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Abstract 

 
The ability to track cells both in model systems and in the body is needed to enable 

scientists to better develop and understand new cell therapies and construct a wider 

understanding of the roles of different cell engagements. To explore this, in this 

thesis, cells are labelled with multimodal nanoprobes and a range of imaging 

modalities used for tracking and detection. Gold nanoparticles successfully 

performed as detectable scaffolds, holding both the coating and the luminescent 

compound, IrS1 (Iridium(III) bis(phenylquinoline-C2,N’) 5,5’-bis(mercaptomethyl)-

2,2’-bipyridine), and were able to enter human lymphocytes to allow detection 

utilising their optical and luminescent properties. Gold nanoparticles ranging in sizes 

of 13, 25, 50 and 100nm with different stabilising agents were compared for their 

loading abilities and biocompatibility. It was found the smaller particles with smaller-

chain stabilising agents had minimal impact on the phenotypical and functional 

behaviour of the immune cells and were more readily taken up by the cells. 

Regulatory T cells dosed with nanoprobes with a gold core of 25nm coated with 

Zonyl and IrS1 were administered to human liver sections which were then imaged 

using Micro-CT and Multiphoton microscopy to observe the localisation of the 

transplanted cells.  
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1 Introduction 

 

This thesis considers the design of new nanoparticle labels to track therapeutic cells. 

This chapter will reflect on the literature that forms the background to this study and 

will describe first the foundation for cell therapy and then the techniques that have 

been used previously for this and other applications.  

 

1.1 Rationale for Regulatory T-Cell Therapy  

 

Cell based therapies, despite being in their infancy, are progressively 

revolutionising modern medicine. Immunomodulatory therapy is the treatment of a 

disease which acts by stimulating or supressing the immune system1. There are some 

immunotherapies designed to reduce immune system activity and as such these are 

classified as suppression immunotherapies2. Autoimmune diseases arise from the 

loss of tolerance towards a patients’ peripheral self-immune system. The increasing 

demand for liver transplantation matched with a reduction in the number of donors, 

has exacerbated the need for alternative therapies to prevent chronic active hepatitis, 

which can eventually lead to liver cirrhosis and liver cancer2. Developments in the field 

of cell isolation have led to the reliable isolation of haematological cell populations 

based on their cell-surface proteins, paving the way for new adoptive cell-based 

therapies. Currently the gold standard for Autoimmune Hepatitis (AIH) treatment 

involves a two-phased approach which first consists of moving a patient into a point of 

immunehomeostasis and then secondly to keep them at remission3.  

AIH is estimated to affect between 10 to 17 people per 100,000 in Europe and 

more commonly affects women over the age of 45. Although the main cause of the 

disease is the body’s immune system attacking its own liver cells, it is thought that 

environmental factors and genetic predispositions can influence an individual’s 

chances of having AIH. Symptoms of the disease vary depending on the degree of 
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liver damage but can lead to particularly serious conditions including hepatic 

encephalopathy (loss of brain function), ascites (fluid in the abdomen) and edema 

(swelling of the legs).  The development of novel cell therapies is hoped to replace the 

need for prolonged global immunosuppression, which is well known to result in serious 

negative effects for patients. A recent systemic review looking at 319,000 people from 

15 countries with a range of autoimmune diseases, including AIH, found that COVID-

19 was twice as common in people with autoimmune diseases compared with the 

general population, largely attributed to the steroid based treatments they receive 

opening them up to an increased risk of getting infected4.  The human liver contains 

different subsets of effector lymphocytes that are organised by a T-cell population 

known as regulatory T-cells. Failure of resident regulatory T-cells (Tregs) to supress 

effector cells is typical for autoimmunity leading to studies exploring the use of either 

polyclonal or antigen specific Tregs as cellular therapies1.  

The balance of effector and regulatory cells can be used to predict the outcome 

of hepatic inflammation. Regulatory T-cells are a sub population of CD4 T cells, 

characterised by the high expression of CD25 receptors and low expression of CD127 

receptors. Clinicians who use Tregs for cell therapy often use a combined approach 

to isolate these cells either by magnetic isolation or by cell sorting. Tregs are currently 

considered the body’s main source of tolerance regulation in the peripheral immune 

system. They function and communicate via cell-contact and soluble factor mediated 

mechanisms to supress the destructive pro-inflammatory and cytolytic activities of 

immune effector cells5, 6. One of the first clinical trials of Treg therapy reported was to 

investigate treatments for acute and chronic Graft vs Host Disease (GvHD) after 

allogenic stem cell transplantation5. Following this study, further trials into the use of 

Tregs for GvHD and type 1 diabetes mellitus have supported the feasibility of Treg 
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therapy in humans. Clinical trials for Treg therapy in AIH patients specifically are yet 

to be tested. Based on observations of proof-of-concept experiments in the 

maintenance of expression of the liver tissue homing chemokine CXCR3 in patients 

with AIH, the expectation is that infused Tregs will recruit to the inflamed autoimmune 

liver tissue (Figure 1)1.  

 

The liver has been widely recognised as an immunoregulatory organ, 

consisting of parenchymal and innate immune cells including hepatocytes and 

cholangiocytes, liver sinusoidal endothelial cells, hepatic stellate cells, Kupffer cells 

and many more7, 8. The intimate interactions amongst these cells and other immune 

cells collectively contribute to the overall immune tolerance in the liver9. The liver 

accepts blood from both the portal vein and hepatic artery and because antigens from 

digested food pass from the gut via the portal vein the immune feedback must be 

tightly regulated to provide liver protection. Significant advances in recent years have 

been made towards therapy for immune tolerance induction and in studying the 

Fig. 1. Liver homing of clinical grade Tregs after therapeutic infusion in patients with AIH1  
(Figure take from reference 1) 
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associated mechanisms involved in animal models, however, the translation of these 

assays into the clinic have presented greater challenges9.  

Autoimmune hepatitis, primary biliary cirrhosis (PBC) and primary sclerosing 

cholangitis (PSC) form the three main categories of chronic autoimmune liver 

diseases10, 11.  PBC develops by the progressive destruction of intrahepatic bile ducts 

by nonsuppurative inflammatory processes. PBC prevalence varies with geographical 

location, with northern Europe being considered a disease hotspot12. Similar to AIH, 

PBC is more commonly found in female patients over the age of 50 years. The majority 

of PBC patients are asymptomatic at diagnosis and are only identified after screening 

tests show elevation of serum alkaline phosphatase levels. A more specific feature of 

PBC is the presence of antimitochondrial antibodies (AMA) in the serum of around 

90% of patients affected. These antibodies are directed to the PDC-E2 antigen, a 

component of the pyruvate dehydrogenase enzyme complex present on the inner 

mitochondrial membrane, which are highly specific for PBC13. The presence of AMA 

indicates a specific B-cell response to the mitochondrial antigen, with specific T-cell 

responses directed against PDC-E2 observed simultaneously14. In patients with PBC, 

although the exact aetiology has not been established, it is thought that the 

mechanisms involved in the molecular interactions with PDC-E2 eventually lead to the 

breakdown of immune tolerance13. The only accepted therapy for PBC is 

ursodeoxycholic acid (UDCA), which has proved to extend transplant-free survival 

when started early in the disease course15. However, this course of treatment does 

not provide a disease cure, with around 40% of patients having no real biochemical 

response to UDCA. PSC is defined as a chronic disorder characterized by fibrosis and 

inflammation of the extra- and intra- hepatic biliary tree10. Unlike AIH and PBC, PSC 

is twice as likely to affect men compared to women and can manifest at a younger age 
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of around 30 years. The disease is often found in patients who also suffer from 

inflammatory bowel disease (IBD), ulcerative colitis16, 17. Patients with PSC are at a 

significantly increased risk of developing hepatobiliary cancer and colorectal cancer, 

particularly those in the 70% of patients who also have IBD18. A British study reported 

an incidence rate of 0.68 per 100,000 patients per year19. At present, there are no 

approved pharmacotherapies for PSC and so UDCA is still the most extensively 

investigated agent for treatment of the disease, however two of the larger clinical trials 

for UDCA in PSC were inconclusive, exposing high rates of adverse events20, 21. 

Understanding the pathways involved in the disease development have paved the way 

for more targeted agents to be investigated in ongoing clinical trials, such as CCR2 

inhibitors and vascular adhesion protein-1 inhibitors, however liver transplantation still 

remains the most commonly used and potentially curative management treatment for 

PSC22.  

In liver transplantation, the application of hematopoietic chimerism stem cells 

to achieve graft tolerance has been largely studied, where chimerism may be defined 

as tissues from two different genetically distinct organisms that are able to coexist in 

one organism23. Application of this type of therapy helps to achieve donor-specific 

transplantation tolerance and allows immunocompetence for primary immune 

responses24. However, studies indicate that further modifications to this type of cell 

therapy are required as, despite the reports of less frequent GvHD, the risk had still 

not been completely mitigated25-27. 

Regulatory dendritic cells (DCs) were also recognised over 40 years ago for 

their potential to be potent antigen presenters due to their ability to link innate and 

adaptive immune responses for tolerance induction therapies28, 29. The absence of 

DCs may result in spontaneous and potentially fatal autoimmunity in the event of a 
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breach of self-tolerance in CD4 T-cells, largely attributed to their vital production of 

regulation cytokines within the tumour necrosis factor family. Preclinical studies of DCs 

in non-human primate renal transplant models suggested that a pre-transplant infusion 

of DCs increased the chances of allograft survival and various clinical studies, in 

autoimmune disorders, type 1 diabetes and Crohn’s disease, have implied the safety 

and tolerability of the therapy30-34. As such, phase I and II clinical trials of liver 

transplant tolerance induction by regulatory DCs that are currently ongoing hold much 

promise and their results are hoped to be encouraging.  

Macrophages are immune cells of hematopoietic origin and are vital in 

providing innate immune defence with tissue specific functionality directed towards 

regulation and maintaining organ homeostasis35. Human regulatory macrophages 

have distinctive attributes of macrophage differentiation, most appealing of which is 

their suppressive function36. Pilot studies of this type of cell therapy have implied that 

donor derived regulatory macrophages remained viable for more than 30 days post 

administration and tracking showed they accumulated in the liver, spleen and bone 

marrow37. The effect of regulatory macrophage therapy for liver transplantation is yet 

to be investigated.  

Mesenchymal stromal cells (MSC) are non-hematopoietic multipotent cells that 

have the ability to differentiate into different cells types including osteoblasts, 

adipocytes and chondroblasts under specific directional conditions38. Bone marrow is 

traditionally the source of these cells, however more recent research has led to the 

proposal of other sources which may be more favourable when considering clinical 

applications. MSC induced immunosuppression for dual targeting of both the innate 

and adaptive immune systems have allowed for various studies, both in vivo and in 

vitro, to evaluate the immunoregulatory effect of MSC therapy39-41. As it stands, recent 
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studies have shown that MSCs are ineffective in providing sufficient 

immunoregulation, however research continues as more variables are yet to be 

investigated42, 43. 

Another branch of immunosuppressive cells to be investigated are regulatory 

B-cells which are able to suppress the differentiation of various pro-inflammatory 

lymphocytes44, 45. However, mechanisms of regulatory B-cells are still unclear and so 

research is still limited to pre-clinical investigations only.  

Treg induced immune regulation is amongst the best studied and builds the 

core of tolerance mechanisms. There are many preliminary and clinical studies which 

have demonstrated the safety and efficacy of Treg therapy, despite the absence of a 

defined and optimised administration protocol in place. A clinical trial at phase I 

conducted by Kings College London presented results which complimented previous 

beliefs in showing Treg therapy exerts a donor-specific immunosuppressive effect46.    

 

1.2 Unknowns in Treg Therapy 

The conditions which afford the greatest potential benefit of Treg cell therapy 

still need to be defined47. This includes optimal Treg dosing, the timing of the doses 

and whether other drugs will be administered with the Tregs. Furthermore, the relative 

effect of Tregs on the microenvironment in vivo needs further investigation. Tregs exert 

a dominant tolerance via an array of mechanisms including their high affinity IL-2 

receptors which control effector cell expansion, stimulating the degradation of 

tryptophan to kynurenines which, in turn, inhibits T effector cells and directly effects 

antigen presentation on dendritic cells by reducing co-stimulatory molecules. These 

Treg functions can be enhanced by exposure to inflammation. Another area of interest 

that needs to be addressed is the in vivo stability of Tregs’ phenotype post 
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transplantation into patients. T-cell receptor signalling enhances Treg T-cell 

interactions with other cell types such as DC’s and interferon regulatory factor 4 

expression, which contributes to a T-cells’ suppressive function. The versatility of 

Tregs’ suppressive roles makes them effective protectors of immune homeostasis and 

as such their phenotypic behaviour must be retained. Moreover, Treg localisation is 

critical for the cell therapy to function correctly. Tregs suppress locally through direct 

contact and paracrine actions (the signalling of one cell to induce a change in another 

cell) in the tissue in which they reside, thus their ability to traffic to and accumulate in 

specific tissue is vital to their function. Tregs can implement different combinations of 

suppressive activities in response to specific tissue microenvironments. Currently over 

50 clinical trials of adoptive regulatory T-cell therapy have been completed or are 

ongoing (as listed at clinicaltrials.gov Accessed: August 2022). This work has been 

accomplished largely with ex vivo expanded Tregs which have been isolated based 

on the surface markers they present. Chimeric antigen receptor T-Cell (CAR-T) 

immunotherapies have opened a window into the development of specialised gene 

therapies48. However, CAR-T cell therapies are associated with challenges such as 

manufacturing difficulties, T-cell defects and treatment associated toxicities. CRISPR 

gene editing tools have demonstrated the ability to overcome these limitations in 

recent studies. CRISPR technology, based on RNA-DNA recognition, has proven to 

be a new platform to help improve the efficacy of CAR-T cells49. This can be achieved, 

for example, by depletion of inhibitory signalling molecules such as programmed cell 

death and cytotoxic T-lymphocyte antigen 4 to prevent T-cell exhaustion. However, 

CRISPR does not come without its own limitations, including off-target effects and 

difficulty in controlling delivery of the CRISPR therapy itself50. Innovations in the design 

of newer generations of CRISPR have enabled a secondary modification of CAR-T 
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cells to generate more efficient, inhibition-resistant products, but has not seen 

translation to the clinic yet due to the need to further monitor the genomic editing side 

effects which can be achieved with whole exome sequencing, whole genome 

sequencing or conventional cytogenetics49, 50.  

 
1.3 Safety of Commercially Available T-Cell Therapies 

In clinic, CAR-T cells are manufactured via leukapheresis of peripheral blood 

to obtain blood mononuclear cells (PBMCs) enriched for membrane receptors CD4, 

CD8 and CD25. T-cells are then activated, ex vivo, after 3 to 21 days using antibody 

co-stimulatory agents51, 52. Commonly, the production of CAR-T cells involves the 

enrichment and growth of T lymphocytes that are genetically engineered under GMP 

conditions. At present the CAR-T cell therapies in the UK that are available include 

tisagenlecleucel and axicabtagene ciloleucel and brexucabtagene. These are 

approved for adult patients with relapsed or refractory large B-cell lymphoma 

(including diffuse large B-Cell lymphoma (DLBCL), high grade B-Cell lymphoma and 

transformed DLBCL arising from follicular lymphoma) only after 2 or more lines of 

systemic therapy failed to work. These products have demonstrated remarkable 

efficacy in these populations considering that the historic prognosis of patients after 

failing 2 preceding lines of therapies was poor. While acknowledging that CAR-T cells 

have revolutionised the treatment and prognosis of such diseases, these therapies 

result in unique arrays of toxicities, including cytokine release syndrome (CRS) and 

neurotoxicity (NT) also known as CAR-T-related encephalopathy syndrome (CRES) 

or immune related effector cell-associated neurotoxicity syndrome (ICANS). For 

monitoring purposes, various grading models are used in clinical trials to assess the 

usability of CAR-T cells by the severity of CRS and NT adverse events. CRS is caused 

by the release of cytokines during in vivo CAR-T cell expansion. The toxicity arises 
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from the systemic effect of these cytokines on multiple organ systems in the patient. 

Grading models assess the organ systems typically affected by CRS, but a fever is a 

key indicator that CRS has occurred53. To escalate matters, resident immune cells 

may augment the CRS process despite it being originated by the CAR-T cells. In worse 

cases, symptoms of CRS can result in hypotension responsive to fluids and hypoxia 

due to low-level oxygen support. There are many biological and molecular variables 

which have been studied as potential factors associated with NT. Endothelial 

activation of the CNS vasculature has been suggested, which showed that 

hypoalbuminemia, weight gain, disseminated intravascular dissemination signs and 

elevated cerebrospinal fluid protein (particularly albumin) and increased 

concentrations and ratio of angiopoietin 2 correlated with higher grades for NT 

severity, reflecting disruption of the blood brain barrier54. This study cross referenced 

the increased NT with increased serum levels of T-cell produced and stimulating 

cytokines such as IL-6, IL-10, IFNg and IL-2. Animal models have helped improve 

understanding of the pathophysiology and potential therapeutic interventions. To work 

effectively, adoptively transferred Tregs must home to and mediate suppression at the 

target tissue selectively. Chemokines direct the trafficking and positioning of 

leukocytes within tissues and a deficiency in CXCR3, which drives their recruitment 

across hepatic sinusoids, has been associated with the exacerbation of liver disease 

and withdrawal of tolerance in mouse models of immune-mediated hepatitis. Research 

in these models highlights the importance of retaining the phenotype of CAR-T cells 

as well as being able to selectively track their localisation to ensure efficacy of the 

therapy. The precise role of CAR-T cells in the development of ICANS is still uncertain, 

however patients experiencing ICANS have showed signs of significantly elevated 

levels of cytokines in their cerebrospinal fluid post analysis. This observation suggests 
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a role played by stimulation of leukocytes and a subsequential increase in permeability 

across the blood brain barrier55.    

In recent years there has been significant improvements in managing the 

toxicities associated with CAR-T cell therapy. The most common strategies are more 

supportive in the use of tocilizumab (an immunosuppressive drug) and steroids. It is 

also vital to treat the symptoms of hypotension and hypoxia with IV fluids and positive 

oxygen pressure. However, neither of these actions directly addresses the root cause 

of the issue. Pre-clinical trials have sought the use of Defibrotide (a mixture of single-

stranded oligonucleotides used to treat veno-occulsive disease of the liver) to prevent 

CAR-T cell induced ICANS by protecting endothelial cells from injury within the CNS56.  

 

1.4 Cell Tracking: Current Approaches  

Being able to track immune cells in vivo is of great importance in revealing the 

biology of the microenvironments of target tissues and ultimately assessing the worth 

of cell therapies. This is of particular importance in patients who find themselves 

eligible for immunotherapies but where established imaging modalities such as PET 

and CT are not able to tell apart the true progression of the therapeutic cells from the 

pseudo-progression. Being able to make this distinction is vital when establishing a 

cell therapy’s effectiveness, and usually this is assessed via the indirect 

measurements of either biomarkers or immunohistochemistry of tissue biopsies which 

are both subject to the type of clinical application and are not always the best option 

for the patient.  
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In order to determine the exact localisation of the injected Tregs, a non-invasive 

tracking technique needs to be implemented so immediate interreference can be 

administered where necessary to minimise any unwanted side effects57. Direct 

labelling consists of labelling the cells ex vivo with an agent that remains isolated in 

the cytoplasm of the cells for long enough to be injected into the tissue and be tracked 

to the target site. In pre-clinical trials currently, the most commonly used tracking 

agents are 111Indium containing compounds with conjugates such as tropolonate or 

oxine58 (Figure 2).  

 

Indium-111 is a radioactive isotope of Indium with a half-life of 2.8 days. This chemical 

agent is commonly used in nuclear medicine diagnostic imaging due to its radioactive 

decay which emits low energy gamma photons that can be imaged using planar or 

single photon emission computed tomography (SPECT) gamma cameras 58-60.  

In cells, Indium-111 complexes dissociate, leaving Indium-111 bound 

intracellularly to cytosolic proteins, remaining stable, in vivo, over at least 24 hours 61.   

Although most studies using 111Indium tropolonate suggest there is little damage 

inflicted on the cells structurally and functionally, intra-organ localisation is a limitation 

Fig 2. Left: Structure of Indium-111- Oxine, Right: Structure of Indium-111 Tropolonate. 
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with this imaging technique. As seen in Figure 3, the indium conjugates give clear 

visualisation of which organs the labelled cells accumulate in.  

 

 

It should also be noted that cells may die as a result of radiolysis or the agent 

can leak, increasing the signal from circulation and decreasing the target-to-

background ratio. These issues make it difficult to image for long periods of time as 

well as prohibiting any evaluation of cell proliferation or function. For leukocytes, the 

labelling efficiency of radionucleotides is good, but a significant efflux rate has been 

reported, meaning image quality is considered suboptimal despite the use of a high 

energy single photon emitter for a contrast agent 62. Recent advances have suggested 

the use of positron emitters could offer better resolution images as it would employ the 

use of PET imaging over SPECT, overcoming the long scan times and low-resolution 

images prone to artefacts and attenuation limitations associated with SPECT imaging. 

SPECT also cannot provide a quantifiable estimate of blood flow, which is attractive 

for tracking CAR-T cells. Copper-64 is a possible alternative, with a relatively long half-

life of 12.7hrs63. Adonai et al used a 64Cu derivative compound (64Cu-

pyruvaldehydebis(N4-methylthiosemicarbazone) to label C6 glioma cells, taking 

advantage of the compound’s lipophilicity that resulted in a strong uptake (Figure 4). 

Despite the welcomed increase in uptake, they observed a relatively high efflux rate 

Fig. 3. SPECT-CT axial, coronal and sagittal imaging of GMP-Tregs at 24hrs after infusion 
and cell distribution1  

(Figure take from reference 1) 
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and as such the compound presented the need for improvement. Another 

radionucleotide that has been explored by Charoenphun et al was 89Zirconium-

oxinate. Zirconium-89 has a half-life of 78.4hours, allowing for tracking of cells over a 

longer period of time (Figure 4). Myeloma cells were labelled effectively but they did 

suffer some conflicting results in terms of cell viability64. In 2018, Weist et al used PET 

to image adoptively transferred CAR-T cells that had been labelled with 89Zr-oxinate65 

(Figure 4). Promisingly the CAR-T cells retained their in vitro cytokine production, 

migration and tumour cytotoxicity in addition to retaining up to 60% of the 

radionucleotide compound over a 6-day time frame.  

 

 

 

 

 

 

 

Magnetic resonance imaging (MRI) is favourable for cell tracking owing to its 

known ability for greater depth penetration through tissue. MRI works using hydrogen 

atomic nuclei, particularly in water and fat, which are able to absorb radio frequency 

(RF) energy when placed under an external magnetic field. The resulting evolving spin 

polarisation of the nuclei can induce a RF signal in a radio frequency coil and thereby 

be detected. By varying the pulses of radio waves that excite the nuclear spin energy 

transitions, different contrasts may be generated between tissues based on the 

relaxation properties of the hydrogen atoms, proportional to the tissue density and 

water content. For more specific imaging, contrast agents may be used. Gadolinium 

Fig. 4. Left: Structure of 64Cu-pyruvaldehydebis(N4-methylthiosemicarbazone).  

Right: Structure of 89Zirconium-oxinate.  
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(III) chelates are effective contrast agents owing to their seven unpaired electrons 

which produce a magnetic moment that increases the relaxivity of water protons, 

shortens the longitudinal relaxation rate T1 and therefore increases the signal by 

creating a positive contrast in T1-weighted MRI images66. Sensitivity is limited to the 

amount of gadolinium that may be loaded into the cells62. Geng et al labelled rat 

mesenchymal stem cells with Gd-DTPA effectively enough to produce T1-weighted 

MRI images post injection in rat brains (Figure 5). The Gd-DTPA was shown to have 

minimal effect on cell viability and proliferation67.  

 

 

 

 

 

 

 

Fluorine-19 based MRI has progressively become more attractive to image 

cells in vivo due to its specificity, quantification ability and the chemical inertness of 

the agents administered. Bouchlaka et al have shown high sensitivity detection of non-

radioactive fluorine (19F) using magnetic resonance68. Here the group labelled Human 

NK cells with emulsified perfluorocarbon which were detected, not only at the site of 

injection, but the group also followed their migration. Makela et al developed methods 

for 19F MRI tracking of cells in mice on a 3 Tesla clinical scanner69. 19F MRI has lower 

sensitivity compared to other tracking techniques and so 19F MRI has only been 

performed at relatively high magnetic field strengths. The group focused on detecting 

macrophages in tumours as macrophage density is an indication of tumour 

Fig. 5. Structure of Gd-DTPA.  
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aggressiveness and concluded 19F MRI could be used; at 3 Tesla, as few as 25,000 

cells could be detected as cell pellets using perfluorocarbon labelling. 19F signal was 

observed in the liver, spleen and tumour of mice at both 9.4 and 3 Tesla. As cells do 

not remain in pellet form when dosed to the subject, these observations were 

particularly significant.      

Optical bioluminescence imaging makes use of cells which express the 

luciferase enzyme, which reacts with its substrate, luciferin, and emits light between 

480 and 600nm depending on the type of enzyme (firefly, Renilla or bacterial) and 

substrate generated by the conversion of chemical energy into visible light70. Cells can 

only be monitored for up to a week post adoptive transfer, which can allow the 

monitoring of adverse effects on long term cell viability71. However, this technique is 

not fully reliable as it has been reported that even when cells are present, the 

bioluminescence signal may be lost due to metabolic changes as luciferase is reliant 

on energy and cofactors. As such, it is common practice to use bioluminescence in 

conjunction with another reporter gene such as Green Fluorescent Protein (GFP), 

which would allow for the detection of cells by flow cytometry or immunostaining of 

organs72. The main issue here is that this is invasive and not applicable for clinical 

patients. More recently, research into the improvement of bioluminescence imaging 

has been moving towards adopting the bioluminescence resonance energy transfer 

(BRET) principle to improve cell tracking by this technique. BRET is the energy 

transfer between a luminescence donor, typically a luciferase, and a fluorescence 

acceptor, namely a fluorescent protein, in specific conditions.  

