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Abstract 

Introduction: Glioblastoma, the most common primary adult brain malignancy, is an 

aggressive tumour with median survival of around one year. Despite extensive research 

there has been minimal improvement in prognosis and innovative new treatments are 

urgently required. The research within this thesis focussed on designing a novel 

therapeutic approach using nanotechnology to achieve in-situ immune stimulation 

mediated by localised hyperthermia and characterising the effects of hyperthermia within 

the tumour microenvironment (TME). 

 

Methods: In-situ heating was generated using superparamagnetic iron-oxide 

nanoparticles (SPIONs) stimulated by an alternating magnetic field (AMF); a combined 

process known as magnetic hyperthermia. Candidate SPIONs were first tested for 

biocompatibility and favourable heating properties. In-vivo experiments utilised the 

immunocompetent GL261 glioblastoma model and included: (i) Testing 

reticuloendothelial system blocking, and direct intratumoural injection to obtain sufficient 

intratumoural SPION concentrations; (ii) Utilising 89Zr-labelled SPIONs to evaluate in-

vivo fate using PET-CT Imaging; (iii) Evaluation of SPION in-vivo heating ability using 

thermal imaging; (iv) Tumour growth and timed immunohistochemical (IHC) response 

analysis; (v) Flow cytometry analysis of the tumour infiltrating lymphocyte (TIL) 

populations following treatment and (vi) testing a combination therapeutic approach 

combining magnetic hyperthermia with immune checkpoint inhibition. 

 

Results: Perimag-COOH was identified as the lead candidate SPION, and intratumoural 

injection chosen as the optimal method to obtain sufficient intratumoural SPION 

concentrations. Perimag-COOH remained within the tumour following injection and 

retained ability to generate AMF-induced heat for at least 72 h post injection. Digital 

image analysis of IHC demonstrated a specific, localised, heat-shock protein response 

following hyperthermia. Tumour growth inhibition was observed up to one week following 

treatment and tumour flow cytometry analysis revealed changes in TIL populations 

suggestive of an immune response, providing a rational for a combination approach with 

immune checkpoint inhibition.  

 

Conclusions:  SPION mediated hyperthermia is achievable in-vivo and can generate 

TME changes suggestive of an anti-tumour immune response. 
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Impact Statement 

Glioblastoma is the most common primary malignant brain tumour, and survival rates 

are dismal. A number of high-profile, late phase clinical trials have failed to demonstrate 

any meaningful benefit and there have been no new licenced drug treatments in the 

European Union for the last 15 years. Recently, glioblastoma has been recognised by 

the U.K. government as an area of unmet need resulting in increased funding promised 

to scientists and clinicians working in an effort to reverse this ongoing failure, through 

investing in innovative treatments, such as cancer hyperthermia. Whilst hyperthermia as 

a treatment is by no means a novel concept, understanding of the mechanisms through 

which hyperthermia works remain limited. Robust understanding of the effects of 

hyperthermia in the glioblastoma tumour microenvironment would facilitate the design of 

early and late phase clinical trials which could properly evaluate the role of this treatment 

in glioblastoma. 

 

The benefits of the work presented in this thesis within the academic field include 

significant contributions in the growing field of nanotechnology in two main research 

areas; (i) understanding the biological and immune effects of magnetic hyperthermia 

mediated by SPIONs and (ii) targeting SPIONs to tissues of interest through the use of 

seaweed extracts (fucoidan) to block hepatic and splenic uptake. Results from 

experiments conducted as part of this thesis showcasing the use of fucoidan to divert 

SPION uptake from the liver have been published in a high impact nanotechnology 

journal; successfully disseminating these vital results to the wider nanotechnology 

research community. A second manuscript is currently in preparation, and results from 

this thesis were used to secure further research funding from the British Council 

Institutional Links programme. 

 

Outside the academic field, the lead SPION identified within this thesis has undergone 

robust good laboratory practice (GLP) standard toxicity testing, and the magnetic 

alternating current hyperthermia (MACH) system used is also undergoing testing to 

obtain CE marking, following successful testing within a clinical environment; the results 

of which are contained within this thesis. In the longer term, results from the research in 

this thesis could contribute to the clinical translation of magnetic hyperthermia mediated 

by this system as a therapeutic modality in glioblastoma, as well as in other 

malignancies. 
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Part of the research in this thesis focussed on combining magnetic hyperthermia with 

immunotherapies such as immune checkpoint inhibitor antibodies including ipilimumab 

which targets the immune checkpoint marker CTLA-4. A clinical trial testing the efficacy 

of this drug in glioblastoma is currently in set-up, following the publication of a 

retrospective cohort analysis of twenty patients with glioblastoma treated with ipilimumab 

in combination with bevacizumab; demonstrating acceptable tolerability of this approach. 

 

Finally, the research conducted within this thesis was part funded by a multinational 

collaborative grant, bringing together researchers including chemists, mechanical 

engineers, physicists, biomedical scientists and clinicians; building up relationships 

within the scientific community and between different disciplines, something which is vital 

for future research success in the field of glioblastoma. 

 

 

  



 6 

Table of Contents 

Declaration of Originality ........................................................................................... 2	
Abstract ....................................................................................................................... 3	
Impact Statement ........................................................................................................ 4	
Table of Contents ....................................................................................................... 6	
List of Figures ........................................................................................................... 10	
List of Tables ............................................................................................................ 13	
List of Abbreviations ................................................................................................ 15	
Acknowledgements .................................................................................................. 19	
Chapter 1. Introduction ............................................................................................ 20	
1.1. Glioblastoma ........................................................................................................ 20	

1.1.1. Classification of Malignant Glioma ................................................................ 20	
1.1.2. Glioblastoma Characteristics ......................................................................... 21	
1.1.3. Diagnosis, Prognosis and Standard Therapy ................................................ 23	

1.2. Immune Privilege in the CNS ............................................................................... 24	
1.2.1. The Blood Brain Barrier ................................................................................. 26	
1.2.2. Lymphatic Drainage ...................................................................................... 26	
1.2.3. Antigen Presentation & MHC Expression ...................................................... 27	

1.3. Glioblastoma Tumour Microenvironment .............................................................. 28	
1.3.1. Extracellular Matrix Composition. .................................................................. 28	
1.3.2. Macrophages & Microglia .............................................................................. 29	
1.3.3. Downregulation of MHC ................................................................................ 30	
1.3.4. T-Lymphocytes. ............................................................................................ 30	

1.4. Immunotherapeutic Approaches in Glioblastoma ................................................. 33	
1.3.1. Monoclonal Antibody Therapy ....................................................................... 33	
1.4.2. Immune Checkpoint Antibodies ..................................................................... 35	

1.4.2.1. CTLA-4 ................................................................................................... 37	
1.4.2.2. PD-1 ....................................................................................................... 38	
1.4.2.3. 4-1BB ..................................................................................................... 38	

1.4.2. Tumour Vaccines .......................................................................................... 38	
1.4.3. Current Clinical Progress .............................................................................. 40	

1.5. Hyperthermia Therapy ......................................................................................... 40	
1.6. Nanoparticles ....................................................................................................... 43	

1.6.1. Use of Nanoparticles for Cancer Immunotherapy .......................................... 45	
1.6.2. Superparamagnetic Iron-Oxide Nanoparticles (SPIONs) ............................... 46	
1.6.3. Targeting SPIONs to Tumours ...................................................................... 48	
1.6.4. Magnetic Hyperthermia ................................................................................. 49	

1.7. Research Aims .................................................................................................... 52	
1.8. Research Objectives ............................................................................................ 52	
Chapter 2. Materials and Methods ........................................................................... 53	
2.1. Materials .............................................................................................................. 53	

2.1.1. Superparamagnetic Iron Oxide Nanoparticles ............................................... 53	
2.1.2. MACH System .............................................................................................. 53	
2.1.3. Tumour Phantom Experiments ...................................................................... 53	
2.1.4. SDS PAGE Gel Electrophoresis .................................................................... 54	
2.1.5. Iron Quantification Assay (Ferrozine Assay).................................................. 55	
2.1.6. Tissue Culture ............................................................................................... 55	



7 
 

2.1.7. Histology and Immunohistochemistry ............................................................ 55	
2.1.8. Transmission Electron Microscopy ................................................................ 57	
2.1.9. RES Blockers ................................................................................................ 58	
2.1.10. Near Infrared (NIR) Labelling ...................................................................... 58	
2.1.11. Flow Cytometry Analysis ............................................................................. 59	

2.2. Methods ............................................................................................................... 60	
2.2.1 In vitro Characterisation of SPIONs ................................................................ 60	

2.2.1.1 Dynamic Light Scattering......................................................................... 60	
2.2.1.2. Superconducting Quantum Interference Device Magnetometry .............. 60	
2.2.1.3. In Vitro SPION Heating .......................................................................... 61	
2.2.1.4. Agarose Phantom Experiments .............................................................. 61	
2.2.1.4.1 Phantom Construction .......................................................................... 61	
2.2.1.4.2 Phantom Heating Experiments ............................................................. 61	

2.2.2. MACH System Compatibility Testing ............................................................. 62	
2.2.3. In Vitro Experiments ...................................................................................... 62	

2.2.3.1 GL261 Cell Culture .................................................................................. 62	
2.2.3.2. Cellular SPION Uptake ........................................................................... 63	
2.2.3.3. Ferrozine Assay ..................................................................................... 63	
2.2.3.4. Protein Corona Isolation and Characterisation ....................................... 64	
2.2.3.4.1. In Vitro Corona Isolation ...................................................................... 64	
2.2.3.4.2. Proteomic Analysis of Protein Corona ................................................. 64	
2.2.3.5. SPION Labelling ..................................................................................... 65	
2.2.3.5.1. Labelling of Ferucarbotran using IRDye® 800CW NIR dye ................. 65	
2.2.3.5.2. Radiolabeling of perimag-COOH with zirconium-89 (89Zr). .................. 65	
2.2.3.5.3. Radiolabelling of ferucarbotran with zirconium-89 (89Zr) ...................... 66	

2.2.4 In vivo Experiments ........................................................................................ 66	
2.2.4.1 Subcutaneous GL261 Tumours ............................................................... 66	
2.2.4.2 Orthotopic GL261 Tumours ..................................................................... 67	
2.2.4.3. In Vivo Protein Corona Characterisation ................................................. 67	
2.2.4.4. In Vivo RES Blocking Experiments ......................................................... 67	
2.2.4.4.1. In vivo comparison of fucoidans using NIR labelled ferucarbotran ....... 67	
2.2.4.4.2. Effects of Fucus vesiculosus fucoidan (FVF) on systemic biodistribition 
of SPIONs ........................................................................................................... 68	
2.2.4.5. Intratumoural SPION Injections .............................................................. 68	
2.2.4.6. AMF Therapy ......................................................................................... 68	
2.2.4.7. Anti-PD1/Anti-CTLA-4 antibody administration ....................................... 68	
2.2.4.8. Tumour Growth and Survival Analysis .................................................... 69	

2.2.5. Histology and Immunohistochemistry ............................................................ 69	
2.2.5.1. Sample Preparation................................................................................ 69	
2.2.5.2 H&E Staining ........................................................................................... 69	
2.2.5.3 Prussian Blue Staining ............................................................................ 69	
2.2.5.4 UCL IQPath IHC ...................................................................................... 70	
2.2.5.5 Sequani Ltd. IHC ..................................................................................... 70	
2.2.5.6. Digital Image Analysis ............................................................................ 71	
2.2.5.6.1. Prussian Blue Stain Quantification ...................................................... 71	
2.2.5.6.1. IHC Response Quantification .............................................................. 71	

2.2.6 Transmission Electron Microscopy and Energy Dispersive X-ray microanalysis.
 ............................................................................................................................... 73	
2.2.7. In vivo Imaging & Biodistribution Studies ....................................................... 74	

2.2.7.1. In vivo MRI Imaging................................................................................ 74	
2.2.7.2 PET/CT Imaging ...................................................................................... 74	
2.2.7.3 Ex vivo 89Zr Biodistribution Studies .......................................................... 75	

2.2.8. Flow Cytometry (FACS) Analysis .................................................................. 75	
2.2.8.1 TIL Extraction .......................................................................................... 75	



 8 

2.2.8.2 Flow Cytometry Staining.......................................................................... 75	
Chapter 3. In Vitro Characterisation of Candidate SPIONs .................................... 77	
3.1. Introduction .......................................................................................................... 77	
3.2 Results.................................................................................................................. 81	

3.2.1 Physical Characterisation of SPIONs ............................................................. 81	
3.2.1.1 Size and Surface Charge ........................................................................ 81	
3.2.1.2 SPION Stability ....................................................................................... 83	
3.2.1.3 Magnetic and Hyperthermic Properties.................................................... 83	

3.2.2 Biological Interactions of SPIONs................................................................... 87	
3.2.2.1 In vitro uptake of SPIONs ........................................................................ 87	

3.2.3 Agarose Tumour Phantoms to Model In Vivo Heating .................................... 89	
3.2.3.1 Pre-Clinical Phantom ............................................................................... 89	
3.2.3.2 Clinical Scale Phantom ........................................................................... 94	

3.2.4 Compatibility Testing of MACH System .......................................................... 95	
3.3 Discussion ............................................................................................................ 99	

3.3.1. Lead SPION Identification ........................................................................... 102	
3.4 Summary ............................................................................................................ 103	
Chapter 4. Tracking the In Vivo Fate of Perimag-COOH SPIONs ........................ 104	
4.1 Introduction ......................................................................................................... 104	
4.2. Results............................................................................................................... 107	

4.2.1. Establishing the in vivo GL261 glioma model .............................................. 107	
4.2.1.1. Subcutaneous GL261 Tumour Model ................................................... 107	
4.2.1.2 Orthotopic GL261 Tumour Model .......................................................... 108	

4.2.2 RES blocking to improve tumour SPION delivery following intravenous injection
 ............................................................................................................................. 111	
4.2.2.1 Testing RES blocking activity of fucoidan using NIR labelled SPIONs....... 111	
4.2.2.3. Effects of fucoidan on perimag-COOH biodistribution following IV injection in 
GL261 tumour-bearing mice ................................................................................. 118	
4.2.2.3. Effects of fucoidan on ferucarbotran biodistribution following IV injection in 
GL261 tumour-bearing mice ................................................................................. 120	
4.2.3 Distribution of perimag-COOH following intratumoural injection ................... 124	

4.2.3.1 Injection into subcutaneous GL261 Tumours......................................... 124	
4.2.2.2 Injection into orthotopic GL261 Tumours ............................................... 126	

4.2.3 Cellular uptake in vivo of perimag-COOH visualised using TEM .................. 128	
4.2.4.2 Biodistribution following intratumoural administration ............................ 130	

4.3 Discussion .......................................................................................................... 137	
4.4 Summary ............................................................................................................ 142	
Chapter 5. Biological Responses to Magnetic Hyperthermia .............................. 143	
5.1 Introduction ......................................................................................................... 143	
5.2. Experimental Setup............................................................................................ 146	
5.3. Results............................................................................................................... 148	

5.3.1 MACH Feasibility & Tolerability .................................................................... 148	
5.3.2. Survival and Tumour Growth Assessment .................................................. 151	
5.3.3. Immunohistochemical (IHC) Analysis of Biological Response ..................... 157	

5.3.3.1 Optimisation of IHC Protocols to Assess Biological Response .............. 157	
5.3.3.2 IHC Responses ..................................................................................... 160	
5.3.3.3 Digital Image Analysis ........................................................................... 164	

5.4 Discussion .......................................................................................................... 166	
5.5 Summary ............................................................................................................ 168	
Chapter 6. Evaluating and Exploiting the Immune Responses to Magnetic 
Hyperthermia .......................................................................................................... 169	
6.1. Introduction ........................................................................................................ 169	



9 
 

6.2. Experimental Set-Up .......................................................................................... 173	
6.3. Results............................................................................................................... 175	

6.3.1. Characterisation of Tumour Infiltrating Lymphocytes Populations ............... 175	
6.3.2. Characterisation of T-cells Populations within Draining Lymph Nodes ........ 179	
6.3.3. Magnetic Hyperthermia in Combination with Immune Checkpoint Inhibition 187	

6.3.3.1 Confirmation of Immune Checkpoint Expression in TIL Populations ...... 187	
6.3.3.2. Tumour Growth and Survival Analysis .................................................. 190	

6.4 Discussion .......................................................................................................... 195	
Chapter 7. Summary, Conclusions and Future Directions .................................. 199	
7.1. Summary ........................................................................................................... 199	
7.2. General Discussion ............................................................................................ 200	
7.3 Future Directions ................................................................................................ 202	
Appendix 1. Protein Corona Evaluation ................................................................ 204	

A1.1 In vitro protein corona isolation ..................................................................... 206	
A1.2 In vivo protein corona isolation ..................................................................... 207	
A1.3 Comparison of In Vitro vs. In Vivo Generated Corona ................................... 208	

Appendix 2. Toxicity Testing of Perimag SPIONs ................................................ 216	
A2.1. Preliminary Toxicity Testing ......................................................................... 216	
A2.2. GLP Toxicity Testing .................................................................................... 218	

Appendix 3. Full 89Zr-SPION Biodistribution Data ................................................ 227	
A3.1 Systemic Biodistribution of perimag-COOH in wild-type C57BL/6 mice ..... 227	

A3.2 Systemic Biodistribution of perimag-COOH in GL261 tumour-bearing C57BL/6 
mice ...................................................................................................................... 230	
A3.3 Systemic Biodistribution of ferucarbotran in GL261 tumour-bearingC57BL/6 
mice ...................................................................................................................... 232	
A3.4 Biodistribution of perimag-COOH following intratumoural injection in GL261 
tumour-bearing C57BL/6 mice .............................................................................. 234	

Appendix 4. Publications and Presentations ........................................................ 236	
A 4.1. Publications ................................................................................................ 236	
A 4.2. Presentations.............................................................................................. 236	
Oral Presentations ................................................................................................ 236	
Poster Presentations ............................................................................................. 236	

References .............................................................................................................. 238	
 

  



 10 

List of Figures 

Figure 1.1. Molecular classification of malignant glioma (grade II-IV): ...................................... 21	
Figure 1.2. Pathways to development of primary and secondary glioblastoma ........................ 22	
Figure 1.3. Immune gateways in the CNS: .............................................................................. 25	
Figure 1.4. Immune evasion in glioblastoma: .......................................................................... 32	
Figure 1.5. Monoclonal antibody structure:.............................................................................. 33	
Figure 1.6. Bevacizumab as an immune modulator: ................................................................ 35	
Figure 1.7. T-cell immune checkpoints: ................................................................................... 36	
Figure 1.8. Main approaches for tumour vaccine therapy ........................................................ 40	
Figure 1.9. SPION structure and heating properties: ............................................................... 47	
Figure 1.10. Active targeting of nanoparticles:......................................................................... 49	
Figure 1.11. Schematic representation of in situ tumour vaccination mediated by magnetic 

hyperthermia therapy. ..................................................................................................... 51	
Figure 2.1. Isolation of IHC stains using image analysis: ......................................................... 72	
Figure 2.2. Region of interest identification in GL261 tumours: ................................................ 73	
Figure 3.1. Factors affecting interactions between nanoparticles and cells: ............................. 78	
Figure 3.2. Hydrodynamic diameter of candidate SPIONs: ...................................................... 81	
Figure 3.3. SPION surface charge: ......................................................................................... 82	
Figure 3.4. Magnetic properties of candidate SPIONs: ............................................................ 84	
Figure 3.5. Relative temperature increases of candidate SPIONs: .......................................... 86	
Figure 3.6. Heating curves of perimag SPIONs at increasing concentration: ........................... 87	
Figure 3.7. Tumour cell uptake of candidate SPIONs: ............................................................. 88	
Figure 3.8. Pre-clinical phantom: ............................................................................................ 90	
Figure 3.9. Heating of agarose tumour phantom: .................................................................... 90	
Figure 3.10. Temperature increases measured in phantoms at different SPION concentrations:

 ....................................................................................................................................... 93	
Figure 3.11. Set-up of the clinical scale agarose phantom: ...................................................... 94	
Figure 3.12. Heating curve of clinical-scale phantom:.............................................................. 95	
Figure 3.13. ECG images taken in proximity to active MACH system: ..................................... 97	
Figure 3.14. USS images obtained on an US phantom device: ............................................... 97	
Figure 3.15. Doppler USS images of US phantom: ................................................................. 98	
Figure 3.16.  Carotid doppler blood-flow and waveform images: ............................................. 98	
Figure 3.17. Lead SPION decision flowchart: ........................................................................ 102	
Figure 4.1. Histology of subcutaneous GL261 tumours: ........................................................ 107	
Figure 4.2. Immunohistochemistry of subcutaneous GL261 tumours: .................................... 108	
Figure 4.3. MRI Images of C57BL/6 mice with orthotopic GL261 Tumours: ........................... 109	
Figure 4.4. Histological characteristics of orthotopic GL261 tumours: .................................... 110	
Figure 4.5. IHC of orthotopic GL261 tumours: ....................................................................... 110	



11 
 

Figure 4.6. RES blocking ability of different fucoidans assessed using NIR labelling: ............ 112	
Figure 4.7. Histological analysis of the effects of fucoidan on SPION uptake in the liver: ....... 113	
Figure 4.8. Histological digital image analysis of the RES blocking effects of fucoidan:.......... 114	
Figure 4.9. Schematic illustrating the protocol used for the 89Zr radiolabelling: ...................... 115	
Figure 4.10. Blood clearance and pharmacokinetic data for perimag-COOH in the presence and 

absence of fucoidan: ..................................................................................................... 116	
Figure 4.11. PET-CT Images demonstration systemic distribution of perimag-COOH in the 

presence and absence of fucoidan: ............................................................................... 117	
Figure 4.12. Ex vivo biodistribution of 89Zr-perimag-COOH 80 min and 24 h after injection: ... 118	
Figure 4.13. Blood clearance and PET-CT imaging of perimag-COOH in GL261 tumour-bearing 

mice: ............................................................................................................................ 119	
Figure 4.14. Biodistribution of 89Zr-perimag-COOH in GL261 tumour bearing mice:............... 120	
Figure 4.15. Blood clearance and PET-CT data for ferucarbotran administered with fucoidan:

 ..................................................................................................................................... 122	
Figure 4.16. Ex vivo biodistribution of 89Zr-ferucarbotran in GL261 tumour bearing mice: ...... 123	
Figure 4.17. Prussian blue stained sections of GL261 tumours following SPION injection: .... 125	
Figure 4.18. Prussian blue staining of other organs following intratumoural SPION injection: 126	
Figure 4.19. MR images of orthotopic GL261 tumours injected with perimag-COOH SPIONs:127	
Figure 4.20. Histology of orthotopic GL261 tumours following intratumoural injection of perimag-

COOH: ......................................................................................................................... 128	
Figure 4.21. TEM of perimag-COOH within GL261 tumours: ................................................. 129	
Figure 4.22. TEM and x-ray microanalysis of perimag-COOH within macrophages in 

subcutaneous GL261 tumours: ..................................................................................... 130	
Figure 4.23. Organ counts at 24, 48 and 72 hours following intratumoural injection: .............. 132	
Figure 4.24. PET-CT imaging of 89Zr-perimag-COOH particles following intratumoural injection:

 ..................................................................................................................................... 133	
Figure 4.25. Draining lymph node uptake at all time points: ................................................... 134	
Figure 4.26. Prussian blue staining of GL261 draining lymph nodes: ..................................... 135	
Figure 4.27. PET-CT quantification of lymph node uptake: .................................................... 136	
Figure 5.1. In vivo magnetic hyperthermia experimental set-up: ............................................ 147	
Figure 5.2. Representative example of in vivo heating ability of perimag-COOH: ................... 149	
Figure 5.3. Weight assessment of mice treated with AMF therapy: ........................................ 150	
Figure 5.4. Experimental set-up to evaluate survival and tumour growth: .............................. 151	
Figure 5.5. Skin temperatures for experimental groups exposed to a single treatment with AMF:

 ..................................................................................................................................... 153	
Figure 5.6. Skin temperature analysis for tumours treated on two separate occasions:.......... 154	
Figure 5.7. Individual tumour growth from baseline: .............................................................. 155	
Figure 5.8. Grouped survival and tumour growth analysis following MACH therapy: .............. 156	
Figure 5.9. Standard IHC staining on SPION-containing GL261 tumour: ............................... 158	
Figure 5.10. Alternative methods for differentiating SPIONs from IHC positive cells: ............. 159	
Figure 5.11. Ki-67 IHC of GL261 tumours exposed to AMF therapy: ..................................... 162	
Figure 5.12. HSP-70 IHC expression of GL261 tumours exposed to AMF therapy:................ 163	



 12 

Figure 5.13. Digital image analysis protocol design: .............................................................. 164	
Figure 5.13: HSP-70 expression digital image analysis: ........................................................ 165	
Figure 6.1. T-cell activation schematic in peripheral lymph node: .......................................... 170	
Figure 6.2. Experimental set-up for TIL analysis: .................................................................. 173	
Figure 6.3. Flow cytometry gating strategy: ........................................................................... 174	
Figure 6.4. Skin surface temperatures of matched tumours: .................................................. 175	
Figure 6.5. Flow cytometry analysis of TIL populations following magnetic hyperthermia: ...... 176	
Figure 6.6. Characterisation of CD4+ TILs: ........................................................................... 177	
Figure 6.7. Characterisation of CD8+ TILs: ........................................................................... 178	
Figure 6.8. Flow cytometry analysis of T-cell populations within draining lymph nodes .......... 179	
Figure 6.9. Characterisation of regulatory T-cells in draining lymph nodes:............................ 180	
Figure 6.10. Activation of CD4+ T-cells in lymph nodes:........................................................ 182	
Figure 6.11. Activation of CD8+ T-cells in lymph nodes:........................................................ 183	
Figure 6.12. Paired analysis of CD8+ effector T-cells in lymph nodes:................................... 184	
Figure 6.13. Analysis of CD44HI CD62LLO CD4+ populations:................................................ 185	
Figure 6.14. Analysis of CD44HI CD62LLO CD8+ populations:................................................ 186	
Figure 6.15. Immune checkpoint expression on CD4+ TILs................................................... 188	
Figure 6.16. Immune checkpoint expression on CD8+ TILs................................................... 189	
Figure 6.17. Experimental set-up: ......................................................................................... 190	
Figure 6.18. Graphical representation of the tumour growth from baseline. ........................... 192	
Figure 6.19. Grouped tumour growth and survival analysis from combination study: ............. 193	
Figure 6.20. Combination study survival analysis: ................................................................. 194	
Figure A1.1. Schematic outlining protein corona analysis: ..................................................... 205	
Figure A1.2. Coomassie stained SDS PAGE Gel of in vitro SPION corona proteins: ............. 206	
Figure A1.3. Coomassie stained SDS PAGE gel of in vivo protein corona: ............................ 207	
Figure A1.4. Number of proteins isolated from SPION corona samples: ................................ 209	
Figure A1.5. Prevalence of complement C3, albumin and actin in SPION corona: ................. 214	
Figure A1.6. Protein score ratios of complement-C3 to the ten most common proteins (by 

protein hit number) contained within protein corona: ...................................................... 215	
 
  



13 
 

List of Tables 

Table 1.1.  Main differential features of primary and secondary glioblastoma .......................... 23	
Table 1.2. Immune checkpoint antibodies approved for use or in development:....................... 36	
Table 1.3. Clinical trials investigating the use of immune checkpoint antibodies in glioblastoma

 ....................................................................................................................................... 37	
Table 1.4. Clinical trials investigating vaccine-based therapies in glioblastoma........................ 39	
Table 1.5. Classification and biological effects of thermal therapeutic approaches................... 41	
Table 1.6. Physical characteristics of common NP platforms exploited for clinical applications: 44	
Table 1.7. Nanoparticles for cancer immunotherapy ............................................................... 45	
Table 1.8. Dextran-coated SPIONs approved for use for clinical applications. ......................... 48	
Table 2.1. SPIONs investigated .............................................................................................. 53	
Table 2.2. Tumour Phantom Composition ............................................................................... 54	
Table 2.3. SDS Page Gel Composition ................................................................................... 54	
Table 2.4. Buffers used in SDS PAGE gel electrophoresis ...................................................... 54	
Table 2.5. Solutions and Buffers used in the ferrozine assay .................................................. 55	
Table 2.6. Cell Culture Reagents ............................................................................................ 55	
Table 2.7. Solutions for Prussian blue (PERLs) staining .......................................................... 55	
Table 2.8. Antibody and epitope demasking details for UCL IQPath IHC Analysis. .................. 56	
Table 2.9. Antibody and epitope demasking details for Sequani IHC Analysis. ........................ 56	
Table 2.10. Reagents used to conduct IBA-1 and GFAP Staining. .......................................... 57	
Table 2.11. Solutions/Buffers used in Transmission Electron Microscopy (TEM) ..................... 57	
Table 2.12. RES Blockers Investigated ................................................................................... 58	
Table 2.13. Solutions/Reagents used in NIR labelling ............................................................. 58	
Table 2.15. Flow Cytometry Reagents .................................................................................... 60	
Table 3.1. Candidate SPIONs investigated ............................................................................. 81	
Table 3.2. Hydrodynamic diameter and polydispersity of candidate SPIONs ........................... 82	
Table 3.3. Zeta-potential of candidate SPIONs ....................................................................... 82	
Table 3.4. SPION stability: ...................................................................................................... 83	
Table 3.5. SAR and ILP measurements for candidate SPIONs ............................................... 86	
Table 3.6. Maximum temperatures (Tmax) reached for all constructed phantoms: ..................... 91	
Table 3.7. NIBP readings taken in proximity to the MACH system ........................................... 96	
Table 3.8. O2 sats & heart rate (HR) readings taken in proximity to the MACH system: ........... 96	
Sats = saturations, bpm = beats per min ................................................................................. 96	
Table 4.1. DLS measurements of perimag-COOH before and after 89Zr labelling .................. 115	
Table 4.2. DLS measurements of perimag-COOH before and after 89Zr labelling .................. 121	
Table 4.3. Commonly used mouse in vivo glioblastoma models: ........................................... 138	
Table 4.4. Commonly used in vivo rat glioblastoma models: ................................................. 139	
Table 5.1. Survival experiment group summary: ................................................................... 151	



 14 

Table 5.2. Experimental set-up to analyse the IHC tissue response to magnetic hyperthermia in 
subcutaneous GL261 tumours: ..................................................................................... 161	

Table 6.1. Experimental group summary. .............................................................................. 191	
Table A1.1. Common in vitro corona proteins:....................................................................... 211	
Table A1.2. Common ex vivo corona proteins: ...................................................................... 212	
Table A3.1: % ID/g of 89Zr –perimag-COOH at 80 min (C57BL/6 Mice) ................................. 227	
Table A3.2: Tissue : Blood of 89Zr –perimag-COOH at 80 min (C57BL/6 Mice) ...................... 228	
Table A3.3: % ID/g of 89Zr –perimag-COOH at 24 h (C57BL/6 Mice) ..................................... 228	
Table A3.4: Tissue : Blood of 89Zr –perimag-COOH at 24 h (C57BL/6 Mice) ......................... 229	
Table A3.5: % ID/g of 89Zr –perimag-COOH at 24 h (GL261 tumour bearing C57BL/6 Mice) . 230	
Table A3.6: Tissue : Blood of 89Zr –perimag-COOH at 24 h (GL261 tumour bearing C57BL/6 

Mice) ............................................................................................................................ 231	
Table A3.7: % ID/g of 89Zr –Ferucarbotran at 24 h (GL261 tumour bearing C57BL/6 Mice).... 232	
Table A3.8: Tissue : Blood of 89Zr –Ferucarbotran at 24 h (GL261 tumour bearing C57BL/6 

Mice) ............................................................................................................................ 233	
Table A3.9: % ID/g of 89Zr –perimag-COOH at 24 h, 48 h and 72 h following intratumoural 

injection (GL261 tumour bearing C57BL/6 Mice) ........................................................... 234	
Table A3.10: Tissue:Tumour of 89Zr –perimag-COOH at 24 h, 48 h and 72 h following 

intratumoural injection (GL261 tumour bearing C57BL/6 Mice) ...................................... 235	
 
  



15 
 

List of Abbreviations 

ADCC   Antibody Dependent Cell-mediated Cytotoxicity 

AMF   Alternating Magnetic Field 

APC   Antigen Presenting Cell 

AuNP   Gold Nanoparticle 

BBB   Blood Brain Barrier 

CH   Constant Heavy Chain 

CL   Constant Light Chain 

CNS   Central Nervous System 

CNT   Carbon Nanotube 

CO   Carbon Dioxide 

COOH   Carboxyl Group 

CSF   Cerebrospinal Fluid 

CSF-1   Colony Stimulating Factor-1 

CTLA-4  Cytotoxic T Lymphocyte Associated Antigen 4 

Cu   Copper 

DAB   3,3'-Diaminobenzidine 

DC   Dendritic Cell 

DLS   Dynamic Light Scattering 

DNA   Deoxyribonucleic Acid 

DSO4-500  Dextran Sulfate 500 

EC   Endothelial Cell 

ECG   Electrocardiogram 

ECM   Extracellular Matrix 

EDTA   Ethylenediaminetetraacetic Acid 

EGFR   Epidermal Growth Factor Receptor 

EGFR-vIII  Epidermal Growth Factor Receptor Mutant Variant III 

EPR   Enhanced Permeability and Retention 

Fab   Fragment Antigen Binding 

FACS   Fluorescence Assisted Cell Sorting 

Fc   Fragment Crystallisable 

FDA   Food and Drug Administration 

Fe   Iron 

Fe2O3   Iron (III) (Ferric) Oxide 

Fe3O4   iron (II) (Ferrous) Oxide 



 16 

FVF   Fucus Vesiculosus Fucoidan 

FGF   Fibroblast Growth Factor 

GFAP   Glial Fibrillary Acidic Protein 

GL261   Glioma-261; murine glioma cell line 

GLP   Good Laboratory Practice 

GSC   Glioma Stem Cell 

H&E   Haemotoxylin & Eosin 

HEV   High Endothelial Venule 

HIF-1a   Hypoxia Inducible Factor 1-Alpha 

HLA   Human Leukocyte Antigen 

HR   Heart Rate 

HSC   Haematopoietic Stem Cell 

HSP   Heat Shock Protein 

HSP-70  70kDa Heat Shock Protein    

HSPG   Heparan Sulfate Proteoglycans 

IBA-1   Ionized Calcium-Binding Adapter Molecule 1 

ID   Injected Dose 

IDH   Isocitrate Dehydrogenase 

IDO   Indoleamine 2,3‐Dioxygenase 

IgG   Immunoglobulin G 

IHC   Immunohistochemistry 

ILP   Intrinsic Loss Power 

ISF   Interstitial Fluid 

IV   Intravenous 

LC-MS   Liquid Chromatograph-Mass Spectroscopy 

LN   Lymph Node 

mAb   Monoclonal Antibody 

MACH   Magnetic Alternating Current Hyperthermia 

MFI   Mean Fluorescence Intensity 

MGMT   O6-Methylguanine-DNA Methyltransferase 

MHC   Major Histocompatability Complex 

MPF   Macrocystis Pyrifera Fucoidan (MPF) 

MRI   Magnetic Resonance Imaging 

NaCl   Sodium Chloride 

NaOH   Sodium Hydroxide 

NH   Amine Group 



17 
 

NIBP   Non-Invasive Blood Pressure 

NIR   Near Infrared 

NK   Natural Killer Cell 

NP   Nanoparticle 

OS   Overall Survival 

PBS   Phosphate Buffered Saline 

PD-1   Programmed Death Receptor 1 

PD-L1   Programmed Death Ligand 1 

PDI   Polydispersity Index 

PEG   Polyethylene Glycol 

PET-CT  Positron Emission Tomography-Computed Tomography 

PLGA   Poly Lactic-co-Glycolic Acid 

PTT   Photothermal Therapy 

RB   Retinoblastoma 

RCL   Resonant Circuits Limited 

RES   Reticuloendothelial System 

RFA   Radiofrequency Ablation  

ROI   Region of Interest 

RTx   Radiotherapy 

SAR   Specific Absorbance Rate 

ScFv   Single Chain Variable Fragment 

SDS-PAGE  Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 

SEM   Standard Error of the Mean 

SPION   Superparamagnetic Iron-oxide Nanoparticle 

SQUID   Superconducting Quantum Interference Device 

STAT-3  Signal transducer and activator of transcription-3 

SWNT   Single Walled Nanotube 

T-reg   Regulatory T-cell 

TAA   Tumour Associated Antigen 

TAM   Tumour Associated Macrophage 

TCR   T Cell Receptor 

TEM   Transmission Electron Microscopy 

TERT   Telomerase Reverse Transcriptase 

TGF   Transforming Growth Factor 

TIL   Tumour Infiltrating Lymphocyte 

Tmax   Maximum Temperature 



 18 

TME   Tumour Microenvironment 

TNC   Tenascin C 

TTF   Tumour Treating Fields 

UPF   Undaria Pinnatifida Fucoidan 

UPR   Unfolded Protein Response 

USS   Ultrasound Scan 

VEGF   Vascular Endothelial Growth Factor 

VH   Variable Heavy Chain 

VL   Variable Light Chain 

VSM   Vibrating sample magnetometer 

WHO   World Health Organisation 

Zr   Zirconium 

DT   Change in Temperature 

 
  



19 
 

Acknowledgements 

Firstly I would like to thank Prof. Kerry Chester and Dr. Paul Mulholland for taking me on 

and for the opportunities that they have given me; Prof. Chester for allowing me to 

undertake my PhD in her laboratory, for her support and encouragement throughout my 

PhD, and for teaching me to think like a scientist; and Dr. Paul Mulholland for his advice 

and guidance and for enabling me to develop my clinical research skills and experience 

under his supervision. 

 

Thanks also go to all the members of Prof. Kerry Chester’s laboratory past and present 

with specific thank you to Dr. Enrique Miranda Rota and Dr. Jenny Yeung for being the 

most patient post-doctoral researchers I have encountered. Thanks also go to Dr. Maha 

Abdollah for taking the time to teach me laboratory skills and how to treat iron-oxide 

nanoparticles with the respect they deserve.  

 

Thank you firstly to Prof. Barbara Pedley and Dr. Tammy Kalber for allowing me to work 

under their home office licences, and to Mr. Mathew Robson for his time and help in 

making my experiments happen. Thank you to my collaborators at the Royal Institution; 

Dr. Paul Southern, Prof. Quentin Pankhurst and of course Mr. Fang-Yu Lin, without 

whom I would not have been able to conduct hyperthermia experiments. Thanks to my 

colleagues and friends at the UCL Cancer Institute and especially to Dr. Guilia Agliardi 

for teaching me flow cytometry (and the correct way to drink coffee) and to Dr. Alexa 

Childs for her moral support throughout our joint PhD journey. 

 

Finally, thank you to my family and of course to Dr. Rory Carrigan who never allows me 

to give up and to Tegan who brightened up my experience of writing up every day. 

   



 20 

Chapter 1. Introduction 

1.1. Glioblastoma 

1.1.1. Classification of Malignant Glioma 

Glioblastoma is the most common primary malignant central nervous system (CNS) 

tumour in adults (Louis, Perry et al. 2016) with around 2,200 new cases diagnosed each 

year in England, which accounts for around 55% of all malignant brain tumours (WHO 

Grade II-IV) (Brodbelt, Greenberg et al. 2015). Glial tumours are thought to arise from 

the malignant transformation of the support cells of the CNS; astrocytes, 

oligodendrocytes or ependymal cells, with tumour grading traditionally based on specific 

histological features. Glial tumours showing only abnormal cell appearance are classified 

as grade II (diffuse astrocytoma, oligodendroglioma, ependymoma), those possessing 

anaplasia and increased mitotic activity are classified as grade III (anaplastic 

astrocytoma, anaplastic oligodendroglioma, anaplastic ependymoma), and those 

showing additional microvascular proliferation and/or necrosis are classified as grade IV 

(glioblastoma) (Louis, Ohgaki et al. 2007). More recently, molecular classification has 

been incorporated into the grading of glial tumours (Louis, Perry et al. 2016), including 

isocitrate dehydrogenase (IDH) mutational status, 1p/19q chromosome co-deletion and 

retention of ATRX (alpha thalassemia/mental retardation syndrome X-linked) protein 

expression. In cases of ambiguous histological features, these molecular biomarkers can 

not only aid in the classification of tumours, but can also confer prognostic information 

(Mur, Mollejo et al. 2015) (Figure 1.1).  
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Figure 1.1. Molecular classification of malignant glioma (grade II-IV): 

Flow chart summarising the molecular classification of malignant glioma. OS = Overall 
Survival.  
 

1.1.2. Glioblastoma Characteristics 

Glioblastoma (WHO Grade IV) are typically classified into those that arise de novo 

(primary glioblastoma) and those that are the result of progression from a lower grade 

glioma (secondary glioblastoma) (Figure 1.2) (Ohgaki and Kleihues 2013). The main 

differences between primary and secondary glioblastoma are summarised in Table 1.1. 

Glioblastoma is highly infiltrative within the brain, typically migrating along existing 

structures within the brain, known as Scherer’s structures, which include the brain 

parenchyma, blood vessels, white matter tracts and the subarachnoid spaces 

(Cuddapah, Robel et al. 2014). These characteristic infiltration patterns mean that 

complete surgical resection is not possible, with tumours recurring following surgery. 
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IDH Mutational Status

IDH WildtypeIDH Mutant

1p/19q Co-deletion

1p/19q Co-deleted 1p/19q Intact

ATRX Expression

ATRX Loss ATRX Retained

Glioblastoma (Grade IV)
OS: <1 year

Oligodendroglioma (Grade II/III)
OS: 15 years

Astrocytoma/Oligoastrocytoma 
(Grade II/III)
OS: 10 years

Astrocytoma (Grade II)
OS: 7 years
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Figure 1.2. Pathways to development of primary and secondary glioblastoma  

 
As well as almost ubiquitous alterations in a number of signalling pathways including the 

RTK/RAS/PI(3)K, p53 and retinoblastoma (RB) pathways, a number of other genetic 

abnormalities are commonly present in primary glioblastoma (Network 2008). These 

include a loss of heterozygosity of chromosome 10; mutations of the phosphatase and 

tensin homolog (PTEN) tumour suppressor gene (~30%); point mutations in the promoter 

region of the telomerase reverse transcriptase (TERT) gene (>50%); amplification of 

epidermal growth factor receptor (EGFR) (40-50%), which can also be associated in 

around 30% case with a constitutively active EGFR variant known as EGFRvIII; and O6-

methylguanine DNA-methyltransferase (MGMT) promoter methylation (~50%) (Olar and 

Aldape 2014). Whilst EGFR amplification potentially represents a treatment target and a 

prognostic biomarker, to date studies and trials targeting EGFR, EGFRvIII, or 

downstream targets have failed to demonstrate this (Padfield, Ellis et al. 2015). In 

primary glioblastoma, only the MGMT methylation status represents a useful prognostic 

marker, with those patients in whom promoter methylation is present more likely to 

respond to radiotherapy and temozolomide chemotherapy (Brandes, Franceschi et al. 

2017).  
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Table 1.1.  Main differential features of primary and secondary glioblastoma  

Feature Primary Glioblastoma Secondary Glioblastoma 

IDH mutation status IDH-Wildtype IDH-Mutant 

Proportion of cases ~90% ~10% 

Median age at diagnosis 62 years 44 years 

Male:Female 1.42:1 1.05:1 

Mean length of clinical history 4 months 15 months 

Median overall survival: 

Surgery + Radiotherapy (RTx) 

Surgery + RTx + Chemotherapy 

 

9.9 months 

15 months 

 

24 months 

31 months 

Location Supratentorial Preferentially frontal 

Necrosis Extensive Limited 

Mutations Present: 

TERT promoter mutations 

TP53 mutations 

ATRX mutations 

EGFR amplification 

PTEN mutations 

 

72% 

27% 

Exceptional 

35% 

24% 

 

26% 

81% 

71% 

Exceptional 

Exceptional 

 

1.1.3. Diagnosis, Prognosis and Standard Therapy 

Diagnosis of glioblastoma is histological, made based on the features discussed above. 

Magnetic resonance imaging has an important role in establishing extent of disease, and 

monitoring response to treatment. Prognosis of primary glioblastoma is poor, with a 

median overall survival of around one year (Stupp, Mason et al. 2005). Standard 

treatment consists of surgical debulking (where possible) followed by radiotherapy with 

concurrent temozolomide chemotherapy, which conveys a modest increase in median 

survival to 14.6 months (Stupp, Hegi et al. 2009). Invariably, disease progression occurs, 

at which point patients receive nitrosurea-containing chemotherapy, enter clinical trials 

or receive best supportive care. The median overall survival in recurrent glioblastoma is 

around 6 months (Brown, McBain et al. 2016).  

The failure of treatment advances has been attributed to both the aggressive and 

invasive nature of glioblastoma, and also the genetic heterogeneity present within 
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tumours (Sottoriva, Spiteri et al. 2013). In the last decade, there have been a number of 

phase II/III clinical trials in glioblastoma investigating targeted therapies; all of which have 

failed to demonstrate any significant improvement in survival. Over the last few years, 

focus in glioblastoma has shifted away from targeted therapies towards novel strategies 

to target the tumour microenvironment, in particular the immune landscape within the 

tumour (Heimberger and Sampson 2011, Jackson, Ruzevick et al. 2011, Reardon, 

Freeman et al. 2014). 

