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5) Imaging sciences staff has extensive expertise in the design, development and construction of MR-compatible PET 
scanners, and three preclinical systems are available. These unique scanners allow simultaneous and non-

simultaneous acquisition of PET and MRI images at high magnetic fields.  

6) PET and SPECT radioisotopes (99mTc, 111In, 64/61Cu, 68Ga, 18F, etc.) are readily available at little or no cost. 
 

The Division is home to two major EPSRC co-funded centres that support this proposal: The Wellcome Trust-EPSRC 
Centre of Excellence in Medical Engineering and CRUK-EPSRC Comprehensive Cancer Imaging Centre joint with 

UCL. In specific areas I will benefit from the expert advice of colleagues with clinical and basic science backgrounds 

from these centres. In particular, the synthesis and characterisation of metal oxide NPs and MRI component will benefit 
from the ongoing collaborations with Dr. M. Green and Prof. R. Botnar (vide infra). Dr. L. Livieratos and Dr T. Tsoumpas 

will provide expertise in medical physics for SPECT and PET-MR image analysis, Dr Sunnasee, Dr Shaw and Mr Clark 
(preclinical studies), Prof. Blower and Dr. Ballinger (Nuclear medicine/radiochemistry), Prof. T. Gee (PET chemistry), Dr. 

Mullen (Biology/immunology), Prof. Dilworth (Chemistry), Prof. Marsden (PET-MR), Prof. O’Doherty (Clinical PET) and 

Prof. Nagel (Clinical cardiovascular imaging).  

 
2.  Proposed Research and its context 

 

a. Overview 
 

Personalised medicine is a healthcare model in which patients are 

selected and stratified for specific treatments based on diagnostic 
tests and other types of information. In this way, patients benefit from 

tailored treatments that will be cost-effective for the healthcare 

systems and pharmaceutical-development companies.  
I am interested in developing a diagnostic tool for identifying 

high-risk patients based on matrix metalloproteinase (MMP) 
activity levels (Scheme 1). MMPs are proteases involved in tissue 

destruction. High levels of MMP activity have been identified with poor 

prognosis in the three leading causes of death: cardiovascular 
disease, cancer and chronic lung disease. For example, high MMP 

activity has been related to high tumour aggressiveness and low 
survival (cancer), plaque vulnerability (atherosclerosis) and life-

threatening chronic lung disease exacerbations in patients with 
asthma or chronic obstructive pulmonary disease (COPD). To date, while we have methods to diagnose these diseases, 

there is no clinical tool for detecting those patients that are prone to imminent rupture, metastases or chronic 

lung disease exacerbations. Histopathology evidence suggests that MMP activity is a biomarker for this instability, and 
so non-invasive methods for measuring MMP activity in vivo would become key decision-making tools for 

clinicians. 
The objective of this proposal is the development of a platform of imaging agents for MMP diagnosis using 

multimodal imaging techniques. Our imaging probes will have the ability to accumulate at specific disease affected 

tissues. Once in their target (plaque, aneurysm, tumour, etc.), these traceable “smart” agents will emit a detectable and 
quantifiable signal in response to MMP activity. Thus, from a single procedure, clinicians will be capable of detecting 

disease-affected tissues and to measure their MMP activity, allowing the risk assessment and staging of these 
diseases. 
 

 

b. Background 
 

Extracellular matrix (ECM) and MMPs. ECM is the material around cells. 

Its roles include mechanical support for cells and tissues and coordination 
of cellular function through signalling with cellular adhesion receptors. The 

main components of ECM are shown in Scheme 2 and include fibroblasts 
which are the cells that maintain the structure of ECM by synthesising 

most of its components: fibrous proteins such as collagen, elastin and 
proteoglycans and adhesive glycoproteins that mediate the connection of 
fibrous proteins, cells and other ECM components.  
 

MMPs are the proteases that control ECM remodelling. In adults these enzymes are normally implicated in wound 

repair, menstruation and other processes that require tissue remodelling. However, in non-remodelling tissue, MMPs are 
mostly inactive and remain latent as inactive zymogens (proMMPs) or inhibited by endogenous tissue inhibitors (TIMPs) 

after activation. What makes MMPs attractive as therapeutic/diagnostic targets is that many pathologies require 

Scheme 2. Extracellular matrix (ECM) 

Scheme 1. Identifying high-risk patients by imaging MMP activity 
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Nuclear Imaging: SPECT and PET

Pfeifer et al. J Nucl Med 2012;53:1207

PETSPECT
PROS:

• Sensitive: micrograms quantities, 

or less…(microdose imaging)

• Hot-spot → no endogenous 

background

• No tissue penetration issues

• Whole-body (PET)

• Dynamic → kinetics (PET)

• Quantifiable (PET)

CONS:

• Use of radioactivity →

manageable risk



The sensitivity of 
PET



In vivo PET and PEPT imaging of a single particle

PET

Positron 
Emission
Tomography

PEPT

Positron 
Emission
Particle
Tracking

RADIATION DOSE: 2 kBq (single particle) vs. 10,000 kBq (standard PET tracer) !! 

