
VI 

 

LIST OF CONTENTS 

ABSTRACT .................................................................................................................................. II 

DEDICATION .............................................................................................................................. III 

ACKNOWLEDGEMENTS ........................................................................................................... IV 

LIST OF CONTENTS ................................................................................................................. VI 

LIST OF FIGURES ................................................................................................................... XIV 

LIST OF TABLES ................................................................................................................... XVIII 

LIST OF ABBREVIATIONS ....................................................................................................... XX 

 

Chapter 1. Literature review .......................................................................................................... 1 

1.1 Tumour Vasculature and Blood Flow ........................................................................ 1 

1.1.1 Tumour vasculature .................................................................................................. 2 

1.1.2 Tumour blood flow ..................................................................................................... 3 

1.2 Tumour Hypoxia ........................................................................................................ 4 

1.2.1 Discovery of hypoxia ................................................................................................. 4 

1.2.2 Classification of hypoxia ............................................................................................ 6 

1.2.3 Reoxygenation and intratumoural hypoxia ................................................................ 6 

1.2.4 Significance of tumour hypoxia in clinical therapies ................................................... 7 

1.3 Hypoxia-inducible factors .......................................................................................... 9 

1.3.1 Regulation of HIFs .................................................................................................... 9 

1.3.1.1 Oxygen/PHDs/VHL-dependent HIF-α regulation ....................................................... 9 

1.3.1.2 Oxygen/PHDs/VHL -independent HIF-α regulation ................................................. 11 



VII 

 

1.3.2 Significance of HIF in cancer ................................................................................... 12 

1.4 Hypoxia gene signatures in tumours ....................................................................... 13 

1.5 Detection of tumour hypoxia .................................................................................... 17 

1.5.1 Invasive measurement of tumour hypoxia ............................................................... 17 

1.5.2 Non-invasive measurement of tumour hypoxia ....................................................... 18 

1.5.2.1 Endogenous hypoxia-specific markers .................................................................... 19 

1.5.2.2 Exogenous hypoxia-specific markers ...................................................................... 19 

1.6 Current approaches to isolate hypoxic cell populations from tumour tissues ........... 21 

1.7 Click Chemistry ....................................................................................................... 23 

1.7.1 Bioorthogonal chemistry in biomedical sciences ..................................................... 24 

1.7.2 Click chemistry ........................................................................................................ 25 

1.7.3 Azide–alkyne Huisgen cycloaddition ....................................................................... 27 

1.7.4 Copper(I)-catalysed azide–alkyne cycloaddition ..................................................... 29 

1.7.4.1 Copper(I) species .................................................................................................... 29 

1.7.4.2 The limitations of CuAAC for the functionalization of biomacromolecules ............... 30 

1.7.4.3 Copper(I)-chelating ligands ..................................................................................... 31 

1.7.4.4 Mechanism of copper(I)-catalysed azide-alkyne cycloaddition ................................ 33 

1.7.4.5 Applications of copper-catalysed click chemistry in biological sciences .................. 35 

1.7.5 Strain-promoted azide–alkyne cycloaddition ........................................................... 37 

1.7.6 Prospects of applied click chemistry ........................................................................ 38 

1.8 Aims and objectives ................................................................................................ 40 

Chapter 2. Materials and methods .............................................................................................. 42 



VIII 

 

2.1 General materials and compounds .......................................................................... 42 

2.2 Cell lines and culture ............................................................................................... 48 

2.2.1 Culture medium ....................................................................................................... 48 

2.2.2 Cell culture conditions ............................................................................................. 48 

2.2.3 Authentication of cell lines ....................................................................................... 49 

2.3 Xenograft models .................................................................................................... 49 

2.3.1 Animals ................................................................................................................... 49 

2.3.2 Cell line-derived xenografts ..................................................................................... 50 

2.4 Hypoxic cell labelling using click chemistry ............................................................. 50 

2.4.1 Labelling of cultured human cancer cells with clickable 2-nitroimidazole ................. 50 

2.4.2 Labelling of cells in human tumour xenografts with clickable 2-NI ........................... 52 

2.4.3 Staining of clickable 2-NI labelled cells using copper(I)-catalysed alkyne-azide click 

chemistry  ................................................................................................................................ 53 

2.4.4 Nomenclature of clicked samples ............................................................................ 56 

2.5 Flow cytometric analysis ......................................................................................... 57 

2.6 Fluorescence-activated cell sorting ......................................................................... 57 

2.7  RNA extraction and quality control .......................................................................... 58 

2.7.1  Cell lysis .................................................................................................................. 58 

2.7.1.1  Homogenization in TRIzol ....................................................................................... 58 

2.7.1.2  Homogenization in lysis buffer ................................................................................ 59 

2.7.2  RNA extraction by silica gel-based membrane filtration .......................................... 59 

2.7.3  Quantification of RNA .............................................................................................. 60 



IX 

 

2.8  Reverse transcription of RNA to cDNA .................................................................... 61 

2.9  Real-time quantitative PCR using TaqMan® gene expression assays .................... 62 

2.9.1  Selection of reference genes ................................................................................... 64 

2.9.2  Assay protocol and real-time qPCR cycling conditions ............................................ 64 

2.9.2.1  Using 384-well plate ................................................................................................ 64 

2.9.2.2  Using TaqMan® Array Card (384-well microfluidic card) ......................................... 65 

2.9.3  Real-time quantitative PCR data analysis ............................................................... 67 

2.10  Western blotting ...................................................................................................... 68 

2.10.1  Protein extraction from cells collected by FACS ...................................................... 68 

2.10.2  Gel electrophoresis ................................................................................................. 68 

2.10.3  Band detection ........................................................................................................ 69 

2.10.4  Densitometry of Western blots ................................................................................ 70 

2.11  Statistical Analysis .................................................................................................. 70 

Chapter 3. Selection of fluorophores for click chemistry-based detection of hypoxic cells .......... 71 

3.1  Introduction ............................................................................................................. 71 

3.2  Aims ........................................................................................................................ 73 

3.3  Compounds ............................................................................................................. 73 

3.4  Results .................................................................................................................... 75 

3.4.1  Characterising fluorescence properties of candidate azide-modified fluorophores .. 75 

3.4.2  Linear dynamic range .............................................................................................. 76 

3.4.3  Correlation of fluorescence with cell number by microplate reader ......................... 80 

3.4.3.1  Cell suspensions consisting of a single homogeneous population of cells .............. 80 



X 

 

3.4.3.2  Cell suspensions consisting of two heterogeneous populations of cells .................. 82 

3.4.4  Selection of candidate azide-modified fluorophores by flow cytometer based hypoxia-

selective cell labelling ................................................................................................................. 86 

3.4.4.1  Experimental design ................................................................................................ 86 

3.4.4.2  Alexa Fluor 488-azide ............................................................................................. 87 

3.4.4.3  BODIPY-FL-azide ................................................................................................... 89 

3.4.4.4  TAMRA-azide .......................................................................................................... 91 

3.4.4.5  BODIPY-650/665-azide ........................................................................................... 94 

3.4.4.6  BODIPY-TR-azide ................................................................................................... 95 

3.4.4.7  DEAC-azide ............................................................................................................ 96 

3.4.4.8  DMACA-azide ......................................................................................................... 96 

3.4.5  Correlation between fluorescence data determined by microplate reader and flow 

cytometry  ................................................................................................................................ 99 

3.5  Discussion ............................................................................................................. 101 

Chapter 4. Optimisation of click chemistry-based hypoxia-selective cell labelling method ........ 105 

4.1  Introduction ........................................................................................................... 105 

4.2  Aims ...................................................................................................................... 105 

4.3  Results .................................................................................................................. 106 

4.3.1  Reaction temperature ............................................................................................ 106 

4.3.2  Trypsinisation ........................................................................................................ 107 

4.3.3  Ligand and copper source ..................................................................................... 108 

4.3.3.1  TBTA and CuSO4 .................................................................................................. 109 



XI 

 

4.3.3.2  THPTA and CuSO4 ............................................................................................... 113 

4.3.4  Reducing agent ..................................................................................................... 115 

4.3.5  Modification of methodology to minimise non-specific binding .............................. 117 

4.3.5.1  Non-specific binding .............................................................................................. 117 

4.3.5.2  Concentration of ethanol applied in the additional wash step ................................ 119 

4.3.5.3  The new protocol with modified wash steps .......................................................... 121 

4.3.5.4  Performance of the optimised protocol #3 ............................................................. 122 

4.3.6  Azide-modified fluorophore ................................................................................... 124 

4.3.6.1  BODIPY-FL-azide ................................................................................................. 124 

4.3.6.2  TAMRA-azide ........................................................................................................ 126 

4.3.7  Concentration of alkyne-modified 2-nitroimidazole SN33267 ................................ 126 

4.3.8  CuAAC-mediated staining vs immunohistochemistry ............................................ 132 

4.3.9  Copper-free click chemistry for labelling of hypoxic cells ....................................... 135 

4.4  Discussion ............................................................................................................. 137 

4.4.1  Temperature ......................................................................................................... 138 

4.4.2  Plasma membrane and trypsinisation ................................................................... 138 

4.4.3  Reducing agent ..................................................................................................... 139 

4.4.4  Copper ions ........................................................................................................... 140 

4.4.5  Ligand ................................................................................................................... 140 

4.4.6  Removal of background staining ........................................................................... 142 

4.5  Acknowledgements ............................................................................................... 144 

Chapter 5. Click chemistry-based cell labelling and RNA integrity ............................................ 145 



XII 

 

5.1  Introduction ........................................................................................................... 145 

5.1.1  RNA integrity and RIN ........................................................................................... 145 

5.1.2  Cytotoxic effect of Copper(I) on RNA integrity ....................................................... 147 

5.1.3  Chelation-assisted CuAAC .................................................................................... 148 

5.2  Aims ...................................................................................................................... 149 

5.3  Results .................................................................................................................. 151 

5.3.1  Improving compatibility of CuAAC with high-quality RNA using BODIPY-FL azide 151 

5.3.2  Chelation-assisted CuAAC and Super-DIPY ......................................................... 159 

5.3.3  Clicking mixed oxic and hypoxic cells .................................................................... 172 

5.3.4  FACS trials with mixed cell suspensions ............................................................... 181 

5.3.5  Application of protocol #7 to other cell lines .......................................................... 184 

5.4  Discussion ............................................................................................................. 187 

Chapter 6. Validation of the click chemistry-based method for labelling of hypoxic cells using a 

hypoxia gene signature ............................................................................................................. 198 

6.1  Introduction ........................................................................................................... 198 

6.2  Aims ...................................................................................................................... 200 

6.3  Statistics ................................................................................................................ 201 

6.4  Results .................................................................................................................. 201 

6.4.1  Selection of endogenous control genes ................................................................ 201 

6.4.2  Effect of the CuAAC-based procedure on gene expression .................................. 203 

6.4.3  Validating an additional cDNA clean-up procedure in gene expression study ....... 205 

6.4.4  In vitro expression of 15 hypoxia marker genes .................................................... 208 



XIII 

 

6.4.5  Ex vivo expression of 15 hypoxia marker genes ................................................... 213 

6.5  Discussion ............................................................................................................. 223 

Chapter 7. The effect of hypoxia on the expression of oxidoreductases ................................... 231 

7.1  Introduction ........................................................................................................... 231 

7.2  Aims ...................................................................................................................... 236 

7.3  Results .................................................................................................................. 237 

7.3.1  In vitro expression of oxidoreductase genes ......................................................... 237 

7.3.2  Ex vivo expression of oxidoreductase genes ......................................................... 241 

7.4  Discussion ............................................................................................................. 249 

Chapter 8. Future directions and concluding remarks ............................................................... 256 

8.1  Future directions ................................................................................................... 256 

8.1.1  Further improvement and optimisation of click methodology ................................. 256 

8.1.1.1  Deployment of a fluorogenic strategy in designing azide-modified fluorophores ... 256 

8.1.1.2  Assessment of hypoxia-regulated gene expression by high-throughput 

approaches  .............................................................................................................................. 258 

8.1.2  Useful applications and extensions of the click methodology ................................ 259 

8.1.2.1  Analysis of hypoxia-regulated protein expression by mass spectrometry-based 

proteomics  .............................................................................................................................. 259 

8.1.2.2  Study of DNA methylation in the tumour microenvironment .................................. 260 

8.2  Concluding remarks .............................................................................................. 260 

REFERENCES ......................................................................................................................... 262 

  



XIV 

 

LIST OF FIGURES 

Figure 1.1: Detection of hypoxia in human squamous cell carcinoma by using exogenous and 
endogenous markers. .................................................................................................................. 5 

Figure 1.2: Radiation resistance of hypoxic cells. ........................................................................ 8 

Figure 1.3: Oxygen-dependent regulation of HIF depends on site-specific hydroxylation of the HIF-
α subunit. ................................................................................................................................... 10 

Figure 1.4: Target genes transcriptionally activated by HIF-1α. ................................................. 13 

Figure 1.5: Number of publications in SciFinder® database. ..................................................... 27 

Figure 1.6: Azide-alkyne Huisgen cycloaddition. ........................................................................ 28 

Figure 1.7: Generally accepted mechanism of CuAAC. ............................................................. 34 

Figure 1.8: Bioorthogonal reactions with azide. ......................................................................... 39 

Figure 2.1: Schematic view of the modifications made in experimental protocols to optimise the 
click chemistry-based methodology. .......................................................................................... 55 

Figure 3.1: Chemical structures of clickable 2-nitroimidazole and candidate azide-modified 
fluorophores used in this study. ................................................................................................. 74 

Figure 3.2: Linear dependency of fluorescence intensity on concentration of candidate 
fluorophores. .............................................................................................................................. 78 

Figure 3.3: Restricted linear dependency of fluorescence intensity and fluorophore concentration.
 .................................................................................................................................................. 79 

Figure 3.4: Linear dependency of fluorescence intensity and density of fluorophore-labelled cells 
in suspensions consisting of a single homogeneous population. ............................................... 81 

Figure 3.5: Stability of fluorescent signals of hypoxic SiHa cells labelled with BODIPY-FL-azide.
 .................................................................................................................................................. 82 

Figure 3.6: Relationship between fluorescence intensity and percentage of fluorophore-labelled 
cells in suspension consisting of two heterogeneous populations. ............................................. 84 

Figure 3.7: Relationship between fluorescence intensity and percentage of TAMRA-labelled cells 
in suspension consisting of two heterogeneous populations. ..................................................... 85 

Figure 3.8: Test of hypoxia-specific cell labelling by Alexa Fluor 488-azide. .............................. 88 

Figure 3.9: Test of hypoxia-selective cell labelling by BODIPY-FL-azide. .................................. 90 

Figure 3.10: Test of hypoxia-selective cell labelling by TAMRA-azide. ...................................... 93 

Figure 3.11: Test of hypoxia-selective cell labelling by BODIPY-650/665-azide. ....................... 94 

Figure 3.12: Test of hypoxia-selective cell labelling by BODIPY-TR-azide. ............................... 95 

Figure 3.13: Test of hypoxia-selective cell labelling by DEAC-azide. ......................................... 96 

Figure 3.14: Test of hypoxia-selective labelling by DMACA-azide in fixed cells. ........................ 97 



XV 

 

Figure 3.15: Flow cytometry analysis of non-fixed cells labelled with DMACA-azide in a hypoxia-
selective manner........................................................................................................................ 98 

Figure 3.16: Measurement of fluorescence intensity in non-fixed SiHa cells labelled with different 
concentrations of TAMRA-azide. ............................................................................................. 100 

Figure 4.1: Hypoxia-selective clicking of SiHa cells under different temperatures. ................... 107 

Figure 4.2: Comparison of the hypoxia-selectivity of click chemistry-based approach in SiHa cells 
with different recovery period from trypsinisation. .................................................................... 108 

Figure 4.3: The effect of TBTA concentration on hypoxia-selective cell labelling with TAMRA-azide.
 ................................................................................................................................................ 111 

Figure 4.4: The effect of CuSO4 concentration on hypoxia-selective cell labelling with TAMRA-
azide. ....................................................................................................................................... 112 

Figure 4.5: The effect of THPTA concentration on hypoxia-selective cell labelling. ................. 114 

Figure 4.6: The effect of reducing agent concentration on clicking TAMRA-azide with cells in a 
hypoxia-selective manner. ....................................................................................................... 116 

Figure 4.7: The effect of TAMRA-azide concentrations on hypoxia-selective cell labelling. ..... 118 

Figure 4.8: The effect of washing with ethanol-PBS solution on removal of non-specific binding of 
fluorophore azide. .................................................................................................................... 120 

Figure 4.9: The effect of required wash steps on minimising non-specific binding of BODIPY-FL-
azide. ....................................................................................................................................... 121 

Figure 4.10: Hypoxia-selective labelling of SiHa cells using the optimal reaction cocktails and the 
optimised protocol. ................................................................................................................... 123 

Figure 4.11: The effect of BODIPY-FL-azide concentration on clicking cells in a hypoxia-selective 
manner. ................................................................................................................................... 125 

Figure 4.12: The effect of TAMRA-azide concentration on clicking with cells in a hypoxia-selective 
manner. ................................................................................................................................... 126 

Figure 4.13: The effect of SN33267 concentration on clicking SiHa cells with BODIPY-FL-azide in 
a hypoxia-selective manner. .................................................................................................... 127 

Figure 4.14: The effect of SN33267 concentration on clicking SiHa cells with TAMRA-azide in a 
hypoxia-selective manner. ....................................................................................................... 128 

Figure 4.15: The effect of SN33267 concentration on clicking HCT116 cells with BODIPY-FL-azide 
or TAMRA-azide. ..................................................................................................................... 130 

Figure 4.16: The effect of SN33267 concentration on clicking HT-29 cells with BODIPY-FL-azide 
or TAMRA-azide. ..................................................................................................................... 131 

Figure 4.17: Comparison of hypoxia-selective labelling of SiHa cells based on 
immunohistochemistry and CuAAC. ........................................................................................ 133 

Figure 4.18: Dual staining in an A431 tumour xenograft with EF5 and SN33267 using fluorescence 
confocal microscopy. ............................................................................................................... 134 

Figure 4.19: SPAAC-based hypoxia-selective labelling of SiHa cells. ...................................... 136 

Figure 5.1: RNA integrity categories defined by RIN scores. ................................................... 146 



XVI 

 

Figure 5.2: The effect of incubation time and composition of reaction cocktail on clicking cells with 
BODIPY-FL-azide in a hypoxia-selective manner. ................................................................... 154 

Figure 5.3: The effect of click reaction time and copper concentration on clicking cells with 
BODIPY-FL-azide in a hypoxia-selective manner. ................................................................... 156 

Figure 5.4: The effect of shortened click reaction time on clicking cells with BODIPY-FL-azide in a 
hypoxia-selective manner. ....................................................................................................... 158 

Figure 5.5: Chemical structure of Super-DIPY. ........................................................................ 159 

Figure 5.6: Ligand-dependency of CuAAC reaction mediated by BODIPY-FL-azide and Super-
DIPY in hypoxia-selective cell labelling. ................................................................................... 160 

Figure 5.7: The effect of TBTA ligand and copper concentration on clicking cells with Super-DIPY 
in a hypoxia-selective manner. ................................................................................................ 162 

Figure 5.8: The effect of shortened click reaction time on clicking cells with Super-DIPY in a 
hypoxia-selective manner. ....................................................................................................... 164 

Figure 5.9: The effect of leaving out the wash step between the two 30-min click steps on clicking 
cells with Super-DIPY in a hypoxia-selective manner. ............................................................. 166 

Figure 5.10: The effect of oxygen tension on clicking cells with Super-DIPY in a hypoxia-selective 
manner. ................................................................................................................................... 168 

Figure 5.11: The effect of oxygen atmosphere on clicking cells with BODIPY-FL-azide in a hypoxia-
selective manner...................................................................................................................... 170 

Figure 5.12: The effect of oxygen atmosphere on clicking cells with Super-DIPY in a hypoxia-
selective manner...................................................................................................................... 171 

Figure 5.13: CuAAC-mediated labelling in SiHa cells at different temperatures. ...................... 172 

Figure 5.14: The effect of mixing cells at various stages of the experimental procedure on clicking 
cells with Super-DIPY in a hypoxia-selective manner. ............................................................. 174 

Figure 5.15: The effect of mixing two cell populations labelled with distinct levels of SN33267 
adducts on simultaneously clicking with Super-DIPY in a single CuAAC reaction. .................. 176 

Figure 5.16: Flow cytometric analysis of oxic cells incubated with previously-used reaction 
cocktails. .................................................................................................................................. 178 

Figure 5.17: The effect of click reaction time on labelling cells with Super-DIPY in a hypoxia-
selective manner...................................................................................................................... 179 

Figure 5.18: Flow cytometry analysis of mixed oxic and hypoxic SiHa cells at each wash step 
following the incubation with reaction cocktail. ......................................................................... 181 

Figure 5.19: Changes in RNA integrity in cells throughout the whole labelling procedure of protocol 
#7. ........................................................................................................................................... 182 

Figure 5.20: FACS analysis and separation of mixed oxic and hypoxic SN33267-labelled SiHa 
cells on the basis of Super-DIPY fluorescence. ....................................................................... 183 

Figure 5.21: The effect of click reaction time on labelling with Super-DIPY in a hypoxia-selective 
manner in mixtures (1 : 1) of oxic and hypoxic cells of three human cancer cell lines. ............. 185 

Figure 5.22: FACS analysis and separation of SN33267-labelled cells on the basis of Super-DIPY 
fluorescence. ........................................................................................................................... 186 



XVII 

 

Figure 6.1: geNorm stability analysis of potential reference genes. ......................................... 202 

Figure 6.2: Effect of the CuAAC-mediated cell labelling procedure on the hypoxia-regulated 
expression of 15 hypoxia marker genes. ................................................................................. 204 

Figure 6.3: Schematic outlining the experimental procedures used to prepare cell samples for in 
vitro or ex vivo studies of gene expression in SiHa and FaDu cells. ........................................ 205 

Figure 6.4: Effects of cDNA clean-up procedure on Ct value of hypoxia marker genes in RT-qPCR.
 ................................................................................................................................................ 207 

Figure 6.5: Effect of the cDNA clean-up procedure on the hypoxia-regulated expression of hypoxia 
marker genes. .......................................................................................................................... 207 

Figure 6.6: B2M and 18S Ct variations in FACS-sorted in vitro fractions according to hypoxia status.
 ................................................................................................................................................ 209 

Figure 6.7: In vitro expression of hypoxia marker genes in SiHa cells in response to hypoxic stress.
 ................................................................................................................................................ 210 

Figure 6.8: In vitro expression of hypoxia marker genes in FaDu cells in response to hypoxic stress.
 ................................................................................................................................................ 212 

Figure 6.9: PCR amplification curves with TaqMan gene expression assays for 18S, B2M, and 15 
human hypoxia marker gene sequences in mouse spleen sample. ......................................... 214 

Figure 6.10: B2M and 18S Ct variations in FACS-sorted ex vivo fractions over the increments of 
hypoxia status. ......................................................................................................................... 216 

Figure 6.11: Influence of RNA integrity on ex vivo expression of hypoxia marker genes assessed 
by RT-qPCR. ........................................................................................................................... 218 

Figure 6.12: Ex vivo expression of hypoxia marker genes in SiHa xenografts in response to 
hypoxic stress. ......................................................................................................................... 220 

Figure 6.13: Ex vivo expression of hypoxia marker genes in FaDu xenografts in response to 
hypoxic stress. ......................................................................................................................... 222 

Figure 7.1: The effect of hypoxia on the in vitro expression of oxidoreductase genes. ............ 240 

Figure 7.2: The effect of hypoxia on the ex vivo expression of oxidoreductase genes. ............ 244 

Figure 7.3: Assessment of oxidoreductase gene expression in response to hypoxic stress in 
different formats of TaqMan® gene expression assays. .......................................................... 245 

Figure 7.4: Ex vivo expression of BNIP3 and POR transcripts in SiHa xenografts in response to 
hypoxic stress. ......................................................................................................................... 247 

Figure 7.5: Ex vivo protein expression of BNIP3 and POR in SiHa xenografts in response to 
hypoxic stress. ......................................................................................................................... 248 

 

  



XVIII 

 

LIST OF TABLES 

Table 2.1: Laboratory consumables. ........................................................................................... 43 

Table 2.2: Materials, reagents, and chemical compounds. ......................................................... 44 

Table 2.3: Equipment and software. ........................................................................................... 46 

Table 2.4: Panel of carcinoma cell lines used in this thesis and tumour types from which they were 
derived. ....................................................................................................................................... 49 

Table 2.5: The compositions of the gassing mixtures used in in vitro studies. ............................ 51 

Table 2.6: Enzyme cocktail for dissociation of tumours. .............................................................. 52 

Table 2.7: The composition of click reaction cocktailsa used in this thesis. ................................. 56 

Table 2.8: The settings for instruments employed in flow cytometric analysis in this study. ........ 57 

Table 2.9: TaqMan® Gene Expression Assays. ......................................................................... 63 

Table 2.10: Components and volumes of master mix per well in qPCR reaction. ....................... 64 

Table 2.11: qPCR thermal-cycling conditions (using 384-well plate). .......................................... 65 

Table 2.12: Pre-selected TaqMan® Gene Expression Assays in TLDA cards. ........................... 66 

Table 2.13: Components and volumes of master mix per reservoir in qPCR reaction. ............... 66 

Table 2.14: qPCR thermal-cycling conditions (using TLDA card). ............................................... 67 

Table 2.15: Primary and secondary antibodies used for Western blotting. .................................. 70 

Table 3.1: The optimal settings of microplate reader for quantifying fluorescence signal of 
candidate fluorophores. .............................................................................................................. 76 

Table 3.2: The linear dynamic range of candidate fluorophores in PBS (pH 7.4) containing 5% (v/v) 
DMSO. ........................................................................................................................................ 79 

Table 3.3: Experimental samples used in the selection of candidate fluorophores. .................... 87 

Table 3.4: Summary of hypoxia-selective labelling by candidate fluorophores in SiHa cells. .... 102 

Table 5.1: Labelling selectivity and RNA integrity of CuAAC reaction cocktails. ....................... 152 

Table 5.2: RNA integrity in SiHa cells clicked with BODIPY-FL-azide in a hypoxia-selective manner 
after different click reaction times. ............................................................................................ 158 

Table 5.3: RNA integrity in hypoxic cells labelled with Super-DIPY in a hypoxia-selective manner 
as a function of copper concentration. ...................................................................................... 163 

Table 5.4: RNA integrity in cells labelled with Super-DIPY in a hypoxia-selective manner as a 
function of different click reaction times. ................................................................................... 164 

Table 5.5: Hypoxia-selective labelling and RNA integrity in Super-DIPY labelled hypoxic cells as 
a function of the selected copper source and different click reaction times. .............................. 165 



XIX 

 

Table 5.6: The effect of storage conditions on buffer pH. .......................................................... 167 

Table 5.7: Recipe of reaction cocktail. ...................................................................................... 168 

Table 5.8: Hypoxia-selective labelling and RNA integrity in Super-DIPY labelled hypoxic cells in 
different buffer systems. ........................................................................................................... 169 

Table 5.9: Integrity of RNA in cells labelled with Super-DIPY as a function of different incubation 
times with reaction cocktail and subsequent wash steps. ......................................................... 180 

Table 5.10: Integrity of RNA extracted from sorted SiHa cells collected into different 
solutions. .................................................................................................................................. 183 

Table 5.11: RIN scores of RNA extracted from sorted cells. ..................................................... 187 

Table 7.1: Candidate enzymes involved in metabolism of bioreductive drugs. ......................... 236 

 

  



XX 

 

LIST OF ABBREVIATIONS 

  

% percentage 

°C degrees Celsius 

•OH hydroxyl radical  

2-NI 2-nitroimidazole 

αMEM α-modified minimal essential medium 

λem emission wavelength 

λex excitation wavelength 

ACSRC Auckland Cancer Society Research Centre 

ACTB β-actin 

ADM adrenomedullin 

AKR1C3 aldo-keto reductase 1C3 

ALDOA aldolase A 

ANKRD37 ankyrin repeat domain 37 

ANOVA analysis of variance 

ATCC American Type Culture Collection 

AU arbitrary units 

B2M beta-2 microglobulin 

BCA bicinchoninic acid 

BNIP3 BCL2/adenovirus E1B 19kDa interacting protein 3 

BNIP3L BCL2/adenovirus E1B 19kDa interacting protein 3-like 

BODIPY-FL-azide boron-dipyrromethene fluorescein-like azide 

BODIPY-TR-azide boron-dipyrromethene Texas Red-like azide 

bp  base pairs 

BPDS bathophenanthroline disulfonate disodium salt 

BrdU 5-bromo-2’-deoxyurdine 

BSA bovine serum albumin 

BTTAA bis[(tert-butyltriazoyl)methyl]-[(2-

carboxymethyltriazoyl)methyl]-amine 

CA9 carbonic anhydrase IX 

CBP CREB-binding protein 

cDNA complementary deoxyribonucleic acid 

CHIP Hsc70-interacting protein 

Cmpd compound 

CO2 carbon dioxide 

https://www.bestpfe.com/


XXI 

 

Ct threshold cycle 

CuAAC Copper(I)-catalysed azide-alkyne cycloaddition 

Cu(II)-ATSM Cu-diacetyl-bis(N4-methylthiosemicarbazone) 

CYB5R3 NADH:cytochrome b5 reductase 3 

dAMP 2’-deoxyadenosine 5’-monophosphate 

dCMP 2’-deoxycytidine 5’-monophosphate 

DDR DNA damage response 

DEAC-azide diethylaminocoumarin azide 

dGMP 2’-deoxyguanosine 5’-monophosphate 

DMACA-azide dimethylaminocoumarin acetic acid azide 

DMEM Dulbecco's Modified Eagle Medium 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid  

DNase deoxyribonuclease 

DSB double strand break 

EC Enzyme Commission 

ECM extracellular matrix 

EDTA ethylenediaminetetraacetic acid 

EdU 5-ethynyl-2’-deoxyuridine 

EF5 2-(2-Nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-

pentafluoropropyl)acetamide 

EGLN3 egl-9 family hypoxia-inducible factor 3 

ELISA enzyme-linked immunosorbent assay 

ER endoplasmic reticulum 

ERK/MAPK extracellular signal-regulated kinase/mitogen-activated 

protein kinase 

EtOH ethanol 

FACS fluorescence-activated cell sorting 

FAM162A family with sequence similarity 162, member A 

FAZA flouroazomycin arabinoside 

FBS fetal bovine serum 

FCS foetal calf serum 

FDXR adrenodoxin reductase 

FIH-1 factor inhibiting HIF-1 

FMISO fluoromisonidazole 

FOXRED2 FAD-dependent oxidoreductase domain containing 2 

g grams 

× g times gravity 

gDNA genomic deoxyribonucleic acid 

GFP green fluorescent protein 



XXII 

 

GLUT1 glucose transporter 1 

GSH glutathione 

h hours 

HAF hypoxia-associated factor 

HAP hypoxia-activated prodrug 

HER HIF-responsive element 

HGP human genome project 

HHR homologous recombination repair 

HIF hypoxia inducible factor 

HIV/AIDS human immunodeficiency virus infection/acquired 

immunodeficiency syndrome 

HNSCC head and neck squamous cell carcinoma 

HPLC high performance liquid chromatography 

HPV human papilloma virus 

HRP horseradish peroxidase 

Hsp heat shock protein 

i.p. intraperitoneal 

KCTD11 potassium channel tetramerization domain containing 11 

kDa kilodalton 

L litres 

LC/MS liquid chromatography/mass spectrometry 

LC-MS/MS liquid chromatography triple quadrupole tandem mass 

spectrometry 

LCM laser capture microdissection 

LOX lysyl oxidase 

m milli 

M moles per litre 

MCL multicellular layer 

Mdm2 murine double minute 2 

MeOH methanol 

MFI median fluorescence intensity 

mg milligrams 

MGB minor groove binder 

min minutes 

mL millilitres 

mm Hg millimetres of Mercury 

mM millimoles per litre 

MMC mitomycin 

MRI magnetic resonance imaging 

mRNA messenger ribonucleic acid 



XXIII 

 

mTOR mammalian target of rapamycin 

MTRR methionine synthase reductase 

MWC Maurice Wilkins Centre 

n nano 

NADPH nicotinamide adenine dinucleotide phosphate 

NDRG1 N-myc downstream regulated 1 

NDOR1 NADPH-dependent diflavin oxidoreductase 1 

NFQ nonfluorescent quencher 

NLCQ-1 4-[3-(2-nitro-1-imidazolyl)-propylamino]-7-chloroquinoline 

hydrochloride 

nM nanomoles per litre 

NOS nitric oxide synthase 

NOS1  neuronal nitric oxide synthase 

NOS2A  inducible nitric oxide synthase 

NOS3  endothelial nitric oxide synthase 

NQO1 (2)  NAD(P)H:Quinone oxidoreductase 1 (2) 

NRH dihydronicotinamide riboside 

NSCLC non-small cell lung cancer 

O2 molecular oxygen 

ODD oxygen-dependent degradation 

ODN oligodeoxyribonucleotides 

OPN osteopontin 

p pico 

P4HA1 prolyl 4-hydroxylase, alpha polypeptide I 

P4HA2 prolyl 4-hydroxylase, alpha polypeptide II 

PBS phosphate buffered saline 

PCR polymerase chain reaction 

PDK1 pyruvate dehydrogenase kinase, isozyme 1 

Pfa paraformaldehyde 

PET positron emission tomography 

PFKFB3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 

pH measure of acidity or basicity of a solution 

PHD prolyl hydroxylase domain 

pHe extracellular pH 

PI propidium iodide 

pO2 partial pressure of oxygen 

POR NADPH:cytochrome P450 oxidoreductase 

PS penicillin/streptomycin 

psi pound per square inch 

p-value probability 



XXIV 

 

rcf relative centrifugal force 

RFU relative fluorescence units 

RH1 2,5-di(aziridin-1-yl)-3-(hydroxymethyl)-6-methylcyclohexa-

2,5-diene-1,4-dione 

RIN RNA integrity number 

RIPA buffer radioimmunoprecipitation buffer 

RNA ribonucleic acid 

RNase ribonuclease 

ROS reactive oxygen species 

rpm revolutions per minute 

rRNA ribosomal ribonucleic acid 

RT room temperature 

RT-qPCR quantitative reverse transcription real-time polymerase chain 

reaction 

s seconds 

s.c. subcutaneous 

SD standard deviation 

SDS sodium dodecyl sulfate 

SEM standard error of the mean 

siRNA small interfering RNA 

SLC2A1 solute carrier family 2, facilitated glucose transporter member 

1 

SPAAC strain-promoted azide-alkyne cycloaddition 

SPECT single photon emission computed tomography 

STR short tandem repeat 

SUMO small ubiquitin-like modifier 

TAD transactivation domain 

TAMRA-azide tetramethylrhodamine azide 

TBS tris-buffered saline 

TBTA tris(benzyltriazolylmethyl)amine 

TCEP tris(2-carboxyethyl)phosphine 

TLDA TaqMan® Low-Density Array 

THPTA tris(hydroxypropyltriazolylmethyl)amine 

TPZ tirapazamine 

TXNRD1 thioredoxin reductase 

UPR unfolded protein response 

UV ultraviolet 

v version 

v/v volume/volume 

VEGF vascular endothelial growth factor 



XXV 

 

VHL von Hippel-Lindau protein 

WHO World Health Organization 

WT wild-type 

µg micrograms 

µL microlitres 

µM micromoles per litre 

 

 

 

 



1 

 

Chapter 1. Literature review 

Cancer is an enormous global health burden and accounts for one in every four deaths in the 

United States (Siegel, Naishadham, & Jemal, 2012) and one in every eight deaths worldwide today, 

which is more than human immunodeficiency virus infection/acquired immunodeficiency syndrome 

(HIV/AIDS), tuberculosis, and malaria combined (Palazon, Aragones, Morales-Kastresana, de 

Landazuri, & Melero, 2012). As the leading cause of death in economically developed countries 

and the second leading cause of death in developing countries (WHO, 2008), cancer has become 

one of the most feared health issues of humankind, touching every region and socioeconomic 

level (Jemal et al., 2011).     

International cancer surveillance has been carried out principally by the World Health Organization 

(WHO) (WHO, 2010). According to the official report released by GLOBOCAN 2008, 12.7 million 

cancer cases and 7.6 million cancer deaths are estimated to have occurred in 2008 worldwide 

(Ferlay et al., 2010b). Of these, 56% of cases and 64% of deaths occurred in the economically 

developed world (Ferlay et al., 2010a, 2010b; Jemal et al., 2011). The global burden of cancer 

continues to grow at an alarming pace, especially in economically developed countries, as a result 

of population aging and growth, as well as an increasing adoption of lifestyles associated with 

economic development and urbanization (Ferlay et al., 2010b). 

1.1 Tumour Vasculature and Blood Flow 

Solid tumours are heterogeneous three-dimensional structures (Joyce, 2005; Tredan, Galmarini, 

Patel, & Tannock, 2007). There are multiple cell types and many different extracellular elements 

involved in this complex system (Hanna, Quick, & Libutti, 2009; Joyce, 2005). These components 

are collectively termed the tumour microenvironment, or stroma consisting, beside tumour cells, 

of endothelial cells, pericytes, fibroblasts, inflammatory cells, leucocytes, and elements of the 

extracellular matrix (ECM) (Hanna et al., 2009; Ronnov-Jessen, Petersen, & Bissell, 1996). 

Tumour epithelial cells are part of this microenvironment in which the tumour grows (Hu & Polyak, 

2008).  
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With the accumulation of knowledge in cancer biology, there is a tendency to treat tumours as a 

functional organ-like structure (Tredan et al., 2007). Generally, solid tumours comprise various 

types of cells, embedded in an extracellular matrix and nourished by a vascular network (Hanna 

et al., 2009; Tredan et al., 2007). These components affect tumour growth, invasion, and 

metastasis by interacting with each other in a dynamic and independent manner (Blavier, Lazaryev, 

Dorey, Shackleford, & DeClerck, 2006; Shekhar, Werdell, Santner, Pauley, & Tait, 2001; Tredan 

et al., 2007). 

Cells require oxygen and other nutrients for their survival, growth, and normal physiological 

functions. These requirements are satisfied by exchange of gas, nutrients, and metabolites across 

the capillary wall (Fens, Storm, & Schiffelers, 2010; Hanahan & Weinberg, 2011; Stewart et al., 

2010). The vascular system not only plays essential roles in embryogenesis and development but 

also contributes to the achievement and maintenance of normal homeostasis in adult tissues 

(Furuya, Yonemitsu, & Aoki, 2009; Stewart et al., 2010). 

1.1.1 Tumour vasculature 

The vascular system is also actively involved in a wide range of pathological events, including 

wound repair, metabolic diseases, and tumour progression (Furuya et al., 2009). A functioning 

vasculature is necessary for solid tumours to efficiently deliver nutrients and remove toxic waste 

products associated with cellular metabolism (Siemann, 2006). The uncontrolled proliferation of 

neoplastic cells forces the cell population away from the existing vasculature, consequently 

leading to impaired oxygen and nutrient delivery (Folkman, 2003; Gatenby & Gillies, 2004). This 

critically limits the growth of avascular tumours to a certain size, typically about 1–2 mm in diameter 

(Folkman, 1971). In order to compensate for this, tumours induce an independent blood supply by 

establishing vasculature for themselves. Such vascular network requirement by tumours can be, 

at least, partially achieved by the incorporation of existing host blood vessels (Fens et al., 2010; 

Li et al., 2000). Simultaneously, the altered tumour microenvironment is also able to recruit 

heterogeneous precursors of main constituent cells for constructing blood vessels and localise 

them in close proximity of tumour vasculature (Furuya & Yonemitsu, 2008; Lyden et al., 2001; 

Yang et al., 2004). With the development of cancer, tumour expansion eventually necessitates the 
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formation of novel blood vessels (Fens et al., 2010). As a consequence, tumour growth, 

development, and survival are generally associated with the parallel proliferation of microvascular 

endothelial cells comprising the tumour blood vessel network (Huang & Chen, 2008). Unlike 

tumour cells themselves, these microvascular endothelial cells recruited by tumours are 

genetically stable (Folkman, 2001). This angiogenic vasculature is aberrant from normal host 

vasculature and has become a crucial second target in cancer therapy (Fens et al., 2010; Satchi-

Fainaro, 2002).  

In general, tumour blood vessels possess a highly irregular morphology. They are often dilated 

and tortuous/convoluted (Tredan et al., 2007). Different to the vasculature in normal tissues, blood 

vessels have branching patterns featuring excessive loops and arteriolar-venous shunts, which 

are associated with specific structures, such as blind ends, in tumours (Jain, 1988). Instead of 

being organised in arterioles-capillaries-venules, individual tumour blood vessels share features 

from more than one or all of these structures (Brown & Wilson, 2004; Tredan et al., 2007). The 

walls of tumour vessels, including both blood and lymphatic vessels, may have fenestrations, 

incomplete or even absent endothelial linings and basement membrane (Brown & Giaccia, 1998; 

Tredan et al., 2007). In addition, fewer pericytes than associated with normal vessels and lack of 

perivascular smooth muscle may directly lead to compromised physiological function (Benjamin, 

Golijanin, Itin, Pode, & Keshet, 1999; Carmeliet & Jain, 2000). Consequently, vessels are much 

“leakier” than those in normal tissues, which offers cancer cells more possibilities to intravasate 

into vessels and facilitates metastatic spread (Brown & Giaccia, 1998; Hashizume et al., 2000). 

1.1.2 Tumour blood flow 

Blood flow in many tumours is both disorganised and variable (Carmeliet & Jain, 2000). In a 

vascular network, the pressure difference between the arteries and the veins is directly 

proportional to the flow rate that is inversely proportional to the viscous and geometric resistance 

(Tredan et al., 2007). In tumour tissues, the difference in pressure between arterioles and venules 

is diminished (Brown & Giaccia, 1998; Tredan et al., 2007), while the viscous and geometric 

resistance is augmented (Sevick & Jain, 1989, 1991). All of these changes induced by tumour 

genesis/development increases resistance to blood flow (Padera et al., 2004). Moreover, similar 
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to vascular morphology, these alternations in blood flow may also vary with location and/or time 

even in the same tumour (Gillies, Schornack, Secomb, & Raghunand, 1999; Vaupel, 2004).  

This sluggish blood flow consequently causes the reduction in both supply of nutrients and 

clearance of unwanted metabolic products, which ultimately contributes to the formation of hypoxia 

(Tatum et al., 2006; Vaupel, 2004), decrease in proliferation rates (Hirst & Denekamp, 1979; 

Tannock, 1968), and acidic regions in tumours (Helmlinger, Yuan, Dellian, & Jain, 1997; Tannock 

& Rotin, 1989).  

1.2 Tumour Hypoxia 

Hypoxia is a low oxygen condition often found in tumours. Over time, we have gained a better 

understanding of the correlations between cancer and hypoxia. The accumulated evidence from 

a large body of literature clearly demonstrates that hypoxia is not only playing an essential role in 

resistance to cancer therapy but also is a potent inducer of numerous critical tumour phenotypes 

with the rationale of inducing tumourigenesis (Moeller, Richardson, & Dewhirst, 2007). 

1.2.1 Discovery of hypoxia 

From a long-term study of the anatomy of the capillary bed as well as a mathematical model of 

oxygen diffusion and consumption, the Nobel Laureate, August Krogh, first introduced the concept 

that oxygen diffusion was limited to 100-200 µM from capillary vessels (Krogh, 1922). This theory 

was confirmed about 30 years later. In 1955, similar “cord”-like structures were identified in human 

lung cancer (Thomlinson & Gray, 1955). Meanwhile, necrotic cells were detected in tumour tissue 

located beyond 180 µM from blood vessels, presumably as a consequence of oxygen deprivation 

(Stewart et al., 2010).   

Regions of hypoxia and necrosis commonly develop at sites generally over 100 µM from blood 

vessels in solid tumours due to their structurally abnormal vasculature, through which oxygen and 

other essential nutrients cannot be efficiently supplied to all cells (Brown & Wilson, 2004; 

Helmlinger et al., 1997). For example, instead of ~65 mmHg in surrounding normal tissue, the 
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oxygen tension was shown to be ~10 mmHg in hypoxic breast tumours (Vaupel, Mayer, & Höckel, 

2004). 

Due to rapid proliferation and insufficient blood supply, progressive tumours easily become 

hypoxic and necrotic (Figure 1.1) (Pugh & Ratcliffe, 2003). Some aggressive tumour cells located 

far from blood vessels can still survive at low levels of oxygen. Hypoxia can function as a selection 

pressure and has a great impact on tumour progression through induced vascularization and 

resistance to therapy. This autocrine-like hypoxia-mediated tumour progression subsequently 

decreases overall patient survival, increases tumour mutation rate, and contributes to enhanced 

metastatic phenotypes (Bacon & Harris, 2004; Holmquist, Lofstedt, & Pahlman, 2006). Because 

of this, hypoxic tumour cells are usually associated with poor prognosis and increased rates of 

recurrence, which was demonstrated as a 3-fold increase in resistance to radiotherapy compared 

to well-oxygenated control tumour cells both in vitro and in a clinical study of 30 consecutive 

patients with cervical cancer (Harrison, Chadha, Hill, Hu, & Shasha, 2002; Suzuki et al., 2006).  

 

Figure 1.1: Detection of hypoxia in human squamous cell carcinoma by using exogenous and 
endogenous markers.  

Photomicrograph of a biopsy of a human squamous cell carcinoma of the larynx showing hypoxia (green, by 
use of exogenous hypoxia marker; red, by use of endogenous hypoxia marker) in relation to vasculature 
(white) and necrosis (Nec). Modified from: Wilson and Hay (2011). 
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1.2.2 Classification of hypoxia 

Depending on the duration of low oxygen tension in tumour cells, tumour hypoxia is generally 

classified into two types, chronic and acute hypoxia (Brown & Wilson, 2004). This is a somewhat 

artificial separation as there is no precise temporal boundary to distinguish and define these two 

states (Chaudary & Hill, 2007).  

Tumour cells may experience chronic or “diffusion-limited” hypoxia when located at the outer limits 

of oxygen diffusion from properly functioning blood vessels. The reason to term it “chronic” is from 

the fact that such hypoxic conditions typically last for relatively long periods from hours to days 

(Martin Brown, 2007). On the other hand, tumour vasculature abnormalities can also lead to short-

term or transient changes in oxygen tension in some regions of the tumour due to the intermittent 

blood supply (Fukumura, Duda, Munn, & Jain, 2010; Fukumura & Jain, 2007). These pathological 

alternations may make cells suffer acute or “perfusion-limited” hypoxia characterized by rapid 

reoxygenation or hypoxic-oxic cycles with periodicities of minutes to hours (Kimura et al., 1996). 

More recently, a new form of hypoxia, macro-regional hypoxia, was also identified as a 

consequence of both diffusion-limited and perfusion-modulated hypoxia in a relatively large 

tumour region (Koch et al., 2013). All three types of hypoxia develop when oxygen supplies cannot 

satisfy tissue oxygen demands due to aberrant blood vessel formation, fluctuation in blood flow, 

and elevated oxygen consumption from rapid tumour expansion (Meng, Kong, & Yu, 2012). 

1.2.3 Reoxygenation and intratumoural hypoxia 

Through the elimination of tumour cells that cannot adapt by apoptosis and other means of cell 

death, hypoxic stress is able to provide a selection pressure on the mutation rate by inducing 

changes in the proteome and genome of neoplastic cells. It has been demonstrated that tumour 

hypoxia may impact on the development of metastases in different ways (Rofstad, Galappathi, 

Mathiesen, & Ruud, 2007). The reoxygenation process following hypoxia or even repeated 

hypoxia-reoxygenation alternations is capable of promoting the generation of superoxide and 

other oxygen-derived radicals that likely contribute to the accumulation of mutations. During gene 

amplification or DNA replication under hypoxic conditions, the locally enriched oxygen free radicals 

may lead to chromosomal breaks or chromosomal rearrangements (Al-Waili et al., 2005), which 
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was supported by the 3.4-fold increase in point-mutation frequency of tumorigenic cells cultured 

under severe oxygen tension instead of normal gassing conditions (Höckel & Vaupel, 2001). 

The existence of intratumoral hypoxia does not only depend on the size but also on the growing 

stage of tumour (Casazza et al., 2014). Sustained hypoxia in a growing tumour has been 

implicated in the elevation of clinically more aggressive phenotypes by inducing cell morphology 

changes and causing mutations selectively in crucial oncogenes (Vaapil et al., 2012). As a 

consequence, the promotion of regional and distant tumour cell metastases contributes to the 

aggressive phenotype of tumours (Zhang, Li, Yao, & Chen, 2007). 

1.2.4 Significance of tumour hypoxia in clinical therapies 

Tumour hypoxia is associated with aggressive disease and poor treatment outcomes for 

radiotherapy and chemotherapy (Graves, Maity, & Le, 2010; Mees, Dierckx, Vangestel, & Van De 

Wiele, 2009; Vikram, Zweier, & Kuppusamy, 2007). 

It has been known for a long time that hypoxic cells are resistant to ionising radiation (Figure 1.2) 

(Gray, Conger, Ebert, Hornsey, & Scott, 1953). Induction of cell death is the most straight-forward 

strategy of cancer treatment. Under normal conditions, the cell killing function requires oxygen to 

rapidly react with free-radical damage produced by ionising radiation in DNA for ‘fixing’ and 

causing permanent DNA damage (Martin Brown, 2007; Roots & Smith, 1974). Under low oxygen 

tension, the majority of initial radical damage can be restored to the corresponding non-damaged 

form by reacting with hydrogen donated from non-protein sulfhydryls, particularly glutathione 

(GSH), and cysteine (Biaglow, Varnes, Clark, & Epp, 1983; Bump, Cerce, al-Sarraf, Pierce, & 

Koch, 1992; Horan & Koch, 2001; Little & Williams, 2010; Mitchell, Biaglow, & Russo, 1988; 

Revesz, 1985).  
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Figure 1.2: Radiation resistance of hypoxic cells. 

Ionizing radiation conducts the cell killing function by inducing DNA damage. (A) A radical on the DNA (DNA⋅) 
produced by ionizations enters into a competition for oxidation or reduction. (B) DNA damage is oxygen-
dependent. This effect of oxygen in sensitizing cells to radiation is illustrated in the cell-survival curve and is 
quantified as the ratio of dose in the absence of oxygen to dose in the presence of oxygen needed to obtain 
the same surviving fraction of cells. Studies in head and neck cancers (HNSCCs) have indicated that more 
hypoxic tumours (typically those with a median pO2 less than 10 mmHg) are associated with a higher level 
of radio-resistance. Modified from: Brown and Wilson (2004). 

 

In order to improve the therapeutic efficacy of radiation in hypoxic tumours, a group of molecules 

coined as hypoxic radiosensitizers have been developed, initially in the 1960’s (Adams & Cooke, 

1969). Their potent electron-affinic nature allows them to mimic O2 to react with the short-lived 

DNA free radicals generated by ionizing radiation, consequently sensitizing radiation-induced 

cytotoxic responses in hypoxic tumour cells (Ahn & Brown, 2007). Unfortunately, all hypoxic 

radiosensitizers so far have limited clinical application, because the radiation doses used in 

clinically relevant fractionated irradiation schedules lead to a reduction of the radiosensitization 

efficacy in tumours (Denekamp & Stewart, 1978; Hill & Bush, 1978; Sheldon & Fowler, 1978).   

Under oxygen deprivation, cells are considered to carry chemotherapeutic resistance 

predominantly due to their physiological and genetic changes in response to hypoxia. The primary 

events contribute to this kind of treatment resistance include the slow proliferation or even non-
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cycling state of hypoxic cells (Green & Giaccia, 1998; Kennedy et al., 1997; Tannock, 1968); the 

limited accessibility of hypoxic cells to drugs delivered by blood flow (Hicks et al., 2006; Kyle, 

Huxham, Yeoman, & Minchinton, 2007; Minchinton & Tannock, 2006; Tannock, Lee, Tunggal, 

Cowan, & Egorin, 2002); selective stress against p53 followed by loss of sensitivity to hypoxia-

induced apoptosis (Graeber et al., 1996); the lack of molecular oxygen similar to the reason of 

resistance in radiotherapy (Batchelder, Wilson, Hay, & Denny, 1996; Teicher, Lazo, & Sartorelli, 

1981); as well as induction of proteins whose expressions mediate resistance of some tumours to 

some chemotherapeutics, such as p-glycoprotein (Comerford et al., 2002). 

1.3 Hypoxia-inducible factors 

The hypoxia-inducible factors (HIFs) are transcriptional factors that function as pivotal master 

regulators of oxygen homeostasis and are expressed in all existing metazoan species investigated 

to date (Loenarz et al., 2011). They are critical in the adaptation of cells to hypoxic stress in order 

to survive.  

1.3.1 Regulation of HIFs 

Both HIF-1α and HIF-1β are constitutively transcribed and translated in cells. HIF-1α, however, 

demonstrates an extremely short half-life of less than 5 min in well-oxygenated cells (Huang, Arany, 

Livingston, & Franklin Bunn, 1996). The rigid regulation of HIF protein activity is mediated primarily 

through the instability of the α subunit by several mechanisms, dominantly through the degradation 

pathways (Figure 1.3). 

1.3.1.1 Oxygen/PHDs/VHL-dependent HIF-α regulation 

Under normoxic conditions, prolyl hydroxylase domain protein 2 (PHD2), cooperating with non-

heme, oxygen-, Fe(II)-, and 2-oxoglutarate-dependent dioxygenases, hydroxylates HIF-1α on its 

specific proline residues (Pro402 and/or Pro564) within the oxygen-dependent degradation (ODD) 

domain by utilising O2 and α-ketoglutarate as substrates (Kaelin Jr & Ratcliffe, 2008; Loboda, 

Jozkowicz, & Dulak, 2010). This reaction converts HIF-1α into the prolyl-hydroxylated form, by 

which it is possible to establish the association between HIF-1α and von Hippel-Lindau tumour 
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suppressor protein (VHL). Subsequently, VHL recruits the elongin-C/elongin_B/cullin-2 E3-

ubiquitin-ligase complex and thus targets HIF-1α for degradation by the 26S proteasome 

(Cockman et al., 2000; Maxwell et al., 1999). Additionally, asparagine 803 (N803) in the 

transactivation domain (TAD) of HIF-1α can be hydroxylated by factor inhibiting HIF-1 (FIH-1) in 

well-oxygenated cells. This process functionally regulates HIF-1α in a negative manner by 

blocking the access of coactivators p300 and CREB-binding protein (CBP) to their binding sites 

(Kaelin Jr & Ratcliffe, 2008; Lando, Peet, Gorman, et al., 2002; Lando, Peet, Whelan, Gorman, & 

Whitelaw, 2002).  

 

Figure 1.3: Oxygen-dependent regulation of HIF depends on site-specific hydroxylation of the HIF-α 
subunit. 

When the levels of O2 and Fe(II) are above a threshold, some specific proline and asparagine residues in 
HIF-1 are hydroxylated under the catalysation of prolyl 4-hydroxylase (PH) and asparaginyl hydroxylase (FIH), 
respectively. The hydroxylated prolines (P-OH) provide docking sites for VHL interaction, accordingly 
triggering ubiquitin conjugation and proteasomal degradation of HIF-1. The hydroxylated asparagine (N-OH) 
blocks p300/CBP binding site in HIF-1, thereby hindering subsequent transcriptional activation. The prolyl 
hydroxylase activity is repressed by low oxygen tension, desferrioxamine (DFO), or cobalt ion (Co2+). Such 
inhibitions stabilise HIF α-subunit. The HIF heterodimer recruits p300/CBP and binds to the HRE in the 
promoter or enhancer region of target genes, activating the basal transcription machinery (BTM). The 
intensity of red background decreasing from left to right indicates the level of oxygen tension. From: Huang 
and Bunn (2003). 

 

During hypoxia, both prolyl and asparaginyl hydroxylation reactions are repressed by substrate 

deprivation, the limited O2 accessibility. In addition, the mitochondrially generated reactive oxygen 
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species (ROS) may oxidize Fe(II), the major cofactor of PHD2, into inactivated Fe(III), thereby 

diminishing the overall activities of the hydroxylases (Guzy et al., 2005; Guzy & Schumacker, 

2006). Since the inactivated PHDs prevent the VHL-initiated ubiquitination and proteasomal 

degradation, HIF-1α/2α can be transported into the nucleus and undergo dimerisation with HIF-

1β (Chilov et al., 1999). Subsequently, various coactivators are recruited to form a functional 

complex by coupling with dimerised HIF (Semenza et al., 1996). Due to the histone 

acetyltransferase activities provided by coactivators, the activated HIF complex eventually binds 

to the highly conserved HIF-responsive element (HER) sequence at the target gene loci and 

initiates downstream expression events (Loboda et al., 2010). 

1.3.1.2 Oxygen/PHDs/VHL -independent HIF-α regulation 

The presence of VHL-independent regulation of HIF-1α is supported by accumulated evidence 

generated from a range of studies. To date, several oxygen/PHDs/VHL–independent mechanisms 

have been identified.  

Hypoxia-associated factor (HAF) is a novel HIF-1α isoform specific E3 ligase with a unique 

expression pattern. HAF has been detected in both normal and tumour-derived cell lines, but only 

in proliferating, not all, tissues. This molecule has been proven to induce oxygen-independent HIF-

1α degradation even in hypoxic cells (Koh, Darnay, & Powis, 2008).  

Tumour suppressor p53 has been reported to mediate the recruitment of the murine double minute 

2 (Mdm2) ubiquitin-protein ligase, which promotes the ubiquitination and proteasomal degradation 

of HIF-1α (Ravi et al., 2000). This regulating mechanism explains why the loss of p53 is usually 

associated with increased HIF-1α levels in tumour cells.  

HIF-1α is also functional as the client protein of some molecular chaperones, such as extracellular 

heat shock proteins (Hsp). Hsp family protein Hsp90, Hsp70, and a carboxyl terminus of Hsc70-

interacting protein (CHIP) were demonstrated to selectively protect only HIF-1α, not HIF-2α, from 

ubiquitination and degradation (Liu, Baek, et al., 2007; Liu, Hubbi, et al., 2007; Luo et al., 2010).  
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The hypoxia induced HIF-1α small ubiquitin-like modifier (SUMO)ylation has been reported to 

regulate VHL-mediated oxygen-dependent HIF-1α degradation. Different to mechanisms 

discussed above, SUMOylation has specially Janus-style bifacial features. Such posttranslational 

modifications can regulate the stability of HIF-1α in either a positive (Bae et al., 2004; Carbia-

Nagashima et al., 2007) or a negative direction (Berta, Mazure, Hattab, Pouysségur, & Brahimi-

Horn, 2007; Cheng, Kang, Zhang, & Yeh, 2007). Besides, the process of HIF-2α degradation can 

also be regulated by SUMO modifier-mediated mechanisms (van Hagen, Overmeer, Abolvardi, & 

Vertegaal, 2010). 

In addition, phosphorylation through the classic extracellular signal-regulated kinase/mitogen-

activated protein kinase (ERK/MAPK) signalling pathway has been indicated to stabilize HIF-1α 

and in turn elicit enhanced transcriptional activities by several research groups (Richard, Berra, 

Gothié, Roux, & Pouysségur, 1999). Both HIF-1α and HIF-2α have been shown to act as the 

phosphorylation substrates of p42/44 kinase and p38 kinase by in vitro studies (Richard et al., 

1999; Sodhi et al., 2000). Interestingly, phosphorylation of p300 by the MAPKs pathway facilitates 

the recruitment of p300-CBP coactivator family proteins (p300/CBP) to the C-TAD of HIF-1α, which 

contributes to the enhanced transcription activities of downstream target genes (Sang et al., 2003).  

Another key signalling pathway, PI-3K/Akt/mTOR, is also implicated in the regulation of both HIF-

1 expression and activity in an oxygen-independent manner in various cancer cell lines (Alvarez-

Tejado et al., 2001; Howes et al., 2003). Applications of inhibitors specific to these signalling 

pathways were able to significantly interfere with the expression patterns of HIF-1α mediated 

reporter genes (Hur, Chang, Lee, Lee, & Park, 2001). 

1.3.2 Significance of HIF in cancer 

The adaptation of tumour cells to hypoxic scenarios makes HIFs either directly or indirectly key 

players in cancer biology (Figure 1.4). HIFs are functional regulators of gene expression at 

transcription level and play pivotal roles in a number of subdivisions of cancer research that include 

cell immortalization and stem cell maintenance; genetic instability; glucose and energy metabolism; 

pH regulation; vascularization; autocrine growth factor signalling; migration, invasion, and 
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metastasis; immune evasion; and resistance to chemotherapy and radiation therapy (reviewed in: 

Semenza, 2010).  

 

 

Figure 1.4: Target genes transcriptionally activated by HIF-1α.  

Genes are grouped by biological function. Redrawn and modified from: GenomeMedicine (2012). 

 

1.4 Hypoxia gene signatures in tumours 

Hypoxia mediates a wide spectrum of biological pathways, which makes it a key factor promoting 

solid tumour progression and resistance to therapy. Understanding hypoxia is important for the 

development of novel therapies and thus to improve prognosis.  

Up to 1.5% of the human genome is estimated to be transcriptionally responsive to hypoxia (Denko 

et al., 2003). Any single factor, such as the expression profile of an individual gene, does not 

possess sufficient capability in adequately describing this complicated response (Winter et al., 
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2007). Gene expression signatures are clusters of genes discriminating different statuses of the 

cells, which is critical for understanding the complicated molecular mechanisms behind diseases 

(Fardin et al., 2009). Since the prognostic potential to predict benefit from particular interventions, 

a robust and clinically applicable hypoxia gene expression signature (or metagene) is required 

(Buffa, Harris, West, & Miller, 2010).   