Wang et al labelled rat mesenchymal stem cells with their unique GpNLuc 

reporter and evaluated its cell tracking efficacy in vitro and in vivo and saw their system 

produced more robust bioluminescence signals with minimal background noise that 
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allowed for better correlation to cell numbers compared to a fluorescence-based 

approach73. The group recognised that, non-linear attenuation of photons produced 

as a result from deeper penetration depths in tissues, coupled with tissue optical 

heterogeneity, significantly diminishes the ability to quantify the signal in larger 

samples and that metabolic changes can also influence the consistency of 

bioluminescence signals even with the adapted approach.  

However, the GpNLuc reporter showed a 10-fold increase in total light output 

compared to the use of NanoLuc moieties independently, reduction in acquisition 

times and demonstrated sensitive monitoring of tumorigenesis at deep tissue levels, 

suggesting the GpNLuc reporter could be better engineered for subcutaneous 

applications. Adaption of the reporter further by using LSSmOrange (OgNLuc) 

generates a weaker light due to a lower BRET efficiency but emits at a longer 

wavelength which could prove beneficial for deeper tissue penetration. More 

encouraging was the reporter independency of ATP seen when using GpNLuc for 

bone tissue engineering specifically as inorganic phosphate homeostasis is crucial for 

hydroxyapatite formation.  

As personalised medicine and CRISPR-editing develop there is greater need 

to improve the efficacy and safety of targeted cell therapies. Kelly et al developed a 

non-viral vector-based system for large DNA multimodal reporter genes to be 

integrated into the safe harbour genomic locus AAVS174. The group engineered a 

reporter gene probe constructed of a clinically used MRI reporter, Oatp1a1, with a 

fluorescent and bioluminescent gene to enable cell sorting and non-invasive BLI/MRI 

of engineered cells to test in a pre-clinical cancer model.  

Although this work shows promise for safer nonviral genome editing for cell 

tracking, the effects on cell function cannot be ignored. The study showed a slower 
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growth rate for some cell types with the inserted reporter genes and although this was 

attributed to the heterogeneity in clonal populations, observations such as these could 

allude to underlying phenotypical changes that were not tested for in this particular 

series of checks. BLI also suffers poor translatability with respect to the ethical 

considerations surrounding genetic modifications and as such, limits the uptake of this 

therapy into clinics.   

 Kang et al utilised the principals of bio-orthogonal chemistry and coupled the 

fluorochrome dibenzyl cyclooctane to Cy5 for near infrared (NIR) fluorescence 

imaging by intravenous injection into mice75. The group intended to chemically bind 

the fluorochrome to the azide groups on the surface of the target cells by 

glycoengineering, a technique for manipulating cellular metabolism to modulate 

glycosylation with the hope to install non-natural substances into glycoconjugates75. 

This method of fluorescence imaging was promising but also has the disadvantage 

that NIR is limited with low sensitivity as a result of low absorption coefficients meaning 

the detection limit must be greater.  

Another favourable method of tracking adoptively transferred cells is by tracking 

adoptive cell therapy (ACT) products using T-cell receptor (TCR) deep sequencing 

using pre and post-infusion samples from patients with, for example, melanoma, 

breast cancers and Merkell cell carcinoma76. ACT products here refers to the T-cells 

transplanted. This study tracked clonotypes in the days to months post infusion and 

compared clonotype parameters with clinical parameters. This strategy facilitated 

tracking by quantitative polymerase chain reaction (PCR) – based approaches77. TCR 

deep sequencing allows for thousands to millions of clonotypes to be determined per 

run, with platforms based on T-cell receptor beta variable primer specific multiples 

PCR or DNA using illumine sequencing.  
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An additional technique even allows for de novo determination of clonotypes 

using total RNA-Seq data permitting TCR mining across the many publicly available 

RNA-Seq databases78. Using TCR deep sequencing, studies have shown the 

clonotype diversity and clonal hierarchy of the ACT products pre-infusion were 

heterogenous and could not predict a clinical outcome. For some patients the clonal 

hierarchies in the ACT products did not correlate with the peak clonotype hierarchy 

post infusion. Results such as these indicate considerable restructuring of the T-cell 

repertoire once the product went in vivo.   

Although TCR could provide predictive information on ACT product quality and 

patient outcome in the future, the discrepancies within clonal frequencies means this 

technique is still in early development for this application. Other studies have 

described this technique as limited also, since such monoclonal T-cell products 

exhibited only a short survival in vivo (<14 days) in most patients, likely reflecting the 

extensive expansion required to attain therapeutic cell doses and the associated 

terminal differentiation.   

At research level, various cell labelling methods have been developed for 

bioluminescence imaging, fluorescence imaging, MRI and PET scans (Figure 6)79, 80. 

Fig. 6. Visualization of DC migration into the lymph node in vivo using multimodal imaging. Cells 
were injected in the left or right mouse footpad, respectively. Signals were observed in the lymph 

node79 

(Figure taken from reference 79) 
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Direct labelling may present itself as the simplest approach as all that is required are 

labelled monoclonal antibodies or peptides that are able to bind to target cells in vivo 

without the need for ex vivo genetic manipulation. Nonetheless, a limitation of direct 

labelling via antigen binding arises when expression of the target antigen occurs on 

other subpopulations or even physiological uptake of the label by surrounding cells. 

These concerns can be overcome using reporter genes. Bioluminescence requires 

cells to be transfected with a reported gene which provides its own challenges due to 

low transfection efficiency and the weak signal at the single cell-level. Fluorescence 

dyes do not allow for quantitative biodistribution information to be obtained due to the 

restriction in penetration depth81. MRI can perform 3D tracking, but the results are not 

quantitative and PET scans do not provide information on a single cell level82, 83. 

Therefore, an approach is needed that combines the advantages of each of the 

techniques. 
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1.5 Cell Tracking: Nanoparticles 

Nanoparticle-based imaging is rapidly growing in the field of molecular 

imaging84. Two main objectives drive this research; one being the in vitro 

internalisation of the nanoparticles into the therapeutic cells and the other being the 

non-invasive imaging of the cells post in vivo injection of the cells85. Biocompatible 

nanoparticles (NP) have the potential to be broadly used in the clinic to enable longer 

time periods of tracking with simultaneous imaging. NP loading into cells is vital to 

investigate as higher concentrations of NPs will directly increase the contrast in 

images produced, however it is important to retain a cell’s viability and functionality, 

especially in ACT where the T-cells in question are expected to perform 

immunosuppressive behaviour when they have reached their target sites. A reliable 

and clinically applicable imaging modality needs to be implemented so that small 

clusters of cells are identifiable against the surrounding soft tissue. The ability to 

quantify the number of cells detected is another requirement that could be greatly of 

interest. The introduction of gold nanoparticles (AuNPs) as contrast agents has 

expanded the use of CT to that of molecular and functional imaging86, 87.  

Gold nanoparticles have been extensively studied and are well known for their 

biosafety and in vivo chemical stability, biodistribution and pharmacokinetics88-94. 

Other favourable features of AuNPs include their high density and high degree of 

flexibility in terms of particle size, shape and their ability to conjugate a range of 

functional groups, allowing them to become the scaffold for multimodal imaging 

probes.  

Direct visualisation of AuNPs in biological systems can be obtained using a 

variety of techniques, including Darkfield (DF) Microscopy, brightfield microscopy and 

transmission electron microscopy. In the nm scale these techniques allow for 
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visualising of single AuNPs interacting with the biological environment. DF microscopy 

is a scattering based technique which produces a bright image of the specimen on a 

dark background. The strong scattering signal of AuNPs is attributed to their high 

scattering coefficients which are approximately 5 orders of magnitude higher than 

most conventional fluorescent dyes95. For many imaging methods that are based on 

the AuNPs Rayleigh scattering, their signal needs to be differentiated from the 

background meaning that the minimum size these particles need to be is around 

40nm. Photothermal imaging makes use of the fact that for smaller AuNPs, their strong 

absorbance of light could be converted to heat that warms up the environment 

surrounding the AuNPs. The temperature change of the medium results in a reflection 

index change that shifts the phase of the transmitted light beam96. AuNPs have been 

shown to greatly increase the excitation of fluorescent probes where the overlap 

between the surface plasmon resonance (SPR) of the AuNPs and the absorption and 

emission spectra of the fluorophore occurs giving the opportunity for plasmon 

enhanced spectroscopy 97. However, for most optical imaging techniques, the imaging 

depth is limited to several hundred µm. This is due to the strong scattering that greatly 

decreases the depth a photon can travel within tissues. Recent advances have 

enabled deep tissue imaging such as multiphoton microscopy and photoacoustic 

imaging. The SPR of the AuNPs enables the enhancement of multiphoton absorption 

and can act as a contrast agent with addition of functional groups98.  

Gold Nanoparticles are also undergoing development for multimodal imaging, 

with and without radiotracers 99, 100.  Using a CD19 CAR-T cell model system, cells 

were loaded with 64Cu-labelled gold nanoparticles by electroporation (Figure 7).  
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After an intravenous delivery, PET signal was recorded in the lungs after 14 

hours, whereas cell-free administered NPs accumulated 25-fold and 17.5-fold more in 

the spleen and liver, respectively.  However, the electrotransfer caused a 50% death 

in cells after 12 hours. The same research group then went on to develop a PET/MRI 

contrast agent using superparamagnetic iron oxide nanoparticles (SPIONS) and 

demonstrated internalisation of the positively charged NPs which bettered the cell 

viability to 80% (Figure 8)80.  

 
 

 

 

 

 

Fairclough et al looked at adding radionucleotides to chitosan nanoparticles to 

reduce efflux rates of tracking devices out of the cell, using mixed lymphocyte cell 

populations, whilst also improving cell viability and function; which are significantly 

impaired when dosing the radionucleotides independently (Figure 9)101, 102.  

 

 

Fig. 7. Schematic of 64Cu-labelled AuNP100  
(Figure taken from reference 100) 

Fig. 8. Positively charged SPION with polymer shell and either FL or 64Cu coating80  
(Figure taken from reference 80) 
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SPIONS have an inherently larger effect on MRI relaxivity than soluble 

paramagnetic agents, such as gadolinium chelates. Their core can contain up to serval 

thousand Fe atoms, thus increasing the local Fe concentration and sensitivity. To 

eliminate the notorious toxicity of Fe in the body, commonly, SPIONS are coated with 

more biocompatible compounds such as dextran, silica, citrate, polymers and even 

gold nanoparticles. The superparamagnetic agents result in negative contrast in T2-

weighted images by causing inhomogeneities in the local magnetic field and spin-spin 

dephasing, which shortens transverse relaxation times103. A review by Kircher et al 

exhibited that SPIONS of varying sizes have been explored, ranging from ultra-small 

superparamagnetic iron oxide (USPIOs) of 10-50nm into micrometre-sized iron oxide 

(MPIOs) at >1µm104. As with all nanoparticles for in vitro labelling of cells, size 

influences cellular uptake, retention, biocompatibility, efflux, image contrast intensity 

and cell functionality. The larger the NP, the less a cell can hold before viability is 

significantly impaired, limiting intracellular concentrations and thus the sensitivity of 

cell detection. Foley et al showed that macrophages, which inherently like to take in 

Fig. 9. Proposed representation of the binding of zirconium-89 to chitosan NPs 102  
(Figure taken from reference 102) 
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extracellular material, were easily labelled with micro-meter sized iron oxide particles 

and were able to be analysed via ex vivo MRI as well as being monitored post injection 

via MRI105. Smirnov et al alluded to another advantage of using MRI as a tracking tool 

in that it affords the ability to detect a smaller number of cells that may be difficult to 

label compared with using other imaging modalities106. More recently, Dallet et al 

investigated the use of two micrometric commercial iron oxide particles and analysed 

their endocytic pathways into glioma cells107. They saw that although the particles 

were good T2 and T2* contrast agents, they had potential to be used as T1 contrast 

agents which would be more advantageous as it would clarify their interpretation, 

eliminating any doubt related to other T2* generating species such as air. It is well 

established that particle uptake into cells is largely size dependant. The group suggest 

that the smaller diameter particles (~50nm) are internalised by caveolae-dependant 

pathways, whereas the larger MPIO particles (~1µm) are internalised by 

macropinocytosis (the ingestion by cells of extracellular liquids and dissolved 

molecules). However, some larger MPIOs could also be taken into cells via clathrin-

dependant endocytic pathways, though this process is highly dependent on cell 

type108. Although the group showed the particles to be effective for MRI cell tracking 

as the larger sizes enable more effective use of the applied external magnetic field, 

cells suffered degrees of cytotoxicity which cannot be ignored. Functionalisation or 

shell-coating could avoid these issues, albeit they do not disrupt the T1 weighted 

signal.  

Liu et al have looked at incubating immune cells with gold nano-stars for 

tracking in mice models109. The group used two-photon photoluminescence (TPL) for 

high resolution sensitive optical imaging to locate their macrophage cells labelled with 

the PEGylated nano-stars. TPL imaging confirmed that the liver, spleen and lung had 
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high macrophage cell accumulation which correlated positively with their results 

obtained by inductively coupled plasma mass spectrometry (ICP-MS) which showed 

46.5% ID/g Liver uptake, 151.2% ID/g spleen uptake and 111.5% ID/g lung uptake 

(Figure 10). Chhour et al used X-ray CT to image coronary arteries non-invasively post 

injection of AuNP labelled monocytes in apolipoprotein E deficient mice (Figure 11)110.  

Fig. 10. Macrophage cell tracking with GNS. TPL imaging of DAPI stained tissue section 4 h, 
24 h or 120 h after the systematic administration of GNS-loaded macrophage cells into mice 
with E.G7 tumour. The red arrow shows GNS-loaded macrophage cells. GNS nanoparticles 

are shown as white spots under TPL. Scale bar is 100um and 10um (zoom in)109  

(Figure taken from reference 109) 
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The AuNPs used were synthesised as citrate AuNPs which underwent ligand 

exchange with 11-mercaptoundecanoic acid to give monodispersed spheres of 

14.6±1.5nm, by TEM. With consideration for the attenuation values obtained each day 

and random effects, the group found a statistically significant increase in attenuation 

for the AuNP incubated cells model compared to their control group of blank cells. This 

increase in attenuation suggested that the recruitment of AuNP labelled monocytes 

can be detected by CT imaging110, 111.  Ning et al developed novel AuNPs synthesised 

Fig. 12. a) In vitro micro-CT imaging of the hMSCs (1 × 106 cells) labelled with Au@BSA@PLL 
at different Au concentrations. (b) Calculated HU values as a function of the concentration of 

Au@BSA@PLL added for cell labelling. (c) Calculated HU values as a function of the 
intracellular Au Concentrations112  

(Figure taken from reference 112) 

Fig. 11. CT scans of AtT for (A) day 0 and (B) day 5. Boxes indicate aortic region. Attenuation 
increases in the aorta over 5 days. (C) Graph plotting average intensities on the aorta of the 

mice in CT scans over time110  
(Figure taken from reference 110) 

AtT – atherosclerotic mice receiving  
         AuNP labelled monocytes 
AtN – atherosclerotic mice receiving  
          non-labelled monocytes 
WdT – wild type mice receiving  
           AuNP monocytes 
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with bovine serum albumin via an in situ growth method and modified them with a poly-

L-lysine layer yielding Au@BSA@PLL nanotracers which showed enhanced 

biocompatibility and intracellular uptake with a hydrodynamic size of 21.28nm112. 

These nanotracers were investigated in vitro and in vivo for tracking human 

mesenchymal stem cells (hMSCs) with CT (Figure 12 and 13).  

 

The group observed high loading of the nano-tracers at 293pg per cell had negligible 

influence on the viability, proliferation and osteogenic and adipogenic differentiation of 

the labelled hMSCs. Using pulmonary fibrosis injury mouse models, they were able to 

track the cells up to 23 days post transplantation in vivo. Although this group showed 

that the nano-tracer worked effectively as a CT contrast agent, this technique could 

not provide information on the viability of the cells post injection. Simultaneous use of 

reporter genes for labelling the hMSCs would be a way of overcoming this issue. 

Fluorescent NPs have unique advantages of higher brightness, tuneable 

fluorescence and better photobleaching resistance113. Quantum dots are a class of 

inorganic semiconductor nanocrystals with unique photophysical properties, including 

Fig. 13. a) In vivo micro-CT images of the Au@BSA@PLL labelled hMSCs at 3 h, 48 h, 9 d, 
16 d and 23 d, respectively, after transplantation into the lung of a PFI mouse. The micro-CT 
image of the lung before transplantation acted as a control. (b) The CT values of the labelled 

hMSCs before and after transplantation into the lung at 3, 48hr, 9 d, 16d, and 23d 
respectively. C) 3D CT images of the labelled hMSCs at 23days post transplation112 

(Figure taken from reference 112) 
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long fluorescence lifetimes, high fluorescence quantum yields and excellent 

photostability114, 115. Traditionally, QDs have shown limitations such as high toxicity 

and short circulation times and, when encapsulated with polymer materials, have 

induced undesired immune responses116. In overcoming these limitations, silver 

sulphide (Ag2S) QDs have been most successful for cell tracking due to their superior 

photostability and high quantum yields in the second near-infrared (NIR-II) window114. 

Li et al encapsulated an Ag2S QD with fluorescence in the NIR-II window (1000-

1700nm) with protein nanocages using simian virus 40 as a model 117. The dynamic 

in vivo distribution of the nanocages in living mice was tracked in a real time manner 

due to the high spatiotemporal resolution and deep tissue penetration of NIR-II 

fluorescence imaging118. 

Silica dye-doped fluorescent NPs are a type of fluorescent probe that have 

been applied to stem cell labelling and tracking119. The encapsulation of a dye within 

Fig. 14. a) Silica dye-doped fluorescent NPs chemical structures. b) schematic representation of 
NIR-Plus NPs synthesis. C) representative DLS hydrodynamic diameter distribution in water. D) 

representative TEM image with core diameter distribution119  
(Taken from reference 119)  
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the silica affords better photostability, high biocompatibility and surface functionalities. 

Biffi et al developed core-shell silica-PEG NPs with strong NIR emission which showed 

promise for cell tracking abilities (Figure 14). By doping with cyanine 5.5 and cyanine 

7 dyes into the silica NPs, fluorescence can be detected at 720 and 860nm 

respectively.  

 
AuNPs on their own can be used for ultrasound and photoacoustic imaging of 

transplanted cells120. These AuNPs can be functionalised to form multimodal 

fluorescent probes. Lee et al synthesised multi-layered nanoprobes by combining poly 

– L – lysine (PLL) with cy5.5 and poly-D-lysine (PDL) with FITC dye onto an AuNP 

core121. The fluorescence of cy5.5 and FITC can be quenched by the AuNP in the 

intact multi-layered nanoprobe. In living cells, PLL in the multi-layered nanoprobe can 

be degraded by intracellular proteases and the red fluorescence of cy5.5 is produced. 

In apoptotic and necrotic cells, the protease resistant PDL can be degraded by the 

produced reactive oxygen species and the green fluorescence of FITC is produced. 

By this way the fate of the cells can be tracked both in vitro and in vivo. This is a 

promising strategy for tracking the viability of transplanted cells and has potential to 

evaluate the efficacy of treatment114.  

AuNPs are typically obtained by reduction of a gold salt and coated in an 

organic or inorganic layer to provide colloidal stability122, 123. The localised surface 

plasmon resonance (SPR) due to the oscillation of free electrons at the surface of the 

AuNP allows for very specific characterisation of the NPs formed and allows for a 

discriminative method for the fine tuning of desired optical properties via different sizes 

and shapes of the AuNPs (Figure 15)124, 125. 
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Adjusting the synthesis of spherical NPs gives the potential for modifying the 

size of the NPs formed which is of great interest in terms of molecular imaging 126, 127.  

Varying the size of the AuNPs has surface to volume ratio benefits when considering 

the addition of surface functionalising moieties for purposes such as protein targeting 

or bioimaging. Increasing the size of the NPs red-shifts the SPR which in itself can be 

beneficial given that many optical biomedical imaging techniques take advantage of 

the near-infrared region (NIR) as it is well known that tissue absorption at this end of 

the spectrum is low128. However, it should also be noted that larger NPs are less easily 

taken up by cells and may induce toxicities that were not so prominent with the smaller 

NPs. The increased volume of exogenous material in a cell can cause phenotypical 

and pharmacokinetic issues.   

Another way of adjusting the SPR to fit into the NIR region would be to adjust 

the shape of the NP129. Spherical NPs are advantageous in terms of uniformity and 

cellular uptake, however, gold nanorods (AuNR) have significant advantages in that 

they possess both transvers and longitudinal SPRs which can be manipulated by 

adjusting the length to width ratio and interestingly even very small AuNRs have 

landed within the NIR region as a result130. Core-shell nanorods have also been 

developed that are effective agents for multiple imaging modalities131. Pohling et al 

Fig. 15. Schematic illustrating a localised surface plasmon resonance125  
(Taken from reference 125)  



 37 

show that their spindle shaped iron oxide core NRs coated with gold offer T2 contrast 

using MRI and also were multimodal, giving imaging opportunities with photoacoustic 

imaging and SERS132. Other shapes have also been investigated, mainly with the 

desire to optimise the surface to volume ratio of NPs to obtain maximum loading 

potentials of functional groups. Nanostars, for example, provide a very high surface to 

volume ratio and prism shape NPs have even been shown to have greater uptake in 

some cell linages133.  

Darrigues et al used multimodal Au-nanorods to track their interaction with 

pancreatic-stromal tumour spheroids by multimodal imaging134. The group were able 

to use fluorescence live imaging, photothermal and photoacoustic analysis to examine 

the nanoparticle behaviour in the spheroids. Interestingly, the study showed that the 

dye and NR signal did not always overlap, suggesting the need for further 

development into the binding of functional groups, however the research did 

demonstrate the potential for creating multi-source tracking.  

The fine tuning of the physiochemical properties of AuNPs is greatly exploited 

in the field of cell tracking to evaluate the efficiency of cell-based therapies. The 

significance of the physiochemical parameters of AuNPs for cellular uptake has been 

investigated in the literature with the clear goal to maximise cellular uptake while  

 

 

 

 

Fig. 16. Schematic depiction of the range of AuNPs used in the study. PEG-amine coatings 
were mixed in 1:4 ratios with MPEG and PCOOH to provide stability. The ligands examined 

represent different functionalities and charges135  
(Taken from reference 135) 
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having as little as possible effect on cell function. A study by Chhour et al looked 

at the effect of size and surface chemistry of AuNPs in monocytes (Figure 16)135.  The 

effect of both the coating and size of the AuNPs on their cellular uptake was 

investigated using AuNPs with a core diameter ranging from 15 to 150nm and 

functionalised with a variety of different organic coatings. AuNPs with a terminal 

carboxylic group were taken up less than those coated with methoxy-PEG despite the 

increase in size. The terminal carboxylic group coated NPs were found to have an 

optimum size uptake at 50-75nm, rather than being at the smaller or larger end of the 

spectrum.  

The group also highlighted the need to optimise the time for incubation and the 

dose concentration of the AuNPs. Recent studies have also emphasised the 

importance of considering the effect of the serum protein corona on NP interactions 

with cells and ultimately their internalisation136-138. The size and the functionalisation 

of the AuNP heavily influence the formation of the protein corona and thus their cellular 

uptake139-141. A conclusion that all these studies agree on is that when labelling cells 

for cell tracking, the formulation of the AuNP must be optimised for that specific cell 

type and this includes the size and surface chemistry of the AuNP142.  

These requirements for a tracking probe make AuNPs very attractive given the 

ease for manipulation of the morphology and functionalisation. Meir et al used a 

glucose coating to enhance the labelling of primary T-cells which were genetically 

engineered to act against melanoma specific T-cell receptors. After a 1 hour incubation 

of the 20nm coated NPs, CT attenuation was observed at the tumour site after just 24 

hours post intravenous injection87.  

This follows on to another very important factor when designing nanoprobes for 

cell tracking; the longitudinal visualisation of cell migration to provide data on the long-
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term fate of therapeutic cells. Betzer et al showed, using CT, cells in the body can be 

tracked for a period up to 1 month post injection, here using the example of 

mesenchymal stem cells administered via the intracerebroventricular in rats, validated 

by immunohistochemistry143.   

Mier et al also showed that mesenchymal stem cells administered 

intramuscularly in mice with muscular dystrophy that were incubated with NPs were 

detected up to 4 weeks post injection (Figure 17)144.  

 

 
 

 

 

 

 

 

 

Here the use of AuNPs displays yet another advantage for cell tracking over 

those techniques currently being used in clinics in that tracking with CT over long 

periods of time negates the use of radiolabelling which can only be used for shorter 

periods of time due to the radioisotope decay. The aspect to consider here, however, 

is the differentiation of cells and the fact that AuNPs will be distributed amongst the 

daughter cells. The implications of this are that despite the amount of gold in the body 

remaining unchanged, the amount of gold per cell will decrease and as such this leads 

to a less accurate quantification of cell numbers and even depletion of signal as the 

intensity may decrease. For techniques such as CT this effect may be observed less 

depending on the core size of the AuNP being used. Here leads to another 

Fig. 17. Longitudinal cell tracking with CT. 3D volume rendering of CT scans after transplantation 
of 2x106 mesenchymal stem cells in the muscle of the mouse limb. A) 24 hours, b) 2 weeks, c) 4 

weeks post injection144  
(Taken from reference 144) 
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consideration that requires attention; whether the AuNPs remain in the cell for the 

entirety of the tracking process or whether they come out, meaning cells are no longer 

being tracked, but rather the AuNPs.   

This is a consideration for all cell tracking probes and not just gold 

nanoparticles. It can be assumed that imaging immediately post injection will show the 

incubated cells, this issue progressively becomes of greater concern the longer the 

imaging time frame. One method of achieving data on this area and design would be 

to use reporter genes that would provide information of the health of the incubated 

cell, that is if the researcher can overcome the limitations of stable transfections and 

concerns of immunogenicity that come with using reporter genes85.     

