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LAY SUMMARY 

Little balls of fatty shells called liposomes can be used to deliver enclosed 

medicines to different diseased targets within the body. These balls can be tailor 

made to directly deliver high concentration of medicine to tumours and 

inflammatory cells of different types. However, some patients and some types 

of cancers are difficult to treat with liposomes, in particular brain cancers.  

 

To find the reason behind these difficulties, we can label liposomes with 

radiation emitting particles (special type of light) which allow us to follow them 

inside the body and report on their whereabouts at different time points. Using 

this technology, we have been able to show that one of the reasons brain 

cancers are difficult to treat with liposomes are due to their large size 

preventing them infiltrating the brain. To overcome this issue, we have used 

sound waves and air bubbles to open the brain barrier and allow for the delivery 

of these medicine balls. Labelling liposomes with radiation has allowed us to 

observe the opening of the brain barrier and allowed the delivery of  liposomes 

to the brain without damage and with high efficiency.  

 

In conclusion, these methods to track and deliver liposomes carrying medicines 

have been explored to improve their impact on treatment of diseases in humans.    
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ABSTRACT 

Liposomal nanomedicines have emerged as efficient drug carriers. These 

nanomedicines can passively accumulate in tumours/inflammation through the 

enhanced permeation and retention (EPR) phenomenon while reducing off-site 

drug toxicity. However, tumoral targeting can be variable, leading to 

heterogeneous uptake among tumour types and fluctuating clinical efficacies in 

patients. While nuclear imaging (e.g., PET and SPECT) provides valuable 

spatiotemporal (whole-body biodistribution) information and informed clinical 

management, it requires long-lived radionuclides and produces high radiation 

doses. Therefore, pretargeted nuclear imaging could improve our ability to 

study nanomedicine with the advantage of lower radiation doses and allow the 

use of short-lived radionuclides that would not otherwise be compatible with 

the long half-life of PEGylated liposomes. 

In this thesis we have explored two strategies for pretargeted imaging of 

liposomal nanomedicines. Chapter 2 reports a novel metal chelation 

pretargeting system based on tris(hydroxypyridinone)(THP). The THP chelator 

can be radiolabelled at low concentrations with the generator-produced 

radionuclide gallium-68 (t1/2 = 68 min) at room temperature and physiological 

conditions with high efficiency, and it could be used to create a novel 

pretargeted nuclear imaging system for PEGylated liposomes. The bifunctional 

chelator THP-NCS was conjugated to a DSPE-PEG2000 amine phospholipid and 

incorporated into the bilayer of the PEGylated liposomes to give THP -PL-

liposomes. Pretargeting experiments were performed in vitro under high 

dilution conditions in serum, showing high THP-PL-liposomes radiolabelling. In 

vivo imaging experiments were performed in healthy BalB/c mice at multiple 

time points. Pretargeting group (administration of THP-PL-liposomes, followed 

either after 5 h or 27 h by neutralised 68Ga3+(68Ga-acetate)) was compared with 

positive control (administration of directly radiolabelled PEGylated liposomes 

(67Ga-THP-PL-liposomes)) and negative control (administration of 68Ga-only). At 

earlier time point, when the liposomes were majorly circulating in the blood, 
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pretargeting was observed, showing radioactive accumulation in  the blood pool, 

heart, liver, and spleen. No difference between the in vivo biodistribution of 

directly labelled liposomes (positive control) and the pretargeting group was 

observed, indicating an effective pretargeting. However, lower pretargeting was 

observed at the later time point, with a slight difference between the 

pretargeting group and the negative control. These findings suggests that 

pretargeting via metal chelation is not feasible at the later time point possible 

due to the inability of the 68Ga to reach the THP-PL-liposomes accumulated in 

the liver and spleen. 

This metal chelation pretargeting was also examined for the bone 

targeting bisphosphonate THP-Pam, to examine the ability of pretargeting in 

targets other than the liver and spleen. Imaging experiments were performed in 

healthy BalB/c mice at multiple time points (5 and 27 hours). The pretargeting 

group (administration of THP-Pam followed either after 5 h or 27 h by 

neutralised 68Ga3+ (68Ga-acetate)) was compared with both a directly 

radiolabelled THP-Pam (68Ga-THP-Pam) and a 68Ga-only (negative control). 

Moderate pretargeting was observed at both time points showing higher 

observed uptake in the target tissues of bones compared to the negative control 

(p<0.05), but lower than directly labelled THP-Pam. While this metal chelation 

pretargeting method did not work for the liver and spleen localised agents, it 

worked effectively for tracking agents in the blood, heart, and bones. 

In chapter 3, a biorthogonal pretargeted nuclear imaging system that has 

shown promise with antibodies was examined for PEGylated liposomes. We 

hypothesised that IEDDA biorthogonal reaction between tetrazine and 

transcyclooctene known to take place in physiological conditions with high 

reaction rates, could be used to create a pretargeted nuclear imaging system for 

PEGylated liposomes. To this end, we made two components of this pretargeting 

system: TCO-PL-liposomes (PEGylated liposomes with a transcycloctene 

containing phospholipid embedded into the bilayer) and THP-tetrazine (TCO 

reactive THP bioconjugate with high affinity for 68Ga). In vitro pretargeting 
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experiments performed in high dilution conditions in PBS and serum showed 

high biorthogonal reaction rates between TCO-PL-liposomes and 68Ga-THP-

tetrazine. Imaging experiments were performed in healthy BalB/c mice at 4 h 

and 26 h post-injection. Pretargeting TCO-PL-liposomes followed either by 

neutralised 68Ga-THP-tetrazine with both a directly radiolabelled PEGylated 

liposomes (67Ga-TCO-PL-liposomes) and a 68Ga-THP-tetrazine (negative control) 

were compared. At both time points, pretargeting was observed, showing a 

higher accumulation of radioactivity in the blood pool, heart, liver and spleen 

(target organs for PEGylated liposomes) compared to the negative control 

(p<0.05). These results were also confirmed in a fibrosarcoma tumour model in 

mice (p<0.05). However, no pretargeting was observed within the tumours. The 

radioactivity uptake observed in tumours in pretargeting group showed no 

significant difference to uptake observed in negative control and was low 

compared to directly labelled TCO-PL-liposomes.  

In Chapter 4, we aim to tackle another significant disadvantage faced by 

liposomal nanomedicines, which is their inability to cross the blood brain barrier 

(BBB) and reach the brain, as well as the areas of interest (e.g., inflammation, 

tumours, and neurodegeneration). However, new methods to disrupt the BBB 

can make brain targets accessible to liposomes. Therefore, we examined 

whether rapid short pulse (RaSP) can deliver liposomes to the murine brain in 

vivo. Fluorescent DiD-PEGylated liposomes were synthesised and injected 

intravenously alongside microbubbles and applied focussed ultrasound at 

different pressures. The delivery and biodistribution were assessed by 

fluorescence imaging of the brain sections, and the safety profile of the 

sonicated brains was evaluated by histological staining. RaSP was shown to 

deliver liposomes locally across the BBB at 0.53 MPa with a more diffused and 

safer profile compared to the long pulse ultrasound sequence. Cellular uptake 

of liposomes was observed in neurons and microglia, while no uptake within 

astrocytes was observed in both RaSP and long pulse-treated brains.  
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1.1   Nanomedicines: Efficient drug delivery systems 

 

More than a century ago, Nobel laureate Paul Ehrlich coined the term “magic bullet” in 

the Harben lectures in London.1 The “magic bullet” is a unit that can identify a specific 

target and then deliver drugs to that identified target. The magic bullet theory 

encompasses three key components: i) a targeting molecule, ii) a drug molecule, and iii) 

a drug molecule carrier vehicle.2 The nanomedicine concept embodies the principle of a 

magic bullet which has allowed their development as therapeutic delivery agents, 

diagnostic agents and recently for the design of personalised precision therapeutics.3,4  

 

Nanomedicines are nanoparticles with varied applications in healthcare which 

can be characterised as nanosized units (ranging from 1–500 nm) for use in therapeutics, 

diagnostics, and disease prevention.5,6 These nanomedicines can be produced in 

different forms (gold, iron oxide-based nanoparticles and contrast loaded drug delivery 

systems), and have found applications in the detection of multiple diseases, delivery of 

drug molecules to specific targets (actively and passively targeted liposomes, polymers, 

micelles), their controlled release at the site of action at high concentration and, more 

recently, as mRNA LNPs in the field of disease prevention in the form of vaccines.7–10 

With the increased interest in the field of precision medicine, nanomedicines have 

emerged as a key player in the form of precision nanomedicine because of their easily 

adaptable physicochemical properties to cater to personalised therapeutic needs.4  

 

Nanomedicine research appeared on the drug delivery horizon around the 1990s 

with an ever-increasing interest during the last three decades. The field gained 

significant momentum due to increased funding in the United States followed by FDA 

approval of the first nanomedicine drug, Doxil/Caelyx for use in clinics.11 This led to 

increased research in Europe with the formation of the European Technology Platform 

on Nanomedicine (ETPN) which defines “nanomedicine” as the application of 

nanotechnology to achieve breakthroughs in healthcare that exploits the improved and 
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often novel physical, chemical and biological properties of materials at the nanometre 

scale”.9 Like the FDA, the European Medicines Agency (EMA) has approved multiple 

nanomedicines for clinical use with the first one being AmBisome, an amphotericin B 

containing liposomes for fungal infections.12,13 EMA designates nanomedicines as a drug 

delivery system for clinical application involving nanoparticles as a component to 

provide improved targeting, therapeutic carrying capacity, and better modes of 

action.14,15 The applications of nanomedicines have been mostly explored in the 

oncology field, mainly as diagnostics and therapeutics. They have been utilised either as 

encapsulated carriers (e.g., liposomes) of chemotherapeutic molecules16,17,18 or as 

therapeutics themselves like gold and iron oxide nanoparticles which act as thermal 

agents in photothermal therapy.19,20 Recent developments include nanomedicines being 

used as radiosensitizers and in radiotherapy which has opened a new field of research.  

 

 

Figure 1.1 Nanomedicines: Different nanoparticle types with drug-carrying/therapeutic potential 

in a clinical or preclinical setting including metallic nanoparticles, lipid-based nanoparticles, 

polymeric nanoparticles and biological nano therapeutic vectors. Created with BioRender.com. 

 

The first nanomedicine with clinical use approval in the US was Doxil®/Caelyx 

(Doxorubicin containing PEGylated liposomes) in 1995 for the treatment of Kaposi’s 

sarcoma and ovarian cancer.21 Next year, DaunoXome® (Nexstar Pharmaceuticals), 

daunorubicin containing liposomes, was approved by the US FDA for the treatment of 

advanced HIV-associated Kaposi sarcoma.22 Following the success of these two drug 
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delivery agents, multiple nanomedicines have made a clinical impact on the treatment 

of multiple diseases as summarised in Table 1.1.23 

 

As evident in Table 1.1, liposomal nanomedicines have been a forerunner for 

inflammation and cancer therapeutics and have made a significant clinical impact. 

Specifically, the PEGylated liposomal version exhibiting steric stability has dominated 

the translational landscape by securing clinical approvals for different therapeutics.24 

Liposomes have been successful in the clinical setting and pushed towards precision 

nanomedicine due to their versatility in carrying both hydrophobic and hydrophilic 

drugs, their surface characteristics, targeting abilities and foremost their bilayer 

membrane structure which bears similarity to cell membrane structure.25 In the next 

section, we will discuss liposomal nanomedicines in more detail. 
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Table 1.1 Different liposomal formulations approved for clinical use by FDA (Food and Drug 

administration, USA Regulatory body) and EMA (European Medicines Association, European 

pharmaceutical regulatory body) for different ailments 

 

 

NAME OF THE 

NANOMEDICINE 

AILMENT LIPID COMPOSITION DRUG/ACTIVE 

COMPOUND 

SIZE 

(IN NM) 

APPROVAL 

YEAR 

DOXIL/CAELYX 

Breast, ovarian 

cancer, and Kaposi 

sarcoma 

HSPC, cholesterol, PEG 2000-

DSPE (56:39:5) 

Doxorubicin 100 FDA 1995 

EMA 1996 

AMBISOME 

Fungal infections HSPC, DSPG, cholesterol, 

amphotericin B (2:0.8:1:0.4) 

Amphotericin B 45-80 FDA 1997 

EMA 2006 

DAUNOXOME 

HIV-related Kaposi 

sarcoma 

DSPC, cholesterol, daunorubicin 

(10:5:1) 

Daunorubicin 45-80 FDA 1996 

EMA 2004 

 

     

MYOCET 

Metastatic breast 

cancer 

EPC, cholesterol (55:45) Doxorubicin 

hydrochloride and 

anthracycline 

190 FDA 2000 

EMA 2000 

DEPOCYT 

Lymphomatous 

meningitis 

Cholesterol, triolein, DOPC, 

DPPG (11:1:7:1) 

Cytarabine 20 FDA 1999 

EMA 2001 

MARQIBO 

Acute lymphoblastic 

leukaemia 

Sphingomyelin, Cholesterol 

(60:40) 

Vincristine 100 FDA 2012 

EMA 2012 

ONIVYDE 

Pancreatic cancer HSPC, cholesterol, PEG 2000-

DSPE (56:39:5) 

Irinotecan 80-140 FDA 2015 

EMA 2011 

ONPATTRO 

PATISIRAN-LNP 

Hereditary 

transthyretin 

amyloidosis 

DLin-MC3-DMA, Cholesterol, 

DSPC, PEG2000-C-DMG 

Patisiran sodium 

(siRNA) 

- FDA 2018 

EMA 2018 

VISUDYNE 

Ocular 

Histoplasmosis 

EPG, DMPC (3:5) Verteporphin 100 FDA 2000 

EMA 2000 

MODERNA COVID-19 

VACCINE 

Antibody 

production against 

SARS-CoV-2 

SM-102, PEG2000-DMG, DSPC, 

Cholesterol 

Synthetic mRNA-

1273 

70-100 FDA 2020 

EMA 2020 
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1.1.1 Liposomes 

Liposomes were discovered as lyotropic smectic mesophases by Alec D. Bangham in 

Cambridge, United Kingdom in 1964. They were obtained from phosphatidylcholine and 

cholesterol of varying concentrations dispersed in water and observed under an 

electron microscope post-staining using potassium phosphotungstate.26,27 Thirty years  

later, liposomes were the first nanomedicines approved for cancer treatment. The 

variable favourable properties of liposomes as an efficient clinical drug carrier include 

biocompatibility, low toxicity, and high drug-carrying capacity.28,29 Recently, liposomes 

have had a renewed interest as nucleic acid-based therapeutic delivery vehicles and 

made an immediate widespread clinical impact as RNA-based vaccines in the form of 

both the Pfizer BioNTech and Moderna CoVID19 vaccines.30 

 

             

Figure 1.2. Versatility of liposomal nanomedicines as a drug-delivery vehicle: Conventional 

liposomes possess the ability to carry hydrophilic, hydrophobic and genetic material-based drugs; 

Stealth PEGylated liposomes with PEG modification for passive targeting with long blood 

circulation half-life; Active targeting liposomes for different targeting vectors on the surface for 

targeted accumulation on different biological targets; and Theranostic liposomes for imaging as 

well as drug delivery applications using different modalities. Created with BioRender.com. 
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1.1.1.1 Structure of liposomes 

Liposomes are bilayered membranous round vesicles of varying compositions of 

amphiphilic phospholipids and cholesterol. They are formed by the dispersion of lipids 

in aqueous solvents with a hydrophilic (aqueous) core and a hydrophobic bilayer. This 

dual environment allows them to encapsulate both hydrophobic (e.g., poorly water-

soluble doxorubicin encapsulated in PEGylated liposomes: Doxil®) and hydrophilic (e.g., 

antifungal amphotericin B in liposomes: Ambisome®) therapeutics immersed in the 

phospholipid bilayer by Van der Waals forces.31,32 (Figure 1.2, Figure 1.3). 

 

 

Figure 1.3. Components of a liposome: cross-section of an empty PEGylated liposome (right); 

Structure of a phospholipid bilayer, cholesterol, and a phospholipid molecule. Created with 

BioRender.com. 

   

The resemblance of the amphiphilic phospholipid bilayer of liposomes to the 

eukaryotic cell membrane is the key characteristic that enables them to stand out as 

drug delivery vehicles. This bilayer allows for the interaction of liposomes with the cell 

membrane and utilizes efficient pathways for cellular uptake. The amphiphilic 

phospholipids that form bilayers consist of the following: a phosphate group, a glycerol 

molecule, saturated or unsaturated fatty acid chains attached to the glycerol molecule 

and finally the phosphate group modified with amino alcohol via an ester bond.33,34 

(Figure 1.3) The different components of phospholipids are key to providing specific 

characteristics to liposomes, including drug encapsulation, targeting, and entry into the 
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mammalian cell. Since the mammalian cell membrane consists of various phospholipids 

that play an important role in cellular events, both liposomal and cell membranes coexist 

and dictate the drug release mechanism at target cells.35 

 

The composition of the liposomes affects their size, surface charge, and 

lamellarity.  The critical micelle concentration (CMC) is an important parameter affecting 

liposome formation and its properties. The ability of the mixture of the amphiphilic 

phospholipids to undergo self-aggregation to give lamellar vesicles such as liposomes is 

dependent on the CMC. A concentration of lipids below the CMC leads to monomeric 

dispersion of phospholipids rather than liposomes. However, at the CMC, the lipids show 

self-aggregation to produce micelles with characteristic physical properties different 

from the monomers. The CMC values are dependent on the structure and properties of 

the amphiphilic lipids including the hydrophobic end (fatty acids chains) and a 

hydrophilic end (phosphate group).36 

 

In addition to the CMC, the other key property that affects the formation of the 

liposome and its membrane characteristics is the transition temperature (Tc) of 

phospholipids.37 The transition temperature indicates the temperature at which there is 

a change in the physical state of the phospholipids from the solid gel phase (ordered), 

characterised by the tightly packed and extended hydrocarbon chains, to the liquid 

crystalline phase (disordered phase), characterised by the randomly oriented and fluid 

hydrocarbon chains. Several factors affect the transition temperature, including the 

length of the fatty acid chain, the degree of fatty acid chain unsaturation, the charge, 

and headgroup species.38,39 The increase in the chain length increases the van der Waals 

interactions and thereby increasing the amount of energy required to disrupt the 

packing and thus, an increase in transition temperature. On the other hand, the 

presence of double bonds decreases the packing order and decreases the energy 

required to break the order.34,38,40 The above-mentioned effect of transition 

temperature on the phospholipids translates to an impact on the fluidity and 

permeability of the liposomal lamellae. Liposomes exhibit low fluidity and permeability 
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at temperatures lower than Tc whereas, at temperatures over Tc, liposomes exhibit 

greater fluidity and permeability due to the phospholipid being in the liquid crystalline 

phase.34,39,41 However, liposomes are known to exhibit a mixture of gel and crystal phase 

also termed as ripple phase which provides the liposomes with their characteristic 

spherical curvature. Thus, the Tc is responsible for the fluidity of the membranes of 

different liposomal formulations and plays a vital role in key liposomal functions such as 

formation, loading and release, the curvature of membrane, lipid transfer in cells and 

temperature dependence of the size of liposomes.  

 

Researchers have utilised different Tc lipid formulations to form stimuli-

responsive liposomes providing targeted drug release at the site of stimuli. At the 

mammalian body temperature of 37 °C, the bilayer structures and physical properties of 

liposomes are expected to be preserved to work efficiently as drug vehicles.42,43 

Moreover, the modulation of permeability and fluidity of liposomes at higher 

temperatures is an excellent way to develop ways of loading drugs, probes, and surface 

modifications on preformed liposomes which have been utilised during this thesis. In 

particular, the modulation of permeability has been utilised to incorporate the 

phospholipid conjugates THP-PL and TCO-PL, respectively, into the bilayer of the 

liposomes in Chapter 2 and Chapter 3 whereas the fluorescent dye DiD has been 

incorporated into the lipid bilayer at a temperature close to transition temperature in 

Chapter 4 (vide infra).  

 

The other aspect of phospholipids that makes a major impact on liposomal 

properties is the presence of different polar and non-polar groups. As discussed above, 

the modification of the tail can vary the Tc of phospholipids and thereby the properties 

of the liposomal lamella. The phospholipid head group controls the surface charge of 

the liposomes, and it can be either negative, positive, or neutral.44 The surface charge of 

the liposomes alters their pharmacokinetics, stability, mechanism of cell uptake, and in 

vivo biodistribution. Positively charged phospholipids such as DAP and DOTAP form 

liposomes with an overall positive charge attracting them towards the negatively 
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charged cell membrane, thereby increasing their cell uptake via endocytosis. They also 

show a higher clearance rate by the liver, lung, and spleen due to their high binding 

affinity toward plasma protein. However, the positive charge of these lipids makes them 

excellent for interacting with RNA or DNA, which has led them to play a vital role in the 

formulation of both Pfizer and Moderna vaccines.30  

 

Neutral phospholipids such as DSPE and HSPC, have longer circulation times and 

in conjunction with negative lipids form the bulk of drug delivery systems. These neutral 

phospholipids are essential for fusion with the cell membrane for the subsequent 

release of drugs. The negative lipids are responsible for increasing the electrostatic 

repulsive force and preventing the aggregation of liposomes and binding to serum 

proteins.45,46 The negatively charged liposomes are easily detected by macrophages and 

shown to accumulate in sites of inflammation and infection. Therefore, liposomes with 

a negative surface charge form the bulk of clinically approved drug delivery systems.47–

49  

 

Another important building block of liposomes alongside phospholipids is 

cholesterol (Figure 1.3). This sterol lipid is embedded in the phospholipid bilayers with 

its hydroxyl group aligned to the hydrophilic head and aromatic rings aligned with the 

lipophilic tail (Figure 1.3). Cholesterol serves both a structural and functional role in 

liposomes. Cholesterol affects the phase transition of liposomes playing a vital role in 

modulating the fluidity, thickness, and curvature of the liposomal bilayer. The surface 

charge is also affected by the presence of cholesterol thereby affecting their cell uptake 

and circulation.50 Therefore, due to the above reasons, most clinically approved 

formulations contain cholesterol (Table 1.1) which acts as a liposome stabilizer and 

limits their interaction with serum proteins including globulin, albumin, transferrins, and 

other lipoproteins.23  

 

The size of liposomes is also largely responsible for their pharmacokinetics, route 

of excretion, tissue(tumour) and cell extravasation, and blood half-life.49,51 The clinically 
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translated liposomes are in the hydrodynamic diameter range of 40-150 nm, allowing 

them to enter leaky vasculature of the tumours and fenestrations formed due to 

inflammation/infection.48,49 The liposomal nanomedicines in the above size range also 

exhibit smooth circulation in well-perfused organs such as lungs, heart and kidney and 

thereby limiting their accumulation in these tissues.52 Furthermore, the blood 

circulation times can be modulated by limiting the reactivity of liposomes towards 

opsonins and serum proteins. The animal-based lipid formulations such as 

sphingomyelin/cholesterol-based liposomes (e.g., Marqibo) show a blood circulation 

half-life of several hours. However, the rapid clearance of conventional liposomes from 

the bloodstream was a major hurdle.52,53  

 

To overcome this hurdle of rapid clearance of liposomes from the blood, the 

modification of the liposomal surface with the hydrophilic, large molecular weight 

polymer Polyethylene glycol (PEG) has emerged as the key approach. The presence of 

PEG increases their blood half-life by more than 10 times54,55. PEG-modified liposomes 

are also called PEGylated or stealth liposomes and usually have a hydrodynamic size of 

90-150 nm, showing reduced interaction with serum proteins such as opsonin and 

thereby reduced clearance by the reticuloendothelial system. The opsonisation process 

is prevented by the formation of a water corona around the oxyethylene unit in PEG, 

which significantly increases the apparent molecular weight of liposomes leading to 

increased solubility and decreased aggregation.53,56–58 The success of the stealth 

technology via PEGylation of liposomes has been proven in the clinically-approved 

anticancer liposome DOXIL, leading to an increase in the blood half-life from a few hours 

to a few days.59 The various formulations of liposomes with or without PEGylation and 

different lipid/cholesterol and their applications have been listed in Table 1.1. The long 

blood circulation half-life of PEGylated liposomes can also be exploited for the delivery 

of therapeutic levels of drugs to the brain, which is a challenging task with conventional 

small-molecule drugs. However, the large size of the liposomal nanomedicines prevents 

their entry into the brain. This can be resolved using surface modifications of the 
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liposomes, as well as physical methods of blood-brain barrier disruption allowing their 

entry into the brain as will be discussed in Chapter 4.  

  

To summarise this section, the in vivo properties of liposomes depend on their 

constituents and size. Their ability to manipulate these properties according to the 

requirements while maintaining the advantages of high drug-carrying capacity, low 

systemic toxicity and passive/active targeting have made them a trailblazer in the field 

of nanomedicines. They have become the most explored, used and clinically relevant 

drug delivery system for cancer, infection, and inflammation.60–64 A ligand-based 

targeting strategy can be added to specifically and actively target tissues of interest to 

improve their ability to pass through target barriers and deliver therapeutics 

effectively.65,66 However, passive targeting plays a significant role in active targeting.67 

It is responsible for the passive accumulation of long-circulating liposomes at the site of 

infection, inflammation, and cancer without generating any immunogenic response 

(absence of targeting ligands) and ensuring complete biocompatibility to effectively 

accumulate at the target tissue. In the next section, we will look at how passive targeting 

works due to the enhanced permeation and retention effect (EPR), and what are its 

associated challenges. 

 

1.1.2 Passive targeting and the enhanced permeation and retention (EPR) 
phenomenon  

 

Hiroshi Maeda and Matsumura discovered the enhanced permeation and retention 

(EPR) phenomenon in the 1980s and published their ground-breaking work in 1986 

calling the EPR effect “a mechanism of tumoritropic accumulation of proteins and the 

antitumour agent SMANCS (styrene-maleic acid copolymer-conjugated 

neocarzinostatin)”.68 This discovery stimulated further dedicated research to develop an 

understanding of this concept and its impact on the development of drug delivery 

systems for tumour therapeutics.69 Shortly after this discovery, the drug delivery carrier 
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Doxil©/ Caelyx© was successfully clinically translated working on the principle of 

passive targeting of tumours, with the EPR effect being a key part of its design.70 

 

The EPR effect and its impact on the design of passively tumour-targeted 

nanomedicine have been widely studied in the past two decades. The rapid and 

abnormal angiogenesis of tumours leads to growth in the fenestration of the vessels, 

decreased lymphatic drainage, and the endothelium of the blood vessels becomes leaky 

(more permeable) than in the corresponding healthy vessels.71 This leads to increased 

permeation of large drug-delivery macromolecules (>40 kDa) and nanomedicines to the 

tumour cells.72,73 This passive targeting due to the EPR effect relies on the tumour 

characteristics (leakiness, hypoxia, core density, vascularity).70 The intrinsic tumour 

characteristics which affect EPR include the rate of angiogenesis and lymphangiogenesis 

(also observed in inflammation and infection), vascularity of the tumour core, and 

intratumoural pressure.74 Other factors which affect the EPR effect include vascular 

dilators such us angiotensin, bradykinin, VEGF, etc.69 The abnormal decreased lymphatic 

drainage contributes to the retention of these nanomedicines in the tumours. 

Conventional small molecule drugs which have a fast washout from the tumours and 

fast blood circulation times are not retained selectively. However, these small molecule 

drugs encapsulated in drug delivery vehicles like nanomedicines prolong their blood 

circulation, selective tumour permeation, decreased tumour washout and systemic 

toxicity.72,73 The phenomenon of the EPR effect and passive targeting is illustrated in 

figure 1.4. 
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Figure 1.4 Enhanced permeation and retention effect: Comparison of normal and tumour 

vasculature. The increased leaky vasculature, tumour-associated macrophages and decreased 

lymphatic drainage assist the EPR effect. Created with BioRender.com. 

 

For EPR-based passive targeting, the particle size, and surface charge of the 

nanoparticles extensively affect the circulation time, efficiency of delivery and the 

cellular uptake pathway for various nanomedicines, including liposomes75, quantum 

dots76, polymeric NPs77,78, AuNPs79 and silica NPs.80 The particle size is especially 

important for the permeation and retention in the tumour vessels and is limited by the 

size of fenestrations (gaps in the endothelial walls) in the tumour vasculature (~200–800 

nm).71,75 Thus, the optimal size range for nanoparticles for drug delivery should be in the 

30-200 nm range as particles smaller than 20 nm are quickly cleared by renal excretion 

and the particles bigger than 500 nm are cleared by the reticuloendothelial system 

(RES).70 

 

In addition to particle size, the NP surface charge and the presence of surface-

bound molecules also play a significant role in EPR-mediated passive targeting. Systems 
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that are positively charged and highly lipophilic are rapidly detected and cleared by the 

mononuclear phagocytic systems (MPS) via opsonisation. However, particles with a 

slightly neutral or negative charge are preferred due to lower detection by phagocytic 

systems. Also, a hydrophilic NP surface is preferred, with most clinically approved 

liposomal nanomedicines (Table 1.1) having hydrophilic polymers added to the 

liposomal surface. The water-soluble polymer PEG present on the liposomal surface 

prevents aggregation and interaction with plasma proteins by modulating surface 

charge and hydration.66,71,81 PEG has been used to modify all kinds of nanoparticles to 

provide passive targeting capabilities including liposomes, polymeric micelles, silica 

nanoparticles, and metallic nanoparticles.  

 

1.1.3 EPR heterogeneity challenges: the need for imaging 

 

Enhanced permeability and retention (EPR) effect is promoted by leaky vasculature 

caused by rapid angiogenesis in tumours, but this leakiness of the newly formed tumour 

vessels also contributes to the high tumour interstitial fluid pressure (TIFP). The high 

TIFP is responsible for the inhibition of the accumulation of therapeutic as well as 

therapeutic carriers in tumours.82 Furthermore, the disproportionate angiogenic 

signalling in various parts of the tumour can be pro- or anti-angiogenesis. This leads to 

abnormal vessel growth with dilated, constricted, and disorganised patterns of 

branching which in turn leads to a heterogeneous blood supply. The heterogenous blood 

supply leads to irregular growth of tumour cells which proliferate faster in areas of 

higher blood supply and vice versa leading to the formation of necrotic core in advanced 

tumours due to low availability of oxygen and nutrients in these areas. The presence of 

the necrotic core and high tumour interstitial fluid pressure leads to non-leaky 

vasculature and decreased accumulation of the nanomedicines leading to drug delivery 

below therapeutic levels.70,73 
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Table 1.2 shows the EPR heterogeneity: variability of radiolabelled liposome uptake in tumours: 

variability within the same stage (in red), variability within the same tumour type (in yellow); 

variability within different tumour types (in blue)83 

 

 

Due to the above factors, the EPR effect is highly heterogeneous in humans, 

leading to variable nanomedicine accumulation in tumours of different cancers, in 

various stages and in different patients (Table 1.2).83Therefore, the overall lack of 

success of cancer nanomedicines in humans can be majorly attributed to EPR 

heterogeneity. 

 

Modulation of the EPR effect can be performed to increase tumour perfusion by 

either chemical or mechanical methods to increase the accumulation of nanomedicines. 

The chemical enhancers include vascular modulators and chemical compounds like nitric 

oxide and peroxynitrite.72,73 The mechanical approaches include tumour-focused 

ultrasound, radiotherapy and phototherapy-assisted enhancement of the permeability 

of tumours towards nanomedicines.70,73,82 These methods are either in the preclinical 

stage or cannot be universally applied to different cases. Imaging has been proposed as 

a tool to overcome and predict this EPR-mediated passive targeting variability (Figure 

1.5).83,84 The imaging of the liposomal nanomedicines allows us to track the delivery of 

these particles at target sites using different modalities including Optical, MRI and 

nuclear imaging, among others. The toolbox for imaging liposomes which is available to 

us in both clinical and preclinical settings and how it can help us resolve the issue of EPR 

heterogeneity is described in the next sections. 
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Figure 1.5. Image-assisted development of drug delivery methods: Imaging methods have found 

various applications in drug-delivery as well as diagnostic development. This schematic 

representation depicts these applications including prediction of drug response, drug efficacy, 

biodistribution, pharmacokinetics assessment and a better understanding of various aspects of 

nanotherapeutics to provide a valuable field of nanotheranostics. Various advantageous aspects 

of this field of nanotheranostics can be seen above. Created with BioRender.com.85  

 

1.2 Imaging liposomes: Applications 

 

The therapeutic efficacy of liposomal nanomedicines varies according to the tumour 

types, stages, and patients due to EPR-mediated passive targeting. This poses a 

challenge to the clinical applications of liposomal nanomedicines and consequently the 

development of liposomes as personalised nanomedicines.86 Therefore, there is a need 

to better understand the pathways of liposomal delivery, hindrance due to the EPR 

effect and screening ability to stratify patients for treatment with liposomal 

nanomedicine. A non-invasive and effective method to study the biodistribution and 

pharmacokinetics of liposomes in vivo is using medical imaging techniques. 
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1.2.1 Imaging of liposomes 

 

To track liposomes in vivo, various imaging methods can be used depending on the 

information needed, clinical or pre-clinical setting, benefits, and drawbacks. The key 

deciding factors include sensitivity (defined as the amount of contrast agent required to 

obtain an imaging signal), ease of quantification, tissue penetration, temporal and 

spatial resolution, and non-invasiveness (Table 1.3). 

 

1.2.1.1   MRI 

 

Magnetic resonance imaging is an excellent functional, anatomical, and molecular 

imaging tool based on the interaction of different atoms/ions with radio frequencies in 

the presence of a magnetic field.87 MRI (Magnetic Resonance Imaging) can be used in 

the presence or absence of contrast agents but to track liposomal nanomedicines, the 

liposomes can be loaded with paramagnetic ions Gd3+, Mn2+ or superparamagnetic iron 

oxide nanoparticles.88–91 The non-ionizing nature of this modality and its high spatial 

resolution with increasing magnetic field strength of scanners make it an excellent 

candidate. However, the requirement of high concentrations of contrast agents per 

liposome due to its low sensitivity and the relative toxicity of one of these contrast ions 

(Gd3+) is one of the major drawbacks of liposome imaging in vivo. 92 This risk, however, 

can be minimised through chelation of Gd to polydentate chelators. The other drawback 

of MRI includes the high magnetic field strengths required to obtain high SNR and 

accurate quantification.87 

 

1.2.1.2   Computed Tomography 

 

Computed tomography (CT) is based on X-ray imaging and collects information in 3D 

compared to standard X-ray imaging by using a higher number of detectors placed in a 
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circular geometry. The CT modality has several advantages including high spatial 

resolution, short scan times, no penetration depth limit, and can be used with iodinated 

contrast agents.87,93 The iodinated contrast agents have been either loaded in liposomes 

as hydrophobic (ethiodol), hydrophilic (iopamidol) molecules or covalently linked ((E)-

10,11-diiodoundec-10-enoic acid) molecules (Figure 1.6).94,95 Although it has shown 

success in preclinical imaging of liposomal nanomedicines in breast cancer models and 

atherosclerotic animals, it does have a few disadvantages.96,97 Most importantly, like 

MRI, it suffers from low sensitivity and requires substantial amounts of contrast agents. 

Furthermore, it leads to high ionizing radiation doses in patients, particularly when 

imaging the whole body. 93,98 

 

              

Figure 1.6. Iodinated liposomes used as a CT contrast agent formed from modified lipids 

containing ((E)-10,11-diiodoundec-10-enoic acid). 95 

 

1.2.1.3  Ultrasound Imaging 

 

Ultrasound imaging (US) is an economical and reliable imaging modality that utilizes 

high-frequency sound waves to view inside the body. In US, a transducer emits a pulse 

of high-frequency sound waves aimed at the body and the reflected sound waves are 

detected by a transducer. The reflected sound waves collected are utilised to create a 

2D image depending on the properties of sound waves including time of reflection, 

amplitude, and frequency. It has been used for a few decades for abdominal, foetal and 

breast ultrasounds with recently being used with microbubbles as a contrast agent for 

measuring blood flow with excellent spatial and temporal resolution.87,99,100 For tracking 



Chapter 1. Introduction 

58 

 

liposomes, microbubbles can be conjugated to liposomes or echogenic liposomes can 

be used.101 Ultrasound in addition to imaging has also been useful in the controlled 

release of drugs from the liposomes.102 However, ultrasound suffers from some 

disadvantages which include the inability of whole-body imaging and limited tissue 

penetration depth (less than a few cm).87  
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Table 1.3 shows the comparison of different imaging modalities depending on parameters such 

as resolution, penetration depth and suitability for applications in nanomedicine
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1.2.1.4   Optical imaging 

 

The tracking of liposomal nanomedicines can be performed using different types of 

optical imaging including fluorescence, NIR, Optical coherence tomography and Raman 

imaging. Different optical labels such as fluorophores and dyes can be loaded onto 

liposomes allowing their tracking for molecular imaging.103–106 High sensitivity and 

precise quantification are the key advantages of optical imaging allowing us to precisely 

track and measure the amount of liposomal delivered to the target site, especially in 

animal models in vivo and ex vivo. The resolution of optical imaging at the cellular level 

is unparalleled compared to other imaging techniques. Therefore, it can be effectively 

utilised for the study of the cellular uptake of liposomes, and we have exploited these 

capabilities of optical imaging to study the uptake of the PEGylated liposomes in 

different types of neuronal cells which will be discussed in chapter 4. However, the 

applications to the clinical setting are severely limited due to low tissue penetration 

depth. Moreover, the different properties and varying in vivo stability of different optical 

probes used for labelling also pose some challenges.87 

 

1.2.1.5 Nuclear Imaging 

 

Nuclear imaging or radionuclide imaging is based on tracking radiolabelled probes in vivo 

in both animals and humans non-invasively. The nuclear imaging modality has 

properties that are advantageous for tracking drugs including high sensitivity, high 

temporal and spatial resolution, unlimited tissue depth penetration, and accurate 

quantification. The high sensitivity allows the use of small tracer quantities (i.e., 

micrograms or less for one patient) to image the drug delivery with subtherapeutic 

doses hence minimising toxicity issues. This high sensitivity is a key advantage of nuclear 

imaging over other techniques such as CT and MRI which require large doses of contrast 

agents (i.e., grams for a human patient). In the context of liposomal nanomedicines, the 
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high sensitivity is a great asset for imaging as the use of subtherapeutic doses in the 

order of micrograms (µg) allows quantification of their biodistribution and therapeutic 

efficacy. 

 

The main disadvantage of nuclear imaging is the exposure to ionizing radiation 

which is absent in other modalities like MRI and optical imaging. Moreover, the 

comparative spatial resolution of nuclear imaging is lower than MRI and optical imaging. 

Nuclear imaging methods have a spatial resolution in the range of 1-10 mm depending 

on the instrument and radionuclide used whereas MRI and optical imaging have sub-

millimetre resolution to sub-micrometre resolution. Due to the above properties, we 

chose SPECT/PET as the imaging modality to further investigate the liposomal 

nanomedicines. In the next section, we will further look at different nuclear imaging 

techniques in the context of imaging liposomal nanomedicines.  
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Figure 1.7. Applications of different imaging modalities in the tracking of liposomal nanomedicine: 

MRI: MRI imaging of magnetic fluid loaded liposomes post 4-h exposure to a magnetic field 

gradient showing a high concentration of MFLs into human U87 glioblastoma implanted in the 

striatum of mice.88 , Ultrasound/Optical: (A) Therapeutic MB-Lipo particles containing both 

doxorubicin and siRNA (siSTAT3) were imaged using US imaging showing target-specific 

labelling of tumours;(B) Ex vivo optical imaging of tumour tissue showed delivery of high 

concentrations of Dox (red fluorescence). (C) The delivery of siSTAT3 was confirmed by 

performing PCR on tissue extract. 107 , CT: Computed tomography of rat with breast tumour in left 

flank (A) before, and (B) 5 minutes after i.v. administration of liposomal contrast agent (2 g of 

iodine per kg), C) Accumulation of the contrast agent within tumour vasculature.107 , PET: PET 

imaging of Zr89 labelled liposomes in mouse tumour model (maximum intensity projection and 

other views).109 , SPECT: Whole-body gamma camera images over 7 days of a patient with 

Kaposi’s sarcoma administered In-111-labeled liposomes. Areas of liposome uptake in the left 

foot and leg, right arm, and face corresponded with typical Kaposi’s sarcoma lesions. Prolonged 

retention of the radiolabel is seen despite significant clearance of circulating liposomes, as 

demonstrated by disappearance of the cardiac blood pool image.110 
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1.2.2 Why nuclear imaging to track liposomal nanomedicines? 

 

1.2.2.1   Rationale 

 

Imaging modalities based on nuclear imaging have been used in the past for 

personalised medicine for their sensitivity, and quantitative and isotropic detection. 

111,112  Both single-photon emission computed tomography (SPECT) and positron 

emission tomography (PET) are highly suitable to quantify the EPR effect due to these 

properties and thereby assist in selecting patient groups likely to be responsive to 

nanomedicine treatment. Moreover, nuclear imaging can also assist in the process of 

drug development in terms of providing information on nanomedicine biodistribution, 

therapeutic efficiency assessment and drug release quantification.83,111,113 Nuclear 

imaging has been widely used to study liposome circulation time and drug delivery 

potential.114 The biodistribution studies can also be used to predict toxicological effects 

and prevent further expensive trials and harmful effects. For example, a phase I/II 

clinical trial study of an N-HMPA copolymer-bound doxorubicin nanomedicine (PK2) 

biodistribution in patients with liver cancer found that efficacy was low. A retrospective 

imaging analysis revealed that nanomedicine PK2 targeted healthy liver tissue.115 An 

imaging study at an earlier stage could have averted both expensive trials and harmful 

effects on patients. 

 

The two main nuclear imaging techniques available are SPECT and PET. 

