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Abstract 

Glioblastoma (GBM) is the most common and aggressive (grade 4) primary brain tumour, 

arising from malignant transformation of glial cells, a consequence of genetic and epigenetic 

alterations. Its global incidence is 3-5 cases per 100, 000 person-years. GBM remains a clinical 

challenge, a consequence of treatment resistance, poor delivery because of restrictive barriers 

such as the blood brain barrier (BBB), ATP-binding cassette proteins, and tumour localisation. 

Median survival, with standard of care treatment which includes temozolomide (TMZ), is ~16 

months. However, TMZ chemotherapy is limited by toxicity, drug resistance, chemical 

properties of TMZ, and poor drug accumulation at the tumour site. Resistance mechanisms 

include overexpression of O6-methylguanine-DNA methyltransferase (MGMT), drug efflux 

transporters (P-glycoprotein (P-gp)), base excision repair (BER), and mismatch repair (MMR) 

deficiency.  

GBM imaging is essential for tumour characterisation, localisation, and surgery, particularly in 

addressing GBM-specific challenges such as anatomical barriers and deeply located tumours. 

Therefore, deep tissue imaging with near infrared region II (NIR-II, 1000-1700 nm) rather than 

near infrared region I (NIR-I, 650-900 nm) has gained attention. In this context, quantum dots 

(QDs), particularly lead sulfide quantum dots (PbS QDs), can be used in NIR-II/ short wave 

infrared (SWIR) probes for cancer imaging applications due to their advantageous properties, 

including stable optical emission when compared to traditional fluorescent agents. However, 

their potential toxicity is the major limitation for their use in cancer imaging.  

This PhD project investigated a novel theranostic formulation for the treatment and monitoring 

of GBM, addressing the need for new targeted drug delivery systems (DDS) using 

nanoparticles (NPs) to overcome both diagnostic and therapeutic limitations. Therefore, the 

combination of diagnostic and therapeutic approach in one construct, called as theranostics, 

has gained attention. Among various DDS, apoferritin (AFt) is a promising candidate for 
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improving delivery to the brain by exploiting overexpression of transferrin receptor 1 (TfR1) on 

GBM and BBB endothelial cells. Herein, we developed a dual function theranostic platform 

based on horse spleen AFt nanocages co-encapsulated with TMZ and PbS QDs, AFt-PbS-

TMZ, for simultaneous TfR1 targeted delivery of therapeutic and imaging agents. AFt-PbS-

TMZ (12.1 ± 0.6 nm in diameter from high resolution transmission microscopy) demonstrated 

high encapsulation efficiencies (74.4 ± 11.25% for TMZ, one QD for each cage) and pH-

dependent TMZ release (70% at pH 5.5, 33% at pH 7.4; after 24 h at 37°C).  

In two-dimensional (2D) in vitro cultures, PrestoBlue (PB) assay results with AFt-PbS-TMZ 

demonstrated enhanced inhibitory effects with lower IC50 values (3.5 ± 0.1 µM for U373M, 8.5 

± 0.7 µM for U373V, 10.9 ± 2.7 µM for U87MG) for GBM cells, whereas non-cancerous MRC-

5 fibroblasts and human astrocytes exhibited IC50 > 30 µM (p < 0.001) post-treatment with 6 

days, demonstrating GBM selectivity related to higher TfR1 expression in GBM cells, 

confirmed by western blot and flow cytometry methods. In addition, AFt delivery overcame 

TMZ resistance-mediated by MGMT; AFt-TMZ and AFt-PbS-TMZ overwhelmed the MGMT 

suicide repair protein, rapidly depleting its expression in MGMT-positive U373M cells.  

To enable more predictive translation of 2D culture results into in vivo models, three-

dimensional (3D) in vitro GBM models were utilised. In 3D spheroid cultures, AFt-PbS-TMZ 

leveraged AFt’s co-delivery advantages to achieve enhanced inhibition, IC50 was 5.0 ± 0.5 µM, 

and it significantly (p < 0.0001) reduced spheroid volume over 6 days. This was likely due to 

enhanced TfR1 expression in spheroid cultures compared to 2D monolayers. In addition, deep 

tissue photoluminescence (PL) studies confirmed that PbS QDs signalling in U87MG spheroid 

cultures post-treatment with AFt-PbS-TMZ for 6 days and can be imaged in vivo.  

In conclusion, these findings highlight the potential of AFt-PbS-TMZ as an inherent TfR1 

targeted theranostic agent, combining GBM therapy and imaging abilities in a single nano-

sized (12 nm) platform. The pH-responsive TMZ release and NIR-II emission from PbS QDs 

have a potential to address both diagnostic and therapeutic needs of GBM. 
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Chapter 1 Introduction 

1.1 Brain tumours 

1.1.1 Overview of brain tumours 

Brain tumours are characterised by the uncontrolled proliferation of cells within and/or around 

the brain, displaying numerous hallmarks of cancer.1, 2 These tumours are classified into two 

main types: (1) primary tumours, developing directly within the brain, and (2) secondary 

(metastatic) tumours, resulting from the spread of malignant cells to the brain from lung cancer, 

breast cancer, and melanoma.3 In addition to this classification, brain tumours can be 

categorised as either malignant or non-malignant (benign). Although benign tumours do not 

invade or metastasise, they can still pose a potential threat due to their size and location 

causing pressure on brain tissue.4 Considering brain tumours represent a subset of central 

nervous system (CNS) cancers, with 90% occurring in the brain and cause significant mortality 

and morbidity across all age groups5, it is crucial to consider the broader classification of CNS 

tumours. 

1.1.2 Central nervous system and its tumours classification  

CNS tumours arise from abnormal growths in the brain or spinal cord. According to the 2021 

World Health Organisation (WHO) reclassification, CNS tumours are categorised 13 different 

types based on the molecular and histological characteristics.6 Among these CNS tumours, 

brain tumours constitute the major subgroup and represent a significant global challenge due 

to high mortality rates compared to other malignancies. The common brain tumours include 

gliomas, meningiomas, and choroid plexus tumours.7 The most common malignant histology 

in adult brain tumours is glioma.5 Gliomas encompass various subtypes such as astrocytoma, 

oligodendroglioma, and glioblastoma (previously glioblastoma multiforme;  GBM) (Figure 1.1).6 
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These tumours present poor survival outcomes, thus necessitate novel research for effective 

therapies. 

 
Figure 1.1 Schematic classification of central nervous system (CNS) tumours and brain tumours 
subtypes focused on glioblastoma (GBM) according to World Health Organisation (WHO) 2021.6 
Created with BioRender. 

 

1.1.3 Epidemiology of brain tumours 

Brain tumours are characterised by high mortality rates and reduced quality of life. The 

incidence varies depending on the age, gender, and socioeconomic status.8 For example, the 

incidence of brain tumours in the adults is ten-times higher than that observed in paediatric 

populations.9  

In 2021, more than 258,000 deaths were attributed to brain cancer globally, demonstrating its 

lethal nature. In addition, the number of individuals diagnosed with brain tumours exceeded 

975,000 cases in the same year.8 The number of diagnoses of brain tumours has increased 

over recent years and is expected to rise further in the next decades.9  

1.1.4 Tumour grading  

Tumour grading is critical in the evaluation of brain tumours. According to WHO, brain tumours,  

e.g. gliomas, are categorised into four grades from 1 to 4 depending on their malignancy and 
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aggressiveness.10 Grade 1 tumours are slow growing, characterised limited spread and higher 

survival rates, whereas grade 4 tumours have a worse prognosis and have metastasised.11 In 

particular, gliomas are classified into low-grade gliomas (grades 1 and 2) and high-grade 

gliomas (grades 3 and 4) based on their malignancy.6 Table 1.1 demonstrates some examples 

of gliomas depending on their tumour grade.  

Table 1.1 Classification of brain tumours by World Health Organisation (WHO) grade with representative 
examples.6 Diffuse midline glioma (DMG, previously referred to as diffuse intrinsic pontine glioma 
(DIPG). 
Tumour Grade  
(WHO 2021) 

 Examples of Brain Tumours 

Grade 1 Pilocytic astrocytoma, meningioma 
Grade 2 Diffuse astrocytoma, oligodendroglioma 
Grade 3  Anaplastic astrocytoma, anaplastic oligodendroglioma 
Grade 4 GBM, diffuse midline glioma (DMG), diffuse hemispheric glioma, 

embryonal tumours 
 

1.1.5 Glioblastoma 

1.1.5.1 Overview of glioblastoma 

GBM, previously referred to as glioblastoma multiforme prior to the 2021 WHO classification, 

is one of the most lethal brain tumours in adults.12 It is classified as WHO grade 4, the highest 

grade,  due to its rapid growth, invasive nature, genetic heterogeneity, resistance to treatment, 

high recurrence, and high mortality rate.13  

GBM is a difficult-to-treat tumour due to its diffuse and heterogenous nature (multiforme) and 

also its anatomical localisation in the brain, with 95% of cases found in the frontal, temporal, 

parietal, and occipital lobes14 (Figure 1.2). Although the tumour can originate from any region 

of the brain, it is most observed in the frontal and temporal lobes15, where it can invade 

surrounding areas due to its microvascular growth. The microvascular growth of the tumour 

contributes to the damage of nearby healthy brain tissues.16 GBM symptoms include persistent 

headaches, seizures, motor impairments, and cognitive decline, demonstrating the tumour’s 

impact on several brain regions.10, 15  
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The development of GBM can be affected by the combination of several factors, including 

genetic mutations, environmental factors (e.g. radiation exposure), and genetic syndromes 

(e.g. Li-Fraumeni syndrome).10 This multifactorial biology makes GBM a complex and 

aggressive brain tumour. Therefore, understanding the epidemiology and pathophysiology of 

GBM is essential.  

 
Figure 1.2 The brain regions where glioblastomas (GBMs) may originate. Created with BioRender. 

 

1.1.5.2 Epidemiology of glioblastoma 

GBM is the most prevalent CNS tumour, representing 15% of all CNS tumours and 45% of 

primary malignant brain tumours.17  The incidence of GBM varies from 3 to 5 cases per 100, 

000 person-years globally.10 In addition, its incidence can vary according to age and gender, 

being more common (1.5-times higher) in men than women.10 In particular, the peak age is 

reported to be > 65 years old, particularly between 75 and 84 years old.18, 19 Although GBM 

can occur in any ethnic group, Caucasians (European, Middle Eastern, North African) have an 

increased incidence compared to other groups.10 GBM also shows slightly higher incidence in 

developed countries.10  

1.1.5.3 Pathophysiology of glioblastoma 

GBM may occur in the brain, cerebellum (< 3%), brainstem (< 5%), and spinal cord (< 5%), 

arising from glial cells, especially astrocytes.15, 19 Primary GBM originates from neuronal stem 

cells (NSCs), while secondary GBM tumours arising from astrocytes.19 Figure 1.3 illustrates 
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the potential origins of GBM from these cells. The study with genetic remodelling of GBM in 

mice demonstrated that GBM originated from three different cell types: NSCs, NSCs-derived 

astrocytes, and oligodendrocyte precursor cells (OPCs).13  

 
Figure 1.3 Schematic illustration of differentiation of neuronal stem cells (NSCs), and potential origins 
of glioblastoma (GBM) from these cells. Created with BioRender. 

 

Several mutations and triggering mutations cause altered gene expression in GBM, differing 

from healthy brain cells, resulting in abnormal proliferation, angiogenesis, and genotypic 

diversity.19 Primary tumours involve epidermal growth factor receptor (EGFR) amplification, 

phosphatase and tensin homolog (PTEN) deletion, telomerase reverse transcriptase (TERT) 

promoter mutation, O6-methylguanine DNA methyltransferase (MGMT) promoter methylation, 

and loss of heterozygosity (LOH) at positions 10q and 10p, whereas secondary tumours 

include isocitrate dehydrogenase 1/2 (IDH 1/2) mutations, tumour protein 53 (TP53) mutation, 

alpha 2 thalassemia/mental retardation syndrome X-linked (ATRX) chromatin remodelling 

mutation, LOH at 10q and 19q.20  

In the 2021 WHO classification of CNS tumours, GBM classified as isocitrate dehydrogenase-

wild type (IDH-WT, referring primary GBM), is associated with a worse prognosis. In addition 

to IDH status, the WHO classification has incorporated the following molecular biomarkers: 
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TERT promoter methylation, EGFR amplification, combined chromosome 7 gain and 

chromosome 10 loss to define GBM and distinguish it from other high-grade gliomas. On the 

other hand, IDH-mutant GBM is categorised as a lower-grade glioma with a better prognosis.12 

This revised WHO classification focuses on the genetic and prognostic differences between 

the subtypes of GBM to better understand the tumour behaviour and resistance profiles, 

guiding novel treatment strategies.  

1.1.5.4 Genetic and molecular biomarkers of glioblastoma: overexpressed 

receptors 

GBM is characterised by numerous genetic alterations and dysregulated molecular signalling 

pathways. Among these, several cell surface receptors are notably overexpressed, playing 

critical roles in the key cellular processes including proliferation, invasion, metastasis, 

angiogenesis, and therapeutic resistance.16, 21 Overexpressed receptors include CD44, 

integrins, insulin receptors (IR), platelet-derived growth factor receptor (PDGFR), vascular 

endothelial growth factor receptor (VEGFR), low density lipoprotein receptor (LDLR), glucose 

transporter (GLUT), EGFR, and transferrin receptor 1 (TfR1).21 Figure 1.4 illustrates the some 

of the well-studied overexpressed receptors in GBM. These receptors provide promising 

candidates for targeted drug delivery strategies to enhance GBM treatment. Therefore, it is 

essential to comprehend their functions and expression patterns. 

 
Figure 1.4 Key cell surface receptors overexpressed in glioblastoma (GBM) cells for targeted delivery. 
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One of the hallmarks of GBM is ̀ invasion and metastasis`2, which is largely driven by enhanced 

cell migration. During migration, GBM cells overexpress several transmembrane receptors 

such as integrins and CD44 receptors. These overexpressed receptors facilitate interaction 

with the extracellular matrix (ECM) and promote mobility. Integrins, heterodimeric 

transmembrane receptors, composed of α and β subunits, play a critical role in cell adhesion, 

migration, and signalling. In GBM, overexpression of integrins enhances the tumour cells’ 

ability to migrate through the brain tissue. On the other hand, CD44 is a cell surface 

glycoprotein, involved in cell-cell and cell-matrix interactions. CD44 receptors mediate cell 

migration, invasion and stemness.22  

IRs are often upregulated in GBM cells compared to normal brain tissue, promoting 

proliferation, survival, and metabolic adaptation. Additionally, IRs have been reported to 

undergo transcytosis through the BBB.21 In addition, both PDGFR and VEGFR are commonly 

overexpressed transmembrane tyrosine kinase receptors located on the cell surface.23  

LDLR and GLUT proteins regulate the transport of cholesterol and lipids and glucose into the 

cells, respectively. Therefore, both are upregulated on the GBM cell surface to meet the 

increased demands for energy production, making them potential therapeutic targets.21  

EGFR, a transmembrane receptor of tyrosine kinase, is one of the most well-studied 

overexpressed receptors in GBM. EGFR triggers several critical signalling pathways, such as 

phosphatidylinositol-3-kinase (PI3K), AKT, mTOR, RAS/MAPK, and JAK/STAT, which 

regulate cell proliferation, migration, and survival24 (Figure 1.5). It is often amplified and 

overexpressed in 50% of GBM cases. The overexpressed receptor drives signalling pathways 

contributing to aggressive tumour growth, invasion, and resistance mechanisms. EGFR 

influences glutamine metabolism and proto-oncogene MYC family regulation in glioma cells. 

Therefore, it serves a critical molecular biomarker for GBM.24, 25   

In addition to EGFR (known as human epidermal growth factor receptor 1 (HER1) or 

erythroblastic leukemia viral oncogene homolog 1 (ErbB1)), human epidermal growth factor 
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receptor 2 (HER2) is another member of the EGFR tyrosine kinase family. It is overexpressed 

in variety of cancers. Although HER2 overexpression is well-established in breast cancer, 

HER2 levels are also upregulated in up to 80% of GBM tumours.26  

 
Figure 1.5 Epidermal growth factor receptor (EGFR) signalling networks involved in glioblastoma 
(GBM).25 Created with BioRender.  

 

TfR1 (also known as CD71), a type II transmembrane glycoprotein, is critical for cellular iron 

uptake and plays a significant role in transporting iron across the BBB via capillary endothelial 

cells.21 In healthy brain tissue, TfR1 expression is tightly regulated to maintain iron 

homeostasis.27 High levels of this receptor are present in the brain endothelial cells to facilitate 

iron transport.21 TfR1 is negligibly expressed in glial cells.28 However, in GBM, TfR1 is 

overexpressed up to 100-fold higher than non-cancerous brain cells such as astrocytes29 

(Figure 1.6). Similarly, Shen et al. demonstrated significant differences in TfR1 expression 

between healthy brain and tumour tissues.30 This increased overexpression demonstrates and 

accommodates the elevated iron demands of highly proliferative GBM cells. Consequently, it 

facilitates enhanced iron uptake through TfR1-mediated endocytosis, which is essential for 

cellular processes such as deoxyribonucleic acid (DNA) synthesis and proliferation.27 
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Figure 1.6 Illustration of transferrin receptor 1 (TfR1) expression difference between glioblastoma 
(GBM) cells and non-cancerous cells. Created with BioRender.  

 

Although TfR1 overexpression contributes to GBM growth via activation of cellular signalling 

pathways involved in proliferation and survival, it also presents a promising biomarker for 

targeted drug delivery approaches in brain tumours. While TfR1 overexpression in brain 

capillary endothelial cells facilitates the transport of drugs and molecules across the BBB, its 

higher expression in GBM cells enhances the accumulation of drugs/molecules at tumour 

tissues, thus reducing off-target toxicity.21 As a result, TfR1-targeted treatments for GBM have 

gained attention due to their potential to improve therapeutic outcomes.31 

1.1.5.5 Glioblastoma subtype classification 

The classification of GBM into molecular subtypes is crucial for understanding the biological 

heterogeneity of this complex disease.32 In 2006, Phillips et al. categorised high grade gliomas 

to three subtypes including proneural, mesenchymal, and proliferative depending on the gene 

expression profiles.33 According to this classification, patients with proneural phenotype 

exhibited longer overall survival compared to those with mesenchymal and proliferative 

subtypes.33 In 2010, Verhaak et al. classified GBM into four subtypes including classical, 

mesenchymal, proneural, and neural based on the analysis of gene expression profiles from 

200 patient derived GBM samples.34 Each subtype is characterised by distinct genetic 

alterations; for example, proneural subtype is enriched in oligodendrocyte markers whereas 

mesenchymal subtype exhibits altered expression of astrocyte and microglial markers.35 In 

2017, Wang et al. reclassified GBM using RNA-sequencing into three subtypes including 
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proneural, classical, and mesenchymal, suggesting that neural subtype might not be tumour 

specific; it may represent contamination with normal neuronal tissue rather than tumour 

intrinsic subtype.32 Additionally, during and after chemotherapy, GBM phenotypes exhibit 

increased plasticity associated with epithelial-mesenchymal transformation (EMT) in tumours 

with epithelial origin. Therefore, this phenotypic shift has been associated with therapeutic 

resistance and malignant profiles. Consequently, the presence of mesenchymal subtype at 

diagnosis and at recurrence has been correlated with poorer patient outcomes.35 In line with 

the most recent 2021 WHO classification12, the three subtypes proposed by Wang et al. are 

widely accepted as clinically relevant model of GBM heterogeneity. Figure 1.7 shows the 

molecular biomarkers of three subtypes of GBM. 

