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Abstract 

 

CXCR4, the C-X-C chemokine receptor 4, has been gaining interest as a therapeutic target 

since its overexpression has been identified in more than 20 solid tumours and correlated 

with tumour progression and therapy resistance. Several CXCR4 antagonist molecules 

are under investigation, including AMD3100, a small molecule CXCR4 inhibitor, which 

is already undergoing clinical trials for the treatment of several tumour types. With the 

emerging role of this receptor as a therapeutic agent, there is a demand for imaging agents 

capable of sensitive and fast detection of CXCR4. This work aimed at the development 

of a microbubble (MB) for molecular ultrasound (US) imaging of CXCR4; in order to do 

so, a second objective was the development of a CXCR4-specific positron emission 

tomography (PET) tracer for characterisation of the biological models prior to US 

imaging. Lastly, a US-dedicated contrast agent was radiolabelled to allow assessment of 

whole-body distribution with PET imaging.  

The radiolabelling of a small molecule analogue of AMD3465 with fluorine-18 is 

reported for the first time. [18F]MCFB uptake was sensitive to CXCR4, accumulating in 

the cells in a manner that reflected receptor expression. However, tracer uptake could 

only be partially blocked by treatment with AMD3465 (>44% decrease), suggesting that 

[18F]MCFB is not completely CXCR4-specific. About 25% of the total tracer uptake was 

found inside of the cells at 0oC, indicating that [18F]MCFB can cross the membrane by 
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receptor-mediated endocytosis. In vivo, [18F]MCFB localised in the tumours, and 

differences in uptake reflected the CXCR4 expression in U2932 and SuDHL8, but not in 

MDA-MB-231 tumours; the necrotic nature of the latter compromised tracer delivery and 

was a confounding factor. [18F]MCFB was shown to be stable with favourable 

pharmacokinetics, but high liver and kidneys uptake was observed. Competitive 

antagonism with metformin resulted in a small decrease in liver (21%) and kidneys (9%) 

localisation in U2932-bearing mice, indicating that [18F]MCFB uptake in these organs 

may be partially mediated by polyspecific organic cation transporters (OCT).  

A MB contrast agent functionalised with the T140 peptide was subsequently developed 

for the imaging of CXCR4 in the vasculature using US. The contrast agent, T140-MB, 

was successfully developed and was specific and sensitive for CXCR4: T140-MB 

accumulation was lower (43%) in the shRNA-inducible MDA-MB-231 cell line 

following doxycycline (DOX) treatment, in line with decreased CXCR4 expression, and 

almost entirely blocked (95%) when co-incubated with T140. In vivo, T140-MB allowed 

visualisation of the vasculature in U2932 and SuDHL8. T140-MB showed a non-

significantly higher residence time compared to non-targeted MB, NT-MB (27% higher 

for both U2932 and SuDHL8), together with slower wash-out kinetics (21% slower for 

both U2932 and SuDHL8), suggesting that there is some attachment of T140-MB in the 

tumour. Kinetic profile of T140-MB was comparable between U2932 and SuDHL8; this 

was determined to be due to the comparable expression of CXCR4 in the vasculature in 

these tumours, despite large differences (4-fold) in whole-cell receptor expression.  

US is an attractive technique due to its cost-effectiveness and safety; however, it does not 

allow whole-body imaging for assessment of biodistribution of a tracer, which is 

fundamental for tracer development. Thus, a 68Ga-radiolabelled MB was designed to 

profit from whole-body imaging capabilities of PET. Radiolabelling was attained by 
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bioorthogonal ‘click’ inverse electron-demand Diels-Alder (IeDDA) reaction between the 

trans-Cyclooctene (TCO)-modified MB and a 68Ga-labelled tetrazine, [68Ga]DOTA-Tz- 

labelled using a sodium chloride (NaCl)-based cationic elution method. Despite 

challenges in method development due to the need for multiple steps with modest 

radiochemical yields (typical total RCY: ~4.5%), [68Ga]DOTA-MB was successfully 

produced that could be used for in vivo imaging. PET data shows that [68Ga]DOTA-MB 

accumulates mainly in the urine, followed by the spleen, lung and blood (411 ± 72, 65 ± 

11 and 48 ± 9 %ID/g, respectively).  

In all, these data elucidate how the use of two different imaging modalities can provide 

complementary information due to the non-linearity of biomarker expression between 

different tumour compartments.  

   

 

 

 

 

 

 

 

 



6 
 

 

 

Acknowledgments 

 

I would like to express my deepest gratitude to Professor Eric Aboagye for his 

unconditional support throughout this work. His enthusiasm and passion for science were 

a constant source of inspiration, and his mentoring extended far beyond his academic role. 

I would also like to thank Dr. Mengxing Tang for welcoming me so warmly into this 

academic journey, which was greatly shaped by his encouragement and support. It was 

truly an honour to have had the chance to learn with such knowledgeable scientists.  

 

A very special thanks to Dr. Maciej Kaliszczak for always finding the time and patience 

to teach me “how to fly”, despite his busy schedule. To Dr. Laurence Carroll, for his 

perseverance in our countless radiochemistry battles, and his constant encouragement 

throughout the PhD and writing of this manuscript. To Dr. Diana Brickute, for 

synthesising [18F]MCFB innumerous “last times”, and for being my partner in this 

CXCR4 journey. To Alice Beckley, for all the times she dropped everything without 

hesitation to come to my rescue, and for being my anchor at work in the good and bad 

times. To Dr. Chee Hau Leow, for being an indispensable help on our ultrasound 

endeavours. But more importantly, I’d like to show my appreciation to them, as well as 

to Dr. Louis Allott, Chris Barnes, and the rest of the Aboagye lab for your friendship, 



7 
 

care and support, for creating such a healthy work environment – and for making 

lunchtime a lot of fun. I’m very grateful to have been part of such a great team.  

 

I would also like to thank my “London family”: Alice, JD, Sara, Jacopo, Nikola, Antonio, 

Bárbara and Tessa. Their love and support has been my fuel throughout this journey, and 

I could never thank them enough for it.   

 

Finally, my heartfelt gratefulness to my parents Nazaré and Jorge, my brother Pedro, my 

niece Clara and the rest of my family. Who I am or what I have achieved, I owe to their 

hard work, unconditional love and constant support. They have always believed in me, 

and I hope they are as proud of me as I am of them.  

 

 

 

 

 

 

 

 

 



8 
 

 

 

 

Conference Presentations 

 

 

Part of Chapter 2 of this thesis has been presented as a poster presentation at the 

following conferences: 

 

Poster communication: Marta Braga, et al., Molecular Ultrasound Imaging of Mouse 

Tumour Model, Medical Engineering Centres Annual Meeting and Bioengineering14, 

2014; 

Poster communication: Marta Braga et al., Evaluation of [18F]MCFB for PET imaging of 

whole-cell CXCR4 expression: in vitro and in vivo validation, World Molecular Imaging 

Congress, 2016. 

 

 

 

 

 

 



9 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



10 
 

 

 

 

Table of Contents 

Chapter 1 - Introduction ............................................................................................... 24 

1.1. The Chemokine Receptor 4 ................................................................................. 29 

1.2. Role of CXCR4 in Cancer Biology ..................................................................... 30 

1.3. CXCR4-targeted Anticancer Therapy ................................................................. 36 

1.4. Molecular Imaging for Cancer Detection ............................................................ 39 

Computed Tomography ................................................................................ 40 

Optical Imaging ............................................................................................ 41 

Magnetic Resonance Imaging ...................................................................... 46 

Single Photon Emission Computed Tomography (SPECT) ......................... 47 

Positron Emission Tomography (PET)  ....................................................... 49 

Ultrasound Imaging ...................................................................................... 53 

1.5. Molecular Imaging of CXCR4 in cancer .............................................................. 56 

SPECT Tracers Targeting CXCR4 .............................................................. 57 

Optical Tracers Targeting CXCR4 ............................................................... 57 

PET tracers targeting CXCR4 ...................................................................... 60 

1.6. Aims of Thesis ..................................................................................................... 61 

 

Chapter 2 – Material & Methods ................................................................................. 62 

2.1. Cell Culture ........................................................................................................... 62 

2.2. Tumour models ..................................................................................................... 63 

2.3. Western blot .......................................................................................................... 64 

2.4. Immunofluorescence ............................................................................................. 65 

2.5. Flow Cytometry .................................................................................................... 66 



11 
 

2.6. Radiosynthesis of [18F]MCFB .............................................................................. 67 

2.7. In vitro radioactive uptake [18F]MCFB   ............................................................... 67 

2.8. In vitro [18F]MCFB internalisation assay  ............................................................ 68 

2.9. In vivo PET imaging of [18F]MCFB   ................................................................... 69 

2.10. Biodistribution of [18F]MCFB  ........................................................................... 70 

2.11. Lipophilicity of [18F]MCFB  ............................................................................... 70 

2.12. Metabolism of [18F]MCFB  ................................................................................ 71 

2.13. Radiosynthesis of [68Ga]T140  ............................................................................ 71 

2.14. In vivo PET imaging of [68Ga]T140  ................................................................... 72 

2.15. Biodistribution of [68Ga]T140  ............................................................................ 73 

2.16. Synthesis of Lipo-PEG-T140  ............................................................................. 73 

2.17. T140-MB preparation  ........................................................................................ 74 

2.18. T140-MB optical characterisation  ..................................................................... 74 

2.19. In vitro binding of T140-MB   ............................................................................ 75 

2.20. In vivo ultrasound imaging of T140-MB ............................................................ 75 

2.21. Kinetic modelling of ultrasound imaging data  ................................................... 76 

2.22. Immunohistochemistry  ...................................................................................... 77 

2.23. Microvessel density calculation .......................................................................... 78 

2.24. Synthesis of Lipo-PEG-TCO  ............................................................................. 78 

2.25.TCO-MB preparation  .......................................................................................... 79 

2.26. TCO-MB optical characterisation ....................................................................... 80 

2.27. Investigation of IeDDA reaction kinetics with 1H NMR   .................................. 80 

2.28. Radiosynthesis of [68Ga]DOTA-MB  ................................................................. 80 

2.29. In vivo PET imaging of [68Ga]DOTA-Tz, [68Ga]DOTA-DSPE and 
[68Ga]DOTA-MB  ........................................................................................................ 82 

2.30. Biodistribution of [68Ga]DOTA-MB  ................................................................. 82 

2.31. Statistical analysis   ............................................................................................. 83 

 

Chapter 3 - Evaluation of an 18F-Radiolabelled Cyclam as a PET Tracer for 
Sensitive CXCR4 Imaging and Development of Models  ........................................... 84 

3.1. Introduction ........................................................................................................... 84 

3.2. Aims ...................................................................................................................... 88 

3.3. [18F]MCFB development   .................................................................................... 89 

3.4. Selection of cancer cell lines   ............................................................................... 89 

Characterisation of a CXCR4-knockdown breast cancer cell line  .............. 91 



12 
 

3.5. [18F]MCFB binds sensitively and specifically to CXCR4 in vitro  ...................... 94 

3.6. In vivo PET imaging of CXCR4 expression with [18F]MCFB  ............................ 96 

3.7. Cellular localisation of CXCR4   .......................................................................... 99 

3.8. [18F]MCFB transport mechanism  ...................................................................... 101 

3.9. Lipophilicity of [18F]MCFB  ............................................................................... 102 

3.10. [18F]MCFB pharmacokinetics  .......................................................................... 103 

3.11. Discussion  ........................................................................................................ 105 

 

Chapter 4 - Molecular Ultrasound Imaging of Vascular CXCR4 Expression in 
Tumours with a Targeted Microbubble .................................................................... 113 

4.1. Introduction ......................................................................................................... 113 

4.2. Aims .................................................................................................................... 119 

4.3. [68Ga]-labelled T140 peptide has favourable pharmacokinetics  ........................ 120 

4.4. Development and validation of a CXCR4-targeting microbubble   ................... 120 

4.5. T140-MB binds sensitively and specifically to CXCR4 in vitro   ...................... 123 

4.6. Ultrasound imaging of T140-MB and kinetic modelling of tumour perfusion  . 126 

4.7. Analysis of CXCR4 expression and microvessel density in vivo   ..................... 130 

4.8. Discussion  .......................................................................................................... 133 

 

Chapter 5 - Development of a 68Ga-radiolabelled Microbubble for Evaluation of 
Whole-body Distribution  ........................................................................................... 142 

5.1. Introduction ......................................................................................................... 142 

5.2. Aims .................................................................................................................... 148 

5.3. Development and validation of a TCO-conjugated microbubble  ...................... 149 

5.4. Evaluation of ‘cold’ IeDDA reaction kinetics between DSPE-PEG2000-TCO and 
tetrazine   .................................................................................................................... 151 

5.5. Radiolabelling of [68Ga]DOTA-Tz using cationic labelling methods   .............. 153 

Elution from 68Ge/68Ga generator.  ............................................................ 153 

Radiolabelling methods.  ............................................................................ 154 

Purification of [68Ga]DOTA-Tz.  ............................................................... 156 

5.6. Development of radiolabelled [68Ga]DOTA-MB by IeDDA reaction  .............. 158 

5.7. In vivo biodistribution of radiolabelled [68Ga]DOTA-MB: Proof-of-principle  . 161 

5.8. Discussion  .......................................................................................................... 162 

Chapter 6 - Conclusions  ............................................................................................. 170 

References .................................................................................................................... 175 

 



13 
 

 

 

 

List of Figures 

 

Figure 1.1: The hallmarks and enabling characteristics of cancer. ................................. 26 

Figure 1.2: Crystal structure of CXCR4 .......................................................................... 29 

Figure 1.3: The CXCR4/CXCL12 signalling axis .......................................................... 32 

Figure 1.4: Schematic representation of the role of CXCR4/CXCL12 axis as a promoter 
of tumour growth and metastasis ..................................................................................... 33 

Figure 1.5: Chemical structures of T140, AMD3100 and AMD3465. ........................... 37 

Figure 1.6: Imaging of macrophages in atherosclerotic plaques ..................................... 41 

Figure 1.7: Principle of optoacoustic imaging. ................................................................ 44 

Figure 1.8: Principle of SPECT imaging. ........................................................................ 48 

Figure 1.9: Principle of PET imaging. ............................................................................. 51 

Figure 2.1: Example of MB kinetics profile in a tumour obtained by US imaging ........ 77 

Figure 2.2: UPC2 spectra for DSPE-PEG2000-TCO ......................................................... 79 

Figure 3.1: Chemical structures of the target molecule (MCFB) and AMD3465 ........... 89 

Figure 3.2:  CXCR4 mRNA expression across different types of primary tumours.. ..... 91 

Figure 3.3: Selection of MDA-MB-231 cells transduced with CXCR4-targeting shRNA
 ......................................................................................................................................... 92 

Figure 3.4: Characterisation of MDA-MB-231 shCXCR4 cell line ................................ 93 

Figure 3.5: Specificity and sensitivity of [18F]MCFB for CXCR4 evaluation by 
radioactive uptake and protein expression analysis ......................................................... 95 



14 
 

Figure 3.6: In vivo evaluation of [18F]MCFB uptake in MDA-MB-231-shRNA and 
MDA-MB-231.luc models. ............................................................................................. 98 

Figure 3.7: [18F]MCFB discriminates differential CXCR4 expression in vivo ............... 99 

Figure 3.8: Subcellular localization of CXCR4............................................................. 100 

Figure 3.9: [18F]MCFB uptake mechanism evaluation in MDA-MB-231 cells. ........... 101 

Figure 3.10: Biodistribution of [18F]MCFB. ................................................................. 103 

Figure 3.11: In vivo stability of [18F]MCFB in plasma, urine and liver........................ 104 

Figure 3.12: [18F]MCFB biodistribution is altered in the presence of metformin, an 
OCT1 and 2 substrate. ................................................................................................... 105 

Figure 4.1: T140 peptide labelled with 68Ga shows favourable pharmacokinetics in vivo
 ....................................................................................................................................... 121 

Figure 4.2: Optical determination of size and concentration of T140-MB and NT-MB.
 ....................................................................................................................................... 123 

Figure 4.3: Qualitative comparison of in vitro binding of NT-MB and T140-MB to 
MDA-MB-231 under differential CXCR4-expressing conditions ................................ 124 

Figure 4.4: T140-MB binds sensitively and specifically to CXCR4-expressing cells.. 127 

Figure 4.5: In vivo ultrasound imaging of U2932 and SuDHL8 tumours with NT-MB 
and T140-MB.. .............................................................................................................. 129 

Figure 4.6: Quantitative analysis of T140-MB and NT-MB perfusion measured by 
ultrasound imaging of U2932 and SuDHL8 tumours.. .................................................. 130 

Figure 4.7: Immunohistochemical analysis shows higher CXCR4 expression in U2932 
tumour cells than SuDHL8. ........................................................................................... 131 

Figure 4.8: SuDHL8 tumours have higher microvessel density with co-localisation of 
CXCR4, as determined by immunohistochemical analysis........................................... 132 

Figure 4.9: Faster growth rate of U2932 tumours is associated with necrosis.. ............ 133 

Figure 5.1: Schematic representation of [68Ga]DOTA-radiolabelled MB by bioorthogonal  
IeDDA  reaction between tetrazine and trans-cyclooctene (TCO) ................................ 148 

Figure 5.2: Optical determination of size and concentration of TCO-MB and NT-MB.
 ....................................................................................................................................... 149 

Figure 5.3: Optical determination of size and concentration of TCO-MB and NT-MB..
 ....................................................................................................................................... 151 

Figure 5.4: Reaction between DSPE-PEG2000-TCO and tetrazine-amine resulting in the 
formation of dihydropyradazine products. .................................................................... 152 



15 
 

Figure 5.5: 68Ga-elution from the generator and purification by cation exchanger-
trapping. ......................................................................................................................... 153 

Figure 5.6: 68Ga-radiolabelling of DOTA-Tz. ............................................................... 156 

Figure 5.7: [68Ga]DOTA-Tz purification by reversed-phase chromatography. ............ 157 

Figure 5.8: Conjugation and purification of 68Ga-labelled DSPE-PEg2000-TCO. ......... 159 

Figure 5.9: Schematic reaction of each step in the radiosynthesis of [68Ga]DOTA-MB..
 ....................................................................................................................................... 160 

Figure 5.10: In vivo imaging and biodistribution of 68Ga-labelled MB and intermediate 
compounds.. ................................................................................................................... 162 

 

 

 

 

 

 

 

 

 

 

 

 



16 
 

 

 

 

List of Tables 

 

Table 1.1: Examples of currently active or recruiting Phase II trials with AMD3100 
listed in clinicaltrials.gov ................................................................................................. 39 

Table 1.2: Feature comparison of available or emerging pre-clinical and clinical imaging 
modalities. ....................................................................................................................... 43 

Table 1.3: Examples of imaging agents targeting CXCR4 used for SPECT and 
fluorescent imaging. ........................................................................................................ 59 

Table 2.1: IC50 values for [19F]MCFB and AMD3465. ................................................. 90 

Table 3.1: Radioactivity in n-octanol phase.  ................................................................ 102 

Table 4.1: Targeted-MB developed to date for imaging of tumour vasculature. .......... 115 

Table 4.2:  Constituents of NT-MB formulation. .......................................................... 122 

Table 4.3:  Constituents of T140-MB formulation. ....................................................... 122 

Table 5.1: TCO-MB composition. ................................................................................. 150 

Table 5.2: Evaluation of reaction kinetics between DSPE-PEG2000-TCO and tetrazine 
determined by formation of dihydropyradazine products. ............................................ 152 

Table 5.3: Different methods for 68Ga-labelling of DOTA-Tz and corresponding 
reaction yields ................................................................................................................ 155 

Table 5.4: Different [68Ga]DOTA-Tz purification methods evaluated and corresponding 
efficiencies. .................................................................................................................... 157 

 

 



17 
 

 

 

 

  



18 
 

 

 

Abbreviations 

 

[18F]MCFB  Monocylam fluorobenzaldehyde  

%ID/g    Percentage of injected dose per g  

%ID/mg   Percentage of injected dose per mg  

%ID/mL   Percentage of injected dose per mL 

1H NMR  Proton magnetic resonance spectroscopy 

2D   2-dimensional 

3D    3-dimensional  

3D ML-EM  3-dimensional maximum likelihood estimation method 

ACKR3   Atypical chemokine receptor 3 

APC   Allophycocyanin 

ASAP   Acoustic sub-aperture processing  

AUC   Area under the curve 

BCA    Bicinchoninic acid assay 

BKT140  4F-benzoyl-TN14003 

BOLD-MRI  Blood oxygen level dependent MRI 

BSA    Bovine serum albumin  

CPS   Contrast pulse sequence 

CT   Computed Tomography 

CXCL12  C-X-C motif chemokine 12 

CXCR4  C-X-C chemokine receptor 4 

CXCR7  C-X-C chemokine receptor 7 

DAPI   4’-6-diamidino-2-phenylindole 



19 
 

DCE-MRI  Dynamic contrast-enhanced MRI  

Dil 1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindocarbocyanine 
perchlorate 

DIPEA   N,N-Diisopropylethylamine  

DMF   Dimethylformamide 

DOTA 1,4,7,10-tetraazacyclododecane-N,N',N'',N'''-1,4,7,10-tetraacetic 
acid 

DOTATATE  DOTA-DPhe1, Tyr3-octreotate 

DOTATOC  DOTA-d-Phe1-Tyr3-octreotide 

DOX   Doxycycline 

DPPA   1,2-Dipalmitoyl-sn-glycero-3-phosphate 

DPPC   1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

DSPE   1,2-Distearoyl-sn-glycero-3-phosphoethanolamine 

DTPA    Diethylenetriamine-pentacetic acid 

DW-MRI  Diffusion-weighted MRI 

ECL   Enhanced chemiluminescence 

ECM   Extracellular matrix 

ERK 1/2  Extracellular signal-regulated kinases 

EtOH   Ethanol 

FAK   Focal adhesion kinase 

FBS   Foetal Bovine Serum  

FDA   Food and Drug Administration 

FGF   Fibroblast growth factor 

FOV   Field-of-view 

fPAM   Functional Photoacoustic Microscopy 

G-CSF   Granulocyte colony-stimulating factor 

GFP   Green fluorescent protein  

Gluc   Gaussia luciferase 

GPCR   G protein-coupled receptor 

GRK   G protein-coupled receptor kinases 

Gα   G alpha subunit 



20 
 

Gβ   G beta subunit 

Gγ   G gamma subunit 

H&E   Haematoxylin and eosin 

HATU 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-
b]pyridinium 3-oxid hexafluorophosphate 

HCl   Hydrochloric acid  

HIF-1α  Hypoxia-inducible factor 1α 

HIV-1   Human immunodeficiency virus 1 

HPLC    High performance liquid cromatography 

HRP   Horseradish peroxidase  

ID   Injected dose 

IeDDA   Inverse electron-demand Diels-Alder  

IFI27   Interferon-α-inducible protein 27 

IgG   Immunoglobin G 

IL-6    Interleukin 6 

IP 3   Inositol trisphosphate 

IP2     Inositol bisphosphate  

JAK   Janus activated kinases 

keV   Kiloelectron volt 

LogP   Partition coefficient 

LOR   Line of response 

MAPK   Mitogen-activated protein kinase 

MB   Microbubbles 

MB/ml   Microbubbles per mL  

MeCN   Acetonitrile 

MRI   Magnetic resonance imaging 

MSOT   Multispectral optoacoustic tomography 

mTT   Mean transit time 

MVD   Microvessel density 

NCB   National Cancer Database 

NF-кB   nuclear factor kappa-light-chain-enhancer-of-activated-B-cells  



21 
 

NIR   near-infrared  

NOD/SCID  Nonobese diabetic/severe combined immunodeficiency 

NOTA   1,4,7-triazacyclononane-1,4,7-triacetic acid  

NSCLC  Non-small cell lung cancer 

NT-MB  Non-targeted Microbubbles 

OCT1   Organic cation transporter 1 

OCT2   Organic cation transporter 2 

OCT3   Organic cation transporter 3 

PBS   Phosphate buffered-saline 

PBST   Phosphate buffered-saline containing 0.1% v/v Tween® 20 

PD   Power Doppler 

PE   Phycoerythrin 

PEG2000  Poly(ethylene glycol) 2,000 

PET   Positron Emission Tomography 

PI   Post-injection 

PI3K    Phosphatidylinositol-4,5-bisphosphate 3-kinase 

PIP2    Phosphatidylinositol 4,5-bisphosphate 

PLC   Phospholipase C 

PRRT   Peptide receptor radionuclide therapy  

PSF   Point-spread-function 

PSMA   Prostate specific membrane antigens 

PTFE   Polytetrafluoroethylene  

PVE   Partial volume effect 

RCY   Radiochemical yield 

RECIST   Response Evaluation Criteria in Solid Tumours 

RF   Radiofrequency 

RIPA    Radioimmunoprecipitation assay 

ROI   Region-of-interest 

RPMI   Roswell Park Memorial Institute Medium 1640  

RT   Room temperature 



22 
 

SDF-1α  Stromal cell-derived factor 1α 

SEM   Standard error of the mean 

shCXCR4   CXCR4-targeting shRNA 

SPAAC  Strain-promoted alkyne-azide cycloadditions 

SPECT  Single photon computed tomography  

SPIOs   Superparamagnetic iron oxide nanoparticles 

STAT   Signal transducer and activator of transcription 

SVD   Singular value decomposition 

T140-MB  T140-conjugated microbubbles 

TAC   Time-activity curves 

TCO   Trans-cyclooctene  

Tdelay   Delay time 

Thy1   Thymocyte differentiation antigen 1  

TIC   Time intensity curve 

Tmax   Time to reach maximum enhancement  

TOF   Time-of-flight 

Tz   Tetrazine 

UICC   Union International Cancer Control 

UPC2   UltraPerformance Convergence Chromatography 

US   Ultrasound 

VEGF   Vascular endothelial growth factor 

VOI   Volumes-of-interest 

WHIM Syndrome of warts, hypogammaglobulinemia, infections and 
myelokathexis 

WHO   World Health Organisation 

β+   Positron  

 

 

 



23 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



24 
 

 

 

Chapter 1 

 

Introduction 
 

Cancer is one of the leading causes of morbidity and mortality worldwide. In 2012 alone, 

14.1 million new cases of cancer were diagnosed, and 8.2 million lives were claimed by 

this disease (‘Globocan 2012 (IARC)’, 2012). In general terms, cancer can be 

characterised by deregulation of cell proliferation and altered programmed cell death, 

apoptosis (Nguyen and Aboagye, 2010). Although remarkable advances have been made 

in cancer research, effective treatments remain challenging, largely due to the complexity 

of the disease and the unparalleled ability of cancer cells to adapt and survive.  

For a long time, it was thought that this malignant progression was mainly driven by 

accumulation of oncogenic mutations; however, it is now evident that tumour 

microenvironment, communication between cancer cells, the extracellular matrix (ECM) 

and a variety of secreted factors and cytokines also impact disease aggressiveness and 

even treatment efficacy (Hanahan and Weinberg, 2000; Witz and Levy-Nissenbaum, 

2006). Despite the complex and heterogeneous nature of cancer, Hanahan and Weinberg 

(Hanahan and Weinberg, 2000) proposed six hallmarks that, put together, constitute an 

organising scaffold shared by most forms of cancer. These include sustaining proliferative 

signalling, resisting cell death, inducing angiogenesis, enabling replicative immortality, 
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evading growth suppression, activating invasiveness and metastases (Fig. 1.1). 

Continuous progress in this field has led to the identification of other two other attributes 

of cancer cells that are functionally important for the development and progression of 

cancer and are therefore considered to be emerging hallmarks of cancer: one is the 

deregulation of cellular energetics, where cellular metabolism undergoes reprogramming 

to continuously support cell growth and proliferation; the other one involves evasion of 

cancer cells from attacks by the immune system (Hanahan and Weinberg, 2011). 

These functions are attained through different mechanisms depending on the tumour type, 

but their acquisition is only possible due to two enabling characteristics: genomic 

instability in cancer cells that generates random mutations and the inflammatory state of 

pre- and malignant lesions driven by the immune system. Both of these features allow 

hallmark capabilities, enabling tumour progression.  

Metastases, where cancer cells spread to other organs in the body, is one of the deadliest 

hallmarks of malignant progression, accounting for more than 90% of all cancer-related 

deaths (Gupta and Massagué, 2006; Mehlen and Puisieux, 2006). This is due to the fact 

that it remains largely incurable owing to its systemic nature and the resistance of 

disseminated tumour cells to existing therapies (Gupta and Massagué, 2006; Valastyan 

and Weinberg, 2011). Detection of cancer prior to dissemination can significantly 

increase treatment efficacy, thus improving prognosis and outcome (Welch and Rinker-

Schaeffer, 1999; Weigelt, Peterse and van’t Veer, 2005; Gupta and Massagué, 2006; 

Valastyan and Weinberg, 2011; Kenny and Aboagye, 2014). For example, for breast 

cancer diagnosed at stage 0 or I, the 5-year survival rate is close to 100%, while metastatic 

disease or stage IV breast cancers have a 5-year survival rate of approximately 22% 

(American Cancer Society - Breast Cancer Facts & Figures, 2017). The importance of 

early diagnosis expands beyond the dangers of metastatic spread; surgical resection is 
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usually limited to tumours detected at an early stage and the outcome of therapy decreases 

significantly once primary surgery is no longer an option. For example, according to 2010 

National Cancer Database (NCB) data, 60% of stage I non-small cell lung cancer 

(NSCLC) qualified for curative surgery as primary treatment, compared to only 6% 

diagnosed at stage III (American College of Surgeons - National Cancer Database, 2013). 

The 5-year survival rate for NSCLC patients that underwent surgical resection is 60-80%, 

whereas non-resectable stage III disease is associated with a 2-year survival rate of less 

than 20% (Schiller et al., 2002). Early detection is a crucial tool against cancer 

particularly in the case of solid tumours (Hussain and Nguyen, 2014). 

 

 

 
Figure 1.1: The hallmarks and enabling characteristics of cancer.  Adapted from Hanahan and Weinberg, 
2011 (Hanahan and Weinberg, 2011). 

 

Cancer diagnosis and treatment have improved considerably in the last 20 years. This is 

partly due to our increasing understanding of the biological processes involved in cancer 

progression, which have allowed the development and clinical translation of molecularly-

targeted therapeutics. Appropriate selection of targeted treatment is dependent on 
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accurate molecular profiling of tumours, which currently remains based on  

histopathological characterisation of tumour specimens for the expression of specific 

biological markers (Kenny and Aboagye, 2014; O’Connor et al., 2016). However, this 

procedure requires the sampling of tumour tissues by needle biopsy, an invasive 

procedure and potentially high risk in sensitive anatomic locations, rendering this 

procedure impractical for longitudinal studies during treatment monitoring. Furthermore, 

biopsy sampling is often unrepresentative of the whole tumour due to the presence of 

heterogeneity, which can potentially compromise the choice of adequate treatment 

(Kenny and Aboagye, 2014; Yankeelov, Abramson and Quarles, 2014). 

Non-invasive imaging has played a crucial role in detecting and staging cancer. Much of 

the progress accomplished can be attributed to the technical advances in imaging 

technology, such as ultrasound (US), computed tomography (CT) and magnetic 

resonance imaging (MRI), which are essential to provide anatomical information 

(Weissleder and Pittet, 2008). The current standard for diagnosis and therapy assessment 

is predominantly based on criteria determined by the World Health Organisation (WHO) 

and according to the Response Evaluation Criteria in Solid Tumours (RECIST v1.1) 

classification, which relies on anatomical imaging size measurements (Eisenhauer et al., 

2009). However, these guidelines may not be adequate for determination of disease 

progression and drug-response, as molecular alterations often precede structural changes, 

and the latter may require weeks to become evident. This is particularly true for the use 

of cytostatic anti-cancer therapies, where arrest of cell proliferation occurs without 

apparent cell elimination (Nguyen and Aboagye, 2010). 