Harmonic nanoparticles have recently offered strong platforms for multimodal 

imaging. Vuilleumier et al have developed non centrosymmetric crystal structure 

based harmonic nanoparticles to image and track cells using multiphoton 

microscopy145, 146. The nanomaterials BiFeO3 and LiNbO3 were heavily characterised 

using their second harmonic scattering properties. When two photons are combined, 

by the system, in time and space, while their frequencies do not add up to an existing 

transition of the material there is a possibility to generate an emitting photon at exactly 

twice the frequency and half the wavelength.  

This differs from upconverting nanoparticles where they absorb two photons 

and add their frequencies to match the difference between two molecular levels. In the 

harmonic generation process, there is no energy that is deposited onto the sample as 

you only reach a virtual level. Advantages of implementing harmonic nanoparticles are 

greatly attributed to their excitation wavelength tunability, meaning it is possible to 

select an excitation wavelength away from any absorption on your sample tissue. 

Additionally, the harmonic nanoparticles also have narrow emission bands, which are 
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favourable when imaging biological tissues. Cell culture studies showed that the 

harmonic nanoparticles displayed better photostability up to a period of 5 hours of 

excitation compared to that of selected organic fluorescent dyes.  

The group also investigated the third harmonic scattering process of the 

nanomaterials, where three photons are combined, producing one emitting photon at 

a third of the wavelength and three times the frequency, by adjusting the imaging set 

up. This can be especially advantageous when imaging more complex environments. 

The multimodal functionality can be added to the harmonic nanoparticles by the 

addition of Gd3+ chelates to the surface to the nanoparticle in order to facilitate 

magnetic resonance imaging. Upon functionalisation with Gd3+ chelates, the group 

were able to see an increase in the relaxation rates of water protons in both 

longitudinal and transverse measurements.  

Quantitative and qualitive T1 mapping showed a strong enhancement of 

contrast in the agarose phantom used to test the MRI capabilities of the harmonic 

nanoparticles. The nanoparticles presented great potential to move forward the field 

of multimodal imaging, however, this field lacks the necessary biological assessments 

required for clinical application of cell tracking. Kilin et al successfully showed the use 

of harmonic nanoparticles for photo-induced cell damage before investigating the 

nanoparticles for use in cell tracking 146, 147.                             

To allow more sensitive imaging in a clinical setting, Harmsen et al designed a 

non-genomic labelling strategy which constituted of a PET/NIRF-active nanotag to 

afford whole-body imaging alongside wide-field imaging and high resolution 

microscopic NIRF imaging (Figure 18)148.  
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Biocompatible silica nanoparticles (λex/em: 680/700nm) were radiolabelled with 

89Zr- clinically approved positron emitters149. With a half-life of 78.4 hours, the 89Zr- 

positron emitter allowed for long term PET cell tracking. Cells were incubated with the 

nanotags ex vivo prior to transplantation.  

For the application of intracellular radiolabelling, Griessinger et al demonstrated 

internalisation of radiotracer labelled antibodies upon binding to antigens on cell 

surfaces150. However, this approach limited the cells applicable to labelling and limited 

the quantity of radioisotopes per cell to the loading capability of the antibody.  

To overcome these limitations, Harmsen et al adapted the approach by creating 

nanotags that would not rely on the expression of specific target proteins135. The 

nanotags were complexed with protamine and heparin in the presence of CAR-T cells 

to allow direct and efficient labelling of the cells which ultimately afforded whole-body 

cell tracking using PET for up to one week following the cell transfer (Figure 18).  

The advantage the group utilised was the commercial availability of protamine, 

heparin and 89Zr, meaning the fluorescent silica nanoparticles was the single 

Fig. 18. Schematic showing the near infrared fluorescent silica nanoparticles with silane-
appended near-infrared fluorophore CF-MPTMS and radiolabel 89Zr yielding dual-modal 

PET/NIRF nanotags148  
(Taken from references 148) 
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component having only recently been translated to the clinic. With the radioactive dose 

sufficiently below the accepted level of cell safety in terms of viability and functionality, 

the group saw dynamic monitoring of immune cells in the critical window post 

translation. Post-mortem analysis showed that past 1 week, the nanotags were no 

longer associated with the immune cells. Although this is a drawback to nanoparticle 

labelling for regulatory immunotherapies, further investigation showed that the tags 

were ultimately taken up by the tumour cells, which here presents a potential for 

selective drug delivery to tumour sites.  
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1.6 Effects of Cell Tracking on Phenotypical Behaviour of Tregs 

As mentioned, phenotypical behaviour of Tregs is vital for efficacy as an 

adoptive cell therapy. Chemokines are a family of chemoattractant cytokines which 

play a vital role in cell migration with their ability to induce directed chemotaxis in 

nearby responsive cells. CXCR3 is highly expressed in T-cells and plays an important 

role in T-cell trafficking and function. Tregs that express CXCR3 acquire trafficking 

properties to allow them to localise and control excessive T helper cell responses at 

sites of inflammation151, 152. Chemokine CCR6 only binds to chemokine receptor 

CCLR20 (macrophage inflammatory protein). Pro inflammatory cells migrate via the 

chemokine gradient of CCLR20 to inflammatory sites and themselves can express 

more CCLR20 to bring in more Tregs. This can lead to chronic inflammation. In some 

models, the lack of CCR6 leads to less severe autoimmune inflammation of the brain 

and spinal cord (encephalomyelitis). Upregulation has been associated with the 

functional development and metastatic spread of some malignancies153.  

Cytokines are small secreted proteins released by cells to have a specific effect 

on the interactions and communications between cells154. IL-17 (interleukin-17) is a 

pro inflammatory cytokine. After binding to its receptor, it activates several signalling 

cascades that turn into the induction of chemokines and several immune regulatory 

functions. IL-17 induces pro inflammatory responses and is involved in the 

pathogenesis of various diseases whilst playing critical roles in antimicrobial defence 

and controlling autoimmunity and inflammation155. TNF" (tumour necrosis factor 

alpha) is a cell signalling protein involved in systemic inflammation and is produced by 

activated macrophages and CD4+ lymphocytes. Its primary role is in immune cell 

regulation, promoting the inflammatory response. TNF" also has immunosuppressive 

facets, with a positive effect on Tregs154. IFN# is an immune interferon which inhibits 
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T helper 2 cells immune response and a further induction of T helper 1 cells immune 

response156. IFN# is an antiviral agent that modulates functions of the immune system, 

including upregulation of major histocompatibility complex molecules and 

increasing immunoproteasome activity. Higher MHC II expression increases the 

presentation of peptides to helper T cells; these cells release cytokines that signal to 

and co-ordinate the activity of other immune cells. 

Much research in the last 5 years claim PEG-coated nanoparticles have great 

biocompatibility and uptake into a variety of cells, including cancer, immune and 

healthy cell lines157. Most studies base these conclusions on the fact that the cells 

remain viable for basic cell functions such as proliferation and growth. This is mainly 

assessed by looking at MTT assays, a colorimetric assay for assessing NADH-

dependant cellular metabolic activity. A lot of these studies also consider the 

pharmacokinetic effects of incubating cells and tissues with PEG coated gold 

nanoparticles158, 159. These assays measure parameters such as plasma distribution, 

clearance, biliary excretion rate, residence time and blood concentration. The main 

conclusion that most, if not all, these studies come to is that the presence of PEG 

coated NPs is biocompatible, especially compared to uncoated NPs (which could be 

due to the less negative zeta potential of the NPs post coating with PEG)160. An 

important and significant finding from these studies is that the NPs are apparently not 

metabolised despite accumulating in the liver and spleen (mostly). A lot of groups also 

study the effect of surface chemistry and size on the biodistribution and 

pharmacokinetics of the NPs161. NPs with PEG coatings have longer blood half-lives. 

In terms of cancer research, a lot the PEG coated NPs have good accumulation in 

tumours, a result of the lengthened blood half-life. Some studies also show increased 

levels of reactive oxygen species generation at tumour sites.  
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Interestingly there is significantly less research in looking at the phenotypical 

effects of coated NPs. In the studies that do, the presence of the NPs in cells caused 

either upregulation or downregulation of cytokine/chemokine production in cells; 

dependant on concentration and size of the NPs110, 162-164. They also observe an 

increase in inflammation markers as a result of incubation with the PEG coated NPs. 

These studies looked at the phenotypical effects of injecting the PEG NPs into the 

blood and then assessed their accumulation in each organ and checked the 

cytokine/chemokine production of the tissue. Studies rarely look at this effect on a 

single cell level. Additionally, it is worth noting, some groups have compared coatings 

and found their PEG coated NPs significantly reduced cell viability, so they did not 

continue with those.  

To consider NPs in T-cells only, with a mixture of coatings, studies have shown 

slightly upregulated levels of growth factors and downregulation of cytokines165, 166. 

Another review study compares coated NPs and it is apparent some coatings have 

real impacts on immune response and cytokine production167. Studies have attributed 

this response to the NPs inducing an inflammatory response in the cells168. 

Additionally, it is important to consider the protein corona that forms around the NPs, 

as this will further impact the immune response, but studies are unclear how this 

happens.  

Incubation of any exogenous probe with immune cells will cause a change of 

some kind in the environment of the cell, but that does not mean the cell is no longer 

viable. In fact, a downregulation in cytokine production could be an advantage in that 

one of the major side effects of cell therapy is the cytokine storm which infiltrates non-

target organs. This could be advantageous as long as the cell can still carry out its 

immunosuppressive behaviour at the desired target site. PEG coated NPs are termed 
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biocompatible in the literature with non-immune cells because the retention of 

phenotypic function may not be the greatest concern. This is a more immune cell 

specific consideration. 

Cytokine and chemokine molecules can also be used to monitor the activation 

and expansion of the immune system to monitor the safety and adverse effects of the 

cell therapy. Gibson et al used IFN# PET imaging as a predictive tool for monitoring 

response to tumour immunotherapy169. In mice, an antibody against the cytokine IFN#, 

which becomes sequestered at the surface of tumour cells after its production by T 

lymphocytes, was shown to reflect the activation status of cytotoxic T-cells. Activation 

of the immune system also results in vascular endothelial growth factor (VEGF) 

release and subsequently in significant lymph node volume increase. This can be 

measured using various techniques such as MRI, CT and Ultrasound170.  

 
1.7 Data Analysis 

As new tracking techniques are developed, concurrently new advances in 

image interpretation must also progress. Recently, micro-laser particles (LPs) have 

emerged for use in single cell labelling with unique attributes to replace optical 

probes171. LPs have very narrow spectral bandwidths of less than 0.3nm, this feature 

alone make them attractive candidates for cell labelling172. Tang et al were able to 

demonstrate how traces of omnidirectional LPs based on their output spectra in live 

cells showed a high signal to noise ratio in a two-hour period and preluded to future 

applications including deep tissue imaging, where the intrinsic tissue scattering will not 

override the low signal collection. The high brightness of the emission produced by 

these omnidirectional LPs resulted in reliable spectral identification and spatial 

tracking without the need for prolonged exposure times. Interestingly, this work could 
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help facilitate single cell analysis in microfluidic models, which in turn could aid in 

evaluating immunotherapies.  

Chen et al proposed cell segmentation and tracking frameworks that are able 

to perform both events simultaneously within a unified neural network, reducing the 

need for post-processing173. The group developed a method by which spatial 

information represented as relative position encodings of cell instances is incorporated 

in the network and greatly enhances the tracking process in real time and could be 

translated for clinical applications with further modifications.  

Leslie et al showed the potential to reveal multidimension cellular interactions 

through use of an in vivo spectral un-mixing tool for monitoring multiple biological 

processes in real time174. Optical imaging works via the detection of photons emitted 

from fluorophores that, ideally, have specific spectral signatures. Consequently, these 

imaging modalities could facilitate complex imaging of various probes with different 

spectral properties, but this is limited due to tissue depth and scattering of light. The 

development of spectral un-mixing algorithms have provided a rare opportunity to 

enhance the contrast and sensitivity of these images by separating pure signal from 

autofluorescence175. Herein lies the opportunity to image larger tissue samples, 

making optical imaging more ideal for longitudinal cell tracking applications. The group 

aimed to develop a novel in vivo imaging methodology capable of identifying the 

spectral signatures of two different NIR dyes in a deep-seated organ, in mice which 

have known defects in immune cell recruitment to the liver following injury. Using this 

model, they were able to optimise a dual fluorescence imaging technique.  

Oh et al investigated the use of ultra-sensitive accelerator mass spectrometry 

(AMS) to follow the distribution and localisation of transplanted mesenchymal stem 

cells post IV injection into mice176. Prior to injection, the cells were loaded with 
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radioactive 14C-thymidine labels, which was detectable in the lung, spleen, liver, heart, 

kidney and brain, for up to 7 days, by both liquid scintillator counter (LSC) and AMS. 

Quantitative analysis of cell concentrations was conducted, showing that AMS, being 

a highly sensitive technique, was able to quantify one cell per mg in various tissues, 

where LSC failed to do so.  

Development of a fully automated cell tracking pipeline has allowed Xu et al to 

use convolutional neural networks (Oligo-track) to deliver speedy volumetric 

segmentation and tracking of large volumes of cells over lengthy periods of time in 

vivo177. The group demonstrated a useful application of deep learning to resolve multi-

dimensional tracking but also allows for future predictions to be made on cell 

behaviours. Using a copper chelating agent, Cuprizone, mouse cortex images were 

taken, in vivo, using two-photon microscopy for up to 12 weeks.     

 
1.8 Conclusion 

New immune and cell-based therapies are paving the way towards setting new 

standards for diagnostic accuracy and the accompanying cell tracking technologies 

are allowing for these therapies to be evaluated in terms of efficacy and safety178. The 

greatest challenges the field of CAR-T cell tracking faces is to be able to distinguish 

between true and pseudo progression, overcoming penetration depth limitations of 

imaging modalities and the retention of phenotypic behaviour of the cells. Imaging the 

biodistribution of the CAR-T cells will be of great importance, especially when 

assessing the efficacy of the therapy and will translate directly in increasing the 

success rate of future immunotherapies. Cell tracking imaging is shifting more heavily 

towards MRI and optical modalities, however both techniques still encompass varying 

degrees of suitability. MRI is more appropriate for in-human studies, whereas optical 

imaging offers greater potential in a pre-clinical setting. Despite the high spatial 
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resolution obtained with MRI there are many concerns regarding sensitivity and 

specificity, which have on occasion been found to be lower than that achieved by 

nuclear radiolabelling techniques. It is also worth noting the influence native iron 

concentrations, in both healthy and pathologic tissues, have on MRI interpretations. 

Combining MRI with PET scanning could help overcome the limitations observed in 

either technique, producing an outcome that could include increased spatial resolution 

and diagnostic accuracy179, 180. Direct labelling, itself, is a fairly straight forward 

practice, however, being able to limit the rate of efflux of the labelling probe from the 

cells is vital. To successfully develop the probe, the design of the label must consider 

the uptake pathway into the cell and consequently allow for a degree of control in 

predicting the efflux pathway. Furthermore, it is crucial to ensure structural and 

functional viability of the transplanted cells in order for the therapy to be effective, as 

such genetic manipulation becomes the least desirable technique for tracking.    

Although there a plethora of both direct and indirect labelling techniques 

available, there have been relatively few that achieve recognition in a clinical setting 

and as such, clinicians are still using radiolabelling techniques, established years ago.  

Indium-111 oxine compounds remain amongst the only FDA-approved cell 

tracking agents for nuclear imaging techniques for in vivo cell tracking181. Groups such 

as Castaneda et al have improvised with existing FDA-approved drugs such as 

Ferumoxytol, indicated as an iron supplement for the treatment of anaemia, and 

investigated its “off-label” use as a tracking agent using MRI182 . Other ferumoxides 

and ferucarbotrans, which are FDA-approved as liver contrast agents have also been 

investigated as commercially available SPIONs but suffered from a lack of signal 

specificity and persistence of extracellular interactions which ultimately interfered with 

signal detection183, 184.  Currently no nanoparticle-based cell labelling tracking agents 



 51 

are available for clinical use. Gold nanoparticles indicated as drug delivery, therapeutic 

and radiosensitizing agents have been FDA approved, however they have not yet 

been cleared for cell tracking purposes185. At current, there is only one actively 

recruiting clinical trial, a randomised double-blind study evaluating the safety and 

immunogenicity of a T-cell priming peptide vaccine against COVID-19, using a gold 

nanoparticle scaffold for peptide delivery (as listed at clinicaltrials.gov Accessed: Aug 

2022). The study utilities the gold nanoparticles for physical functionality but does not 

make use of its imaging properties but rather measures success based on PCR 

products.   

The greatest challenges with cell tracking agents and those still under 

investigation, both nanoparticle and non-nanoparticle, is the efficient corporation of 

the label into the cell, such that the label may be imaged at high sensitivity for 

prolonged periods of time, without the probe affecting any functionality within the cell. 

An educated assumption would recognise the reason why so many potential probes 

do not make it to clinic is due to the lack of studies into assessing the phenotypical 

behaviour of cells post incubation or labelling and more importantly the absence of 

this consideration when designing the probe. It appears there is more interest in the 

detectability of a labelling probe, however, without the appropriate biocompatibility, 

some may argue detectability becomes inconsequential if the label is not translatable 

in clinic.  
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1.9 Thesis Outline 

A pivotal challenge for this research is to design a probe which affords the 

ability to track cells both in model systems and in the body to develop a better 

understanding of new cell therapies with minimal impact on normal cell behaviours. 

This thesis aims to explore this with the use of labelled cells with multimodal 

nanoprobes and the application of a range of imaging modalities for tracking and 

detection. The objective of this thesis is to design a nanoprobe which combines gold 

nanoparticles with an iridium luminescent probe to allow for enhanced intrinsic 

optical and photophysical properties to be exploited to tackle the current challenges 

faced by existing cell tracking systems, encompassing properties such as high 

loading, long term retention and minimal bio-interreference. This inorganic scaffold 

affords a cell tracking potential at different scales using different imaging modalities 

whilst remaining biocompatible, a feature which other nanoparticle systems have 

failed to achieve due to off target toxicities causing adverse events.  

Chapter one will address the design of gold nanoparticles ranging in sizes of 

13, 25, 50 and 100nm with different stabilising agents and compare their 

photophysical properties.  

Chapter two explores the impact of the nanoprobes on the phenotypical and 

functional behaviour of incubated immune cells and shows smaller AuNPs were 

more readily taken up by the cells as well as presenting as the most biocompatible.  

Chapter three showcases regulatory T-cells dosed with nanoprobes with a 

gold core of 25nm coated with Zonyl and IrS1 administered to human liver sections 

which were then imaged using Micro-CT and Multiphoton microscopy to decipher the 

localisation of the transplanted cells.  
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Chapter 2  

Luminescent Iridium coated Gold nanoparticles: Synthesis and 

Characterisation  

 

2.1 Chapter Summary 

 

This Chapter describes the processes involved in the synthesis and design of 

the iridium (III) complex (IrS1) used and its attachment onto gold nanoparticles to form 

the first batch of nanoprobes to take forward onto biological assays. To optimise the 

nanoprobes for tracking and detectability, the size and coating on the AuNPs were 

varied and tested to adjust for the highest loading of IrS1 onto the AuNP vs the best 

detectability of the probe vs the most biocompatible formulation. The photophysical 

impacts of attaching luminescent probes onto AuNPs are widely studied and any 

differences exhibited by the AuNPs were investigated to eliminate any limitations that 

may arise when detecting the nanoprobes in biological samples. This included 

comparing the UV-VIS absorption, excitation, emission and lifetimes of the nanoprobe 

composites with IrS1 independently.  
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2.1.1 Introduction  

 

The use of molecular probes for fluorescence microscopy allows for highly 

sensitive imaging techniques to be utilized in in vitro and in vivo studies for detecting 

and visualizing morphological details in cells that cannot be seen by other imaging 

techniques. Metal-based, emissive dyes display many desired physicochemical 

properties for bioimaging, with favourable characteristics including a long 

luminescence lifetime (100ns to ms), a large Stokes shift and enhanced photostability 

allowing for lower photobleaching1. Iridium(III) complexes have surfaced as 

prospective phosphorescent probes for bioimaging, biolabeling, in vivo tumour 

imaging and staining of the nucleus, in the cytoplasm and the mitochondria2. The 

iridium centre itself is considered relatively inactive, however many efficient synthetic 

methods have been developed to facilitate the coordination of organic ligands3.  

 

Iridium(III) complexes coordinate with octahedral geometry. Upon coordinating 

with either strong or weak field ligands, the d6 iridium(III) with cyclo-metalated ligands 

forms a low spin complex with a large splitting energy. The luminescence signal 

emitted by the iridium(III) cyclo-metalated complexes can be tuned by modifying the 

ligands that are attached within the complex framework1,3. Choice of ligand can also 

influence biological applications and can help predict intracellular interactions and 

localisation.   

 

Two principles are observed in the excited state of iridium(III) polypyridyl 

complexes, firstly the metal to ligand charge transfer (MLCT) in which an electron is 

promoted from a metal d orbital to a vacant !* orbital on one of the ligands and the 
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second being a ligand centred (LC) transition in which an electron is promoted from a 

! orbital to a !* orbital of the ligand4. MLCT occurs between the HOMO of the metal 

and the LUMO of the ligand.  

 

Strong spin-orbit coupling from the iridium(III) centre facilitates intersystem 

crossing to energetically similar triplet states and enables the formation of an emissive, 

mixed triplet excited state5. Understanding the processes involved during the 

interaction of iridium(III) complexes with biomolecules has been of great interest over 

recent years. Successful iridium(III) probes for the tracking of mitochondrial 

morphology in a study conducted by Chen et al explored the photostability, cytotoxicity 

and targeted mitochondrial specificity of potential probes1. Each iridium complex was 

found to possess a different emission colour, low cell cytotoxicity and good 

photostability allowing for observation of mitochondrial morphology. Additional 

investigations explored the probes’ cellular uptake and bio-distribution using 

inductively coupled plasma mass spectrometry analysis1. Other studies have focused 

more acutely on biomolecular binding interactions with nucleic acids, peptides and 

proteins6. The possible coordination of a wide range of ligands enables fine tuning of 

the chemical and photophysical properties of the whole complex allowing for 

intracellular trafficking and distribution to be followed by imaging techniques such as 

confocal and fluorescence lifetime imaging, facilitated by the complexes’ long-lived 

phosphorescence2. Cyclo-metalated iridium(III) polypyridine complexes have 

displayed good uptake in cell line studies, largely attributed to their increased 

lipophilicity7, 8. For cell tracking applications, uptake into biological material is critical 

in achieving the desired detectability required for most imaging techniques. The main 

difficulty with high loading of iridium(III) complexes into cells stems from their 
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cytotoxicity, resultant from the high levels of influx into cells by passive diffusion9. This 

problem has been circumvented by the combination of iridium(III) complexes onto 

more biocompatible gold nanoparticles.  

 

The field of nanotechnology is bridging the gap between chemistry, biology and 

medicinal studies. Nanoparticles comprise of particles with a diameter of 100nm to 

1nm and can be formed from a range of specialized materials that include metals, self-

assembly lipids and semiconductors10. Metal nanoparticles, notably gold 

nanoparticles (AuNPs), present high optical activity permitting exclusive targeting of 

certain macromolecules within cells for cell work applications. Nanoparticles have 

become progressively widespread in the field of biomedical studies, allowing cell 

imaging with a range of modalities incorporating fluorescence and confocal 

microscopy11. On their own, AuNPs are detectable via their localised Surface Plasmon 

Resonance (SPR) effect exhibited by the oscillation of electrons at its surface12. The 

surface electrons oscillate in resonance with light waves and cause polarisation at the 

surface and are responsible for the scattering and absorption properties characteristic 

for AuNPs which in turn can affect luminescence of attached compounds13, 14. The 

SPR allows for the scattering and absorption of light as electrons are free to travel 

through the material. Smaller particles will exhibit less scattering when compared with 

larger particles13.  

 

The gold-sulphur bond is an easily formed and stable connection able to bind 

ligands and surfactants at the surface of an AuNP whilst remaining robust enough to 

stay intact in changing environments15. Many studies have utilised the gold-sulphur  
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bond to successfully functionalise AuNPs with an array of useful compounds for 

medical applications (Figure 2.1.1).  

 

 

 

 

The aforementioned iridium(III) luminescent transition metal complexes have 

been reported to exhibit suitable imaging properties and so possess the potential as 

cellular probes16. AuNPs are widely utilized in biomedical applications owing to their 

minimal cytotoxicity compared to other metal particles as a result of their scale and 

useful cellular interactions, size and shape dependant optical properties, high surface 

area to volume ratio and surfaces ready for functionalisation17. The exploitation of such 

features has permitted amalgamation of the intrinsic optical and physical 

characteristics of AuNPs through the addition of surface-active luminescent probes. 

Combining probes to nanoparticles conserves the photophysical, desired properties 

of the complexes whilst complementing the nanoparticle qualities. Additional coating 

of either stabilising or targeting agents onto the nanoparticle along with the 

luminescent probes presents photophysical benefits including improvement of 

Antibody 
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Proteins  
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Fig.2.1.1. Diagram of AuNP functionalised with array of possible compounds. 
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luminescence and increased lifetime of the probe and enhanced biological uptake18.  

 

Currently, transferring cell therapies to the clinic has faced many issues, the 

greatest of which is the inconsistency of results seen from preclinical trials and post 

clinical studies. Discrepancies include different patients exhibiting contradicting results 

where some show signs of improvement whilst others do not. Study has shown that 

the core reason for these opposing results is due to the lack of data on the fate of cell 

therapies in the body. At present, the most commonly used method of determining if 

the desired cells have reached their target location is by monitoring symptoms of the 

patients. The underlining demand herein is to find a way to follow the cells from the 

moment they are introduced to the time they reach their destination with real time 

tracking. Creating a probe that has multimodal properties means that information can 

be attained all the way through from sub cellular levels up to whole body parameters. 

Combining fluorescence, multiphoton microscopy and CT imaging encompasses an 

array of advantages including spatial resolution, penetration depth, reliability and 

providing anatomical information.  