Denko et al. identified 110 hypoxia-responsive genes from large-scale cDNA array analysis in 6 

different cell lines including 3 carcinoma cell lines (FaDu, SiHa, and C33a) under a not clearly ooof 

defined “long term hypoxia” (Denko et al., 2003). 

A microarray based study of the expression of genes induced in vitro by hypoxia in a panel of 

normal cell lines was first accomplished by Chi et al., who published a gene expression signature 

of cellular response to hypoxia in epithelial cells. This metagene was dependent not only on cell 

type but also the intensity/duration of hypoxia. Even though derived from normal cell types, it has 

been successfully applied in predicting relapse rates in ovarian and breast cancers (Chi et al., 

2006).  

Lambin and colleagues used the same published data from the microarray work of Chi et al. to 

establish gene signatures of specific time points during the process of hypoxic induction to obtain 

the time-dependent patterns of gene expression during hypoxia. They emphasized the significant 

value of early hypoxia signatures in prognosis and indicated that in vitro gene signatures could 

contribute to clinical cases via providing a means to select patients for individualized therapy 

(Seigneuric et al., 2007).  

Through microarray results generated from an mRNA study in 59 head and neck cancer tissues, 

Harris and co-workers defined an in vivo hypoxia metagene containing 99 genes in head and neck 

squamous cell carcinomas (HNSCCs) by clustering around the RNA expression of a group of 

known hypoxia-regulated genes (Winter et al., 2007). This gene expression signature of cellular 

response to hypoxia slightly overlapped the in vitro one defined by Chi et al.. In both univariate 

and multivariate analyses, Harris’ signature demonstrated the advantage in retaining prognostic 

significance over Chi’s. The 99-gene hypoxic expression profile was prognostic for relapse-free 

survival in HNSCC and breast cancer validation cohorts (Winter et al., 2007). 
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The ability to promote new blood and lymphatic vessel formation is the major part of the response 

to hypoxia. The expression profile of a gene set, involving vascular endothelial growth factor 

(VEGF) per se and 12 other VEGF-related genes, was identified as a compact in vivo hypoxia 

signature and indicated prognostic significance on tests of patients with breast and lung cancer 

and glioblastoma. The upregulated expression of this gene set was correlated to poor patient 

prognosis by causing de novo vessel formation and providing a dual conduit for metastatic spread 

(Hu et al., 2009). 

The response to hypoxia is highly heterogeneous in different cell lines (Chi et al., 2006). Unlike 

Chi et al., Varesio’s group worked on the gene expression profile of 11 hypoxia responsive 

neuroblastoma cell lines with the analysis of differential gene expression to eventually derive 62 

probesets (NB-hypo), a robust in vitro hypoxia signature. Gene expression of the tumours of 88 

neuroblastoma patients was profiled, by which the neuroblastoma patients were divided into good 

and poor prognosis groups. In the overall survival studies, the patients with good prognosis 

demonstrated a survival rate of 73.2% compared with a survival rate of 25.5% for the patients with 

poor prognosis. A survival rate of 67.7% for the patients with good prognosis was shown in the 

event-free survival curves, compared with a survival rate of 27.7% for the patients with poor 

prognosis. As a significant independent predictor, NB-hypo successfully illustrated its ability to 

stratify the neuroblastoma patients according to their prognostic outcome, which consequently 

improved the effectiveness of risk related therapy (Fardin et al., 2010).  

More recently, Buffa et al. selected genes that consistently co-expressed with the previously 

validated hypoxia-regulated genes (seeds) in multiple cancers. By combining knowledge of 

multiple genes’ function together with analysis of in vivo co-expression patterns/networks, they 

defined a more general and compact hypoxia signature (including 51 genes) with clinical 

application value from three head and neck and five breast cancer studies in a meta-analysis 

context for clinical use. This signature constructed by the hypoxia co-expression cancer networks 

is important for improved prognosis or development of novel therapies (Buffa et al., 2010).  

Tumour pH is generally in the range of 6.15-7.4 (Helmlinger et al., 1997; Vaupel, Kallinowski, & 

Okunieff, 1989). It has been demonstrated that hypoxia related gene expression is to a large 
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degree influenced by extracellular pH (pHe) (Sørensen, Alsner, Overgaard, & Horsman, 2007; 

Sørensen et al., 2005). Suppression in hypoxia-induced upregulation of expression has been 

identified in a number of genes in tumour microenvironments with low pHe. In order to establish 

expression profile of genes that are regulated by hypoxia but independent of other factors, Alsener 

and co-workers derived a robust hypoxia signature of 27 genes unaffected by pHe across 4 human 

squamous carcinoma cell lines (Sørensen, Toustrup, Horsman, Overgaard, & Alsner, 2010). 

Those 27 genes composing the profile therefore could be candidates for endogenous markers of 

tumour hypoxia with increased confidence. 

The microarray study of hypoxic gene expression profiling done by Marotta et al directly compared 

in vivo hypoxia gene signatures, derived by total RNA samples from normoxic and hypoxic regions 

in the rat 9L glioma tumour model grown in its isogenic host, with two in vitro counterparts which 

were generated from rat 9L gliomas cells in culture exposed to hypoxia or normoxia for either 6 or 

16 hours (Marotta et al., 2011). Two in vitro samples showed very similar clustering of these 

specific mRNAs. However, there was a more pronounced increase in number of mRNAs 

responsible to hypoxia in vivo versus in vitro, which was in agreement with other studies indicating 

a more robust gene signature with clinical significance in response to hypoxic stresses in vivo. 

Patients with hypoxic tumours will most likely benefit from hypoxic modification. To characterise 

the hypoxic status of a tumour and identify patients who would potentially benefit from hypoxic 

modification of radiotherapy (hypoxia-modifying therapy), a hypoxia responsive gene expression 

classifier containing 15 genes was developed in Overgaard’s research group and validated 

clinically for hypoxic modification or placebo in combination with radiotherapy (Toustrup, Sørensen, 

Alsner, & Overgaard, 2012; Toustrup et al., 2011). 

Tumours display heterogeneity in degrees of hypoxia (Mortensen et al., 2010). Apart from the 

limited applications in human papilloma virus (HPV)-negative tumours (Toustrup, Sørensen, 

Lassen, et al., 2012), this hypoxia gene expression classifier can classify patients with HNSCC as 

having either ‘‘more’’ or ‘‘less’’ hypoxic tumours correlating with poor and good prognosis, 

respectively (Toustrup et al., 2011). In a retrospective study of 320 patients, the 2-nitroimdazole 

radiosensitiser nimorazole improved radiotherapy outcomes in hypoxic, but not normoxic HNSCC. 
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Hypoxia was identified according to the 15-gene signature by scoring formalin-fixed paraffin-

embedded tissue samples. Tumours above the median hypoxic value were associated with poor 

radiotherapy outcomes and significant benefit from nimorazole. The patients classified as ‘‘more’’ 

hypoxic had a significant benefit regarding locoregional tumour control and disease-specific 

survival from hypoxic modification with nimorazole compared with patients with ‘‘less’’ hypoxic 

tumours (Toustrup, Sørensen, Lassen, et al., 2012). 

1.5 Detection of tumour hypoxia 

Gatenby and co-workers indicated that the degree and extent of tumour hypoxia at the time of 

diagnosis strongly correlated with tumours’ radio-therapeutic responses (Gatenby et al., 1988). 

Overwhelming experimental and clinical data from studies in the correlations between hypoxia 

status and therapeutic resistance indicated that determinations of tumour oxygenation status are 

necessary for all patients where tumour hypoxia may be of concern (Chapman, 1991).  

The existence of hypoxic cells in human solid tumours was determined by using traditional 

histology-based techniques at first (Thomlinson & Gray, 1955). Unfortunately, the oxygenation 

status of individual human tumours cannot be predicted from tumour histology, tumour volume, 

and tumour growth rate (Chapman, 1991). To address this problem, a group of metabolic 

sensitizer-adducts, hypoxic radiosensitizers, were proposed as markers of tissue oxygenation 

status in the 1970s (Chapman, 1979). However, most methods were based on measuring 

concentrations of tumour metabolites associated with cellular respiration during that time were not 

practical as rapid approaches for tumour oxygenation status. A range of techniques were created 

to achieve the requirements of tumour internal oxygenation quantification in either an invasive or 

non-invasive manner. 

1.5.1 Invasive measurement of tumour hypoxia 

Through physically inserting an oxygen-sensitive electrode into the tumour, the level of oxygen 

tension can be determined rapidly in a real-time manner. In this technique, a microelectrode 

needle is inserted into the tumour and sequential pO2 measurements are recorded as the needle 

advances in a stepwise fashion through the tissue (Mortensen et al., 2010). It is one of a handful 
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of methods which have shown prognostic significance in pilot clinical studies to date (Brizel, Dodge, 

Clough, & Dewhirst, 1999; Nordsmark et al., 2005). A collection of rapid and reliable pO2 values 

in the form of a histograph can be provided by this electrode-based approach, which is extremely 

valuable in the identification and characterization of hypoxic stress in different tumour types 

(Vaupel & Harrison, 2004). Hence, it has been considered as the “gold standard” for measuring 

tissue oxygen tension (Höckel & Vaupel, 2001; Menon & Fraker, 2005; Milosevic, Fyles, Hedley, 

& Hill, 2004; Olive, Banath, & Aquino-Parsons, 2001). With the application of polarographic 

microelectrodes, patients with non-small cell lung cancer (NSCLC) demonstrated lower in vivo 

tumour pO2 (Le et al., 2006). Experimental and clinical data have proven a clear inverse correlation 

(P = 0.018) between tumour hypoxia and patient prognosis (Meng et al., 2012).  

Hypoxia is often associated with necrotic regions. All methods based on the application of oxygen-

sensitive electrodes are unable to distinguish viability of target cells in tumours. Due to the invasive 

nature, each measurement performed by pO2 electrode only provides the hypoxic stress data in a 

limited region, which is thus subject to sampling error. Furthermore, the application is restricted to 

superficially accessible lesions (Evans et al., 2004; Milosevic et al., 2004). The number of 

independent measurements depends on what is intended to be achieved, which makes such 

methodology limited in screening overall hypoxia status across a tumour (the limited spatial 

resolution). 

1.5.2 Non-invasive measurement of tumour hypoxia 

Alternatively, direct measures of absolute pO2 have been achieved by utilizing magnetic 

resonance imaging (MRI) assays based on paramagnetic agents (Padhani, Krohn, Lewis, & Alber, 

2007; Vikram et al., 2007). A validation study has shown the correlations of tumour oxygenation 

data provided by Eppendorf pO2 electrode and dynamic contrast-enhanced MRI (Cooper et al., 

2000). MRI-based blood oxygenation level dependent assays have demonstrated reliable 

performance in several experimental tumour-based in vivo studies, suggesting its future clinical 

potential in identifying patients for selected oxygen-modifying treatment according to pre-treatment 

pO2 levels as well as evaluating early treatment responses (Dunn et al., 2002; Foo, Abbott, 

Lawrentschuk, & Scott, 2004; Landuyt et al., 2001; Rodrigues, Howe, Griffiths, & Robinson, 2004). 
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1.5.2.1 Endogenous hypoxia-specific markers 

The expression patterns of certain hypoxia-regulated proteins represent the alternations of oxygen 

tension in tumour cells. This characteristic allows them to be employed as indicators. Detection of 

hypoxic status can be accomplished through surveillance of their expression profiles. For instance, 

HIF-1α was reported to be employed for this purpose and analysed by immunohistochemistry 

(Hung et al., 2009).  

Overexpression of HIF-1α was found in around one third of primary tumour clinical samples (Zhong 

et al., 1999). This aberrant expression pattern was related to both shorter overall survival and 

recurrence-free survival (Sun et al., 2012; Zheng, Ni, Huang, Wang, & Han, 2013). Some proteins 

encoded by HIF-mediated target genes, for example glucose transporter 1 (GLUT1) and carbonic 

anhydrase IX (CA9), have also been selected as indicators of hypoxic stress by their expression 

levels (Ilie et al., 2010). Osteopontin (OPN) belongs to a group of circulating proteins secreted by 

tumour and surrounding stromal cells in response to hypoxic stress. As a circulating hypoxia 

marker, enhanced OPN expression and elevated protein concentration in blood were normally 

correlated with poorer prognosis in NSCLC patients (Mack et al., 2008).  

In contrast to the inaccessibility of microelectrodes, the development and application of hypoxia-

specific markers provided a novel way of monitoring oxygen tension (Meng et al., 2012). The 

understanding of endogenous hypoxia-related cell marker expression in response to the tumour 

microenvironment is necessary for their applications in clinical practice (Ljungkvist, Bussink, 

Kaanders, & van der Kogel, 2007). 

1.5.2.2 Exogenous hypoxia-specific markers 

Positron emission tomography (PET), single photon emission computed tomography (SPECT), 

and magnetic resonance spectroscopy are often used for molecular imaging purposes (Dolbier, 

Li, Koch, Shiue, & Kachur, 2001). Characteristics of PET, including quick response, 

simultaneously monitoring of multiple targets, relatively good spatial and temporal resolution, 

make it a popular candidate for characterizing oxygen tension in hypoxia-specific marker labelled 

tumour cells. Clinical applications of PET have been reported in optimizing and individualizing 
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selected therapy for cancer patients based on hypoxia (Krause, Beck, Souvatzoglou, & Piert, 2006; 

Sloka, Hollett, & Mathews, 2007).  

Several types of molecules including the 2-nitroimidazoles (2-NIs) accumulate inside hypoxic cells, 

where they are reduced into reactive intermediary metabolites by intracellular reductases. These 

metabolites covalently link to thiol groups of intracellular proteins and are enriched within viable 

hypoxic cells with the amount directly proportional to the level of hypoxia in situ. 

Simply labelling 2-nitroimidazole molecules with a PET tracer to generate hypoxia-specific PET 

tracer successfully introduced the PET imaging method as the detection procedure of hypoxia 

measurement and combined advantages from both methods. Cellular uptake of this hypoxia-

specific PET tracer should also correlate with the oxygenation profile in the tumours(Koh et al., 

1992).  

In this category, the most widely applied and intensively investigated molecule is 18F-

fluoromisonidazole (18F-FMISO) (Cherk et al., 2006; Rasey et al., 1996). Unfortunately, 18F-FMISO 

was associated with low tumour to background contrast ratios in applications. Additionally, the 

slow clearance of 18F-FMISO from background tissue causes long delay period (about 2 hours) to 

acquire image with optimal contrast. The short half-life of 18F leads to further decrease in signal to 

noise ratio (Meng et al., 2012).  

2-(2-Nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-pentafluoropropyl)acetamide (EF5) is another popular 

nitromidazole hypoxia marker with a uniform biodistribution and stable structure in vivo (Evans et 

al., 2006). The long half-life (about 12 hours) of EF5 tends to increase the association with aerobic 

cells and reduce the excretion speed of the unmetabolised marker from normal tissues. Such 

drawbacks brought by the nature of EF5 interfere with its performance in hypoxia-specific imaging 

process (Meng et al., 2012). In order to overcome disadvantages of EF5 mentioned above, 

another notable hypoxia-specific radiotracer, 18F-FAZA, was developed (Kumar et al., 1999). 

Comparison studies of 18F-FAZA to 18F-FMISO illustrated that both compounds shared similar 

cellular uptake levels in sites of oxygen tension on early PET imaging. However, 18F-FAZA was 

associated with relatively diminished background signals, because it was rapidly eliminated from 
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the circulation system and non-target normal tissues (Souvatzoglou et al., 2007; Trinkaus et al., 

2013). 

Different to the exogenous hypoxia-specific markers discussed above, Cu-diacetyl-bis(N4-

methylthiosemicarbazone) (Cu(II)-ATSM) exploits different mechanism to selectively target cells 

under hypoxic stress (Fujibayashi et al., 1997). The neutral lipophilic molecule Cu(II)-ATSM 

displays a high level of membrane permeability. Following application, random diffusion creates a 

uniform distribution of Cu(II)-ATSM because of its highly permeable nature. Under low oxygen 

tension, such as inside hypoxic cells, the copper atom of Cu(II)-ATSM is reduced because of 

cellular reducing equivalents, generating Cu(I)-ATSM-. The negative charge carried by the 

reduced form of the molecule makes it membrane impermeable, and the molecule is selectively 

trapped inside hypoxic cells (Chao et al., 2001; Dehdashti, Grigsby, et al., 2003; Lewis, McCarthy, 

McCarthy, Fujibayashi, & Welch, 1999). Although animal studies indicated that 18F-FMISO tumour 

uptake was more responsive than 64Cu(II)-ATSM in imaging hypoxic tumours (Matsumoto et al., 

2007), Cu(II)-ATSM has demonstrated both decreased target to background contrast ratio and 

elevated speed in clearance from background tissue in comparison to 18F-FMISO (Takahashi et 

al., 2000; Zhang et al., 2007). The metal ion carried by this molecule, copper, provides a 

convenient option for further radiolabelling purposes. The molecule labelled by either 60Cu or 64Cu 

has been used in rapidly delineating tumour hypoxia with low background noise, which has been 

reported in several cancer clinical studies to predict patient response to therapy (Dehdashti, 

Grigsby, et al., 2003; Dehdashti, Mintun, et al., 2003; Padhani, 2005). 

1.6 Current approaches to isolate hypoxic cell populations from tumour 

tissues 

Profiling gene signature responses to hypoxia in cancer are started by separating cells suffering 

hypoxic stress from non-hypoxic tumour tissues. In vitro, cell lines can be stably transfected with 

hypoxia-inducible reporter expression vectors that are constructed with reporter gene(s), coding 

fluorescent proteins, under the regulation of a hypoxia-inducible promoter (He et al., 2008). 

According to oxygen stress in the microenvironment, those stably transfected cells express 
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reporter proteins at different levels. Fluorescence-activated cell sorting approaches can be used 

to isolate fractions based on hypoxia status. 

In vivo hypoxia mediated cellular responses in tumours were initially investigated by using 

fluorescence-activated cell sorting techniques (Chaplin, Olive, & Durand, 1987; Olive, Luo, & 

Banáth, 2002; Young & Hill, 1990). Employment of DNA binding/diffusion properties of 

bisbenzamide fluorochrome Hoechst dye (H33342) via intravenous injection allowed tumour cells 

to be sorted on the basis of their Hoechst staining intensity/concentration gradient after tumour 

excision and preparation of tumour cell suspension using enzymatic disaggregation. Since the 

staining intensity of each cell represented its individual blood supply status inside the tumour, cell 

sorting according to the hypoxic stress could be achieved to a certain extent. The application of 

this technique is limited by the very short distribution half-life and highly variable cellular tolerance 

of Hoechst dyes. Meanwhile, Hoechst dyes also demonstrated both potent radioprotective 

properties and inhibiting activities in cell cycle progression (Young & Hill, 1989). These features 

further restricted its application value. 

Since the development of EF5 and antibodies specific to its cellular adducts (Lord, Harwell, & 

Koch, 1993), cells in hypoxic regions can be labelled by EF5 and then analysed using fluorescence 

immunohistochemistry, which is followed by fluorescent activated cell sorting to separate 

enzymatically disaggregated cells into fractions corresponding to status of hypoxia (Lin & Hahn, 

2012). Another nitroimidazole compound, 18F-labeled fluoroazomycin arabinoside (18F-FAZA) was 

used by Busk and co-workers as an indicator to evaluate the hypoxia status of tissue samples. 

This study demonstrated a strong correlation between CA9, GLUT1 and lysyl oxidase (LOX) 

transcript abundance and hypoxia in human head and neck cancer xenograft model (FaDu; 

hypopharyngeal carcinoma). However, hypoxia-associated increased gene expression was only 

observed for CA9 and GLUT1 in murine squamous cell carcinoma (Busk et al., 2011). 

Immunohistochemistry-guided laser capture microdissection (LCM) has been utilised to isolate 

pure populations of cells from solid tumours on the basis of distinct immunophenotypical criteria 

(Buckanovich et al., 2006). Prototypical hypoxia markers, such as EF5, combined with 
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corresponding fluorophore-labelled antibodies have been successfully employed to isolate total 

RNA from normoxic and hypoxic regions in the same rat 9L glioma tumour (Marotta et al., 2011).  

Compared to tissue dissociation and cell immunopurification approaches, this technique is 

straightforward, less time-consuming, and less tissue is required. The sample fixation procedure 

involved in the immunohistochemistry part of this technique maintains the physical/structural 

features of cells extremely close to their physiologic settings in the native microenvironment. But 

the tumour has to be of sufficient size to allow large tissue areas to be collected by LCM.  

By using different fluorophores, measurement of hypoxia markers can be combined with other 

predictive or prognostic factors. PET hypoxia imaging is usually limited by long diffusion distances, 

lack of an active uptake mechanism, and slow clearance of tracer without specific binding. Current 

preclinical development work in improving these aspects may help to circumvent these problems. 

But more efforts are still required to increase its resolution (Busk et al., 2008; Souvatzoglou et al., 

2007; Yapp et al., 2007). Single-cell analysis is limited in detecting the therapeutically relevant 

hypoxic cells. Unlike the invasive methods that mix up intact and necrotic cells, single-cell analysis, 

however, is not able to identify the repopulation potential remaining in target cells (Olive & Aquino-

Parsons, 2004). It furthermore requires either a large-scale biopsy or multiple examinations on a 

smaller scale to guarantee the representativeness of the sample to be investigated. In this case, 

calibration procedures are necessary to ensure the accurate measurement of oxygen level (Koch, 

2002). The ideal method would be a non-invasive method. And it will be very useful if the method 

can be applied both before treatment to determine the presence of hypoxia and during therapy to 

assess tumour reoxygenation (Olive & Aquino-Parsons, 2004). 

1.7 Click Chemistry 

The modern biological sciences have made extraordinary progress in mechanistic understanding 

of living systems. The improvements in genetics, biochemistry, molecular/cellular biology and 

other related fields have accomplished impressive achievements in the structural and functional 

knowledge of biological molecules including DNA, RNA, and proteins. In the last decade, the 

human genome project (HGP) has provided entire genome sequencing information, which offered 
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especially remarkable insight into a myriad of biological processes and mechanisms in humans 

(Boyce & Bertozzi, 2011; International Human Genome Sequencing, 2004).  

Whatever the object of biological study in such complicated living system is, scientists consistently 

attempt to deal with the same challenge, in this case, finding a way to single out a target 

biomolecule among all of the molecular diversity inherent to cells or organisms for analysis (Boyce 

& Bertozzi, 2011). The application of monoclonal antibodies opened a new era in biological 

research in the 20th century (Winter & Milstein, 1991). The unique nature of antibodies allows to 

selectively target a single type of molecule among multitudinous distractions and bind with high 

affinity.  

As everything has its pros and cons in the world, antibodies have also demonstrated some 

inherent limitations when employed as tools to specifically target molecules inside cells. Antibodies 

do not pass through the membrane of living cells due to their large size. This limits their 

applications to the extracellular environment and also leads to poor tissue penetration in animals. 

Besides, antibodies have to be generated de novo for each individual new antigen, which makes 

the preparation work very labour intensive and expensive.  

1.7.1 Bioorthogonal chemistry in biomedical sciences 

In 1998, Tsien and co-workers reported that single target selectivity could be achieved via covalent 

reactions in live cells (Adams et al., 2002; Griffin, Adams, & Tsien, 1998). This ground-breaking 

research opened a new door to solve the scientific equivalent of finding a needle in a haystack. 

Instead of utilising the exquisite selectivity of antibody-antigen binding, a range of chemical 

reactions exploit the establishment of covalent association between reactants bearing 

complementary functional groups to achieve the aim of targeting selected biomolecules (Sletten 

& Bertozzi, 2011).  

The term of bioorthogonal chemistry was first coined by Carolyn R. Bertozzi in 2003 (Hang, Yu, 

Kato, & Bertozzi, 2003). It refers to chemical reactions among abiotic reactants that are able to 

proceed inside of living systems without interfering with the native biological milieu (Prescher & 

Bertozzi, 2005; Prescher, Dube, & Bertozzi, 2004; Sletten & Bertozzi, 2009). According to the 
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concept of bioorthogonal chemistry, methods exploiting the mechanism of bioorthogonal reaction 

allow the real time study of biomolecules, such as proteins, glycans (Plass, Milles, Koehler, Schultz, 

& Lemke, 2011), and lipids (Neef & Schultz, 2009), in living systems without cellular toxicity (Boyce 

& Bertozzi, 2011).  

To optimise performance, the bioorthogonal reactions designed for the purpose of biological 

research must have the following characteristics (Boyce & Bertozzi, 2011):  

 The reactions have to proceed smoothly in water at physiological temperature, pH, and 

pressure;  

 The reactions must give good yield and reasonable kinetics at low reagent concentrations;  

 The reactions should be maximally inert to plentiful biological nucleophiles, electrophiles, 

as well as redox-active metabolites;  

 The reactions must merely generate nontoxic or leave no side products. 

 

A wide array of chemical ligation strategies have been developed so far in accordance with the 

requirements of bioorthogonality. The common strategy incorporates one reaction partner into the 

target biomolecules as the label, and then covalently binds that label to an exogenously applied 

probe. According to the experimental system and goals, the reaction is able to attach an affinity 

tag, imaging marker or other functional moiety with the target biomolecules (Boyce & Bertozzi, 

2011).  

1.7.2 Click chemistry 

The concept of click chemistry was first introduced to public by Dr Karl Barry Sharpless at the 

217th American Chemical Society annual meeting in 1999 (Hein, Liu, & Wang, 2008; Kolb, Finn, & 

Sharpless, 2001). It almost revolutionised molecular synthesis to be as simple as either building a 

LEGO® toy or assembling IKEA® furniture.  

The definition of click chemistry was originally from a landmark review in 2001 (Kolb et al., 2001). 

The Nobel Prize laureate Dr Sharpless first fully described the reaction as “modular, wide in scope, 

giving very high yields, generating only inoffensive byproducts that can be removed by 

nonchromatographic methods, and be stereospecific (but not necessarily enantioselective). The 
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required process characteristics include simple reaction conditions, readily available starting 

materials and reagents, the use of no solvent or a solvent that is benign (such as water) or easily 

removed, and simple product isolation. Purification (if required) must be by nonchromatographic 

methods, such as crystallization or distillation, and the product must be stable under physiological 

conditions” (Evans, 2007; Kolb et al., 2001). 

Numerous types of potent linking reactions meet the requirements of click chemistry. All of these 

reactions generally share some common properties to ensure maximum efficiency. Those features 

include rapid kinetics, high yield but deficiency of unwanted by-products, wide solvent compatibility, 

and readily accessible starting materials as implicated previously.  

To date, click reactions have been divided into four major classifications based on the mechanism 

(Hein et al., 2008). Among these four major classifications, cycloadditions, especially the 

copper(I)-catalysed azide-alkyne Huisgen 1,3-dipolar cycloaddition, are most widely employed 

across a wide range of diverse research areas, such as biomedical science and material science 

(Hein et al., 2008). According to a multi-database search via SciFinder®, the number of click 

chemistry-related publications, which indicates the popularity of click chemistry applied in various 

fields of scientific research, increased exponentially (Figure 1.5). 
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Figure 1.5: Number of publications in SciFinder® database.  

A database search was performed by using the keywords “click chemistry” on August 20th, 2015. The search 
results covered articles published between 2003 and 2014. Types of publications included dissertations, 
journal articles, letters, patents, preprints, reports, as well as reviews. "References containing the concept" 
include all references when the entered term(s), synonymous term(s), or similar term(s) are found within the 
record. 

 

1.7.3 Azide–alkyne Huisgen cycloaddition 

The Huisgen 1,3-dipolar cycloaddition of alkynes to azides fulfils many of the prerequisites of click 

chemistry. The concept of azide-alkyne Huisgen cycloaddition was first introduced by Rolf Huisgen 

in the early 1960’s based on a type of reaction that generates a mixture of 1,4- and 1,5-

disubstituted triazoles via cycloaddition between azide and acetylene, discovered by Dimroth at 

the beginning of the 20th century (Huisgen, 1961). Briefly, this type of reaction is a 1,3-dipolar 

cycloaddition between a terminal or internal alkyne (1) and an azide (2) to give a 1,2,3-triazole (3) 

as a mixture of 1,4-adduct and 1,5-adduct (Figure 1.6).  
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Figure 1.6: Azide-alkyne Huisgen cycloaddition.  

Re-drawn and modified from: Wikipedia (2015). 

 

The Huisgen 1,3-dipolar cycloaddition illustrates the characteristic of reliably covalently linking 

readily accessible building blocks in the presence of other functional groups across a wide 

spectrum of conditions. Due to this unparalleled feature, the azide-alkyne Huisgen cycloaddition 

is one of the most useful tools for assembling novel molecular architectures with specific functional 

properties (Hein & Fokin, 2010) and possesses massive potential of applications in diverse areas 

ranging from functional materials (Casas-Solvas et al., 2009; Juricek, Kouwer, & Rowan, 2011; 

Lutz, 2007) to biological chemistry (Ackermann & Potukuchi, 2010; Amblard, Cho, & Schinazi, 

2009; Best, Rowland, & Bostic, 2011; Bock, Hiemstra, & van Maarseveen, 2006; Diez-Gonzalez, 

2011; Fekner, Li, Lee, & Chan, 2009; Hein & Fokin, 2010; McNulty, Keskar, & Vemula, 2011; 

Meldal & Tornoe, 2008; Sletten & Bertozzi, 2011; Wang, Winblade Nairn, Johnson, Tirrell, & 

Grabstein, 2008). These wide ranging applications have let cycloaddition be referred as "the 

cream of the crop" of click chemistry (Kolb et al., 2001).  

1,3-dipolar cycloaddition between azide and alkyne also possesses an inherent defect, namely 

the low reaction rate (Evans, 2007; Lwowski, 1984). As a result, this type of reaction generally 

requires certain thermal conditions to overcome the activation threshold of deforming the alkyne’s 

bond angle to form the triazole (Jewett & Bertozzi, 2010). Although both the azides and alkynes 

are kinetically stable, this weakness will still limit its application potential especially in the click 

context until the discovery of reliable and efficient specific metal ions.  
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1.7.4 Copper(I)-catalysed azide–alkyne cycloaddition 

The copper(I)-catalysed variant of the Huisgen 1,3-dipolar cycloaddition was first reported in 

independent publications by Morten Meldal at the Carlsberg Laboratory in Denmark (Tornøe, 

Christensen, & Meldal, 2002) as well as American chemists, Valery Fokin and Karl Barry 

Sharpless, at the Scripps Research Institute (Rostovtsev, Green, Fokin, & Sharpless, 2002) in 

2002. 

Copper(I) catalysis significantly decreases the activation barrier of the cycloaddition with terminal 

alkynes, which allows the reaction to proceed with high rate at room temperature (RT). The 

recruitment of this catalytic system also simplifies the reaction product as 1,4-disubstituted 1,2,3-

triazoles exclusively (Rodionov, Fokin, & Finn, 2005). 

1.7.4.1 Copper(I) species 

Copper(I) species undergo metal insertion to react and associate with terminal alkynes. With the 

assistance from copper(I), the pKa of the alkyne C-H can be reduced by up to 9.8 units during the 

step to generate acetylide (Evans, 2007). 

The copper(I) species may be directly introduced into the reaction system as preformed 

commercial cuprous complexes, such as cuprous bromide or iodide. In this case, reactions have 

to be performed in a deoxygenated environment. Either organic or mixed solvent is also required 

to maintain the oxidative state of copper, which probably necessitates some protection groups 

along with a base (Orgueira, Fokas, Isome, Chan, & Baldino, 2005). 

Another way to create the copper(I) catalyst is to oxidise copper metal in situ with an amine salt 

(Himo et al., 2004; Orgueira et al., 2005). Unfortunately, this approach usually requests longer 

reaction times, larger amounts of copper, and a relatively acidic environment to dissolve the metal. 

These particular requirements consequently limit any applications of the reactants with acid-

sensitive functional groups (Bock et al., 2006). 

In general, the reaction performs much better and reliably by utilising copper(I) species (Hein & 

Fokin, 2010; Rostovtsev et al., 2002). There are several improved ways to achieve such a goal by 
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linking a copper(I) generating reaction to the cycloaddition reaction and guaranteeing they work 

simultaneously in the same system. 

The most popular way is to bring a mixture of copper(II) salt and reducing agent into the 

cycloaddition reaction system. Sodium ascorbate is the most widely used candidate to convert 

copper(II) into copper(I) by a reduction in a 3- to 10-fold concentration excess (Bock et al., 2006). 

Other reducing agents, such as hydrazine (Golas, Tsarevsky, Sumerlin, & Matyjaszewski, 2006) 

and tris(2-carboxyethyl)phosphine (TCEP) (Zhan, Barnhill, Sivakumar, Tian, & Wang, 2005), have 

demonstrated promising performances as well. Due to the presence of reducing agent, copper(II) 

ions are reduced to the +1 oxidation state in situ. Copper(II) sulphate (CuSO4) is the common 

copper source to provide catalyst by reacting with the reducing agent.  

By generating copper(I) species in situ, an amine base is no longer essential in the reaction system. 

In addition, the existence of reducing agent may consume any oxygen present in the system to 

maximally maintain copper in the desired +1 oxidation state (Meldal & Tornoe, 2008). As a backup 

plan, halides of copper are applied as the source of copper(II) to replace CuSO4 when solubility 

becomes a concern. Certain harsh conditions, including the presence of amines or higher 

temperatures, are specifically required in cycloadditions with copper(II) iodide salt or copper(II) 

bromide salt involved (Meldal & Tornoe, 2008). 

Controlling the oxidation state of copper is the key to achieve the best cycloaddition by maintaining 

the availability of copper(I) catalyst. The chief drawback is that copper(I) might be further reduced 

down to copper(0) (Hein et al., 2008). A proper ratio of reducing agent to catalyst and/or 

employment of a copper-stabilising agent therefore is critical to the reaction (Bock et al., 2006). 

1.7.4.2 The limitations of CuAAC for the functionalization of biomacromolecules 

The copper(I)-catalysed azide–alkyne cycloaddition (CuAAC) has been recognized as the greatest 

exponent among the entire collection of click reactions currently available (Kolb et al., 2001; 

Rostovtsev et al., 2002). CuAAC is a powerful coupling technology for conjugation of proteins, 

nucleic acids, and polysaccharides (Lallana, Riguera, & Fernandez-Megia, 2011).  
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However, the copper(I) catalyst induces severe structural damage to biomolecules, while the rate 

of CuAAC reaction is often the concern at low micromolar concentrations typically required for 

bioconjugation purposes (Lallana et al., 2011). The cytotoxicity of metals including copper by 

inducing oxidative stress has been well recognised (Brewer, 2010). Copper ions are directly 

involved in the generation of reactive oxygen species (ROS). ROS has been demonstrated to 

induce degradation of amino acids and cleavage of the polypeptide chain (Stadtman, 2006; 

Stadtman & Berlett, 1998). Both damaging processes in proteins have been identified under 

CuAAC conditions (Kumar, Li, & Cai, 2011). Copper(I) from CuAAC is also involved in the 

production of the hydroxyl radical (•OH) and ultimately contributes to biological damage, including 

RNA degradation and DNA damage (Biaglow, Manevich, Uckun, & Held, 1997; Tabbi, Fry, & 

Bonomo, 2001; Temple, Perrone, & Dawes, 2005). 

Only a very few cases of applications in living cells or organisms have been reported (McKay & 

Finn, 2014). In an attempt to extend the application of bioorthogonal click chemistry to living 

organisms, researchers have been focusing on developing rapid reactions proceeding with 

extremely fast kinetics and without compromising the function and metabolic processing of 

biomolecules (Kennedy et al., 2011). The application of CuAAC reactions in complex living 

systems requires copper catalysts effective for in vivo labelling strategies, otherwise prolonged 

catalyst exposures and noninterfering with the surrounding cellular milieu cannot be avoided 

(Kennedy et al., 2011). Meanwhile, the membrane permeability and the sequestration of copper(I) 

ions by the thiol-containing compound glutathione in the cytosol are also crucial in performing 

CuAAC reactions inside living cells (Uttamapinant, Sanchez, Liu, Yao, & Ting, 2013). 

1.7.4.3 Copper(I)-chelating ligands 

Oxidative degradation by reactive oxygen species and sample contamination by copper are major 

limitations of CuAAC. The presence of copper ions is responsible for both of them. One strict 

requirement of this catalytic system is the presence of copper(I)-chelating ligands in the reaction 

on account of the catalyst’s unstable oxidation state in aqueous solutions (Lallana et al., 2011). 

Apart from the stabilization effect, utilisation of ligands significantly improves the reaction outcome 

by accelerating the cycloaddition reaction, preventing the formation of unwanted by-products, as 

well as sequestering copper ions to avoid biomolecule damage and simplify removal (Besanceney-
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Webler et al., 2011; Timothy R Chan & Fokin, 2007; Hein, Krasnova, Iwasaki, & Fokin, 2011; 

Rodionov, Presolski, Diaz, Fokin, & Finn, 2007; del Amo et al., 2010).  

Different types of ligands have been used, including tris(benzyltriazolylmethyl)amine (TBTA), 

tris(hydroxypropyltriazolylmethyl)amine (THPTA), and bathophenanthroline disulfonate disodium 

salt (BPDS) (Chan, Hilgraf, Sharpless, & Fokin, 2004; Hein et al., 2011; Lewis, Magallon, Fokin, 

& Finn, 2004).  

The tetradentate binding ability of the tris(triazolylmethyl)amine ligand family, including TBTA and 

THPTA, leads to the formation of stable copper(I) chelates. A 5-fold molar excess of 

tris(triazolylmethyl)amine ligand relative to copper(I) has been recommended in order to minimise 

oxidative degradation (Hong, Presolski, Ma, & Finn, 2009; Lallana et al., 2011; Wang et al., 2003).  

As the first member of this ligand family to be identified (Hein et al., 2011), TBTA is the most 

commonly used for bioorthogonal conjugation (Chan et al., 2004). The presence of TBTA in the 

reaction system efficiently overcomes limitations and allows the reaction to take place in a variety 

of solvents, even mixtures of water and a number of miscible organic solvents, including alcohols, 

dimethyl sulfoxide (DMSO), and acetone (Chassaing, Kumarraja, Sani Souna Sido, Pale, & 

Sommer, 2007; Meldal & Tornoe, 2008; del Amo et al., 2010). Fortunately, the starting reagents 

need not be completely soluble for the reaction to be successful. In many cases, the product can 

simply be filtered from the solution as the only purification step required.  

The application of this technique was initially hampered by the deleterious effects associated with 

copper ions. Copper-mediated in situ generation of ROS induced strand breakage of nucleic acids 

by both metal-assisted and free radical mechanisms (Burrows & Muller, 1998). Nucleic acids 

represent a highly demanding platform for bioconjugation by means of CuAAC (El-Sagheer & 

Brown, 2010b; Gramlich, Wirges, Manetto, & Carell, 2008). Without ligand, roughly 50% CuAAC 

induced degradation in nucleic acids was observed by Liu and co-workers after only 10 min at 

room temperature (Kanan, Rozenman, Sakurai, Snyder, & Liu, 2004). Introducing TBTA into the 

reaction system paved the way for CuAAC as a reliable tool for nucleic acid modification. TBTA 

was reported to significantly accelerate the CuAAC process and potently stabilise the copper(I) 

oxidation state to enhance the catalytic activity in aqueous solutions (Chan et al., 2004; Hein & 
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Fokin, 2010). In the presence of TBTA, the successful modification of oligodeoxyribonucleotides 

(ODN) and long DNA chains by means of CuAAC has been reported by the groups of Rajski 

(Weller & Rajski, 2005) and Carell (Gierlich, Burley, Gramlich, Hammond, & Carell, 2006). Based 

on this pioneering work, the further success in CuAAC coupling of ODN to self-assembled 

monolayers was accomplished (Devaraj et al., 2005). CuAAC functionalization of the resulting 

alkyne-modified DNA with saccharides proceeded in excellent yields in the presence of TBTA, 

with no sign of DNA degradation (Gierlich et al., 2007; Wirges et al., 2007). 

The lack of solubility in water is a great limitation of TBTA. A small volume (ca. 10%) of organic 

solvent is always required to solubilise TBTA. To overcome this, water-soluble 

tris(triazolylmethyl)amine ligands, such as THPTA, were developed (Wang et al., 2003). In addition 

to the improvement in solubility, THPTA was also found to prevent ROS-mediated protein 

degradation by acting as a radical scavenger and strongly accelerating the decomposition of H2O2 

formed in the course of the reaction (Hong et al., 2009). The group led by Brown has proposed 

the use of THPTA as an alternative to TBTA for the functionalization of nucleic acids (El-Sagheer 

& Brown, 2008; El-Sagheer & Brown, 2010b; El-Sagheer et al., 2008; Kocalka, El-Sagheer, & 

Brown, 2008; Kumar et al., 2007). 

1.7.4.4 Mechanism of copper(I)-catalysed azide-alkyne cycloaddition 

As the premier example of click chemistry, CuAAC is the most well-studied and a wildly utilised 

straight-forward click chemistry approach (Hein & Fokin, 2010). Based on the mechanism of 

CuAAC described in Figure 1.7, it is obvious that the efficacious candidates of ligand should be 

able to maintain the balance between sturdy association with copper(I) to preclude the formation 

of unreactive polymeric complexes and sufficient approach to allow azide to access to the 

coordination sphere of acetylide copper(I) centre (Hein et al., 2008; Hein & Fokin, 2010). 

With the correct selection of the catalytic system, CuAAC is a safe and efficient tool for the 

bioconjugation of proteins and bionanoparticles (Lallana et al., 2011). By copper(I) catalysis, 

applications of azide-alkyne cycloaddition has extended far beyond organic synthesis to further 

challenging goals in chemistry, polymer science, and biology (Bock et al., 2006; Iha et al., 2009; 
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Lutz, 2007; Meldal, 2008; Meldal & Tornoe, 2008; van Dijk, Rijkers, Liskamp, van Nostrum, & 

Hennink, 2009).  

 

Figure 1.7: Generally accepted mechanism of CuAAC. 

The CuAAC initiates with the formation of the structure (1) by linking the copper(I) dimer-ligand complex 
(functional as a catalyst) with terminal alkyne via π complexation. This step is followed by deprotonation of 
the terminal hydrogen of alkyne to generate an intermediate structure, copper(I)-acetylide (2). Both structure 
(2) and organic azide are essential to the fundamental reactivity of CuAAC. Addition to the thermal and 
photochemical decomposition, the reactivity of organic azide generally depends on the reactions with 
nucleophiles at its terminal N3 atom. The N(1) of azide, thereafter, displaces one of the ligands from the 
second copper in the copper(I)-acetylide (2). Owing to proximity and electronic factors, N(3) of azide, in turn, 
associates with C(4) of the copper(I)-acetylide (2) via the stage of intriguing six-membered metallocycle (3). 
The formation of this structure (3) from the copper(I)-acetylide (2) and the azide has been postulated to serve 
as the rate-determining step during the whole CuAAC procedure. Within structure (3), the lone pair of 
electrons from N(1) then attack C(5) to induce contraction of the metallocycle and form a metalated triazole 
(4) in a preference for the stepwise addition, respected the calculations based on density functional theory. 
In the last step, the metalated triazole is protonated to yield only the 1,4-isomer of 1,2,3-triazole as the final 
product (5), meanwhile regenerating the catalyst. Redrawn and modified from: Hein et al. (2008). 
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1.7.4.5 Applications of copper-catalysed click chemistry in biological sciences 

In the context of tumour hypoxia, the green fluorescent protein (GFP) and tetra-cysteine motifs 

have been utilised as genetically encoded reporters or to tag selected proteins (Le et al., 2014; 

Martin, Giepmans, Adams, & Tsien, 2005; Melillo, 2013; Mihich & Kaelin, 2004; Vordermark, 

Shibata, & Brown, 2001). Unfortunately, such genetic incorporation-mediated techniques are not 

amenable to label molecules if they are not encoded directly in the genome, such as glycans, 

lipids, metabolites, and myriad posttranslational modifications (Coralli, Cemazar, Kanthou, Tozer, 

& Dachs, 2001). 

By taking advantage of the major progress made in immunology, antibodies generally demonstrate 

high specificity to selected targets with a relatively broad range of applications that are not limited 

to protein molecules (Arlen et al., 2014; Pandey & Mahadevan, 2014). However, the labour-

intensive preparation and purification of antibodies and their restricted permeability and transport 

in intact cells have somewhat limited their application in effective targeting molecules especially 

those that are located intracellularly (Barbet et al., 2012; Goebl, Berridge, Wroblewski, & Brown-

Augsburger, 2007; Tabrizi, Bornstein, & Suria, 2010).  

In general, labelling specific biomolecules by the utilisation of click reactions is achieved by a two-

step protocol. It firstly requires that one reactant is stable enough to be somehow incorporated 

into the target biomolecule, which is followed by exposure to another reactant modified to carry a 

specific probe, such as functional motif or reporter molecule. The subsequent reaction links the 

two bioorthogonal partners together, tagging the target biomolecule with the probe (Jewett & 

Bertozzi, 2010). However, the dipolar cycloaddition of organic azides with alkynes fulfils the click 

criteria but with an inherently low reaction rate.  

The application of this latter reaction did not show much potential until the discovery of the catalysis 

by copper(I) (Rostovtsev et al., 2002; Tornøe et al., 2002). Copper catalysis severely alters both 

the mechanism and the outcome of the reaction. In contrast to the uncatalysed reaction, which 

demands much higher temperatures and produces mixtures of triazole regioisomers, the copper-

catalysed version transforms organic azides and terminal alkynes exclusively into the 

corresponding 1,4-disubstituted 1,2,3-trizoles (Rostovtsev et al., 2002; Tornøe et al., 2002). Being 
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the most prominent member of click chemistry with a stable triazole product, the significantly 

increased number of applications of copper(I)-catalysed azide-alkyne cycloaddition (CuAAC) has 

been well-documented and this is continually enriched by scholars in numerous fields (Berg & 

Straub, 2013; Besanceney-Webler et al., 2011; Bevilacqua et al., 2014; Boyce & Bertozzi, 2011; 

Kennedy et al., 2011; Presolski et al., 2011; Schilling, Jung, & Bräse, 2010). 

Employment of the simple copper(I) catalytic system has brought remarkable improvements in the 

Huisgen 1,3-dipolar azide-alkyne cycloaddition. The rapid reaction kinetics, high degree of 

reliability, and bioorthogonality offer CuAAC great advantages which have been applied 

extensively in both the selective labelling of biological molecules (Wu & Fokin, 2007) and the 

establishment of small molecule libraries for drug discovery purposes (Kolb & Sharpless, 2003; 

Moses & Moorhouse, 2007).  

Techniques for the purpose of bioconjugation are usually built up on the covalent association 

between synthetic probes and biomolecular frameworks. The latter includes the modification of 

proteins and nucleic acids by attaching labels for specific detecting methods; or synthesis of simple 

peptides or carbohydrate-modified peptide complexes by using simple proteins and carbohydrates 

as building “bricks” (Moses & Moorhouse, 2007).  

Molecules carrying bioorthogonal functional groups with the abilities to metabolically associate 

with nucleic acids have been synthesized for imaging cells undergoing replication or other cellular 

processes related to the alternations of genetic materials (Gramlich et al., 2008; Salic & Mitchison, 

2008). 5-ethynyl-2’-deoxyuridine (EdU) was used to metabolically incorporate into DNA during the 

genome replication stage, which could be subsequently detected by an azido fluorophore through 

CuAAC. Compared to the traditional immunology based 5-bromo-2’-deoxyurdine (BrdU) labelling 

(Gratzner, 1982), EdU and its CuAAC counterpart, the fluorophore conjugated azide, provided the 

reaction with fast rate and good sensitivity.  

The targeting techniques based on click chemistry enable visualisation and tracking of complex 

biopolymers (Speers, Adam, & Cravatt, 2003; Speers & Cravatt, 2004). To date, such applications 

have been mostly limited to in vitro studies or in vivo after sacrifice and lysation of the animal. The 
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biological toxicity induced by metal ions from catalytic system became the biggest concern in the 

application of this technique.  

To ameliorate this drawback of CuAAC, two different approaches were developed. One is to 

eliminate the requirement of copper(I)-catalyst, for example, utilization of ring stain catalysis 

(Jewett & Bertozzi, 2010; Kuzmin, Poloukhtine, Wolfert, & Popik, 2010; Mbua, Guo, Wolfert, Steet, 

& Boons, 2011). Another is to enhance cell compatibility by using ligands with higher water 

solubility, such as THPTA (Hong et al., 2009), bis[(tert-butyltriazoyl)methyl]-[(2-

carboxymethyltriazoyl)methyl]-amine (BTTAA) (Besanceney-Webler et al., 2011), or bis(L-

histidine) (Kennedy et al., 2011). 

Recently, Ting and co-workers reported the third tactic to achieve the same goal (Uttamapinant et 

al., 2012), in which an azide reaction partner carrying an internal copper-chelating moiety was 

introduced into CuAAC. Due to the existence of this functional structure, the effective copper 

concentration was able to be elevated particularly around the reaction site but with a reduced 

overall concentration which, in turn, diminished toxicity and increased biocompatibility. 

In the field of drug discovery, CuAAC has provided a novel approach to the development of high 

throughput methodology for screening compound libraries to discover and select molecules with 

pharmaceutical values (Lee et al., 2003). Meanwhile, it has also enabled the rapid and efficient 

synthesis of molecules for pharmaceutical purposes (Sharpless & Manetsch, 2006). Because 

CuAAC dynamically prefers thermal scenarios; does not involve any side reactions or third party 

participants; and is inert in the presence of biomolecules or physiological conditions. Beside 

functioning as a linkage, the 1,4-triazole products generated from CuAAC have also been reported 

as a crucial section of candidate pharmacophores, indicating further possible applications of the 

triazole functionality (Moorhouse et al., 2006). 

1.7.5 Strain-promoted azide–alkyne cycloaddition 

The most effective way to improve the biocompatibility of azide-alkyne cycloaddition is to eliminate 

the requirement for copper(I)-catalysis. Considerable effort has been devoted by scholars towards 

the development of copper-free variants of CuAAC as biocompatible alternatives.  
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Instead of copper ion, the cycloaddition is accelerated with a cyclooctyne that is activated by ring 

strain (Agard, Baskin, Prescher, Lo, & Bertozzi, 2006; Agard, Prescher, & Bertozzi, 2004). This 

strain-promoted azide-alkyne cycloaddition (SPAAC) was first coined by Bertozzi et al. (Agard et 

al., 2004). Considering the possible reaction between the strained alkyne and thiols, this copper-

free version of the click reaction is not truly bioorthogonal (van Geel, Pruijn, van Delft, & Boelens, 

2012). But the exclusion of the cytotoxic copper catalyst allows a copper-free click reaction to be 

performed in living cells without noticeable toxicity. Although the kinetics of SPAAC are sluggish 

(usually 10 to 100 times slower than CuAAC) (Jewett & Bertozzi, 2010; Jewett, Sletten, & Bertozzi, 

2010), it has been applied effectively in a broad range of in vivo contexts including cultured cells, 

live zebrafish, and mice (Agard et al., 2004; Baskin et al., 2007; Laughlin, Baskin, Amacher, & 

Bertozzi, 2008).   

1.7.6 Prospects of applied click chemistry 

The applications of conventional tagging technologies are limited in glycans, lipids, and some 

metabolites (Agard et al., 2006). The bioorthogonal chemistry based probing strategy, in a 

complementary manner, provides powerful methods for those molecules without the requirement 

of direct genetic encoding (Prescher & Bertozzi, 2005).  

Small in size and stable in physiological sittings make azide the most capable candidate for a 

bioorthogonal chemical reporter (Agard et al., 2006). To tag azide-labelled biomolecules, three 

types of reactions have been used so far by the bioorthogonal chemistry based methodology 

(Figure 1.8).  
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Figure 1.8: Bioorthogonal reactions with azide. 

Biomolecules containing azide react via Staudinger ligation (i), click chemistry (ii), or a strain-promoted 
cycloaddition (iii) to give ligated products. Redrawn and modified from: Agard et al. (2006). 

 

Among these reaction types, the balance point between sensitivity and biocompatibility needs to 

be considered according to the particular requirements during the experimental designing stage. 

Generally, click chemistry has been demonstrated to be ideal for high sensitivity protein labelling 

due to superior kinetics. When viability is the concern, only the Staudinger ligation or stain-

promoted cycloaddition can be employed because of their superior biocompatibility. In the latter 

situation, the final decision will be dictated by the nature of the azide employed (Agard et al., 2006). 

High sensitivity and biocompatibility are two top priorities essential in the development of 

bioorthogonal chemistry based target tagging technology. At the current stage, these two essential 

attributes are still in conflict with each other in the repertoire of candidate reactions. Development 

of tight binding copper ligands to mitigate copper(I)-induced cytotoxicity and further substitutions 

on the cyclooctyne scaffold to enhance reacting rate are possibly reasonable options to further 

optimise cycloaddition reagents (Agard et al., 2006; Baskin et al., 2007; Boyce & Bertozzi, 2011; 

DeForest, Polizzotti, & Anseth, 2009). 
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1.8 Aims and objectives 

Hypoxia is a pathological condition in which the body or a region of the body is deprived of 

adequate oxygen supply (Prabhakar, 2013). In the context of cancer, hypoxic conditions are in 

part responsible for resistance of tumour cells to ionising radiation and many forms of 

chemotherapy. These cells usually lead to more aggressive tumours with increased metastatic 

potential (Dhani, Fyles, Hedley, & Milosevic, 2015; Wilson, Hicks, Wang, & Pruijn, 2014). Cellular 

responses to hypoxic stress have been successfully investigated in low cell density cultures. 

However, information is still limited both on responses to hypoxia in the tumour microenvironment 

and on molecular targets in these cells primarily due to lack of suitable research tools. 

Drs Pruijn and Tercel have recently developed a new click chemistry-based strategy for detecting, 

imaging, and isolating hypoxic cells from tumours by use of a ‘clickable’ 2-nitromidazole (2-NI) 

hypoxia markers (SN33267) bearing a side chain containing a terminal alkyne group which can 

be derivatised via CuAAC with azides.   

This thesis mainly focused on establishing and optimising a novel methodology on the basis of an 

approach with preincubation/preinjection and detection of a metabolically-bound exogenous 

clickable hypoxia tracer, SN33267. The ultimate goal was the application of the optimised 

methodology to specifically label tumour cells in a hypoxia-dependent manner in vivo and sort 

these cells according to their cellular hypoxia status in situ to investigate genes that are 

differentially regulated between the oxic and hypoxic compartments of the tumour 

microenvironment.   

On the basis of their previous work, the first part of this thesis aims to continue establishing and 

optimising a fast and sensitive method for fluorescence-based detection and flow cytometric 

sorting of hypoxic cells from tumours for subsequent study of gene and protein expression in the 

sorted fractions. The second part of this thesis aims to evaluate the hypoxia-mediated expression 

of 10 oxidoreductases involved in the activation of hypoxia-activated anticancer prodrugs (HAPs) 

in the tumour microenvironment by use of this CuAAC-based approach after it has been optimised 

and validated by correlating with transcript abundance of 15 clinically-validated hypoxia marker 

genes (Toustrup et al., 2011).  
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Once fully established, optimised, as well as validated independently using a hypoxia gene 

signature, this novel CuAAC-based method will be much faster and more versatile than the 

established antibody-based hypoxic cell detection techniques and provides at least the same 

sensitivity. It will provide a powerful and user-friendly tool for pre-clinical study of the hypoxia-

mediated effects in the tumour microenvironment by gene and/or corresponding protein 

expression in tumours in situ. 

The specific objectives of the thesis are as follows: 

 To characterise candidate fluorophores and select the best fluorophore(s) in conjunction 

with SN33267 for hypoxia-specific cell labelling by testing the performance of each 

candidate fluorophore in labelling SiHa cells via CuAAC using an initial non-optimised 

protocol;  

 To identify the optimal conditions and/or settings of each component involved in the 

CuAAC reaction in attempts to improve hypoxia-selectivity of cell labelling; 

 To maximise the compatibility of the click chemistry-based method with high-quality RNA 

and validate the optimised methodology in human cancer cell lines under different hypoxic 

stress; 

 To validate the optimised click chemistry-based methodology in vitro and ex vivo by 

assessment of the expression of 15 clinically validated hypoxia marker genes (Toustrup 

et al., 2011); 

 To evaluate the in vitro and ex vivo expression of prodrug-activating reductase genes in 

response to hypoxic stress by applying the optimised methodology for fluorescence-based 

detection and flow cytometric sorting of cells in a hypoxia-selective manner.  
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Chapter 2. Materials and methods 

2.1 General materials and compounds 

Milli-Q water (18.2 MΩ·cm), used to prepare solutions, was purified by filtering through ion 

exchange columns and a 0.22 μm filter (Milli-Q® purification system, Millipore Corporation, MA, 

USA) unless stated otherwise.  

To achieve a high degree of accuracy, chemical compounds were weighed using a Sartorius Type 

1712 analytical balance (Sartorius GmbH, Göttingen, Germany).  

Reagents, chemicals, materials, and consumables were purchased as listed in Table 2.1, Table 

2.2, as well as Table 2.3 unless stated otherwise. 
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Table 2.1: Laboratory consumables. 

Laboratory Consumable Manufacturer or Supplier 

1 mL Luer Slip Tuberculin Syringe BD Biosciences, Singapore 

96-Well Plates Greiner Bio-One Ltd, Frickenhausen, 
Germany 

ABI Prism™ 384-Well Clear Optical Reaction Plate, with Barcode Applied Biosystems, CA, USA 

Axygen® 0.2 mL Polypropylene Thin Wall PCR Tubes, with Flat Cap Corning Life Sciences, MA, USA 

Axygen® 1.7 mL MaxyClear Snaplock Microcentrifuge Tube  Corning Life Sciences, MA, USA 

BD Falcon® Tissue Culture Flask, with Vented Cap BD Biosciences, MA, USA 

BD Falcon® 5 mL Polystyrene Round-Bottom Tube BD Biosciences, MA, USA 

BD Falcon® 5 mL Polystyrene Round-Bottom Tube, with Cell-Strainer Cap  BD Biosciences, MA, USA 

BD Falcon® 14 mL Polystyrene Round-Bottom Tube BD Biosciences, MA, USA 

BD Falcon® 15 mL High-Clarity Polypropylene Conical Tube BD Biosciences, MA, USA 

BD Falcon® 50 mL Polypropylene Conical Tube BD Biosciences, MA, USA 

BD Integra™ Blunt Filter Needle BD Biosciences, Singapore 

Cryovials Nunc, Roskilde, Denmark 

LCMS Vials Agilent Technologies, CA, USA 

MAXYMUM RECOVERY™ Pre-Sterilized Filter Tips Corning Life Sciences, MA, USA 

MicroAmp™ Optical Adhesive Film Applied Biosystems, CA, USA 

Micro-Cuvettes (Absorbance)  Bio-Rad Laboratories, CA, USA 

Micro-Cuvettes (Fluorescence)  Hewlett-Packard, CA, USA 

Micro-Touch® DermaClean® Powder-Free Latex Examination Gloves Ansell Limited, VIC, Australia 

Micro-Touch® NitraFree™ Pink Nitrile Examination Gloves Ansell Limited, VIC, Australia 

Nitrocellulose Membrane  Bio-Rad Laboratories, CA, USA 

Supreno® Powder-Free Nitrile Exam Gloves Microflex Corporation, NV, USA 
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Table 2.2: Materials, reagents, and chemical compounds. 