Molecular imaging provides a unique way for characterisation of the molecular status of 

the whole of the tumour landscape (Kenny and Aboagye, 2014). Positron emission 

tomography (PET) and single photon computed tomography (SPECT) are particularly 
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attractive tools for molecular imaging, as the use of dedicated radiotracers allow whole-

body imaging and quantification of tumour biomarker expression (Kenny and Aboagye, 

2014; Yankeelov, Abramson and Quarles, 2014). [18F]Fluorodeoxyglucose (FDG) is the 

most common tracer for PET imaging, and has been successfully used for molecular 

imaging in the oncology field for cancer detection, staging and therapy monitoring 

(Fletcher et al., 2008). FDG is a glucose analogue, and the rationale behind the use of this 

tracer is based on the concept that cancer cells exhibit higher glucose uptake owing to 

their increased energy demands (Warburg, Wind and Negelein, 1927).  However, high 

glycolytic activity is not cancer-specific and FDG-related false positive findings in benign 

diseases have been reported. For example, infectious diseases, post-operative surgical 

conditions and inflammation processes have shown intense tracer uptake on PET scans 

(Goo et al., 2000; Alavi et al., 2002; Fletcher et al., 2008). On the other hand, tumours 

with low glycolytic activity such as adenomas, bronchioloalveolar carcinomas, low grade 

lymphomas or just small sized tumours have revealed false negative findings on a PET 

scan (Kim et al., 1998; Berger et al., 2000; Montravers et al., 2000). Furthermore, its use 

to visualise lesions in organs with high metabolic demands such as the brain, heart or 

prostate is limited due to high background signal, and needs to be complemented with 

other imaging modalities to confirm results and minimise false negative findings (Jadvar, 

2011). 

CXCR4 has been gaining interest as a target for molecular imaging, given that its 

overexpression has been suggested to be correlated with tumour aggressiveness, 

increased risk of metastasis, recurrence and poor survival (Burger and Kipps, 2006; L. E. 

Woodard and Nimmagadda, 2011; Knight et al., 2012; Kuil, Buckle and van Leeuwen, 

2012; Aboagye et al., 2014). Due to the clinical significance of CXCR4 overexpression 

in cancer, antagonists for this receptor have been developed for targeted therapy or for 
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use as sensitizers for conventional chemotherapy (Domanska et al., 2013). Thus, imaging 

of CXCR4 expression may represent a useful tool, not only for diagnosis and staging of 

tumours, but also to assist in the selection of patients for targeted therapy and treatment 

monitoring.  

 

1.1. The Chemokine Receptor 4  
 

The C-X-C chemokine receptor 4 (CXCR4, also known as fusin and CD184) is a seven-

transmembrane domain G protein-coupled receptor (GPCR), with seven helical regions 

connected by six extramembrane loops (Hamm, 1998) (Fig. 1.2). Binding of CXCR4 to 

its natural ligand, the C-X-C motif chemokine 12 (CXCL12, also known as stromal cell-

derived factor-1α, SDF-1α), activates several downstream signalling pathways, leading 

to altered gene expression, chemotaxis/migration, survival and proliferation (Ganju et al., 

1998; Tilton et al., 2000; Neuhaus et al., 2003). 

 

 

Figure 1.2: Crystal structure of CXCR4. The N-terminal amino acids 27-31 are depicted in blue, 
extracellular loop 1 (amino acids 100-104) in red, extracellular loop 2 (amino acids 174-192) in purple, and 
extracellular loop 3 (amino acids 267-273) in orange. Intracellular loops 1 (amino acids 65-71), 2 (amino 
acids 140-144) and 3 (amino acids 225-230) are depicted in cyan. The C-terminal (amino acids 315-319) 
are shown in yellow. Figure from Pawig et al., 2015 (Pawig et al., 2015). 
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CXCR4 is expressed in various cell types such as haematopoietic stem cells, primordial 

germ cells, as well as immune, epithelial and endothelial cells (Teicher and Fricker, 

2010a). On the other hand, CXCL12 is secreted by bone marrow-derived fibroblasts, and 

is present in organs such as lymph nodes, lung, liver and kidneys (Gupta et al., 1998; 

Teicher and Fricker, 2010a). 

During embryonic development, CXCR4-expressing pluripotent cells travel towards a 

CXCL12-gradient at sites where they can differentiate into specific tissues (McGrath et 

al., 1999). CXCR4-knockout mice resulted in a lethal phenotype, with vascular, 

gastrointestinal or cerebellar irregularities, demonstrating its role in embryogenesis 

(Tachibana et al., 1998; Zou et al., 1998). CXCR4 expression is also involved in the 

immune response, inducing leukocyte trafficking to sites of inflammation, tissue 

inflammation and regeneration, as well as haematopoietic stem/progenitor homing to the 

bone marrow (Nagasawa et al., 1996; Loetscher, Moser and Baggiolini, 2000; Kruizinga 

et al., 2009). 

 

1.2. Role of CXCR4 in Cancer Biology  
 

CXCR4 was first discovered as one of the co-receptors for human immunodeficiency 

virus 1 (HIV-1) infection in T-cells, constituting the first found role of this receptor in 

disease (Feng et al., 1996). Ever since, the CXCR4/CXCL12 axis has been implicated in 

the pathology of several autoimmune and inflammatory diseases (Buckley et al., 2000; 

Chung et al., 2010; Werner, Guzner-Gur and Dotan, 2013), including a rare primary 

immunodeficiency called syndrome of warts, hypogammaglobulinemia, infections and 

myelokathexis (WHIM) caused by heterozygous mutations of the CXCR4 receptor 

(Pozzobon et al., 2016). It was not until the discovery of the involvement of CXCR4 in 

B-cell trafficking and tissue localisation in chronic leukemia (Burger, Burger and Kipps, 
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1999; Möhle et al., 1999), and regulation of organ-specific metastasis in breast cancer 

(Homey et al., 2001) that its role in cancer progression was first recognised. Today, 

CXCR4 overexpression has been identified in over 20 human tumour types, including 

ovarian (Hall and Korach, 2003), prostate (Taichman et al., 2002), melanoma (Kim et al., 

2008), neuroblastoma (Geminder et al., 2001), amongst others (Rubin et al., 2003; Kaifi 

et al., 2005; Zagzag et al., 2005). The elevated expression of this receptor has been 

correlated with tumour aggressiveness, increased risk of metastasis and higher probability 

of recurrence in several tumour types (Saur et al., 2005; Scala et al., 2005; Jiang et al., 

2006; Cabioglu et al., 2009; Liao et al., 2012). For example, CXCR4 expression ranges 

from 12% in early stage breast cancer to more than 90% in ductal carcinoma in situ 

(DCIS), and has been strongly correlated with tumour grading and poor prognosis in 

triple-negative breast cancer (Salvucci et al., 2006). 

The CXCR4/CXCL12 axis can influence tumour progression through two mechanisms: 

either by direct autocrine effects that promote growth, metastasis and angiogenesis, or by 

indirect effects, including the recruitment of CXCR4-expressing cancer cells to CXCL12-

expressing organs (or the other way around, where CXCR4-positive progenitor cells can 

travel to the tumour site) (Guo et al., 2015). 

Binding of CXCL12 to CXCR4 leads to the formation of a complex with the Gαi subunit 

the G protein coupled receptor, and dissociation of this subunit from Gβγ triggers multiple 

signalling pathways, including Rho, extracellular signal-regulated kinases (ERK1/2), 

mitogen-activated protein kinase (MAPK) and Akt effectors. These pathways result in 

cell survival, proliferation and chemotaxis (Fig. 1.3) (Luker and Luker, 2006; Teicher and 

Fricker, 2010a; Yagi et al., 2011). CXCR4/CXCL12 axis switches on Janus-activated 

kinase/signal transducers and activators of the transcription JAK/STAT pathway. 

Furthermore, downstream signalling results in activation of nuclear factor kappa-light-
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chain-enhancer-of-activated-B-cells (NF-кB), a transcription factor that, in normal 

conditions, binds to DNA and promotes the expression of genes involved in cell survival, 

proliferation and differentiation (Ganju et al., 1998). NF-кB activation results in the 

expression of genes associated with survival and malignant progression, and may also 

induce expression of CXCR4, creating a positive feedback mechanism (Maroni et al., 

2006; Miyanishi et al., 2010). 

  

Figure 1.3: The CXCR4/CXCL12 signalling axis. Activation of CXCR4 by CXCL12 binding initiates 
multiple downstream pathways which include IP3, PI3K/Akt and MAPK pathways, promoting cell 
survival, proliferation, chemotaxis and altered gene transcription. 

 

Paracrine CXCR4/CXCL12 signalling plays an important role in regulation of primary 

tumour growth and metastasis. High CXCR4 expression enables tumour cells to target 

organs expressing abundant levels of CXCL12. In fact, Muller et al. reported that the 

organs with higher expression of CXCL12, namely the liver, bone marrow, lungs and 

lymph nodes, represent the most common organs for breast cancer and melanoma 
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metastasis (Fig. 1.4) (Müller et al., 2001). Since then, increasing evidence with other 

tumour types indicate that organ-dependent metastasis may be mediated by the homing 

and specific binding of CXCR4/CXCL12 (Balkwill, 2004; Kim et al., 2006; Gelmini et 

al., 2009). For example, it was found that cells isolated from metastatic tumours express 

higher levels of CXCR4 than cells derived from their primary tumours (Marchesi et al., 

2004; Nimmagadda et al., 2010). Furthermore, CXCR4-knockdown or inhibition by 

antagonists was shown to reduce the incidence of lung metastasis in animal models, and 

its overexpression showed the opposite effect (Smith et al., 2004; Liang et al., 2005, 2007; 

Bartolomé et al., 2009). 

 

 

Figure 1.4: Schematic representation of the role of CXCR4/CXCL12 axis as a promoter of tumour growth 
and metastasis. Tumour associated stromal cells constitutively express CXCL12, which stimulates the 
proliferation and survival of CXCR4-positive tumour cells. These cells can migrate along a CXCL12 
gradient to distant organs that express this chemokine, leading to formation of metastases. On another hand, 
high CXCL12 expression by the tumour cells and tumour-associated stromal cells form a local gradient that 
attracts CXCR4-expressing bone marrow derived progenitor cells towards the tumour region; once in the 
tumour, these cells contribute to the process of angiogenesis and vasculogenesis by supporting newly 
formed blood vessels and by promoting the release of other pro-angiogenic factors. Adapted from 
Domanska, 2013 (Domanska et al., 2013). 
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The presence of other tumour-associated cells such as infiltrated bone-marrow derived 

mesenchymal stem cells or fibroblasts that secrete CXCL12 has been suggested; this 

promotes progression of fibroblasts into cancer-associated fibroblasts, which, due to their 

high expression of CXCL12, promote tumour survival and expression of CXCR4 in 

tumour cells (Kojima et al., 2010; Jung et al., 2013). 

Overexpression of CXCR4 in endothelial cells of tumour vasculature has brought 

attention to the role of this axis in the angiogenic process. The first evidence of this 

receptor as a direct mediator of angiogenesis was provided in a study from Feil and 

Augustin showing elevated expression of CXCR4 at the mRNA level by different 

endothelial cells (Feil and Augustin, 1998; Salcedo et al., 1999). There are various 

mechanisms by which CXCR4/CXCL12 may induce tumour angiogenesis. For example, 

CXCL12 upregulates expression of vascular endothelial growth factor (VEGF) by 

activating the phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/Akt signalling 

pathway in cancer cells, promoting vascularisation. VEGF on the other hand, facilitates 

migration of cancer cells towards a CXCL12 gradient by inducing CXCR4 expression, 

creating a regenerative positive feedback loop (Bachelder, Wendt and Mercurio, 2002). 

Additionally, CXCL12 promotes angiogenesis by downregulating expression of the 

glycolytic enzyme phosphoglycerate kinase 1, which is responsible for the production of 

an angiogenesis inhibitor protein, angiostatin (Wang et al., 2007). 

CXCR12 can moreover significantly upregulate several angiogenesis-associated genes, 

such as interferon-α-inducible protein 27 (IFI27), interleukin 6 (IL-6), that promote 

angiogenesis by inducing the expression of VEGF and fibroblast growth factor (FGF) 

(Chu et al., 2009). On the other hand, hypoxia-inducible factor 1α (HIF-1α), the direct 

effector of acute hypoxia, was shown to upregulate CXCL12 expression in tumour cells 

(Schioppa et al., 2003). High expression of CXCL12 by tumour cells and tumour-
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associated cells such as fibroblasts results in the recruitment of endothelial progenitor 

cells to the vicinity of neovascularisation (Fig. 1.4) (Orimo et al., 2005). 

Until recently, CXCL12 was thought to bind exclusively to CXCR4. However, it was 

shown that CXCL12 also binds and signals through the orphan receptor C-X-C 

chemokine receptor 7 (also known as ACKR3) expressed in T lymphocytes (Balabanian 

et al., 2005). Later on, a study where liver cells from CXCR4-deficient mice showed 

persistent uptake of radiolabelled CXCL12, further confirmed CXCR7 as an alternative 

receptor for CXCL12 (Burns et al., 2006). CXCR7 was initially regarded as a decoy 

receptor, thought to modulate CXCR4 signalling by establishing CXCL12 gradients (Sun 

et al., 2010). It is now known that CXCR7 activation through CXCL12 binding can lead 

to a range of downstream signalling pathways resulting in receptor internalisation, cell 

survival, proliferation, adhesion, and even chemotaxis of CXCR4-negative cells 

(Hattermann and Mentlein, 2013). Furthermore, when co-expressed, CXCR4 and CXCR7 

engage in heterodimers, which modulate downstream such as G protein signalling or β-

arrestin recruitment (Lique Levoye et al., 2009; Décaillot et al., 2011; Hattermann and 

Mentlein, 2013) 

CXCR4 signalling has been suggested to have implications on resistance to therapy, as 

several studies have identified increased expression of CXCR4 and/or CXCL12 following 

radiotherapy, chemotherapy and anti-angiogenic therapy, and this expression was 

correlated with poor prognosis (Ebos et al., 2007; Shaked et al., 2008; Arora et al., 2013). 

This is thought to be mediated by the increased expression of survival proteins (NF-кB 

and β-catenin), and the induction of the angiogenic and metastatic process. Thus, the use 

of anti-CXCR4 therapy was proposed, either alone or as a sensitizer to conventional 

treatment (Duda et al., 2011). Given the described involvement of CXCR4 in tumour 
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progression and therapy resistance, this receptor has been gaining interest as a therapeutic 

target. 

 

1.3. CXCR4-targeted Anticancer Therapy  
 

The potential clinical significance of CXCR4 expression in cancer has motivated the 

development of antagonists to be used as therapeutic strategies. Peptide-based CXCR4 

antagonists were first identified by screening molecules against HIV infection (Debnath 

et al., 2013). One of the identified peptides, T140, a 14-residue peptide with a disulphide 

bridge, was the most active against CXCR4, and is commonly used as a template for the 

design of more active and stable derivatives. For example, an amidation at the C-terminus 

of T140 has yielded analogues such as TN14003, or TC14012, which were shown to 

inhibit CXCL12-induced migration of human breast cancer, leukemia and endothelial 

cells in vitro; furthermore, the T140-analogue 4F-benzoyl-TN14003 reduced pulmonary 

metastasis of breast cancer in severe-combined-immunodeficiency (SCID) mice, 

suggesting that these analogues may be advantageous in the clinical setting (Tamamura 

et al., 2003).   

The other major class of CXCR4 antagonists are small molecules, including AMD3465 

and AMD3100 (Fig. 1.5). AMD3100, also known as Plerixafor or Mozobil (De Clercq, 

2003), was initially developed for its potential anti-HIV activity, but research in this area 

has been largely abandoned (Hendrix et al., 2004). Plerixafor is currently the only 

CXCR4 antagonist that has been approved by the Food and Drug Administration (FDA) 

for use in Phase I and II studies, alone or in combination with other therapies, against 

glioblastoma, multiple myeloma, non-Hodgkin’s lymphoma, Hodgkin’s disease, 

leukemia, among others (Table 1.1).  
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Figure 1.5: Chemical structures of T140, AMD3100 and AMD3465. Adapted from Wong et al., 2008 
(Wong et al., 2008) and Trent et al., 2003 (Trent et al., 2003).  

 

With the aim of optimising the anti-HIV activity and affinity for CXCR4, many 

modifications to the AMD3100 structure have been studied in the literature (Bridger et 

al., 1996). Complexes of AMD3100 with metal cations were prepared and the 

incorporation of ZnII, NiII and CuII led to the enhancement of the binding affinity to 

CXCR4 and a higher anti-HIV activity (Valks et al., 2006). Work by Poty et al. 

demonstrated that functionalisation of the central bridging phenyl group in AMD3100 

can be carried out without significant loss in the affinity for CXCR4, whilst allowing the 

introduction of an optical or PET imaging agent (Poty et al., 2015).  

AMD3465, a monocyclam, is also a potent CXCR4 antagonist, and was shown to induce 

mobilization of acute myeloid leukemia cells and endothelial progenitor cells into the 

circulation, as well as enhancing the antileukemic activity of chemotherapy and sorafenib, 

reducing leukemia burden and prolonging animal survival (Zeng et al., 2009). Thus, the 
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combination of AMD3465 and chemotherapy may constitute a promising approach for 

cancer.  

Recently, CXCR4-targeted therapy has expanded towards peptide receptor radionuclide 

therapy (PRRT) by the development of two endoradiotherapeutic vectors, 

[177Lu]pentixather and [99Y]pentixather (Herrmann et al., 2016). [177Lu]pentixather was 

shown to accumulate specifically in CXCR4-expressing mouse lymphoma models, and 

preliminary data indicated a therapeutic effect in patients with multiple myeloma 

concomitant with reduction in FDG uptake (Buck et al., 2017; Schottelius et al., 2017).  

Given the emerging role of CXCR4 as a therapeutic agent, there is a demand for imaging 

agents capable of tracking the expression of this receptor. Molecular imaging agents 

capable of sensitive depiction of CXCR4 expression could be applied for establishing 

prognosis, screening for metastatic potential or spread, choice of appropriate therapeutics 

and monitoring therapy efficacy.  
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Table 1.1: Examples of currently active or recruiting Phase II trials with AMD3100 listed in 
clinicaltrials.gov (ClinicalTrials.gov database, 2017). 

 

 

1.4. Molecular Imaging for Cancer Detection 
 

Molecular imaging provides a unique way for non-invasive visualisation of biochemical 

events at the cellular and molecular level (Massoud and Gambhir, 2003). It is motivated 

by the translation of the type of insights into the inner workings of cells that is offered by 

in vitro bioassays to an in vivo setting. For example, characterisation of molecular 

processes can be performed without the need to perturb or extract the cells from their 

natural microenvironment; it allows characterisation of the whole of the tumour 

landscape, avoiding sampling bias; it enables the collection of longitudinal data by 

making it possible to repeat studies in the same animal, resulting in the use of fewer 

animals (in accordance with good animal welfare practices); pharmacokinetics and 

pharmacodynamics data can be easily obtained, hastening the evaluation of efficacy, 
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metabolism and safety profile of potential therapeutics; and lastly, some techniques have 

adequate temporal and spatial resolution to allow imaging of intricate biological and 

physiological processes in living subjects (Fass, 2008; James and Gambhir, 2012; Kenny 

and Aboagye, 2014). These features make molecular imaging an exciting field, opening 

doors to a wide range of applications that extend beyond tumour diagnosis, such as 

personalised therapy planning and monitoring, drug discovery and guided surgery.  

Molecular imaging probes are generally composed of a targeting element – a ligand that 

has affinity for, and is specific to, a certain biomarker of malignancy – and a signalling 

component which is detectable by the respective imaging modality. Although SPECT and 

PET launched the field of molecular imaging, use of other modalities including CT, 

optical imaging, MRI, and US are steadily increasing. All imaging techniques are 

different, providing different type of information, and both the application and the object 

of study should be considered prior to choosing one modality (Table 1.2).  

 

Computed Tomography  
 

CT is a technique that combines differential levels of X-ray attenuation by tissues within 

the body and tomography (imaging by sections) to reconstruct a three-dimensional 

anatomic image of the subject being scanned (Chen, Rogalski and Anker, 2012). In the 

clinic, CT has proven invaluable in identifying and assessing tumours (Vlychou and 

Athanasou, 2008; James and Gambhir, 2012). Its widespread use is owed to its speed, 

high spatial resolution, cost-effectiveness and availability. Thus far, its use is mostly 

restricted to the acquisition of structural information; however, examples of molecular 

imaging using CT are now under investigation. For example, Hyafil and colleagues 

reported the use of iodinated nanoparticles for cellular imaging of macrophage infiltration 

in atherosclerotic plaques (Fig. 1.6) (Hyafil et al., 2007); other groups have used targeted 
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gold nanoparticles for molecular imaging of prostate specific membrane antigens 

(PSMA) (Popovtzer et al., 2008; Li et al., 2010). 

 

Figure 1.6: Imaging of macrophages in atherosclerotic plaques. Axial views of the same atherosclerotic 
plaque (white arrows) in the aorta of a rabbit, obtained by CT before (A), during (B) and 2h after injection 
of an iodinated nanoparticle contrast agent, N1177, or a conventional contrast agent (D). Adapted from 
Hyafil et al., 2007 (Hyafil et al., 2007). 

 

 Despite these advances, this modality is less than ideal for molecular imaging 

applications. The primary limitation is the low sensitivity of CT-compatible contrast 

agents, requiring quantities in the high millimolar range, which raises toxicity concerns. 

Furthermore, the high exposure to radiation is a limitation, especially when repeated use 

is necessary.  

 

Optical imaging 
 

Optical imaging is perhaps the most versatile and rapidly evolving modality in preclinical 

biomedical imaging today, partially owing to its cost-effectiveness, simplicity and ability 

to provide functional and molecular information (Hebden, Arridge and Delpy, 1997). 

Light travelling through biological tissue leads to photophysical events such as 

absorption, scattering and emission of light. These events can be exploited in order to 
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obtain biochemical and morphological information about cells or tissues, forming the 

basis of optical imaging (Solomon et al., 2011). 

Optical imaging typically begins with the absorption of light by endogenous or exogenous 

chromophores; this absorbed light can be re-emitted at longer wavelengths than the 

incident, by a process called autofluorescence, in the case of endogenous chromophores, 

or fluorescence, in the case exogenous contrast agents (Ntziachristos, 2006). 

Alternatively, spontaneous light emission can be induced by a biochemical reaction, such 

as the luciferase-catalysed oxidation of luciferin, in a process called bioluminescence 

(O’Neill et al., 2009). 

Owing to its ability of discriminate different contrasts at the cellular level, and the ability 

to image live processes, optical imaging has been an essential tool for preclinical research. 

Clinical applications of optical imaging are, however, hampered by the limited depth of 

penetration and rapid attenuation of photons in tissue within the visible and near-infrared 

(NIR) wavelengths (Heinzmann et al., 2017). Nonetheless, major advances in optical 

methodologies than can perform in vivo molecular imaging are rapidly emerging. 

Confocal and multiphoton microscopy, for example, have been widely used for in vivo 

imaging of tissues (Stephens and Allan, 2003). While focusing a laser beam inside the 

specimen, a pinhole is used to reject any photons arriving to the detector from out-of-

focus areas that contribute for blurring. Both techniques can be used to generate two- or 

three-dimensional images; and whereas multiphoton microscopy generates lower 

resolution images, its penetration depth is 2-3 times deeper than confocal imaging 

(Helmchen and Denk, 2005; Ntziachristos, 2010). Together, confocal and multiphoton 

microscopy have already been used in the diagnosis and monitoring of primary tumours 

and metastases (Weigang et al., 2002; Seidenari, Arginelli and Manfredini, 2014; Pouli 

et al., 2016).  
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Table 1.2: Feature comparison of available or emerging pre-clinical and clinical imaging modalities. 
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Another example of an optical-based modality is optical projection tomography. This 

approach uses unfocused light beams over multiple projections to reconstruct a three-

dimensional image. Typically, prior to imaging, tissue specimens have to undergo a 

chemical treatment in order to make it transparent, significantly reducing photon 

scattering; however, this is a toxic treatment, and thus not suitable for applications other 

than post-mortem imaging (Jacobs et al., 1994).  

 

 

Figure 1.7. Principle of optoacoustic imaging. (A) A tissue with two absorbing structures is illuminated by 
laser beams operating as pulses. (B) Part of the energy is absorbed, resulting in a local temperature rise that 
causes transient thermoelastic expansion of the absorbing structures, generating ultrasound waves. (C) 
Example of optoacoustic in vivo imaging of a U87 glioblastoma in mouse brain 20h after injection of a 
αvβ3-targeting fluorescent probe and (D) photograph of the excised brain. Adapted from Ntziachristos, 
2010 (Ntziachristos, 2010) 

 

Optoacoustic (also known as photoacoustic) methods are emerging as a powerful 

approach for optical imaging of tissues. When photon pulses propagate through tissue, 

molecules can absorb part of the energy, resulting in a local temperature rise; this causes 

transient thermoelastic expansion of the light-absorbing structures, generating ultrasound 

waves (1-100 MHz range) (Fig. 1.7) (Andreev, Karabutov and Oraevsky, 2003; 
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Ntziachristos et al., 2005). Using this technology, Zhang et al. devised an approach 

named Functional Photoacoustic Microscopy (fPAM), where tissue is illuminated with a 

short laser pulse focused with a conical lens to an area of tissue that coincides with the 

focal point of a wideband ultrasonic detector (Zhang et al., 2006). This technique allows 

visualisation of contrast agents at greater depths than any other optical microscopy 

methods with ~ 10-20 µm resolution (Ntziachristos, 2010), and has been successfully 

used to acquire functional and structural information, such as blood vessels structure and 

blood oxygenation (Stein et al., 2009). 

Whereas fPAM allow microscopic imaging only, mesoscopic and macroscopic detection 

is possible with multispectral optoacoustic tomography (MSOT). This method uses 

photon pulses to establish transient fields of diffusive photons inside the tissue, which, 

upon absorption, give rise to acoustic waves that can be detected with an array of 

ultrasonic detectors placed around the sample (Ntziachristos, 2010). The broadband 

ultrasound signal is detectable using piezoelectric sensors for subsequent tomography 

reconstruction (Wang et al., 2016). Furthermore, by illuminating the sample with multiple 

wavelengths, it is possible to detect ultrasound waves emitted by different light-absorbing 

molecules in the tissue; these can be deconvoluted, allowing each emitter to be visualised 

separately in the target tissue (Razansky, Vinegoni and Ntziachristos, 2007). 

Optoacoustics imaging is not, however, without shortcomings: limited penetration depth 

of the excitation light, together with attenuation of acoustic frequencies by tissue result 

in a fast resolution drop with depth (Heinzmann et al., 2017). Moreover, as light intensity 

depends non-linearly on depth and spatial variations of tissue absorption and scattering, 

quantification is challenging (Ntziachristos, 2010). Nonetheless, its clinical outlook is 

promising, and it is currently undergoing clinical trials for detection or monitoring of 

breast (Clinical trial No. NCT01755130) (ClinicalTrials.gov database, 2017), prostate 



46 
 

(Clinical trial No. NCT01551576) (ClinicalTrials.gov database, 2017), skin (Leong, 

Kothapalli and Gambhir, 2016) and gynaecologic cancers (Clinical trial No. 

NCT02110277) (ClinicalTrials.gov database, 2017).  

 

Magnetic Resonance Imaging 
 

MRI is a highly versatile and powerful imaging modality that provides excellent soft 

tissue contrast, by allowing imaging of atomic nuclei within the body. 

This technology relies on the production of a strong magnetic field by an MRI scanner, 

inside which the patient is positioned. The energy from the oscillating magnetic field is 

applied at the appropriate resonance frequency, exciting the protons (hydrogen atoms) in 

the patient’s tissues that contain water. The protons have a non-zero spin and therefore a 

magnetic moment, which align with the direction of the magnetic field produced by the 

scanner. A radiofrequency (RF) pulse is then applied that causes the protons to alter their 

magnetisation alignment relative to the field. Upon removal of the RF pulse, the excited 

protons relax to the ground state by emitting energy gained from the RF pulse. This 

relaxation occurs via two different processes: T1 longitudinal relaxation, which results in 

longitudinal magnetisation recovery, and T2 transverse relaxation, which involves 

transverse magnetisation decay originating from the loss of phase coherence between the 

proton nuclear spins. These relaxation processes are recorded and reconstructed into grey 

scale images, which can be categorised into T1- or T2-weighted images. Different tissues 

have different proton densities and tumbling rates, which affect the rate of proton 

relaxation; thus, different tissues have characteristic MRI signatures, and  pulse sequences 

should be tailored to the tissue being interrogated (Levitt, 2002; McRobbie et al., 2006).  

Beyond anatomical information, MRI allows acquisition of physiological information via 

specialised techniques. Methodologies such as dynamic contrast-enhanced MRI (DCE-
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MRI), diffusion-weighted MRI (DW-MRI) and blood oxygen level dependent MRI 

(BOLD-MRI) enable assessment of physiological characteristics of the vasculature, tissue 

cellularity and oxygen status of red blood cells in perfused regions of tissue, respectively 

(James and Gambhir, 2012). 

MRI applications have also extended to molecular imaging with the development of 

‘targeted’ contrast agents – targeted gadolinium (Gd) and superparamagnetic iron oxide 

nanoparticles (SPIOs) have been developed for the detection of matrix metalloproteinase-

2 in gliomas or for imaging of αvβ3 integrins (Sipkins et al., 1998; Kelly et al., 2005; 

Oghabian and Farahbakhsh, 2010; Gallo et al., 2014).  

This technique is one of the most important imaging modalities available owing to its 

unlimited depth of penetration, high spatial resolution and soft tissue contrast, and the 

lack of use of ionising radiation. However, the inherently poor sensitivity of MRI remains 

a limitation for the accurate detection of small biological targets, such as tumours in early 

stage or subtle anatomical changes. This can lead to relatively long acquisition times 

and/or the injection of large amounts of imaging agents. (James and Gambhir, 2012; Shin 

et al., 2015). 

 

Single Photon Emission Computed Tomography (SPECT) 
 

SPECT is a tomographic molecular imaging technique that enables assessment of 

biochemical changes and molecular targets within a living subject by the introduction of 

a gamma-emitting radionuclide (Fig. 1.8) (Alford et al., 2009). These are typically 99mTc, 

123I and 111In, which decay via the emission of single gamma rays with different energies. 

These are captured by a gamma camera that rotates around the subject, and data from 

numerous positions are used to obtain a tomographic 3-D reconstruction.  
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Some examples of clinical SPECT imaging agents that target molecular processes include 

the radiolabelled small molecule [99mTc]TRODAT-1 for dopamine transporter imaging, 

the peptide [111In]DTPA-Tyr3-octreotate for imaging the somatostatin receptor (Fig. 1.8) 

(Santini et al., 2016) and [99mTc]-Annexin V for imaging apoptosis. Moreover, SPECT 

imaging has been developed for use in intraoperative applications, and successfully used 

in guiding excision of tumours (Huang et al., 2001; Belhocine et al., 2002; Christian, 

Cook and Harmer, 2003). 

 

 

Figure 1.8. Principle of SPECT imaging. (A) A targeted SPECT imaging agent containing a gamma emitting 
radioisotope is administered, and the gamma rays are detected by a camera that reconstructs them into a tomographic 
image. (B) Example of a SPECT (with CT) image of a H69 tumour-bearing mice 2h after injection of [111In]DTPA-
Tyr3-octreotate. Adapted from James and Gambhir, 2012 (James and Gambhir, 2012) and Santini et al., 2016 (Santini 
et al., 2016). 