1.2. Immune Privilege in the CNS 

The brain, spinal cord, and the neural structures of the eye collectively make up the CNS; 

traditionally thought to be immune privileged because of (i) the presence of the blood-

brain barrier (BBB) restricting entry of immune cells into the CNS (ii) an absence of 

conventional lymphatic drainage within the CNS, restricting the trafficking of antigens to 

lymph nodes (Engelhardt, Carare et al. 2016), (iii) a lack of specialised antigen 

presenting cells within the CNS (Heimberger and Sampson 2011), and (iv) a relative lack 

of MHC (major histocompatibility complex) expression in normal brain parenchyma, 

limiting antigen presentation (Chandramohan, Mitchell et al. 2013). In recent years, this 

dogma has been challenged and there is now substantial evidence that whilst these 

interlinked factors work to tightly control the immune system within the CNS, the CNS 

does possess fully functional innate and adaptive immune systems (Figure 1.3) 

(Ransohoff and Engelhardt 2012).  



25 
 

 
 
Figure 1.3. Immune gateways in the CNS: 
In addition to the resident microglia, there are three distinct macrophage populations within the 
CNS present at so-called ‘immune gateways’ that act as ports of entry for activated T-cells into 
the CNS. Perivascular macrophages, derived from the embryonic yolk sac, are located around 
parenchymal vessels (top). The other two populations, derived from bone marrow, are located in 
the meningeal spaces (middle) and the choroid plexus (bottom). Figure adapted from (Korn and 
Kallies 2017). 
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1.2.1. The Blood Brain Barrier  

The BBB exists to provide protection for the CNS through strict regulation of the entry of 

both cells and molecules into the brain and spinal cord parenchyma, preventing 

inappropriate immune activation to limit damage from inflammation within the CNS. T 

cell migration into the CNS is no exception to this tight control, relying upon a complex 

system of molecular adhesion signals on endothelial cells (ECs) (Pachter, De Vries et 

al. 2003). In the healthy CNS, expression of these signals is significantly lower than in 

peripheral ECs, resulting in an extremely low level of immune surveillance within the 

CNS with almost total exclusion of lymphocytes and neutrophils within the parenchyma. 

However, during disease processes, different subsets of inflammatory cells are observed 

infiltrating the parenchyma; with a neutrophil predominant infiltrate observed in stroke in 

contrast to higher proportions of T cells and B cells in multiple sclerosis. It remains 

unclear whether the ability of the BBB to discriminate between different immune cells is 

driven by the ECs of the BBB itself, or by signals from the immune cells (Daneman and 

Prat 2015). Currently, it is believed that any activated T cell can cross the BBB, but only 

those possessing specificity for CNS antigens will be retained (Engelhardt, Carare et al. 

2016). 

1.2.2. Lymphatic Drainage  

Two types of extracellular fluid exist within the CNS, cerebrospinal fluid (CSF) and 

interstitial fluid (ISF). CSF, contained mainly within the ventricular system and the 

subarachnoid space, drains directly into cervical and lumbar lymph nodes via lymphatic 

vessels associated with the nasal mucosa, dura mater, and nerve roots. In contrast, ISF, 

found in the extracellular spaces of the brain and spinal cord parenchyma, drains to 

cervical lymph nodes via intramural perivascular drainage pathways in the walls of 

cerebral arteries (Laman and Weller 2013, Engelhardt, Carare et al. 2016). Both CSF 

and ISF are also thought to mix within the brain parenchyma via the glial-lymphatic 

(glymphatic) system, a macroscopic system of perivascular channels formed by 

astroglial cells which functions mainly during sleep to remove waste proteins and 

macromolecules (Jessen, Munk et al. 2015). In the context of an immune response, 

tissue metabolites found within the glymphatic system appear to make their way to deep 

cervical and lumbar lymph nodes via the CSF. Within these lymph nodes it is therefore 

plausible that T cells could become primed and activated to recognise CNS specific 

antigens, and traffic to the CNS utilising as yet undescribed pathways similar to those 

which exist for peripheral tissues (Engelhardt, Carare et al. 2016, Korn and Kallies 2017).  
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1.2.3. Antigen Presentation & MHC Expression  

Other than the tissue resident microglial cells, there is a relative sparsity of antigen 

presenting cells within the CNS parenchyma. However, a number of non-parenchymal, 

dural macrophages populations have been identified, named for their locality within the 

CNS (Figure 1.3) (Herz, Filiano et al. 2017). Meningeal macrophages and choroid plexus 

macrophages are bone-marrow derived populations, whilst perivascular macrophages, 

in common with the tissue-resident microglia cells, appear to originate from 

haematopoietic stem cells (HSCs) in the embryonic yolk sac (Prinz and Priller 2014). All 

three macrophage populations can act as antigen presenting cells as well as undertaking 

a central role in clearing debris and dying cells, communicating with local cells and 

maintaining their local microenvironment. The perivascular macrophages also play a role 

in preserving the health of the ECs and maintaining the integrity of the BBB (He, Mack 

et al. 2016). Their location within the perivascular spaces allow them to sample both 

blood and CNS ISF at the same time, implying a possible role in the communication 

between the CNS and periphery (Herz, Filiano et al. 2017).  

 

In the adult brain, the microglia tend to be concentrated in the grey matter where they 

play a role in the removal of neurotoxic debris, production of pro-inflammatory factors in 

the presence of infection and also in antigen presentation. Serving as first-line defenders 

against infection in the brain parenchyma (Ousman and Kubes 2012), recent evidence 

suggests that the entire extracellular space of the brain parenchyma is occupied and 

patrolled by at least one microglia over a period of hours (Nimmerjahn, Kirchhoff et al. 

2005).  Furthermore, similarly to bone-marrow derived macrophages, microglia possess 

an ability to be polarised into M1 (immunostimulatory) or M2 (immunosuppressive) 

phenotypes, to balance immune responses appropriately (Prinz and Priller 2014). 

Antigen presentation relies upon the expression of MHC proteins, which are 

undetectable on normal brain parenchymal cells, suggesting that the CNS antigens are 

not presented. However, antigen presentation is now thought to occur at the level of the 

BBB itself, with antigens presented either by microglia, macrophages or even dendritic 

cells at ‘immune gateways’ around the CNS, the locations of which which coincide with 

the distinct macrophage populations described above (Korn and Kallies 2017) (Figure 

1.3). These gateways also act as entry ports for activated T-cells, the influx of which can 

be followed by recruitment of monocytes which function to amplify inflammatory 

reactions within the CNS (Pachter, De Vries et al. 2003). 

 



 28 

1.3. Glioblastoma Tumour Microenvironment 

The unique immune privilege within the CNS results in a TME with characteristics not 

found in tumours outside the CNS. These characteristics include the presence of CNS 

specific cells including astrocytes, neurons and microglia, a distinctive extracellular 

matrix (ECM) composition, and the presence of the BBB (Quail and Joyce 2017). Whilst 

the degree to which the BBB is disrupted in glioblastoma remains controversial (Wolburg, 

Noell et al. 2012), it is likely that on the whole, the BBB largely retains its ability to tightly 

regulate immune infiltration.  

 

The TME is characterised by immunosuppressive cytokines secreted by tumour cells, 

microglia and tumour associated macrophages (TAMs). These factors, which include 

IL6, IL10, TGF-beta and prostaglandin-E, collectively inhibit both the innate and adaptive 

immune systems. They can suppress natural killer (NK) cell activity, block T-cell 

activation and proliferation, induce T-cell apoptosis and down regulate expression of 

MHC molecules, and skew TAMs towards an M2 phenotype (Razavi, Lee et al. 2016). 

The TME is also characterised by tissue hypoxia provided by irregular vascularity and 

high tumour oxygen consumption. Tissue hypoxia activates the immunosuppressive 

STAT3 pathway leading to hypoxia-inducible factor 1 alpha (HIF-1α) synthesis, activation 

of T-regs, and production of VEGF (Razavi, Lee et al. 2016), which can inhibit the 

maturation and function of dendritic cells. These mechanisms of immune escape are 

discussed below in more detail and summarised in Figure 1.4. 

1.3.1. Extracellular Matrix Composition.  

ECM proteins commonly present in abundance in peripheral tissues including collagens, 

laminins and fibronectin are typically only associated with vascular basement 

membranes within the CNS. Instead, predominant ECM proteins in the glioma TME 

include glycoproteins, hyaluronic acid and heparan sulfate proteoglycans (HSPGs), 

which may be concentrated in cancer stem cell niches (Reinhard, Brösicke et al. 2016). 

HSPGs, in particular, are upregulated in glioblastoma (Wade, Robinson et al. 2013) and 

cause retention of heparin-binding angiogenic growth factors such as fibroblast growth 

factor (FGF) and VEGF, the local release of which promotes tumour angiogenesis and 

progression (Kundu, Xiong et al. 2016). Furthermore, glioma vasculature can upregulate 

the vessel-associated macromolecules periostin and tenascin C (TNC), which can 

promote tumour survival (Oskarsson, Batlle et al. 2014). These macromolecules can also 

promote immune evasion with TNC shown to block T-cell movement across glioma 

associated blood vessels, preventing their migration into brain parenchyma (Huang, 
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Cheng et al. 2010). Periostin, when secreted by glioma stem cells, is able to promote 

recruitment of tumour promoting macrophages from peripheral circulation (Zhou, Ke et 

al. 2015). 

1.3.2. Macrophages & Microglia  

TAMs, along with the resident CNS microglia, can constitute up to 30% of the tumour 

mass (Quail and Joyce 2017). Transcriptome analysis of TAMs has found that they may 

possess markers consistent with both M1 (classically activated or immunopermissive) 

and M2 (alternatively activated or immunosupressive) phenotypes, incongruous with the 

traditional M1/M2 dichotomy (Noy and Pollard 2014). TAM populations can be described 

both functionally and spatially. For example, CNS-resident microglia exist within the TME 

alongside distinct populations of bone marrow derived macrophages (Bowman and 

Joyce 2014) and recent research has suggested that within the TME, bone-marrow 

derived macrophages may localise preferentially to the perivascular niche, whilst 

resident microglia localise to peritumoural regions (Chen, Feng et al. 2017). 

Accumulation of TAMs expressing CD163 (haemoglobin scavenger receptor) and 

CD204 (macrophage scavenger receptor), typically considered ‘M2’ phenotype markers, 

increases as tumour grade increases (Komohara, Ohnishi et al. 2008). In glioblastoma, 

higher CD163 TAM expression correlates with poorer outcomes (Razavi, Lee et al. 

2016). Cancer stem cells in glioblastoma are able to recruit TAMs by overexpression of 

the macrophage/microglia cytokine colony stimulating factor-1 (CSF-1) (De, Steffen et 

al. 2016). This induces a pro-tumourigenic microenvironment via release of 

immunosuppressive factors such as IL-10 and overexpression of the indoleamine 2,3‐

dioxygenase (IDO) enzyme (Komohara, Jinushi et al. 2014, Zhou, Ke et al. 2015). M2-

TAMs also lack expression of key T-cell co-stimulation molecules (Hussain, Yang et al. 

2006) and drive both tumour angiogenesis and resistance to anti-VEGF agents. 

Angiogenesis is driven through production of pro-angiogenic molecules including VEGF 

and FGF, with resistance to anti-angiogenics due to upregulation of alternative 

angiogenic pathways and stimulation of pericytes to proliferate in the perivascular niche. 

Pericytes are perivascular cells responsible for modulating blood flow, vessel 

permeability and remodelling, and their proliferation stabilises new vessels (Bergers and 

Hanahan 2008, Brandenburg, Muller et al. 2016). TAMs can also enhance the 

invasiveness of glioma stem cells (GSCs) via the TGF-b1 signalling pathway (Ye, Xu et 

al. 2012). Further evidence incongruous with the M1/M2 dichotomy is that blockade of 

CSF-1R on the macrophage surface does not deplete glioblastoma TAMs in vivo, but 

leads to reprogramming of TAMs away from immunosuppressive phenotypes (Pyonteck, 
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Akkari et al. 2013). Other emerging evidence includes the discovery of a link between 

tissue hypoxia and macrophage polarisation; with M1-macrophages present within 

normoxic tumour regions and M2-macrophages present in areas of hypoxia (Geissmann, 

Manz et al. 2010). These findings support the view that macrophage polarisation is not 

simply location dependent but instead dependent on distinct signals present in the local 

microenvironment (Mantovani, Biswas et al. 2013). TAMs retain both plasticity and the 

ability to undergo reprogramming (Venteicher, Tirosh et al. 2017); characteristics which 

are potentially exploitable for therapeutic benefit (Mantovani, Marchesi et al. 2017). 

1.3.3. Downregulation of MHC  

An effective T-cell immune response requires antigen presentation and subsequent 

recognition, which is dependent on the co-expression of the human MHC proteins. 

Comparative analyses of gene expression profiles suggest that invading glioblastoma 

cells are able to escape immune recognition by downregulating expression of MHC 

molecules (Perng and Lim 2015). The role of antigen presentation within the CNS is 

thought to fall primarily to the resident microglia, with supporting evidence in vivo 

demonstrating that microglia are able to cross-present tumour antigens to CD8+ T cells 

via MHC Class I (Jarry, Jeannin et al. 2013). However, the presence of 

immunosuppressive cytokines such as IL-10 and TGF-ß within the glioblastoma TME 

cause microglia to lose MHC expression (Roy, Poirier et al. 2015, Razavi, Lee et al. 

2016). Pericytes may also play a role in antigen presentation within the CNS, and 

pericyte MHC Class II expression is shown to increase in response to inflammatory 

cytokine release (Pieper, Marek et al. 2014). In the TME, pericytes in contact with 

glioblastoma cells possess immunosuppressive functions evidenced by changes 

including a reduction in MHC expression and T-cell co-stimulatory signals (Valdor, 

García-Bernal et al. 2017). Low levels of MHC Class I molecules are also found on 

glioblastoma cancer stem cells, rendering them resistant to T-cell mediated killing, and 

thus contributing towards tumour initiation, progression and resistance to therapy (Di 

Tomaso, Mazzoleni et al. 2010). 

1.3.4. T-Lymphocytes.  

In patients with glioblastoma, increased T-cell infiltration is found in both tumour (tumour 

infiltrating lymphocyte; TIL) and brain parenchyma (Ampie, Woolf et al. 2015). Studies of 

human tumour samples have shown that  this influx is counteracted with a number of 

events that evade the immune response including further downregulating MHC to 

prevent antigen presentation (Leone, Shin et al. 2013), increasing expression of the 
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inhibitory protein programmed death ligand-1 (PD-L1) (Bloch, Crane et al. 2013), and 

increasing recruitment of immunosuppressive regulatory T-cells (T-regs) which express 

co-inhibitory molecules including cytotoxic T lymphocyte antigen 4 (CTLA-4) and 

programmed death receptor 1 (PD-1) (Jacobs, Idema et al. 2009, Reardon, Freeman et 

al. 2014). Four-fold more T-regs are found in human glioblastoma samples than benign 

pituitary adenomas and meningiomas, with CTLA-4 expression on these T-regs three-

fold of that on T-regs in peripheral blood (Jacobs, Idema et al. 2009). PD-L1 expression 

on circulating monocytes is significantly higher in patients with glioblastoma compared 

to healthy controls, whilst expression in tumour infiltrating monocytes is on average twice 

that of circulating monocytes from the same patient (Bloch, Crane et al. 2013).  
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Figure 1.4. Immune evasion in glioblastoma: 
The immunosuppressive tumour microenvironment (TME) of glioblastoma is the result of complex 
interactions between tumour cells, microglia, tumour associated macrophages (TAMs), 
components of the extracellular matrix and tumour infiltrating lymphocytes (TILs) which are 
predominantly regulatory in phenotype (T-regs). Hypoxia promotes angiogenesis of abnormal 
blood vessels, further driving tumour growth. Adapted from (Quail and Joyce 2017). 
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1.4. Immunotherapeutic Approaches in Glioblastoma 

1.3.1. Monoclonal Antibody Therapy 

Arguably, immunotherapy as a modern medical concept began in earnest with the 

development of monoclonal antibodies (mAbs) (Figure 1.5), now widely used in clinical 

practice for a range of conditions including autoimmune disease such as rheumatoid 

arthritis and inflammatory bowel disease, and a number of haematological and solid 

tumours. In addition to the immune checkpoint antibodies which are discussed in more 

detail below, two such antibodies have been investigated for a role in the treatment of 

glioblastoma; cetuximab and bevacizumab, targeting EGFR and VEGF, respectively 

(Neyns, Sadones et al. 2009, Narita 2015).  

 

 
 

Figure 1.5. Monoclonal antibody structure:  
All mAbs in current clinical practice are immunoglobulin G (IgG) antibodies. The heavy chain 
(blue) is made up of one variable region (VH) and three constant regions (CH1, CH2, CH3). The 
light chain (green) has one variable (VL) and one constant (CL) region. On each variable chain, 
there are three complementarity determining regions (CDRs), which bestow the vast variability in 
specific antigen binding capacity. VH and VL together with CH1 and CL are known as the Fab 
(fragment, antigen binding), and the remainder of the molecule is known as the Fc region 
(fragment, crystallisable), which confers biological activity and half-life.  
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EGFR overexpression occurs in a number of tumour types, and plays an important role 

in tumour cell proliferation and apoptosis resistance (Nicholson, Gee et al. 2001). In 

glioblastoma, around 50% of patients have some EGFR overexpression in their tumours 

(Heimberger, Suki et al. 2005), but despite a number of late phase clinical trials, 

cetuximab has failed to demonstrate any benefit, most likely because whilst EGFR 

overexpression is present, tumour heterogeneity means that not all tumour cells express 

EGFR and therefore are unaffected by EGFR targeted agents (Sottoriva, Spiteri et al. 

2013). Early trials investigating the use of bevacizumab were promising, with impressive 

radiological responses shown on magnetic resonance imaging (MRI) scan due to the 

effect of bevacizumab on inflammation, vascularity and oedema within glioblastoma 

(Narita 2015). Despite this, effects of bevacizumab are short lived, and late phase trials 

have failed to demonstrate any survival benefit (Chinot, Wick et al. 2014). As well as 

modulating vasculature, VEGF inhibits dendritic cell maturation, antigen presentation, 

and lymphocyte trafficking into tumours (Oyama, Ran et al. 1998, Ohm and Carbone 

2001). As such, bevacizumab is finding a new role as an adjunct to immunotherapies, 

possibly via the normalisation of tumour vasculature and induction of high endothelial 

venule (HEV) formation within tumours, both of which facilitate T-cell infiltration and 

activation (Figure 1.6) (Jain 2014, Allen, Jabouille et al. 2017). Anti-VEGF therapy 

induces transient tumour vessel normalisation, but studies support that lower doses than 

those routinely used in clinical practice result in a longer ‘normalisation window’ 

(Fukumura, Kloepper et al. 2018). For example, bevacizumab in combination with the 

immune checkpoint inhibitor ipilimumab in patients with melanoma suggests VEGF 

inhibition enhances anti-tumour immune responses (Hodi, Lawrence et al. 2014) Several 

combination anti-VEGF/immunotherapy studies are underway in glioblastoma, with 

interim data from a phase II trial of a second immune checkpoint inhibitor, durvalumab, 

in combination with bevacizumab reporting apparent clinical activity in a subset of 

bevacizumab-naïve patients (Reardon, Kaley et al. 2017).   
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Figure 1.6. Bevacizumab as an immune modulator: 
Right: Unopposed VEGF signalling within tumours induces new blood vessel formation and 
inhibits dendritic cell (DC) maturation, antigen presentation and T-cell trafficking. Left: In the 
presence of bevacizumab, VEGF signalling is blocked resulting in vessel normalisation, formation 
of high endothelial venules (HEVs) and facilitation of T-cell trafficking, augmenting response to 
immune checkpoint inhibitors (Jain 2014, Allen, Jabouille et al. 2017). 
 

More recently, novel immunotherapy approaches have been tested to modulate the 

profoundly immunosuppressive TME commonly found in glioblastoma with the aim of 

reversing the immune escape of the tumours. The two most clinically developed of these 

are the use of T-cell immune checkpoint inhibitors and tumour vaccines.  

1.4.2. Immune Checkpoint Antibodies 

Whilst T-cell responses are initiated through the interaction of MHC Class I/II bound 

antigen with the T-cell receptor (TCR), the amplitude and quality of this response is 

regulated by a balance of co-inhibitory and co-stimulatory signals; commonly referred to 

as immune checkpoints (Zou and Chen 2008) (Figure 1.7). T-cell immune checkpoints 

normally function to prevent excessive immune activation, conveying protection from 

autoimmune disease and reducing collateral damage in normal tissues (Pardoll 2012). 

A number of tumours, including glioblastoma, exploit these safety mechanisms to render 

T-cells inactive within the TME. This T-cell inactivation can be reversed or prevented by 

targeting immune checkpoints with immune checkpoint antibodies; mAbs which either 

block their activity (in the case of co-inhibitory molecules) or mimic ligand binding (in the 

case of co-stimulatory molecules) (Figure 1.6). Immune checkpoint antibodies against 

the inhibitory checkpoints Programmed Death receptor 1 (PD-1) and Cytotoxic T 

Lymphocyte Associated Antigen 4 (CTLA-4 are already approved for use in malignant 

melanoma, and anti-PD1 and PD-L1 agents have also demonstrated efficacy in clinical 

trials for other cancers including renal cell carcinoma and non-small cell lung cancer 

(Iwai, Hamanishi et al. 2017) (Table 1.2). Agonistic antibodies against the stimulatory 
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checkpoint 4-1BB are in ongoing clinical trials (Vinay and Kwon 2016). Clinical trials 

investigating the use of immune checkpoint inhibitors in glioblastoma are ongoing with 

formal results awaited (Table 1.3). 

 

 
Figure 1.7. T-cell immune checkpoints:  
A: T-cell responses are initiated through the interaction of MHC Class I/II bound antigen with the 
T-cell receptor (TCR), but the amplitude and quality of this response is regulated by a balance of 
co-inhibitory and co-stimulatory signals also known as immune checkpoints. B: A number of 
monoclonal antibodies targeting immune checkpoints are currently in clinical trials or have 
achieved success in the clinic. To date, the immune checkpoint mAbs developed include anti-4-
1BB agonists (A), anti-CTLA-4 antagonists (B), PD-L1 antagonists (C) and PD-1 antagonists (D). 
 

 
Table 1.2. Immune checkpoint antibodies approved for use or in development: 
Produced using online data from the Antibody Society; www.antibodysociety.org 
 

Target Name Format First approval indication  Year of 
Approval 

CTLA-4 Ipilimumab Human IgG1 Melanoma 2011 
PD-1 Pembrolizumab Humanised IgG4 Melanoma 2014 
PD-1 Nivolumab Human IgG4 Melanoma, Non-small cell lung 

cancer 
2014 

PD-L1 Atezolizumab Humanised IgG1 Bladder Cancer 2016 
PD-L1 Avelumab Human IgG1 Merkel Cell Carcinoma 2017 
PD-L1 Durvalumab Human IgG1 Bladder Cancer 2017 
4-1BB Utomilumab Human IgG2 Diffuse large B-cell Lymphoma Awaited 
PD-1 Cemiplimab Humab mAb Cutaneous squamous cell 

carcinoma 
Awaited 

PD-1 Camrelizumab Humanised IgG4 Hepatocellular Carcinoma Awaited 
CTLA-4 Tremelimumab Human IgG2 NSCLC, Head & Neck Cancer Awaited 
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Table 1.3. Clinical trials investigating the use of immune checkpoint antibodies in 
glioblastoma 

Immune 
Checkpoint 

Trial Name Phase Identifier 

CTLA-4 & 
PD-1 

Ipilimumab and/or Nivolumab in Combination 
With Temozolomide in Treating Patients With 

Newly Diagnosed Glioblastoma or 
Gliosarcoma 

I NCT02311920 

CTLA-4 &  
PD-1 

A Study of the Effectiveness and Safety of 
Nivolumab Compared to Bevacizumab and of 

Nivolumab With or Without Ipilimumab in 
Glioblastoma Patients (CheckMate 143) 

III NCT02017717 

PD-1 An Investigational Immuno-therapy Study of 
Temozolomide Plus Radiation Therapy With 
Nivolumab or Placebo, for Newly Diagnosed 

Patients With Glioblastoma (GBM, a Malignant 
Brain Cancer) (CheckMate548) 

II NCT02667587 

PD-1 An Investigational Immuno-therapy Study of 
Nivolumab Compared to Temozolomide, Each 

Given With Radiation Therapy, for Newly-
diagnosed Patients With Glioblastoma (GBM, 
a Malignant Brain Cancer) (CheckMate 498) 

III NCT02617589 

PD-1 Radiation Therapy With Temozolomide and 
Pembrolizumab in Treating Patients With 

Newly Diagnosed Glioblastoma 

I/II NCT02530502 

PD-1 Pembrolizumab +/- Bevacizumab for 
Recurrent GBM 

II NCT02337491 

4-1BB Anti-LAG-3 or Urelumab Alone and in 
Combination With Nivolumab in Treating 

Patients With Recurrent Glioblastoma 

I NCT02658981 

 

1.4.2.1. CTLA-4 

CTLA-4 (CD152) provides negative modulatory signals in the early stages of an immune 

response, halting T-cell activation. Two models are proposed through which CTLA-4 

regulates T-cell expansion; (i) a threshold model in which CTLA-4 sets a threshold above 

the background noise of signals from the TCR and (ii) an attenuation model, whereby 

CTLA-4 limits the ability of a T-cell to divide after activation (Wolchok and Saenger 2008). 

CTLA-4 signalling also may prevent the domination of one T-cell clone during an immune 

response, diversifying the T-cell population, in turn facilitating a more effective immune 

response (Egen, Kuhns et al. 2002). As well as this, CTLA-4 prevents autoimmunity by 

inhibiting T-cell responses to ‘self’ antigen. Whilst CTLA-4 is constitutively expressed by 

CD4+ regulatory T-cells, it is also expressed on activated cytotoxic CD8+ and CD4+ 

helper T-cells (Walker and Sansom 2011). There is clinical evidence that CTLA-4 

blockade results in direct activation of CD4+ and CD8+ effector cells (Maker, Attia et al. 

2005). Whilst it was initially thought that ipilimumab triggers effector cell infiltration, 
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tipping the balance towards an immunostimulatory tumour microenvironment (Quezada, 

Peggs et al. 2006), recent research suggests that ipilimumab may in fact preferentially 

deplete T-regs via antibody-dependent cell-mediated cytotoxicity (ADCC), due to the 

increased expression of CTLA-4 on T-regs rendering them more sensitive to ipilimumab 

mediated ADCC compared with other clonal T cell subtypes present within the TME 

(Furness, Vargas et al. 2014, Vargas, Furness et al. 2018). 

1.4.2.2. PD-1 

The PD-1/PD-L1 axis presents a physiological mechanism for controlling the degree of 

inflammation at sites of immune activation in order to prevent damage to normal tissue. 

PD-1 is expressed on the surface of all activated T-cells, and PD-L1 is upregulated on 

the cell surface of normal cells in response to the release of inflammatory cytokines 

(Alsaab, Sau et al. 2017). This expression activates the PD-1 on activated T-cells, 

resulting in a loss of ability of T-cells to mount an immune response even in the presence 

of antigen; a process known as immune tolerance (Mahoney, Rennert et al. 2015). 

Tumours are able to exploit this mechanism through over-expression of PD-L1, 

preventing the generation of an anti-tumour immune response. Inhibitory antibodies have 

been developed to both PD-1 and PD-L1 and act by blocking this negative feedback, 

thus propagating the anti-tumour immune response (Ohaegbulam, Assal et al. 2015).   

1.4.2.3. 4-1BB 

4-1BB (CD137) is expressed on the surface of T-cells following TRC activation by 

cognate antigen, delivering a co-stimulatory signal by cross-linking with the TCR and 

binding to 4-1BBL; predominantly expressed by activated antigen presenting cells 

(APCs) (Wang, Lin et al. 2009). Although expressed on both CD4+ and CD8+ T-cells, 

cytotoxic CD8+ T-cells appear more responsive to activation and proliferation signals 

provided by 4-1BB co-stimulation (Shuford, Klussman et al. 1997). These signals result 

in the release of pro-inflammatory cytokines and increased cytolytic function, and use of 

agonistic anti-4-1BB Abs has shown anti-tumour effects in immunogenic pre-clinical 

tumour models, both alone, and in combination with anti-PD-1 and anti-CTLA-4 

checkpoint inhibitor antibodies (Chester, Ambulkar et al. 2016). 

1.4.2. Tumour Vaccines 

Over a century ago, Coley introduced the concept of tumour vaccines by giving patients 

with bone sarcoma bacterial toxins to induce an immune response (Tsung and Norton 

2006). Today, significant advances have been made and effective cancer vaccination 
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can be achieved in one of two main ways (Figure 1.8). The first method, known as 

peptide vaccination, is to administer a tumour specific antigen (or a combination of 

antigens), which can then be trafficked to antigen presenting cells for presentation to T-

cells via MHC Class I or II molecules with the aim of generating a tumour antigen specific 

immune response (Melief, van Hall et al. 2015). The drawback of this approach is that it 

is HLA subtype specific and relies upon patients possessing the target antigen within 

their tumours. The second method is achieved through obtaining both dendritic cells and 

tumour lysate from patients, priming the dendritic cells ex vivo, and then administering 

them back to the patients; a process referred to as dendritic cell vaccination (Ampie, 

Woolf et al. 2015). Both of these approaches have been tested in clinical trials in 

glioblastoma (Table 1.4), and clinical trials remain ongoing to establish the efficacy of 

tumour vaccines for glioblastoma.  

 

Table 1.4. Clinical trials investigating vaccine-based therapies in glioblastoma 
Vaccine Type Trial Name Phase Identifier 
Dendritic Cell 

Vaccine 
Study of a Drug [DCVax®-L] to Treat 
Newly Diagnosed GBM Brain Cancer 

(GBM) 

III NCT00045968 

Dendritic Cell 
Vaccine 

A Study of ICT-121 Dendritic Cell Vaccine 
in Recurrent Glioblastoma 

I NCT02049489 

Peptide Vaccine Phase I/II Trial of IMA950 Multi-peptide 
Vaccine Plus Poly-ICLC in Glioblastoma 

I/II NCT01920191 

Peptide Vaccine A Phase I Trial of Actively Personalized 
Peptide Vaccinations Plus 

Immunomodulators in Patients With Newly 
Diagnosed Glioblastoma Concurrent to 
First Line Temozolomide Maintenance 

Therapy 

I NCT02149225 

Peptide Vaccine Phase III Study of Rindopepimut/GM-CSF 
in Patients With Newly Diagnosed 

Glioblastoma (ACT IV) 

III NCT01480479 
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Figure 1.8. Main approaches for tumour vaccine therapy 
Two main approaches for tumour vaccination; In dendritic cell vaccination (left), tumour cells are 
isolated at surgery (A), and processed to form a tumour lysate (B). Apheresis is done to isolate 
immature monocytes (C), which are then activated ex vivo into immature dendritic cells (D). 
Finally, these dendritic cells are matured and activated using tumour lysate and then returned to 
patients as intra-dermal injection (E). In peptide vaccination (right), tumour cells are isolated after 
surgery (1), and then further processed to isolate tumour antigens (2). These are then artificially 
produced and processed into a HLA-matched vaccine (3), which is then returned to the patient 
as an intradermal injection. 
 

1.4.3. Current Clinical Progress  

As yet, only two Phase III trials investigating immunotherapeutics in glioblastoma have 

completed: ACT-IV, investigating the EGFRvIII targeted vaccine rindopepimut in newly 

diagnosed glioblastoma; and Checkmate-143, investigating the checkpoint inhibitor 

nivolumab in relapsed glioblastoma; with neither demonstrating clinical benefit (Weller, 

Butowski et al. 2016, Squibb 2017). Ongoing phase III trials are investigating checkpoint 

inhibitors (NCT02667587, NCT02617589) and dendritic cell vaccines (NCT02546102, 

NCT01759810, NCT00045968). A wide number of agents are in earlier stages of clinical 

development, with reports of significant clinical responses (Brown, Alizadeh et al. 2016). 

1.5. Hyperthermia Therapy  

Whilst hyperthermia therapy represents a relatively new field of research in cancer 

immunotherapy, the concept of thermal therapy is not new. It has long been recognised 

that temperatures of just 42°C could induce cancer cell damage within a relatively short 

time frame whilst non-malignant cells were able to withstand this rise in temperature 

(Cavaliere, Ciocatto et al. 1967). More recent work has shown that the hypoxic tumour 

microenvironment and the increased mitotic rate of malignant cells predispose malignant 

cells to temperature sensitivity (Hildebrandt, Wust et al. 2002), and that hyperthermia 

treatment shows synergism with conventional therapies (Hurwitz and Stauffer 2014). 

Hyperthermia has also been shown not only to sensitise cancer cells to the effects of 

C
D

A
B

E

1 2

3
Adjuvant

Dendritic cell vaccine Peptide vaccine



41 
 

radiotherapy but also to modify the cytotoxicity of a number of chemotherapeutic agents 

(Issels 2008). 

 

In a wider context, thermal therapy can be divided into three main target temperature 

ranges (Table 1.5), with the most tolerable and feasible for clinical translation into brain 

tumours being moderate hyperthermia, with a target temperature range of 38-42 °C 

(Evans, Repasky et al. 2015). In pre-clinical systems, temperatures within this range can 

facilitate trafficking of immune cells into tumours, which is associated with improved anti-

tumour immunity (Fisher, Chen et al. 2011). Furthermore, there is clinical evidence from 

patients with advanced melanoma that concurrent hyperthermia can improve the efficacy 

of dendritic cell vaccination (Guo, Zhu et al. 2007).  

 

Table 1.5. Classification and biological effects of thermal therapeutic approaches. 

Type of Thermal 
Therapy 

Target 
Temperature 

Range 
Biological Effects 

Ablation therapy >70 °C Tissue death due to coagulation necrosis 
(Haemmerich and Laeseke 2005) 

High temperature 
focal hyperthermia >45 °C 

Irreversible cell damage, delayed cell damage 
and ischaemia, inflammatory infiltrates (NK cells, 
neutrophils, DCs and lymphocytes), stimulation 
of anti-tumour immune response (Chu and 
Dupuy 2014) 

Moderate 
hyperthermia 38-42 °C 

Sub-lethal cell damage, increased immune cell 
trafficking into tumours, increased tumour 
immunogenicity (Repasky, Evans et al. 2013)  

 
Other platforms being developed to deliver treatments for glioblastoma through utility of 

heat or electric fields include NeuroBlate™; laser interstitial thermal therapy to deliver 

heat to brain tumours, which has been shown to deliver controlled thermal ablation to 

recurrent GBM tumours which due to their deep location within the brain are not 

amenable to secondary debulking surgery (Mohammadi and Schroeder 2014). A phase 

I trial has already been conducted which demonstrated acceptable toxicity profiles and 

promising tolerability (Sloan 2013). NovoTTF™ is another approach using alternating 

currents within a tumour-treating field (TTF) to halt cancer progression, via the inhibition 

of microtubule assembly in mitosis (Kirson, Dbalý et al. 2007). This novel therapy has 

been approved by the US Food and Drug Administration (FDA) and two in-human trials 

have demonstrated durable tumour response in approximately 15% of patients with 

recurrent glioblastoma (Vymazal and Wong 2014). 
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Two systems for delivering conventional hyperthermia are currently in use for patients 

with glioblastoma. The first of these is Celsius 42+ (Celsius 42+ GmBH, Cologne, 

Germany), a system which combines 150 mm electrodes coupled with a distilled water 

bolus to deliver radiofrequency at 13.56 MHz over the site of the tumour, which is thought 

to penetrate deep situated regions. Heating is initiated at 25 W for 20 min and increased, 

if tolerated, by 5 W every 5 min up to 45 W for 60 min, with a goal of achieving 

temperatures between 40-43 °C as consistently as possible. Treatment is typically given 

twice per week, in addition to radiotherapy (Heo, Kim et al. 2017). 

 
The second method for delivering hyperthermia therapy is both more invasive and more 

targeted, involving intratumoural injection of aminosilane coated magnetic nanoparticles 

(NanoThermTM Therapy, MagForce AG, Munich, Germany), with patients then exposed 

to an alternating magnetic field for a period of one hour, twice a week for six treatments, 

again given in addition to radiotherapy (Maier-Hauff, Ulrich et al. 2011). This approach, 

taking of advantage of the unique physicochemical properties of iron-oxide nanoparticles 

offers an elegant solution to the problems of targeting hyperthermia therapy (Salunkhe, 

Khot et al. 2014). 
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1.6. Nanoparticles 

Nanotechnology advances have enabled the generation of a vast array of devices, 

collectively referred to as nanoparticles (NPs). NPs possess unique physical, chemical 

and biological properties and are defined by the Commission of the European Union as 

any naturally occurring or manufactured particulate material either unbound, as an 

aggregate or agglomerate, where at least half of the particles have one or more of their 

external dimension between 1 and 100 nm in size (Bleeker, de Jong et al. 2013). There 

remains no formal consensus on the definition of what can be referred to as a NP 

(Kreyling, Semmler-Behnke et al. 2010) and whilst they are often defined by size it is 

also important to also define them by properties they do not share with larger materials 

with the same chemical composition (Auffan, Rose et al. 2009). These properties include 

high mobility in the free state, large surface area to volume ratio and, in some cases, the 

nanosize-dependent exhibition of quantum effects which control physical properties and 

particle behaviour (Dobson 2015). 

 

The wide and diverse range of functional properties possessed by NPs is facilitated by 

the variety of materials available to synthesise them. This resulting versatility offers 

attractive translational potential for biomedical applications such as targeted delivery of 

treatment, innovative imaging techniques and innovative therapeutic approaches. Table 

1.6 summarises the favourable physical characteristics of the more common NP 

treatment platforms.  
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Nanoparticle Size Favourable Physical Characteristics 
NATURAL POLYMERS* (Albumin) 

50-300nm 

 

Biocompatible, biodegradable, non-toxic and non-immunogenic. 
Straightforward to cross-link and chemically modify, drugs readily 
incorporated into albumin polymer matrix (Elzoghby, Samy et al. 
2012). 

SYNTHETIC POLYMERS* (Poly-lacticoglycolic acid (PLGA)) 
50-300 nm 

 

FDA approved synthetic material that is non-toxic and undergoes 
hydrolysis in vivo to produce biodegradable metabolites. Drugs 
easily incorporated into the matrix (Kumari, Yadav et al. 2010). 

LIPOSOMES* 
20 – 1000 nm 

 

Well established as cancer therapeutics, can encapsulate 
hydrophilic and lipophillic drugs, soluble, low uptake by 
macrophages, favourable stability in vivo, and as colloids, protect 
drugs from breakdown (Garg and K Goyal 2014). 

MICELLES* 
10-100 nm 

 

Unique core-shell architecture, hydrophobic core acts as natural 
carrier environment, hydrophilic shell enables stability in aqueous 
solution, structural modifications can further augment tumour cell 
uptake (Mohamed, Parayath et al. 2014). 

DENDRIMERS* 
5 – 20 nm 

 

Symmetrical branched polymeric macromolecules with a central 
core allow either encapsulation or conjugation of therapeutic 
agent. Self-assembling, polyvalent, chemically stable, non-toxic 
and soluble (Kaminskas, Boyd et al. 2011, Abbasi, Aval et al. 
2014). 

IRON-OXIDE NANOPARTICLES* (Superparamagnetic iron-oxide nanoparticles (SPIONs)) 
10-100 nm 

 

Biocompatible and biodegradable, established clinical use as 
magnetic resonance imaging (MRI) contrast agents, controllable 
by an externally applied magnetic field, diverse formulations allow 
fine-tuning of physicochemical properties (Mok and Zhang 2013). 

SILICA (Porous Silica Nanoparticles (pSiNPs)) 
50-1000 nm 

 

Good chemical and thermal stability, large surface area and pore 
volume. Can encapsulate large amounts of bioactive molecule 
and promote controlled drug release. Also offers simple surface 
functionalisation (Rosenholm, Mamaeva et al. 2012). 

GOLD NANOPARTICLES* (Gold nanoparticles (AuNPs), Gold nanorods) 
1-100 nm 

 

Intense light absorption and high photothermal conversion rate. 
Good biocompatibility, colloidal stability and simple ligand 
conjugation chemistry (Cabral and Baptista 2014). 

CARBON NANOPARTICLES (Carbon nanotubes (CNTs)) 
1-10nm 

 

High carrying capacity, and high propensity to traverse cell 
membranes. Easily chemically modified or functionalized through 
formation of stable covalent bonds (Rastogi, Yadav et al. 2014). 

QUANTUM DOTS (QDs) 
2-10 nm 

 

Broad absorption spectra and high fluorescence quantum yield, 
high photostability. Possibility of multiplexing (different colours of 
QDs used within one assay with a single excitation source). Can 
be combined with other NP platforms for cancer theranostics. 
(Valizadeh, Mikaeili et al. 2012) 

Table 1.6. Physical characteristics of common NP platforms exploited for clinical applications:  
Those labelled (*) have been used in the clinic for diagnosis or treatment of cancer. 
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1.6.1. Use of Nanoparticles for Cancer Immunotherapy 

As research interest in both NPs and immunotherapy has increased, a number of unique 

approaches have been made to combine the two fields. Ways in which NPs can facilitate 

immunotherapy include by facilitating delivery of tumour associated antigens (TAAs) to 

APCs, acting as so-called synthetic APCs, and through direct effects on immune cells 

(Zanganeh, Hutter et al. 2016, Zang, Zhao et al. 2017), and as nanocarriers for existing 

immunotherapeutic approaches (Kapadia, Perry et al. 2015). A non-exhaustive summary 

of the different pre-clinical approaches used can be found in Table 1.7. Progress has 

already been made in the clinical translation of these concepts with a phase I trial of 

intravenously administered mRNA-liposome NPs as a cancer vaccine in melanoma 

(NCT02410733) currently underway. 

 

Table 1.7. Nanoparticles for cancer immunotherapy 

Immunotherapy 
Approach NP Platform Details References 

Delivery of 
Antigen to APCs 

PLGA 
Using NP surface modifications to 

capture specific TAAs for delivery to 
APCs 

(Min, Roche et 
al. 2017) 

Liposomes 
Antigenic peptides encapsulated 

with pH sensitive fusogenic polymer 
modified liposomes for delivery to 

DC cytosol 

(Yoshizaki, 
Yuba et al. 

2016) 

Gold NPs 
Antigen- and adjuvant-coated Gold 
NPs pulsed with DCs ex vivo and 

administered intravenously 

(Zhou, Zhang 
et al. 2016) 

Artificial APC 

PLGA 
Conjugation to MHC and anti-CD28 

Abs to act as artificial antigen 
presenting cell 

(Steenblock, 
Fadel et al. 

2011) 

Carbon-NTs 
T cell stimulating Ab-conjugated 

carbon-NTs to induce T-cell 
activation   

(Fadel, 
Steenblock et 

al. 2008) 

Liposomes Liposomes incorporating MHC class 
II-peptide molecules  

(Prakken, 
Wauben et al. 

2000) 

Direct effects on 
immune cells 

Iron-oxide 
NPs 

Polarising tumour associated 
macrophages into M1 pro-
inflammatory phenotypes 

(Zanganeh, 
Hutter et al. 

2016) 
PEG-

modified 
carbon-NTs 

PEG-SWNTs loaded with ligands to 
target T-regs within tumours 

(Sacchetti, 
Rapini et al. 

2013) 
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1.6.2. Superparamagnetic Iron-Oxide Nanoparticles (SPIONs) 

SPIONs are one of the most clinically developed nanoparticle platforms, typically 

consisting of a magnetic iron-oxide core, stabilised by a hydrophillic surface coating 

(Figure 1.8) (Gupta and Gupta 2005). Magnetite (Fe3O4) and maghemite (Fe2O3) crystals 

make up the SPION core, whilst a number of coatings have been utilised including 

polyethylene glycol (PEG), aminosilane and dextran. The magnetic properties and 

favourable biocompatibility possessed by dextran-coated SPIONs make them attractive 

for use for clinical application, most notably magnetic resonance imaging. The same 

magnetic properties that make SPIONs attractive as MRI contrast agents can also be 

harnessed for therapeutic benefit in magnetic hyperthermia. In particular, at core sizes 

typically between 10-20 nm, iron oxide NPs exhibit a specific form of magnetism called 

superparamagnetism. The benefit of this over ferromagnetism or ferrimagnetism 

exhibited by larger core NPs is that they lose magnetisation once the field is removed, 

making them more attractive for biomedical applications where a permanent magnetic 

state could lead to particle agglomeration and instability (Huber 2005).  

