carcinoma (Hep-G2) cell lines, live cell shrinkage and swelling 

degree with complexes Ir105, Ir107, Ir108, Ir123, Ir125 and Ir133 at 

different concentrations. All were calculated by ImageJ software. 

329 

4-51 

Mitochondrial membrane potential control assay based on JC-1 dye 

staining in hepatocellular carcinoma cell (Hep-G2) without metal 

complex. 

331 

4-52 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir105 (5 

μmol/L, 15 hours). 

333 

4-53 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir105 (20 

μmol/L, 15 hours). 

334 

4-54 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir105 of 

different concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 

fluorescence ratio (Red:Green); Right, Li's Intensity Correlation 

336 
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Analysis (ICA): Intensity Correlation Quotient (ICQ). 

4-55 

Cellular uptake and distribution of complex Ir105 (a, b, e, f, i, j: 20 

μmol/L; m, n: 40 μmol/L) in hepatocellular carcinoma cell 

(Hep-G2) for 15 minutes (a, b), 40 minutes (e, f), 120 minutes (i, j, 

m, n) at 37.5 ℃. 

337 

4-56 
Cellular uptake and distribution of complex Ir105 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) 60 minutes at 4 ℃. 
338 

4-57 

Cellular uptake and distribution of complex Ir105 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 

30 minutes at 37.5 ℃. 

339 

4-58 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir107 (5 

μmol/L, 15 hours). 

340 

4-59 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir107 (20 

μmol/L, 15 hours). 

342 

4-60 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir107 of 

different concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 

fluorescence ratio (Red:Green); Right, Li's Intensity Correlation 

Analysis (ICA): Intensity Correlation Quotient (ICQ). 
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4-61 

Cellular uptake and distribution of complex Ir107 (a, b, e, f, i, j: 20 

μmol/L; m, n: 40 μmol/L) in hepatocellular carcinoma cell 

(Hep-G2) for 15 minutes (a, b), 40 minutes (e, f), 120 minutes (i, j, 

m, n) at 37.5 ℃. a, e, i, m: bright field; b, f, j, n:  blue excitation 

filter; c, g, k, o: enlarged typical areas of b, f, j, n (yellow square 

frames) accordingly. 
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4-62 
Cellular uptake and distribution of complex Ir107 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) 60 minutes at 4 ℃. 
346 

4-63 

Cellular uptake and distribution of complex Ir107 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 

30 minutes at 37.5 ℃. 

347 

4-64 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir108 (5 

μmol/L, 15 hours). 

348 

4-65 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir108 (20 

μmol/L, 15 hours). 

350 

4-66 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir108 of 

different concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 

fluorescence ratio (Red:Green); Right, Li's Intensity Correlation 
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Analysis (ICA): Intensity Correlation Quotient (ICQ). 

4-67 

Cellular uptake and distribution of complex Ir108 (a, b, e, f, i, j: 20 

μmol/L; m, n: 40 μmol/L) in hepatocellular carcinoma cell 

(Hep-G2) for 15 minutes (a, b), 40 minutes (e, f), 120 minutes (i, j, 

m, n) at 37.5 ℃. a, e, i, m: bright field; b, f, j, n:  blue excitation 

filter; c, g, k, o: enlarged typical areas of b, f, j, n (yellow square 

frames) accordingly. 
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4-68 

Cellular uptake and distribution of complex Ir108 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) 60 minutes at 4 ℃. a, bright 

field; b, UV excitation filter; c, enlarged typical areas of b (yellow 

square frames); d, intensity profile of Ir108 luminescence calculated 

by ImageJ software across a cell of c. The scale bar is 25 μm (a, b) 

and 5 μm (c). 

353 

4-69 

Cellular uptake and distribution of complex Ir108 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 

30 minutes at 37.5 ℃. a, bright field; b, UV excitation filter; c, 

enlarged typical areas of b (yellow square frames); d, intensity 

profile of Ir108 luminescence calculated by ImageJ software across 

a cell of c. 

354 

4-70 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir123 (5 

μmol/L, 15 hours). 

355 
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4-71 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir123 (20 

μmol/L, 15 hours). 

356 

4-72 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir123 of 

different concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 

fluorescence ratio (Red:Green); Right, Li's Intensity Correlation 

Analysis (ICA): Intensity Correlation Quotient (ICQ). 
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4-73 

Cellular uptake and distribution of complex Ir123 (a, b, e, f, i, j: 20 

μmol/L; m, n: 40 μmol/L) in hepatocellular carcinoma cell 

(Hep-G2) for 15 minutes (a, b), 40 minutes (e, f), 120 minutes (i, j, 

m, n) at 37.5 ℃. a, e, i, m: bright field; b, f, j, n:  blue excitation 

filter; c, g, k, o: enlarged typical areas of b, f, j, n (yellow square 

frames) accordingly. 

359 

4-74 
Cellular uptake and distribution of complex Ir123 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) 60 minutes at 4 ℃. 
360 

4-75 

Cellular uptake and distribution of complex Ir123 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 

30 minutes at 37.5 ℃. 

361 

4-76 
Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir125 (5 

362 
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μmol/L, 15 hours). 

4-77 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir125 (20 

μmol/L, 15 hours). 

364 

4-78 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir125 of 

different concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 

fluorescence ratio (Red:Green); Right, Li's Intensity Correlation 

Analysis (ICA): Intensity Correlation Quotient (ICQ). 
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4-79 

Cellular uptake and distribution of complex Ir125 (a, b, e, f, i, j: 20 

μmol/L; m, n: 40 μmol/L) in hepatocellular carcinoma cell 

(Hep-G2) for 15 minutes (a, b), 40 minutes (e, f), 120 minutes (i, j, 

m, n) at 37.5 ℃. a, e, i, m: bright field; b, f, j, n:  blue excitation 

filter; c, g, k, o: enlarged typical areas of b, f, j, n (yellow square 

frames) accordingly. 
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4-80 
Cellular uptake and distribution of complex Ir125 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) 60 minutes at 4 ℃. 
368 

4-81 

Cellular uptake and distribution of complex Ir125 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 

30 minutes at 37.5 ℃. 

369 

4-82 Mitochondrial membrane potential assay based on JC-1 dye staining 370 
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in hepatocellular carcinoma cell (Hep-G2) with complex Ir133 (5 

μmol/L, 15 hours). 

4-83 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir133 (20 

μmol/L, 15 hours). 

371 

4-84 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ir133 of 

different concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 

fluorescence ratio (Red:Green); Right, Li's Intensity Correlation 

Analysis (ICA): Intensity Correlation Quotient (ICQ). 

372 

4-85 

Cellular uptake and distribution of complex Ir133 (a, b, e, f, i, j: 20 

μmol/L; m, n: 40 μmol/L) in hepatocellular carcinoma cell 

(Hep-G2) for 15 minutes (a, b), 40 minutes (e, f), 120 minutes (i, j, 

m, n) at 37.5 ℃. 

373 

4-86 
Cellular uptake and distribution of complex Ir133 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) 60 minutes at 4 ℃. 
374 

4-87 

Cellular uptake and distribution of complex Ir133 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 

30 minutes at 37.5 ℃. 

375 

4-88 
Mitochondrial transmembrane potential (ΔΨM) assay based on JC-1 

dye staining in hepatocellular carcinoma cell (Hep-G2) with 

377 
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complexes Ir105, Ir107, Ir108, Ir123, Ir125 and Ir133 (0, 5, 10, 20 

μmol/L, 15 hours). 

4-89 

Fluorescence intensities obtained from profiles in Fig. 4-88 of 

mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complexes Ir105, 

Ir107, Ir108, Ir123, Ir125 and Ir133 (0, 5, 10, 20 μmol/L, 15 hours). 

378 

4-90 

Cellular uptake and distribution of complexes Ir105, Ir107, Ir108, 

Ir123, Ir125 and Ir133 (15, 40 and 120 min incubation of 20 

μmol/L, 120 min incubation of 40 μmol/L). 

379 

4-91 

Left: Fluorescence intensities obtained from profiles in Fig. 4-90 of 

cellular uptake and distribution assay in hepatocellular carcinoma 

cell (Hep-G2) with complexes Ir105, Ir107, Ir108, Ir123, Ir125 and 

Ir133 for 15, 40 and 120 min incubation of 20 μmol/L, and 120 min 

incubation of 40 μmol/L. Right: Fluorescence intensities of the five 

complexes of 20 μmol/L with cells for 120 min incubation. 
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4-92 

Luminescence intensity profile of complexes Ir105, Ir107, Ir108, 

Ir123, Ir125 and Ir133 in the cellular uptake and distribution at 4 ℃ 

for 60 minutes calculated by ImageJ software. (a) Fluorescent 

intensity and (b) The height of intensity peaks of the six complexes. 

381 

4-93 
Cellular uptake and distribution of complexes Ir105, Ir107, Ir108, 

Ir123, Ir125 and Ir133 (15 μmol/L) in paraformaldehyde fixed 

382 
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hepatocellular carcinoma cell (Hep-G2) for 30 minutes at 37.5 ℃. 

Intensity profiles of complexes luminescence calculated by ImageJ 

software. (a) Fluorescent intensity and (b) The height of intensity 

peaks of the six complexes. 

5-1 1H NMR (400 MHz, DMSO-d6) spectrum of complex Ru2. 392 

5-2 13C NMR (100 MHz, DMSO-d6) spectrum of complex Ru2. 393 

5-3 1H NMR (400 MHz, DMSO-d6) spectrum of complex Ru7. 393 

5-4 13C NMR (100 MHz, DMSO-d6) spectrum of complex Ru7. 394 

5-5 1H NMR (400 MHz, DMSO-d6) spectrum of complex Ru8. 394 

5-6 13C NMR (100 MHz, DMSO-d6) spectrum of complex Ru8. 395 

5-7 1H NMR (400 MHz, DMSO-d6) spectrum of complex Ru15. 395 

5-8 13C NMR (100 MHz, DMSO-d6) spectrum of complex Ru15. 396 

5-9 1H NMR (400 MHz, DMSO-d6) spectrum of complex Ru24. 396 

5-10 13C NMR (100 MHz, DMSO-d6) spectrum of complex Ru24. 397 

5-11 

Cell morphology of hepatocellular carcinoma cell (Hep-G2) with 

complex Ru2 of different concentrations for 24 hours. a, control; b, 

10 μmol/L; c, 20 μmol/L; d, 40 μmol/L. e, f, g, h, enlarged typical 

398 
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areas of a, b, c, d (blue square frames) accordingly. 

5-12 

Cell morphology of hepatocellular carcinoma cell (Hep-G2) with 

complex Ru7 of different concentrations for 24 hours. a, control; b, 

10 μmol/L; c, 20 μmol/L; d, 40 μmol/L. e, f, g, h, enlarged typical 

areas of a, b, c, d (blue square frames) accordingly. 

398 

5-13 

Cell morphology of hepatocellular carcinoma cell (Hep-G2) with 

complex Ru8 of different concentrations for 24 hours. a, control; b, 

10 μmol/L; c, 20 μmol/L; d, 40 μmol/L. e, f, g, h, enlarged typical 

areas of a, b, c, d (blue square frames) accordingly. 

399 

5-14 

Cell morphology of hepatocellular carcinoma cell (Hep-G2) with 

complex Ru15 of different concentrations for 24 hours. a, control; b, 

10 μmol/L; c, 20 μmol/L; d, 40 μmol/L. e, f, g, h, enlarged typical 

areas of a, b, c, d (blue square frames) accordingly. 

400 

5-15 

Cell morphology of hepatocellular carcinoma cell (Hep-G2) with 

complex Ru24 of different concentrations for 24 hours. a, control; b, 

10 μmol/L; c, 20 μmol/L; d, 40 μmol/L. e, f, g, h, enlarged typical 

areas of a, b, c, d (blue square frames) accordingly. 

401 

5-16 

MTT assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ru2, Ru7, Ru8, Ru15 and Ru24 of different 

concentrations: 0, 2.5, 5, 10, 15, 20, 30, 40 and 50 μmol/L in 

96-well plates. Each concentration has 6 repeat wells. The five 

402 
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96-well plates show the results of the cleavage of yellow 

tetrazolium salt MTT into purple formazan crystals after adding 

different complexes for 24 hours. 

5-17 

Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) 

with complex Ru2, Ru7, Ru8, Ru15 and Ru24 of different 

concentrations, 0, 2.5, 5, 10, 15, 20, 30, 40 and 50 μmol/L. Yellow 

tetrazolium salt MTT was used to quantify the viable cells by a 

scanning multiwell spectrophotometer (ELISA reader). 

403 

5-18 

Cell viability assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ru2, Ru7, Ru8, Ru15 and Ru24 of different 

concentrations, 0, 2.5, 5, 10, 15, 20, 30, 40 and 50 μmol/L. IC50 

(half maximal inhibitory concentration) value was obtained from 

inhibition and concentration curve by absorbance of purple 

formazan crystals at 570 nm wavelength. 

404 

5-19 

MTT assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ru2 of different concentrations: 0, 12.5, 25, 50, 75, 100, 

150, 200 and 250 μmol/L in 96-well plates. Each concentration has 

6 repeat wells. The five 96-well plates show the results of the 

cleavage of yellow tetrazolium salt MTT into purple formazan 

crystals after adding different complexes for 24 hours. 

405 

5-20 
Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) 

with complex Ru2 of different concentrations, 0, 12.5, 25, 50, 75, 

406 
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100, 150, 200 and 250 μmol/L. 

5-21 

Cell viability assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ru2 of different concentrations, 0, 12.5, 25, 50, 75, 100, 

150, 200 and 250 μmol/L. IC50 (half maximal inhibitory 

concentration) value was obtained from inhibition and concentration 

curve by absorbance of purple formazan crystals at 570 nm 

wavelength. 

407 

5-22 

MTT assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ru2 and Ru8 of different concentrations: 0, 2.5, 5, 10, 15, 

20, 30, 40 and 50 μmol/L under 465 nm irradiation (13 mW/cm2) 

for 30 minutes in 96-well plates. Each concentration has 6 repeat 

wells. The 96-well plate show the results of the cleavage of yellow 

tetrazolium salt MTT into purple formazan crystals after adding 

different complexes for 24 hours. 

407 

5-23 

Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) 

with complex Ru2 and Ru8 of different concentrations, 0, 2.5, 5, 10, 

15, 20, 30, 40 and 50 μmol/L under 465 nm irradiation (13 

mW/cm2) for 30 minutes. Yellow tetrazolium salt MTT was used to 

quantify the viable cells by a scanning multiwell spectrophotometer 

(ELISA reader). 

408 

5-24 
Cell viability assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ru2 and Ru8 of different concentrations, 0, 2.5, 5, 10, 15, 

408 
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20, 30, 40 and 50 μmol/L under 465 nm irradiation (13 mW/cm2) 

for 30 minutes. IC50 (half maximal inhibitory concentration) value 

was obtained from inhibition and concentration curve by absorbance 

of purple formazan crystals at 570 nm wavelength. 

5-25 

MTT assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ru8 of different concentrations: 0, 2.5, 5, 10, 15, 20, 30, 

40 and 50 μmol/L under 630 nm irradiation (13 mW/cm2) for 30 

minutes in 96-well plates. Each concentration has 6 repeat wells. 

409 

5-26 

Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) 

with complex Ru8 of different concentrations, 0, 2.5, 5, 10, 15, 20, 

30, 40 and 50 μmol/L under 630 nm irradiation (13 mW/cm2) for 30 

minutes. Yellow tetrazolium salt MTT was used to quantify the 

viable cells by a scanning multiwell spectrophotometer (ELISA 

reader). 

410 

5-27 

Cell viability assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ru8 of different concentrations, 0, 2.5, 5, 10, 15, 20, 30, 

40 and 50 μmol/L under 630 nm irradiation (13 mW/cm2) for 30 

minutes. IC50 (half maximal inhibitory concentration) value was 

obtained from inhibition and concentration curve by absorbance of 

purple formazan crystals at 570 nm wavelength.  

410 

5-28 

MTT assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ru2 and pentafluorophenol of different concentrations: 0, 

2.5, 5, 10, 15, 20, 30, 40 and 50 μmol/L in 96-well plates. Each 

concentration has 6 repeat wells. The five 96-well plates show the 

411 
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results of the cleavage of yellow tetrazolium salt MTT into purple 

formazan crystals after adding of different complexes for 24 hours. 

5-29 

Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) 

with complex Ru2 and pentafluorophenol of different 

concentrations, 0, 2.5, 5, 10, 15, 20, 30, 40 and 50 μmol/L. Yellow 

tetrazolium salt MTT was used to quantify the viable cells by a 

scanning multiwell spectrophotometer (ELISA reader). 

412 

5-30 

Cell viability assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ru2 and pentafluorophenol of different concentrations, 0, 

2.5, 5, 10, 15, 20, 30, 40 and 50 μmol/L. IC50 (half maximal 

inhibitory concentration) value was obtained from inhibition and 

concentration curve by absorbance of purple formazan crystals at 

570 nm wavelength. 

413 

5-31 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ru2 of different concentrations for 24 

hours. a, e, control; b, f, 10 μmol/L; c, g, 20 μmol/L; d, h, 40 

μmol/L. a, b, c, d, calcein AM dye (green) for live cells, 

excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide 

(PI) dye (red) for dead cells, excitation/emission: 530 nm / 620 nm. 

414 

5-32 

Left: Area proportion of calcein AM and propidium iodide (PI) dyes 

to the whole pictures of hepatocellular carcinoma cell (Hep-G2) 

with complex Ru2 of different concentrations. The areas of green / 

414 
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red colors were calculated by photoshop software. Right: Cell 

numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ru2. 

5-33 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ru2 of different concentrations, a, b, control; c, d, 10 

μmol/L Ru2; e, f, 20 μmol/L Ru2; g, h, 40 μmol/L Ru2. a, c, e, g, 

calcein AM dye (green) for live cells, excitation / emission: 485 nm 

/ 535 nm. b, d, f, h, propidium iodide (PI) dye (red) for dead cells, 

excitation / emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged 

typical areas of a, b, c, d, e, f, g, h (yellow square frames) 

accordingly. 

415 

5-34 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ru7 of different concentrations for 24 

hours. a, e, control; b, f, 10 μmol/L; c, g, 20 μmol/L; d, h, 40 

μmol/L. a, b, c, d, calcein AM dye (green) for live cells, 

excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide 

(PI) dye (red) for dead cells, excitation/emission: 530 nm / 620 nm. 

416 

5-35 

Left: Area proportion of calcein AM and propidium iodide (PI) dyes 

to the whole pictures of hepatocellular carcinoma cell (Hep-G2) 

with complex Ru7 of different concentrations. The areas of green / 

red colors were calculated by photoshop software. Right: Cell 

numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ru7. 

417 
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5-36 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ru7 of different concentrations, a, b, control; c, d, 10 

μmol/L Ru7; e, f, 20 μmol/L Ru7; g, h, 40 μmol/L Ru7. a, c, e, g, 

calcein AM dye (green) for live cells, excitation / emission: 485 nm 

/ 535 nm. b, d, f, h, propidium iodide (PI) dye (red) for dead cells, 

excitation / emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged 

typical areas of a, b, c, d, e, f, g, h (yellow square frames) 

accordingly. 

418 

5-37 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ru8 of different concentrations for 24 

hours. a, e, control; b, f, 10 μmol/L; c, g, 20 μmol/L; d, h, 40 

μmol/L. a, b, c, d, calcein AM dye (green) for live  cells, 

excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide 

(PI) dye (red) for dead cells, excitation/emission: 530 nm / 620 nm. 

419 

5-38 

Left: Area proportion of calcein AM and propidium iodide (PI) dyes 

to the whole pictures of hepatocellular carcinoma cell (Hep-G2) 

with complex Ru8 of different concentrations. The areas of green / 

red colors were calculated by photoshop software. Right: Cell 

numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ru8. The 

numbers of cells with green or red colors were calculated by ImageJ 

software. 

420 
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5-39 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ru8 of different concentrations, a, b, control; c, d, 10 

μmol/L Ru8; e, f, 20 μmol/L Ru8; g, h, 40 μmol/L Ru8. a, c, e, g, 

calcein AM dye (green) for live cells, excitation / emission: 485 nm 

/ 535 nm. b, d, f, h, propidium iodide (PI) dye (red) for dead cells, 

excitation / emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged 

typical areas of a, b, c, d, e, f, g, h (yellow square frames) 

accordingly. 

421 

5-40 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ru15 of different concentrations for 24 

hours. a, e, control; b, f, 10 μmol/L; c, g, 20 μmol/L; d, h, 40 

μmol/L. a, b, c, d, calcein AM dye (green) for live cells, 

excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide 

(PI) dye (red) for dead cells, excitation/emission: 530 nm / 620 nm. 

422 

5-41 

Left: Area proportion of calcein AM and propidium iodide (PI) dyes 

to the whole pictures of hepatocellular carcinoma cell (Hep-G2) 

with complex Ru15 of different concentrations. The areas of green / 

red colors were calculated by photoshop software. Right: Cell 

numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ru15. 

423 

5-42 
Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ru15 of different concentrations, a, b, control; c, d, 10 

423 
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μmol/L Ru15; e, f, 20 μmol/L Ru15; g, h, 40 μmol/L Ru15. a, c, e, 

g, calcein AM dye (green) for live cells, excitation / emission: 485 

nm / 535 nm. b, d, f, h, propidium iodide (PI) dye (red) for dead 

cells, excitation / emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, 

enlarged typical areas of a, b, c, d, e, f, g, h (yellow square frames) 

accordingly. 

5-43 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ru24 of different concentrations for 24 

hours. a, e, control; b, f, 10 μmol/L; c, g, 20 μmol/L; d, h, 40 

μmol/L. a, b, c, d, calcein AM dye (green) for live cells, 

excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide 

(PI) dye (red) for dead cells, excitation/emission: 530 nm / 620 nm. 

424 

5-44 

Left: Area proportion of calcein AM and propidium iodide (PI) dyes 

to the whole pictures of hepatocellular carcinoma cell (Hep-G2) 

with complex Ru24 of different concentrations. The areas of green / 

red colors were calculated by photoshop software. Right: Cell 

numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ru24. 

425 

5-45 

Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ru24 of different concentrations, a, b, control; c, d, 10 

μmol/L Ru24; e, f, 20 μmol/L Ru24; g, h, 40 μmol/L Ru24. a, c, e, 

g, calcein AM dye (green) for live cells, excitation / emission: 485 

nm / 535 nm. b, d, f, h, propidium iodide (PI) dye (red) for dead 
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cells, excitation / emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, 

enlarged typical areas of a, b, c, d, e, f, g, h (yellow square frames) 

accordingly. 

5-46 

Color area and cell number ratios of dead to live hepatocellular 

carcinoma (Hep-G2) cell lines, live cell shrinkage and swelling 

degree with complexes Ru2, Ru7, Ru8, Ru15 and Ru24 at different 

concentrations. All were calculated by ImageJ software. 

428 

5-47 

Mitochondrial membrane potential control assay based on JC-1 dye 

staining in hepatocellular carcinoma cell (Hep-G2) without metal 

complex. 

429 

5-48 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ru2 (5 

μmol/L, 15 hours). 

430 

5-49 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ru2 (20 

μmol/L, 15 hours). 

432 

5-50 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ru2 of 

different concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 

fluorescence ratio (Red:Green); Right, Li's Intensity Correlation 

Analysis (ICA): Intensity Correlation Quotient (ICQ). 
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5-51 

Cellular uptake and distribution of complex Ru2 (a, b, e, f, i, j: 20 

μmol/L; m, n: 40 μmol/L) in hepatocellular carcinoma cell 

(Hep-G2) for 15 minutes (a, b), 40 minutes (e, f), 120 minutes (i, j, 

m, n) at 37.5 ℃. a, e, i, m: bright field; b, f, j, n:  blue excitation 

filter; c, g, k, o: enlarged typical areas of b, f, j, n (yellow square 

frames) accordingly 

434 

5-52 
Cellular uptake and distribution of complex Ru2 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) 60 minutes at 4 ℃. 
435 

5-53 

Cellular uptake and distribution of complex Ru2 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 

30 minutes at 37.5 ℃. 

436 

5-54 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ru7 (5 

μmol/L, 15 hours). 

437 

5-55 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ru7 (20 

μmol/L, 15 hours). 

438 

5-56 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ru7 of 

different concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 

fluorescence ratio (Red:Green); Right, Li's Intensity Correlation 

440 
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Analysis (ICA): Intensity Correlation Quotient (ICQ). 

5-57 

Cellular uptake and distribution of complex Ru7 (a, b, e, f, i, j: 20 

μmol/L; m, n: 40 μmol/L) in hepatocellular carcinoma cell 

(Hep-G2) for 15 minutes (a, b), 40 minutes (e, f), 120 minutes (i, j, 

m, n) at 37.5 ℃. a, e, i, m: bright field; b, f, j, n:  blue excitation 

filter; c, g, k, o: enlarged typical areas of b, f, j, n (yellow square 

frames) accordingly 

441 

5-58 
Cellular uptake and distribution of complex Ru7 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) 60 minutes at 4 ℃. 
442 

5-59 

Cellular uptake and distribution of complex Ru7 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 

30 minutes at 37.5 ℃. 

443 

5-60 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ru8 (5 

μmol/L, 15 hours). 

444 

5-61 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ru8 (20 

μmol/L, 15 hours). 

445 

5-62 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ru8 of 

different concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 
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fluorescence ratio (Red:Green); Right, Li's Intensity Correlation 

Analysis (ICA): Intensity Correlation Quotient (ICQ). 

5-63 

Cellular uptake and distribution of complex Ru8 (a, b, e, f, i, j: 20 

μmol/L; m, n: 40 μmol/L) in hepatocellular carcinoma cell 

(Hep-G2) for 15 minutes (a, b), 40 minutes (e, f), 120 minutes (i, j, 

m, n) at 37.5 ℃. a, e, i, m: bright field; b, f, j, n:  blue excitation 

filter; c, g, k, o: enlarged typical areas of b, f, j, n (yellow square 

frames) accordingly 

447 

5-64 
Cellular uptake and distribution of complex Ru8 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) 60 minutes at 4 ℃. 
448 

5-65 

Cellular uptake and distribution of complex Ru8 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 

30 minutes at 37.5 ℃. 

449 

5-66 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ru15 (5 

μmol/L, 15 hours). 

450 

5-67 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ru15 (20 

μmol/L, 15 hours). 

452 

5-68 
Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ru15 of 

452 
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different concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 

fluorescence ratio (Red:Green); Right, Li's Intensity Correlation 

Analysis (ICA): Intensity Correlation Quotient (ICQ). 

5-69 

Cellular uptake and distribution of complex Ru15 (a, b, e, f, i, j: 20 

μmol/L; m, n: 40 μmol/L) in hepatocellular carcinoma cell 

(Hep-G2) for 15 minutes (a, b), 40 minutes (e, f), 120 minutes (i, j, 

m, n) at 37.5 ℃. a, e, i, m: bright field; b, f, j, n:  blue excitation 

filter; c, g, k, o: enlarged typical areas of b, f, j, n (yellow square 

frames) accordingly 

453 

5-70 
Cellular uptake and distribution of complex Ru15 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) 60 minutes at 4 ℃. 
454 

5-71 

Cellular uptake and distribution of complex Ru15 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 

30 minutes at 37.5 ℃. 

455 

5-72 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ru24 (5 

μmol/L, 15 hours). 

456 

5-73 

Mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complex Ru24 (20 

μmol/L, 15 hours). 

458 

5-74 Mitochondrial membrane potential assay based on JC-1 dye staining 459 
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in hepatocellular carcinoma cell (Hep-G2) with complex Ru24 of 

different concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 

fluorescence ratio (Red:Green); Right, Li's Intensity Correlation 

Analysis (ICA): Intensity Correlation Quotient (ICQ). 

5-75 

Cellular uptake and distribution of complex Ru24 (a, b, e, f, i, j: 20 

μmol/L; m, n: 40 μmol/L) in hepatocellular carcinoma cell 

(Hep-G2) for 15 minutes (a, b), 40 minutes (e, f), 120 minutes (i, j, 

m, n) at 37.5 ℃. a, e, i, m: bright field; b, f, j, n:  blue excitation 

filter; c, g, k, o: enlarged typical areas of b, f, j, n (yellow square 

frames) accordingly. 

460 

5-76 
Cellular uptake and distribution of complex Ru24 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) 60 minutes at 4 ℃. 
461 

5-77 

Cellular uptake and distribution of complex Ru24 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 

30 minutes at 37.5 ℃. 

462 

5-78 Possible mechanisms of photo-cytotoxicity of Ru8 under 465 nm. 463 

5-79 

Mitochondrial transmembrane potential (ΔΨM) assay based on JC-1 

dye staining in hepatocellular carcinoma cell (Hep-G2) with 

complexes Ru2, Ru7, Ru8, Ru15 and Ru24 (0, 5, 10, 20 μmol/L, 15 

hours). 

465 

5-80 Fluorescence intensities obtained from profiles in Fig. 5-78 of 466 
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mitochondrial membrane potential assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) with complexes Ru2, 

Ru7, Ru8, Ru15 and Ru24 (0, 5, 10, 20 μmol/L, 15 hours). 

5-81 

Cellular uptake and distribution of complexes Ru2, Ru7, Ru8, Ru15 

and Ru24 (15, 40 and 120 min incubation of 20 μmol/L, 120 min 

incubation of 40 μmol/L). 

468 

5-82 

Left: Fluorescence intensities of peak heights obtained from profiles 

in Fig. 5-80 of cellular uptake and distribution assay in 

hepatocellular carcinoma cell (Hep-G2) with complexes Ru2, Ru7, 

Ru8, Ru15 and Ru24 for 15, 40 and 120 min incubation of 20 

μmol/L, and 120 min incubation of 40 μmol/L. Right: Fluorescence 

intensities of peak heights for the five complexes of 40 μmol/L with 

cells for 120 min of incubation. 

469 

5-83 

Luminescence intensity profile of complexes Ru2, Ru7, Ru8, Ru15 

and Ru24 in the live cellular uptake and distribution at 4 ℃ for 60 

minutes calculated by ImageJ software. Right：Fluorescent intensity 

of peak heights of the five complexes in live cells. 

470 

5-84 

Cellular uptake and distribution of complexes Ru2, Ru7, Ru8, Ru15 

and Ru24 (15 μmol/L) in paraformaldehyde fixed hepatocellular 

carcinoma cell (Hep-G2) for 30 minutes at 37.5 ℃. Intensity 

profiles of complexes luminescence calculated by ImageJ software. 

Right：Fluorescent intensity of peak heights of the five complexes in 

fixed cells. 

471 
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6-1 Structures of 21 synthesized iridium and ruthenium complexes. 480 

6-2 

Dark IC50 (half maximal inhibitory concentration) values of 21 

iridium and ruthenium complexes cultured with hepatocellular 

carcinoma cell (Hep-G2) lines for 24 hours. The values exceeding 

concentration range of 50 μM were indicated with the mark “>> 50” 

on top. 

482 

6-3 

IC50 values of 7 iridium and ruthenium complexes cultured with 

hepatocellular carcinoma cell (Hep-G2) lines under dark and 465 

nm irradiation (13 mW/cm2, 30 min) for 24 hours. The values 

exceeding concentration range of 50 μM were indicated with the 

mark “>> 50” on top. 

483 

6-4 

IC50 values of complexes cultured with hepatocellular carcinoma 

cell (Hep-G2) lines under dark and 465 nm irradiation (13 mW/cm2, 

30 min) for 24 hours. Left: 10 ruthenium and iridium complexes 

sharing the common N^N ligands of DBDPPZ, MTPIP, EIPP and 

CDYMB accordingly. Right: 14 iridium complexes with the same 

C^N ligands of pp, 4-mpp, piq and dpapp respectively. The values 

exceeded concentration range of 50 μM were indicated with the 

mark “>> 50” on top. 

484 

6-5 

Red (PI) to green (calcein) color area ratios of dead to live 

hepatocellular carcinoma (Hep-G2) cell lines with 21 iridium and 

ruthenium complexes at concentration of 20 μM. All were 

486 
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calculated by ImageJ software. 

6-6 

Red (PI) to green (calcein) color area ratios of dead to live 

hepatocellular carcinoma (Hep-G2) cell lines with complexes at 20 

μM. Left: 10 ruthenium and iridium complexes sharing the common 

N^N ligands of DBDPPZ, MTPIP, EIPP and CDYMB accordingly. 

Right: 14 iridium complexes with the same C^N ligands of pp, 

4-mpp, piq and dpapp respectively. 

487 

6-7 

JC-1 aggregates intensities of 21 iridium and ruthenium complexes 

at 10 μM after 15 hours of incubation with Hep-G2 cell lines in 

mitochondrial transmembrane potential (ΔΨM) assay. 

489 

6-8 

JC-1 aggregates intensities of complexes at 10 μM after 15 hours’ 

incubation with Hep-G2 cell lines in mitochondrial transmembrane 

potential (ΔΨM) assay. Left: 10 ruthenium and iridium complexes 

sharing the common N^N ligands of DBDPPZ, MTPIP, EIPP and 

CDYMB accordingly. The JC-1 intensity of Ir125 was mainly from 

the complex as marked over the column. Right: 14 iridium 

complexes with the same C^N ligands of pp, 4-mpp, piq and dpapp 

respectively. 

490 

6-9 
Intracellular fluorescent intensities of 21 iridium and ruthenium 

complexes after 120 minutes of cellular uptake at 40 μM. 
492 

6-10 Emission intensities of complexes without cells in PBS at 10 μM. 493 
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6-11 
Absorption intensities of complexes without cells in PBS at 450 nm 

obtained by the microplate reader. 
494 

6-12 

Intracellular fluorescent intensities of complexes after 120 minutes 

of cellular uptake at 40 μM. Left: 10 ruthenium and iridium 

complexes sharing the common N^N ligands of DBDPPZ, MTPIP, 

EIPP and CDYMB accordingly. The JC-1 intensity of Ir125 was 

mainly from the complex as marked over the column. Right: 14 
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CHAPTER 1: Introduction 

1.1 Background 

With the fast development of the economy in China, the air and water pollution 

on the earth have become severe. Factors such as pressure of everyday life, diet high 

in fat and protein have also directly affected the health of Chinese people. Cancer has 

become the first cause of death in the city population of China, every minute there are 

about 6 people diagnosed as malignant tumors. The World Health Organization 

(WHO) released a research report that half of the world's new cancer cases arise in 

Asia, most of them are from China. The report points out that the new cancer cases in 

2012 were about 14 million worldwide, and will be increased to 21.6 million per year 

by 2030 [1]. 

 

Fig. 1-1 Therapeutic Targeting of the Hallmarks of Cancer 

(D. Hanahan, R.A.Weinberg, Cell. 2011, 144, 668) 
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The induction of tumor is a complex process, including: 1.The regulation 

pathway and dynamic balance of normal cell growth are disturbed and changed. 2. 

System of normal cells to prevent carcinogenesis has become invalid. The multiple 

steps of cellular pathways in cancer are required to be blocked and treated with 

different drugs (Fig. 1-1) [2]. In 1960's, American biological physicist B. Rosenberg 

discovered that cisplatin (Cis-(Pt(NH3)2Cl2) had a strong anti-cancer activity in that it 

could interfere with the cell repair function, and then induce cancer cell apoptosis 

[3].The milestone of cisplatin has opened up a new way using metal complexes to treat 

tumor. Currently there has been three platinum drugs approved by Food and Drug 

Administration (FDA) (cisplatin in 1978, carboplatin in 1989, oxaliplatin 2002), and 

the use of the other four platinum drugs are in clinical trials (USA) (Fig. 1-2) [4]. 

Because platinum drugs will cause drug resistance and toxic side effects during the 

 

Fig. 1-2 Anticancer platinum metallodrugs approved and in clinical trials in the U.S. 

(K. D. Mjos, C. Orvig, Chem. Rev. 2014, 114, 4543) 
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treatment period, other transition metal complexes including ruthenium complexes are 

developed to be one of the most promising anticancer drugs due to their high water 

solubility, easy for absorption and excretion, low toxicity and side effects [5]. 

Tumor cells resist drug through many pathways such as the enhancement of their 

ability to repair, accelerating the removal and metabolism of drugs, etc. With the 

further understanding of the mechanisms of cancer cell pathway, it is possible to 

improve the effect of drugs by synergistic action of drugs-combination[6]. However, 

the combined effects of a variety of drugs are often weakened by different drug 

distribution and anti-cancer metabolism. As the carriers of drugs, nanoparticles can 

effectively overcome the above problems, reduce the side effects and improve the 

efficacy of drugs and make full use of the synergistic anticancer effect of drugs. This 

field has attracted considerable attention and research in recent years[7]. 

Cellular imaging and early diagnosis of malignant tumors is another important 

anti-cancer area, where the magnetic resonance imaging (MRI), positron emission 

tomography (PET), single photon emission tomography (SPECT), X ray tomography 

(CT), fluorescence microscopic imaging and ultrasound imaging were used[8]. 

Compared with the organic fluorescent molecules, the metal coordination compounds 

can play an important role in the field of biomedical imaging applications due to their 

good properties of anti photo bleaching, longer Stokes shift, fluorescence lifetime, 

longer excitation wavelength (such as near infrared NIR, which have good biological 

breakthrough and small tissue damage). However, the lack of specific recognition of 

target tissues or cells and biological compatibility of small molecule drugs, such as 

cell membrane permeability, are also needed to be improved. Increasing the 

concentration of the drug in the target tumor cells and reducing the intake of normal 
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cells will be the more efficient way to maximize the sensitivity and resolution of 

cancer cells. 

 

Fig. 1-3 Schematic illustration of a multifunctional nanocomposite. 

(K. Lee, et al, Chem. Rev. 2015, 115, 332) 

The ideal metal drugs should have the function to identify cancer cells and 

normal cells. The combination of two (or more) drugs, and the modification of the 

biological functions of the metal (such as biological active groups, etc.), and the 

nano-functionalization, will provide a good way for the development of highly 

efficient and selective anticancer metal drugs. A nano composite with a therapeutic 

function generally consists of three parts: a functional drug, nano carrier and modified 

surface (Fig. 1-3) [9]. Nanoparticles can be used to construct a multi functional drug 

system, not only as a carrier to transport drug for treatment or imaging, but also to 

accurately target tumor cells by biological modification. The special physical and 

chemical properties of nano-particles provide a variety of methods in the treatment of 

radiotherapy, hyperthermia and photodynamic therapy (PDT)[10]. Nanoparticles can 

carry many small molecule drugs at the same time, and effectively unify the 

distribution and metabolic kinetics of the different drugs to reach the target before 

degradation and loss. In order to load the drug into a specific target, the nanoparticles 

can be modified by a variety of groups to bind surface receptor of cell. Nanoparticles 
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provide multiple potential options by the changes of the internal and external 

conditions of the particles, and can be designed according to the mechanisms of 

different target cells. The good cell membrane permeability of nanoparticles gives 

security to protect the small molecules from the cell surface proteins, and reduce the 

resistance of cells. 

Therefore, by evaluating the function of metal complex drugs, the carriers from 

different types of nanoparticles, and particular biological molecules for tumor 

recognition, the synergistic effect of the combination can contribute to numerous 

applications for tumor imaging, diagnosis and treatment, and will significantly 

improve the safety and efficacy of drugs. 

1.2 Transition-metal complexes as anti-tumor medicines 

Transition-metal complexes are widely investigated for the potencial anti-cancer 

drugs. Since the clinical approval of cisplatin, other metal complexes including 

ruthenium(II) complexes were studied at an amazing amount and speed. However, the 

low cytotoxicities of most ruthenium complexes hindered their applications in further 

clinical trials. One of those famous Ru(II) complex NAMI-A was unfortunately 

terminated in clinical Phases II in 2014 and the KP1019 complex also did not make 

rapid progress in clinical trials. Although in their infant stage of anti-tumor medicines, 

iridium(III) complexes with one positive charge have attracted broad attentions of 

scientists recently. From Fig. 1-4, the number of publications of ruthenium complexes 

on tumor research decreased since the termination of NAMI-A in clinical phase II in 

2014, while the papers of Ir(III) complexes related to tumor have risen up steadily 

since 2016. Being the most unexplored medicines for tumor among those three metal 

complexes, the potential applications of Ir(III) complexes have initiated a broad 

unknown field for researchers. 
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mechanisms of ruthenium complexes are discovered mainly: production of reactive 

species (ROS)[11], damage to DNA[12], gene expression of stress pathway in 

endoplasmic reticulum[13], inhibition of tumor metastasis[14], and protein binding 

induced apoptosis[15], etc. 

The B. K. Keppler group in Austria synthesized the ruthenium complexes with 

the formula [HL] [trans-Ru(III)L2Cl4] in the late 1980s, where L is N-containing 

heterocyclic ligands[16]. The ruthenium medicine has an obvious therapeutic effect on 

colon cancer. Among them, the representative complexes KP1019 (Fig. 1-5. (2a)) and 

NKP1339 (Fig. 1-5. (2b)) also entered a clinical research. NKP1339 is the water 

soluble sodium salt of KP1019 with the efficacy of 35 times higher[4]. These two 

kinds of ruthenium complexes may be transported to tumor target by serum albumin 

and transferrin, and can be activated in tumor hypoxia, and inhibit DNA replication, 

and block the cell cycle in G2/M phase, and induce cell apoptosis through 

mitochondrial pathway[17]. 

 

Fig. 1-5 Structures of Ru(III) complexes: NAMI-A (1), KP1019 (2a), NKP1339 (2b) 

and “piano-stool” Ru (II) complexes (3). (P. A. Ajibade, et al, Adv. In Chem. 2015, 3) 
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E. Alessio and G. Sava produced the ruthenium complex named NAMI-A (Fig. 

1-5. (1)) in the early and mid 1990's, which became the first ruthenium medicine to 

enter the clinical therapy of the phase I (1999) and phase II (2003). NAMI-A has a 

very distinct inhibition effect on metastasis, probably due to the interference of 

extracellular matrix, such as the increase of actin-dependent cell-adhesion, and hence 

reduce the proliferation and migration of cancer cells[18]. But the effect of NAMI-A to 

treat primary cancer is not ideal, which is likely on account of its structure weakened 

DNA binding ability[19]. Sadler et al. designed and synthesized a series of ruthenium 

(II) complexes with aromatic ring， also called half sandwich or piano stool 

complexes (Fig. 1-5.(3)) [(η6-arene) Ru(X)(Y)(Z)], which react with DNA through 

coordination, insertion and hydrogen bond. The complexes can be of good selectivity 

for the nucleosides by adjusting the aromatic ring, the leaving group (X) and the 

bidentate ligand (Y and Z)[20]. And it was found that the G0/G1 phase of the tumor cell 

cycle was blocked by some of the complexes, and the blocking mechanism of G2/M 

was different from that of cisplatin or NAMI-A[21]. German scientist U. 

Schatzschneider synthesized a series of complexes [Ru (bpy)2 (N
∧ N)]2+（N^N=bpy, 

phen, dppz, dppn）with different insertion ligands, in which toxicity and penetrability 

to cells are proportional the size of ligands. When the ligand is dppn with the 

maximum size, inhibition of human colon and breast cancer (IC50 values) is equal to 

that of cisplatin[22].  

A racemic ruthenium(II) complex (Fig. 1-6.TLD1433) with two 4,4′-dimethyl 

-2,2′-bipyridine (4,4′-dmb) coligands and an ionizable imidazo[4,5-f][1,10]- 

phenanthroline (IP) ligand attached by a chromophore (α-terthienyl) has become the 

first ruthenium(II) photosensitizer for photodynamic therapy (PDT) clinical trials 

(Clinical Trials. gov, identifier NCT 03053635). The design of TLD1433 helps to 
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bring a new multidisciplinary PDT solution into the treatment of mainstream cancer 

therapy[23].  

 

Fig. 1-6 Structure-activity relationships for α-oligothiophenes ruthenium(II) 

complexes. (C. G. Cameron, S. A. McFarland, et al, Chem. Rev. 2019, 119, 814) 

Recently, A. Valente reported poly(lactic acid) modified single cyclopentadienyl 

ruthenium complexes containing D-glucose, which has good anti-tumor efficacy and 

the toxicity to breast cancer is 6 times higher than that of cisplatin. The complexes are 

stable in physiological conditions and not easy to undergo hydrolysis, and will 

aggregate in tumor cell with concentration in the nucleus higher than in cell 

membrane. The possible target of complexes may be the DNA of tumor cells[24]. 

Florindo et al. modified the single cyclopentadienyl ruthenium complexes with 
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galactose derivatives, and discovered that the IC50 values of anti-cancer HeLa cervical 

cells was less than that of cisplatin[25]. Vidimar et al. produced poly-pyridine 

ruthenium complexes containing amino and nitro groups, and further improved their 

water-solubility with neuridine. Those complexes can induce the apoptosis of tumor 

cell through reactive oxidizing species (ROS) and activation of Caspase 8. The effect 

of nitro containing complexes on colon cancer is better than that of cisplatin (IC50 < 2 

M), But the tested cytotoxicity of amino containing (IC50 = 2-4 M) and neuridine 

containing (IC50 = 16 M) compounds decreased significantly[26]. M. Kasprzak, et al. 

synthesized ruthenium complexes with the ligand of flavanone (methoxy or ethoxy 

modificated), and found they are active to bladder cancer cell line which is drug 

resistant to cisplatin, and the side effects to normal lymphocyte are lower than that of 

cisplatin, probably due to the enhanced membrane permeability by flavanone[27]. 

 
Fig. 1-7 Synthesis of Os(II) arene sulfonamide complexes 1-8. a, Dichlorido-osmium 

pre-catalyst 1 (X = 4 - methylphenyl) is formed in situ en route to16-electron catalysts 

2–8. (R,R)- and (S,S)-configured complexes were synthesized from enantiomerically 

pure ligands to yield both enantiomers of the phenyl-substituted complexes (2 and 
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4–8), and the methyl-substituted complex 3. b, Mirror-image ORTEP diagrams of the 

X-ray crystal structures of [Os(biphenyl)(TsDPEN)] (7), R,R-7·2CHCl3 (left) and its 

enantiomer S,S-7·2CHCl3 (right), with thermal ellipsoids at the 50% probability level. 

(P. J. Sadler, et al, Nat. Chem. 2018, 10, 347-354) 

In 2018, Sadler and coworkers reported a highly stable osmium(II) complexes 

with chiral half-sandwich structure, [Os (arene) (TsDPEN)] (TsDPEN, N-(p-toluene- 

sulfonyl) -1,2- diphenyl-ethylenediamine) (Fig. 1-7.(2-8)) which achieved a greatly 

enantioselective reduction of pyruvate, an important intermediate of metabolic 

pathways. Those osmium(II) arene sulfonyl diamine complexes generated reductive 

stress in tumor cells as transfer-hydrogenation catalysts and offer a novel strategy for 

tumor therapy[28]. 

The mechanisms of the anti-tumor activity of metal complexes are complicated. 

The biological recognition and protein combination with complexes during the drug 

transport ways and apoptotic pathways are associated with the differences of lethality 

on tumor cells. The special effectiveness for tumor metastasis of ruthenium 

complexes is closely related to the three-dimensional structure and the activity of the 

ligands. It is a new hot field to design active ligands and carry on biological and 

nano-functionalization of the complexes. Nanoparticles have played a great part in 

functionalization of traditional medicines such as cisplatin, paclitaxel and doxorubicin, 

and many valuable achievements have been made through the reformation. The 

concentration and side effects of drugs have been significantly reduced in usage, and 

the combined therapeutic effects have been greatly improved and all the 

accomplishments will greatly promote the development of metal drugs for cancer 

treatment. As a new generation of anti-tumor metal drugs, the research on the bio and 

nano-functionalized areas of metal complexes has not yet been carried out 
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comprehensively. The novel direction of the interdisciplinary research field will 

greatly promote the process of metal complexes as anticancer drugs. 

1.3 Transition-metal complexes as biosensors 

With the tremendous progresses and improvements made in the fields of 

biochemistry and molecular biology, more and more details and processes of diseases 

control and prevention are understood and illustrated by biological scientists. 

Fluorescent organic molecules are widely used to observe and resolve those 

biochemical reactions within biological processes of life[29]. However, some of the 

conventional organic dyes have hindered their applications as biosensors due to the 

inherent shortages such as small Stokes shifts, photo-bleaching, aggregation-caused 

quenching (ACQ), and the formation of non-emissive (dark) states. Overlooking of 

the fluorescence fluctuations caused by such shortages will result in an erroneous 

interpretation of the data [30]. 

The combination of heavy transition metalions (such as platinum(II)[31], 

ruthenium(II)[32], iridium(III)[33], copper(II)[34], etc.) and organic ligands has become 

the most effective way of developing the phosphorescent emitters, since the heavy 

atoms will induce the strong spin-orbit coupling (SOC) effect and increase the triplet 

state manifold[35]. Because of the easy-tailored organic ligands and the switchable 

core of metal, the versatile properties and diverse structures of transition-metal 

complexes can be fine-tuned to potential candidates to develop new-generation of 

biosensors.  

The octahedral-coordinated transition metal complexes possess a wealth of 

photochemical and physical properties. Some of them lightly or faintly glow in 

aqueous solution, but when binding to hydrophobic molecules such as DNA, lipid, 

and protein, the fluorescence intensity will become greatly increased because the 
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quenching of water molecules are prevented by the lipophilic biological 

macromolecules. Thus it provides an important basis for the transition metal 

complexes as fluorescent probes for biosensors in the application of cell and organelle 

imaging. 

The best known transition-metal complex named cisplatin was discovered as 

anti-cancer drug through a serendipitous event by Barnett Rosenberg[3] who 

inaugurated the applications of metal complexes as DNA-target drugs. From then on, 

numerous complexes were designed and synthesized from planar [36] to octahedral 

structures[37] to interact with DNA, and were utilized as DNA base-pair intercalator[38], 

DNA-mismatch detector[39], and DNA photocleavage reagents[40]. 

 

Fig. 1-8 The principle of the label-free detection of transcription factor activity using 

a combination of a luminescent ruthenium-based metallointercalator [Ru(phen)2- 

(dppz)]2+ and 3’→5’Exonuclease III. (Dik-Lung Ma, et al. Nucleic Acids Res., 2011, 

39, 1-8.) 

The group of J. K. Barton in California Institute of Technology reported two 

classic biological fluorescent probes [Ru(phen)2(dppz)]2+ and [Ru(bpy)2(dppz)]2+ [41]. 

The excited state time is very short (only 200 ps) for [Ru(phen)2(dppz)]2+ in water, but 

after the binding with DNA, the time was extended to 200 ns, the intensity increased 
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by 1000 times under the remarkable effect[42]. D. L. Ma, et al. detected nano mol 

concentration of a kind of transcription factor NF-kB using the [Ru(phen)2(dppz)]2+  

as probe (Fig. 1-8)[43]. 

In 2011, N. P. Cook discovered for the first time that ruthenium complex 

[Ru(bpy)2(dppz)]2+ can be used to monitor the β-amyloid protein (Aβ) aggregation of 

Alzheimer's disease[44]. It is explained that the fluorescence is greatly enhanced when 

the complexes bound to protein of aggregation state which indicates that the 

ruthenium complexes have a variety of binding sites in the cell and can be applied to 

detect the valuable morphologic change of the key macromolecules such as DNA and 

protein in living tissue. 

 

Fig. 1-9 Phosphorescence lifetime imaging (PLIM) of labile Zn2+ in mitochondria via 

a phosphorescent Ir (III) complex Zin-IrDPA, DPA= bis (pyridin-2-ylmethyl)-amine. 

(W. He, et al., Inorg. Chem., 2018, 57, 10625.) 

Recently, a new cyclometalated Ir(III) complex Zin-IrDPA[45] was reported to 

offer a more accurate temporal-spatial information of Zn2+ with an ancillary 

1,10-phenanthrolin ligand for Zn2+-chelating. The specific enhancement of phosphor- 
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rescence and its lifetime in Zin-IrDPA was induced by Zn2+ in mitochondria (Fig. 

1-9.). 

 

Fig. 1-10 The Ir(III) complex chemodosimeter for Hg2+ in time-resolved 

luminescence assay and cell-imaging. (W. Liu, et al., Anal. Chem. 2015, 87, 3255.) 

An iridium(III) complex-based ion probe Ir 4-1 (Fig. 1-10.) displayed ratiometric 

change of luminescence from yellowish-green to reddish-yellow toward Hg2+ in 

aqueous media via intramolecular cyclization[46]. Other novel phosphorescent iridium 

complex (pq)2 Ir (cys) (pq = 2-phenylquinoline, cys = L-cysteine) can be quenched by 

Hg2+ selectively and sensitively[47]. 

Chao et al. produced a novel pH-independent and two-photon phosphor- rescent 

Ir (III) complex (Ir-BPDA) targeted at lysosome which will form Ir-BPDA- NO by 

reaction with endogenous nitric oxide (NO)[48]. As shown in Fig. 1-11, the morpholine 

moieties in C^N ligands and the addition of a benzyl group in the N^N ligand 

facilitate the absorption and accumulation of Ir-BPDA in lysosomes and enabled the 

detection of NO by PLIM and TPM imaging microscopies. 

Quite a few of the luminescent complexes have been synthesized for 

cell-imaging and intracellular sensing. To distinguish endogenous molecules from 

those internalized species from extracellular microenvironment has been an extremely 

hard problem. The idea to develop complexes which can partially retain in the cell 

membrane will provide the tool to tell the differences of inside and outside analytes.    
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Fig. 1-11 A two-photon Ir(III) phosphorescent complex for the visualization of endo- 

genous nitric oxide in lysosomes. (H. Chao, et al., Anal. Chem., 2019, 91, 10266.) 

A series of Ir(III) complexes developed by Huang et al. were phosphorescent 

both on cell membrane and in the cytoplasm. The long carbon chain in the C^N ligand 

will increase the amounts of the complex to retain in cell membrane[49]. As indicated 

in Fig. 1-12, the NaClO pre-incubated or post- incubated in the HeLa cells with the 

red Ir(III) complex 3a and costained by green membrane dye CellMask (CM). The 

percentage values of overlaid images OL of 68% and 21% means the colocalization 

coefficients of green membrane and red 3b, suggesting the target analyte of 

exogenous and endo- genous hypochlorite were obviously distinguished by the 

iridium probes in the cell membrane. The phosphorescent Ir(III) complex sensers in 

the membrane will help us to understand the pathological and physiological processes 

inside the cells and the microenvironment outside cells, which is of great value and 

significance for disease diagnosis. 
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Fig. 1-12 Ir (III) complexes 3a capable of distinguishing between exogenous and 

endogenous ClO- in living cells. (W. Huang, et al., Chem. Sci., 2018, 9, 7236.) 

1.4 Transition-metal complexes for cellular uptake and distributions 

With the in-depth study of fluorescence probe of multiple ligands on ruthenium 

polypyridyl complexes, the research field has been quickly expanded from the DNA 

light switch and structural probes to the cellular imaging of uptake and distribution in 

recent years. For living cells, ruthenium complexes are required to enter the 

cytoplasm through the cell membrane, and further distribute to the nucleus, as well as 

mitochondria, endoplasmic reticulum, Golgi apparatus, etc. and these processes 

involve different transport mechanisms of the plasma membrane, such as passive 

diffusion, proteins mediated transmembrane transport (active or passive) and 

endocytosis (Fig. 1-13). If the ligand size of the ruthenium complexes is too large or 

polar, the effective way to go through the lipid-bilayer membrane of cell is the 

process of endocytosis. Ruthenium complexes demonstrate high Stokes shift for the 

fluorescence emission (usually by more than 100 nm) in which the wavelength is 

often situated in the infrared wave band, and thus will reduce the interference of 

endogenous fluorescence of biological molecules [50]. 
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Fig. 1-13 Schematic diagram of cellular uptake mechanisms. (J. A. Thomas, et al. 

Chem. Soc. Rev. 2012, 41, 3185.) 

In 2007, Barton et al. discovered the efficiency of cell-uptake of ruthenium 

complexes was closely related to the structure of ligands in complexes by laser 

confocal microscopy and flow cytometry experiments. The hydrophobic auxiliary 

ligand DIP (4,7-diphenyl-1,10-phenanthroline) improved the cell-uptake efficiency of 

complex [Ru(DIP)2(dppz)]2+, and the complex reached the cytosol through a process 

of passive diffusion[51]. 

As indicated cell imaging of Fig. 1-14 (A), almost all the hydrophobic [Ru(DIP)2 

(dppz)]2+ was distributed in the cytosol of Hela-cells, there was no obvious complexes 

intake in the cell nucleus. Lincoln et al. produced a series of intercalator ligands of 

different hydrophobicity and found that the longer the hydrocarbon chain (R group), 

the stronger the hydrophobic property, and the less distribution of the complex in cell 

nucleus of Chinese hamster ovary(CHO) (Fig. 1-13(b)), indicating that the 

hydrophilic drug molecules are more likely to be distributed in the nucleus[52]. 
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Fig. 1-14 (A) [Ru(DIP)2(dppz)]2+ and cellular uptake by HeLa cells. (J. K. Barton, et 

al,J. Am. Chem. Soc., 2007) (B) Three Ru(dppz)-based complexes containing alkyl 

groups of various lengt, and the effects of hydrophobicity on cellular localisation; the 

more hydrophobic complexes display a lower DNA accumulation in fixed, per- 

meablised CHO cells, scale bar =10m. (P. Lincoln, et al. Biophys. Chem., 2010) 

Thomas and coworkers disclosed that the double metal complex 

[(Ru(phen)2)2(tpphz)]4+ (Fig. 1-15.(A)) entered human breast cancer cells (MCF-7) by 

active transport, and quickly located in the nucleus (Fig. 1-15.(B)), which can be 

imaged on chromosome DNA. The change of chromosomes in the cell cycle is clearly 

indicated in Fig. 1-15. (C)[50, 53].  

But when the complexes were encapsulated by the polymer vesicles, the staining 

ability of the complexes in cell nuclei was decreased, and more complexes distributed 

in mitochondria were observed. This phenomenon suggests that different modes of 

cellular uptake will affect the distribution of the complexes in the nucleus and 

mitochondria[54]. 
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Fig. 1-15 (A) [(Ru (phen)2)2 (tpphz)]4+ (B) Nuclear DNA staining of MCF-7 cells by 

the dinuclear complex, as evident by MLCT luminescence (red). Co-staining with 

SYTO-9 (green) is included for reference. (C) A collection of cells in various stages 

of chromosome aggregation imaged by the dinuclear complex as they progress 

through the cell cycle. (J. A. Thomas, et al. Nat. Chem., 2009, 1(8): 662; Chem. Soc. 

Rev. 2012, 41: 3187.) 

Barton group designed and synthesized ruthenium complexes modified with 

octa-arginine (Fig. 1-16. (a)) and octa-arginine linked fluorescein (Fig. 1-16. (b)), 

complex (a) was observed in cell cytosol (red), while the nucleus area remains blank, 

and distribution of complex (b) was the opposite which entered into the nucleus area 

(green), indicating the structure of fluorescein played an important role in the 

subcellular distribution[55]. 

 

Fig. 1-16 Chemical structures (left) and confocal microscopy images (right) of the 

two metal-peptide fluorophore conjugates (a: octa-arginine conjugate and b: octa- 

arginine fluoresce inconjugate) (a) displays only cytosolic localization, while (b) 

exhibits nuclear localization. (J. K. Barton, et al, Chem.Commun.2013) 
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A new method of ion-pairing was discovered to modify the hydrophobicity of 

complexes for the nuclear delivering. The known DNA ‘lightswitching’ polypyridyl 

cationic [Ru(bpy)2(dppz)]2+ was paired by carbonyl cyanide p-(trifluoromethoxy) 

phenylhydrazone, pentachlorophenol and tolfenamic acid separately to change the 

cellular distribution[56]. The cellular uptake in nucleus of the Ru (II) complex was 

greatly increased by those three negatively charged counter-ions. As illustrated in Fig. 

1-17, the PCP- formed lipohilic ion-pair with [Ru (bpy)2(dppz)]2+ and passed through 

the cell membrane via a proposed passive diffusion mechanism. The enhancement of 

delivering those ion-pair complexes into cell nucleus was quite obvious from the 

cell-imaging of complexes by 488 nm light excitation.  

 

Fig. 1-17 The cell-impermeable [Ru(bpy)2(dppz)]2+ complex and PCP- formed 

lipophilic ion-pair complexes which distributed in the living cell nucleus via passive 

diffusion mechanism. (B. Z. Zhu, et al, Chem. Sci., 2016, 7, 4021.)  



22 

During my master’s research period in Professor Zhang Qianling’s group in 

Shenzhen University and Shenzhen Key Laboratory of Functional Polymer, a series of 

ruthenium(II) polypyridine complexes were synthesized and the properties of DNA 

binding and photo-cleavage were studied[57]. Although numerous fluorescent organic 

probes have been developed as organelle-specific and microenvironment-targeted 

tools in bioimaging and biosensing recently[58], we focus on the transition metal 

complexes with organic ligands and carried out synthesis of photophysically and 

photochemically stable iridium complexes and investigated their cellular uptake, 

subcellular distribution, cell cycle-changes, apoptosis assay and cell proliferation 

inhibition properties in this thesis.  

Iridium complexes have a wide range of potential applications in cell imaging of 

subcellular accumulation which have recently become hot and active research 

fields[59].  

 

Fig. 1-18 Mechanism illustration of theranostic Ir(III) complex induced mitophagy 

and confocal images of A549 cells exposed to Ir complex and MTDR (Mito-Tracker 

Deep Red). (Z. W. Mao, et al, ACS Appl. Mater. Interfaces, 2017, 9, 13304.)  
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The factors affecting the interaction between complex and subcellular organelles 

including mitochondria, lysosomes, the nucleus, the Golgi apparatus, and the 

endoplasmic reticulum (ER) are speculated to positive charge, chemical groups and 

space configuration of complexes.  

Mitochondria are the cell powerhouses and key centers of apoptosis[60]. The 

morphologies of mitochondria are changing during apoptosis. Visualization of 

mitochondrial metabolic status in mitophagic response of phosphorescent iridium(III) 

complexes was reported by the group of Prof. Z. W. Mao[61]. Mitophagy was induced 

by Ir(III) complex through mechanisms of mitochondrial membrane potential (MMP) 

depolarization, exhaustion of ATP and oxidative stress. The Pearson’s colocalization 

coefficients (PCC) of one complex with MTDR (Mito-Tracker Deep Red) in the 

overlay picture in Fig. 1-18 is 0.76, indicating the distribution of Ir(III) complex was 

colocalized in the mitochondria.  

 

Fig. 1-19 Schematic representation of super-resolution tracking of mitochondria with 

an iridium(III) complex under SIM. (J. Diao, et al, Small, 2018, 14, 1802166.)  

Recently, mitochondrial dynamics tracking in living cells with super resolution 

of about 80 nm using an Ir(III) dye under structured illumination microscopy (SIM) 

was introduced[62]. Clear images of the mitochondrial cristae structure represented in 
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Fig. 1-19 were achieved in living cells under 3D SIM with the dye which 

demonstrated excellent cell permeability, photostability and satisfactory specificity. 

Lysosomes are the primary compartments in charge of cell digestion which 

regulate the catabolic balance through uptake and degrade intra and extra cellular 

bio-molecules under particular circumstances[63]. The lysosomal enzymes play the 

crucial role in cancer apoptosis and more than fifty hydrolases were found to be 

responsible for the decomposition activities in lysosomes. 

 

Fig. 1-20 (a) Lysosome tracking Ir-Ly complex entered and accumulated in 

lysosomes. (b) Ir-Ly as OH- and H+ sensors.  (D. L. Ma, et al, J. Mater. Chem. B, 

2018, 6, 3855) 

The development of luminescent probes for lysosomes is a very important 

requirement to reveal various processes in cellular physiology. An Ir(III) complex 

(Fig. 1-20. (a) Ir-Ly) was synthesized to visualize lysosomes in tumor cells[64]. The 

Ir-Ly contains two moieties of hydroxy and morpholine groups which provide 

relevant pH sensitivity and hydrophilicity. Rhodamine-linked Ir (III) complexes with 
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formula [(Cpx) Ir (C^N) Cl] were discovered to target at lysosome and induce the 

lysosomal damage. One of the half-sandwich neutral Ir (III) complexes shows the 

antimetastatic ability to prohibit the migration and did not reduce the mitochondrial 

membrane potential (MMP) significantly[65]. 

 

Fig. 1-21 (a) Ir(III) complexes: TIr1, TIr2, TIr3, and TIr4. (b) Proposed two pathways 

of cross-linking and oxidation for protein modification in endoplasmic reticulum (ER) 

by photoactivation of Ir(III) complexes. (c) Two-photon optical imaging using 

confocal laser scanning microscopy. (T. H. Kwon, et al, J. Am. Chem. Soc., 2016, 

138, 10969.)  

The localization of a series of photoactivatable Ir(III) complexes in ER involved 

in protein inactivation by reactive oxygen species (ROS) produced a significant 

cytotoxicity of MCF-7 and SK-OV-3 cancer cell lines as shown in Fig. 1-21[66].  

Other different Ir(III) complexes with auxiliary ligands of terpyridine were 

introduced as ER-targeted photosensitizers. Their effective photodynamic therapy 
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(PDT) performances towards a series of cancer cell lines were postulated to be 

triggered by ER mediated apoptosis by singlet oxygen (1O2) quantum yields[67]. 

Through substitution or modification of the ligand structure, the lipophilic and 

hydrophilic properties of iridium complexes can be regulated which will play a 

significant role in cellular uptake and subcellular distribution. The optical properties 

of the complexes can also be adjusted to benefit for the imaging and observation of 

cell and cell organelles, the excitation spectrum of cellular imaging will shift to longer 

wavelength, which is advantageous to reduce the damage to living cells and enhance 

the penetration. Modified ligands can also enable the iridium complexes to obtain the 

ability to recognize tumor target markers. Based on the recent cutting-edge reports, 

iridium complexes have become the most promising fluorescent probes in the 

identification, diagnosis therapy of tumor cells. 

1.5 Cytotoxicities of transition-metal complexes  

Cytotoxicity is the most important evaluation for anti-tumor medicines and 

cell-imaging regents. There are numerous mechanisms and pathways in the process of 

cell apoptosis or necrosis. Most of the metal-based anti-tumor drugs are discovered to 

be multi-targetted in the living systems due to their diverse structures and polarities. 

Systematic investigation of the relationship between the metal complexes and 

cytotoxcities has excited extensive attention recently. 

Transition-metal complexes were synthesized and evaluated as potent anticancer 

drugs[68] to conquer the drawbacks of clinical approved platinum medicines. 

Ir(I) 5d8 complexes were initially produced with similar planar geometry of 

cisplatin in 1978 and in the following years they showed efficacy toward 

anti-metastatic activity but could not inhibit primary cancers[69] which are similar to 

the octahedral geometry of ruthenium(III) complexes. 
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Other oxidation states of Ir(I), Ir(II), Ir(III) Ir(IV) and different geometries such 

as trigonal-bipyramidal, pseudo-octahedral were developed and discussed by Sadler et 

al[70]. The cytotoxicity of half-sandwich cyclopentadienyl Ir(III) complexes were 

systematicly studied by IC50 value comparison (Fig. 1-22.) 

 

Fig. 1-22 Comparison of cytotoxicity of [(η5-Cpx) Ir(L∧L′)Z]0/+ complexes against 

A2780 cancer cells. Potent: >50% growth inhibition at 5 μM, Moderate: 80% to 50% 

growth inhibition at 50 μM, Inactive: < 50% growth inhibition at 100 μM. (Sadler et 

al., Acc. Chem. Res. 2014, 47, 1177.)  

    Those L^L′ ligands represent neutral N^N and negatively charged C^N 

-chelating ligands and Cpx means modifications of Cp* ring by extension with a 

phenyl or biphenyl substitutent. IC50 values (drug concentration of inhibition cell 

growth to 50 %) of ovarian cancer cells shows the significant increase from inactive 

level ( > 100 μM ) to the level of 0.7 μM. As indicated in Fig. 1-22 and scheme 1-1, 

when the leaving group Cl in compound 3 was replaced by a pyridine (py) to form 

compound 12, IC50 values jumped from 0.7 to 0.1μM which is more active than 

cisplatin (CDDP) or oxaliplatin (OXA) drugs. Analysis shows a remarkable difference 
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between cyclopentadienyl Ir(III) complexes and Pt drugs. Structure and activity 

relationship research work identified the numerous mechanisms of action (MoA) 

including enhancement of cellular uptake, H2 generation, induction of reactive oxygen 

species (ROS) and multiple targets such as DNA, steroid hormone, thiol glutathione 

(GSH) and kinase. Although there are relatively few investigated results, iridium 

complexes offer distinct features for novel generation of diagnostic drugs with new 

MoA. 

Scheme 1-1 Strategies used to improve the anticancer activity of cyclopentadienyl 

Ir(III) complexes. (Sadler et al., Acc. Chem. Res. 2014, 47, 1177.) 

  

The cytotoxicities of a new series of C,N-cyclometalated benzimidazole 

complexes with the structures [(η6-p-cymene)RuCl(2-N,C-L)] and [(η5-C5Me5)IrCl 

(2-N,C-L)] (HL = methyl 1-butyl-2-aryl benzimidazole carboxylate) suggest that 

varying substituents (H, Me, F, CF3, MeO, NO2, and Ph) ( Fig. 1-23 ) is an efficient 

way to modify the anti-cancer activity of half-sandwich metal complexes[71]. 

The Ru(II) complexes with η6-p-cymene shows nearly double cytotoxicities than 

the Ir(III) ones with η5-C5Me5, indicating the combination of neutral carbon -system 

ligand and Ru(II) contributes to toxicity more than the conjuction of anionic η5 ligand 

and Ir(III). The substituents Me, F and CF3 enhance the activity of Ru(II) complexes 

in most cell lines while the corresponding iridium complexes do not have  obvious 
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change of cytotoxicities. They have similar activities when the group of Ph was 

introduced in the R part. 

 

Fig. 1-23 The C, N-cyclometalated benzimidazole Ru(II) and Ir(III) complexes. 

( Ruiz et al., J. Med. Chem. 2015, 58, 7313.) 

    A series of salicylaldimine-linked Ru(II), Rh(III) and Ir(III) complexes were 

synthesized for comparative analysis of anti-cancer activity[72]. Fig. 1-24 indicates the 

Ru(II) complexes 11 and 14 with η6-p-cymene ligand are more toxic than rhodium(III) 

and iridium(III) complexes with the substructures of trifuoromethane and 

trimethylsilane. Those complexes with R group of propyl and ferrocenyl 

salicylaldimine ligands (5–10) show less cytotoxicity than cisplatin against MCF7 

cells, suggesting that the degree of lipophilicity and metal both play important roles in 

the cytotoxicity in MCF7 cells which gives us a guidance to find potential candidate 

of anticancer drug. 
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Fig. 1-24 Salicyl-aldimine-based Ru(II), Rh(III) and Ir(III) complexes 5-16 with 

various lipophilic substituents against the breast cancer MCF7 cell line. (Smith et al., 

JBIC J.Bio. Inorg. Chem., 2018, 23, 764.) 

According to the η5-C5Me5 and η6-p-cymene, recent research work modified the 

anionic η5-Cpx ring to compare the activity-structure relationship[73] as listed in 

scheme 1-2. Similar to the former paper, the IC50 values of Ru1and Ir1 are 3.1 μM 

and 14.5 μM correspondingly against A549 cells line (lung cancer), showing the 

ruthenium complex is more toxic than iridium complex with η6 ligand. Interestingly, 

among all the different R groups in iridium complexes, Ir6 with IC50 value 2.4 μM for 

A549 was the most cytotoxic one, indicating that fluorine in the ortho-position 

enhanced antitumor activity more efficiently than other substituents. 
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Scheme 1-2  Synthesis of complexes Ir1-Ir6 and Ru1. (Liu et al., Inorg. Chem. 2019, 

58, 5957.) 

 

Those η6-p-cymene and η5-Cp* rings were used to synthesize triazolyl complexes 

with metals of ruthenium(II), rhodium(III), iridium(III) and osmium(II) [74] as shown 

in Fig. 1-25. Ru(II) (1a) and Os(II) (1d) complexes exhibited modest activities 

against cancer cell lines HEK293 and HeLa while the analogous Rh(III) (1b) and 

Ir(III) (1c) complexes displayed better cytotoxic activities against A549 cell lines. 

Auranofin (Aur) was used as the positive control. 

   

Fig. 1-25 Triazolyl Ru(II), Rh(III), Os(II), and Ir(III) complexes 1a, 1b, 1c, 1d. 

(Makhubela et al., Organometallics 2019, 38, 3198.) 

Further comparative research suggested that {[RuCl (H2biim) (η6-p-cymene)] 

PF6}2· H2O (H2biim: bidentate 2,2′-biimidazole) displayed much higher cytotoxicity 
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against cancer cell line HL-60 cells than [(η5-Cp)RhCl(H2biim)]PF6 and 

[(η5-Cp)IrCl(H2biim)]PF6
[75].  

The differences of pseudo-octahedral half‑sandwich complexes are extensively 

studied, however the comparative studies of octahedral metal complexes were still in 

their infancy. Some of the Ir(III) polypyridyl complexes with ligand PYTA 

(2,4-diamino-6-(2′-pyridyl)-1,3,5-triazine) were evaluated of their anti-cancer and 

anti-bacterial activities by comparing different C^N ligands of ppy (2-phenylpyridine), 

bzq (benzo[h]quinolone) and piq (1-phenylisoquinoline) [76]. Complex 3 in Fig. 1-26 

indicates the lowest IC50 value among these complexes toward cancer cell lines of 

A549, HepG2, SGC-7901, Eca-109, HeLa, BEL-7402. 

  

Fig. 1-26 Anticancer and antibacterial activity in vitro evaluation of three Ir(III) 

polypyridyl complexes. (Liu et al., JBIC J.Bio. Inorg. Chem., 2019, 24, 152.) 

The substitutionally inert octahedral iridium complexes usually have excellent 

photochemical and photophysical properties which can be photo-cytotoxic. Some of 

those will generate reactive oxygen species (ROS) even under low oxygen conditions 
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which can specifically target the hypoxia micro-environment in tumors as unique 

photodynamic therapeutic (PDT) agents.  

Light activated cytoxicity of two hypoxic active Ir(III) complexes namely 

Ir-pzpy and Ir-TAP (Fig. 1-27.), against 3D tumor spheroids through type I processes 

involve the production of radical species including hydroperoxyl (HO2•), hydroxyl 

(OH•) and superoxide (O2•-)
 [77]. 

 

Fig. 1-27 Simplified Jablonski diagram for ROS through type I and type II 

photoprocesses. (a) Ir-pzpy and (b) Ir-TAP, (B. Elias, et al., J. Am. Chem. Soc., 2019, 

Just Accepted Manuscript.) 

1.6 Background information on cytotoxicity tests  

Cells are the basic biological, functional, and structural units making up all 

known living organisms. As the smallest units of life, also called the "building blocks 

of life", cells can replicate independently under certain proper conditions.  
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   Fig. 1-28 Structure of a typical animal cell. (by Mariana Ruiz from Wikimedia.) 

In animals, many cells will be organized into organisms to have more specific 

functions. It is amazing that human being contains more than 1013 cells[78]. The size of 

most animal cells is of dimensions between 1-100 micrometres[79], which makes them 

only visible under microscope. The diameter of tumor cells we cultured is about 20 

micrometres. 

From the illustration of cellular structure in Fig. 1-28, we can have a concept of 

the positions and structures of nucleus, cytoplasm and other main organelles such as 

ribosome, mitochondria, lysosome, endoplasmic reticulum (ER), Golgi apparatus and 

centrosome, etc. Within the cell membrane, many biomolecules of proteins and 

nucleic acids are transferred between some of those organelles to fulfill their 

functions.    
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inspired the investigations for other transition-metal complexes of anticancer activity 

which might be able to extend the boundary of treatable cancers, reduce the terrible 

toxic side-effects, and overcome drug-resistance.  

Cell morphology is crucial in identifying the size, structure, shape and form of 

cells. Examining the morphology and proliferation of the cells will provide a lot of 

very important results to find out if the cells are healthy or dying. The cell 

morphology of most mammalian cells in culture can be generally divided into five 

basic categories: fibroblastic, epithelial-like, lymphoblast-like, endothelial and 

Neuronal. The first three types of cell morphology are listed in Fig. 1-30[82]. 

Observation of morphology is the simplest and most direct technique to monitor the 

growth status of cell lines especially when they were added with drugs. 

 

Fig. 1-30 (Left) Fibroblastic (or fibroblast-like) cells are bipolar or multipolar, have 

elongated shapes, and grow attached to a substrate. (Middle) Epithelial-like cells are 

polygonal in shape with more regular dimensions, and grow attached to a substrate in 

discrete patches. (Right) Lymphoblast-like cells are spherical in shape and usually 

grown in suspension without attaching to a surface. 

 

Tumor cells typically have the epithelial-like morphology with multipolar and 

elongated shapes when they grow well. The procedures of cell culture and operations 

of fluorescence inverse microscope (FIM) were described in section 7.5 of chapter 7. 

MTT assays are extensively applied to colorimetrically evaluate cell metabolic 

activity for in vitro cell growth[83]. The yellow water-soluble tetrazole dye MTT 

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide) can be reduced to 
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purple insoluble formazan by mitochondrial dehydrogenase enzymes in living 

cells[84-85]. Dimethyl sulfoxide is usually used to solve the accumulated formazan to 

produce a purple solution and its quantified absorbance at 570 nm by a 

spectrophotometer will reflect the number of active cells. Operation of MTT assays 

should always be carried out in the dark due to the light sensitivity of MTT reagents. 

 

Fig. 1-31 Reagents for cell viability detection (Measuring Cell Viability/Cytotoxicity, 

Dojindo Molecular Technologies, Inc.) 

In addition, other tetrazolium dyes including XTT[86], MTS[87] and the WSTs[88], 

in the presence of the intermediate electron acceptor, phenazine methosulfate (PMS), 

generate water-soluble formazans intracellularly (XTT, MTS) and extracellularly 

(WST-1). The MTS, XTT and WST are negatively charged and their ability to 

penetrate cells is much less than the positively charged MTT[89]. In this thesis, 

procedures of MTT assay are based on the details described in chapter 7. 
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Fig. 1-32 Illustration of two ways of defining EC50/IC50s. (J. L. Sebaugh, Pharm. 

Stat., 2011, 10, 2, 128-134.) 

IC50 (half maximal inhibitory concentration) values were obtained through the 

similar curve of Fig. 1-32 according to the literature[90]. Cell cytotoxicity and viability 

percentage were calculated according to the following equation: cytotoxicity % = (1 - 

sample/control) × 100, viability % = sample/control × 100. Corresponding curves and 

histograms were drawn by Origin 8.0 as the following figures indicated. 

    In order to supplement MTT assay, calcein AM (acetoxymethyl) and propidium 

iodide (PI) assay was carried out according to the protocol attached in chapter 7. This 

method is another important assay to assess cell viability or death. Calcein AM is a 

cell permeant dye without fluorescence. When it enters into live cells, the intracellular 

esterase will cut the acetoxymethyl (AM) part to generate fluorescent calcein which 

will be excited at 485 nm and emit green light of 535 nm as shown in Fig. 1-33.  
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Fig. 1-33 Structures of calcein AM and PI and their mechanisms of live and dead cell 

assay. 

    The highest distributions of total active esterase to produce fluorescent calcein 

locate in the cytosol and microsome[91], implying the convenience for the access of 

calcein AM than the mitochondrial reductase to contact MTT. In other words, MTT 

has to be up-taken into the cytoplasm firstly, and secondly it enters into mitochondria 

for the reaction, but calcein AM only needs one step for the touch of esterases in 

cytosol. That may be the explanation of the different reaction time of calcein AM dye 

(30 minutes) and MTT (2-4 hours) in the procedures. The green calcein usually 

carries additional negative charges after the esterase cleavage of the lipophilic groups. 