 

The use of biocompatible nanoparticles for cell tracking has increasingly 

gathered more interest, enabling tracking over long periods of times as a result of their 

efficient uptake. However, this does not come without its challenges. When designing 

nanoprobes for tracking, certain aspects need to be considered, such as, in vitro 

labelling and in vivo injection of the cells, along with non-invasive imaging. Here it is 

vital to obtain the balance between achieving the maximum loading of probes to 

achieve the most contrast whilst maintaining the biological functionality of the cells for 

the greatest therapeutic effect. Once inside the body there are further considerations 
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that need to be addressed. These include accurate analysis of the images with the 

objective to identify clusters of cells and to differentiate them from surrounding tissue, 

to quantify the number of cells delivered to the target site and ultimately, whether the 

probes remain in the cells they arrived in so longitudinal studies can be acquired over 

a period time. These are some of the challenges facing commercially available 

tracking devices that need to be overcome with a more purpose driven approach to 

probe design.  
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2.2 IrS1 Synthesis  

 

The iridium complex, IrS1 is based on a bis(2-phenyl quinoline-C2,N’) 

luminophore with a modified bipyridine ligand with incorporated surface binding thiols 

for attachment to gold nanoparticles19. IrS1 is formed by placing 

tetrakis(phenylquinoline-C2,N’)(µ-dichloro)diiridium and 5,5′-bis(mercaptomethyl)-

2,2′-bipyridine under reflux in ethylene glycol and precipitating the 

hexafluorophosphate salt (Scheme 2.1). The complex is then characterised by 1H 

NMR and ES+MS. Through a Dowex ion exchange, the hexafluorophosphate salt is 

converted to the chloride to improve the complexes’ aqueous stability for further 

application to form nanoprobes and for greater efficiency in cellular studies20-22.  

 

 

The 5,5′-bis(mercaptomethyl)-2,2′-bipyridine ligand was synthesised through 

radical addition of bromine to 5,5’-dimethyl-2-2’-bipyridine (Scheme 2.2) which was 

then followed by an exchange with the thiol group (Scheme 2.3)23.  

Scheme 2.1: Synthesis of IrS1.  
Bonds drawn to allow for full presentation of compound and do not accurately reflect true 

bond angles and compound geometry  

Scheme 2.2: Synthesis of 5,5’-dibromomethyl-2,2’-bipyridine. 
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The cyclometalated chloro-bridged dimer was synthesised using a similar route 

to previously reported methods1, 24, 25. A mixture of 2-ethoxylethanol and water was 

added to a flask containing IrCl3•xH2O and the 2-phenylquinoline and heated to reflux 

for 24 hours (Scheme 2.4). After cooling, the tetrakis(phenylquinoline-C2,N’)(µ-

dichloro)diiridium is filtered and dried.  

 

 

 

 

 

  

Scheme 2.3: Synthesis of 5,5′-bis(mercaptomethyl)-2,2′-bipyridine. 

Scheme 2.4: Synthesis of tetrakis(phenylquinoline-C2,N’)(µ-dichloro)diiridium. 
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2.3 Photophysical Characterisation of IrS1  

 

The solution based photophysical characterisation of IrS1 was performed to 

record the absorption, steady state emission, excitation and lifetime of the compound 

in water. 

 

The absorbance spectra suggest the presence of a singlet Metal to Ligand 

Charge Transfer (MLCT) (d - p*) between 400 – 500nm with the maximum at 420nm 

(Figure 2.3.1)1, 2. The singlet MLCT molar absorptivity for IrS1 is 2,500 M-1 cm-1. The 

Ligand Centred (LC) state (p - p*) and the Metal Centred (d - d) are suggested between 

200 – 350nm with absorptions at 280nm and 310nm respectively1, 2. The molar 

absorptivity for LC (280nm) is 28,000 M-1 cm-1.  

The emission for IrS1 shows the triplet MLCT broad band between 500-700nm, 

with a maximum at 580 nm. The excitation spectra mirror the absorption spectra, with 

the singlet MLCT between 400-500nm and the LC between 200-350nm (Figure 2.3.2 

left). The luminescent lifetime of IrS1 was recorded in aerated water and measured at 

470ns (Figure 2.3.2 right, Table 2.3.1).  

 

 

 

 

 

 

 

Figure 2.3.1: (left) UV-VIS Absorption IrS1 in water, (1.5% MeOH) (pink = 0.02mM, green 
= 0.04mM, red = 0.06mM, blue = 0.08mM, black = 0.10mM). (right) Concentration vs 

Absorbance of MLCT band at lmax = 420nm. 
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c2 t  (ns)  Fi (%) 

IrS1  1.060 75 10 
  

470 90 

Figure 2.3.2: (left) Normalised excitation and emission spectra for 0.02mM IrS1 in aerated 
solvent 1.5% aqueous MeOH (purple = excitation, Em580nm, orange = emission, Ex405nm). 

(right) Luminescent Lifetime Decay in aerated solvent and fitting for IrS1 lexc = 375nm and 
ldet 580nm. Global analysis, Tail fitting. Fitting range (430; 3300) channels. Global Chi square 

1.039. Two component analysis. 

Table 2.3.1: Luminescent Lifetime Decay, 2 component analysis for IrS1 in water  
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2.4 Synthesis of Nanoprobe Library  

2.4.1 Synthesis of Gold Nanoparticles  

Monodispersed 13nm Gold Nanoparticles (Au13NPs) were synthesised using 

a modified version of the Turkevich synthesis26-28. The first step of the synthesis 

involves forming Au13NP seeds which are stabilised by citrate anions. In 1951 

Turkevich originally developed the synthesis of citrate stabilised aqueous AuNPs that 

fell within the size range of 5 – 150nm29. This method is seemingly straightforward and 

has notably become the foundation of most nanoparticle preparations, largely due to 

its reproducibility. The method was later adapted by Grabar et al in 199527. In the 

synthesis, the addition of trisodium citrate reduces the Au3+ salt, HAuCl4, in water to 

produce Au13NPs. However, this preparation alone has been found to give a large 

size distribution, giving rise to inconsistencies between repeats. The inverse Turkevich 

method was developed by Vossmeyer et al by changing the environment during 

synthesis to lower the size distribution of the particles formed28. They found that as 

the size is mainly determined by the ratio of Au3+ salt to citrate ions, increasing the 

rate of reaction, thus forcing a quicker nucleation meant a narrower size distribution of 

the particles formed30-33. Increasing the rate of reaction is directly proportional to the 

formation of the precursors in the reaction. The group investigated increasing the rate 

of reaction by increasing the reactivity of acetonedicarboxylate, the citrate derivative 

involved in the nucleation step. Reactivity can be increased by reversing the addition 

of reagents meaning the Au3+ salt mixture would be added to the citrate solution. 

Another known method for increasing the rate of reaction would be to influence the pH 

so that it is lowered to increase reactivity of the Au3+ precursor 34-38. By using sodium 

citrate with citric acid, a buffer solution is produced and when nucleation occurs, the 

nanoparticles are encouraged to seed with a narrower size distribution. As such, using 
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the inverse method, hot Au3+ salt is added to a mixture of sodium citrate, citric acid 

and ethylenediaminetetraacetic acid (to aid with spherical shape uniformity) under 

reflux to afford monodisperse 13nm gold nanoparticles (2nM) with a consistent 

polydispersity index lower than 0.2 (Scheme 2.5).  

 

 

In order to seed to larger nanoparticles, more Au3+ salt solution is titrated into 

the solution to combine with the existing nanoparticles. Using this slightly modified 

synthesis, no new nanoparticles are formed26. Monodisperse 25, 50 and 100nm 

AuNPs were synthesised using the slightly modified synthesis26. 0.7nM Au25NP, 

80pM Au50NP and 40pM Au100NP were seeded through serial seeding of Au3+ salt 

and sodium citrate to Au13NP seeds (Figure 2.4.1.1).   

Scheme 2.5: Redox reactions occurring during AuNP synthesis. First, acetonedicarboxylate 
and Au(I) are produced. The precursors arrange for the disproportionation of Au(I) to Au(0) and 

Au(III) before nucleation growth of Au(0) to form AuNPs.  
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. 

In order to calculate the concentration of AuNPs at each step in the synthesis, 

initially two assumptions must be made to determine the number of gold atoms in a 

nanoparticle (Equation 2.1, Table 2.4.1.1); firstly, that nanoparticles are comprised of 

perfect spheres and secondly, that the atoms are packed in a uniform face-centred 

cubic crystalline structure, for which the density of gold is rgold = 19.32gcm-3 39. The 

diameter for each size of nanoparticle must be obtained experimentally either by DLS 

or TEM and so the calculated value may differ slightly for each batch synthesised.  

Figure 2.4.1.1: Schematic to show the increase in size when seeding Au13NP to Au100NP. 

Equation 2.1: Determining the number of gold atoms in a nanoparticle. 
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The next step would be to calculate the molar concentrations of a nanoparticle 

solution (Equation 2.2, Table 2.4.1.1).  

 

 

The AuNPs were characterised by their individual surface plasmon resonance 

(SPR) bands by UV-VIS, dynamic light scattering (DLS) and zeta potential 

measurements. Solutions of Au13NP, Au25NP, Au50NP and Au100NP displayed an 

absorption band with a maximum, lmax, at 517, 522, 526 and 559 nm  respectively, 

characteristic of their SPR band and in agreement with previously published data 

(Figure2.4.1.2)12, 40.  

 Calculated number of Gold atoms 
per nanoparticle 

Calculated molar concentration of a 
nanoparticle solution 

Au13NP  70,000 1.62 nM 

Au25NP 480,000 0.689 nM 

Au50NP 3,860,000 77.5 pM 

Au100NP 30,900,000 38.8 pM 

Equation 2.2: Determining the molar concentrations of a nanoparticle solution. 

Table 2.4.1.1: Calculated number of gold atoms per nanoparticle and calculated molar 
concentrations of a nanoparticle solution. 
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DLS was conducted to confirm the size assignments for each group of gold 

nanoparticles (Figure 2.4.1.3, Table 2.4.1.2). The small PDI’s confirm good 

monodispersity amongst the solutions of nanoparticles, suggesting they are spherical 

and of similar size. The zeta potential measurements show that the net charge of all 

synthesised nanoparticles is similar. The negativity of the zeta potentials can be 

attributed to the citrate ions stabilising the nanoparticles.   

 Size by 

Intensity/ nm 

Size by 

number/ nm 

PDI Zeta 

Potential/ mV 

Au13NP 16 ± 8 15 ± 4 0.076 -39 ± 12 

Au25NP 27 ± 7 20 ± 5 0.058 -39 ± 13 

Au50NP 58 ± 9 31 ± 9 0.133 -41 ± 13 

Au100NP 100 ± 28 72 ± 20 0.064 -41 ± 13 

Figure 2.4.1.2: UV-VIS spectra for Au13NP (top left), Au25NP (top right), Au50NP (bottom left) 
and Au100NP (bottom right) each at stock concentrations; 1.62nM, 0.689nM, 77.5pM and 

38.8pM respectively. 

Table 2.4.1.2: DLS size analysis by intensity and number with corresponding PDI and zeta 
potential for Au13NP, Au25NP, Au50NP and Au100NP at stock concentrations; 1.62nM, 

0.689nM, 77.5pM and 38.8pM respectively. 



 82 

 

 

 

 

 

 

Figure 2.4.1.3: (Top) Dynamic Light Scattering data by intensity(left) and number(right) of 
Au13NP(red), Au25NP(green), Au50NP(blue) and Au100NP(black). (Bottom) Zeta Potential data of 
Au13NP(red), Au25NP(green), Au50NP(blue) and Au100NP(black) at stock concentrations; 1.62nM, 

0.689nM, 77.5pM and 38.8pM respectively. 
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2.4.2 Coating of AuNPs with Stabilising Agents and IrS1  

IrS1 attaches to the gold nanoparticles via a sulphur-gold bond formed between 

the thiol groups on the bipyridine ligand and the gold atoms on the AuNP22, 41. The 

AuNPs are negatively charged and IrS1 has a charge of 1+. As such, IrS1 cannot be 

added directly into the aqueous solution of AuNPs due to electrostatic interactions 

which cause the AuNPs to aggregate as a result of destabilisation18, 42-44. To better 

stabilise the AuNPs so the IrS1 can be added to the solution, lipophilic agents can be 

used. Zonyl FSA is a precursor fluorosurfactant comprising of a fluorinated chain which 

increases the stability and lipophilicity of the surfactant and provides a carboxylic acid 

group for attachment to the AuNP. Functionalisation of AuNPs can be monitored by 

following the wavelength shift of the AuNP’s characteristic SPR band in the visible 

absorption range. As changes occur to the surface of the nanoparticle, the lmax of the 

SPR band also changes. Upon addition of Zonyl, a shift of up to 2nm is observed 

(Figure 2.4.2.2). The surfactant coated particles were isolated by centrifugation and 

were further titrated, monitored by UVVIS, with IrS1, concurrently monitoring the SPR 

(Figure 2.4.2.1, 2.4.2.2, Appendix 2.1).   

 

Figure 2.4.2.1: Schematic showing the attachment of Zonyl and IrS1 to AuNPs. 
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Monitoring the change in the lmax of the SPR band during a titration is used to 

determine the saturation of the AuNP surface (Table 2.4.2.1). As more probe is added, 

a red shift in wavelength is observed until the AuNPs lose their stability and become 

aggregated. Using this data, an optimum loading volume can be determined for the 

loading of IrS1 onto each size of AuNP. Given that the volume and concentration of 

both the AuNP solution and IrS1 are known, theoretical calculations can be made to 

determine how many IrS1 molecules are attached to each AuNP. To accurately 

determine the ratio of IrS1 to AuNP, ICP-MS was carried out (Table 2.4.2.4).  

 

In the same way to Zonyl, two thio-lated PEG linker chains were investigated 

as potential stabilising agents for the AuNPs. PEG linkers are known, in the literature, 

to enhance uptake of foreign species into biological environments and can aid in the 

endocytic process45. The first PEG chain used was O-(2-carboxyethyl)-O’-(2-

Figure 2.4.2.2: UV-VIS profile for Au13NP(top left) 1nM, Au25NP(top right) 1nM, 
Au50NP(bottom left) 0.5nM and Au100NP(bottom right) 0.1nM, with blank NPs(blue), coated 

with Zonyl(red)(w:w 10%) and coated with IrS1(green)(1µM). 
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mercaptoethyl)heptaethylene glycol (SPEG) with Mn 458 and the second was 

Poly(ethylene glycol) 2-mercaptoethyl ether acetic acid (LPEG) with Mn 2,100 (Figure 

2.4.2.2). Both PEG chains were titrated onto each AuNP (Appendix 2.2 and 2.3), 

followed by titration with IrS1 (Table 2.4.2.2 and 2.4.2.3). As with Zonyl, a red shift in 

the lmax of the SPR band is observed and monitored to allow for the optimum loading 

of IrS1 (Figure 2.4.2.3 and 2.4.2.4).  

 

 

 

 

 

 

 

 

 

 

 

 

A noticeable difference observed between Zonyl and the PEG chains was the 

amount of PEG that could be added to the AuNP solution without causing aggregation. 

Figure 2.4.2.2: Chemical structures of SPEG(left) and LPEG(right). 

Figure 2.4.2.3: UVVIS profile for Au13NP(top left) 1nM, Au25NP(top right) 1nM, Au50NP(bottom 
left) 0.5nM and Au100NP(bottom right) 0.1nM, with blank NPs(blue), Coated with SPEG(red) 

(0.1mM) and coated with IrS1(green) (0.1µM). 
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Although the shift in SPR reaches a plateau after reaching a maximum loading point, 

excess PEG in the solution appears to have no aggregation effect on the stability of 

the AuNPs. This observation supports the use for PEG as a stabilising agent for 

AuNPs. The strength of the sulphur-gold bonds is observed in the greater shifts in 

SPR of the PEG coated AuNPs compared to that of Zonyl coated AuNPs (Table 

2.4.2.1, 2.4.2.2 and 2.4.2.3). 

 

 

 

 

 

 

 

 

 

 

 lmax 

/nm 

Shift 

/ nm 

 lmax 

/nm 

Shift 

/ nm 

 lmax 

/nm 

Shift 

/ nm 

Au13NP  517 - Au13NP.Zonyl 518 1 Au13NP.Zonyl.IrS1 520 3 

Au25NP 522 - Au25NP.Zonyl 523 1 Au25NP.Zonyl.IrS1 525 3 

Au50NP 526 - Au50NP.Zonyl 528 2 Au50NP.Zonyl.IrS1 532 6 

Au100NP 559 - Au100NP.Zonyl 559 1 Au100NP.Zonyl.IrS1 562 3 

Figure 2.4.2.4: UVVIS profile for Au13NP(top left) 1nM, Au25NP(top right) 1nM, Au50NP(bottom 
left) 0.5nM and Au100NP(bottom right) 0.1nM, with blank NPs(blue), Coated with LPEG(red) 

(0.1mM) and coated with IrS1(green) (0.1µM). 

Table 2.4.2.1: Summary of AuNP SPR shifts for Zonyl coated Au13NP (1nM), Au25NP (1nM), 
Au50NP (0.5nM) and Au100NP (0.1nM) with IrS1 (1µM). 
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 lmax 

/nm 

Shift 

/ nm 

 lmax 

/nm 

Shift 

/ nm 

 lmax 

/nm 

Shift 

/ nm 

Au13NP  517 - Au13NP.LPEG 519 2 Au13NP.LPEG.IrS1 526 9 

Au25NP 522 - Au25NP.LPEG 526 4 Au25NP.LPEG.IrS1 528 6 

Au50NP 526 - Au50NP.LPEG 529 3 Au50NP.LPEG.IrS1 535 9 

Au100NP 559 - Au100NP.LPEG 562 3 Au100NP.LPEG.IrS1 566 7 

 

In contrast to the Zonyl coated AuNPs, PEG coated AuNPs aggregated upon 

addition of IrS1 at 1µM, yet, at 0.1µM, IrS1 was comfortably added to the PEG coated 

AuNPs. With the lower concentration, a higher volume of IrS1 was added to the 

solutions and so theoretically, each 1ml of 1nM AuNPs received similar moles of IrS1. 

ICP-MS shows that slightly different amounts of the IrS1 were bound to the AuNPs of 

the same size, but with different coatings (Table 2.4.2.4, 2.4.2.5 and 2.4.2.6). This 

difference in loading could be attributed to the steric hinderance of the larger 

molecules of both SPEG and LPEG in comparison with Zonyl. Another explanation 

could be related to the sulphur-gold bonds that attach SPEG and LPEG to the AuNP. 

The carboxylic acid group on Zonyl that forms a bond with the gold is far more labile 

than the sulphur-gold bond between the PEG chains and the gold. As such, when IrS1 

 lmax 

/nm 

Shift 

/ nm 

 lmax 

/nm 

Shift 

/ nm 

 lmax 

/nm 

Shift 

/ nm 

Au13NP  517 - Au13NP.SPEG 518 1 Au13NP.SPEG.IrS1 527 10 

Au25NP 522 - Au25NP.SPEG 525 3 Au25NP.SPEG.IrS1 528 6 

Au50NP 526 - Au50NP.SPEG 527 1 Au50NP.SPEG.IrS1 531 5 

Au100NP 559 - Au100NP.SPEG 561 2 Au100NP.SPEG.IrS1 564 5 

Table 2.4.2.2: Summary of AuNP SPR shifts for SPEG coated Au13NP (1nM), Au25NP (1nM), 
Au50NP (0.5nM) and Au100NP (0.1nM) with IrS1 (0.1µM). 

Table 2.4.2.3: Summary of AuNP SPR shifts for LPEG coated Au13NP (1nM), Au25NP (1nM), 
Au50NP (0.5nM) and Au100NP (0.1nM) with IrS1 (0.1µM). 
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is added to the Zonyl coated particles, some Zonyl may be displaced, allowing for the 

IrS1 to competitively bind to the AuNP, whereas, the IrS1 molecules must sterically 

orientate themselves correctly to bind around the PEG coating.     

 Ratio of Ir/Au ICP-MS calculated number 

of IrS1 per AuNP 

Au13NP.Zonyl.IrS1 3.1x10-2 2,100 

Au25NP.Zonyl.IrS1 5.8x10-3 2,800 

Au50NP.Zonyl.IrS1 1.3x10-3 5,100 

Au100NP.Zonyl.IrS1 3.2x10-4 9,700 

 

 Ratio of Ir/Au ICP-MS calculated number 

of IrS1 per AuNP 

Au13NP.SPEG.IrS1 2.1x10-2 1,400 

Au25NP.SPEG.IrS1 5.6x10-3 2,700 

Au50NP.SPEG.IrS1 1.3x10-3 5,000 

Au100NP.SPEG.IrS1 3.2x10-4 9,900 

 

 Ratio of Ir/Au ICP-MS calculated number 

of IrS1 per AuNP 

Au13NP.LPEG.IrS1 2.3x10-2 1,100 

Au25NP.LPEG.IrS1 5.6x10-3 2,700 

Au50NP.LPEG.IrS1 1.1x10-3 4,300 

Au100NP.LPEG.IrS1 3.0x10-4 9,200 

Table 2.4.2.4: Calculated ratios for Zonyl coated Au13NP, Au25NP, Au50NP and Au100NP with 
IrS1compared to those calculated by ICP-MS. 

Table 2.4.2.5: Calculated ratios for SPEG coated Au13NP, Au25NP, Au50NP and Au100NP 
with IrS1compared to those calculated by ICP-MS. 

Table 2.4.2.6: Calculated ratios for LPEG coated Au13NP, Au25NP, Au50NP and Au100NP with 
IrS1compared to those calculated by ICP-MS. 
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DLS size analysis and Zeta Potential (Table 2.4.2.7, Appendix 2.4, 2.5, 2.6) were used 

to determine good monodispersity of the coated particles and to check the negative 

potential of the probes (AuNP+coating+IrS1), as is studied in the literature, the surface 

charge of a probe influences its uptake into biological material46.     

 

The luminescence spectra of the probe library were recorded to deduce if the 

size of gold and stabilizing agent had any impact on the emission of IrS1 (Figure 

2.4.2.5, Table 2.4.2.8). There was no significant change in the lmax for the emission 

data for the full probe library compared to IrS1 in solution on its own, suggesting the 

loading onto AuNPs had not affect the MLCT luminescence. 

 Size by 

Intensity/ nm 

Size by 

number/ nm 

PDI Zeta 

Potential/ mV 
Au13NP.Zonyl 26 ± 9 15 ± 4 0.111 -52 ± 12 
Au13NP.SPEG 28 ± 9 18 ± 5 0.094 -69 ± 13 
Au13NP.LPEG 35 ± 10 23 ± 6 0.170 -65 ± 15 
Au13NP.Zonyl.IrS1 26 ± 9 15 ± 4 0.103 -44 ± 13 
Au13NP.SPEG.IrS1 29 ± 9 18 ± 5 0.103 -36 ± 12 
Au13NP.LPEG.IrS1 37 ± 14 23 ± 6 0.114 -40 ± 12 
     

Au25NP.Zonyl 35 ± 16 26 ± 5 0.176 -56 ± 12 
Au25NP.SPEG 34 ± 13 29 ± 5 0.186 -67 ± 14 
Au25NP.LPEG 45 ± 16 26 ± 7 0.125 -69 ± 14 
Au25NP.Zonyl.IrS1 35 ± 13 28 ± 5 0.158 -47 ± 14 
Au25NP.SPEG.IrS1 35 ± 13 29 ± 5 0.148 -40 ± 12 
Au25NP.LPEG.IrS1 45 ± 16 34 ± 7 0.118 -37 ± 12 
     

Au50NP.Zonyl 64 ± 25 34 ± 10 0.149 -59 ± 7 
Au50NP.SPEG 71 ± 26 41 ± 12 0.134 -65 ± 13 
Au50NP.LPEG 79 ± 35 38 ± 12 0.200 -63 ± 13 
Au50NP.Zonyl.IrS1 65 ± 25 34 ± 10 0.149 -46 ± 13 
Au50NP.SPEG.IrS1 73 ± 25 43 ± 12 0.123 -61 ± 16 
Au50NP.LPEG.IrS1 85 ± 40 38 ± 12 0.199 -62 ± 13 
     

Au100NP.Zonyl 104 ± 30 74 ± 21 0.056 -64 ± 11 
Au100NP.SPEG 107 ± 29 79 ± 22 0.049 -67 ±14 
Au100NP.LPEG 107 ± 28 78 ± 22  -66 ± 14 
Au100NP.Zonyl.IrS1 106 ± 32 74 ± 22 0.070 -45 ± 13 
Au100NP.SPEG.IrS1 107 ± 26 79 ± 21 0.024 -63 ± 13 
Au100NP.LPEG.IrS1 107 ± 23  78 ± 20 0.012 -63 ± 13 

Table 2.4.2.7: Summary of DLS size analysis and Zeta Potentials of full probe library.  



 90 

 

 

 

 

 

 

 

 

 

 

 

 

 lmax 

/nm 

 lmax 

/nm 

 lmax 

/nm 

Au13NP.Zonyl.IrS1 573 Au13NP.SPEG.IrS1 573 Au13NP.LPEG.IrS1 579 

Au25NP.Zonyl.IrS1 570 Au25NP.SPEG.IrS1 579 Au25NP.LPEG.IrS1 585 

Au50NP.Zonyl.IrS1 580 Au50NP.SPEG.IrS1 575 Au50NP.LPEG.IrS1 580 

Au100NP.Zonyl.IrS1 579 Au100NP.SPEG.IrS1 579 Au100NP.LPEG.IrS1 598 

 

The long component lifetime for IrS1 experiences a reduction of approximately 

30-60 ns (7-13%) upon loading onto AuNPs, which is in agreement with previously 

published data (Figure 2.4.2.6, Table 2.4.2.9, 2.4.2.10 and 2.4.2.11)2, 21, 22. 

 

 

Figure 2.4.2.5: Luminescent spectra of full probe library. lexc = 405 and ldet(Top Left) Au13NP, 
(Top Right) Au25NP, (Bottom Left) Au50NP and (Bottom Right) Au100NP. Dashed lines = 

Excitation spectra. Filled lines = Emission spectra. (Blue) Zonyl coating, (Green) SPEG coating 
and (Red) LPEG coating. All coated AuNPs are also coated with IrS1. 