MASS DOSE: 1 silica particle → picogram range (10-11 – 10-12 g) vs. 10-6 g for standard PET tracer !!

2 μm



Nature Nanotechnology, 2024, 19, 668



PET imaging as a drug development tool

PET imaging allows:

- See where is the drug is going i.e. biodistribution →

whole-body! Using micrograms or less!!

- How fast, when? – pharmacokinetics → whole-body, 3D!

- How is it cleared? How fast? → Excretion

- Optimisation of dose and administration route

- Translatable: directly from animals to humans

- Patient-selection tool (personalised medicine / 

theranostics)

From SMALL MOLECULE drugs, to LARGE MOLECULES (e.g. Abs), to CELL THERAPIES



PET Imaging of Antibodies

Correlation of tumor uptake of [89Zr]Zr-bevacizumab with blood pool. 

Molecular Drug Imaging: 89Zr-Bevacizumab PET in Children with Diffuse 
Intrinsic Pontine Glioma, J Nucl Med 2017; 58:711–716

- Easy to radiolabel
- Well-defined structure
- Well-established chemistry
- Radiolabel does not affect function



Why is PET not used more often for 
nanoDDS development?

DDS = drug delivery system

Main barriers
• Complex structures → (Radio)-chemistry 

• Costs / infrastructure

• Only BioD/PK information

• Human studies → Radiation dose to patient



Why is PET not used more often for 
nanoDDS development?

DDS = drug delivery system
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• Human studies → Radiation dose to patient



NPs are not insensitive to labelling for imaging (i.e. how and where you label matters)

Labelling nano-DDS for PET imaging 

J. Seo et al. Nucl. Med. Bio. 2015; 42: 155 – 163 Chen et al. Chem Mater. 2017 October 10; 29(19): 8269–8281



70 pages,  >700 references
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• Costs / infrastructure
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New technology: Total-Body PET

S. Cherry et al. JNM (2018 ) 59, 3-12 

• 3D – whole body

• High sensitivity (up to 40x)

• High spatio/temporal 

resolution

• Quantification



Two TB-PET now available at KCL !! 
(50% of TB-PET scanners in the UK) 

New technology: Total-Body PET



New technology: Total-Body PET

Current emphasis in my group: 

TB-PET will facilitate the evaluation of nano-DDS in humans for 
a better understanding of their in vivo behavior

Human heterogeneity
Disease heterogeneity

Novel materials / routes of administration  

Support the selection of the best healthcare nanomaterials of 
the future



Total-Body PET for imaging nano-DDS: why?

Despite many multimodal imaging studies in preclinical models, We still 
don’t fully understand how nano-DDS behave in vivo

Poley et al.  ACS 
Nano, 2022, 

16(4):5246



Total-Body PET for imaging nano-DDS: why?

….The majority of MNPs found in tissues consist of PE and 
appear to be nanoplastic shards or flakes. MNP concentrations 
in normal decedent brain samples were 7–30 times greater 
than the concentrations seen in livers or kidneys, and brain 
samples from dementia cases exhibited even greater MNP 
presence….



Total-Body PET for imaging nano-DDS: why?



e.g. Liposomal 

doxorubicin (Caelyx/Doxil)

-Edmonds et al. ACS Nano, 2016; 
10:10294
-Gawne et al. Theranostics 2020; 
10(9):3867
-Gabizon et al. Pharmaceutics 2023; 
15(11), 2606
-Minino-Carrascal, Preprint 89Zr-DOXIL 89Zr-Talidox
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111In-PLA

Breast cancer Fibrosarcoma Rheumathoid arthritis

89Zr-PEGylated liposome (glucocorticoid)

Total-Body PET for imaging nano-DDS: 
choosing the right radiochemistry



Total-Body PET for imaging nano-DDS: 
choosing the right radiochemistry

89Zr-Neutrophil MVs exosomes in RA model (iv injection)

A. Khan

Exosomes/sEVs as DDSs seem to be well suited for delivering drugs to lymph-node resident 
cells and interact with the adaptive immune system Unpublished data



Total-Body PET for imaging nano-DDS: 
choosing the right radiochemistry

Polysarcosine – PEG alternative

→ Long circulation → high tumour uptake

Tia Gibson (Thu Tech session V – 10am)
Manuscript in preparation. Collaboration with 



Total-Body PET for imaging nano-DDS: 
choosing the right radiochemistry

Collab. MJ Alonso’s lab (SantiagO)



Imaging the effect of external stimuli in the 
whole-body in vivo behaviour of nano-DDS