Thus the calcein is much better retained in cells than its parent compound. PI dye is 

living cell membrane impermeant, but can gain access into nucleus to bind to DNA 
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when the incomplete membrane appears in dead cells, afterwards, PI can be spotted 

due to its red-emission of 620 nm under the excitation of 530 nm. 

The function of mitochondria is critical for cell health which can be detected by 

changes of ΔΨM
[92]. Recently, the lipophilic, cationic dye JC-1 

(5,5,6,6’-tetrachloro-1,1’,3,3’ tetraethyl-benzimidazoyl-carbocyanine iodide) has been 

found to be more specific and consistent for depolarization of mitochondrial 

membrane potential than other carbocyanine dyes including R123 (rhodamine-123) 

and DiOC6(3) (3,3'-dihexiloxo-carbocyanine iodide) [93].  

 

Fig. 1-34 Schematic illustration of cationic JC-1 monomer dye (green) and aggregates 

(red) going in and out of the mitochondria. (F. Sivandzade, et al. Bio. Protoc., 2019, 9, 

1, 3128.) 
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The positively charged JC-1 dye exhibits green fluorescence in its monomer 

form, but it will accumulate in the negatively charged healthy mitochondria and 

automatically become red emission J-aggregates instead of green monomers [94]. As 

illustrated in Fig. 1-34, less JC-1 dye enters into the unhealthy mitochondria due to 

the loss of membrane potential, namely, mitochondrial depolarization. 

Because of the reduced concentrations of JC-1, the red fluorescent aggregates 

reversely turn back to the green monomer form. The JC-1 dye has 

absorption/emission of 510 / 520 nm for green monomers and 585 / 585 nm for red 

aggregates accordingly[95]. Since Stokes shift in J-aggregates is rare, the absorption 

and fluorescence maximum of JC-1 are both 585 nm. 

Therefore, the mitochondrial depolarization can be assessed by the intensity ratio 

of red to green fluorescence. The potential-dependent accumulation of JC-1 dye (red) 

in mitochondria and JC-1 monomer (green) in cytoplasm can be detected by 

fluorescent microscopy, confocal microscopy and flow cytometry. 

     

The mathematical formula of Pearson’s correlation coefficient-Rr was reported 

by Auguste Bravais in 1844. Later in the 1880s, Francis Galton introduced the 

equation, and finally developed and named by Karl Pearson which was an example of 

Stigler's Law. Pearson’s correlation coefficient was usually applied to quantify the 

correlation with the values ranging from 1 to -1 (1 represents perfect correlation, zero 

represents random localization and -1 represents perfect exclusion). However, in this 

section, this is not necessarily the case for fluorescent images because a value close to 

zero or negative for Pearson’s correlation coefficient in images can be a very arduous 
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task to interpret. Meanwhile, a value close to 1 does exhibit trustworthy 

co-localization for fluorescent images.  

Another colocalisation coefficients with the name Manders’ coefficients[96] as 

listed in the above formula, Mred (M1, fraction of Red overlapping Green) and Mgreen 

(M2, fraction of Green overlapping Red) are normalized against the total pixel 

intensity to avoid issues relating to absolute intensities of the signal. M1 and M2 

provide the information as to how well one channel overlaps the other. Due to the 

correction of poor background, M1 and M2 can be decided even when the pixel 

intensities in each component differ greatly. 

     

If the intensities of two channels are dependent on each other, i.e. if Ri - Rmean > 0 

in red channel, the pixel’s intensity will be above average Gi - Gmean > 0 in green 

channel. Similarly, if a pixel is below average in one channel it will be below average 

in the other. Therefore, when the intensities vary synchronously in an image, the 

product of the differences from the mean (PDM) for each channel, will be positive. If 

the red and green channels are segregated, most of the PDMs will be negative 

according to the above formula. Intensity correlation quotient (ICQ) was generated by 

subtracting 0.5 from the ratio value of the number of positive values (PDM) to the 

total number of pixel pairs. The range of ICQ values is between - 0.5 and + 0.5 with 

random staining: ICQ ~ 0, segregated staining: -0.5 ≤ ICQ < 0 and dependent staining: 

0 < ICQ ≤ +0.5[97]. 
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1.7 Scope of the thesis 

This thesis aims to synthesize three series of Iridium complexes with different 

C^N ligands and N^N ligands (including dipyrido[3,2-a:2',3'-c]phenazine, 

1H-imidazo [4, 5-f] [1, 10] (phenanthroline) and Schiff Base ) to potentially target at 

DNA and tumor cells. Another series of ruthenium complexes with polypyridine 

ligands was synthesized for the comparative study of iridium complexes. There are 

totally 21 final products produced and characterized by NMR and MS.  

The cyclic voltammetry (CV) properties of some iridium complexes are further 

studied to obtain the HOMO and LUMO values. UV-Visible absorption spectra and 

photoluminescence (PL) emission spectra were investigated to uncover the DNA 

binding properties of iridium complexes. Cell morphology, proliferation, cytotoxicity, 

mitochondrial transmembrane potential (ΔΨM), cellular uptake and distribution at 

different concentrations, time, low temperature and fixed cells of those iridium(III) 

and ruthenium(II) complexes were also executed to discover the relationship between 

the structures and bio-applications in anti-cancer field.  
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CHAPTER 2: Iridium complexes with dipyrido[3,2-a:2',3'-c]

phenazine based bipyridine ligands 

2.1 Introduction 

In the last two decades, various metal complexes such as ruthenium[1-9], 

rhodium[10-14] and platinum[15-18] complexes have been extensively synthesized to 

probe DNA with spectroscopic assays and to light up the cells. Most of the Ru(II) 

complexes are not quite cytotoxic and their potential applications as anti-cancer 

medicines are hindered. Ir(III) complexes have been widely applied in the design and 

preparation of light-emitting diodes due to their excellent photochemical and 

photophysical properties[19-23].  

However, most research work focused on half-sandwich structures of iridium 

complexes with one η5-Cp* ring and an active chloro group. The electron-donating 

methyl groups of Cp ring probably contribute to the departure of Cl- by increasing 

hydrolysis, but the steric hindrance of Cp ring and adjacent ligands will not increase 

the attachment of the metal core to the outside binding target. Those pseudo- 

octahedral iridium complexes are not as toxic as the ruthenium complexes with 

η6-p-cymene ring[24-28]. This may provide an explanation for the pretty low portion of 

Ir(III) complexes reported on the cytotoxicity and other biological applications. 

Recently, octahedral iridium complexes have shown luminescence in DNA 

binding and cell imaging thus triggered the promising field of bio-applications of 

iridium complexes[29-37]. Being the third row metal, Ir(III) complexes are inert in their 

coordination sphere compared to Rh(III) or Ru(II) complexes which makes iridium 

complexes very convenient and suitable in biological chemistry[29]. In this chapter, we 

reported the synthesis and characterization of four ligands, three iridium dimers and 

five octahedral iridium complexes with substitutionally inert ligands.  
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The ligands are based on the previous investigations of ligands in ruthenium 

complexes. Most of the ligands were designed to focus on target DNA and their 

structures intend to intercalate between the stacked nucleic acid base pairs in nucleus. 

They have the properties of planar structure, rigid or flexible bonds, good light 

harvesting abilities, and electron-withdrawing or donating groups which could modify 

the iridium complexes to be a good probe or reagent in the interaction with biological 

molecules of DNA, protein, lipid, ion channels, membrane double-layers, organelles, 

etc.  

The counter-ion of all those positively charged complexes is Cl− in our synthesis 

method instead of the hexafluorophosphate (PF6
−) although this will add into 

difficulties in the purification. It was noticed that most of the iridium complexes for 

bio-application reported so far were constituted with cation of iridium ligands and 

anion of PF6
-. Because the hexafluorophosphate is normally used to precipitate the 

final iridium complex cation from the mixture solution to make the synthesis much 

easier and more efficient, few factors were considered that the PF6
- was not a natural 

anion in the living creatures which could affect the cellular uptake, change the 

cytotoxicity and permeability of cell membrane. Cl− is natural and water-soluble in 

living systems which will help the cellular uptake and increase the efficiency of metal 

complex salts while PF6
− will reduce the solubility of metal drugs in water and bring 

extra negative ion into cell lines. As recently reported cytotoxicity of three Ir(III) 

complexes was greatly reduced when chloride was changed to PF6
−[38]. 

Cellular localization and cytotoxicity are closely related to the structures and 

charges of metal complexes. However, the rationale of structure and activity 

relationship (SAR) in iridium complexes and cell lines has not yet been fully 

understood due to diverse metal complexes, cell lines and therapeutic protocols. 
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Recent systematic SAR research indicates that octahedral cationic complexes are 

more toxic and anti-photobleaching than their neutral analogues[39]. A series of 

positive charged complexes [Ir (N^N)2 (N^N)′]3+ (N^N refers to neutral diimine ligand  

such as phenanthroline) were found to have very low dark cytotoxicities toward 

cancer cells SK-MEL-28, indicating positive charge of three is too high to be active 

although some complexes with pyrenyl substituent exhibited rather high 

photobiological activities[40].  

Because the related researches using one positively charged iridium complexes 

still remain relatively unexplored over the past decade, future synthesis and analysis 

are to be done to understand the relationship between the iridium complex structures 

and DNA binding ability, cellular uptake, distribution, and cytotoxicity. The leap of 

cognition to the mechanisms of SAR needs more systematic investigation which 

guides us to start from the traditional dipyrido [3,2-a:2',3'-c]phenazine (DPPZ) and 

other analogues as diimine ligands. 

2.2 Synthesis of four diimine ligands 

2.2.1 N^N ligand T8 (DPPZ): Dipyrido[3,2-a:2',3'-c]phenazine. 

N

NN

NO

ON

N H2N

H2N EtOH 10 mL

85℃, reflux for 12 h
+

Dipyrido [3,2-a: 2',3'-c]
phenazine: DPPZ

1,10-Phenanthroline-5,6-dione

1,2-Benzenediamine

 

Scheme 2-1 Synthetic route of ligand T8 (DPPZ). 

A mixture of 1,10-phenanthroline-5,6-dione (MW: 210.19, 1.051 g, 5 mmol) 1,2-

benzene-diamine (MW: 108.14, 0.757 g, 7 mmol) and 10 mL of EtOH was refluxed 
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for 12 hours at 85°C. The solution was then cooled down to get yellow precipitate 

which was filtered and re-crystalized from cold ethanol.  

 

Fig. 2-1 1H NMR (400 MHz, CDCl3) spectrum of ligand T8 (DPPZ). 

 

Fig. 2-2 13C NMR (100 MHz, CDCl3) spectrum of ligand T8 (DPPZ). 
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The final product was 1.1012 g, yield 78%. 1H NMR (400 MHz, CDCl3)  9.65 

(dd, J = 2.0 and 6.8 Hz, 2H), 9.27 (dd, J = 2.0 and 2.4 Hz, 2H), 8.36 (dd, J = 2.8 and 

3.6 Hz, 2H), 7.93 (dd, J = 3.2 and 3.6 Hz, 2H), 7.80 ppm (dd, J = 4.4 and 3.6 Hz, 2H). 

13C NMR (100 MHz, CDCl3) 152.6, 142.5, 141.2, 133.8, 130.7, 129.6, 124.2, 120.3, 

116.8 ppm. 

2.2.2 N^N ligand T9 (DPPZ-Br): 11-Bromo-dipyrido[3,2-a:2',3'-c]phenazine. 

N

NN

NO

ON

N H2N

H2N
EtOH 10 mL

85℃, reflux for 12 h
+

Br Br

11-Bromo-dipyrido[3,2-a:2',3'-c]
phenazine: BDPPZ

1,10-Phenanthroline-5,6-dione

4-Bromo-1,2-benzenediamine

 

Scheme 2-2 Synthetic route of ligand T9 (BDPPZ). 

4-bromo-1,2-benzenediamine (0.5237 g, 2.8 mmol) and 1,10-phenanthroline- 

5,6-dione (0.5885 g, 2.8 mmol) were suspended in ethanol (80 mL), and the 

suspension was refluxed for 4 hours. The solvent was removed and the resulting solid 

was dissolved in CHCl3, and the solution was filtered. The filtrate was purified by 

column chromatography on neutral alumina, yielding the product as a light brown 

powder. 1H NMR (400 MHz, DMSO-d6)  9.403-9.447 (m, 2H), 9.19 (d, J = 4.0 Hz, 

2H), 8.56 (d, J = 2.0 Hz, 1H), 8.25 (d, J = 8.0 Hz, 1H), 8.12 (dd, J = 2.4 and 6.8 Hz, 

1H), 7.898-7.937 ppm (m, 2H). 13C NMR (100 MHz, DMSO-d6)  152.8, 152.7, 

148.3, 142.6, 140.9, 134.2, 133.8, 133.7, 131.6, 130.7, 127.2, 124.9, 124.2 ppm. 
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Fig. 2-3 1H NMR (400 MHz, DMSO-d6) spectrum of ligand T9 (BDPPZ). 

 

Fig. 2-4 13C NMR (100 MHz, CDCl3) spectrum of ligand T9 (BDPPZ). 
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2.2.3 N^N ligand T10 (MDPPZ): 11-methyl-dipyrido-[3,2-a;2′,3′-c] phenazine 

N

NN

NO

ON

N H2N

H2N
EtOH 10 mL

85℃, reflux for 12 h
+

11-Methyl-dipyrido[3,2-a:2',3'-c]
phenazine: MDPPZ

1,10-Phenanthroline-5,6-dione

4-Methyl-1,2-benzenediamine

 

Scheme 2-3 Synthetic route of ligand T10 (MDPPZ). 

4-Methyl-1,2-benzenediamine (0.3421 g, 2.8 mmol) was mixed up with 

1,10-phen-anthroline-5,6-dione (0.5885 g, 2.8 mmol) in ethanol (80 mL), and the 

mixture was refluxed for 4 hours. The reaction solvent was cooled to room 

temperature, the precipitate was dissolved in CHCl3, and the solution was filtered. 

Further purification was done through column chromatography on neutral alumina 

(CHCl3), and a light yellow powder was produced with the weight of 593 mg and 

yield of 71.5 %. 

 

Fig. 2-5 1H NMR (400 MHz, CDCl3) spectrum of ligand T10 (MDPPZ). 
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Fig. 2-6 13C NMR (100 MHz, CDCl3) spectrum of ligand T10 (MDPPZ).  

1H NMR (400 MHz, CDCl3)  9.60 (d, J = 8.0, 2H), 9.25 (s, 2H), 8.21 (d, J = 

8.4Hz, 1H), 8.09 (s, 1H), 7.728-7.801 (m, 3H), 2.701 ppm (s, 3H). 13C NMR (100 

MHz, CDCl3)  152.4, 152.3, 142.6, 141.5, 141.2, 133.7, 133.6, 133.4, 129.0, 128.0, 

127.7, 124.1, 22.2 ppm.  

2.2.4 N^N ligand T23 (DBDPPZ):11, 12-dibromo-dipyrido[3,2-a:2',3'-c]

phenazine. 

11,12-Dibromo-dipyrido[3,2-a:2',3'-c]
phenazine: DBDPPZ

N

NN

NO

ON

N H2N

H2N
EtOH 10 mL

85℃, reflux for 12 h
+

Br Br

1,10-Phenanthroline-5,6-dione

4,5-Dibromo-1,2-benzenediamine

BrBr

 

Scheme 2-4 Synthetic route of ligand T23 (DBDPPZ). 

1,10-Phenanthroline-5,6-dione (0.6306 g, 3.0 mmol) and 4,5-bromo-1,2-diamino 

benzene (0.9041 g, 3.4 mmol) were suspended in ethanol (20 mL), and the mixture 
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was refluxed at 85°C for 10 hours. The precipitate was collected and filtered by 

CHCl3 which gave the final product.  

 

Fig. 2-7 1H NMR (400 MHz, CDCl3) spectrum of ligand T23 (DBDPPZ). 

 

Fig. 2-8 13C NMR (100 MHz, CDCl3) spectrum of ligand T23 (DBDPPZ). 



67 

 

The chloroform solution containing T23 was purified by Al2O3 column 

chromatography using CHCl3 as eluting reagent. Chloroform solvent was vaporized to 

obtain a yellow solid. After vacuum drying, the product was successfully synthesized. 

The weight of product is 891mg and the yield is 67.5%. 1H NMR (400 MHz, CDCl3) 

 9.42 (d, J = 2.0 Hz, 2H), 9.26 (d, J = 2.0 Hz, 2H), 8.58 (s, 2H), 7.76 ppm (d, J = 

4.4Hz, 2H); 13C NMR (100 MHz, CDCl3)  153.1, 148.6, 141.9, 141.3, 133.8, 133.3, 

127.6, 127.0, 124.3 ppm. 

2.3 Synthesis of dimers and iridium complexes  

2.3.1 Synthesis of three dimers ([Ir(4-mpp)2Cl]2, [Ir(pp)2Cl]2, [Ir(dpapp)2Cl]2 ) 

Iridium dimers are always the important intermediates of iridium complexes 

because they provide two important cyclometalating ligands (C^N) of the final 

iridium complex. As illustrated by the calculations of a series of iridium(III) 

complexes, LUMO is generally located primarily on the heterocyclic ring, with the 

HOMO based on the metal and cyclometallated aryl ring[41]. Alteration of the 

substituent groups on the heterocyclic ring will then typically have an impact on the 

LUMO much more than HOMO, the opposite being true of the aryl ring.  

Normally, electron-withdrawing or donating characteristics of substituents 

account for the unequal impact on the HOMO and LUMO energy levels. Furthermore, 

ortho, para and meta position for grafting substituent group within the ring skeleton 

will affect the frontier orbitals and HOMO-LUMO gaps in a different way. The 

combined effects of mesomeric and inductive effects exerted by the substituent in 

particular position will result in large discrepancies of blue or red shifted emission[42]. 

We carefully chose 2-phenylpyridine (ppy) and its derivatives 

2-(4-methylphenyl)pyridine (4-mpp) and 2-[4-(diphenylamino)phenyl]pyridine 

(dpapp) as the three C^N ligands to produce precursor dimers as illustrated in Scheme 
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2-5. Terminal groups of methyl and diphenylamino are weak and strong electron 

donating groups (EDG) respectively which will raise the energy of HOMO orbitals 

and obtain lower HOMO-LUMO energy gap to red-shift the emission of iridium 

complexes. 

N

+ IrCl3 3H2O
2-ethoxyethanol / water (3:1)

125℃,  reflux  for 24 h

2-(4-Methylphenyl)pyridine: 4-mpp

N

Ir

N

Cl

Cl

Ir

N

N

  [ Ir (4-mpp)2 Cl ]2

IrIrIrIr IrIrIrIr

 

+ IrCl3 3H2O
2-ethoxyethanol / water (3:1)

125℃,  reflux  for 24 h

N

Ir

N

Cl

Cl
Ir

N

N

  [ Ir (pp)2 Cl ]2

IrIrIrIr IrIrIrIr

2-Phenylpyridine: pp

N

 

N

Ir

N

Cl

Cl

Ir

N

N
N

N

N

N

+ IrCl3 3H2O
2-ethoxyethanol / water (3:1)

125℃,  reflux  for 24 h

N

N

2-[4-(Diphenylamino)phenyl]pyridine: dpapp

  [ Ir (dpapp)2 Cl ]2

Ir Ir

 

Scheme 2-5 Synthetic route of three iridium dimmers. 

The synthesis procedures of [Ir(4-mpp)2Cl]2 are as follows: IrCl3·3H2O (1.059 g, 

3.0 mmol) was added to a suspension of 2-(4-methylphenyl)pyridine (10.5 mmol, 

1.7769 g, 1.795 ml) in 2-ethoxyethanol / water (3:1, 40 mL), then the reaction mixture 

was stirred at reflux for 24 hours at 125°C. After cooling down the temperature, 50 
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mL water was added and the product was filtered, washed with ethanol and diethyl 

ether, and then isolated as a powder[43]. Similar steps were carried out to synthesize 

dimers [Ir(pp)2Cl]2 and [Ir(dpapp)2Cl]2 with 2-phenylpyridine and 

2-[4-(diphenylamino) phenyl]pyridine accordingly. 

2.3.2 Synthesis and characterization of five iridium complexes (Ir4, Ir7, Ir8, 

Ir115, Ir139) 

Five Ir(III) complexes Ir4: [Ir(4-mpp)2DPPZ]+, Ir7: [Ir(4-mpp)2BDPPZ]+, Ir8: 

[Ir(4-mpp)2MDPPZ]+, Ir115: [Ir(pp)2DBDPPZ]+ and Ir139: [Ir(dpapp)2DBDPPZ]+ 

were made from the combination of the dimers and N^N ligands in scheme 2-6. 
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Scheme 2-6 Synthetic route of iridium complexes (Ir4, Ir7, Ir8, Ir115, Ir139). 

Iridium complexes (Ir4, Ir7, Ir8, Ir115, Ir139) were synthesized according to the 

similar procedures modified from references[44-45]: [Ir(4-mpp)2 Cl]2 (0.1128 g, 0.1 

mmol) was dissolved in DCM (6 ml) and methanol (6 ml), 0.23 mmol ligands of 

DPPZ (0.06493 g), BDPPZ (0.08303 g), MDPPZ (0.0681 g) respectively was added 

to produce Ir4, Ir7, Ir8 separately. [Ir(pp)2Cl]2 (0.1 mmol) and [Ir(dpapp)2Cl]2 (0.1 

mmol) was dissolved in DCM (6 ml) and methanol (6 ml), 0.23 mmol ligands of 

DBDPPZ was added to produce Ir115 and Ir139 separately and then was refluxed the 

reaction mixture for 15 hours at 60 °C. The solvent was vaporated after the reaction 

and DCM was added to solve the solid, then the product was purified through column 
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chromatography filled with silica gel (70-200 micron) using hexane and DCM 

mixture (1:8), and the polarity of the solvent was gradually increased by adding more 

DCM and finally methanol and DCM mixture (1:5) was used to wash out the product. 

The complex was vaporized and dried. Weights of iridium complexes of series A are 

Ir4 (32 mg, yield 37.8 %), Ir7 (29 mg, yield 31.3 %), Ir8 (33 mg, yield 38.4 %), Ir115 

(25 mg, yield 25.6 %), Ir139 (22.3 mg, yield 29.2 %). Characterization results are 

summarized as follows: 

Ir4: [Ir(4-mpp)2DPPZ]+, 1H NMR (400 MHz, DMSO-d6)  9.76 (dd, J = 1.2 and 

6.8 Hz, 2H), 8.54 (dd, J = 3.2 and 6.8 Hz, 2H), 8.32 (s, 2H), 8.22 (d, J = 8.0 Hz, 6H), 

7.88 (d, J = 8.0 Hz, 4H), 7.62 (d, J = 7.0 Hz, 2H), 7.00 (s, 2H), 6.92 (dd, J = 1.2 and 

6.8 Hz, 2H), 6.098 (s, 2H), 2.13 ppm (s, 6H);13C NMR (100 MHz, DMSO-d6)  

167.2, 152.2, 150.5, 150.0, 149.8, 142.4, 141.9, 140.6, 140.1, 139.1, 135.5, 133.1, 

132.3, 131.2, 129.9, 129.0, 125.5, 124.0, 123.7, 120.1 ppm (Fig. 2-9 and 2-10). MS 

(MALDI-TOF): 811.2158; Found: 811.2156. 

Ir7: [Ir(4-mpp)2BDPPZ]+, 1H NMR (400 MHz, CDCl3) 9.79 (dd, J = 3.2 and 

6.8 Hz, 2H), 8.52 (s, 1H), 8.39 (s, 2H), 8.26 (d, J = 9.2 Hz, 1H), 8.18 (dd, J = 2.8 and 

5.2 Hz, 2H), 8.02 (dd, J = 2.0 and 7.2 Hz, 1H), 7.90 (d, J = 8.0 Hz, 2H), 7.76 (d, J = 

7.6 Hz, 2H), 7.63 (d, J = 7.6 Hz, 2H), 7.50 (s, 2H), 6.98 (d, J = 2.0 Hz, 2H), 6.90 (dd, 

J = 1.2 and 6.8 Hz, 2H), 6.198 (s, 2H), 2.17 ppm (s, 6H); 13C NMR (100 MHz, CDCl3) 

 167.8, 152.7, 152.6, 149.4, 149.2, 149.1, 148.5, 143.1, 141.3, 140.9, 140.0, 139.6, 

138.4, 136.1, 136.0, 132.6, 131.8, 131.1, 130.8, 130.7, 128.7, 128.6, 127.0, 124.9, 

124.2, 123.1, 119.5, 21.96 ppm (Fig. 2-11 and 2-12). MS (MALDI-TOF): 889.1247; 

Found: 889.1263. 

Ir8: [Ir(4-mpp)2MDPPZ]+, 1H NMR (400 MHz, CDCl3)  9.760-9.787 (m, 2H), 

8.29 (dd, J = 1.2 and 4.0 Hz, 2H), 8.23 (d, J = 8.8 Hz, 1H), 8.07 (t, J = 8.0 Hz, 3H), 
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7.83 (d, J = 8.4 Hz, 2H), 7.78 (dd, J = 1.2 and 7.2 Hz, 1H), 7.69 (d, J = 7.6 Hz, 2H), 

7.56 (d, J = 8.0 Hz, 2H), 7.40 (s, 2H), 6.829-6.904 (m, 4H), 2.652 (s, 3H), 2.105 ppm 

(s, 6H); 13C NMR (100 MHz, CDCl3)  167.7, 152.2, 152.0, 149.4, 148.9, 148.7, 

148.3, 143.6, 143.0, 141.6, 141.1, 140.9, 139.1, 138.5, 138.4, 135.8, 135.7, 135.1, 

132.6, 131.04, 130.99, 129.2, 128.3, 128.1, 124.9, 124.1, 123.1, 119.5 ppm (Fig. 2-13 

and 2-14). MS (MALDI-TOF): Found: 845.2389. 

Ir115: [Ir(pp)2DBDPPZ]+, 1H NMR (400 MHz, CDCl3)  9.79 (d, J = 8.4Hz, 2H), 

8.743 (s, 2H), 8.40 (d, J = 4.0Hz, 2H), 8.10 (d, J = 5.2Hz, 2H), 7.96 (d, J = 8.0Hz, 

2H), 7.76 (t, J = 8.0Hz, 4H), 7.58 (d, J = 5.6Hz, 2H), 7.10 (t, J = 7.2Hz, 2H), 7.01 (t, J 

= 7.2Hz, 4H), 6.40 ppm (d, J = 7.6Hz, 2H). 13C NMR (100 MHz, CDCl3)150.7, 

149.6, 149.0, 143.6, 141.8, 140.4, 138.4, 136.1, 134.0, 133.5, 133.4, 131.9, 131.0, 

130.8, 129.8, 128.5, 124.9, 123.7, 123.1, 119.8 ppm (Fig. 2-15 and 2-16). MS 

(MALDI-TOF): 941.0028; Found: 941.0085. 

Ir139: [Ir(dpapp)2DBDPPZ]+, 1H NMR (400 MHz, MeOD) δ 9.83 (dd, J = 1.2 

and 6.8 Hz, 2H), 8.733 (s, 2H), 8.59 (dd, J = 1.2 and 4.0 Hz, 2H), 8.29 (dd, J = 5.2 

and 2.8 Hz, 2H), 7.505-7.471 (m, 4H), 7.33 (td, J = 1.2 and 7.2 Hz, 3H), 7.231-7.191 

(m, 10H), 7.054-7.023 (m, 11H), 6.76 (dd, J = 2.0 and 6.4 Hz, 2H), 6.52 (td, J = 1.2 

and 6.0 Hz, 2H), 5.86 ppm (d, J = 2.0 Hz, 2H). 13C NMR (100 MHz, MeOD) δ 166.97, 

152.95, 150.2, 149.6, 148.1, 146.8, 141.8, 140.4, 137.4, 136.1, 133.5, 130.7, 129.7, 

129.2, 128.8, 125.9, 125.3, 123.8, 122.8, 121.7, 118.8, 114.9 ppm. (Fig. 2-17 and 

2-18). MS (MALDI-TOF): 1275.1506; Found: 1275.1563. 
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Fig. 2-9 1H NMR (400 MHz, DMSO-d6) spectrum of complex Ir4. 

 

Fig. 2-10 13C NMR (100 MHz, DMSO-d6) spectrum of complex Ir4. 
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Fig. 2-11 1H NMR (400 MHz, CDCl3) spectrum of complex Ir7. 

 

Fig. 2-12 13C NMR (100 MHz, CDCl3) spectrum of complex Ir7. 
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Fig. 2-13 1H NMR (400 MHz, CDCl3) spectrum of complex Ir8. 

 

Fig. 2-14 13C NMR (100 MHz, CDCl3) spectrum of complex Ir8. 
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Fig. 2-15 1H NMR (400 MHz, CDCl3) spectrum of complex Ir115. 

 

Fig. 2-16 13C NMR (100 MHz, CDCl3) spectrum of complex Ir115. 
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Fig. 2-17 1H NMR (400 MHz, CDCl3) spectrum of complex Ir139. 

 

Fig. 2-18 13C NMR (100 MHz, CDCl3) spectrum of complex Ir139. 
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2.4 Crystal cultivation and X-ray crystallography 

All the four complexes were cultured to produce crystals according to the 

following procedure: 1. Dissolved 0.2 mg iridium complexes in 1.0 mL solutions of 

pure dichloromethane, DCM / MeOH (10:1), DCM / MeOH (20:1) and DCM / MeOH 

(30:1) in four glass vials separately. 2. Added 200 μL MeOH on the surface of the 

solvent, then added carefully another 1.2 ml hexane to cover the former solution. Did 

not shake or stir at the same time. 3. Kept the bottle tightly closed and did not touch in 

three days. 4. When the crystal was not produced and only solid was precipitated, 

added CHCl3 instead of DCM to dissolve the solid. Unscrew cap of bottle semi-cycle 

after tightening. Fortunately, the crystal of complex Ir139 [Ir (dpapp)2 DBDPPZ]+ was 

successfully obtained and analyzed by X-ray crystallography. Crystal data and 

collections were listed below. The check CIF/PLATON report, fractional atomic 

coordinates and isotropic or equivalent isotropic displacement parameters (Å2), 

atomic displacement parameters (Å2) and geometric parameters (Å, º) were listed in 

the supporting information (Tables S7-1, S7-2, S7-3) in Chapter 7. 

Table 2-1 Crystal Data and Structure Refinement for Ir139. 

Identification code  Ir139 

Empirical formula  C64H42Br2IrN8·Cl·2(CHCl3) 

Formula weight  1549.26 

Temperature  173 K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  C2/c 

Unit cell dimensions                    a = 14.319 (7) Å    α = 90° 

c = 12.717 (6) Å    β = 101.038 (12)° 

b = 35.535 (16) Å   γ = 90° 

Volume 6351 (5) Å3 

Z 4 

Density (calculated) 1.620 Mg/m3
 

Absorption coefficient 3.70 mm-1 

F(000) 3048 
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Crystal size 0.2 × 0.15 × 0.08 mm3 

Theta range for data collection 1.2°to 27.6°. 

Index ranges -17<=h<=18, -46<=k<=45, -16<=l<=16 

Reflections collected 50455 

Independent reflections 7298 [R(int) = 0.074] 

Completeness to theta = 27.567° 99.3 %  

Absorption correction multi-scan 

Max. and min. transmission 0.746 and 0.603 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7298 / 0 / 380 

Goodness-of-fit on F2 1.04 

Final R indices [I > 2σ (I)] R1 = 0.0313, wR2 = 0.0712 

R indices (all data) R1 = 0.074, wR2 = 0.0914 

Extinction coefficient n/a 

Largest diff. peak and hole 1.00 and -1.05 e.Å-3 

 

 

Fig. 2-19 Needle crystal picture and crystal structure of Ir139. Hydrogen atoms, the 

counter-ion (Cl-), and some solvent molecules are omitted for clarity.  

The structure determined from a single crystal of Fig. 2-19 shows the real 

orientation of the two dpapp C^N ligands in 3D Ir139 are symmetrically crossed 

while the inserted planar structure in the solvent picture is wrong. In the obtained 
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are attributed to phenazine and diimine moiety of ligand TPPZ 

(dipyrido[3,2-a:2',3'-c]phenazine). These oxidation potentials of 1.29 V and 1.42 V 

probably reflect metallic core in the Ir4 complexes which are anodic-shifted than the 

peaks in Ir4 and reveals that substituent group in TPPZ will make the Ir metal core 

easier to be oxidized. The possible oxidation states of Ir could be Ir(III)-Ir(IV) and 

Ir(IV)-Ir(V) separately.  

 
Fig. 2-20 (Left) Cyclic voltammograms of iridium(III) complex (Ir4) with the 

concentration of 0.2 mM conducted at 100 mV/s in 0.25 M [NBu4][PF6] solution 

CH3CN with a glassy carbon working electrode, a platinum wire counter electrode 

and a saturated silver wire pseudo-reference electrode. (Right) The left solution was 

added by ferrocene Fe(Cp)2(Cp = cyclopentadienyl), abbreviated as Fc. All electrodes 

are of 3 mm diameter. 

The reduction waves -0.73 V and -0.92 V of Ir7 are cathodic-shifted with respect 

to those of Ir4 which indicates that the phenazine moiety of ligand TPPZ-Br becomes 

more electron-deficient due to the strong electron-withdrawing ability of bromine 

group. Interestingly, the other two reduction waves of -1.4 V and -1.64 V of Ir7 show 

anodic shifts compared to those of Ir4 which suggests the different effects of bromine 

group to TPPZ ligand and the two neighbor C∧N ligands. It is possible that the TPPZ 

ligand draws more electrons from the Ir metal core which benefit the two C∧N 

ligands of 2-(4-methylphenyl) pyridine. The larger area of the wave cycle around -1.4 

V and -1.64 V in Ir7 shows higher quantity of electric charge than the same area of Ir4. 
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That amount of electricity was possibly caused by the bromine group in 11th carbon 

of TPPZ. From the right figure in Fig. 2-21, the ferrocene slightly affects the 

oxidation peak of iridium metal core due to the merger of the two slightly separated 

peaks. The combined peak is higher and sharper than those original ones. 

 

Fig. 2-21 (Left) Cyclic voltammograms of iridium(III) complex (Ir7) with the 

concentration of 0.2 mM conducted at 100 mV/s in 0.25 M [NBu4][PF6] solution 

CH3CN with a glassy carbon working electrode, a platinum wire counter electrode 

and a saturated silver wire pseudo-reference electrode. (Right) The left solution was 

added by ferrocene Fe(Cp)2(Cp = cyclopentadienyl), abbreviated as Fc. All electrodes 

are of 3 mm diameter. 

The oxidation waves of Ir8 are similar to those in Ir7, which also shows the 

easier tendency for the iridium core to oxidize than Ir4. Because the methyl group in 

TPPZ has some electron-donating properties, the reduction of the moieties in C∧N 

and N∧N ligands becomes more difficult than those in Ir4 and Ir8. Similarly, the 

peaks of -0.87 V, -1.12 V, -1.48 V, and -1.65 V are attributed respectively to 

phenazine, diimine moieties of ligand TPPZ-CH3 and those two C∧N ligands of 

2-(4-methylphenyl) pyridine. The two potential peaks of C∧N ligands in Ir7 and Ir8 

are -1.47 V, -1.64 V and -1.48 V, -1.65 V separately, indicating that the peaks are 

very close and the substitution groups in N∧N ligand would not greatly affect the 

reduction reaction in C∧N ligand whether the groups are electrophilic or not. 
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The HOMO and LUMO energy levels in table 2-2 were calculated according to 

equation[46]: 

EHOMO = - (Eox
onset - EFc

onset) - 4.8eV 

ELUMO = - (Ered
onset - EFc

onset) - 4.8eV 

where Eox
onset and Ered

onset are the onset oxidation, reduction potential of the 

iridium complexes respectively. The EFc
onset is the standard reduction potential of 

ferrocene with the relationship: EFc
onset = (Epa + Epc) / 2 where Epa and Epc are anodic 

and cathodic peak potentials, while the value -4.80 eV is assigned to the HOMO 

energy of ferrocene under vacuum. Eg = - (HOMO - LUMO). 

 

Fig. 2-22 (Left) Cyclic voltammograms of iridium(III) complex (Ir8) with the 

concentration of 0.2 mM conducted at 100 mV/s in 0.25 M [NBu4][PF6] solution 

CH3CN with a glassy carbon working electrode, a platinum wire counter electrode 

and a saturated silver wire pseudo-reference electrode. (Right) The left solution was 

added by ferrocene Fe(Cp)2(Cp = cyclopentadienyl), abbreviated as Fc. All electrodes 

are of 3 mm diameter. 

Table 2-2 Electrochemical Potentials and Calculated HOMO, LUMO Energy Levels of Iridium(III) Complexes. 
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Iridium 
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(Series A) 

   Eox (V)              Ered (V)           EFc(V) 
HOMO 

(eV) 
LUMO 

(eV) 
Eg 

(eV) 

Ir 4 1.29 1.42 -0.83 -1.11 -1.36 -1.55 0.54 -5.55 -3.43 2.12 

Ir 7 1.22 1.39 -0.73 -0.92 -1.47 -1.64 0.54 -5.48 -3.53 1.95 

Ir 8 1.23 1.39 -0.87 -1.12 -1.48 -1.65 0.54 -5.49 -3.39 2.10 
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The HOMO energy level of Ir7 is the highest one and LUMO energy is the 

lowest one among the three iridium complexes which is in agreement with the result 

of substitution of electron-withdrawing bromine group. The gaps of HOMO and 

LUMO in the three iridium complexes are Ir4 (2.12eV) > Ir8 (2.10eV) > Ir7 (1.95eV) 

in descending order. The gap fluctuations are probably caused by the electron- 

withdrawing group of bromine and the electron-donating methyl group. All the first 

reductive peaks are close to that of [Ir(bpy)3]
3+ (Ered = -0.76 V / NHE)[29]. 

The ligands were designed to target DNA and some suitable biological 

molecules. The combination of different kinds of C∧N ligands and N∧N ligands 

provides various possibilities to investigate the reaction between the iridium 

complexes and macromolecules in cell. From the figures and tables of the 

characterization, the electron-withdrawing or donating properties of substituent 

groups such as methyl and bromine are found to have important effects in the 

molecular orbitals of the complexes. Further comparative studies were carried out in 

the following content based on the structure-property relationships.  

2.6 DNA binding properties of iridium complexes 

Deoxyribonucleic acid (DNA) has become one of the most important targets of 

anti-tumor drugs because the thread-like chain carries all the genetic information to 

instruct the growth, development, functioning and reproduction of all known living 

organisms[47]. As the first successful transition-metal complex in anti-cancer 

chemotherapy, cisplatin has played the overture of metallointercalators aiming at 

DNA[48]. However, severe side effects of nephrotoxicity and ototoxicity prevent the 

wide application of cisplatin-based chemotherapy[49]. The promising new 

ruthenium(II) complexes NAMI-A[50] and KP1909[51] as anticancer agents have 

entered into the clinical trials phase II, and shows more selective action on tumors and 
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greater resistance to hydrolysis, but NAMI-A were unfortunately terminated due to 

the clinical results[52].  

The emerging interest of new organometallic complexes with different metal 

core has promoted the fast development of molecular probes in living cells. Numerous 

novel luminescent rhodium(III)[53-54] and ruthenium(II)[55-56] complexes have been 

synthesized for DNA intercalators, biological labels and cell-imaging applications 

which provide plenty information of their micro-environment through diversifications 

of their lifetime, wavelength, potential peaks, absorption and emission intensities. 

Iridium(III) complexes have attracted considerable attention due to their rich 

photochemical and photophysical properties in the field of OLED[57-58] materials and 

H2 evolution catalyst[59]. Fortunately, iridium complexes have recently been applied in 

the biological probe, cellular visualization due to their outstanding electroluminescent 

advantages[60-63]. Despite those reports, the interactions of iridium complexes with 

DNA are not extensively and systematically studied[64]. Based on the insufficient 

research of DNA binding with iridium complexes, the five Ir(III) complexes were 

synthesized in parallel with the N^N ligands designed according to the classic 

intercalating ligands of well-studied ruthenium complexes. A few substituent groups 

of electron-withdrawing and donating properties were modified in those planar and 

rigid N^N ligands to investigate different DNA-binding behaviors of complexes, 

which would be useful to understand the DNA-binding mechanisms of iridium(III) 

complexes, as well as to produce novel complexes with photo-cleavage activities as 

potential photodynamic therapy (PDT) agents[65]. 

Unlike the planar structures of platinum complexes, the iridium complexes exist 

in an octahedral conformation similar to those of extensively studied ruthenium(II) 

complexes. UV-Visible absorption and photoluminescence (PL) spectra were 
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obtained in this section. In our opinion, the binding modes of iridium complexes and 

DNA should also be analogous to ruthenium complexes, which includes electrostatic 

adsorption, hydrophobic groove binding and intercalation[66-67]. 

2.6.1 UV-Vis spectra of iridium complexes (Ir4, Ir7, Ir8) for DNA binding 

There are two identical C^N ligands of 2-(4-methylphenyl) pyridine (4-mpp) in 

the iridium complexes Ir4, Ir7 and Ir8 which is ideal for comparing the different N^N 

ligands. The absorption spectra of iridium complex Ir4 with increasing amount of 

DNA are shown in Fig. 2-23. The intense absorption bands at 260-320 nm have been 

assigned to spin-allowed intraligand (1IL) (→*) transitions of N^N and N^C 

ligands according to report[62]. The less intense absorption shoulders at 340-390 nm 

and 400-450 nm were assigned to spin-allowed and spin-forbidden metal-to-ligand 

charge-transfer (MLCT) (d(Ir)→* (N^N and N^C)) transitions, respectively. 

Upon addition of calf thymus (CT) DNA, the complex exhibited obvious 

hypochromism of 44.2 % in the MLCT bands. 

The equilibrium binding constants K were obtained using the following 

equations 1 and 2 [68,69]: 

(a-f/ (b-f) = (b - (b2 - 2K2 Ct [DNA] / s)1/2 ) / 2KCt           (1) 

  b = 1+ KCt+ K [DNA] / 2s                              (2) 

where a, b and f is the apparent extinction coefficient of complex observed at a 

given DNA concentration, the extinction coefficients at the maximum absorption of 

the DNA fully bound and free complex, respectively. Ct is the total concentration of 

iridium complex. s is the binding site size of small molecule interacting with DNA. 
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Fig. 2-23 (Left) Absorption spectra of Iridium complex Ir4 in phosphate buffer 

saline (PBS) upon addition of an increasing amount of calf thymus (CT) DNA. [Ir4] = 

10 M, [DNA] = 0-6.0 M with the interval of 0.5 M, the temperature is 298 K. 

(Right) plots of [DNA] / (a-f vs. [DNA]. 

The binding constants of the complex Ir4 with CT-DNA is 6.61×105 M-1 which is 

similar to that of classical intercalative ruthenium(II) complexes [Ru(terpy) 

(dppz)OH2]
2+ (7×105 M-1) [70] and [Ru(bpy)2DPPZ]2+ (Kb >106 M-1) [71], but much 

larger than that of the prototype complex [Ru(phen)3]
2+ (6.2×103 M-1) [72]. Because 

there is the same N^N ligand of DPPZ in Ir4, the binding constant indicates that Ir4 

probably might bind to DNA through an intercalative mode of strong binding affinity 

similar to complex [Ru(bpy)2DPPZ]2+. 

As shown in Fig. 2-24, the intense absorption bands of Ir7 at 250-340 nm are 

attributed to the intraligand transitions of N^N and N^C ligands. The shoulders at 

360-410 nm and 420-500 nm belong to spin-allowed and spin-forbidden MLCT 

transitions. The MLCT bands of Ir7 show hypochromism of 33.3 % after the addition 

of CT-DNA which is less than 44.2 % in Ir4 due to the steric hindrance of terminal 

group of bromine in Ir7. The Kb of Ir7 is 3.42 ×105 M-1 which is less than that of Ir4. 

The big size of bromine to some extent prevents Ir7 to fully intercalate into base pairs 

of DNA. 
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Fig. 2-24 (Left) Absorption spectra of iridium complex Ir7 in phosphate buffer saline 

(PBS) upon addition of increasing amount of calf thymus (CT) DNA. [Ir7] = 10 M, 

[DNA] = 0-6.0 M with the interval of 0.5 M, the temperature is 298 K. (Right) 

plots of [DNA] / (a-f vs. [DNA]. 

    Complex Ir8 contains a methyl group at the 11 position of DPPZ ligand. 

Similarly, its absorption bands at 250-340 nm are also assigned to intraligand 

transitions of N^N and C^N ligands. The shoulder bands at 350-410 nm and 420-500 

nm are caused by spin-allowed and spin-forbidden MLCT transitions. The binding 

constant of Ir8 with CT-DNA is 3.80×105 M-1 which is very close to Ir7, indicating 

that the methyl group also has a negative effect for the intercalation binding to DNA. 

 

Fig. 2-25 (Left) Absorption spectra of iridium complex Ir7 in phosphate buffer saline 

(PBS) upon addition of increasing amount of calf thymus (CT) DNA. [Ir7] = 10 M, 

[DNA] = 0-6.0 M with the interval of 0.5 M, the temperature is 298 K. (Right) 

plots of [DNA] / (a-f vs. [DNA]. 
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Table 2-3 Absorption Spectra Data and Calf Thymus DNA Binding Constants of Iridium Complexes. 

aH (%) =[(f-b)/f] ×100% 

Interestingly, table 2-3 shows that the peaks of LC and MLCT of the three 

complexes are not obviously shifted when bound to DNA base pairs with intercalation 

mode while the typical binding in ruthenium complexes will normally cause a few 

nanometers shifts. The DNA binding abilities of the three complexes are: Ir4 > Ir8 > 

Ir7. 

2.6.2 PL Properties of iridium complexes (Ir4, Ir7, Ir8) for DNA quenching 

Photoluminescence (PL) emission spectra are more sensitive than UV-Vis 

spectra and can be applied to test the quenching constant of iridium complex with 

DNA. In order to further elucidate the DNA-binding properties of those complexes, 

Stern-Volmer equation was used to calculate quenching constants[73]: 

I0 / I = 1 + KSV [Q] 

Where I0 and I are the relative intensities of the complex in the absence and 

presence of quencher, respectively, KSV is the Stern-Volmer quenching constant, [Q] 

is the concentration of quencher, i. e. [DNA]. Normally, the stronger DNA-binding 

with iridium complex will result in a larger quenching constant. 

Iridium 
Complexes 
(Series A) 

λmax (nm) 
λ(nm)       H (%)a     

Kb (M
-1)       Free           Bound     

LC MLCT LC MLCT LC MLCT LC MLCT 

Ir 4 274.5 386.0 274.5 387.0 0.0 1.0 47.9 44.2 6.61×105 

Ir 7 279.5 387.0 279.5 387.0 0.0 0.0 29.9 33.3 3.42×105 

Ir 8 280.0 386.0 280.0 386.0 0.0 0.0 21.1 15.2 3.80×105 
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Fig. 2-26 (Left) Emission spectra of iridium complex Ir4 (10M) at 298 K in the 

presence of increasing concentrations of CT DNA (0-6.0 M with the interval of 0.5 

M). (Right) The plots of relative intensity I0 / I vs. [DNA]. 

Emission spectra of iridium complexes were obtained under the excitation 

wavelength of 385 nm. The photophysical data of complexes Ir4, Ir7 and Ir8 are 

summarized in Table 2-4. Emission spectra of Ir4 are 540-565 nm which are possibly 

originated from a 3MLCT (d(Ir)→*(N^N)) emissive state[62]. Stokes shift is about 

165.5 nm. The quenching percentage is 31.9 % with the contant of 4.26×104 M-1. 

 
 
Fig. 2-27 (Left) Emission spectra of iridium complex Ir7 (10 M) at 298 K in the 

presence of increasing concentrations of CT DNA (0-6.0 M with the interval of 0.5 

M). (Right) The plots of relative intensity I0 / I vs. [DNA]. 

Longer wavelength shift of emission spectra (545-570 nm) with the Stokes shift 

of 170.5 nm was observed in Ir7 than Ir4. The emissive state of this complex should 

also possess the 3MLCT (d(Ir)→*(N^N)) character predominantly. The quenching 
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percentage of 13.1% indicates the effect by the bromine group in N^N ligand. The 

fluctuations of plots in Fig. 2-27 (right) show the difficulties to bind to DNA 

favorably which is in accordance with the very low quenching constant of 1.38×103 

M-1. 

Similarly, the 3MLCT (d(Ir)→*(N^N)) emissive state could also be the 

reason of the emission spectral range of 542-568 nm in Ir8. The quenching percentage 

of 4.4 % is the lowest among the three complexes but the quenching constant of 

2.43×103 M-1 which is close but higher than that in Ir7. It might be caused by the 

unstable quenching of Ir7 since the spots in Fig. 2-28 (right) of Ir8 are distributed 

closer to a straight line. The Stokes shift in Ir8 (169.5 nm) is less than that of Ir7 but 

larger than Ir4, which shows the different electron withdrawing and electron donating 

goups of -Br and -CH3 will both stabilize the N^N ligands of DPPZ . 

 

Fig. 2-28 (Left) Emission spectra of iridium complex Ir8 (10 M) at 298 K in the 

presence of increasing concentrations of CT DNA (0-6.0 M with the interval of 0.5 

M). (Right) The plots of relative intensity I0 / I vs. [DNA]. 

Table 2-4 Emission Spectra Data and Stern-Volmer Quenching Constants of Iridium Complexes with CT- DNA. 
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0.00798

Adj. R-Square -0.05549

Value Standard Error

Ir 8 + DNA Intercept 1.04131 0.01412

Slope -0.00243 0.00399

Iridium complexes 
(series A) 

λex(nm) 
λem(nm) Stokes 

Shift (nm) 

Saturated 
Concentration of 
CT-DNA (M) 

Quenching 
Percentage 

KSV(M-1) 
free bound 

Ir 4 385 551.5 552.0 165.5 6.0 31.9 4.26×104 

Ir 7 385 557.0 557.5 170.5 6.0 13.1 1.38×103 

Ir 8 385 555.5 555.5 169.5 6.0 4.4 2.43×103 
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As concluded in table 2-4, the DNA titration emission spectra show the sequence 

of quenching constants: Ir4 > Ir8 > Ir7 which is in agreement with the DNA binding 

constants summarized in table 2-3 of absorption spectra. In fact, the difference 

between the quenching constants of Ir4 and Ir7 is very large. The possible reason 

could be that the emission spectra are much more sensitive than absorption spectra for 

enlarging the quenching difference greatly. 

Another valuable information from the investigation is that those Stokes shifts 

for Ir7 (170.5 nm) > Ir8 (169.5 nm) > Ir4 (165.5 nm) can also be well explained by 

the gaps of HOMO and LUMO which are Ir4> Ir8> Ir7 in descending order due to the 

fact that smaller energy gap leads to the larger Stokes shift[74]. 

The DNA-binding abilities of the three complexes are quite different due to their 

diversed structures of N^N ligands. All the research discoveries helped us a lot to 

deeply understand the photochemical, photophysical, electrochemical and 

bio-compatible properties of such designed iridium complexes. As the pioneer in 

biological metallointercalator field, Barton et al. once exclaimed that minor 

modifications of ligand structure could lead to remarkable influences over 

bio-molecular binding geometries[67]. 

2.7 Cell morphology, cytotoxicities, proliferation and inhibition  

Because of the unfortunate termination of ruthenium(II) complex NAMI-A at 

clinical trials phase II[75], the other structural types of ruthenium(II) complexes 

[(η6-arene) Ru(ligands)] reported by Peter. J. Sadler[76] with aromatic ring, also called 

half sandwich or piano stool complexes have probably become the inspiration to 

design and synthesize a series of new transition-metal complexes such as iridium 

complexes. 
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Although reports about the biological applications of iridium complexes are 

rather limited, interest in the design of organometallic complexes of iridium as 

antitumor reagents is currently increasing. [77-80] 

However, some recent studies of half-sandwich iridium complexes displayed a 

negligible cytotoxicity toward cancer cell lines[81] or showed weaker ability compared 

to ruthenium complexes to interfere with coenzyme NAD+ / NADH couple through 

transfer hydrogenation reactions and to induce ROS in cells[63]. As one of the third 

row transition metals, iridium(III) complexes of octahedral low-spin d6 structures are 

quite kinetically inert which could be attributed to their low activities in the 

cytotoxicity. The stable conformation of Ir(III) complexes can be utilized to design 

rigid scaffolds as enzymes and protein-protein interaction inhibitors[82].  

Some particular structures of ligands can also be designed to target at DNA. The 

intercalative ability with DNA and hydrophobicity of cyclopentadienyl (Cp) was 

discovered to make a major contribution to the anticancer potency of half-sandwich 

iridium(III) anticancer complexes[83]. Those planar structures and hydrophobic 

properties are very suitable to intercalate into base pairs of DNA by  stacking. The 

hydrophobic residues of proteins could also be the target to inhibit the enzyme 

activities.  

Due to the diversity of C^N and N^N ligands selected and designed for parellel 

synthesis of iridium complexes in thesis, we can start in this chapter a systematically 

comparative study of those octahedral iridium complexes with different terminal 

groups to understand their influences on cell uptake, distribution, morphology, 

proliferation and cytotoxicity. 
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2.7.1 Cell morphology and proliferation of Ir4, Ir7, Ir8, Ir115 and Ir139. 

As shown in Fig. 2-29 (a) and (e) pictured by FIM, the control cells grew 

normally and covered on the culture dish.  

 

 

Fig. 2-29 Cell morphology of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir4 of different concentrations for 24 hours, a, control; b, 5 μmol/L; c, 10 μmol/L; d, 

20 μmol/L. e, f, g, h, enlarged typical areas of a, b, c, d (blue square frames) 

accordingly. The blue scale bar is 100 μm (a, b, c, d) and 20 μm (e, f, g, h). The 

optical lens is of 10  magnification in the fluorescence inverse microscope (FIM). 

The typical signs of deterioration of cells include cytoplasmic vacuolation, 

detachment of the cells from the substrate and granularity around the nucleus. After 

the treatment of complex Ir4 in different concentrations from 5, 10 to 20 μmol/L for 

24 hours, hepatocellular carcinoma (Hep-G2) cells were increasingly scattered and 

sparse. Meanwhile, most shape of cells changed from the epithelial-like ones into the 

lymphoblast-like ones which lost the ability to attach to the dish surface and were 

under the process of apoptosis (programmed death). Compare experiments on another 

hepatocellular carcinoma (BEL-7402) cells with the concentrations from 10 to 40 
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μmol/L of Ir4 were listed in the supporting information (Fig. S7-21) of chapter 7 

where similar cellular size shrinkage showed up. 

When the concentration of Ir4 reached 10 mol/L, obvious damages already 

appeared and the cells were less than half control survived, indicating the possible 

IC50 value would be about less than 10mol/L. The tendency of the dying cells was 

apparent in the enlarged area (f), (g) and (h) with the increasing concentration of Ir4. 

Condensed dark spots began to show up in the spheric cells and even some leakages 

from the cell can be observed in the bottom of dish (h). The cytoplasmic vacuolation 

also appeared in Fig. 2-29 (h) which is one of the typical forms of oncosis[84], another 

type of programmed cell death (PCD).  

The cell swelling symptoms indicate that the cell membrane lost its normal 

functions and cells would die soon. The remarkable cytotoxicities are in accordance 

with the high DNA-binding ability of Ir4 calculated in previous section, indicating the 

damage position in DNA could be the reason to trigger the apoptosis of tumor cells.  
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Fig. 2-30 Cell morphology of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir7 of different concentrations for 24 hours, a, control; b, 5 μmol/L; c, 10 μmol/L; d, 

20 μmol/L. e, f, g, h, enlarged typical areas of a, b, c, d (blue square frames) 

accordingly. The blue scale bar is 100 μm (a, b, c, d) and 20 μm (e, f, g, h). The 

optical lens is of 10  magnification in the fluorescence inverse microscope (FIM). 

The similar damages in cells treated by Ir7 complex were detected in Fig. 2-30 

that shows the considerable cytotoxicity of Ir7. In the supporting information of Fig. 

S7-22 in chapter 7, Ir7 seems more toxic than Ir4 when the concentration is 10 

mol/L. As we concluded in former section, the DNA binding ability of Ir7 is less 

than Ir4 because of the rather bulky size of bromine group in DPPZ ligand. But in the 

cell morphology analysis, we found that there are much more healthy cells with 

stretching size in Fig. 7-21 (b) and (f) than in Fig. 7-22 (b) and (f). Nearly half of the 

cells still grow well with elongated shapes attaching to the surface of dish in Ir4 

solution.  

When treated with Ir7, almost all cells had spherical shapes and few of them are 

observed in their normally growing status. It is probably because the toxicity of 

bromine terminal group, especially when it was digested in the living cells, bromide 

ion would appear. According to the material safety data sheet (MSDS) from 

sigma-aldrich, the information on toxicological effects of sodium bromide is LD50 

Oral-Rat-3.500 mg/kg, while sodium chloride is > 3000 mg/kg, indicating extra 

toxicity brought by bromine.  
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Fig. 2-31 Cell morphology of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir8 of different concentrations for 24 hours, a, control; b, 5 μmol/L; c, 10 μmol/L; d, 

20 μmol/L. e, f, g, h, enlarged typical areas of a, b, c, d (blue square frames) 

accordingly. The blue scale bar is 100 μm (a, b, c, d) and 20 μm (e, f, g, h). The 

optical lens is of 10  magnification in the fluorescence inverse microscope (FIM). 

Iridium complex Ir8 contains a methyl group that enhanced its hydrophobicity 

and the cytotoxicity is similar to Ir7 from the observation of cell morphologies in Fig. 

2-31. It was noticed that when the concentration of Ir8 was 5 mol/L, enlarged shapes 

of cells appeared obviously in Fig. 2-31 (f). When the concentration of Ir8 was 

increased, the morphology of cells shrank rapidly (10 mol/L) and nuclear 

fragmentations were mixed with the condensed insoluble complex (20 mol/L) on the 

bottom of culture dish (Fig. 2-31 g, h). Moreover, the clear aggregation of dying cells 

in Fig. S7-23 of chapter 7 also support the typical characteristics of terminal apoptosis 

at 40 mol/L  
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Fig. 2-32 Cell morphology of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir115 of different concentrations for 24 hours, a, control; b, 5 μmol/L; c, 10 μmol/L; d, 

20 μmol/L. e, f, g, h, enlarged typical areas of a, b, c, d (blue square frames) 

accordingly. The blue scale bar is 100 μm (a, b, c, d) and 20 μm (e, f, g, h). The 

optical lens is of 10  magnification in the fluorescence inverse microscope (FIM). 

Under the treatment of Ir115 with two bromo ends, Fig. 2-32 (b, c, d) indicate the 

cytotoxicity is not double-raised than Ir7 with one bromo group. The cases f, g and h 

show evident cellular blebbing, condensation and fragmentation of cell apoptosis and 

oncosis, respectively. The C^N ligands in Ir115 do not contain an extra methyl 

residue which would probably reduce the lipophylicity of the complex and decrease 

the toxicities toward Hep-G2 cells. Further experiments were executed in the next 

section to obtain IC50 values through cytotoxicity assay of MTT 

(3-(4,5-dimethyl-2-thiazolyl)-2,5- diphenyl-2-H-tetrazolium bromide). 

   Quite strong aggregation of complex Ir139 in the bottom of dishes was apparent in 

Fig. 2-33 g and h while the cell number and morphology were not distinctly affected 

with the increasing concentrations from 20 to 40 μmol/L (Fig. 2-33 c, d). The 
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diphenylamino group in the two C^N ligands (dpapp) may provide bulky structure of 

the complex to prevent the effective bio-molecular binding of the N^N ligand 

(DBDPPZ). The enlarged g and h were not clear enough to tell whether the cell was 

greatly injured due to the mixture of the complex accumulation. 

 

 

Fig. 2-33 Cell morphology of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir139 of different concentrations for 24 hours, a, control; b, 10 μmol/L; c, 20 μmol/L; 

d, 40 μmol/L. e, f, g, h, enlarged typical areas of a, b, c, d (blue square frames) 

accordingly. The blue scale bar is 100 μm (a, b, c, d) and 20 μm (e, f, g, h). The 

optical lens is of 10  magnification in the fluorescence inverse microscope (FIM). 

From the bright field images, complex Ir139 congestion looks identical in the 

form of cell fragments and condensations. Cytotoxicity tests were carried out to 

uncover the interaction between the complex and cells, furthermore, cell-imaging was 

done to distinguish the cells from the background in the following sections.  

Overall, characteristics of apoptosis were observed in most iridium complexes 

with cells. It is assumed that the cytotoxicity of iridium complex would be rather high 
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for Ir4, Ir7, Ir8 and Ir115. Cells with Ir139 seem healthy but the enlarged pictures 

were not very evident because the Ir139 aggregations look close to cellular 

condensations. Further MTT assay should be carried out to have the quantitative 

results.  

2.7.2 MTT assay for cell proliferation and inhibition of Ir4, Ir7, Ir8, Ir115 and 

Ir139. 

Six repeated wells for each concentration of iridium complexes. The average 

absorption of the duplicated sample was calculated. Twelve wells were cultured as 

background control, and the corrected absorbance for cell inhibition were obtained by 

subtracting the iridium complex mixtures. After the density of cells reaches 5×104 

cells each well in 96-well plate, complexes with certain concentration was added for 

incubation. The period of time may vary widely depending on the type of drugs as 

reported from 24[85], 48[86-87], 120[88] to 144[89] hours according to the cytotoxicities of 

the compounds. The culture time for the cells and complexes is 24 hours in this thesis 

since most iridium complexes are more toxic than their ruthenium analogues. 
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Fig. 2-34 MTT assay of hepatocellular carcinoma cell (Hep-G2) with complex Ir4, Ir7, 

Ir8, Ir115 and Ir139 of different concentrations: 0, 2.5, 5, 10, 15, 20, 30, 40 and 50 

μmol/L in 96-well plates. Each concentration has 6 repeat wells. The five 96-well 

plates show the results of the cleavage of yellow tetrazolium salt MTT into purple 

formazan crystals after adding different complexes for 24 hours. 

     As illustrated in Fig. 2-34, the positively charged MTT was reduced to a 

product of (2E,4Z)-(4,5-dimethylthiazol-2-yl)-3,5-diphenyl formazan with the 

absorbance of 570 nm. The fade-out of deep blue in some 96-well plates indicates the 

less active and fewer numbers of cells remains with the increase of iridium complexes 

concentration. Hep-G2 cell proliferation of complex Ir139 in Fig. 2-35 shows that the 

cell viability was not affected after 24 hours incubation, suggesting the low 

cytotoxicity of Ir139, while the proliferation dropped sharply with Ir4, Ir7, Ir8 and 

Ir115. The obvious difference of Ir139 from other toxic complexes is the bulky C^N 

ligand of 2-[4-(diphenylamino)phenyl] pyridine (dpapp) which makes the complex 

easier to aggregate and reduces its water solubility, and thus decreases the efficiency 

of cellular uptake.  



102 

 

 

 

 

Fig. 2-35 Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) with 

complexes Ir4, Ir7, Ir8, Ir115 and Ir139 of different concentrations, 0, 2.5, 5, 10, 15, 

20, 30, 40 and 50 μmol/L. Yellow tetrazolium salt MTT was used to quantify the 

viable cells by a scanning multiwell spectrophotometer (ELISA reader).    

    The results support the previous cell morphology investigations including the 

typical characteristics of programmed cell death (PCD) with Ir4, Ir7, Ir8, Ir115 and 

the accumulated layer of Ir139 at concentrations of 20 and 40 μmol/L. 
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Fig. 2-36 Cell viability assay of hepatocellular carcinoma cell (Hep-G2) with 

complexes Ir4, Ir7, Ir8, Ir115 and Ir139 of different concentrations, 0, 2.5, 5, 10, 15, 

20, 30, 40 and 50 μmol/L. IC50 (half maximal inhibitory concentration) value was 

obtained from inhibition and concentration curve by absorbance of purple formazan 

crystals at 570 nm wavelength.  

    The IC50 values were acquired from the curves in Fig. 2-36 in which Ir7, Ir8 and 

Ir115 have the similar steep slopes. The inhibition ratio rose up quickly to near 70% 

when the concentrations of complexes increased from 0 to 2.5 μmol/L, suggesting 
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further assays of concentration ranging from 0 to 10 μmol/L is necessary. The 

inhibition ratio of Ir139 increased a bit when the concentration was 5 μmol/L, but no 

more toxic effects were observed when the concentration reached 50 μmol/L. For 

complex Ir4, the cytotoxicity smoothly climbed up with an IC50 of 7.9 μmol/L. 
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Fig. 2-37 MTT assay of hepatocellular carcinoma cell (Hep-G2) with complexes Ir7, 

Ir8 and Ir115 of different concentrations: 0, 0.5, 1, 2, 3, 4, 6, 8 and 10 μmol/L in 

96-well plate. Each concentration has 6 repeat wells. The three 96-well plates show 

the results of the cleavage of yellow tetrazolium salt MTT into purple formazan 

crystals after adding different complexes for 24 hours.  

    The narrowed scope of concentrations shows the purple color in the 96-well 

plates of Ir7, Ir8 and Ir115 diminished gradually when the concentration ascended to 

10 μmol/L in Fig. 2-37.   
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Fig. 2-38 Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir7, Ir8 and Ir115 of different concentrations, 0, 0.5, 1, 2, 3, 4, 6, 8 and 10 

μmol/L. Yellow tetrazolium salt MTT was used to quantify the viable cells by a 

scanning multiwell spectrophotometer (ELISA reader). 

    The evenly decreased cell proliferation ratios shows the good scope of 

concentrations in which the Ir8 shows the lowest cell growth when the concentration 

went up to 2 μmol/L (Fig. 2-38). From the cell viability assay results in Fig. 2-39, the 

IC50 value sequence is Ir8 (1.83 μM) < Ir115 (3.45 μM) ≤ Ir7 (3.62 μM). 
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Fig. 2-39 Cell viability assay of hepatocellular carcinoma cell (Hep-G2) with 

complexes Ir7, Ir8 and Ir115 of different concentrations, 0, 0.5, 1, 2, 3, 4, 6, 8 and 10 

μmol/L. IC50 (half maximal inhibitory concentration) value was obtained from 

inhibition and concentration curve by absorbance of purple formazan crystals at 570 

nm wavelength.  

    The obtained IC50 values seem to be more accurate than the previous results due 

to the more specific concentration range. Therefore, the cytotoxicities of the 

complexes in this section are in accordance with the following sequence with IC50 

values in brackets: Ir8 (1.83 μM) > Ir115 (3.45 μM) ≥ Ir7 (3.62 μM) > Ir4 (7.9 μM) >> 

Ir139 (>> 50 μM).  
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Fig. 2-40 MTT assay of hepatocellular carcinoma cell (Hep-G2) with complexes 

Ir115 and Ir139 of different concentrations: 0, 0.5, 1, 2, 3, 4, 6, 8 and 10 μmol/L 

under 465 nm irradiation (13 mW/cm2) for 30 minutes in 96-well plates. Each 

concentration has 6 repeat wells. The 96-well plates show the results of the cleavage 

of yellow tetrazolium salt MTT into purple formazan crystals after addition of 

different complexes for 24 hours. 

The typical advantages of iridium complexes are their excellent photochemical 

properties which give the possible applications for photodynamic therapy (PDT)[90]. 

Complexes Ir115: [Ir(pp)2DBDPPZ]+ and Ir139: [Ir(dpapp)2DBDPPZ]+ were selected 

for photo-cytotoxic testing both of which contain ligand DBDPPZ with two 

electron-withdrawing groups of bromine. As illustrated in Fig. S7-7 and S7-12 of 

chapter 7, the DBDPPZ contributes to the lowest HOMO and LUMO gap among 

complexes with other N^N ligands. Therefore, better stability and easier excitations of 

the two complexes will probably benefit their PDT activity. 

 

Fig. 2-41 Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) with 

complexes Ir115 and Ir139 of different concentrations of 0, 0.5, 1, 2, 3, 4, 6, 8 and 10 

μmol/L and 0, 2.5, 5, 10, 15, 20, 30, 40 and 50 μmol/L correspondingly under 465 nm 

irradiation (13 mW/cm2) for 30 minutes. Yellow tetrazolium salt MTT was used to 

quantify the viable cells by a scanning multiwell spectrophotometer (ELISA reader). 
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    After half an hour irradiation, the viability of cells was slightly reduced, from 

which we can infer that the potential usage of Ir115 and Ir139 as PDT drugs is not 

applicable.  

 

Fig. 2-42 Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) with 

complexes Ir115 and Ir139 of different concentrations, 0, 0.5, 1, 2, 3, 4, 6, 8 and 10 

μmol/L under 465 nm irradiation (13 mW/cm2) for 30 minutes. IC50 (half maximal 

inhibitory concentration) value was obtained from inhibition and concentration curve 

by absorbance of purple formazan crystals at 570 nm wavelength.  

    From Fig. 2-42, we have the IC50 values of Ir115 (2.55 μM) which is 26.1% less 

than the dark value of 3.45 μM. The visible light of 465 nm does not greatly enhance 

the cytotoxicity of Ir115. Although both of the IC50 values of Ir139 in dark and upon 

irradiation are much larger than 50 μM, the above inhibition ratio has continuously 

climbed to about 20 % when the concentration reached 20 μM while the dark one 

stagnates at 15 % from 5 μM to 50 μM in Fig. 2-36.  

This section compares the cytotoxicities of iridium complexes with dipyrido[3,2-

a:2',3'-c]phenazine based bipyridine ligands. Different concentration range is applied 

to toxic Ir7, Ir8 and Ir115 to achieve more accurate IC50 values. Irradiation at 465 nm 

was used to test the PDT effect of Ir115 and Ir139 toward hepatocellular carcinoma 

cell (Hep-G2).  
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Despite two times of washing with PBS and cultured in Dulbecco’s modified 

Eagle medium with 10 % FBS before MTT was added into the 96-well plate, a 

portion of iridium complexes were up-taken into the cell and would not be 100% 

washed away. Although those Ir(III) complexes are very active to be catalyst for 

chemical reaction, there is a slim chance that MTT was transferred to formazan by 

those complexes to some extent because most of the produced formazan was 

dramatically decreased with the increasing concentrations of complexes. But the 

possibilities for the complexes to block the active center of mitochondrial reductase 

are not applicable to deny. The preliminary MTT assays correspond to the former cell 

morphology results and the following methods were utilized to support the cytotoxic 

properties of the five iridium complexes. 

2.7.3 Live and dead assay for cytotoxicities of Ir4, Ir7, Ir8, Ir115 and Ir139.  

Hep-G2 cells were cultured for the live and dead assay in this section. Unlike the 

eight concentrations used in MTT assay, three concentrations at 5, 10 and 20 μmol/L 

of the complexes were applied to culture cells for 24 hours and incubate calcein AM 

and PI for 30 min after rinsing out the iridium complexes. 
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Fig. 2-43 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir4 of different concentrations for 24 hours. a, e, control; b, f, 

5 μmol/L; c, g, 10 μmol/L; d, h, 20 μmol/L. a, b, c, d, calcein AM dye (green) for live 

cells, excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye (red) 

for dead cells, excitation/emission: 530 nm / 620 nm. The yellow scale bar is 200 μm. 

The optical lens is of 4  magnification in the fluorescence inverse microscope (FIM). 

    The quadruple magnification of hepatocellular carcinoma cell (Hep-G2) in Fig. 

2-43 indicates the live cells (green) decreased and dead cells (red) increased with the 

rise of the Ir4 concentration. The area of green and red cells in each picture of a, b, c, 

d and e, f, g, h was calculated by photoshop software separately and their ratios to the 

whole picture were listed in Fig. 2-44 (Left). The dead cells area ratios seem rather 

low because of the shrinking nucleus in dead cells while the green area is the whole 

size of living cells. Therefore, the numbers of cells were obtained by ImageJ software 

to eliminate the former deviation.  

 

Fig. 2-44 Left: Area proportion of calcein AM and propidium iodide (PI) dyes to the 

whole pictures of hepatocellular carcinoma cell (Hep-G2) with complex Ir4 of 

different concentrations. The areas of green / red colors were calculated by photoshop 

software. Right: Cell numbers of live (calcein AM) and dead (propidium iodide) 
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hepatocellular carcinoma cell (Hep-G2) with complex Ir4. The numbers of cells with 

green or red colors were calculated by ImageJ software. 

    The dead cell numbers climbed to half of the living cells when the concentration 

of Ir4 reached 20 μmol/L in Fig. 2-44 (Right). The value is a few times larger than its 

IC50 value (7.9 μmol/L) from MTT assay, suggesting the proportion of inhibited cells 

is higher than the dead cells. Normally, some inhibited cells in their early apoptosis 

stage can still maintain the integrities of cellular membrane and nucleic membrane 

that PI will not be activated through DNA-binding. 

 

Fig. 2-45 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir4 of different concentrations, a, b, control; c, d, 5 μmol/L; e, f, 10 μmol/L; g, h, 20 

μmol/L. a, c, e, g, calcein AM dye (green) for live cells, excitation / emission: 485 nm 

/ 535 nm. b, d, f, h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical areas of a, b, c, d, e, f, 

g, h (yellow square frames) accordingly. The yellow scale bar is 100 μm (a, b, c, d, e, 
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f, g, h) and 20 μm (i, j, k, l, m, n, o, p). The optical lens is of 10  magnification in the 

fluorescence inverse microscope (FIM). 

    Ten times magnified cells in Fig. 2-45 shows the details of concentration 

dependent live and dead cells densities. The right side images are the enlarged ones of 

the left side. The red nucleus with PI appeared when the concentration of Ir4 is 5 

μmol/L. Those red dots are obviously smaller than the green living cells, indicating 

the late stage of apoptosis or death of the cells with condensed nuclei and 

chromosomes. Interestingly, in the similar positions of the green and red pictures, it 

was observed that with the rise of concentration of Ir4, the area and intensity of the 

green cell dwindled steadily while the red ellipses showed up at the same spot. The 

coexistence of green calcein and red PI uncovered the precious moment when those 

cells cut a few of the acetoxymethyl groups from calcein AM using intracellular 

esterase before their death and then the PI entered into the nuclei through incomplete 

membrane to bind to DNA after their death. 

On the left side of yellow frams in Fig. 2-45 (h), a few Live and dead assay 

provide a direct evidence of cellular viability and visualize the analysis with a clear 

and distinct Green/Red color which is very suitable for proportion calculation by 

ImageJ softwares, etc. 
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Fig. 2-46 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir7 of different concentrations for 24 hours. a, e, control; b, f, 

5 μmol/L; c, g, 10 μmol/L; d, h, 20 μmol/L. a, b, c, d, calcein AM dye (green) for live 

cells, excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye (red) 

for dead cells, excitation/emission: 530 nm / 620 nm. The yellow scale bar is 200 μm. 

The optical lens is of 4  magnification in the fluorescence inverse microscope (FIM). 

    Similarly, different concentrations of Ir7 were culture together with Hep-G2 cells. 

After the addition of mixture of calcein AM and PI, the images in Fig. 2-46 give the 

densities of green and red cells with the corresponding drop and rise. The green line in 

Fig. 2-47 (Left) decreases in a more quick speed than Ir4 and percentage changed 

from the control of 10% to 2.52%, about half the value of Ir4 (5.16%).  

 

Fig. 2-47 Left: Area proportion of calcein AM and propidium iodide (PI) dyes to the 

whole pictures of hepatocellular carcinoma cell (Hep-G2) with complex Ir7 of 

different concentrations. The areas of green / red colors were calculated by photoshop 

software. Right: Cell numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir7. The numbers of cells with 

green or red colors were calculated by ImageJ software.  
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     But the red line seems to have a similar slope to Ir4. Actually, the final ratio 

reaches 0.896%, which is larger than the 0.607% of Ir4 in Fig. 2-44 (Left). Because 

the more toxic the complex is, the more condensed nuclei and chromosomes in dead 

cells, the red cell area is not greatly enlarged with the rise of the concentration. Cell 

number columns clearly show that when the concentration grows to 10 μmol/L, about 

half of the cells are dead which means the Ir7 is twice cytotoxic than Ir4 (20 μmol/L). 

The interesting results are a good match with the corresponding IC50 values of Ir4 

(7.9 μM) and Ir7 (3.62 μM) in the MTT assay. 

 

Fig. 2-48 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir7 of different concentrations, a, b, control; c, d, 5 μmol/L; e, f, 10 μmol/L; g, h, 20 

μmol/L. a, c, e, g, calcein AM dye (green) for live cells, excitation / emission: 485 nm 

/ 535 nm. b, d, f, h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical areas of a, b, c, d, e, f, 

g, h (yellow square frames) accordingly. The yellow scale bar is 100 μm (a, b, c, d, e, 
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f, g, h) and 20 μm (i, j, k, l, m, n, o, p). The optical lens is of 10  magnification in the 

fluorescence inverse microscope (FIM). 

    It can be seen that fewer live cells (green) and more dead cells (red) showed up 

with higher concentrations of Ir7 in the enlarged images (10  magnification) of Fig. 

2-48. In pictures of m, n and o, p, the clear process was observed that there is the 

replacement of live cell by dead cell at the same site. 
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Fig. 2-49 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir8 of different concentrations for 24 hours. a, e, control; b, f, 

5 μmol/L; c, g, 10 μmol/L; d, h, 20 μmol/L. a, b, c, d, calcein AM dye (green) for live 

cells, excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye (red) 

for dead cells, excitation/emission: 530 nm / 620 nm. The yellow scale bar is 200 μm. 

The optical lens is of 4  magnification in the fluorescence inverse microscope (FIM). 

    The live cells dropped rapidly with the increasing concentration of Ir8. Other 

than the former Ir4 and Ir7, images c and d in Fig. 2-49 suggest very few live cells left 

at 10 and 20 μmol/L of Ir8. A lot of tiny red dots also appear earlier than Ir4 and Ir7 

accordingly. The green line and red line in Fig. 2-50 (Left) even have a cross point 

where the live cell decreased sharply from the control 8.96% to 0.232%, much less 
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than Ir4 (5.16%) and Ir7 (2.52%). The red ratio grew to 0.90%, higher than Ir4 

(0.607%) and Ir7 (0.896%). In the Fig. 2-50 (Right), the number of dead cells (red 

columns) rose up at a tremendous speed. The dead cells were close to live cells even 

when the concentration of Ir8 was 5 μmol/L, indicating the very strong cytotoxicities 

of Ir8 which is already concluded in MTT assay with the lowest IC50 value of 1.83 

μM.   

 

Fig. 2-50 Left: Area proportion of calcein AM and propidium iodide (PI) dyes to the 

whole pictures of hepatocellular carcinoma cell (Hep-G2) with complex Ir8 of 

different concentrations. The areas of green / red colors were calculated by photoshop 

software. Right: Cell numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir8. The numbers of cells with 

green or red colors were calculated by ImageJ software. 

    Fig. 2-51 shows the smaller size of dead cells in h (p) than f (n) and d (l), means 

the damages caused by high cytotoxicity of Ir8. Typical characteristics of late 

apoptosis such as nucleic condensations and fragmentations were quite explicit, and 

even the green cell size has greatly shrunk in e (m) and g (o). Ir8 was proved to be 

most toxic so far by live and dead assay and MTT assay. As we discussed before, the 

incubation time for calcein AM is half an hour and the time for MTT is four hours in 

our experiment. The much longer time for the production of purple formazan possibly 

makes the IC50 values a few times less than the half dead/ live cells ratio. Anyway, the 
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relative cytotoxicities of those iridium complexes well matched with the former MTT 

assay results so far.  