 
Figure 1.7 Glioblastoma (GBM) subtype classification and their characteristic gene expression 
profiles.35 Created with BioRender. 
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1.2 Challenges and treatment strategies for glioblastoma  

1.2.1  Challenges in treating glioblastoma 

There are several obstacles in GBM treatment. These include blood brain barrier (BBB), blood-

brain tumour barrier (BBTB), tumour microenvironment (TME), and heterogenic nature of 

GBM. Brain tumours are protected by the BBB, a selectively permeable diffusion barrier. BBB 

maintains brain homeostasis by preventing the entry of toxins, pathogens, and therapeutic 

agents (small or large molecules) into the brain; thus, posing a significant challenge in GBM 

treatment.36, 37 It has been reported that 20% of small molecules (molecular weight < 500 Da 

and size < 100 nm diameter) and no large therapeutic agents can cross the BBB to reach the 

tumour cells. Therefore, the BBB represents a barrier to effective drug delivery, contributing to 

limited therapeutic efficacy and tumour recurrence in GBM.38, 39  

The BBB is both a biophysical and biochemical barrier, consisting of brain endothelial cells 

(BECs), astrocytes, pericytes, microglial cells, and neurons.40 BECs utilise transmembrane 

proteins such as ocludins, claudins, junctional adhesion molecules to form the neurovascular 

unit with neurons by tight junctions.11 BECs are found to be rich in specific transmembrane 

proteins to sequester nutrients or remove waste.40 Pericytes regulate BECs` gene expression 

and trigger astrocytes to release growth factors in response to injury.36 Astrocytes play a critical 

role in the formation and maintenance of the BBB. These glial cells are located near to both 

neurons and BECs. Notably, astrocytes regulate the flow of essential metabolites (such as 

glucose) to neurons. Additionally, they are involved in regulating ion homeostasis and 

controlling iron transport into the brain.40  

As a biochemical barrier, the passage of drugs/molecules through BBB depends on several 

factors such as size, liposolubility, electric charge, interactions with blood proteins, and 

interactions with BBB proteins. Additionally, blood pressure also plays a role in the drug’s 

passage through the BBB.38  
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Figure 1.8 Illustration of healthy blood brain barrier (BBB) versus blood tumour brain barrier (BBTB). 
Created with BioRender.  

In GBM, the BBB becomes dysfunctional in the presence of brain tumours, forming what is 

called as the BBTB (Figure 1.8). The BBTB is characterised by leaky and abnormal blood 

vessels, differing from healthy BBB. In the BBTB, the loss of astrocyte and pericyte function, 

along with disrupted tight junctions can occur due to the tumour-induced vascular leakage and 

increased permeability, making it difficult for treatments to reach and treat the tumour.11  

GBM, as a solid tumour, is characterised by a large mass, creating a nutrient gradient 

throughout the tumour. For instance, the core regions of tumour tend to be hypoxic and 

necrotic, whereas the infiltrating front of tumour is typically oxygen-rich. This intratumoural 

heterogeneity leads to treatment challenges such as chemoresistance by changing TME.39  

The main challenges in GBM treatment, particularly related to BBB drug delivery, involve 

several barriers such as physical, transportation, metabolic, and immune barriers.41 Therefore, 

BBB-targeted drug delivery approaches are needed for more effective treatment of GBM. 

1.2.2  Treatment strategies for glioblastoma 

The standard of care of treatment for GBM consists of a multimodal approach combining 

different treatment strategies including surgery, radiotherapy (RT), chemotherapy, and tumour 
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treating fields (TTFields).42, 43 However, surgery can only be performed in 50%-70% of GBM 

cases, depending on the tumour location.16 Additionally, due to the diffuse infiltration of GBM 

cells, surgery alone cannot completely remove all malignant tissue.42 Consequently, GBM 

management requires a multimodal approach combining multiple treatment strategies. 

RT can be administered as monotherapy (RT alone) or a combination therapy (with surgery or 

chemotherapy) to generate reactive oxygen species (ROS) and DNA double strand breaks 

(DSBs).13 RT alone achieves a median survival of 12.1 months but also exposes patients to 

the risks of ionising radiation.16 The chemotherapeutic agents for GBM include alkylating 

agents such as temozolomide (TMZ), biodegradable carmustine wafers (Gliadel®), lomustine, 

and fotemustine which exert their effects through alkylating DNA base pairs. In addition, 5-

aminolevulinic acid (5-ALA), an orally administered amino acid derivative, selectively 

accumulates in GBM cells as a result of altered heme metabolism and transporter expression, 

hence 5-ALA uptake in the tumour cells produces a fluorescence metabolite which facilitates 

improved resection of tumour tissue.44 Furthermore, targeted therapy agents such as anti-

VEGF monoclonal antibody bevacizumab, BRAF inhibitor dabrafenib and MERK1/2 inhibitor 

trametinib combination are also employed in treatment strategies.13, 16 Figure 1.9 presents a 

timeline summarising the Food and Drug Administration (FDA)-approved treatments for GBM. 

However, molecular targeted therapy has not been broadly approved for GBM due to the lack 

of objective responses shown in phase III trials. In addition, BRAF inhibitor dabrafenib has only 

been approved for BRAF V600E mutated GBMs, which are very rare (1-2%).45 Among them, 

TMZ is widely used chemotherapeutic drug, and the combination therapy of TMZ and RT 

increased the patient survival to 14.6 months.16 As part of multimodal GBM therapy, 

bevacizumab can be used in combination with chemotherapy and/or RT treatments as an anti-

angiogenic monoclonal antibody. Although bevacizumab improves progression-free survival, 

it does not improve overall survival of GBM patients. Therefore, it is mostly used for recurrent 

GBM.13  
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FDA-approved TTFields therapy delivers alternating electric fields via transducer arrays worn 

on a shaved scalp to disrupt mitosis and induce apoptosis in rapidly dividing GBM cells, offering 

a limited toxicity and mild side effects (such as skin irritation).13 Kirson et al. were the first to 

demonstrate that low-intensity alternating electric fields at 100–300 kHz inhibit the growth of 

various cancer cell lines, such as glioma, melanoma, breast, lung, and prostate, and suppress 

tumour growth in vivo.46 Currently, it is used in the clinic and combining TTFields with TMZ has 

been shown to improve progression-free survival (~5 months) and overall survival47 from 16 

months to 20.9 months.13, 36 TTFields has been approved for clinical use in several countries 

including United States, Sweden, Israel, and Japan.48 However, it has not been approved for 

clinical adoption by the National Health Service (NHS) in the United Kingdom, as it was 

rejected based upon health economic grounds.49 

 
Figure 1.9 The summary of Food and Drug Administration (FDA)-approved glioblastoma (GBM) 
treatments.16, 47 Created with BioRender. 

 

1.2.3 Temozolomide in the treatment of glioblastoma 

1.2.3.1 Mechanism of action of temozolomide 

TMZ, an imidazotetrazine derivative, is a key orally administered chemotherapeutic drug in 

GBM treatment. Figure 1.10 demonstrates the structure of TMZ (C6H6N6O2). The exceptional 
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ability of TMZ to pass through the BBB, supported by its small size and lipophilic nature, (the 

logarithm of the partition coefficient (clogP) for TMZ is -0.81)50, is linked to its effectiveness for 

treating brain cancers.39, 51 Although TMZ can transcytose and cross the BBB (it is estimated 

that < 1% of administered TMZ crosses BBB), p-glycoprotein (P-gp) does pump a certain 

amount back across the BBB, out of the brain52 (see Section 1.2.3.4). 

TMZ is a DNA alkylating drug that has been used in the clinic since 2005 to kill GBM cells by 

methylating O6-guanine, arresting the GBM cell cycle at the G2/M phase, producing DNA 

double-strand breaks, and leading to apoptosis or autophagic death of GBM cells.47 Currently, 

in the clinic, the Stupp protocol administers TMZ concomitantly with RT for 6 weeks, followed 

by 28-day cycles of TMZ on five consecutive days within the interval of four weeks.53, 54   

 
Figure 1.10 The chemical structure of temozolomide (TMZ). Created with Chem Draw. 

TMZ is a prodrug (194.1 g/mol) that is stable at pH 5.5 (half-life (t1/2) >100 h), however at pH 

7.4, it has a short plasma half-life, t1/2 ~ 1.8 h. At physiological pH, TMZ degrades rapidly into 

its metabolites including monomethyl triazene 5-(3-methyltriazen-1-yl)-imidazole-4-

carboxamide (MTIC, t1/2 ~2 min) and 5-aminoimidazole-4-carboxamide (AIC) and reactive 

methyldiazonium ions ( t1/2  ~0.4 s) alkylate DNA.55-57 Degradation rates of both TMZ and MTIC 

are highly pH-dependent.56 Although TMZ remains stable at acidic pHs, its active metabolite 

MTIC is stable at alkaline pHs. When TMZ is converted to MTIC in the plasma,  MTIC is rapidly 

degraded (t1/2 ~2 min), limiting its ability to cross the BBB due to its polarity and instability.42 

Therefore, considering the pH-dependent stability of TMZ, nanotechnological advancements 
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offer promising strategies to improve TMZ stability under physiological conditions while 

leveraging its stability in acidic pH for targeted drug delivery. 

The methyldiazonium cation methylates DNA bases (mostly purine bases) generating N7-

methylguanine (N7-MeG), N3-methyladenine (N3-MeA) and O6-methylguanine (O6-MeG).  

N7-MeG and N3-MeA comprise ~70% and ~9% of DNA adducts respectively; these adducts 

can be repaired easily by base excision repair (BER) via poly (ADP-ribose) polymerase 1 

(PARP1).55 However, these adducts become highly cytotoxic when BER is disrupted. Although 

O6-MeG adducts comprise only ~ 6% of DNA adducts, this pathway is considered the major 

route of TMZ cytotoxic action, inducing single and double stranded DNA breaks.55  Figure 1.11 

illustrates the stepwise mechanism of action of TMZ and shows the chemical structures of TMZ 

(C6H6N6O2), MTIC (C5H8N6O), and AIC (C4H6N4O). 

The cellular response to O6-MeG adducts can be broadly classified into three categories based 

on cell repair status: (1) MGMT-positive, (2) MGMT-negative/mismatch repair (MMR)-

proficient, and (3) MGMT-negative/MMR-deficient. In the first condition, MGMT-positive cells 

can repair O6-MeG adducts via MGMT, a suicide repair enzyme, thus the cells can survive 

after TMZ treatment, representing the least effective TMZ mechanism58 (see Section 1.2.3.3). 

In the second condition, MGMT-negative/MMR-proficient cells pair thymine and O6-MeG 

instead of cytosine; this mispairing is recognised by the intact MMR system. However, 

functional MMR only recognises and removes thymine bases, while O6-MeG persists. This 

futile process of repair and re-insertion leads to replication fork collapse, DNA double strand 

breaks, and autophagic and/or apoptotic cell death, representing the most effective cytotoxic 

mechanism of TMZ.55 In the third condition, MGMT-negative/ MMR-deficient cells neither 

recognise nor repair O6-MeG adducts. As a result, O6-MeG adducts are tolerated, persisting 

in daughter cells which leads to hypermutative phenotype, genomic instability, and therapeutic 

resistance59 (Figure 1.11). Among them, the activity of TMZ can be ranked as follows: MGMT-

negative/MMR-proficient cells > MGMT-negative/MMR-deficient > MGMT-positive. Therefore, 

it is essential to develop effective strategies for enhancing TMZ cytotoxic action. 
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Figure 1.11 The scheme of the mechanism of action of temozolomide (TMZ). Created with Chem Draw.
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1.2.3.2 Temozolomide resistance in glioblastoma  

TMZ resistance represents a major obstacle that must be overcome for developing more 

effective GBM treatment. The tumours develop resistance to TMZ after exposure, referred to 

as acquired resistance, due to the heterogeneous and mutation-prone nature of GBM. In 

addition, approximately 50% of GBM patients show a lack of response to TMZ therapy, known 

as inherent resistance.17 Both acquired and inherent resistance mechanisms in GBM limit 

treatment strategies, contributing to poor prognosis and high recurrence rates.60 

Several mechanisms contribute to the development of TMZ resistance. These mechanisms 

include DNA repair pathways, chemoresistance, signalling pathways, autophagy and 

apoptosis regulation, metabolic reprogramming, and alternative resistance pathways 

(involving GBM stem cells, epigenetic modifications, micro ribonucleic acids (microRNAs), 

etc.).61 Understanding these mechanisms is crucial for development of more effective 

treatment strategies for GBM.  

1.2.3.3 DNA repair and temozolomide resistance  

The MGMT gene, located on chromosome 10, encodes a DNA repair protein.23 MGMT protein 

is found in both the cytoplasm and nucleus; its main function is to protect normal cells from 

tumourigenesis by repairing DNA damage.62  

In GBM cells, MGMT removes alkyl groups of O6 position of guanine, caused by TMZ. The 

repair mechanism includes the transfer of methyl group to an active site of MGMT protein, 

specifically to a cysteine residue. However, the cysteine residue in MGMT becomes 

irreversibly modified by the methyl group, causing inactivation of the protein. As a result, 

MGMT protein cannot be reused for further DNA repairs, which is why it is called a suicide 

repair protein. For instance, in T98G GBM cells (MGMT-positive), the half-life of MGMT protein 

has been reported to be ∼60 h under untreated conditions but decreases to < 12 h following 

TMZ treatment.63 This indicates that MGMT is degraded by proteolysis after its DNA repair 



 19 

function. To continue its function, MGMT must be resynthesised. However, in some GBM cells, 

overexpressed MGMT enhances the repair of DNA damage induced by TMZ. Therefore, the 

cells become more resistant to TMZ (Figure 1.12). This overexpression of MGMT is one of the 

major challenges in GBM treatment. 60, 61, 64  

 
Figure 1.12 Correlation between DNA repair protein O6-methylguanine DNA methyltransferase 
(MGMT) and temozolomide (TMZ) resistance in MGMT-positive and MGMT-negative glioblastoma 
(GBM) cells. Created with BioRender. 

The amount of MGMT expression, which is determined by cytosine-phosphate-guanine (CpG) 

methylation status of the MGMT gene promoter region, in GBM cells determines the 

susceptibility or intrinsic resistance of the cells to TMZ.17 A low abundance of MGMT results in 

improved survival of patients treated with TMZ while a high abundance of MGMT confers poor 

prognosis for GBM patients.17 For instance, Spiegl-Kreinecker et al.	 reported a 20-month 

difference in the survival of patients treated with TMZ, depending on their MGMT status.65 

Therefore, MGMT silencing or inhibition strategies have been investigated to overcome TMZ 

resistance for improved treatment outcomes.61  

TMZ resistance and regulation of MGMT activity in GBM is also related to other DNA repair 

mechanisms, including BER and MMR pathways.61  The BER mechanism functions in the 
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repair of single nucleotides.17 The relationship between TMZ and BER lies in the recognition 

and removal of N7-MeG and N3-MeA adducts induced by TMZ through the BER pathway.17 In 

this pathway, several proteins are involved including PARP-1, DNA polymerase β, and DNA 

ligase III to restore the DNA integrity. Among them, PARP-1 identifies the single-stranded DNA 

breaks. When BER is disrupted, these N7-MeG and N3-MeA adducts become highly 

cytotoxic.66 Therefore, to enhance TMZ cytotoxic activity; the combination therapies of PARP-

1 inhibitors (e.g. olaparib, niraparib) and TMZ have been studied.58, 67 In addition, recent studies 

showed the PARP and MGMT interaction following TMZ treatment to enhance MGMT’s DNA 

repair function through post-translational modification, poly (ADP-ribosyl)ation (PARylation), 

improving MGMT’s ability to bind DNA and repair TMZ-induced DNA damage hence promoting 

resistance.61 

The MMR system recognises and corrects DNA mismatched bases.17 A protein complex 

including MSH2, MSH6, MLH1, and PMS2 proteins works in this system.55 During DNA 

replication, in the absence of MGMT, O6-MeG pairs with thymine instead of cytosine; this is 

recognised by the MSH2-MSH6 complex of the DNA MMR system.60 However, MMR only 

recognises thymine bases and removes thymine, while O6-MeG remains intact.  MMR status 

is one of the key factors to determine TMZ response.55 When MMR functions, it can recognise 

the O6-MeG-thymine mismatch and remove the newly synthesised strand containing thymine, 

leading to cell death, as described (Section 1.2.3.1), thus limiting TMZ effectiveness.17 

However, in MMR-deficient cells, the O6-MeG lesion is tolerated and persists in daughter cells, 

causing a hypermutative phenotype.59 Therefore, MMR deficiency leads to increased 

resistance, and poor treatment outcomes, and is mostly seen in recurrent GBM.61 

 

1.2.3.4 Chemoresistance mechanisms 

Drug efflux transporters, membrane proteins, transport the chemotherapeutic drugs, such as 

TMZ, out of the cells.52 These transporters reduce the intracellular drug levels, make GBM 
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cells less sensitive to TMZ, contributing to chemoresistance. These are part of the ATP-binding 

cassette (ABC) transporter superfamily members including ABCB1 (also known as p-

glycoprotein (P-gp)), ABCC1 (MRP1), and ABCG2 (also known as breast cancer resistant 

protein (BCRP)).52  

P-gp (~170 kDa) is located on the cell membrane and exports drugs from the cells, which 

requires adenosine triphosphate (ATP) hydrolysis. Encoded by the ABCB1 gene, P-gp is well-

studied membrane protein among ABC transporter family members.68 Chemotherapeutic 

drugs, e.g. TMZ,  act as substrates for P-gp.69 In particular, P-gp transports MTIC, and limits 

TMZ efficacy.61 Therefore, TMZ’s major limitation is its rapid degradation to MTIC, which is 

subsequently effluxed by P-gp, reducing its therapeutic effect. In addition, overexpression of 

P-gp has been observed in various cancerous cells and endothelial cells of BBB, resulting in 

increased drug efflux and the ability of cancer cells to evade apoptosis.52 Therefore, recent 

studies have focused on P-gp-mediated resistance, such as the development of P-gp 

inhibitors.68 Another transporter, ABCC1 (MRP1) eliminates TMZ-induced DNA damage 

products, reducing oxidative stress signals and supressing DNA damage response 

pathways.70  

BCRP is another transporter protein that supports the survival of stem cells under hypoxic 

conditions, which further induce its expression. Although BCRP is not the primary transporter 

for TMZ, it indirectly contributes to TMZ resistance by removing DNA repair and stress related 

responses.61   

 

1.2.3.5 Survival signalling pathways in temozolomide resistance  

Dysregulation in various signalling pathways plays a critical role in promoting TMZ resistance 

in GBM. The key pathways involved in TMZ resistance include phosphoinositide 3-

kinase/protein kinase B (PI3K/AKT), mitogen-activated protein kinase/extracellular signal 
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regulated kinase (MEK/ERK), wingless-related integration site/ β-catenin (WNT/ β-catenin),  

janus kinase/ signal transducer and activator of transcription (JAK/STAT), Notch, Hedgehog, 

p53.37, 52, 61 Figure 1.13 demonstrates these signalling pathways involved in TMZ resistance. 

Each pathway plays a unique role in the maintaining the survival, stemness, and genomic 

stability of GBM cells; thus offering new targets for development of novel GBM therapies for to 

overcome TMZ resistance.37 

 
Figure 1.13 A Schematic representation of major signalling pathways involved in temozolomide (TMZ) 
resistance in glioblastoma (GBM). Created with BioRender. 

 

PI3K/AKT has been widely studied in GBM due to mutations and amplification of receptor 

tyrosine kinases (RTKs). Among RTKs, EGFR plays a crucial role in cell signalling pathways 

driving proliferation and survival. In GBM, EGFR amplification has been observed ~60% of	

patients, leading to activation of the downstream of PI3K/AKT pathway. Additionally, EGFRvIII, 

a mutant variant, is found ~50% of GBM.17 Both EGFR amplification and EGFRvIII enhance 

the ability of GBM cells to survive TMZ-induced DNA damage and contribute tumour regrowth. 

In addition, activation of the EGFR pathway can trigger several downstream signalling 
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pathways, including PI3K/AKT, RAS/RAF/MEK/ERK, and STAT37 (see Figure 1.5). 

Additionally, within PI3K/AKT pathway, tumour suppressor PTEN is frequently inactivated in 

GBM, occurring ~90% of primary GBM because of mutations or deletions.71 PTEN functions 

as a negative regulator of PI3K/AKT pathway, its loss leads to PI3K/AKT signalling pathway 

activation and therefore promotes tumour progression.71 

In GBM, reprogramming of stem cells, ROS activation and non-coding RNAs (ncRNAs) can 

also activate survival RAS/RAF/MEK/ERK and PI3K/AKT pathways.61 Additionally, WNT/β-

catenin signal transduction plays a critical role in TMZ resistance.17 Following TMZ treatment, 

GBM cells exhibit β-catenin upregulation, leading to TMZ resistance.37 Hypoxic conditions also 

increase resistance via activation of WNT/β-catenin pathway.61 In GBM, activation of the 

WNT/β-catenin pathway promotes the stem-like properties of the tumour cells, make tumours 

more resistant to TMZ.17 

JAK/STAT signalling supports GBM resistance and is primarily associated with stemness. In 

particular, STAT3 overactivation is implicated in GBM, and has been linked to MGMT 

upregulation, which contributes to TMZ resistance in GBM.17 In addition to JAK/STAT signals, 

the upregulation of Hedgehog- and Notch-mediated signalling pathways regulate stem cell 

maintenance and self-renewal, leading to poor treatment outcomes.37 The p53 pathway is 

crucial for regulating DNA damage response hence it is activated following TMZ treatment. In 

GBM, mutations or inactivation in TP53 gene are observed in 27-34% of GBM patients and 

contribute to TMZ resistance by conferring loss of function as a tumour suppressor protein.72 

For instance, Li-Fraumeni syndrome is inherited (autosomal dominant) predisposition to many 

cancers including brain a consequence of inherited TP53 mutations (loss of tumour suppressor 

activity).73  

As mentioned above, TMZ resistance in GBM can originate from complex cellular signalling 

and mechanisms by promoting survival and reducing drug accumulation. Therefore, 
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multitargeted strategies that target these signalling pathways are necessary to overcome TMZ 

resistance. 