 

When exposed to an alternating magnetic field (AMF), SPIONs are able to efficiently 

absorb the energy of the AMF and convert this into heat via Nèel relaxation and Brownian 

motion, described in Figure 1.9 (Laurent, Dutz et al. 2011, Lahonian 2013). This process 

is known as magnetic hyperthermia and has already been shown to be feasible in the 

clinical setting using aminosilane coated SPIONs injected directly into glioblastoma 

tumours, as discussed in more detail in section 1.5 (Maier-Hauff, Rothe et al. 2007, 

Maier-Hauff, Ulrich et al. 2011). A number of SPIONS have been approved for clinical 

applications including MR imaging, treatment pf iron deficiency anaemia and magnetic 

hyperthermia (Table 1.8) (Weissig, Pettinger et al. 2014). 
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Figure 1.9. SPION structure and heating properties: 
A: SPIONs are typically made up of an iron-oxide crystal core, stabilised by a polymeric coating 
such as dextran. B: SPIONs release energy in the form of heat when exposed to an alternating 
magnetic field through two main mechanisms. In Nèel relaxation, magnetic moments within the 
SPIONs rotate with the magnetic field, generating heat energy within the alternating magnetic 
fields. In Brownian motion, the entire SPION rotates, aligning with the direction of the magnetic 
field, producing heat through frictional movement with the surrounding environment (Sangaa, 
Khongorzul et al. 2018). 
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Table 1.8. Dextran-coated SPIONs approved for use for clinical applications. 
SPION Name Surface Coating Size Route of 

Admistration 
Clinical 
Application 

Reference 

Endorem®/ 
Feridex® 

Dextran 150 nm Intravenous Hepatic MR 
Imaging 

(Bonnemain 
1998) 

Ferumoxytol 
(FerahemeTM) 

Polyglucose 
sorbitol 
carboxymethylether 

30 nm Intravenous Iron 
Deficiency 
Anaemia 

(Spinowitz, 
Kausz et al. 
2008, 
Bullivant, 
Zhao et al. 
2013) 

NanoTherm® Aminosilane 15 nm Intratumoural Magnetic 
Hyperthermia 

(Thiesen and 
Jordan 2008) 

Resovist® Carboxydextran 50 nm Intravenous Hepatic MR 
Imaging 

(Reimer and 
Balzer 2003) 

AMI 121 
(Lumirem®, 
Gastromark®) 

Silicon 300 nm Oral GI Tract MR 
Imaging 

(Bonnemain 
1998) 

Sinerem® 
(Ferumoxtran) 

Dextran 30 nm Intravenous/ 
Subcutaneous 

Sentinel 
Lymph Node 
Imaging 

(Bonnemain 
1998) 

 

1.6.3. Targeting SPIONs to Tumours 

Whilst demonstrating favourable biocompatibility and toxicity profiles, the use of SPIONs 

for clinical applications other than hepatic imaging is limited due to their rapid 

sequestration by the hepatic reticuloendothelial system (RES). To overcome this, a 

number of approaches have been tested to improve the delivery of SPIONs to tissues of 

interest, which can roughly be divided into passive and active targeting.  

 

The process of passive targeting involves (i) exploiting features of the tumour in order 

for the NP of interest to preferentially accumulate there, and (ii) modifying the surface of 

the NP to avoid the tissues in which it normally accumulates, allowing longer for it to 

accumulate within tumours. The rapid blood vessel development commonly seen in 

tumours (Chauhan and Jain 2013) leads to abnormal hyperpermeable vasculature and 

impaired lymphatic drainage (Hanahan and Weinberg 2011) (Greish 2010) and can lead 

to passive accumulation of NPs within malignant tissues. This process is known as the 

enhanced permeability and retention (EPR) effect. In addition to exploiting the EPR, the 

surface coating of SPIONs can be modified in order to prolong their circulation time using 

surface coatings including polymers such as PEG (Gupta and Gupta 2005). 

 

The process of active targeting involves functionalising the surface of SPIONs with 

targeting moieties (Figure 1.10) (Bae and Park 2011), the most commonly used of which 

are antibodies (Carter, Mulholland et al. 2016). Despite a number of innovative 
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approaches to target NPs, including combining active and passive targeting, overall 

tumour delivery of systemically administered NPs remains, on average, below 1% of the 

injected dose (Wilhelm, Tavares et al. 2016). New proposals highlight that cancer 

nanomedicines must be specialised to address the challenges of each different tumour 

type, including the features of the TME which could be harnessed for improved delivery 

(Chauhan and Jain 2013). 

 

 
Figure 1.10. Active targeting of nanoparticles: 
Schematic showing the most commonly used ligands to actively target NPs including DNA 
aptamers (A), antibodies; as both whole immunoglobulin G molecules (IgGs) (B) and fragments 
such as single chain variable fragments (scFv) (C), non-immunoglobulin proteins such as 
transferrin (D) and small molecules such as folic acid (E) (Bazak, Houri et al. 2014). 
 

1.6.4. Magnetic Hyperthermia 

Magnetic alternating current hyperthermia (MACH) is a process where an AMF, 

generated by an alternating current passing through a magnetic induction coil, is applied 

to SPIONs, with the effect of causing an increase in the temperature of those SPIONs 

via exploitation of their superparamagnetic properties.  

 

In a clinical context, when SPIONs are localised within tumour cells and an alternating 

magnetic field is applied, the heating effect has been shown to induce cell death in 

tumour cells via double stranded DNA fragmentation and protein restructuring without 
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causing significant damage to surrounding healthy cells (Sellins and Cohen 1991). 

Temperatures of around 45 °C have been shown to be capable of inducing cancer cell 

apoptosis (Pu, Zhang et al. 2000). Studies in both rats and in man have shown that 

SPIONs can show appropriate intratumoural distribution in glioblastoma, and can 

undergo controlled heating to desired temperatures, with no serious adverse effects 

(Jordan, Scholz et al. 2006, Maier-Hauff, Rothe et al. 2007, Maier-Hauff, Ulrich et al. 

2011). Post-mortem studies in glioblastoma patients treated with magnetic hyperthermia 

show that particles were restricted to the sites of injection and remained within the tumour 

following injection (van Landeghem, Maier-Hauff et al. 2009). 

 

Whilst magnetic nanoparticle-mediated hyperthermia has been shown to induce tumour 

cell death, a key component of the therapeutic effect of hyperthermia is the induction of 

a heat-mediated immune response against the tumour (Kobayashi, Kakimi et al. 2014), 

enhancing the ‘visibility’ of tumours to the immune system. The increase in temperature 

leads to tumour antigen release by apoptosis and induces the expression of heat shock 

proteins (HSPs) (Mukhopadhaya, Mendecki et al. 2007). HSPs have diverse functions 

and whilst intracellular HSPs protect against tissue injury by preventing apoptosis 

(Garrido, Brunet et al. 2006), extracellular HSPs may be involved in a number of 

immunological processes including facilitating the delivery of antigen to APCs and 

expression of these antigens via MHC (Ostberg, Kabingu et al. 2003, Li, Gregg et al. 

2005, Nishikawa, Takemoto et al. 2008, Chen, Guo et al. 2009). This process could lead 

to the initiation of an anti-tumour T-cell immune response, which could elicit long-term 

tumour control (Muthana, Multhoff et al. 2010) (Figure 1.11). MACH therapy offers the 

potential to spatially and temporally control temperature, allowing the use of this 

temperature as an immune trigger (Wust, Hildebrandt et al. 2002), investigation of which 

forms the main focus of this thesis. 

 
 
 
 
 



51 
 

 
Figure 1.11. Schematic representation of in situ tumour vaccination mediated by magnetic 
hyperthermia therapy.  
When temperatures within the tumour are elevated to between 41-45 °C, localised, sub-lethal 
hyperthermia occurs (Chu and Dupuy 2014). Within the TME, responses to this include halted 
cellular metabolism, impaired DNA repair, HSP release and tumour antigen release (A). In 
parallel, chemokines and cytokines are produced (B) and hyperaemia occurs, facilitating 
recruitment of immune cells (C). Finally, tumour antigens are trafficked to draining lymph nodes 
with the help of molecular chaperone proteins such as HSP-70. Here, they are presented to naïve 
T-cells by APCs initiating an anti-tumour immune response (D).  

(C) Tumour Blood Vessel:
• Hyperaemia
• Increased radiation sensitivity
• Increased ROS production
• Migration of Immune Cells

(A) Cellular Response:
• Halted metabolism
• Impaired DNA Repair
• Heat Shock Protein Release
• Tumour Antigen Release

(B) Tissue Response:
• Chemokines
• Cytokines

(D) Draining Lymph Node:
• Drainage of tumour antigens
• Generation of anti-tumour T-cell 

response 

T-cell

APC

Naïve T-cellImmature APC

Biological Effect 

Lymphatic 
Drainage

Release of 
heat energy 
from SPIONs 
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1.7. Research Aims 
 

The overall aims of the research presented in this thesis were to investigate the use of 

magnetic hyperthermia mediated by dextran-coated SPIONs as a treatment option in a 

pre-clinical in vivo model of glioblastoma and evaluate the biological and immunological 

effects of this treatment within the TME. 

 

1.8. Research Objectives 
 

1. Characterise a range of dextran-coated SPIONs and identify a lead candidate 

suitable for pre-clinical evaluation of magnetic hyperthermia 

 

2. Identify a suitable in vivo glioblastoma model in which to study the effects of 

magnetic hyperthermia 

 

3. Test the interactions of the lead candidate SPION with the chosen model and 

identify the most favourable way in which to generate sufficient intratumoural 

SPION concentrations to conduct hyperthermia 

 

4. Study the biological effects of MACH therapy in the chosen model system 

 

5. Utilise flow cytometry analysis to study the immunological effects of magnetic 

hyperthermia and test whether this immune response can be exploited 

therapeutically 
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Chapter 2. Materials and Methods 

2.1. Materials 

2.1.1. Superparamagnetic Iron Oxide Nanoparticles 

For the experiments conducted within this thesis, four SPIONs were utilised, the 

properties of which are summarised in table 2.1. 

Table 2.1. SPIONs investigated 

SPIONs Supplier Size 
Range Coating Iron 

concentration(s) 

Ferucarbotran Meito Sangyo Co. 
LTD., Japan 

45-65 
nm Carboxydextran 55.6 mg/ml 

Perimag-plain 

Micromod 
Partikeltechnologie 
GmbH, Germany 

130 nm Dextran 10-78.8 mg/ml 

Perimag-
COOH 

Micromod 
Partikeltechnologie 
GmbH, Germany 

130 nm 
Dextran 

functionalised with 
COOH groups 

10-50 mg/ml 

Perimag-NH2 
Micromod 

Partikeltechnologie 
GmbH, Germany 

130 nm 
Dextran 

functionalised with 
NH2 groups 

10-50 mg/ml 

 

2.1.2. MACH System 

A magnetic alternating current hyperthermia (MACH) system capable of delivering an 

alternating magnetic field (AMF) was used for the experiments conducted in this thesis. 

The pre-clinical MACH system was purpose built, supplied and maintained by Resonant 

Circuits Limited (RCL; London, UK), and a prototype clinical MACH was used in a 

collaboration with RCL for compatibility testing and for experiments with the clinical scale 

phantom. 

2.1.3. Tumour Phantom Experiments 

Silicone and agar based tumour phantoms were constructed using materials outlined in 

Table 2.2. 
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Table 2.2. Tumour Phantom Composition  
Component Composition 

Phantom Mould Silicone: Polycraft GP-3481-F RTV, Dow Corning, Liquid 
Plastic: EasyFlo 60 Liquid Plastic, Polytek 

Tissue Phantom 4 wt.% agar, 1 wt.% NaCl, 0.7 wt.% CuSO4 in distilled water 

SPION Phantom Core 4 wt.% agar in SPION suspension 

 

2.1.4. SDS PAGE Gel Electrophoresis 

Table 2.3 shows the reagents used to produce SDS Page Gels and 2.4 shows the 

composition of the buffers used in gel electrophoresis. 

 

Table 2.3. SDS Page Gel Composition 
Gel Composition 

4% Stacking Gel 3.6 ml ddH2O; 0.67 ml 30% acrylamide, 0.625 ml 1 M Tris-
HCl pH 6.8, 50 μl 10% sodium dodecyl sulfate (SDS), 50 μl 
10% ammonium persulfate (APS), 5 μl 
tetramethylethylenediamine (TEMED) 

10% Resolving Gel 3.2 ml ddH2O, 2.67 ml 30% acrylamide (Protogel), 2ml 1.5M 
Tris-HCl pH 8.8, 80 μl 10% SDS, 80 μl 10% APS, 8 μl 
(TEMED) 

 

Table 2.4. Buffers used in SDS PAGE gel electrophoresis 
Buffer Composition/Instructions 

1x SDS-PAGE 

running buffer 

25 mM Tris-HCl, 192 mM glycine, 0.1% (w/v) SDS 

4 x Reducing Buffer 1.25 mM Tris-HCl, pH 6.8 solution in ddH2O, 20% 
w/v glycerol, 4% w/v β-mercaptoethanol, 0.1% w/v 
bromophenol blue and 0.1% w/v SDS 

0.1% Coomassie Blue 0.1 g coomassie blue R-250 in 100 ml methanol, 20 
ml glacial acetic acid and 80 ml ddH2O 

Destain Solution 1.25 L methanol, 1 L ddH2O and 250 ml glacial 
acetic acid 
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2.1.5. Iron Quantification Assay (Ferrozine Assay) 

For iron quantification, the ferrozine assay was used with the reagents shown in Table 

2.5. 

 
Table 2.5. Solutions and Buffers used in the ferrozine assay 

Solution Composition 

50mM NaOH 0.2 g of NaOH in 100 ml distilled water (dH2O) 

4M HCl 250 ml of dH2O + 125 ml 37% (12 M) HCl stock solution 
Iron releasing 

buffer 
0.45g of potassium permenganate (KMnO4) in 10 ml dH2O+3.5 ml 
4M HCl +6.5 ml dH2O 

Iron detection 
buffer 

5 ml dH2O, 0.015 g neocuproine, 0.015 g ferrozine, 0.99 g ascorbic 
acid, 0.96 g ammonium acetate. 

2.1.6. Tissue Culture  

For GL261 cell culture, reagents used are outlined in Table 2.6 
 
Table 2.6. Cell Culture Reagents 

Solution Formula 
Culture Media Filtered Dulbecco’s modified Eagle’s medium (DMEM) 

(Gibco®) supplemented with 10% fetal bovine serum (FBS) 
(Gibco®), and 1% Sodium Pyruvate 

Trypsin  1x Trypsin (0.05%) with EDTA (PAA Laboratories GmbH, 
Pasching, Austria) 

PBS 1x sterile phosphate buffered saline (PBS) solution (Gibco®) 
Freezing Media 9 ml FBS + 1 ml DMSO (10% DMSO in FBS) 

 

2.1.7. Histology and Immunohistochemistry 

Histology and immunohistochemistry was performed with assistance from UCL IQPath 

and Sequani (Ledbury, UK). Reagents, dilutions and timings of incubations are shown in 

Tables 2.7-2.10 

 

Table 2.7. Solutions for Prussian blue (PERLs) staining 

Solution Formula 
Cell fixation 
solution 

2% formalin and 2.5% glutaraldehyde in phosphate buffered 
saline (PBS) 

Staining solution 4 g potassium hexacyanoferrate (II) trihydrate in 20 ml dH2O 
+ 20 ml 2% hydrochloric acid 
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Table 2.8. Antibody and epitope demasking details for UCL IQPath IHC Analysis. 
Antibody Dilution Source Pre-

treatment 
Primary 
Antibody 
incubation 

Swine anti 
Rabbit Dako 
E0353 

HSP-70 1:1000 Abcam 
ab181606 

RCC 
45min 

1h 32 min 

msKi-67 1:100 Cell 
Signalling 
12202S 

CC1 
45min 

1h 32 min 

Caspase-3 1:100 Cell 
Signalling 
9661L 

CC1 
45min 

32 min 44 min 

pH3 
(Histone-H3) 

1:100 Cell 
Signalling 
9701L 

CC1 
60min 

4 h 1 h 

CD34 1:100 Thermo 
Fisher 
14-0341-82 
RAM34 

CC1 
45min 

1 h 32 min 

 
 

Table 2.9. Antibody and epitope demasking details for Sequani IHC Analysis. 
 

Antibody Dilution Source Pre-
treatment 

Primary 
Antibody 
incubation 

Anti IBA-1 1:4000 Abcam 
ab178846 

High pH 
retrieval 
solution (20 
mins, 97 °C) 

20 min 

Anti GFAP  1:400 AbD 
Serotec 
MCA4734
GA 

Low pH 
retrieval 
solution (20 
mins, 97 °C) 

30 min 
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Table 2.10. Reagents used to conduct IBA-1 and GFAP Staining. 
 

Reagent Supplier Catalogue 
number Lot/Batch 

Hydrogen peroxide VWR  14G230012 

High pH tissue 
retrieval solution Dako K8004 20037004 

Flex diluent Dako K8006 20030836 

Flex 20 x buffer Dako K8007 20033639 

EnVision anti rabbit 
polymer Dako K4003 10117114 

DAB kit Dako K3468 10111394 

Haematoxylin Dako K8008 20034077 

Low pH tissue 
retrieval solution Dako K8005 20034074 

Mouse on mouse 
(M.O.M.) kit Vector MP2400 ZC1215 

Phosphate buffered 
saline Sigma-Aldrich D1408 RNBF5076 

Haematoxylin Shandon 6765015 367393/367394 

 

2.1.8. Transmission Electron Microscopy 

 
Table 2.11 outlines the reagents used in TEM experiments. 
 
Table 2.11. Solutions/Buffers used in Transmission Electron Microscopy (TEM) 

Solution Formula 

Fixation solution 
20 ml 20% paraformaldehyde (Analar BDH, Poole, UK) + 16 ml 
25% glutaraldehyde (TAAB) + 59 ml phosphate buffered saline 
(Oxoid, Basingstoke, UK) 

Osmium tetroxide 1% osmium tetroxide (Analar BDH, Poole, UK) + 1.5% potassium 
ferricyanide (BDH) in PBS (Oxoid, Basingstoke, UK) 

Toluidine blue 
stain 

1% Toluidine Blue (Raymond Lamb, UK) with 0.2% Pyronin 
(Raymond Lamb, UK) in 1% sodium tetraborate (Analar BDH, 
Poole, UK) 

Reynold’s lead 
citrate 

1.33 g lead nitrate (BDH, UK) in 15 ml dH2O and 1.76 g sodium 
citrate (BDH, UK) in 15 ml dH2O, 8 mls of 1 M sodium hydroxide 
(BDH, UK). Made up to final volume of 50 ml 

Lemix epoxy resin 
(TAAB) 

Lemix A (25 ml) + Lemix B (55 ml) + Lemix D (20ml). Added to 2 
mL of N-Benzyl-N, N-Dimethylamine (BDMA) 
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2.1.9. RES Blockers 

 
Reticuloendothelial system (RES) blockers tested in this thesis are shown in table 2.12. 
 
Table 2.12. RES Blockers Investigated 

Name Product Supplier Average Mwt. 
(Dalton) 

Doses for in vivo 
experiments 

DSO4 500 Dextran sulfate 
sodium salt 500 

Sigma Aldrich, St. 
Louise, USA 500,000 Da Up to 30 mg/kg 

Fucoidan 
(FVF) 

Fucoidan from Fucus 
vesiculosus 

F5631-500MG 

Sigma Aldrich, St. 
Louise, USA 

20000 - 
200000 Da 15 mg/kg 

Fucoidan 
(MPF) 

Fucoidan from 
Macrocystis pyrifera 

F8065-500MG 
Sigma Aldrich, St. 

Louise, USA 
20000 - 

200000 Da 15 mg/kg 

Fucoidan 
(UPF) 

Fucoidan from 
Undaria pinnatifida 

F8315-500MG 

Sigma Aldrich, St. 
Louise, USA 

20000 - 
200000 Da 15 mg/kg 

 

2.1.10. Near Infrared (NIR) Labelling 

 
For the NIR labelling experiments, reagents were used as outlined in Table 2.13.  

 
Table 2.13. Solutions/Reagents used in NIR labelling 

Solution/Reagent Formula 

0.1 M MES buffer 1.95 g 2-(4-morpholino) ethanesulphonic HCl in 100 ml dH2O, 
adjusted to pH 6 with 5 M NaOH 

230 mM sulfo-NHS 40 μl of 0.1 M MES buffer with 1 vial of sulfo-NHS (N-
hydroxysulfosuccinimide) (Thermo Fisher Scientific) 

EDC/NHS activation 
buffer 

1.21 mg of EDC (1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide-
hydrochloride) and 8.8 μl of 230 mM sulfo-NHS (Thermo Fisher 
Scientific) in 200 μl of 0.1 M MES buffer  (pH=6) 

25 mM glycine 0.18 g glycine in 100 ml PBS 
DyLight® 800 NHS 
ester 

Thermo Scientific, Pierce Biotechnology, NHS ester functional 
group with amine reactivity 

Dibenzocyclooctyne-
amine (DBCO-NH2) 
linker 

200 μg prepared in 1ml PBS  

 

 
 



59 
 

2.1.11. Flow Cytometry Analysis 

The antibodies used in flow cytometry analysis, including the dilution for use and the 

fluorophore, are shown in Table 2.14, whilst the reagents for the experiments are shown 

in Table 2.15. 
 
Table 2.14. Antibodies used for flow cytometry analysis 
 

Antigen Clone Fluorophore Cat.No. Source/Isotype Dilution 

CD3 17A2 BV785 Biolegend 
100232 

Rat IgG2b k 1:100 

CD4 RM4-5 V500 BD Bioscience 
560783 

Rat IgG2a k 1:300 

CD8 53-6.7 BV650 BioLegend 
100742 

Rat IgG2a k 1:300 

CD45 30-F11 PECy7 BD Bioscience 
561868 

Rat IgG2b 1:200 

CD11b M1/70 BV711 Bioloegend 
101242 

Rat IgG2b k 1:200 

PD1 J43 PercP-eF710 eBioscience 
46-9985 

Hamster IgG 1:100 

GzmB GB12 APC Invitrogen 
MHGB05 

Mouse IgG1 1:100 

Ki67 SolA15 eFluor450 eBioscience 
48-5698-80 

Rat IgG2a k 1:100 

FoxP3 FJK-16s PE eBioscience 
12-5773-80 

Rat IgG2a k 1:100 

CTLA-4 
(CD152) 

UC10-
4B9 

APC BioLegend 
106309 

Hamster IgG 1:100 

4-1BB 
(CD137) 

17B5 Biotin BioLegend 
106103 

Hamster IgG 1:100 

CD62L MEL-14 PE BioLegend 
104407 

Rat IgG2a k 1:100 

CD44 IM7 APC BioLegend 
103011 

Rat IgG2b k 1:100 

CD25 PC61 Biotin BioLegend 
102003 

Rat IgG1 l 1:100 

CD69 H1.2F3 PerCP/Cy5.5 BioLegend 
104521 

Hamster IgG 1:100 
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Table 2.15. Flow Cytometry Reagents 
Solution Formula 
Culture Media Roswell Park Memorial Institute (RPMI) cell culture media (un-

supplemented) 
Liberase/DNAse 
(1ml per sample) 
 

1ml un-supplemeted RPMI, 60 μl Liberase from 1mg/ml stock 
(Roche), 10 μl DNAse from 0.2 mg/ml stock 
 

Histopaque-1119 Sigma 
FACS Buffer PBS + 2% FCS, 2 mM ethylenediaminetetraacetic acid (EDTA) 
FACS Buffer 1% 
PFA 

As above with 1% paraformaledyde from 16% stock 
 

Superblock 
 

PBS, 2% FCS, 5% Normal Rat Serum, 5% mouse serum, 5% rabbit 
serum, 25 μg/ml 2.4G2 anti-Fcr mAb, 0.1% sodium azide (NaN3) 
 

FoxP3 Staining 
buffer set 
(eBioscience 00-
5523-00) 

Fixation/Permeabilization Concentrate (cat. 00-5123). 
Fixation/Permeabilization Diluent (cat. 00-5223).  
Permeabilization Buffer (10X) (cat. 00-8333). 
 

Streptavidin-FITC 
eBioscience,  
11-4317-87 

Secondary stain for biotin conjugated antibodies, used at dilution of 
1:100 and left for 30 min at 4 °C 

Live-Dead Stain 
APC-Cy7 
eBioscience 

Used at dilution of 1:1000 

 

2.2. Methods 

2.2.1 In vitro Characterisation of SPIONs 

2.2.1.1 Dynamic Light Scattering 

SPIONs were characterised using a Zetasizer Nano ZS90 (Malvern, Worcestershire, UK) 

to identify their hydrodynamic diameter and zeta potential using dynamic light scattering 

(DLS). Prior to measurement, 10 µL aliquots of each SPION were suspended in 1 ml of 

sterile water. To measure hydrodynamic diameter, 10 µL of this pre-prepared solution 

was further diluted in 1 ml sterile water and to measure zeta-potential, 10 µL samples 

were suspended in 1 ml of sterile-filtered 5 mM NaCl.  

 2.2.1.2. Superconducting Quantum Interference Device Magnetometry  

Superconducting quantum interference device (SQUID) magnetometry was performed 

with assistance from Dr. Paul. Southern (UCL Healthcare Biomagnetics Laboratory, 

Royal Institution of Great Britain, London).  Magnetisation vs field loops were measured 

using a SQUID-VSM Magnetometer at 300 K (MPMS SQUID VSM-7 T, Quantum 

Design, California). The samples were prepared using polycarbonate sample holders 

filled with cotton wool and a volume of 10 µL were pipetted into the holder and allowed 

to dry at 80 °C for 1 h. The magnetometer recorded the data by sweeping the magnetic 
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field between ±7 T from an initial demagnetised state at 300 K and atmospheric pressure. 

Data was subsequently analysed and the moment normalised against the amount of Fe 

in the sample. 

 2.2.1.3. In Vitro SPION Heating 

To measure the heating of candidate SPIONs, 500 µL aliquots of each SPION were 

placed within an AMF, and temperature was monitored using a thermal probe, with 

frequency and field strength measured throughout. Experiments were conducted in 

collaboration with Mr. Fang-Yu Lin. Prior to measurements, SPIONs were allowed to 

equilibrate at room temperature, and the AMF field was on for a minimum of 15 min prior 

to measurements. Temperature curves were generated and produced using Luxtron 

FOT and Labview, and data was used to calculate specific absorption ratios and intrinsic 

loss potential measurements for all SPIONs. 
 

2.2.1.4. Agarose Phantom Experiments 

2.2.1.4.1 Phantom Construction 

To produce the phantom mould, the tissue model was placed within a container and 

silicone solution (Table 2.2) is poured in, following mixing with its activator. This was left 

for 24 h until the silicone forms solid and removed tissue model. To make the plastic 

model, liquid plastic was mixed and poured into the silicone mould, with the 3D printed 

SPION mould placed on top to create a well for the SPION phantom to sit in. The plastic 

was left to solidify for 3 h. To produce the phantoms themselves, the tissue phantom 

solution was gently heated to avoid boiling (in a microwave) until all agarose particles 

were dissolved. The tissue phantom solution was then cooled until its temperature was 

lower than 55 °C before being poured into the phantom mould. The 3D-printed mould 

was placed onto the tissue phantom mould to create a hole for SPION phantom. The 3D 

printed mould was then removed, and the tissue phantom weighed. The SPION phantom 

solution was heated until the agarose particles dissolved (again avoiding boiling). SPION 

phantom solution was quickly injected into the hole within the tissue phantom. The tissue 

phantom was weighed again when containing the SPIONs to determine the SPION 

content of the finished phantom. 

 2.2.1.4.2 Phantom Heating Experiments 

Each phantom was placed within the alternating magnetic field for a period of 15 min, 

and heating was measured using both temperature probes and thermal camera imaging 
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(VarioCamHD, InfraTech, Dresden, Germany). Data was analysed using IRBIS3plus & 

Matlab. Temperature measurements of all thermal probes were plotted as a function of 

time and compared to each other.  

2.2.2. MACH System Compatibility Testing 

In order to assess the clinical translatability of the MACH system, compatibility testing of 

the MACH system compared to clinical equipment was conducted in collaboration with 

Dr. Paul Southern and Dr. Simon Hattersley (RCL, London), with assistance from Rob 

Heggie and Paul Ganney from the department of Medical Physics and Bioengineering 

at University College London Hospital (UCLH).  

 

Devices tested included an electrocardiogram (ECG) machine (Mac 1200ST), ultrasound 

scanning (USS) machine (ACUSON Sequoia 512), a pulse oximeter (GE CareScape 

B450), and an automatic non-invasive blood pressure (NIBP) monitor (US800 MindRay). 

Testing was done within the medical engineering department within the hospital, located 

a safe distance from clinical areas. There were no other medical devices or equipment 

switched on and in use within the vicinity of the test area. Each device was operated (i) 

with the MACH device switched off, (ii) with the MACH system switched on at a distance 

of 3 m, and (iii) with the MACH system switched on at a distance of 1 m away. 

 

ECG tracings, index-finger oxygen saturations & heart rate and right arm blood pressure 

readings were all done on a healthy volunteer, and each reading was repeated three 

times. Ultrasound scanning was done on an ultrasound phantom (Gammex 404GS LE) 

and doppler function was assessed on the right common carotid arterial flow of a healthy 

volunteer. Ultrasound images were obtained using two probes (abdominal and linear), 

with readings taken at two different frequencies for each probe (3 Hz and 4.5 Hz for the 

abdominal probe, 10 Hz and 14 Hz for the linear probe). 

2.2.3. In Vitro Experiments 

2.2.3.1 GL261 Cell Culture 

GL261 cells were maintained in culture media previously stated in Table 2.3 at 37 °C in 

humidified incubator containing 5% CO2. All cell culture procedures and experiments 

were performed in a class II Hood. All cells were obtained as frozen aliquots and stored 

either in liquid nitrogen or in -80 °C freezer. To bring cells into culture, cells were thawed 

in a water bath at 37 °C then re-suspended in 6 ml of full media and spun down at 280 x 
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g for 5 min. The supernatant was removed using vacuum pump and the pellet was re-

suspended in 10 ml media and transferred into T25 flasks (Corning).  Once they became 

confluent, the cells were washed once with 10 ml PBS and then detached from the flask 

by incubation with 7 ml Trypsin/EDTA for 5 min inside the incubator at 37 °C. Next the 

cells were neutralised with equal volume of media and then spun down at 280 x g for 5 

min. Finally, the media was sucked using vacuum pump and the cell pellets were re-

suspended in full media and split accordingly into a fresh flask contain full media. 

2.2.3.2. Cellular SPION Uptake  

GL261 cells were seeded at 2 x 105 cells/well in 24-well plates (Corning®) and left to 

attach overnight. On the following day, the cells were treated with SPIONs at a 

concentration of 0.5 mgFe/mL for various time points, all incubated at 37 °C. Following 

set incubation times, cells were washed 3 times with PBS to remove excess unbound 

SPIONs. Pre-determined control wells were treated with trypsin and the cells/per well 

counted to allow interpretation of results. Treated cells were lysed with 200 μL of 50 mM 

sodium hydroxide (NaOH) and the intracellular iron content was determined using the 

colourimetric ferrozine assay. 

2.2.3.3. Ferrozine Assay 

The ferrozine assay is a colourimetric assay developed by Riemer at al. (Riemer, 

Hoepken et al. 2004) to measure the intracellular iron uptake. After the incubation and 

washing, cells were lysed with 200 μl of 50 mM NaOH. The amount of SPIONs taken up 

by the cells was determined by measuring the iron concentration per cell using 

colorimetric ferrozine assay as described in Riemer at al. (Riemer, Hoepken et al. 2004) 

and then compared to a standard curve of SPION samples of known concentrations. 100 

μl of each cell lysate was aliquoted into an eppendorf tube then 100 μl of dH2O (solvent 

of SPIONs) was added. Serial dilutions of SPIONs at 0.15, 0.3, 0.6, 1.25, 2.5, 5, 10, 15, 

and 20 μgFe/ml were prepared from the stock solution and 100 μl of 50 mM NaOH was 

added to each tube. Next, to each tube of cell lysates and SPIONs, 100 μl of iron 

releasing buffer (Table 2.1) was added and then the tubes were vortexed and incubated 

at 60 °C in a water bath for 2 h.  Next the tubes were left to cool down for 10 min before 

30 μl of iron detection buffer (Table 2.1) was added to each tube. The tubes were 

incubated for 30 min to allow for maximum colour development. 100 μl of each tube was 

aliquoted in a 96-well plate (Corning) and the absorbance was measured at 550 nm on 

Varioskan™ Flash Multimode reader (Thermo Scientific). The amount of iron per cell 

(pgFe/cell) was calculated as shown in equation 2.1. 
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pgFe/cell = ([Fe] (ugFe/ml)/number of cells/ml)x106 (2.1) 

  
Equation 2.1. Formula for the calculation of the amount of iron per cell using the ferrozine 
assay (measured in pgFe/cell)  
 

2.2.3.4. Protein Corona Isolation and Characterisation 

2.2.3.4.1. In Vitro Corona Isolation  

To test for formation of a protein corona, 20 µL of SPIONs were incubated with murine 

serum/plasma or PBS (80 µL) for 30 min at 37 °C with constant shaking. Separation and 

purification of incubated SPIONs from serum solution was conducted using two methods:  

 

(1) Samples were positioned in MultiMACS magnetic separator (Miltenyi) and left 

overnight. Once all SPIONs were pulled to the back of the Eppendorf tube, the excipient 

was removed and replaced with 1 mL of PBS. This process was repeated 3 times, to 

ensure removal of all free protein. 

 

(2) QuadroMACS LS Columns (Miltenyi) were set up for each sample and washed with 

at least three times the column volume of PBS. Incubated samples were added to column 

and washed again with at least three times the column volume of PBS. Following this, 

LS columns were removed from the QuadroMACS and 1 mL of PBS was added to 

remove SPIONs from column. 

To concentrate purified samples, 1 mL samples were left overnight within the MultiMACS 

concentrator (Miltenyi). Once SPIONs were drawn to the magnet, excipient was removed 

and SPIONs were re-suspended in 30-50 μL PBS.  

 

All samples (following both techniques) were then mixed with 4 x reducing buffer (Table 

2.4) and heated at 100 °C for 5 min. 15 μL of each sample was added to a well on a 15 

well 10% SDS-PAGE gel, and samples were then run to isolate corona proteins (150V, 

60 min). Gels were removed and stained using 0.1% Coomassie blue stain, with excess 

non-specific staining removed using destain solution to reveal the proteins present within 

the corona of each sample. 

 2.2.3.4.2. Proteomic Analysis of Protein Corona 

Corona proteins were isolated as previously described and run on 10% SDS PAGE gel 

(150 V for 10 min) until proteins were located approximately 1.5 cm into the gel. Staining 
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was conducted using Coomassie to confirm the location of the proteins and protein-

containing gel sections were cut, placed within eppendorfs and sent to Oxford University 

Innovation for proteomic analysis using liquid chromatograph-mass spectrometry (LC-

MS).  

2.2.3.5. SPION Labelling 

2.2.3.5.1. Labelling of Ferucarbotran using IRDye® 800CW NIR dye 

Ferucarbotran (88.6 μl, 5 mg Fe) was incubated with 200 μl of EDC/sulfo-NHS activation 

buffer (Table 2.13). The reaction was allowed to proceed for 20 min at room temperature 

(on a rotator) and was terminated by application to a PD-10 column equilibrated with 

PBS (pH = 7.4). Next, 200 μg of dibenzocyclooctyne-amine (DBCO-NH2) linker in 1 ml 

PBS was added to the reaction mixture and incubated for 2 h at RT followed by 100 μl/ml 

of 25 mM glycine for 30 min to block the remaining reactive sites. The sample (FC-NH-

DBCO conjugate) was buffer exchanged using a PBS-equilibrated PD-10 column to 

remove unreacted linker. Finally, 2.5 μl of 20 mg/ml (~50 μg) of IRDye® 800 CW azide 

was incubated with the FC-NH-DBCO conjugate for 3 h at 37 0C in a water bath. The 

resultant NIR-conjugated SPIONs were extensively purified by passing, at least 3 times, 

through PD-10 columns equilibrated with PBS to remove any dye that was unspecifically 

attached to the dextran coat of ferucarbotran. 

  

Following conjugation, the integrated signal intensity of a serial dilution of known iron 

concentrations of the conjugates was measured at 800 nm on Odyssey® infrared scanner 

(LI-COR Biosciences, Lincoln, Nebraska, USA) to plot a standard curve. Integrated 

signal intensity (also known as pixel volume) is defined by the Odyssey® infrared scanner 

software as the sum of the intensity values for all pixels enclosed by a shape, multiplied 

by the area of the shape (counts mm2). 

2.2.3.5.2. Radiolabeling of perimag-COOH with zirconium-89 (89Zr).  

Radiolabelling of perimag-COOH with 89Zr was performed by Dr. Clare Jones at King’s 

College London (Boros, Bowen et al. 2015). Zirconium-89-oxalate (89Zr4+ in 1 M oxalic 

acid, Perkin-Elmer) 15 µl, 28.5 MBq was added to an eppendorf tube.  Chelex-treated 

water (200 µl) was then added and the pH raised to 8 using 1 M Na2CO3 (aq.). CAUTION: 

acid neutralisation with Na2CO3 generates CO2 (g) therefore base must be added 

carefully to avoid loss of radioactivity. Chelex-treated water was again added (500 µL), 

followed by the addition of perimag-COOH (400 µl, 50mgFe/ml).  The mixture was then 
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vortexed briefly and then incubated at 100 °C for 60 min. The reaction was allowed to 

cool to room temperature and DTPA (50 µl, 10 mM (pH 7.5) was added and left to stir at 

room temperature for 30 min.  After which time, the nanoparticle mixture was purified 

using size exclusion chromatography (SEC) (PD10 Sephadex, G25) (aq), (eluted with 

fractions of sterile saline) (recovery = 57%). 89Zr-perimag-COOH was diluted to a 

concentration of 20 mgFe/ml using sterile saline for magnetic hyperthermia studies. DLS 

was conducted before and after labelling to ensure that the physical properties of 

perimag-COOH remained stable following labelling. 

2.2.3.5.3. Radiolabelling of ferucarbotran with zirconium-89 (89Zr) 

Radiolabeling with 89Zr was performed following a published method (Boros, Bowen et 

al. 2015). Zirconium-89-oxalate (89Zr4+ in 1 M oxalic acid, PerkinElmer), 16 μL, 33 MBq, 

was added to an Eppendorf tube. Chelex-treated water (200 μL) was then added, and 

the pH was raised to 8 using 1 M Na2CO3(aq). This step was performed cautiously as 

acid neutralization with Na2CO3 generates CO2 gas and base must be added carefully 

to avoid loss of radioactivity. Chelex-treated water was again added (200 μL), followed 

by the addition of ferucarbotran (52 μL, 58 mg Fe/mL). The mixture was then vortexed 

briefly and then incubated at 100 °C for 1 h. The reaction was allowed to cool to room 

temperature, diethylenetriaminepentaacetic acid (DTPA, 50 μL, 10 mM (pH 7.5)) was 

added, and the mixture was left to stir at room temperature for 30 min. After this time, 

the nanoparticle mixture was purified using size exclusion chromatography (SEC) (PD-

10 Sephadex, G25) and eluted with fractions of sterile saline (recovery = 78%). 89Zr-

ferucarbotran was diluted to 260 μL using sterile saline. The conjugate was then 

characterized using dynamic light scattering (DLS).  

2.2.4 In vivo Experiments 

All in vivo experiments were performed using mouse models in compliance with licenses 

issued under the U.K. Animals (Scientific Procedures) Act 1986 after local ethical 

committee review. Experiments were carried out with assistance from Mr Mathew 

Robson (Department of Oncology) under project licenses held by Prof. Barbara Pedley 

(UCL Cancer Institute) and Dr. Tammy Kalber (UCL Centre for Advanced Biomedical 

Imaging). 

2.2.4.1 Subcutaneous GL261 Tumours  

GL261 cells were grown as outlined in section 2.2.3.1 until 80% confluent. Cells were 

detached using trypsin and counted before being resuspended in sterile PBS at a 
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concentration of 5x106 cells/100μL. Animals were anaesthetised with 2% isoflurane, and 

100 μL of cell suspension was injected into the right flank. Animals were monitored 

closely for any adverse signs following injection. 

2.2.4.2 Orthotopic GL261 Tumours 

GL261 cells were cultured as previously described and prepared as outlined above and 

suspended in sterile PBS at a concentration of 2x104 cells / 2 μL. All surgery was 

conducted in a sterile environment. Mice were anaesthetised with 2% isofluane and 

restrained within a stereotaxic frame. An incision was made in the midline and the 

cranium exposed. The skull bregma was identified and a burr hole made 2 mm lateral 

and 1 mm superior to this landmark using a 26 G needle. Following this, a cell-loaded 

Hamilton syringe was carefully placed into the burr hole and lowered 4 mm and raised 1 

mm. 2 μL of cells were injected over 2 min and the needle was then left in place for a 

further 2 min before being removed over 1 min. Scalp wounds were closed using a single 

suture and wound adhesive. Animals were allowed to fully recover from anaesthetic and 

closely watched for any adverse signs following surgery. Animals were checked daily for 

any signs of wound infection or other symptoms.  

2.2.4.3. In Vivo Protein Corona Characterisation 

To determine the characteristics of the protein corona which forms in vivo, 30 μL of 

SPIONs (20 mgFe/ml in sterile H2O) was diluted to 200 μL (in PBS) and injected slowly 

intravenously via tail vein into non-tumour bearing C57BL/6 mice. Animals were closely 

monitored for 15 min before being anaesthetised using 2% isoflurane and sacrificed via 

cardiac puncture. Blood was placed within heparinise tubes and SPIONs were extracted, 

purified and processed as outlined above in sections 2.2.3.4.1 and 2.2.3.4.2. 

2.2.4.4. In Vivo RES Blocking Experiments  

2.2.4.4.1. In vivo comparison of fucoidans using NIR labelled ferucarbotran  

C57BL/6 mice were injected with fucoidans (all at 15 mg/kg) extracted from either Fucus 

vesiculosus fucoidan (FVF, n = 3), Macrocystis pyrifera fucoidan (MPF, n = 3) or Undaria 

pinnatifida fucoidan (UPF n = 3), dextran sulphate (DSO4-500) or vehicle (PBS) control 

(n = 3). Immediately after the administration of fucoidan or vehicle, mice were injected 

with NIR labelled ferucarbotran (FC-IRDye 800, 1.76mgFe/kg) and after one h mice were 

sacrificed and blood samples were collected. Following this, 100 μL aliquots of each 

blood sample were transferred into a 96-well plate (Corning®) and the mean signal 
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intensity was measured at 800 nm on an Odyssey® infrared scanner (LI-COR 

Biosciences, Lincoln, Nebraska, USA). 

2.2.4.4.2. Effects of Fucus vesiculosus fucoidan (FVF) on systemic 

biodistribition of SPIONs 

SPIONs and fucoidan were prepared in PBS and sterile filtered (using 0.22 μm syringe 

filter) under a cell culture hood prior to injection, in order to minimize bacterial 

contamination. All injections were administered intravenously through tail veins. 

Fucoidans were injected at 15 mg/kg, either immediately before, or at the same time as 

SPION injections (1.76 mgFe/kg). 

2.2.4.5. Intratumoural SPION Injections 

Intratumoural injections were carried using a protocol adapted from (Giustini, Ivkov et al. 

2011). In brief; tumours were measured, and an estimate of tumour volume was made. 

Tumours were injected with SPIONs once they reached a minimum volume of 50 mm3. 

Mice were anaesthetised with 2% isoflurane and placed on their side on a covered 

surface. SPION injection volumes were prepared at 0.34 μL/mm3 of tumour and loaded 

into a syringe with a 26 G needle attached. The needle was advanced into the centre of 

the tumour and the needle was secured in place using a specially adapted clamp-stand. 

SPIONs were injected over 2 min and the needle was left in place for a further 2 min 

before being removed slowly over 1 min. Following injections, mice were monitored 

closely until fully recovered. 

2.2.4.6. AMF Therapy  

Animals were subjected to AMF no sooner than 24 h following injection of SPIONs. 

Animals were anaesthetised using 2% isofluane and placed within a specially designed 

plastic bed before being introduced into the centre of the MACH coil. Mice were 

subjected to 30 min of AMF therapy, set to a frequency and field strength of 692 kHz and 

4.5 kA/m respectively. All animals were monitored closely throughout for any signs of 

distress. Following completion of AMF, mice were monitored closely until fully recovered. 

Skin temperature was monitored using a thermal camera. 

2.2.4.7. Anti-PD1/Anti-CTLA-4 antibody administration  

Anti PD1 antibody (clone RMP1-14, InVivo MAb, BioXCell), or anti-CTLA-4 (CD152) 

(clone 9H10, InVivo Mab, BioXCell) were diluted to 1 mg/ml in sterile PBS. Mice received 
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a total of four doses (200 μg each) by intraperitoneal injection on the day of SPION 

injection and then on d 3, 7 and 10 post AMF therapy. 

2.2.4.8. Tumour Growth and Survival Analysis 

Tumours were measured using digital calipers before treatment, and at set time points 

following treatment. Measurements were performed by the same individual, who was 

blinded to the groups or treatments individual animals had received. Approximate tumour 

volumes were calculated and plotted as individual values and grouped using Graphpad 

PRISM. For survival studies, animals were culled once tumour volumes exceeded 1500 

mm3, or if tumours ulcerated, and survival taken as the time from treatment to volume 

greater than 1500 mm3, or ulceration; whichever occurred sooner. 