The methyl group is easy to be neglected in chemical syntheses and 

electron-donating properties. However, it is so important in the determination of cell 

viability and death. The reason was postulated to be very complicated, which could 

include the lipophilicity, sharp-pointed size, and other presumed properties. 

 

Fig. 2-51 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir8 of different concentrations, a, b, control; c, d, 5 μmol/L; e, f, 10 μmol/L; g, h, 20 

μmol/L. a, c, e, g, calcein AM dye (green) for live cells, excitation / emission: 485 nm 

/ 535 nm. b, d, f, h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical areas of a, b, c, d, e, f, 

g, h (yellow square frames) accordingly. The yellow scale bar is 100 μm (a, b, c, d, e, 

f, g, h) and 20 μm (i, j, k, l, m, n, o, p). The optical lens is of 10  magnification in the 

fluorescence inverse microscope (FIM). 
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    Quite a lot of experiments such as the proportion of cellular uptake and protein 

binding abilities should be done to obtain further evidences of its cytotoxicities. As 

for Ir115, which contains ligand DBDPPZ with two bromo groups, it was found to be 

rather toxic too. There left very few live cells in Fig. 2-52 d, and quite many dead 

cells increased with the complex concentrations. 
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Fig. 2-52 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir115 of different concentrations for 24 hours. a, e, control; b, 

f, 5 μmol/L; c, g, 10 μmol/L; d, h, 20 μmol/L. a, b, c, d, calcein AM dye (green) for 

live cells, excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye 

(red) for dead cells, excitation/emission: 530 nm / 620 nm. The yellow scale bar is 

200 μm. The optical lens is of 4  magnification in the fluorescence inverse 

microscope (FIM). 

    Again, the cross appeared in Fig. 2-53 (Left) proved its powerful cytotoxicities 

similar to Ir8. When the concentration of Ir8 was increased to 5 μmol/L, the green line 

went down from control 8.91% to 8.18% which is quite mild comparing with the 

relative value of 2.29% in Ir8.  
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Fig. 2-53 Left: Area proportion of calcein AM and propidium iodide (PI) dyes to the 

whole pictures of hepatocellular carcinoma cell (Hep-G2) with complex Ir115 of 

different concentrations. The areas of green / red colors were calculated by photoshop 

software. Right: Cell numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir115. The numbers of cells 

with green or red colors were calculated by ImageJ software. 

The area ratio of live cells dropped promptly to 0.494% and the dead cells rose 

up to 1.08%. Numbers of cell counting in Fig. 2-53 (Right) indicate that the half dead 

concentration lies in 5 and 10 μmol/L. The Ir115 shows its higher cytotoxicity 

towards hepatocellular carcinoma cell lines than most Ir(III) complexes in this chapter 

except for Ir8. 
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Fig. 2-54 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir115 of different concentrations, a, b, control; c, d, 5 μmol/L; e, f, 10 μmol/L; g, h, 20 

μmol/L. a, c, e, g, calcein AM dye (green) for live cells, excitation / emission: 485 nm 

/ 535 nm. b, d, f, h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical areas of a, b, c, d, e, f, 

g, h (yellow square frames) accordingly. The yellow scale bar is 100 μm (a, b, c, d, e, 

f, g, h) and 20 μm (i, j, k, l, m, n, o, p). The optical lens is of 10  magnification in the 

fluorescence inverse microscope (FIM). 

A few of the intriguing phenomena were discovered in Fig. 2-54. Firstly, in the 

center of m and n, the green calcein and red PI were found evenly localized in cells, 

which mean the dying cell produced enough calcein in cytosol and died in a few 

minutes to allow the PI to go inside, meanwhile, the chromosome inside nuclei leaked 

out to spread all cytoplasm. 

Different from the cellular and nucleic condensation and fragmentation in the 

precious results, which were the typical characteristics of apoptosis, one kind of 
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programmed cell death (PCD), the expanded size of red cells both in image (n) and (p) 

emerged. Those cytoplasmic vacuolations belong to another typical morphology of 

PCD: oncosis. The chance to have those images is very rare and we luckily recorded 

them.  

Secondly, in Fig. 2-54 (p), there are some obvious bright yellow dots in the 

middle of the red nuclei. We know that yellow color sometimes comes from the equal 

mix of green and red emission. But normally the green calcein will not be exited at 

530 nm, or else the red color will be yellow in Fig. 2-54 (n). We carried out the green 

excitation of complex Ir115 of both 20 and 40 μmol/L for cell imaging as shown in 

Fig. S7-24 in chapter 7, and found the Ir115 was red emitting in the cells and nuclei. 

The cellular uptake results in Fig. 2-81 (k) shows the complex could enter into the 

nuclei at 20 μmol/L, but not in the nuclei of the fixed cells in Fig. 2-83. 

Since the Ir115 will not add into the yellow spot individually, the implication of 

those weird dots is related to the possibility of the interaction between the iridium 

complex and calcein or PI dye. Because the PI was an effective binder to DNA base 

pairs, the chance for Ir115 to touch PI became slim. Therefore, it seems that the 

contact of Ir115 and calcein play the important role to contribute to the yellow dots. 

There are two possible mechanisms for the generation of yellow color. First, the 

triplet-triplet annihilation (TTA)-based energy upconversion process is supposed 

under appropriate conditions. In the energy transfer of TTA, the Ir115 and calcein 

could form a sensitizer-acceptor couple to generate the red-to-green upconversion 

fluorescence. Upon the green light excitation, the contact of Ir115 and calcein 

becomes favorable for the triplet-triplet energy transfer (TTET), and the calcein emit 

green light with shorter wavelength than the excitation wavelength. The mixture of 

the green light from calcein and red PI will produce the yellow dots. The exact 
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positions overlaping with the green calcein in image (o) support the first postulated 

mechanism. The second mechanism to generate yellow color is the direct blue-shifted 

emission of Ir115 from red to green. As we know, iridium complexes generally have 

long Stokes shift, the - stack between calcein and DBDPPZ ligand will greatly 

shorten the Stokes shift and emission color becomes close to the excitation 

wavelength which is within the green color range, and thus, together with PI red, the 

yellow spots were produced. 
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Fig. 2-55 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir139 of different concentrations for 24 hours. a, e, control; b, 

f, 10 μmol/L; c, g, 20 μmol/L; d, h, 40 μmol/L. a, b, c, d, calcein AM dye (green) for 

live cells, excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye 

(red) for dead cells, excitation/emission: 530 nm / 620 nm. The yellow scale bar is 

200 μm. The optical lens is of 4  magnification in the fluorescence inverse 

microscope (FIM). 

    As estimated, the dead cells are very few in Fig. 2-55 f, g, h even the 

concentrations of Ir139 were increased to 10, 20 and 40 μmol/L. The area ratio of live 
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cells dropped very slowly (green line in Fig. 2-56, Left) and live cell numbers did not 

decrease a lot (green column in Fig. 2-56, Right). The dead cells almost maintain the 

same ratio or number with the increasing concentration of Ir139. All the evidences 

support the low cytotoxicities of Ir139. Although the ligand DBDPPZ is believed to 

raise the toxicity of complexes, the two bulky C^N ligands played a crucial role to 

reduce the cytotoxicity.  

 

Fig. 2-56 Left: Area proportion of calcein AM and propidium iodide (PI) dyes to the 

whole pictures of hepatocellular carcinoma cell (Hep-G2) with complex Ir139 of 

different concentrations. The areas of green / red colors were calculated by photoshop 

software. Right: Cell numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir139. The numbers of cells 

with green or red colors were calculated by ImageJ software. 

    The low toxicity of Ir139 in the live and dead cell assay is in accordance with the 

former MTT assay. The Ir139 has the lowest cytotoxicity among the five iridium 

complexes in this chapter. The live cells look quite healthy even when the 

concentration of Ir139 reaches 40 μmol/L, and the number of dead cells did not 

increase apparently.  
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Fig. 2-57 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir139 of different concentrations, a, b, control; c, d, 10 μmol/L; e, f, 20 μmol/L; g, h, 

40 μmol/L. a, c, e, g, calcein AM dye (green) for live cells, excitation / emission: 485 

nm / 535 nm. b, d, f, h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical areas of a, b, c, d, e, f, 

g, h (yellow square frames) accordingly. The yellow scale bar is 100 μm (a, b, c, d, e, 

f, g, h) and 20 μm (i, j, k, l, m, n, o, p). The optical lens is of 10  magnification in the 

fluorescence inverse microscope (FIM). 

Quite a few fascinating cyan color emission cells were observed in Fig. 2-57 (e) 

and (g). The enlarged picture in (m) has a strong emission of white spot in the center 

of the cell. The cyan color comes from the mix of blue and green color, and white 

color can be achieved by a mix of blue, green and red or blue and yellow. Under the 

blue excitation, complex Ir139 of both 20 and 40 μmol/L for cell imaging were green 

emitting in the cells of Fig. S7-25 in chapter 7. However, some part of cell shows 

cyan or white color in (m). We believe that simple mixture of the green calcein and 
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green emissive Ir139 at blue excitation will not produce cyan emission as shown in 

the amplified images of (k) and (o). 

There should be some energy transfer processes to blue-shift the emission color. 

The emission of Ir139 in the cellular uptake seems not strong in Fig. 2-87. The crystal 

data in Fig. 2-19 indicated self - stacking of Ir139 which could lead to the 

quenching of fluorescence through some non-emissive aggregation. Nevertheless, 

after the - stacking of Ir139 and calcein, no quenching was observed due to the 

inhibition of the rotation of the active election-donating group (EDG) (diphenylamino) 

and the improved rigidity of two dpapp C^N ligands in Ir139.  

Therefore, the non-radiative decay process was suppressed and the charge 

transfer through HOMO to LUMO was tremendously enhanced. Similar phenomena 

were reported that the -stacking did not result in fluorescence quenching through the 

protection of the diphenyl-anthracene skeleton[91]. The strong EDG will increase the 

HOMO and narrow the gap between the HOMO and LUMO which could result in 

red-shifted yellow emission color. The cation of Ir139 and calcein anion were 

supposed to form a sensitizer-acceptor couple through which the TTA energy transfer 

would produce the up-converted emission of calcein. The white color in the center 

could be considered as the combination of the red-shifted emission (yellow) and 

blue-shifted emission (blue) of the green emissive Ir139 and calcein correspondingly. 

The detail evidences need to be provided through future photochemical and 

photophysical experiments. 
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Fig. 2-58 Color area and cell number ratios of dead to live hepatocellular carcinoma 

(Hep-G2) cell lines, live cell shrinkage and swelling degree with complexes Ir4, Ir7, 

Ir8, Ir115 and Ir139 at different concentrations. All were calculated by ImageJ 

software. 

    This section has examined the cytotoxicities of five complexes with calcein AM 

and PI assay. From the analysis of those results, the live / dead assay is a good 

complementary method for MTT assay in the last section. The visualized cell pictures 

also provide extended information of cell numbers, cell morphology and cell imaging 

which are all the direct evidences for cytotoxicities. As expected, the levels of toxicity 

according to the red / green cell area ratios are listed in Fig. 2-58. With the increase of 

the concentrations of complexes, the proportion of red cell increased at different 

speed. The slowest one is Ir139, indicating its lowest cytotoxicity among the five 

complexes. The summary of the dead / live cell area ratios at 20 μmol/L suggests the 

following cytotoxicity order according to the ratios in brackets: Ir8 (3.87697) > Ir115 

(2.18314) > Ir7 (0.35516) > Ir4 (0.11774) > Ir139 (0.02348). The sequence is exactly 

the same as the MTT results.     

2.8 Mitochondrial transmembrane potential (ΔΨM) testing, cellular uptake and 

distribution of Ir4, Ir7, Ir8, Ir115 and Ir139. 

    The intracellular esterase plays an important role in cutting calcein AM into 

calcein, and mitochondrial reductase changes MTT to formazan which needs longer 

time for the transmembrane transport of MTT. The mitochondrial transmembrane 

potential (ΔΨM) plays a prominent part in the transit of chemicals.  
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Fig. 2-59 Mitochondrial membrane potential control assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) without metal complex. a, bright field; b, 

blue excitation filter; c, green excitation filter; d, overlay of b and c; e, Pearson‘s 

Coefficient: r = 0.977, Manders’ Coefficients (original): M1 = 0.999 (fraction of Red 

overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), Li‘s Intensity 

Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ) = 0.4540 

determined by ImageJ software from b and c; f, m: Red, green and blue fluorescence 

intensity and corresponding distribution curves calculated from the mergence of b and 

c, i and j by ZEN software accordingly. The Y axis represents the relative frequency 

and the X axis indicates the brightness; g, n: height map of 2.5 D view intensity 

values obtained from d and k respectively by ZEN software. The highest intensity 

values are represented by the greatest extension in the Z-direction; h, i, j, k: enlarged 

typical areas of a, b, c, d (yellow square frames) accordingly; l, intensity profile of 

JC-1 luminescence calculated by ImageJ software across cell in k. The scale bar is 25 

μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 
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In Fig. 2-59, the control cell images for mitochondrial transmembrane potential 

(ΔΨM) testing under the 40  magnification in the fluorescence inverse microscope 

(FIM) show the obvious red JC-1 aggregates under green excitation (Fig. 2-59 c) in 

the cell mitochondria and green JC-1 monomers under blue excitation (Fig. 2-59 b) in 

the cytoplasim. The JC-1 aggregates can also be observed in bright yellow color 

activated by blue excitation filter in (b) due to the JC-1 emission of 585 nm which is 

located in the yellow range. Image d is the overlap of b and c, where the orange dots 

are JC-1 aggregates. Most of them are around the nucleic center, indicating the JC-1 

aggregates dye is distributed in mitochondria while some green JC-1 monomers are 

spread outside unhealty mitochondria at the cytoplasm.  

The enlarged image of (k) in Fig. 2-59 shows the coexistence of orange and 

green JC-1 dye. The six independent peaks were recorded in (I), showing the high 

luminescence intensity of about 75 of the JC-1 aggregates and their tiny size of 0.5-2 

μm in diameter. The (f) and (m) calculation results also suggest that the red area (JC-1 

aggregates) is much larger than the green area (JC-1 monomers) in the healthy control 

cells. The considerable extension of orange color in the Z-direction in images of (g) 

and (n) provide more specific information for the density of JC-aggregates which are 

far more than the green color extension.  

Upon the addition of Ir4 at concentration of 5 μmol/L, there are no apparent JC-1 

aggregates in the Fig. 2-60 (b) and (c). The weak red emissions in (c) are probably not 

the JC-1 red dye due to their larger size which is more like the Ir4 complex. The 

images mean that even in a quite low concentration of Ir4, the potential of the 

mitochondria has reduced greatly. The shape of the peaks in (l) recorded the process 

that JC-1 aggregates have just begun to scatter and disappear.  
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Fig. 2-60 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir4 (5 μmol / L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.787, Manders' Coefficients (original): M1 = 0.994 

(fraction of Red overlapping Green), M2 = 0.951 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.3295 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir4 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 
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    The area of green has predominated in (f) and (m) calculation and occupied in (d) 

and (k). The green color is not strong in the Z-direction of (g) and (n) shows the 

luminescent intensity of monomer is lower than the JC-1 aggregates in control. From 

the enlarged Fig. 2-60 (k), peaks across the line of cell in (k) was calculated by 

ImageJ software in (l) and began to merge together with less independence than 

control.  

 

Fig. 2-61 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir4 (20 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.829, Manders' Coefficients (original): M1 = 0.307 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.1824 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 
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view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir4 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 

When the concentration was increased to 10 μmol/L in Fig. S7-27 of chapter 7, 

the red areas rose up too in (f) and (m) which are assigned to the increased 

fluorescence of Ir4. The cells are fewer and more scattered than 5 μmol/L. In the 

calculation of (l), only one broad peak showed up instead of a few peaks, meaning 

that the JC-1 or Ir4 were evenly spread in cells. With higher concentration of 20 

μmol/L in Fig. 2-61, fewer cells survived and the intensities of red fluorescence in (c), 

(j) and (f), (m) were higher than before. Manders' Coefficients M1 indicates that the 

fraction of red overlapping green is quite low and aggregates of Ir4 are increasing. 

The similar peak calculated in (l) suggests that JC-1 monomers are the most popular 

configuration existing in cells.   

The red/green ratios decreased and the ICQ values dropped down with the 

increasing concentrations of Ir4 in Fig. 2-62, suggesting the green portion increased 

and intensity staining tends to be random when there are more Ir4 up-taken into cells.  

 

Fig. 2-62 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir4 of different concentrations 
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(5, 10 and 20 μmol/L, 15 hours). Left, JC-1 fluorescence ratio (Red: Green); Right, 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ). ICQ 

~ 0, random staining; 0 > ICQ ≥ -0.5, segregated staining; 0 < ICQ ≤ +0.5, dependent 

staining. 

    The cytotoxicities of Ir4 were moderate compared to other complexes in this 

chapter, but its interrupt for the mitochondrial transmembrane potential (ΔΨM) was 

quite obvious at low concentration. It was possible that the depolarization of ΔΨM was 

the first step for cellular apoptosis. Meanwhile, the enzymes inside mitochondria 

maintained their functions for a while to transfer the MTT into purple formazan. At 

the high concentration of 20 μmol/L, some interruptions from the fluorescence of Ir4 

were observed. The results indicate that the Ir4 was uptaken and distributed in 

cytoplasm, probably located in mitochondria. The cellular uptake and distribution of 

Ir4 will clarify the interactions between the complexes and mitochondria.  
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Fig. 2-63 Cellular uptake and distribution of complex Ir4 (a, b, e, f, i, j: 20 μmol/L; m, 

n: 40 μmol/L) in hepatocellular carcinoma cell (Hep-G2) for 15 minutes (a, b), 40 

minutes (e, f), 120 minutes (i, j, m, n) at 37.5 ℃. a, e, i, m: bright field; b, f: blue 

excitation filter; j, n: UV excitation filter; c, g, k, o: enlarged typical areas of b, f, j, n 

(yellow square frames) accordingly; d, h, l, p: intensity profile of Ir4 luminescence 

calculated by ImageJ software across cells of c, g, k, o. The scale bar is 25 μm (a, b, e, 

f, i, j, m, n) and 5 μm (c, g, k, o). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

As shown in Fig. 2-63, complex Ir4 was absorbed in the cytoplasm, leaving the 

nuclei absent from luminescence. With the enhancement of Ir4, the location of the 

complex did not change in (c), (g), (k) and (o), which mean the Ir4 basically will not 

enter into nuclei to bind to DNA. 

The time dependant uptake experiments shows that the Ir4 can be up-taken for 

15 minutes in (c) where the two cells and nuclei were adjacent and the fluorescence of 

Ir4 was clear to obtain the intensity curve in (d). The fluorescence was increased as 

shown by intensity units 18 (d), 90 (h) and 147 (l) when the time changed from 15, 40 

to 120 minutes accordingly. Ir4 was observed not easy to distribute in nuclei from the 

curves of (d), (h), (l) and (p). 

The easiness of cellular uptake for Ir4 suggests the possible passive transport of 

its diffusion that is when the Ir4 enters into cell, no extra chemical energy such as 

ATP is needed. Low temperature will greatly limit the activities of ATP, 4 ℃ was 

carried out in the cell culture to find out if the Ir4 can be up-taken without the help of 

ATP. Although the fluorescence in cells of Fig. 2-64 (b) is weaker compared with Fig. 

2-63 (f), the images show the evident yellowish-green fluorescence of Ir4 (20 μmol/L) 

in the cytoplasm at 4 ℃ for 60 minutes. The lower concentration of Ir4 in Fig. 2-64 

was perhaps the low temperature inhibited passive transport of Ir4.  
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Fig. 2-64 Cellular uptake and distribution of complex Ir4 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) for 60 minutes at 4 ℃. a, bright field; b, blue 

excitation filter; c, enlarged typical areas of b (yellow square frame); d, intensity 

profile of Ir4 luminescence calculated by ImageJ software across a cell of c. The scale 

bar is 25 μm (a, b) and 5 μm (c). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

    Because of the short incubation time for 1 hour that is different from the 15 

hours in the mitochondrial membrane potential assay, the cells in (a) possess a great 

healthy morphology even at high concentration of 20 μmol/L. The uptake of Ir4 in 

nuclei was not improved at low temperature, indicating the nucleic membrane 

transport is not the active diffusion. The planar size, the hydrophobicity and rigidity 

of the DPPZ ligand prevent the further uptake of cellular nuclei which gave the 

explanation that the similar ruthenium complexes could not enter into the nuclei in 

live cells and their ability to bind DNA became invalid. The two positive charges of 

ruthenium complexes prevented their effective transportation into the cell and lower 

their cytotoxicity remarkably which will be introduced in chapter 5. 
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Fig. 2-65 Cellular uptake and distribution of complex Ir4 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 30 minutes at 

37.5 ℃. a, bright field; b, blue excitation filter; c, enlarged typical areas of b (yellow 

square frames); d, intensity profile of Ir4 luminescence calculated by ImageJ software 

across a cell of c. The scale bar is 25 μm (a, b) and 5 μm (c). The optical lens is of 40 

 magnification in the fluorescence inverse microscope (FIM). 

    The fixed cells were applied to test the cellular uptake of Ir4 in Fig. 2-65, the 

fluorescence was enhanced and red-shifted from green to yellow in the dead cell. But 

the Ir4 still could not enter the nuclei of cells, which is different from the ruthenium 

complexes in chapter 5. With the one positive charge in iridium complex, the 

hydrophobic properties are not favorable for the nucleic uptake even in 

paraformaldehyde fixed cells. The overall uptake was increased in the fixed dead cells 

from 55 units of intensity (Fig. 2-64d) to about 100 units, indicating the live cell can 

resist the complex even at low temperature of passive transport mechanisms. The 

bathochromically shifted emission of Ir105 from green (Fig. 2-64b) to yellow (Fig. 

2-65b) implied the J-aggregation of Ir105 at higher concentration in fixed cells.  
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Fig. 2-66 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir7 (5 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.422, Manders' Coefficients (original): M1 = 0.273 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.1516 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir7 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 
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Similar to Ir4, the JC-1 aggregates were not formed in cells cultured with Ir7 in 

Fig. 2-66. The toxicity of Ir7 is higher than Ir4 based on the previous cytotoxicity 

assay. It is understandable that no red JC-1 appeared in (c) with Ir7 (5 μmol/L) 

according to the size of JC-1 aggregates, but there were some new yellow spots in (b) 

which are assigned to the aggregations of Ir7 as in the Fig. S7-28 of chapter 7 (10 

μmol/L) and in Fig. 2-67 (20 μmol/L). The aggregations of Ir7 were not observed 

from Fig. 2-69 to 2-71 where there was only Ir7 in the cells, suggesting the JC-1 dye 

may play the accelerating role in the accumulation of Ir7. 

We assume that JC-1 and Ir7 have some - stacks in the J-aggregation way to 

bathochromicly shift the color from green to yellow as seen in upper area of Fig. 2-66 

(g). Green area is larger than red in (f) and (m). The evidence of disassembly of JC-1 

aggregates is those peaks in (l) began to merge into a broad one from their original 

size of 0.5-2 μm (Fig. 2-59(l)) to 2.5-3 μm (Fig. 2-66 (l)). 

At the high concentration of Ir7 (20 μmol/L), the aggregations of Ir7 were spread 

in the image Fig. 2-67 (b), (c) and (d). The red area of (f) and (m) was considered to 

be the self-aggregations of Ir7 instead of red JC-1 aggregates because of the uneven 

shapes, large sizes and scattered locations outside of cells in Fig. 2-67 (c) and (j). The 

luminescence intensity across two cells in (l) shows the misty green at the periphery 

of the nuclei which could be the mixture of JC-1 monomer and Ir7. There were three 

adjacent cells eventually in Fig. 2-67 (a) and (b) which were survived from the high 

toxicity of Ir7 at 20 μmol/L for 15 hours.  
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Fig. 2-67 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir7 (20 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.802, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.2979 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir7 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 
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The self-aggregation of Ir7 could tremendously reduce its high concentration in 

the culture medium and thus the remaining three cells were not obviously harmed due 

to the absence of the complex in the nuclei as indicated in Fig. 2-67 (i). 

 

Fig. 2-68 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir7 of different concentrations 

(5, 10 and 20 μmol/L, 15 hours). Left, JC-1 fluorescence ratio (Red: Green); Right, 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ). ICQ 

~ 0, random staining; 0 > ICQ ≥ -0.5, segregated staining; 0 < ICQ ≤ +0.5, dependent 

staining. 

    The red to green fluorescence ratios in Fig. 2-68 remain the values around 0.6 

with the increasing concentration of Ir7. As we know the strong toxicity of Ir7 and no 

typical JC-1 aggregates were found in the former images, the red color was assumed 

to be the fluorescence from complex Ir7. The combination of Ir7 and JC-1 green dye 

also affected the dependent staining of ICQ, particularly the ICQ value of 0.1516 at 

the concentration of 5 μmol/L. The low ICQ value means less dependent staining of 

green and red in Fig. 2-66 (b) and (c), which consist of the fast disappearance of red 

JC-1 aggregates and the dim red fluorescence of Ir7. The higher values of about 0.3 of 

ICQ at 10 and 20 μmol/L suggested the overwhelming majority of Ir7 rather than the 

JC-1 dyes and the images of (b) and (c) in Fig. S7-28 and Fig. 2-67 were more 

dependent than those in Fig. 2-66. 
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Fig. 2-69 Cellular uptake and distribution of complex Ir7 (a, b, e, f, i, j: 20 μmol/L; m, 

n: 40 μmol/L) in hepatocellular carcinoma cell (Hep-G2) for 15 minutes (a, b), 40 

minutes (e, f), 120 minutes (i, j, m, n) at 37.5 ℃. a, e, i, m: bright field; b, f, j, n: blue 

excitation filter; c, g, k, o: enlarged typical areas of b, f, j, n (yellow square frames) 

accordingly; d, h, l, p: intensity profile of Ir7 luminescence calculated by ImageJ 

software across cells of c, g, k, o. The scale bar is 25 μm (a, b, e, f, i, j, m, n) and 5 μm 

(c, g, k, o). The optical lens is of 40  magnification in the fluorescence inverse 

microscope (FIM). 

Longer culture time enhanced the uptake of Ir7 in Fig. 2-69, where the 

luminescence intensities of Ir7 increased from 34 (d), 80 (h) to 160 (l) at 20 μmol/L. 

The bright yellow color indicates the higher concentration of Ir7 than green color. 

When the concentration rose to 40 μmol/L, the cells became very unhealthy, and 

treatment with cells must be very careful. Most of the cells are detached and easy to 

be washed away. Focus has also become a big problem when the cells are so sparse. It 

has become more difficult to find the fewer and more condensed cells in (n). Because 
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of the incomplete and leaking cell membrane, the iridium complexes are also easy to 

be washed away from the cells. That is why the emission of complexes became 

weaker even in a much higher concentration. At 40 μmol/L of Ir7, the luminescence 

intensities dropped nearly 20 % from 160 to 130 in Fig. 2-69 (l) and (p), similar drop 

of Ir4 about 20 % from 145 to 115 in Fig. 2-63 was noticed.  

 

Fig. 2-70 Cellular uptake and distribution of complex Ir7 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) for 60 minutes at 4 ℃. a, bright field; b, blue 

excitation filter; c, enlarged typical areas of b (yellow square frame); d, intensity 

profile of Ir7 luminescence calculated by ImageJ software across a cell of c. The scale 

bar is 25 μm (a, b) and 5 μm (c). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

Another possible pathway is that Ir7 can enter into cellular nuclei as shown in (k) 

and (o), which strengthens the toxicity of Ir7 while Ir4 would not reach the nucleic 

region in Fig. 2-63 (k) and (o). The Ir7 was up-token into the cytoplasm at 4 ℃ in Fig. 

2-70 with the intensity of 50, a little less than the 55 of Ir4. This result demonstrated 

that the uptake pathway is mainly passive transport without the assistance of ATP. 

The fix cell in Fig. 2-71 shows the weak fluorescence of intensity of about 35, much 
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less than the 100 of Ir4 in Fig. 2-65 (d). The bromo group in DPPZ ligand seems to 

prevent the diffusion of Ir7. The larger size and reduced lipophilicity by heavy 

bromine atom may hinder the cellular uptake as well.   

 

Fig. 2-71 Cellular uptake and distribution of complex Ir7 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 30 minutes at 

37.5 ℃. a, bright field; b, blue excitation filter; c, enlarged typical areas of b (yellow 

square frames); d, intensity profile of Ir7 luminescence calculated by ImageJ software 

across a cell of c. The scale bar is 25 μm (a, b) and 5 μm (c). The optical lens is of 40 

 magnification in the fluorescence inverse microscope (FIM). 

    Ir8 with methyl group depolarized the mitochondria transmembrane potential 

after 15 hours at 5 μmol/L. In Fig. 2-71 (f) and (m), the green area was larger than red 

emission, suggesting the predominance of the JC-1 monomers. From the enlarged (j), 

the size of red dot (20 μm) is not likely to be the JC-1 aggregates as to the control in 

Fig. 2-59 (2 μm). More red dots were observed in Fig. S7-29 (c) and Fig. 2-73 (c), 

indicating the aggregation of Ir8 induced by JC-1. Similar aggregation dots could not 

form in Fig. 2-75 and other cell imaging pictures Fig. 2-76 and Fig. 2-77 without JC-1 

dye. 
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Fig. 2-72 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir8 (5 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.507, Manders' Coefficients (original): M1 = 0.321 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.1849 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir8 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 
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    With the increasing concentration from 5 to 20 μmol/L, the calculated 

luminescence intensities reduced from 27 to 23 units in Fig. 2-73 which supports the 

high cytotoxicity of Ir8 obtained from the former sections.  

     

Fig. 2-73 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir8 (20 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.710, Manders' Coefficients (original): M1 = 0.978 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.3391 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 
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intensity profile of JC-1 and Ir8 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM).  

Even at the beginning concentration of 5 μmol/L, the cell morphology has 

typical characteristics of apoptosis in Fig. 2-73 (a). ICQ values increased to 0.3391 

when the concentration reached 20 μmol/L which was assigned to the additional 

emission from Ir8 in cell imaging. In Fig. 2-74, the growing red proportion also was 

the result of inhanced Ir8 uptake.  

 

Fig. 2-74 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir8 of different concentrations 

(5, 10 and 20 μmol/L, 15 hours). Left, JC-1 fluorescence ratio (Red: Green); Right, 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ). ICQ 

~ 0, random staining; 0 > ICQ ≥ -0.5, segregated staining; 0 < ICQ ≤ +0.5, dependent 

staining.  

    As mentioned before, the relationship between cytotoxicity and distribution of 

iridium complexes is complicated. In Fig. 2-75, the uptake time is quite short 

compared to the morphology and MTT assay. Only in 40 minutes, the location of Ir8 

in some nucleus was observed in (g) which seems shrank and condensed although 

most other cells are quite healthy from their morphology. The abnormal cell was 

probably the dying cell similar to the cells in (k) and (o), indicating the unhealthy 
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cells would definitely uptake the Ir8 into the whole scope of cell without clear 

boundary of nuclei. 

 

Fig. 2-75 Cellular uptake and distribution of complex Ir8 (a, b, e, f, i, j: 20 μmol/L; m, 

n: 40 μmol/L) in hepatocellular carcinoma cell (Hep-G2) for 15 minutes (a, b), 40 

minutes (e, f), 120 minutes (i, j, m, n) at 37.5 ℃. a, e, i, m: bright field; b, f: blue 

excitation filter; j, n: UV excitation filter; c, g, k, o: enlarged typical areas of b, f, j, n 

(yellow square frames) accordingly; d, h, l, p: intensity profile of Ir8 luminescence 

calculated by ImageJ software across cells of c, g, k, o. The scale bar is 25 μm (a, b, e, 

f, i, j, m, n) and 5 μm (c, g, k, o). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

The intensities of 28, 120 and 250 in (d), (h) and (l) respectively demonstrate the 

highest cellular uptake of Ir8 among the five complexes in this chapter. The enhanced 

lipophilicity of Ir8 with methyl group would possibly assist the better uptake. The 

cytotoxicity of Ir8 was also increased accordingly. 
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Fig. 2-76 Cellular uptake and distribution of complex Ir8 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) for 60 minutes at 4 ℃. a, bright field; b, blue 

excitation filter; c, enlarged typical areas of b (yellow square frame); d, intensity 

profile of Ir8 luminescence calculated by ImageJ software across a cell of c. The scale 

bar is 25 μm (a, b) and 5 μm (c). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

    The efficiency of passive transport of Ir8 is high according to the high intensity 

value of about 65 in Fig. 2-76 (d), larger than 50 of Ir7 and 55 of Ir4. The intensity did 

not increase evidently when Ir8 was cultured with paraformaldehyde fixed cells 

unlike the drop in Ir7 from 50 to 35 and the jump in Ir4 from 55 to 100. The DPPZ 

ligand of Ir4 is most favorable in the uptake for fixed dead cells, meanwhile, the 

methyl group in Ir8 and bromo group in Ir7 add into extra obstacles for cellular 

uptake to different extent.  
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Fig. 2-77 Cellular uptake and distribution of complex Ir8 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 30 minutes at 

37.5 ℃. a, bright field; b, blue excitation filter; c, enlarged typical areas of b (yellow 

square frames); d, intensity profile of Ir8 luminescence calculated by ImageJ software 

across a cell of c. The scale bar is 25 μm (a, b) and 5 μm (c). The optical lens is of 40 

 magnification in the fluorescence inverse microscope (FIM). 

    Because the integrity of cell membrane and nucleic membrane was not destroyed 

during the paraformaldehyde fix process, the fix structures and organelles inside cell 

provide an ideal media for the passive transport of iridium complexes. All the 

channels and poles in the cell membrane and subcellular organelles such as 

mitochondria, etc. were maintained in their original positions. The flexibility of 

membrane was greatly reduced which prevented the increasing uptake of Ir7 and Ir8 

with a terminal residue of methyl or bromo group. In the live cells, intensities of 160 

of Ir7 in Fig. 2-69 (l), 245 Ir8 in Fig. 2-75 (l) are more than the 145 Ir4 in Fig. 2-63 (l) 

due to the flexible membrane of live cells. The pointed ends in Ir7 and Ir8 can 

probably act as a soft knife to cut into the flowable phosphorlipid bilayer. 
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Fig. 2-78 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir115 (5 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.953, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.4489 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir115 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 
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   The small size of 1-2 μm round dots in Fig. 2-78 (b), (c) and (d) are the typical 

JC-1 aggregates inside the mitochondria. Their quite popular distribution suggests the 

most proportion of healthy cells and normal mitochondria transmembrane potentials. 

Complex Ir115 seems to be not toxic at the concentration 5 μmol/L since the cell 

images were very alike the control cells. The percentages of red JC-1 aggregates dye 

are larger than the green ones in Fig. 2-78 (f) and (m). The Z-direction of orange color 

intensities was rather strong in (g) and (n) and the separated peaks of JC-1 aggregates 

were recorded in (l). All the data revealed that the complex Ir115 is not as toxic as the 

previous sections described. Further experiments need to be carried out to repeat the 

low cytotoxicity obtained in Fig. 2-78. 

 

Fig. 2-79 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir115 (20 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.742, Manders' Coefficients (original): M1 = 0.999 
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(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.2884 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir115 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM).  

    When the concentration of Ir115 increased to 10 μmol/L in Fig. S7-30, the red 

JC-1 aggregates all disappeared. The value of red/green ratio was decreased to about 

0.6 which is similar to the value of Ir7 at the same concentration. The increased ratio 

means that the increased concentration of Ir115 contributed to the total red emission 

instead of red JC-1. 

 

Fig. 2-80 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir115 of different 

concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 fluorescence ratio (Red: 

Green); Right, Li's Intensity Correlation Analysis (ICA): Intensity Correlation 

Quotient (ICQ). ICQ ~ 0, random staining; 0 > ICQ ≥ -0.5, segregated staining; 0 < 

ICQ ≤ +0.5, dependent staining.  
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The value of red/green ratio in Fig. 2-80 of Ir115 at 5 μmol/L quite close to the 

control ratio which is not consistent to the cytotoxicities obtained in the experiments 

before. Intensity correlation quotient (ICQ) value of 0.3383 was determined by 

ImageJ software from Fig. S7-30 (b) and (c) which was close to the value 0.3083 in 

Fig. S7-28 of Ir7. In Fig. 2-80, the ICQ of Ir115 decreased at concentration of 20 

μmol/L, indicating that the dependent staining property was slightly reduced.  

 

Fig. 2-81 Cellular uptake and distribution of complex Ir115 (a, b, e, f, i, j: 20 μmol/L; 

m, n: 40 μmol/L) in hepatocellular carcinoma cell (Hep-G2) for 15 minutes (a, b), 40 

minutes (e, f), 120 minutes (i, j, m, n) at 37.5 ℃. a, e, i, m: bright field; b, f, j, n: blue 

excitation filter; c, g, k, o: enlarged typical areas of b, f, j, n (yellow square frames) 

accordingly; d, h, l, p: intensity profile of Ir115 luminescence calculated by ImageJ 

software across cells of c, g, k, o. The scale bar is 25 μm (a, b, e, f, i, j, m, n) and 5 μm 

(c, g, k, o). The optical lens is of 40  magnification in the fluorescence inverse 

microscope (FIM). 
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    The cellular uptake of Ir115 is quite good upon 20 μmol/L at different incubation 

time. When the time is two hours, the fluorescence of Ir115 became rather strong with 

the intensity of 150. When the concentration was 40 μmol/L, the corresponding 

intensity is 140 due to the leakage caused by the increased cytotoxicity. Not all the 

cellular nuclei were filled with Ir115 at 40 μmol/L as seen in Fig. 2-75 of Ir8, showing 

the similar location with Ir7 in Fig. 2-69. 

 

Fig. 2-82 Cellular uptake and distribution of complex Ir115 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) for 60 minutes at 4 ℃. a, bright field; b, blue 

excitation filter; c, enlarged typical areas of b (yellow square frame); d, intensity 

profile of Ir115 luminescence calculated by ImageJ software across a cell of c. The 

scale bar is 25 μm (a, b) and 5 μm (c). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

    The low intensity of 30 in Fig. 2-82 (d) uncovered that the Ir115 is to some 

extent ATP assistant in the cellular uptake, not totally passive transport through cell 

membrane while the intensity values of 55 of Ir4 in Fig. 2-64, 50 of Ir7 in Fig. 2-70 

and 60 of Ir8 in Fig. 2-76. Another interesting result is that the uptake intensity of 
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Ir115 was 55 in the fixed cells of Fig. 2-83 is much higher than its analogue Ir7 of 35 

with one bromo group in Fig. 2-71.  

 

Fig. 2-83 Cellular uptake and distribution of complex Ir115 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 30 minutes at 

37.5 ℃. a, bright field; b, blue excitation filter; c, enlarged typical areas of b (yellow 

square frames); d, intensity profile of Ir115 luminescence calculated by ImageJ 

software across a cell of c. The scale bar is 25 μm (a, b) and 5 μm (c). The optical lens 

is of 40  magnification in the fluorescence inverse microscope (FIM). 

    The possible explanation for this difference may be that the two bromo group in 

the end of N^N ligand helped to improve the rigidity of the structure and became 

easier to penetrate into the fixed membrane structure. From the lower part of the 

image (b), obvious green luminescence was discovered in the center of nuclei, 

suggesting partial nucleic uptake of Ir115 occurred in the fix cells. Some partial 

nucleic location cells for Ir4 were also found in right parts of image (b) in Fig. 2-65. 

The distribution of iridium complexes in nuclei was probably promoted by rigidity of 

N^N ligands in Ir4 and Ir115.  
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Fig. 2-84 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir139 (5 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.938, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.3851 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir139 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 
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    The previous research data for complex Ir139 showed its low cytotoxicities 

toward cells. As anticipated, the clear and tiny red dots (< 2μm) of JC-1 aggregates 

are widely spread in cellular mitochondria. Most the cells in Fig. 2-84 look in a great 

condition according to their morphology. In the (f) and (m), where the red area was 

larger than the green one, evidences were also in accordance with the low toxicity of 

Ir139 in the former live and dead cell assay and MTT assay. The strong intensity on 

the Z-axis of (g) and (n) represent the high volumes of JC-1 aggregates in healthy 

mitochondria. 

 

Fig. 2-85 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir139 (20 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.855, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.3519 determined by ImageJ software from b and c; f, m: Red, green and blue 
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fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir139 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 

    A few green 2.5D peaks arose from the red peaks in the height map of Fig. S7-31 

(g) and (n) when the concentration grew to 10 μmol/L. Under the incubation of Ir139 

at 20 μmol/L, bright orange spots of JC-1 aggregates in Fig. 2-85 (b) reduced greatly 

and bulky green balls emerged in (d) and (k), but the percentages of red still exceed 

the green parts in (f) and (m) which means the number of mitochondria with normal 

membrane potential was greater than the depolarized and dis-functionalized ones. The 

results supported the former conclusions of low cytotoxicity for Ir139.  

  

Fig. 2-86 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir139 of different 

concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 fluorescence ratio (Red: 

Green); Right, Li's Intensity Correlation Analysis (ICA): Intensity Correlation 

Quotient (ICQ). ICQ ~ 0, random staining; 0 > ICQ ≥ -0.5, segregated staining; 0 < 

ICQ ≤ +0.5, dependent staining.  
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    Very different from the other iridium complexes, the red/green ratio decreased 

slowly in Fig. 2-86. Even at the highest concentration of 20 μmol/L, there was a pretty 

high volume of JC-1 aggregates as shown in Fig. 2-85 (c) and (j). Image (k) contains 

swelling nuclei with JC-1 green monomers and narrowed cytoplasm wrapping up 

nuclei with JC-1 aggregates inside of functional mitochondria as calculated in the (l). 

    The ICQ values slightly decreased with the increasing concentrations of Ir115. 

All of the values are located at the range of dependent staining, suggesting the value 

of Ir115 cultured cell pictures is close to the control without Ir115.  

 

Fig. 2-87 Cellular uptake and distribution of complex Ir139 (a, b, e, f, i, j: 20 μmol/L; 

m, n: 40 μmol/L) in hepatocellular carcinoma cell (Hep-G2) for 15 minutes (a, b), 40 

minutes (e, f), 120 minutes (i, j, m, n) at 37.5 ℃. a, e, i, m: bright field; b, f, j, n: blue 

excitation filter; c, g, k, o: enlarged typical areas of b, f, j, n (yellow square frames) 

accordingly; d, h, l, p: intensity profile of Ir139 luminescence calculated by ImageJ 

software across cells of c, g, k, o. The scale bar is 25 μm (a, b, e, f, i, j, m, n) and 5 μm 
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(c, g, k, o). The optical lens is of 40  magnification in the fluorescence inverse 

microscope (FIM). 

    Complex Ir139 was the only one with X-ray crystal data, and the low 

cytotoxicity makes Ir139 a suitable probe in cell imaging. The two bulky C^N ligands 

contain the para-diphenylamino group which aim to increase the HOMO orbital level 

and narrow down the HOMO and LUMO energy gap. In water solution, the 

fluorescence of Ir139 was very week because the rotation of two phenyl group has 

greatly released the energy through heat other than the fluorescence. We hope that 

after binding to bio-molecules in living systems, the rotation of phenyl ring will be 

restricted, and the fluorescence intensity would grow exponentially to visualize the 

interaction processes and be used as some “off-on-off” biosensors. 

    Unfortunately, the cellular uptake was very low and fluorescence of Ir139 was 

not strong enough to light up the cells. The two bulky C^N ligands may prevent the 

effective cellular uptake for cells. Furthermore, serious accumulations of Ir139 were 

discovered in Fig. 2-33 (c) 20 μmol/L and (d) 40 μmol/L.  
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Fig. 2-88 Cellular uptake and distribution of complex Ir139 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) for 60 minutes at 4 ℃. a, bright field; b, blue 

excitation filter; c, enlarged typical areas of b (yellow square frame); d, intensity 

profile of Ir139 luminescence calculated by ImageJ software across a cell of c. The 

scale bar is 25 μm (a, b) and 5 μm (c). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

The luminescence intensities varying from 25, 35, 45 to 65 in Fig. 2-87 were at a 

quite low level with the increasing culture time and concentration from 15, 40, 120 

minutes (20 μmol/L) to 120 minutes (40 μmol/L) accordingly.  

The low intensity of 50 in Fig. 2-88 (d) represented the passive transport 

properties for Ir139. The reason that the value of 50 is not the lowest one among the 

five complexes at 4 ℃ could be explained by the reduced rotation of the two 

diphenylamino groups at low temperature which increased the fluorescence of Ir139. 

Based on the previous studies, most iridium complexes in this chapter relied on the 

passive transport to be up-taken into the cell. The largest size of Ir139 among them 

should be the least effective to transfer through cellular membranes. The weak 

fluorescence makes Ir139 only visible in limited number of cells in Fig. 2-88. 
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Fig. 2-89 Cellular uptake and distribution of complex Ir139 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 30 minutes at 

37.5 ℃. a, bright field; b, blue excitation filter; c, enlarged typical areas of b (yellow 

square frames); d, intensity profile of Ir139 luminescence calculated by ImageJ 

software across a cell of c. The scale bar is 25 μm (a, b) and 5 μm (c). The optical lens 

is of 40  magnification in the fluorescence inverse microscope (FIM). 

The fixed cell totally inhibited the uptake of Ir139 as no complex is shown in Fig. 

2-89 (b). The paraformaldehyde fixed membrane became inflexible and rigid, and 

would not be prone to transfer the bulky Ir139. The high concentration of Ir139 

aggregated in (a) and no luminescence was observed in (b) probably due to the 

aggregation-caused quenching (ACQ). Further nano-functionalization to capsulate 

Ir139 into a large cargo of a hundred nanometer scales will be necessary in the future 

to reduce the aggregation and increase the cellular uptake through endocytosis 

process. 

2.9 Conclusions 

In this chapter, five Ir(III) complexes Ir4: [Ir(4-mpp)2DPPZ]+, Ir7: 

[Ir(4-mpp)2BDPPZ]+, Ir8: [Ir(4-mpp)2MDPPZ]+, Ir115: [Ir(pp)2DBDPPZ]+ and Ir139: 

[Ir(dpapp)2DBDPPZ]+ were synthesized and characterized. The crystal of complex 

Ir139 was successfully cultured and analyzed by X-ray crystallography. The HOMO 

and LUMO energy gaps of complexes Ir4, Ir7 and Ir8 were obtained.  

It was found that the smaller the energy gap, the larger the Stokes shift in the 

three iridium complexes: Ir4 (2.12eV) > Ir8 (2.10eV) > Ir7 (1.95eV) and their Stokes 

shifts: Ir7 (170.5 nm) > Ir8 (169.5 nm) > Ir4 (165.5 nm). 

The DNA binding properties of Ir4, Ir7 and Ir8 were studied to acquire their 

binding constants: Ir4 (6.61×105 M-1) > Ir8 (3.80×105 M-1) > Ir7 (3.42×105 M-1) and 

quenching constants: Ir4 (4.26×104 M-1) > Ir8 (2.43×103 M-1) > Ir7 (1.38×103 M-1)  
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All the five complexes were cultured with hepatocellular carcinoma cell (hep-G2) 

in different concentrations of 5, 10, and 20 mol/L for cell morphologies. 

Furthermore, complexes Ir4, Ir7 and Ir8 were cultured with hepatocellular carcinoma 

cell (BEL-7402) at concentrations of 10, 20, and 40 mol/L attached in chapter 7 for 

supporting information.  

The MTT assays were carried out for five complexes at concentrations of 0, 2.5, 

5, 10, 15, 20, 30, 40 and 50 μmol/L. The complexes of Ir7, Ir8 and Ir115 with higher 

cytotoxicities were further tested with 0, 0.5, 1, 2, 3, 4, 6, 8 and 10 μmol/L 

concentrations and acquired IC50 values with cytotoxicity sequence: Ir8 (1.83 μM) > 

Ir115 (3.45 μM) ≥ Ir7 (3.62 μM) > Ir4 (7.9 μM) >> Ir139 (>> 50 μM). Properties of 

photodynamic therapy under the visible light of 465 nm were studied with Ir115 and 

Ir139, and moderately enhanced cytotoxicities were discovered. 
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Fig. 2-90 Mitochondrial transmembrane potential (ΔΨM) assay based on JC-1 dye 

staining in hepatocellular carcinoma cell (Hep-G2) with complexes Ir4, Ir7, Ir8, Ir115, 

Ir139 (0, 5, 10, 20 μmol/L, 15 hours). Luminescence intensity profiles of JC-1 and 

Ir(III) complexes calculated by ImageJ software.  

    The live and dead cell assay for cytotoxicities of five iridium complexes were 

performed using calcein AM (acetoxymethyl) and propidium iodide (PI). The 

live/dead number ratios in brackets at 20 μmol/L suggest the following cytotoxicity 

order: Ir8 (0.06263) > Ir115 (0.18785) > Ir7 (0.72549) > Ir4 (2.05581) > Ir139 

(5.1405). The sequence is exactly the same as the former MTT results.  

The mitochondrial transmembrane potential (ΔΨM) testing of those five 

complexes proved the relationship between cytotoxicities and ΔΨM induced by 

different structures of complexes. The changing accumulations of cationic dye JC-1 

(5,5,6,6’-tetrachloro-1,1’,3,3’ tetraethyl-benzimidazoyl-carbocyanine iodide) from red 

aggregates to green monomers were the key probe to evaluate the potential variation. 

Interactions between iridium complexes and JC-1 dyes were discussed and postulated. 

In Fig. 2-90, the JC-1 aggregates did not disappear under the cell culture with Ir139 

even at 20 μmol/L for 15 hours, indicating the lowest cytotoxicity of Ir139. 

   

Fig. 2-91 Fluorescence intensities obtained from profiles in Fig. 2-97 of 

mitochondrial membrane potential assay based on JC-1 dye staining in hepatocellular 
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carcinoma cell (Hep-G2) with complexes Ir4, Ir7, Ir8, Ir115, Ir139 (0, 5, 10, 20 

μmol/L, 15 hours).  

As concluded in Fig. 2-91, at concentration of 20 μmol/L, the fluorescence 

intensity has the sequence of Ir4 (75) > Ir7 (45)  Ir115 (45) > Ir8 (24). The long time 

of incubation with toxic complexes possibly caused the damages of cellular 

membranes and increased the leakage of complexes. From this point of view, the 

relative cytotoxicities of five complexes were in accordance with the MTT and 

live/dead cell assays. 

 

Fig. 2-92 Cellular uptake and distribution of complexes Ir4, Ir7, Ir8, Ir115 and Ir139 

(15, 40 and 120 min incubation of 20 μmol/L, 120 min incubation of 40 μmol/L). 

Luminescence intensity profiles calculated by ImageJ software. 
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   Cellular uptake and distribution of the five complexes under different incubation 

conditions of 15, 40 and 120 minutes (20 μmol/L) and 120 minutes (40 μmol/L)) in 

hepatocellular carcinoma cell (Hep-G2) at 37.5 ℃ were accomplished. In Fig. 2-92, 

there were no obvious nucleic uptake of complexes for 15 minutes incubation. After 

40 minutes, nucleic location of Ir8 appeared, and 120 minutes later, Ir115 and Ir7 

were discovered to distribute in nuclei. At concentration of 40 μmol/L, even Ir139 

entered into some cells. 

 

Fig. 2-93 Left: Fluorescence intensities obtained from profiles in Fig. 2-99 of cellular 

uptake and distribution assay in hepatocellular carcinoma cell (Hep-G2) with 

complexes Ir4, Ir7, Ir8, Ir115, Ir139 for 15, 40 and 120 min incubation of 20 μmol/L, 

and 120 min incubation of 40 μmol/L. Right: Fluorescence intensities of the five 

complexes of 40 μmol/L with cells for 120 min incubation. 

    As shown in Fig. 2-93 (left), fluorescent intensities were calculated from Fig. 

2-92 according to different time and concentrations. The most toxic complex Ir8 had 

the strongest fluorescence intensity value and the lowest cytotoxic complex Ir139 

possessed the weakest fluorescence intensity. Fluorescent intensity values of the five 

complexes at 120 minutes (40 μmol/L) were calculated to be: Ir8 (230) > Ir115 (130) 

 Ir7 (130) > Ir4 (116) >> Ir139 (60) (Fig. 2-100 right), indicating the close 

relationship between the cellular uptake and cytotoxicities which were a good match 

with the MTT assay.  
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Fig. 2-94 Luminescence intensity profile of complexes Ir4, Ir7, Ir8, Ir115 and Ir139 in 

the cellular uptake and distribution at 4 ℃ for 60 minutes calculated by ImageJ 

software. 

    The cellular transport types of those five complexes were analyzed with low 

temperature uptake at 4 ℃ without the assistance of ATP. Most complexes are found 

to be absorbed into cell through passive transport mode with low fluorescent intensity 

in consideration of which the peak heights were selected as the indication of cellular 

uptake with the fluorescent intensity sequence of Ir8 (32) > Ir7 (15)  Ir4 (15) > Ir115 

(8) ≥ Ir139 (7). The sequence was quite similar to the cytotoxicity sequence except for 

the higher uptake of Ir4. The inhibition of ATP could enhance the uptake of iridium 

complexes with smaller size such as Ir4 in Fig. 2-101 which was close to the fixed 

dead cellular uptake in Fig. 2-95. The low temperature seems to reduce the rotation of 

two para-diphenylamino groups in C^N ligands to improve the fluorescent intensities 

of Ir139 but the peak height was not increased which showed the uptake was not 

improved at 4 ℃. The relatively low intensity of about 8 in Ir115 culture cells 

indicates that the uptake was inhibited by low temperature, therefore, the cellular 

uptake of Ir115 may be caused by the active transport involved in the ATP assistance.  
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Fig. 2-95 Cellular uptake and distribution of complexes Ir4, Ir7, Ir8, Ir115 and Ir139 

(15 μmol/L) in paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 30 

minutes at 37.5 ℃. Intensity profiles of complexes luminescence calculated by 

ImageJ software. 

    Paraformaldehyde fixed cells were used to further test the cellular uptake 

properties of those five complexes. The dead cell killed by paraformaldehyde and 

maintained most biological structures from the cell membrane, sub-organelles to 

nucleic membrane yet they are not very flexible as their living conditions due to the 

crosslink effect is caused by formaldehyde. Interestingly, the Ir4 was found to be very 

effective to transfer into the cell in high volumes. The efficiency seems to be strictly 

related to the size and the hydrophobicity of those five complexes. The peak height 

intensity sequence was: Ir4 (40) > Ir8 (35) > Ir7 (10)  Ir115 (10) > Ir139 (0) while 

the size and hydrophobicity sequence was: Ir4 < Ir8 < Ir7  Ir115 < Ir139. The 

similarity of the structures of Ir7 and Ir115 could be the result of the 4-mpp ligands 

with two extra methyl groups in Ir7 and the one more bromide terminal group in the 

N^N ligand of Ir115. The smaller structures and more hydrophilicity of the iridium 
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complexes could be the overwhelmingly dominant properties for assistance of fixed 

cell uptake. 

    Based on the simple structures of five complexes, their structure-activity 

relationship (SAR) were comparatively studied. The cellular uptake was found to be 

closely related to the cytotoxicities of those iridium complexes and the different 

structures will systematically affect the cellular uptake through passive transport or 

active transport. Because of the rigidity of dipyrido [3,2-a:2',3'-c] phenazine based 

bipyridine ligands in this chapter, the function of more flexible N^N ligands will be 

introduced in chapter 3. 
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CHAPTER 3: Iridium complexes with 1H-imidazo [4, 5-f] [1, 10] 

(phenanthroline) based bipyridine ligands 

3.1 Introduction 

1H-Imidazo [4, 5-f] [1, 10] (phenanthroline) based ligands (IP) are more flexible 

than the rigid dipyrido [3,2-a:2',3'-c]phenazine) derivatives studied in Chapter 2. The 

rotatable single bond in the ligand will help to adjust the angle of biomolecular 

binding which will probably be more biocompatible and become more harmless or 

more toxic to the cell lines than the unbending DPPZ ligands. Furthermore, the 

1H-imidazo part in those ligands can be used as pH excitable “off-on-off” 

luminescent switch[1]. When terminal group of 4-methoxyphenyl was introduced to 

phenanthroline derivative ligands to produce [Fe(II)(pip-OCH3)3]
2+, the highest 

cellular uptake and cell growth inhibition was achieved among other complexes with 

4-methylphenyl, 4-nitrophenyl, 4-carboxyphenyl and 4-hydroxyphenyl groups, 

indicating that lipophilicity of the Fe(II) complex has a decisive effect on the 

cytotoxicities of the series of complexes[2].  

The 4-nitrophenyl group in 1H-imidazo [4, 5-f] [1, 10] (phenanthroline) based 

ligand (IP) in ruthenium(II) complex was discovered to have a “light-switch” 

influence toward G-quadruplex[3] while almost no luminescence was displayed after 

intercalating to double-strand DNA[4] in aqueous solution. α-Oligothiophenes were 

incorporated into IP ligands for Ru(II) complexes among which TLD1433[5] is the 

first ruthenium photosensitizer for human clinical trials as mentioned in chapter 1. 

Recently, a series of novel ruthenium complexes were synthesized with structures 

very similar to TLD1433 which also comprise the two N^N ligands of 4,4′-dmb 

(4,4′-dimethyl-2,2′-bipyridine). All of those analogues contain cyclometalating 

ligands (C^N) of benzo[h] imidazo [4,5-f] quinoline (IBQ) with thienyl rings (IBQ-nT) 
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(n is the number of thienyl ring) where one of the nitrogens in TLD1433 was replaced 

by a carbon, i.e. [Ru(4,4′-dmb)2(N^N)]Cl2 was changed to [Ru(4,4′-dmb)2(C^N)]Cl. 

Those complexes are found to have increased nuclear accumulation and cellular 

uptake which contributed to their both dark and light cytotoxicities[6]. Similar 

complexes of [Ru(bpy)2(IBQ-nT)]Cl (bpy = 2,2′-bipyridine, n = 1, 2, 3, 4, T = 

Thienyl group) were reported by the same research team that they have nearly 

identical cytotoxicity to those with two extra methyl groups in N^N bipyridine 

ligands[7]. We postulate that there might be another important reason that the total two 

positive charges of Ru(II) complexes were reduced to one positive charge, given the 

lower charge will make the complexes easier to be absorbed into the cell rather than 

stick to the negative charged cell membrane. On account of the one positive charge in 

[Ir (III) (C^N)2 N^N]+ complexes, in this chapter, we choose iridium as the metal core 

of complexes to predict the enhanced cytotoxicities.  

The modification of the rotatable phenyl group will endow the iridium 

complexes with turnable planar size and rigidity, hydrophilicity or lipidphilicity, 

bio-molecular compatibility, light-harvesting ability, fluorescent and phosphorescent 

emission enhancement. Based on this point, four simple ligands with ether and 

hydroxy, amino, sulfide, pyridinyl groups were produced. As for the hydrophilic 

substitutes of hydroxyl and amino, the hydroxy and 1H-imidazo moiety would be 

sensitive to pH values and the amino was expected to link with amino acids in living 

system. Lipophilic ether, sulfide and pyridinyl parts in the ligands benefit their 

attachment to phospholipid bilayer of cell membrane which will assist the uptake of 

those complexes. 
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3.2 Synthesis of four diimine ligands 

3.2.1 N^N ligand T5 (EIPP): 2-ethoxy-4-(1H-imidazo[4,5-f][1,10]phenanthrolin 

-2-yl) phenol. 

 

Scheme 3-1 Synthetic route of ligand T5 (EIPP). 

A mixture of 4-hydroxy, 3-ethoxybenzaldehyde (0.80 g, 7.0 mM), 

1,10-phenanthroline-5,6-dione (1.04 g, 5.0 mM), ammonium acetate (7.76 g, 100 mM) 

and glacial acetic acid (40 mL) was refluxed for 12 hours at 120 °C under the 

protection of nitrogen gas. The mixture was cooled to room temperature and 30 mL 

water was added. Ammonia was then added dropwise to obtain a yellow precipitate 

which was further washed with water and re-crystallized from pyridine and water 

mixture (9:1, v/v). The yield was 1.16 g (65.1%). 1H NMR (400 MHz, DMSO-d6)  

8.99 (d, J = 2.4 Hz, 2H), 8.90 (d, J = 8.0 Hz, 2H), 7.782-7.813 (m, 3H), 7.73 (d, J = 

8.0 Hz, 1H), 6.98 (d, J = 8.0 Hz, 1H), 4.15 (dd, J = 6.8 and 7.2 Hz, 2H), 1.397 ppm (t, 

J = 7.2 Hz, 3H). 13C NMR (100 MHz, DMSO-d6)  151.3, 148.7, 147.5, 147.1, 143.3, 

129.6, 123.2, 121.4, 119.7, 115.9, 111.6, 64.1, 14.8 ppm. 
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Fig. 3-1 1H NMR (400 MHz, DMSO-d6) spectrum of ligand T5 (EIPP). 

 

Fig. 3-2 13C NMR (100 MHz, DMSO-d6) spectrum of ligand T5 (EIPP). 
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3.2.2 N^N ligand T6 (MTPIP): 2-(4-methylthiophenyl)-1H-imidazo[4,5-f][1,10] 

(phenanthroline). 

 

Scheme 3-2 Synthetic route of ligand T6 (MTPIP). 

A mixture of 1,10-phenanthroline-5,6-dione (0.52 g, 2.50 mM), 4-methylthio

-benzaldehyde (0.53 g, 0.469 ml, 3.50 mM), ammonium acetate (3.88 g, 50 mM) and 

glacial acetic acid (40 mL) was refluxed under the atmosphere of nitrogen for 3 hours 

at 120 °C. The mixture was cooled to 25 °C and the product was precipitated with 40 

mL water and washed with DCM and methanol. The crude product was crystallized 

with DCM and hexane (1:9, v/v) to give T6. The yield was 0.51 g (59.6%). 1H NMR 

(400 MHz, DMSO-d6)  8.87 (t, J = 2.8 Hz, 4H), 8.32 (d, J = 7.2 Hz, 2H), 7.68 (dd, J 

= 4.4 and 3.6 Hz, 2H), 7.33 (d, J = 8.4 Hz, 2H), 2.07 ppm (s, 3H).13C NMR (100 MHz, 

DMSO-d6)  151.5, 147.3, 143.6, 140.7, 130.5, 126.99, 126.5, 125.8, 125.2, 123.1, 

122.2, 15.1 ppm. 
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Fig. 3-3 1H NMR (400 MHz, DMSO-d6) spectrum of ligand T6 (MTPIP). 

Fig. 3-4 13C NMR (100 MHz, CDCl3) spectrum of ligand T6 (MTPIP). 
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3.2.3 N^N ligand D1 (APIP): 2-(4-aminophenyl) imidazo[4,5-f][1,10] 

phenanthroline 

Scheme 3-3 Synthetic route of ligand D1 (APIP). 

    Ligand D1 (APIP) was synthesized by other labmate according to the reported 

data[8]. The 1H and 13C NMR spectra were consistent with the literature ones and were 

omitted.  

3.2.4 N^N Ligand T25 (PPIP): 2-[4-(2-pyridinyl)phenyl]-1H-Imidazo[4,5-f][1,10]

phenanthroline: 

 
 Scheme 3-4 Synthetic route of ligand T25 (PPIP). 

The mixture of 4-(2-pyridyl)benzaldehyde (0.5130 g, 2.8 mmol), 1,10- 

phenanthroline-5,6-dione (0.5255 g, 2.5 mmol), ammonium acetate (7.76 g, 100 

mmol) and glacial acetic acid (25 mL) was refluxed for 3 hours at 120 ℃ under the 

protection of nitrogen gas. The mixture was cooled to room temperature and 20 mL 

water was added. Ammonia was added dropwise to obtain a yellow precipitate and 

were further washed with water and re-crystallized from pyridine and water mixture 

(9:1). The yield was 1.16 g (65.1%).1H NMR (400 MHz, DMSO-d6) 9.02 (dd, J = 2.0 

and 2.4 Hz, 2H), 8.95 (d, J = 8.0 Hz, 2H), 8.71 (d, J = 4.4 Hz, 1H), 8.42 (d, J = 7.6 Hz, 

2H), 8.33 (d, J = 7.6 Hz, 2H), 8.09 (d, J = 8.0 Hz, 1H), 7.93 (t, J = 8.0 Hz, 1H), 
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7.846-7.816 (m, 2H), 7.39 ppm (td, J = 1.2 and 6.0 Hz, 2H). 13C NMR (100 MHz, 

DMSO-d6) δ 155.1, 150.4, 149.6, 147.8, 143.6, 139.3, 137.3, 130.7, 129.7, 127.0, 

126.5, 123.3, 122.9, 120.4 ppm. 

 
Fig. 3-5 1H NMR (400 MHz, DMSO-d6) spectrum of ligand T25 (PPIP). 
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Fig. 3-6 13C NMR (100 MHz, CDCl3) spectrum of ligand T25 (PPIP). 

 

3.3 Synthesis of dimers and iridium complexes 

Since the plane of those diimine ligands (N^N) in this chapter are not fixed, the 

design of the bis-cyclometalating ligands (C^N) requires the enhancement of rigid and 

planar structure to emphasize the properties of N^N. Therefore, the 

1-phenyl-isoquinoline and 4-(1-isoquinolinyl)-N, N-diphenyl-benzenamine with an 

extra phenyl plane were applied to increase the rigidity and lipophilicity of iridium 

complexes while the simplest C^N structure of 2-phenylpyridine was selected for 

comparison.  

The dimers of [Ir(pp)2Cl]2, [Ir(piq)2Cl]2 and [Ir(iqdpba)2Cl]2 were produced with 

similar procedures of the former ones. Iridium complexes of Ir79, Ir80, Ir116, Ir119 

and Ir134 were synthesized according to the procedures: Dimers (0.1 mmol) was 

added into DCM / methanol (1:1, 12 mL) solvent with 0.23 mmol ligand separately 

which were T6 (0.07876 g), T5 (0.08197 g), D1 (0.06538 g) and T25 (0.07842 g) to 

produce those corresponding complexes as listed in scheme 3-5.   
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Scheme 3-5 Synthetic route of three iridium dimers and iridium complexes Ir79, Ir80, 

Ir116, Ir119 and Ir134. 

The reaction solvent was refluxed at 65°C for 24 hours and the product was 

purified through column chromatography, using DCM and gradually increased the 

polarity of the solvent by adding methanol. Final product was vaporized and vacuum 

dried. The yields of iridium complexes are Ir79 (25.6 mg, yield 29.1%), Ir80 (19.9 mg, 
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yield 22.3%), Ir116 (16.3 mg, yield17.2 %), Ir119 (28.0 mg, yield 27.7%) and Ir134 

(21.1 mg, yield 15.7 %).  

Ir79: [Ir(pp)2MTPIP]+, 1H NMR (400 MHz, CDCl3) 9.42 (s, 2H), 8.50 (d, J = 

7.6 Hz, 2H), 7.99 (d, J = 4.8 Hz, 2H), 7.89 (d, J = 8.0 Hz, 2H), 7.658-7.721 (m, 6H), 

7.365 (m, 4H), 7.062 (m, 2H), 6.96 (m, 2H), 6.78 (m, 2H), 6.42 (d, J = 7.6 Hz, 2H), 

2.523 ppm (s, 3H); 13C NMR (100 MHz, CDCl3) 168.2, 151.5, 148.6, 146.0, 143.7, 

143.3, 137.7, 132.9, 131.95, 130.7, 127.6, 126.5, 124.8, 124.7, 122.9, 122.4, 119.4 

ppm (Fig. 3-7 and 3-8). MS (MALDI-TOF): 843.1877; Found: 843.1845. 

Ir80: [Ir(pp)2EIPP]+, 1H NMR (400 MHz, CDCl3)  9.07 (d, J = 8.0 Hz, 2H), 

8.24 (dd, J = 1.2 and 4.0 Hz, 2H), 8.12 (d, J = 8.0 Hz, 2H), 7.86 (d, J = 7.2 Hz, 2H), 

7.795-7.814 (m, 4H), 7.593-7.664 (m, 4H), 7.06 (td, J = 1.2, 6.8 and 7.2 Hz, 2H), 6.93 

(td, J = 1.2, 6.0 and 7.6 Hz, 4H), 6.73 (d, J = 8.0 Hz, 1H), 6.40 (d, J = 6.8 Hz, 2H), 

4.02 (t, J = 6.8 Hz, 2H), 0.88 ppm (t, J = 6.8 Hz, 2H); 13C NMR (100 MHz, CDCl3) 

167.9, 154.2, 150.2, 149.2, 149.0, 148.5, 147.2, 144.4, 144.0, 138.1, 131.9, 131.5, 

130.1, 126.2, 124.6, 123.1, 122.3, 120.4, 119.9, 119.5, 115.2, 110.7, 62.9, 29.4 ppm 

(Fig. 3-9 and 3-10). MS (MALDI-TOF): 857.2213; Found: 857.2258. 

Ir116: [Ir(piq)2APIP]+, 1H NMR (400 MHz, DMSO-d6) δ 9.09 (dd, J = 1.2 and 

7.2 Hz, 2H), 9.02 (d, J = 8.4 Hz, 2H), 8.37 (d, J = 8.0 Hz, 2H), 8.12 (dd, J = 1.2 and 

3.6 Hz, 2H), 7.96 (d, J = 8.8 Hz, 2H), 7.88 (dd, J = 1.6 and 6.8 Hz, 2H), 7.827-7.771 

(m, 6H), 7.36 (d, J = 6.4 Hz, 2H), 7.29 (d, J = 6.8 Hz, 2H), 7.13 (t, J = 7.2 Hz, 2H), 

6.91 (td, J = 1.2 and 6.4 Hz, 2H), 6.79 (d, J = 8.8 Hz, 2H), 6.40 ppm (dd, J = 0.8 and 

6.8 Hz, 2H); 13C NMR (100 MHz, DMSO-d6) δ 170.3, 156.6, 154.9, 149.8, 146.97, 

145.6, 141.6, 138.4, 133.4, 133.3, 133.1, 131.9, 131.7, 130.2, 129.4, 128.7, 127.9, 

127.6, 127.5, 123.5, 122.9, 118.5, 115.7 ppm (Fig. 3-11 and 3-12). MS 

(MALDI-TOF): 912.2424; Found: 912.2414. 
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Ir119: [Ir(piq)2PPIP]+, 1H NMR (400 MHz, DMSO-d6) δ 9.09 (dd, J = 1.2 and 

7.2 Hz, 2H), 9.02 (d, J = 8.4 Hz, 2H), 8.37 (d, J = 8.0 Hz, 2H), 8.12 (dd, J = 1.2 and 

3.6 Hz, 2H), 7.96 (d, J = 8.8 Hz, 2H), 7.88 (dd, J = 1.6 and 6.8 Hz, 2H), 7.83-7.77 (m, 

6H), 7.36 (d, J = 6.4 Hz, 2H), 7.29 (d, J = 6.8 Hz, 2H), 7.13 (t, J = 7.2 Hz, 2H), 6.91 

(td, J = 1.2 and 6.4 Hz, 2H), 6.79 (d, J = 8.8 Hz, 2H), 6.40 ppm (dd, J = 0.8 and 6.8 

Hz, 2H); 13C NMR (100 MHz, DMSO-d6) δ 170.3, 156.6, 154.9, 149.8, 146.97, 145.6, 

141.6, 138.4, 133.4, 133.3, 133.1, 131.9, 131.7, 130.2, 129.4, 128.7, 127.9, 127.6, 

127.5, 123.5, 122.9, 118.5, 115.7 ppm (Fig. 3-13 and 3-14). MS (MALDI- TOF): 

974.2582; Found: 974.2444. 

Ir134: [Ir(iqdpba)2PPIP]+, 1H NMR (400 MHz, CDCl3) δ 10.51 (d, J = 8.0 Hz, 

1H), 9.26 (d, J = 7.6 Hz, 1H), 8.87 (d, J = 8.4 Hz, 2H), 8.77 (d, J = 8.8 Hz, 2H), 8.71 

(d, J = 4.8 Hz, 1H), 8,18 (d, J = 8.4 Hz, 2H), 8.13 (d, J = 4.4 Hz, 1H), 8.08 (d, J = 9.2 

Hz, 3H), 7.85 (td, J = 5.2 and 8.0 Hz, 1H), 7.80-7.77 (m, 3H), 7.689-7.632 (m, 4H), 

7.58 (d, J = 8.0 Hz, 2H), 7.011-7.955 (m, 18H), 6.82 (d, J = 6.0 Hz, 8H), 6.63 (d, J = 

6.4 Hz, 2H), 5.894 (s, 1H), 5.850 ppm (s, 1H); 13C NMR (100 MHz, CDCl3) δ 156.9, 

155.7, 154.3, 149.7, 149.5, 147.9, 146.1, 140.5, 139.7, 136.9, 136.6, 131.2, 130.9, 

130.2, 128.95, 128.1, 127.9, 127.4, 126.8, 126.2, 125.6, 124.1, 122.3, 122.0, 120.8, 

119.8, 113.4 ppm (Fig. 3-15 and 3-16). MS (MALDI-TOF): 1308.4055; Found: 

1308.4059. 
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Fig. 3-7 1H NMR (400 MHz, CDCl3) spectrum of complex Ir79. 

 

Fig. 3-8 13C NMR (100 MHz, CDCl3) spectrum of complex Ir79. 
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Fig. 3-9 1H NMR (400 MHz, MeOD) spectrum of complex Ir80. 

 

Fig. 3-10 13C NMR (100 MHz, MeOD) spectrum of complex Ir80. 
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Fig. 3-11 1H NMR (400 MHz, MeOD) spectrum of complex Ir116. 

 

Fig. 3-12 13C NMR (100 MHz, MeOD) spectrum of complex Ir116. 
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Fig. 3-13 1H NMR (400 MHz, MeOD) spectrum of complex Ir119. 

 

Fig. 3-14 13C NMR (100 MHz, MeOD) spectrum of complex Ir119. 
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Fig. 3-15 1H NMR (400 MHz, MeOD) spectrum of complex Ir134. 

 

Fig. 3-16 13C NMR (100 MHz, MeOD) spectrum of complex Ir134. 

 

 



200 

3.4 Cell morphology, cytotoxicities, proliferation and inhibition 

3.4.1 Cell morphology and proliferation of iridium complexes Ir79, Ir80, Ir116, 

Ir119 and Ir134. 

    The concentration range of those five complexes was from 10, 20 to 40 μmol/L. 

With the increasing complex Ir79 as shown in Fig. 3-17 (b), (c) and (d), the cell 

growth seems to be not strongly affected. The cell morphology did not change greatly. 

The cellular shrinkage or blebbing were not widespread in culture dishes. In (c) and 

(d), obvious aggregations of Ir79 were observed which is ascribed to the 

hydrophobicity of methylthio group in N^N ligand.  

 

 

Fig. 3-17 Cell morphology of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir79 of different concentrations for 24 hours, a, control; b, 10 μmol/L; c, 20 μmol/L; d, 

40 μmol/L. e, f, g, h, enlarged typical areas of a, b, c, d (blue square frames) 

accordingly. The blue scale bar is 100 μm (a, b, c, d) and 20 μm (e, f, g, h). The 

optical lens is of 10  magnification in the fluorescence inverse microscope (FIM). 
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    The enlarged image of (h) shows some condensations and fragments of cells 

together with the accumulation of Ir79. The low solubility of Ir79 reduced the 

effective concentration in water, however, lipophilicity will help the complex to 

attach the phospholipid bilayer of cell membrane and then cellular uptake will be 

easily achieved.  

 

 

Fig. 3-18 Cell morphology of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir80 of different concentrations for 24 hours, a, control; b, 10 μmol/L; c, 20 μmol/L; d, 

40 μmol/L. e, f, g, h, enlarged typical areas of a, b, c, d (blue square frames) 

accordingly. The blue scale bar is 100 μm (a, b, c, d) and 20 μm (e, f, g, h). The 

optical lens is of 10  magnification in the fluorescence inverse microscope (FIM). 

    Different from Ir79, the Ir80 contains both hydrophilic hydroxyl and lipophilic 

ether groups, and the large size aggregations were reduced in Fig. 3-18 (c) and (d). 

However, quite a lot of cells grew well at the concentration of 40 μmol/L as shown in 

(d) and (h). Some tiny precipitates appeared in the bottom of the dish in (d) which 

were assigned to be the complex Ir80 other than chromatin fragmentation. Since the 
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morphology testing was carried out in dark, the dark cytotoxicity of Ir80 was not 

observed. 

 

 

Fig. 3-19 Cell morphology of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir116 of different concentrations for 24 hours, a, control; b, 5 μmol/L; c, 10 μmol/L; d, 

20 μmol/L. e, f, g, h, enlarged typical areas of a, b, c, d (blue square frames) 

accordingly. The blue scale bar is 100 μm (a, b, c, d) and 20 μm (e, f, g, h). The 

optical lens is of 10  magnification in The fluorescence inverse microscope (FIM). 

    In the incubation of Ir116, the cell number was largely diminished in Fig. 3-19 (d) 

and most cells were shrinking and condensed, namely at their late stage of apoptosis. 

The biocompatible amino group makes the Ir116 water soluble and the bulky 

phenyl-isoquinoline group in the C^N ligand increases its lipophilicity for the benefit 

of cellular uptake. The two planar C^N ligands with extended phenyl ring will also 

contribute to the light-harvesting efficiency for the emission red-shift of Ir116 which 

holds significant advantages in cell imaging. According to the cytotoxicity of Ir116, it 

is anticipated that the complex will become a promising potential anti-cancer drug 

with the visualization of its uptake and distribution in cells as well. Further 
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experiments of MTT assay and cell-imaging will be introduced in the following 

sections. 

 

 

Fig. 3-20 Cell morphology of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir119 of different concentrations for 24 hours, a, control; b, 10 μmol/L; c, 20 μmol/L; 

d, 40 μmol/L. e, f, g, h, enlarged typical areas of a, b, c, d (blue square frames) 

accordingly. The blue scale bar is 100 μm (a, b, c, d) and 20 μm (e, f, g, h). The 

optical lens is of 10  magnification in The fluorescence inverse microscope (FIM). 

The interruption of the function of some metal containing proteins would 

improve the cytotoxicities of drugs. Complex Ir119 contains an extra pyridinyl group 

which could bind to other metals inside enzymes of living system. The flexible single 

bond in the N^N ligand of PPIP avoids rapid aggregation of Ir119 through - stack. 

The two planar C^N ligands and the long aromatic chain of PPIP would also facilitate 

the light-harvesting ability of Ir119. As in Fig. 3-20 (d), cells were reduced and 

became more shrinking. Evident small precipitates of Ir119 covered the dish bottom 

together with the cellular fragments. More quantified cytotoxicity evidences of Ir119 

will be provided in the next section. 
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Fig. 3-21 Cell morphology of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir134 of different concentrations for 24 hours, a, control; b, 10 μmol/L; c, 20 μmol/L; 

d, 40 μmol/L. e, f, g, h, enlarged typical areas of a, b, c, d (blue square frames) 

accordingly. The blue scale bar is 100 μm (a, b, c, d) and 20 μm (e, f, g, h). The 

optical lens is of 10  magnification in The fluorescence inverse microscope (FIM). 

    The two C^N ligands are not the same as those in complex Ir139: 

[Ir(dpapp)2DBDPPZ]+ of weak fluorescence in chapter 2. In order to improve the 

emission of the C^N ligand dpapp, the iqdpba ligand was applied to produce the Ir134 

as listed in Fig. 3-21. Although there were similar accumulation layers in (h), the 

large area of precipitates in (c) and (d) were much less than the complex Ir139. The 

cells are mixed with aggregates of Ir139 with close scales. It was not certain whether 

Ir134 is toxic from the images of cell morphology. According to its similar structure 

and size to Ir139, the cytotoxicities are assumed to be of no great difference. The cell 

proliferation and inhibition assay will give the answer of that speculation. 
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3.4.2 MTT assay for cell proliferation and inhibition of iridium complexes Ir79, 

Ir80, Ir116, Ir119 and Ir134. 