Depending on the radionuclide used for labelling nanomedicines for tracking, either of 

the two techniques is used. This allows in vivo clinical and preclinical non-invasive 

imaging via the radioactive decay emissions from the radionuclides. Both techniques are 

discussed below and compared in terms of their benefits and pitfalls. 
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Figure 1.8. Applications of nuclear imaging in nanomedicine: (A) Nuclear imaging in early 

nanomedicine development for validation of various formulations in small animal disease models 

with non-invasive tracking followed by further validation using ex vivo tissue collection. (B) The 

pharmacokinetics and biodistribution of 124I-labeled liposomes in the murine model were 

monitored over 3 days by PET imaging.116 (C) For screening of formulations: Three pegylated 

porphyrin nanocomplexes radiolabelled with 64Cu and their biodistribution was monitored 

longitudinally over 24 h using PET revealing the best formulation and size for tumour targeting to 

be chosen for further evaluation and development.117 (D) Evaluation of targeting efficiency: The 

effect of incorporation of targeting ligands on the doxorubicin-loaded iron oxide nanoparticles was 

studied by PET imaging of 64Cu labelled particles.118 (E) Dose quantification of target 

accumulation: The dose of therapeutic delivered to the tumours can be estimated using 

companion PET/SPECT imaging. 89Zr-labelled liposomes were used as companion imaging for 

Doxil to obtain the intratumoural doxorubicin delivered dose from the quantified 89Zr PET signal.119 

Image adapted and reproduced from Medina et al.120 
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1.2.2.2 PET imaging 

 

Positron emission tomography (PET) works on the principle of coincidence detection of 

two 511 KeV gamma rays. The radionuclides used for PET imaging decay by emitting 

positrons (β+), a positively charged particle with a mass of an electron. This positron on 

release during decay interacts with surrounding electrons to undergo annihilation 

releasing two gamma rays in diametrically opposite directions which are detected by the 

principle of coincidence detection in PET detectors which are arranged in the form of a 

ring of detectors for the detection of gamma rays. This coincidence detection allows the 

prediction of the site of the positron-electron pair annihilation event and therefore, the 

approximate location of the radionuclide in vivo in the body.87 The energy of the positron 

emitted by the radionuclide decides the distance travelled by the emitted positron 

before annihilation and is responsible for the determination of spatial resolution using 

each PET radionuclide. With increasing advancements in PET imaging, the resolutions 

have increased progressively over the years and the capability of total-body PET imaging 

has also been achieved.121–123 

 

 

Figure 1.9. Schematics of the working of a PET scanner: The emitted positron from the PET 

radiotracer annihilates in the presence of an electron to produce two diametrically opposite y-ray 

photons. Created with BioRender.com.  
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1.2.2.3   SPECT imaging 

 

Single photon emission computed tomography (SPECT) imaging works via the detection 

of different energy gamma-ray photons emitted by SPECT radionuclides during their 

radioactive decay. The radionuclides for SPECT imaging emit specific gamma rays with 

specific energy levels. These emitted gamma rays are detected using a gamma camera 

that rotates around the patient to capture the emissions in 3D. The origin of these 

gamma rays is determined by only collecting gamma rays with a low incidence angle at 

the detector. This is performed by using narrow collimators, only allowing parallel rays, 

and excluding any rays with higher incidence angles providing increased spatial 

resolution and localization of the site of gamma-ray origin. However, the process of 

collimation which is responsible for the increase in spatial resolution also leads to 

decreased sensitivity compared to PET. This decreased sensitivity is due to exclusion of 

a significant number of gamma rays.87,124  

 

 

Figure 1.10. Schematics of the working a SPECT scanner: The emitted gamma photons from the 

SPECT radiotracer is collected by a collimator which is detected by the array of detectors. Created 

with BioRender.com. 
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1.2.2.4   PET vs SPECT  

SPECT and PET have both been extremely useful in the field of diagnostics as well as 

theranostics. They both have their advantages and disadvantage compared to each 

other depending on the properties described above. The sensitivity of the PET is higher 

than that of SPECT due to the absence of collimation in PET. The spatial resolution of 

clinical PET (3-6 mm, depending on radionuclide) is also higher compared to clinical 

SPECT (5-12 mm) scanners.125 The lower spatial resolution of SPECT is a result of the 

balance that needs to be struck between spatial resolution and sensitivity in presence 

of collimators. The spatial resolution and sensitivity for SPECT can be increased by 

increasing the radionuclide dose and collimator aperture, respectively.87,126  

 

On the other hand, SPECT imaging in a clinical and preclinical setting has a few 

advantages. The clinical SPECT scanners are less costly and thus, easily available in the 

clinical setting. However, recently, PET scanners due to their higher resolution and 

sensitivity are increasingly being used in a clinical setting. Moreover, SPECT imaging can 

be used to perform multiple radionuclide (radiotracer) imaging in the same patient due 

to the detection of different characteristic energy emissions from different SPECT 

radionuclides. This technique of imaging multiple SPECT radionuclides concurrently is 

called multiplexed imaging.127 The multiplexed imaging cannot be performed using PET 

imaging as all the gamma-ray photons collected by PET detectors for different 

radionuclides have the same 511 keV energy. However, recent advancement in clinical 

PET imaging has allowed the development of full-body PET imaging capabilities allowing 

for full-body measurements with lower radiation doses which will have great 

implications for the development of nuclear imaging.123 
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1.2.2.5 Nuclear imaging for non-invasive tracking of nanomedicines  

 

As stated above, the nuclear imaging modalities have characteristics ideally suited for 

imaging the biodistribution, drug delivery and pharmacokinetics of nanomedicines in 

vivo clinically and preclinically. The key advantages of using nuclear imaging for drug 

delivery vehicles are the lack tissue depth penetration limit and high sensitivity allowing 

imaging with low radiation doses to patients and minimal effect on properties of 

nanomedicines. Moreover, the availability of full-body imaging functionality allows the 

assessment of full-body biodistribution and incidental findings.128 

 

1.2.2.6   Multimodality imaging 

 

The clinical studies on drug delivery rely on imaging modalities to obtain a profile of 

nanomedicine biodistribution, pharmacokinetics, and therapy outcome.83 Nuclear 

imaging as described above seems to be particularly suited for these due to its non-

invasive nature and ability to combine with other modalities. One such multimodal 

imaging setup is hybrid PET/MRI imaging systems which allow the tracking and 

quantification of radionuclides by PET whereas MRI obtains highly detailed soft-tissue 

images to provide maximum information.129–131 The integration of nuclear imaging with 

other imaging techniques has been successfully done to obtain comprehensive 

information.121,132–134 MRI, optical and ultrasound imaging combined with PET and 

SPECT have allowed a combination of molecular information from PET/Optical with 

anatomical and functional information from other modalities with enhanced resolution 

and higher soft tissue detail.135 The use of multimodality imaging complements nuclear 

imaging data in improved assessment of nanomedicines, in vivo stability, cellular level 

interactions and tissue-specific uptake. (e.g., mechanism of cellular uptake of liposomes 

using optical imaging, drug efficacy in atherosclerotic plaques using MRI).136 These 

hybrid techniques also facilitate improvement of our quantitative ability of nuclear 
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imaging through data processing (e.g., attenuation and partial volume effect correction 

using CT or MRI).137,138 

1.2.2.7   Radionuclide nanotheranostics 

 

In addition to SPECT and PET radionuclides which emit gamma rays and positrons 

respectively, certain radionuclides also emit other particles which can be used as 

therapeutics. These radionuclides, when attached or loaded on the nanoparticles, can 

be used as radionuclide nanotheranostics. These radionuclides are either alpha 

emitters, Beta emitters or Auger electron emitters which have high mass and high 

amount of energy and therefore the ability to deposit large amounts of energy in 

surrounding tissues, causing damage in the process. However, these radionuclides - if 

delivered without targeting - can cause damage to tumour tissue as well as healthy 

tissue. By incorporation of these therapeutic radionuclides into drug delivery systems 

such as nanomedicines, they can be delivered via passive or active targeting to specific 

tumour tissues.139,140 The therapeutic efficacy of these radionuclides is dependent on 

the linear energy transfer (LET) which is dependent on the decay type, energy, and mass 

of the particle emitted.141 These radionuclides, due to this energy transfer, are expected 

to destroy the tumour cells by different mechanisms including DNA damage, cell 

membrane damage and generation of reactive oxygen species (ROS).142 The three 

different therapeutic radionuclide emissions are briefly described below alongside their 

LET values.  

 

1.2.2.2.1 Alpha-particle radiation.  

 

An alpha particle was the first nuclear radiation to be discovered. They are composite 

particles consisting of two neutrons and two protons that are tightly bound together. 

They are emitted from the heavy mass nucleus of unstable radionuclides during 

radioactive decay, called alpha decay. An alpha particle is identical to a doubly ionised 
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helium atom and is considered to have a high linear energy transfer (LET in water) (80 

keV/mm) and can deposit energy over a range of 50-100 µm.141,143 Some common alpha-

emitting radionuclides used for labelling nanomedicines can be found in Table 1.4.  

 

1.2.2.2.2 Beta-particle radiation 

 

Beta particles (-) carry a negative charge and have a mass which is equal to an electron. 

They have a very small mass compared to alpha particles and are released at relativistic 

speeds and therefore, have very high energy. Their light mass and high energy mean 

they exhibit a quick loss of energy through interaction with matter. Beta particles are 

less ionising than alpha particles and cause less damage. They also have a low LET in 

water (0.1–1.0 keV/mm) and deposit energy over a particle range of 12 mm. These 

properties result in energy transfer over hundreds of cell diameters.141,143 Some of the 

most common Beta particle-emitting radionuclides used for the labelling of 

nanomedicines are listed in Table 1.4. 

 

1.2.2.2.3 Auger electron radiation 

 

Auger electrons are very low-energy electrons that are emitted by gamma-ray emitting 

radionuclides that decay through electron capture or internal conversion (e.g., indium-

111, gallium-67). The Auger effect, found by Lisa Meitner and Pierre Auger, is the 

phenomenon in which a vacancy in a K-shell orbital is filled by the transfer of an electron 

from an L-shell orbital. The energy difference of this transition is emitted as either an X-

ray or as an ejected electron which is referred to as an Auger electron. This energy is 

deposited over a short linear range (nm or μm), with a high LET in water (1–26 keV/mm) 

and has the potential for causing lethal damage to tumour cells.143,144 The Auger 

electron-emitting radionuclides are preferable for killing tumour cells in 
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micrometastases or small tumours. The common Auger electron emitters used for 

labelling nanomedicines are in Table 1.4. 

 

Table 1.4. Therapeutics radionuclides for applications radionuclide therapy 

 

 

1.2.2.2.4 Nanoradiotherapeutics 

 

These therapeutic radionuclides are ideal candidates for loading onto nanomedicine 

platforms via similar approaches used for imaging purposes. This would allow the 

therapeutic radionuclides to work in a targeted manner post-accumulation of these 

nanomedicines in tumour tissue due to the EPR effect. Moreover, some of these 

radionuclides are either conveniently emitting gamma photons/positrons to be used for 

SPECT/PET imaging or have an imaging pair radionuclide such as 124I/131I, 64Cu/67Cu, 

68Ga/67Ga, 110gIn/111In, 44gSc/47Sc, 83Sr/89Sr, 152Tb/161Tb, 152Tb/149Tb and 86Y/90Y.145 These 

imaging counterparts of therapeutic radionuclides will provide information about 

pharmacokinetics, efficacy and biodistribution. Therefore, the studies using these 

diagnostic/therapeutic pair have the crucial ability to provide dosimetry information and 

predict the dose required for treatments.  
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Some examples of liposomes being used for the delivery of radionuclide 

theranostics are highlighted here. 188Re-labelled liposomes due to the high energy beta 

(2.1 MeV) and gamma photon emitting properties of Re-188 have been used for 

theranostic purposes allowing therapy, biodistribution and dose determination.146–148 

Liposomes labelled with the diagnostic/therapeutic pair of 64Cu/177Lu have also been 

used in a preclinical mouse model to determine biodistribution, therapeutic effect, 

dosimetric information and absorbed dose.149 Similar studies have been performed with 

other types of nanoparticles including porphyrin-PEG nanoparticles (64Cu/177Lu, PET 

imaging)150, HPMA micelles (177Lu, 90Y, SPECT imaging)151,152, nanospheres (131I, SPECT 

imaging)153, polyamine dendrimers (131I, SPECT)154 and more recently with gold 

nanoparticles (103Pd, 117Lu)155,156 for image-guided radiotherapy in various murine 

cancer models. 

 

1.3   Radiolabelling liposomes: How? 

 

In the previous section, we discussed the benefits of imaging nanomedicines, specifically 

nuclear imaging of liposomes to unlock their complete theranostic potential and assist 

with efficient drug-delivery and precision nanomedicine. For nuclear imaging of 

liposomes in vivo, the radionuclide needs to be attached to a liposome with minimal 

modification to its chemical and physical properties. There are two major methods for 

radiolabelling liposomes: (i) the radionuclide attached/embedded in the lipid bilayer of 

liposomes and (ii) the radionuclide is captured inside the intraliposomal aqueous core. 

Depending on the radionuclide used for radiolabelling, the two nuclear imaging 

techniques PET or SPECT are used. SPECT isotopes Tc-99m and In-111 have been used 

for liposomal radiolabelling historically due to their prevalence in SPECT imaging, but 

recently PET imaging has been favoured over SPECT due to its higher sensitivity and 

quantitative nature.125  
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1.3.1  List of PET/SPECT radionuclides 

 

Now that we have discussed nuclear imaging techniques and the selection of different 

diagnostic (simultaneously therapeutic in some cases) radionuclides available, it is 

important to determine the factors affecting the selection of radionuclides for specific 

imaging needs. The first crucial factor affecting the choice of radionuclides is the imaging 

technique. The choice of the imaging technique depends on the key advantages of each 

for tracking nanomedicines such as high spatial resolution and multi-isotope imaging for 

PET and SPECT, respectively, as discussed above. Secondly, the choice of radionuclide is 

dependent on the radionuclide’s half-life which should be in the same range as the 

biological half-life of the nanomedicine being monitored or tracked. Next, the choice of 

radionuclide also depends on the radiolabelling methods required for tracking the 

nanomedicine. This radiolabelling should result in minimal modifications of the 

physicochemical characteristics and the structure of the parent molecule/nanoparticle 

being tracked. Minimal modifications are necessary to preserve the biological activity 

and therapeutic properties of nanomedicine. The radiolabelling of molecules can be 

performed in two main methods: (i) non-metallic radionuclide-based radiolabelling 

which causes the least modifications to the chemical structures of organic compounds 

for example 18F, 11C or radioiodine,157,158 and (ii) radiometal based radiolabelling which 

allows attachment of radiometals to molecules of interest via a chelator.159  

 

The choice of chelator is dependent on the complexation chemistry of the 

radionuclide of interest. A high chelating affinity towards the radiometal and the high 

stability/inertness of the radiometal-chelator bond is essential for the effective tracking 

of molecules of interest.160,161 The stability of the radiometal-chelator complex is 

essential as the biodistribution of the free radionuclide can lead to the wrong 

interpretation of the biodistribution and tracking of the molecule of interest. Therefore, 

it is important to study the biodistribution of the free radionuclide/radiotracer and 

choose the radionuclide to minimize the interference between the uptake of the 

molecule of interest and free radionuclide in different target organs. For example, free 
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89Zr selectively accumulates in the bones and the stability of 89Zr chelator complex while 

tracking bone targeting nanomedicines should be carefully examined as a control.162 

Now that we are aware of the parameters affecting the choice of radionuclide, we can 

categorize the different radionuclides and the methods of radiolabelling. 

 

1.3.1.1 PET radionuclides: relevant examples 

 

The earliest PET radionuclides utilised for clinical use included 11C, 18F, 13N and 15O.163 

They all are cyclotron produced and have short half-lives compared to the half-life of 

liposomal nanomedicines especially 11C,13N, 15O, (2-20 minutes), making them a 

suboptimal choice for this purpose. 18F (t1/2 = 109.7 min) is the main PET imaging 

radionuclide for tracking small molecules due to their short blood circulation times (a 

few hours).164,165 68Ga, a metallic radionuclide which can be generator produced, has a 

short half-life (t1/2=68 min) in the range of 18F. 18F and 68Ga have been used to radiolabel 

liposomes to examine their retention in vivo and accumulation in tumour lesions with 

PET imaging.166,167 However, the blood circulation half-life of PEGylated liposomes is of 

the order of tens of hours to multiple days. Therefore, the initial tumour uptake of 

liposomes can be observed with 68Ga and 18F but with limited ability for 

pharmacokinetics, biodistribution and longitudinal studies at longer time points using 

PET imaging.168  

 

Liposomal nanomedicines and other nanoparticle drug delivery systems tend to 

have longer biological half-lives that are better matched by long-lived PET radionuclides. 

The long-lived radionuclides such as 64Cu (t1/2 = 12.7 h) and 89Zr (t1/2 = 78.4 h) will allow 

us to image for up to a week (2 weeks for 89Zr) for evaluation of dynamics of the 

liposomal accumulation in tumours.169,170 PEG-liposomes labelled with 64Cu were used 

to evaluate PET imaging of cancer lesions and tumour-associated macrophages.171–173 

Recently PET radionuclide 89Zr (t1/2=3.3 day) with a half-life comparable to antibodies 

has found many applications in immunoPET accelerating the developments in the field 
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of immunotherapy.169 Liposomes have been labelled with 89Zr to evaluate their 

pharmacokinetics, biodistribution and dose monitoring over a week with PET for the 

monitoring.174 The properties and applications of the above-mentioned radionuclides in 

the context of liposomal nanomedicines have been discussed in Table 1.5. 

 

Table 1.5 Commonly used PET radionuclides for radiolabelling of liposomal nanomedicines 

 

 

1.3.1.2   SPECT radionuclides: relevant examples 

 

Gamma-emitting radionuclides kickstarted the field of nuclear medicine starting with 

gamma-scintigraphy and later SPECT imaging.175,176 SPECT imaging of radionuclide 

labelled liposomes has been applied to human as well as animal models including 

multiple liposome formulations for cancers, infection, inflammation, and blood pool 

imaging.177,178 The SPECT radionuclides can be categorised and chosen for varied 

applications based on the energy emitted, accompanying therapeutic emissions and the 

half-life. 99mTc and 111In with a half-life of 6.6 h and 2.8 days respectively have been 
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utilised widely for tracking liposomes in vivo via SPECT imaging.179,180181,182 More 

recently, 111In labelled liposomes in vivo SPECT imaging contributed to gaining insight 

into the in vivo behaviour of newly developed liposomal formulations including an 

understanding of the size dependence of liposomes on properties showing higher 

accumulation in the macrophages for larger liposomes as compared to smaller vesicles. 

178,183 Other SPECT radionuclides including 67Ga, 186Re, 125I, and 123I have been used 

recently for labelling liposomes to study their properties in vivo. The iodine isotopes 

unlike other metallic SPECT isotopes can be used for chelator-free radiolabelling by 

modification of organic compounds with minimal modification to the molecule of 

interest. Also, iodine radionuclides have different isotopes with varying half-lives to 

perform different scale longitudinal studies: 123I (t1/2 = 13.3 h), 125I (t1/2 = 60.5 d) and 

providing dosing information about the companion therapeutic radionuclide (131I, t1/2 = 

8 d)184. The properties and applications of the above-mentioned SPECT radionuclides for 

radiolabelling of liposomal nanomedicines have been discussed in Table 1.6. 

 

Table 1.6. Commonly used SPECT radionuclides for radiolabelling of liposomal nanomedicines 
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1.3.2 Strategies for radiolabelling:  

 

Liposome radiolabelling strategies can be broadly categorised into three categories, 

namely: 

1.3.2.1   Surface labelling 

 

Liposomal nanomedicines can be directly or indirectly labelled on the surface. The direct 

labelling strategy involves the attachment of the radionuclide to the nanomedicine 

without any intermediate steps. Indirect labelling involves the incorporation of 

prosthetic groups which acts as a chelator/synthon for the radionuclide which is in turn 

attached to the nanomedicine giving us much more versatility and options compared to 

direct labelling.157 

 

Direct labelling was one of the first methods used for forming radiolabelled 

liposomes. In this method, the radionuclide of choice or a radionuclide-containing 

hydrophobic molecule can be incorporated into the bilayer of the liposomal membrane 

by incubation with preformed liposomes (Figure 1.11(A)). Although higher labelling 

efficiency has been obtained with this method, the low stability and release of 

radionuclides in vivo under interaction with serum proteins can result in false images of 

liposomal biodistribution and pharmacokinetics in vivo.174,185,186  

 

Alternatively, surface labelling can be achieved by incorporating an exposed 

chelator on the surface of the liposomes (Figure 1.11(B)). This is achieved by inserting a 

phospholipid or a PEGylated derivatised phospholipid with a chelator into the lipid 

bilayer during the formulation of liposomes or in preformed liposomes. This was 

performed initially with two SPECT isotopes 67Ga and 99mTc with a suitable chelator for 

both radiometals, DTPA (diethylenetriaminepentaacetic acid) conjugated to 

stearylamine, phospholipid forming the bilayer of the liposomes.187 Subsequently, there 
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have been studies where different membrane components such as 

distearoylphosphatidylethanolamine (DSPE), PEGylated DSPE and cholesterol have been 

derivatised with different chelators such as DOTA, HYNIC, NODAGA, BAT, DTPA, DFO to 

radiolabel the liposomes with 68Ga/177Lu, 99mTc, 64 Cu, 64Cu, 89Zr respectively with 

excellent yields and stabilities.188–195  

However, the attachment of these chelators on the surface of the liposomes 

must not modify the surface properties and biological activity of the liposomal drug 

delivery vehicles. The attachment of larger chelators, modifications of phospholipids, 

and length of the PEG chain on chelator-attached phospholipids increase the risk of 

modification of the liposome pharmacokinetics leading to an increased clearance from 

the blood in most cases. Therefore, it is important to completely characterise these 

liposomes post chelator attachment to monitor any potential change in the 

physicochemical properties of the liposomes.  

 

Another method of indirect surface labelling includes modification of the 

liposome constituting phospholipids/PEGylated phospholipids with non-metallic 

radionuclides: iodine and fluorine (Figure 1.11(C)). This method of labelling allows 

radiolabelling of liposomes without bulky modifications in the form of chelators which 

can be beneficial, thereby minimizing the effect on their biodistribution. The iodine 

isotope 125I has been used for the tracking of antibody-conjugated liposomes.196 Similar 

phospholipid modification has also been used for the short-lived radionuclide 18F.197,198 

The biorthogonal chemistry-mediated reaction has also been used for liposome 

modification to attach either non-metallic radionuclides or chelated radiometals to 

phospholipids for studies involving short-lived isotopes allowing quicker labelling. These 

labelling methods have been used to track fast-circulating liposomal formulations, blood 

pool imaging and pretargeting methods which will be later discussed in section 1.4.1. 

 

To summarize the surface labelling methods, the indirect methods have distinct 

advantages over the direct method and are used techniques presently. These 

advantages include the ability to label liposomes with high-specific activity, and high 
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stability. Further research into avoiding the use of bulky chelators can be beneficial and 

limit their impact on liposomal properties. 

 

1.3.2.2   Core labelling 

Encapsulation of a radionuclide carrying organic species in polymers and liposomes or 

doping of metallic nanomaterials with radio-metals improves the stable attachment of 

radionuclides to nanomedicine. This strategy minimises the potential early release of 

radionuclide from the nanomedicine until it is degraded,199,200 and minimizes interaction 

with plasma proteins. The core labelling strategy has selective application to 

nanomedicines like liposomes, and particularly, the oxine labelling method of liposomes 

has been highly efficient and clinically viable.201 

 

The core labelling methods or encapsulation methods can be categorised into 

three methods: i) Ionophore binding; ii) Remote loading and iii) Unassisted loading 

(Figure 1.11). These three methods are discussed in brief below:  

 

1.3.2.2.1 Ionophore binding method 

 

This method is the major workhorse of core labelling methodology, allowing high 

loading efficiency and stable radiolabelling with minimal surface modification. This is 

achieved using lipophilic complexes/chelators known as ionophores, these ionophores 

chelate the radiometal ions and transport them across the lipid bilayer to the core. The 

ionophore-radiometal complex which is metastable is responsible for carrying the 

radiometal inside the liposome. After crossing the liposomal membrane, the radiometal 

can be transchelated to a pre-entrapped hydrophilic chelator and in some cases, 

hydrophilic drugs.  
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The first such ionophore used for this method is A23187 which was embedded 

into the liposomal bilayer facilitating the transfer of 111In to the liposomal core followed 

by transchelation of 111In by encapsulated nitrilotriacetic acid (NTA).202,203 In further 

studies, ionophore A23187 could also be used to transport the therapeutic radionuclide 

90Y in DTPA-containing liposomes.204 Several small ionophores including tropolone205, 

acetylacetone206, and oxine207–213 have been used since then for ionophore-assisted core 

labelling of liposomes with 111In and 67Ga with different enclosed chelators. With 

increased interest and availability of long-lived isotopes, oxine and its derivatives have 

been used for radiolabelling of DOTA-loaded liposomes with 64Cu214–216 and 52Mn217 and 

DFO-loaded liposomes with 89Zr.218 

 

Furthermore, the drugs loaded in the liposomes have been used as a substitute 

for liposome entrapped chelator to chelate and stabilize the radiometal inside the 

liposomal core thereby minimizing the modifications to the liposomal formulations. This 

has been performed using oxine as the ionophore for 89Zr, 64Cu and 52Mn for labelling of 

PEGylated liposome alendronate (PLA) and Doxil respectively with high loading 

efficiencies and in vivo stability.109,201,219,220  

 

1.3.2.2.2 Remote loading 

 

The core labelling of liposomes can also be performed using direct loading of stable 

radiometal-chelator complexes in preformed liposomes. The main advantage of remote 

loading is the ability to radiolabel preformulated liposomes without modification on the 

surface of the loaded drugs. The encapsulated radiometal complex is released from the 

liposomes on decomposition at the target tissue and cleared from the body. This 

method has been widely used for 99mTc labelling of different formulations of liposomes 

using different chelators including HMPAO221,222, DISIDA223, and BMEDA.224–226 This 

method has also been explored for labelling of Doxil with theranostic pairs of 186Re/188Re 

using a BMEDA chelator.227,228 Recently, core labelling via remote loading of liposomes 
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has also been explored for organic radionuclide 125I, 124I and 18F. In this method, the 

radioiodinated (amino diatrizoic acid (ADA) 125I-ADA and 124I-ADA)229 or radiofluorinated 

compounds (18F-carboplatin) are loaded into liposomes using a pH gradient method.230 

1.3.2.2.3 Unassisted loading 

 

The final and the simplest method of core labelling of liposomes is unassisted loading of 

the radionuclide by creating a concentration gradient of radiometal. The liposomes 

containing DOTA have a copper-depleted core due to the chelation of free copper by 

DOTA causing a steep transmembrane copper gradient. The incubation of DOTA 

liposomes with 64Cu with mild heating to 550C allows spontaneous diffusion of 64Cu into 

the liposomal core with high loading efficiency and high stability. 231 The advantages of 

this method include ease of labelling, removal of the need for ionophores and short 

labelling times. However, the need for the formulation of chelator-loaded liposomes will 

have limited applications to commercially available liposomal formulations. 
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Figure 1.11. Schematic illustration of the different methods for radiolabelling liposomes:  Surface 

radiolabelling: the radionuclide (A), with a chelator (B) or an organic radionuclide compound (C), 

can be linked to the liposomal surface. Core radiolabelling: the radionuclide is encapsulated within 

the aqueous core. Ionophores can be used to transport radionuclides across the bilayer where 

they can be bound by chelators or drugs inside the liposomes, or radioactive 

compounds/complexes can passively cross the bilayer and become trapped. Created with 

BioRender.com. 

 

1.3.3 Limitations of current liposome radiolabelling methods 

The various radiolabelling approaches discussed above allow labelling of liposomes pre- 

and post-formulation, and core and surface labelling with a vast library of radioisotopes. 

However, the accumulation of nanomedicines in tumours has slow pharmacokinetics 

which is a key trait for these passive targeting vectors that may be problematic in the 

context of nuclear medicine. This means that nanomedicines can take multiple days, 

especially for PEGylated formulations, to accumulate in their target tissue at optimal 

concentrations in vivo. Thus, as described in the above section about radiolabelling 

liposomes, to harness the full radionuclide theranostic potential of the liposomal 

nanomedicines, we need to match the blood half-lives of these particles to the 

radionuclides with multiday half-lives such as 111In, 89Zr, 177Lu, 186Re, 131I among others. 



Chapter 1. Introduction 

83 

 

The use of such radionuclides, however, is a double-edged sword. The prolonged 

circulation of nanomedicines labelled with long-lived therapeutic and diagnostic 

radionuclides creates significant clinical considerations: low therapeutic doses for 

radionanotherapy to the target tissue, high radiation doses to healthy tissue during 

circulation and logistical consideration for patients and caretakers in the clinical setting 

due to shielding considerations. The radionuclides suitable for imaging the slow 

pharmacokinetics of antibodies/nanomedicines are long-lived making the non-target 

organs/patients susceptible to high effective radiation doses (0.3-0.7 mSv/MBq), leading 

to an absolute dose of 40-50 mSv to patients per scan (equivalent to allowed annual 

radiation dose limit for adults in the UK). This issue is often called the radionuclide 

dilemma.219,232–234  

 

Similar obstacles due to this radionuclide dilemma were faced in the field of 

radioimmunotherapy due to the long blood half-lives up to days and weeks of 

antibodies. Significant efforts have been made to overcome these obstacles, most 

notably using the in vivo pretargeting strategy.235,236 The idea was conceived and first 

executed in the 1980s based on a simple principle: decoupling the slow circulating 

targeting vector and the radionuclide moiety.237 The radiolabelling is performed at the 

tumour itself after the introduction of both the components in vivo facilitating the use 

of short-lived radionuclides (e.g., 18F, 68Ga, 99mTc). Taken together, these traits should 

translate to improved tumour-to-background activity concentration ratios and 

dramatically lowered radiation dose rates in healthy tissues. 

    

Drawing inspiration from the success of pretargeting in the field of 

immunotherapy, this strategy could be used to resolve this radionuclide dilemma which 

encompasses the imaging of nanomedicine. The use of short-lived radionuclides for 

pretargeting should drastically decrease this observation time from days to hours. In the 

next section, we will discuss the concept of pretargeting in more detail, the different 

types of pretargeting explored to date, and its applications to nanomedicine. 
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1.4 The concept of pretargeting 

 

To circumvent the slow pharmacokinetic-related issues found when imaging using 

antibodies, the concept of pretargeting was introduced and has been widely explored in 

the field of antibody imaging and therapy.238    

 

 

Figure 1.12. General scheme of Pretargeting imaging concept used for imaging of antibodies. 

Image reproduced from reference. 239 

 

1.4.1 Introduction to pretargeting 

 

The pretargeting approach involves the sequential administration of two components: 

(i) a macromolecular (usually antibody or nanomedicine based) targeting vector with a 

long pharmacokinetic half-life, and (ii) a small molecule radiolabelled conjugate. The two 

components of a pretargeting system are modified with complementary groups to bind 

each other at the site of interest with fast kinetics and exhibit in vivo stability. In 

pretargeting, the radiolabelled species is administered after a known lag period to allow 

sufficient time for macromolecule (antibody/nanomedicine) accumulation at the 

tumour whilst residual macromolecule is cleared from the circulation. This approach is 
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beneficial for overcoming slow pharmacokinetics systems, such as antibodies and 

nanomedicines with blood half-lives in the order of days, allowing the use of short-lived 

radioisotopes and decreasing non-target specific absorbed doses in patients. 

 

This process can be broken down into four steps as observed in all major 

approaches utilised for pretargeting. Firstly, injection of a modified targeting vector in 

the bloodstream. Secondly, slow accumulation of the vector in the target site and 

removal of the free vector from the blood. Thirdly, injection of the complementary small 

molecule radioligand after the known lag time, finally followed by binding of radioligand 

to antibody/nanomedicine and removal of excess free radioligand before imaging. 

 

1.4.2 Types of pretargeting 

The pretargeting approaches can be broadly categorised based on the interactions 

involved between the complementary reactive species: 

 

1.4.2.1  Non-covalent interaction approach 

 

These approaches are also known as conventional pretargeting approaches in 

the pre-biorthogonal chemistry era. The driving force for these interactions is the high 

affinity supported by highly specific hydrogen-bonding interactions in biological systems 

(e.g., avidin/streptavidin-biotin). 

 

1.4.2.1.1 Bispecific antibody-hapten binding 

 

The primary pretargeting approach was based on the utilization of bispecific antibodies 

(bsAb), capable of simultaneous binding to target antigens as well as radiolabelled 

haptens.240,241 The application of this approach to nanomedicine is limited only to 
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antibody-based nanomedicines. The only example of an antibody-based nanomedicine 

study is by Rauscher242 in which tumour accumulation was increased using the 

pretargeting strategy. 

 

The system utilised a primary administration of bsAb labelled liposome followed 

by secondary imaging agent introduction as radiolabelled liposome functionalised with 

haptens which led to an increase in higher uptake than conventionally labelled 

liposomes. The inherent possible limitation associated with this antibody model includes 

the complexities and excessive costs involved in the synthesis of bispecific antibodies. 

Also, these bispecific antibodies can elicit an immunogenic response. In conclusion, for 

passively targeted nanomedicine, this approach is unsuitable due to excessive cost, 

complexity in synthesis and application to only antibody-based nanomedicines. 

  

1.4.2.1.2  Avidin/Streptavidin-Biotin binding 

 

Hnatowich in 1987 utilised the multiple binding sites and high-affinity pair (1015 M) of 

avidin and biotin for pretargeting.243 In his first approach, streptavidin was conjugated 

to an antibody targeting vector and following a lag time of 2-3 days post antibody 

injection, radiolabelled biotin is injected binding rapidly to tumour-localised 

streptavidin. The large size of the streptavidin-antibody assembly leads to the slow 

removal of the antibody from the blood. This led to the utilization of the cleaning agent 

glycosylated avidin in the second approach to remove excess streptavidin-antibody 

conjugate from the blood before the introduction of the radiolabelled biotin in a second 

approach. Whilst this system has clear advantages, some limitations to this approach 

have a considerable effect on its applications. The most noticeable is the 

immunogenicity of the system due to the introduction of foreign proteins. Moreover, 

the usage of the cleaning agent adds another variable to circulating components in the 

pretargeting system.244,245 Due to the drawbacks mentioned above, there has been a 

marked decrease in the number of ongoing clinical trials using this pretargeting system. 
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1.4.2.1.3 Complementary oligonucleotide binding 

 

The high-affinity requirement and need for avoiding immunogenicity led to the 

development of a new binding system based on complementary oligonucleotides. 

Morpholino oligomers (MORFs) which are water-soluble, synthetic DNA analogues with 

highly specific complementarity have shown stability to nuclease hydrolysis. High 

hybridization affinities and fast renal clearance of MORFs have led to several clinical and 

preclinical studies.246 The associated complexities and cost has delayed its acceptance 

in a clinical setting and optimization is required to incorporate short-lived radionuclides 

for clinical translation and other systems such as nanomedicines. 

 

1.4.2.2   Covalent interaction approach 

 

It has been a decade since the first report of click ligation (Staudinger ligation) by 

Bertozzi et al. was published with its applications in vivo.247 Since then, this covalent 

interaction approach of click ligations has found increased applications within biological 

systems and was awarded the Nobel Prize for Chemistry in 2022. The first in vivo 

application was on labelling cell-surface glycans in mice via azide and phosphine 

derivatives followed by deployment of strain-promoted alkyne-azide cycloaddition 

(SPAAC) on azidoglycans in zebrafish, elegans, and mice.248–250 The slow reaction kinetics 

and limitations of the SPAAC reaction are overcome by the inverse-electron-demand 

Diels-Alder (IEDDA) reaction between strained cyclooctenes and electron-deficient 

tetrazines (Tz).251 It has an added advantage in the field of pretargeting due to its 

ultrafast reaction kinetics with first-order rate constants in the range of 104-105 M-1s-1. 

Rossin et al. have been a forerunner in the field of pretargeting with IEDDA-based 

ligation, successfully pretargeting the immunoconjugate CC49-TCO with In-111 for 

SPECT imaging of colorectal cancer xenografts.252 Post this report, several groups around 
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the world have continuously developed better systems via synthesis of highly reactive, 

more stable TCO-tags251 and Tz-probes radiolabelled with copper-64,253 fluorine-18,254 

gallium-68,255 carbon-11.256 

 

 

Figure 1.13. Types of pretargeting: The library of different approaches of pretargeting available 

for imaging of antibodies: (a) Streptavidin-biotin; (b) Complimentary oligonucleotide binding; (c) 

Bispecific antibody-hapten; (d) Strain promoted alkyne-azide cycloaddition (SPAAC): alkyne-

azide; (e) Inverse electron demand Diels-Alder reaction (IEDDA). Created with BioRender.com. 
 

1.4.3 Role of pretargeted imaging in nanomedicine 

 

Nanomolecules as passively targeted drug carriers have improved the field of cancer 

research and therapeutics in general. The passively targeted nanomedicine is affected 

by variation of EPR effect with individuals and tumour properties, making it difficult to 

determine the patient response to the treatment. The use of these nanomedicines on 

non-responding patients may lead to being ineffective and a toxic build-up of drugs 

inside the body. The pretargeting approach has the potential to improve imaging of long-

circulating nanomedicine by increasing the contrast, decreasing the radiation exposure, 

and allowing longitudinal imaging beyond the half-life of the radionuclide. Pretargeted 

imaging study examples have been reported widely in the field of antibody-based 

therapy due to their slow pharmacokinetics, similarly to nanomedicines.257,258  These 

examples include different approaches to pretargeting with some approaches even 
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being accepted for clinical evaluation. On the other hand, the pretargeted imaging 

studies with passive targeting nanomedicines have been extremely limited in number 

which is surprising due to two reasons. Firstly, compared to antibodies, pretargeted 

imaging is potentially more efficient with nanomedicines due to their high loading 

ability, which is essential for the likelihood of pretargeting. Nanomedicines have at least 

ten-fold higher reactive tags than antibodies depending on the type of nanoparticles.259 

Secondly, the antibody on high loading has issues like immunogenicity and detection by 

the reticuloendothelial system due to aggregation. Therefore, the potential clinical 

impact of nanomedicines can be exploited using pretargeted imaging. 

 

         

Figure 1.14. Different nuclear imaging methods for nanomedicines: (A) Conventional Imaging (B) 

Pretargeted Imaging (C) Pretargeted Imaging with clearing agent. Image reproduced. 260  

 

1.4.4 Limitations of pretargeted imaging in nanomedicine 

  

Despite the above-mentioned potential advantages, pretargeting strategies may 

present some drawbacks. First, the main methodologies listed above have not been 

compared head-to-head using a single vector system such as an antibody or 

nanomedicine. This has led to no quantitative comparisons on the benefits of a 
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particular pretargeting approach which can be used as a one size fits all. Moreover, the 

different approaches are at different stages of their development to be compared or 

expanded for use in different systems of antibodies and nanomedicines.  

 

One key concern is the internalization of the primary targeting agent i.e., 

antibody or nanomedicine. The internalization renders the presence of reactive tags on 

the surface of the targeting agents unsuitable for binding with the secondary imaging 

agent and requiring further exploration into these complex systems and incorporating 

further variables in a complicated system. As seen in Figure 1.14(C), the use of a clearing 

agent also leads to a further complication of the pretargeting system leading to an extra 

biomolecule that can accumulate in the body and might not necessarily lead to clearing 

of the secondary imaging agent from the tumour.261 Furthermore, the limitation of 

secondary imaging agent of the pretargeting system to extracellular targets and inability 

to cross cell membranes.  

 

Specifically, for pretargeting, the nanomedicine is expected to be a more suitable 

candidate over antibodies due to their ability to carry more reactive tags. However, 

many nanomaterial-based medicines internalise specifically in the macrophages 

depending on the properties of tumour vasculature and nanomedicines, which limits 

their availability for radionuclide binding. The secondary targeting vector carrying the 

radionuclide should be designed to be highly specific, stable and exhibit fast clearance. 

If the radionuclide/radionuclide carrying vector does not exhibit any of these properties, 

it can lead to low contrast and high background activity. Thus, each component in a 

pretargeting system should be carefully chosen to overcome these limitations. 
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Table 1.7. Advantages and disadvantages of pretargeted imaging in nanomedicine over 

conventional imaging methods 

 

 

1.5   Hypothesis and aims of the thesis 

 

Previous work in our lab has developed various labelling methods for liposome, cell and 

nanoparticles that allows in vivo tracking non-invasively using optical, PET, and SPECT 

preclinical imaging. Through this work, we aim to utilise this knowledge of imaging and 

liposomal tracking to bridge the present two major gaps in the clinical application of 

liposomal nanomedicines, specifically PEGylated liposomes. The first major gap that we 

have endeavoured to address is the EPR heterogeneity through pretargeted imaging of 

liposomal nanomedicines which will not only provide us an improved method of tracking 

liposomal nanomedicines but will also find applications in nanomedicine assisted 

radionuclide therapy. The second gap that we aim to address is the inability to utilise 

liposomal nanomedicines for treatment of brain ailments due to their large sizes 

compared to small molecule drugs. To overcome this issue, we attempted to deliver 

PEGylated liposomes to the brain using a novel RaSP sequence of focused ultrasound 

efficiently and safely.  

 



Chapter 1. Introduction 

92 

 

Thus, the overall aim of this project was to develop new methods for pretargeted 

PET imaging of PEGylated liposomes and the delivery of the PEGylated liposomes to the 

brain. To achieve this, the project was broken down into several step wise parts involving 

development of radiolabelled phospholipid bioconjugates based on the highly efficient 

Ga chelator THP, utilising these phospholipid bioconjugates to build two different 

pretargeting systems (Chapter 2 and Chapter 3), and their ex vivo and in vivo validation. 

Also, the delivery of the fluorescent PEGylated liposomes to the brain using focused 

ultrasound, their delivery assessment using optical imaging and ex vivo pretargeted 

imaging (Chapter 4). These chapters are outlined below along with their graphical 

abstracts: 

   

Chapter 2: An in vivo radiolabelling approach for pretargeted imaging of long 

circulating PEGylated liposomes nanomedicines based on metal chelation is developed. 

THP, an efficient Ga chelator, was used to synthesise a THP-phospholipid conjugate 

which was characterised extensively before being embedded into the bilayer of 

PEGylated liposomes to give THP-PL liposomes. The THP-PL liposomes are characterised 

before being pretargeted using 68Ga in vitro and in vivo in a healthy mouse model. 
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Figure 1.15. Graphical abstract of Chapter 2: Metal chelation based pretargeted PET imaging of 

PEGylated liposomes using the high chelating affinity of tris(hydroxypyridinone) towards Ga. 

Created with BioRender.com. 

 

Chapter 3: The biorthogonal chemistry based pretargeting methods have been 

widely validated for pretargeting for antibodies. Using this IEDDA biorthogonal 

chemistry, we hypothesised a pretargeted method for in vivo radiolabelling of PEGylated 

liposomes to compare with the metal chelator based pretargeting system developed in 

Chapter 2. The first step was the synthesis and characterisation of two components of 

this pretargeting system: a THP-tetrazine and a TCO-phospholipid. The TCO-

phospholipid was incorporated in the bilayer of PEGylated liposomes to give TCO-PL 

liposomes followed by validation of the pretargeting TCO-PL liposomes in vivo and in 

vivo with 68Ga-THP-tetrazine. The in vivo validation was performed in both in healthy 

mice and in a fibrosarcoma mouse model. 
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Figure 1.16. Graphical abstract of Chapter 3: Biorthogonal IEDDA reaction based pretargeted 

PET imaging of PEGylated liposomes exploiting the fast and efficient reaction kinetics between 

tetrazine and transcyclooctene. Created with BioRender.com. 

 

Chapter 4: The desirable properties of low systemic toxicity and high drug 

carrying capability make liposomes an excellent candidate for drug delivery to the brain. 

The field of brain therapeutics suffers from lack of non-specific drug delivery and low 

therapeutic doses and the liposomal nanomedicines could be the answer to this 

problem. However, when targeting brain or solid tumours, liposomes suffer from 

inability to reach their targets due to biological barriers and their large size. In chapter 

4, we have investigated the feasibility of using focused ultrasound in combination with 

microbubble treatment as a method to deliver liposomal nanomedicines (~100 nm) to 

the brain. Fluorescent DiD-PEGylated liposomes were synthesised and injected 

intravenously alongside microbubbles. The left hippocampus of mice was then sonicated 

with either a rapid short pulse (RaSP) sequence or a long pulse sequence, with each 

pulse having pressure either 0.35 or 0.53 MPa. The delivery and distribution of the 

fluorescently labelled liposomes were assessed by fluorescence imaging of the brain  
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sections. The safety profile of the sonicated brains was assessed by histological staining. 

The ex vivo imaging was also performed using pretargeting method developed in 

Chapter 2. 