2.2.5. Histology and Immunohistochemistry 

Tissue samples were handed over to UCL Institute of Neurology IQPath for processing 

and paraffin embedding, slicing and staining. Histology staining was performed by UCL 

IQPath, with assistance from Angela Richard-Londt. Resulting slides were scanned with 

slides scanner and uploaded on to SlidePath (Leica) for viewing and analysis. IHC was 

conducted either UCL IQPath or Sequani (Ledbury, UK). Tissue samples were 

processed as outlined below. 

2.2.5.1. Sample Preparation 

For subcutaneous tumours, tumours were dissected and placed immediately in 10% 

formalin solution (in PBS). No sooner than 24 h following this samples were embedded 

in paraffin blocks. For orthotopic tumour samples, mice were deeply anesthetised with 

pentobarbital and perfused via the heart with ice-cold PBS containing 2 mM EDTA, 

followed by 4% PFA to fix tissues for subsequent histopathological analysis.  

2.2.5.2 H&E Staining 

All slides were H&E stained using a Leica ST5010 Autostainer XL, and coverslipped 

using a Leica CV5030 coverslipper. The Leica ST5010 was programmed to dewax slides 

in xylene, and incubate slides in Haematoxylin for 5 min, "blue" nuclei for 5 min in water, 

and then counterstain in eosin for 5 min. Slides were then dehydrated through 99% IMS 

and mounted in Pertex mounting medium. 

2.2.5.3 Prussian Blue Staining 

To verify the location of iron oxide nanoparticles within the tumour tissue sections were 

stained with Prussian blue. Tissue slides were deparaffinised in histoclear for 9 min (3 
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times 3 min); dehydrated in IMS (100% x 2, then 70% x 1 for 3 min each) and washed 

with distilled water. Next 25 ml of 2% potassium ferrocyanide were mixed with 25 mL 2% 

HCl in a coplin jar. The slides were placed in the jar for 30 min, before they were 

counterstained for 5 min in 0.1% Nuclear Fast Red. Afterwards the slides were washed 

again with distilled water (3 x 3 min), dehydrated in IMS (70% x 1, then 100% x 2 for 3 

min each) and histoclear (3 x 3 min). The slides where subsequently mounted using 

DPX.  

2.2.5.4 UCL IQPath IHC 

Immunohistochemistical staining was performed by the UCLIQPath using the Ventana 

Discovery XT instrument. Detection kits were either the Ventana DAB Map detection Kit 

(760-124) or Vantana RedMap Kit (760-123) (for red staining). Table 2.8 shows the 

antibody and epitope damasking details.  For pre-treatment either Ventana CC1 (950-

124), equivalent to EDTA buffer, or Ventana Ribo CC (760-107), equivalent to citrate 

buffer, was used. Slides were haematoxylin counterstained. 

2.2.5.5 Sequani Ltd. IHC 

IHC on orthotopic GL261 brain tumours was conducted by Sequani Ltd (Ledbury, UK). 

The primary antibodies used are outlined in Table 2.9, and the reagents outlined in Table 

2.10. For IBA-1 staining, antigen retrieval was performed by incubating slides in high pH 

retrieval solution for 20 min at 97°C.  Endogenous enzyme blocking was performed by 

incubating in 0.6% aqueous hydrogen peroxide for 15 min.  Primary antibodies were 

diluted in Dako Flex diluent at a 1:4000 dilution and incubated at room temperature for 

20 min.  Antibodies were visualised by incubating in Dako EnVision anti-rabbit polymer 

conjugated with horseradish peroxidase for 30 min followed by the addition of 3, 3-

diaminobenzine chromogen for 5 min.  All slides were counterstained with haematoxylin.  

 

For GFAP staining, antigen retrieval was performed by incubating slides in low pH 

retrieval solution for 20 min at 97 °C. Endogenous enzyme blocking was performed by 

incubating in 0.6% aqueous hydrogen peroxide for 15 min.  Non-specific staining was 

blocked by incubating in M.O.M.TM IgG blocking reagent for 1 h followed by 2.5% normal 

horse serum for 5 min.  The primary antibody was diluted 1:400 in 2.5% normal horse 

serum and incubated for 30 min.  Antibodies were visualised by incubating in M.O.M. 

ImmPress reagent conjugated with horseradish peroxidase for 10 min followed by the 

addition of 3, 3-diaminobenzine chromogen for 5 min.  All slides were counterstained 

with haematoxylin. 
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2.2.5.6. Digital Image Analysis 

2.2.5.6.1. Prussian Blue Stain Quantification 

Digital image analysis was conducted using Definiens Tissue Studio 4.3.1 (Munich). The 

system was trained to distinguish Prussian blue and counterstain by manual training of 

the flexible chromogen function. The area of the liver tissue was calculated as the total 

Prussian blue or counterstain area, eliminating areas with no stain uptake (blood 

vessels) and excluding imaging artifact (precipitants). Prussian blue staining (indicating 

the presence of SPIONs) was identified and graded based on stain intensity (low 

intensity (<0.2 OD), medium intensity (0.2-0.4 OD), high intensity (>0.4 OD)). The area 

of each section stained using Prussian blue (at each intensity) was then divided by the 

total area to calculate the percentage of Prussian blue staining in each section. 

2.2.5.6.1. IHC Response Quantification 

Digital image analysis of whole slide images (WSI) was used for the analysis of IHC 

staining in tumour samples treated with SPION (superparamagnetic iron oxide 

nanoparticles) to measure the character of histological markers.  Analysis was 

implemented using Definiens Developer XD 2.6 (Munich); WSI were generated using a 

Leica SCN400F at resolution equivalent to x 40 magnification. Due to the natural brown 

pigmentation of SPIONs a red chromogen was used for the IHC marker; hematoxylin 

was used for the counterstain.  To identify IHC, SPION and negative nuclei it is 

necessary to extract red, brown and blue colour elements from the RGB image. This is 

implemented using the Hue-Saturation-Density (HSD) model (van der Laak, Pahlplatz et 

al. 2000), which uses a series of coordinates to separate the colour space giving three 

grey scale images (iBlue, iRed and iBrown) where each pixel gives the intensity for each 

colour (Figure 2.1).   
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Figure 2.1. Isolation of IHC stains using image analysis:  
Using Definiens Developer XD (Munich), nuclear staining (blue), perimag-COOH (brown) and 
apoptotic cells (pink) were isolated in turn using digital image analysis to make separate the 
chromogens, identifying nuclei (blue), IHC positive cells (red) and SPIONs (green). Optimisation 
was conducted on tumour samples stained for cleaved caspase. 
 
 
Samples were then analysed to identify the viable tumour regions or regions of interest 

(ROI) and separating these from necrotic tissue and background staining (Figure 2.2). 

The region of interest (ROI), comprising the tissue to be analysed, was selected via a 

series of thresholding and character assessment steps. Once ROIs were selected, all 

sections were manually checked and reclassified accordingly. Following this, the 

proportion of HSP-70 positive cells were identified for all slides analysed, incorporating 

safeguards to ensure that each cell was only counted once, and ensuring only red-stain 

(HSP-70) was counted when associated with nuclear staining. The proportion of HSP-

70 positive stains was presented as a percentage of the total number of nuclei in viable 

tumour regions. Finally, the minimum distance from each individual HSP-70 positive cell 

to the nearest area of brown pigmentation (representing SPIONs) was calculated, to 

provide an indication of the spatial relationship between HSP-70 expression and SPIONs 

within GL261 tumour sections.  
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Figure 2.2. Region of interest identification in GL261 tumours: 
Digtal image analysis was utilised to identify viable tumour regions (regions of interest) and 
isolated necrotic tumour regions and background tissue from analysis. (A) GL261 tumour stained 
for cleaved-caspase-3 was utilised to develop protocols using Definiens Developer XD (Munich) 
to firstly identify the tumour margins (B) based on the cellular density. Following this, non-tumour 
tissue was excluded from the image and non-viable (necrotic) tissue within the tumours was 
isolated (C). Following successful identification of viable tumour regions, all nuclei within these 
regions were identified (D) to allow digital image analysis. 
 

2.2.6 Transmission Electron Microscopy and Energy Dispersive X-ray microanalysis.  

TEM was performed with assistance from Kerrie Venner (UCL institute of Neurology) 

and EDAX was performed with assistance from Nicola Mordan (UCL Eastman Dental 

School). Twenty-four h following intratumoural SPION injection, tumours were dissected, 

cut into small fragments no larger than 2 mm in each dimension and fixed in 1.5% 

glutaraldehyde/1% paraformaldehyde/PBS pH 7.4, for a minimum of 2 h, and stored at 

4 °C until processing for TEM. Tumour fragments were then washed with two changes 

of phosphate buffer (Oxoid) and post-fixed with osmium tetroxide solution (1% osmium 

tetroxide (Analar BDH) + 1.5% potassium ferricyanide (BDH) in PBS (Oxoid)). Following 

this, the tumours were washed using several changes of distilled water to remove the 

osmium tetroxide and dehydrated using increasing alcohol concentrations of 30%, 50%, 

70%, 90% and 100%. After dehydration, the samples were left in 50% alcohol / 50% 

A

B C

D

500μm

500μm

500μm

500μm
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Lemix (TAAB) epoxy resin mixture on a mixer overnight to infiltrate with resin. Lemix 

resin was produced using materials as outlined in Table 2.11. Reagents were poured 

into plastic resin bottle, mixed together well with 2 ml of N-Benzyl-N, N-Dimethylamine 

(BDMA). They were then placed in 100% Lemix resin for a minimum of 4 h, embedded 

in fresh Lemix Resin and polymerized at 70 °C overnight. Semi-thin (1μm) sections were 

cut using glass knives on a Reichert-Jung Ultracut microtome, collected on glass 

microscope slides and stained using Toluidine Blue solution (1% Toluidine Blue 

(Raymond Lamb) with 0.2% Pyronin (Raymond Lamb) in 1% sodium tetraborate (Analar 

BDH)). Ultrathin sections were cut using a diamond knife (Diatome) and collected on 

300HS, 3.05 mm copper grids (Gilder). The ultrathin sections were stained using 

saturated alcoholic uranyl acetate (UA) (TAAB) for 5 min followed by Reynold’s lead 

citrate, also for 5 min. Sections examined with EDAX were not stained with UA or lead. 

The sections were viewed and photographed using a Philips CM120 transmission 

electron microscope fitted with EDAX DX-4 microanalytical system for X-ray 

microanalysis of the samples. 

2.2.7. In vivo Imaging & Biodistribution Studies 

2.2.7.1. In vivo MRI Imaging 

Images were acquired on a low magnetic field small animal 1 T ICON MRI (Bruker) 

scanner with a 26 mm diameter mouse head coil. Images were acquired using a T2 – 

weighted sequence (TR = 3201.5 ms, TE = 85 ms, flipangle = 90°, 20x20 mm2 field of 

view = 2 cm, 96x96 matrix, slice thickness = 0.5 mm, 15 or 30 averages were acquired 

with an acquisition time of 6 or 13 min, depending on number of averages).  Differences 

in structure and the higher water content of the tumour translate in a longer relaxation 

time (T2) of the tumour compared to brain parenchyma. 

2.2.7.2 PET/CT Imaging 

At pre-set time points following injection of SPIONs, mice were anaesthetized with 

isoflurane (2% in oxygen) and placed on the preheated bed of the scanner (set at 38 °C). 

Whole body static PET scans were acquired using nanoScan PET/CT (Mediso, 

Budapest, Hungary) followed by CT image acquisition. PET images were acquired using 

1-5 coincidence mode and recorded for 20 min. CT images were acquired using a 50 kV 

peak X-ray source and 300 ms exposure time in 720 projections with an acquisition time 

of 7 min. Respiration rate was monitored throughout the scan. PET images were 

reconstructed using Tera-TomoTM 3D PET reconstruction software (Mediso version 
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2.01). CT images were reconstructed in voxel size of 68 x 68 x 68 mm using Nucline 

software (Mediso version 2.01). Image analysis and three-dimensional (3D) visualization 

were performed using VivoQuant software (InviCRO version 1.23 patch 3).  

2.2.7.3 Ex vivo 89Zr Biodistribution Studies 

Mice under anesthesia were culled by cervical dislocation and the organs of interest were 

harvested. Each sample was weighed and counted with a gamma counter (Wizard 2480 

PerkinElmer), together with standards prepared from a sample of the radiolabelled 

SPIONs. The percent of injected dose per gram (% ID/g) of tissue was calculated for 

each tissue type. 

2.2.8. Flow Cytometry (FACS) Analysis 

2.2.8.1 TIL Extraction 

Tumours were harvested and transported in un-supplemented RPMI, on ice. Tumours 

then placed in a 6cm plate with 1 ml of Liberase/DNAse cut into small pieces with a 

scalpel and transfered to a 15 ml falcon tube. Suspension then incubated for 30 min in a 

water bath (37 °C) before being passed through a 70 μm cell strainer into a 50 ml flacon 

tube. Un-dissolved chunks of tissue are mashed through the cell strainer using the wide 

end of a 1 ml plastic syringe. Cell strainer washed with 5 ml un-supplemented RPMI and 

the single cell suspension transferred to a fresh 15 ml tube and centrifuged at 1500 rpm 

for 5 min at 4 °C. Cell pellet was then resuspended in 5 ml of complete RPMI and a glass 

pasteur pipette was placed in the tube and loaded 3 ml of room temperature Histopaque. 

This was allowed to drain into the bottom of the tube and layer under the RPMI/cell 

suspension. The pasteur pipette was carefully removed and the solution centrifuged at 

700 G for 10 min with no brake. Using a 1000 μl pipettor, the buffy coat layer of cells was 

transferred from the Histopaque/RPMI interface to a clean 15 ml tube and topped up to 

5 ml with complete RPMI. This was then centrifuged again at 1500 rpm at 4 °C for 5 min. 

The cell pellet was resuspended in the desired volume of FACS buffer (200 μl per FACS 

Panel).  

2.2.8.2 Flow Cytometry Staining 

Extracellular and intranuclear/intracellular antibody mastermixes were made as outlined 

in section 2.1.4. 200 μl of buffy coat cells were plated onto a 96-well round bottom culture 

plate, and this was centrifuged at 2000 rpm for 2 min at 4 °C. Supernantant was expelled 

by quickly flicking the plate into the sink and the cell pellet was re-suspended in 50 μl of 
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extracellular mastermix 1. The plate was then covered and incubated on ice for 30 min 

before being topped up to 180 μl with FACS buffer and centrifuged at 2000 rpm for 2 min 

at 4 °C. Supernatant was then expelled and the cell pellet re-suspended in 180 μl FACS 

buffer and centrifuged at 2000 rpm for 2 min at 4 °C. Using FoxP3 staining kit prepared 

as per manufacturer instruction, two solutions were prepared; (i) Fox-Fix 

(fixation/permeabilization concentrate (cat. 00-5123), diluted 1:4 in 

fixation/permeabilization diluent – 100 μl per sample) and (ii) Fox-Wash 

(permeabilization Buffer (10X) (cat. 00-8333) made to a 1x Stock in H2O). 

Following two washes, the cell pellet was re-suspended in 100 μL Fox Fix and incubated 

on ice, covered, for 30 min. The plate was then washed two more times and the cell 

pellet re-suspended in 50 μl of intracellular mastermix 2. The plate was then covered 

and incubated on ice for 30 min before being topped up to 180 μL with Fox Wash and 

centrifuged at 2000 rpm for 2 min at 4 °C. The plate was then washed twice with Fox 

Wash and then the cell pellet re-suspended in FACS buffer (1% PFA). Samples were 

stored in the fridge if not analysed immediately for up to two d.  
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Chapter 3. In Vitro Characterisation of Candidate SPIONs 

3.1. Introduction 

The aim of the work presented in this chapter was to evaluate the suitability of the 

candidate SPIONs to identify a lead SPION and to test the equipment designed to deliver 

magnetic hyperthermia; with a collective aim of establishing an experimental system for 

use in future experiments.  

 

To evaluate candidate SPIONs, a series of experiments were designed to (i) conduct 

physical characterisation, (ii) evaluate the magnetic and hyperthermic potential of 

SPIONs and (iii) test SPION interactions with biological systems in vitro. Physical 

characterisation of SPIONs is considered vital and is recommended prior to testing in 

biological systems (Warheit 2008). Such testing is important because the physical 

properties and surface characteristics of SPIONs, including size and charge can directly 

influence their interaction with biological environments; impacting upon their 

biocompatibility in many ways (Albanese, Tang et al. 2012, Hofmann-Amtenbrink, 

Grainger et al. 2015) (Figure 3.1). For example, simple changes in environment, such as 

the addition of serum to cell culture media or changes in pH, can significantly alter SPION 

surface chemistry causing agglomeration or modulating the toxicity profile (Warheit, 

Webb et al. 2007, Murdock, Braydich-Stolle et al. 2008). Size and surface charge can 

also influence NP characteristics (Blanco, Shen et al. 2015). Larger, negatively charged 

particles for instance are generally taken up more readily than their smaller, less 

negatively charged counterparts (He, Hu et al. 2010), and cationic surface coatings often 

confer more toxicity than anionic ones (Fröhlich 2012). NPs can be further modified by 

surface functionalisation with proteins or polymers which can also significantly affect their 

physical properties (Villanueva, Canete et al. 2009). To assess physical properties of the 

candidate SPIONs, dynamic light scattering (DLS) was utilised to estimate the size 

(hydrodynamic diameter) and zeta-potential recordings were used to estimate the charge 

at the interface between the SPION surface and the buffer in which the SPIONs are 

suspended (surface charge). 
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Figure 3.1. Factors affecting interactions between nanoparticles and cells: 
Summary of the main factors influencing the interactions between nanoparticles and cells. (1) The 
physical properties of the NP including size, charge and shape; (2) The surface coating of the NP 
or the targeting ligand density; (3) The expression density of various cell surface uptake receptors; 
(4) The mechanism of internalisation; (5) Cellular properties including phenotype and location. 
Adapted from (Albanese, Tang et al. 2012). 
 

When investigating SPIONs for use in magnetic hyperthermia, the magnetic properties 

and hyperthermic (heating) potential must also be considered; these should be optimal 

for purpose and show little or no variation between batches. Analysis of magnetisation 

is helpful to establish whether candidate SPIONs possess superparamagnetism (Huber 

2005). Superparamagnetism is favourable for biomedical applications because 

superparamagnetic particles do not retain magnetic memory following AMF removal, 

meaning that temperatures will rapidly return to baseline following cessation of the AMF, 

allowing closer controllability of temperatures reached during AMF exposure 

(Hedayatnasab, Abnisa et al. 2017). A robust and appropriate method to determine 

heating potential of particles is also essential. Hyperthermic potential can be measured 

by recording the absolute temperature increase but this is highly dependent upon (i) the 

elemental iron concentration of the SPIONs and (ii) the strength of the AMF that they are 

placed within. Concentration and field strength-corrected measurements of magnetic 

heating potential, that allow direct comparisons between different SPIONs independent 

of the environment, are obtained by use of the specific absorption rate (SAR) and intrinsic 

loss power (ILP) (Wildeboer, Southern et al. 2014).  
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In vitro interactions of SPIONs can also provide useful information on their suitability for 

use in magnetic hyperthermia and for the experiments within this chapter, cell uptake 

analysis was used to evaluate SPION/cellular interactions.  

 

The final aim of the experiments conducted within this results chapter was to test the 

suitability of two bespoke MACH systems developed for magnetic hyperthermia 

applications by Resonant Circuits Limited (RCL, London). These systems were a bench-

top pre-clinical machine designed for use in in vitro and in vivo experiments, and a larger, 

portable machine currently in development for clinical applications. The portable nature 

of the clinical MACH system represents a significant development over existing clinical 

MACH systems which are immobile and similar in size to MRI scanners (MagForce, 

Germany).   
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Aims: 
 
The aims of this chapter were to: characterise the physical, and thermal characteristics 

and in vitro interactions of a range of candidate SPIONs, test the pre-clinical and clinical 

MACH systems for heating potential and evaluate the clinical MACH system for 

compatibility with existing medical equipment to identify a suitable system for in vivo 

testing of magnetic hyperthermia, with potential for clinical translation. 

 
Objectives: 
 

1) Measure and compare the hydrodynamic size, zeta-potential and magnetic 

heating properties of ferucarbotran and perimag SPIONs 

2) Assess the cellular uptake of the candidate SPIONs in vitro 

3) Test the heating ability of the more favourable SPIONs in an agarose phantom 

model of glioblastoma with the pre-clinical and clinical MACH systems 

4) Conduct compatibility testing of the clinical MACH system with common medical 

devices 

5) Identify lead SPION for further development 
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3.2 Results 

3.2.1 Physical Characterisation of SPIONs 

The SPIONs evaluated within this chapter are shown in Table 3.1. Ferucarbotran is the 

SPION component of the approved MR contrast agent Resovist®, whilst perimag 

SPIONs are commercially available SPIONs which can be manufactured with tailored 

surface chemistry, at variable concentrations.   

Table 3.1. Candidate SPIONs investigated  

SPION Name Supplier Surface Coating Excipient Concentration 

Ferucarbotran Meito Sangyo Co. 
Ltd 

Carboxydextran  
 

Sterile H2O 

58 mgFe/ml 

Perimag-plain  
 
micromod 
Partikeltechnologie 
GmbH 
 

Dextran  
 
10-50 mgFe/ml 

Perimag-NH2 Dextran (modified 
with amine groups) 

Perimag-COOH Dextran (modified 
with carboxy 
groups) 

 

3.2.1.1 Size and Surface Charge 

The hydrodynamic diameter of ferucarbotran appeared to be approximately half that of 

the perimag SPIONs as assessed by dynamic light scattering (DLS) (Figure 3.2), 

although all SPIONs possessed similar polydispersity indices of around 0.2 (Table 3.2).  

 

 
 
Figure 3.2. Hydrodynamic diameter of candidate SPIONs: 
Samples of all SPIONs were diluted in sterile water (10 μL of neat SPIONs in 1 mL sterile H2O) 
using a Zetasizer Nano ZS90. Hydrodynamic diameters are represented as histograms of size 
distribution by intensity. Perimag SPIONs possess hydrodynamic diameters in the range 120-
150 nm, whilst ferucarbotran is smaller with a hydrodynamic diameter of approximately 60 nm. 
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Table 3.2. Hydrodynamic diameter and polydispersity of candidate SPIONs 
SPION Z-average (d.nm) Polydispersity Index (PDI) 

Ferucarbotran 58.62  0.220 
Perimag-plain 127.1 0.229 

Perimag-COOH 123.2 0.243 
Perimag-NH2 156.1 0.220 

 
 
Surface charge was assessed in 5 mM NaCl and show that in keeping with the 

composition of their surface coatings, ferucarbotran and perimag-COOH possessed 

negative zeta-potentials in 5 mM NaCl, whilst perimag-plain was near neutral and 

perimag-NH2 was positively charged (Figure 3.3). The greatest range (zeta-deviation) 

was found with ferucarbotran whilst all three perimag SPIONs possessed similar zeta-

deviation readings (Table 3.3).  
 

 
 

Figure 3.3. SPION surface charge: 
Graphical representation of the surface zeta-potential of the candidate SPIONs. 10 μL of each 
SPION was diluted in 1 mL 5 mM NaCl and zeta-potential was measured using the Zetasizer 
Nano ZS90. Ferucarbotran was found to be the most negatively charged SPION, with perimag-
COOH less negatively charged. Perimag-plain is near-neutral whilst perimag-NH2 was found to 
possess a positive surface charge. 
 
Table 3.3. Zeta-potential of candidate SPIONs 

SPION Zeta Potential (mV) 
Ferucarbotran -20.0 ± 11.0 
Perimag-plain -1.47 ± 5.0 

Perimag-COOH -9.94 ± 3.4 
Perimag-NH2 13.0 ± 3.7 
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3.2.1.2 SPION Stability 

The stability of the candidate SPIONs was assessed by suspension in two salt-

containing buffer solutions; 5 mM NaCl and phosphate buffered saline (PBS). DLS was 

conducted at the time of suspension, and again after 1 wk stored at 2-8 °C. Results are 

shown in Table 3.4 and demonstrate that ferucarbotran, perimag-COOH and perimag-

plain all remained stable in both buffers over the duration of the study period. Perimag-

NH2 appeared to increase in size over the course of the wk when suspended in 5 mM 

NaCl, suggesting that it is unstable in salt-containing solutions.  

Table 3.4. SPION stability: 
To assess SPION stability, hydrodynamic diameter of SPIONs suspended in 5 mM NaCl and 
PBS was measured immediately following suspension and again after 8 d of storage at 2-8 °C. 
All readings were similar on d 8 compared with baseline measurements with the exception of 
measurements for perimag-NH2 in 5 mM NaCl, which demonstrated an increase in both size 
and polydispersity index following the incubation period. 
 

SPION Buffer Baseline Measurements Day 8 Measurements 
Z-

average 
(d.nm) 

Polydispersity 
Index (PDI) 

Z-
average 
(d.nm) 

Polydispersity 
Index (PDI) 

Ferucarbotran 5 mM NaCl 55.10 0.242 54.07 0.218 
Ferucarbotran PBS 54.30 0.224 54.31 0.203 
Perimag-Plain 5 mM NaCl 119.9 0.223 120.4 0.203 
Perimag-Plain PBS 120.0 0.221 118.4 0.220 

Perimag-COOH 5 mM NaCl 100.2 0.210 99.64 0.182 
Perimag-COOH PBS 100.0 0.213 99.81 0.210 

Perimag-NH2 5 mM NaCl 153.0 0.269 173.1 0.395 
Perimag-NH2 PBS 133.9 0.251 136.9 0.259 

 
 

3.2.1.3 Magnetic and Hyperthermic Properties 

To assess whether candidate SPIONs possessed superparamagnetic properties, the 

magnetic properties of the SPIONs were assessed using superconducting quantum 

interference device (SQUID) vibrating sample magnetometry (VSM) in collaboration with 

Dr. Paul Southern (UCL Healthcare Biomagnetics Laboratory, Royal Institution of Great 

Britain, London). SQUID magnetometry is capable of measuring extremely subtle 

magnetic fields making it a suitable method for assessing for superparamagnetism. As 

perimag-COOH and perimag-NH2 are both produced through functionalisation of 

perimag-plain, only perimag-plain was assessed using SQUID analysis. Results are 

shown in Figure 3.4 and demonstrate that both ferucarbotran and perimag-plain have 

similar saturation magnetisations at 7 T of 104 emu/gFe and 107 emu/gFe respectively 

(Figure 3.4A). Perimag-plain shows a faster approach to saturation than Ferucarbotran 

and similarly the coercive field of perimag-plain is 15 Oe, whilst the field for ferucarbotran 
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is 3 Oe (Figure 3.4B). For ferucarbotran the coercive field of 3 Oe may be below the 

tolerance for the system, therefore does not present an open hysteresis loop. These 

results demonstrate that both ferucarbotran and perimag-plain are superparamagnetic 

at 300 K (~27 °C) (Kolhatkar, Jamison et al. 2013). Furthermore, the larger coercive field 

of perimag-plain SPIONs confers a larger area under the hysteresis loop, suggesting it 

may also possess more favourable hyperthermic potential (Hervault and Thanh 2014).  

 
Figure 3.4. Magnetic properties of candidate SPIONs: 
Plot of magnetisation per gram of iron (Moment; emu/gFe) against field strength (Field; Oe) for 
ferucarbotran and perimag-plain; measured using a Quantum Design SQUID-VSM 
Magnetometer at 300 K (MPMS SQUID VSM-7T, Quantum Design, California). Magnetisation 
was based on the Fe content of particles as given by the manufacturer. As all perimag SPIONs 
are derived from the same parent material (perimag-plain), only data for perimag-plain is shown. 
Samples were analysed, and the moment normalised for the amount of Fe in the sample. (A) 
Hysteresis loops for both SPIONs; Initial observations show that ferucarbotran and perimag-plain 
have similar saturation magnetisations at 7T of 104emu/gFe and 107emu/gFe respectively. (B) 
Zoom in at the axis of the hysteresis loops; perimag-plain shows a faster approach to saturation 
than ferucarbotran and similarly the coercive field of perimag-plain (15 Oe) is larger than 
ferucarbotran (3 Oe). 
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To formally evaluate the hyperthermic potential of perimag SPIONs and ferucarbotran, 

the SAR (Equation 3.1) and ILP (Equation 3.2) were calculated using samples of each 

SPION at 10 mgFe/ml with the assistance of Mr. Fang-Yu Lin (UCL Healthcare 

Biomagnetics Laboratory, Royal Institute of Great Britain, London). Higher values of SAR 

and ILP measurements confer more favourable heating properties, and results are 

shown in Table 3.5. These values indicate that all three perimag SPIONs possess more 

favourable heating properties compared to ferucarbotran. To illustrate this observation, 

500 μL samples of each particle were prepared at a standardised iron (Fe) concentration 

of 10 mgFe/ml. These samples were then exposed to an AMF using the pre-clinical 

MACH system set at a fixed field strength (Figure 3.5). The resulting heating curves 

demonstrate that all perimag SPIONs possess similar, superior heating ability compared 

with ferucarbotran at equivalent iron concentrations.  

 

One variable that the SAR corrects for is iron content, therefore to confirm that it is 

possible to increase the heat generation of a given particle by increasing the iron 

concentration, 500 μL samples of perimag-plain SPIONS at different concentrations 

were exposed to an AMF within the MACH system at a fixed field strength (Figure 3.6). 

These results confirm that it is possible to tailor the specific heat generation of a given 

SPION by adjusting the sample iron concentration/content. 

 

 

SAR = P / mMNP (3.1) 
 

Equation 3.1. Specific absorption rate: 
The SAR is defined as the heating power (P, measured in W) that is generated per unit mass of 
the magnetic nanoparticles (mMNP, measured in g). The SAR is measured in W/gFe (Kallumadil, 
Tada et al. 2009). 
 
 

ILP = SAR / fH2 (3.2) 
 
Equation 3.2. Intrinsic loss power: 
The ILP corrects for the two extrinsic factors that influence the heating ability of SPIONs, the 
frequency (f, measured in Hz) and the strength of the alternating magnetic field (H, measured in 
A m-1). Whilst the ILP is not truly independent of these two parameters, at the field strength and 
frequency used in these experiments, it is a good estimation. The ILP is measured in nHm2/kgFe 
(Kallumadil, Tada et al. 2009). 
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Table 3.5. SAR and ILP measurements for candidate SPIONs 
Sample Name Volume 

(ml) 
Stock 

Concentration 
(mgFe/ml) 

Field 
Strength 
(kA/m) 

Frequency 
(kHz) 

SAR 
(W/gFe) 

ILP 
(nHm2/kg

Fe) 

Perimag-COOH 0.5 50 3.3 989 59.7 5.51 
Perimag-NH2 0.5 50 3.2 989 64.6 6.38 
Perimag-plain 0.5 50 3.5 990 66.7 5.62 
Ferucarbotran 0.5 56 3.6 991 27.7 2.12 
 

 
Figure 3.5. Relative temperature increases of candidate SPIONs: 
Relative temperature increases of perimag SPIONs and ferucarbotran, exposed to an AMF set to 
a field strength 3.5 kA/m. SPIONs were prepared at a concentration of 10 mgFe/mL and a volume 
of 500 μL in sterile H2O. All SPIONs demonstrated heating at this concentration, with perimag 
SPIONs demonstrating superior hyperthermic potential compared with ferucarbotran. 
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Figure 3.6. Heating curves of perimag SPIONs at increasing concentration: 
Perimag-plain SPIONs were prepared at increasing Fe concentrations; 20 mgFe/mL, 40 
mgFe/mL and 78.8 mgFe/mL. 500 μL aliquots of each concentation were exposed to an AMF 
within the MACH system, set to a field strength of 1.5 kA/m. These heating curves demonstrate 
that as the concentration of perimag-plain increases, temperature increases. 
 
 

3.2.2 Biological Interactions of SPIONs 

3.2.2.1 In vitro uptake of SPIONs 

To assess the uptake of the candidate SPIONs into tumour cells, the colourimetric 

ferrozine assay (Riemer, Hoepken et al. 2004) was used to quantify the iron content of 

cells following set incubation times with SPIONs at an iron concentration of 0.5 mgFe/ml. 

The cell line GL261, a synegeneic murine glioma cell line was used in these experiments, 

and the four chosen time points were 2 h, 4 h, 18 h and 24 h. The results are shown in 

Figure 3.7 and show that whilst all SPIONs are taken up into, or attached to the surface 

of tumour cells, the uptake of ferucarbotran is significantly higher at all tested time points, 

whilst perimag-NH2 consistently shows the lowest uptake. Particles were detected within, 

or attached to the surface of cells, at all incubation times tested and the uptake pattern 

was the same at each time point. Perimag-plain and perimag-COOH are taken up in 

similar quantities at all time points. 
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Figure 3.7. Tumour cell uptake of candidate SPIONs: 
Bar graphs showing the uptake of candidate SPIONs into GL261 cells following 2, 4, 18 and 24 
h of incubation. SPIONs were incubated with pre-seeded GL261 cells at a concentration of 0.5 
mgFe/mL, made up in cell culture media. Following incubation, SPIONs were removed, plates 
were washed, and cellular iron content was analysed using the ferrozine assay. For all time points, 
ferucarbotran had significantly greater uptake, whilst perimag-NH2 showed the lowest uptake. 
The uptake of perimag-plain and perimag-COOH was similar. Error bars represent standard 
deviation (SD). 
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3.2.3 Agarose Tumour Phantoms to Model In Vivo Heating 

Following characterisation of the candidate SPIONs, experiments were conducted to 

assess whether the pre-clinical MACH system and the prototype clinical MACH system 

were capable of generating relevant increases in temperature using perimag-plain; 

shown in section 3.2.1.3 to possess superior hyperthermic potential compared to 

ferucarbotran, and equivalent hyperthermic properties compared with perimag-COOH 

and perimag-NH2. To test this, agarose phantoms were designed and produced in 

collaboration with Mr. Fang-Yu Lin (UCL Healthcare Biomagnetics Laboratory). 

 3.2.3.1 Pre-Clinical Phantom 

Using the pre-clinical MACH system, experiments were conducted to (i) determine 

whether perimag is able to generate relevant temperature increases, (ii) assess the 

cooling of SPIONs following removal of the AMF and (iii) simulate the effects of magnetic 

hyperthermia on adjacent non-SPION containing tissues. For experiments using the pre-

clinical MACH system, small pre-clinical scale phantoms were produced with a 500 μL 

central, SPION containing region contained within a larger 4% agarose mould (Figure 

3.8), which could be placed inside the smaller coil of the pre-clinical MACH system. 

Three temperature probes were placed within the phantom to enable monitoring of the 

temperature within the SPION-containing agarose centre (P1), 5 mm away from the edge 

of this region (P2) and 10 mm away from this region (P3). Phantoms were then placed 

within the MACH system, and the system was activated. A thermal camera was utilised 

to observe the relative temperatures of the SPION containing phantom core and the 

surrounding agarose mould. These results demonstrated heat increases in all regions 

following activation of the AMF. The SPION containing region (P1) heated more rapidly 

(Tmax = 55 °C) in comparison to the non-SPION containing regions which showed slower 

temperature increases up to 46 °C (P2) and 42 °C (P3) respectively. Temperature was 

monitored for 15 min at which time the MACH system was switched off and cooling 

observed (Figure 3.9). Once the MACH system was switched off, all probes recorded 

cooling which was most rapid in the SPION containing region, resulting in all regions 

reaching the same temperature within 3 min (Figure 3.9).  
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Figure 3.8. Pre-clinical phantom: 
The pre-clinical agarose phantom consisted of a central SPION containing region (1 cm in 
diameter, 500 μL volume) composed of a 1% agarose/perimag SPION suspension (at a 
concentration of 20 mgFe/ml). Surrounding this was a larger 4% agarose region. Three 
temperature probes were inserted into the phantom; in the centre of the phantom (P1), 5 mm from 
the edge of the SPION-containing region (P2), and 10 mm from the edge of this region (P3). 
 
 

 
 

Figure 3.9. Heating of agarose tumour phantom:  
The agarose phantom was prepared as outlined above. Temperature was monitored using a 
thermal camera (Top) and also using three temperature probes (Bottom), located in the centre 
of the SPION containing region (P1), 5 mm from the edge of this region (P2) and 10 mm from the 
edge of this region (P3). The phantom was placed within the MACH coil, and heated for 15 min. 
Following this, the MACH system was switched off and cooling was monitored for a further 15 
min. 
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To model heating using different quantities of iron, pre-clinical phantoms were made at 

five different SPION concentrations; 1 mgFe/mL, 5 mgFe/mL, 10 mgFe/mL, 20 mgFe/mL 

and 40 mgFe/mL. For each phantom, 500 μL of SPION solution was used. As before, 

temperature increases following AMF exposure were monitored at three points; in the 

centre of the SPION-containing region (P1), 5 mm from the edge of this region (P2) and 

10mm from the edge (P3). The maximum temperatures for each temperature probe and 

the relative change in temperature (DT) for P1 are shown in Table 3.6. 

 
Table 3.6. Maximum temperatures (Tmax) reached for all constructed phantoms: 
*Phantom E was only exposed to AMF for 2 min due to rapid heating of SPION containing region 
 

Phantom [Fe] 
Temperature Probe 

P1 Tmax (°C) P1 DT (°C) P2 Tmax (°C) P3 Tmax (°C) 
A (1 mgFe/ml) 28.79 7.17 29.83 27.22 
B (5 mgFe/ml) 39.76 17.58 34.44 31.02 

C (10 mgFe/ml) 49.74 26.1 39.25 34.53 
D (20 mgFe/ml) 55.30 32.28 45.59 41.45 

E (40 mgFe/ml)* 75.9 52.24 28.59 25.19 
 
 

Temperatures of all phantoms was monitored for 15 min and heating curves are shown 

in Figure 3.10A. These results demonstrate that for phantoms containing SPIONs at 5, 

10, 20 or 40 mgFe/ml, SPION containing regions show significantly higher increases in 

temperature than the non-SPION containing regions 5 mm (P2) and 10 mm (P3) away 

from the SPIONs. Furthermore, the maximum temperatures reached were consistently 

lower 10 mm away from the SPIONs (P3), than those reached 5 mm from the SPIONs 

(P2). For all phantoms, the temperature change (DT) was calculated as the difference 

between the starting temperature and the maximum temperature reached (Tmax). These 

results are shown as a bar chart (Figure 3.10B) illustrating that the temperature increases 

were lower with increasing distance from SPIONs for phantoms containing 5 mgFe/ml of 

SPIONs or more. For phantom B (5 mgFe/mL), C (10 mgFe/mL), and D (20 mgFe/mL), 

the P1 Tmax values were 39.8 °C, 49.7 °C, and 55.3 °C respectively, with DT 

measurements of 17.58 (B), 26.1 (C) and 32.28 (D) demonstrating that 2.5 mg - 10 mg 

total Fe quantities is sufficient to generate relevant temperature increases in this model 

system. Phantom E (40 mgFe/mL) (Figure 3.10A) was only exposed to the AMF for a 

period of time, as the rapid temperature increase up to 80 °C could melt the agarose. 

For this reason, the Tmax for P2 and P3 in this phantom are likely to be lower than they 
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otherwise would have been had the phantom been exposed to AMF for the full 15 min 

duration.  

 

For the phantom containing SPIONs at the lowest tested concentration of 1 mgFe/ml, 

the maximum temperature of the none-SPION containing region (P2) was higher than 

that of the SPION-containing region (P1), suggesting that some of the heating observed 

may be due to a bath heating effect from the MACH system itself, rather than the 

SPIONs. 
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Figure 3.10. Temperature increases measured in phantoms at different SPION 
concentrations: 
Phantoms were produced with perimag SPIONs at concentrations of 1 mgFe/mL; 5 mgFe/mL; 10 
mgFe/mL; 20 mgFe/mL; and 40 mgFe/mL. (A) Temperature curves for each phantom were 
produced with a temperature probe in the centre of the SPION containing region (P1). Heating 
was also assessed 5 mm from the edge of this area (P2) and 10 mm from the edge (P3). Each 
phantom was exposed to an AMF set at a field strength of 4.5 kA/m for 15 min with the exception 
of E which was heated for 2 min and then stopped due to the rapid increase in temperature up to 
80 °C. (B) Bar graph showing the temperature change (DT) for all three probes in each phantom. 
For all phantoms except 1 mgFe/ml, the greatest increase was seen in P1, followed by P2, 
followed by P3. In the phantom containing 1 mgFe/ml, P2 showed the largest temperature 
increase, followed by P1, followed by P3. 
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3.2.3.2 Clinical Scale Phantom 

Phantom heating experiments were subsequently repeated using the larger, clinical 

scale MACH system, capable of producing a clinically relevant alternating magnetic field 

and utilising a coil large enough to fit around a human head (Figure 3.11). To establish 

whether heating could be achieved in this system and based on the results from the pre-

clinical phantom, a SPION concentration of 20 mgFe/ml was chosen to ensure a high 

enough SPION concentration for SPION mediated heat generation to be observed. For 

these experiments, a larger agarose phantom was constructed which could fit inside a 

larger plastic brain mould, yet still contain 500 μL of SPIONs, resulting in a total iron 

content of 10 mgFe. The phantom was then placed within the MACH coil as shown in 

Figure 3.11, and the AMF was activated at a field strength of 3 kA/m. The Tmax of the 

SPION containing region is shown in Figure 3.12, demonstrating that temperature 

increases of 5 °C are possible in this model system using 10 mgFe. Furthermore, once 

the AMF was deactivated, temperature rapidly returned to baseline. From body 

temperature, a rise of 5 °C would result in 42 °C, which is within a suitable target 

temperature range for magnetic hyperthermia therapy (Cavaliere, Ciocatto et al. 1967). 

 

 
 

Figure 3.11. Set-up of the clinical scale agarose phantom:  
Perimag-COOH SPIONs were located within an agarose mould as described previously at a 
concentration of 20 mgFe/ml in a volume of 500 μL. This agarose phantom was then placed within 
a human brain phantom, within the clinical MACH coil. 
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Figure 3.12. Heating curve of clinical-scale phantom: 
Heating of the perimag-COOH containing region of the clinical phantom. Temperature was 
mapped from when the AMF was activated and continued once the field was switched off. 
Temperature increases up to 5 °C were observed, with rapid cooling observed once the system 
was switched off. 

 

3.2.4 Compatibility Testing of MACH System 

Following confirmation that the portable, clinical-scale MACH system could generate 

clinically relevant temperature increases in conjunction with perimag-plain SPIONs, 

compatibility testing of this MACH system was conducted. To assess for potential 

interactions from the AMF produced by this MACH system on commonly used medical 

devices, the functioning of key medical equipment was assessed within close proximity 

to the clinical MACH system. The devices tested were an electrocardiogram (ECG) 

machine, ultrasound scanning (USS) machine, pulse oximeter, and an automatic non-

invasive blood pressure (NIBP) monitor. Each device was operated (i) with the MACH 

device switched off, (ii) with the MACH system switched on at a distance of 3 m, and (iii) 

with the MACH system switched on at a distance of 1 m away. 

 

All devices were switched on with the MACH system switched off to check that they were 

operational. Following this, the MACH system was switched on and allowed 5 min to 
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equilibrate, and the devices were once again switched on successfully, demonstrating 

no effect of the MACH system on activating the medical devices. No interference was 

observed for non-invasive blood pressure (NIBP) readings (Table 3.7), oxygen 

saturations (O2 sats) and heart rate (HR) readings (Table 3.8) and during ECG tracings 

(Figure 3.13) at either distance from the MACH system. When operating the USS device, 

images were obtained using two probes (abdominal and linear), with readings taken at 

two different frequencies for each probe (3 Hz and 4.5 Hz for the abdominal probe, 10 

Hz and 14 Hz for the linear probe). No interference was observed at any frequency tested 

at a distance of 3 m, but lines of interference were visible at 3 MHz and 4.5 MHz at a 

distance of 1 m away using the non-linear abdominal probe. No interference was seen 

at the higher frequencies of 10 MHz and 14 MHz using the linear probe (Figure 3.14). 

When doppler function was activated at 3 MHz, significant interference was observed 

when the MACH system was switched on, 1 m away (Figure 3.15). When the USS was 

used to assess Doppler blood flow, no interference was observed with the carotid 

waveforms obtained, but at a distance of 1 m, significant interference was observed 

elsewhere on the sonograph (Figure 3.16). All observed interference was immediately 

terminated when the MACH device was switched off. 

 

Table 3.7. NIBP readings taken in proximity to the MACH system 
 MACH device off On – 3 metres away On – 1 metre away 
Reading 1 (mm/Hg) 131/91 116/79 127/81 
Reading 2 (mm/Hg) 132/75 122/78 120/78 
Reading 3 (mm/Hg) 134/92 129/82 133/80 
Average (mm/Hg) 132/86 122/80 127/80 

 
Table 3.8. O2 sats & heart rate (HR) readings taken in proximity to the MACH system: 
  Sats = saturations, bpm = beats per min 

  
  

Mach device off On - 3 metres away On - 1 metre away 
O2 Sats 

(%) 
HR 

(bpm) 
O2 Sats 

(%) 
HR 

(bpm) 
O2 Sats 

(%) 
HR 

(bpm) 
Reading 1 98 46 98 45 99 55 
Reading 2 98 45 100 53 97 48 
Reading 3 98 50 99 49 97 45 

Average 98 47 99 49 98 49 
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Figure 3.13. ECG images taken in proximity to active MACH system: 
Six-lead ECG readings taken with the MACH system switched off (A), the MACH system 
switched on at a distance of 3 m (B), and switched on at a distance of 1 m (C). No 
interference or changes were observed in any of the tested conditions.  
  