Materials, Reagent, and Chemical Compound  Manufacturer or Supplier 

1 kb Plus DNA Ladder Invitrogen, Life Technologies, CA, USA 

Agilent RNA 6000 Nano Kit Agilent Technologies, CA, USA 

Alpha Minimal Essential Media Gibco, Life Technologies, CA, USA 

Bicinchoninic Acid Sigma-Aldrich, MO, USA 

Bovine Serum Albumin Thermo Fisher Scientific, MA, USA 

Chloroform  Merck KGaA, Darmstadt, Germany 

Collagenase Sigma-Aldrich, MO, USA 

Copper(I) Acetate, 97% (CuOAc) Sigma-Aldrich, MO, USA 

Copper(II) Sulphate (CuSO4) Sigma-Aldrich, MO, USA 

DNase I Sigma-Aldrich, MO, USA 

Dimethyl Sulphoxide (DMSO) Merck KGaA, Darmstadt, Germany 

Disodium Hydrogen Phosphate (Na2HPO4) Sigma-Aldrich, MO, USA 

Ethylenediaminetetraacetic Acid (EDTA) AppliChem GmbH, Darmstadt, Germany 

Foetal Calf Serum Moregate Biotech, New Zealand 

High Capacity RNA-to-cDNA Kit Applied Biosystems, CA, USA 

Hydrogen Chloride (HCl) Reidel-de Haën, Seelze, Germany 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) Sigma-Aldrich, MO, US 

Kaleidoscope™ Precision Plus Protein™ Standard Bio-Rad Laboratories, CA, USA 

2-Mercaptoethanol Gibco, Life Technologies, CA, USA 

Methanol Merck KGaA, Darmstadt, Germany 

Molecular Probes™ Tetramethylrhodamine (TAMRA) Azide 
(Tetramethylrhodamine 5-Carboxamido-(6-Azidohexanyl)), 5-isomer 

Molecular Probes Inc., OR, USA 

Non-Fat Milk Powder  Pams Products Ltd, New Zealand 

NuPAGE® LDS Sample Buffer (4X) Invitrogen, Life Technologies, CA, USA 

NuPAGE® MES SDS Running Buffer  Invitrogen, Life Technologies, CA, USA 

NuPAGE® Novex® 4-12% Bis-Tris Pre-Cast Polyacrylamide Gel Invitrogen, Life Technologies, CA, USA 

Penicillin Sigma-Aldrich, MO, USA 

Pronase Sigma-Aldrich, MO, USA 

2-Propanol BDH Laboratory Supplies, England, UK 

Protease Inhibitor Cocktail Sigma-Aldrich, MO, USA 

PureLink® DNase Set Ambion™, Life Technologies, CA, USA 

PureLink® RNA Mini Kit Ambion, Life Technologies, CA, USA 

Qiaquick® PCR purification kit Qiagen GmbH, Hilden, Germany 
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RNase AWAY® Decontamination Reagent Ambion™, Life Technologies, CA, USA 

RNaseZap® RNase Decontamination Solution Life Technologies, CA, USA 

Sodium Bicarbonate (NaHCO3 ) Merck KGaA, Darmstadt, Germany 

Sodium Chloride (NaCl) Merck Millipore, MA, USA 

Sodium Hydroxide (NaOH)  Ajax Chemicals, NSW, Australia 

(+)-Sodium L-ascorbate  Sigma-Aldrich, MO, USA 

Streptomycin Sigma-Aldrich, MO, USA 

SuperSignal® West Pico Chemiluminescent Substrate  Pierce Rockford, Thermo Fisher Scientific, IL, USA 

TaqMan® Custom Array Applied Biosystems, CA, USA 

TaqMan® Gene Expression Master Mix Applied Biosystems, CA, USA 

Tetramethylrhodamine (TAMRA) Azide (Tetramethylrhodamine 5-
Carboxamido-(6-Azidohexanyl)), 5-isomer 

Molecular Probes, Life Technologies, OR, USA 

TRIzol® LS Reagent Ambion, Life Technologies, CA, USA 

Trypsin EDTA (0.5%) Gibco, Life Technologies, CA, USA 

Tween 20 Sigma-Aldrich, MO, USA 

UltraPure™ DEPC-Treated Water  Invitrogen, Life Technologies, CA, USA 
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Table 2.3: Equipment and software.  

Equipment and Software  Manufacturer or Supplier 

ABI 7900HT Sequence Detection Systems (SDS; Version 2.4.1) Applied Biosystems, CA, USA 

ABI Prism® 7900HT Fast Real-Time PCR System Applied Biosystems, CA, USA 

AccuBlock™ Digital Dry Bath Labnet International, NJ, USA 

Agilent 2100 Bioanalyzer Agilent Technologies, CA, USA 

Agilent 2100 Expert Software (Version B.02.08) Agilent Technologies, CA, USA 

Agilent 8453 UV-Vis Spectrophotometer Agilent Technologies, CA, USA 

Agilent UV-Visible ChemStation (Version A.10.01 [81]) Agilent Technologies, CA, USA 

Barnstead Lab-Line SHKA2000-1CE Open Air Shaker Thermo Fisher Scientific, OH, USA 

BD FACSAria™ II Cell Sorter BD Biosciences, MA, USA 

BD FACSDiva™ Software (Version 6.1.3) BD Biosciences, MA, USA 

BD LSR II Flow Cytometer BD Biosciences, MA, USA 

BioTek® EL808 Microplate Absorbance Reader BioTek Instruments, VT, USA 

BioTek® Gen5 (Version 1.11.5) BioTek Instruments, VT, USA 

Chip Priming Station Agilent Technologies, CA, USA 

Class II Biological Safety Cabinet Contamination Control Laboratories Pty Ltd, 

Sydney, Australia 

EndNote for Windows (Version X7.3.1) Thomson Reuters, NY, USA 

Eppendorf Research® Adjustable-Volume Pipettes Eppendorf AG, Hamburg, Germany 

Fisher & Paykel E388 Freezer Fisher & Paykel Appliances Limited, Auckland, New 
Zealand 

Fisher & Paykel E450 Refrigerator Fisher & Paykel Appliances Limited, Auckland, New 
Zealand 

FlowJo software (Version 7.6.4, or 10.0.7) Tree Star Inc,, OR, USA 

Forma™ -86 °C Upright Ultra-Low Temperature Freezer (Model 705) Thermo Scientific, Thermo Electron Corporation, 
MA, USA 

Forma™ 8600 Series -86 °C Ultra-Low Temperature Chest Freezer 
(Model 8606) 

Thermo Fisher Scientific, OH, USA 

Forma™ Series II 3110 Water-Jacketed CO2 Incubator Thermo Fisher Scientific, OH, USA 

Fume Cupboard Thermoplastic Engineering Limited, Wellington, NZ 

GraphPad Prism for Windows (Version 5.01)  GraphPad Software, CA, USA 

Heating Circulator Grant Instruments Ltd, Cambridgeshire, UK 

Heraeus® Multifuge® 1S Centrifuge Thermo Fisher Scientific, OH, USA 

Heraeus® Multifuge® 3S+ Centrifuge Kendro Laboratory Products GmbH, Hanau, 
Germany 

Heraeus® Multifuge® 3S-R Centrifuge Kendro Laboratory Products GmbH, Hanau, 
Germany 
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IKAMAG EOA 9 Multipoint Stirrer IKA® Werke GmbH & Co. KG, Staufen, Germany 

IKA MS 3 Vortex Mixer IKA® Werke GmbH & Co. KG, Staufen, Germany 

Janke & Kunkel IKA-WERK ES5 Controller IKA® Werke GmbH & Co. KG, Staufen, Germany 

LabMini™ 6 Six-Place Mini-Centrifuge Southwest Science, NJ, USA 

LABOPORT® Vacuum Pump  KNF Neuberger GmbH, NJ, USA 

Mastercycler® Gradient Thermal Cycler Eppendorf AG, Hamburg, Germany 

MicroAmp™ Adhesive Film Applicator Applied Biosystems, CA, USA 

Microfuge® 22R Centrifuge Beckman Coulter, CA, USA 

Mini LabRoller™ Dual Format Rotator Labnet International, NJ, USA 

MiniSpin® Plus Microcentrifuge Eppendorf AG, Hamburg, Germany 

NanoDrop 1000 Measurement Software (Version 3.8.1)  Thermo Fisher Scientific, DE, USA 

NanoDrop® ND-1000 Spectrophotometer Thermo Fisher Scientific, DE, USA 

Olympus CKX41 Inverted Microscope Olympus Corporation, Tokyo, Japan 

RQ Manger (Version 1.2.2) Applied Biosystems, CA, USA 

Sartorius Type 1712 Analytical Balance Sartorius GmbH, Göttingen, Germany 

SigmaPlot for Windows (Version 11, 12, or 12.5) Systat Software Inc., CA, USA 

SoftMax® Pro Software (Version 5.0.1)  Molecular Devices Co., CA, USA 

SpectraMax® M2 Multi-Mode Microplate Reader Molecular Devices Co., CA, USA 

TaqMan® Custom Array Applied Biosystems, CA, USA 

Techne® TE-10A Tempette Clip-on Thermoregulator Bibby Scientific Limited, UK 

VSR-50 Laboratory Platform Rocker PRO Scientific Inc., CT, USA 

VX100 Vortex Labnet International, NJ, USA 

Z2 Coulter® Particle Count and Size Analyser Beckman Coulter, CA, USA 
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2.2 Cell lines and culture 

2.2.1 Culture medium 

Alpha minimal essential medium (αMEM) was prepared by dissolving αMEM powdered medium 

(Gibco®, Life Technologies Inc., CA, USA) in Milli-Q water (18.2 MΩ·cm), purified by a Milli-Q® 

water purification system (Millipore Corporation, MA, USA), with 2.2 g/L NaHCO3. The pH of the 

medium was adjusted to 7.2 with 12 M HCl or 5 M NaOH. The medium was sterilised through 0.22 

μm filters under positive pressure, after which 400 mL or 900 mL volumes were aliquoted into 

sterile 500 mL or 1000 mL DURAN® laboratory bottles (DURAN Group GmbH, Wertheim, 

Germany), respectively. Medium was stored at 4 °C (Fisher & Paykel E450 Refrigerator, Fisher & 

Paykel Appliances Limited, Auckland, New Zealand) and used within two months from the time of 

preparation. 

Culture medium was supplemented with 5% foetal calf serum (FCS; Moregate Biotech, New 

Zealand), which was heat-inactivated at 56 °C for 40 minutes, stored at -20 °C (Fisher & Paykel 

E388 Freezer, Fisher & Paykel Appliances Limited, Auckland, New Zealand) and thawed prior to 

use. Antibiotics, 100 units/mL penicillin and 100 μg/mL streptomycin (Sigma-Aldrich, MO, USA), 

were added to culture medium during certain experiments but not during passage of cell cultures. 

2.2.2 Cell culture conditions 

All the cell lines were propagated as monolayers in tissue culture flasks with vented cap (BD 

Falcon™, BD Biosciences, MA, USA) housed in humidified Forma™ Series II 3110 Water-

Jacketed CO2 Incubator (Thermo Fisher Scientific, OH, USA) at 37 °C in 5.0% CO2. Cells were 

passaged every 6-7 days or when the cells were 70-80% confluent. All of cell lines were cultured 

for short periods, typically less than 2 months cumulative passage, from frozen stocks confirmed 

to be free of Mycoplasma by PCR-ELISA (Roche Diagnostics, Mannheim, Germany). Cell counts 

were obtained using a Z2 Coulter® Particle Count and Size Analyzer (Beckman Coulter, CA, USA). 
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2.2.3 Authentication of cell lines 

Cell line misidentification is an endemic problem in cancer research. A recent study pointed out 

that between 18% and 36% of sampled cell lines were incorrectly designated (Lacroix, 2008). 

Carcinoma cell lines described in this thesis (Table 2.4) were either authenticated by CellBank 

Australia (HT-29) or DNA Diagnostics (FaDu) using short tandem repeat (STR) profiling (Masters 

et al., 2001) or in our laboratory using a GeneScan™ kit (SiHa and HCT116; Applied Biosystems, 

CA USA). 

Table 2.4: Panel of carcinoma cell lines used in this thesis and tumour types from which they were 
derived. 

Cell line Tissue of origin Organism Source 

FaDu 

Pharyngeal squamous cell 

carcinoma 

Homo 

sapiens ATCC 

HCT116 Colorectal carcinoma 

Homo 

sapiens ATCC 

HT-29 Colorectal adenocarcinoma 

Homo 

sapiens Dr David Ross, University of Colorado, USA 

SiHa  Cervical squamous cell carcinoma 

Homo 

sapiens 

Dr David Cowan, Ontario Cancer Institute, 

Canada 

 

2.3 Xenograft models  

2.3.1 Animals 

Animal studies were performed in accordance with the New Zealand Animal Welfare Act 1999 and 

Research Approvals CR830 and CR001190 from the Animal Ethics Committee of the University 

of Auckland. All experiments utilised specific pathogen-free, female, 18-21 g CD1-nude mice bred 

at the University of Auckland from founders purchased from Charles River Laboratories 

(Wilmington, MA). Mice were housed in Tecniplast microisolator cages (≤ 6 per cage) with free 

access to water and standard certified commercial rodent diet (2018 Teklad Global 18% Protein 

Rodent Diet; Harlan Laboratories, IN, USA) in a temperature-controlled room (20 ± 2 °C) with a 

12 h light/dark cycle. 
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2.3.2 Cell line-derived xenografts 

In the late 1950’s, the introduction of the experimental armamentarium began an era of using 

human cancer material heterotransplanted into murine immune-deficient mice as xenograft 

models in cancer drug development (Chesterman, 1959).  

Cell line-derived, subcutaneous xenografts were cultivated on the flank or back of mice. A total of 

10 × 106 SiHa or FaDu cells in 0.1 mL of serum-free αMEM were inoculated into non-anaesthetised 

mice on the left flank using 21-gauge needles. Tumour growth was monitored by electronic calliper 

measurement of two orthogonal dimensions (length and width, where length ≥ width) using the 

formula volume = 0.5 × length × width2. Tumours were grown to treatment size of 500-900 mm3 

for click chemistry-based hypoxic cell labelling assays. 

2.4 Hypoxic cell labelling using click chemistry 

2.4.1 Labelling of cultured human cancer cells with clickable 2-nitroimidazole 

Cancer cells, grown as a subconfluent monolayer culture, were harvested in trypsin/EDTA. After 

a wash with PBS to remove residual trypsin by centrifugation (1000 rpm, 5 min, RT), cell density 

was determined using Z2 Coulter® Particle Count and Size Analyser (Beckman Coulter, CA, USA). 

Cells were resuspended in fresh culture medium (αMEM, 5% FCS) at a density of 1 × 106 cells/mL 

and divided into aliquots of 10 mL. Each aliquot of the cell suspension was incubated at 37 °C with 

low-speed stirring and exposed to selected atmospheric conditions (Table 2.5) for 90 min (the pre-

gassing incubation). Then, clickable 2-NI at the selected concentration (by diluting from 20 mM 

stock solution in DMSO) was added to the cell suspension, which was followed by 2-hour 

incubation in the original gas phase at 37 °C with low-speed stirring. Instead of clickable 2-NI, an 

equal volume of DMSO was added to another aliquot of cells and incubated under the conditions 

identical to the experimental sample for purposes of control. 
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Table 2.5: The compositions of the gassing mixtures used in in vitro studies. 

 N2 CO2 O2 

Hypoxic conditions a, b 95% 5%  

Oxic conditions b  5% 95% 

Note:  
a. When experimental manipulation of cells under anoxic conditions (95% N2, 5% CO2) was performed, ‘anoxic’ and 

‘hypoxic’ are used interchangeably to describe such conditions in this thesis. Both refer to strict anoxia; 
b. Gassing at 50 psi and ambient temperature. 

 

When cell fixation and permeabilisation was not required, cells were washed once with ice-cold 

PBS and pelleted down by centrifugation at 1000 rpm for 5 min at RT after the 2-hour incubation. 

Following careful removal of the supernatant and gentle dislodgement of the pellet, cells were then 

washed with ice-cold 1% (w/v) bovine serum albumin (BSA; Thermo Fisher Scientific, MA, USA) 

in PBS and pelleted down by centrifugation at 1000 rpm for 5 min at RT and the supernatant was 

removed. The light inside the tissue culture hood was switched off and the sample tube was 

wrapped in aluminium foil to prevent or minimise exposure to light from this step onwards. 

For experiments requiring cell fixation and permeabilisation, cells were washed once with ice-cold 

PBS and pelleted down by centrifugation at 1000 rpm for 5 min at RT after the 2-hour incubation. 

Cells were then resuspended in ice-cold PBS containing 1% (w/v) BSA (a volume of 100 µL was 

required for every 1x107 cells). The sample tube was wrapped with aluminium foil to prevent or 

minimise exposure to light from this step onwards. An equal volume of 4% (w/v) paraformaldehyde 

(Pfa) in PBS used as fixative was added in and mixed well to dislodge and resuspend any 

remaining pellet and to ensure a homogenous sample. The cells were incubated for 15 min at RT. 

After washing once with 3 mL 1% (w/v) BSA in PBS, cells were pelleted down by centrifugation at 

1000 rpm for 5 min at RT. The supernatant was removed and the cell pellet was completely 

dislodged. A volume of 1 mL of PBS with 0.3% (v/v) Tween 20 (Sigma-Aldrich, MO, USA; PBStt) 

was added (Koch, 2008). The cells were mixed well to ensure a homogenous sample and 

incubated for 30 min at 4 °C in the dark. At the end of incubation, cells were washed one more 

time with 3 mL ice-cold PBStt and pelleted down by centrifugation at 1000 rpm for 5 min at RT.  
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2.4.2 Labelling of cells in human tumour xenografts with clickable 2-NI 

CD1-nude mice were inoculated with 10 × 106 human tumour cells in 100 µL of serum-free culture 

medium subcutaneously on the left flank as described in section 2.3.2.  

About 3–4 weeks later, the dosing solution was prepared by diluting clickable 2-NI SN 33267 stock 

solution dissolved in DMSO with saline to achieve a final concentration of 3 mg/mL. Mice were 

dosed by intraperitoneal (i.p.) injection with SN 33267 at 60 mg/kg, using an injection volume of 

0.02 mL/g. 

After 2 hours, the mice were euthanized and the tumours excised. The tumour tissue was minced 

using scissors or scalpels until a fine minceate was obtained. Up to 500 mg of minceate was 

transferred into a pre-tared 14 mL polystyrene round-bottom tube (BD Falcon®, BD Biosciences, 

MA, USA) containing a magnetic spin bar and weighed on a Sartorius Type 1712 analytical 

balance (Sartorius GmbH, Göttingen, Germany).  

Chilled, filter-sterilised enzyme cocktail was prepared freshly (Table 2.6). After the weighing of the 

tumour, a volume of 1 mL of enzyme cocktail was immediately added for every 50 mg of tumour 

minceate as soon as a fine minceate was obtained by mincing tumour with scissors or scalpels. 

The tumour minceate was incubated with enzyme cocktail in a 37 °C water bath (Techne® TE-

10A Tempette Clip-on Thermoregulator, Bibby Scientific Limited, UK) for 30 min. The mixture 

solution was stirred with a magnetic stir bar throughout the whole incubation period to achieve a 

maximum level of enzymatic digestion (IKAMAG EOA 9 multipoint stirrer with Janke & Kunkel IKA-

WERK ES5 Controller, IKA® Werke GmbH & Co. KG, Staufen, Germany).  

Table 2.6: Enzyme cocktail for dissociation of tumours. 

Component Final Concentration 

Pronase 2.5 mg/mL 

Collagenase 1 mg/mL 

DNase I 0.2 mg/mL 

FCS 10% (v/v) 

PS 1% (v/v) 
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Dissociated cells were transferred into a fresh 50 mL polypropylene conical tube (BD Falcon®, BD 

Biosciences, MA, USA) and pelleted by centrifugation at 1000 rpm for 5 min at RT (Heraeus® 

Multifuge® 3S-R Centrifuge, Kendro Laboratory Products GmbH, Hanau, Germany). Cells were 

washed once with culture medium, followed by centrifugation at 1000 rpm for 5 min at RT. After 

removing the supernatant, cells were resuspended in a small volume (5-10 mL) of fresh culture 

medium and cell counting was performed using a Z2 Coulter® Particle Count and Size Analyser 

(Beckman Coulter, CA, USA). 

Based on the counting result, the suspension of dissociated tumour cells was further diluted with 

fresh culture medium to achieve at the cell density of 1 × 106 cells/mL, which was followed by 2 

washing steps. First, cells were washed with ice-cold PBS and pelleted down by centrifugation at 

1000 rpm for 5 min at RT. After carefully removing the supernatant and gently dislodging the pellet, 

cells were then washed with ice-cold 1% (w/v) bovine serum albumin (BSA; Thermo Fisher 

Scientific, MA, USA) in PBS and pelleted down by centrifugation at 1000 rpm for 5 min at RT. The 

supernatant was removed. The light inside the tissue culture hood was switched off and sample 

tube was wrapped in aluminium foil to prevent or minimise exposure to light from this step onwards. 

2.4.3 Staining of clickable 2-NI labelled cells using copper(I)-catalysed alkyne-

azide click chemistry 

Similar to most applications of bioorthogonal reactions, the click chemistry-based methodology 

discussed in this thesis is based on a two-step bioorthogonal labelling strategy that requires 

introduction of chemical exogenous functionality (see 2.4.1 and 2.4.2) followed by modification of 

the biomolecule with the tailor-designed highly specific bioorthogonal probe (Hanson et al., 2007; 

Laughlin & Bertozzi, 2009; Yang, Ascano, & Hang, 2010). 

The optimisation of this methodology will be outlined in Chapters 4 and 5. The complete 

optimisation process of the methodology is illustrated in Figure 2.1. The final version of the 

optimised protocol is as follows.  
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After gently dislodging the pellet, 100 µL of freshly prepared1 reaction cocktail #7 (Table 2.7) was 

added in for every 1 × 106 cells. Cells and click reaction cocktail were mixed well and incubated 

for 20 min at RT with gentle agitation (120 rpm; Barnstead Lab-Line SHKA2000-1CE Open Air 

Shaker, Thermo Fisher Scientific, OH, USA), protected from light.  

An equal volume of the second dose of freshly prepared reaction cocktail #7 was directly added 

into cell sample following the first 20-minute incubation. Cells were incubated with click reaction 

cocktail for a further 20 min at RT with gentle agitation (120 rpm), protected from light. At the end 

of the incubation, 4mL PBS was added, cells were pelleted by centrifugation at 1000 rpm for 5 min 

at RT, and pelleted cells were gently dislodged after the supernatant was carefully removed.  

The cells were resuspended in 50% (v/v) ethanol (EtOH) in PBS and incubated for 1 min. The 

volume of 50% (v/v) EtOH-PBS solution required in this step depended on the sample size. When 

the sample size was less than 3 × 106 cells, 3.5 mL was used; for sample containing 3 × 106 to 8 

× 106 cells, 8 mL was used. Cells were pelleted down by centrifugation at 1000 rpm for 5 min at 

RT, followed by removal of the supernatant and dislodging the pellet. 

Next, cells were resuspended in and incubated with PBS for 1 min. The volume of PBS used in 

this step was same as the volume of 50% (v/v) EtOH-PBS in previous step. Again, cells were 

centrifuged at 1000 rpm for 5 min at RT and the supernatant was carefully removed. Cells were 

finally resuspended in a small volume of PBS and subsequently transferred into a fresh 5 mL 

polystyrene round-bottom tube with cell-strainer cap (BD Falcon®, BD Biosciences, MA, USA) by 

passing through the 35 μm cell-strainer to remove cell clumps. Samples were kept on ice and 

protected from light. Flow cytometry or fluorescence-activated cell sorting (FACS) was performed 

immediately. 

 

                                                     

1 Based on suggestions from published studies of CuAAC, during the preparation of reaction cocktail in this thesis, as a 
matter of routine, the copper source was first mixed with the ligand, which was followed by adding a solution of an azide-
modified fluorophore into this mixture. The whole preparation procedure was completed by the addition of the freshly 
prepared reducing agent to the desired concentration (Hong et al., 2009). 
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Table 2.7: The composition of click reaction cocktailsa used in this thesis. 

Component 
Cocktail 
#1 

Cocktail 
#2 

Cocktail 
#3 

Cocktail #4 
Cocktail 
#5 

Cocktail 
#6 

Cocktail #7 
(Optimised) 

Copper salt 
1 mM 

CuSO4 
1 mM 

CuSO4 
1 mM 

CuOAc 
1 mM 

CuOAc 
1 mM 

CuOAc 
1 mM 

CuOAc 
1 mM 

CuOAc 

Ligand 
1 mM 
TBTA 

100 µM 
TBTA 

1 mM 
TBTA 

1 mM 
THPTA 

100 µM 
TBTA 

100 µM 
THPTA 

100 µM 
TBTA 

Reducing 
agent 

100 mM 
Sodium 

ascorbate 

500 µM 
TCEP 

100 mM 
Sodium 

ascorbate 

100 mM 
Sodium 

ascorbate 

500 µM 
TCEP 

500 µM 
TCEP 

500 µM 
TCEP 

Buffer TBS b TBS b TBS b TBS b TBS b TBS b PBS c 
Fluorophore 
azide 

10 µM 

Notes: 
a. The majority of click reactions involved in this PhD project used reaction cocktails listed in this table unless stated 

otherwise; 
b. Tris-buffered saline (TBS; 150 mM NaCl, 10 mM Tris, pH 7.4) to a final volume of 100 µL for every 106 cells; 
c. Phosphate-buffered saline (PBS; 137 mM NaCl, 2.68 mM KCl, 1.47 mM KH2PO4, 8.16 mM Na2HPO4, pH 7.4) to a 

final volume of 100 µL for every 106 cells. 

 

2.4.4 Nomenclature of clicked samples 

One major objective of this PhD project was to continue work on establishing and subsequently 

optimising a hypoxia-specific cell labelling methodology on the basis of click chemistry. To achieve 

this goal, a considerable number of in vitro experiments were conducted. All cell samples were 

named following the same rules in those experiments unless stated otherwise.  

Each sample name consists of 3 parts linked by 2 underscores. The first part of the sample name 

is either the word “Oxic” or the word “Hypoxic” to indicate the atmospheric conditions in which cells 

were incubated both during the pre-gassing stage and with clickable 2-NI. The middle part is the 

name of 2-NI used in the experiment followed by either “+” (cells incubated with 2-NI) or “-” (cells 

incubated with the equal volume of DMSO). The third part is the word “Azide” followed by either 

“+” (cells incubated with selected reaction cocktail) or “-” (cells incubated with selected reaction 

cocktail including all components but the azide-modified fluorophore). For example, cells in the 

sample named “Oxic_SN33267+_Azide-” were prepared by 1.5-h pre-gassing incubation following 

2-h incubation with SN33267 under the same oxic conditions and subsequently incubating with a 

reaction cocktail without containing azide-modified fluorophore.    

In some experiments, an additional sample with the name of “Hypoxic_SN33267-_Blank” was 

employed to account for the background signals. The sample with such name is the cells incubated 
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with the solvent of 2-NI in hypoxic conditions for 2 h following the 1.5 h pre-gassing incubation in 

hypoxic conditions and incubated with the buffer on which the selected reaction cocktail was based.  

2.5 Flow cytometric analysis 

Cellular fluorescence was measured using either a Becton Dickinson FACSAria™ II Cell Sorter 

(for TAMRA dyes) or a Becton Dickinson LSR II Flow Cytometer (for other dyes) with BD 

FACSDiva™ software (version 6.1.3; BD Biosciences, MA, USA). Single cells were gated using a 

selected laser for the forward-scatter and side-scatter signals. Integrated fluorescence 

measurements were recorded for 30,000 single cells. Laser excitation wavelength, optical 

configuration, and filter specifications for instruments of flow cytometric analysis in this study are 

given in Table 2.8. Data were analysed and plotted using FlowJo (version 7.6.4, or 10.0.7; Tree 

Star, OR, USA). 

Table 2.8: The settings for instruments employed in flow cytometric analysis in this study. 

Azide-modified Fluorophore Laser Bandpass Filter Longpass Dichroic 

Mirror 

Alexa Fluor 488-azide 488 nm 530/30 505LP 

BODIPY-650/665-azide 640 nm 670/30 blank 

BODIPY-FL-azide 488 nm 530/30 505LP 

DMACA-azide 355 nm 530/30 505LP 

TAMRA-azide 552 nm 585/15 blank 

 

2.6 Fluorescence-activated cell sorting 

Cells labelled with azide-modified fluorophores were resuspended in 3 mL of PBS. Cells were 

gated into quartiles and sorted into 4 fractions defined by approximately equivalent cell number 

with a sorting rate giving ≥ 90% efficiency using a Becton Dickinson FACSAria™ II Cell Sorter (BD 

Biosciences, MA, USA) operated by Mr Stephen Edgar (University of Auckland). The sorted cells 

were collected using Falcon® 5 mL polystyrene round-bottom tubes (BD Biosciences, MA, USA) 

with 1.5 mL TRIzol® LS Reagent (Ambion™, Life Technologies, CA, USA) or with 1 mL culture 

media (αMEM with 5% FBS) for the purpose of RNA extraction or protein extraction, respectively. 
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2.7 RNA extraction and quality control 

In order to ensure an RNase-free environment required when working with RNA, either RNase 

AWAY® Decontamination Reagent (Ambion™, Life Technologies, CA, USA) or RNaseZap® 

RNase Decontamination Solution (Life Technologies, CA, USA) was employed to perform surface 

decontamination and effectively eliminate RNase as well as DNA contamination without inhibiting 

subsequent enzymatic reactions.  

2.7.1 Cell lysis 

2.7.1.1 Homogenization in TRIzol 

Total RNA was isolated from FACS-sorted cells using a combination of homogenization in TRIzol® 

LS Reagent and RNA extraction by silica gel-based membrane filtration using PureLink® RNA 

Mini Kit (both from Ambion™, Life Technologies, CA, USA). Both sample homogenisation and 

phase separation with TRIzol® were performed in a fume cupboard (Thermoplastic Engineering 

Limited, Wellington, New Zealand) 

To achieve a sufficient yield of total RNA for each sample, approximately 500,000 cells collected 

from FACS in a Falcon® 5 mL polystyrene round-bottom tube (BD Biosciences, MA, USA) with 

1.5 mL of TRIzol® LS Reagent were processed. After incubating the cells with TRIzol® LS 

Reagent at RT for 5 min to achieve complete dissociation of the nucleoprotein complex, 400 μL of 

chloroform (LiChrosolv®, Merck KGaA, Darmstadt, Germany) was added to samples, which were 

mixed by vigorously shaking for 15 s and incubated for 3 min at RT. 

All samples were centrifuged at 12,000 × g for 15 min at 4 °C (Microfuge® 22R Centrifuge, 

Beckman Coulter, CA, USA). After centrifugation, the upper aqueous phase was transferred to a 

fresh RNase-free 1.7 mL microcentrifuge tube (Axygen®, Corning Life Sciences, MA, USA). For 

each sample, a volume of ethanol (EMSURE®, Merck KGaA, Darmstadt, Germany) was then 

added to obtain a final ethanol concentration of 35%. Samples were mixed immediately by 

vortexing (Labnet VX100 Vortex, Labnet International, NJ, USA) and kept on ice before proceeding 

to silica-cartridge purification. 
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2.7.1.2 Homogenization in lysis buffer 

For un-sorted cells used to determine the effect of the CuAAC-mediated cell labelling procedure 

on hypoxia-regulated expression of hypoxia marker gene set in Chapter 6, PureLink® RNA Mini 

Kit was used to perform both homogenization and total RNA extraction according to the 

manufacturer’s instructions. Briefly, a fresh amount of Lysis Buffer containing 1% 2-

mercaptoethanol (Gibco™, Life Technologies, CA, USA) was prepared for each extraction 

procedure. Cells were centrifuged at 2,000 × g for 5 min at 4 °C to pellet (Heraeus® Multifuge® 

3S-R Centrifuge, Kendro Laboratory Products GmbH, Hanau, Germany).  

For samples containing less than 1 × 106 cells, 300 µL of freshly prepared Lysis Buffer was added; 

for samples containing a total number of cells between 1 and 5 × 106, 600 µL of freshly prepared 

Lysis Buffer was used. Each sample was lysed firstly by vortexing at high speed until the cell pellet 

was completely dispersed and then homogenised by passing through an 18 gauge BD Integra™ 

blunt filter needle (BD Biosciences, Singapore) 20 times using a 1 mL Luer Slip Tuberculin Syringe 

(BD Biosciences, Singapore). The homogenate was centrifuged at 2,600 × g for 5 min at RT. The 

supernatant was then transferred to a fresh RNase-free microcentrifuge tube. 

Based on the volume of Lysis Buffer applied in each sample, an equal volume of 70% ethanol, 

prepared using RNase-free water, was added. Samples were vortexed to mix thoroughly and kept 

on ice before proceeding to RNA extraction. 

2.7.2 RNA extraction by silica gel-based membrane filtration  

Up to 700 μL of sample was loaded onto a Spin Cartridge with Collection Tube from PureLink® 

RNA Mini Kit (Ambion™, Life Technologies, CA, USA), which was then centrifuged at 12,000 × g 

for 15 s at RT (MiniSpin® plus microcentrifuge, Eppendorf AG, Hamburg, Germany). If the sample 

volume exceeded 700 μL successive aliquots were applied to the same Spin Cartridge as above. 

Flow-through was discarded after each centrifugation. A volume of 350 μL of Wash Buffer I was 

added to each Spin Cartridge and centrifuged at 12,000 × g for 15 s at RT.  
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On-column DNase treatment was performed using a PureLink® DNase Set (Ambion™, Life 

Technologies, CA, USA). A volume of 80 µL PureLink® DNase mixture, containing 8 µL of 10× 

DNase I Reaction Buffer, 10 µL of Resuspended DNase (~3 U/µL), and 62 µL RNase Free Water, 

was added directly on to the surface of the Spin Cartridge membrane. After 15-minute incubation 

at RT, the Spin Cartridge was washed by adding 350 μL of Wash Buffer and centrifuging at 12,000 

× g for 15 s at RT. 

The Spin Cartridges were then transferred to fresh Collection Tubes. A volume of 500 μL of Wash 

Buffer II was added and the Spin Cartridges were centrifuged again at 12,000 × g for 15 s at RT. 

Flow-through was discarded and this wash step was repeated with a 15-s centrifugation time 

followed by a final 1-min centrifugation to dry the membrane with bound RNA. Each Collection 

Tube was replaced with a fresh Recovery Tube. RNA was eluted with 30 μL of RNase-Free Water 

by incubating Spin Cartridge with eluant for 1 min at RT then centrifuging at 12,000 × g for 1.5 min 

at RT. 

To obtain a higher total RNA concentration, the first elution was reapplied to the Spin Cartridge 

which was spun again at 12,000 × g for 1 min at RT. After the second elution, two 1 μL aliquots 

were removed from each RNA sample for quantitation and determination of RNA integrity/quality 

detailed below in section 2.7.3. Total RNA samples were subsequently stored at -80 °C (Forma™ 

8600 Series -86 °C Ultra-Low Temperature Chest Freezer (Model 8606), Thermo Fisher Scientific, 

OH, USA) until further analysis. 

2.7.3 Quantification of RNA  

Purity and integrity were determined for all RNA samples prior to use in real-time qPCR 

experiments. The concentration and purity of all RNA samples was initially quantified by measuring 

sample absorbance at 260 nm and 280 nm using a NanoDrop® ND-1000 Spectrophotometer with 

NanoDrop 1000 Measurement Software v3.8.1 (Thermo Fisher Scientific, DE, USA).  

RNA sample integrity and purity were further tested using an Agilent 2100 Bioanalyzer with 2100 

Expert Software (Agilent Technologies) as follows. Briefly, a 1 μL aliquot of each RNA sample was 

denatured at 70 °C for 2 min. Up to 12 heat-denatured samples and Agilent RNA 6000 nano ladder 
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were loaded onto a gel-filled RNA nano chip (RNA 6000 Nano LabChip® Kit, Agilent Technologies, 

CA, USA). The RNA nano chip was vortexed for 1 min at 2400 rpm (IKA MS 3 vortex mixer, IKA® 

Werke GmbH & Co. KG, Staufen, Germany), then loaded into the Agilent 2100 Bioanalyzer, and 

analysed using the option of Eukaryote Total RNA Nano Series II Assay v2.6. 

For each sample, an electropherogram trace and an RNA integrity number (RIN) were generated. 

The RIN number provides an unambiguous assessment of RNA integrity that allows RNA quality 

to be standardised cross multiple samples (Schroeder et al., 2006). RIN values ranged from 1 to 

10 with 10 indicating completely intact RNA and 1 indicating complete degradation (Schroeder et 

al., 2006). All RNA samples used in this thesis were with RIN greater than 5.2 and demonstrated 

no signs of genomic DNA contamination on either the electropherogram trace or gel-like image. 

2.8 Reverse transcription of RNA to cDNA 

cDNA was synthesised from 200 ng of total RNA using the High Capacity RNA-to-cDNA Kit 

(Applied Biosystems, CA, USA) according to the manufacturer’s instructions. Briefly, 200 ng of 

total RNA, in a volume up to 9 μL, was combined with 10 μL of 2× RT Buffer and 1 μL of 20× RT 

Enzyme Mix in a 0.2-mL polypropylene thin wall PCR tube (Axygen®, Corning Life Sciences, MA, 

USA). Sample volumes were made up to 20 μL with UltraPure™ DEPC-Treated Water 

(Invitrogen™, Life Technologies, CA, USA). This reaction mixture was gently mixed, spun down 

by brief centrifugation (LabMini™ 6 six-place mini-centrifuge, Southwest Science, NJ, USA), and 

incubated at 37 °C for 60 min using a Mastercycler® gradient thermal cycler (Eppendorf AG, 

Hamburg, Germany). The reaction was terminated by incubating at 95 °C for 5 min and then 

placing samples on ice for at least 1 min. After a brief centrifugation, cDNA products were purified 

using a Qiaquick® PCR purification kit (Qiagen GmbH, Hilden, Germany) according to the 

manufacturer’s protocol. cDNA samples were transferred into fresh RNase-free 1.7 mL 

microcentrifuge tubes and stored at -20 °C (Fisher & Paykel E388 Freezer, Fisher & Paykel 

Appliances Limited, Auckland, New Zealand) until further use.  

Since it is almost impossible to completely eliminate genomic DNA (gDNA) from RNA, it is 

essential to involve a minus-reverse transcriptase control in real-time PCR experiments for each 

cDNA sample, especially when the assay is not cDNA-specific. The presence of an amplification 
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product in minus-reverse transcriptase control indicates the contamination of gDNA in the 

corresponding sample. 

The minus-reverse transcriptase control is a mock reverse transcription containing all the RT-PCR 

reagents, except the reverse transcriptase. For each RNA sample, 200 ng of total RNA, in a 

volume up to 10 μL, was mixed with 10 μL of 2× RT Buffer and incubated at same thermal cycler 

conditions. -RT controls were also transferred into fresh RNase-free 1.7 mL microcentrifuge tubes 

and stored at -20 °C (Fisher & Paykel Appliances Limited, Auckland, New Zealand) until further 

use. 

2.9 Real-time quantitative PCR using TaqMan® gene expression assays 

TaqMan® Gene Expression Assays (Applied Biosystems, CA, USA) were used to perform gene 

expression analysis by real-time quantitative PCR. Pre-formulated expression assays consisted 

of a single 20× mix containing 1 pair of unlabelled gene specific PCR primers (each primer at a 

final concentration of 900 nM) and 1 FAM™ dye-labelled TaqMan® minor groove-binder probe 

(250 nM final concentration). The following human-specific assays were used in the qPCR 

experiments detailed in this thesis (Table 2.9).  

Assays with the suffix “_m1” are designed over exon-exon boundaries. Assays with the suffix “_g1” 

are also designed over exon-exon boundaries but have the potential to detect both the functional 

transcript and non-transcribed pseudogenes, in the presence of high levels of contaminating 

genomic DNA. Similarly, “_s1” indicates an assay whose probes and primers are designed within 

a single exon also with the possibility of genomic DNA detection. 
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Table 2.9: TaqMan® Gene Expression Assays. 

Gene Symbol Assay ID 

18S Hs99999901_s1 

ADM Hs00969450_g1 

AKR1C3 Hs00366267_m1 

ALDOA Hs00605108_g1 

ANKRD37 Hs00699180_m1 

B2M Hs99999907_m1 

BNIP3 Hs00969291_m1 

BNIP3L Hs01087963_m1 

CYB5R3 Hs01060717_m1 

EGLN3 Hs00222966_m1 

FAM162A (C3orf28) Hs01055825_m1 

FDXR Hs01031617_m1 

FOXRED2 Hs00227920_m1 

HPRT1 Hs99999909_m1 

KCTD11 Hs00922550_s1 

LOX Hs00942480_m1 

NDRG1 Hs00608387_m1 

NDOR1 Hs00180881_g1 

NQO1 Hs02512143_s1 

NQO2 Hs01056948_m1 

P4HA1 Hs00914594_m1 

P4HA2 Hs00990001_m1 

PDK1 Hs01561850_m1 

PFKFB3 Hs00998700_m1 

POR Hs01016332_m1 

PPIA Hs99999904_m1 

RPL13A Hs04194366_g1 

RPLP0 Hs99999902_m1 

SLC2A1 (GLUT1) Hs00892681_m1 

TXNRD1 Hs00917067_m1 

UBC Hs00824723_m1 

YWHA Hs00237047_m1 
Notes: TaqMan® probe with a FAM™ dye label on the 5' end, and minor groove binder (MGB) nonfluorescent quencher 
(NFQ) on the 3' end. Candidate reference genes are indicated in bold. 
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2.9.1 Selection of reference genes 

To identify stable reference (endogenous control) genes from a set of tested candidate reference 

genes in a given experimental condition, an implementation of the popular algorithm qBase+ 

(version 1.3.5; Biogazelle NV, Zwijnaarde, Belgium), geNorm™ (version 3.5), was employed 

according to according to the manufacturer’s protocol.   

2.9.2 Assay protocol and real-time qPCR cycling conditions 

2.9.2.1 Using 384-well plate 

All qPCR reactions were singleplex reactions with a total volume of 20 μL. All reactions were set 

up in ABI Prism™ 384-well clear optical reaction plates (Applied Biosystems, CA, USA). Within 

each plate well 9 μL of cDNA template, amounting to an input amount of 300 ng cDNA (equivalent 

to approximately 2 ng of total RNA), was combined with 11 μL of real-time PCR reaction mix (Table 

2.10). 

Table 2.10: Components and volumes of master mix per well in qPCR reaction. 

Component  Volume 

TaqMan® Gene Expression Assay (20×)  1 μL 

TaqMan® Universal Master Mix (2×)  10 μL 

cDNA sample (~2 ng of total RNA) made up with UltraPure™ DEPC-Treated Water  9 μL 

 

All samples were assayed in triplicate. Also in triplicate were no-template control reactions, loaded 

with RNase free H2O. After loading the wells, 384-well plates were sealed with an ABI MicroAmp™ 

Optical Adhesive Film (Applied Biosystems, CA, USA). Experimental plates were run under 

standard universal thermal cycling conditions (Table 2.11) in an ABI 7900HT Fast Real-Time PCR 

System (Applied Biosystems, CA, USA).  

Each 384-well plate had a unique barcode, and Sequence Detection System (SDS) plate 

documents stored information on the plate type, detector, sample/target gene configurations, 

thermal cycling conditions, data collection, and raw fluorescence data at each cycle. 
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Data were analysed with RQ documents and the RQ Manager Software (version 1.2.2; Applied 

Biosystems, CA, USA) for automated data analysis. 

The relative level of expression for the target gene was normalized to the averaged expression of 

18S and B2M genes and calculated using the 2−ΔΔCt relative quantification method as described in 

section 2.9.3. 

Table 2.11: qPCR thermal-cycling conditions (using 384-well plate).  

Step Time Temperature Number of cycles 

Holding/Activation 

AmpErase® UNG activation 2 min 50 °C N/A 

AmpliTaq Gold® DNA polymerase 
activation 

10 min 95 °C N/A 

 
    

Cycling 
Denaturation 15 sec 95 °C 

45 
Annealing/Extension 1 min 60 °C 

 

2.9.2.2 Using TaqMan® Array Card (384-well microfluidic card) 

TaqMan® Low-Density Arrays (TLDA, Array Microfluidic Cards; Applied Biosystems, CA, USA) 

were also used in a 2-step real-time PCR process. 

Apart from 18S rRNA and B2M as endogenous controls, the TaqMan® probe and primer sets for 

10 human flavin reductase genes were carefully selected from predesigned TaqMan® Gene 

Expression Assays (see Table 2.12; Applied Biosystems, CA, USA). The sets were factory-loaded 

into the 384-well plate to create TLDA cards. 
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Table 2.12: Pre-selected TaqMan® Gene Expression Assays in TLDA cards. 

Gene Symbol Assay ID 

18S Hs99999901_s1 

AKR1C3 Hs00366267_m1 

B2M Hs99999907_m1 

CYB5R3 Hs01060717_m1 

FDXR Hs01031617_m1 

FOXRED2 Hs00227920_m1 

MTRR Hs00985015_m1 

NDOR1 Hs00180881_g1 

NQO1 Hs02512143_s1 

NQO2 Hs01056948_m1 

POR Hs01016332_m1 

TXNRD1 Hs00917067_m1 

Notes: TaqMan® probe with a FAM™ dye label on the 5' end, and minor groove binder (MGB) nonfluorescent quencher 
(NFQ) on the 3' end. 

 

PCRs were then carried out in Micro Fluidic Cards using the QuantStudio™ 12K Flex Real Time 

PCR System (Applied Biosystems, CA, USA). The probes were labelled with the fluorescent 

reporter dye 6-carboxyfluorescein (FAM®; Applera corp.) on the 5′-end and with a nonfluorescent 

quencher (NFQ) on the 3′-end. The exact locations and the sequences of the oligonucleotides 

used in all assays can be downloaded from the Life Technologies website by selecting the Assays 

IDs. About 800 ng of cDNA (equivalent to approximately 5.3 ng of total RNA) combined with 2× 

TaqMan® Universal Master Mix (Applied Biosystems, CA, USA) was loaded into each fill reservoir 

according to the manufacturer’s protocol (Table 2.13).  

Table 2.13: Components and volumes of master mix per reservoir in qPCR reaction. 

Component  Volume 

TaqMan® Universal Master Mix (2×)  50 μL 

cDNA sample (~5.3 ng of total RNA) made up with UltraPure™ DEPC-Treated Water  50 μL 
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TaqMan® Array Microfluidic Cards were thermal-cycled at 50 °C for 2 min and 94.5 °C for 10 min 

followed by 45 cycles at 97 °C for 30 s and 59.7 °C for 1 min (Table 2.14). Data were collected 

with instrument spectral compensations by QuantStudio™ 12K Flex Real Time PCR System 

Software (version 1.2.2; Applied Biosystems, CA, USA) and analysed using the 2−ΔΔCt relative 

quantification method as described in section 2.9.3.  

Table 2.14: qPCR thermal-cycling conditions (using TLDA card).  

Step Time Temperature Number of cycles 

Holding/Activation 
AmpErase® UNG activation 2 min 50 °C N/A 

AmpliTaq Gold® DNA polymerase 
activation 

10 min 94.5 °C N/A 

     

Cycling 
Denaturation 30 sec 97 °C 

45 
Annealing/Extension 1 min 59.7 °C 

 

2.9.3 Real-time quantitative PCR data analysis 

The abundance of transcripts in a test sample relative to calibrator sample was computed using 

the comparative threshold cycle (Ct) method with 18S and B2M as an internal reference (Lo, Chiu, 

& Chan, 2006; Schmittgen & Livak, 2008). This multi-step data analysis was conducted with the 

concern of propagation of uncertainty in this thesis. 

First, expression of the target gene was normalized relative to expression of the endogenous 

reference gene for each sample to produce ΔCt (ΔCt = Ct target – Ct reference). Then, a calibrator 

sample was selected and used to set an arbitrary baseline. In this thesis, sample with the lowest 

hypoxic stress in the group was chosen as the calibrator. ΔΔCt was the difference between ΔCt of 

the test sample and the ΔCt of the calibrator sample (ΔΔCt = ΔCt test sample – ΔCt calibrator 

sample). The fold change of the differential gene expression, normalised to an endogenous 

reference and relative to the selected baseline, is calculated using the relative quantification with 

the equation: 2-ΔΔCt (Livak & Schmittgen, 2001).  
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2.10 Western blotting 

Western blotting was utilised to detect and semi-quantitate BCL2/adenovirus E1B 19kDa 

interacting protein 3 (BNIP3) and NADPH:cytochrome P450 oxidoreductase (POR) expression at 

the level of translation in SiHa xenografts. 

2.10.1 Protein extraction from cells collected by FACS 

Cells labelled with azide-modified fluorophores were divided into quartiles of roughly equal cell 

numbers by gating their fluorescent intensity and sorted into 4 fractions by FACS (BD FACSAria™ 

II Cell Sorter with BD FACSDiva™ Software (version 6.1.3; BD Biosciences, MA, USA). For each 

sample, 250,000 events were collected in Falcon® 5 mL polystyrene round-bottom tube (BD 

Biosciences, MA, USA) with 1 mL of αMEM media. Cells were washed once with ice-cold PBS 

and re-pelleted by centrifugation at 6000 × g for 5 min at 4 °C.  

Working solution of cell lysis buffer was prepared by diluting 1 volume of NuPAGE® LDS sample 

buffer (4×; Invitrogen™, Life Technologies, CA, USA) with 3 volumes of ice-cold 

radioimmunoprecipitation (RIPA) buffer containing 50 mM Tris-HCl pH 7.4, 1% (v/v) NP-40, 0.25% 

(v/v) sodium-deoxycholate, 150 mM NaCl (Merck Millipore, MA, USA), and 1 mM EDTA 

(AppliChem GmbH, Darmstadt, Germany) with an added 1% (v/v) protease inhibitor cocktail 

(Sigma-Aldrich, MO, USA). Whole cell lysate was prepared from each sample by resuspending 

cell pellet with 15 µL of 1× cell lysis working solution. Lysis was allowed to proceed for 30 min at 

4 °C with regular agitation. Each sample was then centrifuged at 1000× relative centrifugal force 

(rcf) for 5 min at 4 °C to remove cell debris and the supernatant was stored at -80 °C.  

2.10.2 Gel electrophoresis 

The bicinchoninic acid (BCA; Sigma–Aldrich®) assay using standard protocols was not suitable 

to assess total protein concentration in each lysate prepared from FACS-sorted cells due to 

insufficient sample (Smith et al., 1985). Instead of measuring total protein concentration, the entire 

volume of cell lysate prepared from each cell sample containing equal number of sorted cells was 

mixed with 5% (v/v) 2-mercaptoethanol (Gibco, Life Technologies, CA, USA) and heated to 95 °C 
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for 5 min (AccuBlock™ digital dry bath, Labnet International, NJ, USA). A volume of 5 μL of 

molecular weight marker (Kaleidoscope™ Precision Plus Protein™ Standard; Bio-Rad 

Laboratories, CA, USA) and the lysates were loaded onto NuPAGE® Novex® 4-12% Bis-Tris pre-

cast polyacrylamide gel (Invitrogen™, Life Technologies, CA, USA). Proteins were separated by 

electrophoresis at 150 V in 1× NuPAGE® MES SDS running buffer (Invitrogen™, Life 

Technologies, CA, USA) for 1 h. The gel was blotted onto a nitrocellulose membrane (Bio-Rad 

Laboratories, CA, USA) using Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad Laboratories, 

CA, USA) at 100 V for 1 h in transfer buffer containing 25 mM Tris-HCl (pH 8.5), 200 mM glycine, 

and 20% (v/v) methanol. The membrane was then blocked with 5% (w/v) non-fat milk powder in 

Tris-buffered saline (TBS) containing 0.1% (v/v) Tween 20 (Sigma-Aldrich®) for 1 h at RT with 

gentle agitation (VSR-50 Laboratory Platform Rocker, PRO Scientific Inc., CT, USA).  

2.10.3 Band detection 

Blocked nitrocellulose membranes were probed with primary antibodies (Table 2.15) diluted in 0.5% 

milk/TBS-0.1% Tween 20 overnight at 4 °C with gentle agitation. After washing 3 times with TBS-

0.1% Tween 20 for 10 min each, the membranes were probed with secondary antibodies (Table 

2.15) diluted in 0.5% (w/v) milk/TBS-0.1% (v/v) Tween 20 for 1 h at room temperature with gentle 

agitation. Then, secondary antibodies were decanted and membranes were washed with TBS-

0.1% Tween 20 (3 times for 10 min each). Chemiluminescent images were acquired using an 

ImageQuant™ LAS-4000 (GE Healthcare, Buckinghamshire, UK) with SuperSignal® West Pico 

Chemiluminescent Substrate (Thermo Fisher Scientific, IL, USA).  

For BNIP3, these conditions detected a band at approximately 30 kDa, corresponding to the 

expected molecular weight of this protein, with weaker non-specific bands at two sizes 

(approximately 20 and 60 kDa). The antibodies against POR and ACTB were highly specific and 

targeted protein bands of approximately 76 and 42 kDa, respectively. The applications of these 

antibodies in immunoblotting have been validated previously (Guise et al., 2010; Guise et al., 

2012).  
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Table 2.15: Primary and secondary antibodies used for Western blotting. 

Antigen Antibody Supplier Dilution 

BNIP3 (human) Goat polyclonal AF4147 R&D Systems, Inc., MN, USA 1:1000 

POR (human) Mouse monoclonal sc-25263 Santa Cruz Biotechnology Inc., CA, 
USA 

1:2000 

ACTB (all vertebrates) Mouse monoclonal MAB1501R Chemicon®, Merck Millipore, MA, 
USA 

1:10,000 

IgG (mouse) Goat anti-mouse IgG-HRP sc-
2055 

Santa Cruz Biotechnology Inc., CA, 
USA 

1:1000 (ACTB) 

1:5000 (POR) 

IgG (goat) Rabbit anti-goat IgG-HRP sc-
2768 

Santa Cruz Biotechnology Inc., CA, 
USA 

1:1000 (BNIP3) 

 

2.10.4 Densitometry of Western blots 

Expression of BNIP3 and POR in SiHa xenografts was quantified by comparing band density 

normalised against ACTB (i.e. beta actin) as a loading control in ImageJ (v1.48v of the public 

domain software) using unprocessed images. To clarify band densitometry analysis, blots in the 

main text have been cropped to retain about 3 bandwidths both above and below bands. 

2.11 Statistical Analysis 

The statistical significance of difference between the means and trends were assessed using 

linear regression analysis, two-tailed Student’s t-test, 2-way analysis of variance (ANOVA) with 

Bonferroni post-hoc pairwise analysis for multiple comparisons were performed when appropriate. 

Statistical tests were performed using GraphPad Prism (version 5.01 for Windows; GraphPad 

Software, CA, USA) or SigmaPlot (version 11, 12, or 12.5 for Windows; Systat Software Inc., CA, 

USA).  

Means and standard error of the mean (SEM) derived from either technical replicates or multiple 

independent experiments were typically used. A P-value less than 0.05 was regarded as indicating 

statistically significant differences. 
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Chapter 3. Selection of fluorophores for click chemistry-

based detection of hypoxic cells 

3.1 Introduction 

Fluorescence is a widely used key technique in life science applications (Drummen, 2012; Fili & 

Toseland, 2014; Lakowicz, 2007). Each fluorescent compound is characterised by an excitation 

spectrum (the wavelength and amount of light absorbed) and an emission spectrum (the 

wavelength and amount of light emitted), usually referred to as compound's fluorescence signature 

or fingerprint (Valeur & Berberan-Santos, 2012). The principle that all fluorophores have relatively 

distinct fluorescence signatures makes fluorometry a highly specific analytical technique 

(Drummen, 2012; Taraska & Zagotta, 2010).  

By selectively generating the wavelength of light required to excite the analyte of interest, 

selectively transmitting the wavelength of light emitted, and measuring the intensity of the emitted 

light, fluorescence can be measured based on the principle that the emitted light is proportional to 

the concentration of the analyte being measured within a certain range of concentration (Fili & 

Toseland, 2014; Neef & Schultz, 2009; Valeur & Berberan-Santos, 2012). 

Due to the ability of labelling biomolecules and staining cells, the use of exogenous synthetic 

organic fluorophores is still the most-adopted approach to visualise or analyse biological 

molecules in cells and organisms. Fluorophore-based technologies have made significant 

contributions to the understanding of dynamic and complicated processes in biological systems 

since the first attempt to achieve fluorescence staining of cells by von Prowazek exactly a century 

ago (Lam, Law, Lee, & Wong, 2014; von Prowazek, 1914). Fluorescent probes are versatile 

research tools, and offer exquisite sensitivity and outstanding selectivity, by which the limits of 

detecting particular components of complex biomolecular assemblies can be accomplished at the 

level of single molecules (Valeur & Berberan-Santos, 2012).  

Click chemistry is an exciting development in biological chemistry in recent years. As the most 

widely utilised type of click chemistry, the copper(I)-catalysed reaction between an azide and a 
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terminal alkyne is one of the most successful and versatile bioorthogonal reactions providing novel 

platforms for development of cell labelling methodologies (Amblard et al., 2009; Best, 2009; Kolb 

et al., 2001; Meldal & Tornoe, 2008). 

Both reaction partners of the copper(I)-catalysed azide-alkyne cycloaddition (CuAAC) are small in 

size without cross-reactivity with molecules found in living cells (Lim & Lin, 2010; Sletten & Bertozzi, 

2009). Before the reaction takes place, both reactants are non-toxic and stable kinetically, 

thermodynamically, and metabolically. The click chemistry reaction takes place under 

physiological conditions, i.e. ambient temperature and pressure, neutral pH, and aqueous 

conditions (Lang & Chin, 2014). During the reaction, the two reactants react selectively with each 

other and form extremely stable 1,4-disubtituted-1,2,3-triazole covalent linkages between the 

azide and alkyne in a regiospecific manner without any innocuous byproducts (Agard et al., 2006; 

Hong et al., 2009; Sletten & Bertozzi, 2009). In the presence of a copper(I) catalyst and a 

stabilising ligand, the reaction rate of this process is boosted approximately one million times faster 

than the very sluggish uncatalysed [3+2] cycloaddition (Becer, Hoogenboom, & Schubert, 2009; 

Lewis et al., 2002; Rodionov et al., 2007). 

To establish a methodology capable of selectively labelling target cells using copper(I)-catalysed 

azide-alkyne cycloaddition, one of the reaction partners has to be modified to carry a specifically 

designed motif that functions as a biomarker to the feature of interest (Nadler & Schultz, 2013; 

Uttamapinant et al., 2012). 

2-Nitroimidazoles (2-NI) have been demonstrated to undergo hypoxia-selective metabolism. By 

forming covalent associations (adducts) with cellular macromolecules, their reduction products are 

able to selectively accumulate in hypoxic cells (Arteel, Thurman, & Raleigh, 1998; Franko & 

Chapman, 1982). This inherent feature has led to derivatives of nitroimidazole being widely used 

as hypoxia markers (Arteel et al., 1998; Evans et al., 2006).  

A 2-NI compound named SN33267 was synthesised by Dr Moana Tercel for this thesis. Due to 

the presence of a terminal alkyne moiety, SN33267 is capable of incorporating into cellular 

macromolecules via covalent associations under a reducing environment. To transfer the 

information of these covalent adducts into an analytically useful signal, indicators are designed by 
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combining an analyte recognition site with a fluorescent reporter moiety (Boens, Leen, & Dehaen, 

2012; Finn & Fokin, 2010; Presolski, Hong, & Finn, 2011; Spiteri & Moses, 2010). In the particular 

case of this thesis, azide-modified fluorophores were utilised to translate the binding between the 

analyte (alkyne SN33267) and the recognition site (azide moiety) into a fluorescence output signal 

by CuAAC. 

3.2 Aims 

A group of seven complementary candidate azide-modified fluorophores belonging to three 

chemical families were synthesised by Dr Moana Tercel. This Chapter evaluated the spectral 

properties of each fluorophore, in relation to the instrument used. On the basis of their 

fluorescence properties and capability of labelling hypoxic cells via CuAAC, the selected 

candidate(s) combined with the clickable 2-NI, SN33267, would be employed to optimise the click 

chemistry-based hypoxia-dependent cell labelling methodology in the following chapters. The 

specific objectives of this Chapter were: 

 To characterise candidate fluorophores by determining absorption- and emission spectra, 

and ranking the candidates by fluorescence intensity; 

 To test the performance of each candidate fluorophore in labelling SiHa cells via CuAAC 

in a hypoxia-dependent manner;  

 To compare microplate reader with flow cytometer in the assessment of fluorescence in 

cell suspensions labelled with fluorophores via CuAAC; 

 To select the best fluorophore(s) in conjunction with SN33267 for hypoxia-selective cell 

labelling using an initial non-optimised protocol.  

3.3 Compounds 

One clickable 2-nitroimidazole (SN33267) and 7 azide-modified fluorophores were tested in this 

chapter (Figure 3.1) (Tercel & Pruijn, 2011). Alexa Fluor 488-azide is commercially available and 

purchased from Invitrogen New Zealand Limited. The other six azide-modified fluorophores, 

boron-dipyrromethene 650/665 azide (BODIPY-650/665-azide), boron-dipyrromethene 

fluorescein-like azide (BODIPY-FL-azide), boron-dipyrromethene Texas Red-like azide (BODIPY-
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TR-azide), dimethylaminocoumarin acetic acid azide (DMACA-azide), diethylaminocoumarin 

azide (DEAC-azide), and a mixture of 5- and 6-isomers of tetramethylrhodamine azide (TAMRA-

azide), were made in a single step from the corresponding commercially available fluorophore-

succinimide esters.  

Apart from the commercially available one, all compounds were synthesised by Dr Moana Tercel 

at the Auckland Cancer Society Research Centre. Each compound was confirmed for >95% purity 

by HPLC and stored as concentrated stock solution (20 mM for SN33267, 2 mM for all other 

fluorophores) in DMSO (Merck KGaA, Darmstadt, Germany) at -80 °C.  

 

Figure 3.1: Chemical structures of clickable 2-nitroimidazole and candidate azide-modified 
fluorophores used in this study. 

  

BODIPY‐FL‐azide
C22H31BF2N6O  444.33 g/mol

BODIPY‐TR‐azide
C33H38BF2N7O3S  661.58 g/mol

BODIPY‐650/665‐azide
C35H41BF2N8O3 670.57 g/mol

BODIPY derivatives

DMACA‐azide
C19H25N5O3 371.44 g/mol

DEAC‐azide
C20H27N5O3 385.47 g/mol

Coumarin derivatives

TAMRA‐azide
C31H34N6O4 554.65 g/mol

Alexa Fluor 488‐azide
C19H25N5O3 371.44 g/mol

Rhodamine derivatives

SN33267
C8H8N4O3 208.18 g/mol
(Tercel & Pruijn, 2011)

Clickable 2-nitroimidazole 

Azide-modified fluorophores 
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3.4 Results 

3.4.1 Characterising fluorescence properties of candidate azide-modified 

fluorophores 

All fluorescence molecules have two characteristic spectra, an excitation spectrum and an 

emission spectrum. The excitation or emission spectrum depicts the dependence on wavelength 

of the exciting or emitting light of the fluorescence intensity at a fixed emission or excitation 

wavelength, respectively.  