 

 

Figure 1.17. Graphical abstract of Chapter 4: Focussed ultrasound and microbubble assisted 

delivery of fluorescent PEGylated liposomes to the brain followed by quantification and safety 

assessment. Created with BioRender.com. 
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2.1   Introduction: Trishydroxypyridinone and Ga: A promising pair for 

metal chelation-based pretargeted imaging 

 

The tris(hydroxypyridinone) (THP) chelator and its bifunctional analogues (Figure 2.1) 

possess a high binding affinity for the gallium ion in the +3 charged state262,263 and are 

known to complex 68Ga rapidly at low chelator concentrations and physiological pH.262 

The formed radiolabelled complex is highly stable for several hours in the presence of 

serum, which is an essential requirement for successful radiotracer development. The 

fast chelation and high stability properties of THP have been utilised to perform one 

step, fast 68Ga radiolabelling of small molecules, proteins, and nanoparticles,264–269 

including in vivo chelation of pre-injected 68Ga by THP.263 

 

                                   

Figure 2.1 Structure of Trishydroxypyridinone (THP): A tripodal framework of 3,4-

hydroxypyridinones was formed to give this hexadentate chelator. THP can be derivatised for 

bioconjugation from the root of three arms, away from the binding groups minimising the impact 

of the chelation ability. Two different variants of THP are available for use as chelators: THPMe 

and THPH. 
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We hypothesised that the high-affinity between Ga and THP could be exploited 

to form an efficient pretargeting pair for in vivo imaging of liposomal nanomedicines. 

This has been partially explored recently for pretargeting of antibodies. However, before 

we state the hypothesis and describe the experimental results and discussion, it is 

important to briefly discuss the different gallium isotopes, their relevance in nuclear 

imaging, as well as an expanded introduction to the efficient bifunctional chelation 

properties of THP in brief.  

 

2.1.1 Ga isotopes: PET and SPECT pair 

 

Gallium element occurs in nature as two non-radioactive stable isotopes: 69Ga and 71Ga. 

The main radioactive isotopes of interest for imaging are the positron-emitting 68Ga and 

the gamma/Auger emitting 67Ga, which are obtained synthetically. The key properties 

of these two isotopes relevant to use in nuclear imaging are summarised in Tables 1.5 

and 1.6 in Chapter 1. 

 

67Ga is a cyclotron-produced isotope, which can be obtained by either proton 

irradiation (68Zn(p, 2n)67Ga), deuteron irradiation (66Zn(d, n)67Ga) or α-particle 

irradiation (64Zn(α, p)67Ga) of different isotopes of Zn.270 67Ga decays to stable 67Zn by 

electron capture (EC) accompanied by a gamma ray (91-393 keV) and auger electron 

emission (7-9 keV) with a half-life of 78.26 hours.271 The gamma photon emission and 

high energy Auger electron emission make it a useful radionuclide in SPECT imaging and 

radionuclide therapy, respectively.272,273 Its long half-life is compatible with imaging 

studies over several days. The long half-life and ability to bind to serum protein 

transferrin allows the use of 67Ga for the detection of lymphoma,274,275 inflammation276 

and infection277. However, 67Ga SPECT images suffer from low contrast and resolution 

due to the presence of different photopeak energies, down scatter of high energy 

photons, and SPECT limitations.278  
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68Ga is most commonly produced from germanium-68/gallium-68 generators, 

allowing a relatively inexpensive, steady and cyclotron-independent supply. 68Ga decays 

to stable 68Zn by positron emission with a half-life of 68 min233,279 which is responsible 

for PET imaging. The short half-life of 68Ga makes it useful for radiolabelling small 

molecules and receptor-targeting peptides using a bifunctional chelator (BFC).  

 

The 68Ga bench-top generators have a long shelf life due to the parent isotope 

68Ge which has a half-life of 271 days. This parent isotope immobilised on a lead shielded 

glass column decays via electron capture over time to provide the daughter radionuclide 

68Ga. The selective elution of 68Ga by exploiting the difference in radiochemical 

properties of two radioisotopes provides the radioisotope of interest.157,233,271 

 

Different generations of generators with different solid/mobile combinations 

have been used to isolate the 68Ga from the 68Ge loaded in the generator. However, we 

will only briefly discuss the pharmaceutical grade Eckert & Ziegler generator that has 

been used in this thesis. In this generator, germanium-68 is adsorbed on a TiO2 bed 

enclosed in a borosilicate glass column. Ultrapure 0.1 M hydrochloric acid is used as an 

eluent to yield Ga3+ as a chloride salt. The daily elution of the generator minimises the 

level of contaminants and due to the continuous production of gallium-68 allows for 

multiple elutions to be performed in a day, with the maximum achievable activity 

already being observed 4-hour post-elution. Contaminants include natural elements 

(aluminium, iron, titanium, lead, etc.), as well as 68Zn and 68Ge, which is a major concern 

due to competition in chelator binding and thereby a potential decrease the 

radiolabelling efficiency and specific activity of the final radiotracer of interest.280 

Different procedures have been developed to increase the specific activity and purity of 

the 68Ga from the generator eluate. These methods, based on anion/cation exchange 

chromatography, are simple and effective in removing impurities but increase the time 

required for radiolabelling which is a key factor for a short-lived isotope 68Ga.280,281  
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For the purpose of this thesis and this chapter, which is based on gallium 

chelation pretargeting, it is important to understand the chemical properties of this 

metal. Ga with an atomic number of 31 belongs to the 13th group and 4th period of the 

periodic table. The complexation chemistry of gallium is dependent on the behaviour of 

Ga(III) oxidation state ions in aqueous solutions which is amphoteric and exists as its 

aqua ion [Ga(H2O)6]3+ in acidic conditions. At pH values above 4, hydrolysis occurs 

forming hydroxide species with low solubility in water. These species redissolve in water 

at higher pH as gallate [Ga(OH)4]- 282 and at pH > 7.4 accounts for 98 % of gallium species 

in aqueous solutions.283,284 The high propensity of gallium towards hydrolysis from 

slightly acidic pH to basic pH range in aqueous solutions leads to low availability of Ga(III) 

species for chelation with ligands to form complexes. These insoluble hydroxide species, 

also called colloids, are responsible for low radiolabelling yields. To overcome this issue, 

fast complexation kinetics, an optimal pH range and presence of stabilising ligands are 

required to assist the complex formation.285 

 

In terms of size, the Ga3+ ion exhibits a similar ionic radius as Fe3+ (62 pm and 

64.5 pm respectively) while forming hexacoordinated complexes with hard ligands in 

the aqueous medium.286 Ga3+ also shares some biological characteristics with Fe3+. 

Similar to Fe3+, Ga3+ is rapidly chelated by transferrin (a blood serum protein) and with 

even higher affinity by lactoferrin (neutrophil-released protein at the sites of 

inflammation).287 Due to the high affinity of these proteins towards Ga3+, tracking of 

transferrin and lactoferrin is performed using 68Ga or 67Ga. 67Ga–citrate is used for 

tracking increased transferrin for imaging infection and inflammation. 67/68Ga labelled 

transferrin and lactoferrin have been used to image uptake mechanisms in tumours and 

lymphocytes at the site of inflammation.276,288,289 Similar to iron, gallium also has the 

potential of binding to siderophores which are small iron-chelating molecules secreted 

by bacteria and fungi at the site of infection. The siderophores form gallium complexes 

that are isostructural with the iron complexes and therefore 67Ga/68Ga siderophores are 

used for imaging of infection.290–295  
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The similarity of iron to gallium has been utilised to develop a library of 

bifunctional chelators for Ga which have been used for labelling various antibodies and 

small molecules through bioconjugates. Among these chelators, THP has been a 

forerunner for Ga chelation due to its desirable properties which are discussed in the 

next section. 

 

2.1.2 Tris(hydroxypyrdinone): an ideal chelator for Ga, but also Fe 

 

Different bifunctional chelators have been developed for Ga3+ coordination.296–299 The 

key characteristics of a perfect chelator for radiometal include (i) fast complexation 

kinetics, (ii) single isomer or species formation upon chelation, (iii) mild labelling 

conditions and (iv) high in vivo stability. Fast complexation kinetics and mild labelling 

conditions are essential for the labelling of biomolecules with 68Ga. The chelator leading 

to a single isomer species upon complexation allows for fast complexation without 

purification and easier production of radiotracer in the clinical setting.  High in vivo 

stability and inertness of the radiometal chelator complex prevents transchelation of 

68Ga to serum proteins and dissociation of the chelator in vivo, which may complicate 

image analyses of tracer accumulation. 

 

THP is a tripodal, acyclic, hexadentate O6 donor. It binds gallium through three 

bidentate 1,6-dimethyl-3-hydroxypyridin-4-ones via the ketone and deprotonated 

hydroxyl groups.296,300 The similarities between gallium(III) and iron(III) and the affinity 

of siderophores towards iron(III) have led the structure of siderophores to be a starting 

template for the design of THP.301,302 THP has derived its structure from the siderophore 

mimic deferiprone, clinically used for iron sequestration and treatment of iron 

overload,303 with an intention to further increase its affinity towards Ga3+ ions.  

 

THP is a highly efficient chelator for 68Ga with multiple desirable properties 

making it a suitable candidate for labelling biomolecules as a bifunctional chelator. THP 
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has a high thermodynamic affinity for 68Ga leading to fast complexation at physiological 

pH and with ligand concentrations as low as 0.5 μM262,263,296,304. Moreover, despite being 

an acyclic chelator, the kinetic stability of the 68Ga-THP complex is high even at pH values 

higher than 10 which can be explained due to branched structure. The 68/67Ga-THP 

complex has also demonstrated high stability in serum and is non-susceptible to 

transchelation for up to 4 hours and 8 days, respectively262. 

  

The ability of THP to bind 68Ga in human serum/plasma is a testament to the high 

chelating efficiency between THP and gallium, and the stability in the presence of 

apotransferrin262. These outstanding radiolabelling properties also allow THP to bind 

68Ga3+ in vivo, when administered i.v. to mice previously injected with 68Ga despite the 

dilution of the THP concentration in the blood and the presence of competing proteins 

transferrin and apotransferrin305. Thus, 68Ga3+ and THP can be developed as a potential 

chemical pretargeting pair. 

 

2.1.3 Aims and hypothesis 

 

To evaluate the potential of this high-affinity between THP and 68Ga, we hypothesised 

an in vivo radiolabelling strategy for PEGylated liposomes. In our hypothesis, a 

pretargeting strategy based on metal chelation could be feasible using a radiometal and 

a bifunctional chelator (here, THP-NCS) as an in vivo pretargeting pair. In this approach, 

the bifunctional chelator THP-NCS was attached to the surface of PEGylated liposomes 

and then radiolabelled in vivo in a murine model as schematically represented in Figure 

2.3. This strategy would have benefits over traditional covalent and non-covalent 

pretargeting methods including minimal handling of the radioactivity, minimal 

radiosynthesis work, longitudinal tracking over time, minimal radiation exposure to staff 

in a clinical setting, and enabling this technique to be used clinically even with lack of 

advanced expertise and radiochemistry facilities. This is not the first attempt to explore 

the pretargeting ability of this metal chelation pair. The ability of THP and Ga as a 

pretargeting pair has been recently explored for pretargeted imaging of antibodies with 
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limited success. In this study, THP-antibody bioconjugates were injected followed at a 

later time point by 68Ga and the ensuing results are shown in Figure 2.2.  

 

                 

Figure 2.2. Metal chelation pretargeting of antibodies: (Top) Schematic representation of the 

experiment workflow of the reported metal chelation pretargeting of antibodies. (Bottom) The 

Representative PET images of nude mice bearing SW1222 xenografts. (A) Mouse treated with 

directly labelled 89Zr-DFO-NCS-huA33 (Positive control group, 25 hours p.i.); (B) Mouse pre-

treated with THPMe-NCS-huA33 (Test group) followed at 24 h by 68Ga acetate (imaged at 2 h p.i.); 

(C) Mouse injected with 68Ga acetate only (2 h 30 min p.i., Negative control). White arrows indicate 

location of the tumour. Image reproduced from Imberti et al. 305 
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To test our hypothesis of metal pretargeting of PEGylated liposomes, we synthesised 

a THP-phospholipid conjugate which was inserted into preformed PEGylated liposomes 

to give THP-liposomes. The presence of the chelator on the liposomal surface acts as a 

binding site for Ga-68 which was validated in vitro in serum and the serum stability of 

these radiolabelled liposomes was also determined. These in vitro results were followed 

by validation of in vivo pretargeting of THP-liposomes. To further validate this approach, 

the same metal pretargeting chelation was also explored with a bone targeting small 

molecule THP-pamidronate (THP-Pam).265   

      

 

Figure 2.3. Graphical abstract of the metal chelation based pretargeting of PEGylated 

liposomes in a murine model. Created with BioRender.com. 
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2.2 Results and discussion 

 

2.2.1 Synthesis and characterisation of THP-Phospholipid 

 

To provide gallium-binding properties to PEGylated liposomes, a chelator-PEG-

phospholipid conjugate based on tris(hydroxypyridinone) (THP) was synthesised by 

amine-thiocyanate conjugation (Figure 2.4).   

                 

 

Figure 2.4. Scheme of the reaction between an isothiocyanate and amine: The reactants forming 

a stable thiourea bond in mild basic conditions where R1 is Trishydroxypyridinone, and R 2 is 

DSPE-PEG2000 (phospholipid) in this chapter. 

 

THP was selected over other gallium chelators for its proven high affinity and fast 

complexation kinetics, even in the presence of competing metal ions as mentioned 

above in the introduction. The isothiocyanate derivatives which are moderately reactive 

but quite stable in water and most solvents were chosen to form THP phospholipid 

conjugates as the thiourea bond formed upon reaction with amines is known to be 

highly stable in vivo for up to 24-48 hours but comparatively less stable than amide 

bonds.306–308 An amide bond formation using THP-NHS esters would have been an 

alternative bioconjugation strategy in case of stability issues with thiourea bond, but the 

commercial availability of THP-isothiocyanate allowed for an easier one-step synthetic 

approach. The NH2-PEG2000-DSPE phospholipid was chosen to form the THP-

phospholipid conjugate as PEG2000-DSPE is the basic phospholipid component of 

stealth liposomes and it has been used routinely to form folate-targeted liposomes via 

embedding of the folate-phospholipid conjugate in the bilayer of the liposomes.309 The 



Chapter 2. Metal chelation based pretargeting of liposomal nanomedicines 

106 

 

length of the PEG chain is determined to make THP chelators available on the surface of 

PEGylated liposomes as seen in figure 2.5. The length of the PEG chain determines 

whether the targeting molecule or the chelator at the end of the phospholipid chain is 

accessible for interaction with surrounding and in our case, the radiometal 68Ga. The 

amine derivative of the PEG2000-DSPE has been widely used for conjugation with 

various targeting and imaging motifs and here, provides an easy method for conjugation 

with THP-NCS. 

 

 

Figure 2.5 Impact of PEG2000 on chelator availability: Accessibility of the THP chelators on the 

surface depending on the different formulation of liposomes/PEGylated liposomes and THP-

phospholipid with a PEG chain. The addition of a PEG2000 chain to THP-phospholipid allows 

them to be accessible to Ga for chelation. Created with BioRender.com. 

 

As a solvent, anhydrous DMSO proved to be an ideal choice to overcome the low 

solubility of DSPE-PEG2000 amine in water and the tendency of THP-NCS to undergo 

degradation or hydrolysis in water or ethanol (ideal solvent for DSPE-PEG2000 amine). 

Thereby, DMSO minimised solubility and degradation concerns allowing for the reaction 

to proceed slowly without the need for high pH and temperature conditions. The 

reaction was performed at room temperature with DIPEA as a base to achieve a pH of 

9-10 to facilitate the reaction via deprotonation of the amine of DSPE-PEG2000. The use 

of mild conditions and DMSO thereby minimised the formation of side products. 

To remove the unreacted THP-NCS and excess reaction components (i.e., DIPEA, 

DMSO), solvent extraction using chloroform/water was used as the first method. The 

reaction mixture was diluted with water and brought down to pH 7 to extract the 



Chapter 2. Metal chelation based pretargeting of liposomal nanomedicines 

107 

 

lipophilic THP-PL in the chloroform layer whereas DMSO, DIPEA and THP-NCS were 

collected in the water layer. However, the NMR of the obtained purified product showed 

the presence of impurities. 

 

Dialysis purification was chosen as an alternative method considering the large 

MW weight of PEGylated phospholipid and the large difference between the MW of the 

desired product THP-PL, and the impurities THP-Bz-SCN, DIPEA, and DMSO. Due to the 

susceptibility of the dialysis membrane toward DMSO, the reaction mixture was diluted 

to 5% DMSO to prevent damage or solvation of the dialysis membrane during 

purification. Lyophilisation of the retentate yielded THP-PL as a white light powder with 

a yield of 84 ± 6 %. 

                    

 To confirm the success of the conjugation reaction and purity of the synthesised 

THP-PL, the 1H NMR spectrum in CDCl3 of THP-PL was compared to that of the starting 

material PL (NH2-PEG2000-DSPE) (Figure 2.6). The presence of the characteristic broad 

peaks of THP (δ 7.3, 6.9 -NH; 6.4 -ArH; 3.74 -CH2) in the spectra of THP-PL and not PL 

supported the successful synthesis of THP-PL in the reaction. In addition, the formation 

of the thiourea bond is evidenced by the disappearance of the –NH2 peak at δ 1.69 ppm, 

and the appearance of thiourea protons at ca. δ 9 ppm as broad peaks. Integration of 

peaks could not be performed due to the broadness of most peaks and the high-intensity 

ethylene peak of PEG at δ 3.6 ppm in both spectra, which marred the resolution of both 

spectra.   
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Figure 2.6. Comparative 1H-NMR of THP-PL and DSPE-PEG2000 amine using 400 MHz NMR 

in CDCl3 (1024 scans): THP-PL is characterised by the presence of broad THP peaks (highlighted 

using red circles) and absence of NH2 peak unlike the NMR of DSPE-PEG2000-amine 

(highlighted using black circle). 

 

Further confirmation of the success of the conjugation reaction was provided by 

electrospray ionisation mass spectrometry (ESI-MS). The spectrum of THP-PL (THP-PL 

exact MW=3733) showed the expected electrospray envelope nature of PEG polymers 

and the z = 2 species in the range 1700-2000 m/z (peak found at 1866; calculated for 

THP-PL = 1866), the z = 3 species in the range 1200-1350 m/z (peak found at 1245; 

calculated for THP-PL = 1244), and the z = 4 species in the range 850-1000 m/z  (peak 

found at 938; calculated for THP-PL = 933) (Figure 2.7). These peaks were not observed 

in the ESI-MS of PL performed under identical conditions. 
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Figure 2.7. Mass spectra recorded with MALDI-TOF High Resolution Mass spectrometry: The 

envelope like nature is a characteristic of the mass spectra of PEGylated molecules due to the 

polydispersity in MW of PEG chains attached to the phospholipid: (A) DSPE-PEG2000-amine: 

z=1 species 2500-3000 (Exact mass: 2790); z=2 species 1250-1650 (Exact mass: 1395); z=3 

species 800-1100 (Exact mass: 930), (B) THP-PL: z=2 species 1700-2100 (Exact mass: 1866); 

z=3 species 1140-1360 (Exact mass: 1244); Z=4 species 840-1060 (Exact mass: 933). Base peak 

in both the spectra is at 607.5 due to formation of stable phospholipid fragment on ionisation. 
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2.2.2 Synthesis and characterisation of THP-PL-PEG(2k)-liposomes 

 

Surface modifications of PEGylated liposomes can be performed during the formation 

of liposomes or in preformed liposomes. Here, we desired insertion of the THP-PL in the 

bilayer of the preformed PEGylated liposomes, which were chosen for having the same 

physicochemical properties as stealth liposomes extensively used in the clinic such as 

Doxil/Caelyx (size 89.4 ± 0.6 nm, concentration: 60.0 ± 0.9 mM, PDI: 0.03 ± 0.01). THP-

PL was inserted into the lipid bilayer of PEGylated liposomes using a standard protocol, 

previously shown to allow insertion of folate targeting phospholipids without significant 

modification of the original properties of PEGylated liposomes.310 The insertion process 

occurs at an elevated temperature which is just below the phase transition temperature 

of HSPC (58°C).310 As mentioned in the introduction chapter, at this temperature there 

is an increased fluidity in the bilayer of the membrane allowing for the incorporation of 

the external phospholipids (here, THP-PL) in the bilayer. The optimisation of insertion is 

dependent on the relative concentration of phospholipid being inserted, incubation 

time, and incubation temperature. The incubation temperature and time were chosen 

as 50°C and 30 minutes respectively as these conditions have been routinely used in our 

lab for core radiolabelling of preformed liposomes. 109,220,311 The concentration of THP-

PL in the incubation mixture was optimised to be less than 5 mol % to minimise any 

impact on the surface of the liposomes and hence its properties. When the 

concentration was higher than 5 mol %, it led to an increase in the liposomal size possibly 

due to aggregation, as observed in dynamic light scattering (DLS) measurements. After 

the insertion reaction, which involved co-incubation of THP-PL and PEG(2k)-liposomes 

at 50°C for 30 min (Figure 2.8), the THP chelator was expected to be accessible on the 

liposome surface, hence retaining its chelation affinity towards gallium. To facilitate this, 

THP-PL was to contain a PEG chain of the same molecular weight as the PEG chains 

present in PEG(2k)-liposomes (i.e., 2000 Da). 
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To assess the success of the insertion reaction, the product (THP-PL-liposomes) 

was purified by size exclusion (PD10 minitrap G-25 size exclusion column) and analysed 

via DLS (Figure 2.9), nanoparticle tracking analysis (NTA, Figure 2.9), cryo-electron 

microscopy (cryo-TEM, Figure 2.10) and radiolabelling studies (Figure 2.13). The 

insertion was considered successful if the properties of THP-PL-liposomes were the 

same as PEG(2k)-liposomes and the THP-PL-liposomes could bind 68Ga. The DLS studies 

were performed to monitor the impact of surface modification on hydrodynamic size 

and zeta potential of the PEGylated liposomes (2.2.2.1). The nanoparticle tracking 

analysis was also performed to monitor the impact on the size, polydispersity and 

concentration of the PEGylated liposomes post-modification (2.2.2.2). The cryo-electron 

microscopy was performed on the PEGylated liposomes before and after insertion to 

assess the impact on the size, size distribution and most importantly, the shape of the 

liposomes (2.2.2.3). The radiolabelling of the liposomes was performed to verify that the 

THP chelator was present, and accessible on the liposomal surface. The radiolabelling 

results are discussed in section (2.2.3.2).  

 

 

Figure 2.8. Synthesis of THP-PL-liposomes: Insertion of THP-PL into PEGylated liposomes by 

co-incubation of THP-PL and PEG-2k liposomes. Created with BioRender.com. 

 

 

2.2.2.1  Dynamic light scattering (DLS) 

 

DLS is a powerful tool to measure the hydrodynamic size, zeta potential, and 

polydispersity of nanomolecules and particles. In our case, dynamic light scattering 
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allows us to explore the effect of attachment of THP on the physicochemical properties 

of the PEGylated liposomes post modification in our experiments (zeta potential and 

hydrodynamic size). The average size (z-average) of the PEG(2k)-liposomes without 

modification was 97 ± 3 nm and after modification, it was 95 ± 2 nm. In addition to size, 

the surface charge of the liposomes was also measured because the surface charge plays 

a key role in their in vivo behaviour as mentioned in the introduction. The zeta potential 

measurement of the non-modified PEGylated liposomes gave us a surface charge of -5.2 

± 1.3 mV and post modification the surface charge was -5.7 ± 0.9 mV. Finally, the 

polydispersity index (PDI) was also measured. PDI is a measurement of the number of 

species of a particular size providing information if the particles are monodispersed or 

not. Clinically used liposomes are highly monodispersed to minimise the variability in 

the injected samples. Therefore, we aimed to minimise the increase in polydispersity 

after modification. The PDI of the THP-PL-liposomes was 0.10 ± 0.03 and for the 

unmodified PEGylated liposomes was 0.05 ± 0.02. Taken all together, these results 

confirmed that the insertion reaction had no major impact on the surface charge (zeta 

potential), polydispersity and hydrodynamic size.  

 

2.2.2.2 Nanoparticle tracking analysis 

 

The high-resolution nanoparticle concentration and size distribution were determined 

by using Nanoparticle Tracking Analysis (NTA). NTA utilizes dynamic light scattering and 

Brownian motion of multiple free-flowing sample frames to obtain important 

information about the size distribution and concentration of the sample. The size 

measurement was an important high-resolution reaffirmation of the DLS results. The 

determination of liposome concentration is important as it plays a vital role in the in vivo 

clearance of liposomes. The liposome concentration for the unmodified PEGylated 

liposome was 9.01 x 1014 ± 7.15 x 1013 particles/mL and for the THP-PL-liposome was 

4.20 x 1012 ± 1.05 x 1011 particles/mL. The size distribution of both liposome samples 

was 80-200 nm with peak maxima at 80 nm and 106 nm for unmodified liposomes and 
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THP-PL-liposomes respectively. In both samples, the liposomal size is concentrated 

towards the ~100 nm region with a small shoulder representing the particles with a 

slightly larger size greater than 100 nm. From these results, we can conclude there is a 

non-significant increase in the average liposome size which was confirmed with DLS 

measurements.  

 

 

Figure 2.9. Characterisation of THP-PL-liposomes using dynamic light scattering and 

Nanoparticle Tracking Analysis: (A) The hydrodynamic size of THP-PL-liposomes and PEG(2k)-

liposomes was recorded showing no effect on size (Z-average) due to insertion of THP-PL into 

the liposomes; the surface charge was measured as zeta potential (ZP) of the liposome samples 

showing minimal change in the magnitude of surface charge with no change in the polarity post-

insertion of THP-PL in the liposomal bilayer; the polydispersity index (PDI) was determined 

showing small increase in the polydispersity of THP-PL-liposomes compared to unmodified 

PEG(2k)-liposomes. (B) Nanoparticle Tracking Analysis (NTA) results: PEG(2k)-liposomes 

(concentration: 9.01 x 1014 ± 7.15 x 1013 particles/mL, mode:80 nm, mean: 102.4 nm); THP-PL-

liposomes (concentration: 4.20 x 1012 ± 1.05 x 1011 particles/mL, mode: 106.2 nm, mean: 131.6 

nm) 
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2.2.2.3 Cryo-electron microscopy 

 
Cryo-electron microscopy allows the study of biological samples at very low 

concentrations at their bioactive physiological state. The fixation of the sample involves 

rapid freezing and fixation in a vitreous ice film which preserves their hydrated state. 

Here, THP-PL liposomes and unmodified PEGylated liposomes were frozen in vitreous 

ice to examine if the insertion of THP-PL had caused any modifications to their shape, 

bilayer structure and size distribution. As seen in figure 2.10, the THP-PL liposomes (A) 

retain their bilayer, spherical structure as observed in the unmodified PEGylated 

liposomes (B).  50 representative microscopic images were taken for each sample to 

confirm the above observations. Analysis of these microscopic images using ImageJ 

allowed us to create a size distribution which is shown as a histogram in figure 2.10. 

Thereby, cryoEM along with the data from DLS and NTA confirmed that non-significant 

change in the liposomal size, PDI and zeta size and no change in shape and structure of 

the liposomes was observed post-modification. 
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Figure 2.10. Cryo-electron microscopy of liposomes pre- and surface post-modification with THP-

PL: (A) showing THP-PL-liposomes have retained their spherical nature and the size distribution 

is not altered by insertion of THP-PL into the bilayer of liposomes and bilayer nature is also 

retained; (B) showing PEG(2k)-liposomes spherical morphology and bilayer structure.  Size 

quantification of liposomes from analysis of cryoEM images showing frequency distribution of 

diameter of liposomes: (A) Unmodified PEG(2k)-liposomes; (B) THP-PL liposomes. The scale 

shown in the cryoEM image is 100 nm. 
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2.2.3 Radiochemistry 

 

2.2.3.1 Radiolabelling of THP-PL 

 

Having obtained spectroscopic confirmation of the success of the conjugation reaction 

to form THP-PL, its binding affinity towards gallium was tested by radiolabelling with 

68Ga. The radiolabelling reaction was performed by eluting 68GaCl3 from the generator 

with 0.1M HCl, followed by neutralisation and purification of an aliquot with 

concentrated sodium carbonate to pH 6, and mixing with an aqueous solution of THP-

PL at room temperature for 30 min (final buffer concentration 600 mM carbonate). 

These reaction conditions were chosen as they have been shown to exceed the 

minimum concentration and reaction times required for an efficient 68Ga reaction with 

THP (sub-micromolar ligand concentrations and 5 min are sufficient for >95% RLY with 

other THP-containing molecules)262. The radiolabelling yield of THP-PL was compared to 

that of PL, THP, and buffered free 68Ga as controls. The analysis of 68Ga radiolabelling of 

synthesised THP-PL and controls by radioTLC showed high radiolabelling yields (Figure 

2.11). Two solvent systems were used as mobile phases to confirm this result. Using 

citrate buffer as a mobile system facilitated separation between PL and THP-PL species 

whereas using a 75:36:6 chloroform/methanol/water mixture facilitated separation 

between THP and THP-PL. However, the high molecular weight of THP-PL restricted the 

complete migration of the conjugate on the TLC plate and thereby prevented the 

quantification of radiochemical yield. Quantification of radiolabelling was achieved 

using size exclusion chromatography, allowing complete separation of THP-PL and 

unreacted 68Ga giving a non-optimised radiolabelling yield of 76.5 ± 4 % (Figure 2.11). 

 

One key consideration for the radiolabelling of THP-PL here is the pH, specific 

activity and the purity of Ga utilised for radiolabelling. The slightly acidic pH is chosen to 

minimize the formation of the insoluble hydroxide or colloids as discussed in the 

introduction of this chapter. The colloid formation competes with the radiolabelling of 
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the chelator and provides an impure final reaction mixture requiring a need for 

purification of the radiolabelling mixture post labelling. However, even at the pH of 6, 

small amounts of colloids are formed which can be seen in Figure 2.12 at the origin of 

the citrate radioTLC.  

 

To further minimise the presence of colloids, post buffering of generator eluate 

to pH 6, buffered Ga was purified using a centrifugal spin filter which removed any 

colloids formed. This was verified using radioTLC as seen in figure 2.12. This purified and 

buffered 68Ga was also used for pretargeting experiments in vivo as the presence of 

colloids will decrease our ability to determine the biodistribution of free Ga. The colloids, 

due to their aggregated large size, are known to accumulate in the liver which is an organ 

of interest in liposome delivery thereby potentially hindering our study.  Henceforth, all 

procedures involving 68Ga/67Ga labelling, in vitro validation or in vivo administration 

were purified as above unless mentioned explicitly. 
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Figure 2.11. Radiolabelling of THP-PL: (A) RadioTLC trace for the radiolabelling of the THP-PL 

conjugate with 68Ga compared to controls: (left) TLC Mobile phase A system 

(Chloroform:Methanol:Water in the ratio 75:36:6) and (right) TLC mobile phase B system (Citrate 

buffer); (B) Quantification of radiolabelling yield of THP-PL was performed using size exclusion 

chromatography 

 
0

20

40

60

80

100

THP-PL radiolabelling with Ga-68

%
 R

a
d
io

la
b
e
lli

n
g Free Ga control

THP-PL



Chapter 2. Metal chelation based pretargeting of liposomal nanomedicines 

119 

 

      

Figure 2.12. Purification of 68Ga: The colloids generated after neutralisation of gallium 

generator eluate are removed and the different gallium samples pre and post purification are 

characterised using ITLC (A) Generator eluate; (B) Neutralised 68Ga pre-purification and 

(C)Neutralised 68Ga post-purification 
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2.2.3.2 Radiolabelling of THP-PL-liposomes  

 

After confirming that THP-PL can be radiolabelled with gallium at low concentration 

under mild conditions, the radiolabelling of THP-PL-liposomes was evaluated. To confirm 

the presence of THP on the liposomal surface, the synthesised THP-PL-liposomes were 

reacted with 68Ga for 30 min and passed through a size exclusion column to collect the 

labelled fraction. Unmodified PEG(2k)-liposomes and THP-phospholipid were also 

reacted with 68Ga and passed through the size exclusion column as controls. After 

purification, the THP-PL-liposomes showed RLY of 94.6 ± 1.9 % (Figure 2.13), whereas 

unmodified PEG(2k)-liposomes only showed a RLY of 3.4 ± 1.1 %, demonstrating the 

success of the insertion reaction. This radiolabelling confirmed that THP-PL has been 

successfully incorporated into PEG(2k)-liposomes, with no major impact on the original 

liposomal properties that were verified using other characterisation techniques. 

 

 

                  

Figure 2.13. Radiolabelling of THP-PL-liposomes: Elution from the size exclusion column 

confirmed the incorporation of THP chelators on the surface of liposomes. THP-PL and 

unmodified PEG(2k)-liposomes were labelled as controls showing less than 5% radioactivity 

eluted in liposome fraction of a size-exclusion chromatography system while the THP-PL-

liposomes showed % radiolabelling of 94.6 ± 1.9 % 

 

The in vivo half-life of these PEGylated liposomes that we aim to pretarget in this 

chapter should be 24-48 hours, based on previous studies. To image these liposomes 
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and monitor their pharmacokinetics and biodistribution over time, the liposomes should 

be radiolabelled with long-lived isotopes as described in section 1.3 of chapter 1. In the 

context of this chapter, we have also labelled THP-PL-liposomes with 67Ga (t1/2 = 78 

hours) to understand the pharmacokinetics and the biodistribution of the THP-PL-

liposomes. This also allowed us to determine the blood half-life of the THP-PL-liposomes 

and monitor the effect of the surface modification of the PEGylated liposomes if any. 

The 67Ga-THP-PL-liposomes were also used as the positive control group of our 

pretargeting experiments providing information about the pharmacokinetics and 

biodistribution of the liposomes at time points of interest. The 67Ga-THP-PL-liposomes 

were prepared using the same protocol as the 68Ga-THP-PL-liposomes. 

 

The radiolabelling of THP-PL-liposomes with 67Ga presented a few challenges. 

Unlike 68Ga, 67Ga is cyclotron produced and has limited availability commercially in 

favourable forms. 67Ga utilised for labelling here is procured as 67Ga-citrate from a 

clinical radiopharmacy. Citrate is a chelator for 67Ga and the transchelation of 67Ga from 

citrate to THP leads to insufficient and slow THP labelling yields. Moreover, the 67Ga-

citrate obtained contains metal impurities including iron which has an excellent affinity 

for binding to THP. Therefore, the procured 67Ga-citrate was converted into 67Ga-

chloride which is used for the radiolabelling of the liposomes. The THP-PL-liposome 

radiolabelling yields with 67Ga were 42.3 ± 11.8%, which are expectedly lower compared 

to 68Ga (94.6 ± 1.9%), presumably due to the presence of metallic impurities in the 67Ga 

source that we described above.  The 67Ga-THP-PL-liposomes thus obtained were 

purified using a PD10 size-exclusion column and concentrated using a centrifugal filter 

before being used for in vitro and in vivo validation. 

 

2.2.4 In vitro stability of 68Ga-THP-PL-liposomes and 67Ga-THP-PL-liposomes  

Some blood serum proteins like transferrin and lactoferrin among others could lead to 

transchelation of gallium from the THP-PL-liposomes in vivo. It has been previously 
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demonstrated that 68Ga/67Ga-THP complexes are stable in vivo, with no signs of 

demetallation.263 This was an important factor in the design of our strategy, as any 

release of free gallium from the liposomes could undermine our in vivo radiolabelling 

approach. To provide further support prior to the in vivo imaging studies, we used size-

exclusion chromatography to test the radiochemical stability of 68Ga/67Ga-THP-PL-

liposomes in vitro in human serum at 37 oC. Using this system, both liposomes and serum 

components can be efficiently separated and quantified via UV and radioactivity 

measurements, allowing the determination of liposome and serum protein-associated 

radioactivity at different time intervals. 68Ga-THP-PL-liposomes showed high stability in 

human serum with 90.9 ± 0.6 % of the radioactivity associated with the liposomes over 

3 h (Figure 2.14). This high stability was retained for longer periods, as demonstrated by 

the >94% radiochemical stability found for 67Ga-THP-PL-liposomes after 48h under the 

same conditions.  

 

2.2.5 In vitro pretargeting validation 

 

One of the main challenges of our proposed in vivo radiolabelling strategy is that 

radiometal binding to the liposome must occur in the presence of a myriad of potential 

competitors present in tissues. It is well established that free Ga3+ binds to the Fe3+-

transport protein serum transferrin (Tf), present in high concentrations of 2.2–4 mg/mL 

in blood.284,312   

 

The in vitro pretargeting methods were designed to confirm that in vivo labelling 

strategy (pretargeting system) can be executed under two key conditions: (i) high 

dilution of the 68Ga and THP-PL-liposomes to simulate the blood dilution conditions in 

vivo and (ii) potential 68Ga binding with serum proteins as mentioned above. The first 

attempt at this was using THP-PL-liposomes (100 µL, 60 mM) loaded into a vial 

containing a semipermeable membrane placed in a diluted 68Ga containing PBS reservoir 

(50 mL, 20 MBq) and incubated at 370C. However, no labelling was observed for the THP-
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PL-liposomes. This could be due to the semipermeable membrane not allowing for 

enough time/surface area for direct interaction. Therefore, we moved on to a direct 

incubation protocol in which we incubated THP-PL-liposomes in a vial containing 

commercially available human serum with 68Ga. However, as seen in  figure 2.15(A), the 

reaction rates were very slow and even after 45 minutes only 50 % labelling was 

observed. This can be explained by the presence of citrate in commercially available 

human serum which may interfere with the chelation of 68Ga to THP on the account of 

citrate being a good chelator for gallium.   

 

Therefore, to assess the ability of 68Ga to preferentially bind THP-PL-liposomes 

in the presence of serum components, we chose human serum obtained from fresh 

blood samples. Two in vitro radiolabelling experiments were performed: (i) pre-

incubation of THP-PL-liposomes with human serum for 1 h at 37 oC, followed by addition 

of 68Ga; and (ii) pre-incubation of 68Ga with human serum for 1 h at 37 oC, followed by 

addition of THP-PL-liposomes. Size exclusion chromatography was used in both cases to 

isolate and quantify liposome-bound 68Ga radioactivity from that bound to serum 

components. In (i), an experiment that closely resembles our proposed in vivo 

radiolabelling approach was conducted where serum pre-incubated THP-PL-liposomes 

were successfully radiolabelled with high efficiency of 94 ± 2 % (n=3) in 15 minutes post 

addition of 68Ga (Figure 2.15(C)). In (ii), THP-PL-liposomes were radiolabelled with high 

efficiency of 87 ± 2 % (n=3) in 30 minutes post addition of THP-PL-liposomes to serum 

pre-incubated with 68Ga (Figure 2.15(B)). These results further confirmed the high 

affinity of the THP chelator towards 68Ga within a biologically-relevant environment and 

supported the in vivo evaluation of this approach.  
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          Figure 2.14. Serum stability assessment of 68Ga-THP-PL-liposomes using AKTA system: 

(A) UV profile shows three UV active species: liposomes, albumin protein from serum and 

transferrin protein from serum; (B) Radioactivity profile shows all the radioactivity associated with 

liposomes; (C) Serum stability of THP-PL-liposomes in human serum over 180 minutes: 

90.9±0.6% of the 68Ga is attached to the liposomes after 180 minutes showing minimal 

transchelation to serum proteins 

 

  
Figure 2.15. In vitro pretargeting of THP-PL-liposomes: (A) Pretargeting in commercially obtained 

human serum (containing citrate) with 68Ga. The radiolabelling yield  was determined  after 15, 

30, and 45 minutes of incubation showing less than 59 % labelling after 45 minutes; (B) 

Pretargeting of THP-PL-liposomes with 68Ga incubated in citrate free human serum after 30 

minutes; (C) Pretargeting of THP-PL-liposomes incubated in citrate free human serum with 68Ga 

after 15 minutes 
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2.2.6 In vivo evaluation of pretargeting of THP-PL-PEG(2k)-liposomes in healthy 

mice 

 

Following the synthesis and characterization of the components of the system i.e., THP-

PL phospholipid and neutralised, colloid-free 68Ga and in vitro assessments, the next step 

was to perform in vivo PET imaging and biodistribution experiments. The most 

important variable in the development of an in vivo labelling system was the duration 

between the introduction of the liposomes and the administration of the radioisotope. 

The time point was determined from previous liposomal imaging studies313 and blood 

kinetic study of prelabelled 67Ga-THP-PL liposomes (Figure 2.17). As evident in SPECT 

images of labelled liposomes for determining the blood kinetics, the liposome 

concentration in the blood was reduced to less than a quarter of their value at t = 25 h 

(8.2 ± 3.7 %ID/g) from the initial time point of administration at t = 0 h (38.9 ± 7.3%). 

Thus, 24 hours post liposomal injection represented a promising interval between the 

administration of THP-PL liposomes and the subsequent injection of the radioisotope. 

The earlier time point of 5 hours post liposome injection for imaging was used to observe 

in vivo radiolabelling when most of the liposomes were circulating in the bloodstream. 
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Figure 2.16. Scheme of in vivo pretargeting PET experiments: Negative control: Group 1; THP-

PL liposome pretargeting group: Group 2; Positive control group: Group 3. Created with 

BioRender.com. 

 

The positive control group with 67Ga-THP-PL PEG (2k)-liposomes shows the 

biodistribution of PEG (2k)-liposomes (Figure 2.17). The radioactivity was observed in 

the liver, spleen and bloodstream including circulatory vasculatures such as the heart, 

carotid arteries, and aorta at t = 2 h. At t = 24 h p.i., the activity was cleared from the 

blood and concentrated mainly in the liver and spleen. The one-phase decay fit of the 

blood kinetics of liposomes as observed in Figure 17 showed initial blood clearance half-

life 67Ga-THP-PL-liposomes as t1/2 = 7.9 hrs with >11 %ID/g still in circulation 25 hrs p.i. 

This slow and steady accumulation in the spleen and liver is typical of Doxebo i.e., 

PEGylated liposomal nanomedicine which inhibits recognition by the reticuloendothelial 

system (RES) (insert reference). However, the blood clearance of these liposomes was 

comparatively faster than observed for Doxil®, this could be attributed to minor 

differences in the structure of these empty PEGylated liposomes used in our study such 



Chapter 2. Metal chelation based pretargeting of liposomal nanomedicines 

127 

 

as absence of the drug, presence of higher DSPE-PEG2000 in the bilayer on account of 

insertion, and presence of THP chelators on the surface. 314  

 

Figure 2.17.  Positive control group: (A) Schematics of the positive control group of in vivo 

experiment; (B) In vivo SPECT image for positive control group i.e.,67Ga-THP-PL-liposome at t = 

2 h and t = 24 h; (C) Biodistribution at t = 25 h (n=4), (D) Blood kinetic in vivo study to determine 

the circulation characteristics of THP-PL-liposomes: 67Ga-THP-PL-liposomes are injected 

intravenously followed by sampling of blood liposomes concentration at different intervals (n=4). 

 

The negative control group with free 68Ga administered and imaged at t = 2 h 

with biodistribution performed post imaging and results are as seen in Figure 2.18. Free 

gallium was cleared from the blood pool via the kidneys leading to high radioactivity in 

the urinary bladder. Uptake was also observed in bones (especially joints) and gut post 
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t = 2 h.  The acetate neutralised 68Ga showed very similar in vivo behaviour to 68Ga-

citrate on the account of acetate, like citrate, being a weak chelator for 68Ga.290,291,315 

The administered 68Ga transchelates from acetate and binds to transferrin, ferritin and 

other iron-binding proteins explaining high blood pool values of ~10% ID/g even after 3 

h and also being responsible for accumulation observed in the lungs, bones and small 

intestine.316  High liver uptake was not observed due to the absence of colloids in 

administered 68Ga post purification step. 