 

Because of the way photons are detected in SPECT, conveying information about the 

origin of the photon is not possible. To address this issue, a lead or tungsten collimator is 

added to reject photons that are not within a small angular range (otherwise the angle of 

incidence will not be known). Collimators therefore result in low geometric efficiencies, 

detecting less than 0.1% of the photon events, severely compromising the sensitivity of 

SPECT (Rahmim and Zaidi, 2008). SPECT instrumentation is, however, continuously 

improving, and new scanner technology has demonstrated up to eight-fold increase in 

photon sensitivity compared to standard SPECT systems (Slomka et al., 2016). This is 
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primarily achieved by novel collimator designs, such as multipinhole and locally focusing 

collimators, but also by new dedicated scanner geometry surrounding the patient that 

allow the capture of a higher fraction of photons. Furthermore, the scintillation crystals 

combined with photomultiplier tubes have been replaced with solid-state photon detectors 

(cadmium zinc telluride [CZT] or cesium iodide [CsI]), resulting in improved energy 

resolution and less undesirable scatter events (Sharir et al., 2010). Clinical studies with 

new improved SPECT scanners have reported scan times as short as 2 minutes (Sharir et 

al., 2010; Slomka, Berman and Germano, 2010). 

With the use of high-sensitivity collimators, there is a trade-off in imaging resolution. 

New SPECT technology also includes improved image reconstruction methods that 

permit resolution recovery (James, Pagnanelli and Neto, 2017). This increase in image 

quality can be also exploited to reduce imaging time or radiation dose. Further dose 

reduction is also possible by performing standard time acquisitions with lower injected 

doses, and clinical studies have already been conducted to evaluate reduced-dose 

protocols (Duvall et al., 2010). 

 

Positron Emission Tomography (PET) 
 

PET is a non-invasive molecular and functional imaging modality that measures the in 

vivo biodistribution of a molecular probe labelled with a positron-emitting radionuclide, 

providing essential information on the biological processes in intact living subjects 

(Nguyen and Aboagye, 2010). After a target has been identified, a radiolabelled imaging 

probe is designed to be specific and selective to the target of interest (Fig. 1.9). A sub-

nanomolar amount of the designed probe is administered to the subject, typically via 

intravenous injection, and the unstable, proton-rich radioactive atom decays emitting a 

positron (β+, a particle with the same mass and spin as an electron but with a positive 
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charge) (Phelps et al., 1975). The emitted particle loses its velocity by electrostatic 

interactions with neighbouring charged particles as it travels through the surrounding 

environment, and eventually slows down and combines with a nearby electron to form an 

ultra-short-lived particle called a positronium (Harpen, 2003). The annihilation of the 

positronium generates two 511 kiloelectron volt (keV) photons travelling at the speed of 

light (30 m/s) and in opposite directions (approximately 180°) due to conservation of 

energy and momentum. PET scanner have radiation detectors arranged in a circle (2D) or 

cylinder (3D) that can simultaneously detect the two opposing photons (coincident event), 

defining a line of response (LOR). These events are reconstructed into images 

representing slices of the subject scanned using mathematical tomographic image 

algorithms; considerable pre-processing of the data is, however, required – corrections 

for random coincidences, estimation of scattered photons, detector dead-time correction 

(i.e. ‘recovery time’ after detection of an event) and detector-sensitivity correction (Levin, 

2005). 

PET imaging bears considerable advantages over the other imaging modalities; whilst 

some modalities, such as CT, are starting to be explored in the context of molecular 

imaging, PET has been extensively used for imaging of cancer, not only for diagnosis but 

also for therapy planning and monitoring. Many dedicated PET tracers have been 

developed that allow imaging of different aspects of cancer, such as metabolism, cell 

surface expression, proliferation, apoptosis, angiogenesis and gene expression, and some 

have been approved for use or testing in humans (Townsend, 2004).  

Some imaging modalities, such as optical imaging, have limited penetration depth, 

rendering them unsuitable for imaging of deep tissues, whereas PET does not have the 

same limitation (Higgins and Pomper, 2011). Additionally, PET has higher sensitivity 

compared to all the other imaging modalities, enabling imaging with low concentrations 
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of tracer, reducing the patient’s exposure of ionising radiation. In contrast to SPECT 

imaging, the use of short-lived isotopes in PET also enables greater quantities of tracer to 

be administered to patients without delivery of higher radiation dosages; this also allows 

shorter scans and greater temporal resolution, which is particularly important for dynamic 

scanning (Rahmim and Zaidi, 2008). Despite the improvements in dose delivery, the use 

of ionising radiation is still a disadvantage and may limit the repeated use, often necessary 

for therapy monitoring.  

 

 

Figure 1.9: Principle of PET imaging. A PET imaging protocol includes the injection of a tracer labelled 
with a positron-emitting radionuclide, and subsequent collision of the positron with an electron, forming a 
line of response (LOR). Acquisition of coincident events allows the reconstruction of a PET image. Figure 
from Nguyen, 2010 (Nguyen and Aboagye, 2010). 

 

One of the main limitations of PET imaging is the partial volume effect (PVE), which is 

a combination of two factors: the first one is the blurring of 3D images due to the finite 
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spatial resolution of the system, which is ultimately limited by the detector design and 

reconstruction process; and the other one is image sampling, which has to do with the fact 

that the contours of the voxels do not match the actual contours of the tracer distribution, 

and thus a voxel is likely to include different types of tissues.  

Due to the low resolution of PET, combination of PET with CT or MR is now commonly 

used as a multimodal imaging method that provides both anatomic and molecular 

information (Schöder et al., 2003; Boellaard and Quick, 2015). Furthermore, several 

technological developments are emerging that can reduce artefacts, radiation dose, scan 

time, whilst improving image resolution and quality.  

Time-of-flight PET (TOF-PET), for example, is a technique that considers the difference 

in arrival time between two annihilation photons to determine the origin of these photons. 

The incorporation of TOF information increases the effective sensitivity and has 

demonstrated improved detection of lesions (Vandenberghe et al., 2016; van der Vos et 

al., 2017). Other developments in image quality are provided by novel iterative image 

reconstruction methods including point-spread-function (PSF) modelling (Panin et al., 

2006), Bayesian penalised likelihood (Teoh et al., 2015) and small voxel reconstruction 

(Koopman et al., 2015).  

Recently, conventional photomultiplier tubes were replaced by solid-state photodetectors, 

that can operate in a magnetic field (Yoon et al., 2012; Keller et al., 2016); this has offered 

the possibility for construction of integrated PET/MR scanners. The superior soft tissue 

contrast of MR along with a suitable PET radiopharmaceutical can be a powerful tool in 

the clinical environment and has been used in patients for earlier and accurate detection 

of cancer (Hartenbach et al., 2014; Eiber et al., 2016).   
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Ultrasound Imaging 
 

US imaging is a non-invasive imaging modality that exploits the behaviour of sound 

waves as they travel through biological tissue. With the use of an US scanner and the 

respective transducer, a short-pulse sound wave is transmitted that travels through the 

body and is partially reflected whenever an interface between tissues with different 

impedances is encountered. The transducer detects the reflected signal, and using the 

speed of sound in tissue (1,540 m/s), the interval between transmission and reception, as 

well as the axis of the sound wave, the distance and direction of the received signal can 

be obtained. The amplitude and frequency of the reflected signals are recorded, and all 

together, these properties depict information of the internal structures being imaged, 

allowing a reconstruction of a two-dimensional image (James and Gambhir, 2012; 

Stanziola et al., 2016). 

Similarly to MRI and CT, US has mainly been used as an anatomical imaging tool. 

Doppler-based US imaging for assessment of the direction and velocity of blood flow 

have expanded the diagnostic capabilities of ultrasound, by detecting and quantifying 

shifts in the frequency domain of the reflected signals (Simpson, Chin and Burns, 1999). 

However, due to the poor reflective abilities of blood, the relatively low amplitude of 

blood-reflected signals restricts the use of this technique in smaller vessels. 

The advent of US-dedicated contrast agents has opened up new possibilities in this field. 

Microbubbles (MB), the most well established US contrast agents, are gas bubbles of a 

few micrometer radius, coated with lipids or biopolymers that can be introduced into a 

patient’s bloodstream as agents for contrast-enhanced US imaging. These MB act as 

resonant oscillators and scatter US signals efficiently when excited at the frequencies used 

in the clinical practice, typically in the range of 1-15 MHz (Lindner, 2004). The use of 

MB enables real-time imaging of blood flow with unprecedented sensitivity and 
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resolution in both large vessels and microvessels, and has been used extensively for 

imaging perfusion in organs such as the liver, kidney, heart, etc. (Kalantarinia and Okusa, 

2007; D’Onofrio et al., 2015; Orde and Mclean, 2016; Toulemonde, Duncan and 

Eckersley, 2017). 

Another exciting application of these contrast agents is the possibility of molecular 

imaging. The general method involves functionalisation of the MB (i.e. the addition of a 

targeting ligand to the lipid shell of the MB), leading to its adhesion to specific molecular 

targets that are involved in cellular activity in the vascular endothelium (Hu et al., 2013). 

Several targets have been imaged, including cancer targets such as VEGFR2 (Smeenge 

et al., 2017), integrins (Ellegala et al., 2003) and PSMA (Sanna et al., 2011a), as well as 

targets involved in other diseases such as inflammation (Hoyt et al., 2015; Qiu et al., 

2017), ischemia (Hyvelin et al., 2014) and atherosclerosis (Wang et al., 2017).  

Due to their high compressibility and elasticity properties, MB oscillate nonlinearly when 

insonated, i.e., when exposed to US. This causes nonlinear scattering of US waves, 

producing harmonics. These harmonic components may be extracted from the received 

echoes and used to reconstruct an image, in a process called US harmonic imaging, for 

improved spatial resolution of US images  (Deshpande, Needles and Willmann, 2010). 

Most contrast ultrasound imaging protocols used in the clinic nowadays employ multi-

pulse techniques for nonlinear contrast agent detection, such as pulse inversion, amplitude 

modulation, or their combination, contrast pulse sequence (CPS) (Tang and Eckersley, 

2006; Deshpande, Needles and Willmann, 2010).  

Ultrafast US imaging represents a change in the medical ultrasound paradigm. By 

transmitting plane waves, instead of focused beams that require line-per-line scanning, a 

whole region of interest can be scanned in a single transmit event, enabling frame rates 

higher than 1000 frames per second (Tanter and Fink, 2014). Image quality can be 
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recovered by using a technique introduced in 2002 by Tanter et al., called plane-wave 

compounding (Mickael Tanter and Fink, 2002); this process relies on the successive 

transmission of tilted plane waves with different angles and coherent beamforming of the 

received echoes, which allows virtual rebuilding of the transmit focus without 

significantly compromising the frame rate (Tanter and Fink, 2014). 

The advent of ultrafast US imaging has enabled the development of new techniques that 

challenge the resolution limit imposed by the classic wave diffraction theory (typically 

200 μm and 1 mm in clinical applications (Errico, Couture and Tanter, 2017). This 

method, typically called super-resolution US, captures transient signals generated by the 

MB that act as ideal point sources, and decorrelations that occur when these point sources 

move through the field of view allow them to be localised with approximately 10x higher 

resolution than traditional US (Christensen-Jeffries et al., 2017). Super-resolution MB 

imaging could potentially play an integral role in imaging diseases associated with 

vascular changes, such as cancer or atherosclerosis, and has been already used for 

vasculature imaging in rat brain (Errico et al., 2015) and kidney (Foiret et al., 2016), 

allowing depiction of vessels as small as 9 μm. 

An interesting, new application of US imaging is its combination with other imaging 

modalities, such as MRI and PET. Dual-modality US-MRI bears the synergistic 

advantage of merging the high spatial resolution of MRI with the high temporal resolution 

of US, while providing molecular information (Heinzmann et al., 2017). Hybrid US-MRI 

probes facilitate fusion of magnetic- and US-contrast enhancing properties with tunable 

physical and pharmacokinetic properties (Wu et al., 2011; Perlman, Weitz and Azhari, 

2015) and have already been applied for therapeutic applications such as sonoporation 

and MRI-guided high-intensity focused US (Napoli et al., 2013; Dasgupta et al., 2016). 

Similarly, a hybrid imaging instrument based on PET-CT and ultrafast US was developed 
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by Provost et al., combining the sensitivity of PET as the gold standard technique for 

molecular imaging with the unmatched temporal and spatial resolution offered by 

ultrafast US (Provost et al., 2018). They demonstrated this concept by monitoring the 

relationship between metabolism and vasculature during tumour growth by longitudinal 

imaging with FDG-PET-CT and ultrafast US, and proposed that the combination of these 

two tumour biomarkers could potentially impact patient stratification, as well as guide 

more effective therapeutic combinations.  

Overall, US is a very compelling imaging strategy. Firstly, its cost-effectiveness, 

portability and widespread use in the clinic makes this modality easily available. As 

mentioned, recent developments have significantly increased spatial resolution and, 

unlike any other technique, US offers real-time capabilities due to its excellent temporal 

resolution. The use of MB enables imaging with unprecedented sensitivity, and the lack 

of ionising radiation together with the fact that MB safety has been established makes this 

modality exquisitely safe, an attractive feature for routine clinical application, such as 

screening protocols involving frequent imaging.  Finally, through signal processing 

techniques, contrast and morphological information can be separated, allowing 

simultaneous generation of a molecular/functional image with its own anatomical 

reference. Despite its attractiveness, US is currently limited by its penetration depth and 

lack of whole-body imaging capabilities (Pysz, Gambhir and Willmann, 2010). 

 

1.5. Molecular Imaging of CXCR4 in cancer 
 

The clinical significance of CXCR4 expression in cancer has resulted in increased interest 

in the molecular imaging field, and several CXCR4-targeted tracers have to date been 

developed for use with SPECT, PET and optical imaging (Table 1.3). 

 



57 
 

SPECT Tracers Targeting CXCR4 
 

One of the first attempts at CXCR4 imaging was carried on by Hanaoka et al. by labelling 

the peptide antagonist Ac-TZ14011 with Inidium-111  (Hanaoka et al., 2006). This tracer, 

however, showed poor accumulation in CXCR4-expressing tumours, and in vivo 

specificity was not demonstrated.  

A different approach used an antibody specific for CXCR4, 12G5, that was labelled with 

125(Nimmagadda, Pullambhatla and Pomper, 2009). This tracer showed accumulation in 

CXCR4-positive glioblastoma tumours (U87 cell line transfected with CXCR4) 

compared to their counterparts (U87 tumours). However, accumulation of this tracer was 

not specific, as no differences between uptake of labelled-12G5 and non-specific 

antibodies could be verified for tumours below 200 mm3. 

A more recent approach uses a 99mTc-radiolabelled small-interference RNA (siRNA) 

targeting CXCR4 for SPECT imaging of CXCR4 expression (Fu et al., 2015). This tracer, 

[99mTc]HYNIC-siRNA1, allowed clear identification and characterisation of CXCR4 

expression in breast tumours in mice.  

 

Optical Tracers Targeting CXCR4  
 

An approach for CXCR4 imaging using bioluminescence was described by Luker et al., 

where CXCL12 protein fused to Gaussia luciferase (GLuc) was used to evaluate the in 

vitro binding of this chemokine to its receptors, CXCR4 and CXCR7 (Luker, Gupta and 

Luker, 2009; Luker et al., 2012). The fusion protein was transduced into human mammary 

fibroblasts that were co-injected with breast cancer cells into mice, and this system 

showed that CXCL12 released by the tumours is scavenged by CXCR7, and that CXCR7-

positive breast cancer cells enhanced proliferation of CXCR4-positive breast cancer cells. 

A similar construct - CXCL12-GLuc either fused to CXCR4 or CXCR7 - was used to 
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compare the interaction of CXCL12 with both receptors. Additionally, this system 

allowed researchers to evaluate CXCL12/CXCR4 inhibition in vivo by using the CXCR4 

antagonist AMD3100 (Luker et al., 2011). 

A similar method, whereby firefly luciferase was fused to both CXCR4 and β-arrestin, 

was developed by Luker et al. to evaluate CXCR4 activation (Luker, Gupta and Luker, 

2008). The researchers showed inhibition of CXCR4 activation in vitro with both 

AMD3100 and TF14013, and in vivo using AMD3100.  

Nishizawa et al. developed a derivative of the antagonist T140, TY14003, labelled with 

a carboxyfluorescein, to image CXCR4 in bladder cancer and in urothelial cells found in 

the urine of bladder cancer patients (Nishizawa et al., 2009). The imaging of urothelial 

cells with this method bypasses one of the biggest limitations of fluorescence imaging – 

depth of penetration. The tracer was shown to bind specifically to the urothelial cells, but 

its utility in imaging bladder cancer in mice by fluorescent endoscopic observation was 

not proven.  

A different approach to overcome the depth of penetration limitation of fluorescent 

imaging used a NIR probe that theoretically allows imaging of tracers up to a few cm into 

the tissue (Kosaka et al., 2009). Meincke et al. conjugated CXCL12 to a NIR dye, and 

were able to use this construct to sensitively image subcutaneous tumour for up to 4 days, 

while some of the background and unspecific accumulation of the tracer reduced after 2 

days (Meincke et al., 2011). Another group has conjugated a CXCR4 peptidic antagonist 

(peptide R) with a NIR fluorescent dye VivoTag-S750, Peptide R-NIR750 and showed 

specific and sensitive accumulation in CXCR4-expressing tumours in mice (Santagata et 

al., 2017). 
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Table 1.3: Examples of imaging agents targeting CXCR4 used for SPECT and fluorescent imaging. 
Adapted from Weiss and Jacobson, 2013 (Weiss and Jacobson, 2013a). 

 

 

Other molecules were developed by different groups, including T140 derivative TZ14011 

coupled to iridium complex and anti-CXCR4 antibody labelled with fluorescent metal 

nanoshell, but these reports did not present in vivo imaging (Jin et al., 2010; Kuil et al., 

2011; Zhang et al., 2011).  

Only two examples of optical CXCR4 imaging agents based on cyclam structures have 

been studied to date: a rhodamine conjugated to a reinforced cyclam competes with anti-

CXCR4 antibodies during binding competition when labelled with CuII (Khan et al., 

2007) and a fluorescent AMD3100 analogue with an anthracenyl moiety used as a spacer 

shows a significant reduction of the affinity probably due to the lipophilic character of 

the anthracenyl group (Knight et al., 2011). 
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PET tracers targeting CXCR4  
 

Several tracers have been developed to date for PET imaging of CXCR4, and they can be 

separated into two main categories based on the type of CXCR4-targeting molecule used: 

small molecules or peptides. Due to the relevance of the existing PET tracers for this 

work, these will be described in full detail on chapter 2. 
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1.6. Aims of Thesis 
 

The role of CXCR4 in tumour progression has granted this receptor attention as a 

prognostic marker and as a therapeutic target. As such, imaging agents capable of specific 

and sensitive detection of CXCR4 expression could potentially hasten diagnosis, aid in 

patient stratification and treatment monitoring.  

The first aim of this work was the development of targeted agents for molecular imaging 

of CXCR4.  Given the extensive knowledge in the literature regarding molecular imaging 

of this receptor with PET, the first goal was the development of a radiolabelled CXCR4-

targeting molecule that could potentially overcome the drawbacks associated with 

existing tracers. Although PET is a sensitive imaging modality, the use of ionising 

radiation is not ideal for repeated use, which is often necessary for therapy monitoring. 

Thus, another aim of this project was to investigate whether CXCR4 expression can be 

monitored using a targeted MB amenable for imaging using US instead of PET. Every 

aspect of the MB design was developed using strategies that are suitable for clinical 

translation. One of these aspects was the interrogation of the biodistribution and 

pharmacokinetics of this contrast agent. Contrary to PET, and despite its advantages, US 

does not offer whole-body imaging; as such, the third aim of this work was the 

development of methodology for radiolabelling of these MB, so that whole-body 

distribution could be evaluated using PET imaging.  
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Chapter 2 

 

Material & Methods 
 

 

All experiments were carried out independently by me with the following exceptions: 

The stable shRNA cell lines, MDA-MB-231 shCXCR4 and shSC were created by Dr. 

Sebastian Trousil, whereas selection of blood pools was carried out by me. 

Radiosynthesis of [18F]MCFB was performed by Dr. Diana Brickute; radiosynthesis of 

[68Ga]T140 was carried out by Dr. Laurence Carroll. The synthesis of lipo-PEG-T140 

and lipo-PEG-TCO and investigation of IeDDA reaction kinetics by 1H NMR were 

carried out by me under the guidance of Dr. Laurence Carroll.  

 

2.1   Cell culture  
 

The human triple-negative metastatic breast cancer cell line MDA-MB-231-FLuc-GFP 

(hitherto called MDA-MB-231) is a luciferase and GFP-expressing MDA-MB-231 cell 

line obtained from PerkinElmer (Waltham, MA, USA). The human diffuse large B cell 

lymphoma cell line (DLBCL) SuDHL8 was obtained from Dr. Li Jia (Barts Cancer 

Institute, London, UK), and U2932 was purchased from Deutsche Sammlung von 

Mikroorganismen and Zellkulturen GmBH (Braunschweig, Germany). CXCR4 
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expression was silenced using a doxycycline (DOX)-inducible lentiviral pTRIPZ vector 

encoding for shRNA targeting CXCR4 (pTRIPZ CXCR4 shRNA clone V3THS_346208; 

Dharmacon, Lafayette, USA) to obtain MDA-MB-231 #1 (MDA-MB-231 shCXCR4), 

#2, #3, or non-targeting shRNA control (Dharmacon) to obtain MDA-MB-231 shSC. 

Stable clones were FACS sorted based on the expression of a DOX-inducible TurboRFP 

reporter gene within the same construct.  

All cells were cultured in Roswell Park Memorial Institute Medium 1640 (RPMI) 

supplemented with 10% Foetal Bovine Serum (FBS), 2 mM L-glutamine (Invitrogen™, 

Thermo Fisher Scientific, Carlsbad, CA USA) and 100 U/mL penicillin-streptomycin 

(Invitrogen™) in a humidified atmosphere of 5% CO2 at 37°C. 

 

2.2   Tumour models  
 

All animal experiments were conducted by licensed investigators in accordance with the 

United Kingdom Home Office Guidance on the Operation of The Animals (Scientific 

Procedures) Act 1986 (HMSO, London, UK, 1990) and with the published guidelines for 

the Welfare of Use of Animals in Cancer Research Institute Committee on Welfare of 

Animals in Cancer Research (Workman et al., 2010). 

The in vivo models were established by injecting MDA-MB-231 (5x106 cells in phosphate 

buffered-saline (PBS)) subcutaneously on the back of the neck of athymic nude mice 

(Charles River UK Ltd.); U2932 or Su-DHL8 (in 50% Matrigel (Corning, Amsterdam, 

The Netherlands)) were similarly implanted in Nonobese diabetic/severe combined 

immunodeficiency (NOD/SCID) mice (Charles River UK Ltd.). Tumour dimensions 

were measured by caliper and volumes calculated using the ellipsoid formula that is best 

for estimating tumour mass: ������ (���) =  
�

�
× � × � × �  where a, b and c represent 

3 orthogonal axes of the tumour. Mice were used for imaging when tumour volume 
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reached approximately 100 mm3 (at around 4-6 weeks post-induction for all tumour 

models).  

 

2.3   Western Blot  
 

In vitro CXCR4 expression was modulated by treatment with 0.5 μg/mL of DOX 

(doxycycline hyclate) for 24, 48, 72 and 96h or by incubating the cells under hypoxia 

conditions for 16h using a filtered hypoxia chamber (Oxoid Anaerojar, Thermo Fisher 

Scientific) that achieves <1% O2. 

For whole-cell protein analysis, cells (80-90% confluency) were placed on ice, the 

medium was removed and cells were washed 3 times with ice-cold PBS and lysed with 

radioimmunoprecipitation assay (RIPA) buffer (Sigma-Aldrich) supplemented with 

100X Pierce™ protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific) for 

10 min on ice. For cell-compartment protein analysis, a cell fractionation kit (Cell 

Signalling Technology, Danvers, MA, USA) was used according to manufacturer’s 

instructions in order to obtain the membrane and organelle (M), cytoplasmic (C), and 

cytoskeletal and nuclear (N) fractions. Excised and snap-frozen tumour tissue samples 

were homogenised in RIPA lysis buffer supplemented with 100X Pierce™ protease and 

phosphatase inhibitor cocktail, using the PreCellys 24 homogenizer and CK14 beads-

containing tubes (two cycles of 25 seconds at 6500 rpm). Samples were centrifuged at 

500 rpm for 5 min at 4°C and supernatant transferred to a new Eppendorf®.  

Samples were sonicated and total protein concentration was quantified using the Pierce™ 

bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific). Lysates were 

mixed with NuPage® LDS loading buffer and reducing agent (Invitrogen™), and 

denatured at 70°C for 10 min.   Equal amounts of protein (30 μg) were resolved on 4-15% 

Mini-PROTEAN® TGX™ gels (Bio-Rad, Hemel Hempstead, UK) and separated by gel 



65 
 

electrophoresis at 290V for 15 min. The gels were then transferred to PVDF membranes 

(Trans-Blot Turbo Transfer Packs, Bio-Rad) using the Trans-Blot® Turbo™ System 

(Bio-Rad). Membranes were blocked for 1 h in 5% milk in PBS containing 0.1% v/v 

Tween® 20 (Sigma-Aldrich) (PBST) and incubated with rabbit anti-human CXCR4 clone 

UMB2 (1:1000; ab124824, Abcam, Cambridge, UK), Turbo-RFP (1:1000, ab109809, 

Abcam) or mouse anti-β-actin antibodies (1:10,000, ab6276, Abcam)  in 5% milk-PBST 

overnight at 4°C. After washing with PBST, goat anti-rabbit Immunoglobin G (IgG) 

horseradish peroxidase (IgG-HRP) (1:2000, SC-2004, Santa Cruz Biotechnology, Dallas, 

Tx, USA) or goat anti-mouse lgG-HRP (1:2000, SC-2005, Santa Cruz Biotechnology) 

were incubated in 5% milk-PBST for 1h at room temperature (RT). Signals were detected 

using Amersham enhanced chemiluminescence (ECL) Plus Western Blotting Detection 

Reagent kit (GE Healthcare Life Sciences, Little Chalfont, UK) and Amersham Hyper-

film (GE Healthcare Life Sciences). Intensity of protein bands was normalised to β-actin 

and analysed using ImageJ version 1.44h (US National Institutes of Health, Rockville, 

MD, USA).  

 

2.4    Immunofluorescence   
 

MDA-MB-231 cells (100,000 cells/well) were plated in slide chambers (Nunc® Lab-

Tek®, Sigma-Aldrich) and incubated overnight. CXCR4 expression was modulated by 

treatment with 0.5 μg/mL of DOX for 24 h. Cells were then fixed with 4% formaldehyde 

in PBS for 15 min at RT. Cells were washed with PBS, 3 x 10 min, and incubated with 

blocking and permeabilisation buffer (PBS + 1% bovine serum albumin (BSA) + 0.1% 

Triton-X100 (Sigma-Aldrich)) for 1 h at RT. Samples were incubated with rabbit anti-

CXCR4 UMB2 clone antibody (1:200) in blocking buffer overnight at 4°C. After 

incubation with primary antibody, cells were washed with PBS, 3 x 10 min, and incubated 
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with Alexa Fluor® 488 goat anti-rabbit IgG secondary antibody (1:400; Molecular 

Probes™, Thermo Fisher Scientific) in blocking buffer for 1 h at RT protected from light. 

Cells were washed with PBS, 3 x 10 min, and further incubated with Alexa Fluor® 594 

Phalloidin (1:100; Molecular Probes™) for 20 min at RT protected from light. Following 

another washing step, coverslips were placed on slides using ProLong® gold antifade 

mounting reagent with 4’-6-diamidino-2-phenylindole (DAPI) (Life Technologies Ltd., 

Thermo Fisher Scientific).  Immunofluorescence imaging was performed using a 40X or 

60X UPlanAPO objective lens on an Olympus BX-51 wide-field microscopy UIS2 

optical system (Olympus Life Science Europa GMBH, Hamburg, Germany) equipped 

with a DP70 digital camera. Images were acquired using an Olympus U-RFL-T 

epifluorescence source and DPController 1.2.1.108 imaging software (Olympus Optical 

Co. Ltd, Tokyo, Japan) in the red, blue and green channels. Image processing was 

performed using ImageJ version 1.44h.  

 

2.5    Flow Cytometry  
 

U2932 and SuDHL8 cells were harvested and washed thrice by centrifugation at 500 rpm 

for 5 min. Samples containing 1x106 cells per condition were stained in 100 µL of 

staining buffer (PBS + 1% BSA + 0.1% sodium azide + 100 µg/mL of RNase) (Sigma-

Aldrich) and either mouse monoclonal allophycocyanin (APC)-conjugated anti-CXCR7 

antibody clone 11G8 (1:100; FAB4227A, R&D Systems, Minneapolis, MN, USA) or 

mouse monoclonal phycoerythrin (PE)-conjugated anti-CXCR4 antibody clone 12G5 

(1:50, BD Biosciences, San Jose, CA, USA) for 1h at 4⁰C and protected from light. Data 

of 1x104 cells per sample were acquired on a BD FACSCanto flow cytometer (BD 

Biosciences) and analysed using FlowJo 7.6.4. software (Tree Star).  
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2.6    Radiosynthesis of [18F]MCFB 
 

Briefly, [18F]fluoride was prepared by standard azeotropic drying (water:acetonitrile), and 

[18F]MCFB was subsequently prepared by reductive amination between  

[18F]fluorobenzaldehyde ([18F]FBA) and a cyclam precursor. [18F]MCFB was purified by 

semipreparative high performance liquid chromatography (HPLC) and radiochemical 

purity was confirmed by co-elution with a reference compound, [19F]MCFB. 

 

2.7    In vitro radioactive uptake of [18F]MCFB 
 

U2932, SuDHL8, MDA-MB-231 shSC and shCXCR4 were seeded in 6-well plates at a 

density of 400,000-600,000 cells/well 24h prior to the experiment. On the day of the 

experiment, U2932 and SuDHL8 cells were transferred into Eppendorf® tubes due to the 

suspension nature of these cells and for the rest of the protocol these were treated similarly 

to the MDA-MB-231 seeded in 6-well plates, with the exception that changes of media 

require a centrifugation step at 13,000 rpm for 3 min.  

For blocking studies, U2932 and SuDHL8 were treated with vehicle or 500 µg/mL 

AMD3465 (R&D Systems) for 5 min before addition of radioactivity. For knockdown 

studies, MDA-MB-231 shCXCR4 or analogous shSC control cells were treated with 0.5 

μg/mL of DOX for 24 h prior to uptake studies. In hypoxia studies, cells were placed 

within a filtered hypoxia chamber (Oxoid Anaerojar) that achieves < 1% O2, and were 

incubated at 37°C, 5% CO2 for 16 h. Cells evaluated under normoxic conditions were 

incubated in 21% O2, 37°C, and 5% CO2 for 16 h. Cells were then incubated with the 

radioligand at 20 µCi/well for 60 min at 37°C, under 5% CO2. Following incubation, cells 

were placed on ice, and washed 3 times with ice-cold PBS. After washing, cells were 

lysed with RIPA buffer for 5 min. The radioactivity of the lysate was measured by γ-
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counting (LKB Wallac 1282 Compugamma laboratory γ counter, PerkinElmer, 

Massachusetts, USA). Counts/min data were expressed as a percentage of the injected 

dose (ID) of radioactivity in each well and total cellular protein concentration of the 

sample, determined using Pierce® BCA assay (Thermo Fisher Scientific), i.e., %ID/mg 

protein. 

 

2.8    In vitro [18F]MCFB internalisation assay  
 

MDA-MB-231 cells were plated in 6-well plates at a density of 600 000 cells/well and 

allowed to recover for 24 h at 5% CO2, at 37°C. On the day of the assay, cells were 

incubated with approximately 20 µCi/well of [18F]MCFB at either 4°C, assuming 

inhibition of receptor internalization at this temperature, or at 37°C for 30 min 

respectively, and subsequently placed on ice and washed with ice-cold PBS twice. To 

directly compare internalization levels at 4°C and 37°C, surface-bound radioactivity was 

removed by washing the cells with 400 µL of ice-cold 50 mM glycine in 150 mM NaCl 

(pH=3) for 5 min on ice, followed by two washes with ice-cold PBS. To obtain the 

internalized fraction, cells were lysed with 400 µL of 1M of sodium hydroxide (NaOH). 