    As the most popularly used method, MTT assay provides the quantified data 

depending on the absorption of purple formazan. The deeper the color, the healthier 

the cells. We chose one 96-well plate for one iridium complex and six repeat wells for 

one concentration of the complex. The listed plates in Fig. 3-22 gave us the first 

glance of the cytotoxicities of the five complexes among which the Ir116 seems to be 

the most toxic and Ir119 has mild cytotoxicities. 

 

 

Fig. 3-22 MTT assay of hepatocellular carcinoma cell (Hep-G2) with complex Ir79, 

Ir80, Ir116, Ir119 and Ir134 of different concentrations: 0, 2.5, 5, 10, 15, 20, 30, 40 

and 50 μmol/L in 96-well plates. Each concentration has 6 repeat wells. The five 

96-well plates show the results of the cleavage of yellow tetrazolium salt MTT into 

purple formazan crystals after adding different complexes for 24 hours. 

    The absorbance values at 570 nm were recorded by a spectrophotometer and the 

values were calculated to obtain the following proliferation ratios.  
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Fig. 3-23 Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir79, Ir80, Ir116, Ir119 and Ir134 of different concentrations, 0, 2.5, 5, 10, 15, 

20, 30, 40 and 50 μmol/L. Yellow tetrazolium salt MTT was used to quantify the 

viable cells by a scanning multiwell spectrophotometer (ELISA reader).    

    The cell proliferation columns in Fig. 3-23 demonstrate the cell viabilities under 

the culture with the five Ir (III) complexes for 24 hours. At the concentration of 5 

μmol/L, the proliferation of cells quickly dropped to 52% with Ir116 and the ratio 

decreased to 67% with Ir119. The bulky C^N ligands of Ir116 and Ir119 contribute to 
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their lipophilicity and rigidity for the increased cytotoxicities. The N^N ligand of 

PPIP in Ir119 seems not as toxic as the APIP ligand with amino group in Ir116. The 

water solubility and bio-compatibility of APIP determined the strong cytotoxicity of 

Ir116. Complexes Ir79, Ir80 and Ir134 are not toxic from the proliferation assay.  

 

 

 

Fig. 3-24 Cell viability assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir79, Ir80, Ir116, Ir119 and Ir134 of different concentrations, 0, 2.5, 5, 10, 15, 20, 30, 

40 and 50 μmol/L. IC50 (half maximal inhibitory concentration) value was obtained 

from inhibition and concentration curve by absorbance of purple formazan crystals at 

570 nm wavelength. 
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    The inhibition ratios were calculated and listed in Fig. 3-24. The IC50 values of 

Ir116 and Ir119 were found to be 5.84 μM and 50.78 μM respectively, while other 

IC50 values of Ir79, Ir80 and Ir134 are much larger than 50 μM which is quite 

different from the similar structures in chapter 2. The low cytotoxicities of these 

complexes are probably due to the rotatable structures of 1H-imidazo [4, 5-f] [1, 10] 

(phenanthroline) based bipyridine ligands, unlike the rigid N^N ligands of dipyrido [3,

2-a:2',3'-c]phenazine) based bipyridine. The damages caused by iridium complexes 

were assumed to be released by the rotation of singe carbon in 1H-imidazo [4, 5-f] [1, 

10] (phenanthroline) moiety. When intercalating into bio-molecules such as DNA, 

protein, enzymes, the rigid and planar structures of dipyrido [3,2-a:2',3'-c]phenazine) 

will probably block the domain of active centers and induce irreversible harm to live 

cells. The results provide a new way to modify the cytotoxicities by changing the 

flexibilities of N^N of C^N ligands. 

   

Fig. 3-25 MTT assay of hepatocellular carcinoma cell (Hep-G2) with complex Ir 80 

and Ir119 of different concentrations: 0, 2.5, 5, 10, 15, 20, 30, 40 and 50 μmol/L 

under 465 nm irradiation (13 mW/cm2) for 30 minutes in 96-well plates. Each 

concentration has 6 repeat wells. The 96-well plate show the results of the cleavage of 

yellow tetrazolium salt MTT into purple formazan crystals after adding different 

complexes for 24 hours. 

    During the synthesis of other compounds with the same part of EIPP in Ir80, the 

EIPP was sensitive to oxidant and was easily oxidized to other structure with one less 
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hydrogen. The interesting phenomena reminded me if the Ir80 was sensitive to light 

since the oxidation reaction also can be induced by irradiation. We carried out the 

photo cytotoxicity testing to prove that hypothesis. As shown in Fig. 3-25, the MTT 

assay gave the evidence of improved toxicities after the irradiation of 465 nm visible 

light with the power of 13 mW/cm2. 

 

Fig. 3-26 Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir80 and Ir119 of different concentrations, 0, 2.5, 5, 10, 15, 20, 30, 40 and 50 

μmol/L under 465 nm irradiation (13 mW/cm2) for 30 minutes. Yellow tetrazolium 

salt MTT was used to quantify the viable cells by a scanning multiwell 

spectrophotometer (ELISA reader). 

    The exiting results in Fig. 3-26 proved the photo-toxicity of Ir80, the Ir119 was 

also found to be photo-active toward cells. The cell proliferation was effectively 

inhibited after the visible light irradiation. 

 

Fig. 3-27 Cell viability assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir80 and Ir119 of different concentrations, 0, 2.5, 5, 10, 15, 20, 30, 40 and 50 μmol/L 
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under 465 nm irradiation (13 mW/cm2) for 30 minutes. IC50 (half maximal inhibitory 

concentration) value was obtained from inhibition and concentration curve by 

absorbance of purple formazan crystals at 570 nm wavelength.  

    The light IC50 value of Ir80 was calculated to be 8.08 μM, compared to the 

former dark IC50 value of >> 50 μM and great improvement was achieved under the 

irradiation of 465 nm. Complex Ir119 was found to have light cytotoxicity with the 

IC50 value of 6.14 μM, about nine times smaller than the dark IC50 value of 50.78 μM 

because of the light-harvesting properties of C^N ligands 1-phenyl-isoquinoline (piq) 

in Ir119. Although the IC50 value of Ir80 is larger than the value of Ir119, the 

inhibition percentage of Ir80 reached 75% while it was only 44% with Ir119 when the 

concentration was increased to 10 μmol/L. The promising potential for Ir80 to be 

photodynamic therapy drugs was firstly approved by visible light irradiation. The 

phenylpyridine ligands in Ir80 can be replaced by piq to give more photosensitive 

drugs.  

Further longer wavelength irradiation at 630 nm was performed and the 96-well 

plate shows no apparent toxicity was observed in Fig. 3-28.  

 

Fig. 3-28 MTT assay of hepatocellular carcinoma cell (Hep-G2) with complex Ir 80 

of different concentrations: 0, 2.5, 5, 10, 15, 20, 30, 40 and 50 μmol/L under 630 nm 

irradiation (13 mW/cm2) for 30 minutes in 96-well plates. Each concentration has 6 

repeat wells. The 96-well plate show the results of the cleavage of yellow tetrazolium 

salt MTT into purple formazan crystals after adding of different complexes for 24 

hours. 
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    Red light was not active in the photo-cytotoxicity assay in Fig. 3-29 and 

inhibition results as listed in Fig. 3-30 revealed that the red light IC50 value is >> 50 

μM similar to the dark IC50 value. 

 

Fig. 3-29 Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir80 of different concentrations, 0, 2.5, 5, 10, 15, 20, 30, 40 and 50 μmol/L 

under 630 nm irradiation (13 mW/cm2) for 30 minutes. Yellow tetrazolium salt MTT 

was used to quantify the viable cells by a scanning multiwell spectrophotometer 

(ELISA reader). 

    Red shift of the absorption light is more applicable in real biological use due to 

the deeper penetration of tissues for the longer wavelength irradiation. The C^N 

ligands play very important roles in light activation.  
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Fig. 3-30 Cell viability assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir80 of different concentrations, 0, 2.5, 5, 10, 15, 20, 30, 40 and 50 μmol/L under 630 

nm irradiation (13 mW/cm2) for 30 minutes. IC50 (half maximal inhibitory 

concentration) value was obtained from inhibition and concentration curve by 

absorbance of purple formazan crystals at 570 nm wavelength.  

More planar and larger size of C^N ligand can be designed and synthesized to 

fulfill the requirements for red wave absorption in Ir80 analogues.  

The cytotoxicities of complexes in this chapter were much lower than the 

complexes in chapter 2. The flexible and rotary structures may reduce the damage 

when the complexes bind to DNA, protein, etc. Among those complexes, the Ir79, 

Ir80 and Ir134 have large IC50 values (>> 50 μM) without irradiation, complex Ir116 

is the most toxic one with IC50 value of 5.84 μM, and complex Ir119 has the value of 

50.78 μM. Upon irradiation of 465 nm, the IC50 value of Ir80 was 8.08 μM, while 

Ir119 was 6.14 μM, and both photo-cytotoxicities were greatly enhanced.     

The concentration range of former MTT assay is the same as those in chapter 2. 

Because the complexes are very precious, and the total yield was usually less than 50 

mg, the high concentrations of complexes much larger than 50 μM are not meaningful 

and will waste the complexes. The IC50 values were not tested at high concentrations 

unless it is necessary. 

3.4.3 Live and dead assay for cytotoxicities of iridium complexes Ir79, Ir80, Ir116, 

Ir119 and Ir134. 

    As a perfect compensation for MTT assay, the live and dead cell assay provide 

another visualized method to monitor the cytotoxicities of iridium complexes. The 

variations of green emission calcein AM dye and red emission propidium iodide (PI) 

dye are very distinguishable and easy to be pictured and calculated. ImageJ and 
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photoshop softwares are used to analyze the live and dead cell numbers and their area 

in images. 

 

 

Fig. 3-31 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir79 of different concentrations for 24 hours. a, e, control; b, 

f, 10 μmol/L; c, g, 20 μmol/L; d, h, 40 μmol/L. a, b, c, d, calcein AM dye (green) for 

live cells, excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye 

(red) for dead cells, excitation/emission: 530 nm / 620 nm. The yellow scale bar is 

200 μm. The optical lens is of 4  magnification in the fluorescence inverse 

microscope (FIM). 

    From Fig. 3-31, the number of healthy cells was not reduced greatly, but the the 

red spots in (h) increased a lot at 40 μmol/L, indicating the moderate cytotoxicity of 

Ir79. As discussed before, the area of red PI dye is only within the nuclei which were 

smaller than the whole cells.  
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Fig. 3-32 Left: Area proportion of calcein AM and propidium iodide (PI) dyes to the 

whole pictures of hepatocellular carcinoma cell (Hep-G2) with complex Ir79 of 

different concentrations. The areas of green / red colors were calculated by photoshop 

software. Right: Cell numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir79. The numbers of cells with 

green or red colors were calculated by ImageJ software. 

The area ratios of dead cells in Fig. 3-32 (Left) increased in a mild slope while 

the dead cell numbers grew faster in the column of Fig. 3-32 (Right). From the trend 

of the increasing dead cell numbers, 30 μmol/L of Ir79 seems to be the concentration 

where the dead cells are about half of the live cells. The value is smaller than the IC50 

from MTT assay. The results suggest that Ir79 was more toxic than the precious MTT 

assay. 
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Fig. 3-33 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir79 of different concentrations, a, b, control; c, d, 10 μmol/L; e, f, 20 μmol/L; g, h, 40 

μmol/L. a, c, e, g, calcein AM dye (green) for live cells, excitation / emission: 485 nm 

/ 535 nm. b, d, f, h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical areas of a, b, c, d, e, f, 

g, h (yellow square frames) accordingly. The yellow scale bar is 100 μm (a, b, c, d, e, 

f, g, h) and 20 μm (i, j, k, l, m, n, o, p). The optical lens is of 10  magnification in the 

fluorescence inverse microscope (FIM). 

    The ten times magnified images in Fig. 3-33 illustrated the fast reduction of live 

cells from (a), (c), (e) to (g) and the steady growth of the dead cells from (b), (d), (f) 

to (h). As enlarged area in (o), the image of the live cells showed that the green dots 

were much smaller than the size in (i), (k) and (m), but have similar size to the dead 

cells in (p). It was the typical characteristics of apoptosis that the whole cells became 

round in shape and condensed, supporting the certain cytotoxicity of Ir79.  
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Fig. 3-34 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir80 of different concentrations for 24 hours. a, e, control; b, 

f, 10 μmol/L; c, g, 20 μmol/L; d, h, 40 μmol/L. a, b, c, d, calcein AM dye (green) for 

live cells, excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye 

(red) for dead cells, excitation/emission: 530 nm / 620 nm. The yellow scale bar is 

200 μm. The optical lens is of 4  magnification in the fluorescence inverse 

microscope (FIM). 

    As for Ir80, no apparent growth of red cells was observed with the increasing 

concentrations in Fig. 3-34. Green area dropped a little in the green line of Fig. 3-35 

(left). The cell number is also very few in Fig. 3-35 (right). The very low dark 

cytotoxicity of Ir 80 was proved in this live and dead assay. 
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Fig. 3-35 Left: Area proportion of calcein AM and propidium iodide (PI) dyes to the 

whole pictures of hepatocellular carcinoma cell (Hep-G2) with complex Ir80 of 

different concentrations. The areas of green / red colors were calculated by photoshop 

software. Right: Cell numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir80. The numbers of cells with 

green or red colors were calculated by ImageJ software. 

     The live cells in (c), (e) and (g) of Fig. 3-36 remain healthy and active. The cell 

morphology in the enlarged images of (k), (m) and (o) was the same as the untreated 

cells. Comparing to Ir79 in Fig. 3-33, the dead cells appeared in a very few numbers. 

The biocompatible hydroxyl group and lipophilic ether group did not interfere with 

the metabolism in cell tremendously. At the same location of the three red nuclei in 

(p), the weak green marks in (o) were produced before the death of those three cells. 

The dying cells were also observed in (l) and (k), (n) and (m). The coexistence of 

living green dye calcein and dead red dye PI were evidences of transition point from 

live to dead cells. 
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Fig. 3-36 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir80 of different concentrations, a, b, control; c, d, 10 μmol/L; e, f, 20 μmol/L; g, h, 40 

μmol/L. a, c, e, g, calcein AM dye (green) for live cells, excitation / emission: 485 nm 

/ 535 nm. b, d, f, h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical areas of a, b, c, d, e, f, 

g, h (yellow square frames) accordingly. The yellow scale bar is 100 μm (a, b, c, d, e, 

f, g, h) and 20 μm (i, j, k, l, m, n, o, p). The optical lens is of 10  magnification in the 

fluorescence inverse microscope (FIM). 

    The Ir116 exhibited its high dark cytotoxicity in the former MTT assay. The live 

cells in Fig. 3-37 (d) disappeared in a large amount with the rising volume of Ir116, 

while the cells in (b) did not change a lot according to the control. The sharp drop of 

live cells at a fast speed made the cross point in Fig. 3-38 (left) of the same area of 

green and red dots, while the calculated cell number in the right histogram was twice 

more than the live cells.  
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Fig. 3-37 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir116 of different concentrations for 24 hours. a, e, control; b, 

f, 5 μmol/L; c, g, 100 μmol/L; d, h, 20 μmol/L. a, b, c, d, calcein AM dye (green) for 

live cells, excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye 

(red) for dead cells, excitation/emission: 530 nm / 620 nm. The yellow scale bar is 

200 μm. The optical lens is of 4  magnification in the fluorescence inverse 

microscope (FIM). 

    From this proportion of cellular area and cell numbers in Fig. 3-38, we can 

postulate that the area of a nucleus in dead cell is less than the half area of a whole 

live cell.  
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Fig. 3-38 Left: Area proportion of calcein AM and propidium iodide (PI) dyes to the 

whole pictures of hepatocellular carcinoma cell (Hep-G2) with complex Ir116 of 

different concentrations. The areas of green / red colors were calculated by photoshop 

software. Right: Cell numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir116. The numbers of cells 

with green or red colors were calculated by ImageJ software. 

    The amino group in Ir116 was very easy to form peptide bond with carboxyl 

groups in amino acid of proteins. The binding would cause the disorder of normal 

functions and lead to programmed cell death (PCD). The rigid C^N ligands of Ir116 

would also increase the red emission. Therefore, the complex would be discriminated 

from other short wave fluorescent complexes or cell dyes. 

 

Fig. 3-39 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir116 of different concentrations, a, b, control; c, d, 5 μmol/L; e, f, 10 μmol/L; g, h, 20 

μmol/L. a, c, e, g, calcein AM dye (green) for live cells, excitation / emission: 485 nm 

/ 535 nm. b, d, f, h, propidium iodide (PI) dye (red) for dead cells, excitation / 
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emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical areas of a, b, c, d, e, f, 

g, h (yellow square frames) accordingly. The yellow scale bar is 100 μm (a, b, c, d, e, 

f, g, h) and 20 μm (i, j, k, l, m, n, o, p). The optical lens is of 10  magnification in the 

fluorescence inverse microscope (FIM). 

    Swelling or blebbing are the characteristics of anther typical morphology of PCD: 

oncosis. All the nuclei in dead cells of Fig. 3-39 (l), (n) and (p) were shrinking and 

condensing. No features of oncosis were observed in Fig. 3-39, suggesting the 

apoptosis, one kind of PCD, was in charge of the cell death. Again, in image pairs of 

(k) and (l), (m) and (n), (o) and (p), there are clear coexistence of red and green dye in 

the same position of the images. The phenomena were popular in the treatment of 

complexes with higher cytotoxicities in chapter 2. 

 

 

Fig. 3-40 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir119 of different concentrations for 24 hours. a, e, control; b, 

f, 10 μmol/L; c, g, 20 μmol/L; d, h, 40 μmol/L. a, b, c, d, calcein AM dye (green) for 

live cells, excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye 

(red) for dead cells, excitation/emission: 530 nm / 620 nm. The yellow scale bar is 

200 μm. The optical lens is of 4  magnification in the fluorescence inverse 

microscope (FIM). 
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    Ir119 was the second toxic complex among the five complexes through the MTT 

assay. However, in the live and dead cell assay, it was not as toxic as Ir79. The 

inconsistence of two different biological assays is quite normal due to the complexity 

of experiments and living cells. More other kind of tests are always necessary to 

support or overturn the previous results. That is the reason in this thesis why four 

methods of cytotoxicity evaluation were performed and tried to confirm each other to 

uncover the real truth. The number and distribution of live cells was not much 

decreased according to Fig. 3-40, while tiny red spots increased a few in (h). 

 

Fig. 3-41 Left: Area proportion of calcein AM and propidium iodide (PI) dyes to the 

whole pictures of hepatocellular carcinoma cell (Hep-G2) with complex Ir119 of 

different concentrations. The areas of green / red colors were calculated by photoshop 

software. Right: Cell numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir119. The numbers of cells 

with green or red colors were calculated by ImageJ software. 

    The calculation of live cell numbers shown in Fig. 3-41 (right) decreased very 

few from 621, 609, 600 to 594, while the numbers of dead cells grew relatively faster 

from 50, 70 to 251. It is worth mentioning that the real numbers of cells are a lot more 

than the above calculated numbers by ImageJ software which can count the numbers 

of separate dots in cell images. However, at low magnification of 4 times in Fig. 3-40, 

many green or red dots merged together. If the cells were ten times magnified, the 
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limitation of the lens will not cover most cells area in the culture dish, the obtained 

images will be much less representative and will not be suitable for the statistical 

analysis. To fix the paradox, other cell counting experiments such as flow cytometry 

can be applied to have the precise numbers of cells. 

    The cytotoxicity of Ir119 seems quite moderate in the above images and 

histogram, but the pictures took by magnified lens in Fig. 3-42 indicate the rather 

strong toxicity of Ir119 from 10, 20 to 40 μmol/L. The dead cell numbers look more 

than the live cells at 20 and 40 μmol/L in Fig. 3-42 (f) and (h) respectively. 

 

Fig. 3-42 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir119 of different concentrations, a, b, control; c, d, 10 μmol/L; e, f, 20 μmol/L; g, h, 

40 μmol/L. a, c, e, g, calcein AM dye (green) for live cells, excitation / emission: 485 

nm / 535 nm. b, d, f, h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical areas of a, b, c, d, e, f, 

g, h (yellow square frames) accordingly. The yellow scale bar is 100 μm (a, b, c, d, e, 
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f, g, h) and 20 μm (i, j, k, l, m, n, o, p). The optical lens is of 10  magnification in the 

fluorescence inverse microscope (FIM). 

    Interestingly, the cyan color of cell at the left corner of image (k) in Fig. 3-42 is 

abnormal as discussed in Fig. 2-63 in chapter 2. The cyan color comes from the mix 

of blue and green colors. The endocellular Ir119 was observed to be green emissive in 

Fig. 3-69 (k). The H-aggregation will cause the blue shift of emission color which will 

produce cyan color with the green calcein. Therefore, the H-aggregation could happen 

in the complex Ir119 and calcein dye. At concentration of 40 μmol/L in image (o), the 

shrinking cells were observed along with the coexistence of red dots in (p) at the same 

positions. 

 

 

Fig. 3-43 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir134 of different concentrations for 24 hours. a, e, control; b, 

f, 10 μmol/L; c, g, 20 μmol/L; d, h, 40 μmol/L. a, b, c, d, calcein AM dye (green) for 

live cells, excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye 

(red) for dead cells, excitation/emission: 530 nm / 620 nm. The yellow scale bar is 

200 μm. The optical lens is of 4  magnification in the fluorescence inverse 

microscope (FIM). 
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    The bulky structure of Ir134 was considered to be of low toxicity similar to the 

Ir139 in chapter 2. As shown in Fig. 3-43, the distributions and densities of green cells 

are almost at the same level with the enhancement of Ir134 incubation. 

 

Fig. 3-44 Left: Area proportion of calcein AM and propidium iodide (PI) dyes to the 

whole pictures of hepatocellular carcinoma cell (Hep-G2) with complex Ir134 of 

different concentrations. The areas of green / red colors were calculated by photoshop 

software. Right: Cell numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir134. The numbers of cells 

with green or red colors were calculated by ImageJ software. 

    At the concentration of 40 μmol/L, the area of red dead cells were not much 

increased but the number became double of the former concentration of 20 μmol/L. 

The Ir134 demonstrated more cytotoxicity than Ir139 in chapter 2 where its number of 

dead cells was almost the same when the concentration changed from 20 to 40 μmol/L. 

The major difference between the two complexes are the two bulky C^N ligands in 

which Ir134 has an extra phenyl ring to extend the planar structure. The N^N ligand 

seems not toxic as compared to Ir139. 
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Fig. 3-45 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir134 of different concentrations, a, b, control; c, d, 10 μmol/L; e, f, 20 μmol/L; g, h, 

40 μmol/L. a, c, e, g, calcein AM dye (green) for live cells, excitation / emission: 485 

nm / 535 nm. b, d, f, h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical areas of a, b, c, d, e, f, 

g, h (yellow square frames) accordingly. The yellow scale bar is 100 μm (a, b, c, d, e, 

f, g, h) and 20 μm (i, j, k, l, m, n, o, p). The optical lens is of 10  magnification in the 

fluorescence inverse microscope (FIM). 

    On the right corner of (o) in Fig. 3-45, a few cells with the cyan color showed up. 

The same color was also observed with the bulky Ir139 in Fig. 2-63 of chapter 2. As 

discussed before, the color is from the overlay of green and blue of the Ir139 and 

calcein. The TTA energy transfer could play the key role for the hypsochromic shift 

of one dye. The anion calcein and cation Ir139 would naturally form a 

photo-sensitizer and acceptor couple for blue-shifted energy transfer. Furthermore, the 

H-aggregation between molecules would cause the blue shift as well. Those 
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complicated processes should be elucidated with further experiments and molecular 

simulation. 
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Fig. 3-46 Color area and cell number ratios of dead to live hepatocellular carcinoma 

(Hep-G2) cell lines, live cell shrinkage and swelling degree with complexes Ir79, Ir80, 

Ir116, Ir119 and Ir134 at different concentrations. All were calculated by ImageJ 

software.  

    The live and dead assay in this section provided the visualized results by the 

calcein and PI dye. As concluded in Fig. 3-46, the area ratios of dead / live cells 

indicate the intricate properties of cytotoxicities of those five complexes. It was 

simple and clear that Ir116 was the most toxic complex among them. At the 

concentration of 40 μmol/L, the toxic sequence from the calculation of images with 4 

 magnification lens would be Ir116 > Ir79 > Ir119 > Ir80 ≈ Ir134. The information 

was a good compensation for the former MTT assay although some inconsistency 

appeared such as the varied cytotoxicity of Ir79. The thioether group in Ir79 is 

expected to be oxidized by reactive oxygen species (ROS) into sulfone group[9]. The 

ROS played a doubled-edged-sword role of facilitating both carcinogenesis and 

cancer damage, namely, the mild-to-moderate level of ROS will promote the growth 

of cancer and excessive ROS will injure cells dramatically[10]. Therefore, the ROS 

scavenging ability of Ir79 could benefit or decrease the cancer growth depending on 

the real situation of experiments. Both in the live and cell death assay and MTT assay, 

the dyes are all sensitive to light in cells where the possible light-induced ROS by 

Ir79 can be neglected due to the cautious operation in dark. When the lipophilic 
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thioether group was switched into the hydrophilic sulfone group, the water solubility 

of Ir79 was greatly improved and therefore reduced the cytotoxicity of Ir79. The 

hydrolysis of four acetoxymethyl (AM) groups and the removal of one acetate group 

from the calcein AM by enzymatic reactions lead to the formation of the de-acetylated 

and oxidized product of calcein, which might provide by-products of acetic acid and 

formaldehyde with toxic effects to the cell. With the reduced ROS by the oxidization 

of calcein, the thioether group of Ir79 was less likely to be oxidized to sulfone group 

formation and maintain the lipophilicity of Ir79 which might add into its increased 

cytotoxicities.  

In the 10  magnification lens images analysis, from the direct cell density, the 

dead cell numbers seems to be the lowest in Ir134 (Fig. 3-45), even less than Ir80 (Fig. 

3-36). As emphasized before, cells in four times magnified lens were not large enough 

to be distinguished from each other when the ImageJ was applied to count the cell 

numbers. More ideal method of flow cytometry will count the cell one by one to have 

a precise number. However, as we did before, quite a few healthy cells were not easy 

to be digested from bottom of culture dish because the cellular adherence was 

abnormally enhanced by certain metal complex. This kind of cell collection problem 

will cause the false counting in flow cytometry. 

3.5 Mitochondrial transmembrane potential (ΔΨM) testing, cellular uptake and 

distribution of Ir79, Ir80, Ir116, Ir119 and Ir134. 

    The control images for the five iridium complexes in this section are listed in Fig. 

3-47. The emission of JC-1 aggregates is about 585-590 nm[11] which lies in the 

yellow range as shown in (b) at blue excitation. The aggregates also were red 

emissive under the green excitation filter in (c) and the merger of (b) and (c) exhibited 

the orange color of JC-1 aggregates in (d) while the green color of JC-1 monomers 
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remain unchanged. The red areas calculated by ZEN software in (f) and (m) were 

much larger than the green area. 

 

Fig. 3-47 Mitochondrial membrane potential control assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) without metal complex. a, bright field; b, 

blue excitation filter; c, green excitation filter; d, overlay of b and c; e, Pearson‘s 

Coefficient: r = 0.918, Manders’ Coefficients (original): M1 = 0.999 (fraction of Red 

overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), Li‘s Intensity 

Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ) = 0.3881 

determined by ImageJ software from b and c; f, m: Red, green and blue fluorescence 

intensity and corresponding distribution curves calculated from the mergence of b and 

c, i and j by ZEN software accordingly. The Y axis represents the relative frequency 

and the X axis indicates the brightness; g, n: height map of 2.5D view intensity values 

obtained from d and k respectively by ZEN software. The highest intensity values are 

represented by the greatest extension in the Z-direction; h, i, j, k: enlarged typical 

areas of a, b, c, d (yellow square frames) accordingly; l, intensity profile of JC-1 

luminescence calculated by ImageJ software across cell in k. The scale bar is 25 μm 
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(a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

    

The high and sharp-pointed 2.5D orange peaks in (g) and (n) are more extended 

in the Z-direction than the low and broad green peaks. Similarly, the small and evenly 

distributed dots about 1-2 μm diameter were observed in mitochondria. Their separate 

peaks of luminescence intensities and sizes were calculated by ImageJ software in (l). 

Original Manders’ coefficients M1 in Fig. 3-47 were obtained to be 0.999, indicating 

the fraction of red overlapping green to be very high. The value of Pearson's 

coefficient in Fig. 3-47 was 0.918 which represents a close correlation between (b) 

and (c).  

In Fig. 3-48, the red dots in the enlarged image (j) were still very clear at the 

concentration of 5 μmol/L for complex Ir79, all of which were well-distributed in the 

cytoplasm as the mitochondria did. 



232 

 

Fig. 3-48 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir79 (5 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.882, Manders' Coefficients (original): M1 = 1.0 (fraction 

of Red overlapping Green), M2 = 0.987 (fraction of Green overlapping Red), Li's 

Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 0.4073 

determined by ImageJ software from b and c; f, m: Red, green and blue fluorescence 

intensity and corresponding distribution curves calculated from the mergence of b and 

c, i and j by ZEN software accordingly. The Y axis represents the relative frequency 

and the X axis indicates the brightness; g, n: height map of 2.5D view intensity values 

obtained from d and k respectively by ZEN software. The highest intensity values are 

represented by the greatest extension in the Z-direction; h, i, j, k: enlarged typical 

areas of a, b, c, d (yellow square frames) accordingly; l, intensity profile of JC-1 and 

Ir79 luminescence calculated by ImageJ software across cell in k. The scale bar is 25 

μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM).  
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But the calculated sizes of those red JC-1 aggregates in (l) were shrank to about 

0.6-1.2 μm diameter, and the area of red in Fig. 3-48 (f) was less than that in Fig. 3-47 

(f) as well. All the decreased sizes and areas of red JC-1 demonstrate the moderate 

interruption of mitochondrial transmembrane potential (ΔΨM) by Ir79. The larger 

JC-1 aggregates in control changed to smaller red aggregates, along with the 

diminished red fluorescence intensities in Fig. 3-47 (g) and the ascending green 

proportion in (f). When the concentration of Ir79 was 10 μmol/L in Fig. S7-32 in 

chapter 7, the red JC-1 was disappearing in a fast speed, only a certain part of the 

image in Fig. S7-32 (k) remains the red aggregates which were even smaller sizes 

from to 0.4-0.8 μm diameter in Fig. S7-32 (l). The red area in Fig. S7-32 (f) decreased 

greatly due to the fewer JC-1 aggregates. Some red accumulations observed in Fig. 

S7-32 (a) of large size of about 4-6 μm were assigned to be complex Ir79. 

 

Fig. 3-49 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir79 (20 μmol/L, 15 hours). a, 
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bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.599, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 0.999 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ) = 

0.1751 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir79 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM).  

     

The Pearson's coefficient in Fig. S7-32 (e) was 0.671 which suggest the less 

correlation between S7-31 (b) and (c). In Fig. 3-49, at 20 μmol/L of Ir79, no apparent 

JC-1 red dots showed in (c) Pearson's coefficient was further reduced to 0.599 in (e). 

Most peaks in Fig. 3-49 (g) and (n) were green and broad. The spinous curve of 

intensity for green color in (l) exhibited the process of disintegration of JC-1 red 

aggregates into green monomers.  

 

Fig. 3-50 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir79 of different concentrations 
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(5, 10 and 20 μmol/L, 15 hours). Left, JC-1 fluorescence ratio (Red:Green); Right, 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ). ICQ 

~ 0, random staining; 0 > ICQ ≥ -0.5, segregated staining; 0 < ICQ ≤ +0.5, dependent 

staining. 

    Intensity correlation quotient (ICQ) values dropped from 0.4073, 0.2375 to 

0.1751 with the rising concentrations in Fig. 3-50 (right) meaning the less dependent 

relations between image (b) and (c). The red to green ratios of JC-1 fluorescence 

decreased from 1.07221, 0.9336 to 0.2906 in Fig. 3-50 (left) due to the reduced JC-1 

aggregates and the slight improvement of red ratio should be the fluorescence from 

the aggregation of Ir79 at 20 μmol/L.  

 

Fig. 3-51 Cellular uptake and distribution of complex Ir79 (a, b, e, f, i, j: 20 μmol/L; 

m, n: 40 μmol/L) in hepatocellular carcinoma cell (Hep-G2) for 15 minutes. (a, b), 40 

minutes (e, f), 120 minutes (i, j, m, n) at 37.5 ℃. a, e, i, m: bright field; b, f: blue 

excitation filter; j, n: UV excitation filter; c, g, k, o: enlarged typical areas of b, f, j, n 

(yellow square frames) accordingly; d, h, l, p: intensity profile of Ir79 luminescence 
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calculated by ImageJ software across cells of c, g, k, o. The scale bar is 25 μm (a, b, e, 

f, i, j, m, n) and 5 μm (c, g, k, o). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

With the increasing concentration of complex Ir79 to 40 μmol/L, the obvious 

aggregation of Ir79 was observed in bottom parts of Fig. 3-51 (m) and (n). The yellow 

emission of Ir79 was activated through UV excitation filter. The uptake of Ir79 was 

greatly increased when the incubation time was extended from 15 to 40 minutes in (f) 

and (g). The lipophilic N^N ligand of Ir79 was suggested to enhance the cellular 

uptake. The staining procedure of Ir79 was rapid and luminescence intensities were 

improved from 65, 110, 115 to 130 when concentration reached 40 μmol/L and the 

culture time was 120 minutes. Most of the cell morphology in Fig. 3-51 (i) and (m) 

were round in shape and more condensed. The round and shrank cells appeared in (f) 

after the 40 minutes of incubation, and increased in (j) and (n) after 120 minutes. The 

Ir79 was spread all around those whole cells which seem unhealthy and dying. As 

shown in most healthy cells from (g), (k) and (o), the distribution of Ir79 was around 

the nuclei in the cytoplasm, indicating the target for Ir79 was probably the 

mitochondria. 
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Fig. 3-52 Cellular uptake and distribution of complex Ir79 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) for 60 minutes at 4 ℃. a, bright field; b, blue 

excitation filter; c, enlarged typical areas of b (yellow square frame); d, intensity 

profile of Ir79 luminescence calculated by ImageJ software across a cell of c. The 

scale bar is 25 μm (a, b) and 5 μm (c). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

    Ir79 was supposed to be passive transport in the cellular uptake at low 

temperature when the ATP activities were inhibited (Fig. 3-52). The luminescence 

intensity was about 55 close to the value in Fig. 3-51 (b). The bright yellow emissive 

masses were assumed to be the aggregated Ir79 caused by prominently reduced 

solubility of Ir79 at 4 ℃. The water soluble sulfone group in Ir79 was also reduced 

due to the lower ROS level in cells at low temperature. Different from the most of 

iridium complexes in chapter 2, quite a few of round cells appeared in Fig. 3-52 (a) 

and the cellular uptake of Ir79 in nuclei were more prevalent than those complexes in 

cells at low temperature. The increased numbers of round cells imply the possible 

cytotoxicities at low temperature of Ir79 on account of high proportion of lipophilic 

thioether group in most of Ir79. More experiments of MTT assay at 4 ℃ are expected 
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to prove the speculation. The marked cell in (c) with yellow line indicated in (d) that 

the narrow room of nucleus absent from Ir79 was about to disappear.  

 

Fig. 3-53 Cellular uptake and distribution of complex Ir79 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 30 minutes at 

37.5 ℃. a, bright field; b, blue excitation filter; c, enlarged typical areas of b (yellow 

square frames); d, intensity profile of Ir79 luminescence calculated by ImageJ 

software across a cell of c. The scale bar is 25 μm (a, b) and 5 μm (c). The optical lens 

is of 40  magnification in the fluorescence inverse microscope (FIM). 

    Live cell uptake of metal complexes is greatly influenced by their surface charge, 

size, shape and hydrophobicity. However, the intracellular uptake of complexes in 

paraformaldehyde fixed dead cells is poorly investigated. Almost all the fixed cells in 

Fig. 3-53 were found to be fluorescent with Ir79 at 15 μmol/L for 30 minutes. 

According to the conclusion in chapter 2, the smaller size and higher hydrophobicity 

of the iridium complexes would help the more cellular uptake of them in fixed cells. 

In particular, the reduced flexibility of cell structures also requires the metal complex 

to be more rigid and more hydrophobic to pass through. Fixed cells will not actively 

produce ROS and the lipophilic thioether group of Ir79 will not be oxidized to large 
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and hydrophilic sulfone group, which assisted its uptake in fixed cells in Fig. 3-53 

with similar intensity in Fig. 3-52. The Ir79 could enter into the nuclei of all fixed 

cells in Fig. 3-53 since most iridium complexes in chapter 2 would not locate in. 

Some apparently aggregated bright spots in Fig. 3-53 (b) at 15 μmol/L for 30 minutes 

showed up because of the lipophilic thioether of Ir79, while there was no aggregation 

observed at higher concentration of 20 μmol/L and longer time for 40 minutes in Fig. 

3-51 (f).  

    For Ir80, when the concentration was 5 μmol/L, the large size of JC-1 aggregates 

of 2-2.5 μm were measured in Fig. 3-54 (l). The larger area in (m) indicate the healthy 

cell has the normal mitochondria transmembrane potential without the green 

monomers of JC-1. In the Z-axis direction of 2.5D view in (g), there were orange and 

green peaks. The luminescence intensities of red JC-1 aggregates peaks were about 60, 

larger than the 50 of Ir79 (Fig. 3-48 (l)) and less than the 80 in control (Fig. 3-47 (l)). 

The peak intensity was reduced to 50 and peak breadth narrowed down to about 1.5 

μm when the concentration of Ir80 was 10 μmol/L in Fig. S7-33.  
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Fig. 3-54 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir80 (5 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.824, Manders' Coefficients (original): M1 = 0.863 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.3633 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir80 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 
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    The peak intensity stayed at 50 and size of JC-1 red particles remains about 1.5 

μm with the concentration 20 μmol/L of Ir80 as shown in Fig. 3-55 (l), suggesting the 

low dark cytotoxicity of Ir80. 

 

Fig. 3-55 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir80 (20 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.862, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.3534 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir80 luminescence calculated by ImageJ software across 
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cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM).  

    Although the red / green ratios dropped quickly from the control of 1.07 to 5 

μmol/L of 0.36 in Fig. 3-56 (left), the strong intensity of JC-1 aggregates and steady 

proportion of red JC-1 with the increasing concentrations demonstrate the low 

cytotoxicity of Ir80. All the red and green staining was obtained to be dependent 

according to the similar ICQ values in Fig. 3-56 (right). 

 

Fig. 3-56 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir80 of different concentrations 

(5, 10 and 20 μmol/L, 15 hours). Left, JC-1 fluorescence ratio (Red:Green); Right, 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ). ICQ 

~ 0, random staining; 0 > ICQ ≥ -0.5, segregated staining; 0 < ICQ ≤ +0.5, dependent 

staining. 

    Low dark cytotoxicity of Ir80 was in accordance with the results from MTT 

assay. Fig. 3-57 (b) suggests the cellular uptake of Ir80 at 20 μmol/L for 15 minutes 

was very low and fluorescence was rather weak. The detectable green area was 

assigned to be the aggregation of Ir80 in the dead cell with the intensity of 70 in (c). 

When the incubation time was 40 minutes, the Ir80 could be detected around cell 

nuclei with the intensity of 65 which was increased to about 75 when time reached 

120 minutes. 
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Fig. 3-57 Cellular uptake and distribution of complex Ir80 (a, b, e, f, i, j: 20 μmol/L; 

m, n: 40 μmol/L) in hepatocellular carcinoma cell (Hep-G2) for 15 minutes (a, b), 40 

minutes (e, f), 120 minutes (i, j, m, n) at 37.5 ℃. a, e, i, m: bright field; b, f, j, n: blue 

excitation filter; c, g, k, o: enlarged typical areas of b, f, j, n (yellow square frames) 

accordingly; d, h, l, p: intensity profile of Ir80 luminescence calculated by ImageJ 

software across cells of c, g, k, o. The scale bar is 25 μm (a, b, e, f, i, j, m, n) and 5 μm 

(c, g, k, o). The optical lens is of 40  magnification in the fluorescence inverse 

microscope (FIM). 

    The low intensities of Ir80 revealed the low uptake and low fluorescence of its 

structure. The hydroxyl group is hydrophilic which could be easily quenched in water 

through hydrogen bonding. When the cell became shrinking and leakage at 40 μmol/L 

for 120 minutes, the fluorescence intensity of Ir80 was even less than 50. Images of (i) 

and (m) disclosed the incomplete cellular structures and typical characteristics of 

programmed cell death (PCD). Interestingly, all the bright green dots in (b), (f) and (j) 

seem to form the aggregation of Ir80 inside the dying cells, while the accumulation of 
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Ir80 outside the cells in (n) looked not as luminous as the former dots. The biological 

environment in cells may help the ordered aggregation better than the high 

concentration induced process in aqueous solution. The hydrophobic lipid and protein 

molecules and other macromolecules in cells also protected the Ir80 from the 

quenching. 

 

Fig. 3-58 Cellular uptake and distribution of complex Ir80 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) for 60 minutes at 4 ℃. a, bright field; b, blue 

excitation filter; c, enlarged typical areas of b (yellow square frame); d, intensity 

profile of Ir80 luminescence calculated by ImageJ software across a cell of c. The 

scale bar is 25 μm (a, b) and 5 μm (c). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

    The uptake of Ir80 was very low at 4 ℃, and the image of Fig. 3-58 (b) showed 

the fluorescence of Ir80 as weak as in Fig. 3-57 (b). It is hard to determine whether 

the ATP was involved in the uptake of Ir80 since the fluorescence in those two 

pictures was quite similar. The intensity of the faint luminescence was about 36 in (d). 
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Fig. 3-59 Cellular uptake and distribution of complex Ir80 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 30 minutes at 

37.5 ℃. a, bright field; b, blue excitation filter; c, enlarged typical areas of b (yellow 

square frames); d, intensity profile of Ir80 luminescence calculated by ImageJ 

software across a cell of c. The scale bar is 25 μm (a, b) and 5 μm (c). The optical lens 

is of 40  magnification in the fluorescence inverse microscope (FIM). 

    However, the uptake and fluorescence in fixed cells were quite obvious and the 

intensity was about 52 in Fig. 3-59 (d). Similar to the nuclei distribution of Ir79, the 

Ir80 was also evenly located in the whole cell. Base on the conclusion in chapter 2, 

the smaller the size of complexes, the easier the uptake for the fixed cells. The small 

C^N ligands of phenylpyridine meet the requirement of the hypothesis. The difference 

from the distribution of complexes in chapter 2 is that complexes could enter into the 

nuclei area. The properties to be more flexible and rotatable of the N^N ligands in this 

chapter might help to pass through the nuclear envelope in fixed cells. Furthermore, 

the hydrophilic hydroxyl group in Ir80 could help the nucleic uptake as well. 

    Although the Ir116 was discovered to be the most cytotoxic complex in this 

chapter through the MTT assay, unlike most of the toxic complexes in chapter 2, the 
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JC-1 aggregates did not disappear in Fig. 3-60 when the concentration was 5 μmol/L. 

In the enlarged images (i), (j) and (k), the small size of red JC-1 was calculated by 

ImageJ software to be about 1 to 1.5 μm with the low intensity of 30. The green JC-1 

monomers were very clear in (b) and covered by dark red background in (d). The 

peaks of JC-1 aggregates in both (g) and (n) were broad and low extended in 

Z-direction. Since the C^N ligands of Ir116 were large light-harvesting phenyl- 

isoquinoline (piq), the deep orange emission in (b) showed up in large scale. The 

lipophilic piq also enhanced the cellular uptake of Ir116. As calculated in (f) and (m), 

the red areas were much larger than the green areas, which the combined fluorescence 

contributed by red JC-1 aggregates and Ir116. 

 

Fig. 3-60 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir116 (5 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.683, Manders' Coefficients (original): M1 = 1.0 (fraction 



247 

of Red overlapping Green), M2 = 0.999 (fraction of Green overlapping Red), Li's 

Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 0.2902 

determined by ImageJ software from b and c; f, m: Red, green and blue fluorescence 

intensity and corresponding distribution curves calculated from the mergence of b and 

c, i and j by ZEN software accordingly. The Y axis represents the relative frequency 

and the X axis indicates the brightness; g, n: height map of 2.5D view intensity values 

obtained from d and k respectively by ZEN software. The highest intensity values are 

represented by the greatest extension in the Z-direction; h, i, j, k: enlarged typical 

areas of a, b, c, d (yellow square frames) accordingly; l, intensity profile of JC-1 and 

Ir116 luminescence calculated by ImageJ software across cell in k. The scale bar is 25 

μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

As listed in the supporting information of Fig. S7-34 in chapter 7, all the red 

emissive Ir116 took over the cytoplasm and covered the JC-1 aggregates if they 

remained. The intensity of fluorescence is about 23, relatively low compared to JC-1 

aggregates. The red area proportions in Fig. S7-34 (f) and (m) far exceeded the green 

parts. In Fig. 3-61, more Ir116 was uptaken into the cell, and the intensity raised to 

about 38 and the red areas mainly occupied in (f) and (m). Those peaks were 

becoming broader and more crowded in (g). With the increasing concentrations, more 

and more cells changed to round and condensed, only a few of healthy cells were 

pictured as enlarged in (i). Most Ir116 was observed to enter into cell nuclei in Fig. 

3-61 (b) at the incubation concentration 20 μmol/L for 15 hours.  

    The red to green ratios were calculated and listed in the histogram of Fig. 3-62 

(left) where complex Ir116 played the most important part in the red emission. The 

trends of the red / green ratios were proportional to the increased concentration of 

Ir116. ICQ values implied the dependent staining of red and green color from (b) and 

(c) in Fig. 3-47 (control), 3-60 (5 μmol/L), S7-33 (10 μmol/L), 3-61 (20 μmol/L) 

separately. 
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Fig. 3-61 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir116 (20 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.908, Manders' Coefficients (original): M1 = 1.0 (fraction 

of Red overlapping Green), M2 = 0.999 (fraction of Green overlapping Red), Li's 

Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 0.3749 

determined by ImageJ software from b and c; f, m: Red, green and blue fluorescence 

intensity and corresponding distribution curves calculated from the mergence of b and 

c, i and j by ZEN software accordingly. The Y axis represents the relative frequency 

and the X axis indicates the brightness; g, n: height map of 2.5D view intensity values 

obtained from d and k respectively by ZEN software. The highest intensity values are 

represented by the greatest extension in the Z-direction; h, i, j, k: enlarged typical 

areas of a, b, c, d (yellow square frames) accordingly; l, intensity profile of JC-1 and 

Ir116 luminescence calculated by ImageJ software across cell in k. The scale bar is 25 

μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 
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    Manders' coefficients M2 was 0.999 in Fig. 3-61 which indicated that the green 

fraction could not overlap the red for 100 % as the M1 was.  

 

Fig. 3-62 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir116 of different 

concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 fluorescence ratio 

(Red:Green); Right, Li's Intensity Correlation Analysis (ICA): Intensity Correlation 

Quotient (ICQ). ICQ ~ 0, random staining; 0 > ICQ ≥ -0.5, segregated staining; 0 < 

ICQ ≤ +0.5, dependent staining. 

   Generally, the size and rigidity of C^N ligands in iridium complexes determine 

the major range of their fluorescence, meanwhile the N^N ligand is supposed to 

possess some biocompatible properties such as bio-molecular binding ability, 

lipophilicity and hydrophilicity for the complexes. The noticeable uptake was 

observed at 20 μmol/L of Ir116 after 15 minutes of culture. The weak emission of 

green color in cytoplasm showed the speed of uptake was not very fast. The 

fluorescence intensity of Ir116 was 60 in Fig. 3-63 (d), close to Ir79 in Fig. 3-51 (d), 

then the intensity rose up to 105 in (h), close to Ir79 but larger than the 65 of Ir80 in 

Fig. 3-57 (h). When the time was 120 minutes, the intensity of Ir116 was about 220 in 

Fig. 3-63 (l), far exceeding the 110 of Ir79 in Fig. 3-51 (l) and the 70 of Ir80 in Fig. 

3-57 (l), indicating the longer time of incubation would greatly enhance the cellular 

uptake of Ir116. With the highest concentration of 40 μmol/L for 2 hours, the more 



250 

aggregated Ir116 were obviously red-shifted emissive in Fig. 3-63 (o) in cell which 

suggested the J-aggregation was probably the main form of the aggregation in cells 

along with the reduced intensity to about 175. 

 

Fig. 3-63 Cellular uptake and distribution of complex Ir116 (a, b, e, f, i, j: 20 μmol/L; 

m, n: 40 μmol/L) in hepatocellular carcinoma cell (Hep-G2) for 15 minutes (a, b), 40 

minutes (e, f), 120 minutes (i, j, m, n) at 37.5 ℃. a, e, i, m: bright field; b, f: blue 

excitation filter; j, n: UV excitation filter; c, g, k, o: enlarged typical areas of b, f, j, n 

(yellow square frames) accordingly; d, h, l, p: intensity profile of Ir116 luminescence 

calculated by ImageJ software across cells of c, g, k, o. The scale bar is 25 μm (a, b, e, 

f, i, j, m, n) and 5 μm (c, g, k, o). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

    The cell morphology changed with the increasing concentration of Ir116, and 

cells looked dying and under apoptosis progress. Most Ir116 was found to be evenly 

distributed in cells including nuclei. The two lipophilic piq ligands were proposed to 

improve cellular uptake of Ir116, and the amino group in N^N part was assumed to 
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react with the other amino acid of carboxyl group in cells and interrupted the 

functions of cellular metabolism.  

 

Fig. 3-64 Cellular uptake and distribution of complex Ir116 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) for 60 minutes at 4 ℃. a, bright field; b, blue 

excitation filter; c, enlarged typical areas of b (yellow square frame); d, intensity 

profile of Ir116 luminescence calculated by ImageJ software across a cell of c. The 

scale bar is 25 μm (a, b) and 5 μm (c). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

The strong emission with intensity of 125 for Ir116 in Fig. 3-64 (b) at low 

temperature demonstrated the high efficiency of passive transport. There were a lot of 

round cells in (a) and the distribution of Ir116 in nuclei of those cells were evident 

with intensity of 120 which was larger than the 90 in nucleic range in Fig. 3-63 (h) for 

40 minutes at 37.5 ℃. For the second time, the emission intensity of complexes at 4 ℃ 

was much larger than the one at 37.5 ℃. The reason of higher intensity of 50 for 

Ir139 at 4 ℃ than the 35 at 37.5 ℃ in chapter 2 explained that low temperature would 

hamper the intramolecular rotation of the four phenyl groups in the two C^N ligands,  

reducing the nonradiative decay and thus enhanced luminescence emission. However, 
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for Ir116 in this chapter, the explanation should be the increased lipophilicity, rigidity 

and planar size of the two C^N ligands of piq. The passive transport was greatly 

enhanced by the C^N ligands without the assistance of ATP. The N^N ligand with 

hydrophilic amino group helped the complex to locate in nuclei. 

 

Fig. 3-65 Cellular uptake and distribution of complex Ir116 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 30 minutes at 

37.5 ℃. a, bright field; b, blue excitation filter; c, enlarged typical areas of b (yellow 

square frames); d, intensity profile of Ir116 luminescence calculated by ImageJ 

software across a cell of c. The scale bar is 25 μm (a, b) and 5 μm (c). The optical lens 

is of 40  magnification in the fluorescence inverse microscope (FIM). 

    The cellular uptake of Ir116 in fixed cells was rather low in Fig. 3-65 (d) and the 

fluorescence was about the half intensity of the value in Fig. 3-64 (d) at 4 ℃. The 

results were in good accordance with the summary in chapter 2 that the large size of 

C^N ligands and low lipophilicity of N^N ligand will prevent the iridium complexes 

from effective uptake in the fixed cells which contained the immobilized and 

cross-linking membranes not accessible for large and flexible structures.  
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Fig. 3-66 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir119 (5 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.883, Manders' Coefficients (original): M1 = 1.0 (fraction 

of Red overlapping Green), M2 = 0.994 (fraction of Green overlapping Red), Li's 

Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 0.3649 

determined by ImageJ software from b and c; f, m: Red, green and blue fluorescence 

intensity and corresponding distribution curves calculated from the mergence of b and 

c, i and j by ZEN software accordingly. The Y axis represents the relative frequency 

and the X axis indicates the brightness; g, n: height map of 2.5D view intensity values 

obtained from d and k respectively by ZEN software. The highest intensity values are 

represented by the greatest extension in the Z-direction; h, i, j, k: enlarged typical 

areas of a, b, c, d (yellow square frames) accordingly; l, intensity profile of JC-1 and 

Ir119 luminescence calculated by ImageJ software across cell in k. The scale bar is 25 

μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 
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    With regard to Ir119, the cytotoxicity was not high and widespread JC-1 red dyes 

were distributed in most mitochondria of the healthy cells in Fig. 3-66 and the red 

area in (f) and (m) were estimated by the major contribution of JC-1 aggregates other 

than Ir119 of 5 μmol/L. The broad green background were assigned to be JC-1 

monomers dispersed in cytoplasm. Some blebbing and round cells appeared in (a) 

and (h), but their mitochondria functions were not affected. Sharp red JC-1 dots with 

the sizes from 1.0 to 2.0 μm were around the cell. When the concentration of Ir119 

reached 10 μmol/L, more monomer of JC-1 were released from the red aggregates in 

Fig. S7-35 of chapter 7. The calculated area of red fluorescence in Fig. S7-35 (f) 

remarkably diminished to the equal level of green monomers and sizes of JC-1 

aggregates were smaller as well. 

 

Fig. 3-67 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir119 (20 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 
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Pearson's Coefficient: r = 0.788, Manders' Coefficients (original): M1 = 1.0 (fraction 

of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), Li's 

Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 0.2855 

determined by ImageJ software from b and c; f, m: Red, green and blue fluorescence 

intensity and corresponding distribution curves calculated from the mergence of b and 

c, i and j by ZEN software accordingly. The Y axis represents the relative frequency 

and the X axis indicates the brightness; g, n: height map of 2.5D view intensity values 

obtained from d and k respectively by ZEN software. The highest intensity values are 

represented by the greatest extension in the Z-direction; h, i, j, k: enlarged typical 

areas of a, b, c, d (yellow square frames) accordingly; l, intensity profile of JC-1 and 

Ir119 luminescence calculated by ImageJ software across cell in k. The scale bar is 25 

μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM).  

    The reappearance of red emission in Fig. 3-67 (d) was primarily caused by 

complex Ir119 rather than JC-1 aggregate since the sizes of fluorescent parts were 

close to the cellular size of 20 μm and the red color appeared in Fig. 3-67 (b) under 

the blue excitation filter instead of the image Fig. 3-67 (c) under the green excitation 

filter. The other evidence is that the red intensity was about 33 in Fig. 3-67 (l), much 

less than the value 95 for JC-1 aggregates in Fig. 3-66 (l). 

 

Fig. 3-68 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir119 of different 

concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 fluorescence ratio 

(Red:Green); Right, Li's Intensity Correlation Analysis (ICA): Intensity Correlation 
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Quotient (ICQ). ICQ ~ 0, random staining; 0 > ICQ ≥ -0.5, segregated staining; 0 < 

ICQ ≤ +0.5, dependent staining. 

    The JC-1 fluorescence ratios in Fig. 3-68 (left) mean the red part at 20 μmol/L 

was principally from Ir119. The moderate drop of red fluorescence ratio at 10 μmol/L 

indicated the moderate cytotoxicity of Ir119. ICQ data shown in Fig. 3-68 (right) 

uncovered the dependence of red and green staining was lower than the control 

analysis in accordance with the processes of decreasing JC-1 red and increasing Ir119. 

 

Fig. 3-69 Cellular uptake and distribution of complex Ir119 (a, b, e, f, i, j: 20 μmol/L; 

m, n: 40 μmol/L) in hepatocellular carcinoma cell (Hep-G2) for 15 minutes (a, b), 40 

minutes (e, f), 120 minutes (i, j, m, n) at 37.5 ℃. a, e, i, m: bright field; b, f, j: blue 

excitation filter; n: UV excitation filter; c, g, k, o: enlarged typical areas of b, f, j, n 

(yellow square frames) accordingly; d, h, l, p: intensity profile of Ir119 luminescence 

calculated by ImageJ software across cells of c, g, k, o. The scale bar is 25 μm (a, b, e, 

f, i, j, m, n) and 5 μm (c, g, k, o). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 
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    The time dependent cellular uptake of Ir119 was established to be very low as 

shown in Fig. 3-69 (b), (f) and (j) for 15, 40 and 120 minutes correspondingly. The 

obvious aggregations of Ir119 appeared outside of the cells at the concentration of 20 

μmol/L after fifteen minutes and reached to the largest volume of 40 μmol/L for 120 

minutes. Both of the C^N and N^N ligands are of high hydrophobicity that caused the 

serious aggregation. In Fig. 3-69 (f), (g) and (h), Ir119 accumulated in dead cell and 

its fluorescence intensity was about 75 and similar to (b), (c) and (d), no detectable 

emission of Ir119 in live cells could be found. With the longer time of 120 minutes, 

the intensity value of 55 was obtained in Fig. 3-69 (j), (k) and (l) and jumped to 150 in 

(n), (o) and (p) when the concentration was double. Different from the 15 hours cell 

incubation with Ir119 of 20 μmol/L in Fig. 3-67 (b), Ir119 were absent from most of 

cellular nuclei within 2 hours at most.  

Actually, the apparent spots in Fig. 3-66 (a) and 3-67 (a) were not fluorescent 

after 15 hours of aggregation while the luminescent spots in Fig. 3-69 (b), (f), (j) and 

(n) were not visible in the bright field of (a), (e), (i) and (m), indicating the 

aggregation- caused quenching (ACQ) could happen during long time culture and its 

diametrical opposite effect of aggregation-induced emission (AIE) was quite evident 

only in a few hours. The development of the transformation of the two opposite 

processes remains enigmatic because it was quite complicated for one of the effects to 

prevail due to their octahedral structure and stacking mode in a particular situation. 

Those spots in Fig. 3-66 (a) and 3-67 (a) were considered not possible to be 

contaminations or cellular fragmentations because the control cells in Fig. 3-47 (a) 

and the dying cells with the most toxic complex Ir8 in Fig. 2-82 (a) in chapter 2 were 

very clean and clear. Because most of the complexes in this chapter are not very toxic, 
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the deep color spots could also be the mixture of cellular digestion wastes containing 

iridium complexes with some missing ligands and linking to some proteins. 

 

Fig. 3-70 Cellular uptake and distribution of complex Ir119 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) for 60 minutes at 4 ℃. a, bright field; b, blue 

excitation filter; c, enlarged typical areas of b (yellow square frame); d, intensity 

profile of Ir119 luminescence calculated by ImageJ software across a cell of c. The 

scale bar is 25 μm (a, b) and 5 μm (c). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

    Similar to Ir116, the intensity value for Ir119 of 20 μmol/L at 4 ℃ for 60 

minutes was obtained to be 130 in Fig. 3-70 (d), which was much larger than the 

intensity value 55 of the same concentration in Fig. 3-69 (l) at 37.5 ℃ for 120 

minutes. The low temperature intensity of Ir119 in cells was 2.36 times larger than 

normal temperature, while the second ratio value was 1.33 in Ir116. The low 

hydrophilicity of N^N ligand in Ir119 reduced its nucleic uptake but enhanced the 

cellular uptake greatly. The cellular uptake process of Ir119 was also an efficient 

passive transport compared to Ir116. More than half of the cells in Fig. 3-70 (a) at 4 ℃ 

were round in shape and shrank, while only one-fifth cells in Fig. 3-69 (e) at 37.5 ℃ 
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had the same morphology. The cell morphology assay showed the cells were less 

healthy at 4 ℃ than at 37.5 ℃. The speculated low-temperature induced cytotoxicity 

of Ir119 required further experiments to support. The healthy cells in normal 

temperature seemed actively resist the uptake of Ir119. As a result, the volume of 

Ir119 in cells was quite low and the cytotoxicity was accordingly less than Ir116. The 

long structure of PPIP ligand in Ir119 was possibly easy to be recognized by the 

protein domains on the cell membrane surfaces or channels through phospholipid 

bilayers. The low biocompatibility of PPIP probably induced the active blocking or 

inhibition by smart cells during the transmembrane transport at 37.5 ℃.  

 

Fig. 3-71 Cellular uptake and distribution of complex Ir119 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 30 minutes at 

37.5 ℃. a, bright field; b, blue excitation filter; c, enlarged typical areas of b (yellow 

square frame); d, intensity profile of Ir119 luminescence calculated by ImageJ 

software across a cell of c. The scale bar is 25 μm (a, b) and 5 μm (c). The optical lens 

is of 40  magnification in the fluorescence inverse microscope (FIM). 

    The relative low intensity of fluorescence in Fig. 3-71 (b) and (c) implied the low 

cellular uptake of Ir119 in fixed cells. The large size of C^N ligands in Ir119 prevent 

its uptake into fixed cells and the lipophilic PPIP ligand improved its consumption. 
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Therefore, the cells around the yellow frame in (b) with Ir119 were observed to be 

more fluorescent than those cells in Fig. 3-65 (b) with Ir116.  

 

Fig. 3-72 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir134 (5 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.558, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 0.996 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.2492 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir134 luminescence calculated by ImageJ software across 
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cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 

    Ir134 is the largest complex in this chapter with two bulky C^N ligands of 

iqdpba which was easy to aggregate with the lipophilic PPIP N^N ligand. In Fig. 3-72 

(b), obvious red emission appeared on the up-right corner using the blue excitation 

filter which was invisible under the green excitation in (c). Those red bulks in (b) 

were assigned to be Ir134 and the red emissive JC-1 aggregates were spread over the 

cells in (c). The sizes of red JC-1 particles were measured to be about 2 μm in (l). The 

red areas in Fig. 3-72 (f) and (m) were larger than the green, suggesting the cells were 

healthy and the mitochondria membrane potential was not depolarized.  

    When the concentration of Ir134 was 10 μmol/L, more accumulation of Ir134 

were observed in Fig. S7-36 (b) in chapter 7. The sizes of JC-1 aggregates were 

calculated to be 1-1.5 μm in Fig. S7-36 (l), smaller than the ones in Fig. 3-72 (l). 
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Fig. 3-73 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir134 (20 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.650, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.3544 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir134 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 

    There were a lot of Ir134 precipitants covering the dish bottom in Fig. 3-73 (a) 

and became red emissive in (b). Most JC-1 aggregates were covered by the deposit of 

Ir134, and only a few of them was observed in yellow frame of (b) and (c). The clear 

red dots in the enlarged image of (j) were assigned to be JC-1 red aggregates because 

both the green JC-1 monomers and red Ir134 in (i) could not be seen under the green 

excitation in (j).  

 



263 

Fig. 3-74 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir134 of different 

concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 fluorescence ratio 

(Red:Green); Right, Li's Intensity Correlation Analysis (ICA): Intensity Correlation 

Quotient (ICQ). ICQ ~ 0, random staining; 0 > ICQ ≥ -0.5, segregated staining; 0 < 

ICQ ≤ +0.5, dependent staining. 

    The numbers of red dots were fewer and the sizes were not decreased a lot in Fig. 

3-73 (l). The red areas in (f) and (m) were larger than the green areas where the 

aggregation of Ir134 contributed the most.  

The ratios of red to green of JC-1 dye are listed in Fig. 3-74 (left), and the 

increased ratio of red at 10 and 20 μmol/L of Ir134 were considered to be the red 

aggregates of Ir134 instead of JC-1. 

 

Fig. 3-75 Cellular uptake and distribution of complex Ir134 (a, b, e, f, i, j: 20 μmol/L; 

m, n: 40 μmol/L) in hepatocellular carcinoma cell (Hep-G2) for 15 minutes (a, b), 40 

minutes (e, f), 120 minutes (i, j, m, n) at 37.5 ℃. a, e, i, m: bright field; b, f, j, n: blue 
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excitation filter; c, g, k, o: enlarged typical areas of b, f, j, n (yellow square frames) 

accordingly; d, h, l, p: intensity profile of Ir134 luminescence calculated by ImageJ 

software across cells of c, g, k, o. The scale bar is 25 μm (a, b, e, f, i, j, m, n) and 5 μm 

(c, g, k, o). The optical lens is of 40  magnification in the fluorescence inverse 

microscope (FIM). 

As discussed before, the strong tendencies to aggregate of Ir134 were the results 

of its bulky and hydrophobic structures of C^N and N^N ligands. The orange 

emissive accumulations under blue excitation filter in Fig. 3-75 were increasing with 

the time and concentrations. Intensity value of 55 of intracellular Ir134 in Fig. 3-75 (l) 

was as low as in Ir119 in Fig. 3-69 (l). When the concentration of Ir134 was 40 

μmol/L, the fluorescence intensity did not increase, indicating the high concentration 

would not contribute to the further cellular uptake. For the Ir134 aggregates, the 

fluorescence intensity was 110 and increased to about 130 from 15 to 40 minutes at 

20 μmol/L. Compared to Ir119, the Ir134 contains two extra N, N-diphenyl groups 

which prevent its effective cellular uptake.  

 

Fig. 3-76 Cellular uptake and distribution of complex Ir134 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) for 60 minutes at 4 ℃. a, bright field; b, blue 
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excitation filter; c, enlarged typical areas of b (yellow square frame); d, intensity 

profile of Ir134 luminescence calculated by ImageJ software across a cell of c. The 

scale bar is 25 μm (a, b) and 5 μm (c). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

The C^N ligands of iqdpba are more rigid and planar than the dpapp ligands in 

Ir139 of chapter 2, and the N^N ligand PPIP is more extended than the DBDPPZ 

ligand in Ir139. Those large structure differences provide the explanation of much 

stronger emission of Ir134 than Ir139 in the similar images of accumulation in bright 

field of cells in (a), (e), (i) and (m) of Fig. 3-75 and Fig. 2-94. At the same 

concentration 20 μmol/L of Ir134, the aggregations exhibited in Fig. 3-76 at 4 ℃ for 

60 minutes was much lower than those in Fig. 3-75 (e) and (f) at 37.5 ℃ for 40 

minutes. There were no obvious cellular uptake of Ir134 in Fig. 3-76, and the possible 

spot in the yellow frame was very weak of fluorescence intensity of 50, less than the 

60 in Fig. 3-75 (l). The passive transport in Fig. 3-76 seems like the active transport in 

Fig. 3-75, both of which were not effective. It was postulated that the size of Ir139 

exceeded the limitation of the transfer channels through the cell membrane. The 

endocytosis pathway would be applicable using a nano-capsule to load Ir139. 
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Fig. 3-77 Cellular uptake and distribution of complex Ir134 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 30 minutes at 

37.5 ℃. a, bright field; b, blue excitation filter; c, enlarged typical areas of b (yellow 

square frames); d, intensity profile of Ir134 luminescence calculated by ImageJ 

software across a cell of c. The scale bar is 25 μm (a, b) and 5 μm (c). The optical lens 

is of 40  magnification in the fluorescence inverse microscope (FIM). 

    The big size of Ir134 also prevented the transport through fixed cells since we 

discovered in chapter 2 that the smaller size and more hydrophobic properties would 

enhance the uptake. Only aggregations were detected in Fig. 3-77. 

3.6 Conclusions 

    Five iridium complexes with rotatable 1H-imidazo [4,5-f] [1,10] (phenanthroline)  

based bipyridine ligands were synthesized and characterized in this chapter, which are 

Ir79: [Ir(pp)2MTPIP]+, Ir80: [Ir(pp)2EIPP]+, Ir116: [Ir(piq)2APIP]+, Ir119: 

[Ir(piq)2PPIP]+ and Ir134: [Ir(iqdpba)2PPIP]+.  

Cell morphology and proliferation assay in different concentrations of 5, 10, and 

20 mol/L of the five complexes indicated that most of them were not quite toxic for 

hep-G2 cell lines except for Ir116.  
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The MTT assays for the five complexes of 0, 2.5, 5, 10, 15, 20, 30, 40 and 50 

μmol/L led to their dark IC50 values with cytotoxicity sequence: Ir116 (5.84 μM) > 

Ir119 (50.78 μM) > Ir79 (>> 50 μM)  Ir80 (>> 50 μM)  Ir134 (>> 50 μM). The 

damages caused by iridium complexes of rigid N^N ligands in chapter 2 were much 

higher than those Ir(III) complexes of flexible 1H-imidazo [4, 5-f] [1, 10] 

(phenanthroline) ligands in this chapter probably due to their rotation of singe carbon 

moiety in the N^N ligand. The amino group in Ir116 was assumed to be very active to 

form peptide bond with the carboxyl group in the protein residues in cells and quickly 

cause the disruption of cellular functions and metabolisms.  

 

Fig. 3-78. Mitochondrial transmembrane potential (ΔΨM) assay based on JC-1 dye 

staining in hepatocellular carcinoma cell (Hep-G2) with complexes Ir79, Ir80, Ir116, 

Ir119 and Ir134 (0, 5, 10 and 20 μmol/L, 15 hours). Luminescence intensity profiles 

of JC-1 and Ir(III) complexes calculated by ImageJ software.  
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Under the irradiation of visible light 465 nm (13 mW/cm2) for 30 minutes, Ir80 

and the Ir119 were found to be very photo-toxic for hepatocellular carcinoma 

(Hep-G2) cell lines with the light IC50 value of 8.08 μM and 6.14 μM respectively. 

Ir80 was discovered to have greatly improved its cytotoxicity than the dark IC50 

value >> 50 μM and complex Ir119 enhanced its cytotoxicity about nine times. Both 

of them were found to be the potential candidates of the promising drugs for 

photodynamic therapy. 

Calcein AM (acetoxymethyl) and propidium iodide (PI) were very sensitive and 

complementary dyes for the live and dead cell assay correspondingly. The live/dead 

number ratios of the five iridium complexes (40 μmol/L) were listed in brackets at the 

following cytotoxicity order: Ir116 (0) > Ir79 (1.32439) > Ir134 (2.29911) ≥ Ir119 

(2.36653) > Ir80 (3.67143), while at 20 μmol/L, the Ir80 (4.60833) > Ir134 (5.37624). 

From the direct cell density analysis with 10  magnification lens, the dead cell 

numbers of the Ir134 seemed to be the lowest in (Fig. 3-45), even less than Ir80 (Fig. 

3-36). The cytotoxicities of those five complexes could be adjusted to the sequence of 

Ir116 > Ir79 > Ir119 > Ir80 > Ir134, which is close to the former MTT results. 

In general, the mitochondrial transmembrane potential (ΔΨM) testing results in 

this chapter showed the lower cytotoxicities of the five complexes than those in 

chapter 2 as demonstrated in Fig. 3-78. When the concentration of complexes was 5 

μmol/L, all the red JC-1 aggregates could be observed even with the most toxic 

complex Ir116. The ΔΨM only disappeared in Ir116 when the concentration rose up to 

10 μmol/L. For Ir80 and Ir134, the JC-1 aggregates still existed when their 

concentrations were 20 μmol/L.  
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Fig. 3-79. Fluorescence intensities obtained from profiles in Fig. 3-78 of 

mitochondrial membrane potential assay based on JC-1 dye staining in hepatocellular 

carcinoma cell (Hep-G2) with complexes Ir79, Ir80, Ir116, Ir119 and Ir134 (0, 5, 10 

and 20 μmol/L, 15 hours).  

As summarized in Fig. 3-79, at 20 μmol/L, the two highest points for Ir134 and 

Ir80 were ascribed to the fluorescence from JC-1 red aggregates. The other three 

fluorescent points are from Ir116, Ir119 and Ir79 in a descending order which 

probably indicated their reduced cellular uptake and the corresponding 

uptake-dependent cytotoxicities. The relative cytotoxicities of five complexes in the 

ΔΨM assay results were in accordance with the MTT and live/dead cell assays. The 

interesting discovery was that Ir119 and Ir134 in Fig. 3-79 seemed to greatly enhance 

the fluorescence intensities of JC-1 aggregates at their concentrations of 10 μM.  
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Fig. 3-80. Cellular uptake and distribution of complexes Ir79, Ir80, Ir116, Ir119 and 

Ir134 (15, 40 and 120 min incubation of 20 μmol/L, 120 min incubation of 40 

μmol/L). Luminescence intensity profiles calculated by ImageJ software. 

    No detectable fluorescence inside live cells with Ir80, Ir119 and Ir134 were 

found at the concentration of 20 μmol/L after 15 minutes incubation with Hep-G2 cell 

lines. Accumulation of Ir80 in dead cell was pictured and its intensity was calculated 

and listed in Fig. 3-80 as well as the aggregations of Ir119 and Ir134.  
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Fig. 3-81. Left: Fluorescence intensities obtained from profiles in Fig. 3-80 of cellular 

uptake and distribution assay in hepatocellular carcinoma cell (Hep-G2) with 

complexes Ir79, Ir80, Ir116, Ir119 and Ir134 for 15, 40 and 120 min incubation of 20 

μmol/L, and 120 min incubation of 40 μmol/L. Right: Fluorescence intensities of the 

five complexes of 40 μmol/L with cells for 120 min incubation. 

    The fluorescence intensities are listed in Fig. 3-81 and the results suggested the 

higher uptake of complexes, the higher fluorescence and higher cytotoxicities of the 

compounds. Fluorescent intensity values of the five complexes at 120 minutes (40 

μmol/L) were calculated to be: Ir116 (175) > Ir119 (140) > Ir79 (130) > Ir80 (47) ≥ 

Ir134 (45), which were in a well accordance with cytotoxicities from MTT assay.  

The stronger cellular uptake would induce the more severe harm to cells.  

 



272 

Fig. 3-82 Luminescence intensity profile of complexes Ir79, Ir80, Ir116, Ir119 and 

Ir134 in the cellular uptake and distribution at 4 ℃ for 60 minutes calculated by 

ImageJ software. 

    Without the metabolic activity and the assistance of ATP at low temperature of 

4 ℃, little Ir80 and Ir134 were found in cells, moderate uptake for Ir79 and higher 

volume of Ir116 and Ir119 at the concentrations of 20 μmol/L. Most complexes are 

found to be absorbed into cell through passive transport mode with fluorescent 

intensities of Ir116 (75) > Ir119 (45) > Ir79 (28) > Ir80 (6) ≈ Ir134 (7 aggregation). 

Excitingly, the low temperature seems to greatly enhance the cellular uptake of Ir119 

with the bulky and lipophilic C^N ligands. Since the peak height intensity value was 

15 for Ir119 at 37.5 ℃ for 120 minutes, only one third of the 45 at 4 ℃ for 60 

minutes. Without calculation of the peak height, the corresponding intensity value 

was 55 at 37.5 ℃ for 120 minutes, 2.36 times lower than 130 at 4 ℃ for 60 minutes. 

A novel strategy of cold-shock cytotoxicity of drugs would be introduced after the 

further MTT evidences of low temperature assisted cytotoxicities. 

 

Fig. 3-83 Cellular uptake and distribution of complexes Ir79, Ir80, Ir116, Ir119 and 

Ir134 (15 μmol/L) in paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) 
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for 30 minutes at 37.5 ℃. Intensity profiles of complexes luminescence calculated by 

ImageJ software. 

    The volumes of uptake for those complexes in paraformaldehyde fixed cells 

were all very low. Only aggregation outside cells was pictured for Ir134, and other 

complexes are poorly absorbed into the fixed dead cells as illustrated in Fig. 3-83. The 

size and hydrophobicity related uptake as concluded in chapter 2 is also applicable in 

this chapter. The peak height intensity sequence of Ir80 (25) > Ir79 (18) > Ir116 (15) > 

Ir119 (5) >> Ir134 (0) is mainly consistent with the size and hydrophobicity sequence 

Ir80 < Ir79 < Ir116 < Ir119 < Ir134 where the Ir116 had a medium size but a very 

high hydrophilic N^N ligand with a terminal amino group. The amino group could 

add into the positive charge of Ir116 to be two positive charged. The nucleic uptake of 

complexes seemed to prefer the two positive charges as discovered in chapter 5 of 

ruthenium complexes which tremendously enhanced the uptake in the fixed cells and 

nuclei. Actually, there was no obvious Ir116 uptake in the cellular nuclei in Fig. 3-65 

that could be the interruption from the two piq N^N lignad. The similar structure of 

two large phen ligands in the ruthenium complex Ru24 prevented its uptake in the 

fixed cell of chapter 5 as well.  

    Comparing to the toxic complexes in chapter 2, the more flexible structures of 

N^N ligands and more bulky and rigid planar of C^N ligands in complexes of this 

chapter have rather moderate cytotoxicities. The 1-phenyl-isoquinoline (piq) ligands 

were the key for the red emission of complexes Ir116 and Ir119. The APIP ligand in 

Ir116 contributed its biocompatibility and highest cytotoxicity among the five 

complexes. Structure-activity relationship (SAR) of those complexes in chapter 2 and 

this chapter systematically clarified the relationship between the cellular uptake and 

cytotoxicities, and the key factors for the passive transport or active transport of 

iridium complexes in healthy cells, dying cells, low temperature inhibited cells, and 
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paraformaldehyde fixed dead cells. Comparatively studies of new form of N^N 

ligands in the next chapter will be introduced and more details of ligand-dependent 

cellular distribution and cytotoxicity will be uncovered. 
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CHAPTER 4: Iridium complexes with Schiff base bipyridine ligands 

4.1 Introduction 

    Schiff base is a sub-class of imines with the structure RC=NR' (R' ≠ H) which 

played an important role in living systems. A protonated Schiff base was found to be 

formed via lysine 296 in human rhodopsin which renders retinas extremely sensitive 

to light[1]. Since bipyridine based derivatives of Schiff bases were reported in 2000’s, 

their photophysical properties and applications of metal-containing optoelectronic 

films or polymers have received considerable attention[2-4], whilst most of their 

antiviral, anticancer and antimicrobial activity were undervalued and neglected. 

Recently, some work focuses on the cytotoxicities of organo-ruthenium[5] and cobalt[6] 

Schiff-base complexes with iminoquinoline chelate ligands where the nitrogen in 

RC=NR' is involved in the coordination with metal.  

However, the activity of Schiff base in Ru(II) complexes is rather insufficient 

and the reactive oxygen species (ROS) induction of complexes are modified by the 

structural moiety at the end of iminoquinoline ligand[7]. In order to fully understand 

the role of active Schiff base moiety, ruthenium complexes containing 

4,5-diazafluorene bipyridine ligands were further synthesized to evaluate their 

photophysical, electrochemical properties, and redox behavior[8-9]. A series of 

ruthenium(II) complexes were developed as topical antibiotics against methicillin 

resistant staphylococcus aureus, and exhibited satisfactory cell viability of about 95% 

to human skin cells (keratinocytes)[10]. But the synthesis of complexes with metal core 

of iridium is rarely reported and their biological applications of cytotoxicities, cellular 

uptake and distributions remain unexplored. Iridium complexes with the formula 

[Ir(C^N)2 N^N]+ reduce the charges comparing with ruthenium complexes and will 

greatly enhance the cellar uptake and distribution, thus increasing their toxic activities. 
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Meanwhile, different substituents of R' in RC=NR' will result in a magic tuning of 

biocompatibility and cytotoxicity of iridium complexes. 