   

 

Figure 2.18. Negative control group: (A) Schematics of the negative control group of in vivo 

experiment; (B) In vivo PET image for negative control group t = 2 h; (C) Biodistribution at t = 3 h 

(n=3) 

 

The in vivo radiolabelling group was imaged at two-time points; t = 2 h and t = 24 

h (Figure 2.19). At t = 2 h, the radioactivity signal was observed in the blood pool (heart, 

carotid arteries and aorta), However, low uptake was observed in the liver and spleen. 

This points to labelling of the THP-PL liposomes in vivo in the blood pool. At t = 24 h post 

gallium administration, the radioactivity uptake was observed in the blood pool, bones 
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and urinary bladder showing no in vivo labelling, which was also confirmed by the 

biodistribution data. The comparison of the pretargeting group PET image and its 

quantification (Figure 2.20, 2.21) at earlier time point with negative control show higher 

accumulation in the liver, spleen, blood whereas lower accumulation in the bones, and 

bladder showing effective tracking of liposomes circulating in the blood whereas the 

free 68Ga has cleared off from the blood and majority of the injected 68Ga has bound to 

the THP-PL-liposomes. This has been further plotted as heatmaps in figure 2.21 for ease 

of comparison among uptake values for different organs among different in vivo groups. 

For the later time point of pretargeting, the PET image, biodistribution (Figure 2.19), and 

image quantification (Figure 2.20) showed similarities with the negative control (Figure 

2.18, 2.20). However, higher uptake observed in the blood (14.6±0.4 %ID/g vs 11.9±1.4 

%ID/g), heart (7.6±1.5 %ID/g vs 4.7±0.9 %ID/g), and spleen (6.4±0.6 %ID/g vs 3.9±0.2 

%ID/g) for pretargeting group compared to negative control can be attributed to in vivo 

labelling of liposomes even at the later time point.  

 

        
Figure 2.19. Pretargeting group: (A) Schematics of the pretargeting group of in vivo experiment; 

(B) In vivo PET pretargeted imaging of THP-PL liposome at t=2 h and t=24 h; (C) Biodistribution 

at t = 25 h (n=4)         
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These in vivo PET results showed that labelling of THP-PL liposomes with 

unchelated 68Ga works in the blood pool. At the time point of t= 2 h, the liposomes were 

mainly in circulation in the blood pool and were labelled by injected 68Ga.  At a later 

time, point (i.e., t = 24 h), however, the images and biodistribution suggest minimal 

gallium chelation by THP-PL-liposomes and clearance from the blood via the urinary 

system thereby showing high bladder uptake of 45.7 ± 10.8 %ID/g. In figure 2.21, the 

comparison of radioactivity uptake for each organ within different groups at different 

time points was performed and plotted as a heat map. This heat map again confirmed 

that pretargeting works effectively at earlier time point when the THP-PL-liposomes are 

circulating in the blood allowing their tracking post in vivo radiolabelling showing high 

concentration of radioactivity in blood, heart and liver compared to both positive and 

negative control. The heat map for later time point confirmed minimal pretargeting with 

administered 68Ga in pretargeting group showing a fate similar to negative control. 
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Figure 2.20. Comparison of the images and radioactivity uptake values quantified from images: 

THP-PL-liposome pretargeting PET/SPECT scans at two different time points of interest (A) at t 

= 2 h and (B) at t = 24 h; Image quantification performed on the THP-PL-liposome pretargeting 

PET/SPECT scans by drawing ROIs using vivoquant (n=4) at two different time points of interest 

(C) at t = 2 h and (D) at t = 24 h. 
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Figure 2.21 Comparison heat map showing radioactivity uptake in different organs among 

different experimental groups (in % ID/g): (A) Negative control vs Pretargeting – 2 h; (B) 

Pretargeting – 2 h vs Positive control- 2 h;  (C) Negative control vs Positive control- 2 h; (D) 

Negative control vs Pretargeting group- 25 h; (E) Pretargeting group- 25 h vs Positive control- 25 

h; (F) Negative control vs Positive control- 25 h. A, B, and C heat map are created from image 

analysis data and D, E, and F heat map are created from biodistribution data. 

 

The observation of low in vivo labelling at the later time point may be due to two 

main reasons. Firstly, the saturation of the THP chelator on the liposomal surface by 

iron, of which there is a large amount in the blood. Secondly, the hydrophilicity of 68Ga 

(injected as one of the components of the in vivo labelling system) can hinder its 

penetration in tissues and reach organs such as the liver and spleen, which are known 

to be passive targets for liposomes in healthy subjects as seen in positive control group 

67Ga-THP-PL liposomes. Finally, the other possible explanation behind the low 

pretargeting could be inaccessibility of the THP-PL-liposomes for pretargeting due to 

engulfing by cells and macrophages. 
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The in vivo labelling between preinjected THP-PL liposomes and free 68Ga was 

observed successfully at earlier time points when the liposomes are circulating in the 

blood, leading to imaging of the blood pool as well as uptake of liposomes in the organs 

at the earlier time point of five hours post administration of liposomes. This could 

present us with a promising method of blood pool imaging and in vivo radiolabelling 

applications. However, at the later time point of interest i.e., 24-48 hours, when the 

liposomes are expected to be localised in tissues of interest such as liver, spleen and 

tumours (in tumoured animals), no or low in vivo radiolabelling of liposomes was 

observed. The way to overcome this hurdle can be the injection of weakly chelated 

gallium as the second vector of the pretargeted system (instead of free 68Ga) which will 

allow the 68Ga to reach the target organs such as the liver and spleen. Also, a better 

understanding of the internalisation of THP-PL liposomes at the target tissue might shed 

light on the unavailability of THP chelators on the liposomal surface at the target tissue.  

To further explore the potential of this pretargeting system, we used this system to 

pretarget a small molecule bone tracer (THP-Pam) which is discussed in the next section.   

 

2.2.7 In vivo evaluation of pretargeting of THP-Pam in healthy mice 

 

To further examine the in vivo labelling capabilities of a metal chelation-based 

pretargeting system, we set out to explore it using a THP-based radiotracer with a well-

established biodistribution. THP-Pamidronate (THP-Pam) was chosen as it has proven 

bone targeting capabilities and reported data was available from Dr. George Keeling. An 

in-depth analysis of this study can be found in a recent peer-reviewed paper.265 

Moreover, a recent study performed by Zeglis and coworkers has attempted to 

pretarget bisphosphonate-based bone tracer with biorthogonal pretargeting and this 

study will act as a direct comparison against for metal pretargeting concept.317  
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Figure 2.22. Scheme of in vivo pretargeting PET experiments: Negative control: Group 1; THP-

Pam pretargeting group: Group 2; Positive control group: Group 3. Created with BioRender.com. 

 

As discussed in the previous section, one of the potential explanations for 

no/negligible observation of pretargeting of liposomes at the second time point of t = 

24 h could be attributed to internalisation of the liposomes in the soft tissue such as 

liver and spleen which is not accessible to 68Ga injected later. Therefore, THP-Pam tracer 

was selected due to its proven biological target (hydroxyapatite in bones) resulting in 

high accumulation in the joints, thereby potentially making THP available for in vivo 68Ga 

chelation (Scheme figure 2.22). THP-Pam is not expected to be internalised in the soft 

tissue of organs such as the liver and spleen and should be available for in vivo labelling.        

 

The in vivo labelling of THP-Pamidronate was attempted at two-time points t = 2 

h and t = 24 h (Figure 2.24). The uptake observed was identical at both time points 

showing high uptake in the urinary bladder, bones specifically joint, and spinal column. 

The tibia and femur both showed high uptake values: 10.0 ± 1.3 and 14.0 ± 1.3 %ID/g 
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respectively. Due to the fast clearance of the THP-Pam from the body, low uptake was 

observed in the liver, large intestine, spleen and kidney and any uptake in these organs 

might be due to free 68Ga. No uptake was observed in the brain. 

 

The positive control group for bone targeting THP-Pam was pre-injection 

radiolabelled 68Ga-THP-Pamidronate which was imaged at 1 h p.i. and biodistribution 

performed at 2 h p.i (Figure 2.23). The bone uptake was greater than 20 % ID/g as 

expected due to its bone targeting properties and negligible uptake in the rest of the 

organs due to fast renal clearance. 

 

 

Figure 2.23. Positive control group: (A) Schematic of the positive control in vivo experiment of 

THP-Pam pretargeting; (B) In vivo PET imaging of 68Ga-THP-Pam at 1 h p.i.; and (C) 

Biodistribution performed at 2 h p.i. 

 

The imaging and biodistribution data do show high bone uptake similar to the 

positive control of 68Ga-THP-Pam. The uptake in the bones is higher than free gallium 

negative control but less than 68Ga-THP-Pam, thereby showing moderate pretargeting.  
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Further analysis and comparison of the biodistribution and quantification of PET 

images recorded for different experimental groups confirmed these observations of 

moderate pretargeting and the results are in agreement with observations previously 

made for pretargeting of bisphosphonates.317 The directly labelled conventionally 

targeted THP-Pam showed high accumulation in the bones (22.5 ± 9 % ID/g) and fast 

clearance from the blood. Similar to this, in the pretargeted THP-Pam group, high uptake 

was observed in the bones (14 ± 2 % ID/g) and very fast clearance of free neutralised 

68Ga was observed with majority of clearance observed via urine. This observation 

confirmed that the injected THP-Pam could still be traced 24 h after administration by 

in vivo labelling. The observed bone uptake trend observed in all analysis methods was 

Positive control > Pretargeting- 2 h > Pretargeting – 24 h > Negative control as expected. 

However, the bone uptake observed for free 68Ga makes the analysis aspect of this study 

challenging. 

         

Figure 2.24. Pretargeting group: (A) Schematics of the pretargeting group of in vivo experiment; 

(B) In vivo PET pretargeted imaging of THP-Pam at t=2 h and t=24 h; (C) Biodistribution at t = 25 

h (n=4).       
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The THP-Pam pretargeting experiments showed the ability of this pretargeting 

system to react with THP-Pam post clearance and accumulation in the bone tissue. This 

proves the affinity of THP towards 68Ga is strong enough to show chelation in vivo not 

just in the blood but also in the bone tissue. The bone uptake in the pretargeted system 

was 15% ID/g and higher compared to free 68Ga control but less compared to 68Ga-THP-

Pam. However, due to the fast blood clearance of the THP-Pam, the pretargeting 

mechanism is irrelevant but is used in our study as a method to validate this metal 

chelation pretargeting system in a system other than the long-circulating liposomes. 

  

Figure 2.25. Biodistribution and image quantification performed on the THP-Pam pretargeting 

PET/SPECT scans by drawing ROIs using vivoquant (n=4) at two different time points of interest: 

(A) Ex vivo biodistribution comparison of Positive control i.e. directly labelled THP-palmidronate 

(68Ga-THP-Pam) vs Pretargeting at t = 24 h (27 h post THP-Pam injection) vs Negative control 

(neutralised 68Ga); (B) Image quantification comparison of Pretargeting at two time points and 

negative control: Pretargeting at t = 2 h vs pretargeting at t = 24 h vs Negative control; (C) Heat 

map comparison between three experimental groups at t= 24 h time point; and (D)  Heat map 

comparison between three experimental groups at t = 2 h time point. 
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2.3 Conclusion 

This study presents a novel method for radiolabelling and tracking liposomes in vivo 

using 67Ga/68Ga. Exploiting the proven gallium/iron-chelating properties of THP, we have 

developed a method for in vivo and in vitro radiolabelling of preformed PEGylated 

liposomes which can be further used for radiolabelling of different formulations of 

liposomes with 68Ga/67Ga with minimal impact on properties. The modification does not 

interfere with the properties of the PEGylated liposomes which are used in this study 

showing no modification in physical, chemical and in vivo properties. Our in vivo results 

indicate that radiolabelling using this system is only effective while the THP-modified 

liposomes are in the bloodstream, and less effective when the liposomes have 

accumulated in other tissues.  Hence, our aim of achieving pretargeted labelling of 

PEGylated liposomes in vivo using this approach was successfully accomplished only at 

the earlier time point of 5 hours post liposomes administration, when most liposomes 

are still circulating in blood, and not at 24 hours post liposomal administration. When 

using a short-circulating small molecule such as the bone targeting THP-Pamidronate, 

moderate pretargeting was observed. This demonstrates that pretargting using this 

system is still feasible in non-blood tissues. Further optimisation of the different 

components may allow for improved outcomes from this strategy but based on these 

results it appears that THP-gallium in vivo radiolabelling is limited to blood-circulating 

molecules. 
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3.1   Introduction: Biorthogonal chemistry for pretargeting of 

nanomedicines 

 

The concept of biorthogonal chemistry as described in the first chapter has been widely 

explored for the pretargeting of antibodies with successful outcomes and finding 

applications in imaging and therapeutics. This concept has also been recently applied for 

the first time to the nanomedicine field and could find excellent applications specifically 

for pretargeted imaging of liposomal nanomedicines and further develop their 

application to the development of theranostic nanomedicines by combined use of 

radiotherapy nuclides and PET diagnostic radionuclides. In the context of this thesis, due 

to extensive validation of the inverse electron demand Diels-Alder (IEDDA) reaction for 

use in pretargeted imaging of antibodies,235,318–320 this system can be used to 

supplement the research performed in Chapter 2 of this thesis. The TCO (electron-poor 

diene)-tetrazine (electron-rich dienophile) system can be used to create a pretargeted 

imaging system for PEGylated liposomes and acts as a comparison against the metal 

chelation-based pretargeting system described in Chapter 2. Before we discuss these 

results, we will briefly introduce this biorthogonal chemistry and its application to 

nanomedicine pretargeting. 

 

3.1.1 Biorthogonal Chemistry: inverse electron demand Diels Alder reaction and 

strain-promoted azide-alkyne reaction 

 

Bioorthogonal reactions have been defined as: “chemical reactions that neither interact 

nor interfere with a biological system.”321 The importance of the field of biorthogonal 

chemistry was recognised recently when the Nobel Prize in Chemistry 2022 was 

awarded jointly to Carolyn R. Bertozzi, Morten Meldal and K. Barry Sharpless for the 

development of bioorthogonal chemistry. The key requirements for a reaction to be 

classified as biorthogonal include the following: (i) fast kinetics and high specificity, (ii) 
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the reaction should occur in physiological and biocompatible conditions, and (iii) the 

components of a biorthogonal reaction should be inert or have limited reactivity 

towards other biological macromolecules such as those present in blood. The 

foundation of biorthogonal reactions was based on the Staudinger reduction of azides 

with triphenylphosphine and water which paved way for the Staudinger ligation and its 

modification which involves an azide and a phosphine reacting to form an amide 

bond.247,322,323 The Staudinger ligations are limited by slow rate constants and low 

stability in biological conditions.324 However, this paved the way for the two most used 

click chemistry based biorthogonal reactions (Figure 3.1): strain-promoted azide-alkyne 

cycloaddition (SPAAC) and inverse electron demand Diels Alder reaction (IEDDA), which 

have been utilised widely for cell labelling, in vivo pretargeting of antibodies as well as 

nanoparticles.  

 

 

Figure 3.1. The components of an two main biorthogonal reactions used for pretargeting: (A) 

Azide attached to a targeting molecule R1 reacts with DBCO (dibenzocyclooctyne) attached to an 

imaging molecule R2 in physiological conditions to provide a conjugate (B) Transcyclooctene 

attached to a targeting molecule R1 reacts with tetrazine attached to an imaging molecule R2 in 

physiological conditions to provide a conjugate. 
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3.1.2  SPAAC and its application in nanoparticle pretargeting 

 

Sharpless and colleagues defined click chemistry in 2001 as a high yield, stereospecific 

reaction which is non-sensitive to oxygen and water and generates minimal or no side-

products that can be removed by simple purification (non-chromatographic). Moreover, 

as a biorthogonal reaction, this reaction should occur under physiological conditions.325 

In the following year, Sharpless and Meldal reported first such reaction which is called 

the Cu-catalysed azide-alkyne [3 + 2] cycloaddition (CuAAC).326 However, Cu(I) used in 

CuAAC prohibits the use of this reaction for in vivo chemistry as Cu-ions can be 

poisonous due to chelation with biomolecules.327 This hurdle was overcome by 

activation of alkyne by addition of electron withdrawing groups (EWG). Bertozzi and co-

workers increased the reactivity of alkynes by introducing the ring strain in the form of 

cyclooctyne to provide the biorthogonal reaction SPAAC. (Figure 3.1(A))328 This reaction 

was then successfully applied to living cells followed by in vivo experiments in 

organisms.248,250,329 

 

3.1.3 Preclinical pretargeted imaging of nanoparticles using SPAAC 

 

The SPAAC biorthogonal reaction has been utilised initially in two cases for pretargeting 

of mesoporous silica nanoparticles and antibodies in the same year (2013).330,331 The 

PEG-modified mesoporous silica nanoparticles (NPs, size: 100-150 nm) are reported to 

have shown EPR mediated passive targeting of tumours. These NPs modified on the 

surface with a cyclooctene derivative (dibenzo- azacyclooctyne (DIBAC)) were injected 

in mice in vivo followed by administration of 18F-azide derivative as a secondary imaging 

agent (Figure 3.2(A)). The time interval between administration of DIBAC-NPs and 18F-

azide, respectively, was set to 24 h.330 Two different concentrations of DIBAC-NPs 

(12 nmol and 30 nmol of DIBAC) were pretargeted in vivo with 18F-labeled azide showing 

increasing tumour accumulation with increasing NP concentration while the 

biodistribution of 18F-labeled azide showed negligible tumour uptake in non-pretargeted 

animals (Figure 3.2(B,C)).332 In contrast, the study by Bosch and coworkers for 
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pretargeting of antibodies showed negligible in vivo labelling of antibodies in blood. In 

short, the antibody rituximab (primary targeting vector) was functionalised with azides 

and pretargeted with radiolabelled cyclooctynes (secondary imaging agent). The low 

loading ability of biorthogonal reactive tags on antibody compared to NPs, limited 

reaction kinetics, and serum proteins interaction of cyclooctynes has been attributed 

the reason behind these contrasting results.331,333 

 

Due to the above considerations, the SPAAC reaction has been further used in 

only a limited number of preclinical pretargeting studies with varying levels of success. 

The common key approach of these studies was a high concentration loading of 

biorthogonal reactive tags on targeting components to improve the reaction kinetics 

and overcome the issue of blood proteins interaction. Recently, the SPAAC reaction was 

successfully used for pretargeting of antibodies with the therapeutic radionuclide 90Y. A 

tumour-targeting antibody CD20 was functionalised with DIBO (dibenzocyclooctyne) 

and injected into mice followed by administration of 90Y labelled azide-functionalised 

dendrimer 24 hours after the antibody administration. The incorporation of multiple 

azides on the dendrimer allowed for a successful pretargeted approach to a 

nanoradioimmunotherapy.334 In 2020, SPAAC has also been utilised for pretargeted 

imaging of azide functionalised biomimetic nanoparticles (RBC camouflaged 

upconversion nanoparticle) using 18F derivatised DBCO as the secondary imaging 

agent.335 However, the SPAAC reaction has slower reaction kinetics compared to IEDDA 

which poses challenges for their use in pretargeted imaging.  
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Figure 3.2 Pretargeting PET imaging study by Biorthogonal covalent 18F‐labelling: (A) The 

procedure of the biorthogonal SPAAC reaction for the DBCO‐PEG‐MSN‐pretargeting PET‐

imaging study; (B) Negative control: PET-CT images of non-pretargeted 18F‐labeled azide in a 

U87 MG tumour‐bearing mouse; (C) Pretargeting group: Mouse given DBCO‐PEG‐MSNs 24 h 

earlier in a U87 MG tumour‐bearing mouse recorded at 15, 30, 60, and 120 min after injection of 

before 18F‐labeled azide. T=tumour, K=kidneys.332 

 

3.1.4 IEDDA and its application in pretargeted nuclear imaging 

 

The first evidence of the fast kinetics and biorthogonality of IEDDA reaction was 

reported by Blackman and colleagues in 2008.336 The system was validated in vitro in 

serum by fluorescent labelling of A549 cancer cells using TCO/tetrazine pair of 

transcyclooctene modified antibody (TCO-modified anti-EGFR cetuximab) and 

fluorescent tetrazine probe.337 The IEDDA based PET pretargeting was successfully 

validated in vivo in a preclinical setting for pretargeting of antibodies.338 In this study, 

mice bearing colon-cancer xenografts were injected intravenously with TCO-modified 

mAb CC49 followed by administration of 111In-labelled-DOTA-tetrazine (111In-tetrazine) 

24 hours later, and by SPECT imaging three hours post injection. A tumour uptake of 4.2 

%ID/g in the pretargeting group compared to 0.3 % ID/g in unmodified mAb group was 

observed. Following this, various studies as mentioned in the introduction chapter have 

been performed for pretargeted radioimmunotherapy in preclinical setting with major 
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success. Zeglis and colleagues have performed various studies in mice for pretargeting 

of humanised antibodies A33, trastuzumab and cetuximab with 64Cu, 18F and more 

recently, 177Lu for radiotherapy with excellent results showing high tumour uptake 

values comparable to conventional imaging methods with additional benefits of 

pretargeted imaging such as low radiation dose.235,318–320,339,340 

 

The tetrazine ligation shows superior reaction kinetics, where impressive rate 

constants of up to 106−7 M−1 s−1 have been reported.341,342 In addition, the high 

specificity, the small molecule character, and the orthogonality towards biological 

moieties make this ligation highly interesting for pretargeting approaches in vivo.  

 

The diene/dienophile pair in IEDDA with complementary electronic character 

with the diene Tz being electron poor, and the dienophile TCO being electron rich have 

high reactivity towards each other (Figure 3.1(B)). The rate of the ligation reaction is 

affected by the energy gap between the HOMO of the dienophile and the LUMO of the 

diene. The rate of the reaction increases with the decrease in this energy gap. The 

addition of electron withdrawing groups (EWGs) to the tetrazine moiety decreases the 

energy level leading to faster reaction rates. However, this also leads to a decreased 

stability in vivo.343–347 The addition of electron donating groups (EDGs) in the dienophile 

raises its HOMO to improve the reaction rate.348 Moreover, the ring strain in dienophile 

ring strain further improves the reaction and thereby the trans-cyclooctenes (TCO) have 

been the most favourable and widely used dienophile for the IEDDA reaction.336,342,349 

 

3.1.5 Preclinical pretargeted imaging of nanoparticles using IEDDA 

 

After several successful preclinical application of IEDDA in pretargeted imaging and 

therapy, this system has also recently found applications in nanoparticle systems with 

varying levels of success and, to the best of our knowledge, pretargeted imaging has not 

yet been applied with liposomes. However, it has been used for active targeting of 18F-
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liposomes towards sites of antibody accumulation using TCO-tetrazine pair.197 Other 

nanoparticles/nanomedicines have been subjects of pretargeted imaging studies with 

varying levels of success at various investigation points. A 11C-tetrazine has been used 

to perform pretargeted imaging of TCO-modified mesoporous silica nanoparticles in 

healthy mice.350 In this study, the fast lung accumulating TCO-modified mesoporous 

silica nanoparticles were introduced in mice followed by introduction of 11C-tetrazine 5 

minutes post nanoparticle administration allowing visualisation of accumulated TCO-

modified silica nanoparticles by pretargeted PET imaging. However, this study does not 

study pretargeting imaging at desired longer time points but the 11C-tetrazine developed 

is a the low-molecular-weight and water-soluble tetrazine has highly desirable 

pharmacokinetic properties such as homogeneous biodistribution, rapid renal excretion 

and stability.350 Another study to track TCO-modified mesoporous silica nanoparticle 

using pretargeted imaging was attempted using 18F-tetrazine. In this study, the in vivo 

biorthogonal reaction was fast, resulting in high radioactivity accumulation in desired 

organs when the time interval between administration of NPs and radioactive tracer was 

15 minutes but when the time difference was 24 hours, no pretargeting was 

observed.351  A multimodality pretargeted imaging study showed promise for potential 

of pretargeting TCO-tetrazine system for tracking of trans-cyclooctene (TCO) modified 

P-FFGd-TCO (small molecule fluorescent monomer) which can be activated in the 

presence of alkaline phosphatase and undergo self-assembly into nanoaggregates 

(FMNPs-TCO) retained on the cell membrane. This nanoaggregate with the presence of 

an enriched TCO on the surface of nanoaggregate allows imaging of these 

nanoaggregates by 68Ga-labelled-tetrazine administered 4 hours after the 

administration of TCO-modified compound. However, it is important to note that 

pretargeting significantly decreases if the time between administration of TCO and 

tetrazine compounds is increased to 8 hours352.  

 

Another 11C-tetrazine ([11C]AE-1) has been developed and evaluated for 

pretargeting of polyglutamic acid and bisphosphonate system in both mice and pigs. This 

pretargeted imaging system was unsuccessful for both these targeting agents.353 Two 
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pretargeted imaging studies have also been performed with long lived radioisotope 

labelled tetrazines to monitor the long-term interaction of radiolabelled tetrazine with 

TCO modified nanoparticles. A biorthogonal reactive nanoparticle TCO⊂SNPs were 

synthesised and administered in U89 glioblastoma bearing mice followed by in vivo 

tracking of these NPs with 64Cu labelled tetrazine as seen in figure 3.3.354 The other long-

lived radioisotope study performed pretargeted imaging of TCO-functionalised 

PeptoBrushes using 111In-tetrazine with high success (Figure 3.4). The polypeptide-graft-

polypeptide polymers based PeptoBrushes were functionalised with trans-cyclooctene 

(TCO) with a high up to 30% loading efficiency leading to increased reaction rates in the 

bioorthogonal ligation. An 111In labelled tetrazine was chosen from a library of tetrazine 

systems and evaluated for pretargeted imaging in tumour-bearing mice. Pretargeted 

showed tumour accumulation at 2 h p.i. of 111In-tetrazine with maximum tumour to 

muscle ratio being observed at 22 h p.i. This in-depth analysis of the different 

parameters and excellent tumour to muscle ratio in this study provide momentum for 

further investigation into field of pretargeted theranostic with other types of 

nanoparticles.355 
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Figure 3.3 Timeline of the injection protocol employed for (a) pretargeted, (b) SNP positive control 

group (64Cu-DHP⊂SNPs), and (c) negative control group Cu-Tz. Preclinical in vivo-PET/CT 

images of the mice for each group at 24 h p.i. Labels T, L, K, and B refer to the tumour, liver, 

kidney, and bladder, respectively. Image reproduced.354  
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Figure 3.4. Scheme of the pretargeted nuclear imaging experiment for tumour targeting 

nanomedicine using IEDDA reaction compared to conventional nuclear imaging: The primary 

targeting agent is Peptobrush modified with trans-cyclooctene (TCO), and the secondary imaging 

agent is a 111In labelled tetrazine (Tz). Top: Conventional nuclear imaging involving administration 

of the radiolabelled nanomedicine, administered, and allowed to circulate for days to achieve 

tumour accumulation up to 72 h. Bottom: Pretargeted nuclear imaging involving the TCO-modified 

Peptobrush (blue box) is administered and allowed to circulate until tumour accumulation followed 

by administration of radiolabelled Tz. Imaging is performed with the first few hours of the 

administration of Tz. Image reproduced.355 

 

The key lessons from the pretargeted nanoparticle imaging studies summarised 

above include the importance of the relative ratios of TCO/tetrazine, the properties of 

the nanoparticles such as cell internalisation, the time required for reaching the target 

to find the optimal times for administration of imaging agent, and the impact of the TCO 

concentration loaded on the targeting molecule. Moreover, these studies inform about 

the different properties of the different tetrazine based small molecule imaging agents, 

their normal biodistribution and the pathways through which tetrazine imaging agents 

are cleared from the body. Now that we have briefly discussed about the pretargeted 

imaging of nanoparticles and the current need for pretargeted imaging of long 

circulating nanomedicines like liposomes, we will discuss our hypothesis and aims to 
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build a biorthogonal pretargeting system for imaging of PEGylated liposomes, as a 

comparison to the metal pretargeting system explored in Chapter 2.  

  

3.1.6 Aims and Motivations 

 

In this chapter, we aim to develop a pretargeted PET imaging system for liposomal 

nanomedicines which can be used to efficient pretarget long circulating liposomes and 

can be potentially utilised for pretargeted imaging and theranostics.  The highly reactive 

biorthogonal pair of transcyclooctene and tetrazine has been chosen due to its fast 

reaction kinetics and high specificity as a biorthogonal reaction, that has been already 

proven for antibodies as well as non-liposome nanoparticle systems. To this end, a novel 

small molecule bifunctional metal chelator THP-tetrazine conjugate was developed and 

characterised. THP-tetrazine was radiolabelled with 68/67Ga and the stability of the 

radiolabelled conjugate was determined in vitro. Alongside the synthesis of the imaging 

agent (68/67Ga-THP-tetrazine), a transcyclooctene-phospholipid conjugate (TCO-PL) was 

also synthesised and characterised. This TCO-PL was utilised to incorporate the TCO 

functionality on the liposomal surface providing biorthogonal reactive TCO-PL liposomes 

with TCO-PL embedded in the lipid bilayer. The developed components were 

characterised and validated in vitro for pretargeting in blood serum. Finally, this 

biorthogonal system components were examined in vivo in a healthy and fibrosarcoma 

murine model for pretargeted imaging of PEGylated liposomes (Figure 3.5). 
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Figure 3.5. Schematic of the biorthogonal pretargeted imaging of PEGylated liposomes 

experiment: The pretargeted imaging involves administration of TCO modified PEGylated 

liposomes (TCO-PL-liposomes) in either healthy or tumour mice and allowing them to circulate 

and accumulate in organs of interest. This is followed by administration of small molecule imaging 

agent 68Ga-THP-tetrazine followed by imaging of the mice after allowing enough time for 

interaction of the TCO-PL-liposomes and tetrazine in vivo. Created with BioRender.com. 

 

  

3.2    Results and discussion 

 

3.2.1 Synthesis of TCO-DSPE-PEG(2000) amine (TCO-PL)  

 

3.2.1.1 Synthesis and Purification 

 

The TCO-DSPE-PEG(2000) amine (TCO-PL), required to functionalise the surface of 

PEGylated liposomes with TCO, was synthesised by reaction between the NHS ester 

derivative of TCO (trans-cyclooctene-PEG4-NHS) and the amine derivative of the 

phospholipid:1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-amino(polyethylene 

glycol)-2000] ammonium salt powder (DSPE-PEG(2000)-amine). The NHS ester-

activated crosslinking reaction with amine was chosen as the reaction proceeds in 



Chapter 3. Biorthogonal chemistry based pretargeting of liposomal nanomedicines 

152 

 

neutral to slightly alkaline conditions (pH 7-9) to provide the desired compounds with 

stable amide bonds. This reaction releases N-hydroxysuccinimide (NHS) as a by-product 

which can be easily removed to purify the reaction. The PEG spacer in TCO-NHS allows 

for increased ease of handling by increasing water solubility, and an increased distance 

between the amine containing compound (here, phospholipid) to be modified, and the 

reactive alkene. 

 

 

Figure 3.6. Structure of the TCO-phospholipid conjugate (TCO-PL): The synthesised TCO-PL 

has three major components: TCO (biorthogonal reactive moiety), PEG2000 linker (allows for the 

TCO to available on the surface of the PEGylated liposomes), the phospholipid chain (gets 

embedded into the bilayer of the PEGylated liposomes). 

 

 

Figure 3.7. Different combinations of surface modifications of liposomes: TCO-PEG2000 

represents the TCO-PL synthesised in this chapter which has a PEG2000 chain. The images 

above show how PEGylation of liposomes provide a brush like exterior to the liposomes and 

presence of PEG2000 in the TCO-PL allows TCO to be available at the surface for interactions 

with tetrazine imaging agent. Created with BioRender.com. 
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The 2000 Da length PEG linker in the DSPE-PEG2000 amine used has an 

important relevance in accessibility of TCO molecule on the surface of long-circulating 

PEGylated liposomes. The PEG2000 coating on PEGylated liposomes which provides 

extended systemic circulation in vivo but interferes with specific targeting agents on the 

surface. Therefore, to counteract that interference, we have used DSPE-PEG2000 amine 

to create a phospholipid-TCO (TCO-PL) allowing the retention of TCO reactivity in the 

surface. The comparison between effect of non-PEG phospholipid conjugate and PEG 

phospholipid can be seen in figure 3.7. 

 

  Hydrolysis of the NHS ester in this crosslinking reaction competes with the 

reaction with the primary amine. The pH of the reaction mixture increases the rate of 

hydrolysis while the low concentration of reactants contributes to increase in the 

hydrolysis as well. The reaction was performed at pH<9 in high concentration of both 

reactants and dry DMSO to avoid the hydrolysis of the NHS ester at basic pH. The 

reaction was performed at room temperature over night to completion. The purification 

of the final product was performed using dialysis due to the large MW of the compound 

of interest and to increase the recovery of synthesised TCO-PL after purification. The 

reaction mixture was diluted to 5% DMSO/water before performing dialysis as the 

membrane of the dialysis cassette is reactive to high DMSO or organic solvent 

concentrations. The compound obtained after purification and freeze drying was a white 

solid in a high yield (93 ± 3%) which is expected because of the ease of the NHS ester 

activated amine crosslinking reaction and presence of excess TCO-NHS ester which limits 

the effect of hydrolysis on the yield of the reaction.   
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3.2.2.2  Characterization 

 

The large MW of TCO-PL (3305 g/mol) and the presence of the PEG chain on the 

molecule made the characterization particularly challenging. The high-resolution mass 

spectrometry facility at the National Mass spectrometry facility, Swansea was used to 

obtain the data as seen in figure 3.9. The presence of the TCO-PL in the product was 

confirmed by comparison of the mass spectra of the TCO-PL and DSPE-PEG2000 amine. 

A clear shift was observed for the m/z = 1 species towards the higher molecular weight 

from DSPE-PEG-amine (observed MW = 2818, calculated MW = 2790) to TCO-PL 

(observed MW = 3305, calculated MW = 3305). The mass spectra also showed an 

electrospray envelope nature due to the presence of PEG chain with a difference of 44 

between each peak which is equal to the molecular weight of PEG molecule. The 

envelope for DSPE-PEG-amine spanned over m/z= 2400-3200 representing z = 1 species 

whereas the TCO-PL spectra electrospray envelope spanned over m/z = 2900-3700 

representing z = 1 species. 

 

The NMR spectra further characterised and assessed the purity of TCO-PL. The 

1H NMR spectrum in CDCl3 of TCO-PL (Figure 3.8) was compared to that of the starting 

material DSPE-PEG2000-amine. The presence of the characteristic broad peaks of TCO 

(δ 2.5 -CH; 5.5 =CH in cyclooctene) in the spectra of TCO-PL and not DSPE-PEG2000 

amine supported the successful synthesis of TCO-PL in the reaction. Integration of peaks 

could not be performed quantitatively due to the high intensity ethylene peak of PEG at 

δ 3.64 ppm in both spectra, which marred the resolution of both spectra. The labelled 

signal peaks and integration performed account for the protons of TCO-PL are seen in 

figure 3.8. The characterization of the synthesised TCO-PL using NMR and mass 

spectrometry confirmed the purity and expected structure showing that the TCO-PL was 

synthesised in high yield and purity. 
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Figure 3.8. NMR spectra of TCO-PL: The synthesised TCO-PL is characterised by the presence 

of characteristic peaks of TCO incorporated in the phospholipid: δ 2.5 -CH; 5.5 =CH in 

cyclooctene. The integration of the peak’s accounts for 283 out of 293 protons. The integration is 

not quantitative due to the relative high intensity of protons from ethylene peak of the PEG2000 

chain which decrease the resolution of other peaks.   



Chapter 3. Biorthogonal chemistry based pretargeting of liposomal nanomedicines 

156 

 

             

Figure 3.9. The mass spectrum of the TCO-PL (A) and DSPE-PEG2000 amine (B): The envelope 

nature observed in both spectra is due to the polydispersity of the PEG2000 chain which is 

characterised by a difference of 44 between each peak within the envelope. The TCO-PL is 

characterised by the higher m/z=2700-3700 compared to the lower m/z for DSPE-PEG2000 

amine m/z=2400-3200. 
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3.2.2 Synthesis of 6-methyl tetrazine-THP 

 

3.2.2.1   Synthesis and Purification 

 

The secondary imaging agent of the pretargeting system was THP-tetrazine. This was 

synthesised by reaction of THP-Bz-SCN with 6-Methyl tetrazine amine to give 6-Methyl 

Tetrazine-THP (THP-tetrazine) (Figure 3.10). The reaction proceeded by amine-

thiocyanate conjugation. Trishydroxypyridinone (THP) was chosen as the ideal choice 

from a library of gallium chelators due to its high affinity towards 68Ga and fast 

complexation kinetics. The 6-Methyl tetrazine amine was chosen to form the THP-

tetrazine conjugate due to favourable stability features of 6-methyl tetrazine over its 

hydrogen substituted derivative of tetrazine-amine.356 The stability of methyl tetrazine 

amine further improves its handling and storage in aqueous solutions. However, the 

addition of an EWG such as a methyl group leads to a minor decrease in the reactivity of 

tetrazine towards TCO, as has been shown recently.347 The amine derivative of the 

methyl tetrazine has been widely used for conjugation with various imaging motifs and 

provides a straightforward method for conjugation with THP isothiocyanate.  

  

 

Figure 3.10. Structure of the THP-tetrazine: the synthesised THP-tetrazine has two important 

components: Trishydroxypyridinone which is an excellent chelator for Ga as well as Fe, and 

Tetrazine (in the highlighted circle) which has high reactivity towards transcyclooctene (TCO).   
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Anhydrous DMSO proved to be an ideal choice as solvent to overcome the low 

solubility of methyl tetrazine-amine in water and the tendency of THP-NCS to undergo 

degradation or hydrolysis in water. Thereby, DMSO minimised solubility and 

degradation concerns allowing for the reaction to proceed slowly without need of high 

pH and temperature conditions. The reaction was performed at room temperature with 

DIPEA to achieve a pH of 9-10 and initiate the reaction via deprotonation of amine of 

DSPE-PEG2000. The use of mild conditions and DMSO thereby minimised the formation 

of side products which is evident in the LCMS trace of the reaction mixture showing 

minimal side products. The LCMS trace of the reaction mixture as seen in figure 3.11(B) 

shows desired THP-tetrazine (m/z [M + 2H]2+ = 581.52), unreacted methyl-tetrazine 

amine (m/z [M+Na]+= 225.92), and small amount of THP-NCS hydrolysed to a primary 

amine (m/z [M +2H]2+ = 460) as expected.  

 

Figure 3.11. Purification of THP-tetrazine: (A) HPLC chromatogram of the semi-prep HPLC 

method used for isolation of THP-tetrazine from the reaction mixture. Fraction collected between 

tr =29 min-33 min contained the THP-tetrazine; (B) Mass spectra of the THP-tetrazine crude 

reaction mixture showing the THP-tetrazine as the major product alongside unreacted Methyl-

tetrazine amine and hydrolysed THP; and (C) Mass spectra of the THP-tetrazine fraction collected 

after semi-prep HPLC showing the pure isolated THP-tetrazine.   
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To remove unreacted THP-Bz-SCN and excess reaction components (i.e., DIPEA, 

DMSO), semi-prep HPLC (method 2) on a reverse phase column was utilised to provide 

the pure THP-tetrazine. The reaction was monitored by LCMS showing that the THP-

tetrazine is collected in the fraction where the mobile phase is approximately between 

40-50% acetonitrile/water. Using the information obtained from LCMS, we estimated 

that for HPLC purification, acetonitrile concentration higher than 25 % will be required 

to elute the THP-tetrazine product. Therefore, a slow gradient as shown in HPLC method 

2 was applied with a semi-automated system. The THP-tetrazine was collected at tr = 29 

minutes whereas unreacted tetrazine was collected at tr = 17 minutes as shown in figure 

3.11(A). The purity of collected THP-tetrazine was verified using LCMS of the collected 

fractions showing THP-tetrazine (m/z [M + 2H]2+ = 581.52) and (m/z [M+H]+ = 1162.5) 

(figure 3.11(C)).  

 

The isolated pure product was obtained in average yield (57 ± 5 %) as a bright 

pink hygroscopic solid and stored for later use at -20oC. Further characterisation and 

confirmation of the purity of the synthesised THP-tetrazine was obtained from 1NMR 

spectrum in a mixture of CD3CN/D2O. The characteristic peaks of the THP-tetrazine 

observed were δ 8.43-8.41 (d, (J = 8.3 Hz), 2H Ar-H from tetrazine), 7.57 (d, (J = 8.2 Hz), 

2H)7.25-7.36 (4H from N-H), 6.96 (m, 6H from Ar-H from tetrazine), 4.89(s, 3H from Ar-

H from THP), 4.54 (s, 2H), 3.79-3.82 (m, 9H from CH3-N, 8H from CH2-N), 3.01 (s, 2H) 2.48 

(s, 3H), 2-42-2.44 (m, 2H ), 2.11-2.15 (m, 4H), 1.95 (m, 9H), 1.85 (s, 2H), 1.25 (m, 

4H).(Figure 3.12) 1H NMR (400 MHz, CD3CN). 
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Figure 3.12. NMR spectra of the THP-tetrazine: The synthesised THP-tetrazine was 

characterised by the presence of the above peaks. The spectrum was recorded in CD3CN/D2O 

due to low solubility in CDCl3. 1H NMR (400 MHz) δ 8.43-8.41 (d, (J = 8.3 Hz), 2H Ar-H from 

tetrazine), 7.57 (d, (J = 8.2 Hz), 2H)7.25-7.36 (4H from N-H), 6.96 (m, 6H from Ar-H from 

tetrazine), 4.89(s, 3H from Ar-H from THP), 4.54 (s, 2H), 3.79-3.82 (m, 9H from CH3-N, 

8H from CH2-N), 3.01 (s, 2H) 2.48 (s, 3H), 2-42-2.44 (m, 2H ), 2.11-2.15 (m, 4H), 1.95 (m, 

9H), 1.85 (s, 2H), 1.25 (m, 4H). Non-deuterated solvent H2O and CD3CN impurity peaks are 

also observed in the spectrum. 

 

3.2.2.2 Radiolabelling 

 

The binding affinity of THP-tetrazine towards 68Ga was determined using radiolabelling 

experiments where the THP-tetrazine was reacted with either 68Ga/67Ga, and the 

radiolabelled compounds were characterised for purity and stability. The stocks of THP-

tetrazine for radiolabelling were made in 10% DMSO/water due to the low solubility of 

THP-tetrazine in water. 
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The radiolabelling reaction was found to be fast under mild conditions, similar to 

other THP compounds.264,265,268,357 In a typical reaction, incubation of different amounts 

of THP-tetrazine (5 µg, 10 µg, or 50 µg, 1 mg/mL) in 10% DMSO/water were added to 

200 µL of sodium carbonate neutralised 68Ga for 15 minutes followed by radio-TLC and 

radio-HPLC, indicating formation of a single radiolabelled species. The radio-HPLC of the 

reaction using 5 µg of THP-tetrazine showed a single peak at tr=8 minutes, consistent 

with 68Ga-THP-tetrazine, with no peak observed for free 68Ga. This was also confirmed 

by the ITLC as seen in figure 3.13 where radioTLC performed in glass microfibre 

chromatography paper impregnated with silicic acid in 0.5 M citrate buffer. Unbound 

68Ga moved with the solvent front (Rf=1), giving a clear distinction from 68Ga-THP-

tetrazine that appears on the baseline (Rf=0). The absence of the unbound 68Ga in the 

reaction mixture confirmed by radioHPLC and radioTLC gave confirmation of the 

formation of a single radiolabelled species with quantitative labelling.  