The radioactivity of the internalized fraction was measured by γ-counting. Counts/min 

data were expressed as a percentage of the ID of radioactivity in each well and total 

cellular protein concentration of the sample, determined using Pierce® BCA assay, i.e., 

%ID/mg protein.  

To evaluate radioligand internalization dynamics, the media on cells previously incubated 

with [18F]MCFB at 4°C for 30 min, was replaced with fresh 37oC media and incubated 

for 5, 15, 30 and 60 min at 37°C. After incubation, cells were washed with the glycine as 

above. This fraction and the subsequent two washes of ice-cold PBS were collected as 

the surface-bound fraction. Cells were then lysed with NaOH as described above to obtain 
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the internalized fraction. Radioactivity in both surface-bound and internalized fractions 

was measured and internalization was calculated as: 

 

 

 

 

 

2.9    In vivo PET imaging of [18F]MCFB  
 

MDA-MB-231, MDA-MB-231 shSC and shCXCR4, U2932 and SuDHL8-tumour 

bearing mice were imaged when tumour reached approximately 100 mm3. For DOX 

treatment, when MDA-MB-231 shSC and shCXCR4 tumours reached 50 mm3, mice were 

fed DOX-supplemented chow (625 mg/Kg, 1.6-2.7 mg daily, Harlan, IN, USA) for 6 or 

14 days prior to imaging. For blocking studies, MDA-MB-231-bearing mice were treated 

with 30 mg/kg of AMD3465 via intraperitoneal injection 10 min prior injection of 

radioactivity. Treatment with metformin hydrochloride (Sigma-Aldrich) was carried out 

by injection of 50 mg/kg of metformin intravenously in U2932-bearing mice 30 min prior 

injection of radioactivity.  For imaging, mice were anesthetized with 2.5% isoflurane/O2 

and placed in a thermostatically controlled rig in a dedicated small animal Genisys4 PET 

scanner (SOFIE Biosciences, Culver City, USA). Following injection of 0.925 MBq of 

[18F]MCFB via lateral tail vein cannula, PET scans were acquired in a list-mode format 

over either 0-60 min (dynamic scan) or 40-60 min after injection (static scan) to give 

decay-corrected values of radioactivity accumulation in tissues. The collected data were 

ordered into 6 (dynamic scan) or 2 (static scan) time frames of 600 seconds and 

reconstructed with a 3-dimensional maximum likelihood estimation method (3D ML-
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EM).  Volumes of interest (VOIs) for tumours and different organs were defined using 

Siemens Inveon Research Workplace software (Siemens Molecular Imaging Inc., 

Knoxville, USA) and the count densities (MBq/mL) of these VOIs were averaged for the 

time points corresponding to 40-60 min (where equilibrium was observed). Tissue 

radioactivity uptake values were normalized to average whole-body uptake.    

 

2.10   Biodistribution of [18F]MCFB 
  

Biodistribution studies were carried out in the same cohort of animals after the end of 

PET scans (60 min after radioactivity injection). Tissue samples were quickly collected 

and radioactivity content was determined by γ-counting.  Counts/min data were expressed 

as a percentage of the injected dose (ID) of radioactivity in each tissue normalised to 

tissue weight, i.e., %ID/g.  

 

2.11   Lipophilicity of [18F]MCFB 
 

Lipophilicity of [18F]MCFB was evaluated by determination of LogP value. Briefly, 7.4 

MBq of [18F]MCFB in 20 μL of PBS was added to a mixture of 2 mL of n-octanol and 2 

mL of water or RPMI, pH 7.4. The mixture was vigorously shaken for 1 h at RT and then 

centrifuged at 5000 rpm for 5 min; 100 μL aliquots from each of the two phases were 

drawn and their radioactivity content was measured in a γ-counter. The n-octanol/water 

and n-octanol/RPMI partition coefficient were determined by dividing the radioactivity 

found in the n-octanol layer by that found in the water or RPMI layer, respectively. The 

LogP value is reported as the average of three independent experiments. For the time-

course experiment, 7.4 MBq of [18F]MCFB was also added to a mixture of 2 mL of n-

octanol and 2 mL of water, pH 7.4, and the mixture was vigorously shaken. Every 15 min, 



71 
 

the n-octanol phase was completely replaced by fresh n-octanol; the radioactivity in the 

removed n-octanol phase was measured by γ-counting and expressed as a % of the 

radioactivity in the aqueous phase.  

 

2.12   Metabolism of [18F]MCFB 
 

Non-tumour-bearing mice were injected intravenously with 3.7 MBq of [18F]MCFB. 

Plasma, urine and liver were collected at the indicated time and were snap-frozen in liquid 

nitrogen for subsequent HPLC analysis. For extraction, ice cold MeCN (1.0 mL) was 

added to plasma. The mixture was centrifuged (15,493g, 4 °C, 3 min) and the resulting 

supernatant was evaporated to dryness under vacuum at 40°C using a rotary evaporator. 

Liver samples were diced and homogenized with ice cold MeCN (1.0 mL) using 

PreCellys® 24 homogenizer prior to centrifugation. The supernatant was then decanted 

and evaporated to dryness. The samples were re-suspended in HPLC mobile phase (1.2 

mL) and filtered through a 13 mm Pall Acrodisc syringe filter (0.2 μm). The samples were 

analyzed by radio-HPLC. 

 

2.13 Radiosynthesis of [68Ga]T140 
 

Radiosynthesis was performed using methodology previously described (George et al., 

2014a). Briefly, [68Ga]GaCl3 was eluted from a commercial SnO2-based 68Ge/68Ga 

generator (iThemba 68Ge/68Ga generator, IDB, Holland)  with 1 mL of 0.6 M HCl (Sigma-

Aldrich Co. Ltd, Dorset, UK). Experiments were performed 4 months after purchase of 

the generator. The eluate was further diluted in 30 mL of water and transferred through 

an SCX cartridge (Strata™-X SCX cartridge, 30 mg/ 1 mL, particle size 33 µm, 

Phenomenex, Cheshire, UK), which was previously preconditioned by rinsing with 1 mL 
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of 1 M of  hydrochloric acid (HCl) and subsequently 10 mL of water. The radioactivity 

was eluted from the SCX cartridge using 1 mL of 5 M NaCl/HCl and directed into a 5 

mL Wheaton vial sealed with a polytetrafluoroethylene (PTFE)/Silicon septum equipped 

with a vent needle and containing 50 µg of NO2A-TN14003 (Cambridge Peptides, 

Birmingham, UK) in sodium acetate buffer (NaOAc) (0.5 M, pH 5.8, 2 mL). The reaction 

mixture was allowed to react at 90°C for 5 min. Analytical HPLC of the reaction mixture 

showed 88 ± 6% conversion. The reaction mixture was then diluted with 10 mL PBS and 

loaded through a C18 cartridge (Sep-Pak C18 plus light cartridge, 130 mg, 0.4 mL 

capacity particle size 55-105 µm, pore size 125Å) (Waters, Milford, MA, USA) pre-

conditioned with 5 mL of ethanol (EtOH), 20 mL of air and 10 mL of PBS sequentially. 

The cartridge was washed with 5 mL of PBS and dried with 20 mL of air and the tracer 

was eluted in 4×100 µL fractions with EtOH-PBS. The second fraction contained the 

highest amount of activity. The non-decay corrected yield was 45 ± 8%. Analytical HPLC 

showed a radiochemical purity of >98%.  

 

2.14 In vivo PET imaging of [68Ga]T140  
 

Dynamic [68Ga]T140-PET imaging was performed in non-tumour bearing NOD/SCID 

mice (6 – 8 weeks). Mice were anesthetized with 2.5% isoflurane/O2 and placed in a 

thermostatically controlled ring in a dedicated small animal Genisys4 PET scanner. 

Following injection of 0.925 MBq of [68Ga]T140 via lateral tail vein cannula, PET scans 

were acquired in a list-mode format over 0-30 min to give decay-corrected values of 

radioactivity accumulation in tissues. The collected data were ordered into 3 time-frames 

of 600 seconds and reconstructed with a 3-dimensional maximum likelihood estimation 

method (3D ML-EM). Volumes of interest (VOIs) for different organs were manually 

defined using Siemens Inveon Research Workplace software in the summed PET images 
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and used to compute the time-activity curves (TACs). Tissue radioactivity uptake values 

were normalized to average whole-body uptake, which reflects the injected activity.  

 

2.15 Biodistribution of [68Ga]T140 
 

The biodistribution studies were carried out in the same cohort of animals after scanning 

(30 min after radioactivity injection). Tissue samples were quickly collected and 

radioactivity content was determined by γ-counting and normalized to sample weight. 

 

2.16 Synthesis of Lipo-PEG-T140 
 

The T140 peptide analogue, TN14003 (Cambridge Peptides) was coupled to the 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] 

(DSPE-PEG2000-NH2) lipid by covalent amide bond formation. Briefly, 1-

[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid 

hexafluorophosphate (HATU) was used to generate an active ester from the C-terminal 

carboxylic acid of TN14003, and an amide bond was formed with the NH2 group of 

DSPE-PEG2000-NH2. DSPE-PEG2000-NH2 (7.9 mg) was dissolved in CHCl3 (100 µl) 

(Sigma-Aldrich) and added to a vial containing TN14003 (5.9 mg) dissolved in 

dimethylformamide (DMF) (100 µl) (Sigma-Aldrich), N,N-diisopropylethylamine 

(DIPEA) (0.5 µl) (Sigma-Aldrich) and HATU (1.06 mg) (Sigma-Aldrich). Synthesis was 

performed stoichiometrically and had a duration time of 25h, with approximately 1h of 

hands-on synthesis and 24h of stirring at RT. The vial was freeze-dried to evaporate the 

solvents and the presence DSPE-PEG2000-T140 was confirmed through mass 

spectrometry analysis using UltraPerformance Convergence Chromatography (UPC2) 
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(ES+) m/z calculated for C222H405NaN36O71PS2 979.20 [M+5H+NH4OAc]5+, and found 

980.30 (rt = 3.89 min).  

 

2.17 T140-MB preparation 
 

Both NT-MB and T140-MB were developed using methodology developed and kindly 

provided by Dr. Terry Matsunaga, The University of Arizona Cancer Centre. The NT-

MB’s shell contains a mixture of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 

1,2-dipalmitoyl-sn-glycero-3-phosphate (DPPA) and DSPE-PEG2000-NH2 (81.9:8.6:9.5 

mole ratio, respectively) (Avanti Lipids, Alabaster, AL, USA), and in the T140-MB, 4.8% 

of the DSPE-PEG2000-NH2 was replaced by the modified lipid, DSPE-PEG2000-T140. 

These components were dissolved in CHCl3 and aliquoted into 3 mL vials from which 

the solvent was dried using a N2 flow and stored at -20⁰C. Before use, the vials were 

reconstituted with propylene glycol (Sigma Aldrich), PBS and glycerol (Sigma-Aldrich) 

(16:5:1) whilst stirring. After degassing, the vial was crimp-sealed and the headspace of 

the vial was gas-exchanged with 99.0% n-perfluorobutane (FluoroMed L.P., Round 

Rock, TX, USA). MB were formed via standard mechanical agitation techniques using a 

Vialmix shaker (Bristol-Myers-Squibb, NY, USA) (2x30 sec shaking). Fluorescent MB 

were developed by adding 2 µg/mL of Dil stain (1,1’-Dioctadecyl-3,3,3’,3’-

Tetramethylindocarbocyanine perchlorate, DilC18(3)) (Thermo Fisher Scientific).  

 

2.18 T140-MB optical characterisation 
 

MB counting and sizing were determined straight after MB production. The MB solution 

was diluted (1:200) in PBS and 10 µl were introduced into a haemocytometer, which was 

allowed to rest for 3 minutes such that MB float to the top of the chamber. A minimum 

of 10 images of different fields-of-view (FOVs) were acquired using a 40x UPlanAPO 
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objective lens on an Olympus BX-51 wide-field microscopy UIS2 optical system 

equipped with a DP70 digital camera. Images were acquired using an Olympus U-RFL-

T epifluorescence source and DPController 1.2.1.108 imaging software. Counting and 

sizing was performed using a dedicated script developed using the MATLAB software 

(MATLAB 8.2, The Mathworks Inc, Natick, MA, USA). 

 

2.19 In vitro binding of T140-MB  
 

For in vitro MB binding studies, MDA-MB-231 shSC or shCXCR4 cells (1x106) were 

plated in OptiCell™ plates (VWR, Radnor, Pennsylvania, USA) in 10 mL of media. 

CXCR4 knockdown was induced by treatment with 0.5 µg/mL of DOX for 24h. Cells 

were incubated with approximately 1x106 MB/mL (10 mL) of either NT-MB or T140-

MB for 15 min at 37°C. During this period, the OptiCell™ plates were flipped to 

maximise contact between the cells and MB, and after incubation, plates were flipped to 

the original position and allowed to rest for 5 min before evaluation as to ensure unbound 

MB float to the top of the plate. Blocking studies were performed by incubation with 1 

mg/mL of TN14003 for 5 min before and during MB incubation. Fluorescence evaluation 

of MB binding was carried out as described, albeit with the use of Dil-modified MB. 

GFP-expressing MDA-MB-231-Fluc-GFP were plated in parallel with these experiments 

and used as control. Images were acquired using a 40x UPlanAPO objective lens on the 

Olympus BX-51 wide-field microscope referenced previously. 

 

2.20 In vivo ultrasound imaging of T140-MB 
 

For US imaging, mice were anesthetized with 2.5% isoflurane/O2 and placed on a heating 

mat. Mice were randomized and injected with 50 µl of a solution of 1x107 MB/ml of 
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either NT-MB or T140-MB via lateral tail vein cannula. A waiting period of at least 20 

min separated each injection to ensure that all MB were cleared from the blood pool. US 

imaging was performed using a Verasonics research platform (Verasonics, Redmond, 

WA, USA), together with a L22-14v probe (Verasonics). B-mode plane wave imaging at 

a slow frame rate (2 Hz) was acquired for 180s (3 min), with 15 compounded 1-cycle 

plane wave pulses at angles spanning between -7.5° and 7.5° (1° steps), transmitted at a 

centre frequency of 18 MHz and a mechanical index of 0.06. 

 

2.21 Kinetic modelling of ultrasound imaging data 
 

Radiofrequency (RF) data was acquired in real-time and transferred to a workstation for 

post-processing; all RF data was reconstructed using a GPU-beamformer. The MB 

kinetics was evaluated by producing a mask to segment the tumour region in the 

beamformed images. The global mean time intensity curve (TIC) of the MB enhancement 

within the tumour’s ROI was then computed and fitted to the gamma-variate function 

�(�) = ����
�

�
� 

Where A, α and β are the governing parameters of the non-linear least-square curve 

fitting. This model allows the derivation of certain biologically-relevant parameters, such 

as: the blood volume, which corresponds to the area under the curve (AUC); the wash-in 

and wash-out rates of the contrast agent, which are related to the slopes of the TIC; the 

mean transit time (mTT), which is estimated by the time for which the AUC is ½ of its 

total volume, and is essentially related to the amount of time that MB spend, on average, 

in the tumour region; the peak signal intensity of the curve, which is the maximal contrast 

enhancement in the ROI; the time of arrival, i.e., the time from bolus injection to the 

arrival in the ROI, and the time to peak enhancement.  Fig. 2.1. shows how these 
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parameters were obtained from the fitted model. For visualisation of the tumour 

vasculature, Acoustic Sub-Aperture Processing (ASAP) technique was used that explores 

the spatio-temporal coherence of the classical Power Doppler (DP) signal. Briefly, two 

sets of images were reconstructed by splitting the channels into two non-overlapping sub-

apertures. Singular value decomposition (SVD) was applied to the two sets of 

reconstructed Doppler signals to remove the tissue clutter (Stanziola and Tang, 2016; P. 

Song et al., 2017). Cross-correlation was performed by multiplying the two Doppler 

signals and averaging them across frames.  

 

 

Figure 2.1: Example of MB kinetics profile in a tumour obtained by US imaging. The Power Doppler, 
clutter-filtered images were used to segment the tumour and the global mean time intensity curve (TIC) of 
the MB enhancement was used to fit a gamma-variate function. This model enables extraction of 
biologically relevant parameters such as wash-in and wash-out rates, time of arrival, peak enhancement and 
time to peak, and the mean transit time that corresponds to the time for which the area under the curve is ½ 
of its total value.  

 

 

2.22 Immunohistochemistry 
 

For immunohistochemical staining, formalin-fixed paraffin embedded tumour sections 

were cut into slices of 5 µm thickness. These sections were de-paraffinized in xylene, 
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rehydrated in graded alcohols and heated in a microwave oven at 900 W for 30 min in 

citrate buffer at pH 6.0. Endogenous peroxidase activity was suppressed before 

immunostaining with Powerblock reagent (Biogenex, Fremont, CA, USA). Sections were 

stained with Mayer’s haematoxylin and eosin (H&E) (Sigma-Aldrich), or incubated with 

rabbit anti-human CXCR4 clone UMB2 (1:1000) or rabbit anti-human CD31 (1:50, 

ab28364, Abcam) and with the secondary antibodies Alexa Fluor® 488 goat anti-rabbit 

IgG (1:400; Molecular Probes™) and Alexa Fluor® 594 goat anti-rabbit IgG (1:400; 

Molecular Probes™). The slides were mounted using ProLong® Gold Antifade mounting 

reagent with DAPI for cell nuclei staining.  Immunofluorescence imaging was performed 

using a 40X UPlanAPO objective lens on an Olympus BX-51 wide-field microscopy 

UIS2 optical system (referenced above) in the red, blue and green channels. 

 

2.23 Microvessel density calculation 
 

Microvessel density (MVD) was calculated by counting the CD31-staining occurrences 

in the obtained images, normalised to the number of images counted (n=6).  

 

2.24 Synthesis of Lipo-PEG-TCO 
 

The lipo-PEG-TCO was synthesised by coupling DSPE-PEG2000-NH2 lipid to trans-

cyclooctene-PEG4-NHS ester (TCO-PEG4-NHS). Both DSPE-PEG2000-NH2 (28.9 mg) 

and TCO-PEG4-NHS ester (5.3 mg) were diluted in CHCl3 (100 µl) and aliquoted into a 

vial, in the presence of triethylamine (Net3) (1.4 µl) (Sigma-Aldrich). Synthesis was 

performed stoichiometrically and the reaction was stirred for 16h at RT. The vial was 

freeze-dried to evaporate the solvents and the presence of the product was confirmed by 
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mass spectrometry using UPC2 (ES+) m/z calculated for C152H312N5O63P 817.78 

[M+4H+2HTCO+NH4OAc]4+, and found to be 818.06 (rt = 3.64 min) (Fig. 2.2).  

 

Figure 2.2: UPC2 spectra for DSPE-PEG2000-TCO. (A) UPC2 chromatogram. (B) MS (ES+) spectra for 
major peak (3.64 min), with peaks distributed around 1075 for a 3+ ion, 855 for a 4+ ion and 705 as a 5+ 
ion. 

 

 

2.25 TCO-MB preparation 
 

TCO-MB were obtained by replacing 4.8% of the DSPE-PEG2000-NH2 with the modified 

lipid, DSPE-PEG2000-TCO. TCO-MB and NT-MB were prepared using methodology 

described in Section 2.17.  
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2.26 TCO-MB optical characterisation 
 

Counting and sizing of TCO-MB and NT-MB was performed using methodology 

described in Section 2.17.  

 

2.27 Investigation of IeDDA reaction kinetics with 1H NMR  
 

The kinetics of the IeDDA reaction between DSPE-PEG2000-TCO and tetrazine was 

investigated by 1H NMR. Both tetrazine and DSPE-PEG2000-TCO were diluted in D6-

DMSO and added stoichiometrically to a reaction vial, and 1H NMR spectra were taken 

at 1, 6, 12, 24, 48h and 7 days. Spectra were recorded at 400 MHz on a Bruker AV-400 

instrument. The ratio of tetrazine and dihydropyrazine was derived from the integrated 

1H NMR peaks. 

 

2.28 Radiosynthesis of [68Ga]DOTA-MB 
 

[68Ga]GaCl3 was eluted from the iThemba SnO2-based 68Ge/68Ga generator with 1mL of 

either 0.6 or 1 M HCl. Experiments were performed 2-6 months after purchase of the 

generator. The eluate was further diluted in 30 mL of water and transferred through an 

SCX cartridge (Strata™-X SCX cartridge, 30 mg/ 1 mL, particle size 33 µm), which was 

previously preconditioned by rinsing with 1 mL of 1 M HCl and subsequently 10 mL of 

water. Trapping efficiency was determined by measuring the radioactivity trapped in the 

SCX cartridge and present in the waste. The radioactivity was eluted from the SCX 

cartridge using 500 µl of either 98% Acetone/ 0.02 M HCl (followed or not by drying 

with N2 flow), 98% EtOH/0.02 M HCl or 5 M NaCl/HCl (+500 µl water). Elution 

efficiency was determined by measuring the radioactivity eluted and still trapped in the 

SCX cartridge. The eluted radioactivity was directed into a 5 mL Wheaton vial sealed 
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with a PTFE/Silicon septum equipped with a vent needle, containing either 25 or 50 µg 

of 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)-tetrazine precursor. 

A different array of buffers were used: 0.02 M, 1 M and 2 M NaOAc (pH=4.5) and 

HEPES (300 mg/mL, pH=8.6) – volumes are specified in chapter 5. The reaction 

mixture’s pH was in some occasions adjusted using either water, 1 M HCl or 2 M NaOH, 

and pH values ranging from 2.4 to 6.6 were evaluated. The reaction mixture was allowed 

to react at 90 °C for 10 or 20 min. Analytical HPLC of the reaction mixture was used to 

determine the incorporation yield (Gemini C18 column). The resulting [68Ga]DOTA-Tz 

was further diluted in either 5 or 6 mL of water or 1 M NaOAc, and purified using two 

silica-based bonded phase cartridges with different carbon chain lengths, C8 (Sep-Pak C8 

plus light cartridge, 145 mg, 0.3 mL capacity, particle size 37-55 µm, pore size 125Å) 

(Waters) and C18 (Sep-Pak C18 plus light cartridge, 130 mg, 0.4 mL capacity particle 

size 55-105 µm, pore size 125Å). Different methods for cartridge preconditioning were 

used: 5 mL of 70% EtOH, 10 mL of water and 5 mL of air; 5 mL of 99% EtOH, 2 mL of 

1 M NaOAc and 5 mL of air; 5 mL of 99% EtOH, 10 mL of water and 5 mL of air; and 

5 mL of MeCN/0.1% TFA and 5 mL of air. The tracer was eluted from the cartridge using 

500 µl of either 70% EtOH, 99% EtOH, MeCN/0.1% TFA. Analytical HPLC confirmed 

the radiochemical purity of [68Ga]DOTA-Tz.  

The purified [68Ga]DOTA-Tz was directed to a vial containing 1 mg of dried DSPE-

PEG2000-TCO, and allowed to react for 15 min at either RT or 50°C. Analytical HPLC 

was used to determine the incorporation yield (Phenomenex BioSep-SEC-S column). 

Purification of the conjugated [68Ga]DOTA-DSPE was performed using a size exclusion 

centrifugal filter unit (Amicon ultra-15 centrifugal filter unit, 15 mL, nominal molecular 

weight limit (NMWL) 3,000, MerckMillipore, Hertfordshire, UK) which was centrifuged 

for 10 min at 4500 rpm. The [68Ga]DOTA-DSPE was eluted from the filtering unit using 
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100 µl of EtOH and purity was confirmed by analytical HPLC (Phenomenex BioSep-

SEC-S column). The eluate was directed into a vial containing a mixture of DPPC, DPPA 

and DSPE-PEG2000-NH2 (81.9:8.6:4.8 mole ratio, respectively), and reconstituted into 

MB as per normal.  

 

2.29 In vivo PET imaging of [68Ga]DOTA-Tz, [68Ga]DOTA-DSPE and 
[68Ga]DOTA-MB 

 

Dynamic PET imaging of [68Ga]DOTA-Tz, [68Ga]DOTA-DSPE and [68Ga]DOTA-MB 

was performed in non-tumour-bearing NOD/SCID mice (6 – 8 weeks). Mice were 

anesthetized with 2.5% isoflurane/O2 and placed in a thermostatically controlled ring in 

a dedicated small animal Genisys4 PET scanner. Following injection of 0.37 MBq of 

[68Ga]DOTA-Tz, [68Ga]DOTA-DSPE or [68Ga]DOTA-MB via lateral tail vein cannula, 

PET scans were acquired in a list-mode format over 0-30 min to give decay-corrected 

values of radioactivity accumulation in tissues. Data reconstruction and analysis was 

carried out as previously described in Section 2.8.  

 

2.30 Biodistribution of [68Ga]DOTA-MB 
 

Biodistribution evaluation of [68Ga]DOTA-Tz, [68Ga]DOTA-DSPE and [68Ga]DOTA-

MB was carried out in the same cohort of animals after the end of PET scans (30 min 

after radioactivity injection). Tissue samples were quickly collected and radioactivity 

content was determined by γ-counting and normalized to sample weight.  
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2.31 Statistical analysis  
 

Data were expressed as mean  ±  standard error of the mean (SEM). Statistical analysis 

was done using unpaired 2-tailed Student’s t-test or two-way ANOVA with Bonferroni 

correction as appropriate and defined as significant (*, 0.01<p<0.05), very significant (**, 

0.001<p<0.01) and extremely significant (***, p<0.001).  
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3  

 

 

Chapter 3 

 

Evaluation of an 18F Radiolabelled Cyclam 

as a PET Tracer for Sensitive CXCR4 

Imaging and Development of Models 

 

3.1   Introduction 
 

Non-invasive molecular imaging of CXCR4 could potentially be used as a prognostic 

biomarker or for the monitoring of CXCR4-targeted therapeutics. PET imaging, owing to 

its characteristics (discussed in chapter 1), is an attractive candidate for the imaging of 

CXCR4; thus, several PET-dedicated CXCR4-targeting molecules have been developed 

based on CXCR4 antagonists functionalised with a prosthetic group or a chelating agent 

(Lauren E Woodard and Nimmagadda, 2011; Kuil, Buckle and van Leeuwen, 2012; 

Weiss and Jacobson, 2013b). 

One of the most studied group of CXCR4 imaging agents are peptide-based ligands. For 

example, Jacobson et al. (Jacobson et al., 2010) developed a PET tracer based on a T140 

analogue, 4-[18F]T140. Despite accumulation in CXCR4-positive tumours, 4-[18F]T140 
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showed high background signal levels, which the authors attributed  to non-CXCR4 

mediated binding to red blood cells; The same authors developed to other T140-based 

tracers amenable to labelling with 64Cu, [64Cu]DOTA-NFB and [64Cu]NOTA-NFB 

(Jacobson et al., 2011a, 2012) and showed that these molecules accumulated specifically 

in CXCR4-positive tumours while exhibiting reduced red blood cell binding. However, 

uptake in the liver and kidneys was significantly higher than that of 4-[18F]T140, which 

was thought to be due to the transchelation of 64Cu to superoxide dismutase in the liver. 

This led others to hypothesise that radiolabelling with 68Ga instead of 64Cu could decrease 

the tracer residence time in metabolic organs. The [68Ga]NOTA-NFB, recently developed 

by Wang et al., was evaluated in a small sample of patients with glioma and showed better 

tumour-to-healthy brain tissue contrast than FDG (Z. Wang et al., 2015). George et al. 

radiolabelled a T140 analogue, NO2A-TN14003, to give [68Ga]CCIC16 (George et al., 

2014b); this tracer exhibited favourable contrast which was shown to be CXCR4-

mediated. Nonetheless, radiolabelling with 68Ga did not overcome the high hepatic 

accumulation of the tracers.  

Cyclopentapeptides have also been used for the development of new PET tracers. For 

example, Åberg et al. synthesised a tracer based on the structure of FC131 – a cyclic 

pentapeptide that exhibits similar bioactivity to T140 - for labelling with the prosthetic 

group 4-[18F]fluorobenzaldehyde to give [18F]CCIC07 (Åberg et al., 2012). However, the 

structural modifications made caused a significant reduction in the binding affinity to 

CXCR4. Demmer and co-workers also developed a FC131-based tracer with a DOTA 

residue that could accommodate a 68Ga label (Gourni et al., 2011). This tracer, 

[68Ga]CPCR4-2 ([68Ga]Pentixafor), showed persistent tumour uptake and improved 

pharmacokinetics and has reached clinical trials, representing the first attempt at PET 

imaging of CXCR4 expression in humans (Wester et al., 2013). Tracer accumulation in 
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tumours not always reflected the CXCR4 expression reported in the literature, and in 

some cases it underperformed compared to FDG; nonetheless, [68Ga]CPCR4-2 allowed 

visualisation of several tumour types, including lymphoma, myeloma, glioblastoma, etc. 

(Wester et al., 2013, 2015; Philipp-abbrederis et al., 2015; Lapa et al., 2017; Vag et al., 

2017).  

Small molecule CXCR4-antagonists, such as the bicyclam AMD3100, have also been 

used for PET imaging of CXCR4 due to their high affinity, favourable pharmacokinetics 

and clinical relevance. Jacobson et al., leveraging on the ability of AMD3100 to strongly 

coordinate metal ions, developed a 64Cu radiolabelled probe (Jacobson et al., 2009). The 

first in vivo study of [64Cu]AMD3100 in non-tumour bearing mice demonstrated CXCR4-

specific accumulation in immune-related organs such as spleen, lymph nodes and bone 

marrow. Although CXCR4-specific accumulation in tumours was also observed, the 

highest accumulation of radioactivity was in the liver (Nimmagadda et al., 2010).  

In an attempt to understand the influence of the copper-AMD3100 complex stability, a 

64Cu-radiolabelled AMD3465, an AMD3100 analogue, was recently investigated (De 

Silva et al., 2011). AMD3465, a second-generation monocyclam-based CXCR4 inhibitor, 

was created amid attempts to reduce the overall positive charge of AMD3100, conferred 

by the charged nitrogens (+2) in each of the cyclam moieties (De Clercq, 2003). In 

AMD3465, one of the four-nitrogen cyclam rings of the prototype bicyclam AMD3100 

was replaced by a two-nitrogen N-pyridylmethylamine moiety, reducing the overall 

charge of the compound whilst preserving high affinity CXCR4 antagonism (Hatse et al., 

2005; Rosenkilde et al., 2007). This tracer, [64Cu]AMD3465 displayed improved tumour 

accumulation compared to [64Cu]AMD3100 (up to 8-fold higher). Nonetheless, 

considerable uptake in the liver was observed. As an effort to increase stability of the 

metal complex, the same group synthetized two bridged cyclam analogues of AMD3465, 
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[64Cu]RAD1-24 and [64Cu]RAD1-52 (Woodard et al., 2014) based on the rationale that 

cross-bridged cyclams are 6 to 8 times kinetically more stable than non-bridged 

counterparts (Sun et al., 2002). Despite specific uptake in tumours, liver uptake for both 

tracers was higher compared to [64Cu]AMD3100.  