For each fluorophore an excitation and an emission spectrum were acquired using 200 µL of 100 

nM fluorophore PBS solution containing 5% (v/v) DMSO. Both excitation and emission scan were 

performed using a SpectraMax® M2 multi-mode microplate reader with SoftMax® Pro software 

(Version 5.0.1; Molecular Devices Co., CA, USA) according to the manufacturer’s instructions.  

The cutoff filter was able to improve the fluorescence signal to background ratio by allowing the 

longer wavelength fluorescence to be transmitted but blocking the scattered excitation light. As 

soon as the optimal excitation (λex) and emission wavelengths (λem) were determined for each 

fluorophore, a suitable cutoff filter was selected on the basis of its capability to improve the 

detection of fluorescence signal at the selected optimal emission wavelength (Table 3.1). Those 

optimal settings of microplate reader were further confirmed by at least 2 independent experiments. 
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Table 3.1: The optimal settings of microplate reader for quantifying fluorescence signal of candidate 
fluorophores.  

Fluorophore-azidea Parent fluorophore 
absorption (max.) / 
emission (max.) b 

Optimal 
λex 

Optimal 
λem 

Cutoff 
filter 

Signal / 
Background 
ratio (max.) c 

Maximum 
fluorescence 
(AU) 

Alexa Fluor 488-azide 491/519 nm 488 nm 526 nm 515 nm 314 343 

BODIPY-650/665-azide 650/665 nm 610 nm 672 nm 665 nm 61 25 

BODIPY-FL-azide 504/513 nm 488 nm 528 nm 515 nm 254 119 

BODIPY-TR-azide 588/617 nm 560 nm 624 nm 610 nm 142 32 

DEAC-azide 432/472 nm d 430 nm 476 nm 455 nm 68 84 

DMACA-azide 376/468 nm e 380 nm 494 nm 475 nm 148 224 

TAMRA-azide 547/574 nm 540 nm 580 nm 570 nm 152 127 

Notes:  
a. Fluorescence properties of azide-modified fluorophores were determined in 100 nM solutions prepared with PBS (pH 

7.4) containing 5% (v/v) DMSO at room temperature using microplate reader; 
b. Data courtesy of Molecular Probes (Thermofisher, 2013), unless otherwise noted. 
c. Signal / Background ratio was calculated by dividing the microplate reader reading of 100 nM fluorophore solution by 

the reading of PBS (pH 7.4) containing 5% (v/v) DMSO under the optimal settings; 
d. Data courtesy of the product webpage of AnaSpec, Inc. (AnaSpec, 2013a); 
e. Data courtesy of the product webpage of AnaSpec, Inc. (AnaSpec, 2013b). 

 

3.4.2 Linear dynamic range 

For each azide-modified fluorophore, 100 µM working solution in PBS (pH 7.4) containing 5% (v/v) 

DMSO was prepared by diluting corresponding 2 mM DMSO stock solution 20 times with PBS (pH 

7.4). A series of solutions with different concentrations of the fluorophore were prepared by diluting 

this 100 µM working solution with PBS (pH 7.4) containing 5% (v/v) DMSO. The intensity of 

fluorescence emitted from an identical volume (200 µL) of each solution containing a specific 

concentration of the candidate fluorophore was measured using the optimised settings 

summarised in Table 3.1 by a microplate reader.  

All candidate fluorophores demonstrated that the intensity of the emitted fluorescence was directly 

proportional to the concentration of the fluorescent substance within a certain range (Figure 3.2). 

In comparison to other fluorophores that exhibited linearity of fluorescence as a function of 

concentration over the entire concentration range tested in this experiment, BODIPY-650/665-

azide (Figure 3.2A) and BODIPY-TR-azide (Figure 3.2C) showed a relatively narrow linear 

dynamic range. These two BODIPY-based fluorophores reached a fluorescence intensity plateau 
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at a relatively low concentration of 100 nM; above 100 nM the fluorescence response was no 

longer linearly proportional to concentration. Subsequent studies with BODIPY-650/665-azide and 

BODIPY-TR-azide demonstrated that linear dependency of fluorescence intensity on fluorophore 

concentration was restricted to the same concentration range of 1-100 nM with both BODIPY-

based fluorophores (Figure 3.3 and Table 3.2). 
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Figure 3.2: Linear dependency of fluorescence intensity on concentration of candidate fluorophores. 

(A) BODIPY-650/665-azide; (B) BODIPY-FL-azide; (C) BODIPY-TR-azide; (D) DEAC-azide; (E) DMACA-
azide; (F) Alexa Fluor 488-azide; (G) TAMRA-azide. Intensity of fluorescence was measured in a series of 
solutions with different concentrations of the fluorophore dissolved in PBS (pH 7.4) containing 5% (v/v) DMSO 
using microplate reader with the settings summarised in Table 3.1. Data points show the intensity of 
fluorescence emitted from solutions at different concentrations of fluorophore in one representative example 
of 3 independent experiments. Black lines represent linear regression lines with coefficients of determination 
(R2) indicated. 

  

Fluorophore concentration (M)

0.0001 0.001 0.01 0.1 1 10

F
lu

or
es

ce
n

ce
 (

A
U

)

0.1

1

10

100

1000

Rsqr = 0.662

BODIPY-650/665-azide

Fluorophore concentration (M)
0.0001 0.001 0.01 0.1 1 10

F
lu

or
es

ce
n

ce
 (

A
U

)

1

10

100

1000

10000

Rsqr = 0.995

BODIPY-FL-azide

Fluorophore concentration (M)
0.0001 0.001 0.01 0.1 1 10

F
lu

or
es

ce
n

ce
 (

A
U

)

1

10

100

1000

10000

Rsqr = 0.788

BODIPY-TR-azide

A. B. C.

R
2
 = 0.662 R

2
 = 0.995 R

2
 = 0.788 

Fluorophore concentration (M)
0.0001 0.001 0.01 0.1 1 10

F
lu

or
es

ce
n

ce
 (

A
U

)

0.1

1

10

100

1000

Rsqr = 0.999

DEAC-azide

Fluorophore concentration (M)
0.0001 0.001 0.01 0.1 1 10

F
lu

or
es

ce
n

ce
 (

A
U

)

1

10

100

1000

10000

Rsqr = 0.995

DMACA-azide

R
2
 = 0.999 R

2
 = 0.995

D. E.

Fluorophore concentration (M)
0.0001 0.001 0.01 0.1 1 10

F
lu

or
es

ce
n

ce
 (

A
U

)

1e+1

1e+2

1e+3

1e+4

1e+5

Rsqr = 1.000

Alexa Fluor 488-azide

Fluorophore concentration (M)
0.0001 0.001 0.01 0.1 1 10

F
lu

or
es

ce
n

ce
 (

A
U

)

1e+0

1e+1

1e+2

1e+3

1e+4

1e+5

Rsqr = 0.995

TAMRA-azide

R
2
 = 0.999 R

2
 = 0.995

F. G.



79 

 

 

 

Figure 3.3: Restricted linear dependency of fluorescence intensity and fluorophore concentration. 

(A) BODIPY-650/665-azide; (B) BODIPY-TR-azide. Intensity of fluorescence was measured in a series of 
solutions with different concentrations of the fluorophore dissolved in PBS (pH 7.4) containing 5% (v/v) DMSO 
using microplate reader with the settings summarised in Table 3.1. Data points show intensity of fluorescence 
emitted from solutions with different concentrations of fluorophore in one representative example of 3 
independent experiments. Black lines represent linear regression lines with coefficients of determination (R2) 
indicated. The linear dynamic ranges are indicated in brackets. 

 

Table 3.2: The linear dynamic range of candidate fluorophores in PBS (pH 7.4) containing 5% (v/v) 
DMSO. 

Compound Linear dynamic range 

Alexa Fluor 488-azide 1 nM – 5 µM 

BODIPY-650/665-azide 1 nM – 100 nM 

BODIPY-FL-azide 1 nM – 1 µM 

BODIPY-TR-azide 1 nM – 100 nM 

DEAC-azide 30 nM – 5 µM 

DMACA-azide 30 nM – 5 µM 

TAMRA-azide 1 nM – 5 µM 
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3.4.3 Correlation of fluorescence with cell number by microplate reader 

Characterising the relationship between fluorescence response and particles positively labelled 

with fluorophores is a fundamental basis for comparison of experimental results in all quantitative 

fluorescent staining and labelling techniques. To expedite the selection process we tested the 

possibility that a microplate reader could replace flow cytometry for comparing fluorescence 

intensity of cells labelled with candidate fluorophores in a hypoxia-dependent manner by click 

chemistry. We used a non-optimised click chemistry-based hypoxia-dependent cell labelling 

methodology2 and investigated the correlation between intensity of fluorescence and density of 

cell suspension in both cell suspensions containing various densities of fluorophore-labelled cells 

and cell suspensions consisting of fluorophore-labelled cells mixed with unlabelled cells using a 

microplate reader. 

3.4.3.1 Cell suspensions consisting of a single homogeneous population of cells 

To study the correlation between intensity of fluorescence emitted from cells positively labelled 

with azide-modified fluorophores via click chemistry-based methodology and cell density, we 

deployed hypoxic SiHa cells incubated with SN33267. Following fixation and permeabilisation, 

cells were covalently labelled with selected azide-modified fluorophore via the click chemistry-

based methodology (see section 2.4) by following the protocol #1 (Figure 2.1) and using the 

reaction cocktail #1 (Table 2.7).  

In both Alexa Fluor 488-azide and BODIPY-FL-azide labelled hypoxic SiHa cells, the emitted 

fluorescence was proportional to the total number of cells suspended in PBS throughout the entire 

range of cell densities tested (Figure 3.4). In single cell suspensions consisting of hypoxic SiHa 

cells labelled with Alexa Fluor 488-azide, a linear regression was calculated to predict 

fluorescence emitted based on cell density in suspension. A significant regression equation was 

found (P < 0.001), with an R2 of 0.981. The regression equation was fluorescence intensity (AU) 

= 7.460 + 0.00159 * cell density (cells/mL). In the case of SiHa cells labelled with BODIPY-FL-

                                                     

2 All click chemistry-based hypoxia-specific cell labelling experiments in Chapter 3 were performed by following the 
unoptimised protocol (protocol #1 in Figure 2.1) and using the reaction cocktail #1(Table 2.7). All other technical details 
are outlined in section 2.4.  
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azide, a linear regression was calculated to predict fluorescence emitted based on cell density in 

suspension. A significant regression equation was found (P < 0.001), with an R2 of 0.995. 

The fluorescent signal emitted from fixed and permeabilised SiHa cells labelled with BODIPY-FL-

azide suspended in PBS solution was relatively stable for at least 35 min at RT and ambient light 

conditions (Figure 3.5).  

 

Figure 3.4: Linear dependency of fluorescence intensity and density of fluorophore-labelled cells in 
suspensions consisting of a single homogeneous population. 

After a 2-h incubation with 100 µM SN33267 under hypoxic conditions, SiHa cells were fixed and 
permeabilised, which was followed by labelling with azide-modified fluorophore, Alexa Fluor 488-azide (A) or 
BODIPY-FL-azide (B), using click chemistry-based methodology. A series of suspensions of positively 
labelled SiHa cells were made using PBS (pH 7.4) as the diluent. Aliquots of each suspension (200 µL) were 
pipetted into microplates. An equal volume of PBS was used for background. The fluorescence was 
determined using the settings listed in Table 3.1 by microplate reader. Background reading was subtracted. 
Representative data from 3 independent experiments are shown. Data points show intensity of fluorescence 
emitted from cell suspension samples with different density of fluorophore-labelled cells. Black lines represent 
linear regression lines with coefficients of determination (R2) indicated. 
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Figure 3.5: Stability of fluorescent signals of hypoxic SiHa cells labelled with BODIPY-FL-azide. 

The same series of suspensions of hypoxic SiHa cells labelled with BODIPY-FL-azide from Figure 3.4B were 
used to test the stability of fluorescent signals. The fluorescence was determined immediately after loading 
the microplate (the t = 0 min time point) and at each indicated time point (see the legend) using the settings 
listed in Table 3.1 by microplate reader. Aliquots loaded into the microplate were kept at RT and exposed to 
ambient light between measurements. Data points show intensity of fluorescence emitted from cell 
suspension samples with different density of fluorophore-labelled cells. Plot is representative of at least 2 
independent experiments. 

 

3.4.3.2 Cell suspensions consisting of two heterogeneous populations of cells 

The correlation between intensity of emitted fluorescence and density of cells labelled with 

fluorophore was further investigated. Instead of cell suspensions consisting of a single 

homogeneous population of positively labelled hypoxic cells with different cell densities, a series 

of cell suspensions consisting of two types of cells were used. By mixing fluorophore-labelled cells 

(Hypoxic_SN33267+_Azide+) with unlabelled cells (Hypoxic_SN33267+_Azide-), single cell 

suspensions at identical cell density were prepared with different fractions of fluorophore-labelled 

cells. 

All three azide-modified fluorophores (Alexa Fluor 488-azide, BODIPY-FL-azide, and TAMRA-

azide) showed similar trends of augmented intensity of fluorescence in relation to increased 

percentage of fluorophore-labelled cells in the cell suspension (Figure 3.6 and Figure 3.7). Unlike 

the results generated by cell suspensions consisting of a single homogeneous population of cells 
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(section 3.4.3.1), the linearity of data of all three fluorophores shown in both Figure 3.6 and Figure 

3.7 was restricted to the range of 0.3–100% positively labelled cells. 

In single cell suspension made by mixing hypoxic SiHa cells labelled with Alexa Fluor 488-azide 

and unlabelled cells, a relationship was calculated to predict fluorescence emitted based on the 

percentage of fluorophore positively labelled cells in suspension within the range of 0.3–100% 

positively labelled cells (Figure 3.6A). An equation was found (F(1, 5) = 4545.081, P < 0.001), with 

an R2 of 0.999. The equation was fluorescence intensity (AU) = 2.325 + 3.203 * percentage of 

fluorophore positively labelled cells. 

In single cell suspension made by mixing hypoxic SiHa cells labelled with BODIPY-FL-azide and 

unlabelled cells, the relationship was calculated to predict fluorescence emitted based on the 

percentage of fluorophore positively labelled cells in suspension within the range of 0.3–100% 

positively labelled cells (Figure 3.6B). An equation was found (F(1, 5) = 3857.256, P < 0.001), with 

an R2 of 0.999. The equation was fluorescence intensity (AU) = 6.952 + 5.337 * percentage of 

fluorophore positively labelled cells. 
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Figure 3.6: Relationship between fluorescence intensity and percentage of fluorophore-labelled cells 
in suspension consisting of two heterogeneous populations. 

(A) Alexa Fluor 488-azide; (B) BODIPY-FL-azide. SiHa cells were incubated with 100 µM SN33267 for 2 h 
under hypoxic conditions. Following fixation and permeabilisation, cells were split into two samples. One 
sample was labelled with azide-modified fluorophore using the click chemistry-based methodology (positively 
labelled cells). Another sample was served as negative control by incubating with fluorophore-free reaction 
cocktail following the same protocol. A series of suspensions with equal density (3 × 105 cells/mL) were 
carefully prepared by mixing the two types of cells in PBS (pH 7.4). Each suspension contained a different 
percentage of cells positively labelled with fluorophore. Aliquots of each suspension (200 µL) were pipetted 
into microplates. The fluorescence was determined using the settings listed in Table 3.1 by microplate reader. 
Representative data from 3 independent experiments are shown. Data points indicate intensity of 
fluorescence emitted from cell suspension samples with different percentage of fluorophore-labelled cells. 
Black lines represent linear regression lines with coefficients of determination (R2) indicated. The linear 
dynamic ranges are indicated in brackets.  
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Both assays using TAMRA-azide demonstrated linearity within the same percentage range of 

positively labelled cells as indicated by coefficients of determination. In cell suspension obtained 

by mixing fixed and permeabilised hypoxic SiHa cells labelled with TAMRA-azide and unlabelled 

cells (Figure 3.7A), a significant association (F(1, 5) = 790.418, P < 0.001, R2 = 0.995) was 

calculated to predict fluorescence emitted based on the percentage of fluorophore positively 

labelled cells in suspension within the range of 0.3–100% positively labelled cells by use of the 

equation fluorescence intensity (AU) = 0.713 + 0.423 * percentage of fluorophore positively 

labelled cells. In the assay of cell suspensions containing two types of non-fixed hypoxic SiHa 

cells (Figure 3.7B), a significant association was also found between fluorescence intensity and 

percentage of fluorophore-labelled cells (F(1, 5) = 2816.886, P < 0.001, R2 = 0.999). An equation, 

fluorescence intensity (AU) = 0.651 + 0.760 * percentage of fluorophore positively labelled cells, 

was valid within the range of 0.3–100% positively labelled cells. 

 

Figure 3.7: Relationship between fluorescence intensity and percentage of TAMRA-labelled cells in 
suspension consisting of two heterogeneous populations. 

(A) Fixed and permeabilised cells; (B) Unfixed cells. SiHa cells were incubated with 100 µM SN33267 for 2 
h under hypoxic conditions. Cells, with or without fixation and permeabilisation, were split into two samples. 
One sample was labelled with TAMRA-azide using the click chemistry-based methodology (positively labelled 
cells). Another sample was served as negative control by incubating with fluorophore-free reaction cocktail 
following the same protocol. A series of suspensions with equal density (3 × 105 cells/mL) were carefully 
prepared by mixing the two types of cells in PBS (pH 7.4). Each suspension contained different percentage 
of cells positively labelled with fluorophore. Aliquots of each suspension (200 µL) were pipetted into 
microplates. The fluorescence was determined using the settings listed in Table 3.1 by microplate reader. 
Representative data from 3 independent experiments are shown. Data points show intensity of fluorescence 
emitted from cell suspension samples with different percentage of fluorophore-labelled cells. Black lines 
represent linear regression lines with coefficients of determination (R2) indicated. The linear dynamic ranges 
are indicated in brackets. 
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3.4.4 Selection of candidate azide-modified fluorophores by flow cytometer 

based hypoxia-selective cell labelling 

Fluorescence intensity was evaluated by use of a microplate reader in section 3.4.3. Experimental 

data generated by two fluorophore-modified azides indicated that the CuAAC-mediated cell 

labelling was in a hypoxia-dependent manner and the microplate reader was capable of assessing 

fluorescence intensity in cell suspensions as an alternative solution to replace flow cytometry. 

3.4.4.1 Experimental design 

Fluorescence detection sensitivity is severely influenced by background signals. The major 

sources of background signals include the signal originated from endogenous sample constituents 

(autofluorescence) and the signals from unbound or non-specifically bound probes (reagent 

background) (Drummen, 2012; Fritzsche & Mandenius, 2010; Monici, 2005). In order to isolate the 

contribution of background signals in CuAAC-mediated cell labelling with fluorophores, five 

different sample-treatments were used to investigate the labelling selectivity for hypoxic cells with 

each candidate fluorophore (Table 3.3). Click chemistry-based cell labelling experiments using 

SiHa cells incubated for 3.5 hr under oxic or hypoxic conditions were performed following a non-

optimised protocol (protocol #1; Figure 2.1) using reaction cocktail #1 (Table 2.7). The labelling 

selectivity for hypoxic cells was used as the most important criterion for the selection of candidate 

azide-modified fluorophores. Fluorescence intensity was determined using both microplate reader 

and flow cytometry (BD FACSAria™ II Cell Sorter for TAMRA dye and BD LSR II Flow Cytometer 

for others with BD FACSDiva™ Software; version 6.1.3; BD Biosciences, MA, USA).  

In each experiment, a ratio was calculated using the fluorescence intensity reading of the 

Hypoxic_SN33267+_Azide+ sample divided by the reading of the Oxic_SN33267+_Azide+ 

sample was termed “hypoxic/oxic ratio”. This ratio indicated the labelling selectivity of hypoxic cells 

and was a measure of the performance of the click chemistry-based cell labelling approach. 

Alternatively, this ratio can also be calculated by readings of these two samples after background 

subtraction. Since the background signal (the fluorescence reading of Hypoxic_SN33267+_Azide-) 

was low compard with fluorescence intensities of these two samples labelled with azide, the 

influence of background signals was ignored here. 
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Table 3.3: Experimental samples used in the selection of candidate fluorophores. 

Sample Name Incubation with 2-NI 
Click reaction with azide-
modified fluorophore 

Research Purpose 

Hypoxic_SN33267-_Blank anoxic DMSO TBS buffer  Measure of autofluorescence 

Hypoxic_SN33267+_Azide- anoxic SN33267 
Reaction cocktail without 
fluorophore 

Measure of background signal 
induced by 2-NI 

Hypoxic_SN33267-_Azide+ anoxic DMSO 
Reaction cocktail including 10 
µM fluorophore 

Measure of background signal 
induced by fluorophore via 
non-covalent interactions 

Oxic_SN33267+_Azide+ oxic SN33267 
Reaction cocktail including 10 
µM fluorophore 

Measure of designed labelling 
selectivity 

Hypoxic_SN33267+_Azide+ anoxic SN33267 
Reaction cocktail including 10 
µM fluorophore 

To detect hypoxic-selective 
labelling via click reaction 

Notes: Concentration of SN33267 was 100 µM. 

 

The assessment of relationship between two groups of data was performed using Pearson 

correlation. These statistical procedures were undertaken using SigmaPlot for Windows (version 

11, 12, or 12.5; Systat Software Inc., CA, USA). For each statistical test, a P-value less than 0.05 

was regarded as a statistically significant difference. 

3.4.4.2 Alexa Fluor 488-azide 

Alexa Fluor 488-azide demonstrated very good labelling results in SiHa cells with fixation and 

permeabilisation (Figure 3.8). Hypoxic/oxic ratio of 13.1 and 55.1 were calculated using 

fluorescence intensity determined by a microplate reader (Fluorescence AU) and flow cytometry 

(median fluorescence intensity; MFI), respectively. In the flow cytometric histogram, the peak (blue) 

representing the SiHa cells labelled with Alexa Fluor 488-azide was completely separated from 

the peak (dark green) representing the oxic SiHa cells (Figure 3.8B).   

To determine if the fluorescence intensity data measured using microplate reader were correlated 

to the data determined by flow cytometry, linear regression was used to analyse the relationship 

between these values. The linear regression was highly significant (P < 0.001) with the R2 value 

of 0.996 (Figure 3.8C), indicating there was a strong correlation between microplate reader data 

and flow cytometry data.  
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Figure 3.8: Test of hypoxia-specific cell labelling by Alexa Fluor 488-azide. 

Measurement of fluorescence intensity in fixed and permeabilised SiHa cells labelled with Alexa Fluor 488-
azide in a hypoxia-selective manner. (A) Fluorescence intensity determined by microplate reader. Each cell 
sample was diluted with PBS (pH 7.4) to reach an equal final density of 50,000 cells/mL. Fluorescence was 
measured using a volume of 200 µL. (B) Fluorescence intensity determined by flow cytometry. Each bar 
represents the median fluorescence intensity (MFI) of sample read from the flow cytometry histogram. (C) 
Data of fluorescence intensity generated using two different instruments were analysed by linear regression 
to predict relationship. Representative data from 3 independent experiments are shown. 
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3.4.4.3 BODIPY-FL-azide 

Similar trends of fluorescence intensity among the samples were observed in SiHa cells with or 

without fixation and permeabilisation and labelled with BODIPY-FL-azide (Figure 3.9A and B). 

Unlike the promising hypoxic/oxic ratios calculated from the Alexa Fluor 488-azide data, the 

difference in fluorescence intensity between oxic cells and hypoxic cells generated by labelling 

with BODIPY-FL-azide, however, was not as marked as Alexa Fluor 488-azide. Hypoxic/oxic ratios 

of 1.8 and 2.8 were produced using fluorescence intensity determined by microplate reader 

(Fluorescence AU) and flow cytometry (MFI), respectively.  

The peak (blue) representing the fluorescence signals of the hypoxic SiHa cells labelled with 

BODIPY-FL-azide was only partially separated from the peak (dark green) representing the signals 

of the oxic SiHa cells in the flow cytometric histogram (Figure 3.9B).   

In the case of BODIPY-FL-azide, the click chemistry-based labelling was also tested in non-fixed 

SiHa cells. The trend of fluorescence intensity among samples shared the same pattern as seen 

with fixed and permeabilised SiHa cells (Figure 3.9D and E). Hypoxic/oxic ratios of 1.9 and 4.9 

were calculated using fluorescence intensity determined by microplate reader (Fluorescence AU) 

and flow cytometry (MFI), respectively.    

In the flow cytometric histogram, the peak (blue) representing the fluorescence signals of the 

hypoxic SiHa cells labelled with BODIPY-FL-azide still partially overlapped with the peak (dark 

green) representing the signals of the oxic SiHa cells (Figure 3.9E).   

To determine if the fluorescence intensity data measured using microplate reader were related to 

the data determined by flow cytometry, the analysis was performed to analyse the relationship 

between these two groups of data. In both cases, the data generated by microplate reader were 

strongly correlated with the data generated by flow cytometry (R2 = 0.996, P < 0.001 in fixed and 

permeabilised SiHa cells, Figure 3.9C; R2 = 0.913, P = 0.0011 in non-fixed SiHa cells, Figure 3.9F). 
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Figure 3.9: Test of hypoxia-selective cell labelling by BODIPY-FL-azide. 

SiHa cells were incubated under oxic or hypoxic conditions and labelled with BODIPY-FL-azide in a hypoxia-
specific manner. Graph A to C are data generated by SiHa cells with fixation and permeabilisation. Graph D to 
F are data generated by non-fixed SiHa cells. A and D show the fluorescence intensity of cell samples quantified 
by using microplate reader. Each cell sample was diluted with PBS (pH 7.4) to reach the equal final density of 
25,000 cells/mL. Fluorescence was measured using 200 µL of aliquot. B and E show the histogram and the 
median fluorescence intensity (MFI) of the same group of cell samples determined using flow cytometry. In 
graph C and F, data of fluorescence in cell samples generated using two different instruments were analysed 
by Pearson correlation to predict relationship. Representative data from 3 independent experiments are shown.
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3.4.4.4 TAMRA-azide 

In fixed and permeabilised SiHa cells, TAMRA-azide did not show obvious selectivity in labelling 

hypoxic cells based on the fluorescence data determined by microplate reader (Figure 3.10A). 

The same group of samples provided better results in hypoxic-selective labelling when the 

measurement of fluorescence was accomplished by using flow cytometry (Figure 3.10B). Such 

differences in experimental data produced by using different approaches in fluorescence signal 

quantitation can also be indicated by hypoxic/oxic ratios. The hypoxic/oxic ratio calculated using 

flow cytometry data is 11.6 that is considerably greater than the ratio generated from the 

microplate reader data, 1.3.  

The flow cytometric histogram in Figure 3.10B shows that the spike (dark green) representing the 

fluorescence signals carried by hypoxic SiHa cells labelled with TAMRA-azide is nearly completely 

separated from the spike (light green) representing the signals carried by oxic SiHa cells.  

Similar to BODIPY-FL-azide, the hypoxia-mediated selectivity of TAMRA-azide in click chemistry-

based labelling was also tested in non-fixed SiHa cells. The trend of fluorescence intensity among 

samples shared the same pattern from fixed and permeabilised SiHa cells. But the labelling- 

selectivity to non-fixed hypoxic cells is not as good as in SiHa cells with fixation and 

permeabilisation. The hypoxic/oxic ratio of 1.8 and 3.4 were calculated using fluorescence 

intensity measured by microplate reader (Fluorescence AU) and flow cytometry (MFI), respectively.    

In the flow cytometric histogram, the spike (dark green) representing the fluorescence signals 

carried by hypoxic SiHa cells labelled with TAMRA-azide still partially overlapped with the spike 

(light green) representing the signals carried by oxic SiHa cells (Figure 3.10E).   

To determine if the fluorescence intensity data measured using microplate reader were related to 

the data determined by flow cytometry, Pearson correlation was performed to analyse the 

relationship between these two groups of data. In fixed and permeabilised SiHa cells, the result is 

R2 = 0.632, P = 0.108. The trend is in the expected direction, but it is not quite significant (Figure 

3.10C). In non-fixed SiHa cells, there is a strong association between the data generated by 
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microplate reader and the data generated by flow cytometry with R2 value of 0.919 (P = 0.010; 

Figure 3.10F).  
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Figure 3.10: Test of hypoxia-selective cell labelling by TAMRA-azide. 

SiHa cells were incubated under oxic or hypoxic conditions and labelled with TAMRA-azide in a hypoxia-
selective manner. Graph A to C are data generated by SiHa cells with fixation and permeabilisation. Graph D 
to F are data generated by non-fixed SiHa cells. A and D show the fluorescence intensity of cell samples 
quantified by using microplate reader. Each cell sample was diluted with PBS (pH 7.4) to reach the equal final 
density of 40,000 cells/mL. Fluorescence was measured using 200 µL of aliquot. B and E show the histogram 
and the median fluorescence intensity (MFI) of the same group of cell samples determined using flow cytometry. 
In graph C and F, data of fluorescence in cell samples generated using two different instruments were analysed 
by Pearson correlation to predict relationship. Representative data from 3 independent experiments are shown.
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3.4.4.5 BODIPY-650/665-azide 

BODIPY-650/665-azide demonstrated highly limited selectivity in labelling hypoxic SiHa cells with 

fixation and permeabilisation. Based on the data generated by microplate reader, the sample of 

hypoxic cells with access to both SN33267 (clickable 2-NI) and BODIPY-650/665-azide 

(fluorophore), technically supposed to be labelled with high selectivity, even demonstrated lower 

level of fluorescence in comparison with oxic cells (hypoxic/oxic ratio of 0.7). All 3 samples labelled 

with the BODIPY-650/665-azide during the experiment showed very similar intensity of 

fluorescence independent to individual hypoxic status (Figure 3.11A). Such observations were 

further confirmed by flow cytometry data (Figure 3.11B). In the flow cytometric histogram, the 

spikes in light green, dark green, and blue represent the fluorescence signals carried by 3 samples 

that had access to BODIPY-650/665-azide during the incubation with reaction cocktail. All 3 spikes 

almost overlap to each other (hypoxic/oxic ratio of 1.7), which indicate that BODIPY-650/665-azide 

may label fixed and permeabilised SiHa cells in a manner independent to cell hypoxia status and 

clickable 2-NI.  

 

Figure 3.11: Test of hypoxia-selective cell labelling by BODIPY-650/665-azide. 

SiHa cells were incubated under oxic or hypoxic conditions. After fixation and permeabilisation, cells were 
labelled with BODIPY-650/665-azide, which supposed to be in a hypoxia-selective manner. (A) Fluorescence 
intensity determined by microplate reader. Each cell sample was diluted with PBS (pH 7.4) to reach the equal 
final density of 40,000 cells/mL. Fluorescence was measured using 200 µL of aliquot. (B) Fluorescence 
intensity determined by flow cytometry. Each bar represents the median fluorescence intensity (MFI) of 
sample read from the flow cytometry histogram. Data are representative of 3 independent experiments.

A. B.
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3.4.4.6 BODIPY-TR-azide 

Since the strong correlations between fluorescence data generated by different technical 

approaches (microplate reader and flow cytometry) have been demonstrated in cells labelled with 

different types of fluorophore, microplate reader was used alone to investigate the features of 

BODIPY-TR-azide in hypoxia-selective cell labelling.  

Two azide-modified BODIPY fluorophores shared very similar characters in labelling fixed SiHa 

cells. Two independent experiments profiled very similar features of BODIPY-TR-azide in cell 

labelling. The hypoxic sample with access to both SN33267 (clickable 2-NI) and BODIPY-TR-

azide (fluorophore) showed lower level of fluorescence in comparison with the oxic counterpart 

(hypoxic/oxic ratio of 0.7). All samples with access to BODIPY-TR-azide during the experiment 

showed very similar intensity of fluorescence independent to individual hypoxic status or even 

clickable 2-NI (Figure 3.12). 

 

Figure 3.12: Test of hypoxia-selective cell labelling by BODIPY-TR-azide. 

Fluorometry analysis of BODIPY-TR-azide in fixed and permeabilised SiHa cells using microplate reader. 
Each cell sample was diluted with PBS (pH 7.4) to reach the equal final density of 40,000 cells/mL. 
Fluorescence was measured using 200 µL of aliquot. Data are representative of 2 independent experiments. 
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3.4.4.7 DEAC-azide 

Similar to both BODIPY-650/665-azide and BODIPY-TR-azide, another azide-modified 

fluorophore, structurally belonging to coumarin family, also shows very similar characters in 

labelling fixed SiHa cells. The hypoxic sample with access to both SN33267 (clickable 2-NI) and 

DEAC-azide (fluorophore) showed nearly equal level of fluorescence in comparison with the oxic 

counterpart (hypoxic/oxic ratio of 0.5). All samples with access to DEAC-azide during the 

experiment showed very similar intensity of fluorescence independent to either individual hypoxic 

status or even clickable 2-NI (Figure 3.13).  

 

Figure 3.13: Test of hypoxia-selective cell labelling by DEAC-azide. 

Fluorometry analysis of DEAC-azide in fixed and permeabilised SiHa cells using microplate reader. Each cell 
sample was diluted with PBS (pH 7.4) to reach the equal final density of 40,000 cells/mL. Fluorescence was 
measured using 200 µL of aliquot. Data are representative of 2 independent experiments. 

 

3.4.4.8 DMACA-azide 

Another member of coumarin family, DMACA-azide, also did not demonstrate hypoxia-selectivity 

in labelling fixed and permeabilised SiHa cells based on the data generated by using microplate 

reader as an approach to quantify fluorescence intensity (hypoxic/oxic ratio of 1.0; Figure 3.14A).  
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Since we planned that one from each chemical family on the candidate list could be selected and 

used in optimising click chemistry based hypoxia-selective labelling methodology, flow cytometry 

was also deployed in the study of DMACA-azide.   

According to the data generated by using flow cytometry as an approach to quantify fluorescence 

intensity, the overall fluorescence intensity of cells labelled with DMACA-azide was about one 

order of magnitude lower than labelling with other fluorophores mentioned previously in this 

Chapter under the same experimental conditions. The difference in fluorescence intensity 

determined from hypoxic sample (blue bar) and the oxic counterpart (dark green bar) indicated a 

certain level of hypoxia selectivity (hypoxic/oxic ratio of 4.9) in click chemistry-based cell labelling 

mediated by DMACA-azide (Figure 3.14B). In the flow cytometric histogram, the spike (blue) 

representing the fluorescence signals carried by hypoxic SiHa cells labelled with TAMRA-azide 

nearly completely separated from the spike (dark green) representing the signals carried by oxic 

SiHa cells (Figure 3.14B).  

 

Figure 3.14: Test of hypoxia-selective labelling by DMACA-azide in fixed cells. 

SiHa cells were incubated under oxic or hypoxic conditions. After fixation and permeabilisation, cells were 
labelled with DMACA-azide in a hypoxia-selective manner. (A) Fluorescence intensity determined by 
microplate reader. Each cell sample was diluted with PBS (pH 7.4) to reach the equal final density of 40,000 
cells/mL. Fluorescence was measured using 200 µL of aliquot. (B) Fluorescence intensity determined by flow 
cytometry. Each bar represents the median fluorescence intensity (MFI) of sample read from the flow 
cytometry histogram. Representative data from 3 independent experiments are shown. 

A. B.
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In non-fixed SiHa cells, DMACA-azide also demonstrated a certain level of hypoxia-selectivity 

(hypoxic/oxic ratio of 5.3) in click chemistry-based cell labelling according to flow cytometry data 

(Figure 3.15A). Under the same experimental conditions, there was generally about one order of 

magnitude reduction in fluorescence intensity in non-fixed SiHa cells in comparison with fixed and 

permeabilised cells.   

 

Figure 3.15: Flow cytometry analysis of non-fixed cells labelled with DMACA-azide in a hypoxia-
selective manner. 

SiHa cells were incubated under oxic or hypoxic conditions. Cells were labelled with DMACA-azide in a 
hypoxia-selective manner. (A) Fluorescence intensity determined by flow cytometry. 10 µM DMACA-azide 
was used in reaction cocktail. Each bar represents the median fluorescence intensity (MFI) of sample read 
from the flow cytometry histogram. (B) SiHa cells labelled with DMACA-azide in a concentration-dependent 
manner. Representative data from at least 2 independent experiments are shown. 

 

To test if elevated concentrations of DMACA-azide in the reaction cocktail could improve the 

hypoxic/oxic ratio by selectively enhancing the fluorescence labelling in hypoxic cells, a range of 

concentrations (10-200 µM) of DMACA-azide were tested in non-fixed SiHa cells (Figure 3.15B). 

With increasing concentration of DMACA-azide, the intensity of fluorescence was increased in the 

hypoxic sample. However, enhanced fluorescence intensity was also observed in both the oxic 

sample and in the hypoxic sample incubated without SN33267. As a consequence, the 

hypoxic/oxic ratio, indicating the overall performance of hypoxia-selective labelling, dropped down 

with increasing concentration of DMACA-azide.   

A. B.
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3.4.5 Correlation between fluorescence data determined by microplate reader 

and flow cytometry 

As shown above a strong correlation existed between microplate reader data and flow cytometry 

data in quantifying fluorescence intensity in SiHa cells labelled with 10 µM of Alexa Fluor 488-

azide (in cells with fixation and permeabilisation; section 3.4.4.2), BODIPY-FL-azide (in both cells 

with fixation and permeabilisation and non-fixed cells; section 3.4.4.3), as well as TAMRA-azide 

(in non-fixed cells; section 3.4.4.4).  

Experimental data determined by both approaches demonstrated the dose-dependent increase in 

fluorescence intensity of hypoxic cell samples. However, very similar dose-dependent effects were 

also observed in both oxic and hypoxic cell samples without incubating with clickable 2-NI across 

the gradient of applied TAMRA-azide concentrations, which severely compromised the 

hypoxic/oxic ratio (Figure 3.16A and B). Above a certain concentration of TAMRA-azide, when the 

increase of fluorescence intensity in hypoxic samples was not able to respond as fast as oxic 

samples to the increase in applied concentration of TAMRA-azide, the labelling selectivity for 

hypoxic cells started to decrease. As the indicator of the overall performance of hypoxia-selective 

cell labelling, the hypoxic/oxic ratio responded to the increase in the applied concentration of 

TAMRA-azide in the exactly same manner. The hypoxic/oxic ratio was elevated with the increase 

in applied concentration of TAMRA-azide in the range of 0.05-5 µM. With a further rise in TAMRA-

azide concentration (5-100 µM), the ratio decreased. Both measurement methods for fluorescence 

intensity showed that a concentration of 5 µM achieved optimal hypoxia-selectivity in labelling non-

fixed SiHa cells (Figure 3.16A and B).  

To determine if the fluorescence intensity data measured using microplate reader were related to 

the data determined by flow cytometry, data generated by each approach in different concentration 

of TAMRA-azide were pooled together and correlation analysis was used to analyse the 

relationship between 2 groups of data. The association was highly significant (P < 0.001) with the 

R2 value of 0.750 (Figure 3.16C), indicating there was a strong correlation between microplate 

reader data and flow cytometry data. 
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Figure 3.16: Measurement of fluorescence intensity in non-fixed SiHa cells labelled with different 
concentrations of TAMRA-azide. 

(A) Fluorescence intensity determined by microplate reader. (B) Fluorescence intensity determined by flow 
cytometry. (C) Relationship of data of fluorescence in cell samples generated using two different instruments 
was analysed. Data are representative of 6 independent experiments. 
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3.5 Discussion 

This Chapter describes the characterisation and the selection of candidate azide-modified 

fluorophores using microplate reader and flow cytometry. Experimental data acquired using the 

two different types of instruments were compared. The possibility of using microplate reader as a 

substitute of flow cytometry in determining fluorescence intensity in cells will be discussed. 

The fluorescence signatures of all candidate azide-modified fluorophores were determined and 

the optimal instrument settings were selected for each (Table 3.1). Generally, the fluorescence 

intensity increases in direct proportion to the concentration of the fluorophore in a reasonable 

concentration range (Fili & Toseland, 2014). The majority of candidate azide-modified 

fluorophores demonstrated a linear relationship between fluorescence intensity and concentration 

in PBS solution containing 5% DMSO (Figure 3.2). However, this relationship was restricted to a 

range of 1-100 nM of fluorophore in PBS solution containing 5% DMSO for BODIPY-650/665-

azide and BODIPY-TR-azide (Figure 3.3). The proportionality was no longer satisfied when 

concentration above 100 nM with these two BODIPY fluorophores.  

As the concentration increases, one of at least three things can happen. First, the fluorophore 

solubility is exceeded. The insoluble fluorophore molecules undergo precipitation, which prevents 

the fluorescence intensity from increasing further (Zhang, Gao, Liu, Yang, & Fang, 2012). Second, 

short-range interactions between the molecules of the fluorophore themselves occur, which lead 

to loss of fluorescence signal by aggregation forming stable non-fluorescent complexes. As a 

special case of fluorescence quenching in concentrated solutions of fluorophores, the 

fluorescence of the sample is decreased since the quencher is essentially reducing the number of 

fluorophores which can emit (Zhuang et al., 2000). The last one is the inner filter effect. The 

fluorophore absorbs all the incident exciting and possibly emitted light in samples with very high 

absorbance. In addition, the excitation light cannot penetrate deeply enough to the point at which 

the detection optics are focused. So, the detected fluorescence reduces with the increase of the 

sample absorbance (Larsson, Wedborg, & Turner, 2007). Apart from those three major reasons 

mentioned above, saturation of the detector by too much light can also appear to cause a plateau 

in fluorescence intensity as the sample concentration increases, which is directly related to 
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extremely strong fluorescence signals and definitely not applicable to these cases. In my case, 

the second reason was probably the main cause resulting in the plateau phase of fluorescence 

intensity following the linear phase in which fluorescence was directly proportional to fluorophore 

concentration. 

The selection of candidate fluorophores to design azide-modified fluorescent probes is done on 

the basis of fluorescence efficiency, photostability, the spectral range used for excitation and 

detection, the convenience of applying the new created fluorescent probe into the biological 

system of interest, and in this case the hypoxic to oxic ratio (Eisold et al., 2015). 

For each candidate azide-modified fluorophore, a pilot experiment was run to test the hypoxia-

mediated cell labelling specificity in vitro by using an initial click chemistry-based protocol (protocol 

#1 in Figure 2.1) and SiHa cells (results are summarised in Table 3.4). BODIPY-FL-azide and 

TAMRA-azide demonstrated promising hypoxia-selective labelling in both fixed and permeabilised 

and non-fixed SiHa cells (Figure 3.9 and Figure 3.10), which was further validated by the strong 

associations between fluorescence intensity and density of fluorophore-labelled cells in 

suspension with both azide-modified fluorophores (Figure 3.6 and Figure 3.7). 

Table 3.4: Summary of hypoxia-selective labelling by candidate fluorophores in SiHa cells. 

Candidate fluorophore Cell type 
Hypoxic/Oxic ratio 

(by microplate reader) 
Hypoxic/Oxic ratio 
(by flow cytometer) 

Flow cytometry 
histogram 
separation 

Alexa Fluor 488-azide Fixed 13.1 55.1 Complete 

BODIPY-FL-azide 
Fixed 1.8 2.8 Partial 

Non-fixed 1.9 4.9 Almost 

TAMRA-azide 
Fixed 1.3 11.6 Almost 

Non-fixed 1.8 3.4 Partial 

BODIPY-650/665-azide Fixed 0.7 1.7 None 

BODIPY-TR-azide Fixed 0.7 - - 

DEAC-azide Fixed 0.5 - - 

DMACA-azide 
Fixed 1.0 4.9 Almost 

Non-fixed - 5.3 Partial 
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BODIPY and rhodamine derivatives are widely used among the fluorescence probes by satisfying 

all these criteria, which makes technical equipment for fluorescence detection and quantitation 

compatible for both families of fluorescence probes. In addition, they are commercially available 

in different chemical forms offering extra flexibilities in structural modification to fulfil specific design 

purposes (Lakowicz, 2007). 

Two fluorophores on the candidate list from the coumarin family, DEAC-azide and DMACA-azide, 

exhibited limited utility in hypoxia-selective labelling of SiHa cells (Figure 3.13 and Figure 3.14). 

Efforts were made to improve the interactions between DMACA-azide and cell-incorporated 

SN33267 adducts by increasing concentration of DMACA-azide in reaction medium (Figure 3.15). 

However, the non-specific staining in oxic cells became an issue when the concentration of 

DMACA-azide was increased in reaction medium. It might be possible to develop a protocol for 

hypoxia-selective cell labelling mediated by DMACA-azide by including additional steps aimed to 

reduce background staining, e.g. extra wash steps. 

Microplate reader and flow cytometry were used to quantitate fluorescence intensity emitted from 

the same cell samples after click chemistry-based hypoxia-selective labelling. In five out of six 

experiments, association analyses in experimental data generated from the same group of 

samples by two measurement approaches illustrated strong correlations with P values less than 

0.05 (Figure 3.8C, Figure 3.9C and F, Figure 3.10F, as well as Figure 3.16C). Such consistent 

associations between data generated by 2 instruments from multiple independent experiments 

and three different types of fluorophores strongly suggest that it is possible to use microplate 

reader as a substitute of flow cytometer.  

Basically, microplate reader and flow cytometry are both designed to determine the intensity of 

fluorescence but in different ways. The advantages of plate reader include cheaper cost, easier 

operation, and higher throughput. Microplate readers measure the average properties, the 

fluorescence intensity of entire cell suspensions on a microlitre to millilitre scale, and are designed 

to read whole-sample fluorescence (Jahan-Tigh, Ryan, Obermoser, & Schwarzenberger, 2012; 

MolecularDevices, 2006). However, microplate readers only provide moderate sensitivity and 

specificity in comparison to flow cytometry. Based on the data described in this Chapter, the 
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difference between data generated from same cell sample by the two types of instruments is 

usually more obvious in samples emitting high levels of fluorescence intensity. Thus, there are 

certain research goals that can only be achieved by use of flow cytometry since it is capable of 

generating correlative information about single cells within heterogeneous sample preparations 

via simultaneous multiparametric analysis in a high-throughput fashion (Jahan-Tigh et al., 2012; 

Pitsillides et al., 2011). 

Considering the technical features of each fluorescence measuring approach, in the following 

chapters, flow cytometry will be predominantly utilised to quantitate fluorescence in fluorophore-

labelled cells due to its sensitivity, accuracy, and the capabilities of selecting uniform population 

of cells as well as excluding any debris. In addition, microplate reader will be mostly used in pilot 

experiments for a quick check on hypoxia-mediated cell labelling selectivity.  

Alexa Fluor 488-azide showed linear dependency on cell numbers (Figure 3.4A and Figure 3.6A) 

and good hypoxic to oxic ratio (Figure 3.8) when it was used in CuAAC-based hypoxia-selective 

cell labelling. However, such favourable features were only limited in fixed and permeabilised cells 

since Alexa Fluor-488 dyes exhibited no cell permeability (van de Linde et al., 2013). BODIPY-FL-

azide and TAMRA-azide illustrated proportional associations between fluorescence intensity and 

fluorophore concentration in PBS. Studies of the association between density of hypoxic cells and 

intensity of fluorescence in cell suspension indicated a highly significant linear relationship when 

BODIPY-FL-azide and TAMRA-azide were used to label hypoxic SiHa cells via CuAAC reactions. 

These two fluorophore-modified azides also demonstrated promising interactivities with cell-

incorporated SN33267 adducts with relatively low levels of non-specific staining. Thus, they were 

selected to optimise the click chemistry-based methodology. 
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Chapter 4. Optimisation of click chemistry-based hypoxia-

selective cell labelling method 

4.1 Introduction 

To understand the role of hypoxia in a broad variety of cellular processes associated with 

metastasis and tumour progression, labelling tumour cells in their native environment in a manner 

that is selective for hypoxia and separating/isolating cells on the basis of their hypoxic stress in 

situ have become increasingly popular (Jones et al., 2012; Marotta et al., 2011; Stany et al., 2011; 

Zhu, Ning, Yao, Chen, & Xu, 2010).  

Click reactions are characterised by extraordinary features including simplicity, versatility, high 

efficiency, as well as bioorthogonality (Breinbauer & Köhn, 2003; Kolb et al., 2001). CuAAC with 

its inherited bioorthogonality operates efficiently in aqueous medium and demonstrates a large 

tolerance for a number of functional groups, which makes it a powerful tool and thus highly 

favoured for biological applications such as measuring hypoxia (Accurso et al., 2014; Boyce & 

Bertozzi, 2011; Diaz, Rajagopal, Strable, Schneider, & Finn, 2006; El-Sagheer & Brown, 2010a; 

Finn & Fokin, 2010; Hein & Fokin, 2010; Hong, Steinmetz, Manchester, & Finn, 2010). One key 

advantage of the cell labelling approach based on CuAAC over immunohistochemical methods is 

the cell permeability due to the small particle size in reactants of CuAAC. At the same time, the 

distinctively narrow reactivity profiles of the reactants in CuAAC make these two reaction partners 

unparalleled candidates for deployment of novel CuAAC-based approaches for probing selected 

target molecules to aid investigations of complex biological systems (Berg & Straub, 2013; Chan 

et al., 2004). Thus, bioorthogonal chemistry has become a solution in targeting new classes of 

biomolecules relying on a single covalent reaction between complementary functional groups with 

exquisite selectivity comparable with antibody-antigen interactions (Boyce & Bertozzi, 2011). 

4.2 Aims 

Apart from an azide and terminal alkyne, the CuAAC reaction also requires a coordinating ligand, 

a copper source, and a reducing agent to participate for the purpose of catalysis. The in situ 
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generated copper(I) ions result in cytotoxicity due to the formation of reactive oxygen species 

(ROS) (Besanceney-Webler et al., 2011). The presence of ROS is capable of inducing RNA 

degradation in cells (Temple et al., 2005). 

This Chapter aims to optimise the protocol of tagging cells with the 2-NI hypoxia marker SN33267 

in a hypoxia-dependent manner and labelling with the fluorophores identified in Chapter 3. The 

optimisation procedure of click chemistry methodology was achieved through the introduction of 

defined reaction conditions for CuAAC along with CuAAC-accelerating ligands to overcome 

limitations during the conjugation of terminal alkynes with azides in a biological setting. The 

specific objectives are: 

 To determine the optimal reaction temperature; 

 To determine the optimal concentration of each participant; 

 To improve hypoxia-selectivity of cell labelling. 

4.3 Results 

4.3.1 Reaction temperature 

The rate of a chemical reaction can be changed by altering the temperature. Generally, an 

increase in temperature causes the reacting particles to move faster and more vigorously by 

elevating their kinetic energy, which thus increases the chances for particle collisions in order to 

initiate a reaction (Levine, 2005).  

As mentioned in the previous chapter, the SiHa cell line was predominately used as the model 

system throughout this thesis to explore the features and optimise the protocol of this novel click 

chemistry-based hypoxia-selective cell labelling methodology. To investigate if the click chemistry-

based hypoxic cell labelling could be influenced by a change in reaction temperature, SiHa cells 

were labelled with SN33267 and then clicked with BODIPY-FL-azide in a hypoxia-selective 

manner at both ambient temperature and 37 °C.  

There was no obvious difference in clicking rates at these two temperatures. Also, no change in 

background fluorescence was detected (Figure 4.1). The increase in reaction temperature from 
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RT to 37 °C did not improve the hypoxia-selective labelling efficiency through enhanced reaction 

kinetics of CuAAC.  

 

Figure 4.1: Hypoxia-selective clicking of SiHa cells under different temperatures. 

SiHa cells were incubated under oxic or hypoxic conditions and clicked with BODIPY-FL-azide by following 
protocol #1 (see Figure 2.1) and using reaction cocktail #1 (see Table 2.7). Fluorescence intensity was 
determined by flow cytometry. Each bar represents the median fluorescence intensity (MFI) of a sample 
derived from the corresponding flow cytometry histogram. Data are representative of 2 independent 
experiments.  

 

4.3.2 Trypsinisation 

Subculturing is an essential task in the routine maintenance of cell cultures. During the passage 

of adherent cell lines, the trypsin-EDTA solution is frequently applied to detach adhesive cells from 

the substratum. It has been well-documented that the proteolytic activity of trypsin is able to cleave 

cell surface proteins, which can induce dysregulation of cellular functions and functional changes 

in the cell membrane (Huang et al., 2010; Mayrhofer, Krieger, Allmaier, & Kerjaschki, 2006).  

To investigate if the time interval between the last subculturing and the experiment could affect 

the entire two-step process of CuAAC-based hypoxia-selective cell labelling, two SiHa cell 

samples with different time intervals (24 and 48 h) were prepared. For each sample, the 

experiment was performed following the procedures described in section 2.4.1. The fluorescence 
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intensities of cells labelled with a cell-permeable fluorophore, TAMRA-azide, in two groups of 

samples with different time intervals (24 and 48 h) were compared. There were no obvious 

changes in the hypoxic/oxic ratio caused by the 24 h difference in the interval between the last 

subculturing and the experiment in all five cell samples in terms of fluorescence intensity (Figure 

4.2). 

 

Figure 4.2: Comparison of the hypoxia-selectivity of click chemistry-based approach in SiHa cells 
with different recovery period from trypsinisation. 

SiHa cells, grown as a subconfluent monolayer culture, were harvested in trypsin-EDTA solution, transferred 
into new tissue culture flasks, and housed in an incubator under standard cell culture conditions for 24 or 48 
h. On the day of experiments, SiHa cells were incubated under oxic or hypoxic conditions and labelled with 
TAMRA-azide in a hypoxia-selective manner by following protocol #1 (see Figure 2.1) and using reaction 
cocktail #1 (see Table 2.7). Fluorescence intensity determined by flow cytometry. Each bar represents the 
median fluorescence intensity (MFI) derived from the corresponding flow cytometry histogram. Data are 
representative of 2 independent experiments.  

 

4.3.3 Ligand and copper source 

A series of reaction cocktails containing identical components except for the concentration of 

ligand were prepared. The CuAAC-mediated hypoxia-selective labelling was performed in the 

same group of cell samples using these reaction cocktails. Cells labelled with SN33267 were 

clicked with TAMRA-azide. The fluorescence intensity of each sample was determined and 

quantitated by flow cytometry. The data generated by the same group of samples with reaction 
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cocktails with various concentrations of ligand were compared to determine the hypoxia-selectivity 

of CuAAC-mediated cell labelling in response to the ligand to copper ratio in the reaction cocktail. 

4.3.3.1 TBTA and CuSO4 

CuSO4 was selected as the copper source. Under the catalysis provided by 1 mM CuSO4 and 500 

µM sodium ascorbate, hypoxic SiHa cells showed a slight increase in fluorescence intensity when 

the concentration of Tris(benzyltriazolylmethyl)amine (TBTA) was increased from 0.1 to 0.5 mM 

in the reaction cocktail. The further increase in ligand concentration (1 mM), however, led to a 

reduction in of the fluorescence signal. A different pattern was observed with oxic cells. They 

consistently demonstrated a slight increase in fluorescence intensity across the tested range of 

TBTA concentrations (0.1 – 1 mM). Consequently, the hypoxic to oxic ratio initially increased with 

increasing concentration of TBTA in the reaction cocktail. The maximum ratio, indicating the 

optimal hypoxia-selectivity, was achieved when the CuAAC-mediated cell labelling was facilitated 

by 0.5 mM TBTA (Figure 4.3A). 

Controls were included to account for the contribution of auto-fluorescence and non-selective 

binding of TAMRA-azide. The hypoxic cell sample without exposure to clickable 2-NI (SN33267) 

but incubated with TAMRA-azide showed much higher fluorescence than cells that were not 

incubated with TAMRA-azide. This suggested non-selective binding of TAMRA-azide to 

macromolecules independent of CuAAC with covalent adducts of SN33267 (Figure 4.3A). 

The fluorescence intensity of the oxic cells exposed to SN33267 clicked with TAMRA-azide was 

similar to that seen in cells without prior exposure to SN33267 (i.e. non-specific binding of TAMRA-

azide). This suggested that very little, if any, covalent adducts were formed from SN33267 under 

oxic conditions, which is consistent with the very low K-value of a close analogue of SN33267, the 

2-nitroimidazole EF5 under oxic conditions (Wang et al., 2012). 

When sodium ascorbate was replaced by TCEP as the reducing agent at the same concentration 

in the reaction cocktail, the CuAAC-based cell labelling with TAMRA-azide showed a different 

pattern as a function of TBTA concentration in the reaction cocktail.  
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As can be seen from Figure 4.3B, data generated by three concentrations of TBTA (0.1, 0.2, and 

0.5 mM) were used; 1 mM of TBTA caused severe precipitation during the preparation of the 

reaction cocktail. Under the catalysis provided by 1 mM CuSO4 and 500 µM TCEP, the 

fluorescence signals of hypoxic SiHa cells) decreased with increasing TBTA concentration in the 

reaction cocktail. There was no obvious change in fluorescence intensity of oxic cells with the use 

of reaction cocktails containing 0.1 or 0.2 mM of TBTA. However, the fluorescence intensity was 

markedly increased in oxic cells when the concentration of TBTA was further increased from 0.2 

to 0.5 mM. The hypoxic to oxic ratio dropped about 60% predominantly due to the decrease in 

fluorescence signals of hypoxic cells when increasing the concentration of TBTA from 0.1 to 0.2 

mM. The increased fluorescence intensity in oxic cells when the concentration of TBTA was further 

increased to 0.5 mM in the reaction cocktail also contributed to the further decrease in the hypoxic 

to oxic ratio (Figure 4.3B). 

In addition to showing very similar levels of fluorescence intensity, the hypoxic cell sample without 

exposure to clickable 2-NI (SN33267) but incubated with TAMRA-azide and the oxic cells 

demonstrated almost identical changes in fluorescence across the concentration gradient of TBTA. 

This might again indicate non-selective binding between TAMRA-azide and macromolecules 

independent of CuAAC. Again, the cell samples that were not incubated with TAMRA-azide 

showed very low levels of fluorescence intensity, presumably auto-fluorescence (Figure 4.3B). 
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Figure 4.3: The effect of TBTA concentration on hypoxia-selective cell labelling with TAMRA-azide.  

SiHa cells were incubated under oxic or hypoxic conditions and labelled with TAMRA-azide in a hypoxia-
selective manner by following protocol #1 (see Figure 2.1). Apart from different concentrations of TBTA, the 
reaction cocktails also contained 10 µM TAMRA-azide, 1 mM CuSO4, and 500 µM reducing agent. (A) 
Fluorescence intensity of each sample when using sodium ascorbate as reducing agent. (B) Fluorescence 
intensity of each sample when using TCEP as reducing agent. The MFI of sample is read from the 
corresponding flow cytometry histogram. The data are represented with different types of plot symbols 
according to the figure legend. Each plot is representative of at least 3 independent experiments. 

 

As mentioned above severe precipitation was induced by 1 mM TBTA in the presence of 10 µM 

TAMRA-azide, 1 mM CuSO4, and 500 µM TCEP in the reaction cocktail. When the concentration 

of CuSO4 was fixed at 1 mM, only a very narrow range of TBTA concentrations could be 

investigated. This limited the in vitro study of hypoxia-selective cell labelling as a function of a 

change in the ligand to copper ratio. To overcome this limitation, a series of reaction cocktails with 

different concentrations of CuSO4 (10 µM – 2 mM) with a fixed concentration of TBTA (100 µM) 

were used to study the role played by ligand to copper ratio in the selectivity of CuAAC-mediated 

hypoxic cell labelling with 10 µM TAMRA-azide under the reduction of 500 µM TCEP.  

The fluorescence intensity of hypoxic samples initially increased as a function of increasing 

concentration of CuSO4 in the reaction cocktail, which was followed by reaching a maximum when 

1 mM CuSO4 was applied in the reaction cocktail to give a ligand to copper ratio of 1:10. There 

was no obvious change in fluorescence signals in oxic samples in a concentration-dependent 
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manner, which made the trend of hypoxic to oxic ratio as a function of the concentration of CuSO4 

in the reaction cocktail very similar to the trend of fluorescence of the hypoxic samples across the 

gradient of ligand to copper ratio (Figure 4.4). Thus the highest labelling selectivity to hypoxic cells 

was observed with 1 mM CuSO4 (the ligand to copper ratio of 1:10) in the reaction cocktail. The 

optimal ligand to copper ratio determined by this experiment was consistent with the finding from 

the previous experiment (Figure 4.3B).  

 

Figure 4.4: The effect of CuSO4 concentration on hypoxia-selective cell labelling with TAMRA-azide.  

SiHa cells were incubated under oxic or hypoxic conditions and clicked with TAMRA-azide in a hypoxia-
selective manner by following rotocol #1 (see Figure 2.1) and using a series of reaction cocktails containing 
various concentrations of CuSO4 (10 µM – 2 mM) based on reaction cocktail #2 (see Table 2.7). Fluorescence 
intensity of each sample is graphed using the MFI read from the corresponding flow cytometry histogram. 
The data are represented with different types of plot symbols according to the figure legends. Plot is 
representative of at least 3 independent experiments. 
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4.3.3.2 THPTA and CuSO4 

The same experimental design was also used to evaluate the performance of CuAAC-mediated 

hypoxia-selective cell labelling as a function of the concentration of Tris(3-

hydroxypropyltriazolylmethyl)amine (THPTA) ligand in the reaction cocktail.  