 

68Ga-THP-tetrazine was often found irreversibly bound to the glass vial and 

formed a colloid-like impurity which could not be detected by previous characterisation 

methods of radioHPLC and radioTLC in citrate buffer. However, these colloids were 

detected in subsequent experiments of radiolabelling of TCO-liposomes, and in vitro 

pretargeting. Therefore, we explored two purification methods to remove this colloidal 

impurity. The first method of purification involved centrifugal size exclusion filters, but 

the separation could not be achieved as 68Ga-THP-tetrazine was also retained in the size 

exclusion filters alongside the colloidal impurities. This could be possibly due to the 

lipophilic nature of 68Ga-THP-tetrazine. The second method involved a SEP-PAK 

separation, which is often employed for purification of lipophilic compounds. Using this 

method, the pure 68Ga-THP-tetrazine was eluted in methanol from a SEP-PAK plus light 

C18 cartridge and dried under nitrogen followed by resuspension in 5% DMSO/water 

and subsequently used for further in vitro and in vivo validation. The characterisation of 

the isolated compound with radioTLC in ammonium acetate: methanol (1M, 80% v/v) 
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showed presence of greater than 95% pure 68Ga-THP-tetrazine (Rf = 0.8 – 1) and absence 

of colloidal impurities (Rf = 0) (Figure 3.13). 

 

Figure 3.13. Radiolabelling of THP-tetrazine: (A-D) radioTLC chromatogram: (A) 68GaCl3 (Rf=0) 

in citrate buffer; (B) 68Ga-THP-tetrazine(Rf=1) in citrate buffer; (C) 68Ga-THP-tetrazine in 80% v/v 

ammonium acetate/methanol;  (D)  SEP-PAK purified 68Ga-THP-tetrazine in 80% v/v ammonium 

acetate/methanol(Rf=0.8-1 for 68Ga-THP-tetrazine and Rf=0 for lipophilic impurity); (E-F) 

radioHPLC chromatogram: (E) 68Ga-THP-tetrazine characterised using analytical radioHPLC 

method 3; (F) SEP-PAK purified 68Ga-THP-tetrazine characterised by analytical radioHPLC 

method 3. 

 

Measurement of logP = -0.47 ± 0.01 and logD7.4 = -0.44 ± 0.03 showed that 68Ga-

THP-tetrazine was slightly lipophilic as expected for tetrazine compounds, and more 

lipophilic compared to existing gallium-68 labelled conjugates of THP.357 Comparison 

with the logP and logD7.4 of other tetrazine imaging agents, suggest that 68Ga-THP-

tetrazine is as lipophilic as other tetrazine based imaging molecules, which generally 

leads to slow pharmacokinetic clearance from the body and a preference for 

hepatobiliary excretion showing uptake in the liver, gall bladder and intestines.347,358,359 

 

THP-tetrazine was also radiolabelled with 67Ga to provide 67Ga-THP-tetrazine. 

67Ga for radiolabelling was obtained as 67Ga-citrate from Guy’s radiopharmacy. The 

labelling of THP-tetrazine from 67Ga citrate poses a few challenges which need to be 

overcome. The citrate bound 67Ga has low binding affinity towards others chelator on 

the account of citrate being a chelator for Ga. Therefore, 67Ga-citrate was converted to 
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67GaCl3 via anion-exchange chromatography. Another challenge was the presence of 

metallic impurities such as Fe, Mn, Cu in the 67Ga-citrate sample. The presence of even 

trace amounts of Fe can lead to decreased radiolabelling efficiency of THP-tetrazine due 

to saturation of THP binding sites as THP is an excellent chelator for both Fe and Ga. To 

overcome this, the 67Ga labelling of THP-tetrazine is performed with converted 67Ga-

chloride at very dilute conditions to minimise the metallic impurities. This provided us 

with radiolabelling yields ranging from 20%-30%. The radiolabelled 67Ga-THP-tetrazine 

was characterised and purified as mentioned above and further used for the synthesis 

of 67Ga labelled TCO-liposomes. 

 

3.2.3 Synthesis of TCO-liposomes 

 

3.2.3.1 Synthesis and purification 

 

PEGylated liposomes can be modified either during the formation of the liposomes or in 

preformed liposomes to provide surface anchored targeting groups. Here, we desired 

insertion of the TCO-PL in the bilayer of the PEGylated liposomes to provide 

biorthogonal reactive TCO-liposomes. The insertion process is performed at elevated 

temperature but below the phase transition temperature as the higher temperature 

increases the fluidity of the lipid bilayer for the incorporation of the external 

phospholipids in the bilayer. This procedure was exploited in the first instance for 

formation of folate targeting liposomes and is also used in Chapter 2 for insertion of 

THP-PL in the bilayer of PEGylated liposomes. The optimisation of insertion is dependent 

on the relative concentration of phospholipid being inserted, incubation time, and 

incubation temperature. The conditions optimised for insertion of THP-PL in the bilayer 

of PEGylated liposomes in Chapter 2 and routinely used for core-radiolabelling of 

preformed liposomes were used here. Thus, the final insertion conditions chosen were 

incubation temperature: 50C, incubation time: 30 minutes, and TCO-PL relative 

concentration: 5 mol %. The PEGylated liposomes used were chosen for having the same 
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physicochemical properties as stealth liposomes extensively used in the clinic such as 

Doxil/Caelyx (size: 89.4 ± 0.6 nm, concentration: 60.0 ± 0.9 mM, PDI: 0.03 ± 0.01). After 

the insertion reaction, the biorthogonal reactive TCO was expected to be accessible on 

the liposome surface, hence retaining its high reactivity towards tetrazine. This was 

facilitated by incorporating a PEG chain in the TCO-PL of the same molecular weight as 

the PEG chains present in the PEG(2k)-liposomes (i.e., 2000 Da). The product (TCO-PL-

liposomes) was purified by size exclusion (PD10 minitrap G-25 size exclusion column) 

and analysed via dynamic light scattering (DLS) (Figure 3.14(A)), Nanoparticle tracking 

analysis (NTA, Figure 3.14(B)), and cryo-transmission electron microscopy (Cryo-TEM; 

Figure 3.15). The insertion was considered successful if the physicochemical properties 

of TCO-PL-liposomes were same as PEG(2k)-liposomes and the TCO-PL-liposomes had 

gained biorthogonal reactivity towards tetrazine to undergo cycloaddition at high 

reaction rates. The DLS studies were performed to monitor the impact of surface 

modification on the hydrodynamic size and zeta potential of the PEGylated liposomes. 

The NTA was also performed to monitor the impact on the size, polydispersity and the 

concentration of the PEGylated liposomes post-modification. The cryo-electron 

microscopy was performed on the liposomes before and after insertion to assess the 

impact on the size, size distribution and most importantly, morphology of the liposomes. 

The radiolabelling of the liposomes was performed to verify that the TCO was embedded 

and accessible on the liposomal surface and the results are discussed in section 3.2.4. 

 

3.2.3.2 Dynamic light scattering (DLS) 

 

As mentioned previously in Chapter 2, in the context of characterisation of 

nanoparticles, DLS is a powerful tool to measure the hydrodynamic size, zeta potential, 

and polydispersity of particles in a sample. Similar to the work described in Chapter 2, 

the characterisation via DLS allowed us to measure the impact of insertion of TCO-PL on 

the PEGylated liposomes. We measured both the PEG(2k)-liposomes and TCO-PL-

liposomes and there was no major impact observed on the surface charge (zeta 
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potential), polydispersity and hydrodynamic size. The average size of the PEG(2k)-

liposomes without modification was 88.8 ± 0.5 nm and after modification it was 89 ± 2 

nm. In addition to size, the surface charge of the nanomedicines is also measured, as the 

surface charge plays a key role in how the liposomes reached the target and the 

mechanism of uptake as discussed in the introduction chapter. The zeta potential 

measurement of the non-modified PEGylated liposomes gave us a surface charge of -0.7 

± 0.3 and post modification the surface charge was observed to be -1.7 ± 0.2 which is a 

negligible change in terms of the sign of the surface charge and its magnitude and should 

not cause any impact on the in vivo behaviour of the liposomes. Finally, the 

polydispersity index was also measured, which is a measurement of the number of 

species of a particular size and provides information if the particles are monodispersed 

or not. Clinically used liposomal samples are highly monodispersed to minimise the 

variability in the injected samples. In context of the PDI, for lipid based nanocarriers such 

as liposomes, a PDI ≤ 0.3 is considered to be a homogenous and monodispersed 

sample.360,361 Therefore, we aimed to minimise the increase in the polydispersity after 

modification. The PDI of the TCO-PL-liposomes was 0.06 ± 0.02 and for the unmodified 

PEGylated liposomes was 0.07 ± 0.01 showing high monodispersity.  

 

3.2.3.3 Nanoparticle tracking analysis 

 

The high-resolution nanoparticle concentration and size distribution was determined 

using Nanoparticle Tracking Analysis (NTA). The liposome concentration is a key factor 

affecting clearance of liposomes as the concentration of liposomes affects their in vivo 

pharmacokinetics and clearance from the body by the RES. The liposome concentration 

for the unmodified PEGylated liposome was 2.88  1016 ± 2.17  1015 particles/mL and 

for the TCO-PL-liposome was 3.74  1015 ± 2.36  1014 particles/mL. The size distribution 

of both liposome samples was 60-150 nm with the peak maxima at 99.4 nm and 98.2 

nm for unmodified liposomes and THP-PL-liposomes, respectively. In both samples, the 

liposomal size is concentrated towards the 100 nm region with a small shoulder 
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representing the particles with slightly larger size greater than 100 nm. From these 

results, we can conclude there is no observed increase in the average liposome size 

which was observed with DLS measurements, and this modification should not affect 

the liposomal properties.  

 

 

Figure 3.14. Characterisation of liposomes using Nanoparticle Tracking Analysis (NTA) to 

determine concentration and size distribution: (A) PEG(2k)-liposomes (concentration: 2.88  1016 

± 2.17  1015 particles/mL, mode:97.8 nm, mean: 116.2 nm); (B) TCO-PL-liposomes 

(concentration: 3.74  1015 ± 2.36  1014 particles/mL, mode: 93.1 nm, mean: 110.6 nm) 

 

3.2.3.4 Cryo-electron microscopy 

 

Cryo-electron microscopy was utilised to visualise the potential impact of TCO 

modification on the PEGylated liposomes. Here, the TCO-PL liposomes and unmodified 

PEGylated liposomes were frozen in vitreous ice and examined if the insertion of TCO-

PL has caused any modifications to the shape, bilayer structure and size distribution of 
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the liposomes. As seen in figure 15, the TCO-PL liposomes (A) retain their bilayer and 

spherical structure as observed in the unmodified PEGylated liposomes (B).  50 

representative microscopic images taken for each sample confirm the above 

observations. Analysis of these microscopic images using ImageJ allowed us to create a 

size distribution which is shown as a histogram in Figure 3.15. Thereby, cryoEM along 

with the data from DLS and NTA confirmed the negligible change in the liposomal size, 

PDI and zeta potential as well as no change in the shape and structure of the liposomes 

post-modification. 

 

     

Figure 3.15. Cryo-electron microscopy of liposomes pre- and surface post-modification with TCO-

PL: (A) showing TCO-PL-liposomes have retained their spherical nature and the size distribution 

is not altered by insertion of TCO-PL into the bilayer of liposomes and bilayer nature is also 

retained; (B) showing PEG(2k)-liposomes spherical morphology and bilayer structure.  Size 
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quantification of liposomes from analysis of cryoEM images showing frequency distribution of 

diameter of liposomes: (A) Unmodified PEG(2k)-liposomes; (B) TCO-PL-liposomes 

 

 

3.2.4 In vitro evaluation of TCO-PL liposomes 

 

Now that both the components of the pretargeting system have been successfully 

synthesised and characterised, it is essential to evaluate the stability of the radiolabelled 

components and the feasibility of biorthogonal reaction in serum before conducting in 

vivo pretargeting experiments.  

 

3.2.4.1 Serum stability 

 

Blood serum proteins such as transferrin and lactoferrin could lead to transchelation of 

gallium from the THP-tetrazine in vivo. Using the serum stability experiments described 

below, we aimed to examine the stability of both 68Ga-THP-tetrazine, and of 67Ga-TCO-

PL-liposomes post-radiolabelling. Choosing THP as a Ga chelator was an important factor 

in our design strategy to avoid the demetallation in blood serum. The stability of 68Ga-

THP-tetrazine was evaluated at 37°C in commercially obtained human serum for up to 3 

hours using HPLC SEC which separated THP-tetrazine and serum components. The 

serum protein bound 68Ga eluted at tr = 9 min whereas 68Ga-THP-tetrazine eluted at tr = 

20 min when the serum incubated samples were analysed using serum stability HPLC 

method 4. The analysis of serum incubated samples showed minimal transchelation of 

68Ga to blood serum proteins and high stability of >95 % after 3 hours of incubation as 

shown in figure 3.16.  
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Figure 3.16. Serum stability assessment of 68Ga-THP-tetrazine using HPLC SEC method 4: (A) 

RadioHPLC chromatogram of serum incubated 68Ga-THP-tetrazine at t = 15 minutes; (B) 

RadioHPLC chromatogram of serum incubated 68Ga-THP-tetrazine at t = 3 hours; RadioHPLC 

chromatogram species: serum bound 68Ga (t r= 9 min), 68Ga-THP-tetrazine (tr = 20 min). 

 

To provide further support prior to the in vivo imaging studies, we used size-

exclusion chromatography to test the radiochemical stability of 67Ga-TCO-PL-liposomes 

in vitro in human serum at 37oC. Using this system, both liposomes and serum 

components can be efficiently separated and quantified via UV and radioactivity 

measurements, allowing determination of liposome and serum protein associated 

radioactivity at different time intervals. This high stability was retained for longer 

periods of time, as demonstrated by the >90% radiochemical stability found for 67Ga-

TCO-PL-liposomes after 48h under the same conditions. 

 

3.2.4.2 In vitro pretargeting 

 

The biorthogonal reaction for radiolabelling of TCO-PL-liposomes was evaluated under 

laboratory conditions for the formation of 67/68Ga-TCO-PL liposomes by incubation of 

radiolabelled 67/68Ga-THP-tetrazine with TCO-liposomes for 15 minutes providing 67Ga-

TCO-PL-liposomes and 68Ga-TCO-PL-liposomes with a yield of 65 ± 9% and 74 ± 6% 
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respectively. However, the reaction was not performed under in vitro conditions that 

can simulate conditions of high dilution and interference from blood components. 

Therefore, it was essential to perform in vitro pretargeting assessment in high dilution 

conditions and in the presence of serum. 
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Figure 3.17. Radiolabelling of TCO-PL-liposomes: In vitro biorthogonal pretargeting was 

performed to validate the TCO/tetrazine pretargeting system. Two different in vitro biorthogonal 

pretargeting experiments were performed where TCO-PL-liposomes were incubated in either 

PBS or serum followed by addition of 68Ga-THP-tetrazine and incubation at 37oC for 30 minutes. 

The incubated samples were then purified via size exclusion chromatography and radioactivity 

attached to the TCO-PL-liposomes was determined. Unmodified PEG(2k)-liposomes were 

labelled as controls. The experiments showed showing % radiolabelling of 75 ± 2 % (n=3) and 

61.7 ± 3.1 % (n=3) for PBS and serum incubated samples respectively. 

 

The in vitro pretargeting was performed in both PBS and serum. The radiolabelled 

68Ga-THP-tetrazine and TCO-liposomes were incubated in four-fold dilution conditions 

in either human serum or PBS. This involved pre-incubation of TCO-PL-liposomes with 

human serum or PBS for 1 h at 37oC, followed by addition of 68Ga-THP-tetrazine for 30 

minutes at 37oC under continuous agitation. Size exclusion chromatography was used in 

both cases to isolate and quantify liposome-bound 68Ga radioactivity from that bound 

to serum components. These experiments closely resemble our proposed in vivo 

biorthogonal pretargeting approach and the results showed successful radiolabelling 

with a high efficiency of 75 ± 2 % (n=3) in PBS dilution conditions. In serum conditions, 

TCO-PL-liposomes were radiolabelled with a high efficiency of 61.7 ± 3.1 % (n=3) in the 
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presence of human serum components (Figure 3.17). These results further confirmed 

the high reactivity of the liposome embedded TCO towards tetrazine within a 

biologically relevant environment and supported the in vivo evaluation of this approach. 

 

3.2.5 In vivo evaluation of pretargeting of TCO-PL liposomes in healthy mice 

 

Following the synthesis and characterisation of the components of the system i.e., TCO-

PL phospholipid and 68Ga-THP-tetrazine and in vitro pretargeting assessments, the next 

step was to perform an in vivo PET imaging and biodistribution experiment. The most 

important variable in the development of an in vivo biorthogonal pretargeting system 

was the duration between the introduction of the TCO-PL liposomes and the 

administration of the radioisotope bound tetrazine (68Ga-THP-tetrazine). The time point 

was determined from previous liposomal imaging studies313 and blood kinetic study of 

prelabelled 67Ga-THP-PL liposomes in Chapter 2. The biorthogonal pretargeted in vivo 

imaging study was designed to have either a 3 h or 24 h wait time between 

administration of TCO-PL liposomes and 68Ga-THP-tetrazine. Following administration of 

68Ga-THP-tetrazine, the mice were scanned after an initial wait time of 1 hour to allow 

for the in vivo interaction between tetrazine and TCO groups. The scanned mice were 

culled and biodistribution was performed post scanning. For the in vivo preclinical 

pretargeting evaluation, the healthy animals were divided into three groups (n= 4-5): 

positive control group (67Ga-TCO-PL liposomes), test pretargeting group, and negative 

control group (68Ga-THP-tetrazine) as shown in figure 3.18.   
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Figure 3.18. Scheme of in vivo pretargeting PET experiments: Negative control: administration 

of 68Ga-THP-tetrazine; pretargeting test group: administration of TCO-PL-liposomes followed 
68Ga-THP-tetrazine; Positive control group: administration of 67Ga-TCO-PL-liposomes. Created 

with BioRender.com. 

 

The biorthogonal pretargeting experiment plan as seen in figure 3.18 was 

designed to act as a direct comparison against the metal chelation pretargeting 

experiments in Chapter 2. The two time points chosen for pretargeting of TCO-PL-

liposomes were same as the metal pretargeting experiments i.e., 3 h p.i. and 27 h p.i. of 

TCO-PL-liposomes to visualise the liposomes circulating in the blood and the target 

organs (liver, spleen) respectively. The 1 h wait post administration of imaging agent 

68Ga-THP-tetrazine was chosen to allow enough time for biorthogonal reaction between 

the imaging agent and the liposomes and minimise background signal due to any 68Ga-

THP-tetrazine circulating in the blood. 

 

The negative control group involved administration of 68Ga-THP-tetrazine and 

imaging at t = 1 h with biodistribution performed post imaging. Because of being a small 
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molecule, 68Ga-THP-tetrazine is expected to clear from the blood quickly. However, due 

to its lipophilic nature, it is also expected to clear through both hepatobiliary and renal 

excretion pathways. The images in figure 3.19 show high uptake in urinary bladder, gall 

bladder, and intestines which is consistent with mixed hepatobiliary/renal clearance. No 

retention was observed in the blood due to fast clearance. The high uptake in the urinary 

bladder and gall bladder is expected due to clearance of the imaging agent via renal and 

hepatobiliary excretion pathway, respectively. From the biodistribution and image 

quantification data in figure 3.19 (B,C), high uptake was also seen in the lungs, liver and 

spleen (5-10% ID/g). This can be explained by the lipophilic nature of THP-tetrazine, and 

colloidal impurity present in the 68Ga-THP-tetrazine. The uptake observed in the liver 

and spleen poses a challenge for our pretargeting study in healthy animals as these 

organs are also sites of accumulation of PEGylated liposomes and will make the analysis 

of pretargeting test group challenging.353,359 
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Figure 3.19. Negative control in vivo group (n=4): (A) Schematic of the negative control group (B) 

PET image of healthy animal administered with 68Ga-THP-tetrazine at 1 h p.i.; (C) Biodistribution 

at 2 h p.i. after the PET scan; (D) Image quantification performed on the PET images acquired at 

1 h p.i. 

 

The positive control group involved administration of 67Ga-TCO-PL-liposomes 

followed by imaging at two time points at t = 1 h and t = 24 h followed by biodistribution 

at t = 25 h. Figure 3.20(A) shows PEGylated liposomes circulating in the blood pool 

especially carotid arteries, heart, and perfused organs like liver and spleen at 4 h p.i. At 

the next imaging point at 27 h post injection of the liposomes, an increased uptake was 
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observed in the liver and spleen and decreased circulation of liposomes in the blood due 

to clearance by liver/spleen macrophages. This slow and steady accumulation in the 

spleen and liver is typical of Doxebo i.e., PEGylated liposomal nanomedicine which 

inhibits recognition by the reticuloendothelial system (RES). The biodistribution and 

image quantification data confirmed the observations from the SPECT images showing 

liposomal uptake in blood pool, liver, and spleen with decreasing blood concentration 

of liposomes with increasing time. 

 

             
Figure 3.20. Positive control in vivo group (n=4): (A) Schematic of the positive control group; (B) 

SPECT image of healthy animal administered with 67Ga-TCO-PL-liposomes at t = 1 h and t = 24 

h; (C) Biodistribution at 28 h p.i. (t = 25 h) after the SPECT scan; (D) Image quantification 

performed on the SPECT images acquired at both time points 
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The pretargeting test group was designed to image the TCO-PL-liposomes at two 

time points: t = 1 h and t = 24 h post injection (Figure 3.21). At t = 1 h, the PET image 

showed the radioactivity uptake in urinary bladder, gall bladder, intestine, liver and 

spleen. The high urinary bladder, gall bladder and intestine accumulation observed is 

representative of the observed biodistribution of 68Ga-THP-tetrazine (negative control) 

showing the clearance of the unreacted 68Ga-THP-tetrazine.  The positive control 

showed high activity from the blood pool at 4 h p.i. at 12 ± 2 % ID/g , as expected for 

long-circulating liposomes. However, in this was absent in pretargeting group results 

showing blood uptake value at earlier time point was 3.9 ± 0.7 % ID/g, suggesting that 

blood-circulating liposomes were not labelled. The uptake observed in the liver and 

spleen is higher compared to the negative control showing validation of biorthogonal 

pretargeting and ability to image the TCO-PL-liposomes in the liver and spleen. The 

image quantification further supported this observation showing higher accumulation 

in liver and spleen compared to image quantification from the negative control images 

but lower than the positive control.  At t = 24 h, the PET images showed major 

accumulation in the urinary bladder, liver and spleen with minor uptake also in lungs 

and intestines. The uptake observed in lungs, bladder and intestines is expected due to 

the unreacted 68Ga-THP-tetrazine. However, the high uptake in the liver and spleen 

shows biorthogonal pretargeted radiolabelling of the TCO-PL-liposomes at 24 h. These 

observations were also confirmed by the biodistribution and image quantification data. 

However, the liver and spleen uptake values observed for positive control (spleen: 48.8 

± 2.6 % ID/g and liver: 44.4 ± 4.7 % ID/g) were higher than uptake values in the 

pretargeting test group (spleen: 32.8 ± 16.3 % ID/g and liver: 31.3±21.5 % ID/g). Also, 

the observed uptake values for liver, spleen and lungs are highly variable which can be 

possibly explained by the lipophilic nature and colloidal impurities present in the 68Ga-

THP-tetrazine.  

1 hour         24 hour 
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Figure 3.21. Pretargeting test in vivo group(n=4): (A) Schematic of pretargeting test group (B) 

PET image of animal administered with TCO-PL-liposomes followed by administration of 68Ga-

THP-tetrazine at t = 0 h and PET scan at t = 1 h, and at t = 23h and PET scan at t = 24 h;  (C) 

Biodistribution at t = 25 h after the PET scan; (D) Image quantification performed on the PET 

images acquired at both time points 
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3.2.6 In vivo evaluation of pretargeting of TCO-PL liposomes in a syngeneic mouse 

cancer model  

 

Further in vivo validation of pretargeted imaging was performed in tumour mice. The 

pretargeting experiments performed in healthy animals showed partial success as the 

non-specific uptake of 68Ga-THP-tetrazine in the liver and spleen complicates the 

analysis of pretargeting test group. The validation of pretargeting in a tumour model 

provides an option to better evaluate the success of pretargeting reaction at the site of 

tumour uptake of PEGylated liposomes in addition to other organs such as liver and 

spleen. The tumour is expected to have minimal uptake and retention of the small 

molecule radiotracer 68Ga-THP-tetrazine and therefore any uptake observed in the 

tumours in the test group should be observed due to pretargeting of liposomes. The 

immunocompetent mice bearing subcutaneous fibrosarcoma tumours were chosen due 

to their characteristic well-perfused tumours exhibiting high levels EPR effect, as well as 

a complete immune system. The tumour growth was variable depending on the 

different inoculation batch of WEHI-164 cells with less variability within the batch and 

sensitive to small changes in concentration and inoculation technique. The animals were 

kept under constant observation post inoculation and animals reached the desired 

tumour size between 7-13 days post-inoculation. The desired tumour size was between 

70 mm3 and 100 mm3 to allow for well perfused and vascularised tumours. The tumour 

growth trends can be seen in figure 3.22(A). However, in general, the tumour growth 

was aggressive with mice developing crust over the tumours in 10% of total inoculated 

mice. The animals were chosen for imaging studies as soon as the total volume of the 

tumours was above 70 mm3. The pretargeting experimental study groups were as seen 

in figure 22(B). 
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Figure 3.22. Biorthogonal in vivo pretargeting experiments in fibrosarcoma tumour model: (A) 

shows tumour growth curve for the different animals against the number of days post inoculation 

with WEHI-164 cells. The tumour growth is plotted as tumour volume and calculated using the 

formula V= 0.5*l*b*h; (B) Scheme of in vivo pretargeting PET experiments: Negative control: 

administration of 68Ga-THP-tetrazine; pretargeting test group: administration of TCO-PL-

liposomes followed 68Ga-THP-tetrazine; Positive control group: administration of 67Ga-TCO-PL-

liposomes. Created with BioRender.com. 
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Figure 3.23. Negative control in vivo group for tumoured animals (n=4): (A) Schematic of the 

negative control group; (B) PET image of mice administered with 68Ga-THP-tetrazine at 1 h p.i. 

(dotted circle shows the tumour region); (C) Biodistribution at 2 h p.i. after the PET scan; (D) 

Image quantification performed on the PET images acquired at 1 h p.i.  

The negative control group involved administration of 68Ga-THP-tetrazine and 

imaging at t = 1 h with biodistribution performed post imaging. The PET image (Figure 

3.23(A)) showed high uptake in the urinary bladder and the gall bladder as expected due 

to renal and hepatobiliary clearance. There was no observed tumour uptake in the PET 

image and the biodistribution analysis showed the tumour uptake was minimal at 1.1 ± 

0.1 % ID/g. (Figure 3.23)  
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Figure 3.24. Positive control in vivo group for tumoured animals(n=4): (A) Schematic of the 

positive control group; (B) SPECT image of animal administered with 67Ga-TCO-PL-liposomes at 

4 h p.i.(t = 1 h), 27 h p.i.(t = 24 h), 51 h p.i.(t = 48 h), 75 h p.i.(t = 72 h)(S-spleen, L-liver, dotted 

circle-tumour); (C) Transverse section of SPECT images showing tumour cross-section at 

different time points, tumour highlight within dotted circular lines (D) Biodistribution at 52 h p.i. (t 

= 49 h) after the SPECT scan. 
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Figure 3.25 Image analysis of the positive control group SPECT images recorded at different 

time points: Tissue accumulation of radiolabelled liposomes 67Ga-TCO-PL-liposomes in tumour, 

heart, liver, spleen and muscle at different time points (A) 4h, (B) 24 h, (C) 48 h, (D) 72 h; (E) 

Variation of observed uptake of liposomes in different organs with time; (F) Variation of T/M 

contrast over different time points of scanning. 

 

The positive control involved administration of 67Ga-TCO-PL-liposomes followed 

by imaging at t = 4 h (n=4), t = 24 h (n=4), t = 48 h (n=4) and t = 72 h (n=1), and 

biodistribution post imaging at t = 48 h (n=3) and t = 72 h (n=1). The multiple time points 

were chosen for imaging to determine the pharmacokinetics of 67Ga-TCO-PL-liposomes 
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and accumulation of the liposomes at the tumour site over time. In figure 3.24(A, B), the 

SPECT images at different time points showing increasing accumulation of 67Ga-TCO-PL-

liposomes in the liver, spleen and tumour over time until t = 48 h followed by decrease 

in tumour retention post 48 hours. The uptake was also observed in the urinary bladder 

at t = 4 h time point due to clearance of small proportion of injected dose of liposomes 

and no uptake was observed in the tumour at this earlier time point due to long 

circulating nature of PEGylated liposomes. Image quantification of the SPECT images 

was performed using Vivoquant confirmed the observations from the SPECT images 

(figure 3.25).   
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Figure 3.26. Pretargeting test in vivo group for tumoured animals(n=4): (A) Schematic of the 

pretargeting test group; (B) PET image of animal administered with TCO-PL-liposomes followed 

by administration of 68Ga-THP-tetrazine at t = 23h and PET scan at t = 24 h; (C) Biodistribution at 

t = 25 h after the PET scan; (D) Image quantification performed on the PET images acquired. 
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The pretargeting test group was designed to track TCO-PL-liposomes in tumour, 

liver and spleen with a short-lived isotope which is desirable for tracking of long 

circulating nanomedicines and antibodies while minimising the radiation dose and non-

specific binding. The pretargeting was only performed at one time point t = 24 h (n=5) 

to minimize the saturation of TCO sites on the liposomes. The PET images in figure 

3.26(A) showed high uptake in the liver and spleen as expected due to successful 

pretargeting in these organs as observed earlier in healthy animals. The uptake in the 

liver and spleen was higher compared to the negative control group (p>0.05, figure 3.27 

(A)) and comparable to the positive control group. The uptake was also observed in gall 

bladder, intestine and kidney which is representative of the observed biodistribution of 

68Ga-THP-tetrazine. However, there was no visible accumulation in tumours as seen in 

the PET image, and the biodistribution post imaging showed tumour uptake of 1.8 ± 1.1 

%ID/g which is much lower compared to the positive control group (10.83 ± 2 %ID/g) 

showing the pretargeting reaction has not materialised at the site of tumours. Compared 

to the uptake in tumours in the negative control, the tumour uptake in pretargeting 

group is higher but the difference between them is non-significant (figure 3.27(B)).  This 

observation of low pretargeting in the tumours can be attributed to multiple factors 

including the internalisation of the TCO-PL-liposomes making them unavailable for 

binding, slow kinetics of the biorthogonal reaction due to low TCO/tetrazine relative 

concentration, low tumour perfusion of 68Ga-THP-tetrazine or the isomerisation of the 

transcycloctene in vivo leading to the loss of reactivity towards tetrazine. 
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Figure 3.27. Comparative analysis among different groups of the pretargeting tumour study: (A) 

Comparison of the biodistribution of the different experimental groups. The uptake observed in 

the liver and spleen for the pretargeting test groups is higher compared to negative control group 

(p<0.05); (B) Comparison of the tumour uptake values observed for negative control and the 

pretargeting test group. Differences observed in tumour uptake values for the groups was non-

significant; (C) Autoradiography of tumour obtained from pretargeting test group showing 

accumulation of radioactivity was observed on the margins and not spread all over the tumour; 

(D) Autoradiography of tumour obtained from the positive control group showing the accumulation 

of radioactivity all over the tissue.  
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The tumours collected during biodistribution of the pretargeting, and positive 

control group were fixed in OCT embedding fluid and autoradiography was performed 

on tumour slices as seen in figure 3.27(C, D). The autoradiography of the tumour slices 

from pretargeting group (figure 3.27(C)) showed radioactivity accumulation on the 

margins of the tumour thereby hinting that the TCO-PL-liposomes available on the 

surface of the tumour are only sites available for binding. The autoradiography of 

tumour slices from the positive control group showed well perfused radioactivity 

throughout the tumour showing the 67Ga-TCO-PL-liposomes are well distributed 

throughout the tumour. This suggests that tumours should be also accessible to THP-Tz, 

allowing the click reaction to take place, but this reaction could be limited due to 

internalisation of liposomes within cells or macrophages. This requires further 

exploration of the fate of the liposomes as soon as they are localised at the site of 

tumour.  

 

The development of a successful pretargeted system relies heavily on the 

radiotracer elimination properties. The radiotracer elimination through renal clearance 

pathway is favoured over the hepatobiliary excretion to minimise background 

radioactivity due to long residence time of radiotracer in the gut. The high uptake levels 

in the intestines, gall bladder, and liver complicate the delineation of nearby organs. The 

addition of a PEG linker could be a strategy to modify the pharmacokinetic profile of the 

radiotracer based on tetrazine.362 The various studies utilised for pretargeting of 

antibodies as well as nanoconstructs shows impact of different tetrazines used on 

multiple factors contributing to their pharmacokinetics in the body and elimination 

pathway.347,351,352,354,355,359 Our THP-tetrazine does show clearance through renal and 

hepatobiliary excretion but allows for delineation of spleen, liver and tumours but could 

be further improved by decreasing the lipophilicity by, for example, using a PEG linker. 

The decreased lipophilicity might also alleviate the issue found with THP-tetrazine 

attaching to the vials and forming a lipophilic impurity on radiolabelling, thereby 

allowing us to avoid an extra purification step as well as allow high amounts of tetrazine 
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being administered in vivo. The relative higher concentration of tetrazine compared to 

TCO will allow for higher reaction rates in vivo and improving our pretargeting rates.   

  

Other important aspect to note here is the effect of the chemical structure 

modification of tetrazine based tracers on their reactivity towards TCO. The study by 

Steen et al. showed that the presence of different EWG and EDG has a major impact on 

the reactivity of tetrazine towards TCO.347 We chose the methyl tetrazine variant due to 

it being stable in aqueous buffer, but this might have caused a decrease in the reactivity 

towards TCO which could be a possible reason for the low pretargeting observed at the 

tumour. In future experiments, one could aim to examine a library of different tetrazine-

THP compounds and their impact on the pretargeting observed.  

 

 The concentration of TCO loaded on the targeting agent is also an important 

factor contributing to the success of pretargeting experiments. There is an observed 

correlation between the increased pretargeting and TCO concentrating loading on 

targeting agents. This post formulation insertion method is expected to provide high 

drug, radioisotope and phospholipid loading to the liposomes. However, it was not 

possible to determine the concentration of TCO experimentally, but the theoretical 

calculations showed approx. 1000 TCO molecules/liposome. Further optimisation of the 

loading procedure to provide high TCO loading and development of methods to 

experimentally determine the number of TCO molecules present on the liposomes 

surface is required.  
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3.3 Conclusion 

 

In conclusion, here, we have developed a new 68/67Ga-labelled tetrazine (THP-tetrazine) 

for radiopharmaceutical biorthogonal chemistry. In addition, we have also developed a 

TCO-phospholipid (TCO-PL) conjugate for reaction with THP-Tz which was successfully 

incorporated into the bilayer of the PEGylated liposomes to provide TCO-PL-liposomes. 

These two components: 68/67Ga-THP-tetrazine and TCO-PL-liposomes, provided a 

method for conventional and pretargeting imaging of PEGylated liposomes in vivo and 

in vitro with minimal impact on liposomal properties. The pretargeted nuclear imaging 

was performed in both healthy and fibrosarcoma tumour animals. The pretargeting of 

PEGylated liposomes was observed in healthy animals in the liver and spleen. The 

pretargeting in tumour animals was observed in the liver and spleen, but limited 

pretargeting was observed in the tumours which was our target of interest. In the future, 

further exploration into the optimisation of this TCO/tetrazine pretargeting system may 

provide higher levels of pretargeting of liposomes accumulated in the tumours.  
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4 RASP FOCUSED 

ULTRASOUND MEDIATED 

DELIVERY OF LIPOSOMAL 

NANOMEDICINES TO THE 

BRAIN 

 

 

 

Note: This work was performed in collaboration with Dr Sophie Morse. Sophie and I 

have equally contributed to this work. Parts of this work have been published in a peer-

reviewed research article in the Journal of Controlled Release (jointly first authored by 

Sophie and me) and PhD thesis submitted by Sophie to Imperial College London.  
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4.1 Introduction: Nanomedicines delivery to the brain 

 

4.1.1 Drug delivery to the brain 

 

The development of therapeutics for targeting areas of the brain suffers from failures 

due to the blood-brain barrier (BBB).363 This has led to several CNS pathological 

conditions remaining untreatable while neurological disorders account for immense 

healthcare and life cost. The therapeutic molecules unable to cross the BBB include small 

molecule drugs as well as big macromolecules like nanomedicines. According to 

estimates and a recent literature survey, 98% of small molecules developed and all the 

larger therapeutic molecules are prevented from crossing the blood-brain barrier 

thereby making them suboptimal for treatment of ailments of the central nervous 

system.363 The major issues associated with brain drug delivery alongside the inability to 

cross the BBB include non-spatial targeting, non-target specific toxicity, and low to no 

delivery.364 Moreover, most drugs that make it through the BBB also suffer from 

metabolic degradation.365 

 

Encapsulating small molecule therapeutics using liposome-based approaches 

(Table 1, Chapter 1) hold great potential for applications in brain drug delivery. The 

ability to carry hydrophilic and hydrophobic drugs at high concentrations, surface 

modifications to add targeting vectors, targeted drug release at the site of action and 

high blood circulation half-life (PEGylated liposomes) make them exciting candidates for 

drug delivery to the brain. The optimization of the ideal liposomes for drug delivery to 

the brain and across the BBB has important implications for the treatment of diseases 

of the CNS. Different attempts have been made to develop liposomal formulations for 

enhancing drug delivery across the BBB.366 The current formulation and surface 

modification strategies for using liposomes as brain vectors are cationization of 

liposomes, active targeting of liposomes, stimuli-responsive liposomes, and 

multifunctional liposomes.367–375  
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As mentioned in Chapter 1, positively charged liposomes have been developed 

and utilised as carriers for the delivery of genetic material and therapeutics.376,377 The 

positively charged cationic liposomes enhance nanoparticle uptake in the brain via 

adsorptive mediated endocytosis due to electrostatic interactions between the positive 

charged liposomal surface and negatively charged cell membrane.45,374 But the cationic 

liposomes have associated drawbacks as mentioned in Chapter 1: non-specific uptake in 

peripheral tissues, serum protein binding and cytotoxicity. The other formulation 

strategies mentioned above have shown subtherapeutic dose delivery in preclinical 

models only and achieving therapeutically relevant concentrations of these drugs in the 

brain remains challenging.364,366,378  Thus, there is a still need to develop strategies to 

deliver liposomal nanomedicines in sufficient concentrations across the blood-brain 

barrier. These strategies might include surface modifications, novel delivery routes and 

blood-brain barrier disruption. However, for developing these strategies, it is important 

to understand the blood-brain barrier and possible mechanisms of entry into the brain 

which are discussed in the next section. 

 

4.1.2 Transport across the blood-brain barrier (BBB) 

 

4.1.2.1 Blood-brain barrier (BBB) 

 

The BBB is a specialised diffusion barrier of the brain to maintain brain homeostasis and 

protect it from foreign particles in the bloodstream. The BBB differs from a normal 

capillary, starting from the level of endothelial cells and the surrounding layers. This 

feature helps facilitate numerous functions like ion regulation379, neurotransmitter 

regulation380 and prevents entry of neurotoxins and macromolecules380,381 into the CNS. 

The BBB is formed of an endothelial cell layer with tight junctions, layered with a basal 

membrane, pericytes and astrocytes to yield tightly packed capillaries as seen in figure 

4.1. This tightly packed barrier poses a big issue to drug transport to the brain due to 

highly selective diffusion properties. The handful ways in which a molecule can cross the 
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BBB is as shown in figure 1.382  The main transport mechanisms include passive diffusion 

(lipid-soluble non-polar molecules), ABC transporters (non-polar molecules and 

conjugates), endocytosis via carriers (histone, avidin, lipoproteins, transferrin, etc.), 

solute carriers (glucose and amino acids) and paracellular migration through tight 

junctions (mononuclear cells like leukocytes). 

 

 

Figure 4.1. Blood-brain barrier: Different components of the BBB vasculature including pericytes, 

astrocytes, basement membrane, tight junctions (left); Different mechanisms of transport of 

molecules across the blood-brain barrier: (A) Transcellular lipophilic pathway (lipid-soluble 

agents); (B) Paracellular aqueous pathway (water-soluble agents); (C) Transport proteins 

(Glucose, amino acids, nucleosides); (D) Receptor-mediated transcytosis (Insulin, transferrin); 

(E) Adsorptive transcytosis (Albumin, plasma proteins); (F) Efflux pumps (PgP mediated)(right). 

Created with BioRender.com. 

 

The BBB serves an important role in limiting the entry of macromolecules, 

neurotoxins and infectious agents, but this property also limits entry to therapeutic 

molecules to reach their targets inside the brain. There have been various invasive or 

non-invasive techniques developed to deliver drugs to the brain with varying levels of 

success.382 Techniques include permanent or temporary modification of the BBB to 

allow the entry of particles into the brain. The delivery can be also increased by utilizing 

targeting molecules or drug carriers which allow the passage of therapeutic molecules 

to the brain using different mechanisms utilised for the passage of macromolecules to 

the brain.  Various techniques to circumvent the issue of the blood-brain barrier have 
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been developed including BBB disruption, and modification of therapeutic surface to 

target transfer mechanisms.383 However, for larger therapeutic molecules like 

nanomedicines, the best pathway seems to be BBB disruption and surface modification. 

In the next section, we will explore the possible ways to disrupt the blood-brain barrier 

and their potential pros and cons in safe drug delivery to the brain. 

 

4.1.2.2 Disruption of the blood-brain barrier 

 

The three main BBB disruption strategies which have been developed in the last few 

decades are as follows: 

 

4.1.2.2.1 Osmotic disruption:  

 

The hyperosmotic pressure applied to endothelial cells can cause cells to shrink due to 

water being drawn out of cells into the lumen of the blood vessel.384 The vasodilation 

thus caused leads stretching of the endothelial cell membrane. Conversely, a calcium-

dependent mechanism leads to the contraction of the endothelial cell membrane. The 

above mechanism facilitates the opening of tight junctions allowing paracellular 

transport to the CNS.385 The osmotic agents applied to the vasculature include mainly 

mannitol386, arabinose387 and urea.388 The osmotic disruption has been used for the 

delivery of particles ranging from nanoparticles, antibodies, stem cells and recombinant 

proteins. Despite the successful disruption of the blood-brain barrier, this strategy 

suffers from critical limitations. These include cerebral edema389, nonspecific disruption 

throughout causing neurotoxicity, seizures, and neurological defects.390   
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4.1.2.2.2 Chemical disruption:  

 

A calcium-mediated mechanism opens up the tight junctions via activation of bradykinin 

B2 receptors on the application of bradykinin-analogue RMP-7, Cereport.391,392 

However, the strategy was abandoned post phase II and phase III due to poor 

effectiveness in the delivery of drugs, specifically carboplatin.  

 

A lipophilic small molecule, Borneol on oral administration in mice is known to 

transiently open the BBB 20 min after application followed by recovery of the 

permeability of the BBB after 60 min. This opening is expected to be due to increased 

expression of ICAM (Intracellular adhesion molecule). This has been used for the 

treatment of brain diseases in animal models involving co-delivery of drug and borneol 

in some instances.393–395 However, similar to cereport, it is highly unlikely that co-

administration of a permeability enhancer and drug molecule is enough to achieve the 

drug delivery to brain in humans because of the transient and non-uniform nature of 

the opening. 