1.2.3.6 Autophagy in temozolomide resistance pathway  

GBM cells develop resistance to TMZ through the regulation of autophagy and apoptosis 

(programmed cell death). These distinct mechanisms present different roles in the cell 

response to TMZ treatment, determining whether the cell will undergo death or survive.  

Autophagy is a cellular process that involves the degradation and recycling of damaged 

organelles, including endoplasmic reticulum and mitochondria, and proteins to maintain 

metabolic homeostasis under certain conditions such as hypoxia, chronic nutrient deprivation, 

DNA damage, and radiation.17, 37 While autophagy includes the formation of autophagosomes 

and enhanced lysosomal degradation activity61, apoptosis is characterised by apoptotic body 

formation and membrane blebbing (Figure 1.14). GBM characteristically displays the cancer 

hallmark ‘apoptosis evasion’2 and TMZ is known to cause autophagic cell death in TMZ-

sensitive, apoptosis-resistance GBM cells.17  

TMZ triggers autophagy by activating various signalling pathways, which can be controversial 

as it may either promote cell survival or lead to cell death in cancer cells under stress conditions 

(e.g. DNA damage).17 If the GBM cell can repair the DNA damage through autophagy (cell-

eating) via recycling cellular components and escape from apoptosis, it promotes GBM cell 

survival. In contrast, if DNA damage cannot be repaired through the activated autophagy 

mechanism, autophagic cell death is triggered.17 In addition, when autophagic cell death is 

inhibited, then TMZ can cause apoptotic cell death in GBM cells.74, 75 Therefore, although TMZ 

induces cell death via apoptosis in a few cells, GBM cells can evade apoptosis activating 

autophagy, this makes them more resistant to treatment. Therefore, inhibiting autophagy can 

enhance TMZ sensitivity.37 For instance, Lin et al. reported that resveratrol inhibits autophagy 

by suppressing the ROS/ERK pathway, which increases TMZ sensitivity, showing a synergistic 

effect with tumour volume reduction and prolonged survival time in vivo (mouse xenograft).76 
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Figure 1.14  Overview of temozolomide (TMZ)-induced autophagy and apoptosis mechanisms in 
glioblastoma (GBM) cells.  Created with BioRender. 

 

1.2.3.7 Metabolic reprogramming in temozolomide resistance 

Abnormal energy metabolism (a further cancer hallmark)77 is observed in GBM cells, distinct 

from healthy cells, to enable rapid energy production and support aggressive tumour growth.61 

The altered metabolic processes include aerobic glycolysis, known as the Warburg effect, 

tricarboxylic acid cycle (TCA), fatty acid oxidation (FAO), and reactive oxygen and nitrogen 

species (RONS).37, 61  Tumour cells use aerobic glycolysis for ATP production, even in the 

presence of oxygen, a process associated with rapid proliferation and prioritised nutrient 

consumption.37  Increased glycolysis leads to an acidic TME with lactate accumulation.37 

Moreover, GBM cells enhance FAO, lipid, purine, and tryptophan metabolism to produce 

ATP.61  

The TCA cycle, also known as the Krebs cycle, plays an important role in cellular energy 

metabolism in the mitochondria.78 Normally, the cycle involves the oxidation of acetyl 

coenzyme A (acetyl-CoA) to produce nicotinamide adenine dinucleotide (NADH), flavin 

adenine dinucleotide (reduced) (FADH), and ATP.78 However, in GBM, metabolic 
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reprogramming of the TCA cycle alters its function to contribute to tumour progression and 

TMZ resistance. One of the key drivers of this altered energy metabolism in GBM is the 

mutation of IDH genes (IDH1 and IDH2).79 Mutant IDH enzymes produce an oncometabolite, 

2-hydroxyglutarate (2-HG), rather than normal product, alpha-ketoglutarate (α-KG), in the TCA 

cycle. In particular, the accumulation of oncometabolite 2-HG in high concentrations (5-30 mM) 

disrupts cellular metabolism, promotes glycolysis, and increases metabolic turnover.80 These 

changes support GBM cell growth and survival under stress conditions, such as TMZ 

treatment, contribute to TMZ resistance mechanisms.37  

GBM cells adapt their ROS and RONS metabolism to low-oxygen environments, resulting in 

increased levels of ROS and RONS.37 When cells have been treated with TMZ, the DNA 

damage caused by TMZ also leads to oxidative stress, leading to higher levels of oxidative 

stress.81 To survive, the GBM cells activate antioxidant defence mechanisms (e.g. redox-

regulated glutathione (GSH) and thioredoxin (Trx) systems) and related signalling pathways 

(e.g. nuclear factor erythroid 2-related factor 2 (NRF2) pathway) to prevent cellular damage37, 

81; this also enables GBM cells to survive the toxic effects of TMZ-induced DNA damage. This 

mechanism adapts the cells to maintain ROS balance and contribute to TMZ resistance. In 

addition, ROS can also affect other resistance mechanisms, such as autophagy.17 

1.2.3.8 Alternative mechanisms in temozolomide resistance 

There are several alternative mechanisms which contribute to TMZ resistance. These 

mechanisms include epigenetic modifications, GBM stem cells (GSCs), micro ribonucleic acids 

(miRNAs), and extracellular vesicles (EVs).17, 82 For example, histone acetylation, an 

epigenetic modification, can promote the activation of DNA repair pathways, contributing to 

TMZ resistance.61 Additionally, GSCs are key drivers of TMZ resistance in GBM. The markers 

commonly used to identify GSCs include CD133, CD44, CD15, CD70, Nanog, SOX-2, and 

Nestin. Although GSCs comprise 1% of the cells in GBM tumours, they are a major contributor 

to regrowth of tumours following TMZ treatment.17  
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For example, several miRNAs have been reported to be involved in the regulation of MGMT 

(inhibition of MGMT suppression or promotion of  its expression), thus driving resistance in 

GBM cells.61 In addition, EVs can transport resistance-related proteins (e.g. P-gp, ABCB1, 

MGMT) from resistant cells to sensitive tumour cells, hence contributing to TMZ resistance.82  

1.2.4 Limitations of temozolomide in glioblastoma treatment 

Although TMZ has been used for GBM treatment, several limitations reduce its clinical use.47 

The key constraints of TMZ chemotherapy include non-specific toxicity, drug resistance, 

chemical properties of TMZ, and poor drug accumulation (Figure 1.15).13 

Although TMZ can cross the BBB moderately easily, there are concerns related to poor drug 

accumulation in the brain (only 1%) and within GBM regions.83 Contributing to poor 

intratumoural drug accumulation are drug efflux transporters (P-gp), instability of TMZ at pH 

≥ 7.084 hence, extending TMZ’s stability at physiological pH is required to achieve greater drug 

accumulation.42 In addition, TMZ has poor solubility and rapid plasma clearance, which hinder 

its pharmacokinetic profile.57  

TMZ’s clinical efficacy is limited due to its role as a substrate for P-gp, expressed in BBB. 

Resistance to TMZ, arises due to overexpression of MGMT or deficiency in MMR. MGMT 

repair enzymes can reduce TMZ's cytotoxic effect.85 Therefore, the amount of MGMT 

expression in tumour cells determines the susceptibility or resistance of the cells to TMZ.17 In 

this context, Hegi et al. developed a clinical investigation of methylation status in MGMT gene 

promoter, revealing that silencing the promoter with methylation improved responsiveness to 

TMZ compared to those without MGMT promoter methylation.86 This test identifies patients 

who are more likely to respond, and similarly, spares those whose tumours express high levels 

of MGMT from unnecessary exposure to a cytotoxic drug.  

Both inherent and acquired resistance mechanisms, as mentioned above, further hinder its 

cytotoxic activity.83 Additionally, TMZ’s non-specific toxicity affects healthy tissues and 
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produces several side effects.16 These limitations highlight the need for novel, nanotechnology-

based approaches to stabilise TMZ at physiological pH, enhance tumour targeting, minimise 

systemic toxicity, and overcome biological  barriers and efflux mechanisms.    

 
Figure 1.15 Limitations of temozolomide (TMZ) treatment in current GBM treatment. Created with 
BioRender. 
 
 

1.3 Imaging and diagnostic approaches in glioblastoma 

1.3.1 The role of imaging in the glioblastoma management 

Imaging is a key component for GBM management, from initial diagnosis to treatment planning 

to guide further clinical decisions, monitoring therapeutic response, and detection of 

recurrence.87 In addition, it is important for tumour characterisation, localisation, and GBM 

surgery, particularly considering the challenges of GBM such as barriers and tumours deep 

localisation. These challenges not only impact treatment strategies but also influence 

diagnosis.11  
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Imaging techniques (conventional or modern) used in the clinic each have distinct advantages 

and limitations. However, imaging possesses a dramatic effect on GBM patient outcomes, 

predicting treatment resistance and guide personalised medicine, consequently contributing to 

improved survival rate and quality of life of GBM patients.88  Therefore, there is a growing need 

for the development and integration of conventional and advanced imaging techniques for 

enhanced GBM diagnosis. 

1.3.2 Diagnostic methods for glioblastoma 

There are both conventional and advanced imaging techniques used for GBM diagnosis, 

including computed tomography (CT), magnetic resonance imaging (MRI), positron emission 

tomography (PET), and fluorescence imaging.89 Each technique has advantages and 

limitations. For example, CT is often used in the earliest investigations with fast image 

acquisition and availability.90 MRI is a gold standard for diagnosis and post-treatment 

management of GBM together with radiographic characterisation.91 However, it is difficult to 

distinguish tumour grades and treatment related response by conventional MRI alone.92 

Therefore, more advanced techniques have been investigated. For example, gadolinium (Gd)-

based contrast agents have been used in contrast-enhanced MRI for the diagnosis of GBM.93 

However, Gd-based agents (group I, such as gadodiamide, gadopentetate, dimeglumine, and 

gadoversetamide) have been withdrawn or restricted from clinical use because of safety 

concerns such as the risk of nephrogenic systemic fibrosis in patients with advanced chronic 

kidney disease.94 PET enhances the relevance of GBM diagnosis and monitoring beyond MRI 

using radiotracers, such as glucose metabolism tracers (e.g. 18F- fluorodeoxyglucose) and 

amino acid transport tracers, for imaging purposes.95  

Fluorescence imaging is a non-invasive technique that can provide real-time feedback, high 

sensitivity, minimal radiation, making it effective for visualising organs; however, it can not 

penetrate bone (e.g. the skull).96 This technique is utilised to visualise the tumour with 

fluorescence contrast agents, organic dyes, and inorganic quantum dots (QDs). Fluorescence 
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imaging for GBM often uses FDA-approved dyes, such as 5-ALA and indocyanine green (ICG), 

particularly in fluorescence-guided surgery (FGS) to visualise tumour vessels and distinguish 

malignant tissue from healthy tissue during surgical resection of tumour tissue .97 However, 

these organic dyes suffer from several limitations, including depth penetration, photobleaching, 

poor stability, short circulation time, and low brightness.98 

The electromagnetic spectrum in the near infrared region (NIR) is ideal for fluorescence 

imaging due to reduced scattering, absorption, and autofluorescence from tissues.99 

Fluorescence imaging in the first near infrared region (NIR-I, 650-900 nm) has gained attention 

owing to its sensitivity, harmless radiation, and low cost.100 However, NIR-I has many 

limitations such as low resolution and specificity limiting depth penetration in tumour imaging. 

In biological tissues, the exciting or emitting light can be absorbed by water, haemoglobin, 

oxygenated haemoglobin, skin, fat, proteins, and cell structures, which can negatively impact 

the image quality.99 (Figure 1.16). There are no organic dyes suitable for in vivo imaging in the 

NIR region, QDs offer a suitable and promising alternative. 

 

 
Figure 1.16 Illustration of (a) in vivo penetration of light in biological tissues in different wavelengths. (b) 
illustration of the problems of near infrared (NIR)-light reaching the biological tissue. (c) Optical 
transparency windows in the near infrared region-I (NIR-I) and near infrared region II (NIR-II)/ short wave 
infrared (SWIR) window in some biological tissues.101 

 

Recent studies demonstrated that NIR-I limitations for imaging are significantly reduced in the 

second near infrared region (NIR-II, 1000-1700 nm) imaging, also known as short-wave 

infrared (SWIR) radiation; NIR-II enables high quality fluorescence imaging with reduced 

background and deep tissue penetration potential.102  SWIR imaging relies on the ability of light 
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at longer wavelengths to penetrate biological tissues more deeply than in the visible region 

due to lower absorption of biological tissues and reduced light scattering.101 As a result, the 

absence of background allows detection of tumours and healthy tissues, which is critical for 

GBM. Although SWIR-based techniques have been investigated, they have not achieved 

clinical adoption, mostly due to lack of suitable materials and delivery options. However, their 

potential to enhance GBM imaging makes them a promising field of the study. Particularly, 

inorganic QDs can be used as imaging probes in the SWIR region.  

1.3.3 Quantum dots as imaging agents 

Quantum dots, QDs, are semiconductor nanocrystals, exhibiting unique optical and electronic 

properties which can be tuneable by altering their composition, size, and crystal structure.103 

QDs typically have diameters in the range 2-10 nm. Depending on the size, their optical 

absorption and emission changes due to quantum confinement effects. QDs have broad 

absorption, narrow optical emission with quantum yields up to ~35%.104 QDs (smaller than 10 

nm in diameter) tend to show quantum confinement effects, leading to the formation of discrete 

electronic energy levels and a size-dependent bandgap.105 With decreasing QD size, the 

strength of quantum confinement increases, resulting in an increase of energy gap and a blue 

shift in their optical properties103 (Figure 1.17). Upon absorption of photons (energy above the 

energy gap), electrons from valance band (lowest unoccupied molecular orbital (LUMO)) 

states are excited to into conduction band (highest occupied molecular orbital (HOMO)) 

states.105  
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Figure 1.17 Schematic illustration of size dependent properties of semiconductor quantum dots (QDs) 
resulting from quantum-confinement effects. 

Due to the quantum size effect, QDs exhibit different properties from conventional fluorescent 

probes.106 They offer several advantages compared to traditional organic fluorescent dyes, 

making them attractive in bioimaging applications: (1) higher fluorescence efficiency, (2) higher 

photostability, (3) a narrow emission spectrum, (4) a broad excitation wavelength range, (5) 

tuneable size, shape, and composition, (6) resistance to degradation (7) large Stokes shift.99 

Figure 1.18 summarises optical properties of QDs. These properties make QDs promising 

candidates for long-term imaging in vitro and in vivo.105, 107  

 
Figure 1.18 Optical properties of quantum dots (QDs).108 Created with BioRender. 

For synthesis of aqueous QDs, three main components are required: a metal precursor 

containing capping agent (stabiliser) and a chalcogenide (group 16 element e.g. S and Se) 

precursor. To ensure colloidal stability and stable morphological and optical properties in 

aqueous solution, QDs are capped with ligands,109 typically small molecules such as 

thioglycolic acid (TGA) and 1-thioglycerol (TGL) , in which thiol-groups bind directly onto the 

QD surface, and polyethylene glycol (PEG), a polymeric coating stabiliser that provides 
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stabilisation and allows functionalisation.109, 110 Figure 1.19 illustrates the molecular structures 

of commonly used thiol-based QD capping agents. 

 
Figure 1.19 Thiol-based quantum dot (QD)-capping ligands. Created with Chem Draw. 

QDs can be categorised based on several factors, including chemical composition, size, 

emission wavelength, core-shell structure and biocompatibility.107 According to QD chemical 

composition, group II-IV QDs, such as cadmium telluride (CdTe), cadmium selenide (CdSe), 

cadmium sulfide (CdS) have emission in the visible range. However, their potential as imaging 

agents is limited due to light absorption by biological tissues. On the other hand, the IV-VI 

semiconductor QDs, such as lead sulfide (PbS) and  lead selenide (PbSe) have optical 

emission tuneable in the NIR-II wavelength range (1000-1700 nm) of low absorption of 

biological tissues, hence are promising candidates for bioimaging.104, 107  

QDs can be used in molecular imaging and cell tracking applications.105 Several studies have 

investigated the potential of semiconductor QDs for cancer imaging, particularly for in vivo 

imaging in the NIR-I region. However, NIR-I imaging may not provide sufficiently high 

resolution and depth penetration for intractable tumours such as GBM.99 Therefore, there is a 

need to take advantage of NIR-II region for in vitro, in vivo and ex vivo imaging applications. 

Recently, Wang et al. reported that biocompatible core-shell Pb/CdS QDs, emitting in the NIR-

II region, achieved the superior imaging depth of up to 1100 μm of the vessel through the intact 

skull of the mouse.111 

Among several QDs, lead sulfide QDs (PbS QDs) have gained attention due to their strong 

and tuneable fluorescence emission in the NIR-II region. This optical window is critical for deep 

tissue imaging; hence it allows higher resolution and deeper tissue penetration compared to 

NIR-I.112 Despite the advantageous properties and recent advances in NIR-II brain imaging, 

NIR-II probes are limited by the availability and sensitivity of bioimaging systems with detection 
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in this wavelength range (1000-1700 nm). In addition, the metal-based toxicity concerns of 

these QDs restrict their clinical use. To overcome these limitations, PbS QDs can be capped 

with different ligands, peptides, antibodies, and/or encapsulated within different nanocarriers 

to reduce their cytotoxic effects.108 For example, Zamberlan et al. capped PbS QDs with 

dihydrolipoic acid–polyethylene glycol (DHLA–PEG) for in vivo imaging applications.113 In 

addition, element doping of QDs has been investigated, Shi et al. demonstrated that Zn-doping 

of PEGylated PbS QDs enhanced the stability, and their PL in vivo imaging, allowing blood 

capillaries to be distinguished.114 

In another study, Qu et al. investigated the fluorescence imaging performance of PbS QDs 

emitting at multiple wavelengths across the NIR-I and NIR-II/SWIR windows in mouse scalp, 

skull, and brain.115 They found that tissue attenuation (absorption and scattering) decreased 

at longer wavelengths, demonstrating SWIR’s suitability for imaging brain tissue and tumours, 

and the possibility to develop PbS QD-based deep tissue probes. In this thesis, the 

development of PbS QD-based deep tissue probes for diagnostic, therapeutic, and theranostic 

applications has been investigated by encapsulating PbS QDs into nanocarriers to further 

improve their activity in the imaging. 

1.4 Nano formulations for drug delivery and theranostic approaches in 

glioblastoma 

1.4.1 Advantages of nanoparticles in glioblastoma treatment  

With the advancement of nanotechnology, drug delivery systems (DDS) have been employed 

in diagnostic, therapeutic, and theranostic approaches to overcome challenges associated with 

GBM.116 Nanoparticles (NPs, 1-500 nm) can improve GBM treatment by enhancing therapeutic 

activity through increased drug accumulation at tumour tissues, sustained and controlled 

release, improved ability to cross the BBB via the enhanced permeability and retention (EPR) 

effect or targeted delivery, and protection of the drug from degradation.117  
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NPs can be used as passive or active tumour-targeting mechanisms.118 Passive targeting, an 

energy-independent mechanism, relies on the EPR effect, a phenomenon observed in tumours 

due to increased vascular permeability and impaired lymphatic drainage. Figure 1.20 illustrates 

the difference between NPs` accumulation in healthy and tumour tissues, demonstrating the 

role of EPR. This effect allows NPs to accumulate in tumour tissues, which contribute to drug 

delivery with NPs. However, the passive targeting strategy is often limited, offering less than 

two-fold increase in drug accumulation, and dependent on the tumour type, size, grade and 

vascularisation.118, 119 In particular, only a small fraction (≤ 1%) of administered NPs 

accumulate in the GBM via the EPR effect.119  

 
Figure 1.20 Schematic illustration of passive targeting: enhanced permeability and retention (EPR) 
effect. Created with BioRender. 

To overcome the limitations of passive targeting in GBM, energy-dependent active targeting 

strategies have been developed. These includes adsorption-mediated transcytosis (AMT), 

which involves electrostatic interactions between positively charged NPs and the negatively 

charged cell membranes, and receptor-mediated transcytosis (RMT), where NPs are surface-

modified with ligands, antibodies, peptides, and receptor-binding molecules (Figure 1.21) that 

bind to overexpressed receptors on tumour cells.120  



 36 

 
Figure 1.21 Active targeting mechanisms with nanoparticles (NPs). Created with BioRender. 