When 500 µM sodium ascorbate was used as reductant, the hypoxic samples labelled with 

TAMRA-azide demonstrated a reduction in fluorescence intensity when the concentration of 

THPTA was increased from 0.1 to 1 mM in the reaction cocktail. Similar to the results with TBTA, 

the fluorescence signals of the oxic samples did not change with THPTA concentration. The 

reaction cocktail containing 0.2 mM THPTA (ligand to copper ratio of 1:5) provided the best 

hypoxia-selectivity (Figure 4.5A).   

Unlike TBTA, no precipitation occurred during the preparation of the reaction cocktail containing 1 

mM THPTA and 500 µM of TCEP as the reducing agent. With increasing concentration of THPTA 

in the reaction cocktail, the fluorescence intensity went down in the hypoxic samples. However, 

no concentration-dependent response in fluorescence intensity was observed across the gradient 

of THPTA concentrations in the oxic samples. Among the tested THPTA concentrations, the 

reaction cocktail containing 0.1 mM THPTA (ligand to copper ratio of 1:10) provided the best 

hypoxia-selectivity in CuAAC-mediated cell labelling (Figure 4.5B). 

Similar to what had been observed when TBTA was used as ligand (Figure 4.4), the fluorescence 

intensity of the oxic cells exposed to SN33267 and clicked with TAMRA-azide was similar to that 

seen in cells without prior exposure to SN33267 (i.e. non-specific binding of TAMRA-azide) 

independent of the selection of reducing agent when THPTA was used as ligand (Figure 4.5).  
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Figure 4.5: The effect of THPTA concentration on hypoxia-selective cell labelling.  

SiHa cells were incubated under oxic or hypoxic conditions and clicked with TAMRA-azide in a hypoxia-
selective manner by following protocol #1 (see Figure 2.1). Apart from different concentrations of THPTA, the 
reaction cocktails also contained 10 µM TAMRA-azide, 1 mM CuSO4, and 500 µM reducing agent. (A) 
Fluorescence intensity of each sample when using sodium ascorbate as reducing agent. (B) Fluorescence 
intensity of each sample when using TCEP as reducing agent. The MFI of sample is read from the 
corresponding flow cytometry histogram. The data are represented with different types of plot symbols 
according to the figure legends. Each plot is representative of at least 3 independent experiments. 
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4.3.4 Reducing agent 

Two reducing agents were tested in CuAAC-mediated hypoxia-selective cell labelling at different 

concentrations.  

Based on the recipe of reaction cocktail #1 (Table 2.7), five reaction cocktails containing a series 

of sodium ascorbate concentrations ranging from 1 to 100 mM were used to determine the role of 

reductant concentration in clicking SiHa cells with TAMRA-azide in a hypoxia-selective manner 

(Figure 4.6A). Across the tested range of sodium ascorbate concentrations, fluorescence intensity 

did not show an obvious concentration-dependency. SiHa cells clicked with TAMRA-azide using 

the reaction cocktail containing 2 mM sodium ascorbate gave the best hypoxic selectivity on the 

basis of the calculated hypoxic to oxic ratio. The hypoxic to oxic ratio, however, varied slightly 

between 6.5 and 9.0 in the tested range of sodium ascorbate concentrations.  

Similar to sodium ascorbate, five reaction cocktails, based on the recipe of reaction cocktail #2 

(Table 2.7) and containing a series of TCEP concentrations ranging from 0.1 to 10 mM, were 

tested in the same way.  

Across the tested range of TCEP concentrations, fluorescence intensity of the hypoxic samples 

increased with increasing concentration of TCEP in the reaction cocktail and reached a maximum 

value when 1 mM TCEP was used. At a TCEP concentration of 10 mM, a dramatic decrease in 

fluorescence signal was seen in labelled hypoxic sample. In the other tested cell samples in this 

experiment, fluorescence intensity did not show any obvious concentration-dependency. Both 

fluorescence intensity in the hypoxic samples and the hypoxic to oxic ratio thus responded to the 

concentration of TCEP in the reaction cocktail in a similar manner. SiHa cells labelled with 

TAMRA-azide using the reaction cocktail containing 1 mM of TCEP provided the best hypoxic cell 

labelling selectivity based on the calculated hypoxic to oxic ratio (Figure 4.6B).  
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Figure 4.6: The effect of reducing agent concentration on clicking TAMRA-azide with cells in a 
hypoxia-selective manner.  

SiHa cells were incubated under oxic or hypoxic conditions and clicked with TAMRA-azide in a hypoxia-
selective manner by following protocol #1 (see Figure 2.1) and using a series of reaction cocktails containing 
various concentrations of reducing agent (1 – 100 mM sodium ascorbate or 0.1 – 10 mM TCEP) based on 
reaction cocktail #1 or #2 (see Table 2.7), respectively. (A) Fluorescence intensity of each sample when using 
sodium ascorbate as reducing agent. (B) Fluorescence intensity of each sample when using TCEP as 
reducing agent. The MFI of sample is read from the corresponding flow cytometry histogram. The data are 
represented with different types of plot symbols according to the figure legends. Each plot is representative 
of at least 3 independent experiments. 

  

A. B.
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4.3.5 Modification of methodology to minimise non-specific binding 

4.3.5.1 Non-specific binding 

To determine the optimal concentration of TAMRA-azide in reaction medium, SiHa cells were 

incubated with SN33267 under oxic or hypoxic conditions and clicked with TAMRA-azide in a 

hypoxia-selective manner following protocol #1 (Figure 2.1) and using a series of reaction cocktails 

containing various concentrations of TAMRA-azide (50 nM – 100 µM) based on reaction cocktail 

#1 (Table 2.7). 

This experiment was independently repeated three times within a 5-month time window. The 

fluorescence intensity of each simple increased with increasing in concentration of TAMRA-azide 

in the range from 50 nM to 100 µM and followed the same pattern in all three experiments (Figure 

4.7A).  

With increasing concentration of TAMRA-azide in the reaction cocktail, the hypoxic to oxic ratio 

increased and reached a maximal maximum value at 5 µM TAMRA-azide, which was followed by 

a drastic reduction of the ratio when further increasing the concentration of TAMRA-azide to 100 

µM due to the large increase in fluorescence of the oxic samples. This pattern was observed in 

three independent experiments performed over a 5-month period (Figure 4.7B). The increases in 

fluorescence intensity of the oxic samples were due to non-specific binding of TAMRA-azide 

independent of CuAAC.    
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Figure 4.7: The effect of TAMRA-azide concentrations on hypoxia-selective cell labelling. 

SiHa cells were incubated under oxic or hypoxic conditions and clicked with TAMRA-azide in a hypoxia-
selective manner by following the protocol #1 (see Figure 2.1) and using a series of reaction cocktails 
containing various concentrations of TAMRA-azide (50 nM – 100 µM) based on reaction cocktail #1 (see 
Table 2.7). (A) Fluorescence intensity of each sample against TAMRA-azide concentration. The plots are 
from three independent experiments. The date of experiment is indicated on the corresponding graph. The 
MFI of sample is read from the corresponding flow cytometry histogram. The data are represented with 
different types of plot symbols according to the figure legend. Each plot is representative of 27 independent 
experiments over a 5-month period. (B) Hypoxia-mediated selectivity in clicking TAMRA-azide with SiHa cells 
from the three independent experiments shown in (A). Each bar represents the hypoxic/oxic ratio as the 
indicator of hypoxia selectivity. The same data are indicated by black crosses in (A).  
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4.3.5.2 Concentration of ethanol applied in the additional wash step 

In order to minimise the fluorescence caused by non-specific staining by TAMRA-azide, an 

additional wash step was added in the original protocol (protocol #1, see Figure 2.1) following the 

second 30-min incubation with the reaction cocktail and before the three PBS wash steps. Ethanol-

PBS solution was used in this additional wash step. It is known that high concentrations of ethanol 

are able to affect the structure of some proteins, produce dehydratation of the cell membrane, and 

remove significant quantities of membrane lipids, which can induce changes in cell mophology as 

well as cause significant damage to cells (Schnell, Dijk, Sjollema, & Giepmans, 2012). The optimal 

concentration of ethanol used in the washing solution was carefully determined by examining the 

capability of a series of ethanol-PBS solutions covering a range of ethanol concentrations (v/v) 

from 0% to 50% in improving the hypoxia-selectivity in CuACC-mediated cell labelling. Two 

fluorophore azides were selected in Chapter 3 since their promising interactivities with cell-

incorporated SN33267 adducts with relatively low levels of non-specific staining. Owing to the 

choice of two reductants, in total four experiments covering all possible combinations of reductant 

and azide-modified fluorophore were performed in parallel to determine the optimal concentration 

of ethanol in the washing solution.  

In all four experiments, the fluorescence of the oxic samples was notably reduced as a 

consequence of the elevated concentration of ethanol in the washing solutions used during the 

additional wash step. In contrast to the responses of fluorescence in oxic samples, changes in 

ethanol concentration did not show any obvious effects on the fluorescence intensity of the hypoxic 

samples (Figure 4.8). Thus, the additional washing step using ethanol-PBS solution selectively 

reduced the fluorescence intensity in oxic samples in an ethanol concentration-dependent manner 

within the range of concentrations examined. The application of 50% (v/v) ethanol-PBS solution 

in the additional wash step demonstrated the best efficiency in selectivly removing non-specifically 

bound fluorophores in the oxic samples. Based on this modified protocol, the hypoxia-selectivity 

of this CuAAC-based methodology, indicated by the hypoxic to oxic ratio, was significantly and 

consistently improved.   
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Figure 4.8: The effect of washing with ethanol-PBS solution on removal of non-specific binding of 
fluorophore azide. 

SiHa cells were incubated under oxic or hypoxic conditions and clicked with azide-modified fluorophores in 
a hypoxia-selective manner by following the modified version of protocol #1 (see Figure 2.1) and using 
reaction cocktail #1 or #2 (see Table 2.7) when sodium ascorbate or TCEP was selected as reductant during 
the click reaction, respectively. In comparison with protocol #1, an ethanol wash step was added in 
experimental procedure between the second 30-min incubation with reaction cocktail and three PBS wash 
steps in the modified protocol. (A) Fluorescence intensity of each sample clicking with BODIPY-FL-azide 
against the ethanol concentration used in additional wash step when sodium ascorbate was used as reducing 
agent. (B) Fluorescence intensity of each sample clicking with BODIPY-FL-azide against the ethanol 
concentration used in additional wash step when TCEP was used as reducing agent. (C) Fluorescence 
intensity of each sample clicking with TAMRA-azide against the ethanol concentration used in additional 
wash step when sodium ascorbate was used as reducing agent. (D) Fluorescence intensity of each sample 
clicking with TAMRA-azide against the ethanol concentration used in additional wash step when TCEP was 
used as reducing agent. The MFI of sample is read from the corresponding flow cytometry histogram. The 
data are represented with different types of plot symbols according to the figure legend. Each plot is 
representative of at least 4 independent experiments. 

  

A. B.

C. D.



121 

 

4.3.5.3 The new protocol with modified wash steps 

After 50% (v/v) ethanol-PBS solution was selected for use in the additional wash step, hypoxic 

SiHa cells without prior exposure to SN33267 and clicked with BODIPY-FL-azide were used to 

determine the performance of each single wash step in removing background fluorescence signals 

following the modified protocol (protocol #2 in Figure 2.1) by flow cytometry (Figure 4.9A). 

Any detected fluorescence from the BODIPY dye was assumed to be caused by non-specific 

binding independent of cellular hypoxic stress or CuAAC. In comparison to the level of 

fluorescence intensity in cells at the end of the second 30-min incubation with reaction cocktail 

containing 3 µM BODIPY-FL-azide, 94% of fluorescence signals was removed by the wash step 

containing 50% ethanol, which was followed by three wash steps with PBS-alone to further 

decrease the fluorescence intensity by 4%, 0.7%, and 0.04%, respectively (Figure 4.9B). The first 

two wash steps removed the majority of non-specific fluorescence (98%). The third PBS wash 

step was removed since its limited function in eliminating background staining.   

 

Figure 4.9: The effect of required wash steps on minimising non-specific binding of BODIPY-FL-azide. 

SiHa cells were incubated under hypoxic conditions and clicked with BODIPY-FL-azide in a hypoxia-selective 
manner by following protocol #2 (see Figure 2.1) and using reaction cocktail #2 (Table 2.7) containing 3 µM 
of BODIPY-FL-azide. Hypoxic_SN33267-_Azide+ cells were sampled at the end of each individual step after 
the second 30-min incubation with reaction cocktail. (A) Histograms of fluorescence intensity in each sample 
determined by flow cytometry. (B) Residual fluorescence after each wash step to reduce non-specific 
background staining. Each bar represents the median fluorescence intensity (MFI) of sample read from the 
corresponding flow cytometry histogram in (A). Data are representative of 3 independent experiments.
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4.3.5.4 Performance of the optimised protocol #3 

The optimised protocol (protocol #3 in Figure 2.1) was tested by labelling SiHa cells with either 

BODIPY-FL-azide (Figure 4.10A) or TAMRA-azide (Figure 4.10B). By following the new protocol, 

the CuAAC-based method demonstrated an enhanced hypoxia-selectivity. According to the flow 

cytometric histograms, oxic cells were completely separated from the hypoxic cells in all tested 

combinations of azide-modified fluorophores and reductants. This suggested the possibility to sort 

cells by FACS when mixing oxic and hypoxic cells together in one sample because of the lack of 

overlap between the two cell populations. With both azide-modified fluorophores, the reaction 

cocktails using TCEP as reductant provided better hypoxic to oxic ratios than sodium ascorbate-

based reaction cocktails. Compared to the flow cytometry data generated by cells labelled with 

BODIPY dye, TAMRA-azide offered better hypoxic to oxic ratios both when sodium ascorbate or 

TCEP were used as reducing agents in the reaction cocktail. Although the relatively lower hypoxic 

to oxic ratio with cells labelled with BODIPY-FL-azide in comparison to TAMRA-azide, the 

distribution of fluorescence intensities of individual cells from the same sample was generally 

tighter when BODIPY-FL-azide was used, as seen by the narrower peaks in the flow cytometric 

histograms.     
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Figure 4.10: Hypoxia-selective labelling of SiHa cells using the optimal reaction cocktails and the 
optimised protocol. 

SiHa cells were incubated under oxic or hypoxic conditions and clicked with azide-modified fluorophores in 
a hypoxia-selective manner by following protocol #3 (see Figure 2.1) and using reaction cocktails #1 or #2 
(see Table 2.7) with use of sodium ascorbate or TCEP as reductant during the click reaction, respectively. 
Representative data from at least 3 independent experiments are shown.  

  

A. 

B. 

Hypoxic/Oxic ratio: 8.2 Hypoxic/Oxic ratio: 25.3 

Hypoxic/Oxic ratio: 13.5 Hypoxic/Oxic ratio: 30.5 
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4.3.6 Azide-modified fluorophore 

In CuAAC-based hypoxia-selective cell labelling, the non-specific background staining was related 

to the concentration of azide-modified fluorophore in a concentration-dependent manner. In order 

to determine the hypoxia-selectivity of the method as a function of the applied concentration of 

fluorophore azide and the optimal concentration of azide-modified fluorophore, a series of reaction 

cocktails containing 30 nM – 100 µM of azide-modified fluorophore were tested utilising the 

modified protocol (protocol #3 in Figure 2.1) because it offered improved capability to diminishing 

the interference due to non-specific background staining. 

4.3.6.1 BODIPY-FL-azide 

With cells that were incubated with SN33267 and labelled with BODIPY-FL-azide the fluorescence 

intensity correlated with the concentration of fluorophore used in the reaction cocktail in a 

concentration-dependent manner (Figure 4.11). With increasing concentration of BODIPY-FL-

azide, the fluorescence of hypoxic cells was elevated. The same trend in fluorescence intensity 

was also observed in both oxic and hypoxic samples without prior exposure to SN33267, which 

was mainly due to non-specific background staining independent of CuAAC. Apart from one outlier 

(3 μM BODIPY-FL-azide in panel B), SiHa cells demonstrated similar fluorescence changes to the 

increased BODIPY-FL-azide concentration in both types of click cocktails with different reducing 

agents. Based on the calculated hypoxic to oxic ratio, 3 µM of BODIPY-FL-azide in the reaction 

cocktail provided the highest hypoxia-selectivity when sodium ascorbate was used as a reductant. 

The optimal concentration of fluorophore in TCEP-reduced reaction cocktail could be either 1 or 3 

µM but a firm conclusion was prevented by one measurement considered to be an outlier.  
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Figure 4.11: The effect of BODIPY-FL-azide concentration on clicking cells in a hypoxia-selective 
manner. 

SiHa cells were incubated under oxic or hypoxic conditions and clicked with BODIPY-FL-azide in a hypoxia-
selective manner by following protocol #3 (see Figure 2.1) and using a series of reaction cocktails containing 
30 nM – 100 µM of BODIPY-FL-azide. The reaction cocktails were prepared by following the recipe of reaction 
cocktails #1 or #2 (see Table 2.7) when sodium ascorbate or TCEP was used as reductant during the click 
reaction, respectively. The MFI of sample is read from the corresponding flow cytometry histogram. The data 
are represented with different types of plot symbols according to the figure legend. Each plot is representative 
of 3 independent experiments. 
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4.3.6.2 TAMRA-azide 

SiHa cells showed similar responses to changes in fluorophore concentration when BODIPY-FL-

azide was replaced with TAMRA-azide in the reaction cocktail (Figure 4.12). Reaction cocktails 

with 10 and 3 µM of TAMRA-azide gave the highest hypoxic to oxic ratios when sodium ascorbate 

and TCEP were chosen as reducing agents, respectively. The data generated by reaction cocktails 

using sodium ascorbate as reductant are consistent with the data shown in Figure 4.7.  

 

Figure 4.12: The effect of TAMRA-azide concentration on clicking with cells in a hypoxia-selective 
manner. 

SiHa cells were incubated under oxic or hypoxic conditions and clicked with TAMRA-azide in a hypoxia-
selective manner by following protocol #3 (see Figure 2.1) and using a series of reaction cocktails containing 
30 nM – 100 µM of TAMRA-azide. The reaction cocktails were prepared by following the recipe of reaction 
cocktails #1 or #2 (see Table 2.7) when sodium ascorbate or TCEP was used as reductant during the click 
reaction, respectively. The MFI of sample is read from the corresponding flow cytometry histogram. The data 
are represented with different types of plot symbols according to the figure legend. Each plot is representative 
of 3 independent experiments. 
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When sodium ascorbate was used as the reductant in the reaction cocktail containing 3 µM 

BODIPY-FL-azide, the fluorescence signals of the hypoxic samples increased with increasing 

concentration of SN33267 applied in the 2-NI-incubation step. When TCEP was employed as the 

reductant in the reaction cocktail containing 3 µM BODIPY-FL-azide, the fluorescence signals of 

the hypoxic samples increased with increasing concentration of SN33267 in a way similar to the 

case when sodium ascorbate was used (Figure 4.13).  

In both cases, the hypoxic to oxic ratio reached a maximum at 100 μM of SN33267. The oxic 

samples showed a slight increase in fluorescence intensity with increasing concentration of 

SN33267. The other three experimental conditions did not show any notable changes in 

fluorescence intensities across the tested concentrations of SN33267. With both reducing agents, 

100 µM of SN33267 in the 2-NI-incubation step provided the best hypoxic to oxic ratios (Figure 

4.13). 

 

Figure 4.13: The effect of SN33267 concentration on clicking SiHa cells with BODIPY-FL-azide in a 
hypoxia-selective manner. 

SiHa cells were incubated with 3 – 300 µM of SN33267 under oxic or hypoxic conditions and clicked with 
BODIPY-FL-azide in a hypoxia-selective manner by following protocol #3 (see Figure 2.1). Reaction cocktails 
contained 3 µM of BODIPY-FL-azide and prepared by following the recipe based on reaction cocktails #1 or 
#2 (see Table 2.7) when sodium ascorbate or TCEP was used as reductant during the click reaction, 
respectively. The MFI of sample is read from the corresponding flow cytometry histogram. The data are 
represented with different types of plot symbols according to the figure legend. Each plot is representative of 
at least 3 independent experiments. 
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In a similar experiment using sodium ascorbate and 3 µM TAMRA-azide in the reaction cocktail, 

the fluorescence signals of the hypoxic samples increased when the concentration of SN33267 

applied in the 2-NI-incubation step was raised from 3 to 100 µM and reached a maximum at 100 

µM. A further increase in the applied SN33267 concentration led to a slight reduction of 

fluorescence intensity in hypoxic cells. The fluorescence intensity of oxic samples slightly 

increased with increasing concentration of SN33267. When TCEP replaced sodium ascorbate as 

reductant in CuAAC, the fluorescence intensity was elevated by increasing concentration of 

SN33267 applied during the 2-NI-incubation step in both hypoxic samples and oxic samples. In 

addition, the fluorescence signals of the oxic sample markedly increased, when the applied 

concentration of SN33267 was raised from 100 to 300 µM. Again, 100 µM of SN33267 in the 2-

NI-incubation step provided the best hypoxic to oxic ratios independent of the choice of reducing 

agent (Figure 4.14). 

 

Figure 4.14: The effect of SN33267 concentration on clicking SiHa cells with TAMRA-azide in a 
hypoxia-selective manner. 

SiHa cells were incubated with 3 – 300 µM of SN33267 under oxic or hypoxic conditions and clicked with 
TAMRA-azide in a hypoxia-selective manner by following protocol #3 (see Figure 2.1). Reaction cocktails 
contained 3 µM of TAMRA-azide and prepared by following the recipe based on reaction cocktails #1 or #2 
(see Table 2.7) when sodium ascorbate or TCEP was used as reductant during the click reaction, respectively. 
The MFI of sample is read from the corresponding flow cytometry histogram. The data are represented with 
different types of plot symbols according to the figure legend. Each plot is representative of at least 3 
independent experiments. 
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Similarly, the CuAAC-based methodology was also tested in HCT116 and HT-29 cell. In these two 

cell lines, a similar pattern was observed with BODIPY-FL-azide and TAMRA-azide (Figure 4.15 

and Figure 4.16) as with SiHa cells (Figure 4.13 and Figure 4.14). Concentrations of 100 and 300 

µM in SN33267 used during the 2-NI-incubation step provided the best hypoxic to oxic ratios 

irrespective of the selection of azide-modified fluorophore or reducing agent in HCT116 cells 

(Figure 4.15) and HT-29 cells (Figure 4.16), respectively. 

In all three cell lines, the results showed high levels of similarity. For subsequent experiments, an 

SN33267 concentration of 100 µM was selected for the 2-NI-incubation step since it provided the 

best (in SiHa and HCT116 cell lines) or the second best (in HT-29 cell line) hypoxic to oxic ratios 

irrespective of the selection of azide-modified fluorophore or reducing agent. 
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Figure 4.15: The effect of SN33267 concentration on clicking HCT116 cells with BODIPY-FL-azide or 
TAMRA-azide. 

HCT116 cells were incubated with 3 – 300 µM of SN33267 under oxic or hypoxic conditions and clicked with 
azide-modified fluorophores in a hypoxia-selective manner by following protocol #3 (see Figure 2.1). Reaction 
cocktails contained 3 µM of the selected azide-modified fluorophore and prepared by following the recipe 
based on reaction cocktails #1 or #2 (see Table 2.7) when sodium ascorbate or TCEP was used as reductant 
during the click reaction, respectively. The MFI of sample is read from the corresponding flow cytometry 
histogram. The data are represented with different types of plot symbols according to the figure legends. 
Each plot is representative of 3 independent experiments. 
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Figure 4.16: The effect of SN33267 concentration on clicking HT-29 cells with BODIPY-FL-azide or 
TAMRA-azide. 

HT-29 cells were incubated with 3 – 300 µM of SN33267 under oxic or hypoxic conditions and clicked with 
azide-modified fluorophores in a hypoxia-selective manner by following protocol #3 (see Figure 2.1). Reaction 
cocktails contained 3 µM of the selected azide-modified fluorophore and prepared by following the recipe 
based on reaction cocktails #1 or #2 (see Table 2.7) when sodium ascorbate or TCEP was used as reductant 
during the click reaction, respectively. The MFI of sample is read from the corresponding flow cytometry 
histogram. The data are represented with different types of plot symbols according to the figure legends. 
Each plot is representative of 3 independent experiments. 
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4.3.8 CuAAC-mediated staining vs immunohistochemistry 

Two parallel in vitro experiments were performed to label fixed and permeabilised SiHa cells with 

Alexa Fluor 488 dye either immunohistochemically (using EF5 and Alexa Fluor 488-conjugated 

EF5 antibody) or chemically (using SN33267 and Alexa Fluor 488-azide) in a hypoxia-selective 

manner.  

When cells labelled chemically through the bioreductive metabolism of clickable 2-NI (SN33267) 

using the CuAAC-based method, the flow cytometric data demonstrated a smaller variation in 

fluorescence intensity of the cell sample in comparison to the immunohistochemistry-based 

method. Such differences in the variation of fluorescence intensity between the two methods were 

clearly seen in the flow cytometric histograms of three experimental samples (histograms in light 

green, dark green, and thistle in Figure 4.17) that were exposed to Alexa Fluor 488 fluorophores: 

sharp peaks with narrower base widths in the histograms of the CuAAC-based cell labelling 

procedure compared to the immunohistochemistry-based method.   

The two histograms representing the fluorescence intensities in oxic and hypoxic samples partially 

overlapped when the immunohistochemistry-based method was utilised to label cells (Figure 

4.17A). When cells were labelled by using CuAAC-based method, the peak representing the 

fluorescence intensity in the oxic sample was nearly completely separated from the one 

representing the hypoxic sample, which suggested the potential of this CuAAC-based method to 

successfully sort cells by FACS according to fluorescence intensity when the two samples were 

mixed together (Figure 4.17B).  
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Figure 4.17: Comparison of hypoxia-selective labelling of SiHa cells based on immunohistochemistry 
and CuAAC. 

(A) Flow cytometry histograms of fluorescence signals in cell samples labelled with Alexa Fluor 488 dye via 
immunohistochemistry. Following a 1.5 h pre-gassing incubation, SiHa cells were incubated with 100 µM EF5 
under oxic or hypoxic conditions for 2 h. After fixation and permeabilisation, cells were labelled 
immunochemically with Alexa Fluor 488-conjugated ELK3.1 EF5 antibody (50 µg/mL) in a hypoxia-selective 
manner. (B) Flow cytometry histograms of fluorescence signals in cell samples labelled with Alexa Fluor 488-
azide via CuAAC-mediated conjugation with SN33267. Following a 1.5 h pre-gassing incubation, SiHa cells 
were incubated with 100 µM SN33267 under oxic or hypoxic conditions for 2 h. After fixation and 
permeabilisation, cells were labelled with Alexa Fluor 488-azide in a hypoxia-selective manner by following 
protocol #1 (see Figure 2.1). Reaction cocktails contained 10 µM of Alexa Fluor 488-azide and prepared by 
following the recipe of reaction cocktail #1 (see Table 2.7). Representative flow cytometric data from 3 
independent experiments are shown.  

  

A. B.
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In unpublished work done by Sarah McManaway, an NIH-III mouse bearing a subcutaneous (s.c.) 

A431 human tumour xenograft was co-administered the reference hypoxia marker EF5 and 

clickable 2-NI SN33267 (both 60 mg/kg) simultaneously by i.p. injections. The tumour was excised 

2 h later. The fluorescence signals was determined by confocal microscopy on tissue sections.  

Figure 4.18A shows a deparaffinised tissue sample stained immunochemically by 50 µg/mL Alexa 

Fluor 488-conjugated ELK3.1 EF5 antibody. The antibody-stained EF5 adducts that are formed 

through the covalent associations between the EF5 reductive metabolites generated in a hypoxia-

dependent manner, and macromolecules. Following the immunohistochemical staining, the same 

section was chemically stained with 10 µM Alexa Fluor 647-azide via a CuAAC-based procedure 

(Figure 4.18B). The two staining patterns overlapped each other very well, which suggested that 

EF5 and SN33267 labelled the same (hypoxic) cells in this xenograft model and with a similar 

sensitivity for detection fluorescence confocal microscopy.  

 

Figure 4.18: Dual staining in an A431 tumour xenograft with EF5 and SN33267 using fluorescence 
confocal microscopy. 

(A) Alexa Fluor 488 – EF5 Antibody signal. (B) Alexa Fluor 647 – SN33267 click signal. An NIH-III mouse 
was inoculated with A431 tumour cells and 20 days later the mouse was dosed with both SN33267 (60 mg/kg) 
and EF5 (60 mg/kg) simultaneously by i.p. injection. Two hours after dosing, the mouse was euthanized and 
the tumour excised. Following antigen retrieval and deparaffinisation, the deparaffinised tissue sample was 
labelled immunochemically with Alexa Fluor 488-conjugated ELK3.1 EF5 antibody (50 µg/mL) followed by 
incubating with reaction cocktail #1 (see Table 2.7) containing 10 µM Alexa Fluor 647-azide. Both confocal 
microscopy images were taken on an Olympus FLUOVIEW FV1000 confocal laser scanning microscope with 
60× oil immersion objective (Olympus Corporation, Tokyo, Japan). [Unpublished data; image courtesy of 
Sarah McManaway]  

A. B.
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4.3.9 Copper-free click chemistry for labelling of hypoxic cells 

The strain-promoted azide-alkyne cycloaddition (SPAAC) was first coined by Bertozzi et al. with 

improved biocompatibility due to the absence of copper(I)-catalysis (Agard et al., 2004). Two 2-NI 

moiety-containing compounds, a trans-cyclooctene derivative TCO (SN35189) and a cyclooctyne 

derivative BCN (SN34710), were also converted into reductive metabolites under hypoxic 

conditions and formed covalent adducts in cells by binding to macromolecules. These adducts 

could be tagged with a tetrazine-BODIPY conjugate, SN35580, via SPAAC reactions (Figure 

4.19A). Three concentrations (10, 30, and 100 µM) of the cyclooctyne or cyclooctene derivative 

were tested with 2 µM of SN35580 in SiHa cells to determine the role of 2-NI concentration in the 

hypoxia-selectivity of SPAAC-mediated cell labelling procedure.  

SiHa cells demonstrated very similar responses to the different concentrations of cyclooctyne or 

cyclooctene derivatives in hypoxia-selective labelling (Figure 4.19B and C). The increase in the 

concentration of either TCO or BCN did not cause notable changes in final fluorescence intensity 

of SN35580-clicked hypoxic samples. However, the fluorescence signals were elevated in oxic 

samples with increasing concentration of the cyclic derivatives. Among the three tested 

concentrations, 10 µM gave the best results in selectively labelling hypoxic SiHa cells for both 

TCO and BCN. 
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Figure 4.19: SPAAC-based hypoxia-selective labelling of SiHa cells. 

SiHa cells were incubated with 10 – 100 µM of 2-NI-modified cyclooctyne under oxic and hypoxic conditions 
for 2 h. In SPAAC, 2 µM of BODIPY-based SN35580 in 10 mM Tris-buffered saline was used as reaction 
cocktail. All wash steps and reaction cocktail incubation steps were performed in the same time frame as 
protocol #1 (see Figure 2.1). (A) Compounds used in SPAAC-based labelling of cells. (B) Fluorescence 
intensity of cell sample incubated with TCO and labelled with SN35580 (C) Fluorescence intensity of cell 
sample incubated with BCN and labelled with SN35580. The MFI of sample is read from the corresponding 
flow cytometry histogram. The data are represented with different types of plot symbols according to the 
figure legends. Each plot is representative of 2 independent experiments. 
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4.4 Discussion 

The presence of hypoxic regions is a common feature in most solid tumours and associated with 

increased metastasis, increased tissue invasion, and resistance to radio- and chemotherapy as 

well as surgery (Yuan et al., 2011). The distribution of hypoxic stress is spatially heterogeneous 

in individual tumours, characterised by gradients of oxygenation spreading from normal 

physiological levels close to the vasculature to near anoxia at the borders of necrotic zones 

(Nordsmark et al., 2005).  

Fluorescent modification is by far the most popular approach in hypoxia labelling techniques by 

virtue of the highly sensitive detectability of the fluorescent signal with extraordinary spatial and 

temporal resolution with relatively reasonable cost and the potential for multichannel detection 

(Gonçalves, 2009; Herner, Nikic, Kallay, Lemke, & Kele, 2013; Lee et al., 2011). Chemical probes 

based on the 2-nitroimidazole (2-NI) functionality, such as EF5, is a widely applied probe for the 

immunohistochemical detection of hypoxia as well as non-invasive detection and imaging by 

positron emission tomography (PET) (Dolbier et al., 2001; Evans et al., 2000; Wang et al., 2012; 

Wilson & Hay, 2011). In the hypoxic environment, the reduction of these chemical probes mediated 

by one-electron reductases converts the 2-NI to a 2-(hydroxylamino)imidazole, followed by the 

generation of an electrophilic 2-(nitrenium)imidazole ion. The electrophilic 2-(nitrenium)imidazole 

ion irreversibly reacts with protein thiols and gives rise to protein-2-(amino)imidazole adducts, 

thereby effectively labelling the cell (Edgar et al., 2014). The success of such applications requires 

exquisite selectivity to maximise signal to noise ratio. During optimisation of the click chemistry-

based methodology in this thesis, the hypoxic to oxic ratio was used as a major criterion to select 

both optimal experimental conditions and optimal concentration of each participant. 

Benefitting from the small size and unobtrusive nature of the terminal alkyne and azide moieties, 

the majority of reported bioorthogonal reactions in the literature have been used, to date, to label 

proteins in vitro or at the cell surface with respect to selected biological functionalities (McKay & 

Finn, 2014). A clickable probe sensitive to cellular hypoxic stress can be created by linking an 

alkyne or azide moiety to a bioreductively sensitive 2-nitroimidazole scaffold. With the presence 
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of corresponding counterpart-modified fluorophore, the detection of hypoxia can be achieved by a 

chemistry-based approach.  

4.4.1 Temperature 

The increase of reaction temperature can benefit the reaction via boosting conformational 

dynamics when the azide or alkyne group on the biomolecule is sterically hindered or inaccessible 

to the catalyst and the coupling partner (Hong et al., 2009). Finn and co-workers reported that the 

CuAAC reaction benefits greatly from higher temperatures. In CuAAC bioconjugations, even 

modest increases of the reaction temperature within a tolerated range of some biological 

molecules can generally result in better kinetic behaviours (Presolski et al., 2011), especially when 

the metal is sequestered by competing coordinating species, including donor solvent molecules 

or donor groups in protein or other species present, a little heat may be what copper(I) centres 

need to recover from the compromised kinetics liability (Presolski, Hong, Cho, & Finn, 2010; 

Presolski et al., 2011). Because of concerns for RNA integrity (which will be discussed in Chapter 

5), there was not much scope to increase the reaction temperature for the CuAAC reaction. A 

reaction temperature of 37 °C did not result in improving CuAAC-mediated cell labelling in 

comparison to RT. Despite the many applications of CuAAC reactions, the involvement of multiple 

equilibria between several reactive intermediates makes the kinetics of these processes extremely 

difficult to establish (Worrell, Malik, & Fokin, 2013). 

4.4.2 Plasma membrane and trypsinisation 

The plasma membrane plays an essential role in maintaining normal physiological activities in 

mammalian cells (Huang et al., 2010). For intracellular applications, the permeability of the plasma 

membrane is an essential physiological parameter in CuAAC-based hypoxia-specific labelling 

since both reactants and other components of the reaction cocktail have to cross the membrane 

to reach the intracellular target sites (Uttamapinant et al., 2013). Another factor to consider is the 

permeability of the azide-modified fluorophore. Ideally, fluorophores should extensively 

accumulate in cytosol with even intracellular distribution to allow them to efficiently participate in 

bimolecular reactions. This makes the structural and physicochemical properties essential during 

the design of fluorescent azide (Cunningham et al., 2010). 
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When cultured adherent cells reach confluence, trypsin is generally used to detach cells from the 

substratum via its proteolytic activity. This trypsinisation procedure may, however, physiologically 

affect cells by cleaving the cell surface growth factor receptors, adhesive proteins, or other types 

of membrane proteins (Huang et al., 2010; Soler et al., 1997). In a recent study, the proteolytic 

activity of trypsin provoked a leaky cell plasma membrane by trypsin-induced digestion of cell 

membrane proteins, leading to a change in cellular uptake within 24 h after trypsinisation (Serdiuk, 

Alekseev, Lysenko, Skryshevsky, & Geloen, 2014). In addition, the trypsinisation-induced 

dysregulation of expression of some proteins even remained after a 24-h recovery in fresh medium 

(Huang et al., 2010). In this thesis, a 24-h difference in recovery time after trypsinisation did not 

cause obvious changes in the results of click chemistry-based method (Figure 4.2). This 

suggested that mild trypsinisation did not cause major changes in cell integrity that could affect 

CuAAC-mediated labelling of SN33267-entrapped adducts.  

4.4.3 Reducing agent 

The catalysis of CuAAC reactions depends on the presence of copper in the oxidation state +1. 

For reactions performed in aqueous solvents, copper(I) ion can be introduced directly as cuprous 

bromide or acetate salts (Meldal & Tornoe, 2008; Rostovtsev et al., 2002; Tornøe et al., 2002). In 

this Chapter, the catalytically active species of copper was indirectly supplied via the in situ 

reduction of CuSO4. To convert back this cupric salt to the catalytically active +1 oxidation state, 

two types of reducing agent, sodium ascorbate and TCEP, were tested in this study.  

Since the standard protocols introduced by Sharpless and Fokin, copper(II) salts with three- to 

ten-fold excess of reducing agent became the most common procedure to provide catalysis for 

the CuAAC reaction via the in situ reduction (Bock et al., 2006; Rostovtsev et al., 2002). An excess 

of reducing agent is utilised in combination with copper(II) salts to achieve and/or preserve the 

stabilised copper(I) oxidation state required for the CuAAC reaction.  

Previous studies suggested that TCEP could be only used at low concentrations compared with 

the 10- to 20-fold excess of sodium ascorbate with respect to copper (Berg & Straub, 2013; 

Rostovtsev et al., 2002; Rudolf & Sieber, 2013). In this Chapter, 2 mM sodium ascorbate or 1 mM 

TCEP in combination with 1 mM CuSO4 gave the best hypoxic to oxic ratio within the concentration 



140 

 

ranges studied. But there was only small change in the hypoxic to oxic ratio over the increment of 

sodium ascorbate concentration from 1 to 100 mM. In TCEP-reduced reaction cocktail, however, 

concentration of TCEP had to be within a narrow range (0.5 – 1 mM) to give a good ratio.  

Sieber and co-workers observed that sodium ascorbate was better than TCEP in serving as 

reducing agent to generate the active copper(I) species (Rudolf & Sieber, 2013). However, this 

difference between two reducing agents was not observed in this Chapter. One study suggested 

that the use of TCEP as reducing agent in CuAAC resulted in substantially lower yield and required 

longer incubation time for reaction completion (Lim, Mizuta, Takasu, Kim, & Kwon, 2014). Such 

an inhibitory impact was not identified in this thesis. 

4.4.4 Copper ions 

In order to both achieve a sufficient concentration to form the proper catalytic complex 

incorporating more than one metal centre and ensure high rates of reaction, copper concentrations 

have been suggested in the range from 50 to 100 µM (Hong et al., 2009). In the CuAAC reaction 

mediating this click chemistry-based methodology, the optimal setting of copper concentration was 

determined as 1 mM when CuSO4 was used. To achieve a stable copper(I) ion supply, the optimal 

concentration of reducing agent was 100 mM for sodium ascorbate or 500 µM for TCEP combined 

with 1 mM CuSO4 in the reaction cocktail. 

The presence of copper ions can lead to degradation or aggregation of target biomolecules, which 

usually attributed to the production of oxygen radicals or other reactive species generated during 

the maintenance of copper ions in the active +1 oxidation state in the presence of atmospheric 

oxygen (Hong et al., 2010). Without removal of atmospheric oxygen, this ROS-induced biological 

damage can be either diminished by deploying copper(I)-stabilizing ligands (Chan et al., 2004) or 

avoided by use of SPAAC reactions (see below) (Agard et al., 2004; Marks et al., 2011). 

4.4.5 Ligand 

As a ligand-accelerated process, CuAAC relays on competent ligands that are capable to protect 

copper(I) from oxidation under aerobic aqueous conditions and facilitate copper(I)-catalysed 
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transformations (Chan et al., 2004; Hong et al., 2009). The functions of ligands in enhancing cell 

compatibility of CuAAC are predominantly accomplished by forming tight associations with the 

catalyst to stabilise copper ions in the +1 oxidation state and increasing its catalytic efficiency. 

Additionally, the function of ligand in binding copper(I) ions is to avoid damage to biomolecules 

(Besanceney-Webler et al., 2011; del Amo et al., 2010). The presence of ligands is particularly 

important in reactions involving biological molecules with relative low concentrations (Hein & Fokin, 

2010). Aside from the effects on cell damage, the presence of ligand in CuAAC may also contribute 

to the enhanced membrane permeability (Hong et al., 2010). Proper selection of copper-binding 

ligand is therefore necessary (Hong et al., 2009).  

A variety of ligands have been found to be functional under various conditions. The majority of the 

best performing ligands, so far, are oligotriazole derivatives derived from propargylamine cores. 

Both ligands investigated in this thesis, TBTA and THPTA, belong to this class of ligands. The 

shared similar structural motif allows these ligands to bind to metals by forming a five-member 

chelate between the N-3 of the triazole and the amine (Chan & Fokin, 2007; Chan et al., 2004; 

Hong, Udit, Evans, & Finn, 2008; Rodionov et al., 2007). Normally, greater amounts of copper(I) 

and accelerating ligand than the azide and alkyne reactants are required by the CuAAC-mediated 

bioconjugations (McKay & Finn, 2014).  

According to the results in this Chapter, TBTA with the optimal concentration of CuSO4 (1 mM) in 

a ratio of 1:2 or 1:10 was found to result in the best hypoxic to oxic ratio in the CuAAC-mediated 

cell clicking approach when 500 µM sodium ascorbate or 500 µM TCEP were used in the reaction 

cocktail, respectively. When THPTA was used as ligand in the reaction, 1 mM CuSO4 combined 

with THPTA in a ligand to copper ratio of 1:5 generated the best hypoxic to oxic ratio under the 

reduction of 500 µM sodium ascorbate. Similar to TBTA, the ligand to copper ratio of 1:10 also 

gave rise to the best performance of the CuAAC-mediated approach when THPTA was used as 

ligand combined with 1 mM CuSO4 and 500 µM TCEP in the reaction cocktail.  

In aqueous buffers, TBTA shows, however, relatively low level of solubility that causes incomplete 

ligation especially in the case when both reactants are at micromolar concentrations (del Amo et 

al., 2010). The poor solubility of TBTA in water prompted the development of more polar analogues, 
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such as THPTA. THPTA is a member of the tris(triazolyl)methylamine family with enhanced water 

solubility in comparison to TBTA (Chan et al., 2004). The maximum concentration of TBTA used 

in this Chapter is 1 mM. This concentration of TBTA induced severe precipitation in the reaction 

cocktail in the presence of 1 mM CuSO4 and 500 µM TCEP (Figure 4.3B). When 500 µM TCEP 

was replaced with the same concentration of sodium ascorbate, no precipitation was observed in 

reaction cocktail containing 1 mM of TBTA (Figure 4.3A).  

4.4.6 Removal of background staining 

High background staining was a major issue during the optimisation of the methodology to achieve 

better selectivity to click hypoxic cells with fluorophores. Non-specifically bound fluorescent labels 

can lead to very high levels of background fluorescence staining, compromising the sensitivity of 

detection (Herner et al., 2013).  

The background fluorescence staining induced by this click chemistry-based approach can be 

divided into two types. Both types lead to a lower signal-to-noise ratio. Non-specific binding results 

from the fluorophore binding to other low-affinity binding sites and materials and thereby raising 

the fluorescence (Soh, 2008). In the context of CuAAC, non-specific binding is thought to be 

reversible. This type of background fluorescence staining could thus be washed out, in theory. 

Another possibility is oxic/aerobic formation of covalent SN33267 adducts and/or incomplete 

washout of non-covalently bound SN33267 or products thereof that could result in an elevated 

fluorescence signal in cell sample. However, very little, if any, covalent adducts were formed from 

SN33267 under oxic conditions in three experiments of detecting optimal ligand to copper ratio 

(Figure 4.3, Figure 4.4, and Figure 4.5). These observations are consistent with a similar very-low 

level of oxic formation of covalent 2-NI adducts of [14C]-EF5 in SiHa cells (Wang et al., 2012).  

A series of experiments were performed to determine the cause(s) of this enhanced background 

fluorescence induced by non-specific binding. The investigation covered SiHa cells as well as all 

reagents, solutions, and equipment involved in the whole SN33267-mediated cell labelling and 

CuAAC-based clicking processes without finding the source. Instead of tracing the source of this 

issue, efforts were redirected to finding a way of removing this non-specific staining. With a 

concern for RNA integrity (which will be discussed in Chapter 5), an RNA-friendly organic solvent 
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ethanol was tested, which eventually solved the problem of non-specific staining by inclusion of 

an additional wash step with 50% (v/v) ethanol-PBS solution. Moreover, it was identified that a 

single wash step with 50% (v/v) ethanol-PBS solution followed by 2× wash steps with PBS 

efficiently diminished background fluorescence staining in oxic samples, establishing a new 

protocol (protocol #3 in Figure 2.1) of the click chemistry-based technique. 

Being one well-known category of the prime bioorthogonal participants, azides are absent in 

biological systems and practically inert in biosystems (Debets, van der Doelen, Rutjes, & van Delft, 

2010; Griffin, 1994). Likewise, alkynes also possess very similar abiotic features (Grammel & Hang, 

2013). In general, azides and alkynes are small in size and relatively stable to the attached 

structures. These features allow both reaction partners to be easily introduced to biological 

molecules without altering their function or metabolic processing (Grammel & Hang, 2013; McKay 

& Finn, 2014; Sletten & Bertozzi, 2009). 

Facilitated by the additional wash step, both the optimal concentration of SN33267 used to tag 

cells in a hypoxia-dependent manner and the optimal concentration of azide-modified fluorophore 

in the reaction cocktail used to label SiHa cells were determined. The optimised protocol was 

confirmed with other two human cancer cell lines (HCT116 and HT-29) and showed similar 

capability in selectively clicking hypoxic cells with fluorophores in these cell lines. 

Technically, the ethanol-PBS solution used in this wash step also to some extent fixed cells in 

addition to removing background fluorescence signals (Rolls, 2012). Besides morphological 

fidelity and protein antigenicity, fixation techniques are capable to preserve the integrity of nucleic 

acids when the availability of fresh sample is limited, which highly impacts on both basic and 

applied biomedical sciences (Antica, Paradzik, Novak, Dzebro, & Dominis, 2010). It has been well-

documented that the ethanol-based fixation of tissue sample provides additional protection to both 

DNA and RNA, which makes such fixed-tissue specimens more useful for gene expression 

profiling studies (Cox et al., 2006; Gillespie et al., 2002; Milcheva, Janega, Celec, Russev, & Babal, 

2013). Thus, this ethanol wash step may additionally benefit the RNA integrity in the cells, which 

makes the methodology more compatible with downstream analysis of gene expression (see next 

Chapter).  
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So far, considerable effort has been devoted to increasing the reaction rate, biocompatibility, and 

pharmacokinetic properties of the cyclooctyne components utilised in SPAAC (Marks et al., 2011; 

Mbua et al., 2011; McKay & Finn, 2014; Patterson et al., 2014; Sletten & Bertozzi, 2011). The 

relatively large size and hydrophobic nature of the cyclooctyne derivatives may influence their 

distribution and induce changes in biological properties of the attached functional moieties, which 

raises a major concern in applying SPAAC in bioconjugation (McKay & Finn, 2014). In this Chapter, 

a couple of in vitro experiments were conducted using an SPAAC-mediated protocol. SiHa cells 

were successfully labelled in a hypoxia-selective manner. This work with SPAAC reactions 

showed good prospects, demonstrating a huge potential for future exploitation in the near future. 

In the dual staining study using EF5 and SN33267 in an A431 tumour xenograft, the two staining 

patterns were overlapped very well. It illustrated that the two approaches based on different 

mechanisms (click chemistry and antibody binding) labelled the same hypoxic regions, which 

partly validated the CuAAC methodology for labelling hypoxic cells in situ.  

In summary, a clickable 2-nitromidazole hypoxia marker bearing a side chain with a terminal 

alkyne group was used to tag cancer cells in a hypoxia-selective manner. Copper(I)-catalysed 

click reaction with fluorophore azides was optimised to achieve maximum labelling selectivity of 

hypoxic cells.  
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Chapter 5. Click chemistry-based cell labelling and RNA 

integrity 

5.1 Introduction 

RNA plays an important role in transferring information encoded in genomic DNA to functional 

proteins. An inherent feature of RNA is that the hydroxyl group attached to the pentose ring in the 

2' position of ribose renders it much less stable than DNA since it is more susceptible to hydrolysis 

(Shukla, 2014). The degradation of RNA is a gradual process, which can be followed by a 

reduction in the 18S and 28S ribosomal band ratio, i.e. less sharply defined bands, and small 

fragments or even a smeared appearance in slab gel electrophoresis (Fleige et al., 2006; 

Schroeder et al., 2006).  

5.1.1 RNA integrity and RIN 

In attempts to obtain meaningful gene expression data, the assessment of RNA integrity becomes 

a critical step for successful RT-PCR or microarray analyses (Fleige & Pfaffl, 2006; Schroeder et 

al., 2006). The 28S/18S ribosomal RNA (rRNA) ratio has been used to characterize the quality of 

RNA, which unfortunately often led to an inaccurate assessment of the RNA integrity because this 

method largely relied on a user-dependent interpretation of the data. A reliable, reproducible, and 

standardised approach to classifying the quality of RNA samples was developed to avoid user 

bias and variability. 

To date, an automated capillary-electrophoresis system, the Agilent 2100 Bioanalyzer, and 

associated RNA 6000 series LabChip kits have become the most popular method to provide an 

industry standard for RNA quality assessment and quantitation (Mueller et al., 2000). RNA 

samples are separated according to molecular size by electrophoresis on microfabricated chips 

and subsequently detected via laser-induced fluorescence detection.  

The data from each tested RNA sample are computed by the Bioanalyzer software to generate an 

electropherogram and gel-like image with information on sample concentration, allowing a visual 
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inspection of RNA integrity and the approximated ratio between the mass of ribosomal sub-units 

(Fleige & Pfaffl, 2006; Imbeaud et al., 2005; Schroeder et al., 2006). 

In order to remove individual interpretation of RNA quality control and standardise the procedure 

of RNA integrity assessment, an RNA Integrity Number (RIN) software algorithm was developed 

by Agilent Technologies. By taking the entire electrophoretic trace into account, this RIN software 

algorithm allows the classification of total RNA, based on a numeric system from 1 through 10, 

where 1 represents the most degraded RNA and 10 is completely intact RNA (Figure 5.1). In this 

way, interpretation of an electropherogram is facilitated, and comparison of samples is made 

possible with better reproducibility due to the standardised approach (Schroeder et al., 2006). 

Moreover, it has been observed that the RIN scores are independent of sample concentration, 

instrument and analyst, which provides an unbiased comparison of samples and thereby becomes 

a de facto standard for RNA integrity (Brisco & Morley, 2012; Chen et al., 2014; Fleige et al., 2006; 

Kap et al., 2015; O'Brien, Costin, & Miles, 2012; Schroeder et al., 2006). 

 

Figure 5.1: RNA integrity categories defined by RIN scores. 

The Agilent 2100 Bioanalyzer software generated gel-like image of ten RNA samples generated in this thesis 
shows typical representatives of the ten integrity categories. RIN scores range from 10 (intact) to 1 
(completely degraded).   
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The degradation of RNA can distort or prevent measurement of RNA transcripts (Brisco & Morley, 

2012). Consequently, the ability to rapidly estimate RNA quality using minor amounts of sample, 

which is often precious, has become more important since subsequent measures of mRNA 

transcripts have become more expensive, labour-intensive, time-consuming, and comprehensive 

(Fleige & Pfaffl, 2006; Imbeaud et al., 2005). Before any RNA-dependent application, an iterative 

process of reliable and precise integrity checks is highly recommended to establish a RIN 

threshold value for obtaining meaningful results from downstream experiments (Brisco & Morley, 

2012; Fleige et al., 2006; Schroeder et al., 2006). 

5.1.2 Cytotoxic effect of Copper(I) on RNA integrity 

Copper(I) plays crucial roles in biochemical processes occurring within a living cell or organism, 

largely because it is present in several critical metabolic enzymes that are responsible for vital 

electrolytic redox processes (Chan et al., 2004; Harris, 2001). Due to its general thermodynamic 

instability, copper(I) is easily oxidised to copper(II) and/or readily undergoes disproportionation in 

aqueous solutions forming copper(II) ions and copper metal [Cu(0)] (Festa & Thiele, 2011; Hein & 

Fokin, 2010; Kiaune & Singhasemanon, 2011; Struthers, Mindt, & Schibli, 2010). Therefore, strict 

experimental conditions, such as inert atmospheres and anhydrous solvents, are usually required 

during copper(I)-mediated processes. 

Although it has excellent reaction kinetics, high specificity, and remarkable bioorthogonality, the 

application of CuAAC has demonstrated toxic effects in cells due to the copper(I)-mediated 

generation of reactive oxygen species (ROS) from O2 (Hong et al., 2010). The potential of ROS in 

causing cellular damage has been intensively studied (Hensley, Robinson, Gabbita, Salsman, & 

Floyd, 2000). The presence of ROS is able to induce RNA degradation in cells (Temple et al., 

2005). 

This problem can be addressed by compromising on reaction kinetics, e.g. by replacing CuAAC 

with SPAAC to completely remove the requirement of copper(I)-catalysis because CuAAC is 10-

100 times faster than SPAAC in aqueous solutions (Jewett & Bertozzi, 2010; Mbua et al., 2011; 

Presolski et al., 2010; Presolski et al., 2011; Yao et al., 2012). Alternatively, the biocompatibility of 
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CuAAC can be improved by deployment of ligands that help to protect cells from ROS by 

accelerating the reaction and acting as sacrificial reductants (Hong et al., 2009). 

It has been shown that CuAAC-mediated approaches can still cause slight ROS-mediated 

cytotoxicity to induce protein damage even at a copper concentration of 10 – 40 µM. To ensure 

maximum viability in cells when CuAAC is applied with the use of the best copper(I)-stabilising 

ligands, the following steps have been suggested (Uttamapinant et al., 2013). Copper ions can be 

immediately sequestrated after labelling by the addition of bathocuproine sulfonate acting as a 

cell-compatible copper(I) chelator. In addition, EDTA in high molar excess has been suggested for 

use as additive to inactivate copper(I) catalysis by strong complexation and sequestration of the 

copper(II) species (Rudolf & Sieber, 2013). Moreover, the radical scavenger 4-hydroxy-2,2,6,6-

tetramethylpiperidin-1-oxyl (TEMPOL) can be used to quench ROS (Uttamapinant et al., 2013). 

5.1.3 Chelation-assisted CuAAC 

The CuAAC-associated cytotoxicity is related to the concentration of copper in the reaction system 

due to the role of copper in generating ROS. Improved compatibility with cells can be simply 

achieved by decreasing the applied concentration of copper, which unfortunately results in a 

significant reduction in reaction kinetics (Besanceney-Webler et al., 2011). To satisfy the catalytic 

requirement of CuAAC and simultaneously minimise the copper-induced toxicity, azides 

containing an internal copper-chelating moiety were introduced into the field of biomolecular 

labelling (Uttamapinant et al., 2013; Uttamapinant et al., 2012).  

Fokin et al. discovered that the formation of a copper(I) acetylide intermediate initiates the 

copper(I)-catalysed cycloaddition, which is followed by the generation of a binuclear copper 

intermediate through the approach of a second copper(I) (Worrell et al., 2013). According to the 

mechanistic rationale of CuAAC, organic azides bearing an internal copper(I)-chelating motif could 

further accelerate the CuAAC reaction by facilitating the coordination of the second copper(I) 

species (Jiang et al., 2014). 

The concept of using copper-chelating azides to facilitate reaction kinetics was invented and 

initially explored for azide-alkyne reactions in organic solvents (Brotherton et al., 2009; Kuang, 
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Michaels, Simmons, Clark, & Zhu, 2010). Due to an internal copper-chelating moiety enriching the 

effective copper concentration at the reaction site, azides bearing strong copper-chelating 

moieties facilitated the formation of azide-copper complexes, which resulted in the reactions with 

alkynes taking place virtually instantaneously under diluted conditions (Bevilacqua et al., 2014).  

Azides with proximal pyridine nitrogen atoms are able to chelate the copper(I) ions. Picolyl azides 

have demonstrated much faster reaction kinetics compared with standard azides due to internal 

chelation of the copper catalyst by increasing the electrophilicity of the azido group and facilitating 

the formation of the metallacycle intermediate (Brotherton et al., 2011; Brotherton et al., 2009; 

Kuang et al., 2010; Yuan, Kuang, Clark, & Zhu, 2012). The reaction rate of CuAAC was 

dramatically enhanced by application of a chelation-competent azide. A much lower concentration 

of copper was required for the cycloaddition involving copper-chelating azide compared to the 

reaction using conventional azide and to achieve the same kinetics. Additionally, reactions with 

copper-chelating azides were even carried out in the absence of accelerating ligand with faster 

reaction rates than non-chelating azides in the presence of ligand (Uttamapinant et al., 2012). 

5.2 Aims 

At the core of this project was the idea of taking advantage of the high efficiency and 

bioorthogonality of CuAAC to label hypoxic tumour cells and sort these by FACS for subsequent 

measurement of differential gene expression as a function of hypoxic stress in situ. 

Following FACS of the fluorescence-labelled cells in a hypoxia-dependent manner, reverse 

transcriptase-quantitative PCR (RT-qPCR) was the method of choice to obtain a sensitive and 

reliable quantitative assessment of low-abundance mRNA as a measure of gene expression (Bar, 

Ståhlberg, Muszta, & Kubista, 2003; Fleige et al., 2006). The integrity of RNA during subsequent 

work-up is crucial for studies of transcripts as it tries to take a snapshot of gene expression at the 

moment of collecting the biological sample (Coulson et al., 2008; Schroeder et al., 2006). A certain 

RIN score has been suggested in different published studies and used as the RNA integrity cut-

off for expression assessment by RT-qPCR (Fleige & Pfaffl, 2006; Fleige et al., 2006; Jahn, 

Charkowski, & Willis, 2008; Li et al., 2008; Marotta et al., 2011). The optimised CuAAC-mediated 
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method thus requires preserving maximum RNA integrity in addition to the high selectivity of cell 

labelling in a hypoxia-dependent manner. 

The key task of this Chapter was to further optimise the methodology by which cells were 

successfully sorted into fractions according to their hypoxia status in such a way that the quality 

of RNA extracted from these sorted cells would be adequate for gene expression analysis by RT-

qPCR. 

In Chapter 2, BODIPY-FL-azide and TAMRA-azide were selected from the list of candidates, 

which was followed by determining the optimal conditions and/or settings of each component 

involved in the CuAAC reaction between the bioreductive metabolism of clickable 2-NI (SN33267) 

and fluorophore azide in attempts to improve hypoxia-selectivity of cell labelling in Chapter 3. 

BODIPY-FL-azide and TAMRA-azide share an identical azide moiety by carry different fluorescent 

moieties (Figure 3.1). In this Chapter, the majority of experiments in optimising the click chemistry 

based methodology were carried out by using BODIPY-FL-azide and a new copper-chelating 

fluorophore azide, Super-DIPY, which was also chosen to be synthesised on the basis of BODIPY 

fluorescent moiety. This was due to the fact of the limited accessibility for the BD FACSAria™ II 

Cell Sorter that was equipped with 552 nm green laser capable of generating optimal excitation 

wavelength for TAMRA-azide (Table 2.8). 

The specific objectives are: 

 To maximise the compatibility of the method optimised in Chapter 4 using BODIPY-FL-

azide with extraction of high-quality RNA; 

 To maximise RNA integrity of the method by introducing chelation-assisted CuAAC; 

 To validate the optimised methodology in cell cultures under different hypoxic stress. 
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5.3 Results 

In Chapter 4, the protocol was optimised and validated in vitro to selectively label cells with 

fluorophores in a hypoxia-dependent manner. The integrity of RNA was assessed using an Agilent 

2100 Bioanalyzer (Agilent Technologies, CA, USA). The optimised methodology (protocol #3 with 

reaction cocktail #1 or #2) resulted in poor integrity RNA extracted from labelled cells (RIN < 2).  

Therefore, the CuAAC-based methodology was further optimised in this Chapter to improve the 

quality of the extracted RNA. In order to at least maintain the same hypoxia-selectivity of labelling 

and in an attempt to improve RNA integrity of the labelled cells, first different reaction cocktails 

derived from the recipes of reaction cocktails #1 or #2 were tested using the same experimental 

protocol (protocol #3). Subsequently, the experimental protocol was modified in order to further 

improve the RNA integrity in labelled cells. In this Chapter, not only the capability of selectively 

clicking fluorophores with hypoxic cells but also the integrity of RNA extracted from cells labelled 

by the CuAAC-based approach were equally important during judgement of the performance of 

this click chemistry-based technique. 

5.3.1 Improving compatibility of CuAAC with high-quality RNA using BODIPY-FL 

azide 

Apart from an azide-modified fluorophore, the reaction cocktail also consists of a copper source, 

a reducing agent, and a stabilising ligand. Since ROS-mediated damage in cells is mainly induced 

by copper ions, two different ligands (TBTA vs. THPTA) and two different sources of copper 

(CuSO4 vs. CuOAc) were compared with reduction by sodium ascorbate or TCEP based on the 

protocol optimised in Chapter 4 (protocol #3 in Figure 2.1). For each reducing agent, four different 

reaction cocktails (reaction cocktails #1, #2, #5, or #6 in Table 2.7) were examined for both 

hypoxia-selectivity and RNA compatibility (Table 5.1).  