External X-ray radiation
& 

FUS



The effect of external beam X-ray radiation (EBRT) on the tumour

delivery of nano-DDS

2017
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P E G y l a t e d  l i p o s o m a l  n a n o m e d i c i n e s  i n  a  s y n g e n e i c  f i b r o s a r c o m a  m o d e l
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2 Shaare Zedek Medical Center, Jerusalem, Israel
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Introduction

§ Fibrosarcoma and other soft tissue sarcomas have a poor prognosis when not amenable to 

surgery and do not respond well to conventional radiotherapy and chemotherapy

§ PEGylated liposomes containing the synergistic drugs alendronate and doxorubicin (PLAD) 

have shown promising therapeutic effects in fibrosarcoma murine models [1].  The combination 

changes the immune response by increasing the antitumor effect  of infiltrating as TAMs, 

MDSCs, Tregs, NKTs, and NKs [2].  

§ SPECT Imaging demonstrates high uptake of PLAD in tumors.

§ 111In[In]-PLAD shows no significant differences in tumor uptake at 72h between irradiated and non-irradiated groups. 

§ The combination of radiotherapy and PLAD treatment resulted in smaller tumors just 72 h post PLAD treatment, 

suggesting a fast therapeutic response and complicating tumor uptake comparisons between the two groups at this timepoint.

§ Significant differences were observed in several tissues, including blood suggesting systemic effects of the tumor targeted 

radiation that result in longer circulation half-life. 

§ The radiolabeling was stable and reinforces how useful preclinical nuclear imaging can be in the development of 

these therapies to assess biodistribution, and potentially as theranostic tools.

§ Further experiments are underway to further understand the effect of radiation and PLAD treatment in this tumor model. 

Conclusions

Preclinical model and experimental design  

Biodistribution results
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§ PLAD was radiolabeled using a previously reported method [6], by producing the lipophilic complex 111[In]In(oxinate)3 . 

Once the 111[In]In(oxinate)3 was extracted with chloroform, it was dried, and it was redissolved in DMSO. Then, it was 

incubated with  PLAD at 50° C for 30 min. The formulation was purified using a PD minitrap size exclusion column. The 

final formulation contained a subtherapeutic dose of 111In-PLAD and placebo liposomes to 4 µmol of total lipids per 

mouse. 

Ga bizon et a l.

PLAD Cryo-TEM
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§ Previous studies showed that external beam radiotherapy (EBRT) increases tumour delivery of liposomes [3,4,5].

§ AIM: To test, using preclinical nuclear imaging, if there is increased PLAD accumulation in a fibrosarcoma tumour model 

(WEHI-164) after EBRT.

Imaging nano-DDS in combination with EBRT
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§ Previous studies showed that external beam radiotherapy (EBRT) increases tumour delivery of liposomes [3,4,5].

§ AIM: To test, using preclinical nuclear imaging, if there is increased PLAD accumulation in a fibrosarcoma tumour model 

(WEHI-164) after EBRT.

Unpublished results

PLAD

Doxorubicin (cytotoxic)
+

Alendronate (immune modulatory 
effects through interaction with TAMs  

(→M1) activation of some gamma-
delta T Cells

• Islam, Gabizon, La Beck et al.
Nanotheranostics 2022, 6, 451

• Gabizon, La-Beck et al. Biomolecules 
2023, 13, 1309.

• Gabizon et al. Pharmaceutics 2023; 
15(11), 2606
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Significant differences were observed in several tissues, including blood suggesting systemic 
effects of the tumor targeted radiation (potential link to abscopal effect??)
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Imaging nano-DDS in combination with EBRT



Imaging the effect of external stimuli in the 
whole-body in vivo behaviour of nano-DDS

External X-ray radiation
& 

FUS



[89Zr]Zr-Talidox (~36 nm)

BR1 
microbubbles 

(~2.5 µm)

FUS BBB opening

FUS transducer

PCD transducer

0.3 MPa

Dr Aishwarya Mishra

. Collaboration: Dr Antonis Pouliopoulos (KCL)

and Innomedica
submitted

Using PET to image FUS nano-DDS brain delivery

Bae et al. https://doi.org/10.1101/2023.12.21.23300222 



Using PET to image FUS nano-DDS brain delivery

submitted
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Using PET to image FUS nano-DDS brain delivery

Whole-body bioD

submitted



Conclusions

39

• PET imaging  is well suited to study the whole-body bioD/PK of DDSs and inform their effective 
development (pre- and during clinical studies)

• Drug development tool / optimise clinical trials / support regulatory approval.
• Identifying unexpected areas of uptake (avoid off-target toxicities etc)
• (Nano)Theranostics (using imaging to predict efficacy) → important due to human and 

disease heterogeneity)

• Choosing the right radiochemistry and conditions to label the DDSs is important →maintain 
original physicochemical properties of DDS

• Total Body PET is a game-changing technique for human translation → low dose of radiation and 
drug + whole body capability

→ £10m funding to KCL to establish a world leading 
centre for total-body PET imaging of nano-DDS 
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