These active targeting mechanisms enhance drug accumulation and therapeutic activity of 

drugs in brain tumours such as GBM.119 In particular, RMT is one of the most promising active 

targeting strategies for brain tumours.121 It facilitates the transport of NPs across the BBB by 

targeting overexpressed receptors such as transferrin receptor (TfR), which are commonly 

upregulated in BBB endothelial cells and GBM.122 RMT allows NPs to be delivered with high 

specificity, selectivity, affinity for brain tumours.119  

1.4.2 Nanoparticle types used in drug delivery  

Different types of NPs have been used as DDS in the GBM treatment. Liposomes, dendrimers, 

mesoporous silica NPs, micelles, polymeric NPs, QDs and several organic/inorganic 

nanocarriers have been developed from various materials to improve transportation of drugs 

to target sites exploiting controlled release capabilities and prolonged blood circulation (Figure 

1.22). Each NPs offers unique advantages and disadvantages for GBM therapy.16  
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Figure 1.22 Schematic representation of the various types of drug delivery systems (DDS). Created 
with BioRender. 

 

1.4.2.1 Polymeric nanoparticles in glioblastoma treatment 

Polymeric NPs, constructed with a core polymer matrix, are commonly employed as DDS to 

encapsulate therapeutic agents, or conjugate them to the surface.123 Polymeric NPs offer 

several advantages for GBM treatment including controlled and sustained drug release, 

enhanced drug stability, biodegradability, biocompatibility, high drug loading capacity, and the 

ability to functionalise with ligands targeting overexpressed receptors (such as EGFR and 

TfR).124 Commonly used biodegradable synthetic polymers such as poly (lactic acid) (PLA), 

poly (glycolic acid) (PGA), and poly (lactic-co-glycolide) (PLGA) have been approved by the 

FDA.125 However, they also present certain limitations such as low physicochemical stability, 

the initial burst drug release, and limited ability to cross the BBB without surface modification 

or targeting strategies.124, 125  

Polymeric NPs have been widely studied in the treatment of GBM, particularly for improving 

stability and therapeutic activity of TMZ.126-129 For instance, Jain et al. described TMZ loaded 

PLGA NPs` effect in C6 glioma cells; demonstrating prolonged activity of TMZ and retention 

of anti-metastatic activity.126 Some studies utilised the active targeting strategies to increase 

the activity of polymeric NPs. For example, to improve the brain delivery of TMZ, Ramalho et 

al. developed PLGA NPs functionalised with monoclonal antibody for TfR to encapsulate TMZ 
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in in vitro U215 and U87 GBM cell lines, demonstrating improved anti-proliferative activity of 

TMZ.127 Similarly, Banstola et al. developed PLGA NPs loaded with TMZ and conjugated with 

the anti-EGFR antibody panitumumab, and evaluated them in U87MG (EGFR-overexpressing) 

and LN229 (EGFR-low expression) GBM cell models.129 Their results demonstrated that 

functionalised PLGA NPs enhanced cytotoxicity compared to the non-functionalised 

counterparts in the U87MG cell line, suggesting the advantage of receptor-mediated 

endocytosis in GBM therapy.129 More recently, a study conducted by Ramalho et al. showed 

that the suitability of PLGA NPs for co-encapsulation by loading both TMZ and bortezomib 

(BTZ; Velcade 26S proteasome inhibitor), conjugated with TfR ligands to enhance GBM 

targeting ability.128 The results demonstrated rapid cellular uptake in both U251 (TMZ-

sensitive) and T98T (TMZ-resistant) human GBM cell lines.128  

Polymeric micelles represent a promising DDS for GBM treatment. In a study by Sun et al., 

TfR-targeted polymeric micelles (TfR-T12 peptide-modified PEG-PLA polymer) were 

developed to deliver paclitaxel (PTX) to GBM; both in vitro and in vivo studies concluded that 

TfR-T12 peptide significantly (p < 0.05) increased apoptosis in U87MG cells, and enhanced 

brain accumulation (p < 0.05) compared to naked PTX a consequence of active targeting to 

GBM cells.130 In another instance, Yu et al. demonstrated that TfR-targeted TMZ nano-

micelles, using the biodegradable polymer PEG-PLA, significantly (p < 0.001) enhanced the 

growth inhibition of U251 human glioma cells compared to control after 48 h treatment.  This 

effect was associated with significantly (p < 0.001) enhanced ROS production and 84% 

induced apoptosis.131  

Despite significant progress with polymeric NPs, several challenges with polymeric DDS 

remain unresolved, including potential toxicity, stability, and reproducibility.132 Additionally, 

polymeric NPs possess multivariable parameters such as size, shape, surface charge, and the 

presence of targeting moieties, which can alter the interactions with biological systems.133 

Furthermore, they require additional designs to achieve active targeting mechanisms to reach 

to brain, controlled release, and stability in physiological pH, these factors that directly affect 
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delivery, biodistribution, circulation stability, and clearance. These multivariable parameters 

also complicate large-scale production while ensuring consistency and safety for human 

health.132, 133  

1.4.2.2 Lipid nanoparticles in glioblastoma treatment 

Lipid NPs, including liposomes, solid lipid nanoparticles (SLNs), and nanostructured lipid 

carriers (NLCs), have emerged as promising DDS for improving GBM treatment.134 These 

systems offer several advantages such as the ability to deliver both hydrophilic and 

hydrophobic drugs, improved drug solubility, low toxicity, controlled drug release, the ability of 

surface modification to evade immune recognition.134  

Liposomes are spherical NPs consisting of a phospholipid bilayer surrounding a hollow core, 

and they have been extensively studied for GBM treatment.123 For example, Gao et al. 

formulated liposome encapsulated TMZ (NP size: 156.7 ± 11.4 nm) to prolong the half-life of 

the drug (~1.8 h at pH 7.4), enhance brain targeting by pinocytosis of endothelial cells in the 

BBB, and reduce the systemic effects of TMZ for glioma tumour treatment.135 In vivo 

pharmacokinetic studies demonstrated that the liposome formulation extended the in vivo 

circulation time (~7.0-fold), and biodistribution studies in mice revealed that the liposome-TMZ 

formulation reduced toxicity by decreasing accumulation in the heart (~0.7-fold) and lungs 

(~0.8-fold) while increasing TMZ concentration in the brain (~1.2-fold).135  

Functionalised and/or co-encapsulated lipid NPs were reported to enhance the targeted 

delivery of drugs/molecules.136-138 For instance, Lam et al. developed TfR-targeted liposomes 

co-encapsulating the bromodomain inhibitor JQ1 and TMZ for GBM treatment.136 In vivo 

studies with tumour bearing mice demonstrated enhanced drug accumulation in brain 

endothelial walls, leading to DNA damage, apoptosis, and a 1.5–2-fold reduction in tumour 

burden, with improved survival.136 In another study, Ak et al. developed monocarboxylate 

transporter-1 (MCT-1)-targeted SLNs co-encapsulating carmustine and TMZ, which induced 
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higher levels (~1.2-fold) of apoptosis compared to non-targeted formulations.138 Zhang et al. 

investigated NLC utilising two ligands: lactoferrin (for passage across the BBB and receptor-

mediated endocytosis into GBM cells) and arginylglycylaspartic acid (RGD) tripeptide (which 

binds to αvβ3, overexpressed on neurovascular endothelial cells).137 The co-encapsulation of 

TMZ and vincristine in co-modified NLC demonstrated synergistic activity and greater cellular 

uptake (p < 0.05) compared to non-targeted NLC with greatest (p < 0.05) tumour inhibition in 

vivo.137 

Based on these studies using various DDS, surface receptor functionalisation on NPs has 

emerged as a promising strategy for delivering cargos to brain tumours. Although most NPs 

have been externally functionalised to target GBM cells, alternative approaches, such as 

protein-based NPs, can eliminate the need for additional modifications.  

1.4.2.3 Protein-based nanoparticles in glioblastoma treatment  

Proteins are biodegradable, and generally recognised as safe materials for drug delivery 

nanocarriers.139 Compared to other NPs, protein-based NPs offer unique advantages: (1) they 

eliminate the need for toxic chemicals and solvents during synthesis; (2) they enable surface 

modification at well-defined positions with targeting ligands using engineering strategies; (3) 

they provide the versatility to encapsulate or conjugate diverse biomolecules, including drugs, 

small interfering RNA (siRNA), antigens, and imaging diagnostic agents; (4) some proteins 

exhibit natural tumour-binding affinity, and their surface can be further functionalised for 

enhanced targeting; (5) their metabolic degradation products are amino acids, which are non-

toxic; (6) biodegradability and biocompability (7) non-immunogenic; 8) uniform size.124, 140 

There are several types of protein NPs such as albumin, lipoproteins, silk proteins, collagen, 

viral protein cages, and ferritin that have been explored as DDS in GBM therapy (Figure 1.23). 
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Figure 1.23 Some examples of protein-based nanoparticles (NPs) used in glioblastoma (GBM) 
treatment. Created with BioRender. 

 

Albumin is one of the most abundant plasma proteins, it exists in various forms such as 

ovalbumin (OVA), bovine serum albumin (BSA), and human serum albumin (HSA).124 Albumin 

exhibits several advantageous properties for a DDS, including prolonged circulation time (up 

to 19 days), biodegradability, water solubility, and the potential for surface modification.124 

Albumin-based NPs accumulate in solid tumours via the EPR effect, their interactions with 

glycoprotein 60 (gp60) and secreted protein acidic and rich in cysteine (SPARC) proteins 

enhances their accumulation within tumours.141 Albumin combined with PTX (Abraxane®) was 

the first protein-based nanoformulation approved by the FDA for the treatment of metastatic 

breast cancer.142 Zhang et al. demonstrated the activity of Abraxane® in GBM treatment, 

indicating its enhanced brain penetration and tolerability compared to PTX.143 Furthermore, Qu 

et al. evaluated the effect of Abraxane® and TMZ combination on GBM cells both in vitro and 

in vivo (orthotopic xenograft nude mouse model); revealing a synergistic effect on U87MG, 

LN229 and two primary GBM cell lines (G353 and G393), as well as patient-derived 

organoids.144 Helal et al. developed HSA NPs loaded with TMZ and evaluated their activity on 

GL261 GBM cells and BL6 GBM stem cells.145 The findings demonstrated that HSA NPs 

enhanced intracellular TMZ retention and exhibited higher toxicity, with cell viability reduced to 

61.9 ± 3.0% in GL261 cells and 38.3 ± 4.8% in BL6 cells following treatment with 100 µM TMZ-

loaded HSA NPs. Additionally, Kudarha et al. developed BSA NPs conjugated with hyaluronic 

acid for targeted delivery of TMZ via CD44 receptor binding; demonstrating enhanced brain 

accumulation of TMZ following intravenous (i.v.) route.146  
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Lipoprotein-based NPs are composed of complexes of lipids and proteins and include high-

density lipoprotein (HDL), low-density lipoprotein (LDL), very low-density lipoprotein (VLDL).140 

These NPs utilise RMT via apolipoprotein receptors to cross the BBB, facilitating targeted 

delivery of agents to GBM cells.140 For instance, Liang et al. encapsulated vincristine (VCR) 

sulfate into naturally available LDL-based NPs modified with a seven peptide (T7) ligand 

targeting the TfR. T7-LDL-VCR NPs demonstrated anti-glioma effects both in vitro (C6 cells) 

and in vivo (in a glioma bearing mouse model).147  

Silk protein NPs are natural, strong drug delivery carriers that exhibit a high affinity for drugs 

and enable controlled pH-dependent drug release for cancer therapy.124  Moreover, collagen, 

a fibrin type of protein and the main component of ECM, offers the potential of collagen-based 

NPs for localised, sustained, and targeted drug delivery, and have been investigated in several 

studies.148, 149 

Virus-like particles (VLPs), also known as viral protein cages, have a uniform shape, self-

assembling capacity, a small size (20-200 nm), the ability to  be functionalised, and a hollow 

structure that allows loading of several types of molecules such as chemotherapeutic drugs, 

therapeutic genes, and siRNA.124, 150 While they are virus capsids, they are distinguished from 

viruses by the absence of infectious genetic material. Therefore, these protein NPs are 

emerging class of targeted delivery approaches, especially potential to overcome BBB-related 

challenges in GBM treatment.151 Commonly used VLPs are derived from animal viruses such 

as hepatitis B virus (HBV) and human papillomavirus (HPV), bacteriophages like emesvirus 

zinderi (MS2) and oubevirus durum (Qβ), and plant viruses including cowpea mosaic virus and 

tobacco mosaic virus (TMV).151 They have been used as carriers in cancer research due to 

their water solubility, biocompatibility, and high cellular efficiency.150 JC polyomavirus (JCPyV), 

a human virus, has been investigated in GBM gene therapy applications. Due to its natural 

ability to infect glial cells and cross the BBB, JCPyV-derived VLPs have been engineered to 

target GBM cells.150 For example, Chao et al. demonstrated that JCPyV-derived VLPs could 
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deliver suicide genes (e.g. thymidine kinase) into GBM cells via receptor-mediated 

endocytosis, resulting in tumour growth inhibition in U87 cells.152 

Ferritin (Ft) is an endogenous protein, found in all living organisms, primarily located in the 

cytoplasm, although it can be also found in the nucleus and mitochondria, as well as blood 

plasma.70, 120 Ft is a spherical protein, consisting of 24 subunits of heavy (H, 21 kDa) and light 

(L,19 kDa) chains (subunits) in any ratio, and has  internal and external diameters of 8 nm and 

12 nm, respectively. It is highly thermostable and the cage can withstand temperatures up to 

80°C.140   

Ft together with transferrin (Tf) is responsible for transporting and storing iron (Fe, ≤ 4500 Fe 

atoms in its cavity), thus regulating the balance of Fe (II) and Fe (III) in the human body.120 H 

subunits possess ferroxidase activity, catalysing the oxidation of Fe (II) to Fe (III), whereas L 

subunits facilitate iron nucleation and mineralisation.153 In addition to Ft, DNA-binding protein 

from starved cells (Dps) is an Fe (II) scavenging protein (outer diameter ~9 nm, inner diameter 

~4.5 nm) that exhibits ferroxidase activity as a member of the Ft family.154, 155 Dps (molecular 

weight ~19 kDa) differs from Ft, Dps consists of 12 subunits with limited iron storage (~500 Fe) 

capability.154 In addition, Dps plays a natural role in protecting DNA from oxidative stress and 

can be used as DDS consequence of its ultra-small structure.155  

The Ft cage structure (includes 4-fold and 3-fold channels) which facilitate iron transport into 

the cells (via TfR1) but ferroportin transports iron out of the cells (only known as iron 

exporter)153 (Figure 1.24a). Ferroportin downregulation is observed in tumour cells, and it is 

correlated with poor prognosis. Therefore, delivery of drugs/imaging agents in Ft-based 

nanocarriers not only leads to GBM cell uptake (via TfR1 upregulation), but also enhances 

retention through decreased expulsion (ferroportin downregulation). This mechanism 

facilitates prolonged retention of Ft and its cargo in GBM cells.156 Ft is widely found in 

mammalian organs such as liver, spleen, kidney, and bone marrow.157 Tf, a plasma 

glycoprotein (80 kDa), plays a vital role in iron metabolism.158 Under physiological conditions, 
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Fe (III) binds to Tf, and TfR on the cell surface facilitate iron uptake by cells (Figure 1.24b).158 

In addition, TfR1 also recognises Ft and mediates TfR1-mediated endocytosis via interaction 

with the H-chain.159 TfR is highly expressed in red blood cells, endothelial cells in the brain, 

and cancer cells including GBM.160  

 
Figure 1.24 Ferritin (Ft) structure and its role in iron (Fe) metabolism illustrated. (a) Spherical Ft structure 
showing its 4-fold channels (top) and 3-fold channels (bottom, green colour).153 (b) Illustration of iron 
metabolism and the role of Ft. Created with BioRender. 

 

To date, Ft has emerged as a promising DDS in cancer therapy due to its unique biochemical 

properties, structure and its biocompatibility.140 In GBM treatment, Ft-based NPs leverage the 

interaction between Ft and TfR for targeted delivery of drugs/molecules to cross BBB.21 In 

addition, the potential of Ft-based DDS in chemotherapy, RT, photodynamic therapy (PDT) 

and nucleic acid-based therapy have been widely investigated.157 Notably, Fan et al. 

demonstrated the mechanism of human Ft crossing the BBB via the H-chain of Ft, highlighting 

why H-Ft has been extensively studied in GBM.161 For instance, Liu et al. reported that PTX-

loaded H-Ft accumulated in the brain, resulting in higher median survival time (30 days) 

compared to naked PTX (14 days) in vivo.162  
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Ft cages can be further engineered to enhance their targeting abilities.163, 164 For instance, 

Huang et al. developed integrin α2β1-targeting modified H-Ft loaded with doxorubicin (DOX) 

and evaluated its tumour targeting abilities in U87MG cells in vitro, and orthotopic U87MG 

tumour progression.163 In another study, a STING agonist was encapsulated within RGE fusion 

H-Ft cages, and these NPs showed enhanced targeting ability in G422 and GL261 glioma 

cells, three-dimensional (3D) glioma spheroids, and a glioma bearing in vivo model.164 As a 

result, Ft-based NPs have emerged as a highly promising platform for targeted GBM therapies. 

Among these, apoferritin (AFt) stands out the most extensively studied protein in Ft-based 

protein NPs.  

1.4.2.4 Apoferritin for development of nanoformulations 

Apoferritin (AFt, ~480 kDa) is the hollow Ft protein nanocage, consisting of H and L subunits, 

formed by the chemical removal of iron atoms from Ft (Figure 1.25). AFt has gained attention 

as a DDS due to its advantageous properties, including biocompatibility, biodegradability, 

remarkable protein structure, uniform size, and its intrinsic ability to target TfR1.122  

AFt can be derived from different species including mice, humans, plants, and horse (Figure 

1.25). The H and L chain subunits are expressed in different ratios in different species and 

tissue types. For instance, L subunits are expressed in the liver and spleen while H subunits 

have expressed in brain and heart.154 Among different species, horse spleen and human 

isoforms have been studied in mammalian drug delivery investigations; L chain shows ~83% 

sequence homology whereas H chain subunit shows ~55% homology.165  

AFt has a stable protein structure under physiological pH conditions. However, it disassembles 

into its subunits under extreme acidic or alkaline conditions (pH ≤ 2.0 or pH ≥ 11.0). When the 

pH returns to neutral, it can spontaneously reassemble into its spherical structure. This unique 

self-assembly ability makes AFt a highly attractive candidate for drug encapsulation 

applications, broadly-speaking for targeted cancer therapies, particularly for GBM.166  
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Figure 1.25 Iron-free horse spleen apoferritin (AFt) structure.167 

AFt nanocages contain 14 channels: 6 hydrophobic (4-fold channels, lined with non-polar 

amino acids, mainly leucine) and 8 hydrophilic (3-fold channels, lined with polar amino acids), 

facilitating drug loading into the AFt inner core via the nanoreactor (diffusion) route. In addition, 

the interior and exterior surface of the AFt cage is negatively charged. Therefore, cations are 

attracted through the negatively charged 3-fold channels and repelled through the positively 

charged 4-fold channels. Consequently, both hydrophobic and hydrophilic drugs can be loaded 

into AFt.122, 168 

AFt is recognised by several cellular receptors including chemokine (C-X-C motif) receptor 4 

(CXCR4), scavenger receptor class A member 5 (SCARA5) and TfR1. However, AFt generally 

internalises into the cells via TfR1-mediated endocytosis utilising clathrin-coated pits. The H 

chain of AFt is recognised by, and exhibits strong binding affinity to TfR1, while the L chain 

tends to bind SCARA5. AFt (and Ft) internalisation is facilitated by the overexpression of TfR1 

in cancerous cells, driven by their high iron demand and rapid metabolic turnover.169, 170 After 

TfR1-mediated binding of cargo loaded AFt into the cells, the protein cage internalises into a 

clathrin-coated vesicle. Following vesicle internalisation, it is transported into early endosome 

(pH 6.5), late endosome (pH 5.5), and then lysosome (pH 4.5) (Figure 1.26). This gradual 

acidification of the endosome allows for the release of AFt cargo (drug/molecules) due to 

subunit relaxation and swelling of protein channels.171  
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Figure 1.26 Illustration of internalisation of apoferritin (AFt) into the cells via transferrin receptor 1 
(TfR1)-mediated endocytosis through clathrin-coated pits. Created with BioRender.  