 

 
Figure 3.14. USS images obtained on an US phantom device: 
USS images of an US phantom were taken using two probes (non-linear abdominal and linear). 
The two areas circled in red highlight the observed image interference from the MACH system, 
observed only when the MACH system was activated at a distance of 1 m. 
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Figure 3.15. Doppler USS images of US phantom: 
USS images taken using non-linear abdominal probe at 3 MHz (A) and linear probe at 10 MHz 
(B) with the MACH system activated at a distance of 1 m. As the phantom is static, no Doppler 
waveforms should be visible, therefore interference can clearly be observed in both images. 

 

 
 

Figure 3.16.  Carotid doppler blood-flow and waveform images:  
Carotid Doppler blood flow and waveforms were assessed at 10 MHz with linear flow. Interference 
can be seen at the distance of 1 m from the MACH system. The areas representing the carotid 
artery which should contain Doppler enhancement are circled in red within these images. Other 
enhancement in these images represents interference. 
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3.3 Discussion 

The aim of the work presented in this chapter was to establish an experimental system 

for use in magnetic hyperthermia experiments, which was suitable for clinical translation. 

To achieve this, the candidate SPIONs; ferucarbotran (Meito Sangyo Co. Ltd, Japan) 

and perimag SPIONs with a range of surface chemistries (micromod Partikeltechnologie 

GmBH, Rostock, Germany), were characterised to identify a lead candidate to take 

forward into in vivo testing. In addition, the pre-clinical and clinical MACH systems 

designed to deliver magnetic hyperthermia were tested with SPION containing agarose 

phantoms and for compatibility with existing medical equipment.  

 

The measured hydrodynamic diameters of the candidate SPIONs were found to be 

consistent with the product specification sheets, confirming that perimag SPIONs are 

around 130 nm compared to around 60 nm for ferucarbotran. The surface zeta-potential 

readings were also consistent with the reported data sheets, with ferucarbotran and 

perimag-COOH possessing negative zeta-potentials, perimag-plain possessing a near-

neutral negative zeta potential and perimag-NH2 possessing a positive zeta potential. 

NP size and charge are both known to influence cellular uptake and circulation time (Jin, 

Lin et al. 2014), which in turn can influence toxicity (Shang, Nienhaus et al. 2014, Gnach, 

Lipinski et al. 2015). Positively charged SPIONs have also been shown to less 

biocompatible compared to their negatively charged counterparts (Mahmoudi, Laurent 

et al. 2011). This, combined with the observation that perimag-NH2 is less stable in salt-

containing solutions, led to the decision to eliminate perimag-NH2 from further 

development and testing. 

 

An important physical property for the SPIONs tested in this chapter is hyperthermic 

potential. When ferucarbotran was compared to perimag SPIONs, perimag SPIONs 

demonstrated superior hyperthermic potential at equivalent iron concentrations, 

possessing more favourable SAR and ILP parameters. These findings suggest that 

perimag SPIONs are better candidates to develop for use in magnetic hyperthermia. 

Furthermore, both perimag SPIONs and ferucarbotran demonstratte 

superparamagnetism when analysed using SQUID magnetometry (Kolhatkar, Jamison 

et al. 2013).  

 

 



 

 100 

Following this, biological interactions of the candidate SPIONs were tested. Cell uptake 

experiments using GL261 murine glioma cells demonstrated that the uptake of 

ferucarbotran was highest at all time points tested, compared to the three perimag 

SPIONs. Perimag-COOH and perimag-plain possessed similar cell uptake, whilst 

perimag-NH2 possessed the lowest uptake. These results are consistent with previous 

observations that negatively charged SPONs are more readily taken up in vitro than their 

positively charged counterparts (Fröhlich 2012). In addition to cell uptake, candidate 

SPIONs were analysed for the formation of a protein corona, and the characteristics of 

the corona which forms in vitro and in vivo compared, with a number of differences 

observed, with data presented in Appendix 1. These differences were of greater 

complexity of the in vivo corona, with notable differences in the commonly occurring 

proteins in vivo and in vitro, and reduced amounts of complement C3 on the surface of 

SPIONs in vivo. Differences were also observed between the two tested SPIONs 

perimag COOH and perimag-plain. Whilst a greater number of proteins were present in 

the corona of perimag-COOH SPONs, a greater proportion complement C3 was present 

in the corona of perimag-plain SPIONs. There is evidence that an increased presence 

of certain proteins including complement proteins within the corona can affect the 

interactions of SPIONs with cells of the immune system (Inturi, Wang et al. 2015), 

potentially leading to immune complex formation, hypersensitivity, coagulation and 

pulmonary toxicity (Zhu, Feng et al. 2008, Chen, Wang et al. 2017). Another observation 

was that the common proteins found in the corona samples analysed did not reflect the 

most common proteins found in plasma, although detailed analysis of the reasons why 

the commonly observed proteins were present was not performed because of previous 

findings that show that the overall charges of proteins do not influence their behaviour at 

a given NP surface, with other factors including (i) protein/NP hydrophobicity, (ii) irregular 

distribution of charge on the protein surface and (iii) interprotein hydrogen bonding also 

affecting these interactions (Sakulkhu, Mahmoudi et al. 2014). Furthermore, the 

presence of intracellular proteins, muscle and cytoskeletal proteins on the in vivo 

samples suggests that the process of cardiac puncture could have resulted in release of 

intracellular cardiac muscle proteins that would normally not be present in the circulation, 

supporting previous observations that the corona may in fact be dynamic (Casals, Pfaller 

et al. 2010, Lundqvist, Stigler et al. 2011, Mortensen, Hurst et al. 2013). Whilst the 

numbers of samples analysed in these experiments is low, these results suggest that the 

corona could play an important role in affecting the behaviour of SPIONs within a 

biological system, but the composition and formation process of the corona is incredibly 
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complex, with further research ongoing (Mahmoudi, Sheibani et al. 2015, Janko, Zaloga 

et al. 2017). 

 

The pre-clinical and clinical MACH systems were then tested using agarose phantom 

models to determine whether perimag SPIONs were able to generate clinically relevant 

temperature increases within the MACH systems. Results demonstrated that perimag 

SPIONs are capable of generating relevant increases in temperature in both pre-clinical 

and clinical scale phantom systems, with rapid cooling of the SPIONs following removal 

of the AMF. These results demonstrate the suitability of perimag SPIONs for magnetic 

hyperthermia. Furthermore, when the portable clinical scale MACH system was tested 

within a clinical environment for interactions with clinical equipment, interference was 

only observed with a doppler USS, when the MACH system was switched on in close 

proximity. This interference disappeared rapidly when the field strength was turned down 

or the MACH system switched off. This is a key finding, demonstrating that in an 

emergency situation the MACH device could be switched off allowing instantaneous use 

of ultrasound if required. The other medical devices tested showed no interference from 

the MACH system, although use of devices during MACH therapy could present a risk 

of component parts being placed within the AMF (which could induce heating). Despite 

this, the use of these devices within the room and whilst the AMF was active would allow 

close monitoring of patients during their treatment.  

 

Based on the results of the experiments conducted in this chapter, perimag-plain and 

perimag-COOH were identified as potential lead SPIONs. To determine which was the 

most suitable for development, preliminary toxicity testing on both SPIONs was 

conducted externally in collaboration with Topass (Berlin, Germany). These results 

demonstrated superior biocompatiblity of perimag-COOH, compared with perimag-plain. 

In view of this, formal GLP toxicity testing of perimag-COOH was outsourced to Sequani 

(Ledbury, UK). A summary of the toxicity testing experiments can be found in Appendix 

2. A number of other factors are thought to influence the toxicity of nanoparticles 

including size, charge and the nature of the breakdown products (Albanese, Tang et al. 

2012). Furthermore, iron itself can induce cell death through the generation of free 

radicals during the transition between its ferrous and ferric forms (Singh, Jenkins et al. 

2010). Whilst physiological mechanisms exist to handle free iron in the body, the 

tolerance of difference organ systems varies, and excess iron is often taken up by cells 

in the myocardium, endocrine tissues and the liver, causing organ failure in the long term. 

Furthermore, rare cases of acute iron toxicity have been reported, with symptoms 
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including cardiovascular shock, hepatic impairment and acidosis (Tenenbein 1998, Eid, 

Arab et al. 2016). 

3.3.1. Lead SPION Identification 

Based on the results from experiments conducted within this chapter, perimag-COOH 

was chosen as the lead SPION to take forward into in vivo testing. The process of 

elimination of the other candidate SPIONs is outlined in Figure 3.23. 

 
 

 
 
Figure 3.17. Lead SPION decision flowchart: 
Perimag-NH2 was found to be unstable in salt-containing solutions. Ferucarbotran possessed 
inadequate heating potential, despite favourable stability and biocompatibility. Of the two 
remaining SPIONs, perimag-plain and perimag-COOH, preliminary toxicity testing (Appendix 1) 
revealed mild toxic effects associated with perimag-plain. Perimag-COOH was therefore chosen 
as the lead SPION for further investigation. 
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3.4 Summary 

The physical properties of four candidate SPIONs were compared to identify a lead 

SPION for use in magnetic hyperthermia experiments. Ferucarbotran, the negatively 

charged SPION component of the clinical imaging agent Resovist®, was found to 

possess a hydrodynamic diameter of around 60 nm, with favourable stability, but 

possessed inferior hyperthermic potential when compared with the perimag-SPIONs. 

Perimag-SPIONs, available with negative, near-neutral and positive surface charges, 

were all found to be larger in size at around 130 nm, with consistently favourable 

hyperthermic potential. The positively charged perimag-NH2 was unstable in salt-

containing solutions and was therefore ruled out of further development. 

 

The two lead candidates, perimag-COOH and perimag-plain were similarly taken up by 

tumour cells in vitro, and analysis of the protein corona around the SPIONs revealed a 

number of key differences, most significantly an increased presence of complement C3 

within the corona of the near-neutral perimag-plain, and an increased complexity in the 

composition of the corona which forms in vivo around both SPIONs. Both SPIONs 

underwent toxicity testing, demonstrating that perimag-COOH possessed superior 

biocompatibility. 

  

Perimag-SPIONs were successfully tested using agarose phantom models heated within 

both the pre-clinical and clinical MACH systems, demonstrating an ability to generate 

clinically relevant temperature increases when exposed to an AMF generated by both 

MACH systems. Furthermore, the clinical MACH system was found to be compatible for 

use with existing medical equipment. 

 

In conclusion, perimag-COOH was chosen as the lead candidate SPION, possessing 

efficient hyperthermic potential when tested within the MACH system. The selected 

SPION and MACH system were both taken forward for future experiments.   



 

 104 

Chapter 4. Tracking the In Vivo Fate of Perimag-COOH SPIONs 

4.1 Introduction 

Having identified a lead SPION to develop for magnetic hyperthermia treatment (Chapter 

3), the next step was to establish an experimental system for in vivo evaluation of this 

SPION. The work in chapter 4 set out to achieve this, focussing in two key areas; (i) 

characterising a suitable in vivo model of glioblastoma to enable pre-clinical evaluation 

of magnetic hyperthermia and (ii) investigating methods to localise sufficient quantities 

of SPIONs within tumours.  

 

To ensure that the chosen in vivo tumour model could evaluate the overall efficacy of 

magnetic hyperthermia including the immunological effects of treatment, an established, 

syngeneic murine model was chosen; the GL261 model (Huszthy, Daphu et al. 2012, 

Oh, Fakurnejad et al. 2014). GL261 murine glioma cells are implanted within 

immunocompetent C57BL/6 mice and the resulting model system has been extensively 

used to assess efficacy of potential therapies including immunotherapies within the brain 

(Wainwright, Chang et al. 2014, Reardon, Gokhale et al. 2015). A further advantage of 

the GL261 model is that it can be grown as both subcutaneous (flank) and orthotopic 

(intracranial) tumours (Szatmári, Lumniczky et al. 2006). GL261 tumours were originally 

generated via direct implanation of the carcinogen, 3-methylcholantraene, into the brains 

of C57BL/6 mice (Seligman, Shear et al. 1939). 

 

As discussed in Section 1.5.3, a key challenge in the development of nanomedicines is 

how to obtain sufficient amounts of the NP within the tissue of interest. For SPIONs in 

particular, rapid circulatory clearance by the hepatic and splenic RES significantly limits 

tumour delivery (Mahmoudi, Sant et al. 2011). Within the research presented in this 

chapter, two methods were tested to deliver SPIONs to GL261 tumours in an effort to 

obtain sufficient SPION concentrations within the tumour for magnetic hyperthermia; 

intravenous injection in combination with RES blocking agents, and direct intratumoural 

injection. 

 

Use of agents which block the RES uptake of SPIONs is a way of prolonging the 

circulation time of nanoparticles, thus improving their tumour delivery (Abdollah, Kalber 

et al. 2014, Khalid, Persano et al. 2017). Fucoidan, a naturally occurring sulfated 

polysaccharide, was chosen for investigation as an RES blocker. Fucoidan can be 
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extracted from a number of brown seaweed species (Cumashi, Ushakova et al. 2007, Li, 

Lu et al. 2008), and is readily available as a food supplement (Fitton 2011). Fucoidan 

extracted from Fucus vesiculosus has undergone toxicity testing and has been found to 

be safe when administered orally in clinical trials (Myers, O’Connor et al. 2011), and via 

intravenous or intraperitoneal injection in pre-clinical toxicity tests (Saito, Yoneda et al. 

2006, Hayashi, Itoh et al. 2008). 

 

The second approach tested was the use of direct intratumoural injection to obtain 

suitable SPION concentrations within the tumour to conduct magnetic hyperthermia 

(Giustini, Ivkov et al. 2011). Using histological analysis, electron microscopy, 

biodistribution studies and pre-clinical imaging including PET-CT and MRI, experiments 

were designed to evaluate the fate of SPIONs following direct injection into tumours. 
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Aims: 
 

The aims of this chapter were to characterise an immunocompetent murine model of 

glioma and test (i) intravenous injection in combination with RES blockers and (ii) direct 

intratumoural injection of SPIONs as ways to obtain sufficient intratumoural SPION 

concentrations to study magnetic hyperthermia. 

   

Objectives: 
 

1) Characterise the histological characteristics of the GL261 model in vivo 

2) Evaluate the use of fucoidan to prolong the circulation time of SPIONs in vivo and 

increase SPION delivery to tumours. 

3) Track the fate of perimag-COOH SPIONs when injected directly into GL261 

tumours using radiolabelled perimag-COOH 

4) Establish whether perimag-COOH is suitable for use for magnetic hyperthermia 

in an in vivo model system 
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4.2. Results  

4.2.1. Establishing the in vivo GL261 glioma model  

4.2.1.1. Subcutaneous GL261 Tumour Model 

Tumours were first analysed for baseline growth and histological characteristics. When 

implanted subcutaneous in the flank of C57BL/6 mice, GL261 cells develop into tumours 

over 14-21 days and do not form distant metastases. Furthermore, H&E staining 

confirmed that these tumours possess a tumour capsule and show evidence of 

intratumoural necrosis and haemorrhage (Figure 4.1). When characterised using IHC, 

tumours showed uniform expression of the proliferation markers Ki-67 and Histone-H3 

within viable tumour regions, and expression of the apoptosis marker cleaved-caspase 

around the edges of the necrotic regions (Figure 4.2).   

 
 

Figure 4.1. Histology of subcutaneous GL261 tumours: 
H&E staining of subcutaneous GL261 tumours showing macroscopic appearance (A), along with 
magnified images representative of intratumoural bleeding (B) and necrosis (C). To generate 
tumours, 5x106 GL261 cells were suspended in 100 μL of PBS and injected subcutaneously into 
the right flank. Tumours reached treatable sizes (>50 mm3) between 14 and 21 d after 
implantation.  
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Figure 4.2. Immunohistochemistry of subcutaneous GL261 tumours:  
Immunohistochemical (IHC) analysis was performed on subcutaneous GL261 tumours. Cleaved 
caspase (top) was used as a marker of apoptosis and was found to be more prevalent around 
the edges of the necrotic tumour regions. Two markers of proliferation, histone-H3 (middle) and 
Ki-67 (bottom), were both found to be positive, with uniform distribution in within viable tumour 
tissue regions.  

 

4.2.1.2 Orthotopic GL261 Tumour Model 

To generate intracranial tumours, GL261 cells were injected directly into the right 

cerebral cortex using a stereotaxic frame. After 14 d, mice were imaged using a 1 T MRI 

scanner to confirm the presence of tumours. Tumours grew uniformly up to d 21 as 

shown in Figure 4.3. H&E staining confirmed intratumoural necrosis and bleeding, with 

clear demarcation between normal brain tissue and tumour (Figure 4.4). To further 

characterise the GL261 tumours within the brain, IHC staining of the tumour-brain 

interface was conducted by Sequani Ltd (Ledbury, UK). Tumours were stained for GFAP 

(astrocytes) and IBA-1 (activated microglia). This confirmed the presence of astrocytes 
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at the tumour-brain interface but not within the tumour. Astrocyte density decreased with 

increasing distance from the tumour. Activated microglia were seen at the tumour-brain 

interface, and also infiltrating into the tumour (Figure 4.5). 

 

 
 

Figure 4.3. MRI Images of C57BL/6 mice with orthotopic GL261 Tumours:  
To generate intracerebral tumours, 2x104 GL261 cells were suspended in 2 μL of PBS and 
injected directly into the cerebral cortex using a stereotaxic device. MRI scans were conducted 
using a benchtop 1 T ICON MRI scanner (Bruker) 14 and 21 d following implantation and 
confirmed the presence of tumours (indicated by the presence of a yellow chevron). 
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Figure 4.4. Histological characteristics of orthotopic GL261 tumours: 
H&E staining of orthotopic GL261 tumours on d 14 and d 21 after implantation. Tumours were 
visible on d 14 as well demarcated tumours. By d 21, histological features of the intracranial 
tumours included some necrosis and bleeding, similar in appearance to the subcutaneous GL261 
tumours. 
 

 
 

Figure 4.5. IHC of orthotopic GL261 tumours:  
Immunohistochemistry of orthotopic GL261 tumours against glial fibrillary acidic protein (GFAP) 
to detect glial cells (A) and IBA-1 to detect microglia (B). In both images, T indicates the tumour, 
B indicates normal brain tissue, and the black chevron indicates the brain-tumour interface. A: 
GFAP stained section shows aggregation of astrocytes at the border of the tumour with fewer 
astrocytes moving further from the tumour. The tumour itself is negative for the GFAP stain 
(magnification x 100). B: IBA1 staining if the same section showing activated glial cells at the 
tumour edge, again decreasing in density as you move away from the interface. There is 
extensive staining within the tumour itself, which may represent glial infiltration (magnification x 
100). 
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4.2.2 RES blocking to improve tumour SPION delivery following intravenous injection 

4.2.2.1 Testing RES blocking activity of fucoidan using NIR labelled SPIONs 

To determine whether fucoidan was a suitable RES blocking agent, three different 

fucoidans; (i) Fucus vesiculosus (FVF), (ii) Macrocystis pyrifera (MPF) and (iii) Undaria 

pinnatifida (UPF) were tested in vivo using dextran-sulfate (DSO4-500) as a control RES 

blocker. This pilot experiment was conducted using an established protocol to test the 

RES uptake of ferucarbotran conjugated to a near-infrared (NIR) dye (Abdollah, Kalber 

et al. 2014). Results are shown in Figure 4.6 and demonstrate that all three fucoidans 

tested were capable of increasing the blood presence of ferucarbotran, resulting in 

higher signal intensities than that of DSO4-500 pre-treated mice, demonstrating that 

fucoidans are a suitable alternative to DSO4-500.  
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Figure 4.6. RES blocking ability of different fucoidans assessed using NIR labelling: 
Ferucarbotran was first conjugated to a near infrared (NIR) dye (IRDye® 800 CW). C57BL/6 mice 
were injected with RES blockers (all at 15 mg/kg), immediately followed by an intravenous 
injection of NIR labelled ferucarbotran (FC-IRDye 800, 1.76 mgFe/kg). As well as DSO4-500 (n 
= 3) and PBS (n = 3), FVF (n = 3), MPF (n = 3) and UPF (n = 3) were used as candidate fucoidan 
blockers. Mice were sacrificed one h following SPION injection, blood samples were collected 
and 100 μL aliquots of each blood sample were analysed for mean signal intensity measured at 
800 nm. (A) Images of individual wells illustrating the fluorescence intensity of each well. (B) 
Graphical Representation of blocking effects; each symbol represents a single mouse, with the 
mean represented by a line. Error bars show the standard error of the mean (SEM). All three 
fucoidans tested were able to significantly increase the blood levels of ferucarbotran (FVF; p = 
0.01 (**), MPF; p = 0.02 (*), UPF; p = 0.003 (**), all measured using an unpaired two-tailed t-test). 
 
 
To evaluate whether the increased blood presence of ferucarbotran equated to a 

reduction in the hepatic RES uptake of ferucarbotran in fucoidan pre-treated mice, a 

second pilot experiment was performed. In this experiment, liver samples were dissected 

from both fucoidan pre-treated mice (n = 2) and mice not pre-treated with fucoidan (n = 

2). To detect the presence of SPIONs, Prussian blue staining was conducted (Figure 

4.7). In these images, the intensity and frequency of areas staining positive (blue) for the 

presence of SPIONs appeared less in the mice pre-treated with fucoidan. To quantify 

this difference, digital image analysis was conducted in collaboration with Dr. Matthew 
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Ellis (Institute of Neurology, UCL). These results (Figure 4.8) showed that in the livers of 

mice pre-treated with fucoidan, there were fewer regions staining positive for the 

presence of SPIONs. In those regions which stained positive, the regions were less 

intense, suggesting that the increased blood presence of ferucarbotran equates to lower 

SPION uptake by the hepatic RES. 

 

 
 
 
Figure 4.7. Histological analysis of the effects of fucoidan on SPION uptake in the liver: 
Representative liver sections from mice stained using Prussian blue to identify the presence of 
ferucarbotran 150 min following injection of ferucarbotran alone (FVF (-), n = 2) or ferucarbotran 
with fucoidan (FVF (+), n = 2). 
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Figure 4.8. Histological digital image analysis of the RES blocking effects of fucoidan: 
Liver sections from mice injected with ferucarbotran in the absence (FVF (-)) and presence (FVF 
(+)) of fucoidan were stained using Prussian blue. Definiens Tissue Studio 4.3.1 (Munich) was 
used to quantify the intensity of ferucarbotran distribution within the liver. A: Example of Prussian 
blue stained slide showing presence of ferucarbotran in the liver. B: Prussian blue staining was 
identified and graded based on stain intensity (yellow = low intensity (<0.2 au), orange = medium 
intensity (0.2-0.4 au), red = high intensity (>0.4 au)). C: Graphical representation of the 
percentage of each liver section staining blue (indicating the presence of SPIONs), and the 
percentage of medium and high intensity Prussian blue staining present in each section.  
 
 

4.2.2.2. Quantifying the effects of fucoidan on SPION biodistribution following IV 
injection 

 
Following this, experiments were designed to quantify the systemic fate of SPIONs, 

which is not possible using NIR labelling. In order to achieve this, radiolabelling SPIONs 

at the iron-oxide core was chosen as a solution to quantify the systemic biodistribution 

of SPIONs. For these experiments, an existing radiolabelling protocol was adapted to 

directly label the iron-oxide core of the particles with 89Zr (Boros, Bowen et al. 2015), 

which possesses a long half-life enabling in vivo tracking for up to 7 days following 

injection (Figure 4.9). Labelling was conducted in collaboration with Dr. Rafael Torres 

Martin de Rosales (Kings College London). Experiments were initially conducted in wild-

type C57BL/6 mice using perimag-COOH. To test the stability of SPIONs before and 

after the labelling process, DLS measurements were conducted before and after 

labelling demonstrating acceptable stability of the SPIONs following labelling (Table 4.1).  
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Figure 4.9. Schematic illustrating the protocol used for the 89Zr radiolabelling:  
Both SPIONs were labelled with 89Zr to enable in vivo tracking following intratumoural injection 
using an adapted protocol (Boros, Bowen et al. 2015). Reaction conditions (100 °C, 1 h) did not 
appear to affect the hydrodynamic diameter of perimag-COOH. 
 
 

Table 4.1. DLS measurements of perimag-COOH before and after 89Zr labelling 
 

Sample Z-average Intensity Zeta Potential 

Perimag-COOH 111 ± 9 128 ± 9 -5.6 
89Zr-perimag-COOH 109 ± 2 137 ± 2 -3.6 

 
 
To determine the effects of fucoidan on the blood clearance of perimag-COOH, blood 

counts, PET-CT imaging, and ex vivo organ counting was conducted using wild-type 

C57BL/6 mice. Perimag-COOH was injected either with fucoidan (FVF (+) Co-injection), 

immediately after fucoidan (FVF (+) Pre-injection), or with PBS (FVF (-)). Blood 

clearance (Figure 4.10) demonstrated that fucoidan successfully prolongs the circulation 

time of perimag-COOH, with no discernible differences between the pre-injection or co-

injection groups. Blood clearance data from FVF (-) and FVF (+) pre-injection groups 

was fitted to a two-compartmental pharmacokinetic model which allowed calculation of 

the circulatory half-lives and areas under the curve (AUC) for both groups. The AUC was 

484 ± 44 %ID⋅min/g (n = 3) for the FVF pre-injection group, compared to 183 ± 14 for 

the FVF (-) group; a 2.6-fold increase. Administration of FVF also led to a 1.6-fold 

increase in the circulation half-life (t1/2 slow) from 18.9 min (FVF (-)) to 30.7 min (FVF (+) 

pre-injection) (n = 3). 
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Figure 4.10. Blood clearance and pharmacokinetic data for perimag-COOH in the presence 
and absence of fucoidan: 
Following injection of perimag-COOH, tail vein blood samples were obtained at pre-set time-
points (10, 20, 40, 60 and 80 min). A: Linear blood clearance curves for all three experimental 
groups. B: Clearance data for the FVF (-) and FVF (+) pre-injection groups was fitted to a two-
compartmental pharmacokinetic model that allowed the calculation of the circulation half-lives 
(t1/2) and area under the curve (AUC) values for each group. 
 

To visualise the systemic distribution of 89Zr-perimag-COOH, selected animals from the 

FVF (-) and FVF (+) pre-injection experimental groups were imaged using PET-CT at 80 

min and 24 h post injection (Figure 4.11). In all imaged animals at both time points, 

almost all of the injected dose was visible within the liver and the spleen, although there 

appeared to be a lower signal in the livers and a relatively higher signal in the spleens of 

FVF (+) mice, compared to FVF (-) mice. Ex vivo organ counting was employed to 

quantify the individual organ uptake (Figure 4.12). These results from selected organs 

show no obvious difference in the percentage of the injected dose per gram of tissue in 

the liver, but when compared using liver:blood, a reduction in the liver uptake is observed 

80 min following injection. In the spleen, an increase in the percentage of injected dose 

per gram of tissue is observed at 80 min but when compared using spleen:blood, this 

difference appears to be as a result of increased circulatory presence. Full tabulated 
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data for other organs is shown in Appendix 2. No significant difference was observed in 

the uptake of 89Zr-perimag-COOH into other tissues in the presence of fucoidan at 80 

min, and no significant difference was observed in any tissues 24 h post injection.      

 

 

 
 

 
Figure 4.11. PET-CT Images demonstration systemic distribution of perimag-COOH in the 
presence and absence of fucoidan:  
Selected animals from the FVF (+) and the FVF (-) groups were imaged using PET-CT at 80 min 
and 24 h following injection of perimag-COOH. Images shown are representative maximum 
intensity projection images (MIP) images with transverse slice (bottom) centred at the heart and 
liver taken at 80 min and 24 h post injection of 89Zr-perimag-COOH. In these images, FVF (+) 
refers to the pre-injection group as no difference was observed between the images of the pre-
injection and co-injection groups. 
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Figure 4.12. Ex vivo biodistribution of 89Zr-perimag-COOH 80 min and 24 h after injection: 
Ex vivo organ counting was conducted on post-mortem harvested organs at 80 min and 24 h. 
Data is represented as percentage of injected dose per gram (A) and as organ to blood ratios 
(B). At both time points, the majority of the injected dose was present within the liver or the spleen. 
At 80 min there was a slight reduction in liver uptake in the groups pre-treated with fucoidan. Bars 
represent means and error bars are for the standard error of the mean (SEM). ** p < 0.01 and * 
p < 0.05 compared to FVF (-) as measured using an unpaired two-tailed t-test. Full organ data 
can be found in Appendix 3. 
 

4.2.2.3. Effects of fucoidan on perimag-COOH biodistribution following IV 

injection in GL261 tumour-bearing mice 

 
The results demonstrate that fucoidan successfully prolonged the circulation time of 

perimag-COOH following IV injection. To investigate whether this effect could increase 

tumour uptake, experiments were repeated in GL261-tumour bearing mice using 

perimag-COOH. In this experiment, fucoidan and 89Zr-perimag-COOH were injected as 

before (n = 4 per group) and PET-CT imaging was performed using an earlier time point 

of ten min. In-keeping with previous findings, blood clearance demonstrated that 

perimag-COOH remained in circulation for a longer time frame in mice pre-treated with 

fucoidan (Figure 4.13A). An earlier PET-CT imaging time point of 10 min was chosen to 

allowing differences to be observed between FVF (+) and FVF (-) mice; an increase PET 
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signal was observed in the heart, suggestive of increased circulatory presence (Figure 

4.13B). Systemic biodistribution showed reduced percentage of injected dose per gram 

of tissue (% ID/g) in the liver and spleen in FVF (+) mice. In tumours, a slight increase in 

uptake from 0.4% ID/g to 0.5% ID/g at 24 h was observed in FVF (+) mice (Figure 4.14). 

Tissue : blood ratios showed smaller differences between FVF (+) and FVF (-) mice, 

consistent with the hypothesis that the increased solid tissue uptake was related to the 

prolonged circulation time. 

 
 
Figure 4.13. Blood clearance and PET-CT imaging of perimag-COOH in GL261 tumour-
bearing mice:  
GL261 tumour bearing C57BL/6 mice received IV injections of 89Zr-labelled perimag-COOH (1.76 
mgFe/kg) in the presence (FVF (+)) and absence (FVF (-)) of fucoidan (15 mg/kg). (A) Blood 
samples were taken at pre-determined time points (5, 10, 20, 40, 60, 180 min) following injection 
(n = 2 per group), demonstrating an increased blood presence of perimag-COOH in the presence 
of fucoidan, in-keeping with previous findings. (B) PET-CT imaging was performed at 10 min and 
24 h following injection. Images shown are representative images for each group. At the 10 min 
time point, an increase circulation signal is clearly seen in the FVF (+) mice (centred at the heart), 
whilst the distribution pattern appears to be the same between both groups at 24 h. 
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Figure 4.14. Biodistribution of 89Zr-perimag-COOH in GL261 tumour bearing mice: 
Biodistribution was conducted using ex vivo organ counting. (A) Ex vivo bio-distribution data of 
mice injected with perimag-COOH in the presence and absence of fucoidan (co-injection method), 
with tumour bio-distribution inset. Lower uptake was observed in the liver and the spleen of mice 
pre-treated with fucoidan and in the tumour, uptake increased from an average of 0.4% ID/g to 
0.5% ID/g. (B) Data was analysed using tissue : blood ratios, with tumour : blood inset, showing 
that there is a smaller difference between tumour uptake in the FVF (-) group and the FVF (+) 
group using these ratios. ** p < 0.01 and * p < 0.05 compared to FVF (-) as measured using an 
unpaired two-tailed t-test (n/s = non-statistically significant. Full organ data can be found in 
Appendix 3.  
 

4.2.2.3. Effects of fucoidan on ferucarbotran biodistribution following IV injection 

in GL261 tumour-bearing mice 

 

To establish whether these results were applicable to a second SPION, experiments 

were repeated using the smaller SPION ferucarbotran. Smaller SPIONs are reported to 

possess longer circulation times when compared with their larger counterparts 
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(Bourquin, Milosevic et al. 2018). Labelling was performed as before and particle size 

and charge were measured before and after labelling using DLS (Table 4.2). DLS results 

showed an increase in the hydrodynamic diameter, and a decreased negative charge, 

after labelling. Despite this size increase, ferucarbotran remained in dispersion with no 

precipitation, therefore deemed suitable for use in experiments as planned. 

 
Table 4.2. DLS measurements of perimag-COOH before and after 89Zr labelling 

Sample Z-average Intensity Zeta Potential 

Ferucarbotran 53.6 ± 0.1 68.1 ± 0.1 -9.47 
89Zr-Ferucarbotran 127 ± 14 162 ± 14 -4.20 

 
 

Blood clearance of 89Zr labelled ferucarbotran occurred faster than has been previously 

observed using alternative labelling methods (Abdollah, Carter et al. 2018). Despite the 

more rapid clearance, treatment with FVF (+) led to a 2.3-fold increase in t1/2 (slow) from 

16.8 to 39.7 min (n = 3; P = 0.0006), and a 6-fold increase in the AUC (from 176 ± 14% 

ID⋅min/g to 1079 ± 89% ID⋅min/g; n = 3; P = 0.0006) (Figure 4.15A). In keeping with 

previous results with perimag-COOH, no difference was observed between the mice pre-

injected and co-injected with FVF. As the co-injection group could not be fitted to a two-

compartment pharmacokinetic model, only data from the pre-injection group was used 

to calculate pharmacokinetic data.  

 

PET images were obtained 30 min and 24 h following injection (Figure 4.15B). Images 

obtained 30 min post-injection showed reduced liver uptake in the FVF(+) group 

compared with the FVF(-) group, with no PET signal detected in the blood pool in any of 

the groups. Higher signal was seen within the spleen of FVF(+) mice at both time points. 

Comparison of PET images after signal amplification revealed higher uptake in the 

tumours of FVF (+) mice compared with FVF(-) mice at both time points studied. Ex vivo 

organ counting conducted at 24 h showed patterns of uptake consistent with PET/CT 

observations, with significantly higher uptake (% ID/g) in the blood (p = 0.0432), spleen 

(p = 0.0017) and heart (p = 0.0082) of FVF treated mice (pre-injection) (Figure 4.16A). 

Concomitant with the increased circulatory presence, administration of FVF also led to a 

2-fold increase in the tumour accumulation of SPIONs (P < 0.001) from 0.3% ID/g to 

0.6% ID/g. A difference was also seen in the tumour : blood ratio, with an increase in the 

ratio from 1.5 to >2 for the pre-injection group (Figure 4.16B). 
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Figure 4.15. Blood clearance and PET-CT data for ferucarbotran administered with 
fucoidan: 
(A) Blood time-activity curve showing the clearance of 89Zr-ferucarobtran in the presence and 
absence of fucoidan (FVF). Inset is a comparison of the pre- and co-injection methods showing 
no difference in the effect of FVF (linear scale). (B) Representative PET-CT images shown as 
maximum intensity projection (MIP) images with transverse slices centered at the liver and tumour 
taken at 30 min and 24 h post injection of 89Zr-ferucarbotran. Since no significant difference was 
observed between the pre-injection and the co-injection FVF-treated mice in PET-CT; ‘FVF (+)’ 
refers to the pre-injection group. 
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Figure 4.16. Ex vivo biodistribution of 89Zr-ferucarbotran in GL261 tumour bearing mice: 
Biodistribution of 89Zr-ferucarbotran in select post-mortem harvested organs at 24 h post injection 
represented as (A) % ID/g and (B) tissue : blood ratio. Tumour uptake is inset into both figures. 
*** p £ 0.001, ** p < 0.01 and * p < 0.05 compared to FVF (-) as measured using an unpaired two-
tailed t-test. Bars represent mean values and error bars are for the SEM. Full organ data can be 
found in Appendix 3. 
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4.2.3 Distribution of perimag-COOH following intratumoural injection 

4.2.3.1 Injection into subcutaneous GL261 Tumours 

The second tested method to obtain sufficient intratumoural SPION volumes was direct 

intratumoural injection. Perimag-COOH SPIONs were injected directly into GL261 

tumours with experiments designed to evaluate whether SPIONs are retained within 

tumours. Experiments were first conducted using subcutaneous GL261 tumours with the 

intratumoural injection volume chosen as 0.34 μL/mm3 tumour volume, based on 

published observations that a given volume of SPION solution will distribute into a tissue 

area approximately 3 times the injection volume (Giustini, Ivkov et al. 2011). Twenty-four 

h following injection, particle distribution was assessed using Prussian blue (PERL) 

staining. Characteristic blue staining was predominantly seen in the necrotic tumour 

areas and around the tumour capsule following injection of both perimag-COOH and 

ferucarbotran (Figure 4.17). Prussian blue staining was also performed on the liver, lungs 

and kidneys to evaluate whether particles could be visualised in these tissues following 

intratumoural injection (Figure 4.18). On review of these tissue sections, no particles 

were detected using Prussian blue staining. 
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Figure 4.17. Prussian blue stained sections of GL261 tumours following SPION injection: 
Intratumoural retention of perimag-COOH, injected at a concentration of 40 mgFe/ml, processed 
24 h following intratumoural injection and stained with Prussian blue. Injections were done using 
a stereotaxic frame, with the pre-determined volume of SPIONs injected over 2 min into the centre 
of subcutaneous GL261 tumours using a 26 G needle. Injection needle was then left in place for 
a further two min before being withdrawn slowly over 1 min. Particle distribution was consistently 
within the necrotic areas of the tumour (A) and around the tumour capsule (B), which was similar 
to the distribution pattern seen with ferucarbotran (control SPION).  
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Figure 4.18. Prussian blue staining of other organs following intratumoural SPION 
injection: 
Representative examples of Prussian blue stained liver, kidney and lung tissues from control mice 
(top) and mice 24 h after intratumoural injection with perimag-SPIONs (bottom). No blue 
pigmentation was visualised in any of the organs. 
 

4.2.2.2 Injection into orthotopic GL261 Tumours 

Following this, perimag-COOH SPIONs were injected into orthotopic GL261 tumours to 

determine whether SPIONs were also retained in these tumours, and to assess the 

feasibility of this approach. In these experiments, orthotopic tumours were imaged using 

1 T benchtop MRI 14 d after implantation, and once the presence of a tumour was 

confirmed, tumours were injected via the original cranial burr hole with 0.5 μL perimag-

COOH SPIONs (20 mgFe/ml). Mice were allowed to recover from anaesthetic, and then 

re-imaged using MRI, which appeared to show that SPIONs were present within the 

tumour (Figure 4.19). Following MRI, mice were sacrificed, and tumours processed for 

histology to evaluate the intratumoural distribution histologically (Figure 4.20). Only very 

small numbers of particles were visible within the tumour when assessed using Prussian 

blue histology. 
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Figure 4.19. MR images of orthotopic GL261 tumours injected with perimag-COOH 
SPIONs: 
Left: 14 d after implantation of 2x104 GL261 cells, animals were imaged using MRI to confirm the 
presence of a tumour (yellow chevron). Mice were then anaesthetised and 0.5 μL of perimag-
COOH SPIONs were injected via the original burr hole using a stereotaxic device. Right: Mice 
were then imaged again using MRI to detect the presence of SPIONs (red chevron) in relation to 
the tumour (yellow circle).  
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Figure 4.20. Histology of orthotopic GL261 tumours following intratumoural injection of 
perimag-COOH: 
Following repeat imaging, mice were sacrificed, and the tumours were processed for histology. 
Tumours were stained using H&E (Left) and Prussian blue (Right) showing the location of the 
SPIONs in relation to the tumour. 
 

4.2.3 Cellular uptake in vivo of perimag-COOH visualised using TEM 

The cellular uptake patterns of perimag-COOH SPIONs into subcutaneous GL261 

tumours 24 h after injection were visualised using transmission electron microscopy 

(TEM). Representative images were obtained, demonstrating the presence of SPIONs 

within macrophages. SPIONs appeared as electron dense rod-shaped structures which 

were most commonly seen within macrophage vesicles (Figure 4.21). To confirm that 

the structures seen were SPIONs, X-ray microanalysis was conducted showing a high 

iron (Fe) signal for these structures demonstrating that they represent SPIONs, whilst in 

control tissues, other electron dense structures did not possess high Fe peaks (Figure 

4.22). 

Mouse 1

Mouse 2

H&E Staining Prussian Blue Staining

1mm1mm

1mm 1mm

100um100um



129 
 

 
 

Figure 4.21. TEM of perimag-COOH within GL261 tumours: 
Tumours injected with perimag-COOH, and control tumours were processed for TEM imaging. 
Top: In control tumours, no SPIONs were visible. Bottom: In tumours injected with perimag-
COOH, SPIONs were visible as electron dense areas, rod shaped iron-oxide crystals. Within the 
tissue samples prepared, SPIONs were most commonly visible within, or being taken up by, 
macrophages. 
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Figure 4.22. TEM and x-ray microanalysis of perimag-COOH within macrophages in 
subcutaneous GL261 tumours: 
Tumours injected with perimag-COOH or control tumours were dissected 24 h following injection, 
and subsequently processed and imaged using TEM. Left: TEM images confirm the presence of 
perimag-COOH SPIONs within macrophage cells (top) in contrast to the normal appearance of 
macrophages in control tumours (bottom). Right: Following identification of SPIONs, samples 
were analysed using X-ray microanalysis, confirmed the presence of an iron ‘peak’ in samples 
containing perimag-COOH, compared to control tumours where no iron peak was visible. The 
large peak corresponds to elemental copper from the grid upon which tissue samples are 
mounted. 
 

4.2.4.2 Biodistribution following intratumoural administration 

To further study the fate of perimag-COOH following direct intratumoural injection, 89Zr-

perimag-COOH SPIONs, labelled as outlined previously in Figure 4.9, were injected 

directly into subcutaneous GL261 tumours (20 mgFe/ml, 0.34 μL/mm3). Following 

injection, animals were imaged using PET-CT at 1 h, 24 h, 48 h and 72 h, with ex vivo 

organ counting performed at 24 h, 48 h and 72 h following injection. Results (Figure 4.23) 

show that over half of the injected dose remained within the tumours, with the majority 

of the remainder retained within the subcutaneous tissue and skin immediately overlying 

the tumour. This pattern was consistent at all time points, up to 72 h after injection. When 

organ uptake was compared using tumour:tissue ratios, tumours were found to have 3-

5x more SPIONs per gram of tissue than the skin overlying tumour, and over 50x more 

SPIONs per gram than any other tissue. The low ratio observed in bone was thought to 
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be due to the presence of free zirconium rather than perimag-COOH SPIONs. PET-CT 

Images confirmed that particles were visible mainly within the tumour up to 72 h post-

injection (Figure 4.24). A small amount of uptake was observed within both the axillary 

and inguinal lymph nodes (LNs), ipsilateral to the tumour (Figure 4.25), leading to the 

hypothesis that particles track to the LNs following intratumoural injection. To test 

whether this uptake represented the presence of particles, tumours and lymph nodes 

were dissected, fixed in formalin and stained using Prussian blue. These results showed 

that the ipsilateral LNs contained particles, whilst the contralateral LNs did not (Figure 

4.26). PET-CT image analysis was then performed using VivoQuant® software, to 

determine how much of the injected dose was contained within draining lymph nodes 

and at the injection site (tumour). These results (Figure 4.27) showed that over the 72 h 

studied, the percentage of injected dose at the injection site fell initially but plateaus to 

remain between 70-80% of the total injected dose. Within the visible lymph nodes 

examined, the percentage of injected dose increased to between 1-2% of the injected 

dose by 72 h post-injection. 
 
 

 



 

 132 

 
 
Figure 4.23. Organ counts at 24, 48 and 72 hours following intratumoural injection: 
Ex vivo organ counting was conducted at 24, 48, and 72 h following injection (n = 3). At all times 
studied, the majority of the injected dose (ID) was seen either in the tumour, or in the skin 
overlying the tumour, with minimal uptake in liver, spleen and bone. Data is represented as (A) 
percentage of injected dose per tissue sample (%ID/T) and as (B) tumour/tissue ratios of injected 
dose per gram of tissue (% ID/g), demonstrating that there are at least 50 x more SPIONs per 
gram of tissue within tumours compared to other organs, with the exception of the skin overlying 
the tumour. Of note, uptake was also seen within the bones, suggesting that free 89Zr has been 
cleaved from the SPIONs and is retained within bone tissue. Full organ data can be found in 
Appendix 3. 
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Figure 4.24. PET-CT imaging of 89Zr-perimag-COOH particles following intratumoural 
injection:  
Following intratumoural injection of SPIONs, animals were imaged at set time points of 1, 24, 48 
and 72 h using PET-CT, and images shown are representative images from each time point of 
from the same mouse. The majority of the injected dose was visible in the area of the tumours, 
or immediately around the tumour site, with very little uptake visible elsewhere.  