 

4.1.2.2.3 Physical disruption:  

 

Convection-enhanced delivery (CED), a localised drug delivery strategy that allows the 

opening of blood-brain barrier (BBB) and enhances drug distribution by generating a 

pressure gradient at the tip of an infusion catheter which creates a delivery system of 

therapeutics through the interstitial spaces of the brain.396–398 Thus, CED represents a 

localised, invasive method for the treatment of the central nervous system. CED has 

been utilised for the delivery of various therapeutics, including chemotherapeutic 

agents, small molecule imaging agents, viral particles, proteins, and nanomedicines.399–
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402 CED has also found applications in solid-tissue tumours to deliver drugs to the core.403 

However, CED has its limitations which include physical limitations and invasiveness.404 

The physical limitations are backflow, air bubbles, limited flow within brain tissue, 

heterogeneous distribution, oedema, and flow rate. Another key challenge is the ratio 

of infusion volume to distribution volume.405 

 

A non-invasive and targeted approach to delivering therapeutic drugs to the brain 

involves using focused ultrasound and microbubbles.406 With this technique, 

microbubbles consisting of a lipid or protein shell and a heavy gas core (diameter 1–10 

μm) are injected into the bloodstream along with the therapeutic agents of interest. 

Pulses of ultrasound are then applied to the targeted brain region, driving the 

microbubbles to oscillate, which ultimately allows the delivery of drugs across the BBB 

and into the brain.407,408 We will discuss the focussed ultrasound in the next section in 

detail. 

 

4.1.3 Focussed ultrasound 

 

Focussed ultrasound pulses in combination with bloodstream-injected microbubbles 

have shown to be capable of BBB disruption. This technique has been shown to increase 

the distribution of drugs in the brain by 50% in mice. The technique of focused 

ultrasound opens the blood-brain barrier by stimulating the microbubbles. The 

intravenously administered microbubbles (lipid shell with a gas core; size 1-10 um) are 

subjected to expansion and contraction due to pressure oscillations thereby delivering 

energy to vessels and opening them for entry of molecules. The long pulse ultrasound 

has been used to disrupt BBB most commonly until now in both animals and humans 

with great delivery of molecules across the BBB.409,410 Through this transient opening of 

the BBB, small-molecule chemotherapeutic drugs411, antibodies407,408, gene delivery412, 
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and cells413 have been delivered. The optimization of ultrasound parameters like the 

pressure (acoustic power density), repetition rate, durations, and number of 

sonications, and microbubble type, size and concentration, play an important role in 

achieving non-invasive and localised disruption of BBB and delivery of drugs.414–419 

However, recent research has shown limitations of the method which include non-

uniform distribution of drugs in targeted areas420,421, triggering neuronal damage, micro 

haemorrhage and red blood cell extravasation.407,422 Moreover, like other disruptive 

techniques, the duration of BBB opening is an important parameter and long pulses of 

the ultrasound lead to the opening of barriers for up to 48 hours. This long duration can 

lead to the entry of macromolecules like albumin into the brain thereby generating a 

neurotoxic response. Recently developed RaSP (Rapid short pulse sequence) provides 

an answer to these limitations of the long pulse sequence. The next section discusses 

the RaSP ultrasound sequence, and its advantages over conventional FUS pulse 

sequences. 

 

 

Figure 4.2. Focussed ultrasound and microbubbles: Top: Schematic of mechanism of blood brain 
barrier opening using focussed ultrasound and microbubbles: (a) Microbubbles (big sphere) and 
drug molecule (small sphere) injected into the bloodstream; (b & c) Blood brain barrier opening 
and releasing drugs due to contraction and expansion of microbubbles.494 Bottom: Rapid short 
pulse overlayed and compared from conventional long pulse sequence.424 
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4.1.3.1 Rapid short pulse (RaSP) sequence for FUS-mediated BBB opening 

 

RaSP sequence is different from the widely used long sequence as seen in Figure 4.2 in 

terms of the use of short microsecond pulses emitted at high pulse repetition 

frequencies instead of long pulses to increase the lifetime of microbubbles and their 

mobility within the vasculature.  The rapid short-pulse (RaSP) sequence has been 

recently tested in vitro and in vivo and has been shown to overcome limitations from 

long pulses423,424. The increased pressure threshold due to reduced pulse length 

increases the lifetime of microbubbles425. The mobility is enhanced by reducing forces 

on each microbubble in the direction of pulse propagation and forces due to bubble-

bubble interactions426. These modifications decrease the aggregation of microbubbles 

and enhance spatio-temporal distribution of cavitation in blood vessels thereby 

providing a uniform distribution of drugs and less damage to blood vessels424. The 

mechanism of opening the blood-brain barrier is not completely understood and is 

beyond the scope of this report.427 Recently, RaSP has been used to safely and 

successfully deliver dextran (3 kDa) and Au nanoparticles (20-25 nm)428. In this chapter, 

we will test the ability of RaSP sequences to increase the vascular permeation of 

liposomes successfully and safely in the brain in vivo and compare it to conventionally 

used long-pulse sequences (Figure 5.2). The long pulse sequences have been previously 

explored to deliver liposomes to the brain but at the cost of tissue damage and red blood 

cell extravasation. In the next section, we will look at how focussed ultrasound can play 

a role in the delivery of liposomal nanomedicines to the brain in detail and review recent 

work done on this topic. 
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4.1.4 Liposome delivery with focussed ultrasound 

 

The focussed ultrasound technique has been shown to deliver liposomes into the brain 

in several in vivo studies 411,429–442. Different types of liposomes have been delivered, 

including ones loaded with doxorubicin 411,430,431,435,436,440, paclitaxel 432, genes 434,437,438, 

and those labelled with imaging agents like quantum dots 436, rhodamine 433,439, and 

gadolinium-based contrast agents together with rhodamine.441 The size of the liposomes 

delivered with focused ultrasound and microbubbles ranges between 55 and 200 nm. 

Many of these reports have demonstrated delivery in healthy mice and rats 431,433,438–441, 

however, most of the liposomes loaded with drugs have been delivered in brain tumour 

models 411,429,430,432,434,436 and have shown improved outcomes. 430,443–445 Although it is 

worth noting that brain tumour models are known to have compromised BBB integrity 

allowing for delivery of drugs to the brain.446 

 

Once delivered into the brain, fluorescently labelled liposomes have shown 

heterogenous spot-like patterns of delivery, similar to those of other large compounds 

delivered with focused ultrasound, such as 2,000 kDa (54.4 nm) dextran 447 and magnetic 

resonance contrast agents (1-65 nm). 448 This pattern was observed in brains where 

liposomes between 55-200 nm were delivered. 433,439,441,442 Most of this confined 

delivery was observed around blood vessels. These results are thought to be due to the 

size of the pores within the extracellular matrix (60 nm diameter) 449, which would be a 

limiting factor in the diffusion of most liposomes within the brain parenchyma once 

delivered across the BBB.  However, it is possible that the small drug molecules loaded 

within the liposomes, once released, can diffuse through the brain parenchyma to reach 

the desired target.  

 

By increasing the size of the liposomes delivered to the brain with focused 

ultrasound, lower delivered doses have been detected via both fluorescence and MRI 
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441. This observation is thought to be due to the size threshold of the BBB permeability 

enhancement via focused ultrasound 433,447,450–452. This threshold would lead to the 

delivery of a larger number of smaller liposomes into the brain at more sites compared 

to larger liposomes.  

 

In many of these focused ultrasound-mediated liposome delivery studies, adverse 

effects have been observed in the form of intratumoural haemorrhage, scars with 

infiltrating macrophages, activated astrocytes, cysts and damage to the healthy tissue 

surrounding the tumours. 411,429–431,433,436–440 However, all studies delivering liposomes 

with this technology have used long ultrasound pulses. The RaSP sequence was shown 

to improve the efficacy and safety of focused ultrasound-mediated drug delivery when 

compared to long-pulse sequences. Improvements include a more homogeneous 

distribution of drugs, a reduced duration of BBB permeability change (<20 min), and no 

tissue damage.424 As mentioned above, in a RaSP sequence, short pulses (in the 

microsecond range) are emitted at a high pulse repetition frequency in what we refer to 

as a burst. Each burst is then emitted at a slow rate. This sequence structure was 

intended to promote the spatial distribution of microbubble activity throughout the 

vasculature and avoid overstressing particular vessel regions. 424,453,454 The delivery of 

larger molecules such as liposomes, however, has yet to be investigated with RaSP 

sequences. We here aim to investigate whether these short pulses could improve the 

distribution of much larger liposomal compounds and improve the safety profile of their 

delivery.  

 

4.1.5 Aims and objectives 

 

The overall aim of this chapter was to investigate whether ultrasound emitted in a RaSP 

sequence could deliver clinically approved PEGylated liposomes across the BBB in a 

similar or improved manner to ultrasound emitted in a long pulse sequence. To achieve 

this aim, fluorescently labelled PEGylated liposomes (~100 nm diameter) were 
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synthesised and delivered across the BBB using a RaSP or long pulse ultrasound 

sequence and microbubbles.  

The fluorescent liposomes were prepared by incorporation of a fluorescent dye 

in preformed liposomes followed by their characterisation and stability assessment prior 

to the in vivo experiments. 

 

 

 

Figure 4.3. Graphical abstract of the chapter: Delivery of fluorescently labelled PEGylated 

liposomes to the brain using conventional long pulse and novel RaSP FUS sequence. Created 

with BioRender.com. 

 

To investigate how changing the ultrasound pressure affected liposome delivery, 

mice were treated with two acoustic pressures, either 0.4 or 0.6 MPa. The delivery and 

distribution of liposomes was compared qualitatively and quantitatively between brains 

treated with the two sequence types and both pressures.  

 

We then investigated whether differences could be observed in the distribution 

of liposomes when waiting for 0 h or 2 h after the ultrasound treatment. These different 

recovery times were applied to mice treated with both ultrasound sequences and both 

ultrasound pressures.  
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To determine whether liposomes were uptaken by neurons, microglia or 

astrocytes once delivered to the brain, immunohistochemical staining was performed. 

While uptake within neurons could tell us whether focused ultrasound can deliver 

liposomes to potential neuronal targets, uptake within microglia and astrocytes could 

indicate a pathway of excretion of the liposomes from the brain.  

 

Lastly, tissue damage was investigated at a microscopic level in brains treated with 

both sequence types and both pressures at 0 h. These results were used to determine 

whether by emitting ultrasound in a RaSP sequence, an improved safety profile could be 

achieved when delivering liposomes to the brain.  

 

4.2 Results and discussion 

 

4.2.1 Synthesis and characterization of fluorescent DiD-liposomes 

 

The Doxebo liposomes (empty PEGylated liposomes) were labelled with DiD (1,1′-

Dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine, 4-Chlorobenzenesulfonate Salt), 

a far-red fluorescent, lipophilic and cationic indocarbocyanine dye used to stain 

phospholipid bilayers (Figure 4.5, 4.4A)455. This labelling process showed negligible 

changes in the hydrodynamic diameter (pre-DiD: 99.9 ± 3.6 nm vs. post-DiD: 97.9 ± 2.2 

nm) and no effect on surface charge (Figure 4.4B), compared to the original Doxebo 

liposomes. The hydrodynamic size of the liposomes and their polydispersity remained 

stable following labelling (Figure 4.4B). Using a fluorescence standard curve, we 

calculated that the DiD concentration in the final DPL sample was 2.1 ± 0.5 μg/mL.  
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Figure 4.4. DiD-PEGylated liposomes (DPLs): (A) The carbocyanine dye DiD is incorporated in 

the phospholipid bilayer of the PEGylated liposome due to its hydrophobic nature. (B) The 

hydrodynamic size distribution polydispersity index (PDI, measure of size distribution), and zeta 

potential of the PEGylated liposomes show negligible changes (n = 4) before and after 

incorporation of the dye. (C) Size-exclusion chromatograms show the stability of the DPLs 

(fluorescent liposomes) post-incubation in human serum and 37 °C for up to 48 h and confirm 

high retention of the dye within the liposomes. Fractions 8–10 contained the liposomes and 

fractions 12–25 contained the serum proteins. The high fluorescence signal in fractions 8–10 at 

both time points confirmed the retention of DiD in the liposomes up to 48 h. (D) Serum stability 

curve shows % dye associated with the liposomes post-incubation in serum at time points 0, 3, 

12, 18, 24, and 48 h. 

 

 

 

 

4.2.2 In vitro validation of fluorescent DiD-liposomes 

 

It has been shown that lipoproteins in blood serum can cause fluorescent dyes to leak 

Figure 4.5. DiD: The structure of lipophilic, fluorescent, and cationic dye DiD (1,1′-Dioctadecyl-
3,3,3′,3′-tetramethylindodicarbocyanine, 4-Chlorobenzenesulfonate Salt) 
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 from liposomes via lipids passively dissociating from the bilayers of the liposomes456. To 

assess whether DiD was retained in the liposomes in the presence of blood components, 

we incubated a small amount of DPLs in vitro with a large excess of human serum at 37 

°C for up to 48 h and used size-exclusion chromatography to detect dye leakage. Using 

this system, both DPLs and serum components were efficiently separated, identified, 

and quantified via UV and fluorescence measurements allowing us to determine the 

liposome and serum protein-associated dye eluted at different timepoints (Figure 4.4C). 

Co-elution of the liposomes (as measured by UV) and the incorporated dye (from 

fluoresce detection) over time under these conditions demonstrate high stability of the 

dye within the liposomes for up to 48 h (Figure 4.4D). 

 

4.2.3 In vivo delivery of fluorescent liposomes using focused ultrasound in mice 

model 

 

To investigate whether liposomal nanomedicines can be delivered to the brain using 

rapid short-pulse sequences, the left hippocampus of brain of the mice was sonicated 

with either a focussed ultrasound RaSP or long pulse sequence while injecting 

microbubbles intravenously. Two different pressures were used for treatment of the 

brains and extracted either 0 or 2 h post ultrasound treatment.  

 

4.2.3.1 Detected delivery and dose   

 

DPLs were delivered to the brain with either RaSP sequences or long pulse sequences 

(Figure 4.6). This study is the first attempt of liposomal nanomedicine delivery to the 

brain using a RaSP sequence. However, with RaSP, liposomal delivery was only observed 

at 0.6 MPa, with no delivery at 0.4 MPa at both time points of 0 h and 2 h (Figure 4.6 A, 

C). At the lower pressure (0.4 MPa) in the long pulse treated brains, delivery was 

observed in 2 out of 3 brains (0 h). Liposomal delivery was observed in all other brains 



Chapter 4. RaSP focused ultrasound mediated delivery of liposomal nanomedicines to 

the brain 

205 

 

with no delivery observed in the control right hippocampus in any of the brains as 

expected.  

 

A rise in the fluorescence was detected in the long-pulse treated brains 

compared to RaSP-treated brains and also for the higher acoustic pressure sonication. 

(Figure 4.6-4.7). The higher pressure was needed to allow liposomes to be delivered to 

the RaSP treated brains (Figure 4.7). The normalised optical density (NOD) calculated 

from these fluorescence regions was found to be 80-fold higher when ultrasound was 

emitted at higher pressure (0.6 MPa) compared to lower pressure (0.4 MPa) in RaSP 

sequence treated brains at 0 h. In log pulse treated brains, the NOD was observed to be 

23-fold higher at lower pressure (0.4 MPa) and 134-fold higher at higher pressure (0.6 

MPa) compared to RaSP treated brains at 0.4 MPa at 0 h.  

 

The recovery time of two hours did not impact the NOD observed other than in long-

pulse-treated brains at 0.4 MPa showing a 2-fold increase for the longer recovery time 

group (P < 0.05). A substantial variance in the NOD was also observed among the 

following experimental groups: RaSP brains at 0.4 MPa (0 h), and all higher pressures 

and long pulse brains; RaSP brains at 0.4 MPa (2 h), and all higher pressures and long 

pulse brains at 0.4 MPa (2 h); long pulse brains at 0.4 MPa (0 h) and both sequence types 

at 0.6 MPa (0 h); and finally between long pulse brains at 0.4 MPa (2 h) and long pulse 

brains at 0.6 MPa (0 h; P < 0.05). 
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Figure 4.6. Liposomal delivery with rapid short-pulse (RaSP) and long pulse sequences at 0.4 

and 0.6 MPa, and at 0 and 2 h after ultrasound treatment: Fluorescence images (10x) show 

examples of liposomes delivered with (A, C, E, G) RaSP and (B, D, F, H) long pulse sequences 

at (A-D) 0.4 MPa and (E-H) 0.6 MPa, and at either (A-B, E-F) 0 h or (C-D, G-H) 2 h after the 

ultrasound treatment. Right hippocampus control regions are shown in white boxes in the bottom 

right corner of each image. (A, C) No delivery was observed at 0.4 MPa when brains were treated 

with a RaSP sequence. (E-H) At 0.6 MPa, delivery was observed in all brains. More spots of 

delivery were observed in long-pulse-treated brains compared to RaSP-treated brains. The scale 

bars indicate 50 µm. 
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Figure 4.7. Detected dose of liposomes delivered with rapid short-pulse (RaSP) and long pulse 

sequences at 0.4 and 0.6 MPa, and at 0 h or 2 h after the ultrasound treatment: The threshold for 

liposomal delivery with RaSP was found to be between 0.4 and 0.6 MPa. The detected dose, 

quantified with the normalised optical density (NOD), was higher at 0.6 MPa for both RaSP and 

long pulse sequences (P < 0.05). The detected dose was only found to be significantly different 

between 0 h (green) and 2 h (purple) in long-pulse-treated brains at 0.4 MPa (P < 0.05). 

Significance was also found between RaSP 0.4 MPa (0 h) and all higher pressures and long pulse 

brains; between RaSP 0.4 MPa (2 h) and all higher pressures and long pulses 0.4 MPa (2 h) 

brains; between long 0.4 MPa (0 h) and both sequence types at 0.6 MPa (0 h) brains; and between 

long 0.4 MPa (2 h) and long 0.6 MPa (0 h) brains (P < 0.05). For clarity, significance bars were 

only shown between 0 h and 2 h results and not between different pressures or sequence types. 

 

 

Thus, we have demonstrated that 100 nm PEGylated fluorescent liposomes can 

be delivered to the brain using RaSP sequence of focussed ultrasound. According to our 

literature survey, this study is the first demonstration of PEGylated liposome delivery 

using short ultrasound pulses, as previous investigations have only used long pulse 

sequences emitting pressures between 0.33 and 1.6 MPa. 411,429–441  

 

To investigate whether DPLs could be delivered using RaSP sequence within a 

similar pressure range used for above long-pulse studies, we tested delivery at two 

different acoustic pressures 0.4 and 0.6 MPa and found that RaSP required a higher 



Chapter 4. RaSP focused ultrasound mediated delivery of liposomal nanomedicines to 

the brain 

208 

 

acoustic pressure (0.6 MPa) to achieve delivery and observed dose to the brain was 

comparably lower than the observed in long-pulse-treated brains (Figure 4.6-7). Thus, 

using RaSP sequence, the observed threshold for delivery of liposomes was higher 

compared to that using long pulses.  

 

The increase observed in the pressure threshold can be attributed to the reduced 

energy provided to the brain while emitting RaSP, leading to a lower chance of more 

disruptive microbubble activity occurring. This disruptive behaviour would have a higher 

probability to lead to increased BBB permeability allowing the passage of large sized 

liposomal agents (~100 nm) into the brain. It was observed that for long-pulse-treated 

brains, the acoustic pressure increase led to an increased delivery, which could be 

quantified by both measurements: overall detected fluorescence intensity and the 

number of delivery spots (Figure 4.6, 4.9-10). These results were as expected based on 

previous work 433. It has been previously demonstrated that at 0.4 MPa, smaller dextran 

molecules cross the BBB when emitting RaSP, whereas the immunoglobulins (~ 15 nm x 

9 nm x 4 nm) 457,458 cannot cross the BBB. In line with these results, we did not expect 

larger 100 nm liposomes to reach the brain at 0.4 MPa, as the larger the compound, the 

higher the pressure required to deliver it to the brain across the BBB. 447,459  

 

In previous work in my second supervisor’s NSB lab at Imperial, it has been 

observed that the delivery and distribution of compounds delivered changes with the 

time they are allowed to circulate and extravasate into the brain post application of 

ultrasound. Similar time dependent investigations into liposomal delivery at 0 h, 2 h and 

4 h after ultrasound exposure have also been performed. 433,434,439 Here, we investigated 

liposomal delivery at 0 h and 2 h. In RaSP-treated brains, it was found that the detected 

fluorescence intensity and the number of delivery spots were not significantly different 

between brains sacrificed zero hours or two hours post ultrasound exposure (Figure 4.7, 

4.9-10). However, in long-pulse-treated brains, a significant different was observed at 

lower pressure (0.4 MPa). These results can be explained by the duration of the 
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increased BBB permeability caused by the different sequences. For long-pulse-treated 

brains, the increased permeability lasts between 4-48 h depending on the ultrasound 

parameters used. 419,460–462 Therefore, we expect the BBB permeability increase to last 

the duration of the two-hour wait in our long-pulse-treated brains. However, for RaSP-

treated brains, it has been shown that the BBB permeability increase is observed only 

for less than 10 minutes which influencing the number of liposomes extravasating into 

the brain within the duration of two hours.424 Thus, we hypothesise that observed 

increased delivery in long-pulse-treated brains but not in RaSP treated brains is due to 

the BBB being open for longer periods in long-pulse-treated brains. This prolonged 

opening would allow extravasation of more liposomes into the brain within this chosen 

time frame of two hours. At the pressure of 0.6 MPa, there was no significant difference 

between detected delivery at 0 and 2 h in long-pulse-treated brains. This can be 

explained by the limitation on the diffusion in the brain of the liposomes delivered across 

the BBB on account of their large size. The network of the extracellular matrix of the 

brain has pores that are approximately 60 nm in diameter, 463 whereas our PEGylated 

liposomes are 100 nm. Therefore, we do not expect our liposomes to penetrate and 

distributed from the vessels post-delivery across the BBB.  

 

4.2.3.2 Delivery distribution   

 

The distribution of the liposomes delivered was found to be heterogeneous in every 

brain (Figure 4.6). Both RaSP and long-pulse-treated brains equally showed this 

observation with the concentration of delivery sites around blood vessels. Delivery was 

more densely concentrated close to the blood vessels in long-pulse-treated brains 

(Figure 4.6 D, F, H). Lower variation (lower COV values) was quantified for RaSP-treated 

brains, with significant differences observed between RaSP at 0.6 MPa at 0 h brains and 

long pulse at 0.4 MPa at 0 h brains, and between RaSP at 0.6 MPa at 0 and 2 h brains, 

and long pulse at 0.6 MPa at 0 h brains (P < 0.05; Figure 4.8). No influence on the COV 



Chapter 4. RaSP focused ultrasound mediated delivery of liposomal nanomedicines to 

the brain 

210 

 

was observed by the two-hour recovery time with no significant differences observed 

between 0 h and 2 h brains for respective pressure and pulse sequences (P > 0.05).  

 

 

Figure 4.8. Distribution of liposomes delivered with rapid short-pulse (RaSP) and long pulse 

sequences at 0.4 and 0.6 MPa, and at 0 h or 2 h after the ultrasound treatment: A lower coefficient 

of variation (COV) was calculated in RaSP-treated brains compared to long-pulse-treated brains, 

which indicates less variation and therefore a more homogenous distribution. The COV was not 

found to be significantly different between 0 h (green) and 2 h (purple) recovery times (P > 0.05). 

However, significant differences in COV were found between long pulse brains at 0.4 MPa (0 h) 

and RaSP brains at 0.6 MPa (0 h); between RaSP brains at 0.6 MPa (0 h and 2 h), and long pulse 

brains at 0.6 MPa (0 h). The COV was not quantified for RaSP-treated brains at 0.4 MPa as no 

liposomal delivery was observed in these brains. For clarity, significance bars were not shown 

between different pressures or sequence types. 

 

 

Determination of the differences between the number and size of regions of 

liposomal delivery between parameter sets was done by quantification of the number 

of areas above 100 µm2 and above 500 µm2. The observed number of delivery regions 

(areas > 100 µm2) were found to be higher for long-pulse-treated brains compared to 

RaSP brains within the same pressure and time parameters (Figure 4.9). Significant 

differences were observed between long-pulse-treated brains at 0.6 MPa and RaSP 

brains at the same pressure at 2 h (P < 0.05). An increase in the number of delivery sites 

was also observed with the increasing acoustic pressure. Increasing the pressure for all 
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parameter sets (P < 0.05) except at 0.4 MPa 0 h (P > 0.05) showed significant differences 

in the number of delivery sites. The two-hour extravasation time for liposomes to spread 

within the brain parenchyma led to a high significant difference in long-pulse-treated 

brains, showing a 21-fold increase at pressure of 0.4 MPa (P < 0.01). 

  

Similar trends were observed for the number of sites with an area of delivery 

above 500 µm2 (Figure 4.10). The larger sites of delivery were observed more in the long 

pulse treated brains and at higher pressures with the two-hour recovery time making a 

significant difference in long-pulse-treated brains (P < 0.05). Significant differences were 

also found among the two-hour recovery brains on using long pulses instead of RaSP (P 

< 0.05) and ultrasound application at 0.6 MPa instead of 0.4 MPa (P < 0.05).  

 

A homogeneous distribution is desired to allow therapeutic or diagnostic agents 

to reach as many targeted sites as possible in the field of brain delivery allowing us to 

avoid over or under-treatment of regions within the targeted brain parenchyma. Here, 

a heterogeneous distribution of liposomes in both RaSP and long-pulse-treated brains 

was observed (Figure 4.6). However, the liposomes being carriers of therapeutics or 

imaging agents, most commonly small molecules (~ 2 nm diameter),464 and these 

molecules are expected to be released from the liposomes into the brain and diffuse 

through the brain parenchyma.  

 

Our study in agreement with previous studies that have shown heterogeneous 

delivery patterns of liposomes using long pulse sequences, 433–435,439 which has also been 

seen for the delivery of other large compounds such as dextran 2,000 kDa (54.4 nm). 447 

The spot-like pattern of confined liposome delivery is likely due to the slow diffusion of 

these large molecules through the 60 nm width of the extracellular matrix pores. 465 This 

pore size is the limiting factor in the diffusion of liposomes within the brain, making it 

inefficient. 466 
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In RaSP-treated brains, an observed decrease in heterogeneity was seen 

compared to long-pulse-treated brains. This can be explained by the qualitative 

observation showing more uniform delivery around blood vessels in RaSP-treated 

brains, while with long pulses, delivery sites had a brighter centre with a more cloud-like 

periphery. A measurable steeper decrease intensity around the blood vessels was seen 

compared to RaSP-treated brains. These qualitative observations indicate that the RaSP 

sequence is more likely to provide a gentler stimulation to the BBB and cause an increase 

in BBB permeability with less disruptive events, which are not only responsible for higher 

accumulation around vessels and more sites of delivery, but also tissue damage. 

 

 

Figure 4.9. Number of areas with liposome delivery above 100 µm2: The number of areas above 

100 µm2 with liposome delivery was found to be higher in long pulse compared to RaSP-treated 

brains with the same acoustic pressures. Increasing the acoustic pressure, increased the number 

of delivery regions. In addition, waiting for 2 h instead of 0 h, led to an increase in the number of 

delivery spots only in long-pulse-treated brains. Significant differences were found between RaSP 

0.6 MPa brains and long 0.6 MPa 2 h brains (P < 0.05). The areas of delivery were not quantified 

for RaSP-treated brains at 0.4 MPa as no liposomal delivery was observed in these brains. For 

clarity, significance bars were not shown between different pressures or sequence types. 
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Figure 4.10. Number of areas with liposome delivery above 500 µm2: The number of areas above 

500 µm2 with liposome delivery was found to be higher in long pulse compared to RaSP-treated 

brains. Increasing the acoustic pressure, also increased the number of delivery regions. In 

addition, waiting for 2 h instead of 0 h, led to an increase in the number of delivery spots only in 

long-pulse-treated brains (P < 0.05 at 0.4 MPa). Significant differences were found between long 

0.4 MPa brains and all 2 h wait 0.6 MPa brains; between RaSP 0.6 MPa brains and long pulse 

0.6 MPa brains at 2 h (P < 0.05). The areas of delivery were not quantified for RaSP-treated 

brains at 0.4 MPa as no liposomal delivery was observed in these brains. For clarity, significance 

bars were not shown between different pressures or sequence types. 

 

 

4.2.3.3 Subcellular localisation   

 

The fluorescence images acquired showed liposomes were not only localised within the 

parenchyma but also within cells within the brain. This subcellular distribution of the 

liposomes within these cells was investigated by performing the confocal microscopy of 

the neuronal cells. Fluorescent DPLs were found scattered within the cytoplasm but not 

in the nucleus (Figure 4.11). The spread of the fluorescent liposomes within the 

cytoplasm was not uniform and was observed as small dots of fluorescence scattered 

throughout the cytoplasm. The cells showing liposomal uptake were found to have a 

neuron-like morphology.  
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Figure 4.11. Subcellular localisation of liposomes: A and B panel confocal images of different 

slices of brain with evidence of liposome delivery (20x) show details of the subcellular localisation 

of the liposomes within ultrasound-targeted regions. These specific examples are from long-

pulse-treated brains at 0.6 MPa and two hours after the ultrasound treatment. Fluorescence was 

observed within cells, specifically within the cytoplasm and not in the nucleus (darker circular 

centre within cells). Morphologically these cells with uptake appear to be neuron-like cells. The 

scale bars indicate 50 µm.  
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4.2.3.4 Cellular uptake   

 

The identification of the cells showing uptake of our liposomes was performed by 

staining brain slices for neurons, microglia, and astrocytes. Staining was only performed 

on brain samples showing cellular uptake. Therefore, all brains treated with RaSP at 0.4 

MPa, one-third of brains treated with RaSP at 0.6 MPa (0 h) and two-thirds of brains 

treated with long pulses at 0.4 MPa (0 h) not showing cellular uptake were not stained.  

 

Liposomal uptake within the neurons was observed in all brains showing cellular 

uptake (Figure 4.12-13). Although due to low sample size, no statistical analysis could be 

performed but higher neuronal uptake was observed for long-pulse-treated brains 

compared to RaSP-treated brains. Similar observations were made in brains treated with 

the higher pressure (0.6 MPa) compared to the lower pressure (0.4 MPa; Figure 4.13) 

with higher pressure showing higher uptake.  

 

Liposomal uptake in microglia was only observed at 0.6 MPa in brains with brain 

extraction two hours after the ultrasound treatment (Figure 4.14-15). The observed 

uptake was higher in long-pulse-treated brains compared to RaSP-treated brains (Figure 

4.15). The microglia showing uptake the liposomes appeared branched without a 

rounded shape, indicating microglia exhibiting characteristics of a resting state. No 

liposomal uptake was observed within astrocytes for any RaSP or long-pulse-treated 

brains (Figure 4.16).  

 

Liposomes can be surface modified to selectively target specific cells within the 

brain or to bind specifically to receptors expressed on the surface of cells. Thus, the 

study of delivery at the cellular level is important to determine whether the delivery 

with our focused ultrasound system can reach the areas within the brain where these 

cells are localised. The investigation of neuronal uptake of liposomes has relevant clinical 

implications as neurons are a desirable target for delivery of theranostic and 
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neuroprotective drugs. The investigation of liposome uptake by microglia and 

astrocytes, which would indicate a pathway of excretion from the brain using 

perivascular pathway.  

 

Liposomal uptake was detected within neurons in both RaSP and long-pulse-

treated brains (Figure 4.12-13). Previous investigations have shown neuronal uptake of 

liposomes without ultrasound both in vitro467–470 and in vivo.469–471 For in vitro studies, 

fluorescently labelled liposomes have been detected in hippocampal,468 cerebellar,469 

mammalian467 and peripheral neurons,470 while in vivo examinations have shown 

fluorescence has been detected in neurons of the hypothalamus and the 

cerebellum.469,471 Here, our observations have showed the liposome uptake within 

neurons of the hippocampus, confirming that focused ultrasound can deliver liposomes 

to neurons within the targeted region of the brain parenchyma.  

 

The location of liposome distribution within the cells provides us insight into 

their method of uptake by the cells. In this study, the liposomes were found scattered 

within the cytoplasm of neurons and not within the nucleus. Such type of specific 

localisation has been reported in the case of both cationic and anionic liposomes468–470 

suggesting that liposomes uptake is mediated through lipid-rich compartments in the 

cytoplasm (i.e., endosomes or lysosomes). Further information on such observations can 

be obtained by staining for these compartments, helping us identify the pathway of 

liposome uptake, which can be via either clathrin-dependent or endocytosis pathway 

depending on the type of liposome delivered.467–470 Future staining experiments will 

determine whether the slightly anionic PEGylated liposomes used in this study were 

compartmentalised. If the liposomal uptake were to be confirmed in lysosomes, this 

would indicate a possible pathway of excretion from the neurons.  

 

In addition to neurons, liposome uptake in microglia was investigated, which are 

the phagocytic system of the brain. Previous studies have shown liposome uptake within 
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microglia, with varying results depending on the composition of the liposomes. 

Liposomes with phosphatidylserine phospholipids for example have been shown to have 

neuroprotective roles, inhibiting microglial activation.472,473 Although liposomes have 

also been synthesised to target microglia,474 non-targeted liposomes have also been 

observed within these cells.474 Here, microglial uptake of liposomes was expected as a 

method of excretion from the brain. Our results showed liposome uptake within 

microglia only in long-pulse-treated brains and only two hours after ultrasound 

treatment. This could be due to the higher delivery of liposomes at more sites compared 

to RaSP-treated brains. It is also possible that the microglia in long-pulse-treated brains 

were activated due to more disruptive microbubble activity within the vasculature 

compared to the RaSP sonication. The higher disruptive activity, and higher delivery 

could also explain why microglial uptake was observed at the higher 0.6 MPa pressure 

and not at 0.4 MPa. 

  

It has been previously observed that delivery of dextran via focused ultrasound 

led to an immediate response from microglia, which phagocytosed the dextran and 

displayed a more activated morphology.424 The slower microglial response observed 

following liposome delivery could be due to PEGylation of the liposomes which delays 

the detection of the liposomes by the RES system and thereby slowing extravasation of 

the PEGylated liposomes into the regions of the brain parenchyma where microglia are 

located. As the uptake by macrophages is also dependent on the type of compound 

being delivered and the dextran and dextran coated nanoparticles are expected to show 

an accelerated uptake by macrophages and thereby explaining high uptake of dextran 

in microglia.475 Future work will focus on exploring microglia uptake at different time 

points, to discover timeline of microglial phagocytosis and activation and how it varies 

over time as this might have important implications for drug delivery to the brain.  

 

Lastly, liposomal uptake was investigated within astrocytes which form another 

set of glial cells. No visible liposomal uptake was observed in astrocytes in either RaSP-
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treated brains or long-pulse-treated brains. Previous investigations have only studied 

uptake of astrocyte targeted liposomes only in vitro.476–478 For in vivo conditions, the 

targeted liposomes have failed to reach astrocytes within the brain. Here, the lack of 

uptake within astrocytes could be explained by the slower reaction of astrocytes to 

foreign particles compared to microglia.479,480 Future work will involve examination of 

whether astrocytes show uptake of liposomes at later time points. 

  

  

Figure 4.12. Uptake of liposomes within neurons in RaSP and long pulse-treated brains: 

Fluorescence images (10x) show liposome uptake within neurons in (A, C) RaSP-treated brains 
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and (B, D) long-pulse-treated brains. Uptake was higher in long-pulse-treated brains than in RaSP 

ones. White arrows highlight examples of liposome uptake within neurons. The scale bars indicate 

50 µm.  

 

 

 

             

Figure 4.13. Number of neurons with liposome uptake in brains treated with RaSP or long pulses 

at 0.4 or 0.6 MPa, and at 0 h or 2 h after the ultrasound treatment: Neuronal uptake was observed 

in all brains where delivery was observed. However, more so in long-pulse-treated brains at 0.6 

MPa than at the lower pressure or in RaSP-treated brains. This plot displays the average number 

of neurons with uptake across the evaluated brain slices. No statistical analysis was performed 

as the sample size was too small.  

 



Chapter 4. RaSP focused ultrasound mediated delivery of liposomal nanomedicines to 

the brain 

220 

 

 

Figure 4.14. Uptake of liposomes within microglia in RaSP and long pulse-treated brains: 

Fluorescence images (10x) show liposome uptake within microglia in a (A) RaSP-treated brain 

slice and a (B) long-pulse-treated brain slice. White arrows highlight examples of liposome uptake 

within microglia. The scale bars indicate 50 µm. 

 

 

       

Figure 4.15. Number of microglia with liposome uptake in brains treated with RaSP or long pulses 

at 0.4 or 0.6 MPa, and at 0 h or 2 h after the ultrasound treatment: Microglial uptake was only 

observed in 0.6 MPa brains 2 h after ultrasound treatment. Higher uptake was observed in long-

pulse-treated brains compared to RaSP ones. This plot displays the average number of microglia 

with uptake across the evaluated brain slices. No statistical analysis was performed as the sample 

size was too small.  
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Figure 4.16. Uptake of liposomes within astrocytes in RaSP and long pulse-treated brains: 

Fluorescence images (10x) show no liposome uptake within astrocytes in (A-B) RaSP-treated 

brains and (C-D) long pulse-treated brains. The scale bars indicate 50 µm. 

 

4.2.3.5 Safety profile   

 

To evaluate if RaSP-treated and long-pulse-treated brains caused any histological 

damage at 0.6 MPa, H&E staining was performed. All control regions of right hippocampi 

showed no damage as expected (Figure 4.17-18 D-F). The targeted left hippocampi in 

RaSP-treated brains confirmed no evidence of damage except for single site of red blood 

cell extravasation in a single brain slice (Figure 4.17 C). No other sites of red blood cell 

extravasation, microvacuolations or dark neurons were detected in the RaSP-treated 

brains. For long-pulse-treated brains, more than five sites of extravasated RBCs were 

found in 93% of analysed sections, microvacuolations in 93% of sections and dark 

neurons in 21% (Figure 4.18-19). No significant differences were found between RaSP 

and long-pulse-treated brains due to the large variations in numbers between brain 

slices (P > 0.05; Figure 4.19.) 
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Figure 4.17. H&E staining on RaSP-treated brains at 0.6 MPa to assess tissue damage: 

microscopic examination of H&E stained (A-C) left (targeted) and (D-F) right (control) hippocampi 

of RaSP-treated brains show (C) a single site of red blood cell extravasation (arrows), but no 

histological damage in all other regions and brain slices. The black boxes show the enlarged 

regions in the middle and right columns respectively. The scale bars indicate 50 µm.  
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Figure 4.18. H&E staining on long-pulse-treated brains at 0.6 MPa to assess tissue damage: 

microscopic examination of H&E stained (A-C) left (targeted) and (D-F) right (control) hippocampi 

of long-pulse-treated brains show (B-C) histological damage at multiple sites within the ultrasound 

targeted hippocampus (arrows): red blood cell extravasation, microvacuolations and dark 

neurons. The black boxes show the enlarged regions in the middle and right columns respectively. 

The scale bars indicate 50 µm. 
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Figure 4.19. Number of sites with red blood cell extravasations, microvacuolations and dark 

neurons in RaSP and long pulse brains at 0.6 MPa: The average number of sites with more than 

five extravasated red blood cells (RBCs), microvacuolations and dark neurons is shown for (blue) 

RaSP and (orange) long-pulse-treated brains. This quantification was performed on nine H&E-

stained slices per brain. In all RaSP brains, only one site with more than five extravasated RBCs 

and no sites with microvacuolations or dark neurons were observed. In long pulse brains, 

however, damaged sites were found in all brains. No significant differences were found between 

RaSP and long pulse brains (P > 0.05).  

 

The achievement of the efficiency of liposome delivery to the brain should not 

cause issues with the safety of the brain. In the previous work at the NSB lab, it has been 

shown that no tissue damage was detected for RaSP sequence at 0.4 MPa. However, 

here, we sought to investigate the safety profile at higher pressure of 0.6 MPa, at which 

liposome delivery was achieved, in comparison with that of the lower pressure and 

brains treated with long pulses. No damage was observed via H & E staining in RaSP-

treated brains at 0.4 or 0.6 MPa, except for a single site of red blood cell extravasation 

at the higher pressure (Figures 4.17 and 4.19). However, in long-pulse-treated brains, 

the damage was manifested in all brains in the form of RBC extravasations, 

microvacuolations and dark neurons (Figure 4.18-19). The long pulse results reflect are 

in agreement with other studies that have shown similar H&E results. 433,438,439 With 

RaSP we expected the higher pressure to lead to a higher chance of tissue damage 
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occurring, however, the safety profile was found to be improved compared to long 

pulses.  

 

For the ultrasound emitted at higher pressure of 0.6 MPa, larger sites of tissue 

damage were observed in long-pulse-treated brains as seen previously.480,481 This 

damage is thought to be due to inertial cavitation,482 however, it may not have long term 

effects.419,483 This type of treatment may be suitable for certain applications such as for 

sonicating tumour cores. 

 

The tissue damage was examined on brains extracted immediately after the 

ultrasound exposure without any recovery time, as this is hypothesised to be the time 

point of worst damage. Although it is expected that repair processes occur during the 

period of two hours, it is possible that the number of red blood cells extravasating 

increases over an initial period and would require further investigation. 

 

4.2.4 In vivo delivery of THP-PL liposomes using focused ultrasound in mice model 

 

Now that we have confirmed that PEGylated liposomes can be successfully delivered to 

the brain using the RaSP sequence of focussed ultrasound. However, optical imaging of 

the drug delivery of liposomes to the brain only works ex vivo as seen above. Optical 

imaging requires the isolation of brain samples to detect the delivered dose and 

localization of the dose. The optical imaging allows us to observe the liposomal delivery 

at the cellular level but the nuclear imaging of delivery of liposomes using focussed 

ultrasound would allow us to non-invasively monitor the delivery in real-time and at 

longitudinal time points. 

  

To this end, PET imaging of 68Ga-labelled PEGylated liposomes can be performed 

post their delivery to the brain using focussed ultrasound and microbubbles. However, 

in the absence of the focussed ultrasound setup in a radiation-controlled area, we were 
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unable to perform this experiment.  To circumvent this issue and exploit the advantage 

of the in vivo labelling potential of THP-PL liposomes introduced in Chapter 2, we 

delivered the THP-PL liposomes to the brain using either RaSP sequence of focussed 

ultrasound at 0.6 MPa (best conditions for delivery using RaSP while maintaining safety 

derived from previous experiments) or long pulses and then stained the brain slices ex 

vivo with neutralised 68GaCl3 followed by autoradiography to obtain a proof of concept 

for the PET imaging experiment. These results are discussed in the next sections. 

 

4.2.5.1 Synthesis of THP-PL liposomes 

 

The THP-PL liposomes were synthesised and characterised as mentioned in Chapter 2 

(section 2.2.2). In short, THP-PL was inserted into the lipid bilayer of PEGylated 

liposomes using a standard protocol, previously shown to allow the insertion of 

phospholipids without significant modification of the original properties of PEGylated 

liposomes. The product (THP-PL-liposomes) was analysed via radiolabelling, 

cryoelectron microscopy, nanoparticle tracking analysis and dynamic light scattering 

(DLS) studies. The size and zeta potential confirmed no change in liposomal properties 

and the radiolabelling confirmed the presence of THP on the liposomal surface. In 

summary, all this data indicated that THP-PL has been successfully incorporated into 

PEG(2k)-liposomes, with no major impact on the original liposomal properties. 