 

The natural targeting ability of AFt formulations to TfR1 makes them a promising candidate for 

targeted drug delivery in GBM therapy. In GBM, TfR1 is overexpressed on both tumour cells 

and BBB endothelial cells122, facilitating BBB permeation and enhanced uptake of AFt-based 

NPs. To date, several studies have been carried out to utilise horse spleen AFt as a DDS to 

improve its bioavailability, cancer selectivity, and enhance the growth inhibitory activity of the 

encapsulated drugs against GBM. For example, previous studies demonstrated that TMZ, as 

a small molecule, loaded into horse spleen AFt nanocages via the nanoreactor method, which 

takes advantage of protein channels for encapsulation, exhibited enhanced activity in U373M 

and U373V cells, as well as in paediatric glioma cell line models.83, 172  

In addition to small molecules, larger drug molecules such as DOX can be encapsulated within 

the AFt cavity using the pH-induced encapsulation method. For instance, Chen et al. 

encapsulated DOX into AFt cages with an encapsulation efficiency of 82%. This AFt 
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encapsulation enhanced the targeting ability towards GBM cells and tissues in a co-culture 

model of bEnd.3 mouse brain endothelial cells and C6 rat GBM cells in vitro and in vivo 

studies.173 

 
Figure 1.27 The schematic illustration of apoferritin (AFt) applications. Created with BioRender. PDT: 
photodynamic therapy PTT: photothermal therapy  

 

AFt can be utilised in several applications including diagnostic, therapeutic, theranostic, PDT, 

and photothermal therapy (PTT) purposes to overcome GBM limitations through targeted 

therapies (Figure 1.27). To date, the studies have investigated the co-encapsulation of TMZ 

and copper phenanthroline, as well as the encapsulation of TMZ-DOX conjugates into horse 

spleen AFt nanocages.174, 175  

The inner and outer surfaces of AFt nanocages can be modified to enhance targeting abilities 

and improve drug stability within the cages.154 For example, Zhai et al. modified horse spleen 

AFt with GKRK-peptide and loaded the cages with VCR, which significantly enhanced anti-

tumour effects in both in vitro and in vivo studies using U87MG cells.176 Table 1.2 summarises 

AFt encapsulated agents developed and investigated for GBM. In addition, AFt has been 

extensively investigated in both unmodified and modified forms as a DDS in other cancer types, 
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such as breast and colorectal cancer, for single drug encapsulation, combination studies, PTT 

and PDT applications.177-179 Altogether, these findings highlight the potential of AFt-based 

nanocarriers for overcome drug delivery challenges and improve therapeutic outcomes in GBM 

as well as other cancers.  

Table 1.2 A summary of various agents encapsulated or co-encapsulated in unmodified or modified 
apoferritin (AFt) for effective targeting of glioblastoma (GBM). TMZ: Temozolomide, N3P: N-3-propargyl 
imidazotetrazonine analog, DOX: Doxorubicin, VCR: Vincristine MTIC: Monomethyl triazene 5-(3-
methyltriazen-1-yl)-imidazole-4-carboxamide. 
Encapsulation 
Method 

Nanoparticle Key findings 

Nanoreactor TMZ/ N3P loaded horse 
spleen AFt83, 172 

Increased growth inhibitory activity in MGMT-
positive (U373M) cells and DIPG glioma 
spheroids. 

Nanoreactor Cu (phen) and TMZ in horse 
spleen AFt174 

Increased TMZ activity in U373M and U373V 
cells. 

Nanoreactor Copper and TMZ (MTIC) 
encapsulated in horse spleen 
AFt180 

Extended MTIC half-life and enhanced growth 
inhibitory effect in TMZ-sensitive (U87MG) and 
TMZ-resistant (T98G) glioma cells. 

Nanoreactor TMZ and DOX conjugate in 
horse spleen AFt175 

Encapsulation in presence of copper (II) 
gluconate (CuGlu) at pH 8.5. 
Increased the activity in U87MG cells. 

pH-induced DOX loaded horse spleen 
AFt173 

Anti-glioma effect in both in vitro (bEnd.3 and 
C6 cells) and in vivo (glioma-bearing mice) 
models. 

pH-induced VCR loaded GKRK peptide 
modified horse spleen AFt176 

Higher penetration across in vitro co-culture 
BBB model using bEnd.3 and U87MG cells. 

 

1.4.3 Theranostic approach for glioblastoma 

Theranostic devices, which combine various therapeutic (e.g. chemotherapy, PTT) and 

imaging agents (e.g. MRI, fluorescence) into a single construct, represent strategic tools that 

allow development of simultaneous cancer diagnosis (imaging) and treatment.181 Figure 1.28 

summarises the theranostic approach, which provides therapy, tumour diagnosis at early 

stages, therapeutic response-monitoring, and over-dose avoidance; it is highly desirable and 

plays a crucial role in the management of malignant brain tumours, including GBM.182  
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Figure 1.28 A summary of theranostic approach. Created with BioRender.  

 

Multiple fluorescent probes can be used in theranostic systems, which can be broadly 

categorised as organic, including small-molecule dyes, and inorganic materials such as gold 

(Au) NPs, Gd-based agents, and inorganic QDs. Organic dyes are commonly encapsulated in 

nanoparticular systems to enhance their stability, targeting capability, and imaging contrasts 

for cancer theranostics.183 However, inorganic probes in the NIR-II region offer advantageous 

properties such as enhanced imaging resolution, making them promising candidates for 

theranostics.99  

In GBM, the deep localisation of tumours and the presence of the BBB limit the theranostic 

capability; thus, the development of NPs which efficiently across this barrier is critical for 

theranostic applications. In this context, targeted delivery approaches with functionalisation of 

NPs or nature`s inherent ability for targeting for theranostic approaches have gained attention.  

 

1.4.4 Recent advances in theranostic nanocarriers 

Several types of NPs, including polymeric, lipid-based, and protein-based, are desirable for 

developing theranostic nanocarriers for cancer, particularly GBM. The combined theranostic 

approach shows promising results against GBM.184 Among polymeric and lipid-based NPs, 
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common theranostic agents include polymeric NPs, magnetic NPs, liposomes, dendrimers, 

and vesicles.181  

Multifunctional theranostic platforms integrate active targeting properties with functionalisation 

of NPs. For GBM theranostics, He et al. developed RGD-peptide modified multifunctional 

dendrimers co-encapsulating DOX and fluorescein isothiocyanate (FI) for targeted 

theranostics to integrin-overexpressing U87MG cells.185 In a 2021 study, Polidoro et al. utilised 

peptide (angiopep-2) conjugated hyaluronic acid NPs, integrating targeted delivery and 

imaging capabilities using Gd-based contrast agent for MRI, to overcome the BBB for GBM 

therapy (tested on U87 and GS-102 cells).186 Additionally, Demir et al. developed surface-

functionalised liposomes using anti-CD44 antibodies co-loaded with curcumin and carbon QDs 

(particle size: 81.1 ± 16.4 nm), and evaluated their effects in U87MG cells.187 These results 

demonstrated enhanced cellular uptake and therapeutic activity, demonstrating the potential 

of these targeted theranostic liposomes for GBM treatment (Figure 1.29). 

 
Figure 1.29 Schematic illustration of (a) theranostic liposome design co-loaded with curcumin and 
carbon quantum dots (QDs) for glioblastoma (GBM) treatment. (b) Three-dimensional (3D) holographic 
microscopy results of U87MG cells, comparing control and theranostic formulation treated cells after 24 
hours.187 

In addition to GBM theranostic studies, breast cancer theranostics have been studied; Muthu 

et al. developed a theranostic agent using peptide-modified liposomes co-delivering DOX and 

CdSe QDs for breast cancer imaging and therapy.188 However, most cancer theranostic 

studies published, demonstrate emission within the NIR-I window. Therefore, emerging 

research in the NIR-II window and multimodal imaging approaches with combination of multiple 
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treatment methods involve chemotherapy, gene therapy, combined therapies, PDT, and PTT 

have gained attention in cancer theranostic applications.189  

NPs can be utilised in cancer theranostics using highly sensitive SWIR probes for improved 

deep tissue imaging. For example, Song et al. employed integrin-specific recognition peptide 

cyclic RGD-modified PEG-Ag₂S QDs (emission in the NIR-II window, 1100 nm) as both 

imaging agent and DDS by loading DOX and endothelial inhibitor, an anti-angiogenic agent, 

(TNP-470). They demonstrated real-time NIR-II fluorescence imaging in U87MG glioma 

xenografts and achieved enhanced DOX accumulation at tumour tissues due to integrin-

targeting ability compared to the untargeted formulation.190 These findings demonstrate the 

strong potential of QD-based targeted delivery systems in the NIR-II region for solid tumours, 

although further studies are required to evaluate their long-term safety and clinical translation. 

1.4.5 Protein based nanoparticles in theranostics 

Protein based NPs have gained attention in theranostics due to their biocompatibility, 

biodegradability, and functionalisation. Distinct from other nanocarriers, they can provide 

benefits such as inherent bioactivity and molecular recognition, biocompatibility, and 

biodegradation.191  

Protein NPs can carry both therapeutic drugs and fluorescent agents for in vivo tumour imaging 

applications. For instance, Zayed et al. developed a mannose-modified BSA-coated CdSe QD 

theranostic platform co-encapsulating resveratrol and the hydrophilic cytotoxic agent 

pemetrexed, demonstrating both fluorescence-based imaging capabilities of breast cancer in 

vivo and tumour reduction.192 In a GBM theranostic study, angiopep-2 functionalised BSA-

coated superparamagnetic iron oxide co-loaded with carmustine and ICG were developed for 

LDR-mediated targeting of brain tumours.193 This theranostic platform was evaluated by MRI 

and in vivo fluorescence imaging, demonstrating its potential as a candidate for GBM 

theranostics. 
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VLPs have been extensively studied in the theranostics, including PPT and MRI imaging.194 

Qβ-based VLPs were developed the attachment of gold NPs (7 nm) and loading > 500 DOX 

molecules, demonstrating both cytotoxic macrophages and lung cancer cells in vitro, with 

minimal morphological alterations in the irradiated area.195 In another study, SPARC-

functionalised M13 bacteriophage VLPs were conjugated with DOX and a fluorescent dye to 

assess their theranostic abilities in prostate cancer cell lines.196 

The unique structure of Ft NPs can integrate drug delivery, MRI, optical (SWIR) imaging into 

a single nanoplatform, making it promising candidate for cancer theranostics. For example, 

Veroniaina et al. co-encapsulated within recombinant human H-Ft manganese dioxide (MnO2) 

and DOX, demonstrating their MRI signalling ability and growth inhibitory activity in cervical, 

ovarian, and breast cancer cells.197 In another study, Nasrollahi et al. encapsulated graphene 

oxide QDs, iron and DOX into Ft protein cages to develop multifunctional platforms for imaging 

and drug delivery.198 The natural imaging ability of L-Ft derived from human Ft carrying 1000 

Fe atoms was evaluated in breast cancer cells for generation of negative contrast for MRI.199 

Moreover, drug loaded magnetoferritin NPs have been used as theranostic platforms for 

MRI.191 

1.4.5.1 Apoferritin as a theranostic tool  

The unique hollow structure, self-assembling capability, biocompatibility, and TfR1-mediated 

targeting properties of AFt nanocages make them attractive candidates for multifunctional 

medical applications. In addition to their role as drug delivery carriers, AFt nanocages have 

been further exploited in bioimaging and theranostic applications.169 Particularly, AFt- based 

theranostic platforms offer several advantages, including real-time monitoring of 

pharmacokinetics and biodistribution, visualisation of drug release, tracking of 

nanoformulations’ accumulation at the target site, and assessment of therapeutic efficiency.200 

These properties make AFt a promising candidate for protein-based theranostics, capable of 
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integrating imaging, targeted delivery, and pH-dependent drug release within a single 

construct.  

Recent studies have explored theranostic strategies using AFt nanocages for the 

encapsulation of organic dyes, QDs emitting in both NIR-I and NIR-II regions, as well as agents 

for PDT and PTT.200-202 For instance, Cutrin et al. encapsulated drug molecules and imaging 

agents together into AFt nanocages for the first-time using curcumin and MRI contrast agent 

(Gd-HPDO3A) to target hepatocytes via SCARA5.200  

In another study, folic acid-functionalised AFt nanocages co-encapsulated with PTX and 

IR1061 (NIR-II organic dye) were employed for PTT in the 4T1 breast cancer model.201 AFt 

nanocages co-loaded with DOX and NIR fluorescent dye were evaluated in colorectal cancer 

cells for PTT.202 In the study, under acidic conditions, AFt cages disassembled, releasing DOX 

to kill the cancer cells, while the fluorophore enabled real-time tracking of the NPs. Altogether, 

these studies demonstrated that combination of drug and imaging agent in AFt nanocages 

improves therapeutic effects as well as providing monitoring capabilities.  

Despite recent developments in theranostic applications of AFt nanocages, most research has 

focused on organic dyes, or QDs emitting in NIR-I region. However, the limited research that 

uses NIR-II QDs in AFt-based platforms presents a gap in the field. Therefore, it is necessary 

to investigate and optimise NIR-II emitting QDs in AFt nanocages to use their beneficial 

properties for theranostic applications in difficult to treat tumours such as GBM. 

 

1.4.5.2 Future perspectives on protein-based nanoparticles in 

glioblastoma 

According to preclinical data, various NPs including polymeric, lipid-based, and protein-based, 

have been engineered for GBM therapy, by surface functionalisation. Among them, protein 
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NPs offer significant advantages in preclinical GBM applications, combining intrinsic 

biocompatibility with the capability for targeted tumour accumulation and BBB penetration, and 

theranostic applications. Considering GBM tumour heterogeneity and the challenge associated 

with crossing the BBB, these advanced NPs play a crucial role in improving therapeutic 

outcomes for GBM patients. In the future diagnostic, therapeutic, and theranostic approaches, 

integrating nanocarrier systems with patients’ genetic and molecular profiles will enhance 

personalised medicine.203 

In the future, next generation protein-based theranostics will combine deep tissue SWIR 

imaging, FGS, and artificial intelligence (AI) driven image analysis to provide real-time 

guidance and personalised medicine. Multifunctionality in brain science such as co-delivery of 

chemotherapeutics, immunotherapeutics, and gene therapy within protein-based NPs such as  

Ft and VLPs will enable disruption of multiple oncogenic pathways to thwart tumour growth 

and survival, and overcome resistance mechanisms, enhancing brain tumour management.192  

Protein-based NPs hold promise for future precision-guided, multimodal GBM therapy. Among 

protein-based NPs, Ft nanocages have shown potential as a DDS for disease prognosis, 

prevention, therapy, and vaccine development. However, translating these advanced NPs into 

the clinic will require batch-to-batch consistency (size, functionality etc.), comprehensive 

immunogenicity assessments to ensure clearance pathways and minimal off-target effects 

during sequential dosing.204  

 

1.5 Overall hypothesis 

We hypothesise that a dual functional theranostic nanoplatform based on AFt nanocages will 

enable enhanced TMZ delivery, dose reduction, and the potential to overcome TMZ resistance 

through a natural protein-based delivery system. In addition, it will allow real-time monitoring 

of GBM by utilising the PL properties of PbS QDs for nanoparticle tracking in 2D, 3D, ex vivo, 

and in vivo tumour models. By enabling targeted co-delivery, the AFt based nanoplatform will 
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improve the therapeutic outcomes in GBM cultures while providing a protective effect for non-

cancerous cultures and enabling deep tissue imaging of treatment response via SWIR imaging 

across in vitro, ex vivo, and in vivo models.  

 

1.6 Project aims and objectives 

The overall aim of this PhD project was to develop a novel theranostic formulation for the 

treatment and monitoring of GBM, one of the most aggressive and lethal brain tumours. This 

was achieved by integrating diagnostic (imaging) and therapeutic functions into a single 

protein-based NP system. In this project, horse spleen AFt was employed as a nanocarrier to 

co-deliver TMZ, a chemotherapeutic drug used for GBM, and PbS QDs, an imaging probe, to 

GBM cells. This targeted delivery system aimed to reduce off-target effects, overcome 

potential TMZ resistance mechanisms, and improve GBM management through enhanced 

therapeutic effect and real-time imaging capability.  

To achieve this aim, the project includes the following specific objectives: 

• To develop an encapsulation strategy to produce dual-functionalised theranostic 

nanoplatform by co-encapsulating TMZ and PbS QDs within horse spleen AFt 

nanocages, utilising the disassembly/reassembly method for PbS QD encapsulation 

and nanoreactor route for TMZ encapsulation. The results are presented and discussed 

in Chapter 3.  

• To establish the potential of theranostic nanoplatforms by evaluating the cell viability 

and cancer cell selectivity of AFt formulations in both GBM cell lines and non-cancerous 

cells. The results are presented and discussed in Chapter 4. 

• To evaluate the targeting capability of AFt-based nanoplatforms in different cell lines, 

depending on the expression profiles of targeting receptor TfR1, and MGMT as a 
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marker of TMZ resistance, in MGMT-positive GBM cells (U373M cells). The 

corresponding results are presented and discussed in Chapter 4. 

• To investigate the activity of AFt encapsulation compared to naked agents in 3D in vitro 

models (GBM spheroid models) and to probe their long-term (repeated) treatment 

effects as a mean to facilitate their translation into in vivo and preclinical studies. The 

results are presented and discussed in Chapter 5.  

• To assess the imaging performance of PbS QD-containing formulations in depth 

tumours, such as GBM, by conducting in vitro SWIR imaging studies on both two-

dimensional (2D) monolayer and 3D spheroid GBM models, as well as on healthy brain 

tissue samples. The results are presented and discussed in Chapter 6. 
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Chapter 2 Materials and Methods 

2.1 Materials 

Materials and equipment used in this work are summarised in the Tables 2.1 – 2.5. All materials 

were used as received without any further purification. All used equipment was maintained and 

calibrated as specified by the manufacturer.   

Table 2.1 List of equipment and instruments used in the studies.  
Materials Supplier 
Brightfield cell counter DeNovix 
C-DiGit blot scanner LI-Cor Biosciences 
Centrifuge 5810 R Eppendorf 
CO2 incubator Sayro 
Electrophoresis system Bio-Rad 
High resolution transmission electron microscopy 
(HR-TEM) 

JEOL 2100EF 

Inverted light microscope Nikon Eclipse T100 / OLYMPUS 
CKX53 

pH-meter Mettler Toledo 
Plate-reader 
 

Perkin Elmer Envision 2104 
Multilabel Reader 

Trans-Blot Turbo Transfer System Bio-Rad 
UV-vis spectrophotometer Agilent Technologies 
Zetasizer Nano ZS Malvern Panalytical 

Flow cytometry Beckman Coulter FC500 

SWIR imaging systems Photon etc. 

 

Consumables used in the research described, together with their suppliers are listed in Table 

2.2. 

Table 2.2 List of consumables used in the studies. 
Materials Supplier 

0.22 μm syringe filter Sartorius 
10-well comb Novex by life technologies 
96-well microplate Thermo Scientific™ 
96-Well U-Shaped-Bottom Microplate Thermo Scientific™ 
Amersham Protran 0.45 μm nitrocellulose western 
blotting membrane 

GE Healthcare Life Sciences 

Amicon ultra- centrifugal filter molecular weight cut-
off (MWCO; 30kDa) 

Merck Millipore 
 

Folded capillary cell (DTS1070) Malvern Panalytical 
Gel cassette 1.5 mm (NC2015) Novex by life technologies 
Slide-A-Lyzer™ MINI Dialysis Devices, 10K MWCO Thermo Scientific™ 
Spectra/Por molecularporous membrane tubing 
MWCO:12-14 kDa 

Spectrum Labs 

T25/T75 cm2 flasks Corning 
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Whatman ready to use filter paper Cytiva 
 

All chemicals, and respective suppliers, used during this research are listed in Table 2.3.  