Two different copper-free approaches were also investigated: Hartimath et al. developed 

an AMD3465-derived tracer labelled with 11C, N-[11C]methyl-AMD3465, that showed 

specific accumulation in CXCR4-expressing glioma tumours (Hartimath et al., 2014, 

2017); Poty et al. functionalised AMD3100 with chelator molecules (DOTA and 

NODAGA) so as to use them for the coordination of 68Ga (instead of using the cyclam 

cavity) in an attempt to prevent transchelation phenomena (Poty et al., 2016). Both these 

approaches, despite the absence of 64Cu, showed high hepatic accumulation. Although 

the authors did not propose an explanation, reduction of liver uptake of N-[11C]methyl-

AMD3465 (30%) and [68Ga]11 (50%) after treatment with cold AMD3100 suggests that 

this is partially CXCR4-specific; the mechanism responsible for the remainder of the 

uptake, if not copper-mediated, remains to be elucidated. 
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3.2   Aims 
 

PET tracers targeting CXCR4 developed to date have shown high affinity for CXCR4-

expressing tumours, but have also been plagued with high accumulation in metabolic 

organs such as the liver. This has been hypothesised to be a contribution of different 

physicochemical and biological properties, including transchelation of 64Cu to liver 

proteins; however, amid controversy in the literature, the exact mechanisms remain 

unclear. Considering the different approaches used for imaging of CXCR4, particularly 

small molecule-based approaches, non-radiometal labelling approaches are still lacking 

in the literature. We report, for the first time, the development of an 18F-labelled 

AMD3465-based monocyclam for sensitive imaging of CXCR4 expression in tumours, 

with the intent of shedding light on the mechanisms involved in the undesired uptake in 

organs such as liver. To achieve this, several sub-goals were envisioned:  

 Development of a 18F-radiolabelled AMD3465 analogue, monocyclam-

fluorobenzaldehyde, [18F]MCFB; 

 Investigate the sensitivity and specificity of [18F]MCFB for CXCR4; 

 Investigate the ability of [18F]MCFB to accurately depict CXCR4 expression in 

tumour models; 

 Interrogate whether [18F]MCFB targets intracellular CXCR4 and transport 

mechanisms involved; 

 Investigate the [18F]MCFB pharmacokinetics, and elucidate on the mechanisms 

involved in tracer accumulation in the liver; 

 Lastly, [18F]MCFB was used as a stepping stone for the following chapter, by 

permitting validation of cancer models that could be useful for the development of a 

CXCR4-targeted US MB.  
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3.3   [18F]MCFB development  
 

The synthesis of [18F]MCFB is described in detail elsewhere (D. Brickute et al, 

unpublished work). Briefly, a new monocyclam ligand was designed based on the 

structure of AMD3465 (Fig. 3.1), in which the 2-pyridylmethylamine moiety was 

replaced with 1-aminomethyl-4-fluorobenzene. This facilitated 18F labelling, achieved by 

using the prosthetic group [18F]fluorobenzaldehyde. The radiosynthesis process took 2.5 

h in total and the specific activity of [18F]MCFB was 5.7 GBq/μmol. The affinity of the 

cold compound, [19F]MCFB, for CXCR4 was determined by radioactive antagonism 

using [125I]CXCL12 and compared to that of AMD3465. The resulting IC50 values were 

111.0 nM for [19F]MCFB and 89.8 nM for AMD3465, showing that MCFB has high 

affinity for CXCR4 (Table 2.1) (values determined in collaboration with Dr. Quang-De 

Nguyen). 

 

  

Figure 3.1: Chemical structures of the target molecule (MCFB) and AMD3465. 

 

 

3.4   Selection of cancer cell lines  
 

Characterisation of molecular tracers requires models that are both suitable in terms of 

target expression, and relevant in the clinical context. Prior to the start of work, cell lines 

were evaluated and selected based on these features. 
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Table 2.1: IC50 values for [19F]MCFB and AMD3465. 

 

 

The choice of relevant cancer cell lines for this study started with the evaluation of 

CXCR4 gene expression in different tumour types. The Cancer Cell Line Encyclopaedia 

is a robust database that compiles the information of approximately 947 human cancer 

cell lines, from gene expression to chromosomal copy number, and is of great use for the 

establishment of preclinical models. Using this tool, CXCR4 mRNA expression levels 

were evaluated in various tumour types, and higher expression was identified in 

haematological cancers, such as lymphoma and multiple myeloma, concomitant with the 

role of CXCR4 in lymphocyte migration and homing (Fig. 3.2) (Zlotnik, Burkhardt and 

Homey, 2011; Barretina et al., 2012). Thus, we decided to use a CXCR4 highly-

expressing B-cell lymphoma cell line, U2932, and compare it against another B-cell 

lymphoma cell line with lower CXCR4 expression, SuDHL8, as determined by Wester et 

al. (Wester et al., 2015). 

CXCR4 and its signalling axis have a well-known role in the metastatic process, 

particularly in breast cancer, where its expression is significant, as previously described 

in detail. In fact, neutralisation of the interaction of the CXCL12/CXCR4 axis after 

injection of MDA-MB-231 cells significantly inhibited metastasis to the lymph nodes and 

lungs, motivating our choice of this cell line for further evaluation (Müller et al., 2001). 
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Figure 3.2:  CXCR4 mRNA expression across different types of primary tumours. Box plot show the 
distribution of mRNA expression for each tumour type, ordered by the median CXCR4 mRNA expression 
level. Y axis represents logarithmic fold-change of mRNA expression relative to healthy tissue. Sample 
numbers are indicated in parentheses.  

 

 

Characterisation of a CXCR4-knockdown breast cancer cell line 
 

The choice of adequate models is of paramount importance in the evaluation of any new 

tracers. The use of transgenic cell lines is common in the literature and is a valuable 

validation method, but high levels of protein overexpression often challenge the 

correlation with naturally-occurring models. Alternative models that recapitulate CXCR4 

expression in human cancers are preferred. Nonetheless, we recognised the value of using 

isogenic cell lines with differential protein expression, and thus, instead of a stably 

CXCR4-expressing cell line, we developed an isogenic model of MDA-MB-231 with an 

inducible shRNA, able to transiently knockdown CXCR4 expression. Contrary to 

transient transfection, inducible models have the advantage of stable incorporation of the 

shRNA into the host DNA. Furthermore, when applicable, a knockdown model is 

preferred since complete depletion may affect tumour growth in vivo. The pTRIPZ vector 
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contains a reporter TurboRFP encoding sequence and a tetracycline-inducible promoter 

sequence activated in the presence of doxycycline (DOX). 

 

Figure 3.3: Selection of MDA-MB-231 cells transduced with CXCR4-targeting shRNA. Cell pools with 
different CXCR4-targeting shRNA sequences (#1, #2, #3), or scramble shRNA (shSC) were treated with 
either vehicle or 0.5 µg/mL of DOX for 24, 48, 72 and 96h. (A) Representative western blot of CXCR4 and 
RFP expression, with β-actin used as a loading control. (B) Quantification of the change in CXCR4 
expression after DOX treatment expressed as % of vehicle.  

 

Four cell pools were derived: three of them containing different sequences against 

CXCR4 (#1, #2, #3) and a control cell line containing a scramble shRNA sequence 

(shSC). The cell lines with the strongest knockdown response, determined by incubation 

with 0.5 μg/mL of DOX, were isolated by FACS sorting.   

The knockdown response of the resultant cell pools was characterised by evaluating the 

expression of CXCR4 and RFP when incubated with DOX for 24, 48, 72 and 96 h (Fig. 

3.3). The cell pool #1 showed the highest knockdown; CXCR4 expression decreased to 

18% of control expression after only 24h of treatment. Although expression decreased 

even further after 48h of DOX treatment (10% of vehicle), for a matter of convenience of 

the experiment protocol, 24h was chosen as the preferred time-point. As the most 
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sensitive cell pool, the #1 cell line was further characterised and will henceforth be 

referred to as shCXCR4. Expression of RFP reflected the presence of DOX, but not 

necessarily the alteration of CXCR4 expression.  

 

 

 
Figure 3.4. Characterisation of MDA-MB-231 shCXCR4 cell line. (A) Cells were treated either with 
vehicle (a-d), or DOX (e-h), for 24 h prior to immunofluorescent evaluation of CXCR4 (a,e), RFP (b,f) and 
nuclei (c,g). Green: Alexa-Fluor 488-conjugated rabbit anti-CXCR4 antibodies; RED: TurboRFP 
expression; BLUE: DAPI nuclear stain. Images were obtained under 600X magnification. Each scale bar 
represents 100 µm. (B) Cells were induced with either DOX or vehicle for 24 h prior to hypoxia or normoxia 
incubation for 16 h. Cells were then harvested and CXCR4 expression was evaluated by western blot. β-
actin was used as a loading control and ratios of CXCR4 to β-actin are shown below the blot.  
 

 

We further evaluated the selected cell pool, MDA-MB-231 shCXCR4, for its CXCR4 

and RFP expression in the presence of DOX with immunofluorescence. In the presence 

of DOX, CXCR4 expression decreased (Fig. 3.4A), and RFP, absent in the vehicle group, 

was expressed. Furthermore, since HIF-1α is known to upregulate expression of CXCR4 

(Jin et al., 2012), we evaluated CXCR4 expression on MDA-MB-231 shCXCR4 cells 

under hypoxia for 16h after a 24h treatment with DOX. Hypoxia induced a 30% increase 

in CXCR4 expression (Fig. 3.4B). Decreased expression of CXCR4 was seen after 

treatment with DOX, both in normoxic or hypoxic conditions.  
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3.5   [18F]MCFB binds sensitively to CXCR4 in vitro 
 

The uptake of [18F]MCFB was evaluated in the cell lines selected for this work, and 

compared with CXCR4 expression, determined by western blot analysis. The [18F]MCFB 

uptake was higher in the U2932 cell line (0.86 ± 0.15 %ID/mg) than in SuDHL8 (0.52 ± 

0.05 %ID/mg), although this difference (54%) did not reflect the differences in protein 

expression determined by western blot (Fig. 3.5A, C). Furthermore, blocking with 

AMD3465 only partially blocked [18F]MCFB uptake (33% decrease in U2932 and 44% 

in SuDHL8). The absence of CXCR4 in the SuDHL8 cell line was further confirmed by 

flow cytometry analysis (Fig. 3.5E). Put together, these data seem to indicate that some 

level of unspecific binding is contributing to the uptake of [18F]MCFB. We hypothesised 

that uptake of [18F]MCFB could be partially mediated by binding to CXCR7, but this 

seems unlikely given that both cells present very little amounts of this receptor (Fig 3.5E).  

Specific uptake of [18F]MCFB was further evaluated by the use of MDA-MB-231 cells 

transduced with either a DOX-inducible scramble (shSC) or CXCR4-targeted 

(shCXCR4) shRNA. Tracer accumulation was 2-fold higher in hypoxia-induced cells 

compared to normoxic conditions, in accordance with the higher CXCR4 expression 

which was confirmed by protein analysis (Fig. 3.5B). Induction of hypoxia was confirmed 

by HIF-1α in collaboration with Miss Doreen Lau and is demonstrated elsewhere (D. 

Brickute et al, unpublished work). 
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Figure 3.5. Specificity and sensitivity of [18F]MCFB for CXCR4 evaluation by radioactive uptake and 
protein expression analysis. (A) Uptake of [18F]MCFB normalised to cellular protein in U2932 and 
SuDHL8 cell lines, with or without blocking for 5 min with AMD3465 prior to tracer incubation. Data are 
mean ± SEM, n=6.  (B) Effect of CXCR4 knockdown on [18F]MCFB radioactive uptake. MDA-MB-231 
cells transduced with a doxycycline-inducible scramble (shSC) or CXCR4-targeted (shCXCR4) short 
hairpin RNA construct were incubated under normoxia or hypoxia (< 1% O2 for 16 h) in the presence 
or absence of DOX (0.5 mg/ml for 24 h). Data are mean ± SEM, n=6. (C) and (D) Typical western blots of 
CXCR4 expression in cells under conditions in (A) and (B) are shown below. β-actin was used as a loading 
control and ratios of CXCR4 to β-actin are shown above the blots. (E) Flow cytometry histogram plots for 
CXCR4-stained (dashed line, upper quadrant) or CXCR7-stained (dashed line, lower quadrant) and 
respective unstained controls (grey).   
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In the MDA-MB-231 shSC cell line under hypoxia, as expected, both CXCR4 expression 

and [18F]MCFB uptake were not unperturbed by the treatment with DOX. In the 

shCXCR4 cell line, on the other hand, [18F]MCFB was sensitive to changes in the receptor 

expression induced by DOX treatment, with uptake values decreasing (40% drop), in 

accordance to the reduction in CXCR4 expression (23%) verified by western blot.  

 

3.6   In vivo PET imaging of CXCR4 expression with [18F]MCFB  
 

The ability of [18F]MCFB to sensitively distinguish varying degrees of CXCR4 

expression in tumour milieu was evaluated. Fig. 3.6A shows representative PET images 

of tracer accumulation in MDA-MB-231 shSC and shCXCR4 xenograft-bearing mice 

treated with DOX-supplemented diet for 6 days (DOX+) or normal diet (DOX-) prior to 

imaging with [18F]MCFB. Analysis after 60 min post-injection, tracer accumulation 

allows identification of the tumour, but does not discriminate between the treated and 

non-treated xenografts. Due to the evident signal heterogeneity, tracer retention was 

evaluated using region-of-interest analysis of highest voxel intensity; however, no 

differences were observed in the intensities of the upper 25th percentile of voxel intensity 

(tumour/whole body ratio (T/WB) ~ 2 for all conditions Fig. 3.6B). To evaluate the 

possibility of this effect being CXCR4-mediated, we determined protein expression in the 

xenografts treated with DOX for 6 and 14 days. Although the extent of knockdown in 

MDA-MB-231 shCXCR4 was higher after 14 days, it was already evident after 6 days 

(Fig. 3.6C).  

MDA-MB-231 tumour models have been shown to develop central necrotic areas, 

consistent with hypoxia as a result of rapid tumour growth, and exacerbated by the poor 

vascularity characteristic of this tumour model (Nofiele et al., 2014). This was visible in 

this work, with evident necrosis from the onset of tumour growth and in the derived PET 
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images (Fig. 3.6D). This phenotype can significantly bias tracer delivery and receptor 

binding, thus hindering differences in uptake between treatment groups. 

We evaluated whether using a different model, MDA-MB-231.luc - a luciferase 

expressing cell line - could potentially result in a more viable model.  MDA-MB-231.luc 

xenograft-bearing mice were treated with AMD3465 10 min prior to imaging with 

[18F]MCFB. Despite the use of a different model, the uptake of the tracer in the tumour 

was low (T/W ratio 1.2) and the signal was very heterogeneous within the tumour. Even 

though blocking resulted in a somehow lower tumour-to-whole body uptake, no 

significant differences were observed (Fig. 3.6E, F).  

Subsequently, we investigated tracer accumulation in mice bearing U2932 and SuDHL8 

tumours, together with MDA-MB-231, a non-transgenic variant, to further elucidate on 

the suitability of this model. Representative PET images show high [18F]MCFB 

accumulation in the tumour models 60 min after tracer injection (Fig. 3.7A). Uptake was 

2-fold higher in U2932 (T/WB ratio 4±0.8) than in SuDHL8 (T/B ratio 2.1±0.3) and 

MDA-MB-231 (T/WB ratio 1.6±0.1) (Fig. 3.7B). Interestingly, despite the absence of 

CXCR4 in the SuDHL8 cell line in vitro, immunofluorescence analysis showed weak but 

existing expression of CXCR4 in the excised tumours (Fig. 3.8C). However, the signal 

uptake was not in accordance with expression of CXCR4, which is higher in MDA-MB-

231 than in SuDHL8 (Fig. 3.7D), reinforcing the fact that the necrotic nature of this 

tumour model is a confounding factor and thus this model is not suitable for further 

evaluation (Fig. 3.7E). With the two lymphoma xenografts, however, CXCR4 expression 

was related to tumour tracer uptake. 



98 
 

 

Figure 3.6: In vivo evaluation of [18F]MCFB uptake in MDA-MB-231-shRNA and MDA-MB-231.luc 
models. (A) Representative orthogonal [18F]MCFB-PET images derived from summed 60 min dynamic 
scans in MDA-MB-231 shSC and shCXCR4-bearing mice fed with either DOX-supplemented or normal 
chow for 6 days prior to imaging. (B) Quantification of [18F]MCFB uptake in the different conditions shown 
in (A) by region of interest analysis. The upper 25th percentile of voxel intensity was determined and was 
normalised to whole body radioactivity. Data are mean ± SEM, n=4. (C) Western blot analysis of CXCR4 
expression in tumours excised from mice fed normal chow (-) or with DOX-supplemented chow for 6 days 
(+) of 14 days (++) respectively. β-actin was used as a loading control and ratios of CXCR4 to β-actin are 
shown below the blots. (D) Representative image of necrotic MDA-MB-231 shSC-tumour centre. (E) 
Quantification of [18F]MCFB uptake in the tumours of MDA-MB-231.luc-bearing mice treated with either 
vehicle or AMD3465 prior to radioactivity injection. Data are mean ± SEM, n=4. (F) Representative 
orthogonal [18F]MCFB-PET images derived from summed 60 min dynamic scans MDA-MB-231.luc 
xenograft-bearing mice. White arrows indicate tumours.  
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Figure 3.7: [18F]MCFB discriminates differential CXCR4 expression in vivo. (A) Representative 
orthogonal [18F]MCFB-PET images derived from summed 60 min dynamic scans in U2932, SuDHL8 and 
MDA-MB-231 xenograft-bearing mice. White arrows indicate tumours. (B) Quantification of [18F]MCFB 
uptake in the different tumour models by region of interest analysis expressed normalized to whole body 
radioactivity. Data are mean ± SEM, n=4. (C) Representative images of immunofluorescence analysis of 
CXCR4 and Dapi expression in excised U2932 and SuDHL8 tumours. (D) CXCR4 expression in excised 
tumours determined by western blot (n=3). β-actin was used as a loading control and ratios of CXCR4 to 
β-actin are shown above the blots (E). Representative axial [18F]MCFB-PET image of a MDA-MB-231 
xenograft-bearing mouse where necrosis is visible. White arrow indicate tumour. 

 

 

3.7   Cellular localisation of CXCR4  
 

Firstly, we investigated the subcellular localisation of CXCR4 in MDA-MB-231 by 

fluorescence microscopy. Despite the heterogeneous morphology of cells, CXCR4 was 

found to be highly expressed in the nuclear, perinuclear and cytoplasmic regions. 

Interestingly, expression in the cell membrane was not very evident (Fig. 3.8A). Due to 
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the suspension phenotype of U2932 and SuDHL8 cells, a similar investigation by 

immunostaining was challenging. Hence, using a cell fractionation kit, we investigated 

CXCR4 expression in the various cell compartments by western blot. In the U2932 cell 

line, CXCR4 expression was higher in the cell membrane than in other compartments 

(Fig. 3.8B). In the SuDHL8, expression was comparably very low. Due to the nature of 

the protocol, finding a suitable loading control proved challenging, and thus conclusions 

need to be taken with care.  

 

 

Figure 3.8: Subcellular localization of CXCR4. (A) a-c. CXCR4, d-f. Actin, g-i. DAPI, and j-l. Merged 
images of MDA-MB-231 cells. The cells were washed, fixed and immunostained for subcellular 
localization of CXCR4 expression by fluorescent microscopy. GREEN = Alexa Fluor 488-conjugated 
rabbit anti-CXCR4 UMB2 antibody; RED = Alexa Fluor 594-conjugated phalloidin anti-F-actin staining; 
BLUE = DAPI nuclear stain. Images were obtained under 600X magnification. Each scale bar represents 
100 μm. CXCR4 is heterogeneously expressed in the different populations of untreated MDA-MB-231 cells 
(a, b, or c) with membrane, cytoplasmic and perinuclear staining. (B) Western blot analysis of CXCR4 
expression in the whole-cell lysate (WC), cytoplasm (C), cell membrane (M) and nuclear (N) compartments 
of U2932 and SuDHL8 cell lines.  
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3.8   [18F]MCFB transport mechanism 
 

To investigate the uptake mechanism of [18F]MCFB, MDA-MB-231 cells were incubated 

with the labelled compound for 30 min at either 37°C or 4°C, assuming very low levels 

of receptor-mediated internalisation at the latter temperature.  

Of the total uptake of [18F]MCFB at 37°C (24.0 ± 2.8 %ID/g), 25% was found 

intracellularly, and taken together with a 48% decrease in tracer uptake at 4°C compared 

to 37°C, this data seems to indicate that [18F]MCFB uptake is partially governed by 

CXCR4-mediated internalisation (Fig. 3.9A). This was further confirmed by the rapid 

increase in Internal Fraction-associated radioactivity (20% of total uptake in 15 min) 

when transitioning the cells from 4°C to 37°C (Fig. 3.9B).  

Interestingly, at 4°C, 23% of the [18F]MCFB was found intracellularly (Fig. 3.9A). 

Provided that this temperature inhibits receptor-mediated internalisation, this suggests 

some degree of tracer diffusion across the membrane.  

 

  

Figure 3.9: [18F]MCFB uptake mechanism evaluation in MDA-MB-231 cells. (A) Cells were incubated 
with [18F]MCFB at 4oC or 37oC for 30 min and the total, internal and surface bound radioactivity normalized 
to cellular protein determined to assess comparative temperature-dependent effect on uptake. Data are mean 
± SEM, n=6. (B) Cells were incubated with [18F]MCFB at 4oC for 30 min, washed, and then transferred to 
37oC media for different time periods. The internal and surface bound radioactivity was counted and 
expressed as a fraction of total radioactivity (internal plus surface bound). Data are mean ± SEM, n=6. 
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3.9   Lipophilicity of [18F]MCFB 
 

In general, only small, uncharged, polar molecules are capable of diffusion through the 

phospholipid bilayer (Cooper, 2000), and thus, the lipophilicity of [18F]MCFB was 

investigated. The most commonly used measure of lipophilicity is LogP, the partition 

coefficient of a molecule between an aqueous and organic phase. At physiological pH, 

our compound is expected to be positively charged. Indeed, the values obtained at 

physiological pH were LogPn-octanol/water = -1.6 and LogPn-octanol/RPMI = -1.2, which 

indicates that this compound is hydrophilic. This does not exclude the existence of 

uncharged species of [18F]MCFB in equilibrium, that could potentially diffuse across the 

cell and disturb the equilibrium, leading to production of more uncharged species. We 

investigated this hypothesis by replacing completely the octanol and measuring the 

amount of radioactivity in both octanol and aqueous phase every 15 min for 60 min. It 

was found that every 15 min there was accumulation of radioactivity in the fresh octanol 

phase (Table 3.1). Given the absolute value of LogP, whether this phenomenon can 

completely explain the high intracellular signal given the low lipophilicity is unclear. 

 

Table 3.1: Radioactivity in n-octanol phase.  
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3.10 [18F]MCFB pharmacokinetics 
 

A key aspect of the development of a radiotracer is the in vivo assessment of its 

pharmacokinetics and tissue accumulation. Biodistribution was carried out in U2932 and 

SuDHL8 tumour-bearing mice 60 min after injection of [18F]MCFB (Fig. 3.10). Tumour 

uptake was 3.3 ± 0.9 %ID/g (% of the injected dose (ID) of radioactivity normalised to 

tissue weight) for U2932 tumours, and 1.81 ± 0.04 %ID/g for SuDHL8 tumours. Low 

levels of bone uptake for both SuDHL8 and U2932-bearing mice (1.6 ± 0.3 %ID/g and 

1.4 ± 0.2 %ID/g, respectively) suggest that tracer defluorination did not occur, and 

elimination occurred via urinary system as indicated by the high accumulation in the 

kidneys (42.1 ± 1.8 %ID/g and 43.1 ± 7.3 %ID/g, respectively) very high accumulation 

in urine (521.7 ± 178.5 %ID/g for and 688.8 ± 50.4 %ID/g, respectively). High 

[18F]MCFB accumulation in the liver was also seen (51.9 ± 2.9 %ID/g for SuDHL8-

bearing mice and 63 ± 4.9 %ID/g for U2932-bearing mice). 

 

 

Figure 3.10: Biodistribution of [18F]MCFB. Mice bearing U2932 or SuDHL8 xenografts were injected 
with 1.48 MBq of [18F]MCFB and tissues were excised 60 minutes after injection. Radioactivity in the 
tissues was counted and are expressed as fraction of injected dose normalized to tissue weight. Data are 
mean ± SEM, n=4. [18F]MCFB shows similar accumulation profiles, with liver, kidneys and urine having 
the highest uptake. 
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Figure 3.11: In vivo stability of [18F]MCFB in plasma, urine and liver. Representative radio-HPLC 
chromatograms of dose solution (parent), and plasma extracts obtained at 15 and 60 min post-injection of 
[18F]MCFB. 

 

Radio-HPLC analysis of plasma, urine and liver extracts obtained at 15 or 60 min after 

[18F]MCFB shower parent compound only, indicating that the tracer is metabolically 

stable (Fig. 3.11).  

Due to the positive charge of AMD3465 at physiological pH, we hypothesised that 

polyspecific transporters, such as the organic cation transporter 1 (OCT1), 2 (OCT2) and 

3 (OCT3), may be involved in the transport of our tracer into the liver and kidneys. To 

evaluate this hypothesis, we treated mice with 50 mg/kg of metformin, an oral insulin-

sensitizing drug and substrate for OCT1, OCT2 and OCT3, and imaged the U2932 

tumour-bearing mice with [18F]MCFB (Fig. 3.12A). Biodistribution studies showed that 

the uptake was lower in the urine, kidney and liver of metformin-treated mice, suggesting 

that [18F]MCFB is a partial substrate for these transporters (Fig. 3.12B). A significant 
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decrease of [18F]MCFB uptake in the urine was seen (688.8±50.4% to 2.8±0.4 %ID/mg), 

probably related to lower renal clearance, and the higher uptake of [18F]MCFB by the 

other organs, including tumour. 

 

Figure 3.12: [18F]MCFB biodistribution is altered in the presence of metformin, an OCT1 and 2 substrate. 
(A) Representative orthogonal [18F]MCFB-PET images derived from summed 60 min dynamic scans in 
U2932 xenograft-bearing mice in the presence or absence of 50 mg/kg for 30 min prior imaging. White 
arrows indicate tumours. Due to differences in uptake, different dynamic ranges were used to produce the 
different images. (B) Biodistribution of [18F]MCFB in the presence or absence of metformin. Mice bearing 
U2932 xenografts were injected with 1.48 MBq of [18F]MCFB and tissues were excised 60 minutes after 
injection. Radioactivity in the tissues was counted and is expressed as a fraction of injected dose normalized 
to tissue weight. Data are mean ± SEM, n=4. 

 

 

3.11 Discussion 
 

The purpose of this study was to develop 18F-labelled AMD3465-based monocyclam for 

sensitive imaging of CXCR4.  Several PET-dedicated tracers have been developed for 

the imaging of CXCR4, where therapeutically relevant CXCR4-antagonists underwent 

minor modifications to accommodate different radioisotopes. Tracers based on small 

molecule inhibitors, such as AMD3100 and AMD3465, have shown promising 

characteristics for CXCR4 imaging, such as sensitive and specific uptake in CXCR4-

expressing tumours; however, they have also been plagued with hepatic accumulation. 

Most strategies employ the use of 64Cu for the radiolabelling, which is known to undergo 
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transchelation (Buck E. Rogers et al., 1996) and could contribute to the undesired non-

specific uptake. Furthermore, 64Cu has a long half-life and poor positron emission 

efficiency (17%), both contributing to increased patient dose, and it is thus not ideal for 

PET imaging. 

18F is considered an excellent compromise between positron energy and half-life – it has 

a positron emission of 97% and half-life of 109.8 minutes, which enables longer 

radiosynthesis times and tracer distribution to different sites. The low positron energy and 

short range of 18F in tissue enables the generation of high-resolution PET images. 18F can 

display higher specific activity compared to other radionuclides, such as 64Cu, and, as 

previously mentioned, labelling of the T140 peptide with 18F has shown significantly 

lower accumulation of the tracer in the liver compared to its analogous radiometal 

chelates of T140 (Jacobson et al., 2010, 2011b).  

Given the more desirable properties of this radioisotope, we report, for the first time, the 

use of a 18F cyclam-based radiotracer, [18F]MCFB, for CXCR4 imaging. This tracer was 

able to sensitively and specifically depict CXCR4 expression in breast cancer and 

lymphoma tumour models, and whilst high uptake in metabolic organs such as liver could 

not be avoided, this work provides insights into the mechanisms responsible for this 

effect.  

[18F]MCFB contains a 1-aminomethyl-4-fluorobenzene moiety in the place of the 2-

pyridylmethylamine group in AMD3465. The final product had a radiochemical purity of 

>99% after semi-preparative HPLC purification and a good isolated radiochemical yield 

(20 ± 6 % ndc - RCY). However, the radiosynthesis process was longer than 1 half-life 

of 18F (2.5 h) and specific activity was poor (5.7 GBq/μmol). This is not surprising, as 

previous attempts at labelling with 18F for CXCR4 imaging were long and low-yielding 

(<5% ndc - RCY) syntheses, as exemplified by the labelling of TN14003 derivatives with 
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2-fluoropropionate or 4-fluorobenzoate (Jacobson et al., 2010; Zhang et al., 2013). Our 

synthesis was carried out manually, which not only limits the amounts of starting 

radioactivity used, but also slows down the process; future work will include automation 

of radiosynthesis.  

A suitable CXCR4-targeted tracer should provide good contrast, i.e. signal-to-

background ratio, by binding to its receptor rapidly and with high affinity; sensitive 

enough to depict variations in target expression; and specific, as a tracer’s affinity for an 

off-target receptor may not only result in decreased contrast, but also lead to false 

positives. The binding affinity of [18F]MCFB (111.0 nM) for CXCR4 was comparable to 

that of AMD3465 (89.8 nM), probably as a result of the conservation of the overall 

number of nitrogen atoms between these two molecules. In vitro binding assays show that 

the tracer sensitively depicted differential CXCR4 expression, which was only partially 

blocked in the presence of AMD3465. Interestingly, [18F]MCFB accumulated in the 

SuDHL8 cell line, which was shown to be negative for CXCR4 in vitro. This seems to 

indicate some level of unspecific binding of [18F]MCFB. We hypothesised that this could 

be partially mediated by CXCR7, that was shown to be expressed in both cell lines 

interrogated (U2932 and SuDHL8). Further evaluation of the tracer’s specificity will 

include CXCR7 blocking with specific antagonists.  

 In vivo validation was challenging, as the tracer did not detect the differences in CXCR4 

expression between MDA-MB-231 shSC and shCXCR4 tumours. Similarly, pre-

treatment with AMD3465 did not result in significant changes in the [18F]MCFB uptake 

by MDA-MB-231 tumours. The blocking dose of AMD3465 could not have been 

increased further, as the administered dose (30 mg/kg) had noticeable effects on the health 

of the animals. It is possible that this limiting dose level is not sufficient to induce 

blocking in tissues with high concentration of CXCR4, such as the liver; furthermore, the 
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similar affinities of [18F]MCFB (111 nM) and AMD3465 (89 nM) may contribute to 

inefficient competition. A way of testing this hypothesis would be to use other higher 

affinity antagonists, with increased receptor-residence time; this will be part of future 

investigation.  

MDA-MB-231 tumour model is highly aggressive and fast growing, with hypoxic areas 

that are exacerbated by the poor vasculature, leading to necrosis. The evident macroscopic 

necrotic skin areas from the onset of the tumour growth and a ‘cold’ centre consistently 

seen in the PET images indicate that the tracer delivery to the tumour milieu may have 

been severely compromised; this phenotype limits interpretation of results and thus this 

tumour model was not further evaluated.  

In vitro evaluation of [18F]MCFB shows specific binding of radioactivity to U2932 and 

SuDHL8 cell lines. Of note, the overall uptake values obtained for these cell lines are low 

(<1% ID/mg). De Silva et al., for example, reported uptake values of [64Cu]AMD3465 

up to 12% ID/million-cells in a CXCR4-transfected U87 glioma cell line (Silva et al., 

2011). However, due to the overexpression of CXCR4 in this cell line, comparison with 

naturally-occurring models is not ideal; for the other cell lines used in the same work, 

HT-29 and U87, [64Cu]AMD3465 showed considerably more modest uptake values (<2% 

ID/million-cells). The use of different units between others and the present work 

(%ID/million-cells and %ID/mg of protein) limits direct comparison of absolute values.  