Therefore, in this chapter, we systematically compared the biological properties 

of six iridium complexes incorporated with two simple Schiff base bipyridine N^N 

ligands and four cyclometallated C^N ligands. The hydroxyl group in ligand  

4-(5H-cyclopenta[2,1-b:3,4-b']dipyridin-5-ylideneamino) phenol (CDYP) (scheme 

4-1) and the methoxy part in N-5H-cyclopenta [2,1-b:3,4-b'] dipyridin-5-ylidene- 

4-methoxy-benzenamine (CDYMP) (scheme 4-2) are used for the modification of 

hydrophilicities and pH sensitivities. 

4.2 Synthesis of two Schiff base diimine ligands 

4.2.1 N^N ligand T20 (CDYP): 4-(5H-cyclopenta[2,1-b:3,4-b']dipyridin-5- 

ylideneamino) phenol. 

Scheme 4-1 Synthetic route of ligand T20 (CDYP). 

A mixture of 4,5-diazafluoren-9-one (0.5465 g, 3mmol) and 4-aminophenol 

(0.3274, 3mmol) in EtOH 10 mL and glacial acetic acid 0.2 mL was refluxed at 85°C 

under nitrogen for 12 h. The mixture was cooled down and water was added to 

precipitate the product in which the glacial acetic acid was washed away. Yield 559 

mg (68.2%). 1H NMR (400 MHz, DMSO-d6)  9.61 (d, J = 2.8 Hz, 1H), 8.76 (d, J = 

4.0 Hz, 1H), 8.64 (d, J = 4.4 Hz, 1H), 8.25 (d, J = 7.2 Hz, 1H), 7.51 (dd, J = 4.8 and 

2.8 Hz, 1H), 7.23 (d, J = 4.8 Hz, 1H), 7.09 (d, J = 7.6 Hz, 1H), 6.87 ppm (dd, J = 8.8 
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and 10.4 Hz, 4H); 13C NMR (100 MHz, DMSO-d6) 160.55, 159.0, 157.2, 155.0, 

152.8, 152.2, 141.97, 132.9, 132.3, 130.3, 125.8, 124.6, 123.7, 120.0, 115.8 ppm. 

 
Fig. 4-1 1H NMR (400 MHz, DMSO-d6) spectrum of ligand T20 (CDYP). 

 

Fig. 4-2 13C NMR (100 MHz, DMSO-d6) spectrum of ligand T20 (CDYP). 
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4.2.2 N^N ligand T31 (CDYMP): N-5H-cyclopenta[2,1-b:3,4-b']dipyridin-5- 

ylidene-4-methoxy-benzenamine. 

Scheme 4-2 Synthetic route of ligand T31 (CDYMP). 

A mixture of 4,5-diazafluoren-9-one (0.7287 g, 4.0 mmol), 4-Methoxy- 

benzenamine (0.5665 g, 4.6 mmol), p-toluene sulfonic acid (0.0285 g, 0.15 mmol) 

and 50 ml of distilled toluene at 115 ℃ was refluxed using a Dean and Stark 

apparatus for 12 hours. The crude product was purified by recrystallization from 

MeOH/toluene to obtain T31: N-5H-cyclopenta [2,1-b:3,4-b'] dipyridin-5-ylidene- 

4-methoxy-benzenamine. The weight is 815 mg (yield 70.9%). 1H NMR (400 MHz, 

DMSO-d6) δ 8.81 (dd, J = 1.6 and 3.2 Hz, 1H), 8.68 (dd, J = 1.2 and 3.6 Hz, 1H), 

8.30 (dd, J = 1.6 and 6.0 Hz, 1H), 7.55 (dd, J = 2.8 and 5.2 Hz, 1H), 7.26 (dd, J = 2.8 

and 5.2 Hz, 1H), 7.064-7.030 (m, 5H), 3.84 ppm (s, 3H). 13C NMR (100 MHz, 

DMSO-d6) δ 160.7, 159.1, 157.6, 156.9, 152.95, 152.4, 143.4, 133.0, 132.3, 130.4, 

128.0, 125.8, 125.5, 124.6, 123.8, 119.9, 114.7, 55.3 ppm. 
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Fig. 4-3 1H NMR (400 MHz, DMSO-d6) spectrum of ligand T31 (CDYMP). 

 

 

Fig. 4-4 13C NMR (100 MHz, DMSO-d6) spectrum of ligand T31 (CDYMP). 

 



282 

4.3 Synthesis of dimers and iridium complexes 

Generally, the bis-cyclometalating ligands (C^N) play an essential role in the 

luminescent emission energy and color of the Ir(III) complexes through the 

incorporation of diverse substituents at different positions of either N-related 

heterocycles or C-related arenes. For example, when an electron-donating methyl 

group was substituted for hydrogen in phenyl ring of bis-cyclometalating ligand, 

electron would be slightly added into the HOMO orbitals to narrow down energy 

gap between LUMO and the emission was red-shifted. While the linkage position of 

methyl was switched to heterocyclic pyridyl part, the LUMO orbitals would become 

higher and thus the energy gap would be enlarged to produce blue-shifted emission.  

Besides the emission of complexes, the position of methyl group will possibly 

affect the cellular uptake and cytotoxicity in cancer cell lines. For these reasons, we 

chose the C^N ligands of 3-methyl-2phenyl-pyridine (3-mpp) and 2-(4-methyl 

phenyl)-pyridine (4-mpp) to produce dimers of [Ir (3-mpp)2 Cl]2 and [Ir (4-mpp)2 

Cl]2 and final complexes.  

Furthermore, a strong electron donating group (EDG) of 4-diphenylamino was 

introduced to the phenyl ring instead of methyl residue to raise the HOMO level and 

red shift the emission of Ir(III) complexes. The bulky and large size of ligand 

2-[4-(diphenylamino)phenyl] pyridine (dpapp) will probably be biologically active 

to intercalate or block the domains in proteins and enzymes. Accordingly, the dimer 

[Ir(dpapp)2Cl]2 was generated for the [Ir(dpapp)2N^N]+ complexes. 

Metal complexes normally will be red emissive when they contain two 1- 

phenyl-isoquinoline C^N ligands[11]. The large size of isoquinoline could 

significantly lower the LUMO energy and reduce the energy gap by π-electronic 

conjugation. 
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The bigger and more hydrophobic structure of quinoline will increase the 

opportunity to pass through the phosphorlipid bilayer of cell membrane which helps 

to enhance the cytotoxicity of those Ir(III) complexes. 

Altogether, four dimers of [Ir(3-mpp)2Cl]2, [Ir(4-mpp)2Cl]2, [Ir(piq)2Cl]2 and 

[Ir(dpapp)2Cl]2 were synthesized with equivalent steps as the former analogues. Six 

iridium complexes of Ir105: [Ir(4-mpp)2CDYP]+, Ir107: [Ir(piq)2CDYP]+, Ir108: 

[Ir(3-mpp)2CDYP]+, Ir123: [Ir(4-mpp)2CDYMB]+, Ir125: [Ir(piq)2CDYMB]+ and 

Ir133: [Ir(dpapp)2CDYMB]+ were synthesized according to the procedures: Dimers 

(0.1mmol) were added into DCM / methanol (1:1, 12mL) solvent with 0.23 mmol 

ligand of T20: CDYP and T31: CDYMB to produce those complexes accordingly as 

listed in scheme 4-3. The reaction mixture was refluxed for 15 hours at 60°C and the 

solvent was then vaporized. DCM was put to dissolve the solid. Purification was 

carried out through column chromatography, using a hexane and DCM mixture (1:8), 

and the polarity of the solvent was gradually increased by adding more DCM and 

finally a methanol and DCM mixture (1:5) was used to wash the pure product. The 

polarity was adjusted due to the use of different iridium complexes. Final product was 

vaporized and vacuum dried. The yields of Iridium complexes are: Ir105 (37.5 mg, 

yield 23.4%), Ir107 (34.4 mg, yield 20.0%), Ir108 (42.0 mg, yield 26.2%), Ir123 (29.1 

mg, yield 34.2 %), Ir125 (38.4 mg, yield 20.8%), Ir133 (16.3 mg, yield 14.1 %). 
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Scheme 4-3 Synthetic route of three iridium dimers and iridium complexes Ir105, 

Ir107, Ir108, Ir123, Ir125 and Ir133. 
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Synthesis and characterization results are summarized as follows: 

Ir105: [Ir(4-mpp)2CDYP]+, 1H NMR (400 MHz, CDCl3)  8.41 (d, J = 1.2 Hz, 

1H), 7.87 (d, J = 8.0 Hz, 2H), 7.762-7.809 (m, 5H),7.644-7.698 (m, 3H), 7.57 (d, J = 

4.0 Hz, 2H), 7.37 (d, J = 2.4 and 5.6 Hz, 2H), 7.19 (d, J = 8.8 Hz, 2H), 7.09 (d, J = 

6.4 Hz, 2H), 6.94 (d, J = 8.4 Hz, 2H), 6.843-6.877 (m, 2H), 6.17 (d, J = 9.2 Hz, 2H), 

2.162 (s, 3H), 2.147 ppm (s, 3H). 13C NMR (100 MHz, CDCl3)  167.5, 167.3, 165.6, 

162.99, 161.7, 158.5, 155.2, 154.4, 150.1, 149.9, 149.7, 149.2, 144.4, 144.1, 140.68, 

140.65, 140.0, 138.6, 138.5, 136.4, 133.7, 133.1, 132.6, 131.6, 130.5, 128.8, 128.3, 

126.6, 124.9, 124.5, 124.1, 123.3, 122.0, 119.3, 116.9 ppm (Fig. 4-5 and 4-6). MS 

(MALDI-TOF): 802.2155; Found: 802.2170. 

Ir107: [Ir(piq)2CDYP]+, 1H NMR (400 MHz, CDCl3) 8.92 (t, J = 3.2 Hz, 2H), 

8.42 (t, J = 4.4 Hz,1H), 8.25 (t, J = 7.2 Hz, 2H), 7.95 (dd, J = 3.2 and 6.4 Hz, 2H), 

7.761-7.785 (m, 5H), 7.64 (dd, J = 1.2 and 3.6 Hz, 3H), 7.59 (d, J = 7.2 Hz, 1H), 7.49 

(dd, J = 2.8 and 3.2 Hz, 3H), 7.33 (dd, J = 5.6 and 2.4 Hz, 1H), 7.20 (d, J = 8.8 Hz, 

2H), 7.11 (q, J = 6.8 Hz, 2H), 6.94 (d, J = 8.8 Hz, 2H), 6.91 (d, J = 3.2 Hz, 2H), 6.39 

ppm (t, J = 6.8 Hz, 2H); 13C NMR (100 MHz, CDCl3)  168.6, 162.9, 161.5, 158.3, 

154.5, 149.9, 147.6, 147.3, 145.8, 140.98, 140.1, 137.1, 136.4, 133.8, 133.2, 132.5, 

131.9, 130.5, 130.3, 128.95, 128.4, 127.9, 126.7, 126.6, 126.1, 122.7, 122.6, 122.0, 

116.9 ppm (Fig. 4-7 and 4-8). MS (MALDI-TOF): 874.5122; Found: 874.2207. 

Ir108: [Ir(3-mpp)2CDYP]+, 1H NMR (400 MHz, CDCl3) 8.46 (dd, J = 0.8 and 

6.8 Hz, 2H), 8.046 (m, 2H),7.86 (m, 2H), 7.75 (td, J = 1.2, 4.4 and 8.0 Hz, 3H),7.66 

(d, J = 8.0 Hz, 1H) 7.572-7.619 (m, 2H), 7.38 (m, 1H), 7.041-7.099 (m, 4H), 7.00 (dd, 

J = 1.6 and 6.0 Hz, 2H), 7.692 (dd, J = 2.0 and 4.8 Hz, 2H), 6.87 (d, J = 7.2 Hz, 2H), 

6.35 (dd, J = 1.2 and 6.4 Hz, 2H), 2.85 ppm (d, J = 6.8 Hz, 6H); 13C NMR (100 MHz, 

CDCl3) 166.8, 164.8, 163.6, 158.4, 157.7, 151.1, 150.98, 149.4, 147.6, 147.4, 147.3, 
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143.7, 142.4, 137.2, 134.8, 134.5, 134.2, 133.0, 130.2, 129.9, 129.7, 129.3, 128.3, 

124.0, 123.5, 122.95, 117.2, 30.76, 23.30 ppm (Fig. 4-9 and 4-10). MS 

(MALDI-TOF): 802.2155; Found: 802.2188. 

Ir123: [Ir(4-mpp)2CDYMB]+, 1H NMR (400 MHz, CDCl3) δ 8.41 (d, J = 7.2 Hz, 

1H), 7.85 (d, J = 8.8 Hz, 2H), 7.79 (td, J = 3.2 and 6.8 Hz, 4H), 7.731-7.693 (m, 3H), 

7.57 (dd, J = 2.0 and 2.8 Hz, 2H), 7.53 (d, J = 8.0 Hz, 2H), 7.202-7.105 (m, 4H), 7.01 

(d, J = 8.8 Hz, 2H), 6.82 (td, J = 0.8 and 8.0 Hz, 2H), 6.14 (d, J = 6.0 Hz, 2H), 3.862 

(s, 3H), 2.131 (s, 3H), 2.116 ppm (s, 3H). 13C NMR (100 MHz, CDCl3) δ 167.6, 167.4, 

163.2, 162.2, 158.98, 155.9, 150.5, 150.4, 149.6, 149.2, 144.2, 143.9, 141.8, 141.2, 

141.1, 140.9, 140.7, 138.5, 136.4, 133.8, 133.0, 132.69, 132.66, 128.9, 128.8, 126.6, 

124.5, 124.4, 124.22, 124.17, 123.5, 123.2, 121.6, 119.2, 119.1, 114.9, 55.68, 21.89 

ppm (Fig. 4-11 and 4-12). MS (MALDI-TOF): 816.2311; Found: 816.2323. 

Ir125: [Ir(piq)2CDYMB]+, 1H NMR (400 MHz, DMSO-d6) δ 8.84 (d, J = 7.6 Hz, 

2H), 8.64 (td, J = 2.0 and 5.6 Hz, 4H), 8.256 (s, 6H), 8.07 (d, J = 5.2 Hz, 2H), 7.99 (d, 

J = 5.2 Hz, 3H), 7.82 (d, J = 8.8 Hz, 1H), 7.74 (td, J = 2.8 and 5.6 Hz, 2H), 7.68 (td, J 

= 2.4 and 5.6 Hz, 2H), 7.60 (td, J = 2.8 and 5.2 Hz, 2H), 7.23 ppm (d, J = 8.4 Hz, 2H); 

13C NMR (100 MHz, DMSO-d6) δ 154.2, 153.8, 152.4, 151.6, 149.2, 149.1, 147.5, 

138.3, 135.1, 132.5, 132.2, 131.5, 129.5, 127.8, 127.5, 127.2, 126.9, 125.9, 125.3 ppm 

(Fig. 4-13 and 4-14). MS (MALDI-TOF): 888.2312; Found: 888.2349.  

Ir133: [Ir(dpapp)2CDYMB]+, 1H NMR (400 MHz, MeOD) δ  8.45 (dd, J = 0.8 

and 6.8 Hz, 1H), 7.97 (dd, J = 0.8 and 4.4 Hz, 1H), 7.89 (dd, J = 1.2 and 4.0 Hz, 1H), 

7.79 (td, J = 2.4 and 5.6 Hz, 1H), 7.71 (td, J = 2.4 and 5.6 Hz, 1H), 7.64 (dd, J = 1.2 

and 6.8 Hz, 1H), 7.47 (d, J = 7.2 Hz, 3H), 7.411-7.366 (m, 5H), 7.215-7.155 (m, 10H), 

7.034-7.014 (m, 14H), 6.68 (td, J = 2.4 and 6.4 Hz, 3H), 5.85 (d, J = 2.4 Hz, 1H), 5.81 

(d, J = 2.0 Hz, 1H), 3.886 ppm (s, 3H); 13C NMR (100 MHz, DMSO-d6) δ 166.9, 
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166.7, 163.2, 162.3, 159.0, 155.9, 150.6, 150.4, 149.2, 149.1, 149.0, 148.5, 146.8, 

146.7, 145.2, 145.0, 141.8, 137.5, 136.5, 136.2, 133.8, 133.0, 129.2, 129.0, 128.8, 

126.6, 125.9, 125.8, 124.9, 124.8, 123.8, 123.78, 123.74, 123.0, 122.8, 122.1, 121.7, 

121.6, 118.5, 118.4, 114.9, 114.8, 55.72 ppm (Fig. 4-15 and 4-16). MS (MALDI- 

TOF): 1122.3471; Found: 1122.3520. 

 

Fig. 4-5 1H NMR (400 MHz, CDCl3) spectrum of complex Ir105. 
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Fig. 4-6 13C NMR (100 MHz, CDCl3) spectrum of complex Ir105. 

 

 

Fig. 4-7 1H NMR (400 MHz, CDCl3) spectrum of complex Ir107. 
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Fig. 4-8 13C NMR (100 MHz, CDCl3) spectrum of complex Ir107. 

 

 

Fig. 4-9 1H NMR (400 MHz, MeOD) spectrum of complex Ir108. 
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Fig. 4-10 13C NMR (100 MHz, MeOD) spectrum of complex Ir108. 

 

 

Fig. 4-11 1H NMR (400 MHz, MeOD) spectrum of complex Ir123. 
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Fig. 4-12 13C NMR (100 MHz, MeOD) spectrum of complex Ir123. 

 

 

Fig. 4-13 1H NMR (400 MHz, MeOD) spectrum of complex Ir125. 
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Fig. 4-14 13C NMR (100 MHz, MeOD) spectrum of complex Ir125. 

 

 

Fig. 4-15 1H NMR (400 MHz, MeOD) spectrum of complex Ir133. 
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Fig. 4-16 13C NMR (100 MHz, MeOD) spectrum of complex Ir133. 

 

4.4 Cell morphology, cytotoxicities, proliferation and inhibition 

4.4.1 Cell morphology and proliferation of iridium complexes Ir105, Ir107, Ir108, 

Ir123, Ir125 and Ir133. 

    As shown in Fig. 4-17, with the increasing concentration of Ir105, the Hep-G2 

cells became fewer and more shrank. The background in (h) was covered with small 

particles which looked like the mixture of cell fragments and complex aggregates. In 

the center of (h), the four adjacent cells were separated and condensed, indicating the 

late stage of cell programmed death. Even at the concentration of 5 μmol/L, three 

shrinking cells showed the early stage of apoptosis in the lower right part of (f). The 

cytotoxicity of Ir105 seems to be rather strong compared to those complexes in 

chapter 3. 
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Fig. 4-17 Cell morphology of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir105 of different concentrations for 24 hours. a, control; b, 5 μmol/L; c, 10 μmol/L; d, 

20 μmol/L. e, f, g, h, enlarged typical areas of a, b, c, d (blue square frames) 

accordingly. The blue scale bar is 100 μm (a, b, c, d) and 20 μm (e, f, g, h). The 

optical lens is of 10  magnification in the fluorescence inverse microscope (FIM). 

 

    With the same N^N ligand of CDYP, the cellular adhesion was greatly dimished 

and there were fewer cells remained in Fig. 4-18 (c) after washing away the Ir107 

complex of 10 μmol/L. Quite a few of the red dots appeared in (d), showing the 

obvious aggregation of Ir107 at 20 μmol/L. Most cells in (c) and (d) were round in 

shape and shrank where the two piq C^N ligands in Ir107 seem to play an important 

role for enhanced cytotoxicity and aggregation.  
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Fig. 4-18 Cell morphology of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir107 of different concentrations for 24 hours. a, control; b, 5 μmol/L; c, 10 μmol/L; d, 

20 μmol/L. e, f, g, h, enlarged typical areas of a, b, c, d (blue square frames) 

accordingly. The blue scale bar is 100 μm (a, b, c, d) and 20 μm (e, f, g, h). The 

optical lens is of 10  magnification in the fluorescence inverse microscope (FIM). 

 

    The difference between Ir108 and Ir105 lies in the different position of methyl 

group. In Ir105, the electron donating methyl group is present in the phenyl part of 

C^N ligand which helped to increase the HOMO orbital level and narrow down the 

HOMO and LUMO energy gap. While in Ir108, the LUMO orbital was higher after 

the introduction of methyl group in pyridine. As we discussed, the isoquinoline in 

Ir107 greatly reduced the LUMO energy level through π-electronic conjugation. The 

energy gap sequence should be: Ir108 > Ir105 > Ir107. 
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Fig. 4-19 Cell morphology of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir108 of different concentrations for 24 hours. a, control; b, 5 μmol/L; c, 10 μmol/L; d, 

20 μmol/L. e, f, g, h, enlarged typical areas of a, b, c, d (blue square frames) 

accordingly. The blue scale bar is 100 μm (a, b, c, d) and 20 μm (e, f, g, h). The 

optical lens is of 10  magnification in the fluorescence inverse microscope (FIM). 

 

    The morphology of Hep-G2 cells in Ir108 was observed to be similar to Ir105, 

and more stretched cells in Fig. 4-19 (c) than in Fig. 4-17 (c). The cells were quite few 

when the concentration of Ir108 was 20 μmol/L, indicating considerable toxicity of 

Ir108. Since the Ir105, Ir107 and Ir108 contain the same N^N ligand of CDYP, we 

postulated the Schiff base CDYP was the main contribution for the cytotoxicities of 

those three complexes. Further experiments of MTT assay and live/dead cell assay 

had been carried out to obtain the IC50 values and cell viability of those complexes of 

Ir105, Ir107 and Ir108 in the following sections.  
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Fig. 4-20 Cell morphology of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir123 of different concentrations for 24 hours. a, control; b, 5 μmol/L; c, 10 μmol/L; d, 

20 μmol/L. e, f, g, h, enlarged typical areas of a, b, c, d (blue square frames) 

accordingly. The blue scale bar is 100 μm (a, b, c, d) and 20 μm (e, f, g, h). The 

optical lens is of 10  magnification in the fluorescence inverse microscope (FIM). 

 

    The N^N ligand CDYMB in complex Ir123 provided high cytotoxicity with the 

increasing concentration which showed iridium complexes with Schiff base ligand in 

this chapter were rather toxic. Cell density was greatly reduced and the remained cells 

as indicated in Fig. 4-20 (d) were fewer and sparser than the image (d) in Fig. 4-19, 

4-18 and 4-17 where most dying cells were condensed and round in shape. Typical 

morphology characteristics such as fragmentation and shrinkage became obvious in (g) 

and (h). The methoxy group in CDYMB endowed the complex Ir123 with 

hydrophobic property which reduced the water solubility but enhanced the cellular 

uptake through membrane phosphorlipid. 
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Fig. 4-21 Cell morphology of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir125 of different concentrations for 24 hours. a, control; b, 5 μmol/L; c, 10 μmol/L; d, 

20 μmol/L. e, f, g, h, enlarged typical areas of a, b, c, d (blue square frames) 

accordingly. The blue scale bar is 100 μm (a, b, c, d) and 20 μm (e, f, g, h). The 

optical lens is of 10  magnification in the fluorescence inverse microscope (FIM). 

 

    Similar to Ir107, the aggregation of Ir125 was observed in Fig. 4-21 (h) when the 

concentration was 20 μmol/L. The planar structure of piq ligands in both complexes 

enhanced their deposition in the bottom of dishes. The cell number reduced 

apparently when the concentration of Ir125 was 5 μmol/L, and became fewer at 10 

μmol/L. Most of the cells looked round in shape and condensed when the 

concentration reached 20 μmol/L. In the enlarged (h), the cellular fragments and 

complex precipitates were mixed together. Those bright round particles in the up-left 

corner of (h) are assigned to be cells of late apoptosis stage. 
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Fig. 4-22 Cell morphology of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir133 of different concentrations for 24 hours. a, control; b, 10 μmol/L; c, 20 μmol/L; 

d, 40 μmol/L. e, f, g, h, enlarged typical areas of a, b, c, d (blue square frames) 

accordingly. The blue scale bar is 100 μm (a, b, c, d) and 20 μm (e, f, g, h). The 

optical lens is of 10  magnification in the fluorescence inverse microscope (FIM). 

 

    In Fig. 4-22 (f), strong signs of small precipitation were observed in the 

background which belong to complex Ir133 due to its large dpapp C^N ligands. 

Different from other iridium complexes with dpapp structure in Fig. 2-36 and Fig. 

3-21, Ir133 seems to cause more cytotoxicity based on the cellular morphology in Fig. 

4-22 (c) at 20 μmol/L. No healthy cells could be found in (c) and (d), indicating the 

lower IC50 value of Ir133 could be obtained than the similar complexes with the same 

dpapp ligand in the following MTT assay. The increased cytotoxicity of Ir133 was 

clearly determined by the hydrophobic Schiff base ligand CDYMB. From all the cell 

morphology analysis, the Schiff base enhanced the cytotoxicities of iridium 
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complexes owing to their biocompatibility. The particular IC50 values and celluar 

uptake of those six complexes in this chapter will be introduced in the following 

sections. 

4.4.2 MTT assay for cell proliferation and inhibition of iridium complexes Ir105, 

Ir107, Ir108, Ir123, Ir125 and Ir133. 

 

 

Fig. 4-23 MTT assay of hepatocellular carcinoma cell (Hep-G2) with complex Ir105, 

Ir107, Ir108, Ir123, Ir125 and Ir133 of different concentrations: 0, 2.5, 5, 10, 15, 20, 

30, 40, 50 μmol/L in 96-well plates. Each concentration has 6 repeat wells. The six 

96-well plates show the results of the cleavage of yellow tetrazolium salt MTT into 

purple formazan crystals after adding different complexes for 24 hours. 

    The concentration range of six complexes were set from 0 to 50 μmol/L within 

which the MTT assay showed the quite high cytotoxicities in the 96-well plates of Fig. 

4-23. With the increase of concentrations, the structure transformation of tetrazolium 

salt MTT became more and more difficult by mitochondrial reductase, thus the purple 

formazan began to disappear even at the concentration of 5 μmol/L. Obvious decrease 
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of purple color showed up for Ir133 at 15 μmol/L which was in accordance with the 

previous cellular morphology assay.    

 

 

Fig. 4-24 Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir105, Ir107, Ir108, Ir123, Ir125 and Ir133 of different concentrations, 0, 2.5, 

5, 10, 15, 20, 30, 40, 50 μmol/L. Yellow tetrazolium salt MTT was used to quantify 

the viable cells by a scanning multiwell spectrophotometer (ELISA reader).  

    The proliferation assay indicated that most of the six iridium complexes were 

good at the inhibition of cell growth. The proliferation ratio was lower than 10% 
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when the concentration of Ir123 was 10 μmol/L, indicating higher cytotoxicity of 

Ir123 than other complexes in this chapter. The relatively high cell proliferation ratio 

of Ir133 at 10 μmol/L demonstrated its low cytotoxicity. Ir125 has the similar ratio 

trend to Ir123. At the concentration of 2.5 μmol/L, Ir107 was most effective to inhibit 

the proliferation and the ratio dropped sharply down to 22.4 % while the values of 

Ir123 and Ir125 were 31.8 % and 33.0 % respectively. Ir108 was not very toxic when 

the concentration is less than 5 μmol/L (proliferation ratio: 73.2 %) while Ir105 was a 

little bit more toxic at same concentrations (60.5 %). Moreover, when the 

concentrations were high, the three complexes Ir123, Ir125 and Ir133 containing 

CDYMB ligand were rather toxic due to their low proliferation ratios of around 10% 

while the other three with CDYP ligand had the higher ratios of about 20%.  
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Fig. 4-25 Cell viability assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir105, Ir107, Ir108, Ir123, Ir125 and Ir133 of different concentrations, 0, 2.5, 5, 10, 15, 

20, 30, 40, 50 μmol/L. IC50 (half maximal inhibitory concentration) value was 

obtained from inhibition and concentration curve by absorbance of purple formazan 

crystals at 570 nm wavelength. 

 

Complexes with C^N ligand piq were discovered to inhibit the cell growth more 

effectively than other complexes as shown in Fig. 4-25 in which the low IC50 values 

1.57 μmol/L and 1.78 μmol/L were obtained from Ir107 and Ir125 accordingly. The 

dpapp ligand in complexes was discovered to be bulky and greatly reduced the 

cytotoxicities as discussed in the former chapters including Ir139 (IC50 >> 50 μM, Fig. 

2-41.) and Ir134 (IC50 >> 50 μM, Fig. 3-24.). However, the Ir133 was found to be 

toxic with the IC50 of 13.6 μM where the CDYMB ligand played the crucial role in its 

cytotoxicity. The high toxicity of the complexes with Schiff base in this chapter 

makes the inhibition ratio change abruptly when the concentration was lower than 10 

μmol/L. The cytotoxicity sequence of the six complexes was as follows with the IC50 

values in the bracket: Ir107 (1.57 μM) > Ir123 (1.63 μM) > Ir125 (1.78 μM) > Ir105 

(6.56 μM) > Ir108 (8.08 μM) > Ir133 (13.6 μM). In order to obtain the more accurate 

IC50 values, the concentration range from 0 to 10 μmol/L was set to carry out MTT 

assay as listed below.  
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Fig. 4-26 MTT assay of hepatocellular carcinoma cell (Hep-G2) with complex Ir105, 

Ir107, Ir108, Ir123 and Ir125 of different concentrations: 0, 0.5, 1, 2, 3, 4, 6, 8 and 10 

μmol/L in 96-well plates. Each concentration has 6 repeat wells. The five 96-well 

plates show the results of the cleavage of yellow tetrazolium salt MTT into purple 

formazan crystals after adding different complexes for 24 hours.  

    The assay of Ir133 was not performed due to its mild cytotoxicity. The 

absorption intensities of the purple color in 6 repeat wells were calculated for the 

proliferation and inhibition ratios.  
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Fig. 4-27 Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir105, Ir107, Ir108, Ir123 and Ir125 of different concentrations, 0, 0.5, 1, 2, 3, 

4, 6, 8 and 10 μmol/L. Yellow tetrazolium salt MTT was used to quantify the viable 

cells by a scanning multiwell spectrophotometer (ELISA reader). 

 

    In Fig. 4-27, when the concentration was 10 μmol/L, the proliferation ratios were 

9.54 % for Ir125 and 16.8 % for Ir107, suggesting the strong cytotoxicity of Ir125 and 

Ir107 in which both contain the two C^N ligands of piq. The lipophilic CDYMB 

ligand in Ir125 enhanced the cytotoxicity more than the hydrophilic CDYP ligand in 

Ir107. Similar difference caused by N^N ligands was supported by the different 

proliferation ratios of Ir123 (33.4 %) and Ir105 (37.8 %) at 10 μmol/L. The CDYMB 

ligand in complexes seems to increase their cytotoxicity at high concentration.  



306 

  

  

 

Fig. 4-28 Cell viability assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir105, Ir107, Ir108, Ir123 and Ir125 of different concentrations, 0, 0.5, 1, 2, 3, 4, 6, 8, 

and 10 μmol/L. IC50 (half maximal inhibitory concentration) value was obtained 

from inhibition and concentration curve by absorbance of purple formazan crystals at 

570 nm wavelength.  

The inhibition ratios were calculated and listed in Fig. 4-28. The cytotoxicity 

sequence was: Ir107 (3.06 μM) > Ir125 (3.62 μM) > Ir105 (7.08 μM) > Ir123 (7.35 

μM) > Ir108 (9.16 μM) > Ir133 (13.6 μM). The sequence is close to the previous 
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result except for the IC50 value of Ir123. More experiments have been executed and 

will be introduced in the following sections.  

 

Fig. 4-29 MTT assay of hepatocellular carcinoma cell (Hep-G2) with complex Ir107 

of different concentrations: 0, 0.5, 1, 2, 3, 4, 6, 8 and 10 μmol/L under 465 nm 

irradiation (13 mW/cm2) for 30 minutes in 96-well plates. Each concentration has 6 

repeat wells. The 96-well plates show the results of the cleavage of yellow tetrazolium 

salt MTT into purple formazan crystals after adding different complexes for 24 hours. 

    As the most toxic iridium complex in this chapter so far, Ir107 contains two 

planar ligands piq, which was estimated to absorb more light and energy. Complex 

Ir119 possesses the same piq and was found to have photo-toxicity property in Fig. 

3-27 of chapter 3. Therefore, we designed the 465 nm irradiation MTT experiment to 

evaluate the possible photo-cytotoxicity of complex Ir107. 

 

Fig. 4-30 Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ir107 of different concentrations, 0, 0.5, 1, 2, 3, 4, 6, 8 and 10 μmol/L under 

465 nm irradiation (13 mW/cm2) for 30 minutes. Yellow tetrazolium salt MTT was 
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used to quantify the viable cells by a scanning multiwell spectrophotometer (ELISA 

reader). 

The proliferation of cells under irradiation with Ir107 was generally interfered 

with the ratio 34.3 % at 2 μmol/L in Fig. 4-30, while the dark ratio was 58.1% at the 

same concentration in Fig. 4-27. The higher concentrations of Ir107 both under light 

or dark were observed to have close proliferation range from around 30% to 45%, 

suggesting the complex was more sensitive to irradiation at lower concentration. The 

light induced interruption of cellular proliferation seems to be not dramatically 

affected probably because of its high dark-cytotoxicity. 

 

Fig. 4-31 Cell viability assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir107 of different concentrations, 0, 0.5, 1, 2, 3, 4, 6, 8 and 10 μmol/L under 465 nm 

irradiation (13 mW/cm2) for 30 minutes. IC50 (half maximal inhibitory concentration) 

value was obtained from inhibition and concentration curve by absorbance of purple 

formazan crystals at 570 nm wavelength.  

    The inhibition under light for Ir107 list in Fig. 4-31 shows the ratio stopped at 

around 70% within the concentration range from 2 to 10 μmol/L, and the light IC50 

value was 1.09 μM, about one third of its dark IC50 value of 3.06 μM. Unlike the great 

light toxicity of Ir119 which dramatically decreased the IC50 value from >> 50 μM to 

6.14 μM, complex Ir107 was considered to be of moderate photo-cytotoxicity.  
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4.4.3 Live and dead assay for cytotoxicities of iridium complexes Ir105, Ir107, 

Ir108, Ir123, Ir125 and Ir133. 

    Live and dead assay displayed visual reflections of cells with green and red 

colored dyes. Area proportion of calcein AM and propidium iodide (PI) dyes, and cell 

numbers were calculated and identified as the following results.  
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Fig. 4-32 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir105 of different concentrations for 24 hours. a, e, control; b, 

f, 5 μmol/L; c, g, 10 μmol/L; d, h, 20 μmol/L. a, b, c, d, calcein AM dye (green) for 

live cells, excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye 

(red) for dead cells, excitation / emission: 530 nm / 620 nm. The yellow scale bar is 

200 μm. The optical lens is of 4  magnification in the fluorescence inverse 

microscope (FIM). 

    When the concentration of Ir105 was 5 and 10 μmol/L, the area of green in Fig. 

4-32 (b) and (c) diminished gradually with the growth of red dots in (f) and (g). The 

green dots decreased and became small sharply in (d) when the concentration was 

raised to 20 μmol/L with the wide spread of red PI spots in (h).   
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Fig. 4-33 Left: Area proportion of calcein AM and propidium iodide (PI) dyes to the 

whole pictures of hepatocellular carcinoma cell (Hep-G2) with complex Ir105 of 

different concentrations. The areas of green / red colors were calculated by photoshop 

software. Right: Cell numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir105. The numbers of cells 

with green or red colors were calculated by ImageJ software. 

    As shown in Fig. 4-33 (left), the green area dropped quickly with the increasing 

concentration of Ir105, while the red area rose up from 0.025, 0.044 to 3.114 times of 

the green one. Because the cellular nuclei were the main stained parts for the red dye 

of propidium iodide, the red area is much smaller than the green one in a single cell as 

shown in Fig. 4-32 (b), (c) and (f), (g). Therefore, the number of cells is calculated by 

ImageJ software to determine the proportion of live cells in dead cells. From the Fig. 

4-33 (right), the dead cell number increased largely from 0.139, 0.281 to 2.084 times 

of live cells when the concentration of Ir105 reached 20 μmol/L. The way to count 

cell numbers greatly improved the proportion of dead cells in live cells. The cell 

number ratio is 5.606, 6.363 and 0.669 times larger than the area ratio at 

concentrations of 5, 10 and 20 μmol/L accordingly. The decreased 0.669 means that 

the area of green dots were shrinking quickly when the concentration of Ir105 was 20 

μmol/L which caused severe cytotoxicity for the live cells.  
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Fig. 4-34 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir105 of different concentrations, a, b, control; c, d, 5 μmol/L; e, f, 10 μmol/L; g, h, 20 

μmol/L. a, c, e, g, calcein AM dye (green) for live cells, excitation / emission: 485 nm 

/ 535 nm. b, d, f, h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical areas of a, b, c, d, e, f, 

g, h (yellow square frames) accordingly. The yellow scale bar is 100 μm (a, b, c, d, e, 

f, g, h) and 20 μm (i, j, k, l, m, n, o, p). The optical lens is of 10  magnification in the 

fluorescence inverse microscope (FIM). 

    The ten times enlarged cell image demonstrated in Fig. 4-34 was clear for the 

trend of live and dead cells. Some of the dying cells were observed in the up left 

corner of (o) and (p) with yellow arrows where the four red nuclei became accessible 

for PI dye and small green calcein dye were produced around nuclei by the active 

diminishing intracellular esterase. Some swelling cells were discovered in (c) where 

quite a few of cells marked with arrows were larger than the most cells in (a). 

Cytoplasmic vacuolations probably happened in those large cells which was one of 
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the typical characteristics of typical morphology of programmed cell death (PCD): 

oncosis, not the same as the apoptosis. 
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Fig. 4-35 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir107 of different concentrations for 24 hours. a, e, control; b, 

f, 5 μmol/L; c, g, 10 μmol/L; d, h, 20 μmol/L. a, b, c, d, calcein AM dye (green) for 

live cells, excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye 

(red) for dead cells, excitation/emission: 530 nm / 620 nm. The yellow scale bar is 

200 μm. The optical lens is of 4  magnification in the fluorescence inverse 

microscope (FIM). 

    The live cells in Fig. 4-35 (c) looks much less than those in Fig. 4-32 (c), 

indicating the stronger cytotoxicity of Ir107 at 10 μmol/L. The dead cells increased 

with the higher concentrations of Ir107. The four times magnified images have 

enough cells to analyze the average amount of live or dead cells. Although some of 

overlapped cells could not be separated in the cellular number counting by ImageJ 

software, the area calculation of green or red color by photoshop software would be a 

good compensate. 
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Fig. 4-36. Left: Area proportion of calcein AM and propidium iodide (PI) dyes to the 

whole pictures of hepatocellular carcinoma cell (Hep-G2) with complex Ir107 of 

different concentrations. The areas of green / red colors were calculated by photoshop 

software. Right: Cell numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir107. The numbers of cells 

with green or red colors were calculated by ImageJ software. 

    The green area ratio of calcein decreased abruptly from 8.13 % to 1.76 % in Fig. 

4-36 (left) when the concentration changed from 5 to 10 μmol/L while the cellular 

number decelerated steadily in Fig. 4-36 (right) in a nearly fixed slope. The 

information obtained from Fig. 4-36 was that those live cells shrank and condensed 

quickly with Ir107 at the concentration of 10 μmol/L. The typical morphology of cells 

in early stage of apoptosis was clear in Fig. 4-35 (c). The area proportions of dead 

cells to live cells were 0.021, 0.104 and 4.087 while the number ratios were 0.138, 

0.207 and 2.741 when the concentrations were 5, 10 and 20 μmol/L separately. The 

number / area ratios in the above concentrations were 6.740, 1.987 and 0.671 which 

means dead cell number calculation were 6.740 times more than the method of area 

calculation at low concentration of Ir107 but became 0.671 at high concentration. The 

0.671 is close to the value 0.669 of Ir105, indicating the similar shrinkage of cells 

with complex Ir107. The area ratio 4.087 was larger than the 3.114 of Ir105 and the 
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number ratio 2.741 was larger than the 2.084 of Ir105 which means the Ir107 was 

more toxic than Ir105.  

 

Fig. 4-37 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir107 of different concentrations, a, b, control; c, d, 5 μmol/L; e, f, 10 μmol/L; g, h, 20 

μmol/L. a, c, e, g, calcein AM dye (green) for live cells, excitation / emission: 485 nm 

/ 535 nm. b, d, f, h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical areas of a, b, c, d, e, f, 

g, h (yellow square frames) accordingly. The yellow scale bar is 100 μm (a, b, c, d, e, 

f, g, h) and 20 μm (i, j, k, l, m, n, o, p). The optical lens is of 10  magnification in the 

fluorescence inverse microscope (FIM). 

    The cells in Fig. 4-37 (c) were much fewer than the cells in Fig. 4-34 (c), and 

much more dead cells in (d) than in Fig. 4-34 (d). Some of the cells in (k) were 

slightly swollen and larger than the control healthy cells. The round and large cells 

had the morphology of bubbles and some of which seemed to burst and became small 

fragments in the lower part of image (c) as the arrow indicated. The fragments and 
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shrank cells could also be observed in (m) and (o). Another obvious cytoplasmic 

blebbing in lower area of (c) with the yellow arrow was considered to be the typical 

swelling of cells in oncosis process which is a kind of programmed cell death (PCD) 

[12]. In image (g) of Fig. 4-37, most of the living cells were condensed to the size 

similar to the dead cell nuclei in (p). 
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Fig. 4-38 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir108 of different concentrations for 24 hours. a, e, control; b, 

f, 5 μmol/L; c, g, 10 μmol/L; d, h, 20 μmol/L. a, b, c, d, calcein AM dye (green) for 

live cells, excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye 

(red) for dead cells, excitation/emission: 530 nm / 620 nm. The yellow scale bar is 

200 μm. The optical lens is of 4  magnification in the fluorescence inverse 

microscope (FIM). 

    Ir 108 in Fig. 4-38 shows moderate cytotoxicity due to the high density of 

healthy cells in (c). With the same N^N ligand of CDYP, the different C^N ligands of 

3-mpp, 4-mpp and piq in complexes Ir108, Ir105 and Ir107 demonstrated the 

decreasing toxicities with Hep-G2 cell lines. Interestingly, most of the cells in Fig. 

4-38 (d) appeared a bright cyan color which was quite different from the green color. 
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As similar color was observed and discussed in chapter 2 and 3, the cyan color was 

assigned to be the mixture of blue and green color. The Stokes shift was discovered to 

demonstrate a common rule in the hydrophobicity structures with the order of 

hydrophilic substances (HIS) < hydrophobic acids (HOA) < hydrophobic bases (HOB) 

recently[13].  The hydrophilic structure of CDYP in Ir108 could reduce its Stokes 

shift and make the emission wavelength lie in the blue range as well. Based on the 

energy gap sequence Ir108 > Ir105 > Ir107 deduced from their structures, the Ir108 

was assumed to be blue emissive under the blue excitation. The obvious white 

emission was considered to be the blue and yellow light from Ir108 and calcein dye 

respectively. The green emissive calcein dye seems bathochromically shifted to 

yellow light which could be attributed to its possible J-aggregation induced by Ir108.  

 

Fig. 4-39 Left: Area proportion of calcein AM and propidium iodide (PI) dyes to the 

whole pictures of hepatocellular carcinoma cell (Hep-G2) with complex Ir108 of 

different concentrations. The areas of green / red colors were calculated by photoshop 

software. Right: Cell numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir108. The numbers of cells 

with green or red colors were calculated by ImageJ software. 

    The area of live cells was not greatly decreased when the concentration of Ir108 

increased from 5 to 10 μmol/L. In Fig. 4-39, the dead cells area to the live cells were 

0.0216, 0.0270 and 0.7860 with the growth of Ir108 concentration from 5, 10 to 20 
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μmol/L, while the cell number ratios of dead to live were 0.1269, 0.1608 and 3.3256 

accordingly. Although the live cellular morphology at 20 μmol/L of Fig. 4-38 (d) was 

relative healthy compared to the complexes of Ir105 in Fig. 4-32 (d) and Ir107 in Fig. 

4-35 (d), the dead cell number was rather high at that concentration. Although the 

dead cell number ratio of Ir108 at 20 μmol/L was 3.3256 which seems larger than 

2.741 of Ir107 and the 2.084 of Ir105, the dead cell area ratio of Ir108 was 0.7860, 

much less than the 4.087 of Ir107 and the 3.114 of Ir105 which suggests the Ir108 was 

not as toxic as Ir107 or Ir105. The number / area ratios were 5.870, 5.956 and 4.231 

with the increasing concentrations, indicating the cell size did not greatly shrink 

accordingly. 

 

Fig. 4-40 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir108 of different concentrations, a, b, control; c, d, 5 μmol/L; e, f, 10 μmol/L; g, h, 20 

μmol/L. a, c, e, g, calcein AM dye (green) for live cells, excitation / emission: 485 nm 

/ 535 nm. b, d, f, h, propidium iodide (PI) dye (red) for dead cells, excitation / 
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emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical areas of a, b, c, d, e, f, 

g, h (yellow square frames) accordingly. The yellow scale bar is 100 μm (a, b, c, d, e, 

f, g, h) and 20 μm (i, j, k, l, m, n, o, p). The optical lens is of 10  magnification in the 

fluorescence inverse microscope (FIM). 

    As discussed in Fig. 4-38 (d), some white emitting cells marked with yellow 

arrows in the ten times magnified images of Fig. 4-40 (e) and (g) were probably from 

the combination of blue Ir108 and yellow calcein dye. The cyan color in Fig. 4-40 (m) 

was possibly the results of the blue Ir108 and green calcein dye. More experiments 

would be done to obtain the direct evidences for the postulated mechanisms. 
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Fig. 4-41 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir123 of different concentrations for 24 hours. a, e, control; b, 

f, 5 μmol/L; c, g, 10 μmol/L; d, h, 20 μmol/L. a, b, c, d, calcein AM dye (green) for 

live cells, excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye 

(red) for dead cells, excitation/emission: 530 nm / 620 nm. The yellow scale bar is 

200 μm. The optical lens is of 4  magnification in the fluorescence inverse 

microscope (FIM). 
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    The live cells in Fig. 4-41 (c) were not reduced largely while the green color 

diminished quickly in (d). As illustrated in Fig. 4-42, the area and number of live cells 

in left and right dropped abruptly when the concentration of Ir123 reached 20 μmol/L. 

The dead / live area ratios were calculated to be 0.0238, 0.1029 and 2.8962. The 2.896 

was higher than the value of Ir108 and less than the ones of Ir107 and Ir105 which 

seems to match with the cytotoxicities of those complexes from MTT assay. The dead 

/ live number ratios were 0.1228, 0.4451 and 5.0241, suggesting the dead cells 

increased dramatically when the concentration of Ir123 was 20 μmol/L. 

 

Fig. 4-42 Left: Area proportion of calcein AM and propidium iodide (PI) dyes to the 

whole pictures of hepatocellular carcinoma cell (Hep-G2) with complex Ir123 of 

different concentrations. The areas of green / red colors were calculated by photoshop 

software. Right: Cell numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir123. The numbers of cells 

with green or red colors were calculated by ImageJ software. 

    The results of live and dead cell assay showed the moderate cytotoxicity of Ir123 

from cell area calculation but high cytoxicity from cell number counting. Further 

experiments of mitochondrial membrane potential (MMP) testing will be discussed in 

the next section to elucidate the structure-related cytotoxicities of those iridium 

complexes. 
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The cyan and bright white color in Fig. 4-43 (c), (k), (e) and (m) as the arrows 

pointed were very evident and widespread. The Ir123 was found to be green emissive 

in cells in Fig. 4-73 under blue excitation which was more hypsochromically shifted 

than the yellowish green emitting Ir108 in Fig. 4-67 (n). The strong white emission 

from the images were supposed to be the composition of blue emissive Ir123 and 

yellow emissive calcein. 

 

Fig. 4-43 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir123 of different concentrations, a, b, control; c, d, 5 μmol/L; e, f, 10 μmol/L; g, h, 20 

μmol/L. a, c, e, g, calcein AM dye (green) for live cells, excitation / emission: 485 nm 

/ 535 nm. b, d, f, h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical areas of a, b, c, d, e, f, 

g, h (yellow square frames) accordingly. The yellow scale bar is 100 μm (a, b, c, d, e, 

f, g, h) and 20 μm (i, j, k, l, m, n, o, p). The optical lens is of 10  magnification in the 

fluorescence inverse microscope (FIM). 
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    Different from the yellow sports in Fig. 2-60 (p) with Ir115, seldom green 

calcein in Fig. 4-43 (o) overlapped the red PI in (p), and there was no green color in (o) 

at the same positions of yellow color in (p). Therefore, the green calcein should not be 

involved in the yellow emission with the complex Ir123. The efficient cellular uptake 

of Ir123 in the nuclei of the fixed cells led to its high luminescence in Fig. 4-75 at 15 

μmol/L, and the complex was assumed to be absorbed into the nuclei of the dead cells 

in (p) at higher concentration of 20 μmol/L. Under the green excitation, the Ir123 was 

red emissive in Fig. S7-26 at 20 and 40 μmol/L in hepatocellular carcinoma cell 

(Hep-G2) for 120 minutes at 37.5 ℃. The positive propidium iodide (PI) dye bound 

to DNA and became red emissive in nuclei while the Ir123 could not compete with PI 

at lower concentration of 10 μmol/L in (n). But when the volume of Ir123 was 

doubled, the chance for the attachment and - stacking between Ir123 and PI became 

higher which could significantly enhance the singlet-triplet intersystem crossing (ISC), 

the long lifetime of excited triplet state and the triplet-triplet energy transfer (TTET) 

process.  

As the acceptor, the emission of PI under green excitation could 

hypsochromically be shifted from red to green through triplet-triplet annihilation 

(TTA) up-conversion. More data should be obtained to clarify whether the singlet 

state of PI is lying above the sensitizer’s singlet manifold to realize the up-conversion. 

Another possible explanation of the yellow emission is that some of the PI became 

green emissive and the green and red merged to be yellow color. The higher 

concentration of Ir123 in (p) endowed its possible intercalation into DNA base pairs 

to compete with some of the PI molecules. The dissociated PI dyes were easily to bind 

Ir123 through - stacking which would stabilize their flexible 
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diethylmethylammoniopropyl tail and greatly inhibit the Stokes shift of PI. Therefore, 

the emission of some PI became blue-shifted to the green. 

In Fig. 4-43 (o) and (p), the blue marked the dying cell with both green calcein in 

the cytoplasm and red PI in the nucleus. The cell membrane was breaking apart and 

the nucleic membrane was also damaged with two hairline cracks on the top and 

bottom of the nucleus through which the red stained DNA leaked out distinctively. 

The cell was considered to be very typical and there was a clear evidence of the 

visualization of early stage cytotoxicity caused by iridium complexes. 
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Fig. 4-44 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir125 of different concentrations for 24 hours. a, e, control; b, 

f, 5 μmol/L; c, g, 10 μmol/L; d, h, 20 μmol/L. a, b, c, d, calcein AM dye (green) for 

live cells, excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye 

(red) for dead cells, excitation/emission: 530 nm / 620 nm. The yellow scale bar is 

200 μm. The optical lens is of 4  magnification in the fluorescence inverse 

microscope (FIM). 

    In Fig. 4-44 (c), the live cells were decreased dramatically to a low portion of the 

control owing to the high cytotoxicity of Ir125. The dead cells in (h) were much more 
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than the live cells when the concentration of Ir125 was 20 μmol/L. There were 

apparent bright cyan or white emissive color which showed up in most of the cells 

with the arrows indicated in (c), indicating the similar blue and yellow emission 

mixture as discussed before. The Ir125 with two large and rigid -conjugated C^N 

ligands was easy to be yellow or orange emissive as indicated in Fig. 4-79 and the 

blue color was supposed by the hypsochromical shift of calcein. 

 

Fig. 4-45 Left: Area proportion of calcein AM and propidium iodide (PI) dyes to the 

whole pictures of hepatocellular carcinoma cell (Hep-G2) with complex Ir125 of 

different concentrations. The areas of green / red colors were calculated by photoshop 

software. Right: Cell numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir125. The numbers of cells 

with green or red colors were calculated by ImageJ software. 

    The green color cells were less than the red cells both in the calculation of color 

area and cell number when the Ir125 reached its highest concentration in Fig. 4-45. 

The red color area proportion increased from 0.06935, 0.54685 to 3.6026 times than 

the green area in Fig. 4-45 (left) and the dead cell numbers rose from 0.18198, 

1.02985 and 5.2875 times than live cells in (right) which are all greater than the 

proportion of Ir123. The complex Ir125 was more toxic than Ir123 in the MTT assay 

and the live and dead cell analysis in this section supports the former results.  
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The large pictures from the lens of 10 times magnification in Fig. 4-46 seem to 

be quite ordinary in the green emissive and red emissive color which was not very 

consistent to the cyan and white emission observed in Fig. 4-44 (c). The reason 

remains unclear and further experiments should be carried out to confirm the color 

change. The process of live cells beginning to dye were observed in Fig. 4-46 as the 

arrows marked the coexistence of red and green color in the sam positions of cellular 

images. 

 

Fig. 4-46 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir125 of different concentrations, a, b, control; c, d, 5 μmol/L; e, f, 10 μmol/L; g, h, 20 

μmol/L. a, c, e, g, calcein AM dye (green) for live cells, excitation / emission: 485 nm 

/ 535 nm. b, d, f, h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical areas of a, b, c, d, e, f, 

g, h (yellow square frames) accordingly. The yellow scale bar is 100 μm (a, b, c, d, e, 
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f, g, h) and 20 μm (i, j, k, l, m, n, o, p). The optical lens is of 10  magnification in the 

fluorescence inverse microscope (FIM). 

    The cell overlapped in Fig. 4-46 (k) and (l) shows the shrinking cell with small 

and round green dots and the red dot was even smaller, which means the cell was 

dying in an apoptosis pathway and luminescent calcein was generated from cutting 

the AM by the active intracellular esterases and then the nuclei membrane became 

incomplete and the PI entered to bind to DNA and turned on the red fluorescence. 

Two cells in (m) and (n) suggest the large red nuclei pushed the cytoplasm away and 

stick to the cellular membrane to leave empty of green calcein in cytoplasm as the 

arrows pointed, the green calcein only can be found around the nuclei. The (o) and (p) 

shows the common overlay of green and red color in the similar position which was 

between the two typical color distributions in (k), (l) and (m), (n). 
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Fig. 4-47 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ir133 of different concentrations for 24 hours. a, e, control; b, 

f, 10 μmol/L; c, g, 20 μmol/L; d, h, 40 μmol/L. a, b, c, d, calcein AM dye (green) for 

live cells, excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye 

(red) for dead cells, excitation/emission: 530 nm / 620 nm. The yellow scale bar is 
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200 μm. The optical lens is of 4  magnification in the fluorescence inverse 

microscope (FIM). 

    The live cells reduced quite a lot in Fig. 4-47 (c), and there were many cyan 

colored spots as the arrows marked. The two dpapp C^N ligands in Ir133 was 

restricted to release energy in non-radiative processes and the efficiency of 

triplet-triplet energy transfer (TTET) was increased. Similar to complex Ir139 in 

chapter 2, the emission of some calcein was blue shifted to produce the cyan color. 

 

Fig. 4-48 Left: Area proportion of calcein AM and propidium iodide (PI) dyes to the 

whole pictures of hepatocellular carcinoma cell (Hep-G2) with complex Ir133 of 

different concentrations. The areas of green / red colors were calculated by photoshop 

software. Right: Cell numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ir133. The numbers of cells 

with green or red colors were calculated by ImageJ software. 

    The dead cell area and numbers were proved to be rather higher than other 

complexes with the same dpapp ligand. The area ratios of dead to live cell were 

0.038527, 0.27496 and 2.34778 while the number ratios were 0.14771, 0.69985 and 

1.77707 at the concentrations of 5, 10 and 20 μmol/L repectively. The Ir133 

demonstrated the strongest cytotoxicities among the complexes of Ir134 in chapters 3 

and Ir139 in chapter 2 with similar C^N ligands, but it has the lowest toxicity in the 
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iridium complexes with Schiff base N^N ligands in this chapter. The ligand CDYMB 

played a crucial role in the cytotoxicity of Ir133.  

    The cyan color appeared in the Fig. 4-49 (k) with the arrows pointed. As 

discussed in Fig. 4-47 (c), the enhanced TTET might contribute to the up-conversion 

shifted emission of blue color of calcein.  

 

Fig. 4-49 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ir133 of different concentrations, a, b, control; c, d, 10 μmol/L; e, f, 20 μmol/L; g, h, 

40 μmol/L. a, c, e, g, calcein AM dye (green) for live cells, excitation / emission: 485 

nm / 535 nm. b, d, f, h, propidium iodide (PI) dye (red) for dead cells, excitation / 

emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical areas of a, b, c, d, e, f, 

g, h (yellow square frames) accordingly. The yellow scale bar is 100 μm (a, b, c, d, e, 

f, g, h) and 20 μm (i, j, k, l, m, n, o, p). The optical lens is of 10  magnification in the 

fluorescence inverse microscope (FIM). 

    The coexistence of green and red color as indicated by arrows in (m), (n) and (o), 

(p) clearly proved the dying process of cells. Unexpectedly, the fragments of live cells 
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after death were also discovered in (o) as the red arrows marked which was very 

difficult to be observed in the cell morphology assay in the bright field. Furthermore, 

some tiny red color was surprisingly found as the blue arrow indicated in (p) which 

was supposed to be the DNA inside mitochondria. Normally, mitochondria contain 

certain DNA which are closely related to the neuro-development but was not possible 

to be observed due to their small size and tight mitochondria membrane for the PI dye. 

The corresponding position in (o) of the blue arrow in (p) was the cytoplasm 

fragments where it could accommodate a large amount of mitochondria. Nevertheless, 

there was another possibility for the faint red under the blue arrow in (p), which could 

be some leakage of DNA out of the nucleus.  

 

 



329 

 

 

Fig. 4-50 Color area and cell number ratios of dead to live hepatocellular carcinoma 

(Hep-G2) cell lines, live cell shrinkage and swelling degree with complexes Ir105, 

Ir107, Ir108, Ir123, Ir125 and Ir133 at different concentrations. All were calculated by 

ImageJ software. 

    As listed in Fig. 4-50, the dead to live cell area ratios were decreasing in the 

following order: Ir107 (4.08678) > Ir125 (3.60263) > Ir105 (3.11352) > Ir123 

(2.89622) > Ir108 (0.786) > Ir133 (0.27496) which is a perfect match with the 

cytotoxocity sequence obtained from the MTT assay section according to their IC50 

values. Because of the relatively low toxicity of Ir133, higher concentration of 40 

μmol/L was applied to the live / dead cell assay. The cellular number ratios of dead to 

live suggested the inconsistence with the color area ratios owing to the widespread of 

green fragments from the dying cells as observed in Fig. 4-49 (o) where the one cell 

decomposed into three small parts which could be counted as three cells by ImageJ 
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software while in other positions one green dot of similar size indeed represented one 

cell.  

Therefore, the cellular size ratios which were calculated based on the controlled 

healthy cells to the dying cells with complexes at 20 μmol/L also demonstrated the 

different cytotoxicities from the MTT assay. Consequently, the live cell swelling 

degree was acquired through the size ratios of cells with complexes at 5 μmol/L to 

control cells. The lower concentration of complexes could greatly reduce the 

generations of cellular fragments. The results are in a great accordance with the MTT 

results and the abnormal dwelling of Ir107 has been explained as another cell death 

mode of oncosis in Fig. 4-37 (k). 

4.5 Mitochondrial transmembrane potential (ΔΨM) testing, cellular uptake and 

distribution of iridium complexes Ir105, Ir107, Ir108, Ir123, Ir125 and Ir133. 

    The control of cells without any complexes was listed in Fig. 4-51. The 

mitochondrial transmembrane potential (ΔΨM) was normal and the JC-1 dye 

aggregated in mitochondria produced bright yellow and red emission in (b) and (c). 

The green monomers and the red aggregates of JC-1 dye have absorption maximum / 

fluorescence maximum of 510 / 520 nm and 585 / 585 nm separately[14].  
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Fig. 4-51 Mitochondrial membrane potential control assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) without metal complex. a, bright field; b, 

blue excitation filter; c, green excitation filter; d, overlay of b and c; e, Pearson‘s 

Coefficient: r = 0.899, Manders’ Coefficients (original): M1 = 0.999 (fraction of Red 

overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), Li‘s Intensity 

Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ) = 0.3778 

determined by ImageJ software from b and c; f, m: Red, green and blue fluorescence 

intensity and corresponding distribution curves calculated from the mergence of b and 

c, i and j by ZEN software accordingly. The Y axis represents the relative frequency 

and the X axis indicates the brightness; g, n: height map of 2.5D view intensity values 

obtained from d and k respectively by ZEN software. The highest intensity values are 

represented by the greatest extension in the Z-direction; h, i, j, k: enlarged typical 

areas of a, b, c, d (yellow square frames) accordingly; l, intensity profile of JC-1 

luminescence calculated by ImageJ software across cell in k. The scale bar is 25 μm 

(a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 
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The enlarged images inside the yellow frame of Fig. 4-51 (b), (c) and (d) were (i), 

(j) and (k) from which the luminescence intensity and the size of JC-1 aggregates 

were obtained as (l). The separate peaks showed the intensity value of about 110 and 

the size of around 2 μm. In the height map of 2.5 D view intensity of (g), the large 

amount of orange high peaks indicated the fluorescent strength and density of JC-1 

aggregates. Some of the obvious green emissive JC-1 monomers were labeled by 

yellow arrows in (b) and (d) while quite a lot of other green monomers could be seen 

evenly spread around the bright yellow aggregates in cytoplasm in (b). Those low and 

broad green peaks under the high orange peaks were assigned to be the JC-1 

monomers. The much larger area of red emission calculated in (f) and (m) suggested 

the main structure form of JC-1 was the aggregation rather than the green monomer. 

At the concentration of 5 μmol/L, complex Ir105 has reduced the JC-1 

aggregates apparently in Fig. 4-52 (b), (c) and (d). The amount of red dots in (c) was 

much less than those ones in Fig. 4-51 (c) as indicated in the Fig. 4-52 (f) of the lower 

percent of red area.  
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Fig. 4-52 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir105 (5 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.847, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.3326 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir105 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 
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    The orange peaks in Fig. 4-52 (g) were few and scattered, suggesting the 

moderate toxicity of Ir105 at 5 μmol/L. The enlarged area (i), (j) and (k) of those 

yellow frames in (b), (c) and (d) shows the size of aggregates of JC-1 was smaller 

than the control. The calculated diameters of JC-1 aggregates were about 0.5 - 1.0 μm 

while the control was 2.0 μm. The luminescence intensity also decreased from 110 to 

75. When more Ir105 was added into the cell culture dishes as the Fig. S7-37 

presented, the JC-1 aggregates were completely disappeared and the red dots outside 

of the cells in Fig. S7-37 (c) and (d) were believed to be the aggregation or 

precipitation of complex Ir105 at the concentration of 10 μmol/L. The relative 

frequency and brightness of red color in Fig. S7-37 (f) and (m) apparently diminished 

to a level of about one third of the green color.   

 

Fig. 4-53 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir105 (20 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 
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Pearson's Coefficient: r = 0.735, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.1494 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir105 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 

Most of the JC-1 monomers were merged with green emissive Ir105 in 

cytoplasm as those crowded green peaks shown in Fig. S7-37 (g). The red and 

needle-like peaks in Fig. S7-37 (g) between the cells should probably be the Ir105 

aggregations in water. The typical JC-1 aggregation peaks were vanished in Fig. 

S7-37 (l), from which the calculated luminescence intensity dropped greatly from 75 

to 35. The intensity value increased back to 53 in Fig. 4-53 (l) in which the emissive 

dye should have changed into Ir105 instead of JC-1. 

The high concentration 20 μmol/L of Ir105 seemed to take over all the JC-1 

aggregated dyes owing to the enhanced red brightness in X axis of (f) and (m) than 

those in S7-37. The yellowish green emission in Fig. 4-53 (b) and (i) was brighter 

than the images in Fig. S7-37. The green monomer JC-1 mixed with the Ir105 and the 

emission color was more yellowish than the cells in Fig. 4-55 (j) and (k). In Fig. 4-53 

(j) and (k), the red dot between two cells was designated to be Ir105 precipitates 

instead of JC-1 aggregates.  
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Fig. 4-54 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir105 of different 

concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 fluorescence ratio 

(Red:Green); Right, Li's Intensity Correlation Analysis (ICA): Intensity Correlation 

Quotient (ICQ). ICQ ~ 0, random staining; 0 > ICQ ≥ -0.5, segregated staining; 0 < 

ICQ ≤ +0.5, dependent staining. 

    The red to green ratios were decreasing quickly when the concentration of Ir105 

was raised to 10 μmol/L as discussed in Fig. S7-37 that most of the red dots are the 

aggregation of Ir105 outside of the cells. The JC-1 fluorescence of red color was 

found to be gradually replaced by Ir105 in the Fig. 4-54 (left) with the growth of its 

concentration. When it arrived 20 μmol/L, the increased red fluorescence was mainly 

contributed by Ir105 instead of JC-1 aggregates. The ICQ values in Fig. 4-54 (left) 

indicated the dependent staining degree of green and red emissive images was 

lowered with the addition of Ir105 which tended to be green emissive inside cell and 

red aggregated dots outside the cells. 

    The Pearson‘s coefficients were changing from the control of 0.899 to 0.847 and 

0.646 with the increasing concentration of Ir105 from 5 to 10 μmol/L, indicating the 

co-localization of those images of (b) and (c) in Fig. 4-51, 4-52 and S7-37 was 

reduced accordingly due to the reduced red JC-1 aggregates. The correlation 
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coefficient rose to 0.735 at 20 μmol/L in Fig. 4-53 and showed the replacement of red 

JC-1was Ir105 which made the two red and green images more co-localized.  

 

Fig. 4-55 Cellular uptake and distribution of complex Ir105 (a, b, e, f, i, j: 20 μmol/L; 

m, n: 40 μmol/L) in hepatocellular carcinoma cell (Hep-G2) for 15 minutes (a, b), 40 

minutes (e, f), 120 minutes (i, j, m, n) at 37.5 ℃. a, e, i, m: bright field; b, f, j, n: blue 

excitation filter; c, g, k, o: enlarged typical areas of b, f, j, n (yellow square frames) 

accordingly; d, h, l, p: intensity profile of Ir105 luminescence calculated by ImageJ 

software across cells of c, g, k, o. The scale bar is 25 μm (a, b, e, f, i, j, m, n) and 5 μm 

(c, g, k, o). The optical lens is of 40  magnification in the fluorescence inverse 

microscope (FIM). 

The luminescence intensities of Ir105 in Hep-G2 cell lines were continuously 

growing from 45, 48, 105 to 160 along with the longer culture time from 15, 40 and 

120 minutes and the higher concentrations from 20 to 40 μmol/L as listed in Fig. 4-55. 

Quite a few of round cells showed up in (e) when the incubation lasted for 40 minutes 

and most cells became round and condensed (i) and (m) when time was 120 minutes 
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and concentration was 40 μmol/L. The changing cellular morphology implied the 

processes of cell apoptosis from the early to late stages. The nucleic membrane began 

to be damaged in the late apoptosis, and the obvious emission of Ir105 was discovered 

in the nuclei from the images (k) and (o). The whole cells were filled with complex 

Ir105 in both cytoplasm and nuclei only after 2 hours at 20 μmol/L. Cell density was 

rather high in (j) and (n) for two hours culture with Ir105 while cells in Fig. 4-53 (b) 

were much fewer, indicating most of the cell adhesions were not destroyed in two 

hours but will greatly be lost after 15 hours incubation with Ir105 at 20 μmol/L. The 

emission color of Ir105 was bathochromically shifted from green (k) to yellow (o) 

with the increased intensity from 105 (i) to 160 (p) owing to the accumulation and 

possible J-aggregation of Ir105. 

 

Fig. 4-56 Cellular uptake and distribution of complex Ir105 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) 60 minutes at 4 ℃. a, bright field; b, blue 

excitation filter; c, enlarged typical areas of b (yellow square frames); d, intensity 

profile of Ir105 luminescence calculated by ImageJ software across a cell of c. The 

scale bar is 25 μm (a, b) and 5 μm (c). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 
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    There are a lot of round cells in Fig. 4-56 (a) cultured with Ir105 of 20 μmol/L 

for 60 minutes at 4 ℃. Most of round cells seemed to have complete nuclei and no 

obvious leakage of Ir105 into the center of cell was observed. The luminescence of 

Ir105 in (b) proved the transport pathway to be passive diffusion since the ATP did 

not work at 4 ℃. The intensity was about 32 in (d), less than 48 in Fig. 4-55 (h), 

suggesting that the low temperature reduced the efficiency of passive diffusion.  

 

Fig. 4-57 Cellular uptake and distribution of complex Ir105 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 30 minutes at 

37.5 ℃. a, bright field; b, blue excitation filter; c, enlarged typical areas of b (yellow 

square frames); d, intensity profile of Ir105 luminescence calculated by ImageJ 

software across a cell of c. The scale bar is 25 μm (a, b) and 5 μm (c). The optical lens 

is of 40  magnification in the fluorescence inverse microscope (FIM). 

    Different from the complexes in chapter 2 with dipyrido [3,2-a:2',3'-c] phenazine 

based bipyridine N^N ligands, the Schiff base ligands CDYP in complex 105 assisted 

the nucleic distribution of fix cells. The assumed explanation of the nucleic 

accessibility could be the rotatable N-C bond in the CDYP ligand which made the 

flexible modification of the intercalator molecule feasible to transfer through the 
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nucleic membrane. Structures of iridium complexes with rotatable 1H-imidazo [4, 5-f] 

[1, 10] (phenanthroline) based bipyridine ligands in chapter 3 were proved to enter 

into nuclei as well. The luminescent intensity value of Ir105 inside cell nuclei was 

about 43 close to those ones in chapter 3. 

 

Fig. 4-58 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir107 (5 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.713, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.2647 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 
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i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir107 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 

     When the concentration of Ir107 was 5 μmol/L, most of the JC-1 aggregations 

were disappeared, and the cells in Fig. 4-58 (b), (c) and (i), (j) were filled with Ir107. 

Some of the nuclei with the yellow arrows marked were also orange emissive, 

suggesting the Ir105 penetrated through the nucleic membrane at the low 

concentration of 5 μmol/L which was in accordance with the MTT results of Ir107 

with the lowest IC50 of 3.06 μM. The highest cytotoxicity of Ir107 showed the round 

and condensed cells in Fig. 4-58 (a) and sharpest drop of JC-1 aggregates in image (c) 

where most of the red dots were assigned to be Ir107. The remaining JC-1 monomers 

were observed in Fig. 4-58 (b) and (i) as the red arrows indicated which were just 

changed from the red J-aggregation but already became green emissive. The bright 

green dot demonstrated the high concentration of JC-1 monomers. Blue arrows in Fig. 

4-58 (b) and (c) marked the apparent aggregations of Ir107 outside of cells which 

would also be red emissive under the green excitation while the green JC-1 monomers 

in (b) with red arrow could not be observed in (c). The red area proportion was much 

larger than the green one in (f) and (m) which implied that the orange (blue filter) and 

red (green filter) emissive Ir107 had already taken over the JC-1 red aggregates at the 

first step.  

    The green emissive JC-1 monomers in Fig. S7-38 (b) were widespread as the red 

arrows denoted. The higher concentration of Ir107 resulted in its more nucleic uptake 

in cells which were pointed out by yellow arrows in Fig. S7-38 (b) and (c). Cells in 

Fig. S7-38 (a) were fewer and more detached than those in Fig. 4-58 (a). The 
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proportion of red in Fig. S7-38 (f) was even higher than in Fig. 4-58 (f) owing to the 

higher concentration of Ir107.  

 

Fig. 4-59 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir107 (20 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.818, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.1544 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir107 luminescence calculated by ImageJ software across 
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cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM).  

    There were JC-1 monomers spread in Fig. 4-59 (b) marked with red arrows. 

Only a few of cells left in the images (a) and (b) due to the high toxicity of Ir107. 

Small dots of Ir107 aggregations outside of cells were distributed in (b), (c) and (i), (j) 

as blue arrows indicated. The complex was absorbed into the cytoplasm and nuclei in 

the cells in (b) and (c) with the yellow frame and arrows. The red area dominated in (f) 

with high brightness belonged to be the strong luminescence of Ir107 inside cells. The 

two red spots on the up-right corner of (b) and (c) with two yellow arrows contributed 

to the majority of the brightness as the two peaks indicated in the right side of image 

(g). Graph (m) showed the enlarged area and lowered brightness of red emission from 

(i) and (j) and the peaks in (n) became low and broad. The luminescence intensity was 

calculated to be about 55 of the dying cells in Fig. 4-59 (l) based on the cell with 

yellow line in (k) which was less than the value 75 in Fig. S7-38 (l) owing to the 

leakage caused by high cell membrane permeability. 

 

Fig. 4-60 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir107 of different 

concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 fluorescence ratio 

(Red:Green); Right, Li's Intensity Correlation Analysis (ICA): Intensity Correlation 
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Quotient (ICQ). ICQ ~ 0, random staining; 0 > ICQ ≥ -0.5, segregated staining; 0 < 

ICQ ≤ +0.5, dependent staining. 

    The fluctuant histogram of 1.1913, 0.9632, 1.96016 and 1.35106 in Fig. 4-60 

(left) proved the replacement of red emissive Ir107 and the effect of its cytotoxicity. 

When the concentration was as low as 5 μmol/L, the amount of Ir107 was increasing 

but not surpassing the JC-1 aggregates in control. When the concentration reached 10 

μmol/L, the intensity of red emission from Ir107 rose up abruptly and dropped at 20 

μmol/L due to the cytotoxicity of Ir107 which greatly damaged the cell and destroyed 

the cellular adhesion to the bottom of culture dishes, and thus most cells were easily 

to be washed away. The ICQ values of 0.3778, 0.2647, 0.2822 and 0.1544 have the 

similar trend of drop-rise-drop caused by the Ir107, and the lowest value of 0.1544 at 

20 μmol/L could be explained by the independent staining of green JC-1 shown by 

red arrows in Fig. 4-59 (b) and the red Ir107 in other positions of the images. 

 



345 

Fig. 4-61 Cellular uptake and distribution of complex Ir107 (a, b, e, f, i, j: 20 μmol/L; 

m, n: 40 μmol/L) in hepatocellular carcinoma cell (Hep-G2) for 15 minutes (a, b), 40 

minutes (e, f), 120 minutes (i, j, m, n) at 37.5 ℃. a, e, i, m: bright field; b, f, j, n:  

blue excitation filter; c, g, k, o: enlarged typical areas of b, f, j, n (yellow square 

frames) accordingly; d, h, l, p: intensity profile of Ir107 luminescence calculated by 

ImageJ software across cells of c, g, k, o. The scale bar is 25 μm (a, b, e, f, i, j, m, n) 

and 5 μm (c, g, k, o). The optical lens is of 40  magnification in the fluorescence 

inverse microscope (FIM). 

    The cellular uptake of Ir107 was remarkably enhanced in Fig. 4-61 (f) than (b) 

when the culture time was from 15 to 40 minutes. The arrows in (f) pointed out the 

obvious nucleic uptake of the Ir107. There are apparent distinctions of cellular 

morphology between the cells with yellow arrows pointed and the cells with blue 

arrows. As we discussed in mitochondrial membrane potential assay, the cytotoxicity 

caused the early stage of cell apoptosis and destroyed the completeness of nucleic 

membrane. Therefore, the Ir107 could enter into the cell nuclei and all the cells had 

round shape which is the typical characteristics of early apoptosis. With the longer 

incubation time and higher concentration of Ir107, the luminescent intensity of Ir107 

obtained from Fig. 4-61 (d), (h), (l) and (p) were increasing from around 45, 75, 145 

to 145. The delayed increase of Ir107 at 40 μmol/L was possible due to the saturation 

Ir107 inside cells and the severe leakage of dying cells. 

However, in the Fig. 4-61 (f), the blue arrows marked the cells with healthy 

morphology which were stretching and growing rather than round in shape and 

condensed. It is always confused and difficult to establish the causal relationship 

between the nucleic uptake and cytotoxicity of medicines. Normally, when the nucleic 

uptake of some toxic chemicals was observed, the cells were always round and dying, 

so the conclusion tend to be that the cytotoxicity affected the nucleic membrane. In 

order to prove the fact that nucleic uptake of complex could affect its cytotoxicity, the 
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cells should be of healthy morphology when its nucleus was filled with the complex at 

the beginning in the cell-imaging. The imperative evidence of cellular morphology 

was excitingly discovered under the blue arrows of Fig. 4-61 (f). Although the 

distribution of complexes in the cytoplasm could also cause the cytotoxicity, the 

uptake in healthy nuclei could be the strong support for the nucleic-uptake-based 

toxicity. There can be a new conclusion that the reason of highest cytotoxicity of 

Ir107 among the complexes in this chapter was its efficiency in healthy cell nucleic 

uptake. 

 

Fig. 4-62 Cellular uptake and distribution of complex Ir107 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) 60 minutes at 4 ℃. a, bright field; b, blue 

excitation filter; c, enlarged typical areas of b (yellow square frames); d, intensity 

profile of Ir107 luminescence calculated by ImageJ software across a cell of c. The 

scale bar is 25 μm (a, b) and 5 μm (c). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

    Longer time of 60 minutes and low temperature of 4 ℃ would probably enhance 

the cytotoxicity of Ir107 that most of the cells in Fig. 4-62 (a) were round in shape 

and condensed. The low temperature did not affect the cellular uptake of Ir107 
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without the function of ATP which proved that the pathway of Ir107 absorption was 

passive diffusion. Given the enormous nucleic distribution in live cells marked by 

blue arrows in Fig. 4-61 (f), no apparent nucleic uptake of Ir107 was found in Fig. 

4-62 (b), indicating ATP could be necessary for nucleic uptake at normal temperature. 

The red emissive cells in (b) were assigned to be the coverage of Ir107 aggregations 

on the cells which were quite obvious in bright field image (a). The luminescence 

intensity value of Ir107 was obtained to be about 45 in Fig. 4-62 (d) which 

demonstrated the cellular uptake efficiency of Ir107 was close to the 15 minutes at 

37.5 ℃.  

 

Fig. 4-63 Cellular uptake and distribution of complex Ir107 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 30 minutes at 

37.5 ℃. a, bright field; b, blue excitation filter; c, enlarged typical areas of b (yellow 

square frames); d, intensity profile of Ir107 luminescence calculated by ImageJ 

software across a cell of c. The scale bar is 25 μm (a, b) and 5 μm (c). The optical lens 

is of 40  magnification in the fluorescence inverse microscope (FIM). 

    In the fixed cells of Fig. 4-63, there were no obvious nucleic uptake of Ir107 

observed, probably owing to the large size of Ir107 with the two piq C^N ligands. The 
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luminescence intensity of Ir107 was about 48 similar to the value at 4 ℃. The 

widespread aggregation dots of Ir107 were found in Fig. 4-63 (b), however, the other 

two complexes with the same N^N ligand of CDYP did not form aggregates in Fig. 

4-57 (b) (Ir105) and in Fig. 4-69 (b) (Ir108). The negative charged CDYP could 

further prevent the cellular uptake of Ir107 in the paraformaldehyde fixed 

hepatocellular carcinoma cell (Hep-G2) lines. 