1 h 24 h
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Figure 4.25. Draining lymph node uptake at all time points: 
By enhancing the PET signal, lymph node uptake was visible on PET-CT. SPIONs were observed 
tracking to lymph nodes including the inguinal and axillary lymph nodes, as shown in this figure. 
SPIONs were visible in the lymph nodes 1 h following injection, and this signal remained present 
within the lymph nodes up to 72 h (the final time point investigated). A: 1 h, B: 24 h, C: 48 h, D: 
72 h. 
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Figure 4.26. Prussian blue staining of GL261 draining lymph nodes:  
Left: In PET-CT image, uptake was seen within the tumour, axillary LNs and inguinal LNs up to 
72 h following injection. Right: To confirm that the signal seen in the inguinal lymph nodes was 
due to the presence of perimag-COOH, tumours and lymph nodes were dissected, fixed in 
formalin and stained using Prussian blue. This staining confirmed the presence of perimag-COOH 
in the tumour (Top right), and in the right sided draining lymph node. No SPIONs were visualised 
in the contralateral lymph node (bottom right).  
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Figure 4.27. PET-CT quantification of lymph node uptake: 
Four mice were imaged at 1 h, 24 h, 48 h and 72 h following intratumoural SPION injection. Using 
VivoQuant® software, the amount of radiation present in each mouse was calculated, and then 
regions of interest (ROI) were drawn around the tumour and any visible lymph nodes. This was 
repeated for all images at all time points with decay corrections calculated using an online tool 
(www.radprocalculator.com/Decay.aspx). The percentage of injected dose at each time point in 
all visible lymph nodes (positive PET signal) and tumours was then calculated. PET positive 
(visible) lymph nodes were different for each mouse and included inguinal, axillary, mediastinal 
and para-aortic nodes. The observed pattern suggests the percentage of injected dose present 
in tumours falls over the first 24-48 h following injection, with a corresponding increase in the 
percentage of injected dose in the draining lymph nodes.  
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4.3 Discussion 

The experimental data presented within this chapter evaluated the GL261 in vivo model 

and investigated methods to obtain sufficient intra-tumoural concentrations of SPIONs 

to conduct magnetic hyperthermia. GL261 cells were successfully grown as 

subcutaneous and orthotopic tumours within C57BL/6 mice, with immunohistochemical 

evaluation of the resulting tumours demonstrating consistent patterns of proliferation and 

necrosis.  

 

There are a number of frequently utilised in vivo models of glioblastoma, including both 

mouse and rat models. The advantages of utilising mouse models are that they often 

well characterised and less expensive, allow for larger studies to be conducted, and can 

be utilised for a wide range of treatments given the ready availability of mouse-specific 

antibodies and reagents. The main drawback of using mouse models is that the small 

size of the brain limits the sizes of tumours that can be treated and can make imaging 

studies more difficult, and that the more traditional xenograft models lack a fully 

functional host immune system. Using rat models enables larger orthotopic tumours to 

be studied, but the relative lack of rat-specific antibodies, and the higher cost of these 

rat models limits their use for some studies. Specific advantages and disadvantages of 

some commonly used mouse and rat glioma models are well described in the literature 

(Jacobs, Valdes et al. 2011, Stylli, Luwor et al. 2015) and are summarised in Table 4.3, 

and Table 4.4. For the work conducted within this thesis, the well characterised murine 

GL261 model was chosen. Histologically, GL261 tumours most closely resemble 

ependymoblastomas rather than glioblastomas, but they do exhibit pleomorphism, 

pseudopalisading necrosis, angiogenesis and some invasion along white matter tracts; 

features which also observed in human glioblastoma (Newcomb and Zagzag 2009, 

Jacobs, Valdes et al. 2011, Oh, Fakurnejad et al. 2014). On a molecular level, GL261 

tumours possess point mutations in the K-ras and p53 oncogenes, high expression of 

MHC Class I and an absence of MHC Class II expression (Szatmári, Lumniczky et al. 

2006). GL261 was chosen for experiments within this thesis because; (i) GL261 cells 

have reliable uptake rates when implanted in C57BL/6 mice, (ii) GL261 cells can be 

implanted both subcutaneously and orthotopically, (iii) GL261 tumours possess 

predictable growth rates and (iv) are fully immunocompetent. The main disadvantages 

of the GL261 model include an apparent lack of infiltration beyond the well circumscribed 

tumour margins, a lack of any of the spontaneous genetic abnormalities typically seen in 
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human glioblastoma (Maes and Van Gool 2011), and a loss of integrity of the blood brain 

barrier (Leten, Struys et al. 2014).  

 

Table 4.3. Commonly used mouse in vivo glioblastoma models: 
A summary of the advantages and disadvantages of commonly used mouse glioma models. 
 

 
Model 

 
Advantages Disadvantages 

U-251MG 
(Xenograft) 

• Mimics the salient histological 
features of human glioblastoma 

• Can be used as a subcutaneous or 
orthotopic model 

• Possesses a number of genetic 
similarities to human glioblastoma 

• Similar MRI features to human 
glioblastoma 

• Does not reproduce the tumour-host 
immune response 

• Different genetic expression profiles 
between subcutaneous and orthotopic 
tumours 

 

U-87MG 
(Xenograft) 

• Similarities to human glioblastoma at 
the genetic level 

• Effective for assessing angiogenesis 
and anti-angiogenic therapies 

• Can be used as a subcutaneous or 
orthotopic model 

• Less similarity to human glioblastoma 
compared with U251 tumours 

• Does not reproduce the tumour-host 
immune response 

• Lacks infiltrative patterns commonly 
seen in human glioblastoma 

• Appearance on MRI dissimilar to 
human glioblastoma 

 
GL261 

(Syngeneic) 
• Poorly differentiated cells with 

morphology similar to human 
glioblastoma cells 

• Can be used as a subcutaneous or 
orthotopic model 

• Some areas of pseudo-palisading 
necrosis and invasion along white 
matter tracts, similar to human 
glioblastoma 

• Fully immunocompetent 

• Artificially induced tumours which 
most closely resemble 
epenymoblastoma 

• Apparent lack of infiltration beyond the 
well circumscribed tumour margins 

• Loss of integrity of the blood brain 
barrier 

• Lack of spontaneous genetic 
abnormalities typically seen in human 
glioblastoma 
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Table 4.4. Commonly used in vivo rat glioblastoma models: 
A summary of the advantages and disadvantages of commonly used rat glioma models (Jacobs, 
Valdes et al. 2011, Stylli, Luwor et al. 2015). 
 

 
Model 

 
Advantages Disadvantages 

C6 
(Syngeneic) 

• Can be implanted into a number of 
rat strains without rejection 

• Can be implanted orthotopically or 
subcutaneously 

• Demonstrate focal invasion into brain 
tissue, similar to human glioblastoma 

•  Well characterised, including 
detailed genetic analysis 

• Artificially induced tumour cell line 
• Moderately immunogenic and can lose 

invasive characteristics 
 

9L 
(Syngeneic) 

• Extensively used to study 
chemotherapy and radiation effects 

• Can be grown in a number of rat 
strains 

• Over-express EGFR therefore useful 
for studies exploring EGFR targeting 

• Immune infiltration noted two wk 
after implantation 

 

• Artificially induced tumour cell line 
• Most closely resembles Gliosarcoma 

with a number of differences 
compared to human glioblastoma 
tumours 

• Immunogenic 
• Do not show typical invasive features 

of glioblastoma 
 

CNS-1 
(Syngenic) 

• Diffusely infiltrative and invasive 
pattern of growth, similar to human 
glioblastoma 

• Immune infiltration noted two wk 
after implantation 

• Role of the immune environment 
extensively investigated  

• A lack of extensive understanding of 
the genetics of CNS-1 cells 

 

 

Following establishing and characterising the GL261 models, two methods of obtaining 

sufficient intratumoural concentrations of SPIONs were tested. The first method was the 

use of the RES blocking agent fucoidan to divert SPION uptake from the hepatic RES 

(Ferrari 2010, Abdollah, Kalber et al. 2014, Blanco, Shen et al. 2015). Pilot experiments 

were conducted using NIR-labelled ferucarbotran, showing that fucoidan was 

successfully able to prolong the circulation time of ferucarbotran in wild-type C57BL/6 

mice. To confirm that this effect was due to reduced hepatic uptake, digital image 

analysis of Prussian blue stained liver samples confirmed lower, and less intense stain 

uptake in the livers of mice pre-treated with fucoidan. Experiments were subsequently 

repeated using 89Zr-labelled perimag-COOH, confirming that fucoidan was also able to 

prolong the circulation time of this larger SPION, and allowing visualisation of the effect 

using PET-CT imaging and quantification using ex vivo organ counting. To assess 

whether this prolongation in circulation time could increase tumour uptake, experiments 

using 89Zr-labelled ferucarbotran and perimag-COOH in GL261 tumour-bearing mice, 

showed that tumour uptake of ferucarbotran increases 2-fold following pre-treatment with 
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fucoidan from 0.3% ID/g to 0.6% ID/g, with perimag-COOH showing a smaller increase 

in uptake from 0.4% ID/g to 0.5% ID/g. Whilst promising, tumour uptake of both SPIONs 

remained below 1% of the injected dose; consistent with other tested methods of 

retaining NPs within tumours following systemic delivery (Torrice 2016, Wilhelm, Tavares 

et al. 2016).  

 

Referring to results in Section 3.2.2., where the hyperthermic potential of perimag 

SPIONs were tested in an in vitro phantom model, phantoms containing a range of iron 

content from 0.5 mgFe upwards were tested for heating ability. The phantom containing 

2.5 mgFe (5mgFe/ml) in 500 μL volume was the lowest tested iron quantity capable of 

generating measurable heating within the MACH system. The maximum tested systemic 

SPION injection (Appendix 1) was 30 mgFe/kg; insufficient to obtain intratumoural 

SPION volumes suitable to conduct magnetic hyperthermia therapy based on the 

observation that around 0.5% of the injected dose is retained within tumours. For these 

reasons, intravenous injection in combination with RES blocking was determined to be 

insufficient to achieve sufficient intratumoural SPION concentrations to generate 

meaningful temperature increases. 

 

In addition to RES blocking using fucoidan, a number of other techniques to avoid this 

RES clearance have been tested (Albanese, Tang et al. 2012). Many of these, such as 

coating SPIONs with hydrophobic polymer coatings, can change the physical 

characteristics of SPIONs adversely impacting upon their toxicity (Kunzmann, 

Andersson et al. 2011). As a naturally occurring polysaccharide which is already used 

as a food supplement (Fitton 2011), fucoidan has the advantage that its mechanism of 

action is not via surface modification of the SPIONs, avoiding potential increases in 

SPION toxicity. These results are also of interest for the broader clinical translation of 

SPIONs. Significantly prolonging the circulation time of SPIONs in this fashion could be 

applied to other uses, such as in MR imaging, and for drug delivery. There is also 

potential that combining fucoidan RES blocking with active targeting techniques (Bazak, 

Houri et al. 2014), could result in a further increase of SPION delivery to tissues of 

interest. 

 

Experiments were then conducted utilising direct intratumoural injection into both 

subcutaneous and orthotopic GL261 tumours. In subcutaneous tumours, intratumoural 

injections of perimag-COOH were feasible and tolerable up to the maximum tested 

injection volume of 100 μL. Following this, orthotopic tumours were utilised with the same 
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method, and a number of limitations of this model were highlighted from the results; (i) 

When imaged with MRI after SPION injection, the MRI contrast properties of the SPIONs 

were found to obliterate the tumour architecture, leading to a significant degree of 

uncertainty in establishing whether SPIONs were located within the tumours, or within 

nearby normal brain tissue; (ii) When analysed further using histology, SPIONs were 

infrequently visible within tumour regions, despite MRI appearances suggesting high 

levels of distribution; (iii) The tolerated injection volume was 0.5 μL of SPIONs; 

insufficient for generation of meaningful temperature increases. For these reasons the 

subcutaneous GL261 model was taken forward for further experiments. Whilst this 

subcutaneous model has the important advantage that the tumours can be easily studied 

and measured without any need for MRI, one important limitation is that the immune 

system and the tumour microenvironment will differ from that of tumours grown within 

the CNS, which could potentially affect both tumour growth and response to therapy 

(Blouw, Song et al. 2003). 

 

In the subcutaneous model, SPIONs were retained within tumours, but despite the utility 

of injection techniques designed to achieve acceptable intratumoural distribution 

(Giustini, Ivkov et al. 2011), particles appeared mainly within the necrotic tumour regions 

and around the tumour capsule. On closer analysis using TEM, the SPIONs were found 

to be mainly internalised by macrophages, a finding consistent to those in a published 

post-mortem study of glioblastoma patients following intratumoural injections of 

aminosilane coated SPIONs (van Landeghem, Maier-Hauff et al. 2009). Experiments 

were subsequently conducted to track SPION fate following intratumoural injection, using 

the 89Zr-labelled perimag-COOH. When labelled SPIONs were injected directly into 

tumours, the majority of the injected dose was retained within the tumours, or in the 

tissue immediately around the tumours. Ex vivo organ counting confirmed that SPIONs 

remain located within the tumours, or the surrounding tissue, with minimal uptake within 

the liver and spleen up to 72 h following injection. At 72 h, an average of 45% of the 

injected dose was retained within tumours with a further 10% contained within the 

surrounding tissues; adequate for conducting magnetic hyperthermia based on SPION 

injection volumes of between 50-100 μL at concentrations of 20-40 mgFe/ml. PET-CT 

image analysis also demonstrated tracking of SPIONs to tumour draining lymph nodes; 

confirmed using Prussian blue histology. 
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4.4 Summary 

In summary, the work presented in this chapter set out to establish an appropriate in vivo 

model of glioblastoma, and test two alternative methods to achieve suitable intratumoural 

concentrations of perimag-COOH. The GL261 murine model was characterised as both 

a subcutaneous and orthotopic model. Histology of both models demonstrated 

intratumoural haemorrhage and necrosis, whilst immunohistochemistry demonstrated 

expected levels of proliferation and apoptosis in the subcutaneous model, and evidence 

of glial infiltration in orthotopic tumours. 

 

Following this, two methods were utilised to obtain suitable intratumoural SPION 

concentrations. Whilst insufficient quantities of SPIONs were obtained using intravenous 

administration with RES blocking, intratumoural injection was found to be a promising 

method of obtaining relevant SPION concentrations within tumours. Furthermore, results 

using the orthotopic GL261 model indicated that this model is unsuitable for testing of 

MACH therapy, due to difficulties in accurately determining the intratumoural distribution 

and retention of SPIONs. However, results showed the subcutaneous GL261 model to 

be suitable for use in feasibility studies to establish the biological effects of MACH 

therapy, given the appropriate intratumoural retention of the chosen SPION; perimag-

COOH. The main drawback of this model system is that being implanted outside the 

brain, the resulting TME is different from that which would form within the CNS.  

 

In conclusion, sufficient volumes of perimag-COOH SPIONs were successfully injected 

into, and retained within, subcutaneous GL261 tumours up to 72 h following injection. 

This system was therefore carried forward into the next phase of experiments testing 

magnetic hyperthermia in vivo. 
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Chapter 5. Biological Responses to Magnetic Hyperthermia 

5.1 Introduction 

In chapter 4, the interactions of the lead SPION, perimag-COOH, with the in vivo GL261 

glioma model were explored; confirming the suitability of the chosen model system for 

testing the biological effects of magnetic hyperthermia in vivo. Building on these results, 

the primary research aims in chapter 5 were to (i) evaluate the feasibility of the chosen 

model system for delivery of magnetic hyperthermia therapy and (ii) assess the biological 

responses to this treatment.  

 

Translation of magnetic hyperthermia into an in vivo system presents a number of 

challenges. The first of these challenges is in the determination of dose, or more 

accurately, target treatment temperature. During delivery of magnetic hyperthermia, 

temperature can be controlled in two ways; (i) adjusting the magnetic field strength 

produced by the MACH system and (ii) altering the quantity of SPIONs administered, 

either in terms of volume or concentration. To date, there have been very few published 

studies which can help guide dosage in either the pre-clinical or for clinical translation 

(Southern and Pankhurst 2017). Even where pre-clinical studies have resulted in clinical 

translation (Jordan, Scholz et al. 2006, Maier-Hauff, Ulrich et al. 2011), it is difficult to 

ascertain how final doses were calculated. One reason presented for this uncertainty is 

that the number of variables in any system utilised for delivery of magnetic hyperthermia 

is so great that there is simply no ‘one size fits all’ answer to the question of dose 

(Southern and Pankhurst 2017). For this reason, the decision was made within this 

chapter to use the MACH system set to a single field strength of 4.5 kA/m for all 

experiments in order to limit this variable, and test two concentrations of perimag-COOH; 

20 mgFe/ml and 40 mgFe/ml. Injection volumes were determined as described 

previously, based on tumour volume (Giustini, Ivkov et al. 2011). 

 

Monitoring the intratumoural temperatures generated during magnetic hyperthermia 

therapy represents the second challenge for in vivo experiments. Even with careful 

evaluation of the heating ability of a given quantity of SPIONs in vitro, the equivalent heat 

generation in vivo becomes more complex because of the effects of localised 

hyperthermia on increasing local tissue blood flow, which results in heat removal via a 

heat-sink effect (Chu and Dupuy 2014). Despite this, there is evidence that the abnormal 

vasculature present within tumours can impair these effects, with resultant higher than 
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expected temperatures within tumours, and efficient cooling in surrounding normal 

tissues (Song 1984). Within an in vivo system accurate monitoring of temperature 

changes inside a tumour is possible wth through the use of an invasive temperature 

probe (Cetas, Connor et al. 1980), but the drawback of this technique is in the potential 

for adverse effects including introduction of infection, bleeding, tissue damage, and pain 

or discomfort. An alternative, less invasive method to monitor temperature would be 

thermal imaging, as employed in the agarose phantom experiments described in chapter 

3 of this thesis. An advantage of using subcutaneous GL261 tumours is that their location 

just under the skin makes them easy to measure and observe. Skin changes overlying 

the tumour, including skin temperature changes, could potentially be used as an estimate 

of tumour temperature; although results would require cautious interpretation. 

 

The final challenge in the in vivo translation of magnetic hyperthermia is determining how 

to assess efficiacy of therapy. Traditionally, efficiacy experiments assess parameters 

such as tumour growth and overall survival to determine effectiveness (Jordan, Scholz 

et al. 1997, DeNardo, DeNardo et al. 2007, Balivada, Rachakatla et al. 2010). Arguably 

however, more sophisticated approaches such as immunohistochemical analysis could 

be more informative (Kossatz, Grandke et al. 2015). Within this chapter, survival and 

tumour growth analysis was combined with immunohistochemical analysis of treated 

tumours to generate data on the biological effects of magnetic hyperthermia in the 

chosen model system. 

 

 

 

 

 

 

 

 

 

 

 



145 
 

Aims: 
 
Establish the feasibility of using the GL261 subcutaneous in vivo model to investigate 

the biological effects of magnetic hyperthermia mediated by perimag-COOH and assess 

the biological effects of magnetic hyperthermia using tumour growth, survival studies and 

immunohistochemical analysis.  

 
Objectives: 
 

1) Establish whether perimag-COOH SPIONs retain the ability to generate heat 

following injection into tumours. 

2) Investigate utility of thermal imaging as method to monitor temperature during 

treatment. 

3) Determine whether magnetic hyperthermia therapy has any effect on tumour 

growth or on overall survival in the subcutaneous GL261 model. 

4) Use IHC to assess and quantify tumour microenvironment responses to magnetic 

hyperthermia. 
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5.2. Experimental Setup 

To carry out magnetic hyperthermia experiments, a preclinical magnetic alternating 

current hyperthermia (MACH) system was purpose built by Resonant Circuts Limited 

(RCL, London UK). Collaborators from RCL and the UCL Healthcare Biomagnetics 

Laboratory assisted in experimental set-up as shown in Figure 5.1A, and hyperthrmia 

experiments were conducted in collaboration with Mr. Fang-Yu Lin (UCL Healthcare 

Biomagnetics Department). Twenty-four h following intratumoural injection with perimag-

COOH SPIONs, GL261 tumour bearing C57BL/6 mice were anaesthetised and placed 

within the MACH coil as shown in Figure 5.1B. In line with the treatment duration reported 

within the literature (Sapareto and Dewey 1984, Jordan, Scholz et al. 2006), animals 

were subjected to 30 min of AMF therapy with tumour surface temperature monitored 

throughout using a thermal imaging camera.  
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Figure 5.1. In vivo magnetic hyperthermia experimental set-up: 
Pre-clinical MACH system. A: Set-up of the pre-clinical MACH system indicating the cooling 
system (tap water) and the location of the anaesthetic supply. B: Position of GL261 tumour 
bearing mouse within MACH coil. C: Representative histology image stained using Prussian blue 
to identify the presence of perimag-COOH SPIONs. 
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5.3. Results 

5.3.1 MACH Feasibility & Tolerability 

A preliminary experiment was conducted to investigate the feasibility and tolerability of 

magnetic hyperthermia therapy in the subcutaneous GL261 model. Tumours were 

injected with perimag-COOH (40 mgFe/ml) once their volume was greater than 50 mm3. 

In line with previous experiments, injection volumes were capped at 100 μL for tumours 

larger than 300 mm3. Twenty-four h following SPION injection, animals were exposed to 

30 min of AMF therapy, and allowed to fully recover. During treatment, heating was 

monitored using thermal imaging, and the data from this was extrapolated into heating 

curves for all animals. After another 24 h, animals were sacrificed, and tumours removed 

and fixed in 10% formalin solution for histological analysis with Prussian blue staining to 

confirm the presence of SPIONs within the tumours. Representative results are shown 

in Figure 5.2 and confirm the feasibility of MACH hyperthermia in the subcutaneous 

GL261 model. Results also demonstrate that monitoring the temperature using a thermal 

camera represents a feasible, non-invasive, method of measuring overlying skin 

temperature 

 

To evaluate tolerability, the weights of GL261 tumour bearing mice were recorded 

immediately before injection of SPIONs, and again 2 days following delivery of AMF (n 

= 6). Three control groups were measured for comparison; untreated mice (n = 6), mice 

receiving SPIONs only (n = 6) and mice not injected with SPIONs but exposed to AMF 

(n = 6).  Results are shown in Figure 5.3 and demonstrate no differences in the weights 

of mice following MACH therapy.  

 



149 
 

 
Figure 5.2. Representative example of in vivo heating ability of perimag-COOH:  
(A) GL261-tumour bearing mice were treated once tumours were greater than 50mm3 in volume. 
Mice received either no intratumoural injection, or an intratumuoral injection of perimag-COOH 
SPIONs. In the representative example shown, the tumour volume was 285mm3 resulting in an 
injection volume of 95 μL (perimag-COOH, 40 mgFe/ml). (B) Following MACH therapy (set at 
frequency of 692 kHz and a field strength of 4.5 kA/m), thermal camera data was extrapolated 
into temperature curves. For those tumours injected with perimag-COOH SPIONs, skin surface 
temperatures up to 40°C were observed, whilst in control tumours, surface temperatures did not 
increase, and decreases over the course of treatment in keeping with the effect of anaesthetic on 
the body temperature of the mouse. 
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Figure 5.3. Weight assessment of mice treated with AMF therapy:  
GL261 tumour bearing mice were either injected with SPIONs and exposed to an AMF (n = 6), 
AMF alone (n = 6), perimag-COOH injection alone (n = 6) or received no treatment (n = 6). All 
animals were weighed immediately before injection (d -1), and again 3 days later, 2 days following 
AMF therapy (d 2). There were no obvious observed differences in pre-treatment and post-
treatment weights for any of the groups. 
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5.3.2. Survival and Tumour Growth Assessment  

Following confirmation that magnetic hyperthermia is feasible and tolerable in the chosen 

model system, an experiment was designed to evaluate tumour growth and survival 

experiment in subcutaneous GL261 tumour-bearing mice. Three dose regimens were 

tested, along with control groups as outlined in Table 5.1. Experimental set-up is shown 

in Figure 5.4. 

Table 5.1. Survival experiment group summary: 
Description of the experimental groups used to investigate the tumour growth and overall survival. 
Three control groups (A, B, C) and three experimental groups (D, E, F) were included in the 
experiment and all groups contained 6 mice.  
 

Group 
(number) Group Details Perimag-COOH Dose AMF 

Doses 
A (n = 6) No Treatment Nil 0 
B (n = 6) SPIONs Alone 0.34 μL/mm3 (20 mgFe/ml) 0 
C (n = 6) AMF Alone Nil 1 

D (n = 6) SPIONs (20 mgFe/ml) + AMF 0.34 μL/mm3 (20 mgFe/ml) 1 

E (n = 6) SPIONs (20 mgFe/ml) + AMF 
(x 2) 0.34 μL/mm3 (20 mgFe/ml) 2 

F (n = 6) SPIONs (40 mgFe/ml) + AMF 0.34 μL/mm3 (40 mgFe/ml) 1 
 
 
 

 
 
Figure 5.4. Experimental set-up to evaluate survival and tumour growth:  
C57BL/6 mice were inoculated with 5x106 GL261 cells into the right flank. Tumours were 
measured and assigned to an experimental group once measuring > 50 mm3 in volume 
(measured in 3 dimensions using digital calipers). Intratumoural injections of perimag-COOH 
SPIONs were performed 24 h before the first session of AMF (d 0). One group (group E) 
underwent a second AMF session on d 2, and from d 5 onwards, tumour volumes were measured. 
Animals were sacrificed when tumours exceeded 1500 mm3 in volume or became ulcerated. 
 
 

 

 

 

Day -14

Subcutaneous 
injection of 5x106

GL261 cells

Day -1

Baseline measurements, group 
allocation and intratumoural

perimag-COOH injection
(0.34 μL/mm3)

Day 0

30 minutes AMF therapy
(Day 2 – Group E only)

Day 2

Tumour volume 
measurements

Day 5 Day 7

End

Tumour size 
>1500 mm3 or 

ulceration

Day 9



 

 152 

As before, skin surface temperature was monitored using a thermal camera (Figure 

5.5A), and the median maximum surface temperatures reached were compared for all 

experimental groups exposed to one 30 minute session of AMF (groups C, D and F) 

(Figure 5.5B). These results show that both dose levels tested (20 mgFe/ml and 40 

mgFe/ml) result in higher surface skin temperatures than the control group. However, 

skin surface cooling is observed over the course of the experiment, regardless of whether 

or not tumours have been injected with SPIONs. This finding is consistent with 

observations that mice are unable to effectively regulate their body temperature whilst 

under anaesthetic (Constantinides, Mean et al. 2011). As the mice in experimental group 

E were heated on two separate occasions (two days apart), the heating curves from 

these mice on d 0 were compared to those from d 2 (Figure 5.6). These temperature 

curves overlie once another, suggesting that (i) perimag-COOH SPIONs retain the same 

degree heating ability up to 72 h following intratumoural injection and (i) perimag -COOH 

can be reheated in vivo to similar temperatures as those reached in the first AMF 

session. 

 

Tumour volumes were measured and recorded three times per wk from d 5 after AMF 

onwards. Tumour volumes were plotted as individual values (Figure 5.7). In these 

graphs, appearances suggest that tumours consistently grew more slowly in mice treated 

with perimag-COOH SPIONs at 40 mgFe/ml. Groups were then analysed for survival 

(Figure 5.8A), tumour volume (Figure 5.8B) and, to correct for the baseline heterogeneity 

in tumour size, the percentage increase in tumour size (Figure 5.8C). These results 

highlight that whilst an increase in skin temperature was observed for the experimental 

groups, this did not translate into an inhibition of tumour growth for either of the 

experimental groups treated with the lower dose level of perimag-COOH SPIONs (20 

mgFe/ml). However, at the higher dose level (40 mgFe/ml), inhibition of tumour growth 

was observed up to 7 days following treatment. Despite this transient growth inhibition, 

no survival advantage was observed for any of the groups treated with MACH therapy.  
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Figure 5.5. Skin temperatures for experimental groups exposed to a single treatment with 
AMF:  
A: Representative thermal images from each group treated with AMF, showing the skin surface 
temperature as monitored using the thermal camera. B: Average skin surface temperature for 
each group (n=6). All curves represent the mean heating for all the mice in the group (n = 6), with 
error bars representing the SEM. 
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Figure 5.6. Skin temperature analysis for tumours treated on two separate occasions:  
Temperature curves for experimental group E, treated with two separate sessions of AMF, 2 d 
apart. The temperature curves for this group of mice overlap, demonstrating the retained heating 
ability of perimag-COOH SPIONs 72 h after intratumoural injection. Curves represent an average 
of all the mice (n = 6), with error bars representing the SEM.  
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Figure 5.7. Individual tumour growth from baseline:  
Tumour growth curves for each animal in each experimental group. Approximate tumour volume 
was calculated by measuring tumour length in three dimensions. Each line represents a separate 
animal and animals are separated into respective groups (n = 6 per group). The three control 
groups (Groups A, B, C) are shown on the left in blue, whilst the three experimental groups treated 
with magnetic hyperthermia are shown on the right in red (Groups D, E, F).  
 

 

F: SPIONs (40 mgFe/ml) + AMF

E: SPIONs (20 mgFe/ml) + AMF (x2)

D: SPIONs (20 mgFe/ml) + AMFA: No Treatment

B: SPIONs Only

C: AMF Only

Days Post Treatment Days Post Treatment

Days Post Treatment Days Post Treatment

Days Post TreatmentDays Post Treatment

Tu
m

ou
r V

ol
um

e 
(m

m
3 )

Tu
m

ou
r V

ol
um

e 
(m

m
3 )

Tu
m

ou
r V

ol
um

e 
(m

m
3 )

Tu
m

ou
r V

ol
um

e 
(m

m
3 )

Tu
m

ou
r V

ol
um

e 
(m

m
3 )

Tu
m

ou
r V

ol
um

e 
(m

m
3 )



 

 156 

 
Figure 5.8. Grouped survival and tumour growth analysis following MACH therapy:  
A: Survival analysis for each group. B: Mean Tumour Volume in each group over the first 7 d 
post-treatment. C: Mean percentage change in tumour volume for each group over the first 7 d 
post-treatment. Error bars represent SEM. 
 
 
 
 

A
ve

ra
ge

 T
um

ou
r V

ol
um

e 
(m

m
3 )

C
ha

ng
e 

in
 T

um
ou

r V
ol

um
e 

(%
)

Day Following Treatment Day Following Treatment

A

B C

Days Following Treatment

2 x AMF

No treatment
SPIONs alone
AMF alone
SPIONs (20 mgFe/ml) + AMF

SPIONs (40 mgFe/ml) + AMF
SPIONs (20 mgFe/ml) + 2 x AMF



157 
 

 

5.3.3. Immunohistochemical (IHC) Analysis of Biological Response  

5.3.3.1 Optimisation of IHC Protocols to Assess Biological Response 

In tissue sections SPIONs are visible as golden-brown patches when they are not stained 

with Prussian blue, which makes them difficult to differentiate from the brown colour of 

oxidized 3,3’-diaminobenzidine (DAB); the reagent typically used in IHC reactions to 

indicate positive staining. To confirm this similarity, perimag-COOH containing tumour 

sections were stained for blood vessels using CD-34, an endothelial marker (Figure 5.9). 

In these images, whilst the shape of the blood vessels means that they can be 

differentiated from SPIONs, the colour similarity led to the decision to investigate 

alternative methods for staining SPION-containing GL261 tumours for IHC markers.  

 

Two alternative methods were investigated to differentiate the presence of SPIONs from 

positive IHC staining. Cleaved Caspase-3, a marker of apoptosis was used to evaluate 

these methods due to the previously described predictable distribution of positive 

staining for cleaved-caspase-3 around the edges of necrotic tumour regions (Section 

4.2.1). The first method evaluated was to counter-stain the perimag SPIONs in the IHC 

samples using Prussian blue, and the second method was to use an alternative DAB 

substrate to show up positive cells as red (Figure 5.10). Both techniques were successful 

in differentiating SPIONs from positive cells. Due to the nature of the Prussian blue stain, 

the pigment often leaches into nearby tissue regions, making (i) tissue architecture more 

difficult to visualise and (ii) identification of nuclei, which stain light blue with counterstain, 

more difficult to carry out. In view of this, the alternative red DAB substrate method was 

chosen for use for ongoing IHC analysis of the biological responses to magnetic 

hyperthermia therapy.  
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Figure 5.9. Standard IHC staining on SPION-containing GL261 tumour: 
Top: A SPION-containing GL261 tumour sample stained for CD34, a blood vessel marker. 
Bottom: Zoomed in images of SPIONs (left) and a blood vessel stained positive for CD34 (right). 
These images demonstrate that whilst SPIONs and blood vessels can be differentiated based on 
shape and appearance, blood vessels stain a very similar shade of brown to the appearance of 
unstained SPIONs in tissues, making positive IHC staining and SPIONs difficult to differentiate 
both manually and using digital image analysis.  
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Figure 5.10. Alternative methods for differentiating SPIONs from IHC positive cells: 
SPION containing GL261 tumours stained for cleaved caspase, a commonly used IHC marked 
for apoptosis. The standard IHC staining protocol demonstrates the similarity between SPIONs 
and (IHC positive) apoptotic cells (A). Two techniques were tested in order to differentiate 
SPIONs particles from apoptotic cells. In the first method, prepared IHC slides were 
counterstained using Prussian Blue, to stain SPIONs blue (B), and in the second method, a DAB 
Red substrate was used, resulting in a red appearance of apoptotic cells, retaining brown 
appearance of SPIONs (C). 
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5.3.3.2 IHC Responses 

Following results showing that magnetic hyperthermia therapy may cause a transient 

reduction in tumour growth, two IHC markers were chosen to illuminate this finding; Ki-

67, a marker of cell proliferation; and HSP-70, a 70 kDa heat-shock protein marker of 

cellular stress. With the assistance of Angela Richard-Loendt (UCL Institute of 

Neurology, IQPath), staining protocols were optimised for these two stains using the 

DAB red substrate. The expression of Ki-67 and HSP-70 was assessed in GL261 

tumours treated with MACH therapy at three time-points following treatment; 1 h, 24 h 

and 48 h (Table 5.2). In addition, un-treated tumours were used as controls along with 

tumours treated with either SPIONs alone, or AMF alone at all time points.  

 

All tumours stained positive for Ki-67, reflecting ongoing proliferation. Representative 

slides are shown in Figure 5.11. Whilst sections studied 1 h post-treatment appear to 

show less intense Ki-67 expression compared to later time points and control tumours, 

the same was observed in a number of control tumours, suggesting that this is most 

likely to represent a variation of normal. However, differences were observed between 

treatment groups using HSP-70 expression and representative slides from each time 

point are shown in Figure 5.12. These results suggest that HSP-70 expression is higher 

in tumours treated with magnetic hyperthermia, 24 h and 48 h following treatment.  
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Table 5.2. Experimental set-up to analyse the IHC tissue response to magnetic 
hyperthermia in subcutaneous GL261 tumours:  
Treatment groups consisted of 4 animals; each tumour was processed and stained using pre-
optimised IHC stains. One slide from each tumour was analysed. The control samples consisted 
of two untreated controls, and three tumours treated with SPIONs alone, and three treated with 
AMF alone. *In these two control groups, one tumour was included from each time point studied 
(1 h, 24 h and 48 h).  
 

Group Group Name Number of 
Tumours 

Perimag-COOH 
Dose 

AMF 
Doses 

1H 1 h Post AMF Therapy 4 20 mgFe/ml (0.34 
μL/mm3) 1 

24H 24 h Post AMF Therapy 4 20 mgFe/ml (0.34 
μL/mm3) 1 

48H 48 h Post AMF Therapy 4 20 mgFe/ml (0.34 
μL/mm3) 1 

Control 
Samples 

No Treatment 2 Nil 0 
Perimag-COOH only 

(control) 3* 20 mgFe/ml (0.34 
μL/mm3) 0 

AMF only (control) 3* Nil 1 
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Figure 5.11. Ki-67 IHC of GL261 tumours exposed to AMF therapy: 
Representative Ki-67 IHC images of negative control tumours (Control 1 & 2, SPIONs Only, AMF 
Only) and two representative treated tumours from each time point (Treated 1, Treated 2). All 
samples stained positive for Ki-67, and whilst in some tumours, staining appeared less intense, 
this was noted in both treated and control tumours and was therefore considered to be normal 
variation. 
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Figure 5.12. HSP-70 IHC expression of GL261 tumours exposed to AMF therapy: 
Representative HSP-70 IHC images of negative control tumours (Control 1 & 2, SPIONs Only, 
AMF Only) and two representative treated tumours from each time point (Treated 1, Treated 2). 
Treated tumours stained 24 and 48 h after treatment demonstrate a higher proportion of HSP-70 
positive stained nuclei. 
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5.3.3.3 Digital Image Analysis 

In order to quantify the observed differences in HSP-70 expression, digital image 

analysis protocols were developed in collaboration with Dr. Matt Ellis (UCL Institute of 

Neurology) as described in section 2.2.5.6.1, and summarised in Figure 5.13. The aims 

of these protocols were to identify both SPIONs and HSP-70 positive cells within tumour 

sections and evaluate (i) the proportion of HSP-70 positive cells, and (ii) the spatial 

relationship between HSP-70 positive cells and perimag-COOH SPIONs in the tumour 

sections. Results from this analysis (Figure 5.14) demonstrate that the proportion of 

HSP-70 cells in tumours increases over time and is highest 48 h following treatment. 

Furthermore, the presence of HSP-70 positive cells appears to be spatially related to the 

presence of SPIONs within the tumours, with a greater proportion of HSP-70 positive 

cells situated in close proximity to SPIONs within the tumour sections.  

 
 

Figure 5.13. Digital image analysis protocol design:  
To determine the spatial relationship of SPIONs with HSP-70 positive cells, digital image analysis 
protocols were developed as follows: A: Viable tumour tissue was classified as the region of 
interest (ROI) and identified in red. Background tissue (grey) and necrotic tumour tissue (green) 
were excluded from analysis. B: Within the ROI, nuclei were identified in blue and counted for 
each sample. C: HSP-70 positive cells were identified as those that stained red. Thresholds were 
set to ensure that the software did not count the same area of red staining as more than one 
positive cell, and also that weakly positive areas (light pink) were excluded from analysis as these 
most likely represent background. D: For each HSP-70 cell, the distance from the cell nuclei to 
the nearest brown staining (indicating the presence of SPIONs) was calculated – represented 
using a colour gradient from white (<20 μm) to dark grey (>200 μm) (colour gradient inset).  
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Figure 5.13: HSP-70 expression digital image analysis: 
Digital image analysis was conducted using Definiens Developer XD (Munich). Top: HSP-70 
staining was higher than grouped controls at all studied time points, increasing up to 48 h, the 
latest time point studied. * Correlation of HSP-70 expression and time following MACH therapy 
was found to be statistically significant when analysed using Pearson (p = 0.0206, r = 0.4794) 
and Spearman’s rank (p = 0.0004, r = 0.6763) correlation coefficients. Bottom: When staining 
was compared to the presence of SPIONs, results suggest a relationship between the presence 
of perimag-COOH SPIONs within the tumours and the expression of HSP-70. Error bars 
represent SEM.  
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5.4 Discussion 

The results presented within this chapter aimed to establish the feasibility of MACH 

therapy mediated by perimag-COOH, evaluate whether thermal imaging could be used 

to estimate tumour temperature during magnetic hyperthermia therapy, and investigate 

the biological responses to this treatment. Previously published in vivo studies of 

magnetic hyperthermia have utilised a range of tumour models including melanoma, 

breast, prostate and glioma. Protocols for treatment duration range from three, ten 

minute treatments (Balivada, Rachakatla et al. 2010), to treatments of 30 min duration 

(Jordan, Scholz et al. 1997, Johannsen, Thiesen et al. 2005). In line with these previously 

published studies, the chosen treatment protocol for the experiments conducted within 

this chapter consisted of single 30 min treatment. Pilot experiments were first conducted, 

demonstrating that magnetic hyperthermia is both feasible and tolerable in the chosen 

model system. Consistently elevated skin surface temperatures of approximately 40 °C 

were recorded during treatment when subcutaneous GL261 tumours were monitored 

using a thermal camera imaging. Data from thermal imaging was successfully 

extrapolated into temperature curves, providing a reliable estimate of the temperatures 

reached during magnetic hyperthermia treatment.  

 

Following this, experiments were conducted to evaluate the biological responses to 

magnetic hyperthermia treatment. Methods of evaluating the effects of magnetic 

hyperthermia in previous studies have included tumour growth analyses and survival 

studies (Jordan, Scholz et al. 1997, DeNardo, DeNardo et al. 2007, Balivada, Rachakatla 

et al. 2010), use of an apoptosis assay on histological samples (Balivada, Rachakatla et 

al. 2010), descriptive macroscopic histological analysis of tissue necrosis patterns 

(Jordan, Scholz et al. 1997, Johannsen, Thiesen et al. 2005, Jordan, Scholz et al. 2006), 

and IHC analysis of tumour proliferation (Jordan, Scholz et al. 2006). More recently, 

experiments combining magnetic hyperthermia with other treatments such as 

photothermal therapy (Espinosa, Di Corato et al. 2016), and chemotherapy drug-loaded 

SPIONs (Kossatz, Grandke et al. 2015) have been conducted. The primary methods 

utilised to assess in vivo efficacy in these studies were tumour growth and survival, 

immune cell infiltration (Espinosa, Di Corato et al. 2016) and IHC analysis of proliferation 

and vascularisation (Kossatz, Grandke et al. 2015). In line with these published studies, 

the decision was made to explore the effects of magnetic hyperthermia on tumour growth 

and overall survival, as well as utilsiing IHC to evaluate biological tissue responses. 
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For tumour growth and survival analysis, three treatment regimens were tested; perimag-

COOH at 20 mgFe/ml with one AMF session, perimag-COOH at 20 mgFe/ml with two 

AMF sessions, and perimag-COOH at 40 mgFe/ml with one AMF session; all AMF 

sessions were 30 min in duration. In all experimental groups, perimag-COOH was 

injected at a volume of 0.34 μL/mm3 of tumour. Thermal imaging demonstrated that 

SPION containing tumours possessed elevated skin temperatures during AMF 

exposure, and that median temperature was higher when higher concentrations of 

SPIONs were injected. Furthermore, results from tumours exposed to AMF on two 

separate occasions demonstrated that once SPIONs are retained within tumours, they 

retain the ability to generate heat when exposed to an AMF up to 72 h post injection. 

These findings are consistent with observations that systemically injected SPIONs taken 

up via the hepatic or splenic RES degrade and lose their magnetic properties very slowly 

over a period of months (Kolosnjaj-Tabi, Lartigue et al. 2016). Tumour growth was 

measured for all treated animals demonstrating that whilst treatment with SPIONs at 20 

mgFe/ml, with either one or two AMF treatments did not have any effect on tumour 

growth, tumour growth inhibition was observed in tumours treated with SPIONs at the 

higher concentration of 40 mgFe/ml. Despite these effects on tumour growth, no survival 

advantage was observed in this model system, when compared with control groups.  

 

To evaluate the effects of magnetic hyperthermia on tumour growth further, 

immunohistochemistry was used to assess quantitative changes in proliferation (Ki-67) 

and cell stress (HSP-70). Whilst results did not show any convincing evidence of an 

effect on proliferation, an association between HSP-70 expression and treatment was 

observed. Development of digital image analysis protocols enabled this association to 

be quantified. Using these protocols, HSP-70 expression was found to increase up to 48 

h following MACH therapy, and was also spatially related to the presence of SPIONs 

within the tissue sections studied.  

 

HSPs, including HSP-70 are well-recognised stress response proteins with complex 

roles in protein homeostasis, including preventing protein aggregation and facilitating 

protein folding. As stress response proteins, HSPs may possess anti-apoptotic activity, 

and there is emerging evidence that some HSPs may be involved in malignant processes 

including proliferation, invasion and metastasis (Lianos, Alexiou et al. 2015). HSPs are 

also thought to possess a role in the adaptive immune response as molecular 

chaperones, trafficking antigens to antigen presenting cells (Tsan and Gao 2009)) and 

facilitating antigen presentation via MHC (Nishikawa, Takemoto et al. 2008). The 



 

 168 

increased HSP-70 expression observed following magnetic hyperthermia could initiate a 

protective mechanism to facilitate cellular repair (Beere, Wolf et al. 2000) or suggest a 

process of immunomodulation, which in turn could facilitate an anti-tumour immune 

response (Datta, Krishnan et al. 2016, Dewhirst, Lee et al. 2016).  

5.5 Summary 

In summary, the GL261 model was shown to be suitable for investigating the effects of 

magnetic hyperthermia in vivo. Perimag-COOH retained the ability to generate heat 

within tumours up to 72 h following injection and can be heated more than once in vivo. 

Thermal imaging was utilised to monitor overlying skin temperature during treatment. 

Magnetic hyperthermia therapy was feasible and tolerable in vivo, and when carried out 

using perimag-COOH at a concentration of 40 mgFe/ml was able to temporarily inhibit 

tumour growth although there was no effect on overall survival. Immunohistochemistry 

was used to confirm that magnetic hyperthermia is able to induce specific expression of 

HSP-70; a well-recognised stress response protein with roles in immunomodulation. The 

combination of increased HSP-70 expression, and a transient inhibition in tumour growth 

following magnetic hyperthermia therapy is indicative of changes in the TME which could 

be exploited for therapy. 
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Chapter 6. Evaluating and Exploiting the Immune Responses to 
Magnetic Hyperthermia  
6.1. Introduction 

Following on from results in chapter 5 demonstrating increased expression of the HSP-

70 stress protein following magnetic hyperthermia, experiments conducted within 

chapter 6 were designed to determine (i) whether HSP-70 upregulation was associated 

with changes in T-cell populations suggestive of an anti-tumour immune response and 

(ii) can immune changes be exploited therapeutically.  