Table 2.3 List of chemicals used in the studies. 
Materials Supplier 

1-thioglycerol (TGL) Sigma-Aldrich 
10x trypsin-EDTA solution Sigma-Aldrich 
4% paraformaldehyde solution Thermo Scientific™ 
Acrylamide/bis-acrylamide 30% solution Sigma-Aldrich 
Amersham ECL detection reagents Cytiva 
Ammonium persulfate (APS) Sigma-Aldrich 
Astrocyte complete medium ScienceCell Research Laboratories 
Bovine collagen type 1 (C9791) Sigma-Aldrich 
Bradford reagent Sigma-Aldrich 
Bronchial Epithelial Cell Growth Medium (BEGMTM) 
Bulletkit 

Lonza 

Dithioglycerol (DTG) Sigma-Aldrich 
DMSO Sigma-Aldrich 
Foetal bovine serum (FBS) Sigma-Aldrich 
Fibronectin human plasma (F0895) Sigma-Aldrich 
G418 Corning 
GelcodeTM BlueSafe protein stain Thermo Scientific™ 
Gentamicin Sigma-Aldrich 
Glycerol Fisher bioreagents 
Glycine Fisher bioreagents 
HEPES Merck 
Horse spleen Ft Sigma-Aldrich 
L-glutamine solution Sigma-Aldrich 
Lead acetate. trihydrate (Pb(Ac)2.3H2O) Sigma-Aldrich 
MEM Non-essential amino acids (NEAA) Gibco 
Minimum essential medium (MEM) Sigma-Aldrich 
MTT reagent Merck 
N,N,N',N'-Tetramethyl ethylenediamine (TEMED) Merck 
Non-fat dried milk Sainsbury 
Nonidet P-40 (NP-40) Sigma-Aldrich 
PageRuler™ Plus Prestained Protein Ladder, 10 to 
250 kDa 

Thermo Scientific™ 

Penicillin-streptomycin Sigma-Aldrich 
Phosphatase inhibitor cocktail tablets (cOmplete 
ULTRA Tablets- Mini, EDTA-free, EASYpack) 

Roche 

Poly-L-lysine ScienceCell Research Laboratories 
PrestoBlue cell viability reagent Invitrogen 
Protease inhibitor cocktail tablets (cOmplete 
ULTRA Tablets- Mini, EDTA-free, EASYpack) 

Roche 

Roswell Park Memorial Institute 1640 (RPMI-1640) 
medium 

Sigma-Aldrich 

Sodium acetate (NaOAc) Fisher chemical 
Sodium chloride (NaCl) Fisher chemical 
Sodium dodecyl sulfate (SDS) Thermo Scientific™ 
Sodium sulfide (Na2S) Sigma-Aldrich 
Sterile bovine serum albumin (BSA) Merck 
Sterile dimethyl sulfoxide (DMSO) Honeywell 
Sterile filtered HEPES buffer solution Sigma-Aldrich 
TMZ Sigma-Aldrich 
Tris Thermo Scientific™ 
β-mercaptoethanol Sigma 
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The cell lines used in studies described within this thesis, together with their source are listed 

in Table 2.4. 

Table 2.4 List of the suppliers of used cell lines.  
Cells Supplier 

U373M Gifted by Schering Plough Corporation 
U373V Gifted by Schering Plough Corporation 
U87MG Purchased from American Type Culture Collection (ATCC) 
MRC-5 Purchased from ATCC 
THLE-2 Purchased from ATCC 
Astrocytes Purchased from ScienCell Research Laboratories 

 

Antibodies used in protein detection, and their suppliers are listed in Table 2.5.  

Table 2.5 The list of antibodies used in the studies.  
Antibody Supplier 

1° Ab: Anti-human TfR1 monoclonal antibody ThermoFisher (CAT:136800) 
1° Ab: Anti-human MGMT monoclonal antibody Invitrogen (MA3-16537) 
1° Ab: Anti-human GAPDH monoclonal antibody Sigma-Aldrich (CAT: G8795) 
2° Ab: Goat anti-mouse IgG (H+L) superclonal secondary 
antibody 

ThermoFisher (CAT: A28177) 

2° Ab: Goat anti-mouse IgG (H+L) cross-adsorbed secondary 
antibody, Alexa Fluor™ 488 

ThermoFisher (CAT: A11001) 

 

2.2 Isolation and preparation of apoferritin from horse spleen ferritin 

Horse spleen AFt was generated from horse spleen Ft (Sigma Aldrich, Batch number: 

SLBZ5776; protein purity ≥ 90%) via reductive demineralisation.205 First, 0.1 M sodium acetate 

(NaOAc) buffer (pH 5.5) was used to dilute the Ft concentration to 5.5 mg/mL. The solution 

was then filled to 30 mL with NaOAc buffer. After that, 0.1 M NaOAc (16.4 g NaOAc dissolved 

in 2 L) was prepared, and acetic acid (1.5 mL) was added to reduce the pH to 5.5. After being 

transferred into a dialysis bag, the diluted Ft (dark brown, 5.5 mg/mL) solution was placed in 

0.1 M NaOAc buffer (2 L, pH 5.5) at room temperature (RT) with stirring at 300 rpm under a N2 

flow. Thereafter, 3 mL of mercaptoacetic acid was gradually (2 mL of mercaptoacetic acid was 

added for 2 hours (h) then 1 mL of it for additional 1 h) added to the NaOAc buffer and the 

sample was dialysed for a 3 h period. These rounds were performed 6 times, each time with 

freshly made buffer solution and a different dialysis bag rotation. Following the final process, 
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the protein was dialysed against fresh NaOAc buffer (0.1 M, pH 5.5) without acid for 1 h. The 

AFt solution was collected from the dialysis bag and filtered using a 0.22 μm syringe filter. 

Finally, AFt was aliquoted into 1 mL microcentrifuge tubes and stored at -20 °C. The protein 

concentration of AFt was measured using the Bradford assay (see Section 2.6.1). 

 

2.3 Synthesis of lead sulfide quantum dots and their encapsulation 

within apoferritin nanocages 

PbS QDs were produced using the published method by Hennequin et al.206  Pb2+ precursor 

solution was prepared by dissolving lead acetate in deionised water (0.016 M Pb(AcO)2.3H2O 

solution,30 mL) in a two-necked flask purged with N2 flow and stirred (Table 2.6). Then, 0.1 

mL dithioglycerol (DTG) and 0.26 mL 1-thioglycerol (TGL) were added to the Pb2+ solution. 

DTG and TGL were used as capping agents. The pH of the Pb+2 solution was adjusted to 11 

by adding triethylamine dropwise. Sodium sulfide (Na2S) solution (0.1 M, 5 mL) was prepared.  

Following that, 10.6 mL of Pb2+ solution was transferred into a 50 mL flask using a needle, and 

0.5 mL of Na2S solution was added to the Pb2+ solution with magnetic stirring at 900 rpm (the 

molar ratio of Pb:S is 1:0.3). The mixture colour turned dark brown within a few minutes (~2 

min) after addition of S2- precursor. The QD solution was stirred under N2 flow for about 10 min 

to allow for the growth of QDs, then was transferred into a glass vial washed with N2. The PbS 

QDs solutions were stored at 4 °C for further studies. 

Table 2.6 Composition of precursor solution. 
Volume of initial 

Pb+2 solution 
Pb(Ac)2.3H2O DTG TGL 

30 mL 0.182 g, 
0.00048 mol 

0.1 mL, 
0.001 mol 

0.26 mL, 
0.003 mol 

 

A pH-dependent disassembly/reassembly method was used to encapsulate a PbS QD in the 

AFt nanocage. 1 mL AFt solution was diluted in 0.1 M NaOAc buffer (pH 5.5 adjusted with 

glacial acetic acid) to a final concentration of 3 mg/mL as determined by Bradford assay. 1mL 
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of AFt solution was transferred to a dialysis tubing (MWCO:12-14 kDa, Spectrum Labs) and 

dialysed against 0.1 M NaOAc buffer (pH 5.5) for 1 h before transferring into the NaCl buffer 

at pH 2 (and stirred for 15 min at 4 °C to facilitate AFt cage disassembly into subunits at the 

acidic pH.  

 

A vial was purged with N2 flow, and 1 mL of PbS QDs solution (5 mg/mL) was added using a 

syringe/needle. Then disassembled AFt solution (AFt to PbS ratio of 1:1 volume/volume (v/v)) 

was introduced dropwise into the PbS QDs solution under rapid mixing settings and left for 10 

min. The solution of PbS QD encapsulated in AFt nanocage was dialysed against 20 mM 

HEPES buffer (pH 7.4, 2 L) for 2 days at 4 °C and then stored at 4 °C or at -80 °C for future 

assessment.  

 

2.4 Temozolomide encapsulation within apoferritin nanocages 

The nanoreactor method was employed to encapsulate TMZ into AFt since the small size 

(molecular weight (MW) 194.15 g/mol) of the TMZ molecule is suitable for diffusion across AFt 

channels (~0.3-0.4 nm in diameter). Firstly, TMZ solution (10 mM, 7.2 μmol) was prepared in 

DMSO dissolving it on a tube roller; all procedures were carried out in a fume cupboard with 

appropriate personal protective equipment. The AFt:TMZ molar ratio was set to 1:800, 

indicating that one mole of AFt nanocages was incubated with 800 moles of TMZ. This molar 

ratio was chosen based on the previous study with AFt-TMZ83, which reported efficient TMZ 

loading into AFt. The AFt solution concentration was determined to be 2 mg/mL by Bradford 

assay, and 800 μL of AFt was diluted with 0.1 M NaOAc buffer (1.2 mL) to make a total of 2 

mL. For encapsulation, 139 μL TMZ was added into the AFt solution (2 mg/mL, 2 mL) under 

stirring at 4 °C every 30 min to prevent TMZ precipitation (5-times; total 696 μL). Then, to 

remove unencapsulated TMZ molecules, AFt-TMZ solution was spun using an Amicon 

centrifugal filter (30 kDa Molecular weight cut-off (MWCO), Merck Millipore, USA) at 4000 g, 4 
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min. Finally, AFt-TMZ was filtered through a 0.22 μm syringe filter and was stored at 4 °C and 

-80 °C for stability studies.  

 

2.5 Co-encapsulation of lead sulfide quantum dots and temozolomide 

within apoferritin nanocages 

To produce a co-encapsulated formulation, initially PbS QDs were encapsulated inside AFt 

cages using a pH-dependent disassembly/reassembly method, as described in Chapter 2.2. 

TMZ (10 mM, 7.2 μmol) was added dropwise in the AFt-PbS solution (2 mL) every 30 min 

under stirring at 4 °C for encapsulation by diffusion method. The AFt:TMZ molar ratio was 

chosen at 1:400 as part of the cavity is filled with the QD. To remove unencapsulated TMZ 

molecules, the resulting solution (AFt-PbS-TMZ) was centrifuged (4000 g, 4 min) on an Amicon 

ultra 4 mL centrifuge filter (30 kDa MWCO), Merck Millipore, USA) and filtered through a 0.22 

μm syringe filter. The resulting co-encapsulated formulation, AFt-PbS-TMZ, was stored at 4 °C 

or at -80 °C for stability studies under N2 atmosphere.  

 

2.6 Characterisation of formulations 

2.6.1 Protein quantification via Bradford assay 

The Bradford assay was employed for protein quantification of the samples (AFt formulations 

and cell lysates).207 A series of BSA solutions of known concentrations were prepared to 

generate a standard curve. Initially, 0.01 g BSA was weighed and subsequently dissolved in 1 

mL water to prepare a 10 mg/mL BSA solution. Serial dilutions of BSA (1, 2, 4, 6, 8, 10 mg/mL) 

were prepared in microcentrifuge tubes. From each dilution, 10 μL of sample was extracted 

and added to 90 μL of distilled water in a 96-well plate; this process diluted the BSA solutions' 

concentrations by a factor of 10. 10 μL of the 10-times diluted BSA solutions were transferred 
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into wells (in triplicate), and 140 μL Bradford reagent was subsequently added (final volume of 

150 μL per well). The plate was incubated under dark and shaking conditions for 5 min. Then, 

absorbance was measured at 595 nm using a PerkinElmer Envision plate reader. 

Subsequently, the mean of each measurement was calculated, and a calibration curve plotted; 

R2 > 0.99 accuracy was accepted. Unknown protein concentrations were determined using the 

Equation (2.1): 

y	 = m𝑥 + 𝑐																																																																			(2.1) 

In the Equation 2.1, y represents the measured absorbance value, while x represents the 

concentration of the unknown sample being determined. 

2.6.2 Ultraviolet - visible spectroscopy analysis 

Ultraviolet - visible (UV-vis) spectroscopy was utilised to generate a TMZ standard curve for 

the dependence of absorption intensity on TMZ concentration. TMZ solutions were prepared 

by diluting 10 mM TMZ in DMSO stock solution with NaOAc buffer (0.1 M, pH 5.5) and DMSO 

mixture (1:9 v/v) to final concentrations in the range 5-200 μM; TMZ absorption peak is at λ = 

330 nm with a molar extinction coefficient of 9800 M-1 cm-1. The TMZ solutions were placed 

into a quartz cuvette and the absorbance was measured on a Varian Cary 50 UV-vis 

spectrophotometer. The measured absorbance values were used to produce standard curve 

(R2 > 0.99), which were used and to estimate TMZ concentration in encapsulated formulations 

(AFt-TMZ and AFt-PbS-TMZ). To assess the amount of TMZ in the AFt-TMZ solution, it was 

diluted 1:100 with DMSO. However, to determine the quantity of TMZ in AFt-PbS-TMZ solution, 

the remaining whole solution in the centrifugal filter was used without dilution. The dilution 

factor was considered during these calculations to ensure the accuracy of the TMZ 

quantification.  
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2.6.3 Assessment of drug loading, encapsulation efficiency and protein 

yield 

 
The percentages of drug loading (DL), encapsulation efficiency (EE), and protein yield (PY) 

were estimated using the following equations (2.2-2.6), with the UV-vis method employed for 

their evaluation. In addition, drug:AFt ratio was also determined. Comparison of TMZ 

encapsulation in AFt and AFt-PbS cages was made. All results are reported as the mean ± 

standard deviation (SD) (n = 6). 

𝐷𝑟𝑢𝑔: 𝐴𝐹𝑡	 =
𝐹𝑖𝑛𝑎𝑙	𝑚𝑜𝑙𝑒𝑠	𝑜𝑓	𝑑𝑟𝑢𝑔	𝑖𝑛	𝑡ℎ𝑒	𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝐹𝑖𝑛𝑎𝑙	𝑚𝑜𝑙𝑒𝑠	𝑜𝑓	𝐴𝐹𝑡	𝑖𝑛	𝑡ℎ𝑒	𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

× 100%																														(2.2) 

𝐷𝐿%	 =
𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑	𝑑𝑟𝑢𝑔	𝑥	𝑑𝑟𝑢𝑔	𝑀𝑊

(𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑	𝑑𝑟𝑢𝑔	𝑥	𝑑𝑟𝑢𝑔	𝑀𝑊) + 𝐴𝐹𝑡	𝑀𝑊
× 100%	(2.3) 

𝐸𝐸	%	 =
𝐹𝑖𝑛𝑎𝑙	𝑎𝑚𝑜𝑢𝑛𝑡	𝑜𝑓	𝑑𝑟𝑢𝑔	(𝑚𝑜𝑙𝑒𝑠)
𝐼𝑛𝑖𝑡𝑖𝑎𝑙	𝑎𝑚𝑜𝑢𝑛𝑡	𝑜𝑓	𝑑𝑟𝑢𝑔	(𝑚𝑜𝑙𝑒𝑠)

× 100%																													(2.4) 

 

𝐼𝑛𝑑𝑖𝑟𝑒𝑐𝑡	𝐸𝐸	%	 =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙	𝑎𝑚𝑜𝑢𝑛𝑡	𝑜𝑓	𝑑𝑟𝑢𝑔	(𝑚𝑜𝑙𝑒𝑠) − 𝐹𝑟𝑒𝑒	𝑑𝑟𝑢𝑔	(𝑚𝑜𝑙𝑒𝑠)

𝐼𝑛𝑖𝑡𝑖𝑎𝑙	𝑎𝑚𝑜𝑢𝑛𝑡	𝑜𝑓	𝑑𝑟𝑢𝑔	(𝑚𝑜𝑙𝑒𝑠)
× 100%															(2.5) 

𝑃𝑌%	 =
𝐹𝑖𝑛𝑎𝑙	𝑚𝑜𝑙𝑒𝑠	𝑜𝑓	𝑝𝑟𝑜𝑡𝑒𝑖𝑛	
𝐼𝑛𝑖𝑡𝑖𝑎𝑙	𝑚𝑜𝑙𝑒𝑠	𝑜𝑓	𝑝𝑟𝑜𝑡𝑒𝑖𝑛

× 100%																																														(2.6) 

 

2.6.4 High resolution transmission electron microscopy analysis for 

structural visualisation 

High resolution transmission electron microscopy (HR-TEM) analysis was utilised to 

investigate the morphology of PbS QDs (0.5 mg/mL), AFt-PbS, and AFt-PbS-TMZ (protein 

concentration is 0.5 mg/mL) samples. Uranyl acetate was utilised as a negative stain for AFt 

samples. PbS QDs were diluted in deionised water, whereas AFt samples were diluted in 0.1 
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M NaOAc buffer. The AFt samples (3 μL) were deposited on a carbon-coated copper graphene 

oxide grid and permitted to dry for 3 min. Then, 3 μL of uranyl acetate was added and dried for 

3 min and waited for an extra 1 min. The samples were vacuum-dried before being analysed 

with a JEOL 2100EF TEM microscope at 200 kV. The images obtained were analysed using 

the ImageJ software to determine the size of nanoparticles. 

 

2.6.5 Protein integrity analysis via non-denaturing polyacrylamide gel 

electrophoresis 

The samples were analysed using non-denaturing polyacrylamide gel electrophoresis (native-

PAGE), which does not involve the denaturation of the protein structure. Therefore, sodium 

dodecyl sulphate (SDS) is not used in this method.  Protein integrity had been checked using 

native-PAGE after the AFt encapsulation process using disassembly/reassembly and/or 

diffusion techniques.  Horse spleen Ft and AFt stocks were used as controls. Table 2.7 

demonstrates the required ingredient solutions including Milli Q water, 30% acrylamide, 1.5 M 

Tris (pH 8.8), and 10% ammonium persulfate (APS), N,N,N′,N′-tetramethylethylenediamine 

(TEMED). Gradient stock solutions (4%, 6%, 8%, 10%, 12%, and 15%) were prepared as 5 

mL for each (see Table 2.8). A sample (1.75 mL) of each solution was transferred cassettes, 

starting with the highest concentration (15%) and decreasing to the lowest concentration (4%) 

and allowed to dry for 30-45 min. Bis-Tris pre-cast gels (4-16%) were packed with wet tissue 

prepared at least one day before analysis and kept at 4°C.  For each sample, a pre-labelled 

microcentrifuge tube was prepared containing 15 μL of the sample and 5 μL of native-PAGE 

loading buffer (4x, Table 2.8). The mixture (18 μL) was transferred into pre-prepared native-

PAGE gels and placed in an XCell SureLock Mini-Cell (Invitrogen). Native-PAGE buffer (1x) 

was used to fill inner chambers of wells and ¼ of the outside chamber. Then, the gel was run 

at 150 V for 1 h then 250 V for 1 h.  After running, it was stained with BlueSafe protein stain 

(Thermo Scientific) for 1 h and rinsed with deionised water before gel imaging.  
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Table 2.7 Gradient gel recipes used for Native-PAGE analysis.  
   Volumes (mL)   

Gel 
concentration 

Milli Q 
water 

   30% 
Acrylamide 

1.5 M Tris pH 
8.8 

10% APS TEMED 

4% (5 mL) 3.03 0.666 1.3 0.05 0.005 
6% (5 mL) 2.7 1 1.3 0.05 0.005 
8% (5 mL) 2.3 1.3 1.3 0.05 0.005 
10% (5 mL) 1.9 1.7 1.3 0.05 0.005 
12% (5 mL) 1.6 2 1.3 0.05 0.005 
15% (5 mL) 1.1 2.5 1.3 0.05 0.005 

  

Table 2.8 Native-PAGE buffer and loading buffer recipes. 
4x Native-PAGE loading buffer 10x Native-PAGE buffer 
500 μL β-mercaptoethanol 150 g glycine 
2.4 mL 1 M Tris (pH 6.8) 30 g Tris 
3.1 mL dH2O 1 L dH2O 
4 mg bromophenol blue  
4 mL glycerol  

 

2.6.6 Size and zeta potential measurements by Dynamic Light Scattering 

The average hydrodynamic size, zeta potential, and polydispersity index (PDI) of the particles 

were determined using the DLS method. The temperature was set at 20 °C for PbS QDs and 

25 °C for protein (AFt) samples, respectively. PbS QDs were diluted in deionised water with 

triethylamine at pH 11 to 0.02 mg/mL, whereas the stock AFt solution (0.05 mg/mL) and AFt 

samples (0.5 mg/mL) were diluted with 0.1 M NaOAc buffer. After diluting, the samples were 

filtered using a 0.22 μm syringe filter to eliminate dust and any aggregates. The measurements 

were performed on a Malvern Zetasizer Nano ZS (scattering angle 173 °C) with three 

independent repeats and 13 runs per measurement. DTS1070 (Malvern Panalytical) cell was 

used for zeta potential measurements. Origin and GraphPad Prism software were used to 

analyse the data. 
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2.6.7 Stability assessment of formulations using Dynamic Light Scattering 

The stability of formulations was assessed by measuring the size and zeta potential of AFt 

samples (AFt-PbS, AFt-TMZ, and AFt-PbS-TMZ) after one month of storage at T = - 80 °C. 