 

4.2.5.2 Delivery quantification by ex vivo pretargeting 

 

THP-PL liposomes were delivered to the brain using either RaSP or long pulses of 

focussed ultrasound. The opening of the blood-brain barrier during delivery was 

confirmed by the detected ultrasound signal due to the oscillation of microbubbles. The 

ex vivo slices were stained with buffered 68GaCl3 followed by washing with water, PBS, 

and weak chelator DTPA or citrate to remove any non-specific bound 68Ga.  
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Surprisingly, non-specific uptake was observed in the brain as seen in figure 20 

which shows an autoradiography image of stained brain slice. 68Ga stained whole brain 

slices and any specific hotspots were not observed. The resolution at which optical 

imaging resolved the uptake of liposomes at the cellular level is not possible with the 

autoradiography setup which might be a possible explanation for non-specific uptake 

observed in the brain. We hypothesised and expected larger hotspots in areas of high 

concentration of THP-PL-liposomes either in RaSP or long pulse treated brains but there 

were no differences observed at this mm-µm resolution. The other possible explanation 

of the non-specific uptake could be due to the presence of proteins in the brain such as 

transferrin in high concentrations leading to indiscriminate binding of high 

concentrations of 68Ga to the brain even in the areas of low THP-PL liposome 

accumulation. 

 

To further avoid the non-specific binding and obtain some positive results, 

various steps were performed which included increasing and lowering of brain tissue 

incubation times in buffered 68Ga solution to provide optimal times for chelation with 

THP on the liposomal surface. However, no marked improvements were observed, and 

the radioactivity uptake was found all over the slice due to non-specific binding. 68Ga 

incubated brain tissues were additionally incubated with chelator DTPA or to remove 

non-specific 68Ga but did not result in any improvements.  

 

To overcome the resolution limitation, optical imaging was performed on Fe 

incubated brain tissues to find areas of high Fe binding to the THP-PL-liposomes. We 

hypothesised that areas of high accumulation of THP-PL-liposome accumulation would 

show preferential accumulation of iron as THP is an excellent chelator for iron as well as 

gallium and thereby showing red hotspots which can be imaged using microscopy.  

However, no significant specific uptake of iron was observed under the microscope.  

Hence, the ex vivo staining did not provide us with a proof of concept of one of the first 
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attempts of nuclear imaging of focussed ultrasound-mediated liposome delivery to the 

brain. 

                         

Figure 4.20. Autoradiography of the brain-stained tissue slices. 
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4.3 Conclusion 

 

Rapid short ultrasound pulses are here shown to allow the delivery of 100 nm liposomes 

into the brain. Although the efficacy of liposome delivery with this specific RaSP 

sequence was lower than in long pulse-treated brains, an improved safety profile was 

observed. The detected dose and number of delivery spots were lower than with long 

pulses and a higher acoustic pressure was required to enable liposomes across the BBB 

with RaSP. On the other hand, only a single site of red blood cell extravasation was 

observed in RaSP brains at the higher pressure tested, while in long pulse brains signs of 

tissue damage were detected in all brains. The reduced delivery and safer profile of the 

RaSP results are probably due to the RaSP sequence inputting less energy and 

stimulating the vasculature more gently.  

 

Neuronal uptake of the liposomes was observed with RaSP, although to a lower 

degree compared to long pulse-treated brains. Microglial uptake was only observed in 

brains treated with the higher pressure and after a two-hour recovery period, while no 

astrocyte uptake was observed in any of the brains. This indicates that drugs that target 

neurons can reach the desired brain regions by being delivered with this technology. 

Lower glial cell involvement was observed in RaSP compared to long pulse-treated 

brains. Within neurons, liposomes were observed in spotty-like patterns within the 

cytoplasm but not within the nucleus, which could, with further investigation, indicate 

the pathway of cellular uptake and excretion.  

 

Although ultrasound emitted in a RaSP sequence has been shown here to deliver 

liposomes across the BBB, a lower delivery efficacy was achieved compared to long-

pulse-treated brains. However, when emitting RaSP, the safety profile of liposome 

delivery was improved. We have yet to investigate whether therapeutically relevant 

concentrations of drugs carried by liposomes can be reached when emitting RaSP 

sequences. Such investigation will influence whether RaSP sequences can be used to 
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efficiently deliver liposomes into the brain, which we plan on testing with doxorubicin-

loaded liposomes in future work.  

 

Despite the positive results reported above, the RaSP sequence has yet to be 

optimised for liposomal delivery. Currently, the main limitation of the RaSP parameters 

used in this study is the lower efficacy of delivery. It is widely believed that the 

magnitude and number of sites with increased BBB permeability are related to the 

degree of microbubble-vessel interactions in the ultrasound field 484–486. In future work, 

experiments emitting an increased number of pulses within the period of highest 

microbubble presence (first few minutes), might lead to an increase in the number of 

liposome delivery sites. This could be done by increasing the pulse repetition frequency, 

burst repetition frequency and the number of pulses per burst. These changes could 

improve the efficacy of delivery while continuing to monitor its safety, to see if efficient 

damage-free delivery can be achieved with RaSP at this higher pressure (0.6 MPa). 

Ultimately, depending on whether an improved RaSP sequence can demonstrate 

delivery of therapeutically relevant drug concentrations in the brain, the choice of 

ultrasound sequence will depend on the targeted disease and tissue region to be 

treated, with trade-offs in efficacy and safety depending on this choice.  

 

Here, we have shown liposome delivery in a healthy mouse brain. However, 

liposomes are generally used to deliver drugs to diseased tissue, the treatment of 

tumours being the most common application. A tumour environment has different 

permeability, interstitial pressure, and vasculature heterogeneity from the normal brain 

487,488. In future work, doxorubicin-loaded liposomes could be delivered in a glioma 

mouse model to establish how these factors change the delivery patterns observed in 

this study. In terms of vascular permeability, the normal brain has an intact BBB while 

many tumours have a leakier BBB. Therefore, we expect the BBB permeability of the 

healthy mice used in these experiments to be the worst-case scenario.  
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We used the fluorescent DiD dye to assess the location of liposome delivery in 

the brain with the assumption that the dye stays embedded in the liposomal membrane 

throughout the experiment. The DiD fluorophore was chosen as it dissociated to a very 

limited extent compared to other commonly used fluorescently labelled lipids 456. In 

addition, confirming the literature, we found that the DiD fluorophore was not 

fluorescent when in water but was strongly fluorescent within the liposome bilayer 

489,490. Therefore, we assumed that the fluorescence signal detected was most probably 

from the DiD within the liposome bilayer rather than free within the brain. However, we 

cannot exclude the possibility that some of the fluorescence that is being detected is 

due to the fluorophore dissociating from the liposomal membrane and entering a 

different lipid membrane such as a cell membrane where it would be fluorescent. By 

staining cell membranes in future work, we could explore whether they colocalise with 

the dye, which would indicate a dye exchange between liposomes and cellular lipid 

membranes. 

 

Future work will also involve looking into the effect of ultrasound and 

microbubbles on liposome drug release. Fluorophores and drugs embedded within the 

liposome bilayer or loaded within the liposome core could be released within the 

bloodstream due to the ultrasound or microbubble activity. In vitro work has previously 

shown that drugs can be released when emitting ultrasound with microbubbles at 0.17 

and 1.5 MPa (at 1 MHz), with more release at the lowest pressure 491. In high intensity 

focused ultrasound applications, on the other hand, temperature increases are used to 

release drugs from thermally sensitive liposomes 102,492,493. However, most of these 

studies either injected liposomes that were more sensitive to ultrasound or attached the 

liposomes to the microbubbles themselves to encourage release during their oscillation. 

  

If drugs were to be released within the vasculature of the ultrasound targeted 

region, more targeted delivery of drugs would still occur compared to systemic 

administration of the drug alone. However, toxicity values would need to be assessed. 
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In our case, if free DiD dye was being released into the bloodstream, it would not be 

fluorescent. Therefore, the likelihood of us interpreting the fluorescent signal as being 

from free dye extravasating into the brain is unlikely. In the future, we plan to perform 

biodistribution studies to investigate how ultrasound affects accumulation in the brain 

in comparison with other organs such as the heart, liver, spleen, lungs, and kidneys. This 

could also give us a better idea of whether the dye or drugs loaded within the liposomes 

are being released within the bloodstream and then being excreted via other organs. 

Staining for blood vessels could confirm whether any liposome uptake is occurring 

within endothelial cells. Lastly, by staining for lysosomes, we could confirm whether 

liposomes are uptaken within these structures in the cytoplasm of neurons and further 

experiments could be performed to investigate the mechanism of liposome uptake 

within cells and delivery across the BBB.  

 

Finally, the desired nuclear imaging (specifically PET imaging) of the liposomal 

delivery using focussed ultrasound will allow us to answer some of the key questions 

above non-invasively and in real time. However, due to logistical limitations, the 

radioisotope work could not be performed in the focussed ultrasound laboratory. To 

circumvent this issue, we performed the ex vivo validation using THP-PL-liposomes but 

with inconclusive results. In the future, the PET imaging of brain delivery of radiolabelled 

liposomes will allow us to obtain real-time information on brain delivery and the 

effectiveness of RaSP focussed ultrasound. It will also us effectively and quickly measure 

the impact of different ultrasound parameters to better develop this tool for clinical 

translation. 
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5 METHODS        

This chapter summarises the materials and methods for each research chapter within 

the thesis. Each subsection summarises the methods for each chapter. 

 

5.1  Chapter 2 

 

5.1.1 Materials 

 

5.1.1.1 Equipment and Instrumentation 

 

All NMR spectra were acquired on an NMR Bruker Avance III HD NanoBay 400 MHz NMR 

spectrometer (Ascend magnet) based at King’s College NMR facility. The NMR data was 

analysed using Bruker Topspin 3.5. High-resolution mass spectrometry was performed 

on Autoflex, Bruker Daltonics at Mass spectrometry facility at Waterloo campus, King’s 

College London or National Mass Spectrometry facility at Swansea on Bruker 

ultrafleXtreme MALDI-TOF/TOF. Size exclusion chromatography (SEC) was performed on 

a Superose 10/30 column (GE Healthcare Life Sciences) run at 0.5 mL/min in PBS. UV 

detection was performed at 214 and 280 nm on a GE Purifier ÄKTA™ HPLC. Radioactivity 

for all samples was measured in a gamma counter (LKB Wallac 1282 Compugamma S) or 

dose calibrator (Capintec. Inc.). The analytical software used for radioTLC measurement 

and analysis was Laura (Lablogic). The centrifuge used was a Hettich MIKRO 20. 

Lyophilisation was performed using an Edwards Freeze Dryer Modulyo. Hydrodynamic 

size and zeta potential were measured on Zetasizer NanoZS from Malvern Panalytical 

using specialised plastic cuvettes. The electron microscopy facility at Imperial College 

London and part of the London Centre for Nanotechnology was used to image the 

liposome samples under CryoEM.  
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5.1.1.2  Reagents 

 

All inorganic and organic chemicals were of the highest purity grade available and used 

as received. 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene 

glycol)-2000] ammonium salt powder (DSPE-PEG(2000) Amine) was obtained from 

Avanti Polar Lipids, Inc. (Alabaster, AL) via Merck. Isothiocyanate derivative of 

tris(Hydroxypyridinone) was obtained from CheMatech (Dijon, France) as a white solid. 

Plain HSPC/Choline/mPEG2000-DSPE-liposomes were either obtained from FormuMax 

Scientific Inc., USA or collaborator Barenholz lab (Israel) as a translucent whitish liquid 

in a clear glass vial. Primuline dye, dimethyl sulphoxide, chloroform, and 

diisopropylethylamine were obtained from Sigma (St. Louis, MO).  Deionised water of 

resistivity > 18 MΩ (MilliQ) was used for all aqueous preparations. Deionised water 

treated with Chelex-50 resin was used for all metal-free chelation reactions. Gallium-68 

was eluted as 68GaCl3 from an Eckert & Ziegler 68Ge/68Ga generator in ultra-pure HCl (5 

mL, 0.1 M) manufactured to good manufacturing practice (GMP) requirements (ABX, 

Germany). Gallium-67 was obtained from Guy’s radiopharmacy as 67Ga-citrate (5.5 mL, 

600 MBq) manufactured for clinical use in patients.  

 

5.1.2 Synthesis and characterisation of THP-Phospholipid 

 

For the synthesis of the THP-phospholipid, the reaction was performed between the 

isothiocyanate derivative of the tris(hydroxypyridinone) and the amine derivative of 

DSPE-PEG (2000) phospholipid. THP-Bz-NCS (tris(hydroxypyridinone) isothiocyanate) (5 

mg, 0.0052 mmol) was dissolved in DMSO (250 µL). DSPE-PEG (2000)-amine (1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000) 

(10 mg, 0.0035 mmol) was dissolved in DMSO (250 µL). The phospholipid solution was 

added to the THP solution along with 5 µL of DIPEA (Diisopropyl ethylamine). The 

reaction was continued at R.T. for 24 h. TLC on silica gel GF (75:36:6 
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chloroform/methanol/water) was used for monitoring the progress of the reaction, 

showing a new spot below the amino-PEG-DSPE spot due to the formation of the 

product. Both the reactant and product were confirmed by charred staining with 

primuline dye (lipid staining dye). The disappearance of amino-PEG-DSPE (Rf= 0.76) from 

the reaction mixture was also confirmed by ninhydrin spray. For purification, the DMSO 

concentration was diluted to 5 % using deionised water. The supernatant was dialyzed 

against deionised water (3 x 2000 mL) for over 24 hours. The dialysate containing only 

the product THP-PL (single spot by TLC, MW: 3733 g/mL), was collected and lyophilised. 

The purified THP-PL was dissolved in deuterated chloroform and 1H were obtained (H 

NMR (400 MHz, CDCl3) δ 1H NMR (400 MHz, DMSO) δ 7.45 (s, 1H), 7.27 (s, 1H), 7.19(s, 

CHCl3), 6.93 (s, 1H), 6.72 (s, 2H), 5.71(s, 3H), 5.15 (s, 1H), 4.32-4.29 (m, 4H), 4.09 (s, 2H), 

3.94 (s, 2H), 3.76 (m, 2H), 3.74 (s, 6H), 3.57- 3.55 (m, 180H), 3.42- 3.38 (m, 9H), 3.32(s, 

2H), 2.38 (s, 9H), 2.25-2.19 (m, 2H), 2.05 (m, 6H), 1.98 (s, 4H) 1.94 (m, 4H)1.81 (s, 4H), 

1.51 (s, 2H), 1.18 (s, 56H), 0.83- 0.76 (m, 6H)). THP-PL was also characterised by high-

resolution mass spectrometry (z = 2 species in the range 1700-2000 m/z (peak found at 

1866; calculated for THP-PL = 1866), the z = 3 species in the range 1200-1350 m/z (peak 

found at 1245; calculated for THP-PL = 1244), and the z = 4 species in the range 850-

1000 m/z  (peak found at 938; calculated for THP-PL = 933))(Figure 2.6 and 2.7 ).  
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Figure 5.1. Synthesis of THP-PL: DSPE-PEG2000 amine was reacted with the isothiocyanate 

derivative of THP to give the THP-PEG-phospholipid (THP-PL) 

 

5.1.3 Synthesis and characterisation of THP-PL-liposomes 

  

THP-PL was incorporated into the bilayer of PEG(2k)-liposomes by equilibrating the 

Doxebo dispersion (100 µL, 24.4 mM) and the THP-PL dispersion (0.05 mg, 100 µL) at 

50oC. The equilibrated dispersions were mixed and incubated under constant shaking 

for 30 minutes to give THP-PL-liposomes. The formed THP-PL-liposomes were purified 

using a PD minitrap G-25 size exclusion column (GE Healthcare) following the 

manufacturer’s gravity protocol. Dynamic light scattering quantified the change in 

hydrodynamic size, zeta potential and PDIs of the PEG(2k)-liposomes pre- and post-

insertion reaction. The formed THP-PL-liposomes were also characterised by 

radiolabelling with 68Ga to examine the presence of THP on the surface.  
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Figure 5.2. Synthesis of THP-PL-liposomes: THP containing PEGylated liposomes are 

synthesised by insertion of THP-PL in preformed liposomes at mild heating below the phase 

transition temperature. The purified liposomes are radiolabelled to confirm the incorporation of 

THP on the liposomal surface as shown above. Created with BioRender.com. 

 

5.1.4 Nanoparticle Tracking Analysis (NTA) 

The concentration and the hydrodynamic size of synthesised THP-PL-liposomes were 

measured by NTA using NanoSight LM10 and NTA software v3.2 (Malvern Panalytical). 

The stock sample was diluted to achieve ~100 particles/viewing frame. Measurements 

were made in triplicates for 60 s with a 488 nm laser, for up to three serial dilutions of 

the sample.  

 

5.1.5 Cryo-Electron Microscopy 

 

QUANTIFOIL R 2/2 carbon grids (mesh: Cu 300, #234901; Agar Scientific) were plasma 

discharged for 50 s at 30 SCCM gas flow in Nanoclean 1070 (Fischione instruments). 

Aliquots (5 μL) of THP-PL-liposomes or PEGylated liposomes were deposited on the 

carbon grids in Vitrobot Mark IV (FEI). The excess liquid was removed by blotting with 
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filter paper (Agar Scientific); Parameters: blotting time = 2 s, wait time = 30 s, and 

blotting force = 2. The grids were instantly frozen in liquid ethane (−188 °C) and 

maintained in liquid N2 (−196 °C) in a grid box and transferred into a cryo-transfer holder. 

CryoEM of these samples was recorded on TECNAI 12 G2 (FEI) system interfaced with a 

TemCam-F216 camera and operated using Temmenu v4 software (Tietz Video & Image 

Processing Systems GmbH, Germany). Parameters used to capture images are as 

follows: electron acceleration = 120 kV, magnification = 52,000×, acquisition time = 1 s, 

and spot size = 5. Paul Simpson from Imperial College London performed these 

measurements on the CryoEM. 

 

5.1.6 Radiochemistry 

 

5.1.6.1 Buffering of 68 GaCl3 used for labelling and purification. 

  

68Ga was eluted from 68Ge/68Ga generator with 0.1 N HCl. The peak radioactivity 

containing 1 mL elution was used for radiolabelling after buffering with 3.4 M Sodium 

acetate/1 M Sodium carbonate to pH 6. Buffered 68Ga was used for all radiolabelling and 

i.v. injections after removal of colloids using saline pre-rinsed centrifugal filter MW 

cutoff 50 kDa. 

 

5.1.6.2 Radiolabelling of THP-Phospholipid 

 

THP-phospholipid conjugate was radiolabelled with 68Ga. THP-Bz-SCN, DSPE PEG (2000)-

amine and 68Ga are used as controls. THP-phospholipid (50 µL, 1 mg/mL) was added to 

68Ga (< 1 MBq, 20 µL) and incubated at R.T. for 30 minutes. RadioTLC on ITLC silica gel 

GF was performed in mobile phase A (75:36:6 chloroform/methanol/water, Unbound 

68Ga Rf = 0; 68Ga-THP Rf = 0; 68Ga colloid Rf=0; 68Ga-THP-PL Rf = 0.5-0.7) or mobile phase 

B (0.175 M citric acid and 0.325 M trisodium citrate in water, Unbound 68Ga Rf = 0.7–1; 
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68Ga-THP Rf = 0; 68Ga colloid Rf=0; 68Ga-THP-PL Rf = 0-0.1) enabled separation of different 

radioactive species for qualitative analysis. Quantification of radiochemical yield of 68Ga 

radiolabelling was performed via PD minitrap G-25 size exclusion column (GE 

healthcare) following the manufacturer’s gravity protocol. 

 

5.1.6.3 Radiolabelling of THP-PL-PEG (2k)-liposomes 

 

Further characterisation of the THP-PL-liposomes was performed via 68Ga radiolabelling. 

THP-PL and unmodified PEG (2k)-liposomes were radiolabelled as controls. The 

radiolabelling was performed by adding 50 µL (2 MBq) of 68Ga to the test samples. The 

radiolabelling reaction mixture was incubated for 30 minutes. The reaction was purified 

via PD minitrap G-25 size exclusion column (GE Healthcare) following the manufacturer’s 

gravity protocol.  

 

5.1.6.4 Synthesis of 67Ga-THP-PL-liposomes 

 

67Ga-citrate (2 mL, 518 MBq, 5mL, Guy’s radiopharmacy) was aliquoted in a vial and 

volume was made up to 5 mL with chelex-treated H2O. The whole volume was loaded 

on the SEP-PAK silica light cartridge multiple times via a syringe until >80% radioactivity 

was loaded on the column (3 times optimum). Post loading, the loaded column was 

washed with 5 mL chelex H2O @ 1mL min-1 thrice. 67GaCl3 is eluted with metal-free HCl 

(0.1 M, 50 µL). The hottest fractions were buffered to pH 6 and used to radiolabel THP-

PL-liposomes as mentioned above in section 5.1.6.3.  
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5.1.7 In vitro stability  

 

68Ga-THP-PL-liposomes (750 µL, 10 MBq, 6 mmol) were incubated at 37°C in human 

serum. Aliquots of the test sample were taken at different time points for stability study 

and applied to SEC HPLC at 0, 90 and 180 minutes. 1 mL fractions were eluted in PBS and 

UV, radioactivity signal is recorded. 

The serum stability of 67Ga-THP-PL-liposomes was also determined using the serum 

stability protocol mentioned above. 

 

5.1.8 In vitro pretargeting methods 

 

5.1.8.1 In vitro 68Ga complexation tests -1 

 

THP-PL-liposomes (200 µL, 4 mM) were added to commercially available human serum 

obtained from Sigma Aldrich (containing citrate as an anti-coagulant) (200 µL) and kept 

under incubation at 37oC for 60 minutes. Buffered 68Ga was added to serum incubated 

THP-PL-liposomes and incubated at 37oC. Aliquots of the incubated reaction were 

collected at 15, 30 and 45 minutes, applied to SEC HPLC, eluted with PBS in 30 fractions 

of 1 mL, and measured for UV signal and radioactivity. 

 

5.1.8.2 In vitro 68Ga complexation tests -2 

 

THP-PL-liposomes (200 µL, 4 mM) were added to metal-free human serum (200 µL) 

obtained from human blood samples post-filtration through BD Gold SST vacutainer® 

tubes and kept under incubation at 37oC for 60 minutes. Buffered 68Ga was added to 

serum incubated THP-PL-liposomes and incubated at 37oC. Aliquots of the incubated 

reaction were collected at 15, 30 and 45 minutes, applied to SEC HPLC, eluted with PBS 

in 30 fractions of 1 mL, and measured for UV signal and radioactivity.  
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5.1.9 In vivo PET imaging  

 

5.1.9.1  Animals 

 

Animal imaging studies were carried out in accordance with British Home Office 

regulations governing animal experimentation (licenses: PBBA9A243 and P9C94E8A4). 

All in vivo experiments were conducted on healthy, female Balb/c mice (8-9 weeks old) 

obtained from Charles River UK Ltd.  

 

5.1.9.2  Preclinical PET/CT and SPECT/CT scanners 

 

Each mouse (n=3-5, BALB/c, female, aged 6–8 weeks, 17–20 g body weight) was 

anaesthetised by inhalation of isoflurane (2–3% in oxygen). The tracer/molecule of 

interest was injected via tail vein intravenous injection. The mouse was scanned in either 

nanoscan in vivo preclinical PET/CT imaging system (1:5 coincidence mode; 5-ns 

coincidence time window) and SPECT/CT imaging system (start frame: 3 mm; end frame: 

107 mm; frame time:83 s, scan time: ~1 h) (Mediso medical imaging systems, Budapest, 

Hungary) depending on the tracer injected. PET/CT images were reconstructed using 

Tera-Tomo 3D reconstruction (400–600 keV energy window, 1–3 coincidence mode, 4 

iterations and subsets) at a voxel size of (0.4 × 0.4 × 0.4) mm3 and corrected for 

attenuation, scatter, and decay. The data were binned into 17 frames (1 × 1, 10 × 3, 5 × 

5 and 1 × 4 min) for dynamic analysis. SPECT images were reconstructed using HiSPECT 

standard method.  
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5.1.9.3  Pretargeting of THP-PL-liposomes in healthy animals 

 

For negative control group 1, the mice (n=3) were anaesthetised and injected i.v. with 

68Ga (10 MBq, 100 µL). The mice were kept anaesthetised for 2 hours post-injection and 

then imaged via in vivo preclinical PET/CT imaging system.  

For pretargeting test group 2, the mice (n=4) were anaesthetised and injected 

i.v. with THP-PL-liposomes (50μM/mL lipid concentration, 100 µL) at t = -3 h. At t = 0 h, 

mice were anaesthetised and injected i.v. with 68Ga (10 MBq, 100 µL). The mice were 

kept anaesthetised for 2 hours post-injection and then imaged via in vivo preclinical 

PET/CT imaging system. At t=22 h, mice were anaesthetised and injected i.v. with 68Ga 

(10 MBq, 100 µL). The mice were kept anaesthetised for 2 hours post-injection and then 

imaged via in vivo preclinical PET/CT imaging system.  

For positive control group 3, the mice (n=6) were anaesthetised and injected i.v. 

with 67Ga-THP-PL-liposomes (3 MBq, 50μM/mL lipid concentration, 100 µL) and imaged 

at t=2h, 24 h via a preclinical SPECT-CT imaging system.   

 

Figure 5.3.  Scheme of in vivo pretargeting experiment using metal chelation approach: Negative 

control: Group 1: 68GaCl3; Pretargeting: Group 2: THP-PL-liposomes followed by introduction of 
68GaCl3; Positive control: Group 3: 67Ga-THP-PL-liposomes. Created with BioRender.com. 
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For the blood kinetic study, blood was withdrawn from a puncture made on the 

tail vein using 20 µl capillary tubes at 3, 6, 9, 22 and 25 h p.i. The collected blood was 

measured and counted for radioactivity and %ID/g was determined at each time point.  

 

The mice were culled post-scan by cervical dislocation and required organs were 

collected, weighed, and measured for radioactivity along with the standards and ex vivo 

biodistributions were determined. 

 

 

Figure 5.4. Scheme of blood kinetic study to determine the blood half-life of THP-PEG-PL 

liposomes. Created with BioRender.com. 

5.1.9.4 Pretargeting of bone targeting THP-Pam in healthy animals 

 

THP-Pam was synthesised in our laboratory by George Keeling. The synthesis and 

radiolabelling of THP-Pam are described in detail in this paper.265  

   

For THP-Pam in vivo labelling group, the mice (n=4) were anaesthetised and 

injected i.v. with THP-Palmidronate (50 ug in 100 µL saline) at t=-3 h. At t=0 h, mice were 

anaesthetised and injected i.v. with 68Ga (10 MBq, 100 µL). The mice were kept 

anaesthetised for 2 hours post-injection and then imaged via in vivo preclinical PET/CT 

imaging system. At t=24 h, mice were anaesthetised and injected i.v. with 68Ga (10 MBq, 

100 µL). The mice were kept anaesthetised for 2 hours post-injection and then imaged 

via in vivo preclinical PET/CT imaging system. The mice were culled post-scan by cervical 

dislocation and required organs were collected, weighed, and measured for radioactivity 

in a gamma counter. 
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For THP-Pam positive control group, the mice (n=4) were anaesthetised and 

injected with radiolabelled 68Ga-THP-Pam (22 MBq, 100 µL) which was imaged at 1 h p.i. 

The mice were culled post-scan by cervical dislocation and required organs were 

collected, weighed, and measured for radioactivity in a gamma counter. Serial standard 

dilution of the injected radiotracer was measured alongside the collected organs to 

calculate the percentage injected dose per organ (%ID/g).  

  

Figure 5.5. Scheme of pretargeting experiment of bone tracer THP-Pam using metal chelation 

approach: Negative control: Group 1: 68GaCl3; Pretargeting: Group 2: THP-Pamidronate followed 

by introduction of 68GaCl3; Positive control: Group 3: 67Ga-Palmidronate. Created with 

BioRender.com. 

 

5.1.10 Analysis 

 

The analysis of the reconstructed in vivo images is performed using the VivoQuant 3.5 

(Invicro Inc.). For image quantification, regions of interest were drawn over the knees 

for bones, heart as a measure of the blood pool, kidneys, lungs, bladder, spleen, liver, 

muscles, and brain. All numerical data were analysed on either GraphPad Prism 8 or 

advanced versions. Data are presented as mean ± standard deviation (SD) unless stated 

otherwise. 
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5.2 Chapter 3 

 

5.2.1 Materials 

 

5.2.1.1 Equipment and Instrumentation 

Nuclear magnetic resonance (NMR) data were acquired on a Bruker 400 MHz and 

analysed using MestReNova software. High-resolution mass spectrometry was 

performed on Autoflex, Bruker Daltonics at Mass spectrometry facility at Waterloo 

campus, King’s College London or National Mass Spectrometry facility at Swansea on 

Bruker ultrafleXtreme MALDI-TOF/TOF. RadioHPLC experiments were performed on an 

Agilent 1260 Infinity instrument with ultraviolet (UV) detector at wavelength 254 nm 

and radioactivity detector at Lablogic Flow-Count detector with Bioscan Inc. B-FC-3200 

photomultiplier tube detector. The data was analysed using Laura software. Liquid 

chromatography/mass spectrometry (LC/MS) data were acquired on an Agilent 1200 

Series Liquid Chromatograph with UV detector at 254 nm, interfaced with an Advion 

Expression CMS mass spectrometer with electrospray ionisation (ESI) source. 

Preparative HPLC was performed on Agilent Technologies Prostar instrument interfaced 

with 410 Autosampler and 440-LC fraction collector. Silica gel aluminium TLC plates 

coated with fluorescent indicator F254 were purchased from Merck millipore. Slide-A-

LyzerTM Dialysis Cassettes 3.5 K MWCO, 3 mL were used for purification were obtained 

from Sigma. All cartridge purifications were performed on Sep-Pak Light, Plus Light tC18, 

C18, or Silica Cartridges. Radio ITLC was developed on Agilent Technologies glass 

microfibre chromatography paper impregnated with silicic acid. Radio instant thin-layer 

chromatography (ITLC) samples were recorded using a Lablogic Flow-count TLC scanner 

and a BioScan B-FC-3200 PMT detector and analysed using Laura software. Size 

exclusion chromatography (SEC) was performed on a Superose 10/30 column (GE 

Healthcare Life Sciences) run at 0.5 mL/min in PBS. UV detection was performed at 214 
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and 280nm on a GE Purifier ÄKTA™ HPLC. Manual SEC purification was PD MiniTrapTM 

G-25 Medium size exclusion column containing 2.1 mL Sephadex resin (GE healthcare). 

Radioactivity for all samples was measured in a gamma counter (LKB Wallac 1282 

Compugamma S) using EdenTerm software or dose calibrator (Capintec. Inc.).  The 

centrifuge used was a Hettich MIKRO 20. Lyophilisation of purified samples was 

performed using an Edwards Freeze Dryer Modulyo. Hydrodynamic size and zeta 

potential were measured on Zetasizer NanoZS from Malvern Panalytical using 

specialised plastic cuvettes. The electron microscopy facility at Imperial College London 

was used to screen the liposome samples under CryoEM.  

 

5.2.1.2 Reagents 

 

All inorganic and organic chemicals were of the highest purity grade available and used 

as received. 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene 

glycol)-2000] ammonium salt powder (DSPE-PEG(2000) Amine) was obtained from 

Avanti Polar Lipids, Inc. (Alabaster, AL) via Merck. Isothiocyanate derivative of 

tris(Hydroxypyridinone) was obtained from CheMatech (Dijon, France) as a white solid. 

TCO-PEG4-NHS ester (trans-Cyclooctene-PEG4-NHS ester) and 6-Methyl-Tetrazine-

Amine (HCl salt) were obtained from Jena Biosciences via Stratech Scientific as an oily, 

clear liquid and pinkish solid respectively. Plain HSPC/Choline/mPEG2000-DSPE-

liposomes were obtained from FormuMax Scientific Inc., USA as a translucent whitish 

liquid in a clear glass vial. Primuline dye, Dimethyl sulphoxide, Chloroform, 

Diisopropylethylamine were obtained from Sigma (St. Louis, MO).  Deionised water of 

resistivity more than 18 MΩ (MilliQ) was used for all aqueous preparations. Deionised 

water treated with Chelex-50 resin was used for all metal free chelation reactions. 

Gallium-68 was eluted as 68GaCl3 from an Eckert & Ziegler 68Ge/68Ga generator in ultra-

pure HCl (5 mL, 0.1 M) manufactured to good manufacturing practice (GMP) 

requirements (ABX, Germany). Gallium-67 was obtained from Guy’s radiopharmacy as 

67Ga-citrate (5.5 mL, 600 MBq) manufactured for clinical use in patients. 



Chapter 5. Methods 

248 

 

5.2.2 Purification methods 

 

5.2.2.1 HPLC methods 

 

The following HPLC/FPLC methods were used in this chapter 

 

Method 1. Analytical HPLC method for LC/MS  

Solvent A= Water (0.1% Trifluoroacetic acid v/v), Solvent B= Acetonitrile (0.1% 

Trifluoroacetic acid v/v) 
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Method 2. Semi-prep HPLC method  

Solvent A= Acetonitrile (0.1% Trifluoroacetic acid v/v), Solvent B= Water (0.1% 

Trifluoroacetic acid v/v) 

 

 

Method 3. Analytical radioHPLC method   

Solvent A= Water (0.1% Trifluoroacetic acid v/v), Solvent B= Acetonitrile (0.1% 

Trifluoroacetic acid v/v) 
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Method 4. Serum stability HPLC method 

Solvent A = phosphate buffered saline  

 

 

 

Method 5. FPLC method 

Solvent A = phosphate buffered saline  

 

 

5.2.2.2 Size exclusion purification method 

A G-25 size exclusion column pre-equilibrated with 15 column volumes of 0.9% filtered 

saline was used. The test sample for purification is applied to the column in 500 µL 

 Volume, followed by 750 µL fractions which are collected in separate vials. Liposomes 

elute in the first 750 µL fraction as seen in figure below. 
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5.2.3 Synthesis and characterisation of TCO-phospholipid 

 

TCO-PEG4-NHS ester (trans-Cyclooctene-PEG4-NHS ester) (8.2 mg, 0.0159 mmol, 3 

equivalents) was dissolved in DMSO (1 mL) followed by addition of DSPE-PEG (2000)-

amine (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene 

glycol)-2000) (15 mg, 0.0053 mmol, 1 equivalent). 20 µl of DIPEA (Diisopropyl 

ethylamine) was added to the reaction mixture to initiate the reaction. The reaction was 

stirred at 40 0C, and the progress of the reaction was checked periodically using TLC on 

silica gel GF developed in solvent system (75:36:6 chloroform/methanol/water) and 

stained with either ninhydrin solution or primuline dye. The reaction was stirred 

overnight and the disappearance of DSPE-PEG (2000)-amine spot on the TLC confirmed 

the completion of the reaction. The reaction was diluted to 5% DMSO/water and 

dialyzed against PBS for 4 hours followed by deionised water (3 x 2000 mL) for over 24 

h. The purified dialysate TCO-Phospholipid was lyophilised, weighed (reaction yield: 

96%) and stored at -20oC until further use. The purified TCO-PL was dissolved in CDCl3 

and 1H, 12C was obtained (1H NMR (400 MHz, CDCl3) δ 6.66 (s, 1H), 5.57-5.53 (m, 2H) 

Figure 5.6. Procedure for purification of liposomes using size exclusion chromatography 
column. Created with BioRender.com. 

 



Chapter 5. Methods 

252 

 

5.17-5.14 (m, 1H), 4.67 (s, 1H), 4.23-4.06 (m, 6H), 4.18 (s, 2H), 3.76-3.47 (m, 196H), 3.40-

3.37 (s, 2H), 3.28 (s, 2H), 2.69-2.66 (t, 2H), 2.55-2.52 (t, 2H), 2.42 (s, 1H), 2.27-2.21 (m, 

4H), 2.10-2.01 (m, 4H), 1.891.84 (m, 6H), 1.74 (m, 2H), 1.70 (m, 2H), 1.19 (s, 56H), 0.81 

(t, 6H)) (Figure 3.8).  

TCO-PL was further characterised by High-resolution mass spectrometry at NMSF 

Swansea facility (TCO-PL: m/z=2700-3700 (z=1); DSPE-PEG2000 amine m/z=2400-3200 

(z=1), Figure 3.9). The analysed samples were embedded in aprotic matrix DCTB and 

dissolved in Methanol and THF. 

 

 

Figure 5.7. Synthesis of TCO-PL: DSPE-PEG2000 amine was reacted with NHS ester derivative 

of TCO to give the Phospholipid-TCO conjugate (TCO-PL) 

 

5.2.4 Synthesis and characterisation of THP-tetrazines 

 

6-Methyl Tetrazine amine (4.5 mg, 0.021 mmol, 2 equivalents) was dissolved in DMSO 

(1 mL) followed by addition of THP-Bz-NCS (tris(hydroxypyridinone) isothiocyanate) (10 

mg, 0.01 mmol, 1 equivalent). 20 µl of DIPEA (Diisopropyl ethylamine) was added to the 

reaction mixture to initiate the reaction. The reaction was stirred at RT for 3 hours, and 

the progress of the reaction was stirred using LCMS. The LCMS showed a clear peak 
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formation at ~1161 showing the formation of the product. The reaction was left 

overnight to completion. To remove the excess tetrazine, DIPEA and DMSO, the reaction 

mixture was purified using HPLC method 1 in ACN/Water in 0.1%TFA. The purification 

was performed using a prep column with ~3 mg sample injected in each run. The 

multiple UV active fractions were collected and examined for mass using LCMS. The 

samples showing the mass of 1161 MW were collected, combined, and freeze-dried to 

give a pink fluffy solid (6.2 mg, 52 % yield). 1H NMR was performed in d-ACN/d-H2O to 

characterize the THP-tetrazine (1H NMR (400 MHz) δ 8.43-8.41 (d, (J = 8.3 Hz), 2H Ar-H 

from tetrazine), 7.57 (d, (J = 8.2 Hz), 2H), 7.25-7.36 (4H from N-H), 6.96 (m, 6H from Ar-

H from tetrazine), 4.89(s, 3H from Ar-H from THP), 4.54 (s, 2H), 3.79-3.82 (m, 9H from 

CH3-N, 8H from CH2-N), 3.01 (s, 2H) 2.48 (s, 3H), 2-42-2.44 (m, 2H ), 2.11-2.15 (m, 4H), 

1.95 (m, 9H), 1.85 (s, 2H), 1.25 (m, 4H), Figure 3.11) and was supplemented by 

characterisation via Mass spectrometry (THP-tetrazine (m/z [M + 2H]2+ = 581.52) and 

(m/z [M+H]+ = 1162.5), Figure  3.12 ). 

 

 

Figure 5.8. Synthesis of THP-tetrazine 

 

5.2.5 Synthesis of TCO-PL-liposomes 

The synthesised TCO-phospholipid was transferred from the micellar phase in solution 

to phospholipid bilayers of PEGylated liposomes. The insertion was performed by 

equilibrating the PEGylated liposomes (400 µL, 60 mM lipid concentration) and the TCO-

Phospholipid dispersion (0.2 mg, 100 µL 10% ethanol/water) at 50oC. The equilibrated 

dispersions were mixed and incubated under constant shaking for 40 minutes to give 
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TCO-PL-liposomes. The formed TCO-PL-liposomes are purified using PD minitrap G-25 

size exclusion column (GE Healthcare) following the size exclusion chromatography 

method mentioned above in section 5.2.2.2. Dynamic light scattering quantified the 

change in hydrodynamic size, zeta potential and PDIs of the PEGylated liposomes pre- 

and post-insertion reaction. 

 

Figure 5.9. Synthesis of TCO-PL-liposomes: Insertion of TCO-PL conjugate into the lipid bilayer 

of preformed PEGylated liposomes at mild heating below phase transition temperature. Created 

with BioRender.com. 

 

5.2.6 Nanoparticle Tracking Analysis 

 

The concentration and the hydrodynamic of synthesised TCO-PL-liposomes were 

measured by NTA using NanoSight LM10 and NTA software v3.2 (Malvern Panalytical). 

The stock sample was diluted to achieve ~100 particles/viewing frame. Measurements 

were made in triplicates for 60 s with a 488 nm laser, for up to three serial dilutions of 

the sample.  

 

5.2.7 Cryo-Electron Microscopy 

 

QUANTIFOIL R 2/2 carbon grids (mesh: Cu 300, #234901; Agar Scientific) were plasma 

discharged for 50 s at 30 SCCM gas flow in Nanoclean 1070 (Fischione instruments). 

Aliquots (5 μL) of TCO-PL-liposomes or PEGylated liposomes were deposited on the 

carbon grids in Vitrobot Mark IV (FEI). The excess liquid was removed by blotting with 
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filter paper (Agar Scientific); Parameters: blotting time = 2 s, wait time = 30 s, and 

blotting force = 2. The grids were instantly frozen in liquid ethane (−188 °C) and 

maintained in liquid N2 (−196 °C) in a grid box and transferred into a cryo-transfer holder. 

CryoEM of these samples was recorded on TECNAI 12 G2 (FEI) system interfaced with a 

TemCam-F216 camera and operated using Temmenu v4 software (Tietz Video & Image 

Processing Systems GmbH, Germany). Parameters used to capture images are as 

follows: electron acceleration = 120 kV, magnification = 52,000×, acquisition time = 1 s, 

and spot size = 5.  

 

5.2.8 Radiochemistry  

 

68Ga was eluted from 68Ge/68Ga generator with 0.1 N HCl. The peak radioactivity 

containing 1 mL elution was used for radiolabelling after buffering with 1 M Sodium 

carbonate to pH 6. Buffered 68Ga was used for all radiolabelling.  

 

68Ga was also processed for high specific activity labelling. Gallum-68 (140−200 

MBq) eluted from a generator was passed through a Phenomenex Strata-X-C 33 μm SPE 

cartridge. The cartridge was washed with acetone/0.1 M hydrochloric acid (80:20 v/v, 5 

mL) to remove trace metal impurities. The gallium-68 was recovered from the cartridge 

by washing slowly with acetone/ 0.05 M hydrochloric acid (98/2 v/v, 700 μL). The 

recovered gallium-68 was dried under nitrogen and resuspended for use in 

radiolabelling. 

 

67Ga-citrate is obtained from Guy’s radiopharmacy in the form of citrate salt 

which cannot be used for radiolabelling. 2 mL of 67Ga-citrate (stock: 518 MBq, 5mL) was 

aliquoted in a vial and volume was made up to 5 mL with chelex H2O. The whole volume 

was loaded on the SEP-PAK silica light cartridge multiple times via a syringe until >80% 

radioactivity was loaded on the column (3 times optimum). Post loading, the loaded 

column was washed with 5 mL chelex H2O @ 1mL min-1 thrice. The 67GaCl3 is eluted with 
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metal-free HCl (0.1 M, 50 µL). The hottest fractions were buffered to pH 6 and used for 

radiolabelling. 

 

THP-tetrazine stock (1 mg/mL) was prepared in 10% DMSO/water and used for 

radiolabelling. THP-tetrazine (5µl, 10 µl or 50 µl) was added to neutralised 68Ga (200 µl, 

~25 MBq) and incubated at R.T. for 15 minutes in either a glass vial or plastic vial. The 

pH of the reaction was measured at 6-6.5. The reaction mixture was spotted on an ITLC 

developed in either citrate buffer (0.175 M citric acid and 0.325 M trisodium citrate in 

water, Unbound 68Ga Rf = 0.7–1; 68Ga-THP-tetrazine Rf = 0; 68Ga colloid Rf=0), 

Ammonium acetate: Methanol (1M, methanol concentration 80% v/v, Unbound 68Ga Rf 

= 0; 68Ga-THP-tetrazine Rf = 0.7-1; 68Ga-THP-tetrazine colloid/impurity Rf=0 ), or 

Ammonium acetate: THF (50% v/v ).  