Table 2.4.2.8: Summary of lmax of the emission spectra for full probe library. 
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 c2 t/ns 
Au13NP.Zonyl.IrS1 0.983 420 (90%) 

  70 (10%) 

Au25NP.Zonyl.IrS1 1.010 410 (90%) 

  70 (10%) 

Au50NP.Zonyl.IrS1 1.068 410 (90%) 

  70 (10%) 

Au100NP.Zonyl.IrS1 1.001 440 (90%) 

  90 (10%) 

 

  

 c2 t/ns 
Au13NP.SPEG.IrS1 1.006 430 (90%) 

  80 (10%) 

Au25NP.SPEG.IrS1 0.995 400 (90%) 

  70 (10%) 

Au50NP.SPEG.IrS1 1.041 400 (90%) 

  60 (10%) 

Au100NP.SPEG.IrS1 1.017 430 (90%) 

  90 (10%) 

 c2 t/ns 
Au13NP.LPEG.IrS1 1.070 410 (90%) 

  70 (10%) 

Au25NP.LPEG.IrS1 1.064 420 (90%) 

  70 (10%) 

Au50NP.LPEG.IrS1 1.047 400 (90%) 

  70 (10%) 

Au100NP.LPEG.IrS1 0.963 440 (90%) 

  90 (10%) 

Table 2.4.2.9: Summary of lifetime (t/ns) for Zonyl 
coated AuNPs. 

Table 2.4.2.10: Summary of lifetime (t/ns) for 
SPEG coated AuNPs. 

Table 2.4.2.11: Summary of lifetime (t/ns) for 
LPEG coated AuNPs. 

Figure 2.4.2.6: Luminescent Lifetime Decay in aerated 
H2O and fitting for Au13NP (Blue), Au25NP (Green), 
Au50NP (Red) and Au100NP (Pink) coated with Zonyl 
(TOP), or SPEG (Middle), or LPEG (Bottom) and all 
with IrS1 (IrS1 lexc = 375nm and ldet 580nm). Global 
analysis, Tail fitting. Fitting range (430; 3300) 
channels. Two component analysis. 
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2.5 Conclusion  

Gold nanoparticles successfully operated as participating scaffolds, holding 

both stabilising agents and the luminescent compound, IrS1. In keeping with the aim 

of this project, loading IrS1 onto AuNPs is required for a dual purpose, firstly to 

facilitate increased uptake of IrS1 into biological material and secondly to provide a 

multimodal imaging platform. Thus far, it has been shown that attaching IrS1 onto an 

AuNP surface, of a range of sizes including 13, 25, 50 and 100nm, has maintained 

luminescence signal from IrS1. Logically, the larger the AuNP, the more IrS1 present 

on the surface, further increasing chances for detection, however, the full probe library 

will still be considered for further experiments. Larger particles cause more issues with 

regards to cytotoxicity and uptake in biological assays so may not always be the first 

choice. Additionally, changing the coating of the AuNP between Zonyl, SPEG and 

LPEG has also maintained IrS1 luminescence and so all three are promising to take 

forward on to perform biological assays.  
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2.6 Experimental 

Starting materials, solvents and deuterated solvents, for NMR, were purchased from 

Sigma Aldrich/Merck, Fisher Scientific or Alfa Aesar.  

 

2.6.1 Synthesis of IrS1 

Synthesis of tetrakis(2-phenylquinoline-C2,N’)(µ-dichloro)diiridium  

Synthesis of the iridium dimer was performed using a 

published protocol by Chen et al 1. A solution of 

iridium(III) chloride hydrate (0.39 g, 1.0 mmol) and  2-

phenylquinoline (0.51 g, 2.5 mmol), in 2-ethoxyethanol 

(30 mL) and deionised water (10 mL) was heated to 

reflux at 140 ˚C for 24 hr with continuous stirring. The mixture was cooled to room 

temperature and the yellow precipitate was collected on a glass filter frit. The 

precipitate was washed with methanol (60ml) and acetone (60ml) to give the final 

cyclometalated Ir(III)chloro-bridged dimer (397.7 mg, 47%). "H  (300MHz, DMSO) 9.51 

(d, J= 8.8Hz, 1H,Q4), 8.52 (dd, J= 8.8, 1.2Hz, 1H, Q3), 8.38 (d, J= 8.9Hz, 1H, P3), 

8.06 (m, 1H, Q5), 7.92 (dd, J= 8.0, 1.3Hz, 1H, Q6), 7.65 (m, 2H, Q8, Q7), 6.83 (td, 

J=7.5, 1.2Hz, 1H, P4), 6.50 (t, 1H, P5), 6.15 (dd, J=7.8, 1.2Hz, 1H, P6). m/z (TOF MS 

ES+) 1273 ([M+H]+), (Appendix 2.7 and 2.8).  

Synthesis of 5,5’-bis(bromomethyl)-2,2’-bipyridine  

The synthesis of 5,5’-bis(bromomethyl)-2,2’-

bipyridine was performed using a method 

published by Bertoncello et al. 23. A solution of 

5,5’-dimethyl-2-2’-bipyridine (0.57 g, 3.09 mmol), N-bromosuccinimide (NBS) (2.90 g, 

3 4 

6 

P6 
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16.3 mmol) and 1,1’-azobis(cyclohexanecarbonitrile) (ABCN) (1 pellet, ~120.0 mg, 

~0.29 mmol) was heated to reflux in dry CCl4 (40 mL) for 2 hr at 90 oC with continuous 

stirring. The residual precipitate was washed with 10 mL of CCl4 and the combined 

phases were evaporated in vacuo. The remaining solid was dissolved in 

dichloromethane (DCM) (100 ml) and extracted with a solution of Na2S2O3 (0.5 M, 2 x 

150mL). The combined Na2S2O3 phases were extracted with DCM (5 x 50 ml) and the 

combined DCM phases were dried over Na2SO4. DCM was removed in vacuo. The 

crude product was recrystallized from hot DCM, yielding a white solid powder of 5,5’- 

bromomethyl-2-2’-bipyridine, (0.11 g, 0.79 mmol, 10%). "H (300MHz, CDCl3) 8.71 (dd, 

J=2.4, 0.7Hz, 1H, H6), 8.43 (dd, J= 8.1, 0.8Hz, 1H, H3), 7.88 (dd, J= 8.2, 2.4Hz, 1H, 

H4), 4.56 (s, 1H, CH2). m/z (TOF MS ES+) 342.92 ([M+H]+) (Appendix 2.9 and 2.10). 

Synthesis of 5,5′-bis(mercaptomethyl)-2,2′-bipyridine  

5,5′-bis(mercaptomethyl)-2,2′-bipyridine synthesized 

using the same protocol by Bertoncello et al23. A 

solution of 5,5’-bis(bromomethyl)-2,2’-bipyridine (100 

mg, 0.58 mmol) and thiourea (70 mg, 1.83 mmol) in dry 1,4-dioxane (15 mL) was 

heated to reflux while stirring for 3 hr at 120 oC under N2. NaOH (40 mg, 2 mmol) 

dissolved in degassed water (10 mL) was added and the mixture was heated at reflux 

for another 2 hr. The solvent was removed in vacuo, producing a pale yellow solid. 

Degassed acidified water (30 mL, pH ~4, HCl) was added and the aqueous phase 

extracted with DCM (6 x 40 ml). The combined DCM phases were dried in vacuo to 

yield the final yellow solid (44 mg, 0.36 mmol, 61%). "H (400MHz, DMSO) 8.65 (d, J= 

2.2Hz, 1H, H6), 8.34 (dd, J= 8.2, 0.8Hz, 1H, H3), 7.89 (dd, J=8.2, 2.4Hz, 1H, H4), 3.83 

(s, 1H, CH2). m/z (TOF MS ES+) 249 ([M+H]+) (Appendix 2.11 and 2.12).  

3 4 

6 
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Synthesis of [Ir(2-PQ)2BPYSH]Cl 

Synthesis was carried out using a modified method 

by Slinker et al20-22. A solution of tetrakis (2-

phenylquinoline-C2,N’)(µ-dichloro)diiridium (40mg, 

0.06 mmol) and 5,5′-bis(mercaptomethyl)-2,2′-

bipyridine (18 mg, 0.14 mmol) was suspended in 

ethylene glycol (3.25 mL) and heated to 150 oC for 19 

hr with continuous stirring. The mixture was cooled to room temperature before 

deionised water (75 mL) was added. The mixture was further heated for 1 hr with 

continuous stirring at 70 oC. Saturated aqueous ammonium hexafluorophosphate (0.5 

g in 1.25 mL deionised water) was added, forming a yellow precipitate. The solution 

was cooled on ice, filtered and washed with deionised water. The solid was dissolved 

in minimal acetone and vacuum dried to yield [Ir(2-PQ)2BPYSH] PF6. Ion exchange of 

[Ir(2-pq)2bpySH]PF6+ to [Ir(2-pq)2bpySH]Cl- was performed to prepare a stock 

solution of IrS1 of ~1 mM concentration in methanol. The pH of a suspension of Dowex 

(1x8 200-400 mesh) in deionised water (30 mL) was lowered to 1 using HCl (10%) 

and stirred for 1 hour. The HCl was removed and the resin washed with deionised 

water (30 mL). The resin was resuspended in MeOH (30 mL) and left to stir for 1 hr. A 

solution of [Ir(2-PQ)2BPYSH]PF6 (5 mg, in 5ml MeOH) was added and the mixture 

was stirred for 2 hr. The [Ir(2-PQ)2BPYSH]Cl was isolated and washed with MeOH 

until the resin was colourless. The solution was dried under vacuum to give IrS1, 

(0.043 g, 62%) "H (400MHz, CDCl3) δ 8.10 (dd, J=8.3 Hz, 1H, Q4), 8.01 (d, J=8.3 Hz, 

1H, Q3), 7.93 (dd, J=8.2, 1.3 Hz, 1H, BPY3), 7.77 (d, J=2.1Hz, 1H, P3), 7.64 (dd, 

J=5.7, 3.3 Hz, 2H, BPY4, BPY6), 7.46 (dd, J=5.7, 3.3 Hz, 2H, Q5, Q6), 7.31 (ddd, 

J=8.0, 6.9 1.0 Hz, 1H, Q8), 7.09 (ddd, J=8.0, 6.9 1.0 Hz, 1H, P4), 6.93 (ddd, J=8.0, 

P6 
P5 

P4 
P3 

Q3 
Q4 

Q8 

Q5 
Q6 
Q7 

3 
4 6 
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6.9 1.0 Hz, 1H, Q7), 6.75 (td, J=7.5, 1.3 Hz, 1H, P5), 6.45 (dd, J=8.8,1.3 Hz, 1H, P6), 

4.15 (s, 2H, CH2), 2.14 (s, 1H, SH) m/z (TOF MS ES+) 901 ([M+Na+MeO]+) (breaking 

of sulphur bonds in Mass Spectrometry causes analyte to form salts with elutant) 

(Appendix 2.13 and 2.14).   

 

2.6.2 Synthesis of AuNPs 

Au13NP. Nanoparticles were synthesized using published protocols28. A solution of 

trisodium citrate dihydrate (0.0606 g, 0.21 mmol), citric acid (0.0133 g, 0.07 mmol) and 

ethylenediaminetetraacetic acid (EDTA) (0.0010 g, 0.003 mmol) in ultrapure MilliQ 

water (100 mL) was placed under rapid stirring and brought to reflux. The mixture was 

allowed to reflux for 15 min at 150oC before addition of a preheated solution (80 oC) of 

gold(III) chloride trihydrate (0.008g, 0.020 mmol) in ultrapure MilliQ water (25 mL). The 

mixture was allowed to reflux for a further 15 min before being cooled to room 

temperature.  After the mixture cooled, the solution remaining was a dark red colour 

containing 13nm AuNPs at a concentration of 2 nM. lmax (H2O) / nm 517 (SPR).   

 

Au25NP. The synthesis for seeding of Au13NP to larger sizes was implemented using 

a previously published modified method26. Three stock solutions were prepared using 

trisodium citrate dihydrate (34 mM), ascorbic acid (57 mM) and gold(III) chloride 

trihydrate (5mM) in ultrapure MilliQ water. Au13NPs (34 mL, 2 nM) were diluted to 40 

mL with ultrapure MilliQ water (6 mL) and placed under rapid stirring. From the stock 

solutions, 2 further dilutions were made to gold(III) chloride trihydrate (1 mM), ascorbic 

acid (3 mM) and trisodium citrate dihydrate (0.75 mM). Using a peristaltic pump, the 

two solutions (gold(III) chloride trihydrate and ascorbic acid with trisodium citrate 

dihydrate) were added dropwise, simultaneously to the Au13NP solution over 25 min. 
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The mixture was allowed to reflux for 30 min with continuous stirring at 150oC. The 

solution was cooled to room temp to yield Au25NPs of 0.7 nM. lmax (H2O) / nm 522 

(SPR).   

 

Au50NP. The synthesis for seeding of Au25NP to larger sizes was implemented using 

a previously published modified method26. Three stock solutions were prepared using 

trisodium citrate dihydrate (34 mM), ascorbic acid (57 mM) and gold(III) chloride 

trihydrate (5mM) in ultrapure MilliQ water. Au25NPs (9 mL, 0.7 nM) were diluted to 40 

mL with ultrapure MilliQ water (31 mL) and placed under rapid stirring. From the stock 

solutions, 2 further dilutions were made to gold(III) chloride trihydrate (1 mM), ascorbic 

acid (3 mM) and trisodium citrate dihydrate (0.75 mM). Using a peristaltic pump, the 

two solutions (gold(III) chloride trihydrate and ascorbic acid with trisodium citrate 

dihydrate) were added dropwise, simultaneously to the Au25NP solution over 25 min. 

The mixture was allowed to reflux for 30 min with continuous stirring at 150oC. The 

solution was cooled to room temp to yield Au50NPs of 80 pM. lmax (H2O) / nm 526 

(SPR).   

 

Au100NP. The synthesis for seeding of Au50NP to larger sizes was implemented 

using a previously published modified method26. Three stock solutions were prepared 

using trisodium citrate dihydrate (34 mM), ascorbic acid (57 mM) and gold(III) chloride 

trihydrate (5mM) in ultrapure MilliQ water. Au50NPs (40 mL, 80 pM) placed under 

rapid stirring. From the stock solutions, 2 further dilutions were made to gold(III) 

chloride trihydrate (4 mM), ascorbic acid (12 mM) and trisodium citrate dihydrate (3.4 

mM). Using a peristaltic pump, the two solutions (gold(III) chloride trihydrate and 

ascorbic acid with trisodium citrate dihydrate) were added dropwise, simultaneously 
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to the Au50NP solution over 25 min. The mixture was allowed to reflux for 30 min with 

continuous stirring at 150oC. The solution was cooled to room temp to yield Au100NPs 

of 40 pM. lmax (H2O) / nm 559 (SPR).   

 

2.6.3 Coating of AuNPs 

 

The AuNPs were ajusted to different concentrations from those obtained in the 

synthesis. AuNP solutions were centrifuged at 13.3 RPM for 30, 25, 15 and 1.5 min 

for Au13NP, Au25NP, Au50NP and Au100NP respectively. The supernatant was 

removed allowing the lose pellet of AuNPs to be extracted and resuspended with 

ultrapure MilliQ water to give AuNPs of concentration 4 nM, 4 nM, 0.4 nM and 0.4 nM 

respectively.  

 

Zonyl Coating. A solution of Zonyl FSA surfactant (10 µL, 10%) was added to each 

of the resuspensions of AuNPs (2ml). The coated suspensions were centrifuged 

further under the same parameters as previously mentioned. The supernatant was 

removed, the pellet was extracted and resuspended in ultrapure MilliQ water to give 

AuNPs of concentrations for Au13NP, Au25NP, Au50NP and Au100NP at 2 nM, 2 nM, 

0.2 nM and 0.2 nM respectively.  

  

SPEG Coating. A solution of O-(2-carboxyethyl)-O’-(2-mercaptoethyl)heptaethylene 

glycol (SPEG) (100 µL, 0.1 mM) was added to the resuspensions of AuNPs (2ml). The 

coated suspensions were centrifuged further under the same parameters as 

previously mentioned. The supernatant was removed, the pellet was extracted and 

resuspended in ultrapure MilliQ water to give AuNPs of concentrations for Au13NP, 
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Au25NP, Au50NP and Au100NP at 2 nM, 2 nM, 0.2 nM and 0.2 nM respectively.  

LPEG Coating. A solution of Poly(ethylene glycol) 2-mercaptoethyl ether acetic acid 

(LPEG) (100 µL, 0.1 mM) was added to the resuspensions of AuNPs. The coated 

suspensions were centrifuged further under the same parameters as previously 

mentioned. The supernatant was removed, the pellet was extracted and resuspended 

in ultrapure MilliQ water to give AuNPs of concentrations for Au13NP, Au25NP, 

Au50NP and Au100NP at 2 nM, 2 nM, 0.2 nM and 0.2 nM respectively.  

 

IrS1 Coating on Zonyl coated AuNPs. IrS1 (1 µM) was added dropwise into a 

solution of AuNP with Zonyl, 10µL, 15µL, 25µL and 35µL, per 1ml of Au13NP, 

Au25NP, Au50NP and Au100NP respectively. The samples were centrifuged further 

and resuspended with ultrapure MilliQ water. To give final concentrations for Au13NP, 

Au25NP, Au50NP and Au100NP at 1nM, 1nM, 0.5nM and 0.1nM respectively.  

 

IrS1 Coating on SPEG and LPEG coated AuNPs. IrS1 (0.1 µM) was added dropwise 

into a solution of AuNP with Zonyl, 80µL, 150µL, 150µL and 150µL, per 1ml of 

Au13NP, Au25NP, Au50NP and Au100NP respectively. The samples were 

centrifuged further and resuspended with ultrapure MilliQ water. To give final 

concentrations for Au13NP, Au25NP, Au50NP and Au100NP at 1nM, 1nM, 0.5nM and 

0.1nM respectively.  
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2.7 Instrumentation 

 

2.7.1 Synthesis Techniques  

1H NMR spectroscopy was carried out on a Bruker AVIII300 or AVIII400 

spectrometer. Electrospray mass spectra were recorded on a Waters Micromass LCT 

time of flight mass spectrometer.  

2.7.2 Photophysical Techniques  

UV-VIS absorption spectroscopy was performed using a Varian Cary 5000 

spectrometer at a 300nm min-1 acquisition rate between 250 to 800nm. Samples were 

prepared in 1cm path length quartz cuvettes at room temperature.   

 

Luminescence measurements were performed on an Edinburgh Instrument 

FLS920 spectrometer, with a 450 W Xenon arc lamp illumination source. The detection 

system used incorporated an R928 visible Hamamatsu photomultiplier tube (PMT). 

The emission monochromator was fitted with a grating blazed at 500 nm. The data 

was recorded using the F900 spectrometer analysis software. Samples were prepared 

in quartz cuvettes with four transparent faces. Appropriate long-pass filters were used 

to eliminate second-order photon scattering. The excitation and emission spectra 

recorded were corrected or lamp instrument response and PMT response, 

respectively. 

 

Luminescence lifetimes were measured with a 375 nm picosecond pulse length 

diode laser excitation source using the time-correlated single photon counting module 

of the Edinburgh Instruments FLS920 spectrometer with the Hamamatsu R928 

photomultiplier tube (PMT). Lifetimes were tail-fitted using FAST PC software with an 
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error of ±10%, using a Marquardt-Levenberg algorithm. The reduced chi-square (c2) 

parameter was used to evaluate the quality of the fit results, obtaining values between 

1.0 and 1.2. Samples were prepared in quartz cuvettes with four transparent faces. 

Appropriate long-pass filters were used to eliminate second-order photon scattering. 

 

2.7.3 Nanoparticle Characterisation Techniques  

Dynamic Light scattering sizing and Zeta potential measurements were performed 

on a Malvern Zetasizer nano ZSP calibrated with a zeta potential transfer standard. 

DLS size analysis measurements were recorded using a 1 cm disposable cuvette 

and zeta potential measurements were recorded using a folded capillary cell. The 

measurements were recorded using a standard operating procedure (SOP) with the 

following settings: Refractive index: 1.33, Absorption: 1.00, Dispersant: Water, 

Temperature:  25 ºC, Cell:  DTS0012 disposable cuvette (Size measurements) and 

DTS1060 folded capillary cell (Zeta potential measurements).  

 

Inductively coupled plasma mass spectroscopy (ICP-MS) were performed on 

an Agilent LC-ICP-MS (7900) with an integrated auto-sampler at the University of 

Warwick. Metal concentrations were determined using PlasmaCal calibration 

standards (QMX Laboratories), with R2 >0.999 linear calibration curves in all cases. 

Samples were digested in ultrapure aqua-regia and then diluted.    
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 2.8 Appendix 

 

 

 

 
  
 
 

Appendix 2.1: UVVIS titrations for Au13NP(first row), Au25NP(second row), Au50NP(third row) 
and Au100NP(fourth row) with Zonyl(left column) and with IrS1(right column). 
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Appendix 2.2: UVVIS titrations for Au13NP(first row), Au25NP(second row), Au50NP(third row) 
and Au100NP(fourth row) with SPEGl(left column) and with IrS1(right column). 
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Appendix 2.3: UVVIS titrations for Au13NP(first row), Au25NP(second row), Au50NP(third row) 
and Au100NP(fourth row) with LPEGl(left column) and with IrS1(right column). 
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Appendix 2.4: DLS Size Graphs. (Right column) Size by intensity. (Left column) Size by number. 
(Red) Au13NP, (Green) Au25NP, (Blue) Au50NP, (Black) Au100NP. (Top row) Coated with 

Zonyl, (Middle row) coated with SPEG and (Bottom row) coated with LPEG.  

Appendix 2.5: DLS Size Graphs. (Right column) Size by intensity. (Left column) Size by number. 
(Red) Au13NP, (Green) Au25NP, (Blue) Au50NP, (Black) Au100NP. (Top row) Coated with 
Zonyl, (Middle row) coated with SPEG and (Bottom row) coated with LPEG. All AuNPs also 

coated with IrS1.  
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Appendix 2.6: Zeta Potential Graphs. (Right column) AuNP + Stabilising Agent. (Left column) 
AuNP + Stabilising Agent + IrS1. (Red) Au13NP, (Green) Au25NP, (Blue) Au50NP, (Black) 
Au100NP. (Top row) Coated with Zonyl, (Middle row) coated with SPEG and (Bottom row) 

coated with LPEG. 
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Appendix 2.7: 1H NMR !H (300MHz, DMSO) of Tetrakis(2-phenylquinoline-C2,N’)(µ-
dichloro)diiridium. 

Appendix 2.8: Mass Spectrometry of Tetrakis(2-phenylquinoline-C2,N’)(µ-dichloro)diiridium. 
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Appendix 2.9: 1H NMR !H (300MHz, CDCl3) of 5,5’-Bis(bromomethyl)-2,2’-bipyridine. 

Appendix 2.10: Mass Spectrometry of 5,5’-Bis(bromomethyl)-2,2’-bipyridine. 
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Appendix 2.11: 1H NMR !H (400MHz, DMSO) of 5,5′-Bis(mercaptomethyl)-2,2′-bipyridine. 

Appendix 2.12: Mass Spectrometry of 5,5′-Bis(mercaptomethyl)-2,2′-bipyridine. 
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Appendix 2.13: 1H NMR !H (400MHz, CDCl3) of [Ir(2-PQ)2BPYSH]PF6. 

Appendix 2.14: Mass Spectrometry of [Ir(2-PQ)2BPYSH]PF6. 
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Chapter 3:  

 

Luminescent Iridium Coated Gold nanoparticles: Biological Assays Testing for 

Biocompatibility  

 

 

3.1 Chapter Summary  

 

 

This work investigates the luminescent-AuNP nanoprobe library post incubation 

with peripheral whole blood derived regulatory T-cells (Tregs). Whole blood was 

layered over Lympholyte® solution and layers separated via centrifugation isolating 

the lymphocytes (Figure 3.1(a)).  

 

 

 

 

 

 

 

 

 

 

 

 

The lymphocytes were extracted and CD3+ cells were isolated via a magnetic 

column using the Pan T Cell Isolation kit (MACS Miltenyi Biotec)1-5. Following CD3+ 

isolation, cells were incubated with the nanoprobe library before CD4, CD8, CD25 and 

CD127 fluorescent antibody stains were added to allow for Treg gating by flow 

cytometry (Flow assisted cell sorting, FACS) (Figure 3.1(b)). Cytotoxicity, percentage 

uptake and ICP-MS analysis were used to narrow the full nanoprobe library, with an 

AuNP core size of 25nm providing both the greatest uptake and fluorescence detection 

a) b) 

Fig. 3.1 (a) Schematic to show the layering of whole blood over Lympholyte® solution and layers 
separated via centrifugation isolating the lymphocytes. (b) Gating strategy for CD3+ cells to 

Tregs via antibody dyes for FACS on CD4, CD8, CD25 and CD127 receptors 
 



 116 

whilst exhibiting little cytotoxicity, it was decided the Au25NP nanoprobes would be 

carried for further analysis.  

Photophysical characteristics of the Tregs post incubation were analysed and 

showed the excitation, emission and lifetime features of IrS1 were retained in the 

biological environment with only slight shifts in emission. The phenotypical and 

functional behaviour of the Tregs were next investigated to ensure the presence of the 

nanoprobes would not disrupt any immune-regulatory activity post transplantation. 

The Au25NP.Zonyl.IrS1 nanoprobes were selected for further study as the PEG 

coated alternatives presented both upregulation and downregulation of various pro-

inflammatory cytokines and chemokines where the Zonyl coated nanoprobes showed 

little change in the presence of suitable stimulants. Tregs were content to proliferate 

and function as expected post labelling with Au25NP.Zonyl.IrS1, with good retention 

within labelled cells in unlabelled cell environments.  
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3.1.1 Introduction  

 

Regulatory T-cells can be used for CAR-T cell therapies, with research being 

translated to clinics for testing in patients suffering from autoimmune diseases (Figure 

3.1.1)6. Tregs are, primarily, critical regulators of immune tolerance7. Sakaguchi et al 

were amongst the first to discover Treg activity via adoptive transfer studies8. Many 

studies that followed have shown the majority of chronic active hepatitis is related to 

immune-mediated liver injury9. Research into the pathogenesis of the disease has 

highlighted Treg infrequencies in the peripheral blood of patients with either acute liver 

injury, chronic liver disease or liver cancer10, 11. Tregs are exploitable due to their ability 

to exert their functions by either inhibiting the function or maturation of antigen 

presenting cells, by destroying target cells by induced apoptosis, by causing metabolic 

disruption of the adenosine pathway, by secreting immunosuppressive cytokines 

transforming growth factor beta and IL-2 or by competitive consumption of survival 

cytokines in particular IL-212.  