 

Fig. 4-64 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir108 (5 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.811, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.2478 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 
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view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir108 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 

    The cytotoxicity of Ir108 at 5 μmol/L in Fig. 4-64 seemed quite moderate and 

the clear JC-1 aggregates could be found both in the yellow emissive dots in (b) and 

red emissive spots in (c). The enlarged cell image (k) contained the orange emissive 

JC-1 aggregates with the intensity value of about 95. There were apparent green 

emissive monomers of JC-1 in (b) and (d). The high and sharp peaks with orange 

color in 2.5 D view graph of (g) were the strong emission from the JC-1 aggregates 

and there were a few broad and low green peaks hidden in the left side. Both (f) and 

(m) showed the excessive red area than the green area. The sizes of the JC-1 

aggregates calculated by ImageJ software were found to be 1 to 2 μm in Fig. 4-64 (l). 
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Fig. 4-65 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir108 (20 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.654, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.1984 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir108 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM).  
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    The JC-1 aggregates were greatly reduced when the concentration of Ir108 

reached 10 μmol/L in Fig. S7-39. The red dots in Fig. S7-39 (c) refer to the 

aggregation of Ir108 outside of the cells whilst the green monomers and green 

emissive Ir108 were mixed together inside the cells with the weak intensity of 29.  

The density of cells was not reduced compared to the ones in Fig. S7-39 when 

the concentration of Ir108 was 20 μmol/L in Fig. 4-65, indicating its low cytotoxicity. 

The area proportion of red aggregation of Ir108 and green Ir108 was similar to the 

proportion in Fig. S7-39 but the luminescence intensity values increased a little from 

28 to 35. 

 

Fig. 4-66 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir108 of different 

concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 fluorescence ratio 

(Red:Green); Right, Li's Intensity Correlation Analysis (ICA): Intensity Correlation 

Quotient (ICQ). ICQ ~ 0, random staining; 0 > ICQ ≥ -0.5, segregated staining; 0 < 

ICQ ≤ +0.5, dependent staining. 

    Complex Ir108 was green emissive under the excitation of blue light inside the 

cells, but could develop a few of red emissive dots in the cell culture medium. The 

proportions of red to green were 1.1913, 0.85854, 0.70698 and 0.86472. The highest 

concentration caused the slight growth of red proportion. The ICQ values were of the 

same drop-rise-drop trend to Ir107.  
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Fig. 4-67 Cellular uptake and distribution of complex Ir108 (a, b, e, f, i, j: 20 μmol/L; 

m, n: 40 μmol/L) in hepatocellular carcinoma cell (Hep-G2) for 15 minutes (a, b), 40 

minutes (e, f), 120 minutes (i, j, m, n) at 37.5 ℃. a, e, i, m: bright field; b, f, j, n:  

blue excitation filter; c, g, k, o: enlarged typical areas of b, f, j, n (yellow square 

frames) accordingly; d, h, l, p: intensity profile of Ir108 luminescence calculated by 

ImageJ software across cells of c, g, k, o. The scale bar is 25 μm (a, b, e, f, i, j, m, n) 

and 5 μm (c, g, k, o). The optical lens is of 40  magnification in the fluorescence 

inverse microscope (FIM). 

    The intensity of Ir108 inside the cells was shown to be 28, 47, 86 and 120 from 

Fig. 4-67 (d), (h), (l) and (p) with the growth of incubation time and complex 

concentrations. Almost all the cells in (f) were healthy and contained the Ir108 in their 

cytoplasm rather than the nuclei, and then the cell became round in shape and 

condensed at longer time of 120 minutes and higher concentration of 40 μmol/L when 

the whole cells including the nuclei were evenly distributed with Ir108. 
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Fig. 4-68 Cellular uptake and distribution of complex Ir108 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) 60 minutes at 4 ℃. a, bright field; b, UV 

excitation filter; c, enlarged typical areas of b (yellow square frames); d, intensity 

profile of Ir108 luminescence calculated by ImageJ software across a cell of c. The 

scale bar is 25 μm (a, b) and 5 μm (c). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

    About half of the cells in Fig. 4-68 (a) changed to the round shape and the Ir108 

still stayed in the cytoplasm outside of the cellular nuclei with the luminescence 

intensity of around 42. The low temperature did not affect the cellular uptake since 

the intensity value was close to the 40 minutes at 37.5 ℃ and the passive diffusion 

was considered to be the transfer pathway owing to the inhibited ATP. The cellular 

uptake efficiency of Ir108 at low temperature was lower than the Ir107 which has the 

similar intensity value to 15 minutes at 37.5 ℃.  
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Fig. 4-69 Cellular uptake and distribution of complex Ir108 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 30 minutes at 

37.5 ℃. a, bright field; b, UV excitation filter; c, enlarged typical areas of b (yellow 

square frames); d, intensity profile of Ir108 luminescence calculated by ImageJ 

software across a cell of c. The scale bar is 25 μm (a, b) and 5 μm (c). The optical lens 

is of 40  magnification in the fluorescence inverse microscope (FIM). 

    Complex Ir108 could enter into the fixed cell nuclei as indicated in Fig. 4-69 (c) 

with the luminescence intensity value of around 36, suggesting the small size of 

3-mpp ligands in Ir108 could enhance its cell nucleic uptake, but the large piq C^N 

ligands in Ir107 prevented its distribution in nuclei of both live and dead cells. It 

could be postulated that the larger size of iridium complexes relied heavily on the 

assistance of ATP for live cell nucleic uptake as shown by the blue arrows in Fig. 

4-61 (f). The small size of Ir (III) complexes could enter into the nuclei only through 

passive diffusion. 
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Fig. 4-70 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir123 (5 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.681, Manders' Coefficients (original): M1 = 0.682 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.3039 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir123 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 
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    The cytotoxicity of Ir123 was not as strong as Ir107, on the contrary, it looked 

quite similar to the Ir108 with easily distinguishable JC-1 aggregates in Fig. 4-70 (b), 

(c) and (i), (j). Those green peaks around the orange peaks in Fig. 4-70 (g) were more 

than the green ones of Ir108 in Fig. 4-64 (g). The area of green color in Fig. 4-70 (f) 

also indicated the higher toxicity of Ir123 than Ir108 in Fig. 4-64 (f) but much lower 

than Ir107 in Fig. 4-58 (f). The luminescence intensity of JC-1 aggregates was strong 

with the value of about 90 and the size from 0.5 to 2 μm. From the amplified images 

of (k), the 2.5 D view calculated in (n) showed the broad and numerous green peaks 

on the roots of sharp orange peaks. The monomers of JC-1 appeared obviously at the 

concentration of 5 μmol/L for Ir123.  

 

Fig. 4-71 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir123 (20 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.461, Manders' Coefficients (original): M1 = 0.999 



357 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.1562 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir123 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM).  

A few red aggregations showed up outside of the cells in Fig. S7-40 (c) which 

were designated as complex Ir123. However, the red area in Fig. S7-40 (f) was 

notably shrunk, indicating the evident disappearance of JC-1 aggregates. 

The green emission intensity was about 26 in Fig. S7-40 (l) whilst the value in 

Fig. 4-71 (l) was about 47 at 20 μmol/L of Ir123. The complex played the major role 

in the cellular green luminescence with its increasing concentration. The cytotoxicity 

began to change the cellular size to round and make the cells shrinking as shown in 

Fig. 4-71 (a), (b) and (h), (i). Most of cells had the round shape morphology when the 

Ir123 was transferred into their cellular nuclei.  

The toxicity was caused firstly from organelles in the cytoplasm including the 

mitochondria particularly. Most of the peaks in Fig. 4-71 (g) were contributed by the 

green emissive Ir123 and the green area in Fig. 4-71 (f) was even larger than the one 

in Fig. S7-40 (f). The cell number in Fig. 4-71 (a) and (b) was much more than the 

numbers in Fig. 4-53 of Ir105, Fig. 4-77 of Ir125 and Fig. 4-59 of Ir107.  
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Fig. 4-72 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir123 of different 

concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 fluorescence ratio 

(Red:Green); Right, Li's Intensity Correlation Analysis (ICA): Intensity Correlation 

Quotient (ICQ). ICQ ~ 0, random staining; 0 > ICQ ≥ -0.5, segregated staining; 0 < 

ICQ ≤ +0.5, dependent staining. 

In Fig. 4-72 (left), the JC-1 red proportion dropped from 1.1913, 0.55782, 

0.33194 to 0.60576 which were more quickly than those in complex Ir108 from 

1.1913, 0.85854, 0.70698 to 0.86472, suggesting the higher cytotoxicity of Ir123 than 

Ir108. The decreasing trend of ICQ values in Fig. 4-72 (right) of 0.3778, 0.3039, 

0.1079 and 0.1562 demonstrated the less dependent staining of green and red emissive 

images for different Ir123 concentrations. 

The intensity of Ir123 at 20 μmol/L were 52, 48 and 75 when the culture time 

were 15, 40 and 120 minutes, and then the value reached 105 at 40 μmol/L for 120 

minutes as calculated in Fig. 4-73 (d), (h), (l) and (p). The cellular uptake of Ir123 did 

not change much in first 40 minutes, and increased by 50% after threefold time, and 

the another 40% at the double concentration. The cell morphology was rather healthy 

in the early period of incubation of 40 minutes and turned to round in shape and 

condensed after 120 minutes.  
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Fig. 4-73 Cellular uptake and distribution of complex Ir123 (a, b, e, f, i, j: 20 μmol/L; 

m, n: 40 μmol/L) in hepatocellular carcinoma cell (Hep-G2) for 15 minutes (a, b), 40 

minutes (e, f), 120 minutes (i, j, m, n) at 37.5 ℃. a, e, i, m: bright field; b, f, j, n:  

blue excitation filter; c, g, k, o: enlarged typical areas of b, f, j, n (yellow square 

frames) accordingly; d, h, l, p: intensity profile of Ir123 luminescence calculated by 

ImageJ software across cells of c, g, k, o. The scale bar is 25 μm (a, b, e, f, i, j, m, n) 

and 5 μm (c, g, k, o). The optical lens is of 40  magnification in the fluorescence 

inverse microscope (FIM). 

Cells in (m) and (n) of Fig. 4-73 became even smaller, fewer and scattered with 

the higher emission of Ir123 which was believed to be in the late stage of cellular 

apoptosis. There were still nearly 30 cells in the image of (n), less than the 

approximate 50 cells with Ir108. The cellular adhesion was supposed to be more 

affected by Ir123 than the Ir108 in two hours. 
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    When the cell was incubated with Ir123 at 4 ℃ in Fig. 4-74, apparent emission 

of Ir123 was found inside the cytoplasm which proved the mechanism of transport 

was the passive diffusion without the assistance of ATP.  

 

Fig. 4-74 Cellular uptake and distribution of complex Ir123 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) 60 minutes at 4 ℃. a, bright field; b, UV 

excitation filter; c, enlarged typical areas of b (yellow square frames); d, intensity 

profile of Ir123 luminescence calculated by ImageJ software across a cell of c. The 

scale bar is 25 μm (a, b) and 5 μm (c). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

    The weak luminescent intensity of Ir123 was about 26, much less than the value 

48 at 37.5 ℃ for 40 minutes. Therefore, the low temperature affected the passive 

diffusion apparently. There appeared quite a lot of round cells with the number about 

50 in Fig. 4-74 (a) which was three times more than the near 15 healthy and stretching 

cells. The round cells were considered to be at their early stage of apoptosis when 

their nucleic membranes were still complete and tight to keep complex Ir123 out. The 

number of round cells was also much more than the cells in Fig. 4-73 (e) and (f), 
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indicating the low temperature could make those cells very susceptible to injury by 

Ir123. 

 

Fig. 4-75 Cellular uptake and distribution of complex Ir123 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 30 minutes at 

37.5 ℃. a, bright field; b, UV excitation filter; c, enlarged typical areas of b (yellow 

square frames); d, intensity profile of Ir123 luminescence calculated by ImageJ 

software across a cell of c. The scale bar is 25 μm (a, b) and 5 μm (c). The optical lens 

is of 40  magnification in the fluorescence inverse microscope (FIM). 

    The intensity value of Ir123 in the fixed cell as shown in Fig. 4-75 was about 43 

which was close to Ir105 and Ir107, and the small size and rotatable structures of the 

two C^N ligands of 4-mpp assisted the nucleic uptake of Ir123 similar to Ir105 and 

Ir108. Paraformaldehyde fixed cells were promptly killed and their most intracellular 

structures such as the nuclei, organelles, phosphor-lipid bi-layers of membrane 

maintained their original positions but without any functions. The easiness of nucleic 

distribution of the Ir123 again provided the evidences that the ATP or other functional 

proteins actively prevented the influx of positive charged complexes. The enhanced 
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uptake of ruthenium complexes with two positive charges in the fixed cells would be 

introduced in chapter 5. 

 

Fig. 4-76 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir125 (5 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.711, Manders' Coefficients (original): M1 = 1.0 (fraction 

of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), Li's 

Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 0.2609 

determined by ImageJ software from b and c; f, m: Red, green and blue fluorescence 

intensity and corresponding distribution curves calculated from the mergence of b and 

c, i and j by ZEN software accordingly. The Y axis represents the relative frequency 

and the X axis indicates the brightness; g, n: height map of 2.5D view intensity values 

obtained from d and k respectively by ZEN software. The highest intensity values are 

represented by the greatest extension in the Z-direction; h, i, j, k: enlarged typical 

areas of a, b, c, d (yellow square frames) accordingly; l, intensity profile of JC-1 and 

Ir125 luminescence calculated by ImageJ software across cell in k. The scale bar is 25 
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μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

    As the second toxic iridium complex in this chapter, 5 μmol/L of Ir125 had 

prevented the intracellular aggregates of JC-1 which means after 15 hours of 

incubation, the Ir125 had depolarized the mitochondria and maintained the JC-1 

monomer structures through dysfunctional potential. Small orange dots in Fig. 4-76 (d) 

and peaks in (g) were designated to be the aggregations of Ir125 outside cells. No 

predominant feature of red emissive JC-1 aggregates was discovered in Fig. 4-76 (c) 

and (j). Most green color in (b) and (d) was assigned to be JC-1 monomers when the 

complex Ir125 was considered to be orange emissive at low concentration. From the 

calculation result in (f), the proportion of red and green color was close in which most 

of the red spots were outside of cells and were not possible to be JC-1 aggregates. 

Abnormally, there appeared single blister formation in Fig. 4-76 (i) as the red arrow 

pointed where the JC-1 monomers were green emissive. It was recently reported that 

there were at least two basic patterns of cell programmed death (CPD): oncosis and 

apoptosis which referred to the cell injury with swelling and shrinkage respectively 

and furthermore there were time- and concentration-induced features of apoptosis or 

oncosis as a result of cellular incubation with drugs[15]. Previous discussion has 

pointed out that cells with Ir107 in Fig. 4-37 (k) were evolving an oncosis pattern of 

CPD, although the other kind of CPD apoptosis has also been indicated.  

    The luminescence intensity in Fig. 4-76 (l) was obtained from the orange 

emission of Ir125 in yellow line cross cell in (k) and the value was evaluated to be 

about 40. When the concentration of Ir125 was 10 μmol/L, the intensity value jumped 

to about 65 as shown in the supporting information Fig. S7-41(l) in chapter 7. The 

higher concentration of Ir125 was strong orange emissive in cells of Fig. S7-41(b) 
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where the green emissive JC-1 monomers were clearly distinguishable. The large 

portion of the red area in Fig. S7-41(f) was provided by complex Ir125 which was 

more than the control area. The cytotoxicity of Ir125 in Fig. S7-41 was higher and 

most cells observed in (a) and (b) were round in shape and shrinking. The cell number 

was much less than the one in Fig. 4-76 (b). Clear blisters and cytoplasmic 

vacuolization were discovered around the cells in Fig. S7-41(b), (h) and (i) with light 

orange color stained as the red arrows indicated. The rare phenomena were usually the 

results of the ionic pumps failure which could aggravate the high membrane 

permeability, lysosome vacuolization and cellular blebbing. 

 

Fig. 4-77 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir125 (20 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.615, Manders' Coefficients (original): M1 = 1.0 (fraction 

of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), Li's 

Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 0.3751 
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determined by ImageJ software from b and c; f, m: Red, green and blue fluorescence 

intensity and corresponding distribution curves calculated from the mergence of b and 

c, i and j by ZEN software accordingly. The Y axis represents the relative frequency 

and the X axis indicates the brightness; g, n: height map of 2.5D view intensity values 

obtained from d and k respectively by ZEN software. The highest intensity values are 

represented by the greatest extension in the Z-direction; h, i, j, k: enlarged typical 

areas of a, b, c, d (yellow square frames) accordingly; l, intensity profile of JC-1 and 

Ir125 luminescence calculated by ImageJ software across cell in k. The scale bar is 25 

μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM).  

    Rare cells left with Ir125 at 20 μmol/L after 15 hours in Fig. 4-77 (a) and (b). 

Some of the green dots in (b) were considered to be the accumulation of JC-1 

monomers outside of the cells and those red spots in (c) represented the aggregation 

of Ir125. The three red peaks in (g) showed three condensed cells with high 

concentration of Ir125. The luminescence intensity of Ir125 in the enlarged cell in (k) 

was observed to be around 120 in (l) after 15 hours of incubation which was close to 

the value in Fig. 4-79 (l) while the culture time was only 2 hours. The good drug 

retention property of Ir125 was very different from other complexes. The complexes 

Ir107, Ir105, Ir123, Ir108 and Ir133 have the luminescence intensity values of 145, 

105, 75, 86 and 45 at the concentration of 20 μmol/L for 120 minutes of incubation 

accordingly, but those values dropped remarkably to 55, 53, 47, 35 and 24 

respectively after 15 hours of cell culture. The possible reason was that the complexes 

were expelled by those smart cells to maintain their function and survive. As we know, 

low drug retention will cause the drug-resistance of the target cells and the excreted 

complexes in the extracellular fluid will lead to severe side-effects. The longer 

duration time of drugs inside target cells will tremendously improve the therapeutic 

efficacy. Macromolecules such as polyethylene glycol (PEG)[16], hyaluronic acid 
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(HA)[17] and serum albumin[18] were used to conjugate medicines to achieve both the 

drug permeability and retention. Surprisingly, the Ir125 was discovered to be the only 

complex in this chapter which could be retained inside of cells for at least 15 hours 

and would have no leakage problem associated with the cellular apoptosis.  

 

Fig. 4-78 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir125 of different 

concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 fluorescence ratio 

(Red:Green); Right, Li's Intensity Correlation Analysis (ICA): Intensity Correlation 

Quotient (ICQ). ICQ ~ 0, random staining; 0 > ICQ ≥ -0.5, segregated staining; 0 < 

ICQ ≤ +0.5, dependent staining. 

    The ratios of red to green for Ir125 in Fig. 4-78 (left) indicated a trend of 

drop-rise-drop similar to Ir107 in Fig. 4-60 both of which contains the red emissive 

C^N ligands of piq. The two complexes are of the two highest cytotoxicities in this 

chapter. The red portion of the cell images was from Ir125 even at the 5 μmol/L, the 

more complex brought more red emission parts and eventually the cellular adhesion 

was damaged and few red emissive cells were left. Without the contribution of JC-1 

dye, the ICQ values were increasing steadily with the higher concentrations of Ir125 

that the two images in (b) and (c) from Fig. 4-76 to 77 were more dependent stained 

by Ir125. 
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    With the longer incubation time and higher concentrations of Ir125, the 

distribution of Ir125 was changing from the cytoplasm to the nuclei of cells with the 

higher luminescent intensities from 37, 95, 120 to 130.  

 

Fig. 4-79 Cellular uptake and distribution of complex Ir125 (a, b, e, f, i, j: 20 μmol/L; 

m, n: 40 μmol/L) in hepatocellular carcinoma cell (Hep-G2) for 15 minutes (a, b), 40 

minutes (e, f), 120 minutes (i, j, m, n) at 37.5 ℃. a, e, i, m: bright field; b, f, j, n:  

blue excitation filter; c, g, k, o: enlarged typical areas of b, f, j, n (yellow square 

frames) accordingly; d, h, l, p: intensity profile of Ir125 luminescence calculated by 

ImageJ software across cells of c, g, k, o. The scale bar is 25 μm (a, b, e, f, i, j, m, n) 

and 5 μm (c, g, k, o). The optical lens is of 40  magnification in the fluorescence 

inverse microscope (FIM). 

    Almost all the cells in Fig. 4-79 (j) and (n) were round in shape and condensed 

and the strong intensities were not diminished even after 15 hours in Fig. 4-77 (k) and 

(l). The drug retention property of Ir125 might explain its rather high cytotoxicity. 

The swelling cytoplasm appeared at 20 μmol/L after 2 hours as the yellow arrows 
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marked in Fig. 4-79 (k) and (o) which would enlarge to be the cellular blebbing in Fig. 

S7-41. Although the concentration-dependent cell death features of apoptosis and 

oncosis were not very obvious from the discovered process of cell programmed death 

(CPD) in Fig. 4-79 (j) and (n), we assume that there could be time-related features of 

apoptosis such as cellular shrinkage at the early stage of CPD after 2 hours of 

treatment with Ir125 and then the cellular vacuolization appeared as the typical 

characteristics of oncosis after 15 hours of incubation.    

 

Fig. 4-80 Cellular uptake and distribution of complex Ir125 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) 60 minutes at 4 ℃. a, bright field; b, UV 

excitation filter; c, enlarged typical areas of b (yellow square frames); d, intensity 

profile of Ir125 luminescence calculated by ImageJ software across a cell of c. The 

scale bar is 25 μm (a, b) and 5 μm (c). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

    The large proportion of round cells in Fig. 4-80 (a) indicated the high 

cytotoxicity of Ir125. Obvious uptake of Ir125 suggested the passive diffusion should 

be the transport process following the concentration gradient without the assistance of 

ATP. The simple diffusion through the cell membrane phosphor-lipid bilayer was the 
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way that small and nonpolar molecules of oxygen, carbon dioxide and water moved 

from high to low concentration. The large and polar iridium complexes were 

supposed to move through protein channels which transport was defined as facilitated 

diffusion. Low temperature reduced the efficiency of cellular uptake and the 

luminescence intensity of Ir125 was only at around the value of 50.  

 

Fig. 4-81 Cellular uptake and distribution of complex Ir125 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 30 minutes at 

37.5 ℃. a, bright field; b, UV excitation filter; c, enlarged typical areas of b (yellow 

square frames); d, intensity profile of Ir125 luminescence calculated by ImageJ 

software across a cell of c. The scale bar is 25 μm (a, b) and 5 μm (c). The optical lens 

is of 40  magnification in the fluorescence inverse microscope (FIM). 

    It was apparent that the fluorescence of Ir125 inside nuclei of cells was much 

lower than those in cytoplasm because the large piq ligands would prevent efficent 

nucleic uptake from the cytoplasm of fixed cells. The hydrophobicity of Ir125 could 

further inhibit the transfer into nuclei through the nuclear pores on the nuclear 

envelope. The high luminescence intensity of Ir125 showed the fast movement from 

cellular periphery to cytoplasm through a facilitated diffusion process. Some orange 
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emissive dots were found in the center of nuclei where the nucleolus was located. It 

was probably caused by the accumulation of Ir125 in nucleolus from the nucleoplasm. 

The large piq might play as a good DNA intercalator in nucleolus. 

 

Fig. 4-82 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir133 (5 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.898, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.3851 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir133 luminescence calculated by ImageJ software across 
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cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 

    The high proportion of red JC-1 aggregates in Fig. 4-82 shows the low 

cytotoxicity of Ir133 at the concentration of 5 μmol/L. When the concentration was 

increased to 10 μmol/L as shown in Fig. S7-42, there were still a few of cells 

maintaining their function of mitochondria and containing the JC-1 aggregates with 

the declined luminescence intensities from value 88 to 46. Although the green area 

became larger than the red one in fig S7-42 (f), Ir133 was the only complex in this 

chapter that the JC-1 aggregates still appeared at the concentration of 10 μmol/L 

which support the lowest cytotoxicity of Ir133 from former MTT and live / dead cell 

assays. 

 

Fig. 4-83 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir133 (20 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 
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Pearson's Coefficient: r = 0.194, Manders' Coefficients (original): M1 = 0.034 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.0228 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir133 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM).  

    The large size of dpapp prevents the efficient cellular uptake through the passive 

transport. The protein channels for the facilitated diffusion probably did not have 

enough room to let the Ir133 pass through. The low concentration of Ir133 inside 

cytoplasm could contribute to the low luminescence intensity of about 24 in Fig. 4-83 

(l). The mitochondrial transmembrane potential (ΔΨM) seemed disappeared since no 

JC-1 aggregates were observed in Fig. 4-83. The green portion in (f) still surpassed 

the red area but stopped growing. 

 

Fig. 4-84 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir133 of different 

concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 fluorescence ratio 



373 

(Red:Green); Right, Li's Intensity Correlation Analysis (ICA): Intensity Correlation 

Quotient (ICQ). ICQ ~ 0, random staining; 0 > ICQ ≥ -0.5, segregated staining; 0 < 

ICQ ≤ +0.5, dependent staining. 

    The first three columns in Fig. 4-84 (left) dropped quickly from 1.1913, 0.95082 

to 0.38896 due to the fast diminishment of JC-1 red aggregates. The ratio of red to 

green soared back to 0.73137 owing to the aggregation of Ir133 at 20 μmol/L for 15 

hours. The ICQ values decrease to the value of 0.0228 which means staining of Fig. 

4-83 images (b) and (c) was close to random mode. There were not enough 

similarities between (b) and (c) except for a few red dots which represented the 

aggregation of Ir133 in aqueous solution. 

 

Fig. 4-85 Cellular uptake and distribution of complex Ir133 (a, b, e, f, i, j: 20 μmol/L; 

m, n: 40 μmol/L) in hepatocellular carcinoma cell (Hep-G2) for 15 minutes (a, b), 40 

minutes (e, f), 120 minutes (i, j, m, n) at 37.5 ℃. a, e, i, m: bright field; b, f, j, n:  

blue excitation filter; c, g, k, o: enlarged typical areas of b, f, j, n (yellow square 
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frames) accordingly; d, h, l, p: intensity profile of Ir133 luminescence calculated by 

ImageJ software across cells of c, g, k, o. The scale bar is 25 μm (a, b, e, f, i, j, m, n) 

and 5 μm (c, g, k, o). The optical lens is of 40  magnification in the fluorescence 

inverse microscope (FIM). 

    The weak luminescence of Ir133 in Fig. 4-85 showed its low cellular uptake. The 

peak heights were about 3, 5, 25 and 30 in (d), (h), (l) and (p) accordingly. Cell 

morphology in (i) and (m) was round but not as condensed as other complexes in Fig. 

4-55 (Ir105), Fig. 4-61 (Ir107), Fig. 4-67 (Ir108), Fig. 4-73 (Ir123) and Fig. 4-79 

(Ir125), indicating its lowest cytotoxicity in this chapter. 

 

Fig. 4-86 Cellular uptake and distribution of complex Ir133 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) 60 minutes at 4 ℃. a, bright field; b, UV 

excitation filter; c, enlarged typical areas of b (yellow square frames); d, intensity 

profile of Ir133 luminescence calculated by ImageJ software across a cell of c. The 

scale bar is 25 μm (a, b) and 5 μm (c). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

    Only the aggregation of Ir133 was found in Fig. 4-86, indicating the uptake was 

not effective at low temperature. Because the uptake of Ir133 was low at normal 

temperature, the ATP was not considered to assist the cellular uptake. We inclined to 
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believe the type of the transport was facilitated passive diffusion. Unlike other 

complexes with the 4-(diphenylamino) phenyl moiety in Fig. 2-95 (a) (Ir139) and in 

Fig. 3-76 (a) (Ir134), the cells in Fig. 4-86 (a) were all round in shape which 

demonstrated the higher cytotoxicity than Ir139 and Ir134 with similar C^N ligands. 

The 5H-cyclopenta[2,1-b:3,4-b']dipyridin Schiff base ligand was discovered to be 

more toxic than the dipyrido[3,2-a:2',3'-c]phenazine) bipyridine in chapter 2 and 

1H-imidazo [4, 5-f] [1, 10] (phenanthroline) bipyridine in chapter 3 when it was a 

N^N ligand in iridium complex. 

 

Fig. 4-87 Cellular uptake and distribution of complex Ir133 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 30 minutes at 

37.5 ℃. a, bright field; b, UV excitation filter; c, enlarged typical areas of b (yellow 

square frames); d, intensity profile of Ir133 luminescence calculated by ImageJ 

software across a cell of c. The scale bar is 25 μm (a, b) and 5 μm (c). The optical lens 

is of 40  magnification in the fluorescence inverse microscope (FIM). 

    Because of the big size of Ir133, its cellular uptake in the fixed cells was very 

low. Almost no detectable uptake was found in Fig. 2-96 (Ir139) and Fig. 3-77 (Ir134) 

due to their similar large size.  
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4.6 Conclusions 

    Six iridium complexes of Ir105: [Ir(4-mpp)2CDYP]+, Ir107: [Ir(piq)2CDYP]+, 

Ir108: [Ir(3-mpp)2CDYP]+, Ir123: [Ir(4-mpp)2CDYMB]+, Ir125: [Ir(piq)2CDYMB]+ 

and Ir133: [Ir(dpapp)2CDYMB]+ with rotatable 5H-cyclopenta[2,1-b:3,4-b']dipyridine  

Schiff-base ligands were synthesized and characterized in this chapter.  

Cell morphology and proliferation assay of these six complexes incubated at 

different concentrations of 5, 10, and 20 mol/L demonstrated that most of them were 

rather toxic to hep-G2 cell lines.  

The dark IC50 values were calculated by MTT assays of the six complexes at 0, 

2.5, 5, 10, 15, 20, 30, 40 and 50 μmol/L with the cytotoxicity sequence: Ir107 (3.06 

μM) > Ir125 (3.62 μM) > Ir105 (7.08 μM) > Ir123 (7.35 μM) > Ir108 (9.16 μM) > 

Ir133 (13.6 μM). Rigid N^N ligands in chapter 2 seemed to have more cytotoxicity 

than the flexible 1H-imidazo [4, 5-f] [1, 10] (phenanthroline) ligands in chapter 3 as 

discussed before. However, the rotatable 5H-cyclopenta [2,1-b:3,4-b'] dipyridine 

Schiff-base ligands in this chapter enhanced a great deal of cytotoxicity for the 

iridium complexes. The planar and rigid piq ligands in Ir107 and Ir125 were supposed 

to contribute to the highest cytotoxicity in this chapter. The 4-mpp ligand in Ir105 

probably induced stronger cellular disfunction than the 3-mpp in Ir108 due to their 

IC50 values. The N^N ligand CDYP in complexes could disrupt the cell metabolisms 

more effectively than the ligand CDYMB.  

Upon the irradiation of 465 nm (13 mW/cm2) for 30 minutes, the light IC50 value 

of Ir107 was 1.09 μM, about three times increase than its dark IC50, but was not close 

to the an order of magnitude which the potential drugs for photodynamic therapy 

(PDT) required. Further implementation of PDT testing for other complexes could be 

found if there would be one most suitable complex.  
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From the dead (red PI) to live (green calcein) cell area ratios in Fig. 4-50, the 

ratios in the following brackets were in accordance with the decreasing cytotoxicity of 

the order: Ir107 (4.08678) > Ir125 (3.60263) > Ir105 (3.11352) > Ir123 (2.89622) > 

Ir108 (0.786) > Ir133 (0.27496) that was exactly the same as in the MTT assay 

section results. Concentration 40 μmol/L was used for Ir133 in the live / dead cell 

assay due to its low toxicity. The typical features of another cell death mode of 

oncosis including cellular dwelling and cytoplasm vacuolation have been discovered 

from Hep-G2 cell lines in the incubation with Ir107. 

  

Fig. 4-88 Mitochondrial transmembrane potential (ΔΨM) assay based on JC-1 dye 

staining in hepatocellular carcinoma cell (Hep-G2) with complexes Ir105, Ir107, 
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Ir108, Ir123, Ir125 and Ir133 (0, 5, 10, 20 μmol/L, 15 hours). Luminescence intensity 

profiles of JC-1 and Ir(III) complexes calculated by ImageJ software.  

In this chapter, the Schiff-base ligands gave those complexes higher 

cytotoxicities than those in chapter 3. The JC-1 aggregates have disappeared when the 

two most toxic complexes Ir107 and Ir125 were cultured with the cells at 5 μmol/L. 

When the concentration of complexes arrived at 10 μmol/L, only the Ir133 can coexist 

with JC-1 red aggregates and all the mitochondrial transmembrane potential (ΔΨM) of 

the cells with other complexes have diminished as shown in Fig. 4-88. The separated 

peaks of JC-1 aggregates in the control have become less luminescent and narrower at 

5 μmol/L for all the complexes except for Ir107 and Ir125.  

  

Fig. 4-89. Fluorescence intensities obtained from profiles in Fig. 4-88 of 

mitochondrial membrane potential assay based on JC-1 dye staining in hepatocellular 

carcinoma cell (Hep-G2) with complexes Ir105, Ir107, Ir108, Ir123, Ir125 and Ir133 

(0, 5, 10, 20 μmol/L, 15 hours).  

The lowest intensity of Ir107 as listed in Fig. 4-89 indicated that fluorescence 

intensity of the JC-1 red aggregates dropped abruptly due to the highest cytotoxicity 

of Ir107 at 5 μmol/L. When the concentration rose to 10 μmol/L, the intensities 

became positively correlated with the cytotoxicities of complexes except for Ir133 

since the only remaining was JC-1 red and the intensity value of Ir133 decreased to 
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the lowest value at 20 μmol/L. Most of the luminescence intensities of complexes at 

20 μmol/L were in a good positive relation with their cytotoxicities. The highest 

luminescence intensity value of about 120 of Ir125 which was similar to the image of 

Fig. 4-79 (l) was contributed by its rigid and planar structures induced long drug 

retention as discussed in the previous section. On the whole, the relative cytotoxicities 

of those six complexes in the ΔΨM assay were in a good match with the live/dead and 

MTT cell assays. 

 

 
Fig. 4-90. Cellular uptake and distribution of complexes Ir105, Ir107, Ir108, Ir123, 

Ir125 and Ir133 (15, 40 and 120 min incubation of 20 μmol/L, 120 min incubation of 

40 μmol/L). Luminescence intensity profiles calculated by ImageJ software. 
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    All the complexes were distributed in the cellular nuclei when the incubation 

time reached 120 minutes at the concentration of 20 and 40 μmol/L. As discussed 

before, the most toxic Ir107 could enter into some cellular nuclei in 40 minutes while 

a large number of cells did not demonstrate the high nucleic uptake.  

 

Fig. 4-91. Left: Fluorescence intensities obtained from profiles in Fig. 4-90 of cellular 

uptake and distribution assay in hepatocellular carcinoma cell (Hep-G2) with 

complexes Ir105, Ir107, Ir108, Ir123, Ir125 and Ir133 for 15, 40 and 120 min 

incubation of 20 μmol/L, and 120 min incubation of 40 μmol/L. Right: Fluorescence 

intensities of the five complexes of 20 μmol/L with cells for 120 min incubation. 

    Interestingly, the fluorescence intensities of iridium complexes are closely 

related to their cytotoxicities as suggested in Fig. 4-91. The more emissive structures 

could bring the higher toxicities of complexes to Hep-G2 cells even the culture 

medium was under dark. For the same complex, higher emission intensity in the cell 

means the more efficient uptake of the complex. Meanwhile, different complexes 

possessed the diverse fluorescence intensity owing to their chemical structures. 

Although there are further experiments to be done to find out exactly the 

concentration of complexes inside cells, the obvious emission related cytotoxicity in 

Fig. 4-91 (right) indicated that higher luminescence value of complexes in cell 

imaging would cause higher cytotoxicity. The luminescence intensity sequence of the 
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complexes in this chapter was of almost the same order as the toxicity below: Ir107 

(145) > Ir125 (120) > Ir105 (105) > Ir123 (82) ≈ Ir108 (85) > Ir133 (48).  

 

Fig. 4-92 Luminescence intensity profile of complexes Ir105, Ir107, Ir108, Ir123, 

Ir125 and Ir133 in the cellular uptake and distribution at 4 ℃ for 60 minutes 

calculated by ImageJ software. (a) Fluorescent intensity and (b) The height of 

intensity peaks of the six complexes.  

    The two most toxic complexes of Ir107 and Ir125 were found to have the two 

highest fluorescent intensities inside cells at 4 ℃ as illustrated in Fig. 4-92 (a). The 

height of all the six absorption peaks were calculated and listed in Fig. 4-92 (b) since 

the weak fluorescence intensity could be inaccurate due to the background 

luminescence. Both (a) and (b) suggested that the more cellular uptake of Ir107 and 

Ir125 resulted in the higher cytotoxicities. As indicated for Ir133, the high peak was 

from its aggregation in cold culture medium other than the cellular uptake.  

Although the height of Ir108 peak was a little higher Ir123 and Ir105, it was less 

toxic according to the previous discussion, indicating the cellular uptake of Ir105 and 

Ir123 were more affected by the low temperature of 4 ℃. Their passive transports 

were more inhibited without the assistance of ATP. The facilitated diffusion channel 

among the cell membrane tended to be more sensitive to the structures of Ir105 and 

Ir123 both of which shared the same two C^N ligands of 4-mpp.  
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Fig. 4-93 Cellular uptake and distribution of complexes Ir105, Ir107, Ir108, Ir123, 

Ir125 and Ir133 (15 μmol/L) in paraformaldehyde fixed hepatocellular carcinoma cell 

(Hep-G2) for 30 minutes at 37.5 ℃. Intensity profiles of complexes luminescence 

calculated by ImageJ software. (a) Fluorescent intensity and (b) The height of 

intensity peaks of the six complexes. 

    Most complexes in this chapter could easily distribute in the fixed cellular nuclei 

except for Ir125 and Ir133 owing to their large and hydrophobic structures. As shown 

in Fig. 4-93 (a), the intensity of complex Ir125 was stronger than other complexes. 

The lipophilic properties of Ir125 enhance its uptake in fixed cytoplasm and increased 

its emission while binding to the rigid bio-molecules of the fixed cells. The 

background fluorescence was eliminated in Fig. 4-93 (b) using the height of peaks in 

those listed intensity profiles where the weak uptake of the largest complex Ir133 

became more obvious than the intensity column in (a). Generally, the uptake of 

complexes in paraformaldehyde fixed cells was higher than the live cells at 4 ℃, 

suggesting low temperature could retard their facilitated diffusion into cells more 

efficiently than the fixed dead cells at 37.5 ℃. Both of the two complexes of Ir107 

and Ir125 with same large piq C^N ligands could not enter into nuclei effectively. The 

more hydrophobic terminal methoxy moiety in N^N ligand CDYMB of Ir125 

enhanced its fluorescence more than Ir107 with the hydroxyl parts in CDYP which 

emission could be easily quenched by water. 
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    Although the simple Schiff base ligands of CDYP and CDYMB in this chapter 

were rotatable and flexible similar to the 1H-imidazo [4, 5-f] [1, 10] (phenanthroline) 

based bipyridine ligands in chapter 3, the cytotoxicities of complexes were much 

higher than those in chapter 3. The cellular uptake and distribution of complexes in 

this chapter were evenly located in both cytoplasm and nuclei after incubation with 

hepatocellular carcinoma cell (Hep-G2) lines for 120 minutes at the concentration of 

20 μmol/L. We assumed that effective uptake of complexes in nuclei were the results 

of the cytotoxicities which damaged the integrity of nuclear envelope and leaked into 

the nucleoplasm. However, there could be another explanation that the complexes 

transferred into the nuclei through the nuclear pore on the nuclear envelope and 

accumulated in the nucleolus, therefore, triggered the apoptosis of cells. Some kind of 

evidences were discovered for the most toxic complex Ir107 in Fig. 4-61(f) that it 

could enter into cellular nuclei when the cell looked quite healthy. There was another 

cell as the blue arrow marked in Fig. 4-79 (f) which showed that Ir125 also could be 

absorbed into the nuclei of healthy cells. Perhaps it could support that Ir107 and Ir125 

are the two most toxic complexes in chapter 4. This chapter studied the last series of 

iridium complexes and the ruthenium complexes with two positive charges will be 

compared in chapter 5. 
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CHAPTER 5: Ruthenium complexes with polypyridine ligands  

5.1 Introduction 

Ruthenium complexes have been widely studied in their biological applications 

including DNA binding[1-4], photo-biological activity[5-9], cell-imaging probe[10-14], and 

anticancer medicines[15-17]. In most research work, ligands are very crucial to modify 

complexes of their hydrophobicity, biocompatibility and cytotoxicity. The 

mono-dentate chloride ligand can easily leave in aqueous solution and a labile site of 

the complex for the substitution reactions is then provided. After the hydrolysis 

process, the complex becomes reactive towards target molecules including thiol 

glutathione (GSH) [18].  

However, the quick replacement of the chloride ligand by GSH in cell will 

deactivate the complex immediately, and the other bulky bi-dentate ligands will also 

retard the further binding of metal core to some effective target domain in 

bio-molecules. To avoid this weakness, we applied the strategy of employing 

substitutionally inert octahedral complexes as the former chapters do. The ligands 

based on dipyrido[3,2-a:2',3'-c]phenazine bipyridine, Schiff base bipyridine and 

1H-imidazo[4,5-f][1,10] (phenanthroline) bipyridine in the previous work were 

selected in this chapter to produce five corresponding Ru(II) complexes for 

comparison.  

Counter-anions of Ru(II)-polypyridyl complexes have attracted attention by B. Z. 

Zhu groups from Chinese Academy of Sciences since their discovery of 

unprecedented ion-pairing method to deliver a cell-impermeable Ru(II) complex into 

cell nuclei[19]. Recently, they systematically studied a series of chlorophenolate 

counter-anions to change the distribution of theranostic metal complexes target at 

DNA and the unexpected binding stability facilitate the nuclear uptake significantly[20]. 
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Nevertheless, the possible cytotoxcities of those chlorophenols (CPs) were not 

investigated which could have also greatly affected the cellular uptake and 

distribution. To focus on the synthesized cationic Ru(II) complexes, the counter-anion 

in this chapter was chosen to be the same hydrophilic chloride anion as in the 

previous chapters instead of PF6
-, ClO4

-, OTf- or CPs which aims to maintain their 

biocompatibility and improve the water solubility and cellular uptake of those 

complexes.  

The cellular uptake mechanism of some Ru(II) complexes such as 

Ru(DIP)2dppz2+ (where DIP = 4,7-diphenyl-1,10-phenanthroline and dppz = dipyrido- 

phenazine) were found to be passive transport[21], while those classical 

Ru(phen)2dppz2+ and Ru(bpy)2dppz2+ incubated in HeLa cells caused very small 

change of luminescence profile[22]. As we discussed previously, the similar size of 

iridium complexes were assumed to pass through cell membrane via a kind of passive 

transport which facilitated diffusion and the cellular uptake efficiency depended on 

their structures. We speculate that the transmembrane transport process of those 

cationic ruthenium complexes with two positive charges facilitated diffusion as well.  

In this chapter, five ruthenium complexes as the analogues of iridium ones were 

fabricated in order to discover the structure-activity relationships (SAR) between 

Ru(II) and Ir(III) complexes. The ligand [2,2'-bipyridine]-4,4'-dicarboxylic acid 

(BPDC) was selected to form Ru(phen)2BPDC which would become neutral in 

aqueous solution and aid its cellular uptake. The complex could be linked with cyclo 

Arg-Gly-Asp (cRGD) peptides in future investigation to recognize the integrin protein 

α2β1 and inhibit cancer metastasis[23-24]. 
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5.2 Synthesis of ruthenium complexes 

The five N^N ligands as listed in scheme 5-1 were used to prepare the five 

ruthenium complexes. The four ligands of 11,12-dibromo-dipyrido[3,2-a:2',3'-c]

phenazine (DBDPPZ), 2-[4-(methylthio) phenyl]-1H-imidazo [4,5-f] [1,10] phen- 

anthroline (MTPIP), 2-ethoxy-4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl) phenol 

(EIPP) and N-5H-cyclopenta [2,1-b:3,4-b'] dipyridin-5-ylidene-4-methoxy-benzene- 

amine (CDYMB) were introduced in the former chapters. The [2,2'-bipyridine]-4,4'-

dicarboxylic acid (BPDC) ligand was synthesized according to the previous 

report[25-27]. The precursors of cis-(bpy)2 RuCl2 2H2O and cis-(phen)2 RuCl2 2H2O  

and final products of [Ru(bpy)2N^N]2+ and [Ru(phen)2N^N]2+ were illustrated below. 

Five Ru(II) complexes of Ru2: [Ru(bpy)2DBDPPZ]2+, Ru7: [Ru(bpy)2MTPIP]2+, Ru8: 

[Ru(bpy)2EIPP]2+, Ru15: [Ru(phen)2BPDC]2+ and Ru24: [Ru(phen)2CDYMB]2+ 

shown in scheme 5-1 were synthesized and characterized abide by the following steps: 

0.1 mmol cis-(bpy)2RuCl2·2H2O or cis-(phen)2 RuCl2·2H2O was added into DCM / 

methanol (1:1, 12mL) solvent with 0.23 mmol ligand of DBDPPZ, MTPIP, EIPP, 

CDYMB or BPDC to produce those complexes as listed in scheme 5-1. The reaction 

mixture was refluxed for 15 hours at 60°C and the solvent was then vaporized. DCM 

was put to solve the solid. Purification was carried out through column 

chromatography, using hexane and DCM mixture (1:1), and gradually increased the 

polarity of the solvent by adding more DCM and finally used methanol and DCM 

mixture (1:2) to wash the pure product. The polarity of the washing solvent was 

higher than the previous iridium complexes due to the stronger polariry of Ru(II) 

complexes. Final product was vaporized and vacuum dried. The yields of those five 

ruthenium complexes are: Ru2 (15.3 mg, yield 16.6%), Ru7 (26.1 mg, yield 31.6%), 
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Ru8 (23.1 mg, yield 27.5 %), Ru15 (19.8 mg, yield 25.5 %) and Ru24 (23.3 mg, yield 

28.4 %). 
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Scheme 5-1 Synthetic route of ruthenium complexes Ru2, Ru7, Ru8, Ru15 and Ru24. 
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Characterization results are summarized as follows: 

Ru2: [Ru(bpy)2DBDPPZ]2+, 1H NMR (400 MHz, MeOD) δ 9.52 (d, J = 7.6 Hz, 

2H), 8.82 (t, J = 9.2 Hz, 4H), 8.48 (s, 2H), 8. 32 (dd, J = 1.2 and 4.4 Hz, 2H), 8.22 (td, 

J = 1.2 and 6.8 Hz, 2H), 8.14 (td, J = 1.2 and 7.2 Hz, 2H), 8.017-7.945 (m, 6H), 7.60 

(td, J = 1.2 and 4.4 Hz, 2H), 7.45 ppm (t, J = 6.4 Hz, 2H). 13C NMR (100 MHz, 

MeOD) δ 158.7, 158.6, 155.3, 153.3, 152.97, 152.2, 142.7, 142.1, 139.6, 139.5, 135.2, 

134.5, 131.7, 129.8, 129.1, 129.0, 125.9 ppm (Fig. 5-1 and 5-2). 

Ru7: [Ru(bpy)2MTPIP]2+, 1H NMR (400 MHz, MeOD) δ 9.14 (d, J = 8.0 Hz, 

2H), 8.75 (q, J = 8.0 Hz, 4H), 8.19 (td, J = 1.6 and 8.0 Hz, 4H), 8. 12 (dd, J = 0.8 and 

4.4 Hz, 2H), 8. 08 (td, J = 1.6 and 6.8 Hz, 2H), 7.96 (dd, J = 0.4 and 4.8 Hz, 2H), 7.87 

(dd, J = 3.2 and 5.2 Hz, 2H), 7.72 (d, J = 4.8 Hz, 2H), 7.56 (td, J = 1.2 and 4.4 Hz, 

2H), 7.327-7.389 (m, 4H), 2.53 ppm (s, 3H). 13C NMR (100 MHz, MeOD) δ158.8, 

158.6, 155.0, 152.9, 152.8, 151.2, 146.9, 144.4, 139.3, 139.2, 132.0, 129.0, 128.9, 

128.3, 127.3, 127.0, 126.5, 125.7, 125.6, 14.9 ppm (Fig. 5-3 and 5-4). 

Ru8: [Ru(bpy)2EIPP]2+, 1H NMR (400 MHz, MeOD) δ 9.04 (d, J = 8.0 Hz, 2H), 

8.65 (q, J = 8.0 Hz, 4H), 8.08 (td, J = 1.2 and 6.8 Hz, 2H), 8.01 (d, J = 5.2 Hz, 2H), 

7.97 (td, J = 1.2 and 6.8 Hz, 2H), 7.85 (d, J = 4.8 Hz, 2H), 7.76 (td, J = 2.8 and 5.2 Hz, 

2H), 7.71 (s, 2H), 7.63 (d, J = 5.6 Hz, 2H), 7.46 (td, J = 1.2 and 4.4 Hz, 2H), 7.25 (t, J 

= 6.4 Hz, 2H), 6.77 (d, J = 8.0 Hz, 1H), 4.07 (d, J = 6.8 Hz, 2H), 1.27 ppm (t, J = 7.2 

Hz, 3H). 13C NMR (100 MHz, MeOD) δ158.8, 158.6, 155.8, 152.95, 152.85, 151.0, 

148.7, 139.3, 139.2, 131.96, 128.97, 127.2, 125.7, 125.6, 121.8, 121.5, 116.8, 112.4, 

65.77, 15.12 ppm (Fig. 5-5 and 5-6). 

Ru15: [Ru(phen)2BPDC]2+, 1H NMR (400 MHz, MeOD) δ 9.02 (s, 2H), 8.65 (d, 

J = 7.6 Hz, 2H), 8. 56 (dd, J = 0.8 and 7.2 Hz, 2H), 8.21 (d, J = 5.2 Hz, 6H), 7.88 (dd, 

J = 0.8 and 4.4 Hz, 2H), 7.80-7.76 (m, 4H), 7.66 (d, J = 5.6 Hz, 2H), 7.58 ppm (dd, J 
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= 3.2 and 5.2 Hz, 2H). 13C NMR (100 MHz, MeOD) δ159.3, 154.0, 153.5, 153.4, 

149.0, 148.8, 138.6, 138.5, 132.6, 132.5, 129.5, 129.46, 127.9, 127.55, 127.4, 124.9 

ppm (Fig. 5-7 and 5-8). 

Ru24: [Ru(phen)2CDYMB]2+, 1H NMR (400 MHz, CDCl3) δ 8.82-8.79 (m, 2H), 

8.73-8.66 (m, 4H), 8.40-8.31 (m, 5H), 8.18 (td, J = 0.8 and 4.4 Hz, 2H), 7.98 (ddd, J 

= 0.8, 3.2 and 7.2 Hz, 2H), 7.74-7.67 (m, 3H), 7.54 (dt, J = 4.0 and 1.2 Hz, 2H), 7.42 

(dd, J = 0.4 and 7.2 Hz, 1H), 7.26-7.18 (m, 3H), 7.07 (d, J = 8.8 Hz, 2H), 3.86 ppm (s, 

3H); 13C NMR (100 MHz, CDCl3) δ 165.8, 164.7, 160.5, 158.5, 155.2, 154.9, 154.0, 

153.9, 150.0, 149.99, 149.4, 143.5, 138.5, 138.3, 136.0, 134.0, 133.3, 132.4, 132.35, 

129.8, 129.4, 129.2, 127.7, 127.1, 122.7, 115.9, 56.13 ppm (Fig. 5-9 and 5-10). 

 

 

Fig. 5-1 1H NMR (400 MHz, DMSO-d6) spectrum of complex Ru2. 
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Fig. 5-2 13C NMR (100 MHz, DMSO-d6) spectrum of complex Ru2. 

 

Fig. 5-3 1H NMR (400 MHz, DMSO-d6) spectrum of complex Ru7. 
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Fig. 5-4 13C NMR (100 MHz, DMSO-d6) spectrum of complex Ru7. 

 

 

Fig. 5-5 1H NMR (400 MHz, DMSO-d6) spectrum of complex Ru8. 
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Fig. 5-6 13C NMR (100 MHz, DMSO-d6) spectrum of complex Ru8.

 

Fig. 5-7 1H NMR (400 MHz, DMSO-d6) spectrum of complex Ru15. 
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Fig. 5-8 13C NMR (100 MHz, DMSO-d6) spectrum of complex Ru15. 

 

Fig. 5-9 1H NMR (400 MHz, DMSO-d6) spectrum of complex Ru24. 
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Fig. 5-10 13C NMR (100 MHz, DMSO-d6) spectrum of complex Ru24. 

5.3 Cell morphology, cytotoxicities, proliferation and inhibition 

5.3.1 Cell morphology and proliferation of ruthenium complexes Ru2, Ru7, Ru8, 

Ru15 and Ru24. 

    Most of ruthenium complexes in this chapter were shown to be not toxic under 

the dark incubation with hepatocellular carcinoma cell (Hep-G2) lines. Ru2 was 

modified from the classical Ru(bpy)2dppz2+ by adding two bromo groups in the end of 

DPPZ ligand.  
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Fig. 5-11 Cell morphology of hepatocellular carcinoma cell (Hep-G2) with complex 

Ru2 of different concentrations for 24 hours. a, control; b, 10 μmol/L; c, 20 μmol/L; d, 

40 μmol/L. e, f, g, h, enlarged typical areas of a, b, c, d (blue square frames) 

accordingly. The blue scale bar is 100 μm (a, b, c, d) and 20 μm (e, f, g, h). The 

optical lens is of 10  magnification in the fluorescence inverse microscope (FIM). 

    From the cellular morphology of Fig. 5-11 (b), (c) and (d), there were no 

apparent reduction of cell numbers and notable cell apoptosis. The enlarged image of 

(h) showed that at the highest concentration of 40 μmol/L, the cell looked still quite 

active and healthy. However, the iridium complex Ir115 with the same DBDPPZ 

ligand demonstrated a very strong cytotoxicity in Fig. 2-35 of chapter 2.  

 

 

Fig. 5-12 Cell morphology of hepatocellular carcinoma cell (Hep-G2) with complex 

Ru7 of different concentrations for 24 hours. a, control; b, 10 μmol/L; c, 20 μmol/L; d, 
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40 μmol/L. e, f, g, h, enlarged typical areas of a, b, c, d (blue square frames) 

accordingly. The blue scale bar is 100 μm (a, b, c, d) and 20 μm (e, f, g, h). The 

optical lens is of 10  magnification in the fluorescence inverse microscope (FIM). 

    The cells were not shrinking and condensing after the culture with Ru7 in Fig. 

5-12 at the increasing concentrations to 40 μmol/L which only reached 20 μmol/L for 

most of the previous iridium complexes. Cell number was not greatly reduced as well 

at high concentration. Further cytotoxicity assay would provide the evidence of the 

low cytotoxicity. 

 

 

Fig. 5-13 Cell morphology of hepatocellular carcinoma cell (Hep-G2) with complex 

Ru8 of different concentrations for 24 hours. a, control; b, 10 μmol/L; c, 20 μmol/L; d, 

40 μmol/L. e, f, g, h, enlarged typical areas of a, b, c, d (blue square frames) 

accordingly. The blue scale bar is 100 μm (a, b, c, d) and 20 μm (e, f, g, h). The 

optical lens is of 10  magnification in the fluorescence inverse microscope (FIM). 

    For Ru8, similar characteristics of cellular good condition in Fig. 5-13 were 

observed and the structure did not add into the cytotoxicity under dark which was the 

same as for the Ir80 in Fig. 3-18 of chapter 3.  
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Fig. 5-14 Cell morphology of hepatocellular carcinoma cell (Hep-G2) with complex 

Ru15 of different concentrations for 24 hours. a, control; b, 10 μmol/L; c, 20 μmol/L; 

d, 40 μmol/L. e, f, g, h, enlarged typical areas of a, b, c, d (blue square frames) 

accordingly. The blue scale bar is 100 μm (a, b, c, d) and 20 μm (e, f, g, h). The 

optical lens is of 10  magnification in the fluorescence inverse microscope (FIM). 

    The Ru15 was quite water soluble and the two carboxy group could neutralize 

the final charges of the complex. The expected high cytotoxicity was not found in the 

cell morphology in Fig. 5-14 even at high concentration and no typical features such 

as round cells and reduced cell numbers were observed. Ru15 was designed to be 

reactive to the amino group in live cells that could greatly interrupt the normal 

functions of enzymes and triggered the cell apoptosis. However, no such evidences 

were appeared in the morphology analysis. The MTT assay would give the IC50 value 

to evaluate the toxicity of Ru15. Due to the possible neutral property caused by the 

two carboxyl groups, the cellular uptake could be tremendously affected. The 

lipophilic cell membrane could also prevent the attachment of the hydrophilic Ru15. 
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The two N^N ligands of phen instead of bpy were considered to add the lipophilicity 

of the complex but seemed not to work in the cell culture. 

 

 

Fig. 5-15 Cell morphology of hepatocellular carcinoma cell (Hep-G2) with complex 

Ru24 of different concentrations for 24 hours. a, control; b, 10 μmol/L; c, 20 μmol/L; 

d, 40 μmol/L. e, f, g, h, enlarged typical areas of a, b, c, d (blue square frames) 

accordingly. The blue scale bar is 100 μm (a, b, c, d) and 20 μm (e, f, g, h). The 

optical lens is of 10  magnification in the fluorescence inverse microscope (FIM). 

    Ru24 was linked with a Schiff base which was the main reason for cytotoxicity 

in chapter 4, therefore, the ruthenium complex caused the detectable features of cell 

damages as shown in the enlarged area of (g), but the cells in (h) looked quite normal 

and healthy. From the image of (c), most of the cells outside the yellow frame have a 

good cell morphology. All the ruthenium complexes were not very toxic in this 

morphology section which was in accordance with the literatures introduced in the 

first chapter. We assume that the two positive charges of most ruthenium complexes 

could reduce the efficiency of their cellular uptake. The cytotoxicity and cellular 

uptake experiments would support the speculation.  
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5.3.2 MTT assay for cell proliferation and inhibition of ruthenium complexes 

Ru2, Ru7, Ru8, Ru15 and Ru24. 

    The metal core of ruthenium(II) resulted in two net positive charges of the 

complex when Ru(II) has bound to the three N^N ligands. As the former section 

observed, the cell morphology was of no typical characteristics of dying cells induced 

by apoptosis or oncosis. MTT assay was carried out in this section to quantitatively 

evaluate the cytotoxicity of those ruthenium complexes with or without the radiation. 

Some of the hydrophobic anion was selected as counter-ion to both neutralize the two 

positive charges and increase the lipophilicity of those ruthenium complexes. 

 

 

Fig. 5-16 MTT assay of hepatocellular carcinoma cell (Hep-G2) with complex Ru2, 

Ru7, Ru8, Ru15 and Ru24 of different concentrations: 0, 2.5, 5, 10, 15, 20, 30, 40 and 

50 μmol/L in 96-well plates. Each concentration has 6 repeat wells. The five 96-well 

plates show the results of the cleavage of yellow tetrazolium salt MTT into purple 

formazan crystals after adding different complexes for 24 hours. 
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    The color of those 96-well plates were deep purple except for Ru2 complex 

when being cultured with different concentrations. The yellow MTT molecules were 

effectively transferred into deep blue formazan by the active mitochondrial reductase. 

The qualitative results showed the low cytotoxicity of most of the ruthenium 

complexes in this chapter. 

 

 

Fig. 5-17 Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ru2, Ru7, Ru8, Ru15 and Ru24 of different concentrations, 0, 2.5, 5, 10, 15, 

20, 30, 40 and 50 μmol/L. Yellow tetrazolium salt MTT was used to quantify the 

viable cells by a scanning multiwell spectrophotometer (ELISA reader).     
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    The quantified proliferation assay obtained by a scanning multiwell 

spectrophotometer suggested the relatively low interruption of cell growth with the 

incubation of those five ruthenium complexes. Ru2 seemed to cease the further 

impact of cellular proliferation after the concentration reached 30 μmol/L. Complex 

Ru15 was discovered to slightly reduce the cell proliferation ratio to about 70 % when 

the concentration arrived at 30 μmol/L.  

 

 

 

Fig. 5-18 Cell viability assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ru2, Ru7, Ru8, Ru15 and Ru24 of different concentrations, 0, 2.5, 5, 10, 15, 20, 30, 
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40 and 50 μmol/L. IC50 (half maximal inhibitory concentration) value was obtained 

from inhibition and concentration curve by absorbance of purple formazan crystals at 

570 nm wavelength. 

    Most of the IC50 values were much larger than 50 μM, indicating the 

cytotoxicities of the ruthenium complexes were rather low and beyond the testing 

limitation. Whereas the cytotoxicity of Ru15 was not as strong as the previous iridium 

complexes, the carboxyl group may have affected the cellular functions which caused 

the slow rise of the inhibition curve. Ru2 was considered to have some IC50 within 

higher concentrations and therefore further experiments were carried out aiming to 

clarify the cytotoxicity value of Ru2.  

 

Fig. 5-19 MTT assay of hepatocellular carcinoma cell (Hep-G2) with complex Ru2 of 

different concentrations: 0, 12.5, 25, 50, 75, 100, 150, 200 and 250 μmol/L in 96-well 

plates. Each concentration has 6 repeat wells. The five 96-well plates show the results 

of the cleavage of yellow tetrazolium salt MTT into purple formazan crystals after 

adding different complexes for 24 hours. 

    The concentration reached at 250 μmol/L in the further MTT assay, but no 

obvious diminishment of purple dye was displayed in Fig. 5-19. The high 

concentration did not generate the great drop of cell proliferation as estimated which 

proved that Ru2 was not very toxic for cells even at very high concentration, while 

complex Ir115 possessing the similar structure was quite toxic with the IC50 of 3.45 
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μM in Fig. 2-44. The IC50 of Ru2 could not be obtained even the concentration range 

was enlarged to 250 μmol/L. 

 

Fig. 5-20 Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ru2 of different concentrations, 0, 12.5, 25, 50, 75, 100, 150, 200 and 250 

μmol/L. Yellow tetrazolium salt MTT was used to quantify the viable cells by a 

scanning multiwell spectrophotometer (ELISA reader). 

     The IC50 of Ru2 was expected to be larger than 250 μM in Fig. 5-21 that we 

could conclude that Ru2 was not toxic as a medicine. The relatively low cytotoxicity 

of Ru2 could be attributed to the two charges and low cellular uptake that would 

require more experiments to prove. The inhibition of cell growth in Fig. 5-21 was 

lower than the ratio in Fig. 5-18 which could be the results of the low density of cells 

used within concentration of 50 μmol/L for MTT evaluation. More assays should be 

done to have a very stable cell numbers in 96-well plates.  
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Fig. 5-21 Cell viability assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ru2 of different concentrations, 0, 12.5, 25, 50, 75, 100, 150, 200 and 250 μmol/L. 

IC50 (half maximal inhibitory concentration) value was obtained from inhibition and 

concentration curve by absorbance of purple formazan crystals at 570 nm wavelength. 

    As performed in Fig. 2-46 for Ir115 and Fig. 3-26 for Ir80, the light 

cytotoxicities of ruthenium complexes of Ru2 and Ru8 were tested under the 465 nm 

irradiation. The planar structure of DBDPPZ in Ru2 seemed to be a good 

light-harvesting sensitizer to largely improve the toxicity of the complex. The purple 

color was not very strong with the increase of concentration.  

  

Fig. 5-22 MTT assay of hepatocellular carcinoma cell (Hep-G2) with complex Ru2 

and Ru8 of different concentrations: 0, 2.5, 5, 10, 15, 20, 30, 40 and 50 μmol/L under 

465 nm irradiation (13 mW/cm2) for 30 minutes in 96-well plates. Each concentration 

has 6 repeat wells. The 96-well plate show the results of the cleavage of yellow 

tetrazolium salt MTT into purple formazan crystals after adding different complexes 

for 24 hours. 

    The high photo-cytotoxicity of Ru8 was observed by the weak purple color under 

the 465 nm light in Fig. 5-22 (right). The quantitative proliferation ratios of Ru2 

proved the certain inhibition of cell growth under blue irradiation while the cells lost 

their proliferation ability in a very fast speed for complex Ru8. 
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Fig. 5-23 Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ru2 and Ru8 of different concentrations, 0, 2.5, 5, 10, 15, 20, 30, 40 and 50 

μmol/L under 465 nm irradiation (13 mW/cm2) for 30 minutes. Yellow tetrazolium 

salt MTT was used to quantify the viable cells by a scanning multiwell 

spectrophotometer (ELISA reader). 

    The sharp drop of cellular growth proliferation for Ru8 in Fig. 5-23 was 

surprisingly observed to be less than 20% under the 465 nm light which was even 

lower than the ratio of about 25 % of Ir80 in Fig. 3-26. The EIPP ligand played the 

key role in the photo-cytotoxicities of both Ir80 and Ru8. 

 

Fig. 5-24 Cell viability assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ru2 and Ru8 of different concentrations, 0, 2.5, 5, 10, 15, 20, 30, 40 and 50 μmol/L 

under 465 nm irradiation (13 mW/cm2) for 30 minutes. IC50 (half maximal inhibitory 

concentration) value was obtained from inhibition and concentration curve by 

absorbance of purple formazan crystals at 570 nm wavelength.  
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    The light IC50 value of Ru2 was calculated to be 42.6 μM in Fig. 5-24 while the 

value of Ir115 was 2.55 μM in Fig. 2-47, indicating the Ir115 was 16.7 times more 

toxic than Ru2 under the 465 nm irradiation. The light did not increase the 

cytotoxicity of Ru2 to the similar level of Ir115. However, the IC50 value of Ru8 was 

found to be 2.33 μM in Fig. 5-24 which was much less than the value 8.08 μM of Ir80 

in Fig. 3-27. The exciting results showed that Ru8 could be the most effective 

light-activated complex with high photo-toxicity which would be an excellent 

candidate for the photodynamic therapy (PDT). 

 

Fig. 5-25 MTT assay of hepatocellular carcinoma cell (Hep-G2) with complex Ru8 of 

different concentrations: 0, 2.5, 5, 10, 15, 20, 30, 40 and 50 μmol/L under 630 nm 

irradiation (13 mW/cm2) for 30 minutes in 96-well plates. Each concentration has 6 

repeat wells. The 96-well plates show the results of the cleavage of yellow tetrazolium 

salt MTT into purple formazan crystals after adding of different complexes for 24 

hours. 

    The long wavelength 630 nm was applied to found whether the Ru8 had the 

similar photo-toxicity to the blue light. From the picture of 96-well plates, the purple 

formazan was not obviously reduced with the increasing concentration. The 

photo-cytotoxicity was considered to be very low from the unchanging purple color. 
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Fig. 5-26 Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ru8 of different concentrations, 0, 2.5, 5, 10, 15, 20, 30, 40 and 50 μmol/L 

under 630 nm irradiation (13 mW/cm2) for 30 minutes. Yellow tetrazolium salt MTT 

was used to quantify the viable cells by a scanning multiwell spectrophotometer 

(ELISA reader). 

    Proliferation ratios in Fig. 5-26 also did not have strong evidence for the 

cytotoxicity of Ru8 under 630 nm irradiation. Long wavelength was generally 

regarded as an effective method for PDT due to its better ability to penetrate into 

deeper tissues of organs. Those complexes of iridium and ruthenium could not be 

activated by long wavelength of light probably due to their relatively small 

light-harvesting structures. 

 

Fig. 5-27 Cell viability assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ru8 of different concentrations, 0, 2.5, 5, 10, 15, 20, 30, 40 and 50 μmol/L under 630 

nm irradiation (13 mW/cm2) for 30 minutes. IC50 (half maximal inhibitory 
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used as a wood preservative in the United States, and was severely restricted after its 

extreme toxicity to humans was found [28].  

 

Fig. 5-29 Cell proliferation assay of hepatocellular carcinoma cell (Hep-G2) with 

complex Ru2 and pentafluorophenol of different concentrations, 0, 2.5, 5, 10, 15, 20, 

30, 40 and 50 μmol/L. Yellow tetrazolium salt MTT was used to quantify the viable 

cells by a scanning multiwell spectrophotometer (ELISA reader).     

    In order to verify the counter-ion theory in the former literatures, we carefully 

chose the safe pentafluorophenol (PFP) instead of extreme toxic pentachlorophenol 

(PCP) as listed in Fig. 5-28. The deep purple color was not disappeared in PFP (right) 

and the mixture of Ru2 and PFP (left). The PFP was also found in Fig. 5-29 (right) 

with high proliferation ratios at high concentrations. The mixture of PFP and Ru2 was 

almost the same as the Ru2 in Fig. 5-17, which proved that the PFP could not add into 

the cytotoxicity with Ru2.  
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Fig. 5-30 Cell viability assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ru2 and pentafluorophenol of different concentrations, 0, 2.5, 5, 10, 15, 20, 30, 40 

and 50 μmol/L. IC50 (half maximal inhibitory concentration) value was obtained from 

inhibition and concentration curve by absorbance of purple formazan crystals at 570 

nm wavelength. 

    The inhibition curve of the mixture of Ru2 and PFP in Fig. 5-30 (left) was close 

to the curve in Fig. 5-18 without PFP. The PFP cytotoxicity testing in Fig. 5-30 (right) 

showed the IC50 value was immeasurable within the concentration range of 50 

μmol/L. Further cellular uptake studies would reveal whether the non-toxic PFP could 

enhance the uptake efficiency of Ru2. 

5.3.3 Live and dead assay for cytotoxicities of ruthenium complexes Ru2, Ru7, 

Ru8, Ru15 and Ru24. 

    There was no apparent decrease of green color of calcein in Fig. 5-31, and the 

increase of red PI was very difficult to observe in the four-magnified images of Fig. 

5-31. 
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Fig. 5-31 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ru2 of different concentrations for 24 hours. a, e, control; b, 

f, 10 μmol/L; c, g, 20 μmol/L; d, h, 40 μmol/L. a, b, c, d, calcein AM dye (green) for 

live cells, excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye 

(red) for dead cells, excitation/emission: 530 nm / 620 nm. The yellow scale bar is 

200 μm. The optical lens is of 4  magnification in the fluorescence inverse 

microscope (FIM). 

    According to the calculation of the green and red area in Fig. 5-31 by ImageJ 

software, we obtained the area ratios and cell numbers of live and dead cell incubated 

with Ru2. The red PI area in Fig. 5-31 (left) did not change with the increasing 

concentrations of Ru2 and cell numbers (right) grew very slowly. The live cells 

dropped a little when more Ru2 was added in the culture medium. 

 

Fig. 5-32 Left: Area proportion of calcein AM and propidium iodide (PI) dyes to the 

whole pictures of hepatocellular carcinoma cell (Hep-G2) with complex Ru2 of 

different concentrations. The areas of green / red colors were calculated by photoshop 

software. Right: Cell numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ru2. The numbers of cells with 

green or red colors were calculated by ImageJ software. 

    The calculation of cell numbers and dye area ratios demonstrated the lower 

cytotoxicity of Ru2 in Fig. 5-32 than the Ir115 containing the same DBDPPZ ligand 

in Fig. 2-59 where the dead cells tremendously increased to a very large percent. 



415 

    The ten-times magnified cell pictures in Fig. 5-33 showed a few numbers of dead 

cells with red PI dye emerged. The cell size in (e) and (g) became smaller than the 

control, indicating the early stage of apoptosis has begun. The nuclei numbers in (l), 

(n) and (p) were increased and the morphology of those nuclei of dead cells 

maintained the same. No blebbing and vacuolization was observed in Fig. 5-33, 

suggesting the apoptosis was the main pathway of programmed cell death (PCD) 

other than oncosis. The cells in Fig. 5-33 were large and clear for the individual 

morphology and cellular staining but not perfect for the statistics studies shown in Fig. 

5-31 and 5-32. No apparent co-staining of red PI and green calcein was observed in 

Fig. 5-33, suggesting there were not a large number of cells died during the live and 

dead cell straining and photo shoot. 

 

Fig. 5-33 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ru2 of different concentrations, a, b, control; c, d, 10 μmol/L Ru2; e, f, 20 μmol/L 
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Ru2; g, h, 40 μmol/L Ru2. a, c, e, g, calcein AM dye (green) for live cells, excitation / 

emission: 485 nm / 535 nm. b, d, f, h, propidium iodide (PI) dye (red) for dead cells, 

excitation / emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical areas of a, 

b, c, d, e, f, g, h (yellow square frames) accordingly. The yellow scale bar is 100 μm 

(a, b, c, d, e, f, g, h) and 20 μm (i, j, k, l, m, n, o, p). The optical lens is of 10  

magnification in the fluorescence inverse microscope (FIM). 

    Although the healthy cells did not reduce a lot in number according to Fig. 5-31, 

the pictures from the 10 magnified lens showed the reducing trend of live cells from 

(a), (c), (e) and (g). 

    The green cells in Fig. 5-34 were decreasing in a very low speed. The results of 

area calculation clearly showed the gentle gradient of the reduced live cell with a 

steady slope. No obvious dead cells showed up with the increasing concentrations of 

Ru7 as calculated in Fig. 5-35 (left). 
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Fig. 5-34 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ru7 of different concentrations for 24 hours. a, e, control; b, 

f, 10 μmol/L; c, g, 20 μmol/L; d, h, 40 μmol/L. a, b, c, d, calcein AM dye (green) for 

live cells, excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye 
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(red) for dead cells, excitation/emission: 530 nm / 620 nm. The yellow scale bar is 

200 μm. The optical lens is of 4  magnification in the fluorescence inverse 

microscope (FIM). 

 

Fig. 5-35 Left: Area proportion of calcein AM and propidium iodide (PI) dyes to the 

whole pictures of hepatocellular carcinoma cell (Hep-G2) with complex Ru7 of 

different concentrations. The areas of green / red colors were calculated by photoshop 

software. Right: Cell numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ru7. The numbers of cells with 

green or red colors were calculated by ImageJ software. 

    The live and dead cell numbers are also changing very slowly according to Fig. 

5-35 (right). Ru7 was not very toxic from the MTT assay and the co-staining of live 

and dead cells. There was a few of cyan dots in Fig. 5-36 (e), (m) and (g) as the 

yellow arrows marked. As discussed before, the cyan color wavelength interval is 

from 485 nm to 500 nm and also could be achieved by the mixture of blue and green 

color. The positive charged Ru7 could play as the photo-sensitizer and the negatively 

charged green calcein would be the acceptor of the energy transfer.  
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Fig. 5-36 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ru7 of different concentrations, a, b, control; c, d, 10 μmol/L Ru7; e, f, 20 μmol/L 

Ru7; g, h, 40 μmol/L Ru7. a, c, e, g, calcein AM dye (green) for live cells, excitation / 

emission: 485 nm / 535 nm. b, d, f, h, propidium iodide (PI) dye (red) for dead cells, 

excitation / emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical areas of a, 

b, c, d, e, f, g, h (yellow square frames) accordingly. The yellow scale bar is 100 μm 

(a, b, c, d, e, f, g, h) and 20 μm (i, j, k, l, m, n, o, p). The optical lens is of 10  

magnification in the fluorescence inverse microscope (FIM). 

    The - stacking of the two counter-ionic molecules could greatly narrow down 

the Stokes shift of calcein which would cause a hypsochromical shift of calcein 

emission to the cyan range from 485 to 500 nm. The cyan color in Fig. 5-36 (m) as the 

arrow pointed was close to green and not very strong, indicating the Ru7 assisted blue 

shift of calcein was not very strong. At the concentration of 40 μmol/L, the cells in (o)  

and (g) seemed to be larger than the control ones which implied that the typical 

features of dwelling and cytoplasmic blebbing could appear at the early stage of 
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oncosis although in MTT assay the Ru7 was not found to show strong cytotoxicity 

even at 50 μmol/L. High concentration of MTT assay and cell imaging experiments 

should be done to verify the possible symptom of oncosis. 
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Fig. 5-37 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ru8 of different concentrations for 24 hours. a, e, control; b, 

f, 10 μmol/L; c, g, 20 μmol/L; d, h, 40 μmol/L. a, b, c, d, calcein AM dye (green) for 

live  cells, excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide (PI) 

dye (red) for dead cells, excitation/emission: 530 nm / 620 nm. The yellow scale bar 

is 200 μm. The optical lens is of 4  magnification in the fluorescence inverse 

microscope (FIM). 

    Without light irradiation, the Ru8 did not cause severe damages to cells. Almost 

no changes were observed in Fig. 5-37 with the increasing concentration of Ru8. The 

calculated area ratios indicated in Fig. 5-38 supported the conclusion of MTT assay 

that Ru8 was of the very low dark cytotoxicity in this chapter. The numbers of live 

and dead cells have the similar variation to those of other ruthenium complexes. 
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Fig. 5-38 Left: Area proportion of calcein AM and propidium iodide (PI) dyes to the 

whole pictures of hepatocellular carcinoma cell (Hep-G2) with complex Ru8 of 

different concentrations. The areas of green / red colors were calculated by photoshop 

software. Right: Cell numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ru8. The numbers of cells with 

green or red colors were calculated by ImageJ software. 

    As the yellow arrows marked in Fig. 5-39 (e) and (m), the cyan color of cells was 

probably the result of the - stacking of Ru8 and calcein dye which restricted the 

Stokes shift of calcein and became cyan emissive. Live cells in (g) were much smaller 

than those in (e) and (c) which means the typical characteristics of apoptosis appeared 

at 40 μmol/L. However, there was a dwelling nucleus in up-left corner of (p), showing 

the morphology of cell programmed death was complicated and sometimes mixed 

with both apoptosis and oncosis. 
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Fig. 5-39 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ru8 of different concentrations, a, b, control; c, d, 10 μmol/L Ru8; e, f, 20 μmol/L 

Ru8; g, h, 40 μmol/L Ru8. a, c, e, g, calcein AM dye (green) for live cells, excitation / 

emission: 485 nm / 535 nm. b, d, f, h, propidium iodide (PI) dye (red) for dead cells, 

excitation / emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged typical areas of a, 

b, c, d, e, f, g, h (yellow square frames) accordingly. The yellow scale bar is 100 μm 

(a, b, c, d, e, f, g, h) and 20 μm (i, j, k, l, m, n, o, p). The optical lens is of 10  

magnification in the fluorescence inverse microscope (FIM). 

    The numbers of red cells in (f) and (h) seemed not much different. Therefore, the 

cytotoxicity of Ru8 was not very toxic under the dark. If the blue irradiation was 

applied, the red dots were supposed to be spread all over in the image due to its high 

photo-cytotoxicity. There would be a lot more research work focusing on the PDT 

properties of Ru8 in the near future. 
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Fig. 5-40 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ru15 of different concentrations for 24 hours. a, e, control; b, 

f, 10 μmol/L; c, g, 20 μmol/L; d, h, 40 μmol/L. a, b, c, d, calcein AM dye (green) for 

live cells, excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye 

(red) for dead cells, excitation/emission: 530 nm / 620 nm. The yellow scale bar is 

200 μm. The optical lens is of 4  magnification in the fluorescence inverse 

microscope (FIM). 

    The density of live cells in Fig. 5-40 (c) and (d) was slightly reduced and no 

obvious dead cells showed up in (g) and (h). Some live cells in (b) looked swelling 

and large but actually most of them were the overlay of a few cells when enlarged. 
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Fig. 5-41 Left: Area proportion of calcein AM and propidium iodide (PI) dyes to the 

whole pictures of hepatocellular carcinoma cell (Hep-G2) with complex Ru15 of 

different concentrations. The areas of green / red colors were calculated by photoshop 

software. Right: Cell numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ru15. The numbers of cells 

with green or red colors were calculated by ImageJ software. 

    Similar to other ruthenium complex, Ru15 has a moderate toxicity to 

hepatocellular carcinoma cell. The area of live cells slightly decreased and the dead 

cells did not grow notably. The number of green cells even increased a little at the 

concentration of 20 μmol/L and the dead numbers remained a very low portion at 

higher concentration. The two carboxyl groups in BPDC ligand did not contribute to 

the strong cytotoxicity for Ru15. 