The reaction cocktail using TCEP as reducing agent and TBTA as stabilising ligand showed the 

two highest hypoxic to oxic ratios with both sources of copper. Considering the RNA integrity, the 

best option of reducing agent in the reaction cocktail was TCEP. The selection of CuOAc together 

with TCEP in the reaction cocktail gave the highest RNA integrity from labelled cells. Of all eight 
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tested reaction cocktails, the one (reaction cocktail #5 in Table 2.7) with copper-catalysis provided 

by CuOAc, TBTA and TCEP gave the second high hypoxic to oxic ratio and the highest RIN. 

Table 5.1: Labelling selectivity and RNA integrity of CuAAC reaction cocktails. 

Reducing Agent Ligand 
Copper Source 

CuSO4 CuOAc 

Sodium Ascorbate 
TBTA Hypoxic/Oxic ratio: 5.9 RIN: 2.3 Hypoxic/Oxic ratio: 4.6 RIN: 2.4 

THPTA Hypoxic/Oxic ratio: 7.6 RIN: 2.2 Hypoxic/Oxic ratio: 6.5 RIN: 2.3 

TCEP 
TBTA Hypoxic/Oxic ratio: 17.0 RIN: 3.2 Hypoxic/Oxic ratio: 10.6 RIN: 6.1 

THPTA Hypoxic/Oxic ratio: 6.1 RIN: 2.4 Hypoxic/Oxic ratio: 4.4 RIN:6.6 

Note: SiHa cells were incubated under oxic or hypoxic conditions with SN33267 and clicked with BODIPY-FL-azide via 
CuAAC in a hypoxia-selective manner by following protocol #3 (see Figure 2.1) and using reaction cocktail #1, #2, #5, or 
#6 (see Table 2.7). Fluorescence intensity was determined by flow cytometry. Hypoxic/Oxic ratio was calculated by use of 
median fluorescence intensity (MFI) derived from the corresponding flow cytometry histogram. RIN scores were generated 
by RNA samples extracted from the hypoxic SiHa cells labelled with BODIPY-FL-azide. Representative data from 3 
independent experiments are shown. 

 

To test the hypothesis that shorter total experiment time may improve RNA quality, SiHa cells 

were incubated under oxic or hypoxic conditions with SN33267 and labelled with BODIPY-FL-

azide in a hypoxia-selective manner by following protocol #3 (see Figure 2.1) to test the minimal 

time required for the CuAAC reaction. During the incubation step with reaction cocktail, one group 

of cell samples was used for reference purpose (Figure 5.2C) by incubating with reaction cocktail 

#5 (see Table 2.7) and following protocol #3 (see Figure 2.1). The other two groups of samples 

were only incubated once with the same reaction cocktail for 30 (Figure 5.2A) and 60 min (Figure 

5.2B), respectively. 

In the standard protocol (protocol #3), the incubation with reaction cocktail is a two-stage 

procedure including a 30-min incubation with reaction cocktail followed by washing once with 1% 

(w/v) BSA-PBS and then a second 30-min incubation with a fresh second dose of reaction cocktail, 

termed as “30-min + 30-min incubation with two doses of reaction cocktail” or “30-min + 30-min 

double-clicking” in this thesis (Figure 5.2C).  

The flow cytometric histograms of the hypoxic cells with both 30-min and 60-min incubation with 

a single dose of reaction cocktail (dark green; Figure 5.2A and B) demonstrated incomplete 
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labelling with BODIPY-FL-azide in comparison to the hypoxic cells in the reference group (dark 

green; Figure 5.2C). With an increase of reaction time from 30 to 60 min, more cell-entrapped 

SN33267 adducts in hypoxic cells reacted with BODIPY-FL-azide shown as a right-shift of the 

histogram (dark green). In contrast to the 60-min incubation with a single dose of reaction cocktail, 

the addition of the second dose of fresh reaction cocktail after 30 min of incubation clearly boosted 

the CuAAC reaction to go to completion within the same 60-min of total reaction time (Figure 5.2C). 

Thus, complete reaction in this CuAAC-based cell labelling procedure depends on the reaction 

time and/or on the addition of fresh reaction cocktail during the reaction 

To identify the crucial component(s) in the second dose of reaction cocktail that was applied 

halfway of the click reaction, defined fresh reaction cocktails lacking certain component(s) were 

applied to cells to replace the standard reaction cocktail in the second 30-min incubation step. In 

all tested conditions, only the hypoxic cell sample incubated with 10 mM Tris-buffered saline-alone 

in the second 30-min incubation showed a histogram with clearly-distinguished multiple peaks in 

the flow cytometric analysis (Figure 5.2D). In the other four tested conditions, the flow cytometric 

histograms of the hypoxic samples (dark green; Figure 5.2E to H) showed a single peak but with 

a wider base than the one via the standard protocol (dark green; Figure 5.2C), which suggested 

incomplete/inefficient click reaction as well.  

Selective lack of a component in the second dose of the reaction cocktail (dark green; Figure 5.2E 

to H) resulted in a broader diversity of fluorescence intensity in labelled hypoxic cells comparing 

to the control condition (Figure 5.2C). The changes were mainly observed at the front-end of the 

histogram while the tail-end seemed to be quite constant and similar to the reference in Figure 

5.2C. All this indicated incomplete/inefficient clicking during the first 30 min and only a small boost 

by a second fresh cocktail regardless of its composition. 
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Figure 5.2: The effect of incubation time and composition of reaction cocktail on clicking cells with 
BODIPY-FL-azide in a hypoxia-selective manner. 

Flow cytometric histograms of SiHa cells incubated under oxic or hypoxic conditions and labelled with 
BODIPY-FL-azide in a hypoxia-selective manner by following different protocols modified from protocol #3 
(see Figure 2.1) and using reaction cocktail #5 (see Table 2.7). (A) 30-min incubation with reaction cocktail. 
(B) 60-min incubation with reaction cocktail. (C) Following protocol #3 and using reaction cocktail #5. In (D) 
to (H), cells were all incubated for 30 min with reaction cocktail followed by washing once with 1% (w/v) BSA-
PBS but different modified cocktails were used in the second 30-min incubation. (D) 10 mM Tris-buffered 
saline. (E) Reaction cocktail #5 without CuOAc. (F) Reaction cocktail #5 without TBTA. (G) Reaction cocktail 
#5 without TCEP, (H) reaction cocktail #5 without BODIPY-FL-azide. Representative data from 3 independent 
experiments are shown. 
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The CuAAC reaction demonstrated reasonable RNA integrity when copper ions were supplied by 

CuOAc under the reduction of TCEP compared with CuSO4 (Table 5.1). The ROS-mediated 

cellular damage is related to the concentration of copper in the reaction system due to the role of 

copper in generating ROS. Improved compatibility with cells can be simply achieved by decreasing 

the applied concentration of copper and limiting the exposure time of cells to the reaction cocktail 

(Besanceney-Webler et al., 2011). To determine the minimum required concentration of CuOAc 

and reaction time without inducing significant reduction in reaction kinetics, three different 

concentrations of CuOAc and two different incubation times with reaction cocktail were examined 

in vitro.  

According to the flow cytometric analysis, 30-min incubation with a single dose of reaction cocktail 

resulted in incomplete CuAAC reaction with all three tested concentrations of CuOAc (Figure 5.3 

top row). Based on the shape of the histograms generated by hypoxic cells (dark green), fewer 

hypoxic cells were completely labelled with BODIPY-FL-azide. The same trend of incomplete 

CuAAC reaction was observed in the cells labelled with BODIPY-FL-azide via the standard 

procedure described in protocol #3 (Figure 2.1; Figure 5.3 bottom row). Of all tested conditions, 

only the 30-min + 30-min incubation with two doses of reaction cocktail containing 1 mM CuOAc 

led to the complete CuAAC reaction between intracellular SN33267 adducts and azide-modified 

fluorophore (Figure 5.3 bottom-left panel). Among the three tested CuOAc concentrations in the 

30-min + 30-min double clicking procedure, cells clicked by the reaction cocktail containing 1 mM 

CuOAc provided the RNA with the highest level of integrity. Interestingly, the RIN score slightly 

decreased with the reduction of CuOAc concentration in reaction cocktail (Figure 5.3 bottom row).  
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Figure 5.3: The effect of click reaction time and copper concentration on clicking cells with BODIPY-
FL-azide in a hypoxia-selective manner.  

Flow cytometric histograms of SiHa cells incubated under oxic or hypoxic conditions and labelled with 
BODIPY-FL-azide via CuAAC in a hypoxia-selective manner by following different protocols modified from 
protocol #3 (see Figure 2.1) and using reaction cocktails modified from reaction cocktail #5 (see Table 2.7). 
RIN scores were generated by RNA samples extracted from the hypoxic SiHa cells labelled with BODIPY-
FL-azide. Representative data from at least 3 independent experiments are shown. 
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In order to achieve complete click reaction, both the total time of incubation with reaction cocktail 

and the application of a second dose of fresh reaction cocktail were found to be critical based on 

analysis by flow cytometry. Instead of the 30-min + 30-min double click procedure in the incubation 

step with reaction cocktail in protocol #3 (Figure 2.1), a shortened 15-min + 15-min double click 

procedure was utilised to check if the reduction in overall incubation time with reaction cocktail in 

this way was able to provide acceptable hypoxia-selective cell labelling and improved RNA 

integrity.  

Based on the flow cytometric analysis, the fluorophore labelled hypoxic cells (dark green) were 

well separated from the oxic cells (light green) when either 15-min + 15-min double click procedure 

(Figure 5.4A) or 30-min + 30-min double click procedure (Figure 5.4B) was applied during the 

incubation with reaction cocktail. According to the calculated hypoxic to oxic ratio, the reduction in 

the total incubation time was associated with a decrease in the hypoxia-selectivity. However, the 

same change made in the step of incubation with reaction cocktail slightly increased the RIN value 

from 4.1 to 4.6 (Table 5.2).  
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Figure 5.4: The effect of shortened click reaction time on clicking cells with BODIPY-FL-azide in a 
hypoxia-selective manner.  

Flow cytometric histograms of SiHa cells incubated under oxic or hypoxic conditions and labelled with 
BODIPY-FL-azide in a hypoxia-selective manner by following protocol #3 (see Figure 2.1) and using reaction 
cocktail #5 (see Table 2.7). (A) 15-min + 15-min double click. (B) 30-min + 30-min double click. 
Representative flow cytometric data from at least 5 independent experiments are shown. 

 

Table 5.2: RNA integrity in SiHa cells clicked with BODIPY-FL-azide in a hypoxia-selective manner 
after different click reaction times.   

BODIPY-FL-azide Hypoxic/Oxic Ratio RIN 

15-min + 15-min double click 12.9 4.6 

30-min + 30-min double click 18.4 4.1 

Note: SiHa cells were incubated under oxic or hypoxic conditions and clicked with BODIPY-FL-azide via CuAAC in a 
hypoxia-selective manner by following protocol #3 (see Figure 2.1) and using reaction cocktail #5 (see Table 2.7). 
Fluorescence intensity was determined by flow cytometry. Hypoxic/Oxic ratio was calculated by use of MFI derived from 
the corresponding flow cytometry histogram. RIN scores were generated by RNA samples extracted from the hypoxic SiHa 
cells labelled with BODIPY-FL-azide. Data are representative of at least 3 independent experiments. 
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5.3.2 Chelation-assisted CuAAC and Super-DIPY 

The high reactivity of coordinated carbon azides in CuAAC is attributed to the fact that chelation-

assisted binding between the alkylated azido nitrogen and the catalytic copper centre greatly 

enhances the electrophilicity of the azido group. This lowers the kinetic barrier to form the key 

metallacycle intermediate upon nucleophilic attack by the copper acetylide (Kuang et al., 2010). It 

has been well-documented that chelation-assisted azides based on this concept of chelation-

assisted copper catalysis offer unprecedented reactivity in CuAAC reactions (Bevilacqua et al., 

2014; Brotherton et al., 2011; Jiang et al., 2014; Jiang et al., 2011; Michaels & Zhu, 2011; 

Uttamapinant et al., 2013; Uttamapinant et al., 2012; Yao et al., 2012; Yuan et al., 2012). 

A new BODIPY azide with an adjacent pyridine nitrogen, coined “Super-DIPY”, was synthesised 

by Dr Moana Tercel (Figure 5.5). In this picolyl azide, the proximal pyridine nitrogen atom is 

capable of coordinating with copper ions leading to improved reaction kinetics compared with 

standard azides due to the increased electrophilicity of the azido group, which facilitates the 

formation of the metallacycle intermediate (Brotherton et al., 2011; Brotherton et al., 2009; Kuang 

et al., 2010; Yuan et al., 2012). 

 

Figure 5.5: Chemical structure of Super-DIPY. 

 

To investigate the requirement for a stabilising ligand in the hypoxia-slective cell labelling, Super-

DIPY was used to label cells following protocol #3 (Figure 2.1) using reaction cocktail #5 (Table 

2.7) or reaction cocktail #5 without TBTA. For control purpose, a parallel group was performed 

using BODIPY-FL-azide.  

The hypoxia-selective cell labelling using BODIPY-FL-azide demonstrated a strong ligand-

dependency (Figure 5.6A). The presence of TBTA in reaction cocktail demonstrated a marked 

impact on the intensity of fluorescence signals of hypoxic cells. The omission of TBTA from the 

Super‐DIPY (SN36482)
C23H25BF2N8O2 494.30 g/mol



160 

 

reaction cocktail resulted in more than 60% decrease in the hypoxic to oxic ratio when BODIPY-

FL-azide was used, which was predominantly caused by a decrease in fluorescence intensity of 

the hypoxic sample.  

The CuAAC reaction between Super-DIPY and SN33267 adducts was independent of TBTA 

(Figure 5.6B). The removal of TBTA in reaction cocktail only led to 2.3% decrease in the hypoxic 

to oxic ratio, which was negligible. Super-DIPY demonstrated a 4.4-fold increase in the hypoxic to 

oxic ratio in comparison to BODIPY-FL-azide in the presence of TBTA.  

 

Figure 5.6: Ligand-dependency of CuAAC reaction mediated by BODIPY-FL-azide and Super-DIPY in 
hypoxia-selective cell labelling. 

SiHa cells were incubated under oxic or hypoxic conditions and clicked with (A) BODIPY-FL-azide; (B) Super-
DIPY in a hypoxia-selective manner by following protocol #3 (see Figure 2.1) and using reaction cocktail #5 
(see Table 2.7). Each bar represents the median fluorescence intensity (MFI) derived from the corresponding 
flow cytometry histogram. Data are representative of 3 independent experiments. 

 

The concentration of copper in the reaction system for CuAAC reaction is associated with damage 

of molecules in cells and effects on RNA integrity because of the damage to biomolecules induced 

by the copper-mediated generation of ROS from O2 (Brewer, 2010; Hong et al., 2010; Temple et 

al., 2005; Wang et al., 2003). The chelation-assisted azide can enrich the concentration of copper 

ions in situ due to the presence of a proximal pyridine (Bevilacqua et al., 2014). To determine the 

optimal copper concentration required by Super-DIPY, CuSO4 and CuOAc in a concentration 

A. B.
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range from 0.1 to 1 mM were used to examine the hypoxia-selective labelling of SiHa cells with 

Super-DIPY by flow cytometry as well as the RNA integrity of the labelled cells. 

Labelling hypoxic cells with higher copper concentrations resulted in higher fluorescence intensity 

regardless of whether the copper ions were supplied as cupric or cuprous salts. Within the tested 

concentration range, 1 mM copper salt reduced by 500 µM of TCEP in the presence of 100 µM 

TBTA gave the best hypoxic to oxic ratio (Figure 5.7A and B). The hypoxia-dependent cell labelling 

increased with increasing concentration of CuOAc in the same manner when the ligand was left 

out of reaction cocktail (Figure 5.7D). Again, Super-DIPY demonstrated the ability to react with 

cell-incorporated SN33267 in a ligand-independent fashion. The presence of TBTA showed a 

protective role with regard to RNA during the CuAAC reaction, which was more obvious when the 

reaction cocktail contained low concentration of CuOAc (Table 5.3). When the concentration of 

CuOAc was increased from 0.1 to 1 mM in ligand-free reaction cocktail, the RIN score of RNA 

extracted from Super-DIPY labelled cells increased from 3.7 to 6.3. In the presence of 100 µM 

TBTA in the reaction cocktail the RIN score increased from 5.2 to 6.5 over the same range of 

CuOAc concentrations.  
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Figure 5.7: The effect of TBTA ligand and copper concentration on clicking cells with Super-DIPY in 
a hypoxia-selective manner.  

SiHa cells incubated under oxic or hypoxic conditions and clicked with Super-DIPY in a hypoxia-selective 
manner by following protocol #3 (see Figure 2.1) and using following reaction media containing 500 µM TCEP. 
(A) Reaction medium containing 10 µM Super-DIPY, 100 µM TBTA, and 1 mM CuSO4; (B) Reaction medium 
containing 10 µM Super-DIPY, 100 µM TBTA, and 1 mM CuOAc; (C) Reaction medium containing 3 µM 
Super-DIPY, 100 µM TBTA, and 1 mM CuSO4; (D) Reaction medium containing 10 µM Super-DIPY, no TBTA, 
and 1 mM CuOAc. The MFI of sample is read from the corresponding flow cytometry histogram. The data 
are represented with different types of plot symbols according to the figure legend. Each plot is representative 
of 3 independent experiments. 
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Table 5.3: RNA integrity in hypoxic cells labelled with Super-DIPY in a hypoxia-selective manner as a 
function of copper concentration. 

Concentration of CuOAc (mM) 
100 µM TBTA no TBTA 

Ligand/Cu Ratio RIN RIN 

0.1 1:1 5.2 3.7 

0.2 1:2 5.5 4.5 

0.5 1:5 6.1 5.5 

1 1:10 6.5 6.3 

Note: SiHa cells were incubated under oxic or hypoxic conditions and clicked with Super-DIPY in a hypoxia-selective 
manner by following protocol #3 (see Figure 2.1) and using reaction cocktails containing 100 µM or no TBTA based on the 
recipe of reaction cocktail #5 (see Table 2.7). Fluorescence intensity was determined by flow cytometry. Hypoxic/Oxic ratio 
was calculated by use of MFI derived from the corresponding flow cytometry histogram. RIN scores were generated by 
RNA samples extracted from the hypoxic SiHa cells labelled with Super-DIPY. Data are representative of 3 independent 
experiments. 

 

Similar to the BODIPY-FL-azide, 15-min + 15-min and 30-min + 30-min double click procedures 

were also investigated in the CuAAC reaction between Super-DIPY and cell-incorporated 

SN33267 adducts to check if the reduction in overall incubation time would simultaneously give 

both acceptable RNA quality and hypoxia-mediated cell labelling selectivity. 

According to the results of flow cytometric analysis, the histogram representing the fluorescence 

of the hypoxic cells (dark green) was well separated from the one representing the oxic cells (light 

green) when either 15-min + 15-min (Figure 5.8A) or 30-min + 30-min double click procedure 

(Figure 5.8B) was applied during the step of the CuAAC reaction. A long leading front was seen 

in the peak of the hypoxic sample (dark green; Figure 5.8A) when 15-min + 15-min double click 

procedure was used, which suggested incomplete/inefficient click reaction. According to the size 

of this leading front, only a very small proportion of hypoxic cells was not efficiently clicked with 

Super-DIPY. 

Based on the calculated hypoxic to oxic ratio, the reduction in the total incubation time was 

associated with a slight increase in the hypoxia-selectivity. The same change made in the 

incubation time with reaction cocktail also slightly improved the RNA integrity in Super-DIPY 

labelled cells from RIN value of 6.4 to 6.9 (Table 5.4).  
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Figure 5.8: The effect of shortened click reaction time on clicking cells with Super-DIPY in a hypoxia-
selective manner.  

Flow cytometric histograms of SiHa cells incubated under oxic or hypoxic conditions and labelled with Super-
DIPY in a hypoxia-selective manner by following protocol #3 (see Figure 2.1) and using reaction cocktail #5 
(see Table 2.7). (A) 15-min + 15-min double click; (B) 30-min + 30-min double click. Representative flow 
cytometric data from at least 6 independent experiments are shown. 

 

Table 5.4: RNA integrity in cells labelled with Super-DIPY in a hypoxia-selective manner as a function 
of different click reaction times. 

Super-DIPY Hypoxic/Oxic Ratio RIN 

15-min + 15-min double click 39.7 6.9 

30-min + 30-min double click 33.7 6.4 

Note: SiHa cells were incubated under oxic or hypoxic conditions and clicked with Super-DIPY in a hypoxia-selective 
manner by following protocol #3 (see Figure 2.1) and using reaction cocktail #5 (see Table 2.7). Fluorescence intensity 
was determined by flow cytometry. Hypoxic/Oxic ratio was calculated by use of MFI derived from the corresponding flow 
cytometry histogram. RIN scores were generated by RNA samples extracted from the hypoxic SiHa cells labelled with 
Super-DIPY. Data are representative of 3 independent experiments. 

 
  

A. B.
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Two additional independent experiments of Super-DIPY following protocol #3 (Figure 2.1) with 

reaction cocktails based on the recipe of reaction cocktail #5 (Table 2.7) were performed to confirm 

the effect of shortened total click reaction time on hypoxia-selectivity as well as on RNA integrity. 

CuSO4 was also used in both experiments to compare with the results generated with CuOAc as 

copper source. Consistent results were generated by thesis independent experiments. In general, 

application of the 15-min + 15-min double click procedure slightly increased the hypoxic to oxic 

ratio independent of the selection of copper source. The use of CuOAc was superior to CuSO4 as 

copper source and resulted in improved RNA integrity in labelled cells, which was further 

enhanced when the 15-min + 15-min double click procedure was employed (Table 5.5). 

Table 5.5: Hypoxia-selective labelling and RNA integrity in Super-DIPY labelled hypoxic cells as a 
function of the selected copper source and different click reaction times.  

A. 

Super-DIPY CuSO4 CuOAc 

15-min + 15-min double 

click 

Hypoxic/Oxic Ratio: 

56.4 
RIN: 2.9 Hypoxic/Oxic Ratio: 51.1 RIN: 6.9 

30-min + 30-min double 

click 

Hypoxic/Oxic Ratio: 

50.1 
RIN: 2.4 Hypoxic/Oxic Ratio: 43.4 RIN: 6.2 

 

B. 

Super-DIPY CuSO4 CuOAc 

15-min + 15-min double 

click 

Hypoxic/Oxic Ratio: 

46.8 
RIN: 2.8 Hypoxic/Oxic Ratio: 40.4 RIN: 6.2 

30-min + 30-min double 

click 

Hypoxic/Oxic Ratio: 

45.9 
RIN: 3.2 Hypoxic/Oxic Ratio: 34.7 RIN: 5.7 

Note: SiHa cells were incubated under oxic or hypoxic conditions and clicked with Super-DIPY in a hypoxia-selective 
manner by following protocol #3 (see Figure 2.1) and using reaction cocktail #5 (see Table 2.7). Fluorescence intensity 
was determined by flow cytometry. Hypoxic/Oxic ratio was calculated by use of MFI derived from the corresponding flow 
cytometry histogram. RIN scores were generated by RNA samples extracted from the hypoxic SiHa cells labelled with 
Super-DIPY. 

 

According to the experimental data shown in Figure 5.2 and Figure 5.3, use of a double clicking 

procedure in click step is necessary to achieve a sufficient CuAAC reaction. Exposure to RNases, 

ROS, or other hazardous substances results in RNA degradation (Houseley & Tollervey, 2009; 

Temple et al., 2005). A shortened total processing time may improve the compatibility with high-

quality RNA. Thus, protocol #3 (Figure 2.1) was modified by removal of the 1% (w/v) BSA-PBS 
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wash step between the two 30-min incubations with reaction cocktail. In the new protocol (protocol 

#4 in Figure 2.1), the second dose of fresh reaction cocktail was directly applied to the cell 

suspension without removing the first reaction cocktail. Protocol #4 was tested in SiHa cells 

(Figure 5.9B) and compared with protocol #3 within the same experiment (Figure 5.9A). Removal 

of the wash step between the two 30-min reaction cocktail incubations did not induce any 

noticeable changes in the final click results as evaluated by flow cytometry. 

 

Figure 5.9: The effect of leaving out the wash step between the two 30-min click steps on clicking 
cells with Super-DIPY in a hypoxia-selective manner. 

Flow cytometric histograms of SiHa cells incubated under oxic or hypoxic conditions and labelled with Super-
DIPY using reaction cocktail #5 (see Table 2.7) in a hypoxia-selective manner. (A) Use of protocol #3 (Figure 
2.1). (B) Use of the protocol #4 (Figure 2.1). Representative flow cytometric data from at least 3 independent 
experiments are shown.  

 

A. B.



167 

 

Performing the CuAAC reaction and the following steps in an anaerobic chamber may preserve 

the quality of the RNA by evading the copper-mediated generation of ROS from O2. Both 10 mM 

Tris-saline buffer and PBS needed to be stored in uncapped bottles and kept in the chamber for 

at least 72 h to equilibrate with the chamber’s atmosphere. 

Instead of about 0.04% CO2 in the atmosphere (Dlugokencky & Tans, 2015), the concentration of 

CO2 is 5% in an anaerobic chamber to achieve a pH of ca. 7.4 in bicarbonate-buffered media, 

which can cause a change in pH of solutions stored in the chamber. In comparison to storage 

under ambient conditions in a tissue culture hood, 72-h storage in the anaerobic chamber resulted 

in a decrease in pH of both 10 mM Tris-saline buffer and PBS (Table 5.6). 

Table 5.6: The effect of storage conditions on buffer pH.  

 PBS 10mM Tris-saline 

Anaerobic chamber 6.72 6.42 

Tissue culture hood 7.48 7.27 

Note: Buffers were stored for 72 h and pH was measured. Temperature in the anaerobic chamber: 37 °C. 

 

Compared to the flow cytometric histograms generated by cells labelled with Super-DIPY in a 

tissue culture hood (Figure 5.10B), the CuAAC-mediated cell labelling performed in the anaerobic 

chamber resulted in cells with relatively smaller variation in fluorescence intensity from the same 

sample, as seen by the histograms with narrower base widths (Figure 5.10A). There was a 

marginal difference in hypoxic to oxic ratio between the two experimental conditions. The integrity 

of RNA in labelled hypoxic cells was clearly higher when the CuAAC reaction was carried out in 

the absence of oxygen.  

In addition to 10 mM Tris-saline, reaction cocktails based on alpha minimal essential medium 

(αMEM), 15 mM MOPS, and PBS were prepared following the recipe listed in Table 5.7. All three 

types of reaction cocktails plus the 10 mM Tris-saline based reaction cocktail as reference were 

examined following protocol #4 (Figure 2.1) to determine the hypoxia-selectivity and RNA integrity.  
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Figure 5.10: The effect of oxygen tension on clicking cells with Super-DIPY in a hypoxia-selective 
manner. 

Flow cytometric histograms of SiHa cells incubated under oxic or hypoxic conditions and labelled with Super-
DIPY by following protocol #4 (Figure 2.1) and using reaction cocktail #5 (see Table 2.7) in a hypoxia-
dependent manner. (A) CuAAC-mediated cell labelling in an anaerobic chamber. (B) CuAAC-mediated cell 
labelling in a tissue culture hood. Data are representative of 3 independent experiments. 

 

Table 5.7: Recipe of reaction cocktail. 

Stock Solution Final Concentration in reaction cocktail 

Buffer Top up total volume to 100 µL for every 1×106 cells 

100 mM CuOAc 1 mM 

20 mM TBTA in DMSO 100 µM 

25 mM TCEP 500 µM 

2 mM Super-DIPY 10 µM 

 

  

A. B.
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This experiment was carried out in a tissue culture hood. Except for αMEM, CuAAC reactions 

mediated by reaction cocktails based on the other three buffers gave rise to the cell labelling highly 

selective for hypoxic cells, shown as the calculated hypoxic to oxic ratio above 25. The CuAAC 

reactions in 15 mM MOPS buffer or PBS exhibited a very good compatibility with high-quality RNA 

in labelled cells (Table 5.8). Based on these results 10 mM Tris-saline was substituted by PBS in 

reaction cocktails used in subsequent studies (protocol #5; Figure 2.1).    

Table 5.8: Hypoxia-selective labelling and RNA integrity in Super-DIPY labelled hypoxic cells in 
different buffer systems.  

 10 mM Tris-saline 
(pH 7.4) 

Culture medium 
(pH 7.4) 

15 mM MOPS 
(pH 7.35) 

PBS 
(pH 7.4) 

Hypoxic/Oxic ratio 43.8 1.4 25.4 27.9 

RIN 5.4 3.7 8.2 8.3 

Note: Data are representative of 3 independent experiments.  

 

The hypoxia-selective cell labelling with BODIPY-FL-azide following protocol #5 (Figure 2.1) was 

performed both in the tissue culture hood and in the anaerobic chamber. Compared with the flow 

cytometric histograms generated by cells labelled with BODIPY-FL-azide in the tissue culture hood 

(Figure 5.11B), the CuAAC-mediated cell labelling performed in the anaerobic chamber resulted 

in cells with relatively smaller variation in fluorescence intensity from the same sample as seen by 

the narrower bases (Figure 5.11A). Such difference in the distribution of cellular fluorescence 

intensity was especially obvious in hypoxic samples (dark green). There was a notable increase 

in hypoxic to oxic ratio when comparing the reaction in the tissue culture hood to the reaction in 

the anaerobic chamber. However, the integrity of RNA in cells incubated with the PBS-based 

reaction cocktail was higher when the CuAAC reaction was carried out in tissue culture hood, 

which was opposite to the previous results generated by using Super-DIPY and Tris-saline based 

reaction cocktail (see Figure 5.10).  
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Figure 5.11: The effect of oxygen atmosphere on clicking cells with BODIPY-FL-azide in a hypoxia-
selective manner. 

Flow cytometric histograms of SiHa cells incubated under oxic or hypoxic conditions and clicked with 
BODIPY-FL-azide by following protocol #5 (Figure 2.1) and using reaction cocktail #7 (see Table 2.7) in a 
hypoxia-selective manner. (A) CuAAC-mediated cell labelling in an anaerobic chamber. (B) CuAAC-mediated 
cell labelling in a tissue culture hood. Data are representative of 3 independent experiments. 

 

The same hypoxia-selective cell labelling experiments were repeated with Super-DIPY following 

protocol #5 (Figure 2.1) both in a tissue culture hood and in an anaerobic chamber. Compared to 

the flow cytometric histograms generated by cells labelled with BODIPY-FL-azide in the tissue 

culture hood (Figure 5.12B), the CuAAC-mediated cell labelling performed in the anaerobic 

chamber resulted in cells with relatively smaller variation in fluorescence intensity from the same 

sample, judged by the narrower bases (Figure 5.12A). Such difference in the distribution of cellular 

fluorescence intensity was especially obvious in hypoxic samples (dark green), which was also 

found in the previous experiment with BODIPY-FL-azide (see Figure 5.11). Unlike with BODIPY-

FL-azide, there was no marked difference in hypoxic to oxic ratio between the reactions in the 

tissue culture hood and in the anaerobic chamber. The integrity of RNA in cells incubated with the 

PBS-based reaction cocktail was higher when the CuAAC reaction carried out in the tissue culture 

hood, which was similar to the results generated by CuAAC reactions with BODIPY-FL-azide and 

A. B.
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PBS-based reaction cocktail (see Figure 5.11) but opposite to the results generated by CuAAC 

reactions deploying Super-DIPY and Tris-saline based reaction cocktail (see Figure 5.10). 

 

Figure 5.12: The effect of oxygen atmosphere on clicking cells with Super-DIPY in a hypoxia-selective 
manner. 

Flow cytometric histograms of SiHa cells incubated under oxic or hypoxic conditions and labelled with Super-
DIPY by following protocol #5 (Figure 2.1) and using reaction cocktail #7 (see Table 2.7) in a hypoxia-
selective manner. (A) CuAAC-mediated cell labelling in an anaerobic chamber. (B) CuAAC-mediated cell 
labelling in a tissue culture hood. Data are representative of 3 independent experiments. 

 

Besides shortening the exposure time to reaction cocktail, the reduction in temperature may also 

slow down the copper-mediated generation of ROS from O2 to maintain the RNA integrity in the 

treated cells as the general role of temperature in mediating chemical reaction rate (Levine, 2005). 

Moreover, the rate of CuAAC reaction may also be influenced by a change of temperature. To 

determine the effects of lower temperature in CuAAC-mediated hypoxia-selective cell labelling, 

SiHa cells were clicked with selected BODIPY-based azides following protocol #5 (Figure 2.1) 

using reaction cocktail #7 (see Table 2.7) at RT or 4°C following the incubation with 100 µM 

SN33267 for 2 h at 37°C under oxic or hypoxic conditions.  

At RT, hypoxic cells had high fluorescence intensity than oxic cells independent of the selection 

of BODIPY-based azide (Hypoxic/Oxic ratio: 6.1 by BODIPY-FL-azide, 31.4 by Super-DIPY), 

A. B.
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which was consistent with previous findings. In contrast, there was no noticeable difference in 

fluorescence intensity between oxic and hypoxic cells after SN33267-treated cells were incubated 

with reaction cocktail containing BODIPY-FL-azide at 4°C (Hypoxic/Oxic ratio: 1.5; Figure 5.13A). 

When Super-DIPY was used, the CuAAC reaction of SN33267-treated cells at 4°C resulted in a 

slight increase in fluorescence intensity of hypoxic compared oxic cells (Hypoxic/Oxic ratio: 3.0; 

Figure 5.13B). The rate of CuAAC reaction thus strongly depended on temperature, as expected. 

Reducing the temperature to 4°C might improve compatibility of CuAAC reaction with high-quality 

RNA. 

 

Figure 5.13: CuAAC-mediated labelling in SiHa cells at different temperatures. 

SiHa cells incubated under oxic or hypoxic conditions and clicked with azide-modified fluorophore following 
protocol #5 (Figure 2.1) and using reaction cocktail #7 (see Table 2.7) at RT or 4°C in a hypoxia-dependent 
manner. (A) BODIPY-FL-azide; (B) Super-DIPY. Each bar represents the MFI derived from the corresponding 
flow cytometry histogram. Data are representative of 3 independent experiments. 

 

5.3.3 Clicking mixed oxic and hypoxic cells 

Mixtures of cells consisting of hypoxic and oxic populations in a 1:1 ratio were employed to assess 

the capability of the method in separating these two cell populations based on fluorescence 

intensity as a marker of hypoxic stress by flow cytometry.  
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The oxygen tension in cell cultures (19.95%) is usually close to the ambient atmospheric oxygen 

tension, which is higher than the levels of oxygen found in vivo (1–11% oxygen) due to the diffusion 

and tissue consumption of oxygen (Carreau, El Hafny-Rahbi, Matejuk, Grillon, & Kieda, 2011). In 

order to closer mimic physiological oxygen concentrations, the atmospheric conditions used in 

oxic incubation were changed from an atmosphere of 5% CO2 : 95% O2 to ambient conditions. In 

all following in vitro experiments in this thesis, the oxic cells were pre-incubated 1.5-h under 

ambient conditions followed by 2-h incubation with 100 µM SN33267 under the same oxygen 

tension. 

Based on protocol #5 (Figure 2.1), oxic and hypoxic SiHa cells were mixed in a 1:1 ratio at three 

different points of the labelling procedure (underlined in Figure 5.14). Following the CuAAC-based 

hypoxia-dependent fluorescence labelling process using reaction cocktail #7 (Table 2.7), the 

fluorescence profiles of the mixed cells were analysed by flow cytometry. The unmixed oxic and 

hypoxic cells were used as controls to detect any changes in the fluorescence intensity of cells 

induced by mixing cells that were exposed to SN33267 under different oxygen tensions.  

When oxic and hypoxic cells were mixed before the incubation with reaction cocktail to enable the 

CuAAC reaction, an obvious right-shift (i.e. to higher fluorescence intensity) was detected in the 

fluorescence intensity of oxic population in the mixed cells (the left-side peak of the orange 

histogram) compared with the fluorescence intensity of unmixed oxic cells (red histogram). 

Additionally, the right-side peak of the orange histogram representing the fluorescence intensity 

of hypoxic population in the mixed cells slightly shifted left-ward in comparison to the fluorescence 

intensity of unmixed hypoxic cells (blue histogram; Figure 5.14A). 

When oxic and hypoxic cells were incubated with reaction cocktail separately prior to mixing, there 

was no noticeable change in fluorescence intensity of hypoxic population in mixed cells (the right-

side peak of the orange histogram; Figure 5.14B and C) in comparison to the fluorescence 

intensity of unmixed hypoxic cells (blue histogram). Using the fluorescence intensity of unmixed 

oxic cells (red histogram) as a reference, a very slight shift towards the right (i.e. to higher 

fluorescence intensity) was detected in the fluorescence intensity of oxic population in the mixed 
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cells (the left-side peak of the orange histogram) in both cases when the two populations of cells 

were mixed after the CuAAC reactions (Figure 5.14B and C). 

 

Figure 5.14: The effect of mixing cells at various stages of the experimental procedure on clicking 
cells with Super-DIPY in a hypoxia-selective manner. 

(A) Oxic and hypoxic cells were mixed prior to the incubation with reaction cocktail. (B) Oxic and hypoxic 
cells were mixed at the end of the incubation with reaction cocktail followed by wash steps. (C) Oxic and 
hypoxic cells were incubated with reaction cocktail and went through wash steps separately. They were mixed 
prior to the flow cytometric analysis. Flow cytometric histograms of SiHa cells incubated under oxic or hypoxic 
conditions and labelled with Super-DIPY using reaction cocktail #7 (see Table 2.7) in a hypoxia-selective 
manner. Data are representative of 3 independent experiments. 

  

A. B. C.
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To figure out the reason for the shift in fluorescence intensity associated with the CuAAC-mediated 

fluorescence labelling of pre-mixed cells exposed to SN33267 under different oxygen tensions, 

oxic and hypoxic cells were also incubated without SN33267, named “Oxic_DMSO” and 

“Hypoxic_DMSO”, respectively, were investigated.  

Without SN33267, there was no matching alkyne reactant for the azide in the cells due to its 

bioorthogonality and Super-DIPY in the reaction cocktail might only bind to cells in a nonspecific 

manner, which would show up as background fluorescence. As expected, no change in 

fluorescence intensity was identified between oxic and hypoxic cells (Figure 5.15A). Oxic cells 

formed few covalent adducts with SN33267, which made the cells exhibit a low level of 

fluorescence upon CuAAC with Super-DIPY (red histogram in Figure 5.15B). Without SN33267, 

hypoxic cells alone displayed a very low level of background fluorescence after the CuAAC-

mediated labelling procedure (blue histogram in Figure 5.15B). It was very hard to detect any 

change in fluorescence intensity based on the comparison of histograms when these two types of 

cells were pre-mixed together and then incubated with Super-DIPY in the reaction cocktail 

because of the low level of fluorescent intensities of all three samples (Figure 5.15B).  

When SN33267-free oxic cells were mixed with SN33267-incubated hypoxic cells prior to the 

incubation with reaction cocktail, the histogram generated by the mixed cells exhibited two well-

separated peaks (orange histogram in Figure 5.15C). Interestingly, the left peak, representing the 

fluorescence intensity of the oxic cell population with lower level of incorporated SN33267 adducts, 

markedly shifted towards the right (higher fluorescence intensity) compared to the histogram (red) 

representing the fluorescence intensity of unmixed SN33267-free oxic cells. 

Similar shifts were observed in the histogram of mixed cells consisting SN33267-incubated oxic 

cells and hypoxic cells (Figure 5.15D). In Figure 5.15C and D, the fluorescence intensities of oxic 

samples were increased to a very similar level when they mixed with SN33267-incubated hypoxic 

cell sample prior to the clicking procedure.  
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Figure 5.15: The effect of mixing two cell populations labelled with distinct levels of SN33267 adducts 
on simultaneously clicking with Super-DIPY in a single CuAAC reaction. 

Flow cytometric analysis of mixed oxic and hypoxic SiHa cells (1:1 ratio) labelled via the CuAAC reaction 
between cell-incorporated SN33267 (100 µM) and Super-DIPY following protocol #5 (Figure 2.1) with 
reaction cocktail #7 (Table 2.7) in comparison to the histograms generated by the corresponding unmixed 
cells labelled via the same procedures. (A) Oxic and hypoxic cells without SN33267. (B) SN33267-incubated 
oxic cells and hypoxic cells without SN33267. (C) Oxic cells without SN33267 and SN33267-incubated 
hypoxic cells. (D) SN33267-incubated oxic and hypoxic cells. Data are representative of 3 independent 
experiments. 

  

C. D.

A. B.
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Reaction media that had been used to click hypoxic cells were employed to determine if any 

SN33267-derivatives were released from hypoxic cells that contributed to the increase in 

fluorescence intensity of the oxic cells in the cell mixture during the CuAAC reaction. 

SN33267-incubated hypoxic SiHa cells and DMSO-incubated hypoxic cells were incubated with 

Super-DIPY using reaction cocktail #7 (Table 2.7) following protocol #5 (Figure 2.1). At the end of 

incubation, the reaction medium was carefully separated from the cells and collected, followed by 

a double-spin to remove any remaining cells. Oxic cells incubated with and without 100 µM 

SN33267 were then exposed to these two types of reaction medium for 1 h with gentle agitation, 

followed by wash steps as per protocol #5 (Figure 2.1). 

A 1-h incubation of the DMSO-treated oxic cells with the reaction medium that had been used to 

label SN33267-treated hypoxic cells generated a histogram (orange) with two peaks, indicating 

that a fraction of the cells exhibited an elevated fluorescence intensity (Figure 5.16A).  

In SN33267-treated oxic cells, both previously-used reaction media resulted in an increase of the 

fluorescence intensity in a fraction of the cells (Figure 5.16B). The reaction medium that had been 

used to label SN33267-treated hypoxic cells demonstrated a stronger effect on labelling SN33267-

treated oxic cells (orange histogram) than the one that had been used to incubate DMSO-treated 

hypoxic cells (blue histogram).  

In both cases, only a fraction of the cells in the sample clicked with the reaction medium that had 

been used by Hypoxic_SN33267+ cells (orange) were labelled with higher fluorescence intensity 

in comparison to cells clicked with fresh reaction medium (red).  
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Figure 5.16: Flow cytometric analysis of oxic cells incubated with previously-used reaction cocktails.  

Flow cytometric analysis of the oxic SiHa cells incubated with the supernatants from reaction media that had 
been used to incubate hypoxic SiHa cells. (A) DMSO-treated oxic cells. (B) SN33267-treated oxic cells. Data 
are representative of 3 independent experiments. 

 

To determine the minimum required CuAAC reaction time, SN33267-treated oxic and hypoxic 

SiHa cells were mixed in a 1:1 ratio and labelled with Super-DIPY using reaction cocktail #7 (Table 

2.7) following protocol #5 (Figure 2.1) with modified incubation times. Based on the histograms 

generated by flow cytometric analysis, poor peak resolution and the appearance of a third peak 

was associated with shorter clicking times (Figure 5.17A). In contrast, a baseline separation was 

almost achieved at longer clicking times (Figure 5.17F). The procedure using 10-min + 10-min 

double click (protocol #6 in Figure 2.1) was sufficient to separate the two mixed populations 

according to the fluorescence intensity of the cells (Figure 5.17B). 

Cells were sampled immediately after the double-click (time point 1) and after the last wash step 

(time point 2). RNA was extracted from each cell sample.  

RNA in cells taken immediately at the end of the CuAAC reaction gave a RIN score in a range 

between 7.9 and 8.9. In general, the integrity of RNA was inversely correlated with the total time 

of the CuAAC reaction step. Shortening the exposure time to reaction cocktail led to the higher 

integrity of RNA extracted from cells. Compared with the RNA scores at time point 1, RNA integrity 

A. B.
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in cells was decreased after the final wash step. The RIN scores were reduced to values between 

7.4 and 7.5 (Table 5.9).  

To study the changes in RNA integrity in cells through the entire multiple-step washing procedure, 

mixed (1:1 ratio) SN33267-treated oxic and hypoxic SiHa cells were labelled via the CuAAC 

reaction between the cell-incorporated SN33267 and Super-DIPY supplied in reaction cocktail #7 

(Table 2.7) via either 30-min + 30-min or 10-min + 10-min double click, followed by the multiple-

step washing procedure.  

 

Figure 5.17: The effect of click reaction time on labelling cells with Super-DIPY in a hypoxia-selective 
manner.  

SiHa cells were incubated with 100 µM SN33267 for 2 h under oxic or hypoxic conditions. Subsequently, the 
two types of cells were mixed in 1:1 ratio. Flow cytometric analysis was performed on the mixed cells labelled 
with Super-DIPY following protocol #5 (Figure 2.1) with modified incubation times with reaction cocktail #7 
(Table 2.7). The incubation times with reaction cocktail were indicated in the corresponding histograms. 
Representative flow cytometric data from 3 independent experiments are shown.  

  

D. E. F.

A. B. C.
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Table 5.9: Integrity of RNA in cells labelled with Super-DIPY as a function of different incubation times 
with reaction cocktail and subsequent wash steps. 

Super-DIPY 
RIN 

Time point 1 
(After the double-click) 

Time point 2 
(After the last wash step) 

6-min + 6-min 8.9 7.5 

10-min + 10-min 8.5 7.5 

15-min + 15-min 8.2 7.4 

20-min + 20-min 8.0 7.4 

25-min + 25-min 8.3 7.4 

30-min + 30-min 7.9 7.4 

Note: Data are representative of 3 independent experiments.  

 

No RNA degradation was identified at the end of the 2-h SN33267 incubation. Following the PBS 

wash step with a couple of centrifugation steps to remove the remaining SN33267, there was only 

slight degradation of cellular RNA (RIN 9.8) before the click reaction. 

Immediately after the CuAAC reaction, cells were sampled at each individual subsequent wash 

step. The integrity of RNA dropped considerably during the incubation with reaction cocktail 

(Figure 5.18).  

Independent of incubation time with reaction cocktail, the integrity of RNA in cells was slightly 

higher after the wash step with 50% (v/v) ethanol-PBS, which was followed by a slight decrease 

in RNA integrity in the subsequent two PBS wash steps. The third PBS wash step resulted in a 

marked reduction in RNA integrity compared to the previous wash steps (Figure 5.18). The 10-

min + 10-min double click procedure was slightly better than the 30-min + 30-min one in preserving 

the integrity of RNA in cells through all steps.  

There were two peaks visible in all histograms in all histograms generated by flow cytometric 

analysis, indicating that the tested cells comprised of two cell populations with distinct intensities 

of fluorescence generated by the labelled fluorophores via the CuAAC reaction. At the end of the 

CuAAC reaction, the difference in fluorescence intensity between these two populations in the cell 

sample was relatively small. The separation of the two peaks was improved when more wash 



181 

 

steps were applied because increasingly non-specifically-bound fluorophore was removed. Based 

on the separation of the two peaks in each histogram, the wash step with 50% (v/v) ethanol-PBS 

and the subsequent PBS wash removed the majority of non-specific fluorescence (Figure 5.18). 

 

Figure 5.18: Flow cytometry analysis of mixed oxic and hypoxic SiHa cells at each wash step 
following the incubation with reaction cocktail. 

SiHa cells were incubated with 100 µM SN33267 for 2 h under oxic or hypoxic conditions. Subsequently, the 
two types of cells were mixed in 1:1 ratio. Flow cytometric analysis was performed on mixed cells labelled 
with Super-DIPY in reaction cocktail #7 (Table 2.7) following protocol #5 or protocol #6 (Figure 2.1) modified 
by one additional PBS wash step at the end of the original wash procedure. Cells were sampled after each 
individual subsequent wash step immediately following the click reaction step. Representative flow cytometric 
data from 3 independent experiments are shown.  

 

5.3.4 FACS trials with mixed cell suspensions 

Considering the minimal interference with RNA integrity and with efficient removal of non-specific 

background fluorescent signal, protocol #7 was established by leaving out the second PBS wash 

step in protocol #6 (Figure 2.1). To confirm the effect of protocol #7 on RNA integrity, cells were 

sampled at the end of selected steps during the whole experimental labelling procedure.  

Throughout the whole incubation and CuAAC-mediated hypoxia-dependent cell labelling process, 

the RIN score of cells only decreased from 10 at the very beginning to 8.8 immediately prior to the 

FACS step (Figure 5.19). 
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At the core of the design of the CuAAC-mediated hypoxia-dependent cell labelling methodology 

was the goal to utilise FACS of azide-modified fluorophore-stained cells to identify genes 

differentially regulated in oxic and hypoxic tumour compartments. To further investigate the 

compatibility with high-quality RNA the newly modified version of the protocol #7 (Figure 2.1) was 

used in conjunction with FACS. As shown in Figure 5.20, mixed oxic and hypoxic SiHa cells were 

sorted based on Super-DIPY fluorescence into quartiles of approximately equal cell numbers and 

collected into 5 mL polystyrene round-bottom tubes containing 2 mL of collection solution kept at 

4 °C (Figure 5.20).  

 

Figure 5.19: Changes in RNA integrity in cells throughout the whole labelling procedure of protocol 
#7. 

SiHa cells were incubated with 100 µM SN33267 for 2 h under oxic or hypoxic conditions. Subsequently, the 
two types of cells were mixed in 1:1 ratio and clicked with Super-DIPY by using reaction cocktail #7 (Table 
2.7) and following protocol #7 (Figure 2.1) in a hypoxia-selective manner. Cells were sampled after each 
selected step and RNA was extracted to determine a RIN score. Data are representative of 3 independent 
experiments. 

 

The effects of four different collections solutions on RNA integrity were assessed. The RNA 

samples extracted from sorted cells collected into TRIzol® LS solution demonstrated the highest 

level of integrity (Table 5.10). 
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Figure 5.20: FACS analysis and separation of mixed oxic and hypoxic SN33267-labelled SiHa cells on 
the basis of Super-DIPY fluorescence.  

SiHa cells were incubated with 100 µM SN33267 for 2 h under oxic or hypoxic conditions. Subsequently, the 
two types of cells were mixed in 1:1 ratio and clicked with Super-DIPY by using reaction cocktail #7 (Table 
2.7) and following protocol #7 (Figure 2.1) in a hypoxia-selective manner. According to the fluorescence 
profile, cells were sorted into four fractions of equivalent cell numbers. Data are representative of 3 
independent experiments.  

 

Table 5.10: Integrity of RNA extracted from sorted SiHa cells collected into different solutions. 

Solution used to collect 
sorted cells from FACS 

RIN 

1st Quartile 2nd Quartile 3rd Quartile 4th Quartile 

2 mL PBS 2.2 2.3 2.3 2.3 

2 mL RNAlater® 1.0 1.6 1.0 1.0 

2 mL culture medium 1.8 1.6 1.5 2.0 

2 mL TRIzol® LS 9.1 9.0 8.7 8.4 

Note: Data are representative of 3 independent experiments.  
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5.3.5 Application of protocol #7 to other cell lines 

Based on the histograms generated by flow cytometry analysis, the 15-min + 15-min double click 

procedure was the minimum total time required with the reaction cocktail to sufficiently separate 

mixed oxic and hypoxic FaDu cell populations (Figure 5.21A). In both HT-29 cells (Figure 5.21B) 

and HCT116 cells (Figure 5.21C), 20-min + 20-min double click procedure or a longer click time 

was necessary to separate the two mixed populations. 

Three human cancer cell lines, FaDu, HT-29, and HCT116, were incubated with 100 µM SN33267 

for 2 h under oxic or hypoxic conditions. For each line, the two types of cells were mixed in 1:1 

ratio. To determine compatibility of the CuAAC-labelling methodology with good-quality RNA, the 

cells were sorted by clicked fluorescence intensity into quartiles of approximately equal cell 

numbers and collected in 5 mL polystyrene round-bottom tubes containing 2 mL TRIzol® LS 

solution at 4°C subsequent to the CuAAC-mediated hypoxia-selective clicking with Super-DIPY 

according to protocol #7 (Figure 2.1) modified with the click time determined in Figure 5.21 (FaDu, 

15-min + 15-min; HT-29 and HCT116, 20-min + 20-min; Figure 5.22). 
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Figure 5.21: The effect of click reaction time on labelling with Super-DIPY in a hypoxia-selective 
manner in mixtures (1 : 1) of oxic and hypoxic cells of three human cancer cell lines.  

Three human cancer cell lines, (A) FaDu, (B) HT-29, and (C) HCT116, were incubated with 100 µM SN33267 
for 2 h under oxic or hypoxic conditions. For each line, the two types of cells were mixed in 1:1 ratio and 
clicked with Super-DIPY by using reaction cocktail #7 (Table 2.7) and based on protocol #7 (Figure 2.1) with 
different click times in a hypoxia-selective manner. The incubation time with reaction cocktail was indicated 
in the corresponding histogram. Data of each cell line are representative of 3 independent experiments. 

  

A. 

B. 

C. 
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B. 

 

C. 

 

Figure 5.22: FACS analysis and separation of SN33267-labelled cells on the basis of Super-DIPY 
fluorescence.  

(A) FaDu, (B) HT-29, and (C) HCT116 cells were incubated with 100 µM SN33267 for 2 h under oxic or 
hypoxic conditions. For each cell line, the two types of cells were mixed in 1:1 ratio and clicked with Super-
DIPY by using reaction cocktail #7 (Table 2.7) and following protocol #7 (Figure 2.1) with the click time 
determined in Figure 5.21 (FaDu, 15-min + 15-min; HT-29 and HCT116, 20-min + 20-min) in a hypoxia-
selective manner. According to the fluorescence profile, cells were sorted into four fractions with roughly 
equivalent cell number. For each cell type, representative flow cytometric data from 3 independent 
experiments are shown.  
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The RIN scores of RNA extracted from the sorted cells were all above 6. Among the three cell 

lines, FaDu and HCT116 cells generated RNA with slightly higher integrity than HT-29 cells (Table 

5.11. No association between the order of quartile and RIN score was detected. 

Table 5.11: RIN scores of RNA extracted from sorted cells. 

 FaDu HT-29 HCT116 

1st Quartile (Lowest) 8.3 7.0 8.4 

2nd Quartile (Low) 9.0 6.1 8.0 

3rd Quartile (High) 8.7 7.2 8.8 

4th Quartile (Highest) 8.7 7.2 8.4 

Note: Data are representative of 3 independent experiments.  

 

5.4 Discussion 

RNA is labile and prone to hydrolysis, which is likely to be a large obstacle to applying CuAAC 

reactions on RNA (Paredes & Das, 2011; Shukla, 2014). The first application of CuAAC on RNA 

itself as the target biomolecule was reported by Salic et al. (Jao & Salic, 2008). In that study, the 

integrity of RNA was not a concern. Cells were exposed to 5-ethynyluridine in vivo, which was 

followed by fixation. Azide conjugated dye was utilised to visualise cellular transcripts randomly 

incorporated with 5-ethynyluridine in fixed cells via the CuAAC reaction. Subsequently, Brown and 

co-workers deployed CuAAC to generate a functional RNA by creating DNA–RNA hybrids 

crosslinked through nucleobases and also backbone ligation of two strands (El-Sagheer & Brown, 

2010b). Different to previous applications of CuAAC with RNA, this thesis aimed to acquire 

untransformed RNA with adequate integrity for expression analysis using RT-qPCR from FACS-

sorted cells labelled via CuAAC reactions.  

It has been shown that use of intact RNA is critical to the successful application of modern 

molecular biological methods (Fleige & Pfaffl, 2006). Purity and integrity of RNA are critical for the 

overall success of RNA-based analyses. It is preferable to initiate molecular biological applications 

with high-quality, intact RNA because the accuracy of evaluation of gene expression is directly 

associated with the quantity and quality of the starting RNA (Imbeaud et al., 2005). On the other 

hand, working with low-quality RNA may strongly compromise the experimental results of 
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downstream applications (Fleige & Pfaffl, 2006; Fleige et al., 2006; Jahn et al., 2008; Miller, Diglisic, 

Leister, Webster, & Yolken, 2004). 

Quantification of messenger RNA (mRNA) is typically undertaken via a two-step procedure, 

including cDNA synthesis via reverse transcription, and subsequent nucleic acid amplification 

usually via polymerase chain reaction (PCR), which is widely performed by deploying RT-qPCR, 

the results of which are very dependent on the quality of the RNA (Brisco & Morley, 2012). The 

use of RT-qPCR to study transcripts providing a snapshot of gene expression has demonstrated 

numerous advantages, such as high sensitivity, good reproducibility, and a wide dynamic 

quantification range (Grube et al., 2015; Ogata, Matsuda, Tsuji, & Nomoto, 2015).  

To date, several approaches have been developed with the purpose of assessing RNA quality 

(Brisco & Morley, 2012). Nanodrop is the most widely used microvolume spectrophotometer for 

assessment of nuclear acid quantity and purity (Desjardins & Conklin, 2001). In RNA samples, 

Nanodrop is able to detect whether small DNA contaminants are present but is limited in indicating 

intactness of RNA (Schroeder et al., 2006). The Agilent 2100 Bioanalyzer provides an 

unambiguous assessment of RNA integrity with a sensitivity that is superior to alternative methods 

(Brisco & Morley, 2012).  

Compared with spectrophotometry, analysis of 18S and 28S rRNA by electrophoresis, the 5’–3’ 

assay (Nolan, Hands, & Bustin, 2006), as well as PCR amplification of different target lengths of 

complementary DNA (cDNA) (Bauer, Polzin, & Patzelt; Gong, Tao, & Li, 2006), the RIN software 

algorithm based on the analysis of the complete RNA pattern on electrophoresis provides a 

solution to estimate the integrity of RNA starting materials in an unambiguous way by removing 

user-dependent interpretation of RNA quality (Schroeder et al., 2006). 

RNA degradation is a common concern in gene expression analysis. The RNA integrity, in general, 

affects RT-qPCR performance but not PCR efficiency. The increase in RIN score of RNA sample 

resulted in the reduced variability of the RT-qPCR results (Fleige & Pfaffl, 2006). Yolken and co-

workers reported a study of brain tissue samples from 105 individuals and revealed a correlation 

between RIN scores and the outcome of a real-time PCR experiment of 4 different housekeeping 

genes (Miller et al., 2004). RNA integrity exerted a critical influence on downstream experiments. 
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In comparison to ribosomal ratio, it provided a straightforward means for controlling reliability of 

data generated in downstream real-time PCR analysis by a meaningful threshold value of RIN 

(Miller et al., 2004; Schroeder et al., 2006).  

Assuming that RNA will be degraded to the extent at which fragments are too small to analyse 

reliably at a certain point on the RIN scale, RT-qPCR analysis, to some extent, can tolerate 

moderately degraded RNA samples and may still result in a reasonable expression profile (Fleige 

& Pfaffl, 2006; Fleige et al., 2006). Nevertheless, all efforts should be made to achieve high quality 

in RNA samples and thus more reliably representing the natural state (Imbeaud et al., 2005). Thus, 

this Chapter focused on maximising the compatibility of the CuAAC-based method with the 

integrity of RNA in FACS-sorted azide-modified fluorophore-clicked cells. To the best of our 

knowledge, no systematic studies have been published on how to improve the integrity of RNA 

extracted from FACS-sorted cells and applied to transcript measurements.  

In the study of in vivo hypoxic gene expression profiling in gliomas reported by Koumenis and co-

workers, a RIN score of 7 was deemed of sufficient quality for the study of RNA transcripts and 

used as the standard in qPCR and array analyses (Marotta et al., 2011). The same RIN score was 

accepted by Cerca et al. as appropriate for qPCR analysis in their study of prokaryotic RNA. They 

observed that RNA samples with a RIN value below 7 yielded high variation in reference transcript 

Ct values and loss of statistical significance when gene expression was analysed by real-time RT-

qPCR (Jahn et al., 2008). 

A RIN score higher than 8 indicated perfect total RNA competent to serve as template in 

downstream application in the study performed by Pfaffl et al.. A RIN score between 5 and 8 was 

suggested to represent the RNA quality resulting in suboptimal RT-qPCR expression results. The 

importance of RNA quality has been shown to increase with increasing length of the amplified 

product in PCR (Fleige et al., 2006). In mammalian RNA samples, values of RIN above 5 have 

been suggested as a minimum for reliable mRNA measurements (Fleige et al., 2006; Jung et al., 

2010). It even has been suggested that the required quality for amplification of shorter RT-qPCR 

products, such as amplicons in TaqMan® assay mostly used with a length between 70-250 bp, 

were somewhat independent to the RNA integrity (Fleige & Pfaffl, 2006; Fleige et al., 2006; Li et 
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al., 2008). According to these previously used RNA integrity cut-off values for meaningful 

expression assessment by RT-qPCR, this Chapter aimed to at least achieve the RIN score of 5 

by further optimising the click chemistry-based method on the basis of good hypoxia-mediated 

clicking selectivity.   

Concerning the compatibility with RNA, a study of total eight combinations of copper source, 

reducing agent, and ligand (two candidates each) was performed to find a combination(s) that 

gives rise to both good hypoxia-selective click and intactness of RNA. The CuAAC reaction using 

CuOAc as copper source, reduced by TCEP, and stabilised by either TBTA or THPTA 

demonstrated the best RNA integrity in fluorophore-labelled cells in addition to an acceptable 

hypoxia-mediated clicking selectivity (Table 5.1).  