 

To investigate the potential effects of magnetic hyperthermia on the tumour immune 

microenvironment, T-cell populations from two sites were studied; the tumour and the 

primary draining lymph node (LN). Whilst the overall, systemic, T-cell response peaks 

between 7-15 d following antigen stimulation, in the d following this peak, over 90% of 

these cells die off leaving behind CD8+ and CD4+ memory cell pools (Pennock, White 

et al. 2013). However, some local changes in the T cell populations occur more quickly 

than this. Upon antigen exposure, APCs migrate to local lymph nodes where they are 

able to present antigens to naïve circulating T cells, which are continually circulating 

between the blood and lymph nodes in search of antigen (von Andrian and Mempel 

2003).  

 

Once primed by APCs, T cells produce activation markers, secrete cytokines and 

proliferate, initiating an immune response. This process may occur over a period of h 

(Catron, Itano et al. 2004, Mempel, Henrickson et al. 2004) and whilst naïve T cells 

typically spend around 24 h in one LN, this can extend to around 72 h when T-cells are 

exposed to their cognate antigen (Bousso and Robey 2003). Full activation takes 4-5 d, 

at which point, activated effector CD8+ T-cells will exit lymph nodes and seek to destroy 

cells expressing their cognate antigen, whilst activated CD4+ helper T-cells will migrate 

to tissues of interest to activate macrophages within these tissues (Janeway Jr, Travers 

et al. 2001).  

 

Within LNs, activated T-cells undergo phenotypic changes including downregulation of 

L-selectin (CD62L) (Chao, Jensen et al. 1997), and upregulation of CD44 (Huet, Groux 

et al. 1989). Other cell surface markers, such as CD69, are rapidly induced following 

lymphocyte activation (Ziegler, Ramsdell et al. 1994). Patterns of the expression of these 

markers can be used to categorise T-cells into naïve (CD44LO, CD62LHI), central memory 
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(TCM; CD44HI, CD62LHI), effector memory compartments (TEM; CD44HI, CD62LLO, 

CD69LO) and activated effector T-cells (CD44HI, CD62LLO, CD69HI) (Figure 6.1). 

 

 

Figure 6.1. T-cell activation schematic in peripheral lymph node:  
Naïve T-cells enter lymph nodes. If they are not exposed to cognate antigen, they recirculate after 
spending around 24 h within the LN without changing phenotype. If they are exposed to antigen 
via antigen presentation by dendritic cells, they remain within LNs for up to 4 d and gain 
expression of CD44. In this time, cells become either lose expression of CD62L (L-selectin) and 
become central memory T-cells (TCM) or gain expression of CD69 and/or CD25 becoming 
activated effector T cells (TEFF). Central memory cells can in turn lose CD62L expression and 
become effector memory T cells (TEM), which, along with TEFF cells, can leave LNs and migrate 
to areas of inflammation.  
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In addition to changes which occur during T-cell activation in peripheral lymphoid tissue, 

the proportions of different T-cell populations present within the TME can change 

following treatment. For example, in glioblastoma, evidence suggests that radiation is 

able to modulate the tumour vasculature and increase BBB permeability, leading to 

increased TIL trafficking (Sahebjam, Sharabi et al. 2017), as well as inducing TME 

changes such as inflammation, hypoxia, ECM remodelling and fibrosis (Barker, Paget et 

al. 2015) causing upregulation of so-called ‘danger signals’ including HSPs. As 

previously discussed in Section 5.4, HSPs play a complex role in the initiation of immune 

responses and in antigen presentation by MHC Class I. This in turn can increase the 

influx, and activation of, CD8+ T cells (Weiss, Weller et al. 2016). In addition to studying 

the proportions of both CD8+ and CD4+ T-cells within tumours, TILs can be further 

characterised to evaluate their potential for proliferation, activation and immune 

regulation. More specifically, analysing the expression of immune checkpoint marker 

such as PD1, CTLA-4 and 4-1BB, as discussed in Section 1.4.2, can facilitate in design 

of combination therapy approaches (Pardoll 2012). 
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Aims: 
 
The aims of the experiments conducted within this chapter were to characterise TIL 

populations within GL261 tumours and T cell populations in the corresponding draining 

lymph nodes following magnetic hyperthermia therapy to identify changes suggestive of 

an immune response, and subsequently explore the feasibility of exploiting these 

immune changes using combination therapy with immune checkpoint inhibitor antibodies 

and magnetic hyperthermia therapy. 

 

Objectives: 
 

1) Isolate tumour infiltrating lymphocytes from treated GL261 tumours and utilise 

flow cytometry to characterise the different populations present.  

2) Characterise the T-cell populations present within the draining lymph nodes of 

GL261 following treatment with magnetic hyperthermia therapy, and test for 

expression of T-cell activation markers. 

3) Conduct survival and tumour growth experiments to assess the combination of 

magnetic hyperthermia therapy with immune checkpoint inhibition in the 

subcutaneous GL261 model. 
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6.2. Experimental Set-Up 

 
To investigate whether magnetic hyperthermia therapy was able to initiate phenotypic 

changes in the T-cell infiltrates within tumours and characterise the changes in T-cell 

populations within draining lymph nodes, experiments were designed as outlined in 

Figure 6.2. In brief, GL261 tumours were implanted on both flanks of C57BL/6 mice. 

Once tumours were established, the tumours on the left flank received an injection of 

perimag-COOH SPIONs (40 mgFe/ml) followed after 24 h by 30 min of AMF exposure. 

Tumours on the right flank were not injected with SPIONs but still exposed to the AMF; 

acting as internal controls. Seventy-two h following magnetic hyperthermia therapy 

animals were sacrificed, with tumours and corresponding draining inguinal LN harvested, 

digested and processed to isolate lymphocytes, which were then characterised using 

flow cytometry. The time point 72 h following magnetic hyperthermia therapy was 

selected in order to capture the early changes in both TIL populations and T-cells in 

draining LNs following antigen exposure. T-cells extracted from tumours and draining 

LNs were isolated and stained for specific surface markers. The flow cytometry gating 

strategy employed to identify CD8+ and CD4+ T-cells present within the samples is 

outlined in Figure 6.3. 

 

 
 
 

Figure 6.2. Experimental set-up for TIL analysis: 
Schematic representation of the experimental set-up for analysis of the tumour infiltrating 
lymphocyte populations in subcutaneous GL261 tumours. 
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Figure 6.3. Flow cytometry gating strategy: 
Flow cytometry gating methods for the isolation of CD4+ and CD8+ T-lymphocytes from (A) 
GL261 tumours and (B) draining lymph nodes. A: Side scatter area (SSC-A) was plotted against 
side scatter height (SSC-H) to isolate cells. B: Forward scatter height was then plotted against 
SSC-A to eliminate doublet cells. C: The isolated cell population was then plotted against a 
live/dead stain to isolate live cells. D: On the live mononuclear cell population, CD11b was plotted 
against CD45 to divide the cells into macrophages (CD11b+, CD45+) and lymphocytes (CD45+, 
CD11b-). E: The lymphocyte population (CD45+, CD11b-) was then gated with CD3 and CD4 to 
isolate CD4+ T-cells (CD3+, CD4+). F: Gating this population with CD3 and CD8 was then able 
to isolate the CD8+ T-cells.  
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6.3. Results 

6.3.1. Characterisation of Tumour Infiltrating Lymphocytes Populations 

To evaluate for changes in the TIL populations present within GL261 tumours following 

treatment with magnetic hyperthermia therapy, TILs were extracted and characterised 

using flow cytometry as outlined in section 6.2. In line with previous experiments, surface 

temperature was monitored using thermal imaging, confirming that consistently higher 

maximum temperatures (Tmax) were recorded for the perimag-COOH containing tumours 

(n = 5) than for the matched control tumours (n = 5) (Figure 6.4). To analyse the TILs, 

the percentage of both CD4+ and CD8+ T-cells in each treated tumour (gated on CD45+, 

CD11b-, CD3+ cell populations) were compared to the percentages in each respective 

untreated control tumour. These results, shown in Figure 6.5, show a trend towards an 

increase in cytotoxic CD8+ T-cells, with a corresponding reduction in the proportion of 

CD4+ T-cells, in tumours exposed to magnetic hyperthermia therapy.  

 

Figure 6.4. Skin surface temperatures of matched tumours: 
During magnetic hyperthermia therapy, skin surface temperatures of matched tumours was 
monitored using thermal imaging, and the maximum recorded temperatures (Tmax) recorded; 
temperatures overlying treated tumours (red) was consistently higher than those overlying 
untreated matched controls (blue). 
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Figure 6.5. Flow cytometry analysis of TIL populations following magnetic hyperthermia:  
Left: Representative plots of CD4+ (top) and CD8+ (bottom) T-cells gated on CD45+, CD11b-, 
CD3+ cells isolated from subcutaneous GL261 tumours 72 h following magnetic hyperthermia 
therapy. Right: Group analyses demonstrating that there was a pattern towards a decrease in 
the proportion of CD4+ T-cells following treatment and an increase in the proportion of CD8+ T-
cells (n/s = non-statistically significant). 

 
 

Following this, both CD8+ and CD4+ TIL populations were analysed in more detail. Of 

the CD4+ TILs within treated tumours, a higher proportion were found to be FoxP3+, 

suggesting a greater proportion of T-regulatory cells (T-regs) were present. Furthermore, 

of those Fox-P3+ CD4+ T-cells present, a significantly higher proportion were found to 

be Ki-67+ (p = 0.0324), suggesting that these T-regs are actively proliferating (Figure 

6.6). Within the CD8+ TILs, a significantly greater proportion were shown to express 

PD1; an immune checkpoint and general activation marker (p = 0.0044). CD8+ cells also 

showed higher Ki-67 expression; reflective of increased proliferation (p = 0.0012), and 

higher granzyme B; suggestive of increased killing ability (p = 0.0079) (Figure 6.7). The 

mean fluorescence intensity (MFI) of this granzyme B expression was measured and 

shown to be significantly higher in CD8+ TILs extracted from treated tumours compared 

with matched untreated controls (p = 0.0166); suggesting that a greater proportion of 

granzyme B is present within CD8+ T-cells in tumours exposed to magnetic hyperthermia 

therapy. 
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Figure 6.6. Characterisation of CD4+ TILs: 
Flow cytometry analysis of the regulatory CD4+ T-cells present within tumours following magnetic 
hyperthermia therapy. Left: Representative histogram of FoxP3 expression in CD4+ cells (top), 
and Ki-67 expression in FoxP3+ T-cells (bottom) in an untreated (blue) and treated (red) tumour. 
Right: A higher proportion of CD4+ T-cells are regulatory (FoxP3+) and proliferating (Ki-67+) 
within treated tumours (n = 5), compared to non-treated tumours (n = 5). * p < 0.05 when 
measured using a paired two-tailed t-test (n/s = non-statistically significant). 
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Figure 6.7. Characterisation of CD8+ TILs: 
Flow cytometry analysis of the characteristics of the CD8+ T-cells present within tumours 
following magnetic hyperthermia therapy. Left: Histogram representation of the PD1, Ki-67 and 
Granzyme B expression on CD8+ TILs in an untreated (blue) and treated (red) tumour. Right: 
grouped analyses showing that a significantly larger proportion of CD8+ T-cells within treated 
tumours (n = 5) are activated (PD1+), proliferating (Ki-67+) and capable of killing (Granzyme B+) 
when compared with paired controls (n = 5). Furthermore, of those cells which are granzyme B 
positive, mean fluorescence intensity (MFI) of those cells staining positive for granzyme B, was 
significantly higher in treated tumours compared to matched controls. * p < 0.05, ** p < 0.01 when 
measured using a paired two-tailed t-test. 
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6.3.2. Characterisation of T-cells Populations within Draining Lymph Nodes 

To evaluate whether the observed changes in TIL populations within tumours following 

magnetic hyperthermia therapy were also associated with changes in the T-cell 

populations present within draining lymph nodes, T-cells isolated from LN’s were also 

studied using flow cytometry. To begin, the proportions of CD4+ and CD8+ T-cells were 

once again compared. These results, shown in Figure 6.8, demonstrate a consistent 

decrease in the proportion of CD8+ T-cells (p = 0.0290), with a corresponding increase 

in the proportion of CD4+ T-cells (p = 0.0122); an opposite shift to that observed in 

tumours. Furthermore, when CD4+ T-cells were analysed in greater detail, a significantly 

lower proportion of these were FoxP3+ in the draining LNs of treated tumours (p = 

0.0179), suggesting that fewer regulatory T-cells were present following treatment 

(Figure 6.9). 

 
 
Figure 6.8. Flow cytometry analysis of T-cell populations within draining lymph nodes 
Left: Representative plots of CD4+ (top) and CD8+ (bottom) T-cells gated on CD45+, CD11b-, 
CD3+ cells isolated from draining lymph nodes of untreated (n = 5) and treated (n = 5) GL261 
tumours. Right: Group analyses demonstrating that for each paired LN sample, a reduction in 
the proportion of CD8+ T-cells was observed (p = 0.0290), with a corresponding increase in CD4+ 
T-cells (p = 0.0122). * p < 0.05 when measured using a paired two-tailed t-test. 
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Figure 6.9. Characterisation of regulatory T-cells in draining lymph nodes: 
Within the draining lymph nodes of treated tumours, a lower proportion of CD4+ FoxP3+ T-cells 
were observed compared to the corresponding untreated tumour. Left: Representative example 
FoxP3 expression on CD4+ cells in the draining LNs of untreated (top) and treated (bottom) 
tumours (gated on CD45+, CD11b-, CD3+ cells). Right: Grouped analysis showing that for all 
paired samples, a reduction in the expression of FoxP3 was observed in treated samples. * p < 
0.05 when measured using a paired two-tailed t-test. 
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Following this, a second experiment was conducted to determine whether magnetic 

hyperthermia therapy was able to induce changes in the expression of activation markers 

on the CD4+ and CD8+ T-cells present within tumour draining LNs. Draining LNs from 

GL261 tumours treated with magnetic hyperthermia (n = 5) were compared with those 

from untreated (n = 5) controls. As in previous experiments, controls represented LNs 

isolated from tumours on the opposite flank of the same mouse. Both CD4+ cells and 

CD8+ cells were characterised for expression of CD62L (L-selectin) and CD44, 

identifying three distinct subpopulations; Population A, expressing high levels of CD62L, 

and lower levels of CD44 (CD62LHI CD44LO) and taken to represent naïve T cells; 

Population B, which had some loss of CD62L, and increased CD44 expression (CD62LLO 

CD44HI), taken to represent the effector cell compartment and; Population C, which 

retained CD62L expression with increased CD44 expression (CD62LHI CD44HI), 

representing memory cells.  

 

Results for CD4+ T-cells are shown in Figure 6.9, demonstrating similar numbers of both 

naïve T-cells (population A) and effector T-cells (population B) in both untreated and 

treated samples. As no trend was observed in matched samples, results are presented 

as non-paired for clarity. Whilst a slight increase in CD4+ memory cells (population C) 

was observed in treated samples, this was inconsistent between paired samples, and 

non-significant. In CD8+ T-cells (Figure 6.10), similar numbers of naïve (population A) 

and memory cells (population C) were observed, but significantly fewer effector cells 

were present (population B), an observation which was consistent in all paired samples 

(Figure 6.11). This result is consistent with previous results demonstrating an increase 

in CD8+ effector cells within tumours.  
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Figure 6.10. Activation of CD4+ T-cells in lymph nodes: 
CD4+ cells in the draining LNs of treated and untreated GL261 tumours were compared for 
expression of CD62L (L-selectin) and CD44. Three distinctive subpopulations were identified: (A) 
Naïve T cells which express high levels of CD62L, and lower levels of CD44 (CD62LHI CD44LO). 
(B) Effector T cells showed loss of CD62L, with an increase in CD44 expression (CD62LHI 
CD44LO). (C) Memory cells showed increased expression of CD44,but retained CD62L 
expression (CD62LHI CD44HI) (n/s = non-statistically significant). 
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Figure 6.11. Activation of CD8+ T-cells in lymph nodes: 
CD8+ cells in the draining LNs of treated and untreated GL261 tumours were compared for 
expression of CD62L (L-selectin) and CD44. Three distinctive subpopulations were identified: (A) 
Naïve T cells which express high levels of CD62L, and lower levels of CD44 (CD62LHI CD44LO). 
(B) Effector T cells showed loss of CD62L, with an increase in CD44 expression (CD62LHI 
CD44LO). (C) Memory cells showed increased expression of CD44, but retained CD62L 
expression (CD62LHI CD44HI). * p = 0.047 when measured using a 2-tailed unpaired t-test (n/s = 
non-statistically significant). 
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Figure 6.12. Paired analysis of CD8+ effector T-cells in lymph nodes: 
Effector CD8+ (CD62LHI CD44LO) cells in draining LNs of treated and untreated GL261 tumours 
were compared as paired samples. Consistently, a reduction in the proportion of CD8+ effector 
cells was observed in draining LNs of GL261 tumours treated using magnetic hyperthermia. ** p 
= 0.0073, measured using 2-tailed paired t-test. 
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two activation markers CD69 and CD25 (Mempel, Henrickson et al. 2004). CD69 is 

rapidly upregulated following activation, but lost equally quickly, whilst CD25 is 

upregulated more slowly and remains expressed for longer following activation (Rea, 

McNerlan et al. 1999). Results of this analysis on CD4+ cells are shown in Figure 6.10, 

demonstrating a trend towards reduced CD25 expression in the treated group, with 

similar levels of CD69 expression between the two groups. A reduction in CD25 
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Figure 6.13. Analysis of CD44HI CD62LLO CD4+ populations: 
The CD4+ effector compartment (CD44HI CD62LLO) in the draining LNs of GL261 tumours 
treated with magnetic hyperthermia were compared with control LNs for expression of CD69 and 
CD25; markers of acute activation. Top: The proportion of CD4+ CD44HI CD62LLO cells which are 
CD25+ and CD69+. Bottom: Representative gating examples for untreated (left) and treated 
(right) draining LNs for both CD25 and CD69 represented as histograms (n/s = non-statistically 
significant). 
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Figure 6.14. Analysis of CD44HI CD62LLO CD8+ populations: 
The CD8+ effector compartment (CD44HI CD62LLO) in the draining LNs of GL261 tumours 
treated with magnetic hyperthermia were compared with control LNs for expression of CD69 and 
CD25; markers of acute activation. Top: The proportion of CD4+ CD44HI CD62LLO cells which are 
CD25+ and CD69+. Bottom: Representative gating examples for untreated (left) and treated 
(right) draining LNs for both CD25 and CD69 represented as histograms (n/s = non-statistically 
significant). 
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6.3.3. Magnetic Hyperthermia in Combination with Immune Checkpoint Inhibition 

6.3.3.1 Confirmation of Immune Checkpoint Expression in TIL Populations 

Following confirmation that magnetic hyperthermia is capable of inducing changes within 

TIL populations which are suggestive of an immune response, experiments were 

designed to test magnetic hyperthermia in combination with immune checkpoint 

inhibitors to evaluate whether the efficacy of this combination approach. Prior to 

designing these efficacy experiments, untreated GL261 tumours (n = 5) were analysed 

for expression of the immune checkpoint markers 4-1BB, PD-1 and CTLA-4 on CD4+ 

and CD8+ T-cells. In CD4+ T-cells, low levels of 4-1BB were observed, along with around 

40% expression for both CTLA-4 and PD-1 (Figure 6.15). In CD8+ cells (Figure 6.16), 

very low expression of CTLA-4 and 4-1BB were observed, with PD-1 expression present 

at higher levels, with an average expression of around 55%, in keeping with previous 

findings in untreated tumours. In view of these findings and the low expression of 4-1BB, 

the decision was made to test magnetic hyperthermia in combination with immune 

checkpoint antibodies against PD-1 and CTLA-4. 
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Figure 6.15. Immune checkpoint expression on CD4+ TILs 
A: CD4+ tumour infiltrating lymphocytes in untreated GL261 tumours were isolated and stained 
for expression of the immune checkpoints 4-1BB (left), CTLA-4 (centre) and PD-1 (right). Results 
confirmed that CD4+ TILs express low levels of 4-1BB, and moderate levels of CTLA-4 and PD-
1. B: Gating of all five tumour samples for each examined checkpoint.  
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Figure 6.16. Immune checkpoint expression on CD8+ TILs 
A: C84+ tumour infiltrating lymphocytes in 5 untreated GL261 tumours were isolated and stained 
for expression of the immune checkpoints 4-1BB (left), CTLA-4 (centre) and PD-1 (right). Results 
confirmed that CD8+ TILs express very low levels of 4-1BB, or CTLA-4, but high levels of PD-1. 
B: Gating of all five tumour samples for each examined checkpoint.  
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6.3.3.2. Tumour Growth and Survival Analysis 

Based on this evidence for immune checkpoint expression in GL261 tumours, tumour 

growth and survival experiment analyses were conducted to evaluate whether combining 

magnetic hyperthermia therapy with immune checkpoint inhibition could improve the 

efficacy of treatment. The chosen dose of perimag-COOH SPIONs was 40 mgFe/ml, 

based on the results from the experiments carried out in Chapter 5; demonstrating 

tumour growth inhibition at this dose. The experimental outline is shown in Figure 6.17, 

with the experimental group details shown in Table 6.1. Animals received an 

intratumoural injection of perimag-COOH (0.34 μL/mm3 tumour) followed after 24 h by 

30 min of exposure to an AMF. As previous experiments did not show any difference 

between control groups receiving AMF exposure alone, SPIONs alone, or no treatment, 

a no treatment group was included in the experiment, along with two further control 

groups made up of animals receiving immune checkpoint inhibitor antibodies alone. Anti-

CTLA-4 and anti-PD-1 were chosen as outlined above for inclusion in this experiment, 

both used at 200 μg/mouse for 4 doses, starting on the same d as SPION injection. 
 

 
 
 
Figure 6.17. Experimental set-up: 
Schematic showing the experimental set-up for magnetic hyperthermia therapy combined with 
immune checkpoint inhibition.  
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Table 6.1. Experimental group summary. 
Group Name Number 

of Mice 
Magnetic 

Hyperthermia 
Therapy 

Immune 
Checkpoint 

Inhibitors Given 
A (No Treatment) 7   
B (Anti-PD-1 Only) 7  Anti-PD-1 
C (Anti-CTLA-4 Only) 7  Anti-CTLA-4 
D (Magnetic Hyperthermia Only) 7 30 min  
E (Anti-PD-1 + Magnetic Hyperthermia) 7 30 min Anti-PD-1 
F (Anti-CTLA-4 + Magnetic Hyperthermia) 7 30 min Anti-CTLA-4 

 
 

Following treatment, tumour size was measured three times per wk, and individual 

tumour sizes over the first 12 d following treatment are shown in Figure 6.18. Tumour 

growth appeared most rapid in those mice receiving no treatment (Group A), whilst for 

all other groups, treatment showed some reduction in tumour growth. The greatest 

growth reductions were observed in those mice receiving anti-CTLA-4 antibodies, 

although no obvious differences were observed between the groups receiving anti-

CTLA-4 alone (Group C), or in combination with magnetic hyperthermia therapy (Group 

F). Treatment with anti-PD-1 antibodies was also found to slow tumour growth, to a 

lesser extent than anti-CTLA-4 therapy. When tumour growth was analysed by group 

(Figure 6.19A), untreated tumours showed faster growth compared to all other groups, 

with both groups treated with anti-CTLA-4 antibodies demonstrating the slowest growth. 

When compared using the percentage change from baseline to correct for group 

heterogeneity (Figure 6.19B), similar results were observed with slowest growth in 

tumours treated with anti-CTLA-4 antibodies up to 12 d post treatment. Survival for all 

groups was then compared (Figure 6.19C), which showed significant differences in 

survival (p = 0.0004) between groups; most obviously in the two groups receiving anti-

CTLA-4 antibodies, with less pronounced advantages observed in the other treatment 

groups; magnetic hyperthermia alone, anti-PD-1 alone, and magnetic hyperthermia in 

combination with anti-PD-1.  
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Figure 6.18. Graphical representation of the tumour growth from baseline. 
Each line represents a separate animal and animals are separated into respective groups (n = 7 
per group). The three control groups (Groups A, B, C) are shown on the left in blue, whilst the 
three therapy arms are shown on the right in red (Groups D, E, F). 
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Figure 6.19. Grouped tumour growth and survival analysis from combination study: 
A: Mean Tumour Volume in each group over the first 7 d post-treatment. Error bars represent 
SEM. B: Mean percentage change in tumour volume for each group over the first 7 d post-
treatment. Error bars represent standard error of the mean (SEM). C: Survival analysis for each 
group. P = 0.0004 when curves were compared using Log-rank (Mantel-Cox) test, demonstrating 
significant differences between groups. 
 
 

Finally, each treatment group was then compared with the relevant control group and 

analysed using the log-rank (Mantel-Cox) and Wilcoxon tests to evaluate for any 

increased survival in groups treated with magnetic hyperthermia. These results are 

shown in Figure 6.20, and demonstrate that in keeping with previous experiments, no 

significant survival advantage was observed in mice treated with magnetic hyperthermia 

alone (Figure 6.20A). Furthermore, for both groups treated with anti-PD1 (Figure 6.20B), 

and anti-CTLA-4 (Figure 6.20C), no statistically significant differences were found 

between the survival curves, although two mice treated with anti-CTLA-4 alone were 

censored at the end of the study, which could affect the statistical significance of the 

result. 
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Figure 6.20. Combination study survival analysis: 
Survival analysis was broken down into the respective systemic treatments; A: No systemic 
treatment compared with magnetic hyperthermia (AMF) alone, B: Anti-PD1 therapy compared 
with AMF with anti-PD-1 therapy, C: Anti-CTLA-4 therapy compared with AMF plus anti-CTLA-4 
therapy. Curves were compared using the log-rank and Wilcoxon tests for significance, 
demonstrating no survival advantage to the addition of magnetic hyperthermia for any of the 
comparisons. 
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6.4 Discussion 

The aims of the experiments conducted within this chapter were to evaluate whether 

magnetic hyperthermia therapy had any effects on the TIL populations within GL261 

tumours, or within the tumour draining LN’s, and attempt to harness this for therapeutic 

effect by combining magnetic hyperthermia with immune checkpoint inhibition. To 

evaluate for immune changes, tumours were implanted bilaterally, and each treated 

tumour was compared with its corresponding control, allowing for paired analysis of 

results.  

 

In tumours, consistent shifts in TIL populations following magnetic hyperthermia were 

observed, suggestive of an immune response to magnetic hyperthermia occurring within 

the tumour. Specifically, an increase in the proportion of TILs which were cytotoxic 

(CD8+) in phenotype was observed, a finding which has been shown to be a positive 

prognostic factor in patients (Mould, AuYeung et al. 2017). Furthermore, these CD8+ T-

cells showed significantly higher expression of granzyme-B, suggestive of increased 

activation and killing capability, and Ki-67, a marker of active cell proliferation. As well as 

this, CD8+ cells also expressed higher levels of PD-1, which can either represent a 

marker of activation at moderate expression levels, or of T-cell exhaustion when 

expressed at higher levels (Catakovic, Klieser et al. 2017). There is also evidence that 

tumour-infiltrating CD8+ T cells that express PD-1 may be functionally impaired despite 

demonstrating specificity for tumour antigens (Ahmadzadeh, Johnson et al. 2009). 

Alongside these changes in CD8+ TILs, increases in CD4+ FoxP3+ TILs were also 

observed, suggestive of an increase in the presence of regulatory T-cells (T-regs). 

Furthermore, a larger proportion of these T-regs were found to were proliferating (Ki-

67+), potentially contributing to immunosuppression within the tumours. There are 

suggestions that a corresponding increase in T-regs following CD8+ infiltration may in 

fact be driven by the CD8+ T-cells themselves, as part of a negative feedback loop 

reaction (Gajewski, Schreiber et al. 2013, Spranger, Spaapen et al. 2013).  

 

Following this, focus was shifted to tumour draining LNs where, in contrast to the 

increase in CD4+ FoxP3+ T-regs seen in treated tumours, a reduction in the proportion 

of these cells was observed. T-regs are known to supress anti-tumour immune response 

in draining lymph nodes (Joshi, Akama-Garren et al. 2015), therefore a reduction in the 

T-reg numbers within the tumour draining LNs provides potential further evidence of 

positive immunomodulation following magnetic hyperthermia therapy. T-cells within the 
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draining LNs were then analysed in more detail to evaluate whether these observed 

shifts in population within tumours and draining LNs were associated with T-cell 

activation within the tumour draining LNs. These results demonstrated, somewhat 

unsurprisingly, that within tumour draining LNs the majority of T-cells remained naïve 

(CD62LHI CD44LO). Despite this, activated CD4+ and CD8+ T-cells (CD44HI) were 

present in all LNs studied, suggestive of ongoing T-cell responses related to the 

presence of the tumour itself. When T-cells from LNs draining treated tumours were 

compared to untreated controls, a slight increase in the presence of CD4+ memory T-

cells was observed (CD62LHI CD44HI), alongside a significant reduction in the proportion 

of CD8+ effector cells (CD62LLO CD44HI); consistent with the observations of CD8+ T-

cell influx into tumours following treatment. More detailed analysis of both CD4+ and 

CD8+ effector cells revealed a reduction in the expression of the acute activation marker 

CD25 in CD4+ cells, possibly reflecting the previously observed reduction in T-regs in 

the LNs. No differences were seen in CD69 expression.  

 

Taken together, these results could represent early evidence of ongoing T-cell activation 

within draining LNs. These samples were analysed 72 h following magnetic hyperthermia 

therapy, on the basis that this is within the time-frame to visualise immune changes within 

tumour draining LNs (Janeway Jr, Travers et al. 2001, Bousso and Robey 2003). 

Possible reasons for the subtle changes observed may be because this time point was 

too soon following treatment, with changes becoming more evident within the time 

frames for a systemic T-cell response which is thought to peak between 7 and 15 d 

following treatment (Pennock, White et al. 2013). Alternatively, the chosen model may 

be insufficiently immunogenic, lacking the antigens required to generate a definitive T-

cell response. Whilst this remains a possibility, inoculation with GL261 cells has been 

shown to prevent subsequent tumour growth at implantation, demonstrating the 

immunogenicity of this model (Szatmári, Lumniczky et al. 2006).  

 

To establish a rationale for combining magnetic hyperthermia with immune checkpoint 

antibodies, immune checkpoint expression on the TILs present within untreated GL261 

tumours was confirmed, with CD4+ cells showing high expression of CTLA-4, whilst 

CD8+ TILs demonstrated high expression of PD-1. 4-1BB expression was found to be 

low on CD4+ cells, and absent on CD8+ cells, therefore combination experiments were 

first designed with PD-1 and CTLA-4 as the chosen immune checkpoint targets. Survival 

and tumour growth experiments were then conducted to test magnetic hyperthermia in 

combination with anti-CTLA-4 and anti-PD-1 antibodies. From these results, it was 
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evident that anti-CTLA-4 treatment was more effective than anti-PD-1 or magnetic 

hyperthermia therapy, as evidenced by significantly prolonged survival, and tumour 

growth inhibition in mice receiving anti-CTLA-4 treatment. Furthermore, in the chosen 

treatment regimen, the addition of magnetic hyperthermia appeared to have no effect on 

growth or survival. The majority of the published pre-clinical studies investigating the use 

of anti-CTLA-4 treatment in GL261 have reported efficacy in combination with 

vaccination (Agarwalla, Barnard et al. 2012), other immune checkpoints (Wainwright, 

Chang et al. 2014) intratumoural IL-12 (Vom Berg, Vrohlings et al. 2013), and focal 

radiotherapy (Belcaid, Phallen et al. 2014); although all of these studies were carried out 

uing the orthotopic GL261 model, which may possess differences in the TIL populations 

present. Furthemore, efficacy of anti-CTLA-4  alone has been shown in the SMA-560 

intracranial glioma model (Fecci, Ochiai et al. 2007). Whilst the GL261 model has 

become the ‘gold standard’ for immunotherapy research in the field of glioblastoma 

research, it possesses a number of limitations, including a high degree of experimental 

variability between experiments, complicating comparisons of findings (Maes and Van 

Gool 2011). 

 

Another possible explanation for the observations that magnetic hyperthermia offers no 

improvement over single immune checkpoint inhibition for growth or survival in the 

chosen model system may be around the timings of the treatment. The effects of cancer 

treatment on immune checkpoint expression remain an important research area to aid 

understanding of the effects that such treatments have on the TME, to identify how, and 

perhaps more importantly, when, immune checkpoint antibodies should be given to work 

synergistically with established ‘gold standard’ cancer treatments. Reports have shown 

that expression of PD-1 increases in some tumours following chemotherapies (Katsuya, 

Horinouchi et al. 2016), whilst decreasing in others (Luo and Fu 2016). Likewise, the 

TME expression of PD-L1 has been shown to increase following treatment (Peng, 

Hamanishi et al. 2015, McDaniel, Alva et al. 2016) and whilst there are some 

associations between PD-L1 expression and response to anti-PD-1 immune checkpoint 

antibodies (Taube, Klein et al. 2014), recent meta-analysis suggest that PD-L1 is not a 

reliable biomarker to predict response (Meng, Huang et al. 2015). This variability in 

results highlights the need to establish expression patterns of immune checkpoints in all 

tumours prior to evaluating the role of immune checkpoint antibodies and evaluate the 

spatial effects of treatments on this expression over time to ensure immune checkpoint 

inhibitors are administered at the optimal time.  
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6.5 Summary 

In summary, experiments conducted within this chapter demonstrated successful 

isolation and characterisation of the TILs present within subcutaneous GL261 tumours 

exposed to magnetic hyperthermia therapy and compared these with TILs from 

untreated, paired controls. Isolated TILs demonstrated consistent shifts in the 

characteristics of both CD4+ and CD8+ TIL populations, including an influx of activated 

CD8+ T-cells, and a corresponding increase in the proportion of CD4+ Tregs. These 

results support the hypothesis that magnetic hyperthermia can induce an immune 

response within tumours. Focusing on the tumour draining lymph nodes revealed early 

changes consistent with an immune response, but study of other time points is required 

to elucidate this further.  

 

Identification of immune checkpoint expression in the TILs present within subcutaneous 

GL261 tumours provided a rationale for the design of combination experiments studying 

the efficacy of magnetic hyperthermia in combination with anti-CTLA-4 and anti-PD-1 

immune checkpoint inhibitors. These experiments found that anti-CTLA-4 alone was the 

most effective treatment utilised, and that the addition of magnetic hyperthermia did not 

convey any additional survival benefit, in the treatment regimen tested. 
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Chapter 7. Summary, Conclusions and Future Directions 

7.1. Summary 

The main hypothesis for the work contained within this thesis was that magnetic 

hyperthermia could be utilised to initiate an immune response within tumours, which 

could potentially be exploited using combination therapy with immune checkpoint 

inhibition. To investigate this hypothesis, experiments were first conducted to identify a 

lead SPION suitable for investigation through characterisation of a range of dextran-

coated SPIONs of different sizes and surface charges. This resulted in the identification 

of perimag-COOH as a suitable candidate SPION.  

 

Following this, in vivo experiments were conducted using the immunocompetent GL261 

model of glioblastoma. Two methods were investigated to generate sufficient 

intratumoural concentrations of perimag-COOH in order to generate relevant 

temperature increases when exposed to an alternating magnetic field. The first of these 

methods was to inject SPIONs intravenously in conjunction with an RES blocker. Whilst 

the RES blocker tested successfully doubled the tumour uptake of the SPIONs, this 

remained insufficient to conduct magnetic hyperthermia, therefore focus was shifted to 

intratumoural injection. Experiments using 89Zr-labelled perimag-COOH confirmed that 

over 50% of the injected dose was retained within tumours following injection, for up to 

72 h; sufficient to generate significant intratumoural temperature increases.  

 

Preliminary magnetic hyperthermia therapy experiments demonstrated that magnetic 

hyperthermia was feasible and could limit tumour growth for up to 7 d following treatment. 

Further evaluation of the effects of hyperthermia on the TME revealed that up-regulation 

of HSP-70, a stress-response protein with a complex role in immunomodulation, 

occurred following treatment, increasing over the first 48 h following treatment. 

Furthermore, this expression was found to be spatially related to the presence of SPIONs 

within tumours.  

 

To evaluate the immune effects of magnetic hyperthermia, flow cytometric analysis of 

TIL populations, and the draining LN T-cell populations was conducted, 72 h following 

treatment. These results revealed that consistent changes in immune cell populations 

occurred within both tumours and draining lymph nodes, suggestive of an immune 

response. Finally, expression of the negative immune checkpoints CTLA-4 and PD-1 
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were confirmed within subcutaneous GL261 tumours, and experiments were designed 

to test magnetic hyperthermia in combination with antagonism of these immune 

checkpoints. Results from these experiments showed that combination therapy was 

tolerable and feasible, although anti-CTLA-4 antibodies alone were sufficient to induce 

tumour regression in the chosen model, and the addition of magnetic hyperthermia did 

not show synergism with this.  

 

In summary, the work contained within this thesis successfully demonstrated that 

magnetic hyperthermia can initiate early immune changes within subcutaneous GL261 

tumours, but these immune changes are insufficient, in the chosen model system and 

therapeutic study design, to convey a positive effect on survival or tumour growth rates.  

7.2. General Discussion 

SPION mediated magnetic hyperthermia remains the most clinically developed 

nanotechnology platform for delivery of controlled hyperthermia to tumours, when 

compared with photothermal therapy (PTT) and radiofrequency ablation (RFA) 

hyperthermia (Tamarov, Osminkina et al. 2014, Zou, Wang et al. 2016), mediated most 

often by gold nanoparticles (AuNPs), carbon nanomaterials, or hybrid NPs. 

Hyperthermia therapy remains of particular interest in glioblastoma due to the aggressive 

nature of the disease, and the failure of conventional treatments.  

 

Whilst promising, large-scale clinical translation of magnetic hyperthermia has been 

limited by a number of persistent challenges including (i) difficulty in localising SPIONs 

within tumours and targeting them to tumour cells and (ii) monitoring and regulation of 

the target temperatures (Mahmoudi, Bouras et al. 2018); both of which were encountered 

whilst undertaking the research contained within this thesis. SPION surface chemistry 

has a significant impact upon biodistribution both within tissues, and on a cellular level. 

Research has shown that the cellular distribution of NPs can significantly affect the 

toxicity of the NPs themselves, and the efficacy of hyperthermia mediated by the NPs 

(Pattani, Shah et al. 2015), demonstrating the importance of characterising the in vivo 

fate of a chosen NP prior to testing hyperthermia therapy. The second key challenge is 

that of achieving and maintaining a target temperature, and how this can be monitored. 

Older studies into magnetic hyperthermia have focussed upon tumour eradication, 

aiming simply to reach intratumoural temperatures capable of doing this. More recently, 

the hyperthermia community have shifted focus towards the immunomodulation effects 

of lower grade hyperthermia, with a number of independent groups demonstrating that 
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low grade hyperthermia (39-45°C) can initiate a cell stress cascade known as the 

unfolded protein response (UPR) (Walter and Ron 2011), which in turn can generate an 

immune response. However, the optimum temperatures needed to achieve these effects 

remain reasonably ambiguous (Frey, Weiss et al. 2012). Evidence that temperatures of 

43 °C were able to elicit an anti-tumour CD8+ T-cell response, whilst temperatures of 45 

°C were not, in the same experimental system (Toraya-Brown, Sheen et al. 2014), 

demonstrates the narrow target window required for effective immunomodulation, and 

the need for further research into the UPR. As well as challenges in achieving a narrow 

target temperature, monitoring this temperature throughout the tumour presents a further 

challenge, with single point thermometry and thermal imaging only providing estimates 

of actual temperatures (Mahmoudi, Bouras et al. 2018). With further research, it may 

become possible to produce accurate thermal models of temperature based on single 

point thermometry (Krishnan, Diagaradjane et al. 2010).   

 

Increasingly, focus is shifting away from utilising hyperthermia as an independent 

therapy and instead seeking to understand and exploit ways in which hyperthermia 

therapy can complement and augment existing anti-cancer therapies. For this reason, 

study of combination approaches using hyperthermia with immunotherapeutic agents is 

becoming one of the growing areas for research in NP hyperthermia (Moy and Tunnell 

2017), although to date many studies have focussed upon PTT as opposed to magnetic 

hyperthermia. For example, PTT mediated by single walled carbon nanotubes (SWNT) 

combined with anti-CTLA-4 antibodies was shown to slow the growth of not only heated 

tumours, but also of unheated metastases in two murine in vivo models (Wang, Xu et al. 

2014), an in vivo neuroblastoma model (Cano-Mejia, Burga et al. 2017), and in larger 

studies on breast and colon metastasis models (Chen, Xu et al. 2016). In these 

experiments, in contrast with the observations using GL261 within this thesis, the 

combination approach was found to be more effective than using anti-CTLA-4 alone. As 

well as combination approaches using anti-CTLA-4 antibodies, studies have also been 

conducted using AuNP mediated PTT in combination with adoptive T-cell transfer 

(ATCT), with results once again demonstrating synergy (Bear, Kennedy et al. 2013). 
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7.3 Future Directions 

The research presented within this thesis demonstrates advances in our understanding 

of the biological effects of magnetic hyperthermia, and also showcase the use of 

seaweed extract as a safe, non-toxic RES blocker to divert SPIONs away from the liver 

and spleen towards tissues of interest. Future work could build upon these results in a 

number of ways. The role of fucoidan as an RES blocking agent could be further 

explored, for example by assessing whether orally administered fucoidan is also capable 

of blocking RES uptake, and also by evaluating whether the effects of fucoidan can be 

combined with other methods such as antibody targeting (Carter, Mulholland et al. 2016) 

or magnetic targeting (Estelrich, Escribano et al. 2015) to further improve the delivery of 

nanomedicines to tissues of interest.  

 

To further explore the biological effects of magnetic hyperthermia, future experiments 

could also aim to further elucidate the immune response to magnetic hyperthermia. 

Whilst the work presented within this thesis sought to characterise the T-cell populations 

within tumours and draining LNs following treatment at a single time point following 

treatment, characterising this response at later time points could shed light on the longer-

term immune changes following treatment. Further to this, there is increasing evidence 

that macrophage or monocyte populations are a vital component of the immune 

landscape within tumours, and as a potential target (Mantovani, Marchesi et al. 2017). 

Characterisation of these macrophage populations and monitoring the effects of 

magnetic hyperthermia on macrophages would assist in the design of novel therapeutic 

approaches. Furthermore, results contained in this thesis suggest that SPIONs are 

contained primarily within macrophages in the tumour microenvironment and further 

work could aim to clarify the significance of this in respect to treatment effects. As well 

as this, testing ways of selectively eradicating the regulatory T-cell populations within 

tumours following treatment, using low dose cyclophosphamide  (Dimeloe, Frick et al. 

2014, Loyher, Rochefort et al. 2016) or anti-CD25 agents (Huss, Pellerin et al. 2016), 

could shift the balance between regulatory and effector cells and work synergistically 

with magnetic hyperthermia (El Andaloussi, Han et al. 2006). 

 

In this thesis, HSP-70 was identified as a marker of hyperthermia, and whilst there is 

evidence that HSPs including HSP-70 can traffic antigens to APCs and facilitate the anti-

tumour immune response, HSPs can also be protective in malignant disease; acting to 

repair damage cells and prevent apoptosis (Lianos, Alexiou et al. 2015). Combination 



203 
 

approaches involving magnetic hyperthermia and HSP targeted agents (Azad, Zoubeidi 

et al. 2015, Ali, Ali et al. 2016) represents another area for future work. 

 

Despite results favouring initiation of an anti-tumour immune response following 

magnetic hyperthermia, combination experiments evaluating immune checkpoint 

inhibitors together with magnetic hyperthermia failed to demonstrate any synergy in the 

model used in this thesis. To further explore this, future work could characterise the 

expression of other immune checkpoints and evaluate the effect of magnetic 

hyperthermia on these checkpoints, building on evidence that other treatments such as 

radiotherapy can alter the expression of these checkpoints (Twyman-Saint Victor, Rech 

et al. 2015). As well as this, studying the immune landscape at later time points and 

utilising different treatment regimens such as multiple sessions of AMF, or administration 

of 4-1BB agonist antibodies in combination with anti-PD-1 or anti-CTLA-4 may yet 

demonstrate superior efficacy over immune checkpoint inhibition alone, as observed 

using other therapeutic strategies (Belcaid, Phallen et al. 2014, Chen, Lee et al. 2015).   