In vivo, [18F]MCFB allowed clear tumour identification in the derived PET images. 

Tracer accumulation was higher in U2932 xenografts compared to SuDHL8, in line with 

the difference in receptor expression. Interestingly, in both in vitro and in vivo studies, 

the difference in tracer uptake did not reflect the marked differences in CXCR4 

expression between U2932 and SuDHL8; in fact, the SuDHL8 cell line was shown to be 

negative for CXCR4. In vivo, however, a faint band corresponding to CXCR4 can be seen 
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in the western blot analysis; indeed, immunofluorescence staining of excised specimens 

show low but existing CXCR4 expression in the SuDHL8 tumours. It is possible that the 

complexity of the tumour milieu, with increased hypoxia and angiogenesis promotes 

expression of CXCR4 in this tumour model, despite its low expression in the in vitro 

setting. 

Intracellular expression of CXCR4 has only recently been identified, and despite the lack 

of consensus in the literature, compelling evidence seems to indicate that this has 

prognostic value (Yasuoka et al., 2008; Yoshitake et al., 2008). When analysing data 

from a range of different tumours imaged with [64Cu]CPCR4.2, the authors showed that 

the signal not always correlated with the CXCR4 expression described in the literature; 

they found that metastatic lesions often presented high levels of intracellular CXCR4 

(Vag et al., 2017). Nimmagadda and co-workers observed retention of [64Cu]AMD3465 

in the tumour was still noticeable 24h p.i.; this effect could be attributed to CXCR4-

mediated internalisation and binding of the tracer to cytosolic CXCR4, as CXCR4 can be 

rapidly desensitised after ligand binding by receptor internalisation (Teicher and Fricker, 

2010b). We showed that CXCR4 is indeed highly expressed in the nuclear, perinuclear 

and cytoplasmic regions of MDA-MB-231 cells. Thus, a tracer with the ability to target 

intracellular CXCR4 could potentially result in higher signal-to-noise ratio.  

[18F]MCFB was shown to be internalised in vitro, in a similar fashion to [64Cu]AMD3465 

(Silva et al., 2011) and  N-[11C]methyl-AMD3465 (Hartimath et al., 2017). As MDA-

MB-231 cells do not express CXCR7 (Hattermann et al., 2010; Luker et al., 2012), this 

is postulated to be mediated through CXCR4 antagonism. Interestingly, a small amount 

of [18F]MCFB accumulated intracellularly was also depicted in these conditions, which 

seems to suggest that diffusion across the cell membrane plays a role in tracer 

accumulation. This effect was seen for N-[11C]methyl-AMD3465, as accumulation of 
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tracer intracellularly was reported despite inhibition of receptor-mediated internalisation. 

AMD3465 has reduced charge compared to AMD3100, but its positive charge makes 

diffusion across the membrane unlikely. The negative LogPn-octanol/water (-1.6) of 

[18F]MCFB  is concomitant with the hydrophilicity of this compound. A closer 

assessment of this value, has shown, however, that, at physiological pH, there is an 

equilibrium of positively charged and uncharged species, which when disturbed, is 

partially restored. It could be hypothesised that the presence of uncharged species may be 

able to cross the membrane, destabilising the equilibrium and contributing to [18F]MCFB 

uptake. However, given the absolute value of LogP, whether this phenomenon can 

completely explain the intracellular signal given the low lipophilicity is unclear. 

The CXCR4-targeting PET tracers developed to date have been plagued with high liver 

uptake. In most cases, liver uptake was partially blocked by co-injection of cold 

compound or CXCL12, indicating that liver uptake is partially CXCR4-mediated. 

CXCR4 expression in liver cell lines has been documented, most notably in liver 

sinusoidal endothelial cells (Mendt and Cardier, 2012),  hepatic stellate cells (Hong et al., 

2009), primary murine hepatocytes (G. C. Wilson et al., 2015) and immune cells (Wald 

O, ID and Galun E, 2007). Another mechanism postulated to contribute to liver uptake is 

the transchelation of 64Cu from the radiotracer. Previous (Buck E. Rogers et al., 1996; 

Laura A. Bass et al., 2000) has demonstrated the dissociation of 64Cu from imaging agents 

and binding to superoxide dismutase in the rat liver. The presence of this phenomena was 

thought to be corroborated by the fact that [64Cu]T140-2D showed more accumulation in 

the liver than its fluorinated counterpart, Al-[18F]NOTA-T140 (Jacobson et al., 2011c; 

Yan et al., 2016). However, despite the use of a fluorinated CXCR4 ligand in this work, 

high levels of [18F]MCFB were seen in the liver – even though not as high as the values 

reported for other AMD3465-based radiotracers (liver-to-muscle ratio of 74, 86 and 150 
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for [18F]MCFB, [64Cu]AMD3465 and N-[11C]methyl-AMD3465, respectively). This was 

ruled out to be due to tracer metabolism, as stability studies showed only parent 

compound in the mouse plasma, urine and liver extracts up to 1h after injection. These 

results, together with the high hepatic accumulation seen with [68Ga]11 and N-

[11C]methyl-AMD3465, argue against the 64Cu transchelation hypothesis being the 

mediator of high liver uptake, and suggests the contribution of other mechanisms.  

The liver plays an essential role in removing drugs or toxins from circulation in the human 

body, as well as in the clearance of various endogenous compounds (Coleman, 2010). At 

physiological pH, several compounds are positively charged, thus requiring transport 

proteins to facilitate crossing the plasma membrane into the hepatocytes. Organic cation 

transporters (OCT) mediate the uptake of a wide variety of these compounds; OCT1, 

expressed primarily in the liver, is particularly important in the hepatic elimination of 

numerous small molecules (Boxberger, Hagenbuch and Lampe, 2014). In humans, OCT1 

and OCT3 are expressed in the liver, whereas OCT2 is primarily expressed in the kidneys 

(Gorboulev et al., 1997; Nies et al., 2009).  

At physiological pH, both AMD3100 and AMD3465 have positive charge, owing to the 

charged nitrogens in the cyclam moieties (De Clercq, 2003). Similarly to AMD3465,  

[18F]MCFB has a positive charge, which led us to hypothesise that it may be a substrate 

for OCT. Metformin, an antidiabetic agent, is a substrate for OCT, and OCT1 has been 

established as the primary hepatic transporter for this drug (Chen et al., 2014); 

competitive binding with metformin showed a small decrease in [18F]MCFB 

accumulation in the liver, as well as kidneys. Overall, these data suggest that the high 

liver uptake seen with cyclam-based tracers is likely to be a contribution of CXCR4-

mediated uptake, transchelation of radiometals, as well as non-specific uptake by OCT. 

A small rise in [18F]MCFB uptake verified in the tumour negates the possibility of non-
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specific uptake, and, in parallel to the rise in all other tissues, could be explained by an 

increased availability of [18F]MCFB owing to lower retention in organs such as liver and 

kidneys. [18F]MCFB did not defluorinate, as indicated by the low levels of bone uptake, 

corroborated by the existence of parent compound only in the mouse plasma. High 

radioactivity accumulation in the urine and kidneys indicate that elimination of 

[18F]MCFB occurred via the urinary system.  

We have successfully synthesised an 18F radiolabelled cyclam for imaging of CXCR4 

expression. Despite the relatively low accumulation in tumours, [18F]MCFB showed to 

be able to sensitively and specifically detect differential CXCR4 expression. We have 

shown that tracer accumulation is partly governed by receptor-mediated endocytosis and 

potential binding to cytosolic proteins. Unfortunately, no substantial improvements of the 

in vivo biodistribution was achieved compared to other tracers, but we were able to 

elucidate the mechanisms underlying high liver uptake.  

Importantly, this chapter allowed characterisation and validation of appropriate tumour 

models for use in the next chapter, where CXCR4-targeted microbubbles (MB) will be 

evaluated for imaging of vascular expression of CXCR4.  
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4  

 

 

Chapter 4  

 

Molecular Ultrasound Imaging of Vascular 

CXCR4 Expression in Tumours with a 

Targeted Microbubble 

 

4.1   Introduction 
 

Ultrasound (US) is a widely used imaging technology that, owing to its advantages (see 

chapter 1), is a preferred technique when whole-body imaging is not a requirement 

(Wilson and Burns, 2010). With the introduction of targeted contrast agents, US has been 

gaining momentum for molecular imaging applications, and can give a major contribution 

to early cancer detection and molecular profiling, as well as treatment monitoring. 

Important biomarkers can be targeted by conjugating appropriate ligands to the surface 

of the MB, which leads to attachment of the contrast agent at tissue sites with high 

expression of the molecular target, resulting in a local increase in the US signal. This can 

be used for imaging of pathophysiological processes characterised by biomarker 

overexpression (Kiessling et al., 2014; Turco et al., 2017). Due to their micron-scale size, 
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MB are restricted to the vascular compartment and are therefore particularly well suited 

for imaging disease processes that impact expression of certain markers in the 

vasculature, such as inflammation or the angiogenic process in tumours (Deshpande, 

Needles and Willmann, 2010). Angiogenesis, the formation of new vessels, is one of the 

hallmarks of cancer and occurs early in tumour development (Hanahan and Weinberg, 

2011). Several biomarkers expressed on the endothelial cells of tumour vasculature have 

been studied as targets for imaging the angiogenic process. The most well studied markers 

are the VEGFR2 (Wei et al., 2014b; Payen et al., 2015; Pysz et al., 2015a), αvβ3 integrin 

(Anderson et al., 2011; Hu et al., 2016), and endoglin (Leguerney et al., 2015), although 

other targets have also been reported including B7-H3 (Bachawal et al., 2015), thymocyte 

differentiation antigen 1 (Thy1) (Foygel et al., 2013), e-selectin (Fokong et al., 2013), 

prostate-specific membrane antigen (PSMA) (Sanna et al., 2011b), secreted frizzled-

related protein-2 (Tsuruta et al., 2014), neuropilin-1 (Zhang et al., 2015), and nucleolin 

(Zhang et al., 2017) (Table 4.1). MB targeting endoglin, VEGFR2 and αvβ3 integrin have 

successfully been used to monitor variations in receptor expression during unfolding of 

the angiogenic process in breast, ovarian and pancreatic cancer xenografts (Deshpande et 

al., 2011). Furthermore, MB against endoglin and VEGFR2 have proved useful for the 

evaluation of therapeutic outcome, showing decreased tumour accumulation in a mouse 

model of pancreatic carcinoma following anti-angiogenic treatment or chemotherapy, in 

accordance with a reduction of vascularity and biomarker expression (Korpanty et al., 

2007; Palmowski et al., 2008; Leguerney et al., 2015).   

Most of the targeting MB developed to date have employed (strept)avidin/biotin 

conjugation chemistry for grafting of the targeting ligands onto the MB’s shell. However, 

this type of conjugation chemistry was shown to trigger immunogenic responses in 

humans, and thus its use is not recommended for clinical applications (Hnatowich, Virzi 
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and Rusckowski, 1987). MB functionalised by covalently integrated binding epitopes are 

favoured. The first (and only thus far) molecular MB evaluated in the clinic was BR55 

(Bracco, Italy), a MB with a heterodimeric peptide against VEGFR2 directly integrated 

on the phospholipid shell. Preclinically, this MB showed promising results for imaging 

of murine subcutaneous xenografts and orthotopic models, including breast, colon, 

prostate, liver, and even sub-millimetre sized foci of pancreatic cancer; this indicates that 

US molecular imaging could be used for earlier detection of pancreatic cancer in a 

screening setting of high-risk patients (Pochon et al., 2010; Pysz et al., 2010; Tardy et al., 

2010; Bzyl et al., 2011, 2013; 2012; Bachawal et al., 2013; Grouls et al., 2013). These 

results have encouraged phase 0 clinical trials in Europe and the USA: safety of BR55 

and first proof-of-concept evidence of sufficient tumour accumulation of the contrast 

agent was demonstrated in patients with prostate, ovarian and breast cancer using 

histology as a reference (ClinicalTrials.gov identifiers: NCT01253213 and 

NCT02142608; European Union Clinical Trials identifier: 2012-000699-40). These 

studies reiterate the potential of this imaging technique for clinical applications where the 

strengths of US imaging can be used for molecular investigation. 

The size of the MB prevents them from extravasating from the vasculature. As previously 

mentioned, this is advantageous for imaging of angiogenic markers, as the lack of MB 

accumulation in the interstitial space leads to low non-specific background signal 

(Kiessling et al., 2014). However, this is also a disadvantage as it narrows the diagnostic 

applications of US molecular imaging and studies investigating the feasibility of using 

US for imaging biomarkers that are not primarily vascular are lacking in the literature.   
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Table 4.1: Targeted-MB developed to date for imaging of tumour vasculature. 

Molecular Target Cancer Type Conjugation Chemistry Microbubble Type Reference 

VEGFR2 

Pancreatic 
Avidin/ Biotin  (Korpanty et al., 2007) 

Covalent bond BR55, Bracco (Pysz et al., 2014) 

Angiosarcoma Streptavidin/Biotin 
MicroMarker, 
Visualsonics 

(Wilmann et al., 2008) 

Ovarian 

Streptavidin/Biotin 
MicroMarker, 
Visualsonics 

(Wilmann et al., 2008) 

Streptavidin/Biotin 
MicroMarker, 
Visualsonics 

(Deshpande et al., 2011) 

Prostate 
Covalent bond BR55, Bracco (Tardy et al., 2010b) 

Covalent bond BR55, Bracco (Frinking et al., 2012) 

Breast 

Streptavidin/Biotin 
MicroMarker, 
Visualsonics 

(Deshpande et al., 2011) 

Covalent bond BR55, Bracco (Bzyl et al., 2011b) 

Covalent bond BR55, Bracco (Bachawal et al., 2013) 

Colon 
Covalent bond BR55, Bracco (Pysz et al., 2012) 

Covalent bond BR55, Bracco (H. Wang et al., 2015) 

Renal Streptavidin/Biotin 
MicroMarker, 
Visualsonics 

(Wei et al., 2014a) 

αvβ3 
integrin 

Glioma Streptavidin/ Biotin Homemade (Ellegala et al., 2003) 

Ovarian 

Streptavidin/Biotin 
MicroMarker, 
Visualsonics 

(Wilmann et al., 2008) 

Streptavidin/Biotin 
MicroMarker, 
Visualsonics 

(Willmann et al., 2010) 

Streptavidin/Biotin 
MicroMarker, 
Visualsonics 

(Deshpande et al., 2011) 

Covalent bond Visistar, Targeson (Barua et al., 2014) 

Breast 

Covalent bond Homemade (Anderson et al., 2011) 

Streptavidin/Biotin Targestar-SA, Targeson (Warram et al., 2011) 

Streptavidin/Biotin Targestar-SA, Targeson (Sorace et al., 2012) 

Endoglin/ CD105 

Pancreatic Avidin/ Biotin Homemade (Korpanty et al., 2007) 

Ovarian Streptavidin/Biotin 
MicroMarker, 
Visualsonics 

(Deshpande et al., 2011) 

Melanoma Streptavidin/Biotin 
MicroMarker, 
Visualsonics 

(Leguerney et al., 2015) 

Thy1/CD90 Pancreatic Streptavidin/Biotin 
MicroMarker, 
Visualsonics 

(Foygel et al., 2013) 

B7-H3/ CD276 

Ovarian Streptavidin/Biotin 
MicroMarker, 
Visualsonics 

(Lutz et al., 2014) 

Breast Streptavidin/Biotin 
MicroMarker, 
Visualsonics 

(Bachawal et al., 2015) 

PSMA Prostate 
Covalent bond Homemade (Sanna et al., 2011b) 

Covalent bond Homemade (Wang et al., 2013) 

Secreted Frizzled 
Related Protein-2 

Angiosarcoma Avidin/Biotin Homemade (Tsuruta et al., 2014) 

 

 

CXCR4, as previously discussed, is an important prognostic biomarker. Although 

expression of this receptor has been characterised mainly in the interstitium, CXCR4 has 
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an important role in tumour angiogenesis and was shown to be expressed by tumour-

associated endothelial cells (Feil and Augustin, 1998; Salcedo and Oppenheim, 2003). In 

fact, histological analysis of tissue specimens have detected CXCR4 expression in the 

microvessels of glioblastoma, colorectal carcinoma, node positive gastric cancers and 

hepatocellular carcinoma, which was correlated with local tumour extent, higher Union 

International Cancer Control (UICC) tumour stages and poor prognosis (Rempel et al., 

2000; Ingold et al., 2009, 2010; Xu et al., 2017). Thus, in this work, we hypothesised that 

CXCR4 may be sufficiently expressed in the tumour vasculature to be considered as a 

successful target for molecular US imaging.   

In the previous chapter, we imaged CXCR4 using a PET-dedicated tracer based on the 

structure of the small molecule AMD3465. Despite accumulation in CXCR4-expressing 

tumours, whole-body distribution of this tracer was not favourable since it accumulated 

in organs such as liver and kidneys. Moreover, the relative small size of this type of 

molecules compared to US agents is not ideal for MB targeting, as it may result in the 

ligand being inaccessible for target binding. T140 and its analogues were discussed in 

Chapter 1 for their potential as CXCR4 antagonists. The T40 analogue BKT140 (4F-

benzoyl-TN14003) was shown to have anti-metastatic activity in the treatment of breast 

cancer and melanoma in mice, and a phase I trial was conducted in multiple myeloma 

patients showing that BKT140 is well tolerated and produced robust mobilisation of 

human CD34+ cells (Tamamura et al., 2003; Takenaga et al., 2004; Peled et al., 2014). 

Given its potential and relevance for cancer therapy, we used the TN14003 (analogue of 

T140 that for simplicity is henceforth referred as T140) peptide to target CXCR4 in this 

work.  

Conventional US imaging uses line-per-line sequences with focused pulses that can 

destroy a large fraction of the MB being imaged, contributing to loss of signal-to-noise 
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ratio. In this work, we used plane wave imaging, a technique that relies on the 

transmission of unfocused, plane waves, allowing the reconstruction of a full image with 

a single transmission, substantially increasing the achievable frame rates (Couture et al., 

2009; Tanter and Fink, 2014). This technique often results in reduced signal-to-noise 

ratio, resolution and contrast; however, these properties can be regained by coherently 

combining backscattered echoes from successive compounded transmissions at different 

angles (Montaldo et al., 2009). Contrast-specific imaging has the potential of increasing 

contrast-to-tissue ratios, and thus techniques such as harmonic imaging, Pulse Inversion 

or Amplitude Modulation are often applied for isolation of MB signal (Tang et al., 2011). 

Application of these techniques relies on the insonation of the MB at their resonant 

frequency, which is typically 1-4 MHz (Doinikov, Haac and Dayton, 2009). At these 

frequencies, though, there’s a trade-off in spatial resolution; this is not ideal for small 

animal imaging, where frequencies ranging from 15-70 MHz are necessary to achieve 

sufficient resolution (Scheepbouwer et al., 2016). In this work, we will use a small animal 

dedicated US transducer operating at a centre frequency of 18 MHz. For better 

visualisation of the tumour vasculature, tissue and noise signals will be removed by 

applying singular value decomposition (SVD) to the Power Doppler images acquired; this 

technique takes advantage of the different Doppler features of MB and tissue signals in 

terms of spatiotemporal coherence for filtering of unwanted signals (Mauldin et al., 2012; 

Demene et al., 2015; P. Song et al., 2017). The pre-processed beamformed image data 

will be used to derive the perfusion profiles of the contrast agents, and quantified for 

extraction of parameters that could potentially be used for distinguishing between 

CXCR4-targeted and non-targeted MB. 
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4.2   Aims 
 

With increasing evidence of the presence and prognostic value of CXCR4 in the tumour 

vasculature, we evaluated the feasibility of using a CXCR4-targeted MB for molecular 

imaging of this receptor in the tumour vasculature using US. This goal included several 

steps: 

 Investigation of the T140 peptide as a targeting ligand by evaluation of its 

pharmacokinetics using PET imaging 

 Development of a CXCR4-targeted MB by conjugation of the T140 through 

clinically compatible coupling chemistry 

 Investigation of the sensitivity and specificity of the T140-MB for CXCR4 

 To extract perfusion parameters that can distinguish between T140-MB and NT-

MB kinetics using high-frequency, low-intensity US imaging,  

 Evaluation of the ability of T140-MB to depict CXCR4 expression in the 

vasculature of tumour models with differential receptor density  
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4.3   68Ga-labelled T140 peptide has favourable pharmacokinetics 
 

To investigate the T140 peptide as a targeting ligand, we evaluated its whole-body 

accumulation and pharmacokinetics with PET imaging. This was achieved by 68Ga-

chelation of a NO2A-conjugated T140 peptide (NO2A-TN14003) to obtain [68Ga]T140 

using methodology previously described by our group (George et al., 2014a). The derived 

PET images show high accumulation in the kidneys and urine, followed by the liver, but 

low accumulation in the rest of the body (Fig. 4.1A). Kinetics of [68Ga]T140 

accumulation show a continuous increase in the kidneys and urine, compatible with tracer 

excretion through the urinary tract. Interestingly, although uptake was high in the liver 

initially, it plateaued at around 2x105 Bq/ml, approximately 5 min after tracer injection 

(Fig. 4.1B). Ex vivo biodistribution studies show a similar uptake profile, with the highest 

tracer accumulation in the urine and kidneys, followed by the liver (percentage of injected 

dose per gram of tissue (%ID/g) of 44.9 ± 7.6, 35.4 ± 3.8 and 7.6 ± 1.2, respectively). The 

other organs evaluated had an uptake below 4% ID/g (Fig. 4.1C).   

 

4.4   Development and validation of a CXCR4-targeting microbubble  
 

The targeting of the MB was attempted by amide bond formation between the T140 

peptide and the amine group of one of the lipid components of the MB shell, DSPE-

PEG2000-NH2, forming the lipo-peg-peptide, DSPE-PEG2000-T140 (Fig. 4.2).  
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Figure 4.1: T140 peptide labelled with 68Ga shows favourable pharmacokinetics in vivo. Healthy 
NOD/SCID mice were injected with 1.48 MBq of [68Ga]T140. (A) Representative sagittal and coronal 
views of [68Ga]T140 PET images derived from a dynamic scan, 0 to 30 min post injection. (B) Kinetic 
analysis of tracer accumulation derived by ROI analysis of dynamic PET voxel data. (C) Biodistribution of 
[68Ga]T140, as determined by tissue excision 30 min post tracer injection. Radioactivity in the tissues was 
counted and expressed as fraction of injected dose normalised to tissue weight. Data are mean ± SEM, n=4. 

    

 

Whereas NT-MB’ shell is composed of the lipids DPPC, DPPA and DSPE-PEG2000-NH2 

(Table 4.2), the targeted MB (T140-MB) were developed by replacing half (4.8%) of the 

original mole fraction of DSPE-PEG2000- NH2 in the MB’ shell with the lipo-PEG-peptide, 

DSPE-PEG2000-T140 (Table 4.3).  
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Table 4.2:  Constituents of NT-MB formulation. 

 

 

We investigated whether this modification of the MB’ shell compromised the production 

of the contrast agents by comparing T140-MB’ properties, such as size and concentration, 

to non-targeted counterparts. Both T140-MB and NT-MB showed similar concentration 

(9x108 MB/ml and 1x109 MB/ml, respectively) and size distribution (1.7±0.7 and 2.0±0.9 

μm, respectively) with small oscillations throughout the 3 weeks evaluated (Fig. 4.2). The 

solutions had a milky appearance both straight after and 15 min post-reconstitution.  

 

Table 4.3:  Constituents of T140-MB formulation. 
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Figure 4.2: Optical determination of size and concentration of T140-MB and NT-MB. Microbubble 
concentration (A) and size (B) were determined using dedicated software for analysis of optically-acquired 
FOV of MB in an haemocytometer, as represented in (C). Data represent mean ± SEM, n=4. (D) Typical 
appearance of NT-MB and T140-MB vials after shaking. Images were obtained under 400x magnification 
and scale bar represents 200 µm. 

 

 

4.5   T140-MB binds sensitively and specifically to CXCR4 in vitro  
 

Targeted-MB binding to CXCR4 was evaluated using the CXCR4-knockdown inducible 

cell line, MDA-MB-231 shCXCR4, and the control cell line, MDA-MB-231 shSC. Both 

express endogenous levels of CXCR4 normally; in the presence of DOX, protein 

expression is decreased (albeit incomplete) in MDA-MB-231 shCXCR4 but not in shSC.  
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Figure 4.3: Qualitative comparison of in vitro binding of NT-MB and T140-MB to MDA-MB-231 under 
differential CXCR4-expressing conditions. MDA-MB-231 cells transduced with either a non-coding 
shRNA (shSC) or a DOX-inducible CXCR4-targeted shRNA were plated in OptiCell™ plates and 
incubated with either vehicle or 0.5 µg/mL of DOX for 24h, and subsequently incubated with 1x107 of NT-
MB or T140-MB for 15 min at 37°C (A). OptiCell™ were flipped during MB incubation to maximise 
contact, and flipped back to the original position before visualisation under the microscope.  (B) T140-MB 
binding to MDA-MB-231 shCXCR4 cells was blocked by treatment with1 mg/mL of T140 for 5 min before 
and during MB incubation. (C) Receptor knockdown in the presence of DOX was confirmed by western 
blot analysis, and β-actin was used as loading control. Images were obtained under 400x magnification and 
scale bar represents 200 µm. 
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T140-MB accumulated in both MDA-MB-231 shCXCR4 and shSC plated in OptiCell™ 

plates, whereas NT-MB showed no non-specific binding to any of the cell lines evaluated. 

Binding of T140-MB to MDA-MB-231 shCXCR4 was evidently reduced in the presence 

0.5 μg/ml of DOX (Fig. 4.3A) and almost completely abrogated in the presence of 1 

mg/ml of T140 (Fig. 4.3B). In the MDA-MB-231 shSC cell line, the T140-MB binding 

was similar in the presence or absence of DOX, in conformity with the lack of CXCR4-

targeting shRNA in this cell line. Knockdown of CXCR4 expression in MDA-MB-231 

shCXCR4 but not in shSC by incubation with DOX was confirmed by protein analysis 

(Fig. 4.3C). 

Difficulties in the quantification of both MB and cells in this experimental setting did not 

allow quantitative analysis. To overcome this, we developed a fluorescent MB by staining 

with Dil, a lipophilic dye (1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine 

Perchlorate ('DiI'; DiIC18(3))); incorporation of the dye in the MB’ membrane was 

confirmed by fluorescent microscopy (Fig. 4.4A). Dil-T140-MB showed significantly 

less (p<0.05) accumulation in DOX-treated MDA-MB-231 shCXCR4 compared to 

control (0.28 ± 0.06 and 0.47 ± 0.05 MB-to-cell fluorescence intensity ratio, respectively 

– Fig. 4.4B, C). This decrease in accumulation of T140-MB (43%) was in accordance to 

the decrease of CXCR4 expression (77%) induced by the treatment with DOX, verified 

by western blot (Fig. 4.4D). Specificity of Dil-T140-MB to CXCR4 was demonstrated by 

a 95% inhibition of bubble attachment when co-incubated with 1 mg/ml of T140 (from 

0.47 ± 0.05 to 0.02 ± 0.01 MB-to-cell fluorescence intensity ratio, respectively, Fig. 

4.4C). The GFP-expressing MDA-MB-231 cell line was used as a control for 

fluorescence normalisation (Fig. 4.4E).  
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4.6   Ultrasound imaging of T140-MB and kinetic modelling of tumour 

perfusion 

 

To evaluate T140-MB’ ability to image CXCR4 expression in the tumour vasculature, 

two tumour models with differential expression of CXCR4 were used, U2932 and 

SuDHL8. Fig. 4.5A shows representative US images of both tumour models before and 

after injection of NT-MB and T140-MB. These images were obtained by reconstructing 

the Doppler signals and applying clutter-filtering for rejection of tissue signal. Both NT-

MB and T140-MB produced similar images, with a spatial resolution in the order of tens 

of μm, allowing clear identification of the tumour’s microvasculature.  

The pre-processed beamformed US images were used for segmentation of the tumour and 

the global mean time intensity curves were generated and fitted a gamma-variate function 

model. Fig. 4.5B shows representative kinetic distributions for NT-MB and T140-MB 

used to derive parametric measurements. T140-MB tended to have slower wash-in  (NT-

MB: 0.6 ± 0.1 and 0.7 ± 0.1; T140-MB: 005 ± 0.1 and 0.6 ± 0.1 for U2932 and SuDHL8, 

respectively) and wash-out kinetics than NT-MB (NT-MB: 0.019 ± 0.001 and 0.020 ± 

0.003; T140-MB: 0.015 ± 0.001 and 0.016 ± 0.002 for U2932 and SuDHL8, respectively) 

(Fig. 4.6A, B), in accordance with the differences in the shape of the fitted curves. 

Although this data were not statistically significant, the same trend was identified for each 

animal image (n=6). The peak enhancement produced by T140-MB was lower in both 

tumour types (6.7x1018 a.u. for U2932 and 1.7x1019 a.u. for SuDHL8) than NT-MB 

(1.6x1019 a.u. for U2932 and 3.3x1019 a.u. for SuDHL8 – Fig. 4.6C). This was probably 

related to injection of lower concentration of T140-MB compared to NT-MB (7.3x108 

and 1.5x109 MB/ml, respectively) confirmed by optical microscopy (Fig. 4.6G). 
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Figure 4.4: T140-MB binds sensitively and specifically to CXCR4-expressing cells. (A) Optical and 
fluorescent validation of fluorescently-labelled T140-MB, modified with 2 µg/mL of DiLC18(3). Images 
were obtained under 400x magnification and scale bar represents 200 µm (B) MDA-MB-231 shCXCR4 
were plated in OptiCell™ plates and incubated with either vehicle or 0.5 µg/mL of DOX for 24h, and 
subsequently incubated with 1x107 of T140-MB for 15 min at 37 °C. T140-MB binding to MDA-MB-231 
shCXCR4 cells was blocked by treatment with1 mg/mL of T140 for 5 min before and during MB 
incubation. OptiCell™ were flipped 180o during MB incubation to maximise contact, and flipped back to 
the original position before visualisation under the microscope. (C) Quantification of microbubble 
fluorescent area normalised to cell density. (D) Receptor knockdown in the presence of DOX was 
confirmed by western blot analysis, and β-actin was used as loading control. (E) Representative image of 
GFP-expressing MDA-MB-231-FLuc-GFP cells used for cell area normalisation. Images were obtained 
under 200x magnification and scale bar represents 100 µm. 
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The time of arrival relates to the point at which the MB start appearing in the region of 

interest defined in the tumour, defined by how much time elapses between start of 

acquisition and the start of the signal enhancement (delay time, Tdelay) produced by the 

MB (Fig. 4.6D). In U2932, arrival of T140-MB was later than NT-MB (26 ± 10 and 8 ± 

3 sec, respectively, p<0.05), but the difference was not significant in the SuDHL8 tumour 

(13 ± 9 and 8±4 sec for T140-MB and NT-MB, respectively). Alongside the longer Tdelay, 

T140-MB tended to have longer peak-time (time to reach maximum enhancement, Tmax) 

compared to NT-MB (Fig. 4.6E), pointing to possible retention of T140-MB in other parts 

of the body – for example, CXCR4-expressing organs such as the liver. The mean transit 

time (mTT), which relates to the average time of MB persistence in the ROI, tended to be 

longer for T140-MB (85.8 ± 3.0 and 91.6 ± 5.9 sec for U2932 and SuDHL8, respectively) 

than for NT-MB (62.2 ± 5.2 and 72.2 ± 6.9 sec for U2932 and SuDHL8, respectively) 

(Fig. 4.6F). Of note the longer Tdelay, Tmax and mTT was only obvious upon comparison 

of T140-MB with NT-MB in the same model. 