 

 

 

 

 

 

 

 

 

 

Fig. 3.1.1 Schematic of process involved with using regulatory T cells in immune therapy 
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Autoimmune disorders are chronic diseases caused by the breakdown of 

tolerance against self-antigens. This may be triggered by either a decrease in the 

number of Tregs or a lack of functioning Tregs as well as by the resistance of effector 

T-cells to suppression. Patients who receive high doses of immunosuppressants are 

left susceptible to life-threatening infections. Since Sakaguchi et al were able to protect 

thymectomized mice from autoimmunity using Treg therapy8, many studies have gone 

on to demonstrate Tregs’ ability to maintain an immune homeostasis with Tregs being 

identified by the expression of CD25+ and forkhead box P3 (FOXP3) markers. The 

methylation status of the Treg-specific demethylated region (TSDR), a conserved non-

coding element within the FOXP3 gene locus, can be used to for the identification of 

human Tregs13, 14. Trzonkowski et al provided details of the first clinical trials using 

Tregs in 2009 to treat human diseases, providing the rationale and prospect for future 

use of the application15.  

Research conducted by a variety of groups has demonstrated the thymus as 

the central organ involved in the generation of Tregs16. Caramalho et al confirmed the 

differentiation of thymus derived Tregs depends on the strength and duration of T cell 

receptor signalling16. Naive FOXP3- CD4+ cells can also differentiate into Tregs in the 

periphery, commonly referred to as induced Tregs or peripheral Tregs, likely as a 

reaction to non-self-antigens found in foods, microbiota and allergens17. Tregs 

themselves are considered heterogeneous, mainly due to their capacity to adapt their 

features specific to the type of immune response they control18. Research has 

explored the further differentiation of Tregs into smaller subpopulations with respect 

to their expression of well-known functional markers, however it is difficult to accurately 

distinguish and quantify these subpopulations due to the overlap amongst many of the 

defining parameters.  
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Isolation of viable lymphocytes can be achieved, pre-clinic, from peripheral 

whole blood by the removal of both red and dead cells using Lympholyte® Cell 

Separation solution via the approved protocol19-21.  

For isolation under GMP conditions in the clinic CliniMACS (CliniMACS™ 

Instruments, Miltenyi Biotec) is used alongside Leukapheresis to produce autologous 

polyclonal GMP-grade Tregs18, 22. CliniMACS works by the depletion of the CD8+ 

fraction followed by enrichment of the CD25+ cell fraction. Another method used to 

isolate cells for clinical use is flow cytometry based purification where cells are isolated 

according to the expression of selected markers, however these have not been used 

in the UK to date in any clinical trials23. One major challenge for research in the use of 

Tregs for therapy is their inherently low frequencies. The percentage of Tregs found 

in whole blood is around 5-10% of all circulating CD4+ cells and so this means 

infusions of large cell populations becomes difficult to achieve. This requires 

expansion of Tregs ex vivo, whereby expansion may be defined as induced cell 

proliferation.  Protocols exist where rapamycin, an immunosuppressant, is used to 

inhibit exclusively the proliferation of effector T-cells and favours FOXP3 

upregulation24. Other protocols may expand Tregs in the presence of TGF-! which 

comparatively can produce a batch of Tregs with more demethylated TSDR than the 

initial batch of isolated cells (Figure 3.1.2)25.  

Fig. 3.1.2 Schematic of Treg expansion using rapamycin or TGF-! to 
facilitate the upregulation of FOXP3 and demethylated TSDR respectively 
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Cytokines are secreted proteins that regulate a range of biological activities 

including immunoregulation after cells experience some form of activation. For Tregs 

their phenotypical behaviour affects their functionality and ability to immune-regulate, 

especially post transplantation into patients as a form of therapy (Figure 3.1.3).  

 

. 

Despite carrying out critical roles in the regulation of the adaptive immune 

responses, Dendritic cells are known to be involved in the pathogenesis of many 

autoimmune diseases. Tregs can either reduce the limiting enzyme for glutathione 

synthesis or can consume extracellular cysteine which disrupts the microenvironment 

in the immunological synapse provided by Dendritic cells. Tregs can also influence 

Dendritic cells in a leukocyte function-associated antigen-1 dependant manner, via 

compensatory mechanisms or by their ability to increase expression of Indoleamine 

Fig 3.1.3 Treg mechanisms of action. CTLA-4 on the surface of Tregs bind to CD80/CD86 on 
dendritic cells leading to IDO-mediated tryptophan deprivation. Binding stimulates the induction of 

the enzyme Indoleamine 2, 3-dioxygenase (IDO) in CD123+ CCR6+ dendritic cells, which 
catalyses the conversion of Tryptophan to N′-Formylkynurenine. This Tryptophan depletion leads 
to CD4+ cell death. Release of Granzyme B and perforin by Treg leads to apoptosis of T effector 

cells. Deprivation of IL-2 from CD4+ T cells by CD25 on the Treg surface leads to cell death. 
Tregs have a direct effect on B-cells via PD-L1/PD-1 interaction. Tregs can also prevent 

monocyte differentiation into pro-inflammatory M1 macrophages. They can induce a suppressive 
phenotype in neutrophils by downregulation of IL6 

 



 121 

2,3-dioxygenase (IDO) to catalyse the degradation of tryptophan leading to the 

starvation of effector cells26-29. 

Monocyte regulation has been highlighted as a key function to reduce chronic 

inflammation in patients. Tregs can act directly on monocytes to inhibit their cytokine 

secretion, differentiation and antigen presenting functions. Tiemessen et al showed 

monocytes had a reduced ability to respond to pro-inflammatory stimuli post exposure 

to Tregs30. More recently, Romano et al showed that monocytes cultured with 

expanded Tregs showed a reduction in monocytes’ pro inflammatory behaviour than 

with freshly isolated Tregs, which could be promising for clinical applications31. 

Tregs also have the ability to supress autoreactive B-cells to prevent the 

production of harmful autoantibodies in an antigen specific manner by the expression 

of PD-1 and 2 ligands on the Tregs themselves which interact with the PD-1 expressed 

on the B-cell32. When suppression proves insufficient, Tregs can kill B-cells by 

releasing granzyme B and perforin33. Tregs supress CD4+ T-cells and CD8+ cell 

activation and proliferation by contact dependant and independent mechanisms. A 

result of this mechanistic regulation is the reduced induction of high affinity effector 

and memory CD8+ T cells26. Granulocytes, particularly neutrophils have been 

attributed to aiding the cause of autoimmune diseases when they experience any 

dysfunction. Tregs have the ability to causes an adaptation in neutrophils so that they 

present a more immunosuppressive phenotype by producing more IL-10 and TGF-! 

with less IL-634.  

Oo et al have treated autoimmune hepatitis patients with Tregs and found they 

are both immunosuppressive and possess functional markers making them 

metabolically competent22. The group used an 111Indium tropolonate label to track the 

localisation of the cells in patients by SPECT-CT. Serial gamma camera imaging was 
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carried out at time intervals of 4, 24 and 72 hours after which the group observed the 

presence of the labelled GMP-Tregs in the liver, spleen and bone marrow.  

 

 

No significant infusion related reactions, citrate toxicity or hypotensive 

behaviour was observed. However, a major limitation here would be the imaging 

resolution achieved with using 111Indium tropolonate as a dye. SPECT-CT does not 

allow for any intra-organ localisation, because the signal from the dye is too large 

spread, nor does it allow for real time continuous tracking due to the associated toxicity 

related with the use of gamma rays.  

 

  

Fig. 3.1.3 Serial Gamma camera imaging performed at 4 h (Ai), 24 h (Aii) and 72 h (Aiii) post 
GMP-Treg infusion demonstrates the presence of indium tropolonate labelled GMP-Tregs in the 
liver, spleen and bone marrow. GMP-Tregs were present and remained in the liver for up to 72 
h (Aiii). (Anterior = Gamma camera imaging scan from the anterior view; posterior = Gamma 

camera imaging scan from posterior view). GMP, Good Manufacturing Practice; Treg, 
regulatory T cell22 

(Figure taken from reference 22) 
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3.2 Functional Assays with Luminescent Iridium Coated Gold Nanoparticles:  

 

3.2.1 Cytotoxicity of Full Probe Library in PBMCs, CD3+ Cells and Tregs 

 

The first course of investigation of the full nanoprobe library involved assessing 

their cytotoxicity at varying concentrations. Peripheral Blood Mononuclear Cells 

(PBMCs) were isolated from clinical patient blood and were incubated overnight with 

0.5ml of 0.01nM, 0.05nM, 1nM and 2nM of AuNP.Coating.IrS1 per 1 million cells. Cells 

were plated in 12-well plates at a volume of 3ml per well with 10% FBS Gibco™ RPMI 

Media containing L-Glutamine and Phenyl Strep. Following incubation, cells were 

washed and stained with CD3+, CD4+, CD8+, CD127+ and CD25+ fluorescent 

antibody dyes along with a dead cell stain (Zombie NIR™) for FACS analysis 

(Appendix 3.9.11). This allowed for gating of the cell population into CD3+ and Tregs. 

Cell populations were then plotted against the fluorescence of the dead cell stain 

(Appendix 3.9.1).  

For all three coatings, Au13NP and Au25NPs displayed similar toxicities, with 

little effect in PBMCs. However, a greater decrease in cell viability was observed at 

2nM within the Treg population and slightly in the CD3+ population (Figure 3.2.1.1 and 

3.2.1.2). For the larger AuNPs, Au50NP and Au100NP, a much greater decrease in 

cell viability can be seen at concentrations above 0.5nM and 0.01nM respectively 

(Figure 3.2.1.3 and 3.2.1.4). This difference in cell viability between the sizes of AuNPs 

is unsurprising given the total of volume of inorganic material entering the cell. As 

such, for all ensuing series of experiments it was decided 1nM, 1nM, 0.5nM and 

0.01nM concentration for each set of Au13NP, Au25NP, Au50NP and Au100NPs 

respectively would be used. The cytotoxicity experiments showed the cells, especially 

Tregs, remained alive post incubation with the nanoprobes which overcomes the first 

hurdle in designing a nanoprobe for cell tracking in immunotherapy.  
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Fig 3.2.1.1 Cytotoxicity Assay Graphs of PBMCs (left), CD3+ (middle) and Tregs (right) incubated with 0nM, 
0.01nM, 0.05nM, 1nM and 2nM of Au13NP.Coating.IrS1 per 1 million cells.  

Fig 3.2.1.2 Cytotoxicity Assay Graphs of PBMCs (left), CD3+ (middle) and Tregs (right) incubated with 0nM, 
0.01nM, 0.05nM, 1nM and 2nM of Au25NP.Coating.IrS1 per 1 million cells.  

Fig 3.2.1.3 Cytotoxicity Assay Graphs of PBMCs (left), CD3+ (middle) and Tregs (right) incubated with 0nM, 
0.01nM, 0.05nM, 1nM and 2nM of Au50NP.Coating.IrS1 per 1 million cells.  

Fig 3.2.1.4 Cytotoxicity Assay Graphs of PBMCs (left), CD3+ (middle) and Tregs (right) incubated with 0nM, 
0.01nM, 0.05nM, 1nM and 2nM of Au100NP.Coating.IrS1 per 1 million cells.  
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Alongside the cytotoxicity assay, it was also of interest to see if overnight incubation 

of Tregs with nanoprobes affected the number of Tregs isolated (Figure 3.2.1.5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Similar to the cytotoxicity results, a decrease in the percentage of Tregs was 

observed for Au13NPs and Au25NPs at 2nM whereas for the larger Au50NP and 

Au100NP, decreases in Treg populations was observed at concentrations above 

0.5nM and 0.01nM respectively. These results further supported the decision to move 

forward with the allocated concentrations of 1nM, 1nM, 0.5nM and 0.01nM for each 

set of Au13NP, Au25NP, Au50NP and Au100NPs respectively. However, it should 

also be noted that Treg populations will differ greatly between patient samples, ranging 

anywhere between 5-10% of CD4+ cells. For the purpose of this study, 5 different 

patient bloods were used to compare the general trend of both cytotoxicity and %Treg 

for each nanoprobe being investigated to ensure observations can be attributed to 

effects of the nanoprobe and not the variations between blood samples. Additionally, 

a control group of cells were also used in each assay which were absent of any 

nanoprobes for an accurate reference.   

Fig 3.2.1.5 Percentage of Tregs incubated with 0nM, 0.01nM, 0.05nM, 1nM and 2nM of 
Au13NP.Coating.IrS1(top left), Au25NP.Coating.IrS1 (top right), Au50NP.Coating.IrS1 (bottom left) and 

Au100MP.Coating.IrS1 (bottom right) per 1 million cells.  
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3.2.2 Uptake of the Full Probe Library in CD3+ Cells and Tregs 

 

The differing dose-able concentrations revealed through the cytotoxicity assay 

meant that the next step was to evaluate the ability to detect the probes at these 

different concentrations. Inherently, one would expect, the greater concentration of 

probe dosed, the greater the detectability. However, although lower concentrations of 

Au50NPs and Au100NPs are being used, the surface area of the larger AuNPs means 

more IrS1 complex will be attached at the surface, as seen by the ICP-MS data in 

tables 2.4.2.4, 2.4.2.5 and 2.4.2.6.   

 

 

 

 

 

 

 

 

 

FACS analysis showed that Au13NP.Coating.IrS1 and Au25NP.Coating.IrS1 

gave a stronger emission per cell than their Au50NP.Coating.IrS1 and 

Au100NP.Coating.IrS1 alternatives (Figure 3.2.2.1, Appendix 3.9.2). For the Zonyl 

and SPEG coated nanoprobes, all four sizes of AuNPs were clearly detectable in cells, 

however, the larger Au50NP and Au100NP LPEG coated nanoprobes showed a more 

skewed distribution, suggesting there were a limited number of cells which had taken 

up the nanoprobes. It is implied the larger nanoprobes with the longer chain PEG were 

not favourable for uptake into the cells based on the overall size of the complex. It has 

Blank        Au13NP.Coating.IrS1        Au25NP.Coating.IrS1         Au50NP.Coating.IrS1       Au100NP.Coating.IrS1 
Fig 3.2.2.1 FACS histograms to show the IrS1 emission ("em 580nm) detected in CD3+ cells post 

overnight incubation with full probe library. (a) Zonyl coated nanoprobes, (b) SPEG coated 
nanoprobes and (c) LPEG coated nanoprobes at 1nM, 1nM, 0.5nM and 0.01nM for Au13NPs, 

Au25NPs, Au50NPs and Au100NPs respectively per 1 million cells. 

 (a)   (b)   (c)  
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been reported in literature also that PEG compounds have the potential to interact with 

proteins on the surface of cells which may have acted as a deterrent, stopping the 

nanoprobes being taken into the cells35-37.  

Although not investigated in this series of experiments, it can be expected that 

the nanoprobes are taken into cells via receptor mediated endocytosis, or pinocytosis, 

following the formation of a protein corona around the nanoprobes37. Tregs are 

amongst the smaller cell types, typically ranging in size between 5-7"m and so there 

will be a limit to the amount of exogenous material the cells will be able to take in.  

Here a decision to narrow the nanoprobe library under investigation was made. 

The cytotoxicity and uptake assays both supported the decision to eliminate the use 

of the larger nanoprobes, Au50NP.Coating.IrS1 and Au100NP.Coating.IrS1. They 

both exhibited weak uptake into cells and as such their fluorescence detectability was 

severely diminished.  

With respect to the aforementioned cytotoxicity and uptake assays, ICP-MS 

data presented in tables 2.4.2.4, 2.4.2.5 and 2.4.2.6 indicate Au25NPs are able to 

carry more IrS1 than the Au13NPs, irrespective of coatings. The decision to continue 

with just Au25NP.Zonyl.IrS1, Au25NP.SPEG.IrS1 and Au25NP.LPEG.IrS1 was 

deemed the most appropriate as it is prudent to consider the multimodal aspect of the 

nanoprobe here too. Au25NPs have a greater volume of gold compared to Au13NPs 

and as such will be more readily detectable via Micro-CT. Additionally, although FACS 

didn’t show much difference in the fluorescence detected between the Au13NPs and 

Au25NPs, multiphoton microscopy, to be used at a later date, may benefit from the 

greater volume of IrS1 per cell. As such only the Au25NP nanoprobes were carried 

forward for further investigation.  
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3.3 Functional Assays of Tregs with Luminescent Iridium Coated Gold 

Nanoparticles: Au25NPs  

 

3.3.1 Time Course Assay  

 

Overnight incubations of coated AuNPs into different cell types have been 

previously studied by the Pikramenou group and provided for an appropriate starting 

point for initial assays38. However, for Tregs in a clinical setting, shorter incubation 

times would be of greater benefit in order to minimise the time extracted cells are 

outside the patient’s body. With Au25NP.Zony.IrS1, Au25NP.SPEG.IrS1 and 

Au25NP.LPEG.IrS1, the uptake into CD3+ cells was measured at incubation time 

intervals of 2, 4, 8, 16, 18 and 24 hours (Figure 3.3.1.1, Appendix 3.9.3).  

 

 

 

 

  

Blank        Au25NP.Zonyl.IrS1        Au25NP.SPEG.IrS1         Au25NP.LPEG.IrS1 

Fig 3.3.1.1 FACS histograms to show the IrS1 emission ("em 580nm) detected in CD3+ cells post 
incubation with Au25NP.Coating.IrS1. (a) 2 hours, (b) 4 hours, (c) 8 hours, (d) 16 hours, (e) 18 hours and 

(f) 24 hours at 1nM per 1 million cells. 

 (a)   (b)   (c)  

 (d)   (e)   (f)  
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Although the maximum emission for IrS1 was observed after 24 hours, a large 

uptake of probe was observed after even just two hours post incubation for all three 

types of nanoprobe. Notably, the Zonyl coated nanoprobes were taken up the most at 

the shorter incubation times and the PEG coated particles were taken up more given 

a longer incubation time. This trend can be attributed to the overall size of the 

nanoprobes, with the PEG coated particles having a larger conformation than the 

Zonyl coated counterparts. It is suggested that the PEG coated nanoprobes are taken 

up at a slower rate as their coating may interact with their uptake pathway as 

previously described.  

 

3.3.2 Quantitative Analysis of Uptake into Cells  

 

ICP-MS of CD3+ cells was conducted to quantify the number of nanoprobes 

per cell by detection of the number of gold atoms per 10 million cells (Table 3.3.2.1). 

ICP-MS indicated there was a larger uptake of Au25NP.Zonyl.IrS1 compared with both 

Au25NP.SPEG.IrS1 and Au25NP.LPEG.IrS1 following an 18hr incubation, further 

supporting the continuation of the Zonyl coated nanoprobe for future studies.  

 

 Number of AuNPs per 
Cell calculated from 
ICP-MS 

Calculated number of 
IrS1 per AuNP from 
ICP-MS 

Theoretical number 
of IrS1 per cell 

Au25NP.Zonyl.IrS1 3,500 2,800 9.8x106 

Au25NP.SPEG.IrS1 1,600 2,700 4.3x106 

Au25NP.LPEG.IrS1 700 2,700 1.9x106 

 

 

3.3.3 Photophysical Characterisation of Cells with Luminescent Iridium 

Coated Gold Nanoparticles 

 

For accurate fluorescent imaging of the labelled cells, CD3+ cells were 

analysed post incubation with all three nanoprobes for their fluorescent properties 

(Figure 3.3.3.1 and Table 3.3.3.1). Slight shifts in the emission lmax can be seen in the 

detection of IrS1 inside the cells compared to on the nanoparticles in solution however, 

Table 3.3.2.1 ICP-MS calculated values for number of gold nanoparticles detected in CD3+ cells 
post incubation with Au25NP.Coating.IrS1 at 1nM per 1 million cells. 
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more significantly, the long component lifetime of IrS1 in cells has increased from 

410ns, 400ns and 420ns to 590ns, 560ns and 600ns respectively for 

Au25NP.Zonyl.IrS1, Au25NP.SPEG.IrS1 and Au25NP.LPEG.Ir1. The ~40% increase 

can be attributed to nanoprobe interaction with cellular proteins and chemicals.  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 Emission lmax /nm c2 t 
/ns 

Au25NP.Zonyl.IrS1 568 0.997 590 (97%) 
   90 (3%) 
Au25NP.SPEG.IrS1 587 0.980 560 (98%) 
   70 (2%) 
Au25NP.LPEG.IrS1 584 0.990 600 (97%) 
   90 (3%) 

Fig 3.3.3.1 Top row: Excitation and emission profile for IrS1 emission ("ex 405,nm "em 580nm) 
detected in CD3+ cells post incubation with Au25NP.Coating.IrS1. Dark green, dark blue and dark 

pink = Excitation profile. Light green, light blue and light pink = Emission profile Middle Row: 
Lifetime plot for IrS1 detected in CD3+ cells post incubation. Bottom row: Residuals for lifetime 

plots for IrS1 detected in CD3+ cells post incubation. Column: (a) Au25NP.Zonyl.IrS1, (b) 
Au25NP.SPEG.IrS1, (c) Au25NP.LPEG.IrS1 at 1nM per 1 million cells. 

Table 3.3.3.1 Emission and lifetime data for IrS1 emission ("ex 405,nm "em 580nm) detected in 
CD3+ cells post incubation with Au25NP.Coating.IrS1at 1nM per 1 million cells. 

 (a)   (b)   (c)  
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3.4 Phenotypical Assays of Tregs with Luminescent Iridium Coated Gold 

Nanoparticles: Au25NPs 

 

3.4.1 Chemokine Assay  

 

CAR-T cells, especially Tregs, must be able to perform specific tasks to fulfil 

their therapeutic purpose. Chemokine expression is vital in cell migration via the 

induction of directed chemotaxis in nearby responsive cells. CXCR3 is highly 

expressed in T-cells and plays an important role in T-cell trafficking and function. Tregs 

that express CXCR3 acquire trafficking properties to allow them to localise and control 

excessive T helper cell responses at sites of inflammation. Another chemokine of 

interest is CCR6 which only binds to chemokine receptor CCLR20 (macrophage 

inflammatory protein). Pro inflammatory cells migrate via the chemokine gradient of 

CCLR20 to inflammatory sites and can express more CCLR20 to bring in more Tregs. 

This can lead to chronic inflammation and so low expression of CCR6 is desired.  

For this study, it was crucial to maintain the ‘normal’ expression of chemokines 

on the Tregs, i.e., to keep phenotypical behaviour the same before and post labelling 

with nanoprobes. Post incubation of Au25NP.Zonyl.IrS1 in CD3+ cells, the variation in 

the expression of CCR6 was not significant in the whole CD3+ and CD4+ populations, 

with only a slight decrease in Tregs (Figure 3.4.1.1 and Table 3.4.1.1, Appendix 3.9.4 

and 3.9.5). A similar trend was observed with Au25NP.SPEG.IrS1. There is implication 

that a more significant decrease in the number of cells expressing CCR6 post 

incubation with Au25NP.LPEG.IrS1 could be due to the nanoprobes larger 

conformation blocking the CCR6 receptor sites, having not been completely taken up 

by the cells. Conversely, the CD3+ population saw an upregulation of CXCR3 post 

incubation with Au25NP.LPEG.IrS1, but not in the CD4+ nor Treg population implying 

there may have been an up-regulatory interaction within the CD8+ cell population. 

Ultimately, across all samples there was little significant effect on CXCR3 expression 
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in the Treg population, the cell type of interest. Of the batches tested for this assay, 

the uptake of probe within each sub-population of cells was also analysed and showed 

over 90% Tregs were labelled with Au25NP.Zonyl.IrS1 and Au25NP.SPEG.IrS1 and 

over 80% were labelled with Au25NP.LPEG.IrS1.  

 

 CD3+ CD4+ Tregs 
Chemokine 
Expressed: 

% 
CCR6 

% 
CXCR3 

% 
CCR6 

% 
CXCR3 

% 
CCR6 

% 
CXCR3 

Control 
 

15±2 80±1 12±1 75±1 18±0.5 87±3 

Au25NP.Zonyl.IrS1 
 

15±2 84±3 13±1 74±3 17±0.4 88±0.1 

Au25NP.SPEG.IrS1 
 

12±3 83±2 12±0.5 69±5 17±0.5 89±0.5 

Au25NP.LPEG.IrS1 
 

11±1 90±4 10±1 74±1 18±0.3 87±0.7 

Fig 3.4.1.1 FACS analysis for the percentage of cells expressing chemokines CXCR3 and CCR6 of 
(a) CD3+ cells (b) CD4+ cells and (c) Tregs at 1nM per 1 million cells. (d) Percentage of cells 

showing nanoprobe uptake based on detection of IrS1 emission ("ex 405,nm "em 580nm). Paired T 
test, P < 0.05 was considered statistically significant. ns = not significant * = little significance ** = 

significant *** = very significant  
 

 (a)   (b)  

 (c)  

 (c)  
 (d)  

Table 3.4.1.1 FACS analysis for the percentage of cells expressing chemokines CXCR3 and CCR6 
of CD3+ cells CD4+ cells and Tregs at 1nM per 1 million cells.  
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3.4.2 Cytokine Assay  

 

Cytokines are small, secreted proteins released by cells to have a specific effect 

on the interactions and communications between cells. Post stimulation with PMA and 

Ionomycin followed by blocking with Brefeldin A, to allow for enhanced detection of 

intracellular cytokines, CD3+ cells were analysed for their production of IL-17, TNF# 

and IFN$ (Figure 3.4.1.2 and Table 3.4.1.2, Appendix 3.9.6 and 3.9.7). IL-17 is a pro 

inflammatory cytokine which induces pro inflammatory responses and is involved in 

the pathogenesis of various diseases whilst playing critical roles in antimicrobial 

defence and controlling autoimmunity and inflammation. TNF# is involved in systemic 

inflammation and is produced by activated macrophages and CD4+ lymphocytes. Its 

primary role is in immune cell regulation, promoting the inflammatory response. IFN$ 

is an immune interferon which induces T helper cells’ immune response.  