 

In conclusion, the research presented in this thesis successfully characterised a pre-

clinical model system in which to test magnetic hyperthermia. Experiments demonstrated 

positive effects on tumour growth associated with an increase in expression of the cell 

stress protein HSP-70. On closer analysis, changes in the populations of T-cells present 

both within tumours and in draining LNs were identified, and whilst efforts to harness this 

in combination with immune checkpoint inhibition were unsuccessful, future experiments 

should aim to generate a deeper understanding of the immune effects of hyperthermia 

to guide the design of future therapeutic approaches. 
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Appendix 1. Protein Corona Evaluation 

 
The protein corona is a shell of soluble proteins that NPs have been shown to form 

following exposure to any biological system. The corona was considered an essential 

parameter to study because its composition can vary depending upon both the surface 

coating and charge of the SPION, and there is increasing evidence that protein corona 

formation and composition can influence both the biocompatibility and biological fate of 

SPIONs (Jedlovszky-Hajdu, Bombelli et al. 2012) including circulation time (Sakulkhu, 

Mahmoudi et al. 2014). Corona formation is thought to occur rapidly, with hundreds of 

different proteins already present less than one minute following exposure (Tenzer, 

Docter et al. 2013). It has also been reported that when SPIONs are injected 

intravenously, complement C3 protein rapidly binds to the SPION surface as part of the 

corona. The presence of complement C3 in the corona is thought to play a central role 

in priming SPIONs for removal by immune cells and could play a role in SPION toxicity 

and the generation of adverse allergic reactions (Chen, Wang et al. 2017). For these 

reasons, characterisation of the composition of the protein corona can contribute towards 

understanding the potential toxicities and biological fate of SPIONs (Sakulkhu, 

Mahmoudi et al. 2014). 

 

As the SPIONs under investigation in this thesis were ultimately destined for clinical use, 

it was considered important to evaluate the protein corona that would form in vivo. It was 

hypothesised that this corona would be different to that which forms in vitro due to the 

greater complexity of a dynamic in vivo system, where SPIONs would be exposed to 

different microenvironments as they move through the systemic vasculature. To test this 

hypothesis, candidate SPIONs were exposed to murine serum and murine plasma and 

the resulting corona analyses were compared with those from SPIONs injected 

intravenously into C57BL/6 mice. Protocols were adapted and modified from previously 

published studies investigating the composition of the protein corona (Sakulkhu, 

Mahmoudi et al. 2014, Sakulkhu, Maurizi et al. 2014, Winzen, Schoettler et al. 2015). 

The experimental approach employed is summarised in Figure 3.8, showing the methods 

used for in vitro and ex vivo corona analysis.   
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Figure A1.1. Schematic outlining protein corona analysis: 
(A) In vitro corona analysis: perimag SPIONs were incubated with murine serum or plasma for 30 
min at 37°C before being magnetically separated, washed and re-suspended in 50 μL PBS. (B) 
In vivo corona analysis: SPIONs diluted using PBS and injected via tail vein into C57BL/6 mice. 
After 15 min, blood was extracted via cardiac puncture and SPIONs were magnetically separated, 
washed with PBS and re-suspended before being analysed ex vivo. For both in vitro and in vivo 
analysis, SPIONs were incubated with reducing buffer and heated at 100°C for 5 min to remove 
corona proteins, and proteins were isolated using 10% SDS-PAGE (1 h at 150V). Coomassie 
stain was used to identify the presence of proteins. Resultant bands were cut from the gel and 
sent away for proteomic analysis using liquid chromatograph / mass spectrometry (LC-MS). 
 

(A) In vitro Corona Analysis (B) Ex vivo Corona Analysis
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A1.1 In vitro protein corona isolation 

To confirm that isolation of the protein corona was possible, experiments were first 

conducted as outlined in Figure 3.8 to isolate corona samples in vitro, with results shown 

in Figure 3.9. Candidate SPIONs tested were perimag-plain, perimag-plain and perimag-

COOH. Due to the heterogeneous nature of ferucarbotran which results in weaker 

magnetic properties, this SPION could not be purified using magnetic separation and 

was not included in analysis. Furthermore, whilst results confirmed that proteins were 

isolated from all SPIONs investigated, perimag-NH2 was found to be unstable during the 

experiment and precipitated out of solution following the first wash with PBS. In view of 

this instability, no further corona experiments were conducted with perimag-NH2. 

Alongside the SPION samples, serial washes from the perimag-COOH sample were also 

run on the gel, confirming depletion of free proteins with each wash step, supporting that 

the proteins visualised following gel electrophoresis are from the corona around perimag 

SPIONs.  

 
 

Figure A1.2. Coomassie stained SDS PAGE Gel of in vitro SPION corona proteins: 
To isolate corona proteins, SPIONs were incubated with murine serum for 30 min. Following this, 
SPIONs were magnetically extracted, washed and purified, and then corona proteins were 
separated from SPIONs by incubation with reducing buffer at 100°C. Samples were then 
characterised using SDS-PAGE (10%, reducing conditions, 1 h, 150V) to demonstrate the 
formation of a protein corona. Diluted murine serum was used as a positive control, whilst 
perimag-COOH SPIONs incubated with PBS were used as a negative control. Serial washes from 
one perimag-COOH SPIONs were also run on the gel to confirm the depletion of free proteins 
following each wash step. 
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A1.2 In vivo protein corona isolation 

Following confirmation that corona proteins could be isolated in vitro, experiments were 

conducted to determine whether it was possible to isolate corona proteins from SPIONs 

following in vivo injection. SPIONs were injected intravenously via the tail vein into 

C57BL/6 mice (n = 2 per SPION), blood was extracted via cardiac puncture 15 min after 

injection, and the corona composition was analysed ex vivo. Blood was placed in 

heparinised tubes. Following processing, proteins were separated from SPIONs on SDS-

PAGE gel and stained using Coomassie blue (Figure 3.10). Results demonstrate that 

corona proteins were observed forming on both SPIONs tested; with similarities 

observed in both perimag-plain samples and both perimag-COOH samples. 

Furthermore, gel appearances suggested that a wider range of corona proteins were 

present on perimag-COOH SPIONs. 

 

 
 

Figure A1.3. Coomassie stained SDS PAGE gel of in vivo protein corona: 
Mice were injected via tail vein with 20 μL of perimag-COOH (n = 2) or perimag-plain (n = 2) 
SPIONs (diluted to 200 μL in PBS). After 15 min, blood was extracted via cardiac puncture and 
SPIONs extracted and washed using magnetic separation (Miltenyi QuatroMACS using LS 
Columns). SPIONs were then concentrated using a magnetic concentrator (Miltenyi) and heated 
to 100°C with reducing buffer before being separated using SDS-PAGE (10%, reducing 
conditions, 1 h, 150V) and stained using Coomassie blue. 
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A1.3 Comparison of In Vitro vs. In Vivo Generated Corona 

To compare the composition of the perimag-plain and perimag-COOH SPION corona in 

vitro and in vivo, proteomic analysis was conducted on corona samples extracted from 

both SPION types after exposure to mouse serum or plasma in vitro and blood in vivo. 

Samples were prepared and purified as before and then separated from the SPIONs into 

SDS-PAGE gel before being sent for external analysis by Liquid Chromotography – 

Mass Spectrometry (LC-MS) (Oxford University Innovation). From this proteomic 

analysis, a number of differences were observed, both between in vitro and in vivo 

samples and between perimag-COOH and perimag-plain. 

 

The first main difference observed was that a significantly greater number of proteins, as 

assessed by the number of protein hits, were isolated from all in vivo samples (531-893, 

n = 4) compared to all in vitro samples (61-267, n = 4) (Figure 3.11A) (P = 0.0013). 

Furthermore, when in vitro and in vivo samples were analysed separately, more proteins 

were isolated from perimag-COOH SPIONs in both groups (Figure 3.11B). In vitro, an 

average of 113 (61 and 164) proteins were identified for perimag plain vs. 217 (167 and 

267) for perimag-COOH, whilst in vivo the average number of protein hits was 570 (531 

and 609) for perimag-plain and 873 (852 and 893) for perimag-COOH.  
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Figure A1.4. Number of proteins isolated from SPION corona samples: 
Perimag-plain and perimag-COOH SPIONs were exposed to (i) mouse serum or plasma in vitro 
(n = 1 per SPION for both serum and plasma), (ii) blood in vivo (n = 2 per SPION). The number 
of proteins isolated from corona samples was assessed by the number of protein hits present 
within each corona sample. (A) An average of 721 (531-893) proteins were isolated from in vivo 
samples (n = 4) compared with 165 (61-267) for in vitro samples (n = 4). Error bars represent 
standard deviation and the observed difference was found to be statistically significant (P = 
0.0013, assessed using a two-tailed unpaired t-test). (B) For both in vitro samples (left) and in 
vivo samples (right), more proteins were isolated from the corona of perimag-COOH SPIONs 
compared with perimag-plain; 217 (167 and 267) vs. 113 (61 and 164) in vitro, and 873 (852 and 
893) vs. 570 (531 and 609) in vivo. 
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Differences were also observed in the most common proteins found within the corona of 

the in vitro and in vivo samples. To illustrate this, the twenty most prevalent proteins 

found in each corona sample were compared for in vitro samples (Table 3.6) and in vivo 

samples (Table 3.7). These results show that the most common proteins of either the in 

vitro and the in vivo corona did not appear to solely reflect the most common proteins 

found in murine plasma; gamma-globulin, fibrinogen, beta-globulin, alpha-globulin and 

albumin (Morris and Courtice 1955). Furthermore, complement protein C3 was the most 

abundant protein in all in vitro corona samples, whilst the muscle protein actin was the 

most common protein in all in vivo samples. Other observed differences between the 20 

most common corona proteins found in vitro and in vivo included the presence of 

vitronectin, kininogen, plasma kallikrein and histidine rich glycoprotein only in the in vitro 

samples, and a greater abundance of the intracellular proteins histones, transketolase, 

and lactotransferrin present in vivo.  

 

Discrepancies between the 20 common proteins were also observed between perimag-

COOH and perimag-plain. In vitro, the complement activator properdin was common only 

in perimag-plain samples whilst the heavy chain subunits of the plasma protein inter-

alpha-trypsin inhibitor were common only in perimag-COOH samples. In vivo, the 

cytoskeletal proteins thrombospondin and vinculin were present only in the perimag-

COOH samples.  
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Table A1.1. Common in vitro corona proteins: 
The twenty most common proteins found within the corona of perimag-plain and perimag-COOH 
SPIONs when exposed to murine serum and plasma. Proteins highlighted in pink were only 
prevalent for perimag plain, whilst those highlighted in green were only in the top 20 proteins for 
the perimag-COOH corona. 
 

Protein 
Hit 

Number 

Perimag-Plain Perimag-COOH 
Plasma Serum Plasma Serum 

1 Complement C3 Complement C3 Complement C3 Complement C3 

2 Kininogen Kininogen Histidine-rich 
glycoprotein Beta-globin 

3 Histidine-rich 
glycoprotein 

Histidine-rich 
glycoprotein Fibrinogen beta Alpha-globin 

4 Actin Keratin type II Fibrinogen 
gamma 

Histidine-rich 
glycoprotein 

5 Mannose Binding 
Protein A 

Ig mu chain C 
region Vitronectin Kininogen 

6 Filamin 
Mannose 

Binding Protein 
A 

Fibrinogen alpha Vitronectin 

7 Plasma kallikrein Coagulation 
factor V Kininogen Thrombospondin 

8 Ig mu chain C 
region Plasma kallikrein Plasma kallikrein Serine peptidase 

inhibitor 

9 Myosin Keratin type 1 Serine peptidase 
inhibitor Plasma kallikrein 

10 Properdin Properdin 
Inter-alpha-trypsin 

inhibitor heavy 
chain 1 

Fibronectin 

11 Keratin type II Protein Krt78 
Inter-alpha-trypsin 

inhibitor heavy 
chain 2 

Inter-alpha-trypsin 
inhibitor heavy 

chain 1 

12 Talin 
Mannose 

Binding Protein 
C 

Fibronectin 
Inter-alpha-trypsin 

inhibitor heavy 
chain 2 

13 Albumin Vitronectin Mannose Binding 
Protein A Antithrombin III 

14 Keratin type I Albumin 
Inter-alpha-trypsin 

inhibitor heavy 
chain 4 

Glia-derived nexin 

15 Complement C4B Actin Actin Ig mu chain C 
region 

16 Thrombospondin Alpha-globin Albumin 
Inter-alpha-trypsin 

inhibitor heavy 
chain 4 

17 Beta-globin Protein Igkv5-48 Coagulation 
factor V Prothrombin 

18 Complement 
factor B Beta-globin Mannose Binding 

Protein C Albumin 

19 Mannose Binding 
Protein C 

Protein 
Gm20547 

von Willebrand 
factor Keratin type II 

20 
Mannan-binding 

lectin serine 
protease 2 

Mannan-binding 
lectin serine 
protease 2 

Apolipoprotein E Mannose Binding 
Protein C 
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Table A1.2. Common ex vivo corona proteins: 
The twenty most prevalent proteins found within the corona of perimag-plain and perimag-COOH 
SPIONs following intravenous injection into C57BL/6 mice. Proteins highlighted in green were 
only commonly found in the corona of perimag-COOH. 
 

Protein 
Hit 

Number 

Perimag-Plain Perimag-COOH 
Mouse 1 Mouse 2 Mouse 1 Mouse 2 

1 Actin Actin Actin Actin 

2 Complement C3 Beta-globin Talin-1 Talin-1 

3 Beta-globin Complement C3 Filamin Myosin 

4 Alpha-globin 
Heat Shock 

Cognate Protein 
70 

Myosin Filamin 

5 Myosin Myosin Alpha-globin Vinculin 

6 Filamin Filamin Thrombospondin Heat Shock 
Cognate Protein 70 

7 
Heat Shock 

Cognate Protein 
70 

Alpha-globin Vinculin Thrombospondin 

8 Chitinase-like 
protein 3 Talin-1 Histone H1 Alpha-actinin 

9 Histone H2B Moesin 
Glyceraldehyde-3-

phosphate 
dehydrogenase 

Fructose-
bisphosphate 

aldolase 

10 Histone H4 Histone H4 Beta-globin Lactotransferrin 

11 Talin-1 Fibronectin Histone H2B Fibrinogen alpha 

12 Lactotransferrin keratin type II KxDL motif-
containing protein 1 Pyruvate kinase 

13 Annexin A1 Plastin 3 
Fructose-

bisphosphate 
aldolase 

Histone H1 

14 Transketolase Alpha-enolase Complement C3 Annexin A1 

15 Protein S100-A9 Spectrin alpha 
chain 

Peptidyl-prolyl cis-
trans isomerase A Gelsolin 

16 Histone H1 
Peptidyl-prolyl 

cis-trans 
isomerase A 

14-3-3 protein 
zeta/delta Transketolase 

17 
Fructose-

bisphosphate 
aldolase 

Heat-Shock 
Protein 90 Annexin A1 Tubulin beta-2A 

18 
Glyceraldehyde-

3-phosphate 
dehydrogenase 

Transketolase Alpha-actinin Spectrin alpha 
chain 

19 
Peptidyl-prolyl 

cis-trans 
isomerase A 

Fibrinogen 
alpha Pyruvate kinase 

Glyceraldehyde-3-
phosphate 

dehydrogenase 

20 Fibrinogen alpha Spectrin beta 
chain Fibrinogen alpha Alpha-enolase 
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The final key difference observed between the two SPIONs in vitro and in vivo was in 

the proportion of complement C3 present within the corona; determined initially by 

comparing the protein hit numbers. Whilst for in vitro samples complement C3 was the 

most common protein present (hit number 1), in the in vivo samples complement C3 was 

the second and third most common protein in the two perimag-plain samples, whilst hit 

numbers were lower (14 and 39) for perimag-COOH samples. As reference, two control 

proteins were also compared; the most common plasma protein albumin; and the most 

common protein found in the in vivo samples; actin. Albumin hit numbers in vitro were 

similar between SPIONs; 13 and 14 for perimag-plain, and 16 and 18 for perimag-COOH. 

In vivo, albumin hit numbers were lower for all samples; 33 and 52 for perimag-plain and 

44 and 104 for perimag-COOH. For actin, in vitro hit numbers were 4 and 15 for perimag-

plain and 15 and 26 for perimag-COOH and hit numbers were 1 for all in vivo samples.  

 

To quantify the differences between the amounts of complement C3, actin and albumin 

present within the corona in vitro and in vivo, protein scores for each protein were 

compared between perimag-plain and perimag-COOH. Whilst the protein hit number 

gives the protein prevalence compared to other proteins in the same sample, the protein 

score provides a more quantitative measure of how much of a particular protein is 

present. The results of this comparison are shown in Figure 3.12 and show that perimag-

COOH samples possessed a lower protein score than perimag-plain both in vitro (14,165 

vs. 22,855) and in vivo (867 vs. 4,186). Furthermore, in vivo the complement C3 protein 

scores were lower overall than in vitro (2,527 vs. 18,510). For the control protein albumin, 

protein scores were higher for perimag-COOH compared with perimag-plain in vitro (972 

vs. 523), whilst scores were similar in vivo (438 vs. 529). For actin, the opposite pattern 

was observed with similar in vitro scores (929 for perimag-plain vs. 873 for perimag-

COOH), and higher scores for perimag-COOH in vivo (10191 vs. 5367). To more clearly 

illustrate the differences in complement C3 levels between perimag-plain and perimag-

COOH, ratios of the protein scores between complement C3 and the ten most common 

corona proteins were calculated for each in vitro sample (Figure 3.13A) and each in vivo 

sample (Figure 3.13B). These results show that whilst complement C3 was the most 

common protein found in the corona of all in vitro samples, the proportion of complement 

C3 compared to the other ten most common proteins was greater for the perimag-plain 

samples than for the perimag-COOH samples. In vivo, whilst the ratios between 

complement C3 and other common corona proteins were smaller, a similar pattern was 

observed, with complement C3 making up a larger proportion of the corona of perimag 

plain SPIONs compared with perimag-COOH. 
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Figure A1.5. Prevalence of complement C3, albumin and actin in SPION corona: 
Comparison by protein score of the prevalence of the complement protein C3, the plasma protein 
albumin, and the cytoskeletal protein actin contained within the protein corona around perimag-
plain and perimag-COOH SPIONs. (A) SPIONs were incubated with murine serum or plasma. 
Following purification, corona proteins were isolated using SDS-PAGE, digested and processed 
for LC-MS/MS. The three proteins were then compared for each sample using the protein score. 
(B) Following intravenous injection, SPIONs were recovered by cardiac puncture and processed 
as above. Protein scores for complement C3m albumin and actin were compared for all samples. 
Results demonstrated a lower complement C3 protein score for all perimag-COOH SPION 
samples, compared with the corresponding scores for perimag-plain SPIONs. The opposite 
pattern was observed for the in vitro albumin protein score and the ex vivo actin score, whilst no 
difference in albumin protein score was seen ex vivo, and no difference for actin was seen in vitro.  
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Figure A1.6. Protein score ratios of complement-C3 to the ten most common proteins (by 
protein hit number) contained within protein corona: 
The protein score for complement C3 was compared to the protein score of each of the ten most 
prevalent corona proteins for each sample (as determined by protein hit number and shown in 
Table 3.9 and Table 3.10). (A) Complement C3 was the most abundant corona protein in all in 
vitro samples, but the ratio of complement C3 to each of the other common proteins was higher 
in perimag-plain SPION samples. (B) Protein scores for complement C3 were lower in in vivo 
samples, but the ratio of complement C3 to other common corona proteins was higher in perimag-
plain samples, compared to perimag-COOH samples. 
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Appendix 2. Toxicity Testing of Perimag SPIONs 

A2.1. Preliminary Toxicity Testing 

Preliminary toxicity testing was conducted by Topass GmbH (Berlin, Germany). In these 

experiments, toxicity of perimag-plain, perimag-COOH was assessed using 

ferucarbotran as a control SPION. Toxicity was assessed by: 

 

• Observing mice after intravenous injection of the material over a duration of 24 h 

(acute phase), 7 d (subacute phase), 28 d (subchronic phase), and 60 d (chronic 

phase); 

• Measurement of blood cell parameters (leucocytes, red blood cells, platelets, 

granulocytes and monocytes); 

• Measurement of serum parameters (liver enzymes, bilirubin, albumin, total 

protein); 

• Evaluate macro-pathology and histo-pathology of selected organs (liver, lung, 

spleen, kidney, heart, brain, and fat tissue) 

• Tracking of SPIONs using MR imaging 

 

Mice were observed following intravenous injection of perimag-plain for 4 time periods, 

up to a maximum of 60 d. Serious adverse events were noted in mice during the first 24 

h. All mice treated at the higher dose level had life threatening complications 

approximately 10 min following injection. They became drowsy, their eyes became pale 

(indicative of low blood pressure), heart rates decreased, and mice became apathetic 

with sluggish reactions and uncontrolled micturition. Mice treated with the lower dose 

had these symptoms to a less severe degree with a more rapid recovery. Five mice 

treated at 30 mg/kg body weight and four mice treated at 3 mg/kg body weight died in 

the first 24 h. Using MRI we demonstrated that at 3 mg/kg iron oxide particles were 

cleared from the liver in 60 d, whilst at 30 mg/kg, the particles were still visible. Macro- 

and histopathology indicated that the adverse events observed in mice treated with 

unmodified perimag-plain particles were the result of occlusion of lung capillaries. These 

results prompted cessation of the development of the perimag-plain and focus was 

shifted onto the negatively charged COOH functionalised perimag-COOH. 

 

To compare the toxicological profile of perimag-COOH with the reference particle, 

ferucarbotran, both particle types were tested at similar doses of 3 mg and 30mgFe/kg 
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body weight respectively. All animals survived treatment at these doses. As expected, 

the iron oxide particles were visible in the liver after 4 wk using MRI. Ferucarbotran has 

been tested frequently in animals and is used as precursor for a human MRI contrast 

agent (Resovist®) and thus considered to be safe. Encouragingly, perimag-COOH 

behaved in a similar way to ferucarbotran after intravenous application.  

 

 

Following these preliminary results, perimag-COOH subsequently underwent GLP 

toxicity testing (sequani, Ledbury, UK), summarised in brief below. 
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A2.2. GLP Toxicity Testing 

 

 
 
 

FINAL REPORT 

Study number EGB0031 

Test item Perimag-COOH 

Date of report issue 26 April 2017 

Total no. of pages 267 

 
 

Perimag-COOH: IV (Bolus) Extended Single Dose Toxicity 
Study in the Mouse 
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SPONSOR Paul O’Gorman Building 
University College London 
72 Huntley Street 
London 
WC1E 6BT 
United Kingdom 

STUDY DIRECTOR and 
TEST FACILITY 
(Location of Study Director) 
 

Lorraine Britton 
Sequani Limited 
Bromyard Road 
Ledbury 
Herefordshire 
HR8 1LH 
United Kingdom 

RESPONSIBLE SCIENTIST for 
FORMULATION ANALYSIS 
and 
TEST SITE 
 

Cordula Grȕttner 
micromod Partikeltechnologie GmbH 
Friedrich-Barnewitz-Str. 4 
D-18119 
Rostock 
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Perimag-COOH: IV (Bolus) Extended Single Dose Toxicity Study in the 
Mouse 
TEST ITEM: DaRtrix-02 
STUDY NUMBER: EGB0031 

 
STUDY AUTHENTICATION 
 
I hereby certify that the work reported in this document was carried out by, or on behalf 
of, Sequani Limited and represents a true and faithful account of the study performed. 
 
 
   
Sequani Management  Date 

 
 
I, the undersigned, confirm that this report is an accurate account of the work for which 
I was responsible. 
 
 
   
N.J. Downes, BDS(Edin), DipRCPath(Tox), 
FRCPath 
Study Pathologist 

 Date 
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Perimag-COOH: IV (Bolus) Extended Single Dose Toxicity Study in the 
Mouse 
TEST ITEM: Perimag-COOH 
STUDY NUMBER: EGB0031 

 
 

GLP COMPLIANCE STATEMENT 
The study was performed in compliance with United Kingdom Good Laboratory 
Practice Regulations 1999, SI 1999 No. 3106, as amended by SI 2004 No. 994, which 
are in accordance with the OECD Principles of GLP, ENV/MC/CHEM (98) 17. 
Studies performed in compliance with the above regulations and standards are 
considered acceptable to relevant United States and Japanese regulatory authorities. 
Exception:  There is no claim of GLP compliance for the formulation analysis 
delegated phase conducted at the Test Site, Micromod Partikeltechnologie GmbH.  
This Test Site manufactured the iron oxide nanoparticle solution which was 
administered in this study and is the most experienced laboratory to perform the 
analysis of the dilutions made before dose administration.  A unique feature of 
Micromod is that all their analytical procedures for characterization of nanoparticle 
suspensions conform to EN ISO 13485.  The analysis was performed using 
appropriate facilities, skills and competencies specifically developed over the years in 
the field of nanoparticle analysis.  As such, exclusion of the formulation analysis from 
this compliance statement was considered not to impact on the integrity or outcome of 
the study. 
The final report fully and accurately reflects the raw data generated during the conduct 
of the study.  
 
 
   
Lorraine Britton, BSc (Hons), MSc 
Study Director 

 Date 
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Perimag-COOH: IV (Bolus) Extended Single Dose Toxicity Study in the 
Mouse 
TEST ITEM: Perimag-COOH 
STUDY NUMBER: EGB0031 

 
 

QUALITY ASSURANCE STATEMENT 
 
STUDY PLAN 
The study plan for this study has been reviewed and reported to the Study Director and 
Management: 

Date of Review Date Reported to the Study Director 
and Management 

11 January 2017 11 January 2017 
 
PROCEDURES 
Procedures on this study have been inspected and reported to the Study Director and 
Management: 

Date of Inspection Procedure Inspected 
Date Reported to Study 

Director and 
Management 

31 January 2017 Test Item Preparation and 
Sampling 

31 January 2017 

31 January 2017 Dosing 31 January 2017 
31 January 2017 Observations 31 January 2017 
15 February 2017 Blood Collection  15 February 2017 
15 February 2017 

01 March 2017 
Necropsy 15 February 2017 

01 March 2017 
 
Other procedures relevant to this type of study have been inspected and reported on a 
regular basis according to Standard Operating Procedures. 
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Perimag-COOH: IV (Bolus) Extended Single Dose Toxicity Study in the 
Mouse 
TEST ITEM: Perimag-COOH 
STUDY NUMBER: EGB0031 

 
 

QUALITY ASSURANCE STATEMENT 
 
PROCESSES 

Date of Inspection Process Inspected Date Reported to 
Management 

17 November 2016 Animal Arrival, 
Randomisation, Allocation 
and Identification 

17 November 2016 

17 November 2016 Body Weights 17 November 2016 
01 December 2016 Microscopy 01 December 2016 
16 December 2016 Tissue Trimming 16 December 2016 
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SUMMARY 
 
Study Objective.  To assess the potential toxicity of the test item, perimag-COOH, 

when administered by intravenous bolus injection to the mouse as a single dose and to 

assess the reversibility of any observed effects over a 15 d treatment-free period. 

Methods.  Fifty-eight male and 48 female mice of the Crl:CD-1 (ICR) strain were 

allocated to the study.  The initial study design was to dose groups of 16 males and 16 

females with 0 (vehicle), 3 or 10 mg/kg perimag-COOH; however, following 

administration of the vehicle to 10 control males and 3 mg/kg perimag-COOH to 5 

males, dosing was stopped due to adverse clinical signs seen in the males given 3 

mg/kg.  Following further discussions with the Sponsor, some of the remaining 

undosed animals were re-allocated to a new study design consisting of preliminary and 

main study phases. 

For the preliminary phase, 3 males and 3 females were dosed once intravenously with 

1.5 mg/kg.  Clinical observations and body weights were recorded on d 1 and 2.  All 

animals were sent to necropsy on d 2 where blood samples were taken for 

haematology and blood chemistry parameter analysis, selected organs were weighed 

and tissues preserved.   

Main phase animals were divided into 2 groups, each of 16 males and 16 females and 

dosed with 0 (vehicle) or 1.5 mg/kg perimag-COOH, once only, by intravenous bolus 

injection at a dose volume of 5 mL/kg body weight.  On d 2, the lowest numbered 10 

males and 10 females per group were killed.  The remaining 6 animals of each sex in 

each group were retained for a 14 d treatment-free observation period and were killed 

on d 16 of the study.  All animals were observed daily from the start of treatment and 

body weights were recorded at regular intervals until the d before necropsy.  In 

addition, blood samples were taken on d 2 and at the end of the treatment-free 

observation period for clinical pathology investigations (d 16).  All animals were 

subjected to a gross necropsy, specified organs were weighed and a full list of tissues 

was preserved and examined microscopically. 

Results.  For the preliminary phase, there were no clinical signs seen after dose 

administration.  Clinical pathology investigations performed from blood taken on d 2 

showed no test item-related changes in haematology or blood chemistry parameters.  

At necropsy on d 2, there were no changes that could be considered related to 

treatment with perimag-COOH. 

For the main phase, following a single intravenous administration of 1.5 mg/kg 

perimag-COOH there were no deaths or clinical signs and no effects considered to be 
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related to administration of perimag-COOH on organ weights, body weight, 

haematology or blood chemistry parameters, macroscopic or microscopic pathology at 

the end of the treatment period or treatment-free period. 

Conclusions.  Perimag-COOH administered once by intravenous bolus injection to the 

mouse at a dose level of 1.5 mg/kg was well tolerated, resulting in no adverse effects 

either systemically or at the site of administration.
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Appendix 3. Full 89Zr-SPION Biodistribution Data 

A3.1 Systemic Biodistribution of perimag-COOH in wild-type C57BL/6 mice 

Table A3.1: % ID/g of 89Zr –perimag-COOH at 80 min (C57BL/6 Mice) 

% ID/g FVF (-) 
FVF (+) 

Pre-injection 
FVF (+) 

Co-injection 
Organ AV SD AV SD AV SD 

Blood 1.51 0.21 2.22 0.71 2.50 0.84 

Liver 79.71 11.88 71.07 4.96 76.67 4.12 

Kidney 1.24 0.14 3.10 0.98 2.07 0.44 

Lung 6.73 1.96 3.01 0.77 3.10 0.41 

Spleen 119.40 21.58 172.42 21.35 170.87 27.87 

Colon 1.13 0.13 1.63 0.25 1.35 0.35 

Small Intestine 0.50 0.05 1.02 0.13 14.36 21.15 

Muscle 0.53 0.13 0.59 0.01 0.75 0.36 

Stomach 1.12 0.51 3.00 1.92 1.27 0.55 

Bone 3.61 0.89 3.29 0.74 2.09 0.75 

Brain 0.18 0.01 0.18 0.04 0.17 0.001 
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Table A3.2: Tissue : Blood of 89Zr –perimag-COOH at 80 min (C57BL/6 Mice) 
Tissue: Blood 

ratios FVF (-) 
FVF (+) 

Pre-injection 
FVF (+) 

Co-injection 
Organ AV SD AV SD AV SD 

Blood 1.00 0.00 1.00 0.00 1.00 0.00 

Liver 53.99 12.74 34.43 11.82 33.12 11.62 

Kidney 0.84 0.16 1.51 0.67 0.85 0.12 

Lung 4.42 0.94 1.40 0.34 1.31 0.31 

Spleen 79.02 5.98 81.87 22.75 71.52 15.35 

Colon 0.75 0.07 0.79 0.32 0.56 0.13 

Small Intestine 0.34 0.08 0.50 0.17 4.66 6.18 

Muscle 0.36 0.14 0.28 0.08 0.30 0.07 

Stomach 0.78 0.47 1.27 0.40 0.61 0.45 

Bone 2.37 0.26 1.56 0.55 0.99 0.72 

Brain 0.12 0.03 0.08 0.01 0.07 0.03 

 
Table A3.3: % ID/g of 89Zr –perimag-COOH at 24 h (C57BL/6 Mice) 

% ID/g FVF (-) 
FVF (+) 

Pre-injection 
FVF (+) 

Co-injection 

Organ AV SD AV SD AV SD 
Blood 0.43 0.12 0.47 0.04 0.44 0.06 

Liver 58.43 12.42 61.40 2.27 83.80 7.51 

Kidney 1.10 0.40 1.87 0.58 2.26 0.51 

Lung 1.31 0.08 1.00 0.23 1.31 0.39 

Spleen 116.66 11.64 116.15 37.21 142.25 7.82 

Colon 0.64 0.17 0.93 0.24 0.96 0.48 

Small Intestine 0.34 0.08 1.04 0.71 1.52 0.45 

Muscle 0.49 0.12 0.41 0.16 0.44 0.07 

Stomach 0.43 0.10 0.78 0.62 0.99 0.24 

Bone 6.33 1.25 6.21 0.96 6.47 0.92 

Brain 0.17 0.07 0.14 0.02 0.13 0.02 
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Table A3.4: Tissue : Blood of 89Zr –perimag-COOH at 24 h (C57BL/6 Mice) 

Tissue: Blood 
ratios FVF (-) 

FVF (+) 
Pre-injection 

FVF (+) 
Co-injection 

Organ AV SD AV SD AV SD 

Blood 1.00 0.00 1.00 0.00 1.00 0.00 

Liver 137.81 16.57 130.24 15.10 190.87 11.15 

Kidney 3.06 2.46 3.98 1.34 5.08 0.42 

Lung 3.34 1.53 2.15 0.66 2.94 0.57 

Spleen 297.73 136.06 248.51 89.33 325.34 31.99 

Colon 1.67 0.90 1.99 0.66 2.10 0.71 

Small Intestine 0.83 0.28 2.20 1.51 3.39 0.60 

Muscle 1.24 0.61 0.86 0.29 1.00 0.16 

Stomach 1.16 0.78 1.65 1.33 2.25 0.54 

Bone 16.79 10.50 13.26 3.08 14.84 2.83 

Brain 0.47 0.34 0.29 0.06 0.29 0.01 
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A3.2 Systemic Biodistribution of perimag-COOH in GL261 tumour-bearing C57BL/6 

mice 

Table A3.5: % ID/g of 89Zr –perimag-COOH at 24 h (GL261 tumour bearing C57BL/6 Mice) 

% ID/g FVF (-) 
FVF (+) 

Co-injection 
Organs AV SD AV SD 
Blood 0.36 0.03 0.37 0.14 

Liver 63.07 5.26 45.31 8.82 

Kidney 0.51 0.06 0.61 0.24 

Lung 0.88 0.15 0.76 0.20 

Spleen 91.58 19.46 71.10 25.60 

Colon 0.32 0.17 0.26 0.07 

Small Intestine 0.35 0.30 0.83 1.15 

Muscle 0.10 0.04 0.13 0.06 

Stomach 0.30 0.14 0.67 0.58 

Bone 3.56 0.65 3.33 0.53 

Skin 0.35 0.14 0.25 0.06 

Heart 0.34 0.11 0.38 0.22 

Brain 0.05 0.02 0.04 0.01 

Tumour 0.41 0.05 0.51 0.05 

Tail 2.00 0.77 2.55 1.82 
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Table A3.6: Tissue : Blood of 89Zr –perimag-COOH at 24 h (GL261 tumour bearing C57BL/6 
Mice) 

 

Tissue : Blood FVF (-) 
FVF (+) 

Co-injection 
Organs AV SD AV SD 
Blood 1 0 1 0 

Liver 174.77 19.97 138.88 60.74 

Kidney 1.40 0.09 1.79 0.76 

Lung 2.44 0.45 2.27 0.88 

Spleen 255.75 68.52 207.62 74.01 

Colon 0.86 0.44 0.75 0.21 

Small Intestine 1.00 0.87 2.12 2.69 

Muscle 0.28 0.07 0.38 0.19 

Stomach 0.81 0.34 1.72 1.27 

Bone 9.96 2.58 9.98 3.62 

Skin 0.94 0.29 0.78 0.36 

Heart 0.93 0.26 1.05 0.48 

Brain 0.14 0.04 0.12 0.04 

Tumour 1.14 0.07 1.53 0.63 

Tail 5.44 1.94 6.93 5.04 
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A3.3 Systemic Biodistribution of ferucarbotran in GL261 tumour-bearingC57BL/6 mice 

Table A3.7: % ID/g of 89Zr –Ferucarbotran at 24 h (GL261 tumour bearing C57BL/6 Mice) 
 

% ID/g FVF (-) FVF (+) 
 Pre-injection 

FVF (+)  
Co-injection 

Organs AV SD AV SD AV SD 
Blood 

0.173 0.028 0.261 0.088 0.287 0.106 
Liver 

65.368 13.536 51.536 16.496 35.097 8.856 
Kidney 

0.457 0.561 0.575 0.044 0.599 0.160 
Lung 

2.677 2.106 2.277 1.092 1.065 0.357 
Spleen 

75.506 25.898 172.140 43.008 119.600 42.987 
Colon 

0.340 0.255 0.424 0.298 0.287 0.119 
Small Intestine 0.077 0.021 0.303 0.162 1.034 1.531 

Muscle 
0.065 0.021 0.093 0.029 0.088 0.015 

Stomach 
0.079 0.026 0.314 0.226 0.586 0.192 

Bone 
1.832 0.997 2.318 0.667 1.635 0.480 

Brain 
0.365 0.842 0.035 0.013 0.023 0.005 

Tail 
3.585 7.549 3.345 5.610 1.578 1.515 

Tumour 0.254 0.078 0.528 0.102 0.481 0.089 
Heart 

0.179 0.084 0.749 0.417 0.297 0.116 
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Table A3.8: Tissue : Blood of 89Zr –Ferucarbotran at 24 h (GL261 tumour bearing C57BL/6 
Mice) 
 

Tissue: Blood 
ratios FVF (-) FVF (+) 

Pre-injection 
FVF (+) 

Co-injection 
organ AV SD AV SD AV SD 
Blood 1.000 0.000 1.000 0.000 1.000 0.000 
Liver 387.098 104.326 218.709 98.779 141.661 71.469 

Kidney 2.353 2.354 2.398 0.703 2.351 1.140 
Lung 15.578 11.553 8.891 4.580 3.996 1.855 

Spleen 461.491 140.990 718.397 307.730 427.533 126.730 
Colon 2.004 1.455 1.806 1.365 1.162 0.716 

Small Intestine 0.440 0.082 1.330 1.084 4.529 7.421 
Muscle 0.384 0.150 0.399 0.219 0.337 0.115 

Stomach 0.462 0.177 1.475 1.374 2.334 1.299 
Bone 10.925 6.140 9.288 3.122 5.938 1.203 
Brain 2.507 5.833 0.137 0.041 0.084 0.024 
Tail 16.640 33.460 12.043 18.002 5.062 2.738 

Tumour 1.474 0.468 2.160 0.604 1.803 0.533 
Heart 1.042 0.471 2.907 1.738 1.176 0.708 
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A3.4 Biodistribution of perimag-COOH following intratumoural injection in GL261 

tumour-bearing C57BL/6 mice  

 
Table A3.9: % ID/g of 89Zr –perimag-COOH at 24 h, 48 h and 72 h following intratumoural 
injection (GL261 tumour bearing C57BL/6 Mice) 

% ID/g 24 Hours 48 Hours 72 Hours 
Organs AV SD AV SD AV SD 
Tumour 49.46 21.83 52.54 27.05 45.73 8.60 

Skin (Tumour) 29.63 26.32 31.39 17.69 9.32 5.12 
Skin (Non-
Tumour) 0.07 0.03 0.05 0.03 0.03 0.01 

Liver 1.77 0.59 2.31 1.98 4.18 3.44 

Spleen 0.10 0.04 0.13 0.10 0.41 0.44 

Blood 0.58 0.07 0.11 0.04 0.12 0.00 

Heart 0.03 0.02 0.00 0.00 0.02 0.00 

Kidney 0.39 0.40 0.57 0.65 0.13 0.02 

Lung 0.03 0.02 0.03 0.01 0.03 0.02 

Colon 0.01 0.01 0.01 0.00 0.01 0.01 

Small Intestine 0.32 0.05 0.24 0.08 0.26 0.12 

Stomach 0.03 0.01 0.01 0.01 0.04 0.04 

Brain 0.01 0.01 0.02 0.01 0.01 0.01 

Muscle 0.24 0.19 0.02 0.01 0.36 0.40 

Bone 0.30 0.09 0.30 0.12 0.32 0.07 
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Table A3.10: Tissue:Tumour of 89Zr –perimag-COOH at 24 h, 48 h and 72 h following 
intratumoural injection (GL261 tumour bearing C57BL/6 Mice) 
Tissue: Tumour 

ratios 24 Hours 48 Hours 72 Hours 

organ AV SD AV SD AV SD 
Tumour 1.00 0.00 1.00 0.00 1.00 0.00 

Skin (Tumour) 3.04 2.31 3.41 3.15 3.41 1.89 
Skin (Non-
Tumour) 376.83 130.29 411.84 166.68 458.53 326.60 

Liver 78.66 50.83 188.14 133.46 106.68 118.52 

Spleen 139.86 29.68 150.84 86.42 104.60 113.82 

Blood 222.00 65.68 682.98 359.04 856.59 684.94 

Heart 319.33 115.81 515.18 202.25 816.25 777.23 

Kidney 265.96 196.66 381.84 289.38 353.92 284.82 

Lung 300.14 111.37 525.58 245.74 484.07 401.70 

Colon 428.73 101.66 326.38 102.74 728.73 447.06 

Small Intestine 892.75 556.34 2068.67 1065.06 1740.63 1481.35 

Stomach 760.23 399.07 1253.36 611.83 3562.39 3564.30 

Brain 2486.70 1233.63 2947.72 1149.44 5765.11 6149.56 

Muscle 218.29 175.44 974.69 283.43 463.15 537.31 

Bone 50.77 23.23 37.48 15.08 38.13 28.96 
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Appendix 4. Publications and Presentations 

A 4.1. Publications 

Published Papers 
 
T. Carter & N. F. Brown, D. Ottaviani, P. Mulholland, Harnessing the Immune System in 
Glioblastoma, British Journal of Cancer, 2018, In Press. 
 
T. Carter & M. Abdollah, C. Jones, T. L. Kalber, V. Rajkumar, B. Tolner, C. Gruettner, M. Zaw-
Thin, J. Baguña Torres, M. Ellis, M. Robson, R. Barbara Pedley, P. Mulholland, R. T. M. de 
Rosales and K. A. Chester, Fucoidan Prolongs the Circulation Time of Dextran-Coated Iron 
Oxide Nanoparticles, ACS Nano, 12(2), 2018, 1156-1169 
 
T. Carter, P. Mulholland, K. Chester, Antibody-targeted nanoparticles for cancer treatment, 
Immunotherapy 8(8), 2016, 941-958 

 
T. Carter, H. Shaw, D. Cohn-Brown, K. Chester, P. Mulholland, Ipilimumab and Bevacizumab in 
Glioblastoma, Clinical Oncology, 28(10), 2016, 622-626 
 

A 4.2. Presentations 

Oral Presentations 

Using magnetic hyperthermia to stimulate an immune response in glioblastoma – presented at 
the 2nd Annual Next Gen Immuno-Oncology Congress, London, March 2018 
 
Nanomedicine for Hyperthermia in Glioblastoma – Presented at the 34th International 
Conference ‘Advances in the Applications of Monoclonal Antibodies in Clinical Oncology and 
Symposium on Neuro-Onclogy’, Konnos Bay, Cyprus, June 2017 
 
Magnetic Hyperthermia for Treatment of Glioblastoma – Presented at the UCL Cancer Institute, 
Research in Progress Seminar Series, March 2017 
 
Survival and efficacy data for patients with glioblastoma treated with ipilimumab in combination 
with bevacizumab – Presented at the Society of Neuro-Oncology (SNO) Annual Meeting, 
Scottsdale, Arizona, USA, November 2016 
 
Glioblastoma: Are we seeing the first cures? – Presented at the University College Hospital 
Grand Round, May 2015 
 

Poster Presentations 

 
T. Carter, G. Agliardi, M. Ellis, F-Y. Lin, C. Jones, M. Robson, A. Richard-Londt, P. Southern, 
Q. Pankhurst, R. T. M. de Rosales, C. Gruettner, S. Quezada, R. B. Pedley, T. Kalber, S. 
Brandner, P. Mulholland, K. Chester, Potential of magnetic hyperthermia to stimulate an 
immune response in glioblastoma, presented at the Society for Neuro-Oncology (SNO) Annual 
Meeting, San Francisco, USA, November 2017 
 
T. Carter, G. Agliardi, M. Ellis, F-Yu Lin, C Jones, M. Robson, A. Richard-Londt2, P. Southern, 
Q. Pankhurst, R. Torres Martin De Rosales, C. Gruettner, R. B. Pedley, S. Quezada, T. Kalber, 
S. Brandner, P. Mulholland, K. Chester, Magnetic Hyperthermia as an Immune Stimulator in an 
In vivo Model of Glioblastoma, presented at the UCL Cancer Institute, June 2017 
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T. Carter & N. F. Brown, H. Shaw, D. Cohn-Brown, K. Chester, P. Mulholland, Survival and 
efficacy data for patients with glioblastoma treated with ipilimumab in combination with 
bevacizumab, presented at Society of Neuro-Oncology (SNO) Annual Meeting, Scottsdale, 
Arizona, USA, November 2016 
 
T. Carter, K. Chester, H. Shaw, P. Mulholland, An Update on Ipilimumab and Bevacizumab in 
Glioblastoma, presented at Society of Neuro-Oncology (SNO) Annual Meeting, San Antonio, 
Texas, USA, November 2015 
 
T. Carter, M. Abdollah, G. Agliardi, P. Southern, S. Hattersley, M. Livanos, B. Tolner, J. Dixon, 
C. Gruttner, J. Lau, S. Brandner, N. Kitchen, Q. Pankhurst, P. Mulholland, K. Chester, Targeted 
magnetic hyperthermia for treatment of glioblastoma, presented at the UCL Cancer Institute, 
March 2015 
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