 

Fig. 5-42 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ru15 of different concentrations, a, b, control; c, d, 10 μmol/L Ru15; e, f, 20 μmol/L 

Ru15; g, h, 40 μmol/L Ru15. a, c, e, g, calcein AM dye (green) for live cells, 
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excitation / emission: 485 nm / 535 nm. b, d, f, h, propidium iodide (PI) dye (red) for 

dead cells, excitation / emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged 

typical areas of a, b, c, d, e, f, g, h (yellow square frames) accordingly. The yellow 

scale bar is 100 μm (a, b, c, d, e, f, g, h) and 20 μm (i, j, k, l, m, n, o, p). The optical 

lens is of 10  magnification in the fluorescence inverse microscope (FIM). 

    In Fig. 5-42, there were no detectable cyan cells appeared, suggesting the 

interaction of Ru15 and calcein was not strong and no obvious - stacking occurred 

due to the similar carboxyl group in both of them. The repulsion of carboxyl group of 

Ru15 and calcein might prevent the - stacking. Cell numbers in (c), (e) and (g) 

were not changed a lot as well as the dead cell numbers in (d), (f) and (h). Live cell 

size and shape in (i), (k), (m) and (o) were of no big difference, indicating the low 

cytotoxicity of Ru15. 
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Fig. 5-43 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) after 

incubation with complex Ru24 of different concentrations for 24 hours. a, e, control; b, 

f, 10 μmol/L; c, g, 20 μmol/L; d, h, 40 μmol/L. a, b, c, d, calcein AM dye (green) for 

live cells, excitation/emission: 485 nm / 535 nm. e, f, g, h, propidium iodide (PI) dye 

(red) for dead cells, excitation/emission: 530 nm / 620 nm. The yellow scale bar is 
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200 μm. The optical lens is of 4  magnification in the fluorescence inverse 

microscope (FIM). 

    The live cells in Fig. 5-43 were not decreasing obviously with the increasing 

concentration of Ru24. Calculated green calcein dye area ratios in Fig. 5-44 (left) 

slowly dropped down from 11.195 % of control to 9.351 % at 20 μmol/L while the 

dead cell area ratios changed from 0 to 0.123%. Variation of live and dead cell 

numbers were also very limited in Fig. 5-44 (right). The Ru24 was found to be not 

very toxic even with a Schiff-base N^N ligand which caused severe cell damage in 

chapter 4. In general, all the ruthenium complexes in this chapter were shown to be of 

low cytotoxicities. 

 

Fig. 5-44 Left: Area proportion of calcein AM and propidium iodide (PI) dyes to the 

whole pictures of hepatocellular carcinoma cell (Hep-G2) with complex Ru24 of 

different concentrations. The areas of green / red colors were calculated by photoshop 

software. Right: Cell numbers of live (calcein AM) and dead (propidium iodide) 

hepatocellular carcinoma cell (Hep-G2) with complex Ru24. The numbers of cells 

with green or red colors were calculated by ImageJ software. 

    Because of the relatively low toxicities of those five ruthenium complexes, the 

comparison of their structure related properties of cytotoxicities turned out to be very 

challenging. The precise quantitative analysis based on the image software would be 

quite difficult. Nevertheless, the ruthenium complexes provided good examples for 
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the previous iridium complexes that metal core and charge number could be decisive 

for cytotoxicity. 

 

Fig. 5-45 Live / Dead assay of hepatocellular carcinoma cell (Hep-G2) with complex 

Ru24 of different concentrations, a, b, control; c, d, 10 μmol/L Ru24; e, f, 20 μmol/L 

Ru24; g, h, 40 μmol/L Ru24. a, c, e, g, calcein AM dye (green) for live cells, 

excitation / emission: 485 nm / 535 nm. b, d, f, h, propidium iodide (PI) dye (red) for 

dead cells, excitation / emission: 530 nm / 620 nm. i, j, k, l, m, n, o, p, enlarged 

typical areas of a, b, c, d, e, f, g, h (yellow square frames) accordingly. The yellow 

scale bar is 100 μm (a, b, c, d, e, f, g, h) and 20 μm (i, j, k, l, m, n, o, p). The optical 

lens is of 10  magnification in the fluorescence inverse microscope (FIM). 

    As indicated in Fig. 5-45 (c), (e) and (m) with yellow arrows, the cyan color of 

cells showed up similar to Ru7 in Fig. 5-36. The strong cyan emission was also found 

in the cells with Ir123 in Fig. 4-43 and Ir133 in Fig. 4-49 both of which contain the 

same Schiff-base N^N ligand of CDYMB. Moreover, the yellow emission spot was 

discovered in Fig. 5-45 (l) as the yellow arrow marked. The unique CDYMB 
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containing iridium complexes of Ir123 and Ir133 caused the yellow spot in cells of 

chapter 4 as well. Due to the same CDYMB ligand, the mechanism of yellow 

emission generation of Ru24 could be similar to Ir123 and Ir133 as discussed before. 

PI red dye could be green emissive due to its - stacking with Ru24 which narrowed 

down the Stokes shift of PI. The red emission of Ru24 and green emission of PI 

merged together to produce the bright yellow spot in the center of nucleus where the 

nucleolus was located. The highly compacted nucleolus might provide a confined 

space for the effective - stacking of Ru24 and PI. 
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Fig. 5-46 Color area and cell number ratios of dead to live hepatocellular carcinoma 

(Hep-G2) cell lines, live cell shrinkage and swelling degree with complexes Ru2, Ru7, 

Ru8, Ru15 and Ru24 at different concentrations. All were calculated by ImageJ 

software.  

    As concluded in MTT assay, the five ruthenium complexes were not very toxic 

to hepatocellular carcinoma (Hep-G2) cell lines even at high concentration. The dead 

to live cell ratios of green color area and cell numbers were calculated and listed in 

Fig. 5-46. All the proportion of dead cells were quite low, and the cytotoxicity trend 

was not consistent with the number and area calculation. Nevertheless, the Ru8 was 

found to be of the lowest cytotoxicity and the most promising PDT agents. Ru24 and 

Ru7 could be the two most toxic complexes among the five complexes. No typical 

shrinkage or swelling of cell morphology was detected, which means no apparent 

features of programmed cell death (PCD) such as apoptosis and oncosis existed in the 

cells cultured with those five harmless ruthenium complexes. The low cellular uptake 

of the ruthenium complexes could be responsible for the low toxicities. In order to 

find out the reason of their low cytotoxicities, mitochondrial membrane potential 

(MMP) testing, cellular uptake and distribution under temperature of 4 ℃ were 

carried out and discussed in the following section. 
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5.4 Mitochondrial transmembrane potential (ΔΨM) testing, cellular uptake and 

distribution of of ruthenium complexes Ru2, Ru7, Ru8, Ru15 and Ru24. 

    The control cells in Fig. 5-47 looked quite healthy from their shape and size in 

both bright field and luminescent images. The estimated luminescence intensity value 

of JC-1 aggregates was about 110 in (l). There existed a certain amount of JC-1 

monomers in (b) that caused the low Manders’ coefficients of M1 calculated by 

ImageJ software. 

 

Fig. 5-47 Mitochondrial membrane potential control assay based on JC-1 dye staining 

in hepatocellular carcinoma cell (Hep-G2) without metal complex. a, bright field; b, 

blue excitation filter; c, green excitation filter; d, overlay of b and c; e, Pearson‘s 

Coefficient: r = 0.902, Manders’ Coefficients (original): M1 = 0.59 (fraction of Red 

overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), Li‘s Intensity 

Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ) = 0.3956 

determined by ImageJ software from b and c; f, m: Red, green and blue fluorescence 

intensity and corresponding distribution curves calculated from the mergence of b and 
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c, i and j by ZEN software accordingly. The Y axis represents the relative frequency 

and the X axis indicates the brightness; g, n: height map of 2.5 D view intensity 

values obtained from d and k respectively by ZEN software. The highest intensity 

values are represented by the greatest extension in the Z-direction; h, i, j, k: enlarged 

typical areas of a, b, c, d (yellow square frames) accordingly; l, intensity profile of 

JC-1 luminescence calculated by ImageJ software across cell in k. The scale bar is 25 

μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

    In Fig. 5-48 (l), the broad and strong intensity peaks of JC-1 in control has 

changed to those narrower ones and became weaker with the intensity value of about 

98. As we know, most mitochondria have a round or ovoid shape with the diameter 

between 0.5 and 2.0 µm and a length up to about 10 µm.  

 

Fig. 5-48 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ru2 (5 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.962, Manders' Coefficients (original): M1 = 0.999 
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(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.4132 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ru2 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 

    The measured sizes of JC-1 red aggregates inside of mitochondria were exactly 

within their diameter range. The mitochondrial transmembrane potential (ΔΨM) kept 

on transporting inwards the positive charged JC-1 molecules to high concentration for 

the formation of red emissive aggregates. The ∆ΨM is a part of the transmembrane 

potential of hydrogen ions (∆µН+) on the inner membrane of mitochondrial with the 

following equation ∆µН+
 = -F∆ΨM + 2.3∆рН, where F is Faraday constant[29]. The 

cations of those iridium and ruthenium complexes could also be absorbed into 

mitochondrial according to the ΔΨM maintained by proton pumps. 

    When the concentration of Ru2 was 10 μmol/L, the JC-1 aggregates were still 

very popular and strongly emissive as shown in Fig. S7-43. Some of small and faint 

dot appeared, indicating certain depolarization of mitochondria was happening and 

even those dots were obtained with high intensity value of 85 in Fig. S7-43 (l). The 

widespread orange peaks in (g) demonstrated the healthy functions of mitochondria. 

The proportion of red area was still much larger than the green area in (f) and (m) 

which means the JC-1 red aggregates inside the mitochondria were more than the 

green JC-1 monomers in the cytoplasm. 
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Fig. 5-49 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ru2 (20 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.883, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.3691 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ru2 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 



433 

    There were quite a few of JC-1 aggregates observed in Fig. 5-49 with the 

incubation of Ru2 at 20 μmol/L. Whereas the density of orange peak in (g) was 

reduced, the luminescent intensity was about 98 in Fig. 5-49 (l), not diminished from 

the value in Fig. 5-48 (l). The part of red area was further reduced in Fig. 5-49 (f) due 

to the high concentration of Ru2. In image (i), there were green JC-1 monomer 

generated outside of mitochondria.  

 

Fig. 5-50 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ru2 of different concentrations 

(5, 10 and 20 μmol/L, 15 hours). Left, JC-1 fluorescence ratio (Red:Green); Right, 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ). 

ICQ~0, random staining; 0> ICQ≥ -0.5, segregated staining; 0<ICQ≤+0.5, dependent 

staining. 

    The low cytotoxicity of Ru2 resulted in the high red to green color ratios in Fig. 

5-50 (left), the trend of decreasing healthy mitochondria was a flat slope with the 

increasing concentrations. The red JC-1 dye rose up even at 5μmol/L of Ru2, 

implying the positive feedback of Ru2 in cell proliferation at low concentrations. ICQ 

value in Fig. 5-50 (right) indicated that all the image pairs of (b) and (c) were 

dependent staining. Since the green JC-1 monomers in (b) could not be red emissive 

in (c), the less monomers would generate the more dependent ICQ values. 
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Fig. 5-51 Cellular uptake and distribution of complex Ru2 (a, b, e, f, i, j: 20 μmol/L; 

m, n: 40 μmol/L) in hepatocellular carcinoma cell (Hep-G2) for 15 minutes (a, b), 40 

minutes (e, f), 120 minutes (i, j, m, n) at 37.5 ℃. a, e, i, m: bright field; b, f, j, n:  

blue excitation filter; c, g, k, o: enlarged typical areas of b, f, j, n (yellow square 

frames) accordingly; d, h, l, p: intensity profile of Ru2 luminescence calculated by 

ImageJ software across cells of c, g, k, o. The scale bar is 25 μm (a, b, e, f, i, j, m, n) 

and 5 μm (c, g, k, o). The optical lens is of 40  magnification in the fluorescence 

inverse microscope (FIM). 

    The cellular uptake of Ru2 was not effective according to the Fig. 5-51. No 

uptake was found except for the luminescent cell in (b) and (c). The bright field (a) 

showed it was a condensed and dead cell that the Ru2 could easily enter into. The 

luminescence intensity values were obtained from (d), (h), (l) and (p). The height of 

peaks was calculated by subtracting the intensity values of the background outside of 

cells. The peak of the uptake of dead cell was about 35, and no live cell uptake was 

detected after 15 minutes. Therefore, the peaks were related to about the heights of 0, 
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13, 18 and 17 according to the incubation time from 15, 40 and 120 minutes and 

concentrations from 20 to 40 μmol/L. The live cell uptake for Ru2 was quite weak 

even when most of the cells were getting round after 120 minutes in (i). Those round 

cells in (i) and (m) seemed to be at their early stage of apoptosis but not dying.  

 

Fig. 5-52 Cellular uptake and distribution of complex Ru2 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) 60 minutes at 4 ℃. a, bright field; b, blue 

excitation filter; c, enlarged typical areas of b (yellow square frames); d, intensity 

profile of Ru2 luminescence calculated by ImageJ software across a cell of c. The 

scale bar is 25 μm (a, b) and 5 μm (c). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

    Cold temperature prevented the effective uptake of Ru2 as indicated in Fig. 5-52 

(d) from which the luminescent peaks for live cell and dying cell were about 4 and 9 

respectively which were less than the values of 13 (40 minutes) and 35 for dead cell 

(15 minutes) at 37.5 ℃. The obvious ruffles on the membrane of that dying cell as the 

green arrow marked in bright-field image of (a) were quite similar to those cells with 

arrows in Fig. 5-51 (a),(e) and (i) which looked with very strong luminescence in Fig. 

5-51 (b), (f) and (j) seperately. 
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Fig. 5-53 Cellular uptake and distribution of complex Ru2 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 30 minutes at 

37.5 ℃. a, bright field; b, blue excitation filter; c, enlarged typical areas of b (yellow 

square frames); d, intensity profile of Ru2 luminescence calculated by ImageJ 

software across a cell of c. The scale bar is 25 μm (a, b) and 5 μm (c). The optical lens 

is of 40  magnification in the fluorescence inverse microscope (FIM). 

    The high efficiency of Ru2 uptake was observed in the paraformaldehyde fixed 

cells, in which luminescence intensity rose up to about the value of 150 with the peak 

height of 95 in Fig. 5-53 (d). Formaldehyde fixation has been applied for decades to 

covalently crosslink the macromolecular structure including protein, DNA in cells and 

tissues for further analysis. Deeper investigation of the effects mediated by 

formaldehyde for trapping macromolecular was described to help us understand the 

important aspects of formaldehyde behavior in cells[30]. Large contrast of the uptake 

in fixed cells in Fig. 5-53 and live cells in Fig. 5-51 demonstrated that the operations 

in experiment to fix cell before the pictures taken by confocal laser scanning 

microscope (CLSM) or fluorescence inverse microscopes (FIM) could be improper 
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and misleading. However, the paraformaldehyde fixed cells were popularly used in 

the research of cellular distribution for metal complexes[31-32]. 

 

Fig. 5-54 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ru7 (5 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.937, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.4253 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ru7 luminescence calculated by ImageJ software across 
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cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 

    Ru7 was not found to affect the mitochondrial membrane potential in Fig. 5-54 

where the JC-1 red aggregates were prevailing. Despite the emergence of green JC-1 

monomers in Fig. S7-44, there were a lot more red areas of JC-1 aggregates in (f) and 

(m) as those in Fig. 5-55. Quite a few peaks in (l) of Fig. S7-44 and Fig. 5-55 showed 

a lot of healthy mitochondria containing the high concentration of JC-1 red dye. The 

intensities were changing from the control of 110 to 95, 75 and 78 with the increasing 

concentrations of Ru7. 

 

Fig. 5-55 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ru7 (20 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.800, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 
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0.2783 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ru7 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 

    There were quite a few of healthy cells containing the complex Ru7 as three 

different color arrows indicated in Fig. 5-55 (a) and (b). The red arrows showed the 

condensed and shrank cell that was full of Ru7 and had strong emission, while the 

yellow arrows marked the healthy cells stained by Ru7 instead of JC-1 red aggregates. 

Most of the cells with yellow arrows were found to be orange emissive that would not 

be seen under green excitation in image (c). No observation of JC-1 red dye in those 

cells where the Ru7 was located in and the green JC-1 monomers could probably be 

covered by orange Ru7. The distribution of Ru7 implied that the cation JC-1 

aggregates were competed and replaced by cation Ru7 in the mitochondria. The 

further accumulation of Ru7 in the nuclei of cells were observed in (b) with the green 

arrows. It was the unique evidence for the cellular uptake and distribution of 

ruthenium complex in this chapter, suggesting the highest cytotoxicity of Ru7 which 

was also supported by the dead to live cell number ratios in Fig. 5-46. In the enlarged 

area of Fig. 5-55 (i), apparent green JC-1 monomers were discovered to release into 

the cytoplasm outside of the mitochondria. Low intensities of green monomers were 

shown as the broad green lumps surrounded with sharp and strong orange peaks of 

JC-1 aggregates in 2.5D view in (n).  
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Fig. 5-56 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ru7 of different concentrations 

(5, 10 and 20 μmol/L, 15 hours). Left, JC-1 fluorescence ratio (Red:Green); Right, 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ). 

ICQ~0, random staining; 0> ICQ≥ -0.5, segregated staining; 0<ICQ≤+0.5, dependent 

staining. 

    Interestingly, the proportion of red JC-1 aggregates was increased with the more 

addition of Ru7 as shown in Fig. 5-56 (left). Therefore, Ru7 was proved to be not 

toxic to Hep-G2 cells. The ICQ values were slightly dropped, indicating the less 

dependent staining of images (b) and (c). 

    The cellular uptake of Ru7 was very good in the dead or dying cells as the 

arrows showed in Fig. 5-57 (a), (b), (e) and (f). The luminescence intensities of Ru7 

peak heights were calculated to be 48, 8, 50 and 52 in (d), (h), (l) and (p). According 

to the healthy cells with normal shape and size in (i) and (m) which were pointed by 

green arrows, there were seldom red emissive Ru7 in (j) and (n) detected. Different 

from the 15 hours of incubation of Ru7 in ΔΨM testing as shown in Fig. 5-55 (b), the 

important information from Fig. 5-57 supported the poor uptake of Ru7 in healthy 

cells in a limited time such as two hours.  
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Fig. 5-57 Cellular uptake and distribution of complex Ru7 (a, b, e, f, i, j: 20 μmol/L; 

m, n: 40 μmol/L) in hepatocellular carcinoma cell (Hep-G2) for 15 minutes (a, b), 40 

minutes (e, f), 120 minutes (i, j, m, n) at 37.5 ℃. a, e, i, m: bright field; b, f, j, n:  

blue excitation filter; c, g, k, o: enlarged typical areas of b, f, j, n (yellow square 

frames) accordingly; d, h, l, p: intensity profile of Ru7 luminescence calculated by 

ImageJ software across cells of c, g, k, o. The scale bar is 25 μm (a, b, e, f, i, j, m, n) 

and 5 μm (c, g, k, o). The optical lens is of 40  magnification in the fluorescence 

inverse microscope (FIM). 

    The ruthenium complex was found to easily distribute into the nuclei of 

unhealthy cells once it was absorbed into cytoplasm. The round and condensed cell 

morphologies in Fig. 5-57 (i) and (m) suggested some cells were not in good 

condition and thus the efficiency of Ru7 transfer into cell was greatly increased. As 

the former experiments indicated, the ruthenium complexes should be of very low 

cytotoxicities. The higher positive charges of ruthenium complexes could enhance 
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their distribution in nuclei. Some cells could be unhealthy before the Ru7 was 

incubated.  

 

Fig. 5-58 Cellular uptake and distribution of complex Ru7 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) 60 minutes at 4 ℃. a, bright field; b, blue 

excitation filter; c, enlarged typical areas of b (yellow square frames); d, intensity 

profile of Ru7 luminescence calculated by ImageJ software across a cell of c. The 

scale bar is 25 μm (a, b) and 5 μm (c). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

    It was more difficult for the cellular uptake of Ru7 at 4 ℃ as shown in Fig. 5-58. 

Only a few of cells including the condensed cell marked with arrow in (a) was 

discovered to have the luminescence of Ru7 in (c). The cell was not considered to be 

dead due to the relatively low height of the peak subtracting the background. The 

peak height of uptake intensity for Ru7 was obtained to be 13. Complex Ru7 was 

found ubiquitously spread in the condensed cell including nucleus and the short peak 

was probably due to the inhibited facilitated diffusion at low temperature. Recently, 

mitochondrial temperature was measured to be close to 50 ˚C in situ by a sensitive 

fluorescent probe when the full function of the respiratory chain (RC) was 
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physiologically maintained[33]. Low temperature could not only inhibit the generation 

of ATP in mitochondria but also lead to the production of cold shock proteins (CSP) 

which is denoted by the Y-box protein family with the prototypic member also known 

as DNA binding protein B (DbpB) [34].  

 

Fig. 5-59 Cellular uptake and distribution of complex Ru7 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 30 minutes at 

37.5 ℃. a, bright field; b, blue excitation filter; c, enlarged typical areas of b (yellow 

square frames); d, intensity profile of Ru7 luminescence calculated by ImageJ 

software across a cell of c. The scale bar is 25 μm (a, b) and 5 μm (c). The optical lens 

is of 40  magnification in the fluorescence inverse microscope (FIM). 

    For the fixed cells, the Ru7 could enter into the whole cell with strong 

luminescence intensity of 85 and peak height was about 45. The result again reminded 

us to be careful in the analysis of cellular distribution of metal complexes if we have 

to use the formaldehyde to fix a cell or tissue. The fixed cell could change the uptake 

and distribution of complexes greatly and provide false evidences for the localization 

related cytotoxicity. The red emission peaks of ruthenium complexes in fixed cells 

have the stronger intensities than those of iridium complexes in chapter 4 which 
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implied that the two positive charges of Ru(II) complexes would be more effective for 

the nucleic uptake since the intensity values of ruthenium complexes were about twice 

of those with iridium complexes. 

 

Fig. 5-60 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ru8 (5 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.958, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.4358 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ru8 luminescence calculated by ImageJ software across 
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cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 

    Complex Ru8 was probably the least toxic one in this chapter as the live / dead 

assay results supported. The orange peaks of JC-1 aggregates were wildly spread in 

Fig. 5-60 (g) with the sizes from 0.5 to 2.5 in (l) that perfectly matched with the 

diameter range of mitochondria. With the increasing concentrations, the orange peaks 

in Fig. S7-45 (g) was not reduced but the enlarged image (k) demonstrated the more 

scattered peaks of JC-1 aggregates as calculated in (l).  

 

Fig. 5-61 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ru8 (20 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.888, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.2998 determined by ImageJ software from b and c; f, m: Red, green and blue 
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fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ru8 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 

    Intensities of JC-1 red dye were obtained from the images (l) of control and the 

growing volume of complex Ru8 to be 110, 105, 105 and 102. The steady intensity of 

JC-1 red showed that the cytotoxicity of Ru8 was very low which was also supported 

by the proportion of JC-1 red dye in Fig. 5-61 (f) and (m). The ΔΨM testing implied 

the poor uptake of Ru8 in healthy cells and only a large size and diffusive red 

emission was discovered as the arrow pointed in Fig. 5-61 (b) and (c) that it was from 

Ru8 other than the tiny and bright JC-1 aggregates. The low dark cytotoxicity of Ru8 

as the previous live / dead assay concluded that it was benefited from its low cellular 

uptake. 

 

Fig. 5-62 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ru8 of different concentrations 

(5, 10 and 20 μmol/L, 15 hours). Left, JC-1 fluorescence ratio (Red:Green); Right, 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ). 
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ICQ~0, random staining; 0> ICQ≥ -0.5, segregated staining; 0<ICQ≤+0.5, dependent 

staining.  

    The cell culture with 5 μmol/L Ru8 resulted in the higher portion of JC-1 

aggregates than the control one and then became stable with the increasing 

concentration of the complex. All the ICQ values were located within the dependent 

staining range. 

 

Fig. 5-63 Cellular uptake and distribution of complex Ru8 (a, b, e, f, i, j: 20 μmol/L; 

m, n: 40 μmol/L) in hepatocellular carcinoma cell (Hep-G2) for 15 minutes (a, b), 40 

minutes (e, f), 120 minutes (i, j, m, n) at 37.5 ℃. a, e, i, m: bright field; b, f, j, n:  

blue excitation filter; c, g, k, o: enlarged typical areas of b, f, j, n (yellow square 

frames) accordingly; d, h, l, p: intensity profile of Ru8 luminescence calculated by 

ImageJ software across cells of c, g, k, o. The scale bar is 25 μm (a, b, e, f, i, j, m, n) 

and 5 μm (c, g, k, o). The optical lens is of 40  magnification in the fluorescence 

inverse microscope (FIM). 
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    The fast uptake of Ru8 in dead cells as the arrows marked in Fig. 5-63 (b) was 

observed. The intensity of peak height in (d) could rise up to 60 after 15 minutes cell 

culture which was larger than the height 48 of Ru7. The cellular uptake of Ru8 in live 

cell of (g) was weak with about 10 peak height after 40 minutes. Then, the peak 

height intensity of luminescence increased from 35 to 55 in (l) and (p) accordingly. 

Those cells in (j) and (n) were considered to be dying cells from the cell morphology 

in the bright field of (i) and (m). The healthy cells indicated by green arrows in (i) and 

(m) looked not very luminescent in the corresponding positions in (j) and (n), 

suggesting the low uptake of Ru8 in live cells. The similar results could be found in 

the previous ΔΨM testing in images of (b) from Fig. 5-60 and 5-61 that no apparent 

emission of orange or red was found in healthy cells with normal mitochondrial 

membrane potentials.  

 

Fig. 5-64 Cellular uptake and distribution of complex Ru8 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) 60 minutes at 4 ℃. a, bright field; b, blue 

excitation filter; c, enlarged typical areas of b (yellow square frames); d, intensity 

profile of Ru8 luminescence calculated by ImageJ software across a cell of c. The 
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scale bar is 25 μm (a, b) and 5 μm (c). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

    As shown in Fig. 5-64 (a), the two obvious dying cells indicated by green arrows 

were yellowish emissive in (b) which supports that Ru8 was not able to enter into 

cells except for dead one. Low temperature restricted the uptake speed of Ru8 and the 

emission of cell was yellow at low concentration. When the fixed dead cells were 

stained by Ru8, the strong luminescent intensity was calculated to be about 78 in Fig. 

5-65 (d). All the cells were red emissive and the Ru8 was more inclined to distribute 

in cell nuclei. The formaldehyde could trap and crosslink the macromolecules in cell 

and keep the cell shape after killing them.  

 

Fig. 5-65 Cellular uptake and distribution of complex Ru8 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 30 minutes at 

37.5 ℃. a, bright field; b, blue excitation filter; c, enlarged typical areas of b (yellow 

square frames); d, intensity profile of Ru8 luminescence calculated by ImageJ 

software across a cell of c. The scale bar is 25 μm (a, b) and 5 μm (c). The optical lens 

is of 40  magnification in the fluorescence inverse microscope (FIM). 
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This most popularly used protocol before the cell imaging could cause the further 

nucleic distribution of metal complexes inside of cells. The fix procedure should be 

omitted to achieve the correct uptake and distribution of metal complexes. 

The density of JC-1 aggregates in Fig. 5-66 was not as much as those in control 

and the intensity obtained in (l) was about 98. The luminescence intensity of JC-1 

aggregates was not diminished both in Fig. S7-46 (l) and Fig. 5-67 (l) with the similar 

values of around 100. There appeared quite a few green peaks around the tall orange 

peaks in height map of (g) which were assigned to be green JC-1 monomers.  

 

Fig. 5-66 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ru15 (5 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.913, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.3838 determined by ImageJ software from b and c; f, m: Red, green and blue 
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fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ru15 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 

    The bright and yellow emission in the enlarged images (i) of Fig. 5-66 and Fig. 

S7-46 was surrounded with green color, demonstrating the reversible process from 

JC-1 aggregates to green monomers. The yellow color was the 585 nm emission of 

JC-1 aggregation under the blue excitation. When the green filter channel was applied, 

the JC-1 turned to be traditional red emission.  
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Fig. 5-67 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ru15 (20 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.930, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.3753 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ru15 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 

    At the concentration of 20 μmol/L, the Ru15 did not affect the mitochondrial 

membrane potential. The strong luminescence peaks in Fig. 5-67 (l) have the similar 

size of about 2 μm to those in Fig. 5-66 (l) and Fig. S7-46 (l).  

 

Fig. 5-68 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ru15 of different 

concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 fluorescence ratio 

(Red:Green); Right, Li's Intensity Correlation Analysis (ICA): Intensity Correlation 
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Quotient (ICQ). ICQ~0, random staining; 0> ICQ≥ -0.5, segregated staining; 

0<ICQ≤+0.5, dependent staining. 

    The percentage of JC-1 aggregates in monomers decreased slightly with the 

increasing concentrations of Ru15. The ICQ values were very close to each other that 

the images (b) and (c) were dependent staining. In general, despite the two 

biocompatible and hydrophilic carboxyl groups in the N^N ligand, the Ru15 did not 

possess an extra toxicity to the Hep-G2 cells. The possible explanation could be that 

the two charges of Ru15 were reduced to neutral under the condition of pH 7.5 inside 

mitochondria. Therefore the neutral Ru15 was easily to be expelled outwardly with 

anions. The luminescence of Ru15 could be very weak due to the low percentage of 

retention in mitochondria. 

 

Fig. 5-69 Cellular uptake and distribution of complex Ru15 (a, b, e, f, i, j: 20 μmol/L; 

m, n: 40 μmol/L) in hepatocellular carcinoma cell (Hep-G2) for 15 minutes (a, b), 40 

minutes (e, f), 120 minutes (i, j, m, n) at 37.5 ℃. a, e, i, m: bright field; b, f, j, n:  
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blue excitation filter; c, g, k, o: enlarged typical areas of b, f, j, n (yellow square 

frames) accordingly; d, h, l, p: intensity profile of Ru15 luminescence calculated by 

ImageJ software across cells of c, g, k, o. The scale bar is 25 μm (a, b, e, f, i, j, m, n) 

and 5 μm (c, g, k, o). The optical lens is of 40  magnification in the fluorescence 

inverse microscope (FIM). 

    The weak luminescence was observed in Fig. 5-69 as estimated. Peak intensity 

heights in (d), (h), (l) and (p) were obtained to be the values of 4, 5, 10 and 15 

seperately. Different from the former ruthenium complexes, the Ru15 inclined to 

distribute in the cytoplasm as image (k) and (o) indicated. The neutral complexes was 

not easy to enter into the negatively charged mitochondrial inner membrane or bind to 

the nucleic acids inside the negatively charged nuclei. 

 

Fig. 5-70 Cellular uptake and distribution of complex Ru15 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) 60 minutes at 4 ℃. a, bright field; b, blue 

excitation filter; c, enlarged typical areas of b (yellow square frames); d, intensity 

profile of Ru15 luminescence calculated by ImageJ software across a cell of c. The 

scale bar is 25 μm (a, b) and 5 μm (c). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 
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    Low temperature inhibited the active transport of complexes due to the 

suppression of ATP. The Ru15 was supposed to enter into cell through passive 

transport of facilitated diffusion way. The diffusion speed and efficiency was hindered 

by the temperature of 4 ℃. The weak luminescence peak height was estimated to be 

about 3 and no notable peaks could be obtained by the ImageJ software in Fig. 5-70 

(l). 

    As shown in Fig. 5-71, the Ru15 could not distribute into the fixed cell probably 

due to its neutral and large structure. Almost no uptake peak could be found in (b) 

which supported that complex with excellent water solubility could not be affinitive to 

the fixed lipid bi-layer of membrane. 

 

Fig. 5-71 Cellular uptake and distribution of complex Ru15 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 30 minutes at 

37.5 ℃. a, bright field; b, blue excitation filter; c, enlarged typical areas of b (yellow 

square frames); d, intensity profile of Ru15 luminescence calculated by ImageJ 

software across a cell of c. The scale bar is 25 μm (a, b) and 5 μm (c). The optical lens 

is of 40  magnification in the fluorescence inverse microscope (FIM). 
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    By virtue of the two negatively charged carboxyl groups, the overall charge of 

Ru15 was considered zero. As we detected in the previous Ru(II) complexes, the two 

charges could enormously improve their uptake in fixed cells. The neutral property of 

complex Ru15 was assumed to prevent it from effective cellular uptake. The two 

bulky and rigid N^N ligands of phen in Ru15 could also provide the obstruction for its 

successful uptake. 

 

Fig. 5-72 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ru24 (5 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.973, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 0.999 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.4679 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 
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view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ru24 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 

 

The cell in Fig. 5-72 (b) looked quite active with the strong yellow emissive JC-1 

aggregation. The cluster of orange peaks has large luminescent intensities as 

illustrated in the height map of (g). However, the green JC-1 monomers in (b) have 

emerged in a great amount as the area calculation listed in (f) where the proportion of 

red JC-1 dye was cut to the minimum among the ruthenium complexes in this chapter. 

In the lower part of the enlarged images of (i) as indicated by arrow, the dynamic 

process of green JC-1 generation was observed in which the monomers were released 

from their diminishing aggregates in mitochondria.  

Typical sizes of about 2.5 μm of JC-1 aggregates were obtained by the accurate 

image measurement with ImageJ in Fig. 5-72 (l), showing the approximate diameters 

of mitochondria in the cell. The sizes shrank a little to 2 μm in Fig. S7-47 (l) and the 

percentage of red emission became even lower in (f) at concentration of 10 μmol/L 

for Ru24.  

The low and broad green peaks of JC-1 monomers occupied the majority of the 

height map in Fig. 5-73 (g) with the higher portion than the red JC-1 aggregates in (f). 

As calculated by ImageJ, the lowest ratio of 0.506 of red JC-1 was obtained in Fig. 

5-74 (left) at the concentration of 20 μmol/L while the ratios of Ru2, Ru7, Ru8 and 

Ru15 were 1.016, 1.782, 1.233 and 0.756 respectively. 
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Fig. 5-73 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ru24 (20 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.872, Manders' Coefficients (original): M1 = 0.914 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.2766 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ru24 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 
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    It is worth mentioning that the high value of Ru7 was the results of cellular 

uptake of Ru7 rather than the JC-1 red aggregates as indicated with yellow arrows in 

Fig. 5-55 (b) and discussed previously. The high percentage of green emission also 

suggested that there could be a mixture of Ru24 and JC-1 green after 15 hours of 

incubation. The highest ratio excluding the complex Ru7 was from Ru8, which was 

also concluded in the live / dead assay of last section with the lowest cytotoxicities. 

 

Fig. 5-74 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ru24 of different 

concentrations (5, 10 and 20 μmol/L, 15 hours). Left, JC-1 fluorescence ratio 

(Red:Green); Right, Li's Intensity Correlation Analysis (ICA): Intensity Correlation 

Quotient (ICQ). ICQ~0, random staining; 0> ICQ≥ -0.5, segregated staining; 

0<ICQ≤+0.5, dependent staining. 

    The staining in Fig. 5-74 (right) also implied the less dependent staining of the 

images took from blue and green filter channel with the increasing concentration of 

Ru24. ICQ values of the complexes Ru2, Ru7, Ru8, Ru15 and Ru24 at 20 μmol/L 

were 0.369, 0.278, 0.300, 0.375 and 0.277 from which the two lowest values were of 

Ru7 and Ru24. The results supported the former analysis in Fig. 5-46 that the Ru7 and 

Ru24 could be the two most toxic complexes in this chapter. 
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Fig. 5-75 Cellular uptake and distribution of complex Ru24 (a, b, e, f, i, j: 20 μmol/L; 

m, n: 40 μmol/L) in hepatocellular carcinoma cell (Hep-G2) for 15 minutes (a, b), 40 

minutes (e, f), 120 minutes (i, j, m, n) at 37.5 ℃. a, e, i, m: bright field; b, f, j, n:  

blue excitation filter; c, g, k, o: enlarged typical areas of b, f, j, n (yellow square 

frames) accordingly; d, h, l, p: intensity profile of Ru24 luminescence calculated by 

ImageJ software across cells of c, g, k, o. The scale bar is 25 μm (a, b, e, f, i, j, m, n) 

and 5 μm (c, g, k, o). The optical lens is of 40  magnification in the fluorescence 

inverse microscope (FIM). 

    It was clear that the cellular uptake of Ru24 was not high in Fig. 5-75 after the 

two hours of culture. No detectable aggregations of Ru24 were found in the bright 

field images in Fig. 5-15 which support its good water solubility in the cell culture 

medium. It was estimated that the uptake of Ru24 could be increased slowly and after 

15 hours the complex volume inside cells was high enough to raise the green emission 

portion in Fig. 5-74 (left) in the mitochondrial transmembrane potential (ΔΨM) testing 

and to increase its cytotoxicity in dead to live cell area ratio in Fig. 5-46.  
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Fig. 5-76 Cellular uptake and distribution of complex Ru24 (20 μmol/L) in 

hepatocellular carcinoma cell (Hep-G2) 60 minutes at 4 ℃. a, bright field; b, blue 

excitation filter; c, enlarged typical areas of b (yellow square frames); d, intensity 

profile of Ru24 luminescence calculated by ImageJ software across a cell of c. The 

scale bar is 25 μm (a, b) and 5 μm (c). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

    There were a limited number of round and dying cells in Fig. 5-76 stained by 

Ru24 at low temperature with very weak fluorescence intensities. The facilitated 

diffusion of Ru24 through the cell protein channels or carriers cross the membrane 

was not very efficient especially at 4 ℃. The cell morphology in Fig. 5-76 (a) was 

similar to cells with other complexes in this chapter, no massive typical features of 

apoptosis appeared. Due to the slow uptake of Ru24, its toxicity toward cells would 

be rapidly increased when the uptake transport could rely on the endocytosis pathway 

induced by some nanoparticle carriers or trunks. 
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Fig. 5-77 Cellular uptake and distribution of complex Ru24 (15 μmol/L) in 

paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) for 30 minutes at 

37.5 ℃. a, bright field; b, blue excitation filter; c, enlarged typical areas of b (yellow 

square frames); d, intensity profile of Ru24 luminescence calculated by ImageJ 

software across a cell of c. The scale bar is 25 μm (a, b) and 5 μm (c). The optical lens 

is of 40  magnification in the fluorescence inverse microscope (FIM). 

    The fixed cells were also found to poorly accommodate the complex Ru24 which 

could be explained by the large and bulky phen ligands of Ru24 since the same results 

were detected for Ru15 with the same two ligands in Fig. 5-71. The phen ligand was 

more bulky and planar than the piq C^N ligand in the iridium complexes Ir116 and 

Ir119 in chapter 3 and the Ir107 and Ir125 in chapter 4. According to the precious 

deduction based on the experimental results, the larger size of phen and the 

hydrophobic Schiff base ligand of CDYMB could both impede the cellular uptake in 

fixed cells. 
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5.5 Conclusions 

Five Ru(II) complexes of Ru2: [Ru(bpy)2DBDPPZ]2+, Ru7: [Ru(bpy)2MTPIP]2+, 

Ru8: [Ru(bpy)2EIPP]2+, Ru15: [Ru(phen)2BPDC]2+ and Ru24: [Ru(phen)2CDYMB]2+ 

were synthesized and characterized in this chapter with the ligand DBDPPZ from 

chapter 2, MTPIP and EIPP from chapter 3, CDYMB from chapter 4 and BPDC with 

two carboxyl groups.  

These five ruthenium complexes indicated very low cytotoxicities from the cell 

morphology assay at different concentrations of 10, 20, and 40 mol/L. No typical 

features of cellular apoptosis such as round and shrank cells were observed. The 

characteristics of oncosis including swelling and vacuolation were also not found. 

Most cells were not in the stage of programmed cell death (PCD). 

MTT assay of the five ruthenium complexes were carried out under dark at 

concentrations of 0, 2.5, 5, 10, 15, 20, 30, 40 and 50 μmol/L and discovered the IC50 

values exceeded the concentration range due to the relatively low toxicities of those 

complexes. The light IC50 value of Ru2 and Ru8 was obtained to be 42.6 and 2.33 μM 

upon the irradiation of 465 nm (13 mW/cm2) for 30 minutes separately.  

 

Fig. 5-78 Possible mechanisms of photo-cytotoxicity of Ru8 under 465 nm. 

Ru8 + hv → Ru8* (intramolecular cyclization) → Ru-X ? 

Ru8 was found to be one of the most promising drugs for photodynamic therapy 

(PDT) in this thesis because its cytotoxicitiy was a few orders of magnitude increased 

upon blue light irradiation for a short time while the red light did not have any effect 
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to improve the toxicity. Much higher concentrations of those complexes would be 

prepared if it is necessary to get the possible IC50 values. Similar to complex Ir80, 

Ru8 has the same N^N ligand of EIPP which could possibly form a new complex of 

Ru-X through the process of oxidative cyclization and thus triggered the damage to 

cell lines as proposed in Fig. 5-78. Further experiments including NMR evaluation of 

EIPP cyclization, and the variation of UV-Vis absorption and PL properties of Ru8 

after 465 nm irradiation could support the proposed the photo-activation. After the 

determination of the structure of Ru-X, its cytotoxicity could be evaluated by MTT 

assay, live and dead assay, etc. 

The PI and calcein dyes were applied to evaluate the cytotoxicity base on the 

direct stain of dead cells and active transfer of calcein AM by intracellular esterases in 

live cells which have different mechanisms from the reduction of MTT by the 

mitochondria reductases. The calculation of both area and number ratios of dead to 

live cells indicated the lowest dark cytotoxicity among the ruthenium complexes 

could be Ru8 while the Ru24 and Ru7 were more toxic than others. The shrinkage and 

swelling degrees did not have the obvious variation of the five complexes. 

Interestingly, Ru2 showed a little higher shrinkage and swelling level than other 

complexes at concentration of 20 μmol/L and 5 μmol/L accordingly.   
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Fig. 5-79 Mitochondrial transmembrane potential (ΔΨM) assay based on JC-1 dye 

staining in hepatocellular carcinoma cell (Hep-G2) with complexes Ru2, Ru7, Ru8, 

Ru15 and Ru24 (0, 5, 10, 20 μmol/L, 15 hours). Luminescence intensity profiles of 

JC-1 and Ru (II) complexes calculated by ImageJ software.  

All the peaks listed in Fig. 5-79 were ascribed to the active JC-1 aggregates in 

the cell mitochondria and neither their sizes nor the luminescent intensities were 

spotted to be out of the mitochondria diameter range or greatly diminished. Most of 

the sizes of tiny dots in mitochondria of cells were found to be a bit smaller than those 

in control cells after the incubation with the five kinds of ruthenium complexes and 

did not further shrink with the increase of their concentrations. In this chapter, the 

DBDPPZ and CDYMB ligands in the ruthenium complexes of Ru2 and Ru24 did not 
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add into their cytotoxicity. The two positive charges played an important role in the 

poor cellular uptake of all the ruthenium complexes and the large size of phen ligand 

further prevented the uptake of Ru24 and reduced its toxicity. In general, no large 

amount of JC-1 aggregates have disappeared with the increased concentrations of 

ruthenium complexes which meant that the metal core could be the key to determine 

the cytotoxicity. Different metal would change the net charge of the complexes and 

cause the variations of cell binding and uptake abilities. As discussed before, the 

Ru(II) complex with one positive charge could greatly enhance its cytotoxicity.  
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Fig. 5-80. Fluorescence intensities obtained from profiles in Fig. 5-78 of 

mitochondrial membrane potential assay based on JC-1 dye staining in hepatocellular 

carcinoma cell (Hep-G2) with complexes Ru2, Ru7, Ru8, Ru15 and Ru24 (0, 5, 10, 

20 μmol/L, 15 hours).  

The fluorescence intensity of JC-1 aggregates in Fig. 5-80 indicated a trend of 

cytotoxicities for the five complexes. Because of the low toxicities of those 

complexes, the enlarged dot-lines range was started from 65 instead of 0 as in other 

chapters. The Ru8 seemed to be of the least disruption for the functions of 

mitochondria, supporting its lowest dark cytotoxicity in the precious discussion and 

the neutral Ru15 possesses the similar low toxicity of Ru8. The lowest two intensities 

of red JC-1 were from the incubation of Ru7 and Ru24, which was a good match with 
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the results of live / dead assay listed in Fig. 5-46. It is worth mentioning that the 

variation slopes of Ru7 with the increasing concentration were the most abrupt among 

the five ruthenium complexes both in Fig. 5-46 and Fig. 5-80, suggesting the most 

sensitivity of Ru7 to the changing concentration.  

As indicated in Fig. 5-81, all the luminescent high peaks of complexes with 

typical round shapes were from the uptake of dead or dying cells. Other peaks were 

not obvious and of quite low intensities which proved the low cytotoxicities of all the 

complexes were closely related to the even lower cellular uptake after two hours of 

cell culture. Because of the low luminescent intensities, the heights of peaks were 

calculated in order to subtract the interference from the background as the following 

Fig. 5-82 showed. 

The fluctuation of peak heights indicated in Fig. 5-82 represented the low live 

cellular uptake of the five complexes and the high uptake in the dying cells. The low 

cytotoxicities of those complexes showed that all of the complexes were not easy to 

distribute into live cell except for Ru7 as the green and yellow arrows indicated in live 

cells in Fig. 5-55 (b). The cells seemed not very healthy before the Ru8 was incubated 

because there was no obvious uptake of Ru8 in the live cells with good morphology 

for 15 hours in Fig. 5-61. 
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Fig. 5-81. Cellular uptake and distribution of complexes Ru2, Ru7, Ru8, Ru15 and 

Ru24 (15, 40 and 120 min incubation of 20 μmol/L, 120 min incubation of 40 

μmol/L). Luminescence intensity profiles calculated by ImageJ software. 

Therefore, the fluorescence intensities of ruthenium complexes excluding Ru7 

were not very closely related to their cytotoxicities. The efficiency of cellular uptake 

was believed to be high if the culture of Ru8 was under blue excitation due to its 

relatively high photo-cytotoxicity. For Ru24, the two large and rigid ligands of phen 

interrupted the higher cell uptake which is the same as the Ru15 with the same phen 

ligands. However, the rather toxic Schiff base ligand of CDYMB enhanced its 

cytotoxicity even at a very low intracellular concentration.  
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Fig. 5-82. Left: Fluorescence intensities of peak heights obtained from profiles in Fig. 

5-80 of cellular uptake and distribution assay in hepatocellular carcinoma cell 

(Hep-G2) with complexes Ru2, Ru7, Ru8, Ru15 and Ru24 for 15, 40 and 120 min 

incubation of 20 μmol/L, and 120 min incubation of 40 μmol/L. Right: Fluorescence 

intensities of peak heights for the five complexes of 40 μmol/L with cells for 120 min 

of incubation. 

    The conclusions of higher fluorescence intensities would result in higher dark 

cytotoxicities in the chapter 2, 3 and 4 seemed not suitable due to the very low 

toxicities, good water solubility and two positive charges in ruthenium complexes of 

this chapter. Higher fluorescence of complexes could be obtained by the stronger 

interaction with the intracellular biological macromolecules which would 

tremendously reduce the luminescence quenching of the cationic complexes in 

aqueous culture medium.  

    Because there was no luminescence observed for Ru8 in the live cells, the height 

of peak was considered to be zero in Fig. 5-83. The peak height of Ru8 in the dead 

cell was as high as the value of about 60 and was not used in the live cell 

luminescence intensity column in Fig. 5-83. Whereas the live cell uptake of those 

complexes was very low at 4 ℃, the trend of peak heights was cytotoxicity related 

which were 13, 6, 4, 3 and 0 for Ru7, Ru24, Ru2, Ru15 and Ru8, respectively. 
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Fig. 5-83. Luminescence intensity profile of complexes Ru2, Ru7, Ru8, Ru15 and 

Ru24 in the live cellular uptake and distribution at 4 ℃ for 60 minutes calculated by 

ImageJ software. Right：Fluorescent intensity of peak heights of the five complexes in 

live cells. 

  

The great difference of fixed cellular uptake between the two complexes of Ru24, 

Ru15 and the three complexes of Ru2, Ru7, Ru8 in Fig. 5-84 implied that the larger 

size of the phen prevented the uptake of Ru24 and Ru15. The Ru2, Ru7 and Ru8 were 

found to distribute in fixed cells with much higher luminescence intensities than their 

corresponding iridium complexes of Ir115, Ir79 and Ir80 with the same N^N ligand 

separately which were assigned to be the two positive charges in those ruthenium 

complexes. As the uptake results of Ir115 in chapter 2 and Ir79, Ir80 in chapter 3 

indicated, the peak heights of Ir115, Ir79 and Ir80 were 12, 18 and 25 intensity values 

in Fig. 2-83, Fig. 3-53 and Fig. 3-59, respectively. The DBDPPZ ligand in Ru2 is both 

rigid and shorter while the MTPIP and EIPP ligand in Ru7 and Ru8 were rotatable 

and longer. The highest intensity of peak height in Fig. 5-83 belonged to complex Ru2, 

although the rigidity of DBDPPZ could have hindered the efficient cytoplasm uptake 

in the fixed cell. 
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Fig. 5-84. Cellular uptake and distribution of complexes Ru2, Ru7, Ru8, Ru15 and 

Ru24 (15 μmol/L) in paraformaldehyde fixed hepatocellular carcinoma cell (Hep-G2) 

for 30 minutes at 37.5 ℃. Intensity profiles of complexes luminescence calculated by 

ImageJ software. Right：Fluorescent intensity of peak heights of the five complexes in 

fixed cells. 

The two positive charges assisted nucleic uptake of Ru2 would have a strong 

binding to DNA due to planar structure of DBDPPZ similar to DPPZ which was a 

typical DNA-binding ligand extensively studied. The higher peak intensity of Ru8 

than Ru7 could be explained by the same reason in Ir80 and Ir79 of chapter 3 that the 

more hydrophilicity of hydroxyl group in EIPP of Ru8 enhanced the nucleic uptake.  

    The ruthenium complexes in this chapter were not toxic to Hep-G2 cell lines 

without irradiation that dark IC50 values could not be obtained from MTT assay 

within the concentration range of 50 μmol/L, and even no cytotoxicity was found for 

Ru2 at the concentration of 250 μmol/L. However, Ru8 was found to be very 

cytotoxic under blue light and its IC50 value was tremendously reduced to 2.33 μM. 

Further experiments would be done to find out the mechanisms of its 

photo-cytotoxicity originated from the interesting EIPP ligand. The limitation of MTT 

assay required more methods to evaluate the cytotoxicities of the ruthenium 
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complexes. Live and dead assay based on the calcein AM and PI dyes were carried 

out and the calculation of the green and red color area and the cell numbers were 

performed. The visualization of cells by certain dyes was more direct and sensitive 

than the MTT assay and the initial cytotoxicity sequences were acquired. As we know, 

the live cell dye calcein AM was catalyzed by intracellular esterases in the cytoplasm 

and MTT was reduced by the mitochondria reductases which belonged to different 

area of live cell and the diversity of complexes distribution could have some 

inconsistencies of the toxic evaluation. Mitochondrial transmembrane potential (ΔΨM) 

assay was selected as another sensitive and visualized measurement to further assess 

the minor difference in the sizes and fluorescence intensities of JC-1 red aggregates. 

The ligand-caused cytotoxicity properties were found to have the similar effects to the 

previously discussed iridium complexes.  

The facilitated diffusion was found to be main passive transport for the five 

ruthenium complexes in HepG2 cells at 4 ℃ when the ATP functions were 

considered to be largely inhibited. The low temperature cellular uptake has the similar 

trend of the cytotoxicities of the five complexes, indicating the structures of 

complexes were decisive in the process of facilitated diffusion. Large size and high 

lipophilicity of ligands could prevent the efficient uptake of metal complexes in fixed 

cells. The enormous difference of cellular uptake and distribution in the fixed cells 

reminded us the normal protocol before the cell-image pictures of fluorescence 

inverse microscopes (FIM) or confocal laser scanning microscope (CLSM) should be 

cancelled or very cautiously handled when the luminescent metal complexes were 

applied. The further structure-activity relationship (SAR) discussion and summary 

based on the different C^N, N^N ligands and metal cores would be presented in the 

chapter 6. 
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CHAPTER 6: Summary and perspective 

6.1 Discussions and conclusions 

In summary, 16 iridium and 5 ruthenium complexes (Fig. 6-1) were synthesized 

and characterized. Their properties of cellular morphology, dark cytotoxicities, 

cellular uptake and distributions at 37.5 ℃ and 4 ℃, mitochondrial transmembrane 

potential (ΔΨM) and fixed cell uptake and distribution were all extensively 

investigated and discussed in the previous chapters. Some of the complexes with 

certain structures of ligands were tested for their photo-cytotoxicities with 465 and 

630 nm light irradiation and the unique properties of two complexes with the same 

N^N ligand were discovered for promising photodynamic therapy (PDT) agents. An 

interesting cold-shocked cellular uptake was found in some complexes that could 

provide another route instead of nano-vehicles, heat or electric shock to enhance the 

uptake and effective intracellular delivery of medicines. The paraformaldehyde fixed 

hepatocellular carcinoma cell (Hep-G2) lines showed the abrupt increase of cellular 

uptake and cell nucleic distribution for some ruthenium complexes, indicating the 

importance to evaluate the routine protocol of fixed cells or tissues before the 

photographing by fluorescence inverse microscopes (FIM) or confocal laser scanning 

microscope (CLSM) to avoid the false interpretation.  

All the evidences obtained quantitatively and qualitatively from chapters 2 to 5 

indicated the structure and activity relationship (SAR) of those complexes 

systematically and evaluated the crucial factors including metal complex charges, 

ligand size and rigidity, hydrophilicity and lipophilicity, functional groups, etc. The 

fluorescence intensities of metal complexes inside cells were considered to be closely 

related to their structures which were reported extensively. As we know, the 

structure-related cytotoxicities have become the common sense in drug design. 
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However, the direct relationship between fluorescence and dark cytotoxicity of the 

iridium and ruthenium complexes were not systematically reported. The fluorescence 

was uncovered to be proportionally related to dark cytotoxicity in this thesis, 

providing a new angle of view to evaluate intracellular toxicity of metal complexes 

through the simple and quick photographing of fluorescence inverse microscopes 

(FIM) and ImageJ software.  
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Fig. 6-1 Structures of 21 synthesized iridium and ruthenium complexes. 

As the structures indicated in Fig. 6-1, a few of complexes such as Ir133, Ir134 

and Ir139 possess two large size of C^N ligands which could prevent the efficient 

uptake through protein channel or carrier mediated passive transport of facilitated 

diffusion. Ligands of 4-mpp, 3-mpp and MDPPZ contain the methyl group to improve 

the lipophilicity. Bromide terminals in BDPPZ and DBDPPZ aimed to enlarge the 

size of N^N ligands to evaluate the possible size-dependent cellular uptake. Flexible 

structures of MTPIP, EIPP, APIP and PPIP in chapter 3 were designed to compare the 

influence with the rigid ligands in chapter 2 on their activities of cytotoxicity and 

cellular uptake. Different from those ligands in chapter 3, the rotatable structures of 

Schiff base ligands including CDYP and CDYMB in chapter 4 were used to 

investigate the biocompatibility and cytotoxicity of the active nitrogen in R2C = NR' 

(R' ≠ H). Most sizes of metal complexes lied in a few of nanometers and could not be 

effectively absorbed by cells through other transport such as endocytosis which was 

ATP consuming with the extracellular particles from approximate 50 nm to the 

micrometers range in diameter[1]. There are four categories of endocytosis pathways 

including phagocytosis[2], pinocytosis[3], clathrin-mediated endocytosis[4] and 

caveolae[5-6] as shown in Fig. S7-48. Endocytosis evaluation could be applied after the 

encapsulation of those complexes in polyethylene glycol (PEG) or human serum 
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albumin (HSA) carriers. We selected the complexes with small size ligands in this 

thesis to clarify the structure related uptake and the mechanisms. 

6.1.1 Dark and light MTT assay for cell inhibition with iridium and ruthenium 

complexes. 

The dark and light IC50 values of iridium and ruthenium complexes are listed in 

table 6-1. There were nine values out of the concentration range of 50 μM that 

included all ruthenium complexes in chapter 5 and most iridium complexes in chapter 

3 which were considered to be of very low cytotoxicities. The complex of Ir139 was 

the only not toxic one in chapter 2 due to its large C^N ligand of dpapp which 

prevented its effective cellular uptake. The extra steric hindrance of dpapp could 

probably block the facilitated diffusion channel on the cell membrane. 

Table 6-1 The IC50 Values of Complexes from MTT Assay. 

IC50: The half maximal inhibitory concentration; N/A: not available; PFP: pentafluorophenol. 

As shown in Fig. 6-2, the cytotoxicities of complexes in chapter 4 were close to 

those in chapter 2 and Ir116 was quite toxic owing to the active APIP ligand 

containing the amino-group. The ligands in chapters 3 and 4 both were rotatable and 

flexible, while Schiff bases in chapter 4 were proved to be rather toxic than those in 

chapter 3, indicating the nitrogen in R2C = NR' (R' ≠ H) could further bind to some 

Chapter 2 
Ir4:[Ir(4-mpp)2 

DPPZ]+ 
Ir7:[Ir(4-mpp)2 

BDPPZ]+ 
Ir8:[Ir(4-mpp)2 

MDPPZ]+ 
Ir115:[Ir(pp)2 

DBDPPZ]+ 
Ir139:[Ir(dpapp)2 

DBDPPZ]+ 
 

Dark IC50 (μM) 7.9 3.62 1.83 3.45 >> 50  

Chapter 3 
Ir79:[Ir(pp)2 

MTPIP]+ 
Ir80:[Ir(pp)2 

EIPP]+ 
Ir116:[Ir(piq)2 

APIP]+ 
Ir119:[Ir(piq)2 

PPIP]+ 
Ir134:[Ir(iqdpba)2 

PPIP]+ 
 

Dark IC50 (μM) >> 50 >> 50 5.84 50.78 >> 50  

Chapter 4 
Ir105:[Ir(4-mpp)2 

CDYP]+ 
Ir107:[Ir(piq)2 

CDYP]+ 
Ir108:[Ir(3-mpp)2 

CDYP]+ 
Ir123:[Ir(4-mpp)2 

CDYMB]+ 
Ir125:[Ir(piq)2 

CDYMB]+ 
Ir133:[Ir(dpapp)2 

CDYMB]+ 

Dark IC50 (μM) 7.08 3.06 9.16 7.35 3.62 13.6 

Chapter 5 
Ru2:[Ru(bpy)2 

DBDPPZ]2+ 
Ru7:[Ru(bpy)2

MTPIP]2+ 
Ru8:[Ru(bpy)2 

EIPP]2+ 
Ru15:[Ru(phen)2

BPDC]2+ 
Ru24:[Ru(phen)2

CDYMB]2+ 
 

Dark IC50 (μM) >> 50 >> 50 >> 50 >> 50 >> 50  

Complexes 
Ir115:[Ir(pp)2 

DBDPPZ]+ 
Ir139:[Ir(dpapp)2 

DBDPPZ]+ 
Ir80:[Ir(pp)2 

EIPP]+ 
Ir119:[Ir(piq)2 

PPIP]+ 
Ir107:[Ir(piq)2 

CDYP]+ 
Ru2:[Ru(bpy)2 

DBDPPZ]2+ 
Ru8:[Ru(bpy)2 

EIPP]2+ 
Light IC50 

(465 nm) (μM) 
2.55 >> 50 8.08 6.14 1.09 42.6 2.33 

Light IC50 

(630 nm) (μM) 
N/A N/A >> 50 N/A N/A N/A >> 50 

Counter-ion PFP PFP+Ru2     

Dark IC50 (μM) >> 50 > 50     
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metal ion and greatly affected the normal functions of cellular metabolisms. However, 

the lower IC50 values in chapter 2 showed that the rigid structures could cause more 

damages to cells than the nitrogen binding of those complexes in chapter 4. From the 

sharp difference between the complexes Ir139 and Ir133 with the same two dpapp 

C^N ligands, the large dpapp could easily prevent the intercalation of complex Ir139 

into protein domains or DNA base pairs but would not interrupt the nitrogen function 

in Schiff base in Ir133 greatly. The counter-ion of pentafluorophenol (PFP) and its 

mixture with Ru2 were proved to be not toxic by the MTT assay with a relatively low 

IC50 value of >> 50, future cell-imaging assay would uncover whether the PFP could 

assist cellular uptake of Ru2 through the counter-ion paring way as the literature 

reported[7] but we doubted it was actually caused by the strong cytotoxicity of the 

pentachlorophenol (PCP). 

 

Fig. 6-2 Dark IC50 (half maximal inhibitory concentration) values of 21 iridium and 

ruthenium complexes cultured with hepatocellular carcinoma cell (Hep-G2) lines for 

24 hours. The values exceeding concentration range of 50 μM were indicated with the 

mark “>> 50” on top. 
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    Dark IC50 suggested the very low toxicity of Ir80, Ru8 and Ir119, but after 

irradiation at 465 nm with the power 13 mW/cm2 for 30 min, the cytotoxicities were 

tremendously increased as indicated in Fig. 6-3, the IC50 values of Ir80, Ru8 and 

Ir119 dropped from >> 50 to 8.08, from >> 50 to 2.33 and from 50.78 to 6.14 

accordingly. The most two photo-toxic complexes among those tested complexes was 

Ru8 and Ir80 with >> 50 values under 630 nm. The ligand of EIPP played a crucial 

role in the photosensitivity of the complexes. Further experiments should be done to 

discover the mechanisms of the strong photo-cytotoxicity.  

 

Fig. 6-3 IC50 values of 7 iridium and ruthenium complexes cultured with 

hepatocellular carcinoma cell (Hep-G2) lines under dark and 465 nm irradiation (13 

mW/cm2, 30 min) for 24 hours. The values exceeding concentration range of 50 μM 

were indicated with the mark “>> 50” on top. 

    The IC50 values of other complexes including Ir115, Ir139, Ru2 and Ir107 

seemed not affected by the irradiation at 465 nm. All the metal complexes of Ir115, 

Ir139 and Ru2 have the same N^N ligand of DBDPPZ with good light-harvesting 

property as ideal photo-sensitizers. The big size of Ir139 and two positive charges of 

Ru2 could prevent their efficient uptake and resulted in their low dark and light 
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cytotoxicities. Ir107 and Ir115 have low IC50 values due to their good cellular uptake 

properties indicated in Fig. 6-9 and the light irradiation could not further enhance their 

toxicities tremendously. The interesting cellular uptake and photo-cytotoxicity related 

evidence remind us that the EIPP ligand in Ru8 and Ir80 could largely reinforce the 

uptake of complexes upon the 465 nm irradiation through a light-activated structure 

transformation. 

 

Fig. 6-4 IC50 values of complexes cultured with hepatocellular carcinoma cell 

(Hep-G2) lines under dark and 465 nm irradiation (13 mW/cm2, 30 min) for 24 hours. 

Left: 10 ruthenium and iridium complexes sharing the common N^N ligands of 

DBDPPZ, MTPIP, EIPP and CDYMB accordingly. Right: 14 iridium complexes with 

the same C^N ligands of pp, 4-mpp, piq and dpapp respectively. The values exceeded 

concentration range of 50 μM were indicated with the mark “>> 50” on top. 

    The comparison results of different C^N and N^N ligands in the thesis are listed 

in Fig. 6-4. The left columns showed the importance of diverse C^N ligands to affect 

the toxicities with the same N^N ligands. The difference of ligand pp in Ir115 and bpy 

in Ru2 was that only one carbon atom was replaced by one nitrogen atom which 

caused one more charge in Ru2 and could inhibit its effective cellular uptake. Both 

MTPIP and EIPP contributed to the poor cellular uptake to the ruthenium and iridium 

complexes under dark and were considered to be not toxic in the Hep-G2 cell lines. 

The medium size of piq C^N ligand in Ir125 were larger than the 4-mpp in Ir123 and 

smaller than the dpapp in Ir133. The planar and rigid piq was a very good intercalator 
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to DNA base pairs or other protein targets which could have brought its highest 

cytotoxicity among Ru24, Ir133 and Ir123 with the same CDYMB N^N ligand. 

The right columns in Fig. 6-4 demonstrated influence of different N^N ligands to 

the toxicities of the complexes with the same C^N ligand. The rigidity of DBDPPZ 

ligand greatly strengthened the toxicity of Ir115 while the flexible MTPIP and EIPP 

did not. The Schiff bases of CDYP and CDYMB in Ir105 and Ir123 contributed to the 

similar cytotoxicities to the DPPZ in Ir4. The methyl group in MDPPZ of Ir8 

demonstrated larger cytotoxicity than the bromide group in BDPPZ of Ir7, suggesting 

the methyl group could add into more biocompatibility and more cellular uptake to 

improve the toxicities of the complexes in which the 4-mpp C^N ligands containing 

methyl group were also shown to have the relative low IC50 values in Fig. 6-4 (right). 

The previous comparative analysis of Ir125 and Ir123 with C^N ligands of piq and 

4-mpp showed the piq was more toxic than the 4-mpp in the complexes in which the 

right column in Fig. 6-4 also supported that most of the IC50 values of piq containing 

complexes were smaller than the 4-mpp containing complexes. The quite long 

structure of PPIP in Ir119 could restrict the effective uptake and binding intracellular 

bio-molecules. The dpapp ligand resulted in high IC50 values that could also be 

explained by its large size. 

6.1.2 Live and dead cell assay of iridium and ruthenium complexes. 

The PI red color to calcein green color ratios calculated by ImageJ of the live and 

dead assay results are listed in table 6-2. The large portion of dead cells of Ir8, Ir115, 

Ir116, Ir107, Ir125, Ir105 and Ir123 indicated the similar cytotoxicity trend as the 

MTT assay demonstrated. The area ratios of dead to live cell color of complexes in 

chapter 4 were higher than those in chapter 2, however, the IC50 values in chapters 2 

and 4 were similar. The mechanism of live cell staining was the result of esterase 
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activity in cytoplasm that hydrolyzed the acetoxymethyl (AM) part to form the 

fluorescent green calcein. 

Table 6-2 Live and Dead Assay of Complexes at 20 μM Using Calcein AM and PI. 

The typical α/β hydrolase-fold structure of esterase enzyme family with α-helices 

and β-sheets contained a catalytic triad which was composed of Ser-Asp-His and 

there was an identical sequence of Gly-x-Ser-x-Gly around the active site serine[8]. 

Serine (Ser) contains a polar uncharged side chain of hydroxymethyl group, and the 

aspartic acid (Asp) has a negative charged carboxymethyl terminal, while the histidine 

(His) owns a positive and planar 1H-imidazole tail.  

 

Fig. 6-5 Red (PI) to green (calcein) color area ratios of dead to live hepatocellular 

carcinoma (Hep-G2) cell lines with 21 iridium and ruthenium complexes at 

concentration of 20 μM. All were calculated by ImageJ software.  

Chapter 2 
Ir4:[Ir(4-mpp)2 

DPPZ]+ 
Ir7:[Ir(4-mpp)2 

BDPPZ]+ 
Ir8:[Ir(4-mpp)2 

MDPPZ]+ 
Ir115:[Ir(pp)2 

DBDPPZ]+ 
Ir139:[Ir(dpapp)2 

DBDPPZ]+ 
 

Dead to live  
cell area ratios 

0.118 0.355 3.877 2.183 0.028  

Chapter 3 
Ir79:[Ir(pp)2 

MTPIP]+ 
Ir80:[Ir(pp)2 

EIPP]+ 
Ir116:[Ir(piq)2 

APIP]+ 
Ir119:[Ir(piq)2 

PPIP]+ 
Ir134:[Ir(iqdpba)2 

PPIP]+ 
 

Dead to live  
cell area ratios 

0.098 0.022 0.994 0.018 0.022  

Chapter 4 
Ir105:[Ir(4-mpp)2 

CDYP]+ 
Ir107:[Ir(piq)2 

CDYP]+ 
Ir108:[Ir(3-mpp)2 

CDYP]+ 
Ir123:[Ir(4-mpp)2 

CDYMB]+ 
Ir125:[Ir(piq)2 

CDYMB]+ 
Ir133:[Ir(dpapp)2 

CDYMB]+ 
Dead to live  

cell area ratios 
3.114 4.087 0.786 2.896 3.603 0.275 

Chapter 5 
Ru2:[Ru(bpy)2 

DBDPPZ]2+ 
Ru7:[Ru(bpy)2

MTPIP]2+ 
Ru8:[Ru(bpy)2 

EIPP]2+ 
Ru15:[Ru(phen)2

BPDC]2+ 
Ru24:[Ru(phen)2

CDYMB]2+ 
 

Dead to live  
cell area ratios 

0.00901 0.00981 0.00643 0.0071 0.01137  
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    The Schiff base ligand CDYP of Ir107, Ir105 and Ir108 in chapter 4 could 

provide a hydroxyl terminal to compete with the hydroxymethyl group in serine and 

interrupted the function of catalytic triad of Ser-Asp-His. The nitrogen in CDYMB of 

Ir125 and Ir123 might provide a hydrogen bond acceptor to the hydroxyl group in 

serine. Therefore, the hydrolysis of calcein AM could possibly be inhibited and the 

portion of green calcein indicating live cells was reduced. The negatively charged 

aspartic acid contained one free carboxyl group which could be attractive to the amino 

group in Ir116 and thus disturbed the cleavage of calcein AM. It could be explained 

that the live cell percentage of Ir116 was much smaller than those in Ir7 which was 

more toxic than Ir116 according to their IC50 values. More experiments should be 

done to prove the above structure-based deduction.  

 

Fig. 6-6 Red (PI) to green (calcein) color area ratios of dead to live hepatocellular 

carcinoma (Hep-G2) cell lines with complexes at 20 μM. Left: 10 ruthenium and 

iridium complexes sharing the common N^N ligands of DBDPPZ, MTPIP, EIPP and 

CDYMB accordingly. Right: 14 iridium complexes with the same C^N ligands of pp, 

4-mpp, piq and dpapp respectively. All were calculated by ImageJ software. 

    According to the N^N ligands in Fig. 6-6 (left), complexes containing DBDPPZ 

and CDYMB have strong cytotoxicities while the ligands of MTPIP and EIPP showed 

the low proportion of dead cells which match quite well with the IC50 values in the 

previous section. The lower proportion of green calcein in complexes Ir133 and Ir125 
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than Ir115 was lack of consistency to their IC50 values which was discussed 

previously. Complexes in Fig. 6-6 (right) demonstrated the increasing cytotoxicities 

from ligand dpapp, pp, 4-mpp to piq. The N^N ligands in Fig. 6-6 (left) could explain 

the different cytotoxicities of complexes sharing the same C^N ligands in Fig. 6-6 

(right). 

6.1.3 Mitochondrial transmembrane potential (ΔΨM) assay of iridium and 

ruthenium complexes. 

    The intensity values in table 6-3 were obtained from the Fig. 2-97, 3-78, 4-88 

and 5-78, from which the diameters of the peaks were considered as important 

indicator for the existence of JC-1 aggregates that have the size range from 0.5 μm to 

2.5 μm same as the diameter of healthy mitochondria. High toxicity of complexes 

could lead to fast disappearance of narrow and high peaks of JC-1 aggregates and the 

broad peaks shown up were the mixture of complexes and JC-1 monomers in which 

fluorescent intensity mainly depended on the property of metal complexes since the 

intensity of JC-1 monomers was rather low.  

Table 6-3 Luminescent Intensities of JC-1 Aggregates in Mitochondrial Transmembrane Potential (ΔΨM) 
Testing of Complexes, the Marked “complex” in Brackets Indicated the Disappearance of JC-1Red Dye. 

Chapter 2 
concentrations 

Ir4:[Ir(4-mpp)2 

DPPZ]+ 
Ir7:[Ir(4-mpp)2 

BDPPZ]+ 
Ir8:[Ir(4-mpp)2 

MDPPZ]+ 
Ir115:[Ir(pp)2 

DBDPPZ]+ 
Ir139:[Ir(dpapp)2 

DBDPPZ]+ 
 

5 μM 70(complex) 27(complex) 26(complex) 80 60  

10 μM 70(complex) 47(complex) 26(complex) 17(complex) 55  

20 μM 75(complex) 45(complex) 24(complex) 45(complex) 55  

Chapter 3 
concentrations 

Ir79:[Ir(pp)2 

MTPIP]+ 
Ir80:[Ir(pp)2 

EIPP]+ 
Ir116:[Ir(piq)2 

APIP]+ 
Ir119:[Ir(piq)2 

PPIP]+ 
Ir134:[Ir(iqdpba)2 

PPIP]+ 
 

5 μM 50 60 30 65 58  

10 μM 45 55 22(complex) 95 78  

20 μM 6(complex) 52 37(complex) 9(complex) 70  

Chapter 4 
concentrations 

Ir105:[Ir(4-mpp)2 

CDYP]+ 
Ir107:[Ir(piq)2 

CDYP]+ 
Ir108:[Ir(3-mpp)2 

CDYP]+ 
Ir123:[Ir(4-mpp)2 

CDYMB]+ 
Ir125:[Ir(piq)2 

CDYMB]+ 
Ir133:[Ir(dpapp)2 

CDYMB]+ 

5 μM 75 25(complex) 100 110 40(complex) 88 

10 μM 35(complex) 75(complex) 26(complex) 26(complex) 65(complex) 46 

20 μM 53(complex) 55(complex) 35(complex) 47(complex) 120(complex) 24(complex) 

Chapter 5 
concentrations 

Ru2:[Ru(bpy)2 

DBDPPZ]2+ 
Ru7:[Ru(bpy)2

MTPIP]2+ 
Ru8:[Ru(bpy)2 

EIPP]2+ 
Ru15:[Ru(phen)2

BPDC]2+ 
Ru24:[Ru(phen)2

CDYMB]2+ 
 

5 μM 98 95 105 98 90  

10 μM 85 68 105 100 80  

20 μM 90 75 102 100 78  
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    The “complex” in the brackets of luminescent intensities in table 6-3 indicated 

the mitochondrial transmembrane potential (ΔΨM) disappeared with the increasing 

concentrations of complexes and intensities obtained were from the complexes 

themselves instead of JC-1 aggregates, suggesting the rather high cytotoxicities of the 

iridium complexes in chapters 2, 3 and 4. Those data at concentration of 10 μM were 

clearly presented in Fig. 6-7 where the increasing intensities were of the similar trend 

of cytotoxicity sequence as the IC50 values in MTT assay.  

 

Fig. 6-7 JC-1 aggregates intensities of 21 iridium and ruthenium complexes at 10 μM 

after 15 hours of incubation with Hep-G2 cell lines in mitochondrial transmembrane 

potential (ΔΨM) assay. 

    The intensities of higher JC-1 aggregates indicated the lower cytotoxicities of the 

complexes if the fluorescent intensities were all contributed by JC-1 aggregates alone. 

The highest intensity of Ir4 in chapter 2 implied the more fluorescent properties of Ir4 

than the JC-1 aggregates in Ir139 culture medium. The same reason could also explain 

the highest intensity of Ir119 in chapter 3 and the Ir125 and Ir107 with the large piq 

C^N ligands in chapter 4. All the ruthenium complexes in Fig. 5-78 were found to be 

of quite low toxicities due to the existence of JC-1 aggregates in all intensity profiles 
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and the diminishing intensities of JC-1 in Fig. 6-7 demonstrated the increasing 

cytototoxicities of ruthenium complexes from Ru8, Ru15, Ru2, Ru24 to Ru7 which 

was similar to the toxicity sequence from live and dead cell assay in Fig. 5-46.  

    With the same N^N ligands, the ruthenium complexes could coexisted with the 

JC-1 aggregates and were not toxic to cells. The iridium complexes with the changing 

JC-1 red intensities according to their cytotoxicity levels as shown in Fig. 6-8 (left). 

Some of toxic complexes totally took over JC-1 aggregates and became high 

fluorescent due to the strong binding to bio-molecules and their light-harvesting 

structures. 

  

Fig. 6-8 JC-1 aggregates intensities of complexes at 10 μM after 15 hours’ incubation 

with Hep-G2 cell lines in mitochondrial transmembrane potential (ΔΨM) assay. Left: 

10 ruthenium and iridium complexes sharing the common N^N ligands of DBDPPZ, 

MTPIP, EIPP and CDYMB accordingly. The JC-1 intensity of Ir125 was mainly from 

the complex as marked over the column. Right: 14 iridium complexes with the same 

C^N ligands of pp, 4-mpp, piq and dpapp respectively.  

    The complexes containing C^N ligand piq in Fig. 6-8 (right) seemed to have the 

larger intensities than complexes with other ligands. Among them, the Ir119 seemed 

to greatly enhance the fluorescent intensity of JC-1 aggregates as Fig. 3-78 showed 

while other toxic complexes became emissive at 10 μM instead of the vanished JC-1 

red dye. All the intensities of JC-1 aggregates varied inversely with the cytotoxicities 
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of complexes with C^N ligands of pp and dpapp as indicated in Fig. 6-8 (right). The 

trend of intensities of JC-1 red in complexes with 4-mpp and piq was complicated due 

to the interruption of replacement of the intensities of complexes, and the results 

could be explained by the combination of their emissive structures and cytotoxicities.  

6.1.4 Cellular uptake and distribution at different time and concentrations of 

iridium and ruthenium complexes. 

    The culture time and concentration dependent cellular uptake of complexes are 

listed in the table 6-4 for the luminescent intensities. Some of the detectable 

fluorescent intensities in cell imaging were marked with “dead cell” or “aggregates” 

in brackets. The intensities of complexes at 40 μM after 120 minutes of incubation 

were selected to use the columns in Fig. 6-9 to indicate the trend of uptake efficiency. 

Table 6-4 Luminescent Intensities of Complexes at Different Time and Concentrations in Cellular 
Uptake and Distribution Assay. 

Chapter 2 
Ir4:[Ir(4-mpp)2 

DPPZ]+ 
Ir7:[Ir(4-mpp)2 

BDPPZ]+ 
Ir8:[Ir(4-mpp)2 

MDPPZ]+ 
Ir115:[Ir(pp)2 

DBDPPZ]+ 
Ir139:[Ir(dpapp)2 

DBDPPZ]+ 
 

15 min (20 μM) 17 30 28 50 27  

40 min (20 μM) 85 65 165 50 35  

120 min (20 μM) 140 160 250 130 45  

120 min (40 μM) 116 130 230 130 60  

20  40 μM (%) -17.14 -18.75 -8.00 0.00 33.33  

Chapter 3 
Ir79:[Ir(pp)2 

MTPIP]+ 
Ir80:[Ir(pp)2 

EIPP]+ 
Ir116:[Ir(piq)2 

APIP]+ 
Ir119:[Ir(piq)2 

PPIP]+ 
Ir134:[Ir(iqdpba)2 

PPIP]+ 
 

15 min (20 μM) 65 68(dead cell) 60 100(aggregates) 110(aggregates)  

40 min (20 μM) 110 65 100 75(dead cell) 125(aggregates)  

120 min (20 μM) 110 70 220 50 60  

120 min (40 μM) 130 45 175 140 47  

20  40 μM (%) 18.18 -35.71 -20.45 180.00 -21.67  

Chapter 4 
Ir105:[Ir(4-mpp)2 

CDYP]+ 
Ir107:[Ir(piq)2 

CDYP]+ 
Ir108:[Ir(3-mpp)2 

CDYP]+ 
Ir123:[Ir(4-mpp)2 

CDYMB]+ 
Ir125:[Ir(piq)2 

CDYMB]+ 
Ir133:[Ir(dpapp)2 

CDYMB]+ 

15 min (20 μM) 42 45 28 52 37 40 

40 min (20 μM) 47 78 50 53 97 38 

120 min (20 μM) 105 145 86 82 120 48 

120 min (40 μM) 160 145 120 105 130 60 

20  40 μM (%) 52.38 0.00 39.53 28.05 8.33 25.00 

Chapter 5 
Ru2:[Ru(bpy)2 

DBDPPZ]2+ 
Ru7:[Ru(bpy)2

MTPIP]2+ 
Ru8:[Ru(bpy)2 

EIPP]2+ 
Ru15:[Ru(phen)2

BPDC]2+ 
Ru24:[Ru(phen)2C

DYMB]2+ 
 

15 min (20 μM) 35(dead cell) 48(dead cell) 60(dead cell) 4 3  

40 min (20 μM) 13 8 10 5 4  

120 min (20 μM) 18 50 35 10 15  

120 min (40 μM) 17 52 36 15 12  

20  40 μM (%) -5.56 4.00 2.86 50.00 -20.00  



492 

    It was quite interesting that at the same culture time of 120 minutes, the 

fluorescent intensities of some complexes did not increase accordingly when the 

concentration was changed from 20 to 40 μM. Furthermore, all of the most toxic 

complexes in each chapter have the zero or negative growth of their intensity 

measured volume. It was possibly caused by the active defense of live cells or the 

leakage of membrane of the dying cells. For example, the growth of Ir105 was 52.38% 

from 20 to 40 μM and became the highest intensity in chapter 4 as shown in Fig. 6-9, 

but its IC50 value was in the middle place, while the growth of most toxic Ir107 and 

Ir125 were 0.00% and 8.33% respectively. The two rigid and smooth piq C^N ligands 

in Ir107 and Ir125 could have contributed their highest uptake at 20 μM. 