Freshly synthesized AFt samples were prepared using their optimised method (Chapters 2.3, 

2.4, and 2.5) and stored at T = -80 °C for one month. Following that, the samples were thawed 

at T = 4 °C. The DLS results obtained (referred to as ‘’1 month’’) were compared to the size 

and zeta potential measurements of freshly prepared AFt solutions stored at T = 4 °C (referred 

to as ‘’fresh’’). 

 

2.6.8 Photoluminescence spectroscopy 

For photoluminescence spectroscopy, PbS QD-containing samples were dropcast onto glass 

slide (~ 3 drops) and allowed to dry. The Horyba LabRam system equipped with an InGaAs 

detector, and a He-Ne laser (λ = 633 nm) was used to record photoluminescence spectra.  

PL measurements were also recorded in for serial dilutions (diluted in deionised water with 

triethylamine at pH 11 to final PbS QD concentrations in the range from 5 mg/mL to 0.25 

mg/mL). The solutions were placed into a syringe (1mL, Sartorius) The data were analysed 

using Origin software.  

 

2.6.9 Short-wave infrared imaging of quantum dots in gel samples 

An IR VIVO SynIRgy (Photon etc, Montreal, Canada) imaging system was utilised to assess 

the imaging capabilities of PbS QDs at National Research Council Canada, Ottawa. SWIR 

imaging was carried out with a 785 nm laser at 20% power, 850 nm long-pass (LP) emission 

filter, and a camera exposure time of 3 ms or 1 s. Gel samples containing PbS QDs and AFt-

PbS were prepared using a 10% native-PAGE gel. To develop gel samples, sandwich and mix 
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models were utilised. For the sandwich model, the gel layer (50 μL) was added to a plastic 

container (diameter ~5 mm), and allowed to dry, followed by a layer of dried PbS QDs (100 

μL) before topping with the gel (50 μL). In contrast, mixed samples were prepared without 

waiting for the bottom gel to dry. The gel samples containing PbS QDs were analysed with 

SWIR imaging. 

 
 

2.6.10 In vitro drug release studies  

In vitro drug release studies on AFt formulations (AFt-TMZ and AFt-PbS-TMZ) were carried 

out for comparison. Initially, the solutions (n = 4, 400 μL) were placed on a Slide A-Lyzer MINI 

Dialysis Device (ThermoScientific) and dialyzed at 37 °C under mixing settings at 150 rpm 

against 0.1 M NaOAc buffer (pH 5.5) or PBS (pH 7.4). UV-vis spectroscopy was used to 

monitor TMZ leakage and conversion to its degradation product, AIC, in AFt-TMZ and AFt-

PbS-TMZ samples after 1 h, 3 h, 5 h, 7 h, 24 h, and 48 h of dialysis (λ = 330 nm for TMZ and 

λ = 265 nm for AIC). The TMZ release quantity was calculated using the standard curve 

equation. The percentage of drug release (DR%) was calculated for each time point using 

Equation 2.7. The cumulative drug release profiles for AFt-TMZ and AFt-PbS-TMZ were 

plotted using GraphPad Prism. 

𝐷𝑅	%	 =
𝐴𝑚𝑜𝑢𝑛𝑡	𝑜𝑓	𝑑𝑟𝑢𝑔	𝑟𝑒𝑙𝑒𝑎𝑠𝑒	(𝑚𝑜𝑙𝑒𝑠)	
𝐼𝑛𝑖𝑡𝑖𝑎𝑙	𝑎𝑚𝑜𝑢𝑛𝑡	𝑜𝑓	𝑑𝑟𝑢𝑔	(𝑚𝑜𝑙𝑒𝑠)

× 100%																																																																									(2.7) 

 

2.7 Cell culture studies 

2.7.1 Cell stock revival and resuscitation 

Frozen cells (stored in liquid nitrogen at -196 °C) were revitalized for cell culture studies.  The 

vial (1 mL) was placed in a pre-heated 37 °C water bath and rotated until cells had thawed 
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completely. The vial was wiped with 70% IMS and placed within the sterile hood before being 

transferred to T25 flasks containing pre-heated complete media containing 10% foetal bovine 

serum (FBS) (6 mL complete medium/ a T25 flask). To allow for cell attachment, the flasks 

were incubated overnight at 37 °C in a humidified atmosphere containing 5% CO2. The 

following day, the cell medium was replaced with fresh complete medium to remove any dead 

cells and eliminate potential adverse DMSO effects. Cell morphology and attachment to flask 

surface were checked under an inverted light microscope (Nikon Eclipse T100 / OLYMPUS 

CKX53). After the cells reached 70-80% confluence, the medium was replaced with fresh 

complete medium containing 10% FBS. 

 

2.7.2 Cell line cultivation and maintenance 

Cell culture studies were conducted using GBM and non-tumourogenic cell lines. In the study, 

U373M, U373V, U87MG cells were used as GBM cell line models expressing different levels 

of MGMT while the foetal lung fibroblast line MRC-5, human astrocytes (frontal lobe), and 

THLE-2 (liver) cells were used as healthy, non-tumourigenic cells. Complete media were 

prepared for each cell line (summarised in Table 2.9). U373M and U373V cells were cultured 

in RPMI 1640 medium supplemented with 10% FBS, 1% v/v non-essential amino acids 

(NEAA), 50 μg/mL gentamicin, and 400 μg/mL G418 (Corning). U87MG cells were cultured in 

minimum essential media (MEM) supplemented with 10% FBS and 1% L-glutamine, while 

MRC-5 cells were cultured in MEM with 10% FBS, 1% v/v NEAA, 1% v/v 

penicillin/streptomycin, 2 mM L-glutamine, 10 mM HEPES buffer. Human astrocytes were 

cultured in poly-L-lysine-coated (ScienceCellTM, 10 mg/mL, CAT: 0413) T75 flasks to promote 

cell attachment and incubated at 37 °C overnight. The astrocytes were maintained in complete 

astrocyte medium (ScienceCell TM, CAT: 1801), and passaged using trypsin/EDTA (T/E) 

solution 0.05% (ScienceCellTM, CAT: 0183) and T/E neutralisation solution (TNS, 

ScienceCellTM, CAT:0113) according to manufacturers’ recommendations. Human astrocytes 



 71 

were used up to passage number 10. In addition, THLE-2 cells were used as a hepatocyte cell 

line and cultured in pre-coated flasks with bovine collagen type 1 (0.03 mg/mL), fibronectin 

(0.01 mg/mL), 10% BSA solution (0.01 mg/mL) in bronchial epithelial cell growth medium 

(BEGM, 6 mL).  Pre-coated flasks for human astrocytes and THLE-2 cells were incubated in 

5% CO2 at 37 °C for overnight.  

Most cell lines were maintained in T25 or T75 flasks according to conventional protocols as 

follows: before passaging, cells were cultured to a confluency of 70-80%. Then, cells were 

washed with sterile phosphate buffer saline (PBS) solution; PBS was then aspirated. 500 μL 

of 1x trypsin was added to flasks, to coat the cells. To activate trypsin (enzyme activity), the 

flasks were incubated in 5% CO2 at 37 °C for 3 min. The cells' dissociation was examined 

under the microscope. Cell medium (4.5 mL) was added to flasks to deactivate the trypsin 

activity, then cells were resuspended to generate a single cell suspension. The cells were 

either passaged (1:7) into T25 / T75 flasks to maintain the cell line or seeded into plates for 

additional experimental analysis.  All the cell lines were incubated in 5% CO2 at 37 °C.   

 

Table 2.9 Supplemented medium details for each cell line.  
Cell line Pre-coated flask Medium  Supplements 

U373M - RPMI 
1640 

10% FBS, 1% NEAA, 50 μg/mL gentamicin, 
400 μg/mL G418. 

U373V - RPMI 
1640 

10% FBS, 1% NEAA, 50 μg/mL gentamicin, 
400 μg/mL G418. 

U87MG - MEM 10% FBS, 1% L-glutamine 
 

MRC-5 
- MEM 10% FBS, 1% NEAA, 1% v/v 

penicillin/streptomycin, 2 mM L-glutamine,10 
mM HEPES buffer.  

Human 
astrocytes 

Poly-L-lysine 
coated 

Astrocyte 
medium 

 2% FBS,1% astrocyte growth supplement, 
1% penicillin/streptomycin.  

 
THLE-2 

Bovine-collagen 
type 1 (0.03 

mg/mL), fibronectin 
(0.01 mg/mL), 

10%BSA   (0.01 
mg/mL) 

BEGM 10% FBS, 1% penicillin/streptomycin. 
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The astrocyte cell line was maintained using a different protocol from the conventional cell 

maintenance protocol. T75 pre-coated flasks (2 μg/cm2) were used. Poly-L-lysine (15 μL; 10 

mg/mL) was introduced into a flask that contained 10 mL of sterile water, and the flask was 

then left overnight in 5% CO2 at 37 °C to generate poly-L-lysine-coated T75 flasks. Following 

the overnight period, 15 mL of whole astrocyte medium was introduced to the flask after the 

flask had been rinsed with sterile water. The cells were subcultured when they achieved 90–

95% confluency and seeded into flasks that had been prepared the day before.  The cell 

medium was aspirated and washed with PBS solution before subculturing. To minimise cell 

damage, a 5 mL PBS and 5 mL 0.05% T/E solution mix was applied to the cells. Cell 

morphology was observed under a microscope before cells were incubated in 5% CO2 at 37°C.  

Following the incubation period, the cells were transferred into a 50 mL tube containing 5 mL 

of FBS. The flask was incubated for a further minute to gather all the cells. The remaining cells 

were then collected in flasks and transferred into tubes using 5 mL of TNS solution. After 5 min 

centrifugation at 1000 rpm, the cells were carefully resuspended with their medium (see Table 

2.9). 

 

 

2.7.3 Cryopreservation for long-term cell storage 

The cells were stored in liquid nitrogen (-196 °C) for long-term storage. For cryopreservation, 

medium was aspirated from the flasks, and the cells were washed with PBS. After aspiration 

of PBS, 1 mL of trypsin (1x) was added to each flask and flasks returned to the incubator for 

3-5 min to allow cell detachment. Then, 1 mL of freezing solution (90% FBS and 10% DMSO) 

was added to the detached cells. The mix of cells and freezing solution was transferred to a 

cryovial (1mL for each cryovial). The cryovials were placed into -20 °C as soon as possible to 

prevent the cells from possible DMSO-adverse effects. Next day, the cryovials were 

transferred to -80 °C. After 24 h incubation at -80 °C, the vials were transferred to -196 °C 

liquid nitrogen for long-term storage.  
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2.8 2D in vitro studies 

The in vitro growth inhibition effects of all formulations in 2D cell culture conditions were 

examined using both MTT and PB assays. Protein lysates from each 2D cell line were tested 

with western blot analysis for additional investigation to elucidate the TfR1 expression and AFt 

formulation response in cancerous and normal cells. MGMT profile of all studied cell lines, and 

MGMT depletion study with U373M cells (MGMT-positive cell line) after treatment with AFt 

formulations were investigated by western blot. Following by western blot studies, TfR1 

expression from 2D cells was quantified by flow cytometry.   

 

2.8.1 MTT assay 

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay is a widely 

used, conventional cell viability assay, developed by Mosmann et al.208 that measures the 

formation of insoluble formazan crystals. After enzymatic reduction by mitochondrial 

dehydrogenases, the formazan is solubilised, and its optical density is measured at 570 nm.209 

To investigate in vitro growth inhibition studies, U373M (MGMT-positive), U373V (MGMT-

negative), and U87MG (MGMT-low) GBM cells were seeded in 96 well plates at a density of 

650 cells/well in 180 μL medium while MRC-5 foetal fibroblasts and THLE-2 liver cells were 

seeded the density of 400 cells/well and 5000 cells/well, respectively. After seeding cells and 

allowing 24 h for cells to attach, cells were treated with 20 μL test compounds (AFt, TMZ, PbS 

QDs, TMZ + PbS QDs, AFt-PbS, AFt-TMZ, AFt-PbS-TMZ) at 10x final concentrations and 

incubated for 6 days (Table 2.10). Additionally, a time-zero (T0) plate was prepared (n = 16 for 

each cell line) to measure the viable cell numbers` absorbance at the time that cells were 

treated with test compounds. The perimeter wells of each 96 well plate were filled with 200 μL 

medium to minimise evaporation. All test compounds’ dilutions were prepared in medium 

supplemented with 10% FBS for each cell line. After incubation for 6 days, the MTT reagent 

(50 μL, 400 mg/mL) was added into each well, and plates were incubated at 37 °C in a 
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humidified atmosphere with 5% CO2 for 2 h to allow formazan production. After incubation with 

MTT reagent for 2 h, the aqueous well contents were aspirated, and formazan product 

solubilised in 150 μL/well DMSO. The plates were placed on a shaker for 5 min before the 

absorbance of each well was read at 570 nm at a plate reader (Perkin Elmer Envision). 50% 

growth inhibition (GI50) and corresponding half maximal inhibitory concentration (IC50) values 

were determined for each formulation by MTT assay. Estimated GI50 concentrations (μg/mL or 

μM) were calculated using Equation (2.8):  

	GI!" = Y
High	abs − GI50	abs
𝐻𝑖𝑔ℎ	𝑎𝑏𝑠 − 𝑙𝑜𝑤	𝑎𝑏𝑠

×	(𝐻𝑖𝑔ℎ	𝑐𝑜𝑛𝑐 − 𝐿𝑜𝑤	𝑐𝑜𝑛𝑐)c + 𝐿𝑜𝑤	𝑐𝑜𝑛𝑐.																																				(2.8) 

 

Table 2.10 Concentration ranges of test agents on the cells adopted in MTT assay. 
Test agents U373M  U373V U87MG MRC-5 
AFt (μM) 0.001-1 0.001-1  0.001-1  0.001-1 
DMSO (%) 0.002-2 0.002-2 0.002-2 0.002-2 
TMZ (μM) 0.001-1000  0.001-1000 0.001-1000 0.001-1000 
PbS QDs (μg/mL)  0.01-100 0.01-100 0.01-100 0.01-100 
AFt-PbS (μg/mL)  0.01-100 0.01-100 0.01-100 0.01-100 
AFt-TMZ (μM) 0.0001-100 0.0001-100 0.0001-100 0.0001-100 
TMZ + PbS QDs (μM) 1-100  1-100 1-100 1-100 
AFt-PbS-TMZ (μM) 0.0001-50  0.0001-50  0.0001-50  0.0001-50  
 

Estimated GI50 and IC50 values were calculated based on PbS QDs concentration (μg/mL) for 

PbS QDs and AFt-PbS samples and based on TMZ concentration (μM) for TMZ, AFt-TMZ, 

TMZ + PbS QDs, and AFt-PbS-TMZ formulations. The concentration ranges of all test agents 

across different cells are summarised in Table 2.10.  

 

2.8.2 PrestoBlue cell viability assay 

To validate data obtained from MTT assays, PB cell viability assays, which are resazurin-

based, non-toxic, and sensitive,210 were performed. Figure 2.1 demonstrates the reduction 

mechanisms of MTT and PB assays.  
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Figure 2.1 Schematic representation of reduction mechanisms underlying the (a) MTT and (b) PB 
assays. Created with Chem Draw.  

In PB assay experiments, U373M, U373V, U87MG, MRC-5, human astrocytes and THLE-2 

cells were used. Identical initial cell numbers and concentration ranges were used per cell line, 

as those used in MTT assays, to directly compare data from these assays. Therefore, U373M, 

U373V, U87MG (650 cells/well), MRC-5 (400 cells/well), and additionally human astrocytes 

and THLE-2 (5000 cells/well) cells were seeded into 96 well plates in 81 μL of cell culture 

medium and incubated overnight at 37 °C in a humidified atmosphere with 5% CO2.  Table 

2.11 summarises seeding densities and assay period used in PB assay. After overnight 

incubation, cells were treated (9 μL; 10x final concentrations) with AFt, TMZ, PbS QDs, TMZ+ 

PbS QDs, AFt-PbS, AFt-TMZ, and AFt-PbS-TMZ and incubated for 6 days. To minimise 

evaporation, 90 μL medium were added to each perimeter well of 96 well plates. PB cell 

viability reagent (10 µL;10x) was added to the cells in the cell culture medium (final volume 

100 μL) according to manufacturer’s protocol (CAT: A13262). Final concentration ranges used 

for astrocyte and THLE-2 cells in PB assays are presented in Table 2.12. The 96 well plates 

were then wrapped in foil to protect cells from light and incubated at 37 °C in a humidified 

atmosphere with 5% CO2 for 3 h. The absorbance of reagent was recorded at 570 and 600 nm 

(a reference wavelength) on a plate reader (Perkin Elmer Envision) and IC50 values were 

calculated for each test agent. Cell viability% was calculated according to the following 

equation:  
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𝐶𝑒𝑙𝑙	𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦	%	 =
𝑂𝐷	𝑣𝑎𝑙𝑢𝑒	𝑜𝑓	𝑡𝑟𝑒𝑎𝑡𝑒𝑑	𝑐𝑒𝑙𝑙𝑠
𝑂𝐷	𝑣𝑎𝑙𝑢𝑒	𝑜𝑓	𝑐𝑜𝑛𝑡𝑟𝑜𝑙	𝑐𝑒𝑙𝑙𝑠

× 100%																																																																						(2.9) 

 
Table 2.11 Summary of the used seeding densities and exposure times.  

Cell line Seeding density 
(cells/well) 

Assay duration 
(days) 

U373M 650  6  
U373V 650  6  
U87MG 650  6  
MRC-5 400  6  

Astrocytes 5000  6  
THLE-2 5000 cells/well 6  

 

Table 2.12 Concentration ranges of test agents on astrocytes and THLE-2 cells adopted in PB assay.  
Test agents Astrocytes THLE-2 
AFt (μM) 0.001-1 0.001-1 
DMSO (%) 0.002-2 0.002-2 
TMZ (μM) 0.5-500 0.001-100 
PbS QDs (μg/mL) 0.1-100 0.01-100 
AFt-PbS (μg/mL) 0.1-100 0.1-100 
AFt-TMZ (μM) 1-200 1-200 
TMZ + PbS QDs (μM) 0.2-100 0.2-100 
AFt-PbS-TMZ (μM) 1-100 1-100 

2.8.3 Protein expression analysis via Western blot  

Western blot analyses were conducted using protein lysates prepared from cells in 2D culture; 

protein concentration was determined via Bradford assay. Separation of proteins was 

conducted via sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 

proteins were transferred from gel to nitrocellulose membrane prior to incubation with primary 

and secondary antibodies and protein detection. Firstly, protein lysates from all studied cell 

lines were extracted from cells cultured in T75 flasks. Protein lysates were prepared using NP-

40 lysis buffer (Table 2.13). 

For protein lysate preparation, the media from the cells were collected in 15 mL tubes to collect 

any floating cells within the flask. Subsequently, the T75 flask was washed with PBS (3 mL), 

and 1.5 mL of trypsin (1x) was added. Following detachment of cells by trypsinisation, trypsin 

activity was inactivated by adding the cell media, and the mixture was centrifuged at 1200 rpm, 

4 °C for 10 min. The cell pellet was washed thrice with ice-cold PBS (10 mL), and the 
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supernatant was discarded after each centrifugation. After washing, the cell pellet was 

suspended in NP-40 lysis buffer (300 μL), transferred to a tube, and incubated for 30 min on 

ice to facilitate lysis and allow proteins to be released from the cells. Following incubation, the 

samples were centrifuged at 13300 rpm, 4 °C for 10 min. Subsequently, the supernatant was 

retained, and the protein lysate was stored at -20 °C until use. Protein concentrations were 

determined by Bradford assay.  

Table 2.13 Composition of NP-40 lysis buffer recipe. 
Volumes 
NP-40 (100 μL) 
1 M NaCl (1.5 ml) – 0.58 g in 10 mL  
1 M Tris pH 8.0 (500 μL) – 1.21 g in 10 mL  
dH2O (7.9 mL) 
1 tablet of protease inhibitors (Roche, PC - 05892791001)  
1 tablet of phosphatase inhibitors (Roche (PhosSTOP), PC - 04906845001) 

 

To separate proteins in SDS-PAGE, 10% resolving gel and stacking gel were prepared firstly. 

The recipes for resolving and stacking gels are detailed in Table 2.14. Following the 

preparation of resolving gel, 30 min polymerisation period was observed. Subsequently, the 

stacking gel was prepared, the comb was inserted, and an additional 30 min interval was 

allowed for polymerisation.  