CD3+, CD4+ and Tregs showed no significant change in their expression of 

either IL-17, TNF# nor IFN$ after incubation with Au25NP.Zonyl.IrS1. However, 

Au25NP.SPEG.IrS1 and Au25NP.LPEG.IrS1 incubated cells showed a decreased 

expression of TNF# and IFN$ across all three sub populations of cells and a largely 

significant upregulation of IL-17 in CD4+ and Treg populations. It can be postulated 

that the PEG coatings are participating in an internal interaction which may be causing 

changes in cytokine production. As described in the literature, PEG compounds are 

bio-active and may engage with cellular proteins to either inhibit or alter cell behaviour. 

There is also the possibility that the nanoparticles are interacting with the stimulants 

leading to adverse effects on the cells, seen by a significant decrease in the 

percentage of cells displaying probe uptake in comparison with other assays 

described previously (Figure 3.4.1.2(d)).  
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although, for the purpose of clinical application, where there is no requirement 

for external stimulation, Au25NP.Zonyl.IrS1 presents itself as the most appropriate 

candidate to take forward for further testing. The change in cytokine production seen 

by Au25NP.SPEG.IrS1 and Au25NP.LPEG.IrS1 incubated cells could lead to 

unwanted responses in the body. Au25NP.Zonyl.IrS1 incubated cells showed an 

indifference in their phenotype compared with blank cells.  

  

 

 

 

 

 CD3+ CD4+ Tregs 
Cytokine 
Expressed: 

% 
IL17 

% 
TNF! 

% 
IFN" 

% 
IL17 

% 
TNF! 

% 
IFN" 

% 
IL17 

% 
TNF! 

% 
IFN" 

Control 
 

12±2 37±3 10±1 3±0.2 11±1 5±1 17±0.3 6±0.5 6±0.3 

Au25NP.Zonyl.IrS1 
 

12±2 34±4 10±1 3±2 10±1 4±0.3 17±0.8 6±0.6 6±0.5 

Au25NP.SPEG.IrS1 
 

6±1 5±2 0.03±0.04 7±0.3 0.4±0.1 0.05±0.01 23±0.9 0.1±0.04 0.07±0.01 

Au25NP.LPEG.IrS1 
 

12±1 16±5 1±0.4 6±0.8 1±0.3 0.2±0.1 21±1 0.7±0.2 0.4±0.2 

Fig 3.4.1.2 FACS analysis for the percentage of cells expressing cytokines IL17, TNF# and IFN$ of (a) 
CD3+ cells (b) CD4+ cells and (c) Tregs at 1nM per 1 million cells. (d) Percentage of cells showing 

nanoprobe uptake based on detection of IrS1 emission ("ex 405,nm "em 580nm). Paired T test, P < 0.05 
was considered statistically significant. ns = not significant * = little significance ** = significant *** = very 

significant **** = extremely significant 
 
 

 (a)   (b)  

 (c)   (d)  

Table 3.4.1.2 FACS analysis for the percentage of cells expressing cytokines IL17, TNF# and IFN$ of 
CD3+ cells, CD4+ cells and Tregs at 1nM per 1 million cells.  
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3.5 Pre- In Vivo Testing with Au25NP.Zonyl.IrS1  

 

3.5.1 Proliferation Assay  

 

CD4+ cells post incubation with Au25NP.Zonyl.IrS1 were stimulated with T-cell 

activation beads and stained with VioTrace and allowed to proliferate for up to 6 

generations (Figure 3.5.1.1). As each generation passed, the mean intensity of 

VioTrace remained constant between the blank cells and the incubated cells, with the 

incubated cells showing no difference in their ability to proliferate as normal under the 

equivalent conditions. In addition to the VioTrace being distributed between daughter 

cells, the assay also showed the distribution of IrS1 emission amongst daughter cells 

(Appendix 3.9.8). This observation is especially interesting as it both confirms 

internalisation of the nanoprobes, but also affords the ability to track the daughter cells 

of the therapeutically delivered cells with a consistent emission intensity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

3.5.2 CyTOF Assay in PBMCs 

 

CyTOF (Mass Cytometry by Time of Flight) analysis was used in conjunction 

with FACS to show the distribution of Au25NP.Zonyl.IrS1 in CD3+ and Tregs when 

incubated as PBMCs (Figure 3.5.2.1 and Table 3.5.2.1, Appendix 3.9.9). Both 

techniques showed CD4+, CD8+ and Tregs to have a split population of cells whereby 

only a percentage of the cells had taken up the Au25NP.Zonyl.IrS1.  

Fig 3.5.1.1 FACS analysis for the stimulated proliferation of CD4+ cells compared to CD4+cells 
post nanoprobe uptake based on detection of IrS1 emission ("ex 405,nm "em 580nm) and the 

mean intensity of VioTrace to detect daughter cells post incubation with Au25NP.Zonyl.IrS1 at 
1nM per 1 million cells. 
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Notably there are a variety of sub populations of cells present and so it can be 

expected that no one sub population would be favoured for uptake. However, both 

CyTOF and FACS showed Tregs to have the greatest percentage uptake of 

Au25NP.Zonyl.IrS1 even in this highly diverse collection of cells, which is noteworthy 

given Tregs constitute the smallest subpopulation of cells recorded (Table 3.5.2.1). 

Although there may be a slight indication of selectivity, it is not conclusive given other 

cell types also showed over 50% uptake of the nanoprobe. As CD8+ and CD4+ cells 

make up a greater proportion of the cells in a CD3+ population it is suggested there 

may be a greater scope for variation in uptake as seen by the CYTOF data showing a 

40% and 50% uptake whereas FACS data shows a 20% and 20% uptake respectively. 

Further investigation of this experiment with CYTOF would provide clarification on the 

root cause of this variation and may provide information on whether this is a donor 

specific variance. 

Ungated    CD4+   Treg    CD8+    DN 

IrS1 Signal 

Blank.       +Au25NP.Zonyl.IrS1 

Fig 3.5.2.1 Top: CyTOF analysis to determine the percentage of cells showing nanoprobe uptake 
based on detection of gold atoms, Bottom: FACS analysis to determine the percentage of cells 

showing nanoprobe uptake based on IrS1 emission ("ex 405,nm "em 580nm) of PBMCs incubated 
with Au25NP.Zonyl.IrS1 at 1nM per 1 million cells. 
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3.5.3 Post-Incubation Blank Cell Exposure Assay 

 
When tracking CAR-T cells in vivo, one has to assume only the transplanted 

cells are being tracked for the entirety of the imaging process. It is, therefore, key to 

check the retention of Au25NP.Zonyl.IrS1 in cells when exposed to blank cells of 

different sub populations. Labelled CD3+ cells were exposed to blank CD3- cells and 

incubated for a further 4 hours, after which FACS was used to detect any IrS1 emission 

in the CD3- cells (Figure 3.5.3.1, Appendix 3.9.10).  

 

 

 

 

 

 

 

 

5%, 9% and 9% of NK cells, B cells and Monocytes, respectively, showed slight 

emission where IrS1 emission would be expected, on average. It can be argued a 

small percentage of the emission detected may be attributed to the bleed through of 

antibody dyes used to label the cells. Nonetheless, the small percentage of IrS1 

emission detected would be below the threshold for imaging in vivo and so could be 

considered negligible.   

Cell Sub-Type % Cells with IrS1 with CYTOF % Cells with IrS1 with FACS 
Treg 80 90 
CD8+ 40 20 
DN 60 60 
CD4+ 50 20 

Blank        NK Cells – CD56+        B Cells – CD19+         Monocytes – CD14+ 

Table 3.5.2.1 CyTOF and FACS analysis to determine the percentage of cells showing nanoprobe 
uptake based on detection of gold atoms and IrS1 emission ("ex 405,nm "em 580nm) of PBMCs 

incubated with Au25NP.Zonyl.IrS1 at 1nM per 1 million cells. 
 

Fig 3.5.3.1 FACS analysis to determine the percentage of cells showing nanoprobe uptake based on IrS1 emission (!ex 405,nm 
!em 580nm) of CD3- cells post co-incubation with Au25NP.Zonyl.IrS1 labelled CD3+ cells at 1nM per 1 million cells. 
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3.6 Conclusion 

 
This chapter investigated the biocompatibility of the nanoprobe library, which 

funnelled down to the use of just Au25NP.Zonyl.IrS1. Cytotoxicity and uptake data 

supported the use of smaller gold nanoparticle cores, suggesting the larger particles 

were not taken up as well given the large amount of exogenous inorganic material 

entering the cells. ICP-MS data showed Au25NPs were able to carry larger amounts 

of IrS1 compared to Au13NPs and so an AuNP core size of 25nm was deemed the 

most effective.  

Phenotypical behaviour of the cells, namely their ability to express cytokines 

and chemokines ‘normally’ whilst in the presence of the nanoprobes was analysed 

under stimulatory conditions and found the PEG coated nanoprobes may be 

interacting with the cells undesirably. PEG chains are known to network with cellular 

proteins and chemicals, which in other settings may be advantageous, however, for 

this work this was not the outcome required. As such, Au25NP.Zonyl.IrS1 proved to 

be the particles with the best uptake whilst allowing the cells to retain their regulatory 

functionality.  

Au25NP.Zonyl.IrS1 labelled CD3+ cells were stimulated for proliferation and 

co-incubated with blank CD3- cells and displayed their ability to be selectively tracked 

even when the nanoprobe concentration gradient of the cells vs their surroundings is 

unfavourable. This finding is especially promising as it addresses a major challenge 

faced by exiting tracking probes and alludes to the fact that during imaging, the probe 

is retained in the cells and so true cell tracking can be achieved. They also displayed 

retention in their daughter cells. Therefore Au25NP.Zonyl.IrS1 was selected to be 

carried forward in experiments using labelled cells with liver tissue for imaging 

applications.   
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3.7 Materials and Methods 

 

Venous blood was obtained from patients with hemochromatosis who were 

admitted to the Liver Unit at the Queen Elizabeth Hospital, Birmingham, UK (Local 

Research Ethics Committee reference no. 18/WA/0214). For each set of results, 5 

different donor blood bags were used, and experiments carried out in triplicate.   

All solutions, antibody kits, antibody dyes and chemicals were sourced from 

Thermo Fisher, Miltenyi Biotec, BD, BioLegend, Merck (Sigma) and Cedarlane Labs.  

 

PBMC isolation 

An aliquot volume of Lympholyte® was added into a 50ml tube equal to the 

volume of blood layered (i.e., Lympholyte® and blood at 1:1 volumes). The tube was 

held at 45° and the blood was layered on top of the Lympholyte® using a Stripette. 

Tubes were centrifuged (800 x g, 20min, acc = 5, dec = 3) so the plasma may be 

removed and the PBMC layer was extracted to a new 50ml tube. The PBMCs were 

then washed with PBS twice at (2000rpm, 10min, acc 9, brake 9) and (1100rpm, 5min, 

acc 9, brake 9). The cell pellet was then aspirated and resuspended in 

PBS/2%FCS/MACS buffer/Media as appropriate. The volume may change as 

appropriate and the expected total cell number is approximately 1million per ml of 

blood. 

 

CD3+ isolation 
 

CD3+ cells were isolated from PMBCs using the Miltenyi Biotec Pan T Cell 

Isolation Kit, human (130-096-535) following the manual magnetic labelling protocol 

and subsequent manual cell separation. PBMCs were suspended in buffer (PBS, pH 

7.2, 0.5% bovine serum albumin and 2mM EDTA) at (40"l per 107 cells) before 

addition of the Pan T Cell Biotin-Antibody cocktail at (10"l per 107 cells) and incubation 
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for 5 minuets at 2-8oC. Another aliquot of buffer was added to the cells at (30"l per 

107 cells) along with Pan T Cell MicroBead Cocktail at (20"l per 107 cells) and 

incubated further for 10 minutes at 2-8oC. An LS Column was placed into a magnetic 

field and the cells were passed through. The collected flow-through contained the 

unlabelled enriched T cells. The cell pellet was then aspirated and resuspended in 

PBS/2%FCS/MACS buffer/Media as appropriate. Cell numbers were estimated using 

Trypan Blue dead cell stain and a hemocytometer under a light microscope.  

 
AuNP incubation  
 

CD3+ cells were resuspended in RPMI Media (1640 Gibco) containing L-

Glutamine (0.5%), PhenylStrep (0.5%) and Fetal Bovine Serum (FBS) (10%). Cells 

were plated in a 12 well plate at a concentration of 1 million cells per well. Nanoprobes 

were resuspended in 10% FBS Media before addition to each well. Total volume of 

each well was made to 3ml.  

 
Antibody staining  
 

Post incubation with nanoprobes, cells were washed and resuspended in PBS 

containing Zombie NIR™ (0.1%) and incubated in foil for 15 minutes. Cells were 

washed, resuspended in 2% FBS and incubated for 30 minuets on ice with the 

antibody dye panel selected for each experiment at concentration of 1% per antibody 

dye. Cells were then washed and resuspended in 200ul of 0.5% BSA Solution.  

 

Cell fixing  
 

Cells were fixed using 3% paraformaldehyde solution for 10 minutes before 

being resuspended in 1ml PBS.   
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Cytokine Stimulation  
 

Post incubation with the nanoprobes, cells were stimulated with PMA (1/200 

dilution) and Ionomycin (1/2000 dilution) for 1 hour, followed by Brefeldin A blocking 

(1/2000 dilution) for a 4-hour incubation. Cells were then washed and stained with 

surface markers and dead cell stains before fixing by the same protocol mentioned. 

Intracellular markers were stained using saponin permeabilization methods. Antibody 

dyes were diluted in 0.1% saponin at 1% concentration and incubated in cells for 30 

minutes. Cells were then washed with 0.1% saponin and resuspended in PBS.  

 

Proliferation assay  
 

CD3+ cells were stimulated with T Cell activation beads and stained with 

VioTrace and allowed to proliferate for up to 6 generations. Cells were then washed 

and stained with surface markers and dead cell stains before fixing by the same 

protocol mentioned. 

 

Cytof assay  
 

Antibody Tags: CD4 (145Nd), CD8 (146Nd), CD25 (149Sm), CD45(89Y), 

CD3(154Sm) and CD127(176Yb) at ~0.1% PBS on ice were added to labelled cells 

post incubation with FC block (15 minutes) (blocks receptors found on CD3- cells to 

prevent additional binding which causes false positive results) and washed with cell 

staining medium. Rhodamine tag (1/2000 dilution) was added in addition to 2% 

paraformaldehyde to fix cells. Cells were frozen in 10% DMSO in preparation for 

running on CyTOF.  
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Co-incubation assay  
 

Following the Pan T Cell Isolation for CD3+ cells, the column was flushed in 

order to collect the CD3- cells which were then used in the co-incubation with labelled 

CD3+ cells. Per well, 500,000 labelled CD3+ cells were added to 500,000 CD3- cells.  

 

3.8 Instrumentation  

 

 

3.8.1 Single Cell Analysis Techniques  

 

FACS analysis was carried out on a BD LSR Fortessa X-20 Cell analyser using 

the antibody panel described in Appendix 3.9.11. The analyser has 5 lasers to detect 

up to 16 parameters simultaneously. The acquisition software is DIVA. The software 

for analysis was FlowJo version 10.6.2 and GraphPad Prism.  

 

CyTOF® studies were conducted using a Helios™ Mass Cytometer - CyTOF®. 

The high performance mass cytometer enables the analysis of more than 40 markers 

and uniquely allows their quantitative determination with negligible spectral overlap, a 

result of exquisite resolution between mass detection channels. The software for 

analysis was Arc and FlowJo version 10.6.2.  
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3.9 Appendix  

 

Gating for Cytotoxicity Assay  
 

 

 

 

Gating for Uptake assay  

 

 

 

 
Gating for Time Course Assay  
 

 

 

 

 

 

 

 

 
 

Fig 3.9.1 Gating strategy for cytotoxicity assay. 
 

Fig 3.9.2 Gating strategy for uptake assay. 
 

Fig 3.9.3 Gating strategy for Time course assay. 
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Gating for Chemokine Assay  
 

 

 

 

 
 
 

 Cells Incubated 

with 

Au25NP.Zonyl.IrS1 

Cells Incubated 

with 

Au25NP.SPEG.IrS1 

Cells Incubated 

with 

Au25NP.LPEG.IrS1 

Treg 

Expression 

of CCR6 

   

Treg 

Expression 

of CXCR3 

  

 
 

 

 

 

CD4+ 

Expression 

of CCR6 

  

 
 
 

 

 

 

CD4+ 

Expression 

of CXCR3 

  

 
 
 

  

 

 
 
 

 

 
CD3+ 

Expression 

of CCR6 

   

 
 
 

 
CD3+ 

Expression 

of CXCR3 

   

Blank.       BB1       BB2        BB3        BB4        BB5 

Fig 3.9.4 Gating strategy for chemokine assay. 
 

Fig 3.9.5 FACS histograms for chemokine assay. 
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Gating for Cytokine Assay  

 

 IL17 Expression TNF% Expression IFN& Expression 
Tregs incubated with 
Au25NP.Zonyl.IrS1 

 

 

 

Tregs incubated with 
Au25NP.SPEG.IrS1 

 

 

 

Tregs incubated with 
Au25NP.LPEG.IrS1 

 

 

 

CD4+ cells incubated with 
Au25NP.Zonyl.IrS1 

 

 

 

CD4+ cells incubated with 
Au25NP.SPEG.IrS1 

 

 

 

CD4+ cells incubated with 
Au25NP.LPEG.IrS1 

 

 

 

Fig 3.9.6 Gating strategy for cytokine assay. 
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Gating for Proliferation Assay  

 

 

 

 

 
Gating for CYTOF Assay  
 
 
 
 
 
 
 
 
 

 

CD3+ cells incubated with 
Au25NP.Zonyl.IrS1 

 

 

 

CD3+ cells incubated with 
Au25NP.SPEG.IrS1 

   

CD3+ cells incubated with 
Au25NP.LPEG.IrS1 

   

Blank        BB1       BB2         BB3        BB4        BB5 

Cells with Au25NP.Zonyl.IrS1        Blank Cells 

Fig 3.9.7 FACS histograms for cytokine assay. 
 

Fig 3.9.8 Gating strategy for proliferation assay. 
 

Fig 3.9.9 Gating strategy for Cytof assay. 
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Gating for Post-Incubation Blank Cell Exposure Assay 
 

 
 
 
 
Antibody Dyes 
 

 Fluorophore React Isotype lmax (Ex) - lmax (Em) / 
nm 

CD4 BV650 Hu Mouse IgG, k  407 – 650 
CD8 Per-CP Hu Mouse IgG, k 482 – 678 
CD25 BV421 Hu Mouse IgG, k 407 – 421  
CD127 Pe-Cy7 Hu Mouse IgG, k 496 – 785  
CCR6 Alexa Fluor 700 Hu Mouse IgG, k 696 – 719 
CXCR3 BV421 Hu Mouse IgG, k 407 – 421 
Il17 Pe-Cy7 Hu Mouse IgG, k 496 – 785 
TNFa  Alexa Fluor 700 Hu Mouse IgG, k 696 – 719 
IFN% BV421 Hu Mouse IgG, k 407 – 421 
CD56 BV421 Hu Mouse IgG, k 407 – 421 
CD19 PE-Cy7 Hu Mouse IgG, k 496 – 785 
CD14 FITC Hu Mouse IgG, k 488 – 525  

 

  

Fig 3.9.10 Gating strategy for post-incubation blank cell exposure assay. 
 

Fig 3.9.11 Antibody dye staining panel. 
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Chapter 4:  

Luminescent Iridium coated Gold nanoparticles: Imaging in Immune Cells and 
in Liver Tissue 
 
4.1 Chapter Summary   

 

The experiments detailed in this chapter were designed to investigate the 

detectability and imaging properties of the nanoprobes developed to test their ability 

to be used as tracking agents when administered to CD3+ cells. Transition electron 

microscopy was implemented to check the viability of the AuNPs prior to cell labelling 

and was then also utilised to examine labelled cells. This investigation provided 

information on the uptake of the nanoprobes by the cells and was instrumental in the 

decision to narrow the probe library further by supporting the use of only 

Au25NP.Zonyl.IrS1 for liver tissue studies.  

This chapter will also detail human liver tissue imaging using multiphoton 

microscopy and micro-CT of sections post administration with labelled and unlabelled 

CD3+ cells. The images obtained suggest the multimodal nature of the probe 

developed has been successful as both techniques displayed regions of high light 

intensity attributed to either the IrS1 fluorophore or X-ray attenuation of the AuNPs.  

The specific combination of imaging techniques employed in this work, 

transition electron microscopy, confocal microscopy, multiphoton microscopy and 

micro-CT, have provided information from a sub-cellular level, with the localisation of 

the nanoprobes, to the tracking of cells in thick sections of liver tissue.  
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4.1.1 Introduction  

Studies have shown the liver can be imaged with most standard microscopes1. 

Confocal microscopy historically has major applications in the field of biomedical 

sciences and may be applied to both fixed and living tissues that have been 

successfully labelled with a fluorescent probe. With conventional light microscopes, 

fluorescence in samples from all focal planes interfere with the resolution of structures 

in the region of interest being imaged, reducing their focus2. Confocal microscopy 

allows for a slight increase in both the lateral and axial resolution of the imaging region. 

Illumination of a confocal microscope is achieved by scanning one or more focused 

beams of light from a laser across the sample (Figure 4.1.1) 1, 3.  

 
 

 

 

 

 

During widefield fluorescence imaging, the sample tissue is primarily 

illuminated by a block of excitation light as it is simultaneously focused on the targeted 

sample plane resulting in multiple focal planes being excited above and below the 

plane of interest. Following excitation of multiple planes, these then all emit light, 

negatively impacting the resultant image4. The pinhole adaptation applied in confocal 

microscopy rejects light emitted from any plane other than that in the same focal plane 

as the detector. Bright field microscopy may be sufficient in evaluating general 

leukocyte trafficking and behaviour, however, to understand mechanisms of specific 

cell types, which require the use of fluorescent antibodies, a deeper mechanistic 

approach may be required. Laser scanning confocal microscopy is ideal for moderate 

Fig. 4.1.1 Liver intravital microscopy of mouse liver performed using different imaging modalities, 
injected with 5mg of FITC-conjugated albumin1 

(Figure taken from reference 1) 
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tissue penetration while maintaining thin optical sections and provides an opportunity 

to optimize the pinhole size for a variety of objective lenses. Nonetheless, image 

acquisition by laser scanning results in longer acquisition times that impedes 

examination of processes that occur in real time. This prolonged exposure to the lasers 

results in a high sample toxicity and photobleaching effect.  

Multiphoton imaging is an advanced and more powerful form of confocal 

imaging in which focally limited imaging is achieved in the absence of a pinhole4. 

Multiphoton microscopy employs pulse lasers to produce a stream of infrared photons 

which are lower in energy than their non-infrared counterparts. As such, a near 

simultaneous absorption of two photons per fluorophore is required to excite the 

fluorophore, using wavelengths much longer (infrared) than those used in confocal 

microscopy5.  

 

 

 

 

 

 

 

 

 

The beam is focused through the microscope optics causing the photons to be 

closer in space, increasing the chance that two photons may be absorbed by a single 

fluorophore (Figure 4.1.2)6. This design means that there is a small volume 

downstream of the objective, in the focal plane, where the probability of two photons 

Fig. 4.1.2 Schematic layout of a multiphoton microscope and comparison with a confocal 
distribution of fluorescence in the x-z plane during one photon excitation6 

(Figure taken from reference 6) 
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exciting the same fluorophore is sufficiently high enough that excitation can occur, 

ultimately resulting in the excitation of fluorophores which are in the focal plane only.7.  

 

 
 

 

 

 

Similar to confocal, multiphoton microscopy operates in a point-scanning mode, 

which works across the sample in a pixel-by-pixel approach. These attributes make 

multiphoton microscopy ideal for deep tissue penetration so thicker samples, like livers 

(Figure 4.1.3), may be imaged and because excitation only occurs at the focal plane, 

sample integrity is maintained, minimizing photobleaching over the whole sample7, 8. 

However, it can be difficult to image multiple colours using a multiphoton microscope 

due to the lack of dye and laser combinations available so confocal microscopy can 

be a good first-in-line method to narrow the imaging window prior to multiphoton 

imaging. Multiphoton imaging has been successfully applied to visualise 

tumorigenesis, angiogenesis and their related deep tissue processes that were 

previously difficult to analyse due to inefficient fluoresce techniques available9, 10.  

Interestingly, the strong surface plasmon resonance of AuNPs has shown to 

enhance the multiphoton imaging effect in samples containing AuNPs11. Dur et al 

labelled cancer cells with gold nanorods with an aspect ratio of 3.4±0.6 by modifiying 

the anti-EGFR antibody on the cell surface (Figure 4.1.4)12. The group were able to 

visualise the cells clearly at an excitation wavelength of 760nm. 

Fig. 4.1.3 Multiphoton microscopy of human fibrotic liver, !(excitation) 810nm7 

(Figure taken from reference 7) 
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However, the translation of using gold nanoparticles for multiphoton imaging to clinical 

application has not yet occurred due to several factors including the lack of animal 

studies conducted which will allow for a full analysis on the safety and durability of the 

technique. Furthermore, it is predicted that there may be a thermal effect experienced 

on tissue samples as a result of multiphoton excitation which would be damaging to 

surrounding tissue13. Research into the most biocompatible preparations of the AuNPs 

with different coatings and compositions is needed before clinical application.  