 

Fig. 6-9 Intracellular fluorescent intensities of 21 iridium and ruthenium complexes 

after 120 minutes of cellular uptake at 40 μM.  

    In general, the internalization of complexes into cell lines at the concentration of 

40 μM was closely related to their cytotoxicities as suggested in Fig. 6-9. The 

sequences of luminescence intensities of those uptook complexes were quite like the 

results from the MTT assay experiments, live / dead cell evaluation and JC-1 testing. 

The luminescence of complexes in cells was not only determined by their structures 
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but also depend on their cellular uptake. The luminescent intensities proportional to 

cytotoxicities of different complexes could be explained by the efficiency of 

intracellular bio-molecular binding. The ruthenium complexes were of weak uptake 

and low luminescence in live cells and lead to the low toxicity as shown in Fig. 6-9.  

 

Fig. 6-10 Emission intensities of complexes without cells in PBS at 10 μM. 

     The emission intensities of those complexes in buffer solution without cell lines 

in Fig. 6-10 were quite different from those intensities in Fig. 6-9 which indicate that 

the inherent luminescent properties of complexes were not closely related to their 

intracellular intensities. The cellular uptake and biomolecular binding of those 

complexes could be the main contribution to their intensities in cell imaging which 

possess the similar trend of their cytotoxicities. The absorption intensities of 

complexes in PBS at 450 nm were further tested as shown in Fig. 6-11 which shows 

no obvious drop tendency of those complexes as indicated in Fig. 6-9.  
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Fig. 6-11 Absorption intensities of complexes without cells in PBS at 450 nm 

obtained by the microplate reader. 

The spectroscopic and photophysical properties of the 21 complexes in PBS 

without cell lines suggest that the huge differences between their inherent luminescent 

properties and cellular internalized intensities. Celluar uptake efficiency and 

intracellular biomolecular binding could be the key issue which causes the 

enhancement of both uptake luminescence and cytotoxicities of those complexes. 

  

Fig. 6-12 Intracellular fluorescent intensities of complexes after 120 minutes of 

cellular uptake at 40 μM. Left: 10 ruthenium and iridium complexes sharing the 
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common N^N ligands of DBDPPZ, MTPIP, EIPP and CDYMB accordingly. The 

JC-1 intensity of Ir125 was mainly from the complex as marked over the column. 

Right: 14 iridium complexes with the same C^N ligands of pp, 4-mpp, piq and dpapp, 

respectively. 

Although there could be more methods such as inductively coupled plasma mass 

spectrometry (ICP-MS) to quantify the actual concentration of complexes inside cells, 

the most efficient and fastest step was the cell photographing under the fluorescence 

inverse microscope (FIM) and ImageJ calculations for those metal complexes. The 

Fig. 6-12 (left) showed the exact intensity related toxicity sequences of different 

complexes. Both the Ru8 and Ir80 containing the same ligand of EIPP have the 

similar weak cellular uptake and fluorescent intensity. According to their excellent 

ability of photo-cytotoxicity, there could be enormous change of the fluorescent 

intensities contributed by enhanced cellular uptake and bio-molecular binding after 

465 nm irradiation. 

    Further experiment such as NMR and cell imaging after irradiation would be 

done to verify the hypothesis of mechanisms in the light induced toxicity of Ru8 and 

Ir80. In the Fig. 6-12 (right), the similar cellular uptake intensities at 40 μM after 120 

minutes of Ir139 and Ir133 could not tell the difference of their cytotoxicities, but in 

the table 6-4 the fast uptake of Ir133 with intensity value of 40 indicated its higher 

toxicity than Ir139 with the value 27 after 15 minutes of incubation. The abnormal 

results of fluorescent intensities of Ir79 and Ir115 seemed to be very close but the 

cytotoxicity of Ir115 was much stronger than Ir79. It could be explained by the two 

heavy atom of bromide in DBDPPZ of Ir115 which greatly reduced its fluorescence. 

The same effect was observed in Ru2 and Ru7 containing the same two bpy ligands in 

Fig. 6-12 (left) that the MTPIP ligand with an electron-donating methylthio terminal 
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in Ru7 largely enhanced its fluorescent intensity but both of them have similar low 

cytotoxicities. 

6.1.5 Cellular uptake and distribution at 4 ℃ of iridium and ruthenium 

complexes. 

    All the iridium and ruthenium complexes could enter into cells at low 

temperature of 4 ℃ as shown in table 6-5 and Fig. 6-13, albeit most of the 

luminescent intensities were lower than the values at 37.5 ℃. It was quite obvious 

that the intensity values of the cellular uptake of some complexes in chapter 3 were 

much higher than other complexes. The cellular uptake of those complexes was 

considered to be passive transport without the assistance of ATP. As we know, there 

are three possible modes of passive transport. First one is simple diffusion which is 

the movement of non-polar and small molecules such as oxygen and carbon dioxide 

flow along their concentration gradient, the second is osmosis for water to move 

through the membrane “solutes suck”, and the third is the facilitated diffusion which 

is the large and polar molecules transit across membrane by means of the protein 

channel or carrier mediated transport. The previous discussion confirmed the most 

possible mode of passive transport for complexes is the facilitated diffusion due to 

their large size and polar properties.  

Because of the fixed position and hydrophilic pores of the protein channels 

through the membrane, they inclined to only transport water soluble ions at a fast 

speed while the protein carrier could let both water soluble and insoluble molecules 

through and have low transport rates. The illustration image in Fig. S7-49 indicated 

the discussed process of facilitated diffusion, however, the virtual protein channel 

structures were far more complicated[9]. There were numerous ion protein channels[10] 
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expressed by almost all living cells including sodium, potassium, calcium, and 

chloride ions channels to assist the ions to pass through the otherwise impermeant cell 

membrane which was composed of phosphor-lipid bilayer.  

Table 6-5 Luminescent Intensity Peak Heights of Complexes in Cellular Uptake and Distribution Assay 
of Complexes Incubated at 4 ℃ for 60 Minutes. 

Recently, the crystal structures of those expressed ion-channel proteins were 

uncovered from which we could know the inner pore structures and diameters of 

those selectivity filters such as the sodium channels (4.6 Å)[11-12], potassium channels 

(2.5-3.4 Å)[13-17], calcium channels (4.6-6.0 Å)[18-20] and magnesium channels (5.0 

Å)[21]. Those angstrom-scale ion channels in cellular membranes provide perfect 

platforms to investigate the size and shape effect of those iridium and ruthenium 

complexes in ion transport, albeit artificial channels with flat slits down to several 

angstroms in height have been fabricated to mimic the function of such ion transport 

systems[22].  

The low temperature cellular uptake of Ir107 and Ir125 in Fig. 6-13 was 

consistent with the trend at 37.5 ℃ with the same concentration of 20 μM in table 

6-4 due to their rigid and smooth ligands of piq. Complexes Ir105 and Ir108 are 

similar except for their different positions of methyl groups in C^N ligands. From 

the real crystal structures of sodium channel in S7-50, there were selectivity filter 

and activation gate regions with the smallest pore radius and the K+ channel showed 

a little larger radius in the S7-50 (right). The complicated inner diameters of the 

Chapter 2 
Ir4:[Ir(4-mpp)2 

DPPZ]+ 
Ir7:[Ir(4-mpp)2 

BDPPZ]+ 
Ir8:[Ir(4-mpp)2 

MDPPZ]+ 
Ir115:[Ir(pp)2 

DBDPPZ]+ 
Ir139:[Ir(dpapp)2 

DBDPPZ]+ 
 

Peak height 15 15 32 8 7  

Chapter 3 
Ir79:[Ir(pp)2 

MTPIP]+ 
Ir80:[Ir(pp)2 

EIPP]+ 
Ir116:[Ir(piq)2 

APIP]+ 
Ir119:[Ir(piq)2 

PPIP]+ 
Ir134:[Ir(iqdpba)2 

PPIP]+ 
 

Peak height 28 6 75 45 0  

Chapter 4 
Ir105:[Ir(4-mpp)2 

CDYP]+ 
Ir107:[Ir(piq)2 

CDYP]+ 
Ir108:[Ir(3-mpp)2 

CDYP]+ 
Ir123:[Ir(4-mpp)2 

CDYMB]+ 
Ir125:[Ir(piq)2 

CDYMB]+ 
Ir133:[Ir(dpapp)2 

CDYMB]+ 

Peak height 6 20 10 8 20 0 

Chapter 5 
Ru2:[Ru(bpy)2 

DBDPPZ]2+ 
Ru7:[Ru(bpy)2

MTPIP]2+ 
Ru8:[Ru(bpy)2 

EIPP]2+ 
Ru15:[Ru(phen)2

BPDC]2+ 
Ru24:[Ru(phen)2

CDYMB]2+ 
 

Peak height 4 13 0 3 6  
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protein channel could provide a strict orientation for the iridium or ruthenium 

complexes to pass through which could be the longer and smaller N^N ligand heads 

point at intracellular side and the two shorter C^N ligands form the broader tail in 

the extracellular space. At normal temperature, the metal complexes flowed into 

cells along with the concentration gradient from outside through the protein channel 

without any consumption of ATP. But the live cells could possibly at the same time 

expel those complexes from the cells using ATP. The hanging out methyl groups 

could increase the resistance of C^N ligands and thus reduce the efficiency of 

cellular uptake. 

 

Fig. 6-13 Peak height intensities of 21 iridium and ruthenium complexes with 

concentration of 20 μM at 4 ℃ for 60 minutes. 

The stretched methyl groups in the outside of the two C^N ligands of Ir105 could 

have greatly obstructed the backward movement due to their steric hindrance while 

the position of methyl groups with the direction to the inside part of C^N ligands in 

Ir108 would not prevent the possible excretion by cells. The methyl groups in Ir105 

could have played the role of valves for antirefluxing or regurgitation of Ir105 against 

the concentration gradient. The evidences observed in the Fig. 6-9 suggested the more 
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uptake of Ir105 than Ir108 at 37.5 ℃ and the higher cytotoxicity of Ir105 than Ir108 

in the MTT assay of Fig. 6-2 and JC-1 aggregates evaluation in Fig. 6-7. 

 

Fig. 6-14 Peak height intensities of complexes with concentration of 20 μM at 4 ℃ 

for 60 minutes. Left: 10 ruthenium and iridium complexes sharing the common N^N 

ligands of DBDPPZ, MTPIP, EIPP and CDYMB accordingly. Right: 14 iridium 

complexes with the same C^N ligands of pp, 4-mpp, piq and dpapp respectively. 

    The low temperature uptake of Ru24 was higher than Ru2 and Ru8 in Fig. 6-14 

which was different from the Fig. 6-12. The similar mechanism of this observation 

could be the two larger C^N ligands of phen which contained three adjacent rings and 

prevented the inverse flow of Ru24 more effectively than the other two complexes 

with smaller bpy C^N ligands. The Ir116 and Ir119 with two piq ligands were at the 

two highest levels of cellular uptake similar to the intensity values at 37.5 ℃. 

6.1.6 Cellular uptake and distribution of iridium and ruthenium complexes in 

fixed cells. 

    The most apparent change of cellular uptake in fixed cells was the largely 

enhanced volume of ruthenium complexes indicated in Fig. 6-15 as discussed in 

chapter 5. The intensity value of Ir125 was quite abnormal compared to other 

complexes of Ir116, Ir119 and Ir107 containing the same rigid piq ligands which were 

assumed to reduce the uptake in the fixed cells. The CDYMB ligand of Ir125 could be 

the reason for the high uptake, but the Ir123 has the same CDYMB and its uptake in 
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fixed cell was still low. It was not clear the reason why the unique combination of 

CDYMB and piq resulted in the high uptake in the fixed cells.  

Table 6-6 Luminescent Intensities of Complexes in Cellular Uptake and Distribution Assay of 
Complexes with Formaldehyde Fixed Cells.  

Formaldehyde induced cross-linking of protein-protein or protein-DNA occurs in 

two reversible steps as shown in Fig. S7-52. The first reaction between formaldehyde 

and strong nucleophile including amino group yield a Schiff base and then reacted 

with another nucleophile from DNA or other protein to generate the crosslinking 

product[23]. Fixation process was used to react with endogenous bio-molecules with 

reactive nucleophile terminals such as lysine-amino or tyrosine-hydroxyphenyl 

group[24]. The complexes we synthesized contained the similar functional groups of 

amino in Ir116 and hydroxyphenyl in CDYP of Ir105, Ir107 and Ir108 that could react 

with the free formaldehyde released from inside cells due to the reversible 

crosslinking process, therefore the enlarged size of those complexes produced by the 

nucleophilic attack on formaldehyde in the first step and crosslinked complexes in the 

second step both became more difficult to transfer into the fixed cells. The 

solvent-accessible amino terminal in Ir116 has provided the functional group with 

more reactivity than the hydroxyphenyl in Ir105, Ir107 and Ir108 which resulted in 

the lower cellular uptake of Ir116 as shown in Fig. 6-15.  

Chapter 2 
Ir4:[Ir(4-mpp)2 

DPPZ]+ 
Ir7:[Ir(4-mpp)2 

BDPPZ]+ 
Ir8:[Ir(4-mpp)2 

MDPPZ]+ 
Ir115:[Ir(pp)2 

DBDPPZ]+ 
Ir139:[Ir(dpapp)2 

DBDPPZ]+ 
 

Peak height 40 10 35 10 0  

Chapter 3 
Ir79:[Ir(pp)2 

MTPIP]+ 
Ir80:[Ir(pp)2 

EIPP]+ 
Ir116:[Ir(piq)2 

APIP]+ 
Ir119:[Ir(piq)2 

PPIP]+ 
Ir134:[Ir(iqdpba)2 

PPIP]+ 
 

Peak height 18 25 15 5 0  

Chapter 4 
Ir105:[Ir(4-mpp)2 

CDYP]+ 
Ir107:[Ir(piq)2 

CDYP]+ 
Ir108:[Ir(3-mpp)2 

CDYP]+ 
Ir123:[Ir(4-mpp)2 

CDYMB]+ 
Ir125:[Ir(piq)2 

CDYMB]+ 
Ir133:[Ir(dpapp)2 

CDYMB]+ 

Peak height 26 23 20 21 55 4 

Chapter 5 
Ru2:[Ru(bpy)2 

DBDPPZ]2+ 
Ru7:[Ru(bpy)2

MTPIP]2+ 
Ru8:[Ru(bpy)2 

EIPP]2+ 
Ru15:[Ru(phen)2

BPDC]2+ 
Ru24:[Ru(phen)2

CDYMB]2+ 
 

Peak height 100 50 78 2 5  



501 

 

Fig. 6-15 Fixed cell intensities (peak height) of 21 iridium and ruthenium complexes 

at 15 μM for 30 minutes. 

Small difference of structures could result in the totally different cellular uptake, 

and the luminescent intensity sequence in chapter 2 was in a good accordance with 

their sizes. Both the uptake of Ir80 and Ru8 with the same EIPP ligand were more 

than Ir79 and Ru7 with MTPIP respectively in fixed cells while in normal cells the 

cell uptake of Ir79 and Ru7 was much higher than Ir80 and Ru8 accordingly, 

indicating the protein crosslink by formaldehyde has changed the permeability of 

protein channels or the formaldehyde could react with Ir79 at the ortho position of the 

electron-donating methylthio group and enlarged the structure of Ir79. Further 

experiments need to be done to find more evidence to support the assumption. As 

discussed before, the positive charges of complexes are crucial for the fixed cell 

uptake. The neutral Ru15 was one of the lowest uptake complexes in this thesis. The 

positively charged amino group in Ir116 could have improved the cellular uptake in 

the fixed cells but the reaction with formaldehyde prevented its effective uptake. 

From the results of luminescent intensities, there were so many factors to interfere the 

cellular uptake of live cells, dying cells and fixed cells.  
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Fig. 6-16 Fixed cell intensities (peak height) of complexes at 15 μM for 30 minutes. 

Left: 10 ruthenium and iridium complexes sharing the common N^N ligands of 

DBDPPZ, MTPIP, EIPP and CDYMB accordingly. Right: 14 iridium complexes with 

the same C^N ligands of pp, 4-mpp, piq and dpapp respectively. 

In Fig. 6-16 (right), the large size of bromide terminals in DBDPPZ of Ir115 

prevented its efficient uptake, and the smaller and more flexible Ir79 and Ir80 could 

enter into fixed cells with more volume. However, Ru2 with DBDPPZ in Fig. 6-16 

(left) was easier to locate into fixed cell than Ru7 with MTPIP and Ru8 with EIPP. It 

was still confusing that in the dead cells, the more positive charges could determine 

the extraordinary high cellular uptake and the role of ligands only played negligible 

roles. 

Although the crystals of protein channels crossing the cell membrane were 

reported in Nature[12,19,20] and Science[13,14,18,22] recently, there was few direct 

evidence of the interaction of metal complexes and protein channels. The work done 

in this chapter could provide easy and efficient ways using the diverse structures as 

probes to uncover the possible processes during the cellular uptake. The 

commercialized probes or dyes as listed in Fig. S7-51 were proved to be effective to 

enter the live or dead cells. From the size and charges of those probes, we can also 

find the supporting information for the similar cellular uptake of the complexes 

discussed in this thesis. All the rigid parts of those dyes in Fig. S7-51 are not larger 



503 

than anthracene size even though some of the dyes are long with flexible side chains 

containing triethylamine terminals. Those dyes for live cells are one positively 

charged or neutral, while those for dead cells are two positively charged or more 

which support the tremendous enhancement of fixed cell uptake of ruthenium 

complexes. 

6.2 Highlights and future experiments 

6.2.1 Highlights and brief summary 

(1) 21 iridium and ruthenium complexes with different C^N and N^N ligands 

were synthesized and characterized. Ligands were designed with different functional 

groups, hydrophilicy, rigidity, size and group position. The iridium complexes with 

one positive charge and ruthenium complexes with two positive charges were found 

to effectively distribute in the live cells and dead cells, respectively.  

(2) Structure and activity relationship (SAR) of those complexes and 

hepatocellular carcinoma cell (Hep-G2) lines were studied systematically by cell 

morphology, MTT assay, live and dead cell assay and mitochondrial transmembrane 

potential (ΔΨM) assay to find the hidden principle of structure-related cytotoxicities. 

The N^N ligands of dipyrido [3,2-a:2',3'-c] phenazine and Schiff base moieties could 

enhance toxicity quite a lot for the iridium complexes, while the iridium complexes 

with 1H-imidazo [4, 5-f] [1, 10] (phenanthroline)based bipyridine ligands were of low 

cytotoxicities, and the ruthenium complexes were all not toxic in the experimental 

concentration range without light irradiation. Two complexes of Ru8 and Ir80 with 

EIPP ligand demonstrated perfect properties of photo-cytotoxicities at 465 nm and 

both were promising agents for photodynamic therapy (PDT). 
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    (3) According to the cytotoxicity properties of those complexes, the intracellular 

luminescence intensities obtained from the images of cellular uptake at different 

concentrations, times and temperatures showed the direct relationship between the 

intensities and cytotoxicities of the complexes which could be explained by the fact 

that the more cellular uptake and stronger binding abilities to bio-macromolecules of 

those complexes could result in their both more intracellular luminescent intensities 

and more cytotoxicities. The cytotoxicities were also closely related to the cellular 

distribution of those complexes and most of those complexes were located at the 

cytoplasm and could only enter into the nuclei of dying cells. 

    (4) Cold temperature of 4 ℃ did not prevent the cellular uptake of those 

complexes which indicated the passive transport was the main way for the complexes 

to pass through the cell membrane without an input of energy such as ATP. 

Facilitated diffusion through protein channels was the most possible one among the 

four main kinds of passive transport including simple diffusion, facilitated 

diffusion, filtration and osmosis. Some of the complexes were surprisingly discovered 

to improve their cellular uptake tremendously at 4 ℃ and a new pathway of 

cold-shock dependent permeability of the cell membrane was uncovered to deliver 

complexes. 

    (5) Paraformaldehyde fixed cell was found to greatly change the uptake and 

distribution properties of some complexes especially the Ru(II) ones which suggested 

the routine procedure before the cell imaging could be misleading and dispensable, 

therefore, live cell imaging would avoid the problem. Cross-linking of protein-protein 

and protein-DNA by formaldehyde could play the crucial role to maintain the tertiary 

structure of intracellular organelles. However, the membrane molecules including 

lipids were discovered to be mobile after the chemical fixation[25], and dramatic 
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difference between live and fixed cells were detected in the nano-scale topology of 

both cytoplasmic and nuclear architecture[26]. Although there could be some damage 

caused by paraformaldehyde to the cell membrane[27], the fixation process seemed to 

maintain the integrity of cell membrane and nucleic envelope since the cellular uptake 

and nucleic distribution was not largely improved for iridium complexes depending 

on their ligand structures, thereby the membrane was considered to be also well 

preserved before the ruthenium complexes were incubated in this thesis.  

 

Scheme 6-1 Research route of transition-metal complexes and their bio-applications. 

★ Charge and property relationship (CPR)  

★ Structure and activity relationship (SAR)  

★ Fluorescence and cytotoxicity relationship (FCR) 

★ Cell morphology 

★ MTT assay (dark 

and irradiation)  

★ Cellular uptake and 

distribution (concentration, 

time, 4 ℃, fixation) 

★ Synthesize N^N and C^N ligands with 

groups of rigid or flexible structures and 

terminals of -NH3, -OH, -CH3, Br, -SCH3, 

-OCH3, -OCH2CH3, -COOH, etc. 

Promising photodynamic 

therapy (PDT) reagents 

★ Targeting Tumor 

Mechanisms of membrane protein 

channel facilitated diffusion 

★ Decisive factors: charge and ligand 

★ Live and dead cell assay 

★ Mitochondrial transmembrane 

potential (ΔΨM) assay 

★ Synthesis and characterization series of 

iridium(III) Complexes with one positive 

charge containing different size, steric 

hindrance and diverse functional groups. 

★ Synthesis and characterization of a series 

of ruthenium(II) Complexes with two 

positive charges consisting of typical N^N 

ligands for comparison. 

Mechanisms of CPR, 

SAR and FCR 

★Tumor probes 
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    The overall research route and temporary achievements of this thesis is listed in 

scheme 6-1 and there are quite a lot of evidences in the future experiments expected 

to fully testify the correlation between protein expression and cytotoxicities for some 

certain metal complexes.  

6.2.2 Future experiments 

It was investigated that the metal core including ruthenium and iridium could 

have greatly affected the cellular uptake efficiency and cytotoxicities of those 

complexes due to the different overall complex charges. The aim to develop 

prospective new drugs for cellular diagnosis and treatment of tumor requires further 

evidence and assays to verify their estimated functions based on the current results 

and analysis. Therefore, the content and plan of my further research work after the 

doctoral period will mainly focus on the following:  

(1) Ligand of T13 has been synthesized as listed in Fig. 6-17 which was quite 

lipophilic to attach cell membrane and the iridium complex could be an effective 

membrane dye with low cytotoxicity. The cellular uptake of the complex should not 

be very effective due to its excellent adhesion to the phospholipid bilayer by the long 

tail in T13 which could also attach to the surface of graphene or nanotubes through 

π-π stacking. We estimated the cellular uptake could be enhanced through an 

endocytosis pathway by the carrier nanotube and the improved uptake could result in 

a much higher cytotoxicity of the complex.  
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Fig. 6-17 Construction of carbon nanotubes (CNTs) and iridium complex with ligand 

T13. 

(2) The synthesized C^N ligands of T12-Oil and T12-Solid will be used to 

fabricate neutral complex in parellel with different conformations of facial (fac-) and 

meridional (mer-) as shown in the middle and bottom of Fig. 6-18. Although the 

chiralities of small molecules in medicine and probes are extensively investigated, the 

comparative studies of bio-activities of facial and meridional isomers are rarely 

reported. It would be exciting to find out the isomers with different properties of 

cellular uptake and cytotoxcities. (T12-Oil, T12-Solid) 

 

Fig. 6-18 Facial and meridional iridium complex isomers from T12-solid and T12-oil. 

The combinations of different metal complexes and nano-materials such as 

biological molecules, carbon nanotubes, mesoporous silica nano-particles (MSNs), 

metal organic framework (MOF) and up-conversion nano particles (UCNPs) could 
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have unique characteristics of cellular uptake and distributions for further 

bio-applications of emissive probes and cytotoxic drugs. 

    (2) Apply complexes of Ru8 and Ir80 with EIPP ligand of unique PDT properties 

to culture with other tumor cells including HeLa, MCF-7, CHO, A549, etc. to find out 

the consistency of their PDT properties in a variety of tumors and further find their 

localization in the sub-cellular level using organelle tracking dyes of mitochondria, 

lysosome, Golgi apparatus, and endoplasmic reticulum, etc. The nano-carriers such as 

human serum albumin (HSA), DNA and polyethylene glycol (PEG) could be used to 

improve the cellular uptake of the two positively charged Ru8 while the uptake of 

Ir80 with similar PDT function was much better due to its one positive charge. 

(3) Electroporation has been developed as an efficient drug delivery technique 

for nanomedicine[28] on macro-scale, however, the electric pulses could cause the 

irreversible damage to cell membrane, ATP leakage, electrochemical generation of 

ROS, entry of Ca2+ and disrupt or even kill cells[29]. Cold-shock enhanced cell 

permeabilization for complex Ir119 was excitingly uncovered in this thesis. The MTT 

assay will be carried out after the cooling procedure to find out whether the 4 ℃-IC50 

value is lower than the IC50 at 37.5 ℃ and other experiments including live and dead 

assay, mitochondrial transmembrane potential (ΔΨM) assay will be performed to 

evaluate the cytotoxicity of Ir119 caused by the cold-enhanced uptake. 

(4) The advantageous functional groups including amino residues in complexes 

could play a crucial role in the modification of metal medicines, for instance, 

ruthenium complex containing the ligand APIP with amino group will be produced in 

the future to investigate its toxicity and cellular uptake. As we know, there were 

plenty of carboxyl groups in the protein transport channels which could result in the 

low uptake of Ru15 with two carboxyl groups. 
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(5) Some of the bimetallic complexes were synthesized and their possible 

application as molecular machines was under investigation. A series of DNA hairpin 

structures were designed and synthesized as important component parts of this kind of 

dragonfly like nano-robot. The characterization and application of those novel 

molecular devices will be performed in the near future. 

(6) A series of DNA mismatched base-pair structures were designed and 

produced, and the potential probe testing for some of the complexes will be 

investigated. The complexes of high affinity to mismatched DNA will be screened out 

after systematic DNA binding experiments. The selectivity for tumor cells rather than 

normal cells of those candidates will be tested in the next step. 

    (7) The idea of using negative counter-ion pentachlorophenol (PCP) to modify 

the cellular uptake of positive ruthenium complex was quite novel[7]. However, high 

cytotoxicity of complexes could lead to high cellular uptake and nucleic distribution 

which was observed in this thesis. As discussed in section 6.1.1, the PCP which 

greatly assisted the cellular uptake of ruthenium complex could probably bring the 

damage to the integrity of cell membrane due to its high toxicity. Similar structure of 

pentafluorophenol (PFP) was tested to be of low cytotoxicity both alone and with Ru2 

in this thesis. Further experiments of the cellular uptake of PFP and Ru2 mixture will 

discover whether PFP can enhance the cellular uptake of Ru2 based on the reported 

counter-ion theory. If the uptake was not changed, the mixture of PCP and neutral or 

negatively charged complex without counter-ion effect will be assayed to prove the 

speculation of toxicity caused uptake instead of counter-ion theory. 

(8) As illustrated in Fig. 6-19, other complexes containing carboxyl groups were 

synthesized and characterized but not put in the thesis which could be linked with 

cyclo Arg-Gly-Asp (cRGD) peptides. The bio-functionalization of complexes by 
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cRGD would tremendously increase their special binding affinity in the therapy 

process to precisely target at a variety of integrins such as αvβ3 amply expressed on 

the membrane surface of the tumor cells and angiogenic endothelial cells. 
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Fig. 6-19 Modification of two iridium complex with cyclo-RGDFK.  

 

6.3 Prospects 

From the current research of anti-tumor drugs, nano and bio-functionalization, 

the size, shape, surface chemical properties, structural stability, vascular permeability, 

receptor recognition, uptake and distribution of the drug complexes have attracted 

wide attention[30] (Fig. 6-20). The design method and synthesis route of anti-tumor 

drugs based on nano-carriersand bio-groups are gradually improved. There existed 

many problems and defects of metal anti-tumor drugs from the pass decades of 

research which includes side effects, low therapeutic efficacy, and lack of target 

selectivity. Nano and bio-functionalization of the metal drugs have brought new ideas 

and hope to the design of anti-tumor drugs. From the current research reports, the 

drugs used in the nano or bio composites are generally traditional anti-cancer drugs 

approved by FDA, such as doxorubicin (DOX) and cisplatin. While the complexes 

used in cell imaging have much wider choices, such as metal and its oxide, 

semiconductor nano-material and quantum dots, etc. 
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Fig. 6-20 Optimal design principles for nanoparticle-based, tumor-cytotoxic 

vehicles[30]. 

Metal complexes have become the most promising anticancer drugs, and some of 

the mechanisms of interaction between the complexes and tumor have been clarified. 

However, the processes such as cell-uptake, distribution and metabolism of drug in 

cells, and apoptosis pathway induced by the metal complexes are still need to be 

further investigated and understood. 

The complicated procedures of manufacture and screening anti-tumor 

pharmaceuticals are of great difficulties and significance, and it takes many years to 

develop and apply the medicines in clinical usage. Most of the candidates of drugs 

were eliminated for various reasons, indicating the challenges and chances in the new 

field of medicine fabrication.  

There are many interesting metallo-organic molecules with photofunctional 

properties developed in our group. Most of the previous research works have been 
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focused on energy conversion and conservation in both OLEDs and organic solar cells 

fields. Recently, some of those kinds of metal complexes of ruthenium[31-34], 

iridium[35-38], and platinum[39-40]have been investigated for use in the biological field 

as a practical avenue towards cellular image probes and biosensors. The applications 

of transition metal complexes to probe recognition and reactions of numerous 

biological macromolecules such as nucleic acid[41-43], amino acid[44-45], etc. have also 

become challenging and promising fields for metal-based biological probes, 

therapeutics and photodynamic therapy (PDT). The design and synthesis of 

metallointercalators and metalloinsertors are crucial to new transitionmetal complexes 

with improved biological activity.  

 
Fig. 6-21 Illustration of theranostic nanomaterials[46]. 

The development of frontier nano-drug complexes has a bright future in cell 

imaging, diagnosis and anti-tumor. Based on the interdisciplinary program of 

chemistry, biology, and nanotechnology, the novel organometallics will be produced 

in an efficient, convenient, and low-cost way. Metal complexes have shown excellent 

performance in tumor cell imaging and treatment, and the research on the nano and 

bio-functionalization of complexes is very interesting and promising.  
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The past three and half years of my research have accumulated a certain basis for 

iridium and ruthenium complexes. It will be very excited for me to continue the 

bio-applications and synthesize new structures of transition-metal complexes and 

further nano- and bio-functionalize them as potential anti-cancer drugs.  
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CHAPTER 7: Experimental details and supporting information 

7.1 Introduction 

This research project was carried out in the Department of Chemistry, Faculty of 

Science, Hong Kong Baptist University, and College of Chemistry and Environmental 

Engineering, College of Life Sciences and Oceanography, Shenzhen University, and 

the Key Laboratory of functional polymer of Shenzhen which provided experimental 

conditions and technical support for the implementation of the plan. 

7.2 Experimental details 

7.2.1 Synthesis and Characterization  

All chemical reagents were commercially available and used without further 

purification. Solvents were purified by standard methods. As summarized in chapters 

2-5, all the ligands and 21 complexes were synthesized according to the literature 

procedures[1-5]. All reactions were performed under the protection of nitrogen. 1H and 

13C NMR spectra were measured by Bruker Ultrashield 400 MHz FT-NMR 

spectrometer (Bruker Avance-III). Tetramethylsilane (TMS) was used in deuterated 

solvents as an internal standard for calibrating chemical shifts. Mass spectra were 

obtained using Bruker Autoflex matrix assisted laser desorption/ ionization time of 

flight mass spectrometer (MALDI-TOF MS).  

7.2.2 Electrochemical Analysis (Cyclic voltammetry) 

Cyclic voltammetry (CV) was performed in a one-compartment cell, using a 

glassy carbon electrode (0.03 cm2), a platinum counter electrode (2 mm2) and 

Ag/AgCl as a reference in dry acetonitrile solution under nitrogen atmosphere. The 

applied potential was controlled by CH Instrument Model 600 D Series 

electrochemical analyzer. Scan range was between -2.3 and +1.8 V versus the 
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reference electrode with the rate of 100 mV s-1. Iridium complexes were dissolved in 

0.1 mol/L tetrabutylammonium hexafluorophosphate (NBu₄PF₆) solution in MeCN 

with the concentration of 0.8 mM. All the reversible reduction peaks of E1/2 were 

obtained from the average of E measured at the maximum peak current intensity for 

the forward and reverse electrochemical processes. Ferrocene was used as an internal 

standard. Onset reduction potential (Eonset, red) and oxidation potential (Eonset, ox) were 

recorded to calculate the energy levels of HOMO and LUMO, and the energy gap by 

the equation of EHOMO = - (Eox
onset - EFc

onset) - 4.8 eV, ELUMO = - (Ered
onset - EFc

onset) - 

4.8 eV and Eg = - (HOMO - LUMO) eV, respectively. 

7.2.3 DNA Binding Experiments 

In DNA binding titration assay, all the solutions used were phosphate buffered 

saline (PBS) and DNA concentration was quantified by Thermo Scientific™ 

NanoDrop 2000c. 

UV-Vis absorption measurements were performed by Shimadzu UV-VIS 

Spectrophotometers UV-2550 in a micro quartz cell (500 L) of 10 mm optical path 

length that was filled with 400 L of PBS solution with iridium complexes (10 µM) at 

25 °C.  

Luminescence spectra were recorded on a Hitachi Fluorescence Spectro- 

photometer F7000 with iridium complexes (10 µM) at 25 °C. For iridium complexes 

Ir4, Ir7 and Ir8, excitation was at 385 nm, and emission spectra were recorded from 

500 to 850 nm. For complexes Ir36, Ir93, Ir107 and Ir113, excitation changed to 450 

nm. 
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7.2.4 Cell Culture, Morphology and Imaging 

All the following materials and equipments were used: cell culture chamber, 

clean bench, centrifuge, water bath box, general and inverted microscope, enzyme 

mark instrument, ultra-low temperature refrigerator, darkroom, bacterial culture box, 

water bath shaker, etc. 

Human hepatocellular carcinoma cells (BEL-7402 and Hep-G2) were obtained 

from College of Life Sciences and Oceanography, Shenzhen University (Shenzhen, 

China). Cells were cultured in Dulbecco’s modifed Eagle medium with 10% FBS, 

streptomycin (100 μg/mL) and penicillin (100 units/mL) in a 5% CO2 humidifed 

incubator at 37.5 °C. The culture medium was changed everyday and the growth of 

cells was checked two times a day. After two or three days, when the cells are ready, 

the cells from culture vessels were dissociated using cell dissociation buffers. 

Dissociation was checked under the microscope and then the solution was spirated 

and discarded. The cells were transferred into 96-well plate, and cultured for 1-2 days. 

When the BEL-7402 or Hep-G2 cells grew normally, iridium complexes were 

dissolved in DMSO of 1 mM and immediately added into the fresh solvent to obtain 

certain concentration. Cells were incubated with metal complexes at different 

concentrations of 5, 10, 20 and 40 mol/L for 24 hours. Complexes were removed, 

the cells were rinsed twice with PBS, and were taken pictures by fluorescence inverse 

microscope (FIM) with the optical lens of 10  magnification.  

The above procedures of cell culture and complexes incubation was repeated. 

After 24 hours, the complexes were washed by PBS, and 4% paraformaldehyde 

solution was added to fix the cells. After 30 min, Hoechst 33258 was added into the 

solution to dye the nuclei for five minutes. The cells were washed for three times 
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using PBS, and then the pictures were obtained by fluorescence inverse microscope 

(FIM) imaging with the objective lens of 40  magnification. 

7.2.5 MTT Assay for Proliferation and Inhibition 

7.2.5.1 Reagent preparation 

Preparation of MTT solution 

MTT is soluble in water (10 mg/mL), ethanol (20 mg/mL), and buffered salt 

solutions and culture media (5 mg/mL). A 5 mg/mL solution was prepared in PBS. 

After mixing by vortexing or sonication, the solution was filtered after adding MTT. 

MTT solution was store at -20°C (stable for at least 6 months). 

Preparation of MTT solvent 

4 mM HCl, 0.1% NP40 in isopropanol 

7.2.5.2 Assay protocol 

When the Hep-G2 cells grew normally, iridium and ruthenium complexes were 

dissolved in DMSO to reach concentration of 1 mM and immediately added into the 

fresh solvent to obtain certain concentration. Cells were incubated with (iridium or 

ruthenium complexes) at different concentrations for 24 hours. Complexes were 

removed, and the cells were rinsed twice with PBS. 

For adherent cells, the media was carefully aspirated. For suspension cells, the 

96 well plate was spinned at 1,000 xg, 4°C for 5 minutes in a microplate-compatible 

centrifuge and the media was aspirated. An alternative method was to add an equal 

volume of MTT solution to the existing media in the culture. It was required to ensure 

that the same volume of existing media was present for each sample. 

50 µL of serum-free media and 50 µL of MTT solution were added into each 

well. In my analysis, six repeated wells of the same concentrations were used. The 

plate was incubated at 37°C for 3 hours. After incubation, 150 µL of MTT solvent 
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was added into each well. The plate was wrapped in foil and shaked on an orbital 

shaker for 15 minutes. Occasionally, pipetting of the liquid may be required to fully 

dissolve the MTT formazan. The absorbance was read at 490 nm and the plate was 

read within 1 hour. 

Notes: a) Blank wells were contained medium only; b) Untreated control cells; c) 

Test cells were treated with the substance to be assayed. Serum or phenol red can 

generate background when they were presented in the culture medium. If the sample 

contains serum or phenol red, sample background controls: 50 µL MTT reagent + 50 

µL cell culture media (no cells) should be set up. Parallel wells were prepared as 

solvent control and the same volume of solvent was used as for the treated cells. 

If more than 100 μL of medium is used per well, the amount of MTT reagent 

would be increased accordingly; e.g., for 250 μL of medium use 25 μL of MTT 

reagent. Absorbance values that are lower than the control cells indicate a reduction in 

the rate of cell proliferation. Conversely a higher absorbance rate indicates an increase 

in cell proliferation. Rarely, an increase in proliferation may be offset by cell death; 

evidence of cell death may be inferred from morphological changes. 

7.2.5.3 Data analysis 

Cell proliferation assays 

The duplicate reading for each sample was averaged. The culture medium 

background from the assay reading was subtracted. This is the corrected absorbance. 

Amount of absorbance is proportional to cell number. For cell counting, a standard 

curve can be established with known cell number and fixed incubation times with the 

assay reagent. 
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Fig. S7-1 Part of 96-well plate with different concentrations of drugs. 

 

Cell cytotoxicity assays 

Percentage cytotoxicity was calculated with the following equation, using 

corrected absorbance: % cytotoxicity = (100 × (control - sample)), the curve was 

drawn by Origin 8.0, and the IC50 (half maximal inhibitory concentration) values were 

obtained through the curve according to the literatures. 

 

Fig. S7-2 The process to derive IC50 value. 

Visual demonstration of how to derive IC50 value: data with inhibition on vertical 

axis and concentration or log (concentration) on horizontal axis were arranged, then 
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max and min inhibition were identified. The IC50 is the concentration at which the 

curve passes through the 50% inhibition level. 

7.2.6 Live and dead cell assay 

7.2.6.1 Reagent preparation 

Reagent solutions of calcein-AM (1 mM) and propidium iodide (PI) (2 mg/ml) 

were prepared by dissolving 10 µl calcein-AM solution of staining kit and 5 µl 

propidium iodide solution to 5 ml PBS where lipophilic calcein-AM is acetoxymethyl 

ester of calcein and highly cell membrane permeable. After the hydrolysis of AM by 

intracellular esterase, the calcein was generated in a live cell and became strong 

emissive of green fluorescence with the excitation / emission of 485 nm / 535 nm. On 

the other hand, the PI can pass through disordered parts in cell membrane of dead 

cells and reach the nucleus. After the intercalation into base pairs of DNA double 

helix, PI emits red fluorescence with the excitation / emission of 530 nm / 620 nm. 

That is why the PI dye is suspected to be highly carcinogenic and careful handling is 

required. 

7.2.6.2 Assay protocol  

After iridium or ruthenium complexes at different concentrations of 10, 20 and 

40 μmol/L were incubated with cells for 24 hours, PBS was added for three times to 

wash cells and remove medium and intercellular residual esterase activity. Then the 

freshly prepared assay solution of 100 µl was added to cells and incubated at 37.5 ºC 

for 20 minutes. 

Fluorescence and picture the images of green and red cells were detected by 

fluorescence inverse microscope (FIM) with blue filter (440-480 nm) excitation for 
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monitoring of live cells and the green filter (500-565 nm) through the optical lens of 4 

 and 10  magnification.  

Since the reagent calcein-AM and PI were stored at -20 °C with protection from 

moisture and light, and would be stable and effective for about 12 months, the 

working solution with buffer of Calcein-AM is not storable owing to their gradual 

hydrolyzation to generate fluorescent Calcein.  

7.2.7 Mitochondrial transmembrane potential (ΔΨM) testing 

7.2.7.1 Reagent preparation 

The JC-1 powder and DMSO solutions should reach room temperature prior to 

use. The JC-1 of one vial was dissolved in 230 µL of the DMSO to prepare a 200 µM 

JC-1 stock solution immediately before use.  

7.2.7.2 Assay protocol 

Cells were harvested and seeded at 1.5 × 104 cells / well on a 96-well plate and 

were cultured overnight to attach the bottom, then the cells were cultured with 

iridium or ruthenium complexes at the concentrations of 5, 10 and 20 μmol/L for 15 

hours. 

Hep-G2 cells were washed twice with PBS buffer and were stained with JC-1 of 

final concentraton of 15 µM in PBS buffer for 10 minutes at 37.5 ºC under dark, and 

cells were washed twice in PBS buffer and 100 µL / well of complete media with 10% 

FBS and without phenol red were added. The images of cells with JC-1 were 

photographed by fluorescence inverse microscope (FIM) with blue and green filter 

excitation to obtain the bright yellow and red dot of JC-1 aggregates accordingly. 

7.2.8 Cellular uptake and distribution of different concentrations, time, 

temperature and fixed cells. 

7.2.8.1Reagent preparation 
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All the iridium and ruthenium complexes were diluted by PBS to 1 mmol/L 

immediately before the incubation from their original DMSO solvent at the 

concentration of 5 mmol/L, and then the according volume was added into culture 

wells to reach the final concentrations of 15, 20 and 40 μmol/L for the further testing. 

0.5 g paraformaldehyde (PFA) powder was added into 12.5 ml PBS (pH 7.2) solution 

to produce the 4 % PFA. The solution was heated up slowly to 55 °C and stirred to 

dissolve completely, and then was cooled down to room temperature. If the 4 % PFA 

was not used up once, it should be aliquoted into falcon tubes with label and date, and 

was stored at -20 ºC where it can be stable for 6 months.  

7.2.8.2 Assay protocol 

The cells were incubated with metal complexes at 20 μmol/L for 15, 40 and 120 

minutes and the concentration of 40 μmol/L for 120 minutes at 37.5 ºC. For the 4 ℃ 

cellular uptake assay, the culture solution with 20 μmol/L complex was put into 

refridgerator for 60 minutes, then wash with PBS twice.  

Growth media was removed from cells, and the 4% PFA solution was then added 

into cells 100 µL / well for 15 minutes at room temperature to complete the fixation 

process. Fixed cells can be stored at 4 ºC in PFA for several days before use.  

After the fixation, wells were washed with PBS twice and 15 μmol/L complexes 

were added into the fixed hepatocellular carcinoma cell (Hep-G2) for 30 minutes at 

37.5 ℃ and washed by PBS three times to end the complex uptake. 

7.3 Supporting information 

7.3.1 Detailed X-ray crystallography data of iridium complexes Ir139: 

[Ir(dpapp)2DBDPPZ]+ 

Table S7-1 Structures of Ir139 and Check CIF/PLATON Report. 
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7.3.2 Cyclic voltammetry (CV) of iridium complexes of Ir25, Ir36, Ir93, Ir107, 

Ir113, Ir45, Ir46, Ir47, Ir48 and Ir110 

    The electrochemical data of the five complexes Ir25, Ir36, Ir93, Ir107 and Ir113 

with the C^N ligand of 1-phenylisoquinoline (piq) are listed in table 2-2. Two strong 

irreversible peaks were observed in Fig. S7-3 of Ir25, indicating the influence by the 

two carboxyl group in [2,2'-bipyridine]-4,4'-dicarboxylic acid ligand. It is possible 

that the reduction of the two carboxyl group overlapped the reduction peaks of the 

two C^N ligands. After the reduction, the former structure of acid dimer was broken 

and caused the irreversible waves. 

 
Fig. S7-3 Left: Cyclic voltammograms of iridium(III) complex (Ir25) with the 

concentration of 0.2 mM conducted at 100 mV/s in 0.25 M [NBu4][PF6] solution 

CH3CN with a glassy carbon working electrode, a platinum wire counter electrode 

and a saturated silver wire pseudo-reference electrode. Right: The left solution was 

added by ferrocene Fe(Cp)2 (Cp = cyclopentadienyl), abbreviated as Fc. All electrodes 

are of 3 mm diameter. 

    Similar to complex Ir7 in chapter 2, the reduction peak areas of Ir36 were pretty 

large in Fig. S7-4 that were in accordance with the electron-deficiency properties of 

ligand piq. More amount of electrons were needed to reduce the C^N ligand. Due to 

the same reason, the three remaining potential peaks of -1.48, -1.70, -1.88 are all 

anodically shifted greatly as compared to the peaks of -0.92, -1.47, -1.64 in Ir7 

complex. 
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Fig. S7-4 Left: Cyclic voltammograms of iridium(III) complex (Ir36) with the 

concentration of 0.2 mM conducted at 100 mV/s in 0.25 M [NBu4][PF6] solution 

CH3CN with a glassy carbon working electrode, a platinum wire counter electrode 

and a saturated silver wire pseudo-reference electrode. Right: The left solution was 

added by ferrocene Fe(Cp)2 (Cp = cyclopentadienyl), abbreviated as Fc. All electrodes 

are of 3 mm diameter. 

Because of the two methyl groups in 4,7-dimethyl-1,10-phenanthroline, the three 

reduction peaks -1.37, -1.60, -1.81 of Ir93 in Fig. S7-5 were more cathodically shifted 

than those peaks of -1.48, -1.70, -1.88 in Ir36 which is in agreement with the electron 

donating property of methyl group. Another broad shoulder wave at around 0.65 V 

was observed. The assignment of the peak still needs more investigation to confirm. 

The calculated LUMO level of -2.89 eV was the highest in those five complexes.  

 
Fig. S7-5 Left: Cyclic voltammograms of iridium(III) complex (Ir93) with the 

concentration of 0.2 mM conducted at 100 mV/s in 0.25 M [NBu4][PF6] solution 

CH3CN with a glassy carbon working electrode, a platinum wire counter electrode 

and a saturated silver wire pseudo-reference electrode. Right: The left solution was 
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added by ferrocene Fe(Cp)2 (Cp = cyclopentadienyl), abbreviated as Fc. All electrodes 

are of 3 mm diameter. 

In the cases of complex Ir107 in Fig. S7-6, the addition of hydroxyl group with 

strong electron-donating nature to the fluorene ring of the N^N ligand resulted in a 

decrease in the oxidation potential (1.19 eV) for its participation in HOMO energy 

level. The first reduction peak of -0.55 should be attributed to the nitrogen bridge in 

T20 ligand. The electron-deficiency property of the nitrogen bridge also was 

transferred to the diimine moiety and C^N ligand of the complex. Therefore, the three 

peaks of -0.91, -1.57 and -1.78 eV were most cathodically shifted among the five 

complexes which led to the highest level of HOMO (-5.46 eV), the lowest level of 

LUMO (-3.72 eV), and the narrowest energy gap of 1.74 eV. 

 
Fig. S7-6 Left: Cyclic voltammograms of iridium(III) complex (Ir107) with the 

concentration of 0.2 mM conducted at 100 mV/s in 0.25 M [NBu4][PF6] solution 

CH3CN with a glassy carbon working electrode, a platinum wire counter electrode 

and a saturated silver wire pseudo-reference electrode. Right: The left solution was 

added by ferrocene Fe(Cp)2 (Cp = cyclopentadienyl), abbreviated as Fc. All electrodes 

are of 3 mm diameter. 

    In Fig. S7-7, it was obvious that the area of reduction peaks of Ir113 were very 

large, and one of the two peaks of the two C^N ligands nearly overlapped with N^N 

ligand. The left figure without ferrocene also shows that the peak of -0.64 eV was not 

a typical reversible peak. After adding ferrocene, the same peak became reversible 
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again. Because of the two electron-withdrawing group (EWG) of bromine, the 

phenazine moiety of ligand TPPZ-Br2 became very electron-deficient which was 

strong enough to take apart the peak of the two N^N positions in contact with to 

iridium core. That could probably be the explanation why there were five reduction 

peaks shown up in Fig. S7-7. Complex Ir113 had the second lowest LUMO energy 

level of -3.63 eV and second narrowest HOMO and LUMO energy gap of 1.85 eV 

among the five complexes of Ir25, Ir36, Ir93, Ir107 and Ir113. 

 
Fig. S7-7 Left: Cyclic voltammograms of iridium(III) complex (Ir113) with the 

concentration of 0.2 mM conducted at 100 mV/s in 0.25 M [NBu4][PF6] solution 

CH3CN with a glassy carbon working electrode, a platinum wire counter electrode 

and a saturated silver wire pseudo-reference electrode. Right: The left solution was 

added by ferrocene Fe(Cp)2 (Cp = cyclopentadienyl), abbreviated as Fc. All electrodes 

are of 3 mm diameter. 

Table S7-2 Electrochemical Potentials and Calculated HOMO, LUMO Energy Levels of Iridium(III) Complexes. 

As shown in table S7-2, the energy gaps of HOMO and LUMO in the five 

iridium complexes are Ir93 (2.60 eV) > Ir25 (2.55 eV) > Ir36 (2.02 eV) > Ir113 (1.85 

eV) > Ir107 (1.74 eV) in descending order. 
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Iridium 
Complexes 
(Series B) 

    Eox (V )                   Ered(V)               EFc(V) 
HOMO 
(eV) 

LUMO 
(eV) 

Eg 
(eV) 

Ir 25 1.22 1.47   -1.33 -1.66 -1.87 0.54 -5.48 -2.93 2.55 

Ir 36 1.23 1.45 -0.79  -1.48 -1.70 -1.88 0.53 -5.50 -3.48 2.02 

Ir 93 1.23 1.38   -1.37 -1.60 -1.81 0.54 -5.49 -2.89 2.60 

Ir 107 1.19  -0.55  -0.91 -1.57 -1.78 0.53 -5.46 -3.72 1.74 

Ir 113 1.21 1.43 -0.64 -1.24 -1.52 -1.67 -1.91 0.53 -5.48 -3.63 1.85 
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The structures of complexes Ir45, Ir46, Ir47, Ir48 and Ir110 were based on the 

C^N ligand of 2-(2-thienyl) pyridine which contains the electron donating moiety of 

thienyl and electron withdrawing moiety of pyridine. The thienyl moiety in this series 

contributed to the similar reduction potentials of C^N ligand in Ir4, Ir7 and Ir8, and 

both were easier to be reduced than those in Ir25, Ir36, Ir93, Ir107 and Ir113.  

It is obvious from table S7-6 that the HOMO-LUMO gap of 1.86 eV in Ir45 is 

much narrower than the gap of 2.12 eV in Ir4 which is in agreement with the stronger 

electron donating moiety of thienyl ring in Ir45. The HOMO energy levels of Ir45 and 

Ir4 are close but the LUMO in Ir45 (-3.63) is much lower than that in Ir4 (-3.43). In 

Fig. S7-8, an extra irreversible peak of -0.64 eV in Ir45 was observed, and whether 

the peak was assigned to phenazine moiety of ligand TPPZ remained unclear. This 

peak could also be the reason of the lower LUMO energy. Interestingly, the peak of 

diimine moiety and the peaks of the two C^N ligands seemed to combine together, 

only a broad peak near -1.51 eV was observed. Further calculation experiments need 

to be done to have a convincing explanation. 

 
Fig. S7-8 Left: Cyclic voltammograms of iridium(III) complex (Ir45) with the 

concentration of 0.2 mM conducted at 100 mV/s in 0.25 M [NBu4][PF6] solution 

CH3CN with a glassy carbon working electrode, a platinum wire counter electrode 

and a saturated silver wire pseudo-reference electrode. Right: The left solution was 

added by ferrocene Fe(Cp)2 (Cp = cyclopentadienyl), abbreviated as Fc. All electrodes 

are of 3 mm diameter. 
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    The N^N ligand TPPZ-Br in Ir46 of Fig. S7-9 played a crucial role in the HOMO 

and LUMO energy levels. The peaks of -0.52 and -0.72 eV became more irreversible 

compared to those in Ir45 (-0.64 and -0.83 eV). They were also much more 

cathodically shifted under the influence of bromine group. Those reduction peaks of 

C^N ligands in Ir46 (-1.44 and -1.58 eV) were higher than those in Ir7 (-1.47 and 

-1.64 eV) which shows the C^N ligand in Ir46 are easier to be reduced. The energy 

gap (1.71 eV) of HOMO and LUMO is the smallest one among all the iridium 

complexes. 

 
Fig. S7-9 Left: Cyclic voltammograms of iridium(III) complex (Ir46) with the 

concentration of 0.2 mM conducted at 100 mV/s in 0.25 M [NBu4][PF6] solution 

CH3CN with a glassy carbon working electrode, a platinum wire counter electrode 

and a saturated silver wire pseudo-reference electrode. Right: The left solution was 

added by ferrocene Fe(Cp)2 (Cp = cyclopentadienyl), abbreviated as Fc. All electrodes 

are of 3 mm diameter. 

    Methyl group of TPPZ-CH3 in Ir47 of Fig. S7-10 generated the first two 

reduction peaks (-0.70 and -0.87 eV) cathodically shifted compared with the peaks 

(-0.64 and -0.83 eV) in Ir45. Two potential peaks of C^N ligands in Ir47 also merged 

into one which were the same as those peaks in Ir45. The two thienyl moieties in C^N 

ligands might play important roles for the results. The energy gap of 1.89 eV for 

HOMO and LUMO in Ir 47 was the biggest among those five complexes in table S7-6 
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due to the electron-donation of methyl group in N^N ligand where most of LUMO 

was from. 

 
Fig. S7-10 Left: Cyclic voltammograms of iridium(III) complex (Ir47) with the 

concentration of 0.2 mM conducted at 100 mV/s in 0.25 M [NBu4][PF6] solution 

CH3CN with a glassy carbon working electrode, a platinum wire counter electrode 

and a saturated silver wire pseudo-reference electrode. Right: The left solution was 

added by ferrocene Fe(Cp)2 (Cp = cyclopentadienyl), abbreviated as Fc. All electrodes 

are of 3 mm diameter. 

    The N^N ligand in Ir48 contains chlorine which is a weaker 

electron-withdrawing group than bromine in Ir46. The first two reduction peaks (-0.53 

and -0.73 eV) of Ir48 had slight anodic shifts of the peaks (-0.52 and -0.72 eV) in Ir46. 

The HOMO - LUMO gap (1.75 eV) of Ir48 was also a bit smaller than the gap (1.71 

eV) in Ir46. 

 
Fig. S7-11 Left: Cyclic voltammograms of iridium(III) complex (Ir48) with the 

concentration of 0.2 mM conducted at 100 mV/s in 0.25 M [NBu4][PF6] solution 

CH3CN with a glassy carbon working electrode, a platinum wire counter electrode 
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and a saturated silver wire pseudo-reference electrode. Right: The left solution was 

added by ferrocene Fe(Cp)2 (Cp = cyclopentadienyl), abbreviated as Fc. All electrodes 

are of 3 mm diameter. 

    The area of the reduction circle peaks in Ir110 of Fig. S7-12 looked even larger 

than that in Ir46 which was possibly caused by the extra bromine group in 12 position 

of ligand TPPZ-Br2. An extra peak (-1.26 eV) showed up compared to the same 

position of Ir46 which was probably attributed to the diimine moiety of N^N ligand. 

The gap of HOMO and LUMO was the same as the one in Ir46. Both of them were 

the lowest gaps among all the iridium complexes.  

 
Fig. S7-12 Left: Cyclic voltammograms of iridium(III) complex (Ir110) with the 

concentration of 0.2 mM conducted at 100 mV/s in 0.25 M [NBu4][PF6] solution 

CH3CN with a glassy carbon working electrode, a platinum wire counter electrode 

and a saturated silver wire pseudo-reference electrode. Right: The left solution was 

added by ferrocene Fe(Cp)2 (Cp = cyclopentadienyl), abbreviated as Fc. All electrodes 

are of 3 mm diameter. 

Table S7-3 Electrochemical Potentials and Calculated HOMO, LUMO Energy Levels of Iridium(III) Complexes. 
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(eV) 
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(eV) 

Ir 45 1.22  -0.64 -0.83 -1.26  -1.51 0.53 -5.49 -3.63 1.86 

Ir 46 1.19  -0.52 -0.72  -1.44 -1.58 0.54 -5.45 -3.74 1.71 

Ir 47 1.19  -0.70 -0.87  -1.36 -1.54 0.53 -5.46 -3.57 1.89 

Ir 48 1.22  -0.53 -0.73  -1.37 -1.55 0.53 -5.49 -3.74 1.75 

Ir 110 1.21 1.34 -0.50 -0.63 -1.26 -1.45 -1.61 0.54 -5.47 -3.76 1.71 
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As listed in table S7-3, the sequence of those energy gaps of HOMO and LUMO 

in the five iridium complexes are Ir47 (1.89 eV) > Ir45 (1.86 eV) > Ir48 (1.75 eV) > 

Ir46 (1.71 eV) = Ir110 (1.71 eV) which were in good accordance with the 

electron-withdrawing abilities of N^N ligands. 

The total energy gap comparison of the thirteen iridium complexes concluded 

from table 2-2, S7-5, S7-6 are as follows the sequence: Ir93 (2.60 eV) > Ir25 (2.55 

eV) > Ir4 (2.12 eV) > Ir8 (2.10 eV) > Ir36 (2.02 eV) > Ir7 (1.95 eV) > Ir47 (1.89 eV) > 

Ir45 (1.86 eV) > Ir113 (1.85 eV) > Ir107 (1.74 eV) > Ir48 (1.75 eV) > Ir46 (1.71 eV) 

= Ir110 (1.71 eV).  

Interestingly, a few low, broad and quasi-reversible or irreversible oxidation 

peaks at around 0.5 to 1.0 eV potentials were observed, suggesting the possible 

involvement of σ (Ir-C) bond in this oxidation process[6-7]. 

7.3.3 DNA binding properties of iridium complexes 

7.3.3.1 Ir36, Ir93, Ir107 and Ir113 

The planar structure of C^N piq ligand demonstrated more steric hindrance to 

prevent the intercalation of iridium complex into DNA base pairs. The Br- group was 

not favorable for DNA binding due to its large diameter. The hypochromism of 

MLCT band after binding to DNA was rather small (3.0 %), indicating that the 

binding to DNA was not strong. The binding constant of 1.2 × 105 M-1 of Ir36 was not 

a typical intercalating binding mode and therefore Ir36 could possiblly bound to DNA 

through groove binding mode or partial intercalating mode. Because both of the 

planar structures C^N and N^N ligand were large, each of them had the possibility to 

partially intercalate into base pairs of DNA. There was one more peak in MLCT band 

of Ir36 than those in Ir8. The spin-allowed and spin-forbidden MLCT transitions 
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bands were assigned to be 350-420 nm and 420-500 nm. The 260-340 nm bands were 

attributed to IL transitions. 

 
Fig. S7-13 Left: Absorption spectra of Iridium complex Ir36 in phosphate buffer 

saline (PBS) upon addition of increasing amount of calf thymus (CT) DNA. [Ir36] = 

10 μM, [DNA] = 0-6.0 μM with the interval of 0.5 μM, the temperature is 298 K. 

Right: plots of [DNA] / (a-f vs. [DNA]. 

The N^N ligand 4,7-dimethyl-1,10-phenanthroline in Ir93 was shorter compared 

to the DPPZ ligand in Ir36. Therefore, the C^N ligand could intercalate into DNA 

without much steric hindrance. The hypochromism of MLCT band jumps to 54.9% 

after titration of DNA. The binding constant is 4.2×105 M-1 which is about four times 

larger than Ir36. The bands for IL transitions are 260-310 nm, while the bands of 

320-410 nm and 420-500 nm belong to spin-allowed and spin-forbidden MLCT 

transitions. 

 
Fig. S7-14 Left: Absorption spectra of iridium complex Ir93 in phosphate buffer 

saline (PBS) upon addition of increasing amount of calf thymus (CT) DNA. [Ir93] = 
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10 μM, [DNA] = 0-6.5 μM with the interval of 0.5 μM, the temperature is 298 K. 

Right: plots of [DNA] / (a-f vs. [DNA]. 

There are four bands and shoulders in Ir107: 270-310 nm, 320 nm, 370 nm, 

410-540 nm assigned to IL, spin-allowed, spin-allowed and spin-forbidden MLCT 

transitions separately. The N∧N ligand T20 in Ir107 are the longest in series B, and 

the terminal hydroxyl group are biocompatible. All the properties will help the 

intercalating binding of Ir107 with DNA despite the obvious steric hindrance from the 

two C∧N ligands. The binding constant of Ir107 is 2.96×105 M-1. 

 
Fig. S7-15 Left: Absorption spectra of iridium complex Ir107 in phosphate buffer 

saline (PBS) upon addition of increasing amount of calf thymus (CT) DNA. [Ir107] = 

10 μM, [DNA] = 0-6.0 μM with the interval of 0.5 μM, the temperature is 298 K. 

Right: plots of [DNA] / (a-f vs. [DNA]. 

    The two terminal groups of bromine in Ir113 greatly prevented the binding to 

DNA with the smallest binding constant of 1.03×105 M-1 which means the Ir113 

probably binds to DNA through groove binding mode or partially intercalating mode. 

The three major bands and shoulders in Ir113: 260-330 nm, 340-420 nm, 420-550 nm 

are attributed to IL, spin-allowed, and spin-forbidden MLCT transitions accordingly.  

The DNA-binding ability of those four iridium complexes is listed in the 

following sequence: Ir93 > Ir107 > Ir36 > Ir113 which is in agreement with the 

structure hindrance differences. 
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Fig. S7-16 Left: Absorption spectra of iridium complex Ir113 in phosphate buffer 

saline (PBS) upon addition of increasing amount of calf thymus (CT) DNA. [Ir113] = 

10 μM, [DNA] = 0-6.0 μM with the interval of 0.5 μM, the temperature is 298 K. 

Right: plots of [DNA] / (a-f vs. [DNA]. 

Table S7-4. Absorption Spectra Data and Calf Thymus DNA Binding Constants of Iridium Complexes. 

aH (%) =[(f-b)/f] ×100% 

7.3.3.2 Ir36, Ir93, Ir107 and Ir113 

The five complexes contain two bulky and planar C^N ligands of piq. The C^N 

ligands probably could affect the Stokes shifts quite much compared to other 

complexes. For example, Ir7 and Ir36 have the same N^N ligand of DPPZ-Br and 
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HOMO and LUMO in Ir36 (2.02 eV) was larger than that in Ir7 (1.95 eV) which 

supported the difference of Stokes shifts, but the two gaps seemed close and other 

factors including the different molecular geometry relaxations of the two C^N ligands 

should also be considered.   

The quenching percentage of Ir36 is 2.4% which is possibly due to the bulky size 

of the three C^N and N^N ligands. They generated the obstacles to prevent the 

efficient DNA-binding and the quenching constant 7.70 × 103 M-1 of Ir36 was not high 
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in table S7-8. Comparing to the Ir7 with lower quenching constant of 1.38 × 103 M-1, 

the C^N ligand structure in Ir36 was more suitable to intercalate into base pairs of 

DNA through π-π stacking. 

 
Fig. S7-17 Left: Emission spectra of iridium complex Ir36 (10 μM) at 298 K in the 

presence of increasing concentrations of CT DNA (0-6.0 μM with the interval of 0.5 

μM). Right: The plots of relative intensity I0 / I vs. [DNA]. 

Ir93 contains two methyl substituents as the electron donating group (EDG) 

which were responsible for the biggest gap of HOMO and LUMO. In the binding to 

DNA, the two C^N ligands of 1-phenylisoquinoline played the main roles. Because of 

the small steric hindrance of N^N ligand, the C^N ligand was easier to bind into the 

base pairs of DNA from each side of the Ir93. Therefore, Ir93 has the biggest 

quenching constant of 8.31×104 M-1 among those seven iridium complexes of Ir4, Ir7, 

Ir8, Ir36, Ir93, Ir107 and Ir113.  

The quenching percentage of Ir93 was 52.8%. The Stokes shift of Ir93 was 103 

nm which was the shortest in those seven iridium complexes and satisfactorily 

matched with the biggest gap of HOMO and LUMO energy level. Interestingly, the 

broad waves from 570 nm to 720 nm were observed in Fig. 3-12. Those waves were 

possibly assigned to the spin-allowed MLCT transitions since the absorption and 

emission spectra were mirror images of each other. The abnormal broad emission 
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spectra might be the result of the abundance of electron donated by the two methyl 

groups in N^N ligand during the relaxation process of emission. 

 
Fig. S7-18 Left: Emission spectra of iridium complex Ir93 (10 μM) at 298 K in the 

presence ofincreasing concentrations of CT DNA (0-6.5 μM with the interval of 0.5 

μM). Right: The plots of relative intensity I0 / I vs. [DNA]. 

    Ir107 has the largest Stokes shift among the four complexes of Ir36, Ir93, Ir107 

and Ir113 which was also in good agreement with its narrowest gap of HOMO and 

LUMO energy level described in table S7-5. The quenching percentage was 20.4% 

and Ksv was 3.12 ×104 M-1, indicating the excellent binding ability of Ir107 to DNA. 

The size of the major groove of DNA double helix of B type, is 22 Å wide and the 

other, the minor groove, is 12 Å wide[8].  

 
Fig. S7-19 Left: Emission spectra of iridium complex Ir107 (10 μM) at 298 K in the 

presence ofincreasing concentrations of CT DNA (0-6.0 μM with the interval of 0.5 

μM). Right: The plots of relative intensity I0 / I vs. [DNA]. 
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On the basis of the sizes of DNA grooves, the stretching structure of the two 

bulky C^N ligands of piq could exceed the width of minor groove. Therefore, Ir107 

could bind to DNA through major grooves. The N^N ligand was long enough to 

conquer the steric hindrance caused by the two bulky C^N ligands which would also 

probably block the major groove of DNA double helix structures.  

The quenching constant of Ir113 was rather low due to the two bromines in N^N 

group. As we know, the distance between base pairs was about 3.4 Angstroms. The 

size of bromine was about 2.3 Angstroms. One bromine group has already greatly 

reduced the chance to intercalate into DNA base pairs which can be concluded by the 

DNA-binding constant in table S7-7 and quenching constant in table S7-8 of complex 

Ir36.  

 
Fig. S7-20 Left: Emission spectra of iridium complex Ir113 (10 μM) at 298 K in the 

presence ofincreasing concentrations of CT DNA (0-6.0 μM with the interval of 0.5 

μM). Right: The plots of relative intensity I0 / I vs. [DNA]. 
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Table S7-5. Emission Spectra Data and Stern-Volmer Quenching Constants of Iridium Complexes with Calf Thymus DNA.. 

Table S7-5 indicates the sequence of quenching constants: Ir93 > Ir107 > Ir36 > 

Ir113 which followed the same sequence in DNA binding constants listed in table 

S7-7. Interestingly, the disparity between the quenching constants of Ir36 and Ir113 is 

rather wide while their binding constants from absorption spectra are not quite 

different. The higher orders of magnitude of the sensitivity in the emission spectra 

might explicate that phenomenon. 

The Stokes shifts order Ir107 > Ir113 > Ir36 > Ir93 was a good match with the 

orders of gaps of HOMO and LUMO (Ir93 > Ir36 > Ir113 > Ir107) due to their 

inverse relationship. 

In this section, seven complexes were titrated by CT-DNA to investigate their 

binding abilities and emission quenching abilities. Stokes shifts of those seven 

complexes were also abtained by comparing the UV-Visable absorption spectra. 

Evidently, those observed Stokes shifts were in good accordance with the energy gaps 

of HOMO and LUMO calculated from cyclic voltammetry data. 

The DNA-binding abilities of the seven complexes were quite different due to 

their diverse structures of C^N and N^N ligands. All the research findings helped us a 

lot to deeply understand the photochemical, photophysical, electrochemical and 

bio-compatible properties of such designed iridium complexes. As the pioneer of 

metallointercalators, J. K. Barton once exclaimed: “It is remarkable how apparently 

minor changes in the ligand architecture and electronic structure can lead to profound 

influences on binding geometries [9]”. 

Iridium complexes 
(series B) 

λex(nm) 
λem(nm) Stokes 

Shift (nm) 

Saturated 
Concentration of 

CT-DNA 

Quenching 
Percentage 

KSV(M-1) 
free bound 

Ir 36 450 579.0 578.5 128 6.0M 2.4 7.70×103 

Ir 93 450 545.0 545.5 103 6.5M 52.8 8.31×104 

Ir 107 450 584.5 584.0 136.5 6.0M 20.4 3.12×104 

Ir 113 450 576.0 576.0 129 6.0M 0.56 6.27×102 
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Fig. S7-26 Cellular uptake and distribution of complex Ir123 (left: 20 μmol/L; right: 

40 μmol/L) in hepatocellular carcinoma cell (Hep-G2) for 120 minutes at 37.5 ℃. 

Green excitation filter was applied. The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

 

7.3.6 Mitochondrial transmembrane potential (ΔΨM) testing of complexes 

 

Fig. S7-27 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir4 (10 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 
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Pearson's Coefficient: r = 0.717, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.2998 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir4 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM).  

 

Fig. S7-28 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir7 (10 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.761, Manders' Coefficients (original): M1 = 0.999 
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(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.3083 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir7 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 

 

Fig. S7-29 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir8 (10 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.805, Manders' Coefficients (original): M1 = 0.155 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 
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Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.1990 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir8 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM).  

 

Fig. S7-30 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir115 (10 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.796, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 
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0.3383 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir115 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 

 

Fig. S7-31 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir139 (10 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.889, Manders' Coefficients (original): M1 = 1.0 (fraction 

of Red overlapping Green), M2 = 0.999 (fraction of Green overlapping Red), Li's 

Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 0.3373 

determined by ImageJ software from b and c; f, m: Red, green and blue fluorescence 
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intensity and corresponding distribution curves calculated from the mergence of b and 

c, i and j by ZEN software accordingly. The Y axis represents the relative frequency 

and the X axis indicates the brightness; g, n: height map of 2.5D view intensity values 

obtained from d and k respectively by ZEN software. The highest intensity values are 

represented by the greatest extension in the Z-direction; h, i, j, k: enlarged typical 

areas of a, b, c, d (yellow square frames) accordingly; l, intensity profile of JC-1 and 

Ir139 luminescence calculated by ImageJ software across cell in k. The scale bar is 25 

μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM).  

 

Fig. S7-32 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir79 (10 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.671, Manders' Coefficients (original): M1 = 0.791 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.2375 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 
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mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir79 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM).  

 

Fig. S7-33 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir80 (10 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.906, Manders' Coefficients (original): M1 = 0.612 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.3568 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 
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relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir80 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM).  

 

Fig. S7-34 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir116 (10 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.879, Manders' Coefficients (original): M1 = 1.0 (fraction 

of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), Li's 

Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 0.3542 

determined by ImageJ software from b and c; f, m: Red, green and blue fluorescence 

intensity and corresponding distribution curves calculated from the mergence of b and 

c, i and j by ZEN software accordingly. The Y axis represents the relative frequency 

and the X axis indicates the brightness; g, n: height map of 2.5D view intensity values 
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obtained from d and k respectively by ZEN software. The highest intensity values are 

represented by the greatest extension in the Z-direction; h, i, j, k: enlarged typical 

areas of a, b, c, d (yellow square frames) accordingly; l, intensity profile of JC-1 and 

Ir116 luminescence calculated by ImageJ software across cell in k. The scale bar is 25 

μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

 

Fig. S7-35 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir119 (10 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.632, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 0.999 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.2179 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 
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highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir119 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 

 

Fig. S7-36 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir134 (10 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.579, Manders' Coefficients (original): M1 = 1.0 (fraction 

of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), Li's 

Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 0.1919 

determined by ImageJ software from b and c; f, m: Red, green and blue fluorescence 

intensity and corresponding distribution curves calculated from the mergence of b and 

c, i and j by ZEN software accordingly. The Y axis represents the relative frequency 

and the X axis indicates the brightness; g, n: height map of 2.5D view intensity values 

obtained from d and k respectively by ZEN software. The highest intensity values are 

represented by the greatest extension in the Z-direction; h, i, j, k: enlarged typical 
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areas of a, b, c, d (yellow square frames) accordingly; l, intensity profile of JC-1 and 

Ir134 luminescence calculated by ImageJ software across cell in k. The scale bar is 25 

μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

 

Fig. S7-37 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir105 (10 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.646, Manders' Coefficients (original): M1 = 0.823 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.1960 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 
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intensity profile of JC-1 and Ir105 luminescence calculated by ImageJ software across 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM).  

 

Fig. S7-38 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir107 (10 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.849, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.2822 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir107 luminescence calculated by ImageJ software across 
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cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM).  

 

Fig. S7-39 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir108 (10 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.813, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.3221 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir108 luminescence calculated by ImageJ software across 
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cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM).  

 

Fig. S7-40 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir123 (10 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.416, Manders' Coefficients (original): M1 = 0.113 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.1079 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir123 luminescence calculated by ImageJ software across 
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cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM).  

 

Fig. S7-41 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir125 (10 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.845, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.2989 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ir125 luminescence calculated by ImageJ software across 
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cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM). 

 

Fig. S7-42 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ir133 (10 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.457, Manders' Coefficients (original): M1 = 0.11 (fraction 

of Red overlapping Green), M2 = 0.999 (fraction of Green overlapping Red), Li's 

Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 0.1105 

determined by ImageJ software from b and c; f, m: Red, green and blue fluorescence 

intensity and corresponding distribution curves calculated from the mergence of b and 

c, i and j by ZEN software accordingly. The Y axis represents the relative frequency 

and the X axis indicates the brightness; g, n: height map of 2.5D view intensity values 

obtained from d and k respectively by ZEN software. The highest intensity values are 

represented by the greatest extension in the Z-direction; h, i, j, k: enlarged typical 

areas of a, b, c, d (yellow square frames) accordingly; l, intensity profile of JC-1 and 

Ir133 luminescence calculated by ImageJ software across cell in k. The scale bar is 25 
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μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM). 

 

Fig. S7-43 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ru2 (10 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.930, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.3439 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ru2 luminescence calculated by ImageJ software across 



567 

cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM).  

 

Fig. S7-44 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ru7 (10 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.928, Manders' Coefficients (original): M1 = 1.0 (fraction 

of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), Li's 

Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 0.3920 

determined by ImageJ software from b and c; f, m: Red, green and blue fluorescence 

intensity and corresponding distribution curves calculated from the mergence of b and 

c, i and j by ZEN software accordingly. The Y axis represents the relative frequency 

and the X axis indicates the brightness; g, n: height map of 2.5D view intensity values 

obtained from d and k respectively by ZEN software. The highest intensity values are 

represented by the greatest extension in the Z-direction; h, i, j, k: enlarged typical 

areas of a, b, c, d (yellow square frames) accordingly; l, intensity profile of JC-1 and 

Ru7 luminescence calculated by ImageJ software across cell in k. The scale bar is 25 
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μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 40  magnification in the 

fluorescence inverse microscope (FIM).  

 

 

Fig. S7-45 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ru8 (10 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.898, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.3995 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ru8 luminescence calculated by ImageJ software across 
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cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM).  

 

 

Fig. S7-46 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ru15 (10 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.905, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 1.0 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.3370 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ru15 luminescence calculated by ImageJ software across 
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cell in k. The scale bar is 25 μm (a, b, c, d) and 5 μm (h, i, j, k). The optical lens is of 

40  magnification in the fluorescence inverse microscope (FIM).  

 

 

Fig. S7-47 Mitochondrial membrane potential assay based on JC-1 dye staining in 

hepatocellular carcinoma cell (Hep-G2) with complex Ru24 (10 μmol/L, 15 hours). a, 

bright field; b, blue excitation filter; c, green excitation filter; d, overlay of b and c; e, 

Pearson's Coefficient: r = 0.952, Manders' Coefficients (original): M1 = 0.999 

(fraction of Red overlapping Green), M2 = 0.999 (fraction of Green overlapping Red), 

Li's Intensity Correlation Analysis (ICA): Intensity Correlation Quotient (ICQ ) = 

0.3863 determined by ImageJ software from b and c; f, m: Red, green and blue 

fluorescence intensity and corresponding distribution curves calculated from the 

mergence of b and c, i and j by ZEN software accordingly. The Y axis represents the 

relative frequency and the X axis indicates the brightness; g, n: height map of 2.5D 

view intensity values obtained from d and k respectively by ZEN software. The 

highest intensity values are represented by the greatest extension in the Z-direction; h, 

i, j, k: enlarged typical areas of a, b, c, d (yellow square frames) accordingly; l, 

intensity profile of JC-1 and Ru24 luminescence calculated by ImageJ software across 
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Fig. S7-50 Left: architecture of the voltage-gated sodium (NaV) channels from 

Arcobacter butzleri pore (NavAb). Glu 177 side chains (purple sticks); pore volume is 

shown in grey. Middle: electrostatic potential coloured from -10 to 10 kT (red to blue). 

Right: pore radius is compared (within the selectivity filter region) to the radii of a 

Na+-H2O complex (orange) and a K+-H2O complex (green)[11]. 

 

 

Fig. S7-51 Commercialized dyes with different charges for live or dead cell assay. 
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Fig. S7-52 Left: Graphic depicting the main aspects of formaldehyde reactivity in 

cells. Right: Chemical reactions occurring during formaldehyde crosslinking of 

biomolecules[12].  
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