Despite the wide application of CuAAC reaction in various fields of biological study, the in vivo 

approaches based on this most effective click reaction are considerably limited due to the major 

concern of the cytotoxicity caused by the copper(I)-mediated generation of ROS from O2 (Brewer, 

2010; Hong et al., 2010; Wang et al., 2003). Under physiological conditions, catalytically active 

copper(I) is easily oxidised by either O2 or H2O2 to the +2 oxidation state via Fenton processes 

with the production of superoxide or hydroxyl radicals, respectively (Biaglow et al., 1997). The 

presence of ROS is able to induce the damages in structure and functional integrity of 

biomolecules, which has been detected under CuAAC conditions (Hong et al., 2009; Kennedy et 

al., 2011).  

In addition to the degradation of proteins, it has been reported that copper-mediated production of 

ROS is able to induce strand scission of nucleic acids through both metal-assisted and free radical 

mechanisms (Burrows & Muller, 1998). Liu and co-workers observed that about 50% of nucleic 

acids underwent degradation when CuAAC was applied for only 10 min at RT (Gartner, Grubina, 

Calderone, & Liu, 2003; Kanan et al., 2004). Thus, reduction of the click reaction time may improve 

intactness of RNA in cells by decreasing the length of time that cells are exposed to ROS. 

The double click incubation with reaction cocktail was critical to achieving a sufficient CuAAC 

reaction (Figure 5.3 and Figure 5.4). Interestingly, the sufficient reaction was more dependent on 

the copper-source, the reducing agent, as well as the stabilising ligand, rather than on the azide-
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modified fluorophore in the second dose of the reaction cocktail (Figure 5.2). This observation 

indicated the important roles of ligand-stabilised copper(I)-mediated catalysis in the click reaction. 

To achieve a sufficient click reaction, any changes made in the click reaction time have to be 

based on the format of a double-click. The shortening of the total exposure time to the reaction 

cocktail was associated with higher RNA integrity in cells at the end of the labelling procedure 

(BODIPY-FL-azide, Table 5.2; Super-DIPY, Table 5.4 and Table 5.5). Even though this 

improvement in RNA integrity was not considerable, it was consistent in click reactions mediated 

by two different azide-modified fluorophores and supported by data of three independent 

experiments (with Super-DIPY only). The protocol was thus optimised by shortening the click 

reaction time. 

It has been suggested that the ligand plays the role of sacrificial reductant in CuAAC to protect the 

substrate from oxidation by interrupting the in situ generated ROS in the coordination sphere of 

the copper. An excess of copper-binding ligand (five equivalents in tris(triazolyl)methylamine 

ligands) was used as additive and functional as the scavenger of ROS to minimise cytotoxicity 

(Hong et al., 2009). At least five equivalents of THPTA with respect to copper was suggested 

necessary in order to rapidly remove locally generated reactive oxygen species without markedly 

compromising the rate of CuAAC reaction (Hong et al., 2009). 

However, an excess of copper-source, generally ten equivalents with respect to the copper-

binding ligand, has been shown to consistently bring the best selectivity in hypoxia-mediated 

labelling based on the data generated by multiple experiments independent of the selection of 

either copper source or stabilising ligand in this thesis (Figure 4.3, Figure 4.4, Figure 4.5, Figure 

5.3 bottom row, Figure 5.7A, B, and C). According to the data presented in Figure 5.3 (bottom 

row), an increase in ligand to copper ratio was associated with a decrease in the integrity of RNA 

extracted from azide-clicked hypoxic cells. However, this was the only experiment in which the 

effect of varying the ligand to copper ratio on the integrity of RNA in clicked cells was observed. 

Therefore, it is not possible to draw a firm conclusion about the relationship between ligand to 

copper ratio and RNA integrity. 
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Significant degradation of unmodified RNA species has been observed under various copper-

catalysed click conditions, which previously limited studies of click reactions with RNA sequences 

when integrity became a concern (Paredes & Das, 2011). A pioneering study observed that in the 

presence of a large excess of copper(I) ions generated by in situ reduction of CuSO4 with sodium 

ascorbate both DNA and RNA remained intact over 5 h in 100 mM degassed Tris buffer (pH 7.5) 

to remove dissolved oxygen and reduced the risk of oxidative degradation of the oligonucleotides 

(Paredes & Das, 2011).  

As mentioned previously, the presence of atmospheric oxygen is able to induce degradation or 

aggregation of target biomolecules including RNA by mediating the generation of oxygen radicals 

or other reactive species during the maintenance of copper ions in the active +1 oxidation state in 

CuAAC (Hong et al., 2010; Houseley & Tollervey, 2009; Temple et al., 2005). Removal of 

atmospheric oxygen may provide another solution to preserving intactness of RNA. Therefore, 

click reaction and its following wash steps were moved from tissue culture hood into an anaerobic 

chamber. The reduced oxygen tension may also benefit CuAAC reaction by facilitating the 

generation of catalytically active copper(I) and stabilising this oxidation state (Chan et al., 2004). 

Consequently, the CuAAC reaction performed in the anaerobic chamber may result in a more 

efficient fluorophore-labelling with a relatively smaller variation of fluorescence intensity among 

cells in hypoxic sample presented as a sharper peak in the histogram (Figure 5.10 and Figure 

5.11). However, conducting part of the procedure in an anaerobic chamber was impractical and 

inconvenient, led to some operating difficulties and, most importantly, did not induce any 

improvement in RIN scores. As a result, the intention of moving click reaction into an anaerobic 

chamber was terminated. 

By using a standard azide, BODIPY-FL-azide, only a limited improvement in RIN could be 

achieved without compromising the hypoxia-selective labelling specificity. The RIN score of the 

RNA extracted from the labelled cells was increased from 4.1 to 4.6 when the 15-min + 15-min 

double click procedure was employed during the step of reaction cocktail incubation to replace the 

30-min + 30-min double click procedure in the previously modified protocol (Figure 5.4 and Table 

5.2). According to the experimental data from published literature and from this study, a faster 

CuAAC labelling protocol with a decreased requirement for copper concentration may benefit both 
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the detection of 2-NI metabolically tagged protein by azide-modified fluorophores and the 

compatibility with high-quality RNA (Uttamapinant et al., 2012). 

Attempts to completely eliminate oligonucleotide degradation, compulsory exclusion of 

atmospheric oxygen has even been suggested (Géci, Filichev, & Pedersen, 2007). As an 

alternative approach to overcome these limitations mainly induced by ROS-mediated damage, 

extensive efforts have been devoted to the development of catalytic systems incorporating 

copper(I)-chelating ligands. The employment of stabilising ligands showed beneficial effects in 

maintaining the integrity of nucleic acids, which paved the way for CuAAC utilised as a reliable 

approach in nucleic acids modification. 

The use of chelation-assisted CuAAC allows the concentration of copper to be decreased by virtue 

of raising the effective copper concentration at the reaction site (Uttamapinant et al., 2012). The 

application of copper-chelating azides can work complementarily with ligand design to dramatically 

benefit the CuAAC reaction rate and biocompatibility (Besanceney-Webler et al., 2011; Hong et 

al., 2010). It has been demonstrated in pioneering work from multiple research laboratories that 

the CuAAC reaction stabilised via a tris(triazolylmethyl)-amine-based ligand can be accelerated 

4- to 6-fold by 2-(azidomethyl)pyridine derivatives in comparison to reactions using azides without 

copper-chelating functionality in in vitro model systems (Brotherton et al., 2009; Kuang et al., 2011; 

Kuang et al., 2010; Michaels & Zhu, 2011).  

The successful application of chelation-assisted CuAAC in site-specific labelling of protein on the 

surface of living cells demonstrated 2.7- to 25-fold increase in labelling yields compared with 

conventional CuAAC (Uttamapinant et al., 2012). However, the utilisation of CuAAC in the cellular 

context was still limited to the surface of cells. The majority of applications based on click chemistry 

in living cells or organisms is still in favour of copper-free click reactions (Jewett et al., 2010; 

Lallana et al., 2011; Ning, Guo, Wolfert, & Boons, 2008).  

Wu and co-workers used an electron-donating picolyl azide to label newly synthesised cell-surface 

glycans in vivo via ligand BTTPS-accelerated CuAAC reaction without apparent toxicity. The 

successful application of chelation-assisted CuAAC allowed scholars to monitor dynamic 
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biosynthesis of interested molecules in mammalian cells and early zebrafish embryogenesis 

(Jiang et al., 2014).     

In comparison to the standard BODIPY-FL-azide, the use of a chelation-assisted version of 

BODIPY-based azide, Super-DIPY, in this thesis markedly increased the hypoxic to oxic ratio by 

nearly doubling the fluorescence intensity in hypoxic cells via the CuAAC reaction with SN33267 

derivatives incorporated into cells.  

Similar to what Ting and co-workers found in their study to site-specifically label membrane 

proteins and RNA molecules via CuAAC by a copper-chelating picolyl azide in fixed cells 

(Uttamapinant et al., 2012), the Super-DIPY effect was so strong that it more than compensated 

for the effect of omitting TBTA ligand (Figure 5.6 and Figure 5.7). But the expected decrease in 

the required concentration of copper in chelation-assisted CuAAC was not shown when Super-

DIPY was used according to the data generated in SiHa cells in this Chapter. The CuAAC 

reactions mediating the hypoxia-dependent cell labelling were maximally favoured by a ligand to 

copper ration of 1:10 independent of the selection of azide-modified fluorophore. To achieve the 

best hypoxic to oxic ratio, 1 mM of either CuOAc or CuSO4 was still required by the CuAAC 

reactions to coordinate with 100 µM TBTA (Figure 5.7). This was probably partially caused by 

limited transport of copper ions into the cytosol to reach the intracellularly localised SN33267 

adducts and/or the presence of intracellular binding sites/sequestration of copper (Bertinato & 

L'Abbe, 2004; Leone & Mercer, 2012).  

The CuAAC reaction demonstrated a broad-spectrum compatibility with aqueous buffers in the pH 

range between 6.5 and 8.0 as long as copper-binding species were absent (Hong et al., 2009; 

Presolski et al., 2011). It has been suggested that very high concentrations of chloride ion (greater 

than 0.2 M) should be avoided in buffer since it was capable to compete for copper and slow down 

the reaction rate (Presolski et al., 2011). Additionally, it has been pointed out that Tris buffer cannot 

be utilised in CuAAC because the tris(hydroxymethyl)aminomethane molecule may function as a 

competitive and inhibitory ligand for copper (Hong et al., 2009; Presolski et al., 2011). However, 

such inhibitory function of Tris buffer was not identified in this thesis. Reaction cocktail prepared 
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in 10 mM Tris-buffered saline worked well in the CuAAC reactions between clickable 2-NI and 

azide-modified fluorophores.  

With the employment of Super-DIPY, the CuAAC reaction carried out in 10 mM Tris-buffered saline 

(pH 7.4) was clearly superior to PBS (pH 7.4) and resulted in an improved hypoxia-selectivity. The 

substitution of PBS for 10 mM Tris-buffered saline was made during the optimisation of 

methodology primarily in consideration of the integrity of RNA extracted from the labelled cells 

(Table 5.8). In order to evade the formation of insoluble copper-phosphate complexes, the copper 

source was recommended to be premixed with the ligand when phosphate was present in the 

reaction cocktail (Presolski et al., 2011). In addition, the data presented here indicated that the 

presence of ligand was associated with a slightly higher integrity of RNA in labelled cells (Table 

5.3). It has been documented that the omission of ligand may induce enhanced membrane 

permeability contributing to the effects on cell damage (Hong et al., 2010). Thus, ligand was kept 

in the recipe of PBS-based reaction cocktail (reaction cocktail #7 in Table 2.7), despite the near-

zero ligand dependency of chelation-assisted CuAAC (Figure 5.6 and Figure 5.7). 

The use of a mixture of two cell populations exposed to SN33267 under different oxygen 

concentrations provided a more realistic case to validate the methodology in terms of the two main 

criteria of selectivity to hypoxia and biocompatibility with RNA. Oxic cells had higher fluorescence 

intensity when they were incubated with the reaction cocktail in the presence of hypoxic cells, i.e. 

as a mixture (Figure 5.14 and Figure 5.15). The study with reaction media that had been 

previously-used to incubate hypoxic cells in separate CuAAC reactions suggested that some 

fluorescence-labelled molecules were released from the hypoxic cells during the click reaction. 

Investigations of model reduction systems indicate that the four-electron reduction product 

(hydroxylamine) of 2-NI is the primary adduct-forming species that is capable to covalently bind to 

the macromolecules, mainly thiol-containing proteins, with high efficiency in the cellular milieu 

(Koch & Raleigh, 1991; Raleigh & Koch, 1990). The covalent association between reactive 

intermediates generated by the bioreduction of nitroheterocyclic compounds and cellular 

molecules is extremely stable due to the build-up of electron density between the nuclei. The 

formation of covalent associations involved in both binding of cellular adducts of 2-NI and CuAAC 
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is irreversible (Petrucci, Herring, Madura, & Bissonnette, 2010). Thus it seems unlikely that these 

macromolecule covalently associated adducts of SN33267 in hypoxic cells were released and 

somehow taken up by the pre-mixed oxic cells. 

Besides thiol side chains of cysteine residues in macromolecules, cysteine residues may also exist 

as free thiols in cytoplasm (Trivedi, Laurence, & Siahaan, 2009). In hypoxic cells, these free thiols 

can also be involved in the reductive formation and covalent association of cellular adducts of 

SN33267. These adducts will further covalently bind to azide-modified fluorophores via CuAAC 

and may be released out of hypoxic cells. The oxic cells that are pre-mixed with hypoxic cells or 

incubated with previously-used reaction medium may somehow take up these fluorophore-labelled 

molecules and therefore show elevated fluorescence intensity (Figure 5.15 and Figure 5.16). The 

mechanism behind this process still needs to be further investigated. 

With the use of the optimised protocol, the click chemistry-base method successfully demonstrated 

the capability of separating pre-mixed cell populations in a hypoxia-selective manner (Figure 5.14 

and Figure 5.15).  

Moreover, the click reaction time was further tailored to four human cancer cell lines to achieve 

both hypoxia-mediated selectivity of CuAAC-labelling and compatibility with RNA intactness in 

FACS-sorted clicked cells (Figure 5.21). Consequently, the final protocol (protocol #7 in Figure 

2.1) was optimised by shortening the incubation time with reaction cocktail and removing 

redundant wash step(s) without compromising the gradient of the azide-modified fluorophores 

clicked with cells in a hypoxia-selective fashion deployed by FACS. The CuAAC-mediated cell 

labelling method was validated in vitro with four different human cancer cell lines. Cells were 

successfully sorted into four fractions according to their fluorescence intensity by chelation-

assisted CuAAC reaction (Figure 5.22), which demonstrated the potential of this method for 

clicking of dissociated tumours in Chapter 6. 

Last but not least, the RNA quality is dependent on the choice of RNA extraction method (Fleige 

& Pfaffl, 2006; Fleige et al., 2006). When RNA is extracted from FACS-sorted cells, the selection 

of solution used to collect the cells from the sorter is also critical to the RIN score of the final 

extracted RNA (Nilsson, Krawczyk, & Johansson, 2014). In this thesis, the collection of sorted 
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cells in TRIzol® LS reagent followed directly by the extraction of total cellular RNA using a method 

combining the strong lysis capability of TRIzol® LS reagent and silica-cartridge purification gave 

rise to RNA with RIN values above 6 in general (Table 5.9 and Table 5.11). Human cancer cell 

lines used in this Chapter are derived from different types of tumour tissue. RNA samples extracted 

from FACS-sorted fractions demonstrated slight differences in RIN score among the four cell lines 

due to the tissue- and organ-dependent features in RNA integrity (Jung et al., 2010).   

The click chemistry-based methodology was successfully optimised in this Chapter. The protocol 

of this method had even been customised for four human cancer cell lines. With the optimised 

method, pre-mixed cells were able to be clicked with azide fluorophores in a hypoxia-selective 

manner and be sorted by FACS. More excitingly, RNA extracted from FACS-sorted had a RIN 

score above 6, which was sufficiently high to be used in the assessment of mRNA transcripts 

according to RIN cut-off values reported in the literature. At this stage, the optimised methodology 

was deemed suitable for application in human tumour xenografts, which is described in the next 

chapter. 
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Chapter 6. Validation of the click chemistry-based method for 

labelling of hypoxic cells using a hypoxia gene signature  

6.1 Introduction 

Hypoxia is a well characterised feature of the microenvironment of solid tumours. The hypoxia 

status of tumours is directly associated with the resistance to radiotherapy and chemotherapy 

(Tatum et al., 2006; Vaupel et al., 2004). Both laboratory and clinical studies have provided 

evidence that hypoxia is a critical determinant of tumour aggressiveness, which has stimulated 

the development of accurate assessment approaches to quantify tumour hypoxia in patients 

(Marotta et al., 2011; Semenza, 2010; Semenza, 2012).    

Ideally, tumour hypoxia should be evaluated by a noninvasive approach that accounts for spatial 

differences in the distribution of hypoxia without inducing alterations of the underlying physiology. 

The assessment of tumour hypoxia should be usable both in the laboratory and clinic, which 

should be not only repeatable over time but also achieve high sensitivity, specificity, as well as 

spatial resolution (Dhani & Milosevic, 2012; Höckel & Vaupel, 2001; Wong, Fyles, Milosevic, 

Pintilie, & Hill, 1997). 

Noninvasive approaches of tumour hypoxia measurement have demonstrated advantages over 

oxygen sensor-based invasive techniques. With the use of noninvasive approaches, for example, 

the necrotic tissue can be distinguished from tumour areas with viable hypoxic cells and 

information about the microscopic distribution of hypoxia can also be obtained (Dhani & Milosevic, 

2012; Harris, Barberis, West, & Buffa, 2015). The selection of hypoxia marker(s) is critical in 

sensitivity and reliability of noninvasive approaches (Burtness & Golemis, 2014).  

Although the time-dependence of expression can sometimes be an obstacle to interpretation, the 

employment of endogenous biomarkers in the evaluation of tumour hypoxia is still particularly 

attractive. Measurement of cellular adaption provides an indirect measure of hypoxia. HIF, 

mammalian target of rapamycin (mTOR), and unfolded protein response (UPR) signalling 

pathways jointly influence many of the cellular consequences of hypoxia involved in tumour 
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metabolism, autophagy and ER homeostasis (Wouters & Koritzinsky, 2008). Genes regulated in 

response to hypoxia reflect the hypoxic phenotype and can provide insight into the biological 

consequences of the hypoxia at the cellular level (Dhani & Milosevic, 2012; Winter et al., 2007). 

Their expression can be evaluated at either the transcription level using RT-qPCR or at the protein 

level by use of immunohistochemistry (IHC) (Buffa et al., 2010; Ghazoui et al., 2011). HIF-1α is 

one of the key regulators responsible for the induction of genes facilitating adaptation to hypoxic 

stress (Semenza, 2010). Expression of HIF-1α and its downstream target CAIX have been 

intensively investigated (Schrijvers et al., 2008). However, expression of HIF-1α can also be under 

the regulation of other oncogene-mediated mechanisms independent to hypoxia and therefore 

may not always specifically reflect hypoxic status across tumours (Favaro, Lord, Harris, & Buffa, 

2011; Moon, Brizel, Chi, & Dewhirst, 2007). The assessment of tumour hypoxia by noninvasive 

approaches is predominantly limited by a dependence on a specific gene or even a group of genes 

involved in a single mechanism (Le & Courter, 2008). 

Recently, a global transcriptional response to hypoxia has been identified in several studies by 

use of gene expression microarrays (Harris et al., 2015). To take advantage of the excess of 

information in microarray data, genes observed in significant response to hypoxia are typically 

grouped together and termed hypoxia gene expression signature or hypoxia signature. Gene 

expression signatures can be used as strong predictors of clinical outcome with considerable 

reliability (van't Veer & Bernards, 2008). On the basis of combinations of hypoxia-responsive 

genes, their combined expression pattern is exclusively characteristic of a biological phenotype 

(Brown; de Cecco et al., 2015; Dhani & Milosevic, 2012). The assessment of tumour hypoxia by 

use of a hypoxia gene expression signature incorporates multiple endogenous hypoxia biomarkers 

into a single assay, which is highly enriched for hypoxia-regulated pathways and prognostic in 

multivariate analyses (Buffa et al., 2010; Melillo, 2013). 

A 15-gene hypoxia gene expression signature developed in squamous cell carcinomas by 

Toustrup et al. was the first signature that could predict beneficial treatment strategies and 

consequently has been implemented in the clinic (Toustrup et al., 2011). Being a novel predictive 

hypoxia biomarker signature, this 15-gene signature has been applied both retrospectively and 

prospectively and shown to be of prognostic significance in non-squamous cell carcinomas, 
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including breast and lung cancer (Starmans et al., 2012; Toustrup, Sørensen, Alsner, et al., 2012; 

Toustrup, Sørensen, Lassen, et al., 2012). 

Understanding gene expression patterns is essential to provide insight into complex regulatory 

networks, which most probably contributes to the identification of genes related to new biological 

processes or implicated in the development of physiological disorders. Assessment of mRNA 

transcript level of an interested gene in cells generally starts by converting the mRNA to cDNA via 

reverse transcription that is followed by polymerase chain reactions (PCR) to amplify the cDNA in 

an exponential manner (Huggett, Dheda, Bustin, & Zumla, 2005; Sun, Li, Luo, & Liao, 2012). Being 

one of the most sensitive methods commonly used for the quantification of low-abundance mRNA 

transcription, RT-qPCR has become the method of choice for high-throughput and accurate 

expression profiling of selected genes, including hypoxia gene expression signatures (Weis, Tan, 

Martin, & Wittwer, 1992). 

6.2 Aims 

The key task of this Chapter was to validate the methodology in labelling and sorting tumour cells 

in a hypoxia-dependent manner by measuring expression via RT-qPCR analysis of the clinically 

validated hypoxia gene expression signature of 15 genes developed by Toustrup et al. (Toustrup 

et al., 2011).  

The specific objectives are: 

 To assess any impact of CuAAC-mediated hypoxia-dependent cell labelling on the 15-

gene hypoxia gene expression signature;  

 To identify appropriate endogenous control genes under hypoxic conditions for quantifying 

gene expression; 

 To apply the optimised methodology in vitro to sort pre-mixed oxic and hypoxic cells into 

2 fractions according to their cellular hypoxic stress for evaluation of the hypoxia gene 

signature; 
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 To apply the optimised methodology ex vivo to sort cells from dissociated tumour 

xenograft according to their cellular hypoxic stress for evaluation of the hypoxia gene 

signature. 

6.3 Statistics 

Pearson correlations were computed in SigmaPlot for Windows Version 11, 12, or 12.5 (Systat 

Software Inc., CA, USA). Two-way ANOVA with Bonferroni posthoc test was used to study the 

hypoxia-mediated expression of selected genes. Fold change in mRNA abundance was the 

dependent variable. A P value ≤ 0.05 was considered to be significant. Analysis was performed 

using GraphPad Prism 5 for Windows Version 5.01 (GraphPad Software, CA, USA).  

6.4 Results 

6.4.1 Selection of endogenous control genes 

According to published literatures and qPCR technical information on the Gene Quantification 

platform related to investigations of gene expression under anoxia/hypoxia, eight genes (Table 

2.9, in bold) were chosen as candidates of endogenous controls (Türkoğlu & Köçkar, 2012; 

Baddela, Baufeld, Yenuganti, Vanselow, & Singh, 2014; Caradec et al., 2010; Eisenberg & 

Levanon, 2013; Munk et al., 2012; Pfaffl, 2015; Tan et al., 2012; Yao et al., 2012). To identify the 

optimal endogenous control genes for use in the study of hypoxia-regulated gene expression, a 

geNorm analysis was performed on eight candidate genes for both SiHa and FaDu cells. RNA 

samples prepared by in vitro experiments described in Chapter 5 (SiHa, Table 5.10 bottom row; 

FaDu, Table 5.11 left column) were converted into cDNAs and used as templates. The analysis 

using geNorm generated a measure of gene stability (M-value), which can be used to rank the 

candidate reference genes. An M-value of less than 1.5 has been arbitrarily suggested to be a 

suitable cut-off for gene stability (Coulson et al., 2008; Julian, de Oliveira, Perry, Tufik, & Chagas, 

2014; Vandesompele et al., 2002). According to the geNorm evaluation the best candidate was 

RPLP0 followed by Beta-2-Microglobulin (B2M) and 18S Ribosomal RNA (rRNA; 18S). In addition, 

the least stable gene was YWHAZ, which had the highest M-value that was still less than 0.7 

(Figure 6.1A).  
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A pairwise stability measure (V-value) was generated by geNorm to determine the benefit of 

adding extra reference genes for the normalisation process. Again, a lower value indicates greater 

stability of the normalisation factor. An arbitrary cut-off value of 0.15 indicates acceptable stability 

of the reference gene combination (Coulson et al., 2008; Julian et al., 2014; Vandesompele et al., 

2002). The optimal number of reference targets in this particular experiment was 2 (Figure 6.1B). 

As such, the optimal normalisation factor was suggested to be the geometric mean of the 

reference targets B2M and RPLP0. 

 

 

Figure 6.1: geNorm stability analysis of potential reference genes. 

Evaluation of gene expression stability by geNorm for SiHa and FaDu cells by use of RNAs prepared in 
Chapter 5 (SiHa, Table 5.10 bottom row; FaDu, Table 5.11 left column). (A) Average expression stability 
values of eligible endogenous control genes. Expression stability of the reference gene candidates as 
calculated by geNorm. The stability value M is based on the average pair-wise variation between all 
candidates. The least stable gene with the highest M-value was excluded and the M-value was recalculated 
till it ended up with the most stable pair. (B) Determination of an optimal number of control genes for 
normalisation. The geNorm programme calculates a normalisation factor (NF) utilised to assess the optimal 
number of endogenous control genes required for accurate normalisation. The NF is calculated using the 
variable V as the pairwise variation (Vn/Vn+1) between two sequential NFs (NFn and NFn+1). The 
recommended cut-off V-value (V = 0.15) is the point at which it is unnecessary to include additional genes in 
a normalisation strategy. In this instance, the geNorm output file indicated that all tested candidates 
demonstrated high reference target stability (average geNorm M ≤ 0.5) and the optimal number of genes 
required for normalisation was two. Three independent experiments were performed. 

 

All of the 8 candidate genes in all of the analyses gave M-values of less than 0.7, which was less 

than 50% of the cut-off for suitability (M = 1.5). The assessment of pairwise variation indicated that 

all tested conditions gave rise to V-values less than the cut-off value of 0.15. These data indicated 
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that all of the tested candidate genes were suitable for use according to the adopted cut-off values. 

For reasons of convenience B2M and 18S were selected as endogenous control genes for 

subsequent RT-qPCR analyses.  

6.4.2 Effect of the CuAAC-based procedure on gene expression 

Similar to most applications of bioorthogonal reactions, the CuAAC-mediated methodology 

discussed in this thesis is based on a two-step bioorthogonal labelling strategy that requires 

introduction of exogenous functionality by chemical means followed by modification of the 

functionalised biomolecule(s) with a custom-designed highly specific bioorthogonal reaction. The 

intensity of fluorescence in labelled cells, by metabolically incorporating an alkyne-bearing 2-NI 

and reacting this with an azide-modified fluorophore via CuAAC, is the key to sorting them 

according to the hypoxia status. Before studying gene expression in cells labelled with 

fluorophores in a hypoxia-selective manner by use of this method, it was necessary to evaluate 

the effect of the whole click chemistry-based procedure on the expression of genes of interest.  

To determine whether the entire CuAAC-mediated labelling methodology impacts on the hypoxia 

gene expression signature of 15 genes in response to hypoxic stress, hypoxia-induced fold change 

in gene expression in unlabelled SiHa cells was assessed by RT-qPCR analysis and compared 

with the expression data generated by qPCR from SiHa cells labelled with fluorophore (Super-

DIPY) via the CuAAC-mediated methodology (Figure 6.2). No significant difference in transcription 

abundance of 15 hypoxia marker genes was detected in response to hypoxia (P > 0.05) when the 

click chemistry-based method was employed to label SiHa cells in a hypoxia-selective manner. 
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Figure 6.2: Effect of the CuAAC-mediated cell labelling procedure on the hypoxia-regulated 
expression of 15 hypoxia marker genes. 

SiHa cells were pre-incubated for 1.5 h under ambient or hypoxic conditions followed by a 2-h incubation with 
100 µM SN33267 under the same atmospheric conditions. These two cell samples were clicked with Super-
DIPY using reaction cocktail #7 (Table 2.7) and following protocol #7 (Figure 2.1). RNA samples extracted 
from these two samples of clicked cells were converted into cDNA and used as templates for qPCR analysis 
by TaqMan gene expression assays to assess hypoxia-regulated fold change in transcript abundance of 15 
hypoxia marker genes (grey bars). RNAs directly extracted from SiHa cells after 3.5-h incubation under same 
ambient or hypoxic conditions were converted into cDNA and used in qPCR analysis of hypoxia-regulated 
expression for control purposes (white bars). All investigated mRNA expression shows P > 0.05, compared 
to control as measured by two-way ANOVA with Bonferroni posthoc test. Errors are the standard error of the 
mean (SEM) from ≥ 2 qPCR experiments run with RNA isolated from two independent cultures. 
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6.4.3 Validating an additional cDNA clean-up procedure in gene expression 

study 

Cells were pre-incubated for 1.5 h under ambient or hypoxic conditions followed by 2-h incubation 

with 100 µM SN33267 under the same atmospheric conditions and mixed together in 1:1 ratio. 

The click chemistry-based method was firstly applied in vitro to click mixed oxic and hypoxic cells 

with Super-DIPY in a hypoxia-selective manner following the experimental procedures described 

in Figure 6.3. To ensure a sufficient click with consideration of cellular RNA integrity, the second 

short click time, instead of the minimally required one, identified in Chapter 5 was used. The 15-

min + 15-min double click and 20-min + 20-min double click procedures were selected for CuAAC 

reaction in SiHa and FaDu cells, respectively (Figure 6.3). The same click procedures were also 

used in cells dissociated from human tumour xenografts.   

 

Figure 6.3: Schematic outlining the experimental procedures used to prepare cell samples for in vitro 
or ex vivo studies of gene expression in SiHa and FaDu cells. 
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Several pilot RT-qPCR experiments were performed to assess ex vivo expression of 15 hypoxia 

marker genes in clicked SiHa xenograft cell sorted by FACS. Since the click chemistry-based 

method was not completely optimised at that time, RNA samples extracted from clicked cells were 

heavily degraded. Use of those RNAs led to wells with missing values and considerable variations 

among technical replicates in RT-qPCR. According to some information from an online suggestion 

regarding a different question on ResearchGate, cDNA clean-up procedure might be helpful in 

solving problems with variation in technical replicates (Kirbach, 2013). This function of cDNA 

clean-up was still attractive even after the methodology had been optimised with much more 

improved RNA compatibility.   

To determine the impact of cDNA clean-up on the expression of 15 hypoxia marker genes 

evaluated by RT-qPCR analysis, mixed oxic and hypoxic SiHa cells (in 1:1 ratio) were labelled 

with SN33267 and Super-DIPY following the procedures described in Figure 6.3. Cells were sorted 

into oxic and hypoxic fractions by FACS based on the fluorescence intensity and RNA was 

extracted from each fraction and converted into cDNA. Each cDNA sample was split into two 

aliquots. One aliquot was purified by an additional cDNA clean-up step using a Qiaquick® PCR 

purification kit (Qiagen GmbH, Hilden, Germany). Another aliquot without further cDNA clean-up 

was used as a control. These 2 groups of cDNA samples were used as templates to assess the 

expression of 15 hypoxia marker genes in response to hypoxia via RT-qPCR.  

The Ct value of each hypoxia marker gene was significantly reduced (P < 0.001) when the cDNA 

samples with additional clean-up step were used as templates in RT-qPCR analysis (Figure 6.4). 

This change of Ct value was consistent across all tested genes but independent of hypoxia. 

Based on the results of Bonferroni posthoc test for two-way ANOVA, there was no significant 

impact (P > 0.05) caused by the additional cDNA clean-up on the fold change in expression of all 

15 hypoxia marker genes (Figure 6.5). In general, the intra-sample variance was smaller after 

cDNA clean-up as indicated by the smaller error bars for the 3 technical replicates. The cDNA 

clean-up procedure was added in the protocol prior to the PCR amplification and involved in all 

following experiments unless stated otherwise.   
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Figure 6.4: Effects of cDNA clean-up procedure on Ct value of hypoxia marker genes in RT-qPCR. 

(A) Oxic samples. (B) Hypoxic samples. Mixed oxic and hypoxic SiHa cells (1:1 ratio) were labelled with 
fluorescence via the CuAAC reactions between cell-incorporated SN33267 derivatives and Super-DIPY 
following the procedures described in Figure 6.3. According to the fluorescence intensity, mixed cells were 
sorted into oxic and hypoxic fractions by FACS. RNA extracted from each fraction was converted into cDNA 
and split into two aliquots. An additional cDNA clean-up step was performed in one aliquot (grey bars). 
Another aliquot without cDNA clean-up was used for control purposes (white bars). Subsequently, RT-qPCR 
analyses were used to assess hypoxia-induced expression of 15 hypoxia marker genes and determine any 
alternations caused by the step of cDNA clean-up. All investigated mRNA expression shows P < 0.001, 
compared to control data generated from cDNA samples without clean-up procedure as measured by two-
way ANOVA with Bonferroni posthoc test. Errors are SEM from 3 independent experiments. 

 

 

Figure 6.5: Effect of the cDNA clean-up procedure on the hypoxia-regulated expression of hypoxia 
marker genes. 

The mixed oxic and hypoxic SiHa cells (1:1 ratio) were labelled with fluorescence via the CuAAC reactions 
between cell-incorporated SN33267 derivatives and Super-DIPY following the procedures described in 
Figure 6.3. According to the fluorescence intensity, mixed cells were sorted into oxic and hypoxic fractions 
by FACS. RNA extracted from each fraction was converted into cDNA and split into two aliquots. An additional 
cDNA clean-up step was performed in one aliquot (grey bars). Another aliquot without cDNA clean-up was 
used for control purposes (white bars). Subsequently, RT-qPCR analyses were used to assess hypoxia-
induced expression of 15 hypoxia marker genes and determine any alternations caused by the step of cDNA 
clean-up. All investigated mRNA expression shows P > 0.05, compared to control as measured by two-way 
ANOVA with Bonferroni posthoc test. Errors are the SEM from ≥ 2 qPCR experiments run with RNA isolated 
from two independent experiments.   
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6.4.4 In vitro expression of 15 hypoxia marker genes 

Mixed oxic and hypoxic cells (1:1 ratio) were clicked with fluorophores via the CuAAC-mediated 

methodology in a hypoxia-selective manner. Flow cytometric analysis revealed that the mixed cells 

were separated into 2 populations due to the distinct levels of labelled fluorescent signals, by 

which cells were sorted into two fractions. RNA samples were extracted from these 2 fractions and 

the expression of the hypoxia gene signature across 2 fractions was determined via RT-qPCR to 

validate if the methodology could isolate cells with known hypoxia status from the mixtures.  

B2M and 18S were selected from 8 candidates and used in this thesis as endogenous controls 

according to geNorm stability analysis (Figure 6.1). To further confirm that expression of both 

selected reference genes was independent to hypoxic stress, Ct values of B2M and 18S generated 

from the RT-qPCR experiments that also produced in vitro expression data of hypoxia marker 

genes in SiHa and FaDu cells were plotted separately and reviewed first (Figure 6.6).    

Among 3 independent RT-qPCR analyses, Ct values of the same reference gene, i.e. B2M or 18S, 

showed random changes in response to hypoxic conditions in both SiHa and FaDu cells. 

According to the Ct values (i.e. the greater the abundance of mRNA, the smaller the Ct value), the 

transcript abundance of 18S was notably higher than B2M gene in both cell lines. It was hard to 

compare the transcript level of the B2M gene between the two types of cells, but the transcript of 

18S in FaDu cells was more enriched than SiHa cells due to the smaller Ct values.   
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Figure 6.6: B2M and 18S Ct variations in FACS-sorted in vitro fractions according to hypoxia status.  

Cells were pre-incubated for 1.5 h under ambient or hypoxic conditions followed by a 2-h incubation with 100 
µM SN33267 under the same atmospheric conditions. Mixed cells (1:1 ratio) were labelled with fluorescence 
via the CuAAC reactions between cell-incorporated SN33267 adducts and Super-DIPY following the 
procedures described in Figure 6.3. According to the fluorescence intensity, mixed cells were sorted into 2 
fractions by FACS. RNA extracted from each fraction was converted into cDNA and used for RT-qPCR to 
assess hypoxia-induced expression of B2M (A) and 18S (B). Error bars represent standard deviation (SD) 
from the mean of the technical replicates (n = 3). For each cell type, 3 independent experiments (assay 1–3) 
were performed. 

 

In SiHa cells, the change in mRNA expression of all 15 genes demonstrated the same trend in 

response to hypoxic conditions (Figure 6.7). A total of 13 of 15 genes were significantly 

upregulated at their transcription level in the FACS-sorted fraction with higher level of fluorescence 

intensity, i.e. the hypoxic fraction. Although the changes in hypoxia-induced expression of ADM 

and ALDOA were not statistically significant, the hypoxia-induced upregulation of mRNA 

transcripts of all 15 genes was consistently shown in all 3 independent experiments. In general, 

the expression of ANKRD37, BNIP3, BNIP3L, EGLN3, KCTD11, NDRG1, P4HA1, and PDK1 

showed relatively larger responses to hypoxia in SiHa cells. 
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A. 

 

B. 

 

Figure 6.7: In vitro expression of hypoxia marker genes in SiHa cells in response to hypoxic stress. 

The mixed oxic and hypoxic SiHa cells (1:1 ratio) were clicked with fluorescence via the CuAAC reactions 
between cell-incorporated SN33267 derivatives and Super-DIPY following the procedures described in 
Figure 6.3. According to the fluorescence intensity, mixed cells were sorted into oxic and hypoxic fractions 
by FACS. RNA extracted from each fraction was converted into cDNA. The hypoxia-induced expression of 
15 hypoxia marker genes was evaluated by RT-qPCR analysis. (A) In vitro expression of hypoxia marker 
genes in 3 independent experiments. Error bars represent SD of the technical replicates (n = 3). (B) Averaged 
in vitro expression of hypoxia marker genes. Error bars indicate SEM (n = 9) derived from 3 biological 
replicates. * denotes P < 0.05, ** denotes P < 0.01, *** denotes P < 0.001, compared to oxic sample as 
measured by two-way ANOVA with Bonferroni posthoc test. 
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The mRNA expression of hypoxia marker genes demonstrated similar responses to hypoxic stress 

in FaDu cells (Figure 6.8). In FaDu cells 10 of 15 genes were significantly upregulated at their 

transcription levels in the FACS-sorted fraction with higher level of fluorescence intensity. Similar 

to SiHa cells, the mRNA level of EGLN3, KCTD11, NDRG1, and PDK1 was also notably 

upregulated by hypoxia. In contrast, the hypoxia-induced regulation in the transcription of LOX, for 

example, was negligible in FaDu cells in all three independent experiments. On the other hand, 

the expression of ADM was significantly upregulated by hypoxia in FaDu cells.  
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A. 

 

B. 

 

Figure 6.8: In vitro expression of hypoxia marker genes in FaDu cells in response to hypoxic stress. 

The mixed oxic and hypoxic FaDu cells (1:1 ratio) were labelled with fluorescence via the CuAAC reactions 
between cell-incorporated SN33267 derivatives and Super-DIPY following the procedures described in 
Figure 6.3. According to the fluorescence intensity, mixed cells were sorted into oxic and hypoxic fractions 
by FACS. RNA extracted from each fraction was converted into cDNA. The hypoxia-induced expression of 
15 hypoxia marker genes was evaluated by RT-qPCR analysis. (A) In vitro expression of hypoxia marker 
genes in 3 independent experiments. Error bars represent SD of the technical replicates (n = 3). (B) Averaged 
in vitro expression of hypoxia marker genes. Error bars indicate SEM (n = 9) derived from 3 biological 
replicates. * denotes P < 0.05, ** denotes P < 0.01, *** denotes P < 0.001, compared to oxic sample as 
measured by two-way ANOVA with Bonferroni posthoc test. 
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6.4.5 Ex vivo expression of 15 hypoxia marker genes 

In each tested human cancer cell line, clicked cells were subsequently sorted into 2 fractions 

according to the fluorescence intensity by FACS. RNA samples extracted from both fractions were 

used in expression study of 15 hypoxia marker genes characterised by the feature of hypoxia-

responsive expression (Toustrup et al., 2011). Since the entire CuAAC-mediated procedure did 

not impact on the expression, any differences in mRNA abundance of hypoxia marker genes 

detected between these two samples were caused by hypoxic stress, by which the methodology 

optimised in Chapter 5 could be validated. In two in vitro models, expression of all 15 hypoxia 

marker genes in SiHa and 11 in FaDu were consistently upregulated in the FACS-sorted fractions 

associated with higher level of fluorescence intensity, which indicated that the click chemistry-

based methodology was capable of successfully labelling cells in a hypoxia-selective manner to 

provide a way for sorting cells actually according to the level of cellular hypoxia and compatible to 

downstream expression analysis by RT-qPCR.  

To identify the susceptibility of the human TaqMan gene expression assay to cross-species 

contamination from mouse transcripts, cDNA prepared by mouse spleen RNA via reverse 

transcription was used as template for RT-qPCR. None of the human TaqMan gene expression 

assays for 18S, B2M, as well as 15 hypoxia marker genes used in this Chapter amplified the cDNA 

template derived from mouse (Figure 6.9).   
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Figure 6.9: PCR amplification curves with TaqMan gene expression assays for 18S, B2M, and 15 
human hypoxia marker gene sequences in mouse spleen sample.  

The plot indicates the normalised fluorescence (Rn) at the cycle number at which the Ct can be reached. 
There was no detectable amplification of mouse cDNA template. Three independent experiments were 
performed. 
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By ruling out the possibility of cross-species contamination from mouse transcripts, the validation 

of this click chemistry-based methodology was ready to move from cell line models to human 

tumour xenografts. Dissociated tumour xenograft cells were clicked with fluorophores via the 

CuAAC-mediated methodology in a hypoxia-selective manner. Clicked cells from each xenograft 

tumour were sorted into four fractions (quartiles) defined by equivalent cell number. The sorter 

used in this thesis can sort cells simultaneously into maximum 4 fractions. Sorting clicked cells in 

quartiles maximally avoids the overlapping of cell populations with closed levels of hypoxic stress. 

If sharp boundary of hypoxia status between samples was required, study could be done by 

investigating the first and the fourth quartiles. RNA sample was extracted from each fraction and 

the expression of the hypoxia gene signature across 4 fractions was determined via RT-qPCR to 

validate if the cells could be sorted according to the order of hypoxia status by use of this 

methodology.  

B2M and 18S were selected by geNorm stability analysis and used in this thesis as endogenous 

controls (see Figure 6.1). Similar to what had been done in vitro (see Figure 6.6), Ct values of B2M 

and 18S in RT-qPCR experiments using ex vivo samples from 3 SiHa- and 3 FaDu xenografts 

were plotted separately to check if their expression was independent of the order of quartile in 

FACS. 

In each type of human tumour xenograft, it was hard to find any consistent trends in the change 

of Ct values across 4 fractions among 3 independent RT-qPCR analyses (Figure 6.10). This 

indicated that the expression of both B2M and 18S was not associated with what FACS relied on 

to sort clicked cells into quartiles. Similar to the in vitro expression of both endogenous genes (see 

Figure 6.6), the transcript abundance of 18S was notably higher than B2M gene in both types of 

xenografts according to the Ct value. B2M and 18S were also eligible to serve as endogenous 

control genes in the study of transcript abundance in SiHa and FaDu ex vivo samples.  

Considerable effort had been devoted in Chapter 5 to optimising the click-based methodology to 

ensure that the integrity of RNA in cells labelled with fluorophores via CuAAC reactions and sorted 

by FACS was still acceptable for RT-qPCR analysis. According to the literature cited and 

discussed in Chapter 5, only RNA extracted from cells processed following the final version of 
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optimised protocol would be suitable to provide meaningful results from RT-qPCR analysis, i.e. 

RIN > 5. 

 

Figure 6.10: B2M and 18S Ct variations in FACS-sorted ex vivo fractions over the increments of 
hypoxia status. 

Dissociated SiHa and FaDu tumour xenograft cells were labelled with fluorescence via the CuAAC reactions 
between cell-incorporated SN33267 derivatives and Super-DIPY following the procedures described in 
Figure 6.3. According to the fluorescence intensity, cells were sorted into quartiles by FACS. An increased 
gradient of hypoxic stress in sorted fractions following the order from the 1st to the 4th Quartile. RNA extracted 
from each quartile was converted into cDNA and systematically used for RT-qPCR to assess the expression 
of selected endogenous control genes in response to hypoxia. Error bars represent SD of the technical 
replicates (n = 3). For each cell type, 3 independent experiments (assay 1–3) were performed. 

 

To determine the influence of sample RNA integrity on subsequent RT-qPCR analysis of the 

hypoxia marker genes, RNA samples were compared from two SiHa xenograft tumours processed 

using different protocols, i.e. the semi-optimised protocol and the final version of optimised 

protocol.  

After clicking dissociated tumour xenograft cells with BODIPY-FL-azide by the use of semi-

optimised protocol (reaction cocktail #2 in Table 2.7; protocol #4 in Figure 2.1), four fractions of 

clicked cells sorted by FACS gave a rise to a group of RNA samples with RIN scores in the range 

between 1.0 and 2.1, which did not satisfy the requirement of qPCR to generate meaningful 

expression data when cDNAs converted from these RNA samples were used as templates 

(Coulson et al., 2008; Fleige & Pfaffl, 2006; Fleige et al., 2006). From another SiHa xenograft, 
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RNAs with RIN scores above 6 were extracted from dissociated cells processes with the fully 

optimised protocol (Super-DIPY; reaction cocktail #7 in Table 2.7; protocol #7 in Figure 2.1). 

When these 2 groups of RNAs were converted into cDNAs to use as templates, the data generated 

by the RT-qPCR experiment using cDNA templates derived from low integrity RNAs showed a 

trend of elevated expression from the first to the fourth quartile, which was consistent in all 15 

tested hypoxia marker genes (Figure 6.11A). According to the raw RT-qPCR data, use of 

degraded RNA as the starting material was associated with elevated Ct values (not shown). A 

similar expression pattern of 15 hypoxia marker genes across 4 quartiles was also observed in 

expression results generated by RT-qPCR using RNA samples above the suggested integrity cut-

off (i.e. RIN > 5; Figure 6.11B).  

It was quite hard to compare any specific level of mRNA expression fold change in a particular 

gene. Since the use of different reaction cocktails and different azide-modified fluorophores as 

well as the different SiHa xenografts, they might potentially contribute to the differences in final 

expression results. Expression results derived from highly degraded RNA in this particular case 

still provided meaningful results (Figure 6.11A). Meanwhile, the similar patterns of elevated 

transcript abundance of hypoxia marker genes in response to the increase in hypoxic stress from 

the first to the fourth quartile were observed between 2 experiments using different SiHa 

xenografts, reaction cocktails, levels of intactness in RNA samples. This, to some extent, also 

indicated the reproducibility of this click chemistry-based methodology.  
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Figure 6.11: Influence of RNA integrity on ex vivo expression of hypoxia marker genes assessed by 
RT-qPCR. 

(A) Expression of 15 hypoxia marker genes at their transcription levels evaluated by RT-qPCR using cDNAs 
converted from RNAs with low RIN scores. Cells were clicked with BODIPY-FL-azide in reaction cocktail #2 
(Table 2.7) following protocol #4 (Figure 2.1). FACS-sorted fractions were collected into tubes with 2 mL PBS 
(pH 7.4). No clean-up step was applied to cDNA prior to PCR. (B) Expression of 15 hypoxia marker genes at 
their transcription levels evaluated by RT-qPCR using cDNAs converted from RNAs with intermediate RIN 
scores. Cells were labelled following the procedure described in Figure 6.3. FACS-sorted fractions were 
collected into tubes with 2 mL TRIzol LS reagent. No clean-up step was applied to cDNA prior to PCR. The 
dissociated SiHa tumour xenograft cells were labelled with Super-DIPY with the use of Reaction Cocktail #7 
(Table 2.7). Errors are SEM (n = 9) from 3 independent experiments. 

  

A. B.
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The click chemistry-based methodology was validated ex vivo by use of two types of human 

tumour xenograft models. Cells dissociated from three SiHa xenografts and labelled with Super-

DIPY gave rise to three flow cytometric histograms with similar profiles, indicating the highly similar 

distributions of hypoxia among the three xenografts (Figure 6.12). All 15 Hypoxia marker genes 

showed a similar trend in response to elevated hypoxic stress from the first to the fourth quartile. 

In general, the mRNA transcript expression of 15 Hypoxia marker genes was upregulated with 

increasing hypoxia in each of the SiHa xenograft tumours (Figure 6.12). However, the exact 

upregulated level of transcript abundance in particular gene in response to the increase of hypoxic 

stress over 4 quartiles may be different among 3 SiHa xenografts.  
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A. 

 

B. 

 

Figure 6.12: Ex vivo expression of hypoxia marker genes in SiHa xenografts in response to hypoxic 
stress. 

Dissociated SiHa tumour xenograft cells were clicked with fluorescence via the CuAAC reactions between 
cell-incorporated SN33267 derivatives and Super-DIPY following the procedures described in Figure 6.3. 
Cells were sorted into quartiles by FACS according to the fluorescence intensity with the 1st quartile 
representing the cells with the lowest level of hypoxia status. RNA extracted from each quartile was converted 
into cDNA and used for RT-qPCR to assess the expression of 15 hypoxia marker genes. (A) Ex vivo 
expression of hypoxia marker genes in 3 xenografts. Each bar graph presents the data generated from an 
independent experiment. Error bars represent SD of the technical replicates (n = 3). (B) Averaged ex vivo 
expression of hypoxia marker genes. * denotes P < 0.05, ** denotes P < 0.01, *** denotes P < 0.001, 
compared to the first Quartile as measured by two-way ANOVA with Bonferroni posthoc test. Error bars 
indicate SEM (n = 9) derived from 3 biological replicates.  
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Flow cytometric histograms generated from dissociated FaDu xenografts were quite different to 

SiHa xenografts with a relatively long tail of cells with the brightest fluorescent cells in the 4th 

quartile (Figure 6.13). 

Again, all 15 hypoxia marker genes showed a similar trend in response to hypoxic stress. For each 

particular gene, the level of hypoxia-mediated upregulation was not exactly identical among 3 

independent experiments, which could be induced by the genetic heterogeneity among FaDu 

xenograft tumours. In general, the mRNA transcript expression of 15 hypoxia marker genes was 

upregulated across the increment of hypoxia in FaDu xenograft tumours (Figure 6.13).  
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A. 

 
B. 

 

Figure 6.13: Ex vivo expression of hypoxia marker genes in FaDu xenografts in response to hypoxic 
stress. 

The dissociated FaDu tumour xenograft cells were labelled with fluorescence via the CuAAC reactions 
between cell-incorporated SN33267 derivatives and Super-DIPY following the procedures described in 
Figure 6.3. Cells were sorted into quartiles by FACS according to the fluorescence intensity with the 1st 
quartile representing the cells with the lowest level of hypoxia status. RNA extracted from each quartile was 
converted into cDNA and systematically used for RT-qPCR to assess the expression of 15 hypoxia marker 
genes in response to the increment of hypoxia across 4 Quartiles. (A) Ex vivo expression of hypoxia marker 
genes in 3 xenografts. Each bar graph presents the data generated from an independent experiment. Error 
bars represent SD of the technical replicates (n = 3). (B) Averaged ex vivo expression of hypoxia marker 
genes. * denotes P < 0.05, ** denotes P < 0.01, *** denotes P < 0.001, compared to the first Quartile as 
measured by two-way ANOVA with Bonferroni posthoc test. Error bars indicate SEM (n = 9) derived from 3 
biological replicates.  
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6.5 Discussion 

In normal human tissues, the physiological pO2 is usually in the range from 20 mm Hg in liver and 

brain to 70 mm Hg in kidney (Carreau et al., 2011; Vaupel et al., 1989). The upregulation of HIF1 

and other adaptive molecular mechanisms are initiated by pO2 below 10 mm Hg to retain cellular 

functions (Dhani et al., 2015). Further reduction of the oxygen tension, typically at pO2 levels below 

1 mm Hg, results in irreversible changes in the cellular genome (Bristow, Berlin, & Dal Pra, 2014).  

The evaluation of tumour hypoxia can be performed via the more biology-driven approach 

characterized by the measurement of one or more endogenous genes being expressed under 

hypoxic conditions in the tumour (Moon et al., 2007; Vordermark & Brown, 2003). Therefore, the 

generally-deployed approach of measuring the expression of endogenous HIF-dependent 

biomarkers is able to assess tumour hypoxia at pO2 levels below 10 mm Hg (Dhani et al., 2015). 

Whereas techniques to evaluate tumour hypoxia based on the use of exogenous 2-nitroimidazole 

probes show a distinct oxygen sensing range as these bioreductive probes typically initiate their 

activations at the oxygen tensions (pO2 < 1 mm Hg) at least one order of magnitude lower (Dhani 

et al., 2015; Koch, 2002; Tuttle et al., 2007).  

The methodology optimised in this thesis uses a cell labelling approach based on the enzymatic 

formation of cell-entrapped adducts of clickable 2-NI in a hypoxia-dependent manner. Thus, the 

sensitivity to oxygen of expression of hypoxia-mediated genes is suitable to validate the relative 

hypoxia status in cell samples sorted by FACS according to the cellular fluorescence intensity 

labelled via the click-based methodology. 

Based on a subset of in vitro hypoxia-responsive genes identified using microarray in at least 4 

tumour cell lines by Sørensen et al., Toustrup and co-workers generated a 15-gene hypoxia gene 

expression signature by means of comparison with another biomarker of hypoxia in xenograft 

tumours from human squamous cell carcinoma cell lines, including SiHa and FaDu, and 

subsequently quantified in head and neck squamous cell carcinoma (HNSCC) clinical samples by 

using oxygen electrode measurements (Sørensen et al., 2010; Toustrup et al., 2011). During the 

development phase of this hypoxia gene signature, hypoxia radiotracer 18F-flouroazomycin 

arabinoside (FAZA) was used as an exogenous tracer to detect and isolate hypoxic and 
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nonhypoxic tumour tissue in xenograft tumour. Similar to SN33267, FAZA is also a 2-NI compound 

but with a sugar addition (Reischl et al., 2005). This 15-gene hypoxia signature derived on the 

basis of in vitro responses to hypoxia had demonstrated to serve as an independent prognostic 

factor with the capability to predict the therapeutic response for hypoxic modification of 

radiotherapy in a data set of 323 HNSCC patients (Toustrup et al., 2011). This clinically validated 

hypoxia gene signature was used in this thesis to validate the click chemistry-based methodology.   

In this thesis, SiHa and FaDu cells are selected for use as both in vitro and ex vivo tumour models, 

in which the click chemistry-based methodology with the optimised protocol was validated. 

Toustrup et al. also started their work from in vitro experiments in cultured cells during the 

establishment of their hypoxia gene signature. Tumour xenografts derived from both SiHa and 

FaDu cells were employed during the development of this hypoxia gene expression signature by 

Toustrup et al. (Toustrup et al., 2011). Once hypoxia-selectively clicked with fluorophores, cells 

were sorted into fractions on the basis of cellular fluorescence intensity. The mRNA expression of 

this clinically validated hypoxia gene expression signature was assessed in these fractions by RT-

qPCR, by which the performance of the optimised methodology was validated. 

RT-qPCR is the most wildly used method with extremely high sensitivity for gene expression 

studies in both research and clinical diagnostics (Palmer et al., 2003). The reliability of this method 

greatly depends on the correct normalisation of the results based on the selection of stable 

endogenous control genes due to the same reason (Caradec et al., 2010; Zhang et al., 2015). The 

appropriate selection of an internal standard is crucial in quantitative RNA analyses since accurate 

normalisation is an absolute prerequisite for reliable results particularly in the study of biological 

significance mediated by subtle gene expression differences (Vandesompele et al., 2002).  

It has been well documented that the expression levels of housekeeping genes vary between 

tissues and with treatments. The impact of hypoxia on expression of housekeeping genes was 

evaluated. Large variations of housekeeping gene transcripts were identified under hypoxic 

conditions dependent on the type of cell line and oxygen tension (Caradec et al., 2010). Thus, the 

selection of reference genes needs to be critically evaluated prior to any experiment for each 

situation (Zhong & Simons, 1999). 
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With the use of samples prepared from the experimental conditions in which hypoxia-mediated 

transcription effects were being examined, B2M and 18S were selected as endogenous control 

genes in this thesis according to the geNorm stability analysis.  

B2M is a component of MHC class I molecules presenting on all nucleated cells. It has been 

reported in some previous studies that the expression level of B2M RNA was constant in certain 

tested cell lines with chemically-induced hypoxic conditions (Türkoğlu & Köçkar, 2012). In different 

hypoxia-related studies, B2M sometimes appeared to be one of the least stable endogenous 

control genes (Türkoğlu & Köçkar, 2012; Schmittgen & Zakrajsek, 2000; Vandesompele et al., 

2002).  

Ribosomal RNA comprises 85–90% of total cellular RNA. The various rRNA transcripts are less 

likely to be impacted by the conditions that generally cause changes in the expression of mRNAs 

due to the employment of a distinct RNA polymerase (Bustin, 2000; Paule & White, 2000). 

Therefore, rRNAs are useful internal controls. The levels of rRNA transcription between samples, 

however, are not always representative of the mRNA fraction as they can be influenced by either 

biological factors or drugs (Spanakis, 1993; Vandesompele et al., 2002). Regarding the use of 

18S as an endogenous control gene, contradictory results have been reported. Fink et al. 

observed that 18S was unsuitable for normalisation in the tested hypoxic condition (Fink et al., 

2008). However, 18S was also found to be constant and independent of hypoxia types in rat brain 

tissue and primary cultured neural cells (Yang et al., 2008).  

According to previous studies, the expression of B2M and 18S in response to hypoxia was highly 

dependent on the type of cells and hypoxic conditions used. The transcript abundance of B2M and 

18S were confirmed in both in vitro and ex vivo samples that were prepared under the exactly 

identical experimental conditions used in the evaluation of 15 hypoxia marker genes to validate 

the methodology. According to the results generated from 3 independent experiments in each type 

of model, B2M and 18S were qualified to serve as endogenous controls in this study.  

However, it was found consistently in all RT-qPCR experiments in this thesis that the transcript 

abundance of 18S was notably higher than not only B2M but all hypoxia marker genes involved. 

The use of rRNAs as internal standards was suggested to be limited when there was a marked 
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difference in the level of expression between rRNA and target mRNA transcripts. In this case, it 

was difficult to accurately subtract the baseline value in RT-qPCR data analysis, which definitely 

resulted in a large normalisation error when used for standardisation (Vandesompele et al., 2002). 

Thus, an endogenous control should be expressed at roughly the same level as the RNA under 

study (Bustin, 2000). More recently, it has been suggested that a good reference gene does not 

have to be expressed at the same level as the gene of interest. The only concern in selecting a 

reference gene is the stable expression in the selected experimental conditions (D'haene, 2013). 

To detect if there was any bias associated with the use of 18S as a reference gene, all 

experimental results generated by RT-qPCR were analysed by normalising with either the 

geometric mean of B2M and 18S data or B2M data alone. There was no noticeable difference in 

final fold change results of the both in vitro and ex vivo expression in hypoxia gene signature, 

which was probably caused by the capacity of RT-qPCR to measure gene expression levels with 

a very wide linear dynamic range of quantification. As a consequence, there is no need that the 

reference genes have similar expression levels as the genes of interest in this study. 

As soon as the endogenous controls were selected by geNorm analysis, mRNA expression of 15 

hypoxia marker genes in response to hypoxia was evaluated in cells clicked with azide-modified 

fluorophores by this CuAAC-mediated approach by RT-qPCR, which was compared with the same 

hypoxia-induced response in control samples without 2-NI incubation and clicking with azide. 

According to the results, the application of this click chemistry-based methodology did not 

influence the alternations in transcript abundance of tested hypoxia markers genes in response to 

hypoxic stress.  

The majority of hypoxia gene expression signatures of the hypoxia response are established by 

in vitro estimates from hypoxic cells (Horsman, Mortensen, Petersen, Busk, & Overgaard, 2012). 

It has been documented that the in vitro transcriptional response to hypoxic stress is not capable 

to accurately represent the hypoxia phenotype observed in tumours (Marotta et al., 2011; 

Vordermark & Brown, 2003). Compared with cell line models, human tumour xenograft models 

more accurately reflect the biological characteristics of human tumours with three-dimensional 

growth associated with dynamic tumour microenvironment. Hypoxia in tumours also interacts 
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against an intricate background of additional physiological influences, including low nutrients, 

abnormal pH, and infiltrating immune cells. As a consequence, the gene in vivo expression profile 

cannot be faithfully represented by the corresponding in vitro one due to the presence of these 

additional parameters (Mayer, Hockel, & Vaupel, 2008).  