An established imaging technique which utilises gold nanoparticles in cell 

tracking is computed tomography (CT)14. AuNPs have a high X-ray absorption 

coefficient, approximately 2.5 times greater than that of existing iodine agents, 

Fig. 4.1.4 A) TEM image of Au NRs. (B) Absorption spectrum of an Au NR aqueous dispersion. (C) 
Linear fitting of the excitation power-dependent emission intensity (λex = 760 nm) function of the 

Au NR. (D) A multiphoton image of unlabelled cancer cells. Excitation power = 9mW. (E) A 
multiphoton image of Au NR-labelled cancer cells. Excitation power = 140 μW. (F) An MPM image 

of non-specifically labelled cells. Excitation power = 140 μW12 

(Figure taken from reference 12) 
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affording an 88% contrast enhancement of samples containing AuNPs at low energies 

(Figure 4.1.5)15 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Given that gold is more dense than iodine, AuNPs result in a much higher 

attenuation of the X-ray beam, this in addition to the excitation of the surface 

electrons by the X-ray leads to a superior contrast in images when compared to 

iodine based contrast agents16, 17.  

 

 

 

 

 

 

 

Fig. 4.1.5 Images of contrast phantoms containing AuNPs and iopromide with exposures 
recorded at different tube potentials at low and high energies15 

(Figure taken from reference 15) 

 

 

Fig. 4.1.6 A comparison of different imaging modalities. Outermost is the best and center is 
the worst6 
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Long term intravital tracking of single cells will allow scientists to gain an 

unique insight into the longitudinal changes in the morphology, migration and 

function of cells in clinical therapies6. The main challenge currently is the availability 

of technology available. Multimodal imaging is the most attractive way forward owing 

to the fact it pulls together the advantages of more than one imaging technique. 

Multiphoton microscopy enhances the sensitivity, temporal resolution and spatial 

resolution achieved by confocal microscopy and CT provides the penetration depth 

and scalability required to move cell tracking into a more clinical setting (Figure 

4.1.6)18, 19.   
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4.2 Imaging of Nanoprobes within CD3+ Cells 

FACS analysis confirmed CD3+ cells, especially Tregs, were effectively 

labelled with the nanoprobes developed. However, FACS does not provide qualitative 

information on the type of labelling experienced by the cells. Transition electron 

microscopy (TEM) is used to investigate whether the nanoprobes had either entered 

the cells or were attached to surface receptors on the outside of the cell. Studies have 

looked at the uptake of fluorescent gold nanoparticles into a variety of cells and 

discuss the most likely pathway of uptake is either receptor mediated endocytosis or 

pinocytosis20. Although either of the processes mentioned could be applicable, the 

research here is novel due the combination of variables under investigation, including 

cell type, nanoparticle size, coating and iridium probe, and as such TEM was used to 

confirm the internalisation of the nanoprobes. Firstly, images of the gold nanoparticles 

independently were characterised (Figures a,b and c in 4.2.1, 4.2.2 and 4.2.3).  

Fig 4.2.1 TEM of a) Citrate coated Au25NPs, b) Zonyl coated Au25NPs, c) Au25NPs.Zonyl.IrS1 
and d) CD3+ cells post incubation with Au25NP.Zonyl.IrS1. Image analysis performed by ImageJ, 

giving average size of Au25NPs as ~26nm±3nm. Scale Bar = 100nm 

a b

c d



 159 

 

a b

c d

Fig 4.2.2 TEM of a) Citrate coated Au25NPs, b) SPEG coated Au25NPs, c) Au25NPs.SPEG.IrS1 
and d) CD3+ cells post incubation with Au25NP.SPEG.IrS1. Image analysis performed by 

ImageJ, giving average size of Au25NPs as ~26nm±3nm. Scale Bar = 100nm 

a b

c d

Fig 4.2.3 TEM of a) Citrate coated Au25NPs, b) LPEG coated Au25NPs, c) 
Au25NPs.LPEG.IrS1 and d) CD3+ cells post incubation with Au25NP.LPEG.IrS1. Image 

analysis performed by ImageJ, giving average size of Au25NPs as ~26nm±3nm. Scale Bar = 
100nm 
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Post-acquisition image analysis showed the gold nanoparticle average size to 

be 25nm±3nm. Clearly identifiable, monodisperse Au25NPs were seen after each 

stage of coating, confirming the addition of Zonyl, SPEG, LPEG and IrS1 had not 

caused excessive aggregation of the AuNPs.  

CD3+ cells were then incubated with all three nanoprobes and fixed for analysis 

with TEM (Figures d in 4.2.1, 4.2.2 and 4.2.3) and Confocal Microscopy (Figure 4.2.4). 

TEM image analysis showed nanoparticles clustering inside the cells for each of the 

nanoprobes under investigation. Although no organelle specific stains were used, it is 

visible that the majority of nanoparticles are encapsulated within circular structures, 

shifting the likelihood that receptor mediated endocytosis could be the uptake pathway 

utilised here. Closer analysis also shows some smaller groups of nanoparticles, as 

well as individual nanoparticles, suggesting some may have been taken up through 

pinocytosis. A control group of CD3+ cells which hadn’t been exposed to any 

nanoprobes was also imaged and showed no spherical dark structures (Appendix 

4.8.1a). In agreements in ICP-MS data and fluorescence studies in chapter three, the 

cells incubated with Au25NP.LPEG.IrS1 showed the least amount of nanoparticles per 

image and also showed the presence of nanoparticles on the outside of the cells 

supporting the idea that the LPEG coated particles were less readily taken up in 

comparison to the two other nanoprobes investigated (Appendix 4.8.1b).  

Confocal microscopy showed the detection of both the IrS1 in the "ex 405nm, 

"em 550-620nm channel and the Au25NPs in the reflectance channel, "ex 633nm, "em 

633nm. Darkfield light scattering reflectance of gold nanoparticles in confocal 

microscopy is achieved due to the SPR at the surface of the gold nanoparticles21. This 

nature of detection is largely size dependant as the larger nanoparticles will afford a  
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Fig 4.2.4 (Left Column) Confocal Microscopy images of CD3+ cells post incubation with Au25NP 
nanoprobes, !ex 405nm, !em 550-620nm and (Right Column) Reflectance of Au25NPs in the 
nanoprobes of cells incubated with each nanoprobe, !ex 633nm, !em 633nm.  Image analysis 

performed by ImageJ. Scale bar = 20"m 
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greater signal, however slight reflectance can be observed for Au25NPs which 

co-localise with the fluorescence of IrS1.  

Henceforth, liver tissue studies with multiphoton microscopy and micro-CT 

were performed with Au25NP.Zonyl.IrS1 only, based on data collected from ICP-MS, 

FACS and TEM.  
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4.3 Imaging of Au25NP.Zonyl.IrS1 in Labelled CD3+ Cells Administered to Liver 

Sections using Multiphoton Microscopy  

As previously mentioned, multiphoton microscopy has the advantage of 

imaging larger and thicker tissue samples compared with confocal microscopy. To 

investigate the detectability of the nanoprobe, CD3+ cells incubated with 

Au25NP.Zonyl.IrS1 were fixed to slides and imaged under the multiphoton 

microscope. Emission was collected within the 575-645nm band, whilst excitation was 

varied between 800 to 900nm at 10nm intervals. Ultimately the 800nm excitation 

wavelength was selected, although not much variation was seen between the 

wavelengths. Figure 4.3.1 shows the images produced at "ex 800nm, "em 575-645nm, 

with FV30 FGR filter for both control cells and cells incubated with Au25NP.Zonyl.IrS1.  

As the detectability assay proved successful with the visualisation of the CD3+ 

cells compared to the control blank cells, it was deemed viable to continue with the 

investigation with human liver sections and labelled cells. Human liver wedge samples 

were isolated and cut into 5 subsections and placed into individual wells in a 6-well 

plate with RMPI cell media for incubation with Au25NP.Zonyl.IrS1 labelled cells. One 

subsection was incubated with control cells which contained no Au25NP.Zonyl.IrS1. 

Cells were administered, using a pipette, directly into visible blood vessels in the tissue 

Fig 4.3.1 Left: Blank CD3+ cells. Right: CD3+ cells incubated with Au25NP.Zony.lrS1. !ex 

800nm, !em 575-645nm. Image analysis performed by ImageJ. Scale bar = 20#m 
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wedges (Figure 4.3.2). Cells were allowed to disperse into the liver sections for up to 

2, 4, 8 and 24 hours before the tissue was fixed for imaging. 

 

  

 

 

Fig 4.3.2 Left: Pictures of liver wedge divided and blood vessel openings chosen for points of entry 
of cells 

Fig 4.3.3 Left: Multiphoton image of liver tissue with administered blank CD3+ cells at !ex 800nm, 
!em 575-645nm. Right: 3D surface plot of the image where the z axis represents pixel intensity. 

Image analysis performed by ImageJ 

Fig 4.3.4 Multiphoton images of liver tissue with administered Au25NP.Zonyl.IrS1 labelled CD3+ 
cells at !ex 800nm, !em 575-645nm. Image analysis performed by ImageJ 

2hr 4hr 

8hr 24 
hr 
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Figure 4.3.3 shows the autofluorescence detected by multiphoton microscopy 

of the liver tissue injected with blank CD3+ cells at "ex 800nm, "em 575-645nm. The 

image shows clear structures of liver hepatocytes. The 3D surface plot of the image 

for the control sample showed no pixel intensity over ~20% in the observed channel.  

Imaging of the liver tissue sections following the administration of 

Au25NP.Zonyl.IrS1 labelled CD3+ cells (Figure 4.3.4) displayed distinctly brighter 

spots of fluorescence attributed to IrS1. The 3D surface plot analysis of the images 

indicates IrS1 responsible for the brighter spots, showing pixel intensities well above 

20% (Figure 4.3.5). Image analysis also found the brighter spots had a diameter of 

approximately 7-11#m, the expected size of CD3+ cells.   

 

 

 

 

 

 

 

 

 

 

 

 

Interestingly, a greater pixel intensity of close to 80% is observed after just 2 

hours post administration of labelled CD3+ cells, which is also seen in images after 

24-hours. A drop in pixel intensity is observed at the 4- and 8-hour intervals suggesting 

2hr 4hr 

8hr 
24hr 

Fig 4.3.5 3D surface plot analysis of the multiphoton images of liver tissue with administered 
Au25NP.Zonyl.IrS1 labelled CD3+ cells at !ex 800nm, !em 575-645nm.  

Image analysis performed by ImageJ 
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cells are circulating even in the absence of a steady blood flow. Ideally, one would 

wish to create a system in which the cells are administered at the same rate as the 

flow of blood in a human body. However, for the purpose of this study, liver tissue was 

incubated in RMPI cell media in order to facilitate some cell flow based on the 

principles of concentration gradient. During the incubation periods, cells would move 

to regions of low cell concentrations and so there would be a minor flow throughout 

the liver tissue. Although this is not an ideal method of simulating blood flow, the 

multiphoton images and 3D surface plot analysis implies some movement of cells has 

occurred during the incubation period. The greater pixel intensity and greater number 

of brighter spots seen after 24 hours of incubation could suggest the majority of 

labelled cells had settled into the liver tissue by this time.  

During therapy, it is believed that cells would arrive to the liver within the first 4 

hours post administration of the cells22. The results obtained from multiphoton imaging 

implies Au25NP.Zonyl.IrS1 would be effective for at least 24 hours post administration 

and potentially longer, however, it was not feasible to test longer timepoints because 

of consideration of the health of the liver tissue outside the human body. The 

fluctuation of pixel intensity over the 24-hour period could indicate that chemokine 

expression has not been diminished as chemotaxis of the cells has remained 

functioning, although further analysis of the inflammation sites in the tissue would be 

needed to confirm this observation. The liver tissue obtained for these experiments 

was from a patient with alcoholic liver disease, so sites of inflammation would be 

expected throughout the tissue. Although no other tissue stains were used for these 

assays, it would be of interest to use other surface stains to co-localise the final 

positions of the labelled CD3+ cells with areas on the liver tissue.    
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4.4 Imaging of Au25NP.Zonyl.IrS1 in Labelled CD3+ Cells Administered to Liver 

Sections using Micro-CT  

The fixed liver sections used for multiphoton microscopy were next analysed 

with Micro-CT. A practical advantage of using a nanoprobe such as 

Au25NP.Zonyl.IrS1 is that in addition to the gold nanoparticle acting as a scaffold, they 

are themselves detectable in Micro-CT. Figure 4.4.1 shows reconstructed images 

obtained from the liver sections post 2, 4 and 8 hours administration with CD3+ cells 

labelled with Au25NP.Zonyl.IrS1 as well as the control sample.  

 

 

Structures with enhanced intensity were observed at each time point. The 

whiter regions are indicative of the greater attenuation of X-rays facilitated by the 

presence of gold nanoparticles. Following the same trend seen with multiphoton 

microscopy, the liver wedges after 4- and 8-hours incubation showed a lower intensity, 

however this fluctuation is seen less using the Micro-CT due to the much larger 

imaging field. The images obtained after 24 hours showed the greatest intensity 

(Figure 4.4.2). The length of the visible vessel in the view was measured at 

approximately 6mm, which would correspond to blood vessels observed in the liver 

pre-cell administration, however some variation is expected when fixing the tissue.   

 

Fig 4.4.1 Micro-CT reconstructed image liver tissue with administered Au25NP.Zonyl.IrS1 labelled 
CD3+ cells. X-ray 100kV, average intensity of x-ray 40-60%. 50mm FOV. Image analysis 

performed by ImageJ. Scale bar = 20mm 

Control                                               2 hour                                                4 hour                                                8 hour   
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3D surface plots were used to analysis the pixel intensity of the blank sample 

and the sample after 24-hour incubation (Figure 4.4.3).  

 

 

 

 

 

 

 

 

 

Biological samples, including human liver tissue, are prone to scattering X-rays 

and as such the blank sample shows an average pixel intensity of 100%. However, 

the 24-hour sample displays a much greater pixel intensity, peaking at over 200%. 

This increased signal is attributed to the attenuation caused by the gold nanoparticles. 

Fig 4.4.2 Micro-CT reconstructed image liver tissue with administered Au25NP.Zonyl.IrS1 
labelled CD3+ cells post 24 hour incubation. X-ray 100kV, average intensity of x-ray 40-60%. 

50mm FOV. Image analysis performed by ImageJ.  
Scale bar = 20mm. Each image is a different orientation of the same sample 

Fig 4.4.3 Micro-CT reconstructed image liver tissue with administered Au25NP.Zonyl.IrS1 labelled 
CD3+ cells post 24 hour incubation. X-ray 100kV, average intensity of x-ray 40-60%. 50mm FOV. 
Image analysis performed by ImageJ. Corresponding 3D surface plots of pixel intensity of each 

image. Scale bar = 20mm 
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4.5 Conclusion  

This chapter investigated the imaging properties and detectability of CD3+ cells 

labelled with nanoprobes having a gold core diameter of 25nm. TEM of the gold 

nanoparticles themselves confirmed not only the size but also the monodispersity of 

the AuNPs through each stage of coating which agreed with DLS and UV-VIS data 

characterised in chapter two. TEM was then employed to provide information on the 

internalisation of the nanoprobes into the cells. This experiment was of particular 

interest as its outcomes suggested an endocytic uptake pathway with the presence of 

vesicular structures around the nanoparticles and also agreed with ICP-MS data 

provided in chapter three in that the LPEG coated nanoprobes were less effectively 

taken up by the cells. This along with the conclusions made in chapter three 

strengthened the decision to only use Au25NP.Zonyl.IrS1 labelled cells for 

experiments with the human liver tissue.  

Multiphoton microscopy showed distinct regions of high intensity light emission 

which can be translated to clusters of the labelled CD3+ cells in the liver tissue. 

Although it would be difficult to match up exactly the regions of tissue imaged in the 

multiphoton microscope to the images obtained using the micro-CT, regions of high 

light intensity can be observed with micro-CT imaging which correspond to the 

attenuation of X-rays by the gold nanoparticles.  

The fluctuating light intensity of the samples between incubation times is 

suggestive of cell migration through the tissue and as such has demonstrated the 

ability to track the labelled cells using the Au25NP.Zonyl.IrS1 probe. The experiments 

of this chapter are pivotal in establishing the use of inorganic nanoprobes for cell 

tracking with multimodal applications in human liver tissue.  
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4.6 Materials and Methods  

 

Human liver sections were obtained from patients who were admitted to the 

Liver Unit at the Queen Elizabeth Hospital, Birmingham, UK (Local Research Ethics 

Committee reference no.18/WA/0214). All donor livers included in this study were 

originally retrieved with the primary intention for transplantation as per the policy of the 

National Health Service Blood and Transplant (NHSBT). The organs were 

subsequently rejected for transplantation by all UK liver transplant centers and, 

following that, were offered nationally for research by NHSBT. This was done by the 

transplant surgeons at each center. Informed consent for research use of donor 

organs was obtained by specialist nurses in organ donation from the donor's next of 

kin during informed consent for organ donation. Authorisation for research was 

mediated by each centre's specialist nurse in organ donation.  

 

Preparation of AuNPs for TEM  

2nM concentration of Au25NPs, Au25NP.Coating and Au25NP.Coating.IrS1 

were prepared via centrifugation of stock Au25NPs. These were resuspended in 

ultrapure water. Using a glass pipette, a drop of the sample was administered to a 

formvar-coated copper grid (Agar Scientific) and allowed to dry overnight.  

 

Preparation of CD3+ Cells for TEM  

CD3+ cells were isolated from human HFE blood as described previously using 

a CD3+ negative isolation kit, please see chapter three, and incubated with 1nM 

nanoprobe per 1 million cells overnight for 18hours. For this study, a sample of cells 

remained unlabelled as a control batch. Cells were then fixed with a 20% glutamine 

fixative and centrifuged to form a pellet in the sample tube and covered with 2ml of 
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fixative. The pellet was then sectioned for TEM imaging by the team at the imaging 

suite and mounted onto the copper grids without staining.  

 

Preparation of CD3+ Cells for Confocal and Multiphoton Microscopy 

CD3+ cells were isolated from human HFE blood as described previously using 

a CD3+ negative isolation kit, please see chapter three, and incubated with 1nM 

nanoprobe per 1 million cells overnight for 18hours. For this study, a sample of cells 

remained unlabelled as a control batch. Cells were fixed using 3% paraformaldehyde 

solution for 10 minutes before being resuspended in 200#l PBS.  A Scientific 

CytospinTM (ThermoFisher) cytocentrifuge was used to adhere 100#l of cells to slides. 

The slides were washed in formal saline solution (10%) and dried overnight after which 

the slides were washed in pure water before drying and attaching the cover slip with 

a hydromount-mounting medium. The slides were fixed overnight. 

 

Preparation of Labelled CD3+ Cells Administered to Liver Sections  

CD3+ cells were isolated from human HFE blood as described previously using 

a CD3+ negative isolation kit, please see chapter three, and incubated with 1nM 

nanoprobe per 1 million cells overnight for 18hours. For this study, a sample of cells 

remained unlabelled as a control batch. Cells were transferred to FACS tubes and 

resuspended in 2% FCS. The human liver wedges were sectioned using a scalpel into 

smaller sections and cells (1x106 per 100#l) were administered to the liver section at 

a blood vessel entry point. Liver sections were incubated in RMPI cell media (1640 

Gibco) containing L-Glutamine (0.5%), PhenylStrep (0.5%) and Fetal Bovine Serum 

(FBS) (10%) with the administered cells for 2, 4, 8 and 24 hours before being fixed 

with formaldehyde for 48 hours. 1cm3 sections in PBS were taken forward for imaging.    
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4.7 Instrumentation 

 

Transmission electron microscopy (TEM) imaging was performed at the 

University of Birmingham Centre for Electron Microscopy. The Jeol 1400 Ex Bio TEM 

is fitted with an Oxford Instruments INCA EDS system. Samples were dried to copper 

grids prior to imaging.  

 

Confocal imaging was performed on a Nikon A1R inverted confocal microscope 

with laser scanning equipped with a Perfect Focus System (PFS), piezo-z, multi laser 

beds and an inverted motorized stage at the University of Birmingham BALM facility. 

Laser lines 405nm used for these studies.  

 

Multiphoton microscopy was performed using an intravital microscope IVM3 

Olympus FV-MPE (Upright Multiphoton) (WXG96) at the University of Birmingham, 

Institute of Cardiovascular Sciences. Microscope settings: laser 0.2%, 500V, Gain 

1.5x, Offset 0%.  

 

Micro-CT was performed using a Skycan 1172 instrument (Brucker, Belgium) 

over 360° angular range with rotation steps 0.2° at the University of Birmingham. An 

excitation voltage of 100kV and 20% beam hardening and the detector pixel size of 

3.02#m was used for all projections. The average intensity if X-rays was 40-60%. 

Images were collected by a 11 megapixel 12-bit digital CCD-camera, 50mm field of 

view.   
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4.8 Appendix  

 

 

 

 

 

 

Appendix 4.8.1 TEM of CD3+ cell a) blank b) incubated with Au25NP.LPEG.IrS1 

  

a b 
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Chapter 5  

General Conclusions and Future Works 

Cell based therapies are revolutionising the field of autoimmune regulation in 

a time where biologics for treatments are providing a drug free alternative which 

could prove highly effective for disease regulation and drastically improve patient 

outcomes. The greatest challenges facing cell-based therapies are the vast arrays of 

known side effects experienced by patients. A contributory factor to the progression 

of these side effects is the off-target activity of the transplanted cells due to the 

systemic circulation of the therapy. Much research has been focused on controlling 

these side effects. The ability to track the cells administered, in real time, during their 

circulation could aid in preventing the unwanted side effects by allowing physicians 

to block or inhibit unwanted activity before it has occurred.  

The work conducted and detailed in this thesis explores the development of a 

multimodal nanoprobe for labelling transplanted immune cells and to track their 

migration through tissue.  

A novel probe library was created which encompassed 12 different 

nanoprobes based on gold nanoparticle cores with diameters of 13, 25, 50 and 

100nm with differing stabilising agents, Zonyl, SPEG and LPEG, each with the same 

fluorophore, IrS1. For this work, the gold nanoparticle acted as a scaffold to carry 

multiple units of IrS1 fluorophores, enhancing its photophysical properties whilst 

remaining as biocompatible as possible. Although it is logical to assume the larger 

nanoparticles would be advantageous as it would mean more IrS1 could be added to 

the surface, in a biological context, the amount of exogenous material entering a cell 

must be considered as to not cause excessive damage to the cell.  
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 To investigate this further, a series of experiments with isolated CD3+ cells 

from HFE blood were conducted in which the phenotypical and functional behaviour 

of the cells were assessed. As expected, the larger nanoprobes induced higher 

levels of cytotoxicity than their smaller counter parts. This along, with ICP-MS and 

TEM studies suggested the ideal AuNP size for this work would be those with a 

25nm diameter. They exhibited low cytotoxicity whilst still holding a detectable 

amount of IrS1.  

The biological impact of the stabilising agent coating was also investigated. 

Although there is much research in the literature on the use of PEG compounds to 

assist in the uptake of exogenous material into cells, something that is not so 

commonly addressed is the impact of PEG compounds on the phenotypical 

behaviour of cells. Cytokine and chemokine production and expression assays 

suggested the PEG coated nanoprobes were interfering with the expected cytokine 

and chemokine activity of the cells and so it was deemed appropriate to move 

forward with the Zonyl coated Au25NPs which had little to no significant impact on 

phenotypical behaviour. 

Labelled CD3+ cells were then administered to sections of human liver via 

open blood vessels in the tissue. The images obtained of these liver sections by 

multiphoton microscopy and micro-CT encapsulate the multimodal tracking ability of 

the Au25NP.Zonyl.IrS1 nanoprobe developed.  

The work conducted in this thesis has showcased a nanoprobe with real 

abilities to be tracked in cells that have been transplanted into tissue. The collection 

of imaging techniques used have been possible due to the multimodal design of the 

nanoprobe, making use of the optical properties of gold nanoparticles and the 

fluorescence properties of the IrS1.  
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The development of Au25NP.Zonyl.IrS1 has addressed some of the 

aforementioned challenges faced by cell tracking systems which are currently being 

used in clinic. Firstly, the multimodal facet of Au25NP.Zonyl.IrS1 means imaging can 

occur at a sub-cellular level, all the way to organ tissue level using a variety of 

imaging modalities. This means information on the interaction of the probes within a 

biological environment can be obtained to highlight the source of any adverse events 

occurring as a result of the labelling process. Secondly, the probe showed long term 

retention in cells, measured up-to 24 hours, when incubated with non-labelled cells. 

This data shows real promise as it suggests tracking of labelled cells only. Thirdly, 

the absence of any significant affect on phenotypical behaviour of the labelled cells 

means that transplanted cells should continue to behave and exert functionality as 

expected, a vital requirement for immune therapies to be successful. This thesis also 

highlights the feasibility of detecting the probe in labelled cells post administration to 

liver tissue.  

Moving forward, the next stages of experiments would ideally involve a whole 

liver perfusion experiment in which labelled cells would be perfused around a whole 

liver at a steady flow replicating that of human blood flow. After 4 hours the liver 

would be biopsied at an array of locations to be imaged by both multiphoton 

microscopy and micro-CT to examine the localisation of the labelled cells. An 

advantage of the multiphoton microscopy is that the labelled cells are very 

distinguishable against the hepatic background, so in checking the localisation of the 

cells, one could also examine the tissue to confirm the nanoprobes have remained in 

the transplanted cells and haven’t bled through to the hepatocytes. This experiment 

had been planned for the final stages of this thesis, unfortunately due to COVID-19 
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restrictions, access to whole organs for perfusion, as well as access to hospital 

facilities meant this was not feasible under the current climate.  

With further optimisation, other cell types in the liver tissue could also be 

stained for to study interactions of the transplanted cells with surrounding cells. 

Intravital, real-time tracking could be achieved with transplanted cells being 

administered to mouse models. However, this would require extensive optimisation 

as mouse lymphocytes would need to be used rather than human lymphocytes, as is 

in this work. Nonetheless, intravital imaging such as this has been conducted using 

the multiphoton microscope with the major advantage of being able to examine the 

systemic circulation of the labelled cells. Here an experiment to determine 

qualitatively the amount of labelled cells found in the liver would be desirable to 

indicate any off target activity.  