129 
 

 

 
Figure 4.5: In vivo ultrasound imaging of U2932 and SuDHL8 tumours with NT-MB and T140-MB. (A) 
Representative clutter-filtered Power Doppler images of U2932 and SuDHL8 tumours before and after 
injection of NT-MB and T140-MB. White arrows indicate the edges of the tumour and scale represents 1 
mm. (B) Representative ultrasound signal time-intensity curve derived from the placement of a region of 
interest in the SuDHL8 tumour, representing T140-MB (green) and NT-MB (orange) kinetics for 3 min 
after bolus injection. Dots represent the raw data over the 180 sec (2 frames/second) and the solid line 
represents the fit with the gamma-variate function, used to model the kinetics of the contrast agents.  
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Figure 4.6: Quantitative analysis of T140-MB and NT-MB perfusion measured by ultrasound imaging of 
U2932 and SuDHL8 tumours. The gamma variate function was used to calculate contrast agent’s perfusion 
parameters such as wash-in (A) and wash-out rates (B), the produced peak enhancement (C), the time of 
arrival of the contrast agent’s to the region of interest (D) and the time to peak (E), as well as the mean 
transit time (mTT) (F). (G) The concentration of both T140-MB and NT-MB was determined by optically-
acquired FOV of the MB in an haemocytometer. Data are mean ± SEM, n=6.Images were obtained under 
400x magnification and scale bar represents 200 µm. 

 

 

4.7  Analysis of CXCR4 expression and microvessel density in vivo  
 

To investigate whether the lack of significant differences between targeted and non-

targeted MB - and between tumour models - was receptor-mediated or merely related to 

MB delivery, CXCR4 expression and microvessel density (MVD) were determined and 

compared to imaging data.  
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Figure 4.7: Immunohistochemical analysis shows higher CXCR4 expression in U2932 tumour cells than 
SuDHL8. (A) Representative fluorescence images of excised tissues showing CXCR4 staining with an anti-
CXCR4 antibody, which was used to quantify receptor expression in the tumours (B). Dapi was used for 
normalisation. (C) Differential CXCR4 expression in the tumours was further confirmed by western blot. 
Images were obtained under 400x magnification and scale bar represents 200 µm.   

 

Fig. 4.7A shows representative immunofluorescent images of U2932 and SuDHL8 

tumours, demonstrating high CXCR4 expression in the cell membrane, and, to some 

degree, in the cytoplasm. Fluorescence quantification showed significantly higher 

expression of CXCR4 in the U2932 tumours than in SuDHL8 (p<0.001) (Fig. 4.7B), 

which was further confirmed by western blot analysis of tumour lysates (Fig. 4.7C). 

However, given that MB are restricted to the tumour vasculature, CXCR4 expression on 

tumour cells does not necessarily impact T140-MB binding. Thus, we hypothesised that 

the inability of T140-MB to discriminate between SuDHL8 and U2932 tumours, despite 

the large differences in intrinsic receptor expression, was related to the degree of 

angiogenesis and CXCR4 expression in the vasculature. MVD was determined with an 

antibody against CD31, which is constitutively expressed on vascular endothelial cells 

and thus widely used as a marker to demonstrate the presence of microvessels. It is 

possible to depict a higher occurrence of microvessels in the SuDHL8 tumours than in 

the U2932, both in the fluorescent and the H&E-stained images (Fig. 4.8A, B). 

Quantification of the degree of vascularisation showed that microvessel density is almost 



132 
 

2-fold higher for SuDHL8 (1.6 microvessels/FOV) than for U2932 (0.9 

microvessels/FOV) (Fig. 4.8C). Furthermore, CXCR4 staining in the same preparations 

showed co-localisation with CD31 staining with similar intensity for both SuDHL8 and 

U2932; this indicates that the marked differences of CXCR4 expression in the tumour 

cells are not reflected in the tumour vasculature.  

 

 

Figure 4.8: SuDHL8 tumours have higher microvessel density with co-localisation of CXCR4, as 
determined by immunohistochemical analysis. (A) Representative fluorescence images of excised tissues 
showing CD31-positive vessels that co-localise with CXCR4 staining in both U2932 and SuDHL8 tumours. 
Presence of microvasculature was further confirmed by H&E staining (B). Arrows indicate vessels. (C) 
Microvessel density was determined by counting the vessel occurrences in the immunofluorescence images. 
Images were obtained under 400x magnification and scale bar represents 200 µm. 
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U2932 were associated with faster tumour growth than SuDHL8 (160±24 and 66±1 mm3, 

respectively, 36 days after tumour inoculation, Fig. 4.9A). Dark areas in the centre of 

U2932 tumours were visible in the US images, compatible with some degree of necrosis 

(Fig. 4.9B), which was also evident in the H&E images (Fig. 4.9C).  

 

 

Figure 4.9: Faster growth rate of U2932 tumours is associated with necrosis. (A) U2932 tumours grow 
faster than SuDHL8, as determined by regular measurements of tumour volume. (B) ultrasound images 
show a dark region without perfusion, compatible with some degree of tumour necrosis, which was 
confirmed by (H&E) staining (C). Arrows indicate tumour edges and scale bar represents 1 mm in (B) and 
100 µm in (C).  

 

 

4.8   Discussion 
 

Molecular imaging with US has been growing, and clinical translation is now moving 

forward. So far, in regards to cancer imaging and since MB are vascular agents, the focus 

has been to target angiogenic markers, such as VEGFR2 or αvβ3. This work reports, for 

the first time, the use of a T140-conjugated MB for molecular US imaging of CXCR4 in 

the tumour vasculature. We were able to successfully create a CXCR4-targeted MB using 

clinically compatible coupling chemistry, which showed sensitivity and specificity 

towards CXCR4. Kinetic modelling of NT-MB and T140-MB tumour perfusion indicates 

that extraction of parameters can potentially be used as indicators of MB attachment. 
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Lastly, the lack of differences in T140-MB accumulation in both tumour types used 

reflected the presence of comparable CXCR4 expression in the tumour vasculature.  

One very important consideration in the design of a functionalised MB is the targeting 

ligand. Ideally, it should be therapeutically relevant, bind to its target with high selectivity 

and show low levels of non-specific accumulation. As previously discussed, the T140 

peptide is a strong CXCR4 antagonist and its clinical applications are already under 

investigation (Tamamura et al., 2003). However, imaging studies with CXCR4-targeting 

molecules often resulted in unwanted tracer accumulation in metabolic organs such as the 

liver and kidneys. Hence, we investigated the whole-body pharmacokinetics of T140 with 

PET imaging prior to its incorporation in the MB. [68Ga]T140 showed favourable 

pharmacokinetics, as accumulation in the liver was at least 4-fold lower than in the highest 

uptake organs, kidneys and urine. Interestingly, a study from our group using 

[68Ga]CCIC16, also a [68Ga]-labelled T140, reported higher levels of liver uptake 

comparatively with kidneys and urine  (liver: ~13% ID/g, kidneys: ~18% ID/g, urine: 

~15% ID/g at 30 min) (George et al., 2014a). There are, however, a number of differences 

in the experimental protocol that may have contributed to the differences observed, such 

as the type of animals used, the percentage of EtOH in the final solution, the amount of 

radioactivity injected and the specific activity of the tracer. Nonetheless, the low liver 

uptake and favourable overall pharmacokinetics led us to proceed with this ligand.  

Other essential properties of targeted US contrast agent for clinical consideration include 

low immunogenicity and stability over time. The immunogenicity of targeting with 

peptides is less than of that of antibodies (McGregor, 2008), and is even further reduced 

by using covalent coupling rather than (strept)avidin/biotin conjugation (Breitz et al., 

2000). Of note, covalent conjugations may be performed after MB formation by 

maleimide-thiol coupling. This strategy however, requires the breaking of a disulphide 
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bridge (disulphide bridges do not react with maleimides) (Hermanson, 2013) which is 

present in many peptides including the one used in this work, making it unsuitable for use 

with those; moreover, it involves longer coupling chemistries which can affect stability 

(Kwan and Borden, 2010). Thus, in this work, we used a different functionalisation 

method, by adding the heterolipid DSPE-PEG2000-T140 to the lipid mixture prior to MB 

formation. By targeting the MB with a peptide and by amide conjugation, 

immunogenicity is expected to be low, analogous to the design of BR55, a MB approved 

for clinical trials; nonetheless, formal investigation of immune response and toxicity 

studies of T140-MB will be required.  

Our targeted MB consisted of a perfluorobutane gas core surrounded by a shell made of 

a mixture of DPPC:DPPA:DSPE-PEG2000-NH2:DSPE-PEG2000-T140 at a ratio of 

81.9:8.6:4.8:4.8% mole fraction. T140-MB were similar in size and concentration to NT-

MB, indicating that the incorporation of the DSPE-PEG2000-T140 did not compromise 

bubble’s formation. These MB were stored as lyophilised shell components in sealed 

vials, which were reconstituted immediately prior use by adding the aqueous phase, 

purging with perfluorobutane and shaking. This was a short process (15 min) and allowed 

long-term storage (at least three weeks) whilst preserving the MB properties such as size 

and concentration.   

For the T140-MB, 4.8% of DSPE-PEG2000-NH2 was replaced by the lipo-peg-peptide 

DSPE-PEG2000-T140. It is important to note that only a percentage of the total shell 

components is incorporated into the bubble’s shell, but the relative ratio is expected to 

remain the same (Shue et al., 2015). Although the number of ligands per MB was not 

determined in this work, the percentage of modified lipid was sufficient for binding of 

T140-MB to CXCR4-expressing cells in vitro. By using a CXCR4 inducible knockdown 

MDA-MB-231 cell line, we were able to investigate the effect of the receptor density on 
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the MB’s binding whilst minimising the sources of variability that may be introduced by 

the use of non-isogenic models. T140-MB accumulated around the membrane of MDA-

MB-231 shSC and shCXCR4 cells in vitro. Upon treatment with DOX, a significant 

decrease in MB binding was observed in the knockdown-sensitive cell line, MDA-MB-

231 shCXCR4. This decrease was CXCR4-mediated, ascertained by the fact that the 

decrease in T140-MB attachment were concomitant with the drop in receptor expression 

determined by western blot. Furthermore, co-incubation with T140 abrogated T140-MB 

accumulation, further suggesting specificity of the contrast agent. NT-MB, on the other 

hand, showed no non-specific binding. These results validate that we have developed 

T140-functionalised MB capable of sensitive and specific detection of CXCR4 

expression and that the size of the microbubble-peptide conjugate does not preclude 

specific interaction.  

Our previous experience with MDA-MB-231, as shown in Chapter 3, led us to deem this 

tumour model unsuitable for in vivo evaluation. Thus, in keeping with the tumour models 

with differential CXCR4 expression used in the previous chapter, we used the U2932 and 

SuDHL8 xenografts for in vivo US imaging of these contrast agents. 

High-frequency, low intensity US was used to image the tumour perfusion of both T140-

MB and NT-MB over a period of 3 min. The resulting US images depict the vasculature 

with exceptional spatial resolution. Because the derived TIC curves are usually affected 

by several sources of noise (Turco, Wijkstra and Mischi, 2016), we performed a gamma-

variate function fit, which represents the standard analysis method for bolus kinetics 

(Thijssen and de Korte, 2005). Various biologically relevant parameters were extracted 

from the fitted model that, albeit not significantly, indicate some level of attachment of 

T140-MB to the tumour vasculature. For example, the slower wash-out rate and longer 

mTT verified for T140-MB compared to NT-MB suggests transient accumulation of the 
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targeted MB in the vasculature of the tumours. Of note, though, is the fact that in the time 

period imaged, the free flowing-MB (perfusion) signal will overpower the bound-MB 

(molecular) signal.  

The lack of significant differences between the kinetic profiles of targeted and non-

targeted MB does not preclude further evaluation of T140-MB for CXCR4 imaging. In 

fact, similar challenges are reported in the literature with the use of BR55, despite the fact 

that this MB is now undergoing clinical trials. For example, Katsutoshi et al., whilst 

investigating the kinetics of both BR55 and SonoVue (a commercially available non-

targeted MB) in an hepatocellular tumour model, found no significant differences in the 

derived perfusion parameters (Sugimoto et al., 2012). The authors suggested that low 

expression of VEGFR2 in the tumour model, combined with variations in the 

experimental protocol used may explain these results. From the success of BR55 in the 

clinical trials it can be inferred that the choice of appropriate tumour models is a defining 

factor in preclinical investigation. 

In our study, a number of limitations should be noted that could have potentially 

contributed to the lack of statistical significance. First, MB were not counted before 

injection, resulting in a different number of particles injected for each MB type - this was 

indicated by the lower peak enhancement produced by T140-MB, and confirmed 

optically. Moreover, the injection of the contrast agents was manual, which has inherent 

variability. Counting of MB immediately prior to administration, together with automated 

bolus injections may result in more reproducible bubble kinetics, potentially leading to 

clearer interpretation of the perfusion parameters. 

Another important limitation of the experimental protocol used was the fact that MB 

kinetics were evaluated over a short period of 3 min (p.i.) only. However, longer 

acquisition periods seem to be necessary for imaging of targeted MB. In fact, Tardy et al. 
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found that, in prostate tumours, only at the late phase enhancement stage (>200 sec p.i.) 

did the kinetics of BR55 and SonoVue differ: BR55 show a strong residual signal in the 

tumour compared to SonoVue, and this was particularly obvious when circulating MB 

were no longer detectable (Tardy et al., 2010a). Similarly, a different study using a 

neuropilin-1-targeted MB showed identical tumour accumulation compared to non-

targeted counterparts at 4 min p.i., with differences due to MB attachment only visible as 

late as 8 min post-injection (Zhang et al., 2015). Of note, in the literature, comparison 

with NT-MB is often not performed (Deshpande et al., 2011; Zhang et al., 2017). In this 

work, we prioritised higher frame-rates over longer acquisition periods. Although it is not 

completely understood whether our MB generates signal at these later time points, future 

work will focus on longer acquisitions, whilst preserving sufficient frame-rate for 

accurate tracking of MB kinetics.  

Limitations in the experimental protocol or binding to undesired targets may help explain 

the similarities between the kinetics of T140-MB and NT-MB, but they are less likely to 

contribute to the lack of significant differences in acoustic enhancement observed 

between the two tumour models evaluated. The choice of U2932 and SuDHL8 tumour 

models for in vivo evaluation was based on the differential in vitro CXCR4 expression in 

U2932 and SuDHL8 (previously determined in chapter 2), and thus it was anticipated that 

T140-MB accumulation would reflect these differences. Interestingly, despite large 

differences in cellular levels of CXCR4 expression observed between the two tumour 

models, receptor expression in the vasculature seems to be independent from cell intrinsic 

expression. Of note, similarly to the results observed in Chapter 3, there is an apparent 

absence of CXCR4 in SuDHL8 tumours; this was hypothesised to be due to technical 

limitations of the western blot assay, a claim supported by the fact that CXCR4 expression 

in SuDHL8 has been reported in the literature (Wester et al., 2015). Furthermore, 
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immunofluorescence confirmed the presence of CXCR4 in both tumour models, although 

this receptor is expressed 4-fold more (p<0.001) in U2932 than SuDHL8 cells. However, 

CXCR4 expression in the microvasculature seems to be comparable between the two 

tumour models, highlighting the differences between US signal enhancement and PET 

imaging of CXCR4.  

CXCR4 expression in the tumour interstitium and its prognostic value has been 

extensively investigated. Although vascular CXCR4 expression has been less 

characterised, several lines of evidence indicate its potential as a prognosis biomarker. 

For example, Jing Xu et al. have recently verified high levels of CXCR4 expression in 

tumour endothelial cells, which correlated with poor prognosis in patients with 

hepatocellular carcinoma. Moreover, they showed that vascular CXCR4 expression 

affected the efficacy of Sorafenib treatment, both in mice and in patients, and suggested 

that CXCR4 could serve as a novel hepatocellular carcinoma vascular marker and a 

candidate for patient selection (Xu et al., 2017). Barbara Ingold (Ingold et al., 2010), 

while investigating differential expression of GPCR in node positive gastric cancers, 

found that about one third of gastric carcinomas showed CXCR4 positive tumour 

microvessels, and this expression was significantly associated with higher T and UICC 

stages. The same group also found that 25% of the 402 colorectal cancer specimens 

studied showed CXCR4+ endothelial cells. Interestingly, CXCR4 expression in the 

tumour cells was only correlated with blood vessel invasion, whereas CXCR4 expression 

in the microvasculature correlated with several clinicopathological parameters, including 

the T, N, M, L and V categories, UICC tumour stage, as well as patient survival (Ingold 

et al., 2009). In the present study, it was initially hypothesised that imaging CXCR4 in 

the tumour vasculature could be predictive of the CXCR4 status in the tumour; this 
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evidence suggests that vascular CXCR4 is compartmentalised and could instead be an 

independent prognostic marker.  

The SuDHL8 tumour model showed higher MVD than U2932 tumours, though not 

significantly; somewhat paradoxically, the U2932 tumours xenografts grew faster than 

SuDHL8. However, it is important to note that while the amount of total tumour 

vascularisation must increase rapidly in fast-growing tumours to support increasing 

metabolic demands, the density of vessels need not be high; thus, MVD is not a direct 

indicator of tumour’s growth rate. In fact, Eberhard et al. showed that MVD is often lower 

in highly aggressive tumours than in surrounding normal tissue (Eberhard et al., 2000). 

This is due to the tumour cells’ lower rate of oxygen consumption, as well as superior 

ability to withstand oxygen and nutrient deprivation, which precludes the need of 

proximity to the vasculature (Graeber et al., 1996; Steinberg et al., 1997). Whereas some 

studies have associated increasing MVD to higher histological malignancy grade, poorer 

prognosis and patient survival in patients with malignant lymphomas (Vacca et al., 1995; 

Ribatti et al., 2009; Cardesa-Salzmann et al., 2011), other studies found no such 

correlation (Jørgensen et al., 2007).  

We hypothesised that a lower MVD density combined with fast growth rate would 

inevitably lead to the occurrence of necrosis in U2932. Though adequate necrosis-specific 

staining was not carried out, the US images of the U2932 tumours show dark areas with 

no perfusion, suggesting occurrence of necrosis. Tumour necrosis is not a rare event in 

DLBCL and was correlated with adverse clinical features and worse prognosis (Saito et 

al., 2001; HJA et al., 2015; M.-K. Song et al., 2017).  

Amid controversy in the literature regarding the prognostic value of MVD and our weak 

evidence of tumour necrosis, conclusions concerning the prognostic value of vascular 

CXCR4 in the tumour models used are challenging. The comparable expression of 
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CXCR4 in the vasculature of these models, together with lower MVD and higher growth 

rate for the U2932 tumours, may be an indication that tumourigenic and metastatic 

functions are distinct. In fact, it has been shown that, in the invasive front of pancreatic 

tumours, the depletion of a distinct subpopulation of CD133+ and CXCR4+ cancer stem 

cells significantly reduced the metastatic phenotype without affecting the tumourigenesis 

(Hermann et al., 2007). It is possible that both U2932 and SuDHL8 models are equally 

metastatic in relation to vascular CXCR4 dominantly affecting invasion and 

extravasation, but differently regulated by other factors that promote tumourigenesis. 

SuDHL8 and U2932 are DLBCL subtypes with the former being GCB (germinal canter) 

(Thompson, Vardinogiannis and Gilmore, 2013) and latter being ABC (activated B-cell 

like) (Fontan et al., 2012), with ABC being the least curable subtype (W. H. Wilson et 

al., 2015). It would be interesting to further evaluate the clinical value of vascular 

CXCR4, perhaps by determining both tumour cell and vascular CXCR4 expression (co-

localised with CD31 for indication of vasculature) and correlating this with other 

malignancy processes, such as angiogenesis, metastatic potential, and, at later stages, 

patient survival.  

Although this work instigates further investigation, we have successfully developed a 

T140-functionalised MB and showed that it binds specifically and sensitively to CXCR4. 

We showed that T140-MB is suitable for US imaging in vivo and, with optimisation of 

the experimental protocol, can be used to characterise the CXCR4 expression in the 

tumour vasculature. Furthermore, we provided insights about the mismatch between 

expression of CXCR4 in the vasculature and at the tumour cell level, as well as possible 

clinical value of vascular CXCR4 as an independent prognostic marker.  
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5  

 

 

Chapter 5 

  

Development of a 68Ga-radiolabelled 

Microbubble for Evaluation of Whole-body 

Distribution 

 

5.1   Introduction 
 

In vivo whole body biodistribution is an important first step in determining contrast agent 

or tracer organ localisation. They are also important in determining whether binding of 

the contrast agent is tumour-specific; high levels of off-target binding can compromise 

imaging sensitivity and is one of the most common reasons for the failure of clinical 

translation (Sharma and Aboagye, 2011). 

Traditional biodistribution studies typically rely on direct sampling of tissues to 

determine organ-specific accumulation of the contrast agent. This requires the sacrifice 

of animals, resulting in significant expense of lives, funds and time, which also limits the 

number of time points that can be assessed. In contrast, non-invasive imaging excludes 
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the need to sacrifice animals whilst allowing longitudinal imaging of the same animals, 

which minimises variability and increases data quality (Schipper et al., 2007). 

Despite all the advantages that make ultrasound a compelling technique for the 

development of dedicated contrast agents, this modality does not offer whole-body 

imaging and thus alternative strategies to evaluate MB biodistribution need to be 

developed. PET imaging, on the other hand, has whole-body imaging capabilities and is 

commonly used for studying biodistribution of radiopharmaceuticals (Constantinescu et 

al., 2013; Savi et al., 2017). Despite previous work on radiolabelled liposomes (Marik et 

al., 2007),  the first study reporting the non-invasive evaluation of MB biodistribution 

using PET imaging was carried out by Willmann et al. (Willmann et al., 2008). This study 

demonstrated how the incorporation of a radiolabel in the MB shell can provide insights 

on the fate of the contrast agent upon injection; however, it was limited by the use of 

commercially available streptavidinated-MB, which restricts any chemical modifications 

to the use of conjugation with biotin. As previously mentioned in this work, immunogenic 

responses have been shown to occur in humans following administration of 

(strept)avidin/biotin foreign proteins and thus their use is limited to the preclinical setting. 

Bioorthogonal reactions are increasingly being investigated for the development of new 

biological chemistry, replacing conventional conjugation chemistry. The term is used to 

define any chemical reaction that can occur in a living system without interfering or 

interacting with any of the system’s native biochemical processes (Sletten and Bertozzi, 

2011). It typically involves a two-step process: the first step involves the conjugation of 

a biologically-active molecule with a bioorthogonal functional group and, once delivered 

to its target within a biological system, the second step involves a chemical reaction with 

a functionalised probe (Sletten and Bertozzi, 2011). These reactions produce chemically 

and biologically inert linkage/product via a process that displays high selectivity between 
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the two coupling partners. Furthermore, it must be kinetically fast and biocompatible in 

terms of operating at physiological pH, temperature, and physiologically relevant solvent 

milieu (Sletten and Bertozzi, 2011; Helen L. Evans et al., 2014). Thus, these reactions are 

very desirable for use in chemical biology, particularly for imaging of biological 

processes. The most common biorthogonal reactions reported over the past few years are 

the strain-promoted alkyne-azide cycloadditions (SPAAC, also known as the copper-free 

click reaction) and the inverse-electron demand Diels-Alder reaction (IeDDA) (Prescher 

and Bertozzi, 2005; Baskin and Bertozzi, 2007; Devaraj, Weissleder and Hilderbrand, 

2008; Rossin et al., 2010; SM et al., 2013). Our group has recently reported the design of 

two molecules for 68Ga-labelling, one of which functionalised with an azide and another 

with a tetrazine, to allow a comparison between SPAAC and IeDDA reactions, 

respectively (Helen L Evans et al., 2014). The SPAAC reaction, although having 

promising high-radiochemical conversions, was shown to be less compatible with 

aqueous media, restricting its usefulness to situations where organic solvents can be 

tolerated (e.g. acetonitrile). The IeDDA reaction, on the other hand, had improved 

compatibility with aqueous media and faster kinetics, while achieving reasonable to high-

radiochemical conversions at low temperature (37⁰C) and its application in labelling 

biomolecules using prosthetic groups such as trans-cyclooctenes (TCO) was suggested. 

TCO were shown to be the most reactive partner with a 1,2,4,5-tetrazine (second-order 

rate constants of up to k = 6000 M-1 s-1 at 37⁰C in water) due to the large liberation of ring 

strain upon reaction (Devaraj et al., 2009; Selvaraj and Fox, 2013). The biocompatibility 

and fast kinetics of the IeDDA reaction between a tetrazine and TCO makes it an ideal 

candidate as a strategy for radiolabelling. 

18F remains one of the most important isotopes for PET radiolabelling due to its 

favourable half-life (109.7 min) and low energy positron emission - important for both 
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dose and image quality (Alauddin, 2012). 68Ga, on the other hand, although having a 

shorter half-life (67.7 min), decays 89% through positron emission (maximum energy of 

1.92 MeV, mean 0.89 MeV) (Roesch, 2012). Furthermore, the development of 68Ge/68Ga 

generators, from the parent radioisotope 68Ge (half-life 270.8 days) that exclude the need 

of on-site cyclotron facilities, has granted 68Ga-labelled compounds increased interest for 

use in molecular PET imaging (Velikyan, 2015). DOTA or NOTA (1,4,7-

triazacyclononane-1,4,7-triacetic acid)-conjugated peptides, for example, have a 

particularly important role as precursor molecules for labelling with 68Ga. The well-

known 68Ga-labelled somatostatin analogues DOTATOC (DOTA-[Tyr3]-octreotide) and 

DOTATATE (DOTA-[Tyr3]-octreotate) are particularly well suited for PET imaging of 

neuroendocrine tumours expressing somatostatin receptors (Menda et al., 2013).  

First examples of 68Ge/68Ga generators date back to the 1960s, but their routine clinical 

application has been restricted, as the generator setup failed to fulfil the European 

Pharmacopeia standards. This is predominantly due to the contamination of the generator 

eluent by breakthrough of the long-lived parent nuclide 68Ge (Osch, 2013; Velikyan, 

2013). Moreover, the presence of other metal impurities such as Zn(II), Fe(III) or Ti(IV), 

as well as large volumes of high concentration HCl used for elution of 68Ga3+ from resin-

bound 68Ge4+, may severely compromise, or even prevent, direct use of 68Ga for labelling 

reactions (Zhernosekov et al., 2007; Chakravarty et al., 2013). As generator technologies 

have matured, numerous methods have been developed for the elution, purification and 

labelling of 68Ga that circumvent the initial challenges found. 

The simplest of these methods is the fractionation method, whereby instead of using the 

full generator eluate volume directly for labelling, multiple volume fractions of the eluate 

are collected sequentially and measured for 68Ga content. If high specific activity is 

required, the fraction of the eluate with the highest 68Ga concentration may be preferred 
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for labelling. The drawback of this method is that only part of the eluted 68Ga is used, as 

fractions with lower activity concentration are discarded. Moreover, metal impurities and 

parent 68Ge are reduced but not eliminated. 

Other approaches use the amphoteric behaviour of 68Ga to form cationic and anionic 

species, and combine it with their respective cation or anion exchange resins to eliminate 

metal impurities, while 68Ga concentration is increased (Loktionova et al., 2011). For 

example, Meyer et al. described a method whereby 68Ga chloride eluted from the 

generator is converted into the anionic tetrachlorogallate [68GaCl4]- by addition of 

concentrated HCl (final [HCl] = 5.5 M) (Meyer et al., 2004). [68GaCl4]- is then trapped 

on an anionic exchange cartridge and eluted into the buffered precursor-containing 

reaction vial. The use of concentrated acid, however, may be a disadvantage in the 

radiopharmaceutical practice (Mueller et al., 2016).  

Cationic methods use cation exchangers to trap 68Ga3+ directly from the generator eluate, 

which can then be eluted with a mixture of HCl-containing organic solvents such as 

acetone/HCl or EtOH/HCl into a precursor-containing vial (Seemann et al., 2015; 

Mueller et al., 2016). Although this method has been shown to provide highly 

reproducible labelling yields with different labelling precursors, the use of organic 

solvents may be a disadvantage for clinical production.  

Yet another cationic method, pioneered by Mueller et al, uses the behaviour of 68Ga to 

form anionic species in the presence of NaCl (Mueller et al., 2012; Rene et al., 2014). 

The eluted 68Ga3+ is trapped on a cation exchanger and eluted with acidified 5M NaCl by 

transforming the cation into its anionic form [68GaCl4]-. The eluate is then buffered and 

ready for labelling. This protocol does not require the use of organic solvents and has 

been optimised for the use of DOTA and NOTA-conjugated peptides with high 

radiolabelling yields. 
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In this work, we aimed to develop 68Ga-radiolabelled MB using methodology amenable 

for clinical translation. Given the reported success with their use, we compared the 

efficiency of different cationic methods for 68Ga-labelling of a DOTA chelator that could 

be functionalised for conjugation to the microbubble. Previously described conjugation 

chemistries for the radiolabelling of microbubbles were seen to be challenging for clinical 

applications, which motivated us to evaluate the bioorthogonal IeDDA reaction between 

a tetrazine and TCO as a new methodology. Lastly, we proposed to evaluate the suitability 

of 68Ga-labelled microbubbles for PET imaging of whole-body distribution of the contrast 

agents.  
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5.2   Aims 
 

Given the recent developments in bioorthogonal conjugation chemistries, together with 

improved methodologies for 68Ga-labelling, we proposed to develop a novel 68Ga-

labelled microbubble with the conceptual methodology illustrated in Fig. 5.1, to 

investigate whole-body distribution of these contrast agents.  

In order to achieve this, the following steps were considered:  

 

 Development and characterization of TCO-modified microbubbles 

 Comparison of different methods for 68Ga-labelling of a DOTA-chelator 

functionalized with tetrazine 

 Development of [68Ga]DOTA-MB by bioorthogonal ‘click’ reaction of the 

two scaffolds and evaluation of its utility for whole-body imaging with 

PET 

 

 

 

 

 

 

 

 

 

Figure 5.1: Schematic representation of [68Ga]DOTA-radiolabelled MB by bioorthogonal  IeDDA  reaction 
between tetrazine and trans-cyclooctene (TCO).  



149 
 

 

5.3   Development and validation of a TCO-conjugated microbubble 
 

The development of a MB amenable to radiolabelling was attained by incorporating the 

TCO-PEG4-NHS in one of the lipid components of the MB shell, the amine-terminated 

DSPE-PEG2000-NH2 (Fig. 5.2).   

Similarly to the procedure carried out in Section 3.4, the DSPE-PEG2000-TCO was 

integrated in the MB by replacing half (4.8%) of the original mole fraction of DSPE-

PEG2000-NH2 with the modified heterolipid, DSPE-PEG2000-TCO (Table 5.1). To evaluate 

whether this modification compromised the formation or altered the properties of the MB, 

size and concentration of TCO-MB were evaluated and compared to NT-MB.  

 

 

 

 

 

 

 

 

 

 

Figure 5.2: Synthesis of DSPE-PEG2000-TCO heterolipid. 
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Table 5.1: TCO-MB composition. 