On the other hand, a study using ex vivo samples may identify false-positive signals from pathways 

less relevant for tumours due to contamination caused by stromal tissue (Harris et al., 2015). In 

this study, genomic cross-contamination from mouse tissue potentially influenced the reliability of 

expression results if the primers were designed complementarily to the sequences with less 

human specificity. Before moving to ex vivo experiments, a quality control testing for the species 

specificity of Taqman gene expression assays was conducted by use of mouse RNA. No PCR 

product was detected even after 45+ cycles, indicating that the ex vivo expression study by using 

these TaqMan gene expression assays for 18S, B2M, and 15 human hypoxia marker gene 

sequences was capable of revealing transcript expression in dissociated human tumour xenograft 

cells without bias as a consequence of the contaminating mouse tissue.  

In this thesis, the click chemistry-based methodology was firstly validated in vitro by assessing the 

mRNA expression of a hypoxia signature in 2 cell line models. With the optimised protocol, pre-

mixed oxic and hypoxic cells were sorted into 2 fractions according to fluorescence signals clicked 

with cells via CuAAC. The expression of 15 hypoxia marker genes in 2 FACS-sorted fractions 

indicated that cells were clicked with azide-modified fluorophores in a hypoxia-selective manner 

as the consequence of the hypoxia-dependent formation of cellular SN33267 adducts. In other 

words, this method successfully clicked cells with fluorophores. The cellular fluorescence intensity 

of clicked cells indicated the relative level of hypoxic stress during the incubation with SN33267, 

by which cells could be sorted according to relative hypoxic stress.  

In this Chapter, pre-mixed oxic and hypoxic SiHa cells were also used to check the effect of 

additional cDNA clean-up procedure on the final expression of hypoxia marker genes (Figure 6.5). 

The expression results from the sample with cDNA clean-up procedure were generally consistent 

with 3 separated experiments used to validate the methodology in SiHa cell line model (Figure 

6.7). The same consistency from the expression of 15 hypoxia marker genes was also observed 
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in 3 independent experiments in FaDu in vitro model. There were also some slight differences in 

the fold change level of particular genes, which could be caused by gate settings during FACS. 

After this methodology was validated in vitro, cells dissociated from human tumour xenografts 

were clicked with azide fluorophore and sorted into 4 fractions defined by equivalent cell number 

according to the density of clicked fluorescence signals in cells. The expression of a same hypoxia 

gene signature at transcription level was evaluated in each FACS-sorted fraction. The increase in 

intensity of fluorescence from fluorophores clicked with cells by CuAAC reactions followed the 

same order with the increase of transcription abundance in all 15 tested hypoxia marker genes. In 

this way, the click chemistry-based methodology was proven to be capable of clicking fluorophores 

with cells in a hypoxia-selective manner one the bases of hypoxia-dependent formation of 

SN33267 cellular adducts. 

This validation was also conducted ex vivo in both SiHa and FaDu tumour xenografts. Within each 

model, the fluorescence profile of dissociated tumour cells clicked with azide fluorophores was 

very similar among three xenografts, indicating the reproducibility of the click chemistry-based 

method. Between two types of xenograft model, clicked xenograft cells showed different 

fluorescence profiles. Consequently, the expression pattern of this hypoxia gene signature in 

response to the elevated hypoxic stress was also quite different between 2 models as the FACS 

sorting of tumour cells defined by equivalent cell number. In each type of xenograft, three 

independent experiments demonstrated relative higher level of variations in mRNA expression in 

comparison to the experiments in corresponding in vitro models. Relatively large variations in 

mRNA expression of the same 15 hypoxia marker genes in response to hypoxia were also found 

in the study of SiHa and FaDu xenografts performed by Toustrup and co-workers (Toustrup et al., 

2011).  

The large variation in the expression of particular gene in response to hypoxia in xenograft tumours 

in comparison to corresponding in vitro model can be caused by the heterogeneity between 

xenograft tumours. Each human tumour xenograft used in this Chapter grew in a different mouse. 

Heterogeneity between tumour xenografts can be increased due to heterogeneity in the tumour 

microenvironment. The differences in the biological characteristics between individual mice may 
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impose different selective pressures on tumours, which is capable of inducing a wider spectrum 

of variations in gene expression profile between xenografts (Junttila & de Sauvage, 2013).  

In vitro experiments in this Chapter used pre-mixed cells consisting of 2 cell populations with 2 

distinct levels of hypoxic stress. During cell sorting, the middle area of the FACS profile in which 

two populations were overlapped each other was relatively easier to be gated out. In dissociated 

tumour xenograft cells, however, there was no boundary to clearly divide cells into populations 

according to the level of hypoxia due to the presence of intratumoral hypoxic gradient. As a result, 

the contamination induced by cells out of the gate was much harder to avoid unless to set two 

gates far from each other or only compare the first quartile with the fourth one as mentioned 

previously. Tumour cells in this thesis were sorted into four fractions defined by equivalent cell 

number. The four fractions interrogated different levels of hypoxic stress in each xenograft. This 

complexity induced by the intratumoral hypoxic gradient as well as gate setting also contributed to 

the variations in mRNA expression.  

As mentioned in Chapter 5, there was certain cut-off of RNA integrity determined by previous 

studies. Only the RNA with integrity better than the cut-off was assumed to provide meaningful 

results in either RT-qPCR or microarray analysis. To achieve the integrity standard of RNA that is 

often reported in the literature, considerable effort was made to further optimise the methodology 

on the basis of good hypoxia-dependent cell labelling. Interestingly, the RT-qPCR analysis based 

on the RNA samples with extremely low RIN scores also successfully demonstrated the ex vivo 

expression of hypoxia marker genes in response to hypoxia in SiHa xenograft tumour. Pfaffl and 

Fleige indicated that normalisation using validated internal reference was capable of minimising 

the impact of RNA integrity on relative quantification of gene expression independent of gene or 

tissue (Fleige & Pfaffl, 2006; Fleige et al., 2006). This might be one of reasons why heavily 

degraded RNAs gave meaningful expression results in this case. Moreover, an additional cDNA 

clean-up procedure prior to qPCR was shown to reduce both Ct values without influence final 

results of hypoxia-regulated expression and diminish variations of technical replicates, which may 

result from in improvement in polymerase activity and template efficiency during the subsequent 

PCR amplification. 
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The click chemistry-based methodology was validated both in vitro and in vivo by use of a clinically 

validated hypoxia gene signature (Toustrup et al., 2011). The validation results indicate that this 

methodology could work with either cultured cells or cells dissociated from tumour xenograft and 

click them with azide fluorophores in a hypoxia-selective manner. The consistent expression 

results of 15 hypoxia marker genes from cell samples sorted by FACS according to the 

fluorescence signals clicked in cells by use of this CuAAC-mediated method in multiple 

independent experiments proved the reproducibility of this methodology. In all 15 hypoxia marker 

genes tested in both cell line and xenograft models, this methodology demonstrated its capability 

of actually measuring differences in gene expression, particularly of individual genes. 
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Chapter 7. The effect of hypoxia on the expression of 

oxidoreductases 

7.1 Introduction 

Regions of severe hypoxia generally develop in solid tumours as a consequence of an imbalance 

between oxygen supply and demand caused by a structurally and functionally defective 

microvascular system. As a prevalent feature, the involvement of hypoxia in multiple interrelated 

aspects of tumour progression has been extensively documented (Dewhirst, Cao, & Moeller, 2008; 

Secomb, Dewhirst, & Pries, 2012; Vaupel & Mayer, 2007; Wilson et al., 2014). To date, the 

existence of intratumoural hypoxia has been demonstrated in a broad spectrum of cancers (Tatum 

et al., 2006; Vaupel, 2008). Being a notable characteristic of tumours, hypoxia has long been 

considered for exploitation as an important target for therapeutic benefit and with the potential to 

overcome the resistance of hypoxic cells to radiotherapy and chemotherapy (Brown, 2010; 

Rohwer & Cramer, 2011; Wilson & Hay, 2011; Wilson et al., 2014).  

One of the approaches to exploit hypoxia for therapeutic gain is to utilise prodrugs activated to 

generate active metabolites by endogenous enzymes only under the hypoxic conditions prevailing 

in tumours (Chen & Hu, 2009; Guise et al., 2014; Wilson & Hay, 2011). Since the first report of 

nitroaromatic-based prodrugs used to target hypoxic tumour cells, similar strategies have led to 

the rational development of hypoxia-activated prodrugs (HAP) (Teicher & Sartorelli, 1980). HAPs 

are typically metabolised by flavoenzyme-catalysed one-electron reduction to a prodrug radical 

intermediate. Under hypoxic conditions, fragmentation of the initial prodrug radical intermediate or 

its further reduction results in subsequent formation of cytotoxic species, generally DNA damaging 

agents. In the presence of oxygen at concentrations in the physiological range, this radical is 

rapidly back-oxidised to the parent prodrug (Mason & Holtzman, 1975; Wardman & Clarke, 1976). 

Consequently, the formation of cytotoxins downstream from the prodrug radical is suppressed by 

this futile redox cycling, by which HAPs exploit hypoxia to achieve selective cytotoxicity (Wardman 

et al., 1995).   
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Considering the potential to be enzymatically reduced under hypoxic conditions, the design of 

HAPs is based on five different chemical moieties including nitro groups, quinones, aromatic and 

aliphatic N-oxides, and transition metals (Wilson & Hay, 2011; Yeh & Kim, 2015). According to the 

hypoxic threshold required for the activation, HAPs can be broadly divided into two classes with 

different PK/PD features (Foehrenbacher, Secomb, Wilson, & Hicks, 2013). Class I HAPs, e.g. 

benzotriazine N-oxides tirapazamine (TPZ) and SN30000, are activated predominantly by 1-

electron reduction under relatively mild hypoxia to generate an active metabolite with cytotoxicity 

restricted to the cell where it is formed without affecting adjacent cells in three-dimensional cell 

cultures (Shinde et al., 2010; Wilson et al., 2007; Yin, Glaser, & Gates, 2012). On the other hand, 

Class II HAPs, typified by nitro compounds such as PR-104A and TH-302, are maximally activated 

by 1-electron reduction only under extreme hypoxia to generate relatively stable effector molecules 

promoting the ability of active metabolites to diffuse locally from severely hypoxic zones to 

adjacent regions at intermediate oxygen concentrations, known as the bystander effect 

(Foehrenbacher et al., 2013; Meng et al., 2012; Patterson et al., 2007; Wilson et al., 2007; Yeh & 

Kim, 2015).  

Among HAPs that have progressed to clinical trial, TPZ is the most extensively studied (Marcu & 

Olver, 2006). A second generation TPZ analogue, SN30000 (previously known as CEN-209), has 

been developed with improved extravascular diffusion properties which offer greater hypoxic cell 

killing activity in multiple human tumour xenografts (Hicks, 2006; Hicks, 2010). The nitroimidazole 

mustard evofosfamide (TH-302) is currently the most advanced HAP in clinical development and 

currently in phase III trials for pancreatic adenocarcinoma and soft tissue sarcoma (NCT01746979 

and NCT01440088) (Borad et al., 2015; Chawla et al., 2014). Although there are so far still no 

bioreductive prodrugs approved for clinical use, studies of these candidate compounds have 

illustrated important concepts and provided valuable knowledge to modulate the ongoing 

development of the field (Wang et al., 2014; Wilson et al., 2014).  

Except limited knowledge of reductases activating nitroCBIs, metabolic activation of other HAPs 

is predominantly mediated by flavoreductases (Hunter et al., 2014; Wilson et al., 2014). This family 

of enzymes is capable of catalysing two-electron transfer process between NAD(P)H donors to 

FAD and FMN cofactors subsequently mediating one-electron transfer to substrates. In this case, 
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small molecule HAPs serve as substrates and intercept single electrons from the reduced 

cofactors due to one-electron reduction potentials (E(1)) (Wardman, 2001). 

NADPH:cytochrome P450 oxidoreductase (POR) is the best characterised 1-electron HAP 

oxidoreductase (Guise et al., 2007; Meng et al., 2012; Patterson, Saunders, Chinje, Patterson, & 

Stratford, 1998; Patterson et al., 1997; Wang et al., 2012). Besides being a useful biomarker of 

PR-104A activation (Guise et al., 2012), POR is considered one of the major enzymes responsible 

for HAP activation in an anoxia-specific manner according to studies of in vitro models. POR has 

been reported to metabolise other bioreductive prodrugs in recent or current clinical development 

for targeting hypoxia, such as TPZ, SN30000, PR-104A, TH-302, 2,5-di(aziridin-1-yl)-3-

(hydroxymethyl)-6-methylcyclohexa-2,5-diene-1,4-dione (RH1), 4-[3-(2-nitro-1-imidazolyl)-

propylamino]-7-chloroquinoline hydrochloride (NLCQ-1), and apaziquone (Bailey et al., 2001; 

Begleiter, Leith, Patel, & Hasinoff, 2007; Guise et al., 2012; Meng et al., 2012; Papadopoulou, Ji, 

Rao, & Bloomer, 2003; Patterson et al., 1998; Su et al., 2013; Wang et al., 2012; Weiss et al., 

2011). 

Methionine synthase reductase (MTRR), Diflavin oxidoreductase-1 (NDOR1), and nitric oxide 

synthase (NOS) isoforms also belong to the diflavin reductase family (Wilson & Hay, 2011). The 

close homology with the reductase domain of POR makes them capable of reducing HAP (Bredt 

et al., 1991; Leclerc et al., 1998; Paine et al., 2000). It has been demonstrated in HCT116 cells 

with overexpression of reductase that PR-104A is substrate of MTRR, NDOR1, and inducible nitric 

oxide synthase (NOS2A) under hypoxia (Guise et al., 2012). In addition, NOS isoforms are 

capable of activating CB1954 and TPZ under hypoxic conditions (Chandor et al., 2008; Chinje et 

al., 2003; Garner et al., 1999).  

Other flavoproteins capable of one-electron prodrug activation include adrenodoxin reductase 

(FDXR) and NADH:ferricytochrome b5 reductases 3 (CYB5R3). Studies of purified recombinant 

enzyme demonstrated the abilities of FDXR and CYB5R3 for the reductive activation of mitomycin 

C under anoxic conditions (Hodnick & Sartorelli, 1993; Jiang et al., 2001). CYB5R3 has also 

demonstrated to be capable of catalysing either one or two electron reduction under both aerobic 

and hypoxic conditions (Belcourt, Hodnick, Rockwell, & Sartorelli, 1998; Holtz, Rockwell, Tomasz, 



234 

 

& Sartorelli, 2003). Thioredoxin reductase (TXNRD1) shares the same one or two electron 

reduction feature with CYB5R3 but only catalyses the reduction of nitroaromatic compounds under 

aerobic conditions (Cenas, Prast, Nivinskas, Sarlauskas, & Arner, 2006). ER-luminal flavoprotein 

FAD-dependent oxidoreductase domain containing 2 (FOXRED2) has shown to oxygen-

sensitively activate HAPs belonging to different chemical classes inside ER lumen and has been 

identified as a novel nitroCBI-activating flavoprotein (Hunter et al., 2014). 

Generally, one-electron reductases are central players in hypoxia-selective bioreduction of 

prodrugs and appear to have much lower substrate specificity than their two-electron counterparts 

(Wardman, 2001; Wilson & Hay, 2011). 

NAD(P)H:Quinone oxidoreductase (NQO) 1 is the most intensively studied two-electron 

oxidoreductase (Wilson et al., 2014). The two-electron reduction by NQO1 competes with the 

metabolism mediated by one-electron reductases and exhibits poor hypoxic selectivity by avoiding 

the formation of initial oxygen-sensitive prodrug radical (Patterson et al., 1998). NQO1 mediates 

aerobic activation of quinones, such as mitomycin (MMC), apaziquone, and RH1, by catalysing 

the facile two-electron reduction, (Beall et al., 1995; Ross et al., 1994; Winski et al., 2001). With 

dihydronicotinamide riboside (NRH) serving as a cofactor, NQO2 efficiently catalyses the aerobic 

reduction of CB1954 and RH1 (Knox & Chen, 2004; Yan, Kepa, Siegel, Stratford, & Ross, 2008). 

Aldo-keto reductase 1C3 (AKR1C3) is another oxygen-insensitive two-electron oxidoreductase. 

Study of HCT116 cells overexpressing AKR1C3 demonstrated that AKR1C3 mediated aerobic 

activation of PR-104A, indicating the limited selectivity of PR-104A for hypoxic tissues (Guise et 

al., 2010; Guise et al., 2007). 

Exploiting hypoxia as a therapeutic target for selective activation of prodrugs is particularly 

attractive due to the prevalence of severe hypoxia in various tumour types (Vaupel & Mayer, 2007). 

The knowledge and identification of hypoxia, activating reductases, as well as the molecular 

determinants of sensitivity to the active metabolites are equally critical for the development of 

HAPs (Wilson et al., 2014). The mechanism by which most HAPs are selectively activated 

particularly relies on the endogenous expression in tumour cells of oxidoreductases. Thus, 

assessment of endogenous expression of enzymes responsible for prodrug activation during 
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hypoxia is essential and urgently required in identifying biomarkers for HAP sensitivity to ultimately 

benefit the development of HAPs (Hunter et al., 2015).  

Recently, the 2-nitromidazole EF5, a hypoxia probe used in the clinic, was shown to be 

metabolically activated by the same reductases that activate SN30000 with high hypoxic potency 

and selectivity across multiple human cancer cell lines (Wang et al., 2012). In a subsequent study, 

a strong correlation between activation of the two compounds in an anoxia-specific manner was 

detected in various human cancer cell lines (Wang et al., 2014). Thus, EF5 was suggested to 

function as a dual reporter of both hypoxia and reductase activity in human tumours (Wang et al., 

2012). This gives rise to the possibility that the metabolic activation of the hypoxia marker used in 

this thesis (i.e. SN33267) and the fluorescence signal intensity clicked in cells may be dependent 

on the expression of reductases. 

To understand the relative contribution of oxidoreductases responsible for metabolic activation 

under hypoxic conditions in human tumours, it is necessary to identify these oxidoreductases and 

to assess their expression. This is also important in developing integrated clinical biomarker sets 

to assess HAP sensitivity of individual tumours. Previous studies of these prodrug-activating 

reductases in response to bioreductive agents under hypoxic conditions have been largely based 

on in vitro experiments using purified enzymes or forced expression to supraphysiological levels 

(Guise et al., 2014; Hunter et al., 2015; Wang et al., 2014; Wilson et al., 2014). A lack of information 

on the expression of these reductases in human cancers has become an obstacle to development, 

optimisation, and future clinical use of HAPs. Moreover, mRNA abundance barely represents 

protein expression in general, since gene expression is a multistep process and protein expression 

is predominantly regulated at the level of translation (Schwanhausser et al., 2011). Quantitation of 

gene expression at the protein level provides increased power to predict its biological functions in 

comparison to transcript abundance particularly with the involvement of hypoxic stress (Meng et 

al., 2005; Textoris et al., 2012). 

In this Chapter, the mRNA expression of 10 reductases (indicated in bold, Table 7.1), including 3 

two-electron reductases, were evaluated in both in vitro and ex vivo models as a function of 

hypoxia. Apart from the abundance of transcript, protein expression of POR was also investigated 
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in SiHa xenografts since POR has been indicated to activate EF5 and potentially serve as a 

predictive biomarker/determinant of HAP sensitivity (Hunter et al., 2015; Wang et al., 2012). 

Table 7.1: Candidate enzymes involved in metabolism of bioreductive drugs. 

Common Name Symbol (EC) Cofactor 
1- or 2-

e 
References 

Aldo-keto reductase 1C3 AKR1C3 
(1.1.1.188) 

NADH, NADPH 2e (Guise et al., 2010) 

NADH:ferricytochrome b5 reductase 
3 

CYB5R3 
(1.6.2.2) 

FAD 1e, 2e (Barham & Stratford, 1996; 
Hodnick & Sartorelli, 1993) 

Adrenodoxin reductase FDXR 
(1.18.1.2) 

FAD 1e (Miskiniene, Dickancaite, 
Nemeikaite, & Cenas, 
1997) 

FAD-dependent oxidoreductase 
domain containing 2 

FOXRED2 
(N/A) 

FAD 1e (Hunter et al., 2014) 

Methionine synthase reductase MTRR 
(1.16.1.8) 

FAD, FMN 1e (Olteanu & Banerjee, 2001) 

Diflavin oxidoreductase-1 NDOR1 
(1.6.2) 

FAD, FMN 1e (Guise et al., 2012) 

Nitric oxide synthase, inducible NOS2A 
(1.14.13.39) 

FAD, FMN, 
heme 

1e (Chandor et al., 2008) 

Nitric oxide synthase, endothelial NOS3 
(1.14.13.39) 

FAD, FMN, 
heme 

1e (Chandor et al., 2008) 

NAD(P)H:quinone oxidoreductase 1 NQO1 
(1.6.5.2) 

FAD 2e (Seow et al., 2004) 

NAD(P)H:quinone oxidoreductase 2 NQO2 
(1.10.99.2) 

FAD 2e (Yan et al., 2008) 

Thioredoxin reductase TXNRD1 
(1.8.1.9) 

FAD 1e, 2e (Cenas et al., 2006) 

Cytochrome (c) P450 reductase POR (1.6.2.4) FAD, FMN 1e (Patterson et al., 1997) 
Note: EC, Enzyme Commission. Enzymes assessed in this Chapter are indicated in bold. 

 

7.2 Aims 

After the CuAAC-mediated hypoxia-dependent methodology for fluorescence-based detection and 

flow cytometric sorting of hypoxic cells was established, optimised, and validated, it was ready to 

be applied to the study of expression of genes of interest in tumour xenografts. Intratumoural 

hypoxia with both spatial and temporal heterogeneity makes interrogation of genes differentially 

regulated between the oxic and hypoxic compartments in the tumour microenvironment extremely 

challenging (Vaupel, 2008; Yeh & Kim, 2015). By applying the validated methodology for 

fluorescence-based detection of hypoxic cells followed by FACS to sort tumour cells in a hypoxia-
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dependent manner, the major task of this Chapter was to evaluate the endogenous expression of 

selected prodrug-activating reductase genes in response to hypoxia status.  

The specific objectives were: 

 To apply the optimised methodology for fluorescence-based detection and flow cytometric 

sorting of hypoxic cells in vitro and to evaluate the effect of hypoxia in cell cultures on the 

expression of prodrug-activating reductase genes; 

 To apply the optimised methodology for fluorescence-based detection and flow cytometric 

sorting of hypoxic cells ex vivo to sort cells dissociated from tumour xenografts into 

quartiles according to their cellular hypoxic stress and to evaluate the expression of 

prodrug-activating reductase genes across the gradient of hypoxia in tumour xenografts; 

 To measure the expression of BNIP3 and POR at both transcriptional and translational 

levels in response to cellular hypoxia status in SiHa xenografts. 

7.3 Results 

7.3.1 In vitro expression of oxidoreductase genes 

Hypoxia-induced transcript expression of ten oxidoreductases was investigated in two in vitro 

models. Mixed oxic and hypoxic cells (1:1 ratio) were clicked with Super-DIPY via CuAAC 

reactions in a hypoxia-selective manner and sorted into 2 fractions due to the distinct levels of 

labelled fluorescent signals by FACS. RNA samples were extracted from these 2 fractions and the 

expression of these 10 oxidoreductases in 2 fractions was determined via RT-qPCR. For each cell 

line, three independent experiments were performed in triplicate.  

In SiHa cells, AKR1C3 transcript demonstrated a consistent pattern of upregulation in response 

to hypoxic stress among three independent in vitro experiments. In two of them, the hypoxia-

mediated upregulation in mRNA transcript of AKR1C3 was statistically significant. In contrast, the 

transcription of NQO1 was downregulated in all three in vitro experiments as a result of increased 

cellular hypoxia status. Among them, two experiments showed statistical significance in hypoxia-

mediated downregulation at the transcript level of NQO1. For NDOR1, only one in vitro experiment 
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demonstrated the statistically significant downregulation in response to elevated cellular hypoxic 

stress. None of the other seven genes showed statistical significance of gene expression changes 

observed as a consequence of alternations in cellular hypoxic stress. However, mRNA transcripts 

of CYB5R3 as well as NQO2 were consistently upregulated and the transcription of MTRR was 

consistently downregulated with the increase in cellular hypoxic stress among all three isolated in 

vitro experiments (Figure 7.1). 

In FaDu cells, TXNRD1 was the only gene of which mRNA transcripts were consistently 

upregulated in response to elevated cellular hypoxic stress with statistical significance in all three 

independent in vitro experiments. Even though without statistical significance, CYB5R3, FDXR, 

and NQO2 demonstrated similar trends in hypoxia-mediated upregulation of mRNA transcripts. 

MTRR and NQO1, on the other hand, showed similar trends in hypoxia-mediated downregulation 

of mRNA transcripts in three separated experiments (Figure 7.1). In both cell lines in vitro, the 

hypoxia-mediated regulation of oxidoreductases at their transcription levels was not very large. 

TXNRD1 in FaDu cells showed the most marked changes in expression of mRNA transcripts as 

a function of the tested hypoxic conditions, which was only slightly greater than 1.5-fold 

upregulation. 
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A. 
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B. 

 

Figure 7.1: The effect of hypoxia on the in vitro expression of oxidoreductase genes. 

Mixed oxic and hypoxic cells (1:1 ratio) were incubated with SN33267 and labelled with Super-Dipy via the 
CuAAC reactions following the procedures described in Figure 6.3. According to the fluorescence intensity, 
mixed cells were sorted into oxic and hypoxic fractions by FACS. RNA extracted from each fraction was 
converted into cDNA. The hypoxia-induced expression of ten oxidoreductase genes was evaluated by RT-
qPCR analysis. (A) In vitro expression of oxidoreductase genes in 3 independent experiments. Error bars 
represent SD of the technical replicates (n = 3). (B) Averaged in vitro expression of oxidoreductase genes. 
Error bars indicate SEM (n = 9) derived from 3 biological replicates. * denotes P < 0.05, ** denotes P < 0.01, 
*** denotes P < 0.001, compared to oxic sample as measured by two-way ANOVA with Bonferroni posthoc 
test. 
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7.3.2 Ex vivo expression of oxidoreductase genes 

Dissociated tumour xenograft cells were clicked with fluorescence via the CuAAC reactions 

between cell-incorporated SN33267 derivatives and Super-DIPY following the procedures 

described in Figure 6.3. Cells were sorted into quartiles by FACS according to the labelled 

fluorescence signals intensity. Expression of these ten oxidoreductases at their transcription levels 

responded to the increments of cellular hypoxic stress in very similar patterns in each of three 

SiHa tumour xenografts tested. In comparison to the first quartile consisting of cells with the lowest 

hypoxic stress, mRNA transcripts of oxidoreductases were upregulated to reach their maximum 

levels in either the second or the third quartile. The further elevated cellular hypoxic stress in the 

fourth quartile resulted in a downregulation of oxidoreductase mRNA transcripts. In most of the 

cases, there were no significant differences in mRNA expression between the first and the fourth 

quartiles. Among three SiHa tumour xenografts, xenografts 1 and 2 demonstrated very similar 

hypoxia-mediated expressions of oxidoreductases, which was however quite different to the third 

xenograft. Although mRNA transcripts of ten oxidoreductases showed very similar trends in 

response to the increase of cellular hypoxic stress in the SiHa tumour xenograft 3, there were no 

statistical differences in mRNA expressions of FDXR, MTRR, NDOR1, and POR across quartiles. 

The mRNA expression of NQO1 was unchanged with the elevated hypoxic stress in the first three 

quartiles. In the fourth quartile, the further increased cellular hypoxic stress led to a significant 

downregulation in the NQO1 transcript (Figure 7.2A). 

Among the three investigated FaDu tumour xenografts, AKR1C3, MTRR, and NQO1 did not show 

any statistical differences at their transcription levels in response to the increments of cellular 

hypoxia status across quartiles. In addition, mRNA transcripts of both NQO2 and TXNRD1 were 

consistently upregulated by the increased level of cellular hypoxic stress following the order 

quartiles. The mRNA transcripts of CYB5R3, FOXRED2, and POR were upregulated to reach the 

maximum levels in either the second or the third quartile in response to elevated cellular hypoxic 

stress. Further increase of hypoxic stress in cells resulted in a negative effect to reduce the 

transcription of three genes back to their baseline levels. This hypoxia-mediated upregulation 

followed by a downregulation was also observed in both FDXR and NDOR1 mRNAs in only FaDu 
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xenograft 1. In the other two xenografts, there were no significant differences in both mRNAs 

across quartiles (Figure 7.2B).  
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B. 

 

Figure 7.2: The effect of hypoxia on the ex vivo expression of oxidoreductase genes. 

The dissociated tumour xenograft cells were labelled with fluorescence via the CuAAC reactions between 
cell-incorporated SN33267 derivatives and Super-DIPY following the procedures described in Figure 6.3. 
According to the fluorescence intensity, cells were sorted into quartiles by FACS. An increased gradient of 
hypoxic stress in sorted fractions following the order from the 1st to the 4th Quartile. RNA extracted from each 
quartile was converted into cDNA and systematically used for RT-qPCR to assess the expression of 10 
oxidoreductase genes. (A) Ex vivo expression of oxidoreductase genes in 3 xenografts of each xenograft 
type. Each bar graph presents the data generated from an independent experiment. Error bars represent SD 
of the technical replicates (n = 3). (B) Averaged ex vivo expression of oxidoreductase genes. * denotes P < 
0.05, compared to the first Quartile as measured by two-way ANOVA with Bonferroni posthoc test. Error bars 
indicate SEM (n = 9) derived from 3 biological replicates. 
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The mRNA expression of the ten oxidoreductases in SiHa tumour xenograft 3 was also evaluated 

by the same set of TaqMan® gene expression assays with the use of the same group of mRNA 

samples in two different qPCR platforms, conventional real-time PCR in 384-well plate and 

TaqMan® low-density array (TLDA) card. In comparison to the conventional real-time PCR 

performed in a 384-well plate, the TLDA card generally produced higher Ct values (not shown) 

with much larger variations among the three technical replicates. According to the mRNA 

expression results generated by conventional real-time PCR, hypoxia only slightly affected the 

transcription of the ten target genes in the SiHa tumour xenograft (Figure 7.3). 

 

Figure 7.3: Assessment of oxidoreductase gene expression in response to hypoxic stress in different 
formats of TaqMan® gene expression assays. 

(A) TaqMan® gene expression assays in a 384-well plate format. (B) TaqMan® gene expression assays in 
a low density array format. The cells dissociated from SiHa tumour xenograft 3 were labelled with 
fluorescence via the CuAAC reactions between cell-incorporated SN33267 derivatives and Super-DIPY 
following the procedures described in Figure 6.3. According to the fluorescence intensity, cells were sorted 
into quartiles by FACS. An increased gradient of hypoxic stress in sorted fractions following the order from 
the 1st to the 4th Quartile. RNA extracted from each quartile was converted into cDNA and systematically 
used for RT-qPCR to assess the expression of 10 oxidoreductase genes in response to the increment of 
hypoxia across 4 Quartiles. Each bar graph presents the data generated from an independent experiment. 
Error bars indicate SEM (n ≥ 6) derived from ≥ 2 independent experiments. 
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In order to interrogate both the hypoxia marker BNIP3 and flavoreductase POR genes differentially 

regulated between the oxic and hypoxic compartments in the tumour microenvironment, two 

additional SiHa tumour xenografts were used. The expression of both genes was assessed at their 

levels of transcription and translation by RT-qPCR and Western blotting, respectively.  

In comparison to the previous three SiHa tumour xenografts (SiHa tumour xenografts 1 to 3; Figure 

6.12), both SiHa tumour xenografts 4 and 5 contained fewer cells with relatively high levels of 

hypoxic stress according to their FACS profiles (Figure 7.4). In both SiHa xenografts 4 and 5, 

mRNA transcript of BNIP3 was significantly upregulated with the increments of cellular hypoxic 

stress across quartiles, which was consistent with the other three tested SiHa tumour xenografts. 

In contrast, there were no significant differences in POR mRNA transcript in response to the 

gradient of hypoxia status in SiHa tumour xenografts 4 and 5. Even though lack of statistical 

significance, the trend of POR mRNA expression across quartiles illustrated the identical pattern 

in all five tested SiHa tumour xenografts (Figure 7.4). The mRNA transcript of POR was slightly 

upregulated in the second and the third quartiles comparing to the first one, which was followed 

by the decrease in POR mRNA back to the baseline level in the fourth quartile. 
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Figure 7.4: Ex vivo expression of BNIP3 and POR transcripts in SiHa xenografts in response to 
hypoxic stress. 

(A) FACS profile and mRNA transcript level of BNIP3 and POR in SiHa tumour xenograft 4. (B) FACS profile 
and mRNA transcript level of BNIP3 and POR in SiHa tumour xenograft 5. The dissociated SiHa tumour 
xenograft cells were labelled with fluorescence via the CuAAC reactions between cell-incorporated SN33267 
derivatives and Super-DIPY following the procedures described in Figure 6.3. According to the fluorescence 
intensity, cells were sorted into quartiles by FACS. An increased gradient of hypoxic stress in sorted fractions 
following the order from the 1st to the 4th Quartile. RNA extracted from each quartile was converted into cDNA 
and systematically used for RT-qPCR to assess the expression of BNIP3 and POR as a function of increasing 
hypoxia across 4 Quartiles. Each bar graph presents the data generated from an independent experiment. * 
denotes P < 0.05, ** denotes P < 0.01, *** denotes P < 0.001, compared to the first Quartile as measured by 
two-way ANOVA with Bonferroni posthoc test. Error bars represent SD of the technical replicates (n = 3). 

  

A. B.
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The expression of BNIP3 and POR at their translational levels demonstrated very similar 

responses to the increments of hypoxic stress between SiHa tumour xenograft 4 and SiHa tumour 

xenograft 5. With both BNIP3 and POR, the cellular hypoxic status mediated expression followed 

the same pattern in both transcription and translation levels in the tumour microenvironment. With 

the increase in cellular hypoxic stress, the protein expression of BNIP3 was consistently increased, 

but the expression of POR at protein level was elevated initially to reach at a maximum level which 

was followed by a downregulation with further increase of hypoxic stress (Figure 7.5). 

 

Figure 7.5: Ex vivo protein expression of BNIP3 and POR in SiHa xenografts in response to hypoxic 
stress. 

(A) Protein expression level of BNIP3 and POR in SiHa tumour xenograft 4. (B) Protein expression level of 
BNIP3 and POR in SiHa tumour xenograft 5. The dissociated SiHa tumour xenograft cells were labelled with 
fluorescence via the CuAAC reactions between cell-incorporated SN33267 derivatives and Super-DIPY 
following the procedures described in Figure 6.3. According to the fluorescence intensity, cells were sorted 
into quartiles by FACS. An increased gradient of hypoxic stress in sorted fractions following the order from 
the 1st to the 4th Quartile. Total protein sample was prepared from each quartile and used for Western blotting 
to assess the protein expression of BNIP3 and POR transcripts in response to the increment of hypoxia 
across 4 Quartiles. Each bar graph presents the data generated from an independent experiment. 
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7.4 Discussion 

The majority of human tumours exhibit considerable heterogeneity in many morphological and 

physiological features between patients with the same clinical classification (Fisher, Pusztai, & 

Swanton, 2013; Marusyk & Polyak, 2010). When a ubiquitous feature, such as hypoxia, is selected 

as a target for therapeutic gain, assessment of the presence of the target in individual tumours will 

largely benefit the clinical outcome (Reddy & Williamson, 2009; Wilson & Hay, 2011). According 

to the results of this assessment, selection of tumour expressing the intended therapeutic target(s) 

is crucial for optimising the clinical application of HAPs.  

The effect of HAP relies on reductive activation (Hunter et al., 2015). Unfortunately, the genetic 

determinants of sensitivity to HAPs are still poorly defined (Hunter et al., 2015; Wang et al., 2014; 

Wilson & Hay, 2011). Intratumoural hypoxia with both spatial and temporal heterogeneity makes 

the development of predictive biomarkers of HAP response extremely challenging (Vaupel, 2008; 

Yeh & Kim, 2015).  

Enzymes responsible for prodrug activation in hypoxic tumour cells are potentially good 

candidates of predictive biomarkers for evaluating potential therapeutical responses of individual 

tumours to HAP (Su et al., 2013). Studies of pro-drug activating reductases are limited to in vitro 

models, which largely relied on the use of purified enzymes or panels of cancer cell lines with 

forced expression of individual candidates to supraphysiological levels (Hunter et al., 2015; Wilson 

& Hay, 2011; Wilson et al., 2014). Prior identification of the flavoprotein POR as the key 

determinant of sensitivity to SN30000 was performed by genome-scale shRNA screens and a 

high-representation library enriched for oxidoreductases, which was limited to in vitro studies in 

three different cancer cell lines (Hunter et al., 2015).  

The CuAAC-mediated hypoxia-dependent cell labelling methodology optimised in this thesis 

provides an opportunity to interrogate the expression of genes differentially regulated in response 

to cellular hypoxia status in the tumour microenvironment. By use of this methodology, for the first 

time, to the best of our knowledge, the expression of oxidoreductases in response to cellular 

hypoxia stress in human tumour xenograft models was profiled. Quantitative data on expression 

of reductases along with their spatial relationship to regions of hypoxia are essential for identifying 
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tumour types and systematically evaluating clinical response of individual tumours to HAP, which 

is ultimately going to benefit clinic use of HAP in future. 

The mRNA expressions of ten reductases, including three two-electron reductases, were 

evaluated in both in vitro and ex vivo models. The click chemistry-based methodology established, 

optimised, and validated in this thesis successfully sorted cells according to hypoxia status, which 

provided a powerful approach to analyse gene differentially regulated in response to intratumoral 

hypoxic stress in tumour microenvironment.  

The CuAAC-based methodology established and optimised in this thesis employs a clickable 2-NI 

compound, SN33267, as a probe to initiate the whole CuAAC-mediated cell labelling process by 

tagging cells in a hypoxia-dependent fashion. The final cell labelling result is actually on the basis 

of the cellular incorporation of reduced SN33267. 

If SN33267 was also metabolically activated by the same reductases as SN30000, the variation 

in fluorescence intensity between cells labelled by this CuAAC-mediated methodology will reflect 

differences in reductase activity as well as hypoxia. Therefore, the fluorescence intensity carried 

by cells may also be used to predict metabolic activation of SN30000. In addition to labelling cells 

in a hypoxia-dependent manner, this methodology may be an even more appropriate approach 

for investigating cells that respond differently to HAP.  

One-electron oxidoreductases are ubiquitously expressed in tumour cells (Huang et al., 2012). 

The functional redundancy of oxidoreductases has also been confirmed in hypoxic human tumour 

cells (Su et al., 2013). Taken together, even though cellular incorporation of SN33267 relies on 

both hypoxic stress and expression of oxidoreductases in target cells, our methodology is still able 

to assess the expression of oxidoreductases in response to cellular hypoxia status.  

In this Chapter, statistical significances in the expression of 10 oxidoreductase genes were hardly 

detected between individual FACS-sorted fractions. The same set of ex vivo RNA samples were 

used in both expression analysis of 15 hypoxia marker genes in Chapter 6 and the expression of 

10 oxidoreductase genes in this Chapter. The expression patterns of the hypoxia gene signature 

(Toustrup et al., 2011) in FACS-sorted fractions from each individual xenograft involved in this 
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thesis indicated that the clickable 2-NI hypoxia marker SN33267 was reduced to form cellular 

adducts in response to hypoxia status. By the CuAAC-mediated procedure, any differences in the 

formation of cellular adducts were converted into different levels of intensity of fluorescence 

signals clicked with cells that FACS sorted based on. Another compound from the same 2-NI 

family, EF5, was suggested to reflect both hypoxia and reductase activity in human tumours (Wang 

et al., 2012). So differences in reductase activity could also be shown between FACS-sorted 

fractions. However, there were no significant changes in mRNA abundance of tested 

oxidoreductases among sorted quartiles of dissociated xenograft cells. The expression of 

reductase does not constantly associate with hypoxia status (Naranjo-Suarez et al., 2012). Other 

reductase(s) characterised by the feature of hypoxia-mediated expression but not identified yet 

may be present in cells and involved in the reduction of 2-NI as functional redundancy of 

oxidoreductases in hypoxic human tumour cells (Su et al., 2013). Unlike FaDu xenografts, a similar 

pattern in the expression of oxidoreductases was shown in SiHa xenografts, which might indicate 

the existence of an upstream regulating mechanism shared by these oxidoreductases. 

In HCT116 cells, forced expression of POR significantly increased the anoxic metabolism of EF5, 

SN30000, and PR-104A (Guise et al., 2012; Wang et al., 2014). According to public domain mRNA 

expression data, little variation was observed in endogenous transcript abundance of POR among 

different tumour types (Wang et al., 2014). Different to the ubiquitous mRNA expression, 

investigation of POR in vivo protein expression in a set of surgical tumour samples covering 19 

common cancers demonstrated heterogeneous patterns of expression (Guise et al., 2012).  

However, there is still a lack of evidence for a role of POR in HAP activation in hypoxic tumour 

cells at endogenous levels of expression (Su et al., 2013). Given that gene expression is often 

more strongly regulated at the level of translation than transcription under hypoxic stress 

(Magagnin et al., 2007; Sørensen et al., 2009), the hypoxia-mediated expression of POR was 

investigated at both mRNA and protein levels in human SiHa tumour xenografts. Due to the use 

of this novel methodology based on click chemistry, the results generated here reflected the 

expression of POR in response to cellular hypoxic stress in the tumour microenvironment. In both 

xenografts, mRNA expression and protein expression demonstrated a very similar manner of 

adaptation to the increments of hypoxic stress in tumour. Although lacking statistical significance, 
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two independent experiments showed consistent trends in hypoxia-mediated POR expression 

both at transcriptional and translational levels. 

Bcl-2⁄E1B-19K-interacting protein 3 (BNIP3) is a death-inducing mitochondrial protein belonging 

to the Bcl-2 protein family (Chen et al., 1997). BNIP3 was initially described as a proapoptotic 

protein. Subsequent studies indicated that it was implicated in necrotic cell death in various human 

and animal cell lines (Bruick, 2000). Among the members of Bcl-2 family, BNIP3 and its homologue, 

BNIP3-like (BNIP3L), are the only members induced in response to hypoxia (Namas et al., 2011). 

The expression of BNIP3 can be initiated by a classical HIF-1 element and consensus sequences 

for the transcription factor nuclear factor-κB (NF-κB) and/or E2F-1 (Guo et al., 2001; Yurkova et 

al., 2008).  

Due to the presence of functional hypoxia-response element (HRE) in promoter, mRNA and 

protein expression of BNIP3 are dramatically increased in multiple cell types in response to 

hypoxia (Bruick, 2000; Guo et al., 2001; Kim et al., 1997; Kothari et al., 2003; Sowter, Ratcliffe, 

Watson, Greenberg, & Harris, 2001; Zhang et al., 2008). For the same reason, BNIP3 was 

selected by Toustrup et al. as a member of hypoxia gene expression classifier (Toustrup et al., 

2011). The hypoxia-mediated upregulation in expression of BNIP3 mRNA transcript was clearly 

demonstrated in Chapter 5 with two cell lines using in vitro and in vivo models. The expression of 

BNIP3 protein in response to the elevated cellular hypoxic stress illustrated the trend as same as 

its mRNA transcripts in both SiHa and FaDu tumour xenografts.   

The FACS-sorted xenograft cells in the fourth quartile suffered the most severe hypoxic stresses 

in tumours, which could be confirmed by the highest expression of BNIP3 gene at both 

transcription and translation levels. Upregulated levels of BNIP3 expression are correlated with 

cell death in caspase-independent apoptosis (Li et al., 2013; Velde et al., 2000). In addition, 

oxygen deprivation can activate autophagic degradation of intracellular macromolecules to initiate 

type 2 programmed cell death via the activity of 5’-AMP-activated protein kinase (AMPK), 

independent of HIF-1, BNIP3, and BNIP3L particularly in SiHa cells (Papandreou, Lim, Laderoute, 

& Denko, 2008). Taken together, it is quite possible that the fourth quartile cells might under such 

high hypoxic stress that they started to switch off transcription and translation of all genes not 
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involved in cell survival (Wouters & Koritzinsky, 2008). This may explain the concordant down-

regulation of mRNA expression in all ten tested reductase genes in the last quartile of FACS-

sorted SiHa xenograft cells. 

On the basis of singleplex qPCR assays, TaqMan® low density array (TLDA) is a novel 

microfluidic-technology format that has provided a convenient platform and utilised extensively in 

cancer research for quantitative analysis of multiple gene expression (Sanchez-Espiridion et al., 

2009; Steg et al., 2006). It is an efficient tool for rapid screening of multiple mRNA transcripts 

simultaneously especially suitable for large-scale experiments (Keys, Au-Young, & Fekete, 2010). 

Similar to the conventional real-time PCR performed in optical reaction plates, each well provides 

a real-time semiquantitative readout in both platforms. As a closed system incorporating validated 

singleplex PCR methodology, the reagents for each TaqMan® gene expression assay are 

preallocated to the reaction chambers in TLDA card. Such feature makes the cDNA template need 

to be added only once, which reduces the amount of handling required and the chance for human 

error (Devonshire, Elaswarapu, & Foy, 2011; Steg et al., 2006).   

Due to all these advantages, TLDA card approach for real-time qPCR detection was selected in 

the study of oxidoreductases for rapid and simultaneous identification of multiple genes for 

systematic surveillance and investigation of their transcription. The reaction volume of each 

TaqMan® gene expression assay is reduced from 20 µL in the conventional platform to 1 µL in 

TLDA. Consequently, much smaller amount of cDNA templates is needed when real-time PCR is 

performed in a TLDA card, which may lead to a requirement of higher concentration of cDNA 

templates by TLDA.  

In this study, the performance of TLDA was compared to the conventional real-time qPCR in 384-

well plate with the same TaqMan® gene expression assays using an identical set of cDNAs. 

Despite less amount of cDNA template required, the results of TLDA card showed much higher 

levels of variability among technically replicates in comparison to real-time qPCR performed on 

the conventional platform and even missing readouts from several wells. On both platforms, qPCR 

data analyses were conducted via multi-step comparative Ct method with the concern of 

propagation of uncertainty. The increased variability was associated with low abundance of the 
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transcripts in both microfluidic and standard real-time PCR approaches (Devonshire et al., 2011). 

It has been reported that TLDA cards are about 10-fold less sensitive than conventional real-time 

PCR assays (Kodani et al., 2011). Moreover, at least 10-fold more concentrated cDNA templates 

are required by real-time PCR performed in TLDA card compared with the conventional platform 

(Kodani et al., 2011). This may explain the reason why the same set of cDNA templates well 

amplified by conventional real-time PCR in 384-well plates but not TLDA card.  

In ex vivo studies, RNA sample extracted from FACS-sorted fractions following the click procedure 

was generally limited in the amount. The assessment of gene transcription by TLDA card was 

predominantly limited by the low RNA quantity obtained from FACS-sorted cell fractions. An 

additional procedure of pre-amplification prior to mRNA quantification is suggested to add in the 

protocol when the starting material is limited (Keys et al., 2010; Li et al., 2008; Vermeulen et al., 

2009). Depending on the target to be amplified, pre-amplification can be performed either before 

the step of reverse transcription by linear amplification of RNA or after it by the PCR-based 

exponential amplification of cDNA (Eberwine et al., 1992; Iscove et al., 2002; Kurn et al., 2005). 

During development of the hypoxia gene expression signature, which was used to validate the 

CuAAC-mediated hypoxia-dependent cell labelling methodology in this thesis, pre-amplification of 

cDNA targets was also employed before real time qPCR to provide a sufficient amount of specific 

amplicons for quantification of hypoxia-mediated expression by Overgaard et al. (Toustrup et al., 

2011). 

Concerns have been raised as to whether pre-amplification of cDNA templates by exponential 

amplification introduces bias in expression levels between genes (Ginsberg, 2005). By running 

with a limited number of cycles (in general less than 14 cycles) with optimised conditions, artefacts 

induced by nonspecific amplification and target specific bias during the pre-amplification process 

can be minimised, which has been shown to improve both the accuracy and precision of the 

transcript quantification using microfluidic arrays (Devonshire et al., 2011; Keys et al., 2010). 

Owing to the nature of template amplification by PCR, any difference of less than a single cycle is 

above the resolution of this method. A 2-fold cut-off was widely cited as a limit to the resolving 

power of conventional PCR (Lo et al., 2007). In this study, the mRNA expression of 
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oxidoreductases fluctuated within a 2-fold range in response to cellular hypoxic stress both in in 

vitro cell models and tumour microenvironments. These hypoxia-mediated expressions were 

confirmed by at least three independent experiments and demonstrated relatively consistent 

patterns. The inclusion of technical and biological replicates enhanced the confidence 

dependability of the observations in hypoxia-mediated mRNA expression of oxidoreductases. The 

reliability of these experimental results was further supported by the findings of Foy et al. that both 

microfluidic and standard real-time PCR platforms were capable to accurately identify a 1.5-fold 

change in mRNA expression (Devonshire et al., 2011). Additionally, with the larger number of 

technical replicates involved to achieve greater levels of precision, the resolution of qPCR analysis 

was even increased to detect a 1.25-fold difference in DNA copy number (Weaver et al., 2010). 

Meanwhile, the consistent expression results from individual experiments, to some context 

reflected, the reproducibility of this click chemistry-based methodology.  

Enzymes catalysing one-electron transfer to prodrugs play critical roles in hypoxia-selective 

bioreduction (Wilson & Hay, 2011). The click chemistry-based methodology allows the profiling of 

their expression corresponding to cellular hypoxia status in individual tumours. In this Chapter, the 

mRNA expression of ten reductases was evaluated in both in vitro and ex vivo models. The protein 

expression of the most extensively studied one-electron oxidoreductase POR, for the first time, 

was investigated in compartments of human xenograft with different levels of hypoxic stress 

indicated by the expression of a hypoxia marker gene, BNIP3. The consistent results generated 

from 2 SiHa xenografts further confirmed the capability of this approach in accurately and precisely 

measuring gene and/or protein expression in tumours. The application of this novel methodology 

will predominantly benefit the identification of prodrug-activating reductases based on the 

enzymology of HAP activation at their endogenous levels of expression in human malignancy and 

assessment of their potential as sensitivity biomarkers. Moreover, studies in variation of their 

expression in tumours as well as the correlation between hypoxia status and in vivo expression of 

those enzymes can also take great advantage of this novel methodology. 
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Chapter 8. Future directions and concluding remarks 

The general aim of this thesis was to establish and optimise a novel click chemistry-based 

methodology to fluorescently label cells according to hypoxic stress and use it to study genes 

differentially expressed in regions with different hypoxic stress in the tumour microenvironment.  

The majority of previous studies in hypoxia-mediated gene expression were performed using (2D) 

cultures of human tumour cell lines under hypoxic conditions. Very limited information on gene 

expression in the tumour microenvironment was available from few published studies that relied 

on immune-laser capture microdissection (Marotta et al., 2011). As a major technical breakthrough, 

click chemistry brought a solution to targeting biomolecules via a single covalent reaction among 

complementary functional groups with exquisite selectivity comparable with antibody-antigen 

interaction (Boyce & Bertozzi, 2011). 

8.1 Future directions 

8.1.1 Further improvement and optimisation of click methodology 

8.1.1.1 Deployment of a fluorogenic strategy in designing azide-modified fluorophores 

The transfer of electrons between nonplanar parts of a fluorescent molecule results in quenching 

of fluorescence in a fluorophore. This intramolecular photo-induced electron transfer (PeT) has 

been adopted to develop a new generation of fluorophores with fluorescence ON−OFF switching 

mechanism (de Silva et al., 1997). 

Different to traditional fluorescent probes exhibiting an “always on” fluorescence, fluorogenic 

probes have weak or undetectable fluorescence at the wavelength of detection. Their fluorescence 

is dramatically boosted when these “latent” fluorophores react with molecules of interest (Jewett 

& Bertozzi, 2011; Nadler & Schultz, 2013; Qi, Han, Chang, & Tung, 2011). The phenomenon of 

fluorogenic reaction has been utilised as a powerful approach in diverse chemical contexts. The 

application of fluorogenic probes is associated with an improved signal-to-noise ratio. The fact that 

these switchable labels/probes are introduced as derivatives without detectable fluorescence 

eliminates the concern of the non-specific labelling induced by excessive reagents without 
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compromising sensitivity (Herner et al., 2013; Shieh, Hangauer, & Bertozzi, 2012). It also has been 

suggested that fluorogenic tags are remarkably suitable for bioorthogonal tagging schemes 

(Herner et al., 2013).  

Although their inherently advantageous features, applying fluorogenic reagents to covalently 

modify biomatter are rarely reported due to the design difficulties (Shieh et al., 2012). The design 

of fluorogenic probes for the CuAAC reaction is accomplished by the construction of either an 

azide or alkyne modified with a pro-fluorophore to provide the quenched state. The reaction 

between the probe and a cycloaddition partner produces a triazole compound with strong 

fluorescence (Chauhan, Saha, Lahiri, & Talukdar, 2014). 

On the basis of this fluorogenic concept, a panel of azido quenched fluorescent tags has been 

developed since the first fluorogenic coumarin derivatives-based CuAAC reaction was reported 

by two groups simultaneously (Sivakumar et al., 2004; Zhou & Fahrni, 2004). In Chapter 4 of this 

thesis, an additional wash step with 50% ethanol-PBS (pH7.4) was employed following the 

incubation with reaction cocktail to remove the non-specifically bound fluorescent label resulting 

in background fluorescence staining and compromising the sensitivity of detection. Fluorogenic 

probes allow the targets labelled with the clicked triazole congener to show intense fluorescence 

because of a very large stokes shift and at the same time suppress the background fluorescence 

when the azide function is intact (Herner et al., 2013). The recruitment of this new strategy may 

provide an alternative solution to overcome this issue of background staining, resulting in low 

signal-to-noise ratio without introducing ethanol into the system.   

The elimination of the cytotoxic copper catalyst allows a copper-free click reaction to be performed 

in living cells without obvious toxicity. The potential of SPAAC-mediated hypoxia-dependent cell 

labelling has been briefly demonstrated in Chapter 4 of this thesis. However, the previous 

investigation demonstrated that high background fluorescence and unspecific staining generally 

hampered the application of copper-free click reactions in labelling target proteins in live 

mammalian cells (Beatty et al., 2010). Subsequent studies of SPAAC-mediated labelling in living 

cells indicated that the background fluorescence signals were largely attributed to the nonspecific 

relativity of the cyclooctyne probe toward free thiols or cysteine-containing proteins (Chang et al., 
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2010; Hao, Hong, Chen, & Chen, 2011). Introducing the concept of fluorogenic probes into the 

strain-promoted azide-alkyne cycloaddition may further improve the biocompatibility of click 

chemistry-based methodology and expand the options of downstream analysis to viable cells (Le 

Droumaguet, Wang, & Wang, 2010). 

8.1.1.2 Assessment of hypoxia-regulated gene expression by high-throughput 

approaches 

In this thesis, evaluation of mRNA abundance was limited in the platform of TLDA primarily due to 

the restricted amount of cDNA templates. When the starting material is limited, an additional 

procedure of pre-amplification prior to mRNA quantification is necessary to ensure confidence in 

results of gene expression (Keys et al., 2010; Li et al., 2008; Vermeulen et al., 2009).  

It will be worthwhile to determine if the amplification of cDNA templates can provide a sufficient 

amount of specific amplicons for quantification of hypoxia-mediated expression of those 

reductases in TLDA cards. In order to amplify cDNA templates without inducing nonspecific 

amplification and target-specific bias during the pre-amplification process and bias in expression 

levels between tested genes, fewer cycles of pre-amplification (10–14) may allow the assessment 

of transcript quantification in TLDA cards with improved accuracy and precision. (Devonshire et 

al., 2011; Keys et al., 2010).  

Acetonitrile has been suggested by Paredes and Das to use as co-solvent in CuAAC reaction to 

stabilise copper(I) ions and confer additional benefit in RNA integrity in cells labelled with 

fluorophores via CuAAC reactions (Paredes & Das, 2012). Recent work has demonstrated that 

trace amounts of acetonitrile served as pseudo-ligand to stabilise free copper(I) ions in aqueous 

solution while still facilitating efficient cycloaddition catalysis (Paredes & Das, 2011; Paredes & 

Das, 2012). In addition, Viljoen and Blackburn proposed an investigation of the relationship 

between RNA integrity and array quality on the commonly used Affymetrix Gene 1.0 ST array 

platform, indicating a direct association between RINs and array quality in the majority of cases. 

According to their study, the widely used RIN cut-off of 7 for microarray analysis can be decreased 

with the use of appropriate effective array-quality assessment strategy (Viljoen & Blackburn, 2013). 

With the employment of both acetonitrile as co-solvent during CuAAC reaction and pre-
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amplification of the template, the samples prepared from FACS-sorted cells labelled with 

fluorophores in a hypoxia-dependent manner via this click chemistry-based methodology may be 

eligible for large-scale expression screening of genes differentially regulated by hypoxia in tumour 

microenvironment on a microarray platform.   

8.1.2 Useful applications and extensions of the click methodology 

8.1.2.1 Analysis of hypoxia-regulated protein expression by mass spectrometry-based 

proteomics 

In this thesis, the differences in protein expression of BNIP3 and POR corresponding to the 

hypoxic stress were assessed by Western blotting in two types of human tumour xenografts. To 

our knowledge, this was the first time that protein expression of genes differentially regulated 

among compartments with different hypoxic stress was determined in tumour microenvironment 

by use of click chemistry-based approach without the requirement of cell fixation and 

permeabilization. However, the use of immunoassay-based targeted approaches, such as 

Western blotting or enzyme-linked immunosorbent assay (ELISA), heavily relies on the availability 

of high quality antibodies and requires a significant investment in time and resources (Pan et al., 

2009; Wilhelm et al., 2014). A universal approach to perform quantitative assays for a wide 

spectrum of proteins with the capability of multiplexed interrogations in a single measurement will 

be advantageous. 

To date, mass spectrometry (MS)-based proteomics has matured into an attractive technology for 

the unbiased analysis of protein composition, modifications, as well as dynamics in a systematic 

way (Walther & Mann, 2010). Using LC-MS/MS for the analysis of complex peptide mixtures is the 

core of MS-based proteomics (Hunt et al., 1992).  

Recently, our group has been devoting efforts to the development of an MS-based absolute 

quantification strategy of protein expression of pre-defined target proteins, also known as targeted 

proteomics. This application has been reported for measuring concentrations of specific tryptic 

peptides (PTP) for POR in tumour lysates (Su et al., 2013). This MS-based methodology for 

targeted protein quantification is potentially compatible with systematic analysis downstream of 
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the click chemistry-based methodology established in this thesis to evaluate hypoxia-regulated 

expression of proteins of interest in tumour microenvironment. 

8.1.2.2 Study of DNA methylation in the tumour microenvironment 

Tumour cell adaptations to hypoxia are driven by both genetic and epigenetic alternations. Both 

of them have significant downstream effects physiologically in the transition from normal to 

cancerous tissue and in the progression of solid tumours (Ramachandran, Ient, Gottgens, Krieg, 

& Hammond, 2015).  

Through changes in DNA methylation at promoter regions and satellite repeats, histone 

modifications, and micro-RNAs, hypoxia-mediated epigenetic modifications result in 

transcriptional changes and chromosomal instability as the consequence of gene amplification 

and DNA strand breaks at fragile sites alongside disruption of DNA repair in cancer (Coquelle, 

Toledo, Stern, Bieth, & Debatisse, 1998; Hoshino & Matsubara, 2013; Pal et al., 2010; Xia et al., 

2009). The role of hypoxic stress in genome-wide DNA methylation has been indicated in previous 

in vitro studies, postulating a mechanism for the global hypomethylation and consequently 

elevated genomic instability and aneuploidy in response to chronic hypoxia during tumourigenesis 

(Pal et al., 2010; Shahrzad, Bertrand, Minhas, & Coomber, 2007).   

Besides genetic events, hypoxia-mediated epigenetic modifications have also demonstrated 

potential in the development of new tumour biomarkers in diagnosis as well as prognosis and 

treatment strategies (Thirlwell, Schulz, Dibra, & Beck, 2011). The click chemistry-based 

methodology established in this thesis makes the investigation of DNA methylation in response to 

hypoxic stress in real tumour microenvironment possible, which will definitely extend our 

understanding of hypoxia-mediated effects on the epigenome and considerably contribute to the 

identification of novel clinical biomarkers and therapeutic targets.   

8.2 Concluding remarks 

The work for this thesis began by optimising the click chemistry-based methodology to label cells 

with fluorescence signals via CuAAC reactions in a hypoxia-dependent manner. When both high 
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level of hypoxia-specificity in cell labelling and minimum CuAAC-induced interference with RNA 

integrity had been achieved simultaneously, the methodology was validated by assessment of 

mRNA expression of a clinically-validated hypoxia gene expression signature (15 hypoxia marker 

genes) in cell fractions sorted by FACS according to the labelled fluorescence intensity 

representing relative level of cellular hypoxic stress (Toustrup et al., 2011). Finally, the 

methodology was used to investigate the transcript abundance of ten reductases genes in 

response to hypoxic stress in cell cultures and human tumour xenografts of two human cancer cell 

lines. The hypoxia-mediated ex vivo expression of BNIP3 and POR was evaluated both at 

transcriptional and translational levels. This novel click chemistry-based methodology is at least 

as sensitive but also much faster and more versatile than the established antibody-based hypoxic 

cell detection techniques. It provides a powerful approach to study a variety of molecular 

responses to hypoxia in tumour microenvironment. The application of this novel methodology will 

extend our understanding of the role of hypoxia in tumourigenesis, by which to facilitate the 

identification of novel clinical biomarkers and therapeutic targets.  
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