 

Purification of the reaction mixture was initially performed using a centrifugal 

filter. The reaction mixture was loaded on a centrifugal filter 10k MWCO and then 

centrifuged at 13000 for 5 minutes. The filtrate was collected and analysed using ITLC 

and gamma counter. The radiolabelled compound was retained in the filter and 

therefore could not be purified.  

 

The reaction mixture was diluted with deionised water and loaded on a pre-

equilibrated column SEP-PAK plus light C18 cartridge (equilibrated with 10 mL x ethanol 

and 10 x mL water). The loaded cartridge was washed with 15 mL of water and the 

compound of interest was eluted with 700 µl of either ethanol or methanol. The 

collected sample was dried under nitrogen and resuspended in 5% DMSO/water. The 

purified 68Ga-THP-tetrazine was characterised using ITLC and used for further 

experiments. The radiolabelling method described above was also utilised for 

radiolabelling of THP-tetrazine with 67GaCl3 obtained after conversion from 67Ga-citrate. 

 

68/67Ga-THP-tetrazine purified post radiolabelling of THP-tetrazine was utilised 

for radiolabelling of TCO-PL-liposomes. 68/67Ga-THP-tetrazine (100 µl, 5-20 MBq, 5% 
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DMSO/water) was added to TCO-PL-liposomes (100µl, 50 mM lipid concentration) and 

incubated at R.T. for 60 minutes. The radiolabelled TCO-PL-liposomes were purified 

using PD minitrap G-25 size exclusion column (GE Healthcare) following the size 

exclusion chromatography method mentioned above (b(ii)) and collected in 750 µl 

fraction.  

5.2.9 Log P and Log D measurements 

 

For log P measurement, 68Ga-THP-tetrazine (50 μL, 1 MBq) were added to vials 

containing a mixture of water saturated octanol (500 μL) and octanol saturated water 

(500 μL). The tubes were shaken for 3 min and the mixture was centrifuged for 5 min to 

separate the octanol and PBS phases. Aliquots (50 μL) of each phase were taken and 

transferred to separate vials for counting of radioactivity. For log D7.4 measurement, the 

same procedure was performed by replacing water with PBS. 

 

5.2.10 Serum stability  

 

The serum stability 68Ga-THP-tetrazine was performed in 50% (v/v) aqueous pooled 

serum from human male AB plasma. Samples (250 µl, 2-5 MBq) were added to serum 

(250 µl, filtered through a 0.22 um filter) at a final volume (500 μL), and subsequently 

incubated at 37 oC. Aliquots were taken after 0, 90, and 180 min and were analysed by 

HPLC using HPLC serum stability method mentioned above as method 4.  

 

67Ga-TCO-liposomes were incubated at 37 oC in human serum in a 1:1 ratio. 

Aliquots of the test sample were taken at different time points for stability study and 

applied to SEC HPLC at 0, 24 h and 48 h. Using FPLC method number 5, 1 mL fractions 

were eluted in PBS and UV, radioactivity signal is recorded. 

 

5.2.11 In vitro pretargeting methods 
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TCO-PL-liposomes (200 µL, 4 mM) was added to either commercially available human 

serum obtained from Sigma Aldrich (500 µL) or PBS (500 µl) and kept under incubation 

at 37oC for 60 minutes.  68Ga-THP-tetrazine (100 µl, 1-4 MBq) was added to serum or 

PBS incubated TCO-PL-liposomes and incubated at 37oC.  The incubated samples were 

purified using the size exclusion chromatography method (section b(ii)) and 

radiolabelled 68Ga-TCO-PL-liposomes were collected in 750 µl fraction. The liposome 

associated radioactivity and size exclusion column retained radioactivity was measured 

using a gamma counter and the percentage yield of bioorthogonal reaction was 

calculated. 

 

5.2.12 In vivo pretargeting methods  

 

5.2.12.1  Animals 

 

Animal imaging studies were carried out in accordance with British Home Office 

regulations governing animal experimentation. All in vivo experiments were conducted 

on healthy, female Balb/c mice (8-9 weeks old) obtained from Charles River UK Ltd. The 

cancer model experiments were also performed on BalB/c mice (8-9 weeks old) which 

were subcutaneously inoculated with mouse fibrosarcoma tumour cells. 

  

For the subcutaneous tumour cell implantation, fibrosarcoma cell line (WEHI 

164) syngenic to BALB/c mice was obtained from ATCC (batch number: CRL-1751TM). 

WEHI-164 tumour cells were subcultured in RPMI-1640 medium supplemented with 

10% fetal bovine serum, 2 mM L-Glutamine, penicillin (100 U/mL) and streptomycin (100 

µg/mL). Cells were incubated at 37oC with 5% CO2 and passaged periodically (~thrice a 

week) before reaching confluence (90%). 
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On the day of the inoculation, the cells were dissociated into a suspension using 

TrypLE™ Express, washed with PBS and resuspended at a concentration of 2-2.5 million 

cells per 100-200 µl of PBS.  

 

The mice (n=15) were anaesthetised and using electric clippers, the fur off the 

animal around the shoulder was shaved. The tumour cells were subcutaneously 

implanted over the shoulder in the following concentration: WEHI-164 (2.5×106 cells/mL 

in 0.1-0.2mL PBS). The mice were monitored regularly and logged observations 

(including tumour size and mouse weight) in the monitoring forms. The mice were ready 

for imaging 8-10 days post tumour implantation (10 % of mice had small tumours or a 

slow growth rate). The mice chosen for imaging experiments had tumour sizes in the 

range of 70 mm3-100 mm3.  

 

5.2.12.2 Preclinical PET/CT and SPECT/CT scanners 

 

Each mouse (n=3-5, normal BALB/c, female, aged 6–8 weeks, 17–20 g body weight) was 

anaesthetised by inhalation of isoflurane (2–3% in oxygen). The tracer/molecule of 

interest was injected via tail vein intravenous injection. The mouse was scanned in either 

nanoscan in vivo preclinical PET/CT imaging system (1:5 coincidence mode; 5-ns 

coincidence time window) and SPECT/CT imaging system (start frame: 3 mm; end frame: 

107 mm; frame time:83 s, scan time~1 h) (Mediso medical imaging systems, Budapest, 

Hungary) depending on the tracer injected. PET/CT images were reconstructed using 

Tera-Tomo 3D reconstruction (400–600 keV energy window, 1–3 coincidence mode, 4 

iterations and subsets) at a voxel size of (0.4 × 0.4 × 0.4) mm3 and corrected for 

attenuation, scatter, and decay. The data were binned into 17 frames (1 × 1, 10 × 3, 5 × 

5 and 1 × 4 min) for dynamic analysis. SPECT images were reconstructed using HiSPECT 

standard method. Regions of interest were drawn over the knees as an area of growing 

bone, and the heart as an indication of blood, kidneys, bladder and liver. 
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5.2.12.3 Pretargeting of TCO-PL-liposomes in healthy animals 

 

The mice were divided into three experimental groups as shown in figure 5.10: Positive 

control: 67Ga-TCO-PL-liposomes, Negative control: 68Ga-THP-tetrazine, and Test group: 

In vivo pretargeting groups for TCO-PL-liposomes. 

For negative control group 1, the mice (n=4) were anaesthetised and injected i.v. 

with 68Ga-THP-tetrazine (2-5 MBq, 100 µL). The mice were kept anaesthetised for 1-hour 

post-injection and then imaged via in vivo preclinical PET/CT imaging system.  

 

For the test group, the mice (n=4) were anaesthetised and injected i.v. with TCO-

PL-liposomes (50μM/mL lipid concentration, 100 µL) at t=-3 h. At t=0 h, mice were 

anaesthetised and injected i.v. with 68Ga-THP-tetrazine (2-5 MBq, 100 µL). The mice 

were kept anaesthetised for 1-hour post-injection and then imaged via in vivo preclinical 

PET/CT imaging system. The scanned mice were revived and used for imaging on the 

following day. At t=23 h, mice were anaesthetised and injected i.v. with 68Ga-THP-

tetrazine (2-5 MBq, 100 µL). The mice were kept anaesthetised for 1-hour post-injection 

and then imaged via in vivo preclinical PET/CT imaging system. 

 

For positive control group 3, the mice (n=4) were anaesthetised and injected i.v. 

with 67Ga-THP-PL PEG (2k)-liposomes (3 MBq, 50μM/mL lipid concentration, 100 µL) and 

imaged at t=2h, 24 h via a preclinical SPECT-CT imaging system.  

 

The mice were culled post-scan by cervical dislocation and required organs were 

collected, weighed and measured for radioactivity along with the standards and ex vivo 

biodistributions were determined. 
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Figure 5.10.  Scheme of in vivo pretargeting experiment of TCO liposomes using biorthogonal 

chemistry in healthy animal. Created with BioRender.com. 

  

5.2.12.4 Pretargeting of TCO-PL-liposomes in tumoured animals 

 

The mice with subcutaneously implanted sarcoma tumours were selected for 

experiments when tumour size>75mm3. The mice were divided randomly into three 

experimental groups as shown in figure 5.11: Positive control: 67Ga-TCO-PL-liposomes, 

Negative control: 68Ga-THP-tetrazine, and Test group: In vivo pretargeting groups for 

TCO-PL-liposomes. 

 

For negative control group 1, the mice (n=5, 3 were imaged and 2 were used for 

biodistribution only) were anaesthetised and injected i.v. with 68Ga-THP-tetrazine (2-5 

MBq, 100 µL). The mice were kept anaesthetised for 1-hour post-injection and then 

imaged via in vivo preclinical PET/CT imaging system.  

 

For the test group, the mice (n=5, 3 were imaged and 2 were used for 

biodistribution only) were anaesthetised and injected i.v. with TCO-PL-liposomes 
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(50μM/mL lipid concentration, 100 µL) at t=-3 h. At t=0 h, mice were anaesthetised and 

injected i.v. with 68Ga-THP-tetrazine (2-5 MBq, 100 µL). The mice were kept 

anaesthetised for 1-hour post-injection and then imaged via in vivo preclinical PET/CT 

imaging system. The scanned mice were revived and used for imaging on the following 

day. At t=23 h, mice were anaesthetised and injected i.v. with 68Ga-THP-tetrazine (2-5 

MBq, 100 µL). The mice were kept anaesthetised for 1-hour post-injection and then 

imaged via in vivo preclinical PET/CT imaging system. 

 

For group 3, the mice (n=5, 3 were imaged and 2 were used for biodistribution 

only) were anaesthetised and injected i.v. with 67Ga-TCO-PL-liposomes (8 MBq, 

50μM/mL lipid concentration, 100 µL) and imaged at t=4 h, 24 h, 48 h post liposomal 

injection via a preclinical SPECT-CT imaging system.  
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Figure 5.11. Scheme of in vivo pretargeting experiment of TCO liposomes using biorthogonal 

chemistry in tumoured animal. Created with BioRender.com. 

 

The mice were culled post-scan by cervical dislocation and required organs were 

collected, weighed, and measured for radioactivity along with the standards and ex vivo 

biodistributions were determined. Serial standard dilution of the injected radiotracer 

was measured alongside the collected organs to calculate the percentage injected dose 

(%ID/g).  

 

The tumours obtained from the positive control and test group were either cold-

fixed or submerged in 10% neutral-buffered formalin and stored at 4°C for 24 h. The 

organs were then transferred into a solution of 70% absolute ethanol/water (v/v). The 

fixed tumours were submerged in OCT under liquid nitrogen and then cryosectioning 

was performed on these slices and developed on a phosphor screen for 

autoradiography. The obtained phosphor images were analysed using the free license 

software ImageJ.  
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5.2.13 Analysis 

 

The analysis of the reconstructed in vivo images is performed using the VivoQuant 3.5 

(Invicro Inc.). For image quantification, regions of interest were drawn over the knees 

for bones, heart as a measure of the blood pool, kidneys, lungs, bladder, spleen, liver, 

muscles, and brain. All numerical data were analysed on either GraphPad Prism 8 or 

advanced versions. Data are presented as mean ± standard deviation (SD) unless stated 

otherwise. 

 

5.3 Chapter 4 

 

This method section describes the experiments carried out to evaluate the delivery of 

liposomal nanomedicines to the brain using focused ultrasound. The efficacy and safety 

of liposome delivery was evaluated under ultrasound in a RaSP sequence and compared 

alongside the long pulse sequence. The brain of mice was treated at 0.4 or 0.6 MPa with 

either followed by waiting either 0 h or 2 h after the ultrasound treatment. The amount 

and distribution of the delivered liposomes was detected in brain tissue collected post 

culling through fluorescence microscopy. Immunohistological staining and image 

processing was performed to determine which cells were uptaking the liposomes, 

including glial cells. Tissue damage was assessed by staining to determine whether 

delivery could be performed safely to the brain by emitting RaSP at a higher ultrasound 

pressure (0.6 MPa). This section has been taken from the published work in Morse, 

Mishra et al and modified where necessary. 

 

5.3.1 Materials 
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For the synthesis of the liposomes, the following materials and instruments were used. 

Plain PEGylated liposomes (HSPC/Choline/ mPEG2000-DSPE-liposomes (50:45:5 

mol/mol, 100 nm) (Doxebo) were obtained from FormuMax Scientific Inc., USA as a 

translucent white liquid in a clear glass vial. A long alkyl chain dialkylcarbocyanine 

fluorescent dye DiD (DiIC18(5)) (1,1′ -Dioctadecyl-3,3,3′ ,3′ -

Tetramethylindodicarbocyanine, 4-Chlorobenzenesulfonate Salt) was obtained from 

Invitrogen™ as a blue solid. Size exclusion chromatography (SEC) was performed on a 

Superose 10/30 column (GE Healthcare Life Sciences) run at 0.5 mL/min in PBS on a GE 

Purifier AKTÄ FPLC (Fast Protein Liquid Chromatography). Centrifugal filtration was 

performed using Merck Millipore Amicon™ Ultra 100 KDa Centrifugal Filter Units in a 

high speed Hettich MIKRO 20 centrifuge. UV detection was performed at 214 and 280 

nm. The fluorescence measurements were performed on Promega GLomax® discover 

system using the red excitation source at a wavelength of 644 nm with emission 

detected at 660–720 nm.  

 

5.3.2 Synthesis and characterisation of fluorescent PEGylated liposomes (DPLs) 

 

 In our design we used a DiD fluorophore to fluorescently label the PEGylated liposomes. 

To this end, DiD solid (2.5 mg, 2.3 μM) was dissolved in pure ethanol (1 mL) using 

sonication. The dye solution (3 μL) obtained was added to a Doxebo dispersion (500 μL, 

60 mM lipid concentration) yielding a final DiD concentration of 15 μg/mL in the DiD/ 

Doxebo dispersion. The DiD/Doxebo dispersion was incubated under constant rotation 

for 2 h at 37 ◦C to give DiD-PEGylated liposomes (DPLs). Free DiD solid and ethanol was 

removed from formed DiD-PEGylated liposomes using a PD10 minitrap G-25 size 

exclusion column (GE healthcare) following the manufacturer’s gravity protocol. DiD-

PEGylated liposomes were further purified using a 100 kDa size exclusion centrifugal 

filter at maximum speed. Any unattached dye that precipitated during centrifugation 

was separated. Dynamic light scattering (DLS) was used to study the hydrodynamic size, 

zeta potential and polydispersity index of the DiD-PEGylated liposomes pre- and post-
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DiD labelling. The incorporated dye concentration in the DPL sample was assessed by 

measuring fluorescence of samples at excitation wavelength of 644 nm and emission at 

664 nm and compared with standard curves for the free dye signal measured in ethanol. 

 

5.3.3 In vitro serum stability of fluorescent DiD-PEGylated liposomes (DPLs) 

 

The stability of the DiD-PEGylated liposomes in the presence of blood biomolecules was 

assessed to monitor dye leakage in vitro. The DiD-PEGylated liposomes were incubated 

at 37 ◦C in human serum (n = 3). At 0, 3, 12, 18, 24 and 48 h, we obtained aliquots of the 

serum incubated liposomes and passed them through size exclusion column of the Fast 

protein liquid chromatography system. 1 mL fractions from the size exclusion column 

were collected in PBS and UV signal was recorded. DiD-PEGylated liposomes eluted as a 

single peak between fractions 8 and 11, and serum proteins eluted between 18 and 25 

as shown by UV signal. The fluorescence of all collected fractions was measured, and 

stability of the dye-labelled liposomes (DiD-PEGylated liposomes) was calculated as 

shown below: 

%𝑑𝑦𝑒 𝑙𝑎𝑏𝑒𝑙𝑙𝑒𝑑 𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒𝑠(𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦) = [
𝐿𝐹

𝐿𝐹 + 𝑆𝐹
] ∗ 100 

With LF being the liposome fractions FL signal and SF being the serum protein fractions 

FL signal. FL is the fluorescence signal due to DiD dye associated to respective molecules 

at excitation wavelength of 644 nm and emission at 664 nm. 

 

5.3.4 Ultrasound setup 

 

Therapeutic ultrasound pulses were emitted from a single element spherical-segment 

focused ultrasound transducer (Figure 5.12; centre frequency: 1 MHz; active diameter: 

90 mm; focal depth: 60.5 mm; part number: H-198; Sonic Concepts, Bothell, WA, USA) 

driven by one or two function generators (33500B Series; Agilent Technologies, Santa 
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Clara, CA, USA) through a 50-dB power amplifier (2100L Electronics and Innovation, 

Rochester, NY) and an impedance matching box (Sonic Concepts, WA, USA). When 

ultrasound was emitted with a RaSP sequence, two function generators were used, one 

to define the pulse shape and the other to define the pulse sequence. For the long pulse 

sequence only one function generator was needed. The elevational, lateral and axial full 

width at half maximum (FWHM) at the ultrasound focus were 1 mm, 2 mm and 20 mm 

respectively. The acoustic pressures reported here are de-rated using an 11% 

attenuation, which was measured experimentally by placing the top layer of the mouse 

skull (post-mortem, n = 4) between the transducer and the focal point, where a 

hydrophone was positioned. The transducer, surrounded by a transparent casing, was 

mounted onto a three-dimensional positioning system (Velmex, Bloomfield, NY, USA) to 

move to the desired targeted location.  

 

Acoustic emissions from microbubbles were passively captured during the ultrasound 

treatment using a passive cavitation detector (PCD; centre frequency: 7.5 MHz; 

diameter: 12.7 mm, focal length: 76.2 mm; Olympus Industrial, Essex, UK). The PCD was 

coaxially aligned through the rectangular central opening of the therapeutic transducer. 

The emissions were captured by the PCD, filtered by a 3-30 MHz band-pass filter, 

amplified by a 28-dB pre-amplifier and recorded by an 8-bit oscilloscope (PicoScope 

3205A). Time domain traces were displayed in real-time and were used to determine 

whether microbubble activity was occurring during the ultrasound treatment. Further 

processing of these signals was not carried out here, however, the data was saved for 

future off-line processing.  
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Figure 5.12. Ultrasound experimental setup: Ultrasound was focused through the intact scalp and 

skull onto the left hippocampus of the mouse’s brain while the right hippocampus was used as a 

control (no ultrasound). Ultrasound pulses were emitted from the therapeutic transducer (1 MHz) 

driven by one or two function generators through a 50-dB amplifier and an impedance matching 

network. A 7.5 MHz passive cavitation detector captured the acoustic emissions from the 

microbubbles, which were filtered by a band pass filter, amplified by a 28-dB pre-amplifier and 

recorded by an 8-bit oscilloscope.  

 

5.3.5 Animals 

 

Thirty-six female C57bl/6 wild-type mice (8-12 weeks old, 19-20g; Envigo, Huntingdon, 

UK) were used in this study (Table 5.1). All animal experiments were performed in 

approval with the UK Home Office and Imperial College London’s animal facility 

committee. 

 

Twenty-four mice were used to compare the dose and distribution of liposomes 

in brains treated with both sequence types (RaSP or long pulses), with two acoustic 

pressures (0.4 or 0.6 MPa) with either a 0 h or 2 h recovery period. Staining was 

performed on these brains to determine which cells were uptaking the liposomes once 

delivered into the brain.  
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To assess damage, twelve mice were sonicated with both sequence types (RaSP 

and long pulses) at both acoustic pressures (0.4 and 0.6 MPa; n = 3 for each parameter 

group) with no recovery time following ultrasound treatment (0 h). These additional 

twelve mice were needed as haematoxylin and eosin (H&E) staining, used to assess 

damage, requires the brains to be processed with a paraffin-embedding technique 

rather than cryofreezing which was used to assess the dose and distribution of the 

liposomes.  In all mice, the left hippocampus was treated with ultrasound while the right 

hippocampus was used as a no-ultrasound control. Variabilities caused by physiological 

differences between animals were reduced by using each animal as its control. 

 

Table 5.1. Summary of mice used in each study: Twenty-four mice were used to compare the 

delivery and distribution of liposomes with RaSP or long pulse sequences at 0.4 or 0.6 MPa either 

immediately or 2 h after the ultrasound treatment. Twelve mice were used to assess tissue 

damage with haematoxylin and eosin (H&E) staining at the two acoustic pressures and with the 

two sequence types at 0 h. 

 

 

 

Study
Sequence

type
Pressure

Recovery

time
Number of mice

0 h 3

2 h 3

0 h 3

2 h 3

0 h 3

2 h 3

0 h 3

2 h 3

0.4 MPa 3

0.6 MPa 3

0.4 MPa 3

0.6 MPa 3

Total 36

0 h

Delivery
Comparison

Tissue Damage
Assessment

RaSP

Long

0.6 MPa

0.4 MPa

0.6 MPa

RaSP

Long

0.4 MPa
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Figure 5.13. DiD-PEGylated liposome structure. The liposomes consist of a phospholipid bilayer 

with PEG brushes attached to the surface for biocompatibility and the DiD fluorophore embedded 

within the lipid bilayer to enable ex vivo fluorescence detection of the liposomes. Created with 

BioRender.com. 

 

5.3.6 Microbubbles  

 

SonoVue (Bracco, Milan, Italy) microbubbles were used to deliver the above liposomes 

into the brain (concentration: 5 µl/g of body mass, volume: 100 µL, mean diameter: 2.5 

µm, vial concentration: 3x108/mL). A fresh vial of microbubbles was activated on each 

day of experiments and used within six hours from activation, following the 

manufacturer’s instructions. 

 

5.3.7 Sonication experimental workflow 

 

The experimental workflow was similar to that described in paper.424 The mice were 

anesthetised, and the fur was shaved from the mouse’s head. The mouse’s head was 

then fixed within a stereotaxic frame and ultrasound gel was applied to the head. The 

water bath was lowered onto the gel so that a metal cross could be positioned in 
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alignment with the skull sutures. Based on the position of this metal cross, the 

transducer was moved to target the left hippocampus. Once the tail vein injection was 

in place, the liposomes were injected, and the ultrasound treatment (RaSP or long pulse 

sequence) was started. Ten seconds into the treatment, the microbubbles were 

injected, allowing the initial ultrasound pulses to be used as control pulses for future 

acoustic emissions analysis. The microbubbles were injected over the course of 30 

seconds through a 30-gauge home-made catheter.  

 

At the end of the treatment, either immediately or after two hours of recovery, an 

overdose of pentobarbital was administered intraperitoneally and the mice were 

transcardially perfused with 20 mL ice cold phosphate-buffered saline with added 

heparin (20 units/mL; Sigma Aldrich, St Louis, MO, USA) and 10% formalin solution 

(Sigma Aldrich) to clear the vessels and fix the tissue. The brains were extracted and 

placed in 10 mL 10% formalin overnight, 15% sucrose for 6 h and then 30% sucrose 

overnight until the brains sunk to the bottom of the solution for cryoprotection. Brains 

used for H&E staining were instead kept in formalin and prepared by IQPath laboratory 

at University College London for paraffin-embedding and microtome sectioning. 

 

5.3.7 Brain sectioning 

 

Brains used to observe the detected dose and distribution of the liposomes and cellular 

uptake were cryosectioned. Samples were snap-frozen by embedding the brains in 

optimal cutting temperature and placing them in a bath of isopentane and dry ice for 

five minutes. They were then sectioned into 30 µm horizontal slices using a cryostat 

(CryoStar NX70; Thermo Fisher, Waltham, MA, USA) at -12 to -14 °C. Initially, 1.5 mm of 

the embedded brain was trimmed from the bottom and then sixty 30 µm slices were cut 

to cover the entire hippocampus. Brain slices were collected on positively charged slides 

(SuperfrostTM Ultra Plus Adhesion Slides, Thermo Fisher) and stored in the dark at 4 °C 

until imaged.  
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5.3.8 Histological staining 

 

Brains used to observe the detected dose and distribution of the liposomes and cellular 

uptake were cryosectioned. Samples were snap-frozen by embedding the brains in 

optimal cutting temperature and placing them in a bath of isopentane and dry ice for 

five minutes. They were then sectioned into 30 µm horizontal slices using a cryostat 

(CryoStar NX70; Thermo Fisher, Waltham, MA, USA) at -12 to -14 °C. Initially, 1.5 mm of 

the embedded brain was trimmed from the bottom and then sixty 30 µm slices were cut 

to cover the entire hippocampus. Brain slices were collected on positively charged slides 

(SuperfrostTM Ultra Plus Adhesion Slides, Thermo Fisher) and stored in the dark at 4 °C 

until imaged.  

 

Immunostaining was performed on these brain slices to detect whether the liposomes 

were being uptaken by neurons, microglia or astrocytes. Only slices where cellular 

uptake was observed were stained for these cells and the antibodies used for each stain 

are shown in Table 5.2. A DAPI mounting medium was applied before coverslipping the 

slides to stain the cell nuclei.  

 

Table 5.2. Primary and secondary antibodies used to stain for neurons, microglia and astrocytes 

 

 

 

 

Stain Primary Antibody Secondary Antibody

Neurons
Recombinant anti-NeuN antibody 

[EPR12763] (ab177487) - 1:500
Goat anti-rabbit IgG H&L (Alexa Fluor® 488)

(ab150077) - 1:500

Microglia
Anti-Iba1 antibody

(ab5076) - 1:500
Donkey anti-goat IgG H&L (Alexa Fluor® 488)

(ab150129) - 1:500

Astrocytes
GFAP monoclonal antibody (2.2B10)

(13-0300) - 1:100

Mouse anti-rat IgG2a (FITC)

(11-4817-82) - 1:500
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5.3.9 Microscopy 

Images were acquired using either a widefield microscope (10x; Zeiss Axio Observer, 

Oberkochen, Germany) or a confocal microscope (20x; Zeiss LSM-510 inverted, Oberkochen, 

Germany). Images were taken using both brightfield and fluorescent channels. The DiD 

fluorophore on the liposomes was imaged with the Cy5 channel, the Alexa 488 or FITC 

fluorophores on the antibodies to stain for cell uptake were imaged with the GFP (green 

fluorescent protein) channel and the nuclei with the DAPI channel (Table 5.3). All imaging 

parameters, such as laser power and exposure time were kept constant to allow more accurate 

quantitative measurements.  

 

Table 5.3. Excitation and emission filters for the fluorophores: Excitation and emission filters are 

given as the centre wavelength and the bandwidth. 

 

 

5.3.10 Analysis 

 

Analysis on the acquired images was performed to determine the detected dose, 

distribution and areas of liposome delivery as well as tissue damage.  

 

To compare the detected dose of liposomes delivered to the brain with the 

different parameters used, the normalised optical density (NOD) was calculated. 

Regions of interest (ROIs) were selected around the left and right hippocampus by using 

MATLAB R2019b (Mathworks, Natick, MA, USA). If present, artefacts, such as folds and 

air bubbles, were removed from these regions. The NOD is a normalised measurement 

of the detected dose of the liposomes. Pixels with intensities above twice the standard 

Fluorophore Excitation (nm) Emission (nm)

DAPI 390/40 450/40

Alexa 488, FITC 470/40 525/50

Texas Red 562/40 624/40
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deviation added to the mean of the control pixel intensities were summed in both ROIs. 

The sum in the targeted ROI was subtracted by that of the control ROI to obtain the 

NOD. Delivery was considered successful if the NOD was at least two standard deviations 

above the mean of the control region. The NOD was calculated on six slices for each 

quantified brain.  

 

To quantify any differences in distribution between parameter sets, the 

coefficient of variation (COV) was calculated. The COV is defined as the ratio of the 

standard deviation over the mean fluorescence pixel intensity in the targeted region. 

The COV quantification was performed on six sections for each brain and was not 

performed on brains that displayed no liposomal delivery.  

 

To determine the number of spot-like areas where liposomes were delivered, 

the number of areas above 100 µm2 was quantified. Larger areas of delivery were 

expected if the liposomes diffused further away from the blood vessels. Regions of 

interest were selected around all spots of liposome delivery in six sections per brain. An 

automatic threshold was applied equally to all images in ImageJ (dark triangle) to only 

select regions of liposome delivery. The area of each region was determined by using 

the automated ‘Analyse Particles’ tool in ImageJ.  

 

To assess tissue damage, seven H&E stained slices were analysed per brain. First, 

adjacent unstained sections were imaged under a fluorescence microscope to identify 

the location of dextran delivery and therefore the ultrasound targeted brain region. 

Second, in the H&E stained slices, three histological measures were evaluated: number 

of sites with more than five extravasated red blood cells, number of microvacuolations 

and the number of dark neurons. The different values were plotted for RaSP and long-

pulse-treated brains. Histological evaluation of the targeted and control hippocampi was 

performed without knowledge of which side was targeted with ultrasound.  
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5.3.11 Statistical analysis 

 

A one-way analysis of variance (ANOVA) test was conducted to assess whether 

differences were present between the parameter sets in the NOD, COV and areas above 

100 µm2 results. Post hoc Bonferroni analysis was performed to estimate any significant 

differences in a pairwise manner (P < 0.05). A Wilcoxon rank sum test was performed to 

test whether differences between the H&E results were significant. All analysis was 

carried out in MATLAB R2019b. 

 

5.3.12 Autoradiography via 68Ga based pretargeting 

 

The delivery of radioisotope tagged liposomes to the brain to quantify non-invasively 

was the next step to combine the two aspects of my research. However, due to the 

absence of radiation-controlled area in focussed ultrasound labs, this study was planned 

to deliver the THP-liposomes synthesised in chapter 2 to the brain using the RaSP 

sequence at 0.6 MPa followed by 2 h wait before sacrifice and collection of brain tissues.  

 

Using the above focussed ultrasound protocol, THP-PL-liposomes (Chapter 2) 

were injected in n=3 mice each under RaSP FUS at 0.6 MPa and followed by 2 h recovery. 

The mice were sacrificed, and the brains were extracted and placed in 10 mL 10% 

formalin overnight, 15% sucrose for 6 h and then 30% sucrose overnight until the brains 

sunk to the bottom of the solution for cryoprotection.  

 

The cryoprotected brains were flash frozen and 30 uM horizontal slices were 

made using a cryostat (CryoStar NX70; Thermo Fisher, Waltham, MA, USA) to cover the 

whole campus. The tissue was fixed on positively charged slides. The tissues were 

stained with buffered 68Ga (as prepared in chapter 2) followed by wash with either H2O, 
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EDTA (1 M), citrate (1 M) for varying durations to wash off non-specific bound 68Ga. 

These stained slices were then developed on phosphor imaging plates for 

autoradiography with varying exposure times for highest resolution. These developed 

phosphor imaging plates were then recorded using a cyclone phosphor imaging Typhoon 

system. The images obtained were analysed and quantified using ImageJ.  
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6 CONCLUSIONS AND FUTURE 

OUTLOOK 

In this thesis, we have aimed to address the gap between the preclinical development 

and application of liposomal nanomedicines and their successful clinical application 

using imaging and drug delivery techniques. PEGylated liposomal nanomedicines have 

shown variable clinical efficacy in different tumour types, stages and patients due to the 

EPR heterogeneity. Nuclear imaging provides a method to determine the potential 

efficacy of these liposomal nanomedicines at an early stage and understand the reasons 

behind their variability. However, due to the long T1/2 nature of these PEGylated 

nanomedicines, long-lived radioisotopes are required for their imaging leading to 

significant radiation doses and low contrast. To overcome these drawbacks, we have 

hypothesised and developed two different pretargeted nuclear imaging methods based 

on the gallium-68 chelator THP, which can radiolabel quickly and efficiently at room 

temperature and pH 7, and in the presence of competing biomolecules. 

 

The first pretargeting system was based on the metal chelation strategy, where 

the high affinity of THP towards 68Ga was exploited. To this end, as mentioned in Chapter 

2, a THP-phospholipid conjugate was developed, characterised, and radiolabelled, 

followed by embedding this conjugate to provide THP-PL-liposomes. The synthesised 

THP-PL-liposomes were characterised by dynamic light scattering, nanoparticle tracking 

analysis, cryo-electron microscopy, and radiolabelling, showing no modifications to 

properties of PEGylated liposomes while exhibiting 68Ga/67Ga chelating properties. To 

validate metal chelation-based pretargeting, in vitro studies were performed. 

Experiments showed high radiolabelling of serum-incubated THP-PL-liposomes when 

incubated with neutralised 68Ga (for as low as 15 minutes), suggesting efficient tracking 

of PEGylated liposomes in serum with high efficiency. For conventional imaging with 

long-lived radioisotopes, the THP-PL-liposomes were radiolabelled with 67Ga with 67Ga-
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THP-PL-liposomes. In vivo SPECT imaging was performed to track PEGylated liposomes 

up to 24 hours and determine the blood half-life of PEGylated liposomes. In vivo PET 

pretargeting of THP-PL-liposomes was conducted to track them with short-lived isotopes 

at different time points. In vivo PET pretargeting with neutralised 68Ga at an earlier time 

(i.e., 5 h post administration of THP-PL-liposomes) showed radiolabelled liposomes 

circulating in the blood, liver and spleen. The observed biodistribution in the PET images 

at the earlier time point resembled the biodistribution observed in the SPECT images for 

67Ga-THP-PL-liposomes, suggesting a successful pretargeting at this time point. 

However, in vivo PET pretargeting with neutralised 68Ga at the later time point (i.e., 27 

h post administration of THP-PL-liposomes), when the liposomes are expected to be 

concentrated in liver and spleen, showed minimal biodistribution in these organs, 

suggesting low pretargeting at this time point. This observation resembled the 

biodistribution in PET images of mice administered with neutralised 68Ga only. These 

findings suggest that we can use this strategy to effectively pretarget the circulating 

THP-PL-liposomes with neutralised 68Ga in blood. However, the ability to pretarget 

within the liver and spleen is limited. The possible reason behind this observation could 

be the inability of 68Ga to access the THP-PL-liposomes accumulated in the liver (e.g., 

inside macrophages) and spleen tissue (e.g., liposomes are already inside macrophages) 

or saturation of THP chelator on the liposomal surface by sequestering of Fe within the 

body.  

 

In chapter 2, we also evaluated this metal chelation PET pretargeting strategy for 

a bone-targeting tracer THP-Pamidronate (THP-Pam) to test its capabilities further. The 

pretargeting of THP-Pam with 68Ga was successfully observed at both time points (5 h 

and 27 h) post-administration. However, the bone uptake values observed for 

pretargeting groups were lower than those observed for the prelabelled 68Ga-THP-Pam 

group. Likewise, the uptake observed in the bones in the pretargeting group could be 

partially due to the inherent affinity and accumulation of neutralised 68Ga to bone tissue. 
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Future work on the metal chelation strategy will explore the reasons behind the 

limited pretargeting of THP-PL liposomes in the liver and spleen, which is observed at 

later times and explore ways to overcome it. These will include the determination of the 

number of THP chelators incorporated on the liposomal surface and using a weakly 

lipophilic chelator of 68Ga as a secondary imaging agent instead of neutralised 68Ga, as 

the latter might be unable to cross cell membranes within tissues to reach the 

liposomes. Also, future work will aim to find applications for the efficient pretargeting 

of liposomes observed circulating in the blood.  

 

In Chapter 3, we explored another pretargeting strategy – IEDDA-based 

biorthogonal chemistry – which has been shown to perform successfully in the nuclear 

imaging of non-internalising antibodies as a direct comparison to the metal chelation 

pretargeting performed in Chapter 2. To incorporate the biorthogonal system for 

imaging PEGylated liposomes with conventional or pretargeting methods, we 

synthesised two novel molecules, THP-tetrazine (a small molecule with Ga binding 

properties) and TCO-PL (transcyclooctene PEG2000 phospholipid conjugate). These 

molecules were purified and characterised successfully using NMR and mass 

spectroscopy. TCO-PL was successfully incorporated in the bilayer of the PEGylated 

liposomes to give TCO-PL-liposomes no impact on liposomal properties while providing 

the liposomes affinity towards tetrazine. These TCO-PL-liposomes formed the primary 

targeting component of our pretargeting system. THP-tetrazine, on the other hand, was 

radiolabelled with both 68Ga/67Ga, characterised and purified to give 68Ga-THP-

tetrazine/67Ga-THP-tetrazine where 68Ga-THP-tetrazine formed the secondary imaging 

agent of our pretargeting system, and 67Ga-THP-tetrazine was utilised to label the TCO-

PL-liposomes to give 67Ga-TCO-PL-liposomes directly.  

 

The pretargeting pair of TCO-PL-liposomes and 68Ga-THP-tetrazine on evaluation 

in vitro in high dilution conditions in either PBS or serum at physiological pH showed a 

successful biorthogonal reaction in as low as 15 minutes to 68Ga-TCO-PL-liposomes. This 

pretargeting pair was then evaluated in vivo and compared against PET images and 
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biodistribution of 68Ga-THP-tetrazine and SPECT images and biodistribution of directly 

labelled 67Ga-TCO-PL-liposomes. The pretargeting experiments in healthy mice showed 

successful pretargeting with higher uptake observed in the liver and spleen (the target 

organs for long-circulating liposomes) compared to uptake observed in these organs in 

mice injected with just 68Ga-THP-tetrazine. The observed biodistribution and images in 

the pretargeting group corresponded to the observed biodistribution and images for 

mice injected with directly labelled 67Ga-TCO-PL-liposomes, thereby confirming the 

pretargeting.  

 

Further in vivo pretargeted imaging evaluation of TCO-PL-liposomes was 

performed in a fibrosarcoma tumour model in mice showing successful pretargeting in 

the liver and spleen. However, unexpectedly minimal pretargeting happened in the 

tumours and the observed uptake in tumours was very low compared to tumour uptake 

observed in directly labelled 67Ga-TCO-PL-liposomes. The possible reasons behind this 

observation could be an internalisation of the TCO-PL-liposomes at the site of tumours, 

low relative concentration of TCO/tetrazine molecules or low reactivity of the THP-

tetrazine towards the TCO. Also, due to the highly lipophilic nature of the secondary 

imaging agent 68Ga-THP-tetrazine, the observed clearance routes in PET images are 

through both renal (uptake in kidney and urinary bladder) and hepatobiliary excretion 

(uptake in gall bladder, liver, intestines) pathways. This characteristic lipophilic nature 

of the 68Ga-THP-tetrazine leads to variable uptake in organs such as the liver, spleen and 

even lungs in both negative control and pretargeting group.  

 

Future work on the biorthogonal pretargeting includes optimisation of the 

pretargeting system components to achieve higher uptake in the tumours. This will 

consist of work on higher TCO loading on liposomes, developing a library of THP-

tetrazine derivatives with high reactivity towards TCO and low lipophilicity with PEG 

incorporation, determination of the optimal relative concentration of TCO-

liposomes/THP-tetrazine required to obtain the most increased reactivity in vivo, and 

use of therapeutic radionuclides for pretargeted radionanotherapy. 
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Imaging provides an excellent method to track drug delivery and we aimed to 

utilise the imaging to assess the extent of delivery of liposomal nanomedicines to the 

brain. The size of liposomal nanomedicines (~100 nm) limits their delivery to the brain 

and therefore, we hypothesised that the novel RaSP sequence could be used to deliver 

the PEGylated liposomes efficiently and safely. We aimed to use nuclear imaging 

methods developed in previous chapters to quantify the delivery of the PEGylated 

liposomes to the brain. However, due to logistical limitations on the designation of the 

focussed ultrasound as a radiation use area, we used optical imaging to quantify the 

delivery of liposomal nanomedicines using FUS and microbubble as proof of concept. 

 

In Chapter 4, the assessment of the delivery of fluorescent PEGylated liposomes 

into the brain using the RaSP sequence of focussed ultrasound was investigated. The 

PEGylated liposomes were fluorescently labelled using a lipophilic dye, DiD, to give 

fluorescent DPL liposomes, which showed minimum dye leaching even after 48 hours 

and no impact on liposomal properties. The efficacy of delivery of DPLs using RaSP was 

compared to long pulses and was found to be lower for RaSP. However, delivery using 

RaSP showed an improved safety profile compared to conventional long pulses of 

focussed ultrasound. Delivery of the DPLs with RaSP required higher pressures showing 

lowered delivery regions and detected dose compared to long pulses. The tissue damage 

was observed in all long-pulse-treated brains compared to just one red blood cell 

observed in a single slice in RaSP-treated brains. Moreover, the observations from the 

study included uptake of DPLs in neurons using RaSP but at a lower level compared to 

long pulse. Microglial uptake was only observed at a higher pressure and after a two-

hour recovery period, but no astrocyte uptake was observed within this time period. 

These cellular level uptakes showed that the delivered DPLs localised within the cells' 

cytoplasm. The reduced delivery of DPLs and safer profile of RaSP alongside the 

observed lower involvement of glial cells into the brain indicates a gentler stimulation 

of the vasculature using RaSP. We also attempted to deliver THP-PL-liposomes 

developed in Chapter 2 to the brain using RaSP sequence of focussed ultrasound 
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followed by ex vivo pretargeting of these brain-delivered liposomes with 68Ga. However, 

the pretargeting could not be quantified as 68Ga showed high levels of non-specific 

uptake to the whole brain slices. 

 

Future work will focus on optimising the RaSP sequence to improve the efficacy 

of delivery of the liposomal nanomedicines into the brain. The therapeutic effects of 

different liposomal nanomedicine formulations delivered into the brain with focused 

ultrasound will be explored in disease models. Finally, the delivery of radiolabelled 

liposomal nanomedicines to the brain using focussed ultrasound will be explored to 

allow us to monitor the opening of BBB and drug delivery in real-time and non-

invasively.  

 

In conclusion to this thesis, we have contributed towards improving the currently 

available imaging and brain delivery methods for clinically approved PEGylated 

liposomal nanomedicines, intending to overcome the issues faced in their clinical 

applications and support the move towards personalised nanomedicine. The 

pretargeted imaging methods and focused ultrasound-mediated delivery methods 

described here have provided important information on their capabilities and will 

contribute to the future development of these techniques in both the preclinical and 

clinical settings. A particular area that we believe should be the focus of future 

investigations using these techniques is the delivery of therapeutic radionuclides such 

as alpha and beta particle emitters via liposomal nanomedicines to required targets, 

with minimal doses to non-target organs and the brain, respectively. 
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7 APPENDIX 

Table 7.1. Biodistribution data from the THP-PL-liposomes pretargeting experiment on 
healthy animals 

 

Table 7.2. Biodistribution data from the THP-PL-Pam pretargeting experiment on healthy 
animals 
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Table 7.3. Biodistribution data from the TCO-PL-liposomes pretargeting experiment on 
healthy animals 

 

Table 7.4. Biodistribution data from the TCO-PL-liposomes pretargeting experiment on 
tumour animals 
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