 

 

The size and concentration of both the non-targeted and modified MB are in accordance 

to the values reported in the literature using similar formulations to the one used in the 

present work (Verya Daeichin et al., 2017). The properties of the modified MB were not 

significantly altered by the incorporation of the TCO group. The concentration of TCO-

MB was similar to that of NT-MB  (2.3x109 ± 7.5x107 and 1.1x109 ± 7.3x107, 

respectively), and comparable to the MB produced in the preceding chapter. Furthermore, 

the concentrations remained stable throughout the 3 weeks evaluated (Fig. 5.3A). TCO-

MB average size ranged from 1.3 ± 0.6 to 1.7 ± 0.9 μm and NT-MB size varied between 

1.5 ± 1.3 and 2.4 ± 1.5 μm (Fig. 5.3B). Fig. 5.3C shows representative FOV of TCO-MB 

and NT-MB, used for optical characterisation. Both solutions had a milky appearance 

straight after and 15 min after shaking (Fig. 5.3D).  
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5.4   Evaluation of ‘cold’ IeDDA reaction kinetics between DSPE-

PEG2000-TCO and tetrazine  

 

The IeDDA reaction of TCO with tetrazines is a reaction with fast kinetics that results in 

the formation of dihydropyradazine products. The kinetics of the IeDDA reaction 

between DSPE-PEG2000-TCO and tetrazine-amine were investigated by NMR for 7 days 

(Fig. 5.4), and the ratio of tetrazine-amine and dihydropyrazine present in the reaction 

mixture was derived from the integrated 1H NMR peaks (Table 5.2).  

 

Figure 5.3: Optical determination of size and concentration of TCO-MB and NT-MB. Microbubble 
concentration (A) and size (B) were determined using dedicated software for analysis of optically-acquired FOV 
of MB in an haemocytometer, as represented in (C). Data represents mean ± SEM, n=4. (D) Typical appearance 
of NT-MB and TCO-MB vials after shaking. Images were obtained under 400x magnification and scale bar 
represents 200 µm. 
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The reaction kinetics were slower than expected, with a reaction rate of 2x10-3 M-1 s-1, 

determined by the amount of conversion to the dihydropyradazine isomers after 1 h of 

reaction. The reaction reached 72.2% after 48 h and plateaued for the remainder of the 7 

days.  

 

Table 5.2: Evaluation of reaction kinetics between DSPE-PEG2000-TCO and tetrazine determined by 
formation of dihydropyradazine products. 

 

 

Figure 5.4: Reaction between DSPE-PEG2000-TCO and tetrazine-amine resulting in the formation of 
dihydropyradazine products.  
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5.5   Radiolabelling of [68Ga]DOTA-Tz using cationic labelling methods  

 

Elution from 68Ge/68Ga generator. The cation 68Ga3+ was eluted as 68GaCl3 from the 

generator with HCl and purified with a cation exchanger resin column (Fig. 5.5A). 

Experiments were performed 2-6 months after purchase of the iThemba 68Ge/68Ga 

generator. The two concentrations of HCl used, 0.6 M (n=12) and 1 M (n=3), had similar 

elution yields (518 ± 148 MBq). Trapping of the eluted 68Ga3+ in the cation exchange 

resin, however, was less efficient with 1M HCl (31±9% against 90±2%), probably due to 

partial formation of the anion [68GaCl4]- (Fig. 5.5B).  

 

 

 

 

  

 

 

Figure 5.5: 68Ga-elution from the generator and purification by cation exchanger-trapping. (A) Schematic 
representation of the process. SCX: strong cation exchanger. (B) Comparison of the elution yield and SCX-
trapping efficiency using two different concentrations of HCl.  
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Radiolabelling methods. For radiolabelling of the precursor DOTA-Tz, 3 different 

cationic methods were compared, where different solutions were used to elute the 68Ga3+ 

trapped in the cation exchanger resin. The eluted activity was then directed to a reaction 

vial containing the precursor and a buffer solution as necessary.  

The first method consisted in the elution of the adsorbed 68Ga from the cation exchanger 

with 98% acetone/ 0.02M HCl (Table 5.3 - Method 1). This resulted in elution of 88 ± 

4% (n=3) of the radioactivity trapped. However, reaction with DOTA-Tz in the presence 

of 1M NaOAc (pH 4.5) showed poor radiolabelling efficiency, achieving only 11 ± 3% 

incorporation after 10 min at 90°C. This did not improve by drying the acetone with an 

N2 flow prior to reaction with DOTA-Tz (11%, n=1).  

A second approach used a mixture of 98% EtOH/ 0.02M HCl and resulted in a 

radiolabelling yield of 90 ± 12% (n=3) (Table 5.3 - Method 2). However, the elution from 

the cation exchanger prior to reaction was not ideal (33 ± 3%), resulting in a lower amount 

of radioactivity in the final product. 

A third method based on the ability of 68Ga to form anionic species in the presence of 

concentrated NaCl was also evaluated (Table 5.3 - Method 3). Rinsing the cation 

exchange column with 5 M NaCl/HCl (pH 0.38) resulted in an elution efficiency of 80 ± 

15% (n=15). The eluted activity was directed to a DOTA-Tz-containing reaction vial in 

the presence of different buffers. Reaction yields were modest when using HEPES buffer 

(33-50%, n=1 for each condition tested) and even lower when using 2 M of NaOAc buffer 

(pH 4.5) (<16%, n=1 for each condition tested). This was not improved by increasing the 

amount of precursor from 25 to 50 μg in the reaction vial, or by changing the pH of the 

reaction using 1 M NaOH. Using 0.2 M NaOAc buffer (pH 5) had a maximum reaction 

yield of 14% for a pH of 3.6 (n=1).  
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With the use of 1M NaOAc (pH 4.5), higher radiolabelling efficiency was verified, 

achieving yields as high as 73% for a pH of 4.2 (n=5) (Table 5.3 - Method 3). This was 

found to be the optimal pH, as loss of radiolabelling yield was verified with pH variations 

as little as 0.1. A radioHPLC trace of the selected reaction shows the presence of free 

68Ga (Fig. 5.6A, B). 

 

 Table 5.3: Different methods for 68Ga-radiolabelling of DOTA-Tz and corresponding reaction yields. 
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Purification of 68Ga-DOTA-Tz. Due to the presence of unchelated 68Ga, purification of 

[68Ga]DOTA-Tz from the reaction mixture was carried out by reversed-phase 

chromatography. Two silica-based bonded phase cartridges with different carbon chain 

lengths were used, Sep-Pak C8 and C18. Different pre-conditioning methods were 

evaluated, combined with variations in the components of the mobile phase and cartridge 

eluent (Table 5.4). For both C18 and C8 cartridges, the pre-conditioning and elution with 

EtOH and NaCl/HCl-based mobile phases showed the highest trapping (relative to the 

radiolabelling incorporation determined by radioHPLC) and elution efficiency. The most 

robust method was the dilution of 5M NaCl/HCl in 6 ml of 1M NaOAc, with pre-

conditioning and elution of a C8 cartridge with 99% EtOH, resulting in a [68Ga]DOTA-

Tz trapping efficiency of 71 ± 15% and elution efficiency of 74 ± 10% (n=5). The purified 

solution shows only one peak for [68Ga]DOTA-Tz as determined by radioHPLC with a 

SEC column (Fig. 5.7).  

 

Figure 5.6: 68Ga-radiolabelling of DOTA-Tz. (A) Scheme of the selected method for elution of 68Ga from 
the SCX cartridge and labelling of the precursor DOTA-Tz, and representative radioHPLC trace (C18 
column) of the reaction, showing the presence of unchelated 68Ga species (B). 
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Table 5.4: Different [68Ga]DOTA-Tz purification methods evaluated and corresponding efficiencies. 

 

 

 

 

Figure 5.7: [68Ga]DOTA-Tz purification by reversed-phase chromatography. (A) Scheme of the selected 
method for trapping and elution of [68Ga]DOTA-Tz and representative radioHPLC trace (SEC column) of 
the purified [68Ga]DOTA-Tz (B). 
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5.6   Development of radiolabelled [68Ga]DOTA-MB by IeDDA reaction 

 

The purified [68Ga]DOTA-Tz eluted from the C8 cartridge with EtOH was directed to a 

vial containing 1 mg of DSPE-PEG2000-TCO and reacted for 15 min at either RT or 50°C 

(Fig. 5.8A). Representative radioHPLC traces (Fig. 5.8B) show greater conversion at 

50°C (65% - middle trace) than at RT (25% - upper trace), as determined by the area 

under the curve (AUC) of the peak at around 6 min. The presence of unconjugated 

labelled tetrazine species required a purification step using a size-exclusion filtration unit 

with a nominal molecular weight limit of 3,000. Around 40% of the radioactivity of the 

initial solution was eluted from the filter, and radioHPLC analysis shows only one peak 

at 6 min corresponding to [68Ga]DOTA-DSPE (Fig. 5.8B). 

The radiolabelled lipid was added to a vial containing a mixture of lipids and reconstituted 

into [68Ga]DOTA-MB as per normal MB formation procedure (Fig. 5.8C). To evaluate 

if MB reconstitution was affected by the introduction of the radiolabelled lipid in EtOH, 

optical properties such as size and concentration of the produced [68Ga]DOTA-MB were 

determined after radioactive decay and found to be 1.9 ± 1.1 μm and 1.3x109 ± 1.1x107 

MB/ml, respectively, similarly to the values previously determined for TCO-MB (Fig. 

5.3).  
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Figure 5.8: Conjugation and purification of 68Ga-labelled DSPE-PEg2000-TCO. (A) Scheme of reaction 
between [68Ga]DOTA-tz and 1 mg of DsPE-PEG2000-TCO for 15 min, and purification by centrifugation 
for 10 min at 4500 rpm using a size-exclusion filter. (B) Representative radioHPLC (SEC column) showing 
conjugation of [68Ga]DOTA-DSPE after 15 min of reaction at RT or 50 C. After purification, the peak 
corresponding to unconjugated [68Ga]DOTA-Tz is not visible. (C) [68Ga]DOTA-MB were reconstituted, 
and MB size and concentration was determined after radioactive decay. Images were obtained under 400x 
magnification and scale bar represents 200 µm. 

 

 



160 
 

The production of [68Ga]DOTA-MB required multiple reaction/purification steps 

resulting in significant variability of end of synthesis isolated radiolabelling yields. 

Furthermore, the modest yields registered for each of the steps, together with a lengthy 

radiosynthesis linked to the short half-life of 68Ga, resulted in low levels of activity in the 

final product (from 1.85 – 37 MBq/ml of MB). Fig. 5.9 shows a specific example of the 

radioactive values measured at each step of radiosynthesis, where a total of 29.6 MBq/ml 

of [68Ga]DOTA-MB was produced from an 666 MBq elution (non-decay-corrected RCY 

of 4.4%). 

Considering the limitations of a) MB clinically relevant concentration range (106–108 

MB/ml) (Borden et al., 2006; Pysz et al., 2015b),  b) sensitivity of detectors in PET 

scanner (0.37 – 1.85 MBq) and c) IV injection volumes per animal (100 ml/Kg), it was 

determined that a minimum amount of 37 MBq/ml of [68Ga]DOTA-MB was necessary in 

order to proceed to in vivo studies.  

 

  

Figure 5.9: Schematic reaction of each step in the radiosynthesis of [68Ga]DOTA-MB (A). B. Example of 
radioactive values measure at the steps represented in (A). 
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5.7   In vivo biodistribution of radiolabelled [68Ga]DOTA-MB: Proof-of-

principle 

 

In vivo imaging and biodistribution studies of [68Ga]DOTA-Tz, [68Ga]DOTA-DSPE and 

[68Ga]DOTA-MB were carried out in healthy mice (Fig. 5.10). All compounds evaluated 

show very high accumulation in the urine (>400% ID/g) 30 min after injection of 0.37 

MBq of activity (Fig. 5.10A), indicating extraction via the urinary tract. [68Ga]DOTA-Tz 

showed very low levels of accumulation in the other organs studied (<5% ID/g), although 

in the derived PET image, some degree of accumulation in the kidneys is visible; this is 

however negligible compared to the uptake in the urine/bladder (Fig. 5.10). The whole-

body localisation data from PET was further confirmed by the biodistribution results and 

is in accordance to previous results obtained by our group using the same compound 

(Helen L Evans et al., 2014). [68Ga]DOTA-DSPE showed higher levels of accumulation 

in the heart and liver than [68Ga]DOTA-Tz, although uptake in these organs was still 

lower than 10% ID/g. Due to low radiolabelling yields discussed in 4.4.3., imaging with 

[68Ga]DOTA-MB was only possible for 2 mice, and thus any observations remain 

preliminary. [68Ga]DOTA-MB showed higher persistence in the blood pool (59 ± 10 and 

29 ± 4%ID/g in the blood and heart, respectively), and some retention in the spleen and 

lung (65 ± 11 and 48 ± 9%ID/g, respectively), but overall low compared to the levels in 

urine (411 ± 72 %ID/g).  
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Figure 5.10: In vivo imaging and biodistribution of 68Ga-labelled MB and intermediate compounds. (A) 
Representative orthogonal [68Ga]DOTA-Tz, [68Ga]DOTA-DSPE and [68Ga]DOTA-MB-PET images 
derived from summed 30 min dynamic scans in healthy mice after injection of 0.37 MBq of radioactivity. 
(B) Biodistribution of [68Ga]DOTA-Tz, [68Ga]DOTA-DSPE and [68Ga]DOTA-MB. The same mice used 
for imaging were sacrificed immediately after scanning and radioactivity in the excised tissues was counted 
and is expressed as fraction of injected dose normalised to tissue weight. Data are mean ± SEM, n>2.  

 

 

5.8   Discussion 

 

This work reports, for the first time, the synthesis and validation of a bioorthogonally 

68Ga-radiolabelled microbubble. Despite the need for a multi-step approach that extended 

radiosynthesis duration and the low radiolabelling yields obtained, proof of concept of 

the use of [68Ga]DOTA-MB to investigate in vivo biodistribution was possible.  

Microbubbles are primarily an US contrast agent, a technique that does not offer whole-

body capabilities. The development of a radiolabelled MB capitalises on the whole-body 

capacity of PET imaging, opening the possibility for easy evaluation of the contrast 

agent’s biodistribution. This is an important contribution to the potential clinical 

translation of these agents, and hence the conscious choice of bioorthogonal conjugation 

chemistry throughout this work.  
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The introduction of a radiolabel to the MB required the development of scaffolds that 

could be conjugated by the ‘click’ IeDDA reaction between TCO and tetrazines. One of 

the components of the MB shell, DSPE-PEG2000-NH2, was coupled with TCO-PEG4-NHS 

to form a heterolipid, DSPE-PEG2000-TCO, which was then incorporated in the MB. The 

resulting TCO-MB formed as per normal, with properties such as size and concentration 

unaltered compared with NT-MB.  

The IeDDA reaction between TCO and tetrazine has been shown to be very fast, with 

conversion rates of >95% within the first 10 min (Helen L Evans et al., 2014). The 

reaction between DSPE-PEG2000-TCO and tetrazine-amine, evaluated by NMR 

quantification of dihydropyradazine products formed, showed significantly slower 

reaction kinetics (2x10-3 M-1 s-1) for the first hour of reaction compared to the kinetics 

reported for TCO and tetrazine reactions (Carroll et al., 2013). Also, despite the 

stoichiometric use of the components, full conversion was not reached. It has been shown 

that the reaction rate between tetrazines and TCO is not compromised by the PEGylation 

of TCO (Rossin et al., no date) and that the conjugation of DSPE-PEG2000-NH2 and TCO 

does not change the affinity of the latter for tetrazine (Emmetiere, Irwin, Viola-Villegas, 

et al., 2013). Nonetheless, it is possible that there’s partial inactivation of TCO due to 

interaction with other components in the mixture, or by folding or aggregation; specific 

alterations of reaction rate and affinity in these particular conditions need to be further 

elucidated.  

The tetrazine-radiolabelled scaffold was achieved by chelation of 68Ga to a DOTA-

functionalised tetrazine precursor. Although previous work from our group was published 

describing methodology on [68Ga]DOTA-Tz radiosynthesis for IeDDA reactions, the 

development of new protocols was necessary due to the purchase of a new iThemba 

68Ge/68Ga generator (previously, it was a Eckert & Ziegler generator). Several cationic 
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labelling methods were evaluated, based on the separation of 68Ga3+ species from the 

generator with low concentration HCl and subsequent purification using a cation 

exchanger cartridge. 

One of the approaches used for elution of the 68Ga3+ trapped on a cation exchanger uses a 

mixture of HCl and acetone as an organic solvent. Acetone is a strong promoter of 

chloride complex formation, and can potentially provide favourable conditions for its 

separation at considerably lower HCl concentrations (Strelow et al., 1971). Thus, elution 

efficiency was high, but the labelling of DOTA-Tz had surprisingly poor yields, 

especially given the reported >95% radiolabelling yields of DOTATOC compounds using 

this strategy (Zhernosekov et al., 2007). Nonetheless, the use of acetone in the 

radiopharmaceutical practice is not ideal, and requires further purification for in vivo 

applications. A second method using a mixture of EtOH as the organic solvent for 

cartridge elution has been described as providing 68Ga labelling yields of > 98% for 

DOTA-like precursors with a high degree of reproducibility (Seemanna et al., 2015). 

Although high levels of radiolabelling were also verified in our work, the trapping/release 

efficiency was poor, resulting in overall lower amounts of radioactive product. This is 

possibly due to the decreased ability EtOH to promote [68GaCl4]- formation, which 

contributes to the efficiency of the elution from the cation exchanger (Strelow et al., 

1971), combined with the lower solubility of 68GaCl3 in this solvent. The third method 

evaluated was based on a strategy pioneered by Mueller et al. where the ability of 68Ga 

to form anionic species in the presence of concentrated NaCl is explored (Mueller et al., 

2012). The 68Ga3+ trapped in the cartridge resin can be transformed to [68GaCl4]- in situ 

by rinsing the column with NaCl/HCl. This method has the potential for easy 

implementation in the radiopharmaceutical practice due to the lack of both organic 

solvents and concentrated HCl (Mueller et al., 2016). In accordance with previously 
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described procedures, this approach resulted in high elution efficiency from the SCX 

column. Radiolabelling of 68Ga-DOTA-Tz reached over 70% after 10 min at 90°C using 

1 M NaOAc. However, significant dependence of reaction conditions such as buffer 

strength and reaction pH was verified, which can be partially due to pH-dependent 

formation of unchelating species such as Ga(OH)4
- and Ga(OH)3. Although the reaction’s 

sensitivity to pH has been reported, the pH dependency cannot account for the 

inconsistent radiolabelling yields obtained. Although care was taken, metal 

contamination of the materials used can have compromised the reaction; furthermore, 

residual levels of 68Ge, Zn(II) or/and Fe(III) or other impurities resulting from the 

generator may also be present; future work will focus on measuring the amounts of metal 

impurities in the eluate, as well as any possible contaminations of the solutions used. Not 

all the solutions used for labelling were prepared fresh, and shelf-life of these compounds 

is not documented, which could also have contributed to the limited radiolabelling yields. 

Other reactions conditions, such as temperature and reaction time, as well as the type of 

buffer used can also be altered to optimise the labelling procedure.  

Due to unchelated species of 68Ga, a purification step was required. The reverse-phase 

chromatography cartridges allow separation of apolar molecules by interaction with the 

carbon chains in the silica resin, which can then be eluted by using an organic solvent. 

Despite reported purification yields > 95% for these cartridges, only modest yields were 

obtained in our work. The inconsistency observed with the use of these cartridges in this 

work could indicate batch variability; contamination from previous steps was not ruled 

out, and further evaluation will be necessary.  

The radiolabelling of MB with 68Ga was achieved by forming a radiolabelled heterolipid, 

[68Ga]DOTA-DSPE, via the IeDDA reaction between the tetrazine and TCO functional 

groups, which was subsequently added to a lipid-containing vial and reconstituted into 
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radiolabelled [68Ga]DOTA-MB. The conjugation of [68Ga]DOTA-Tz with DSPE-

PEG2000-TCO was only moderate at RT and was improved at 50°C; still, the presence of 

unconjugated species required yet another purification step before incorporation of the 

modified-lipid in the MB. This ensured that only [68Ga]DOTA-DSPE was added to the 

MB mixture, but added yet another lengthy step to the process. The MB reconstitution is 

a multi-step procedure that requires an additional 20 min until the radiolabelled contrast 

agent is ready for use.  

The described process for development of [68Ga]DOTA-MB required several 

reaction/purification steps that resulted in a long radiosynthesis, not ideal during use of 

relatively short-lived isotopes such as 68Ga. Besides, all steps had only modest yields, 

resulting in low levels of activity in the final product. Low specific activity results in the 

presence of high quantities of cold compound during injection of radioactivity, which is 

restricted by the detector’s sensitivity. However, MB concentration cannot be increased 

without consequences, as high number of MB increases the risk of embolism (Mulvana 

et al., 2012). The concentration of MB injected in this work was kept both within the 

reported clinical range (Borden et al., 2006; Pysz et al., 2015b) and within animal-welfare 

limits. Consequently, sufficiently high radiolabelling yields for in vivo imaging were only 

achieved twice.   

Nonetheless, preliminary in vivo studies were carried out to evaluate the potential of 

[68Ga]DOTA-MB for whole-body imaging of US contrast agents.  

Biodistribution studies showed very low accumulation of [68Ga]DOTA-MB and its 

components, [68Ga]DOTA-DSPE and [68Ga]DOTA-Tz, in all the major organs, with an 

overwhelming accumulation in the urine 30 min after injection, suggestion low unspecific 

interaction and fast excretion through the urinary tract. Although a relatively higher 

accumulation in the blood pool, spleen and lungs is seen for the [68Ga]DOTA-MB and 
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[68Ga]DOTA-DSPE compared to [68Ga]DOTA-Tz only, the values registered in our work 

are lower than the values reported in the literature. The literature is, however, extremely 

limited on this subject. Tartis et al. reported relatively high levels of accumulation of 18F-

labelled MB in the spleen and liver of rats (Tartis et al., 2008), but comparison with urine 

accumulation levels was not made. Moreover, the work of Tartis and co-workers aimed 

at providing insights on the fate of MB during drug delivery, and hence concentrations 

were adjusted for therapeutics and are not directly translatable to imaging. Another study 

using 18F-labelled VEGFR-targeted MB showed fast uptake and retention in both liver 

and spleen, which is thought to be mediated through phagocytosis by the 

reticuloendothelial system. The presence of a targeting ligand can however change the 

pharmacokinetics of the contrast agents significantly, compromising comparison to our 

own work.  

The method described in this work for the radiolabelling of MB was below optimal 

regarding time of radiosynthesis and radiolabelling yields. Also, the need for multiple 

hands-on steps resulted in higher levels of received dose for the researchers, which 

represented an impediment for the optimisation of the synthesis process.  

In the interest of time, pursuit of different methodology was not possible. However, there 

is room for improvement. Firstly, a 68Ge/68Ga generator that produces larger quantities of 

radioactivity per elution can be used. Automation of the radiosynthesis process could 

potentially result in higher reproducibility of radiolabelling yields, whilst reducing 

radioactive dosage to the radiochemist. Additionally, the IeDDA reaction could be carried 

out directly between the [68Ga]DOTA-Tz and the TCO-containing MB, potentially 

leading to a shorter synthesis and higher radiolabelling yields, if a method of analysis and 

purification can be devised. Other alternatives to 68Ga chelation with DOTA cyclams 

could also be considered for radiolabelling; the acyclic chelator HBED-CC, for example, 



168 
 

has been gaining attention for preparation of 68Ga-radiotracers due to higher 

thermodynamic stability of labelled complexes compared to DOTA and NOTA (Ray 

Banerjee et al., 2016; Satpati et al., 2017).  

Simpler methodology for radiolabelling of MB could have been used in this work. 

Besides (strept)avidin/biotin conjugation chemistry, other approaches have been 

described for the radiolabelling of liposomes that involve the direct conjugation of a 

radioisotope to the lipids that form the liposome membrane (Seo et al., 2008; Emmetiere, 

Irwin, Therese Viola-Villegas, et al., 2013). However, it was considered that the 

advantages of pursuing this approach for the radiolabelling of the MB outweighed the 

difficulties. With a successful modular scaffold, the [68Ga]DOTA-Tz can be easily 

replaced to accommodate any other radiolabel or targeting ligand, provided coupling with 

tetrazine is possible. Of particular interest is T140-MB (see Chapter 3). In fact, the same 

MB can harbour a radiolabel, a targeting ligand, or both simultaneously. This can be of 

paramount importance when considering clinical translation, as the same contrast agent 

could be used to target different biomarkers of interest with only small modifications, 

which are less likely to be required to undergo the long and costly process of clinical 

approval compared to new tracers. Furthermore, tetrazine-TCO conjugation chemistry 

opens up the possibility of pre-targeting, whereby a reactive tag is conjugated to a ligand 

and allowed to localise in the tissue to be imaged (and eliminated from other parts of the 

body) before systemic administration of a chemical reporter partner, allowing the ‘pre-

targeted’ tissue to be imaged (Zeglis et al., 2013). This is particularly important when the 

targeting ligand are antibodies, as these large biomolecules have slow pharmacokinetics; 

direct targeting with antibodies is thus restricted to the use of long-lived isotopes, which 

are not ideal as they generally result in increased delivered dose to the patient.  
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Despite the challenges faced in this work, we have successfully developed, for the first 

time, a 68Ga-labelled MB. We showed that [68Ga]DOTA-MB can be used in vivo with no 

adverse reactions, and have favourable pharmacokinetics such as low non-specific 

accumulation and efficient clearance. Moreover, the modular conjugation chemistry used 

opens up important applications. For example, the [68Ga]DOTA-Tz can be interchanged 

by any other radioisotope or even targeting moiety, provided they are amenable to 

functionalisation with tetrazine. This is a very important step when considering clinical 

translation, since a single MB formulation could be used for different applications by just 

changing the targeting scaffold, without the need for a reformulation of the contrast agent.  
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Chapter 6 

 

 

Conclusions 
 

The aim of this work was the development of a MB for molecular US imaging of CXCR4. 

As a means of capitalising the expertise within the research group in which this work is 

inserted, whilst simultaneously filling a gap in the field, a CXCR4-specific PET tracer 

was developed for characterisation of the biological models prior to evaluation with US. 

Finally, we proposed to develop a MB scaffold amenable to radiolabelling with 68Ga for 

whole-body imaging of the US contrast agent.  

PET is a very sensitive imaging modality, and together with the group’s know-how, it 

was ideal for the characterisation of CXCR4 in the tumour models, at the start of this 

project. The first step involved the development of an 18F-labelled tracer based on the 

structure of AMD3465 for PET imaging of CXCR4. [18F]MCFB was designed 

considering the limitations reported in the literature for PET imaging of CXCR4, namely, 

high undesired uptake in metabolic organs, such as the liver and kidneys. In this chapter, 

we showed that [18F]MCFB is capable of sensitive and specific detection of CXCR4 in 

vitro. In vivo, [18F]MCFB enabled detection of the tumour, and was able to reflect 

differences in receptor expression between the tumour models used, with the exception 
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of the MDA-MB-231 triple breast cancer tumour model in which necrosis confounded 

some of the measurements. 

Intracellular expression of CXCR4 is a relatively new finding, and despite controversy in 

the literature, it has been correlated with poor prognosis. In this work, we showed that 

[18F]MCFB not only binds to CXCR4 at the cell membrane, but it is also partially 

transported across the cell membrane through receptor-mediated endocytosis, potentially 

binding to cytosolic CXCR4. Besides contributing to CXCR4-specific signal, this can 

potentially be used to elucidate the role of intracellular CXCR4 in tumour progression.  

Despite efforts to circumvent this, [18F]MCFB uptake in the liver and kidneys could not 

be avoided. This work, however, helped elucidate the mechanisms involved in the high 

liver uptake reported with most CXCR4-targeting tracers, as our data suggests this is due 

to a contribution between CXCR4-mediated transport, transchelation of 64Cu from the 

chelator moieties to the superoxide dismutase in the liver, and non-specific uptake by 

polyspecific transporters such as OCT1.  

Relative to PET, US is inexpensive, safer and with more widespread availability. 

Whenever possible and provided that the acquisition of relevant information is preserved, 

there is merit in replacing a PET-dedicated probe with an US contrast agent. Furthermore, 

the fact that MB are vascular agents, they can be exploited for the acquisition of 

complementary information regarding the expression of the biomarker in different tumour 

compartments. Thus, we envisioned the development of a targeted-MB that could reflect 

the CXCR4 status in tumours.  

Subsequent to characterisation of the differentially-expressing tumour models, an US 

contrast agent specific for CXCR4 was developed. Considering that AMD3465 analogues 

do not exhibit ideal pharmacokinetics, the T140 peptide was used as a ligand for MB 

functionalisation; it was hypothesised that, considering the size of the MB, it would be 
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advantageous to have a bigger sized targeting molecule. By radiolabelling T140 with 

68Ga, it was shown that, relative to [18F]MCFB, [68Ga]T140 has favourable biodistribution 

and reduced liver uptake. A T140-functionalised MB was successfully developed, and 

shown to bind specifically and sensitively to CXCR4. The T140-MB was successfully 

used for US imaging of mouse tumour models, providing sufficient contrast for depiction 

of the microvasculature, which was used to model the perfusion of the contrast agent. 

Despite the lack of statistical significance, an increased residence time combined with 

slower wash-out kinetics compared to non-targeted MB seem to indicate some degree of 

accumulation of T140-MB in the tumour. A number of limitations were identified in the 

protocol, including the imaging period, which may be responsible for the absence of 

statistical significance.  

Interestingly, the T140-MB did not depict the differences in CXCR4 expression 

previously verified for U2932 and SuDHL8. Curiously, this was shown to be CXCR4-

mediated; despite the large difference of whole-cell CXCR4 expression between U2932 

(high) and SuDHL8 (low), both models have comparable receptor expression in the 

vasculature. This mismatch between receptor expression in the tumour cells and tumour-

associated vasculature in these tumour models has not been reported, but new data 

suggests that CXCR4-expression in the tumour vasculature is related to poor prognosis. 

This reiterates the idea that PET and US provide complementary information, and that it 

should not be assumed that biomarker expression in the vasculature is a direct reflection 

of the tumour milieu. Nonetheless, the T140-MB could potentially be used to further 

elucidate on the importance of vascular CXCR4 and its role in malignant progression.  

Integral to the development of a new imaging agent, its biodistribution and 

pharmacokinetics need to be investigated. Because US does not allow whole-body 

imaging, a MB that could accommodate a radiolabel for PET imaging was developed. 
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This was achieved by incorporation of TCO in the MB shell, which was then reacted with 

a 68Ga-labeled tetrazine by IeDDA bioorthogonal reaction. The 68Ga-radiolabelling of 

tetrazine was shown to be more challenging than previously anticipated; the need for 

multiple steps with modest radiochemical yields resulted in the production of low 

amounts of final product. In the interest of time, further optimisation was not possible. 

Nonetheless, preliminary results show that [68Ga]DOTA-MB can be used for whole-body 

PET imaging. For simplicity, a different method could have been used. However, it was 

considered that the advantages of pursuing this approach outweighed the difficulties 

faced: our [68Ga]DOTA-MB is a modular scaffold, the [68Ga]DOTA-Tz moiety can be 

easily replaced and bound to the TCO-modified MB. Ultimately, this scaffold could be 

used for targeting MB against CXCR4. In fact, provided that conjugation with tetrazine 

is possible, the MB can be functionalised with different radioisotopes, targeting ligands, 

or both simultaneously; this could be particularly useful for the evaluation of 

biodistribution, as the similar type of chemistry used for conjugation of the radiolabel and 

the targeting ligand minimises possible variations in pharmacokinetics. 

The clinical translation of a MB is likely to be more dependent on its generic composition 

rather than the targeting ligand per se; a modular contrast agent that could be used for 

different applications by exchanging the targeting ligand by other biocompatible ligands 

without significantly altering the MB properties could expedite the long and costly 

clinical translation process. Moreover, the use of tetrazine and TCO conjugation 

chemistry also allows the possibility of pre-targeting, whereby a targeting ligand 

conjugated to, for example, TCO, is injected and allowed to accumulate in the desired 

tissue with concomitant clearance from the blood, followed by the injection of a second 

compound that selectively reacts with the first molecule (e.g. tetrazine). Pre-targeting 

imaging not only reduces background radiation dose to off-target organs, but also 
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facilitates the use of radioisotopes with short half-lives that would normally be 

incompatible with imaging ligands with slow pharmacokinetics, such as antibodies.  
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