Table 2.14 Recipe of resolving and stacking gels for SDS-PAGE.   
Resolving gel (10 mL)                                        Stacking gel (5 mL) 
dH2O (4 mL) 
30% Acrylamide mix solution (3.3 mL) 

dH2O (3.4 mL) 
30% Acrylamide mix solution (830 μL) 

1.5 M Tris pH 8.8 (2.5 mL) 1 M Tris pH 6.8 (630 μL) 
10% SDS (100 μL) 10% SDS (50 μL) 
10% AMPS (100 μL) 10% AMPS (50 μL)  
TEMED (4 μL) TEMED (5 μL) 

 

For SDS-PAGE, equal amounts of protein (50 μg) from samples (18 μL) and protein molecular 

weight markers (10 μL) were loaded onto gels and electrophoresed at 90 V for 20 min, after 

which the voltage was increased to 150 V for 1 h. Concurrently, a total of 8 filter papers and a 
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nitrocellulose membrane were wetted in transfer buffer (1x). After SDS-PAGE completion, 

proteins were transferred from gels onto the nitrocellulose membrane. This was achieved by 

placing 4 filter papers and a nitrocellulose membrane first, followed by the gel and 4 filter 

papers on the Trans-Blot Turbo Transfer System (Bio-Rad). The transfer system was set to 

2.5 A, 25 V for 45 min. Air bubbles were eliminated by rolling the top filter papers prior to 

initiating the transfer. Post-transfer, the membrane was placed in a plastic bag and blocked 

with 5% milk solution (8 mL in tris-buffered saline and tween 20 (TBST)) for 1 h, incubating at 

room temperature on an orbital shaker at 100 rpm. Subsequently, the blocking solution was 

removed, and the membrane was placed in a new plastic bag. Diluted primary antibodies (1° 

Ab, Table 2.15) in 5% milk solution (8 mL) were added, and the membrane was incubated 

overnight at 4 °C on an orbital shaker (100 rpm).  

Following overnight incubation with 1° Ab, the membrane was washed with TBST solution (3 

rounds, 5 min each). Secondary antibody (2° Ab) was applied for 1 h incubation at room 

temperature. Table 2.15 represents the 1° Abs and 2° Abs used and their respective dilution 

factors. 2° Ab dilution was optimised based on the protocols for 1° Ab, with 1:2500 dilution 

applied for TfR1 detection and 1:2000 dilution for MGMT. After incubation, 2° Ab was collected 

and the membrane was washed with TBST (3 rounds, 5 min each). Lastly, ECL reagent was 

prepared 1:1 (total 2 mL) by mixing solution A (luminol enhancer solution, 1 mL) with solution 

B (peroxide solution, 1 mL), and the membrane was incubated with ECL reagent mixture for 5 

min in the dark. The protein bands were visualized by C-DiGit blot scanner (LI-Cor 

Biosciences).  

 

 

 

 



 79 

Table 2.15 Primary and secondary antibodies used for western blot.  
Antibody Supplier Dilution factor 
1° Ab: Anti-human TfR1 
monoclonal antibody 

ThermoFisher 
(CAT:136800) 

1:1000 

1° Ab: anti-human MGMT 
monoclonal antibody 

Invitrogen (MA3-16537) 1:500 

1° Ab: Anti-human GAPDH 
monoclonal antibody 

Sigma-Aldrich (CAT: 
G8795) 

1:2000 

2° Ab: Goat anti-mouse IgG 
(H+L) superclonal secondary 
antibody 

ThermoFisher (CAT: 
A28177) 

1:2500 /1:2000 

 

TfR1 and MGMT expression profiles of all studied cell lines were assessed by western blot. To 

examine whether AFt encapsulation of test agents modulates MGMT levels in U373M (MGMT-

positive) cells, these cells were plated in T75 flasks and grown to ~80–90% confluency. They 

were then treated for 6 days with 10 μM TMZ, AFt-TMZ, and AFt-PbS-TMZ (with untreated 

cells serving as controls; depicted in Figure 2.2). Cellular proteins were collected from each 

test condition and MGMT expression levels were interrogated by western blot. 

 

 
Figure 2.2 Testing the MGMT depletion hypothesis in U373M cells via western blot. Created with 
BioRender. 
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2.8.4 Quantification of transferrin receptor 1 expression by flow cytometry 

U373M, U373V, U87MG, MRC-5, and astrocyte cells were seeded in T25 flasks and allowed 

to attach to the surface overnight. The following day, cells were collected by trypsinization (500 

μL) and resuspended in PBS (1 mL). The cell suspension was centrifuged at 1,000 rpm for 5 

min. The cell pellets were rinsed with ice-cold PBS and centrifuged at 1000 rpm for 5 min. This 

process was performed three times, each pellet being washed with ice-cold PBS and 

centrifuged. The pellets were resuspended with 4% paraformaldehyde solution (50 μL) while 

vortexing before being incubated at room temperature (RT) for 12 min.  After incubation, cells 

were centrifuged and resuspended in PBS (500 μL). At this point, all 2D-cultured cells were 

fixed and stored at 4 °C until they were stained with antibodies. For flow cytometry studies, the 

following samples from each cell line were prepared: unstained cells, cells stained with only 2° 

Ab, and cells stained with 1° Ab and 2° Ab. Unstained cells were ready to use. To prepare 

stained cells with 2° Ab only, cells were centrifuged, and the pellet rinsed with TBST (3 times). 

The pellet was then resuspended with 2° Ab (200 μL) and incubated for 1 h at RT.  

To prepare cells stained with 1° and 2° Abs, they were centrifuged and resuspended in TBST 

(500 μL).  First, the pellet was resuspended in 100 μL of 1° Ab solution (2 μL TfR1 in 100 μL 

TBST) and incubated for 1 h at RT on a low-speed rocker. To stain with 2° Ab, cells were 

centrifuged, and the pellet was rinsed with TBST three times. After centrifugation, the cells 

were resuspended in 200 μL of 2° Ab (1 μL Ab in 20 mL TBST solution) and incubated at RT 

for 1 h. After incubation, the cells were pelleted and washed three times with TBST. After 

staining with both Abs, cells were maintained in 500 μL of PBS at 4 °C overnight.  The dilution 

factors used for both 1° and 2° Abs are detailed in Table 2.16. All samples were analysed using 

flow cytometry (Beckman Coulter FC500). The single cells were identified, and the shifted 

signals were compared to signals from unstained cells and cells stained with 2° Ab using 

Kaluza software. 
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Table 2.16 Antibodies used for flow cytometry. 
Antibody Supplier Dilution factor 
1° Ab: Anti-human TfR1 
monoclonal antibody 

ThermoFisher 
(CAT:136800) 

1:50 

 
2° Ab: Goat anti-mouse IgG 
(H+L) cross-absorbed 
secondary antibody, Alexa 
FluorTM 

 
ThermoFisher (CAT: A-
11001) 

 
1:20 000 

   
 

2.9 3D tumour spheroid studies 

3D in vitro studies represent the tumour in situ more precisely than 2D in vitro studies.211 As a 

result, 2D U87MG cells were utilised to generate 3D spheroid cultures, and their cell viability 

was examined using the PB assay. Treatment effects were evaluated by measuring spheroid 

volume. Additionally, 3D U87MG spheroids received subsequent treatments with all 

formulations to replicate more accurately clinical exposure to drugs. Finally, TfR1 expression 

in single cells obtained following dissociation of U87MG spheroids were analysed by Kaluza 

software. 

2.9.1 PrestoBlue assay  

The PB assay was used to assess cell viability % in U87MG tumour spheroids. U87MG cells 

(3000 cells/well) were seeded in ultra-low attachment (ULA) plates in 90 μL medium and the 

plate was parafilmed and centrifuged at 300 g for 5 min (Figure 2.3).  To prevent evaporation, 

medium (100 μL) was added to the perimeter wells each plate. The plate was incubated 

overnight at 37 °C in a humidified atmosphere with 5% CO2. On day 1, spheroids were treated 

(10 μL; 10x final concentration) with AFt, TMZ, PbS QDs, TMZ+ PbS QDs, AFt-PbS, AFt-TMZ, 

and AFt-PbS-TMZ and incubated for 6 days. According to the manufacturer's protocol, after 

incubation for 6 days, 11 μL of PB reagent was added into each spheroid and plates were 

wrapped in foil and incubated at 37 °C in a humidified atmosphere with 5% CO2 for 6 h. The 

absorbance of PB reagent was recorded at 570 and 600 nm (a reference wavelength) on a 
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plate reader (Perkin Elmer Envision) and estimated IC50 values were calculated for each test 

agent. Cell viability % was calculated using same equation used in 2D cultures (Equation 2.9). 

 
Figure 2.3 Schematic overview of spheroid formation procedure. Created with BioRender. 

 

Estimated IC50 values from PB assay in 3D cultures were used to assess the interactions of 

TMZ and PbS QDs within AFt nanocages through the comparative analysis of AFt-PbS-TMZ 

formulation with the naked agents TMZ and PbS QDs, using a basic look-see calculation and 

Chou-Talalay combination index (CI) method. CI was calculated the Equation (2.10), where 𝐷# 

and 𝐷$	are the IC50 concentrations of TMZ and PbS QDs in AFt-PbS-TMZ, 	𝐷𝑋#	and 𝐷𝑋$ are 

corresponding to the IC50 concentration of TMZ and PbS QDs tested alone in 3D U87MG 

spheroids. 

 

𝐶𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛	𝑖𝑛𝑑𝑒𝑥		(𝐶𝐼) = k
𝐷#
𝐷𝑋#		

+
𝐷$
𝐷𝑋$		

l + k
𝐷# ×	𝐷$		
	𝐷𝑋# × 𝐷𝑋$		

l 																																																				(2.10)	 

 

2.9.2 Analysis of spheroid volume  

Spheroid volumes were evaluated by measuring the horizontal (d1) and vertical (d2) diameters 

of each spheroid following treatments, utilising spheroid images captured on specific days (at 

day 1 and 6) with CellSens Standard software of the microscope (OLYMPUS). Spheroid 

volume was calculated following Equation (2.11) and the effects of the formulations on 

spheroid volumes were analysed and compared to cell viability results. 

𝑆𝑝ℎ𝑒𝑟𝑜𝑖𝑑	𝑣𝑜𝑙𝑢𝑚𝑒 =
4𝜋
3
× k

𝑑1
2 l

$

× k
𝑑2
2 l

																																					(2.11)	 
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2.9.3 Sequential treatment protocols  

To mimic clinical medication use, U87MG spheroids were treated sequentially. The plan 

required that medium, and treatments be renewed every 6 days with fresh solutions. Spheroids 

were seeded (3000 cells/well) in ULA plates and incubated overnight at 37 °C, humidified with 

5% CO2. Spheroids were treated with formulations (10 μL; 10x final concentration AFt, TMZ, 

PbS QDs, TMZ+ PbS QDs, AFt-PbS, AFt-TMZ, and AFt-PbS-TMZ) and incubated for 6 days 

(1st treatment). On day 7, spheroid images were obtained, and cell viability% was determined 

using the PB assay. 

Following assessment, the medium was replenished for all spheroids and conditions, and test 

agent treatments (2nd treatment) were added before further incubation for 6 days. On day 14, 

spheroid photos were acquired, and cell viability was compared to the first treatment results. 

Spheroids were treated with fresh 10 μL (10x) formulations and incubated for a further 6 days 

(3rd treatment). On day 21, spheroid images were obtained, and cell viability was compared to 

the first and second treatment findings. All results and images from days 7, 14, and 21 were 

examined in comparison analyses. Figure 2.4 illustrates the sequential treatment schedule 

applied to U87MG spheroids.  

 
Figure 2.4  Experimental design for sequential treatment of U87MG spheroids with multiple agents over 
a 21-day period. Created with BioRender. 
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2.9.4 Quantification of transferrin receptor 1 expression in spheroids by 

flow cytometry 

 
To analyse spheroid samples using flow cytometry, the spheroids need to be disassociated 

into single cells. Therefore, on days 1 and 6, U87MG spheroids (n = 288, 3000 cells/well) were 

collected from ULA U-bottom 96 well plates into a 15 mL falcon tube. Spheroids were 

centrifuged, and the cell pellet was then rinsed with PBS (10 mL) and treated with 1 mL of 5x 

TE solution. To mechanically separate the spheroids into individual cells, spheroids were 

incubated for 10 min at 37 °C and gently pipetted up and down every 2-3 min. The cell counter 

was used to monitor the dissociation success. Cell culture medium (10 mL) was added to 

neutralise the trypsin after the cells had been separated. After centrifuging the cells, the 

supernatant was aspirated.  The same process was used for 2D cell samples for flow cytometry 

analysis. TfR1 expression in U87MG spheroids was analysed and compared with TfR1 

expression in 2D-cultured U87MG cells.  

 

2.10 Near infrared-II imaging: in vitro, ex vivo and in vivo models  

SWIR imaging system (Photon etc, Montreal, Canada, Figure 2.5a) was employed to detect 

the imaging potential of PbS QDs and PbS QD-containing formulations (AFt-PbS and AFt-

PbS-TMZ) in in vitro fixed 2D and 3D U87MG GBM models, ex vivo brain tissue samples and 

in vivo models were used to evaluate their signal.  

2D U87MG cells (1.5 x 105 cells per coverslip) were seeded onto sterile coverslips and 

incubated overnight at 37 °C, humidified with 5% CO2.  The following day, cells were treated 

for 24 h with 50 μg/mL PbS QDs, AFt-PbS, and AFt-PbS-TMZ. After treatment with test agents, 

coverslips were washed with 1 mL PBS (3 times) and fixed in 4% paraformaldehyde solution 

(1 mL) for 12 min at 37 °C. The fixed samples were mounted onto microscope slides using 4 
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μL of mounting medium. The SWIR imaging was set up at 785 nm laser, 1 W power, 980 nm 

LP emission filter, or 1250 nm LP emission filter for 0.4 s, 0.5 s, and 0.7 s exposure times. 

For 3D in vitro studies, U87MG cells were placed at 3000 cells/well in ULA plates using the 

same methodology as for spheroid generation (see Section 2.9.1). Spheroids were treated on 

day 1 with 50 μg/mL PbS QDs, AFt-PbS, and AFt-PbS-TMZ for 6 days. The study employed 

untreated spheroids (6 days) as negative controls. After treatment, spheroids were washed 

with PBS solution (2 times) and were fixed with 4% paraformaldehyde solution (200 μL, 30 min 

incubation at 37 °C, humidified with 5% CO2). The intensity signals being emitted by PbS QDs 

in three replicates of spheroids were assessed using SWIR imaging.  

Thirdly, deep tissue visualisation in brain tissue slices was investigated post-treatment with 

PbS QDs and AFt-PbS. Based on PbS QD concentration, PbS QDs (4 mg/mL) and AFt-PbS 

(2.5 mg/mL) were placed in capillary tubes, while brain tissue slices, prepared at thickness of 

1 mm, were used for imaging analysis (Figure 2.5b). The imaging capabilities of PbS QDs and 

their encapsulated form (AFt-PbS) were assessed using the IR VIVO SynIRgy imaging system 

(Photon etc., Montreal, Canada). SWIR imaging was performed with a 785 nm laser set to 20% 

power, a 1000 nm LP emission filter, a camera exposure time of 0.1 s, and histogram stretching 

in the range of 1000-5000.  

To examine the real-time imaging capabilities of PbS QDs in vivo, nude mice were injected 

with 200 μL of a PEGylated PbS QD solution (2.4 mg/mL). Assuming an average total blood 

volume of 2 mL per animal, the final concentration of PbS QDs in the blood was calculated to 

be 0.24 mg/mL. IR VIVO SynIRgy system (Photon etc., Montreal, Canada) was used to detect 

fluorescence in a live animal immediately post-injection. At various time points, time-lapse 

images were captured to assess signal in liver, spleen, and brain. Regions of interest (ROI) 

corresponding to each organ were manually selected and analysed using PhySpec v2.28.0 

software. The normalised intensity versus time profiles for each organ were generated using 

Origin software. For each organ, two independent datasets were obtained from separate 
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measurements based on the same in vivo images. The average of these datasets was plotted 

as exponential decay curves, from which time constants (τ, min) were calculated in Origin 

software. Subsequently, t₁/₂ values were then calculated using the Equation (2.12). The 

selected organs (liver and spleen) were harvested for preliminary step towards full 

biodistribution studies.  

t₁/₂	 = τ × ln( 2)																																																																							(2.12)	 

 
Figure 2.5 (a) SWIR imaging system used for imaging of spheroid samples (Photon etc, Montreal, 
Canada), (b) representative image of a 1 mm-thick brain tissue slice under SWIR imaging system.    

2.11 Statistical analysis 

Experiments were repeated at least three times (N = 6 internal (technical) replicates), and data 

are reported as mean ± standard deviation (SD). Statistical differences were analysed using a 

one-way analysis of variance (ANOVA), followed by the Holm-Sidak method for comparisons 

involving three or more groups (n ≥ 3), and t-tests for comparisons between two groups (n = 

2). The statistical significance was reported as follows: not significant (ns), (*) p < 0.05, (**) p 

< 0.01, (***) p < 0.001, and (****) p < 0.0001. 
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Chapter 3 Co-encapsulation and characterisation of lead sulfide 

quantum dots and temozolomide within apoferritin nanocages  

3.1 Background 

GBM is one of the most aggressive brain tumours, characterised by rapid progression, high 

recurrence rates, and poor patient prognosis.13 Although TMZ is widely used in the clinic with 

its ability to penetrate BBB, to extend the GBM patient survival, its efficacy in the clinic is limited 

mostly a consequence of instability at psychological pH, poor tumour selectivity, and resistance 

mechanisms.83 Effective diagnosis of GBM presents significant challenges: conventional 

imaging is hindered by anatomical barriers, and organic dyes suffer from low tissue 

penetration, and signal interference with low quantum yield (QY) and poor photostability (PS). 

SWIR imaging (1000-1700 nm) offers deeper tissue penetration, higher resolution, and 

reduced tissue autofluorescence.102 PbS QDs exhibit potentially favourable  characteristics for 

SWIR imaging with their intense QY and long-term PS.105 However, their clinical translation is 

hindered by potential toxicity and targeting delivery issues. Thus, a nanocarrier system is 

required that can reduce the problems associated with PbS QDs and TMZ while taking 

advantage of their beneficial features.  

AFt is a versatile nanocarrier due to its unique physicochemical characteristics, which 

significantly impact the biodistribution and efficacy of NPs.153 Its natural structure, small size, 

and TfR1-mediated endocytosis, as TfR1 is overexpressed in GBM and abundant on BBB 

endothelial cells, facilitate brain drug delivery across the BBB.122 The hollow protein structure 

of AFt allows encapsulation of both hydrophilic and hydrophobic agents. Various single agents 

(e.g. TMZ,83 DOX,212 gefitinib,213, antitumour benzothiazoles214) and nanomaterials (e.g. gold 

NPs (AuNPs)215, QDs216) have been successfully encapsulated into AFt cages. Additionally, 

AFt’s ability to co-loading of multiple diagnostic and therapeutic agents within a single 

nanoplatform provides targeted delivery to the tumour site, drug release profile visualisation, 
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pharmacokinetic and biodistribution evaluation, and therapeutic effect assessments, 

highlighting its potential in cancer theranostics.200  

This chapter examines the development and characterisation of a theranostic AFt-based 

nanocarrier system co-loaded with TMZ and PbS QDs (AFt-PbS-TMZ). In the co-encapsulation 

process, the disassembly/reassembly route was employed to load PbS QD into an AFt cage 

whereas TMZ, due to its small molecular size, was encapsulated via the diffusion method. The 

rationale for this combination lies in integrating TMZ’s chemotherapeutic activity with the SWIR 

imaging abilities of PbS QDs, thus enabling a theranostic platform for improved GBM 

management.  This theranostic strategy was designed to enhance targeted delivery to tumour 

tissues while protecting healthy tissues and reduce TMZ leakage post co-encapsulation. 

Furthermore, PbS QDs provide NIR-II window imaging capabilities, offering deep tissue 

visualisation and brain imaging, helping to address the limitations. To support this theranostic 

strategy, single agent encapsulated AFt formulations (AFt-PbS and AFt-TMZ) were first 

synthesised. A comprehensive comparative characterisation of these formulations was 

conducted, with particular emphasis on the theranostic formulation, evaluating parameters 

such as particle size and zeta potential, protein integrity, PL activity, TMZ release profile, and 

storage stability over a 1 month period.  

Chapter hypothesis: The development of a theranostic AFt nanoplatform co-encapsulating 

TMZ and PbS QDs will enhance therapeutic activity of TMZ with co-encapsulation, increased 

TMZ retention within AFt cages, and controlled pH-dependent release compared to single 

agent encapsulation (AFt-TMZ). In addition, the presence of PbS QDs will enable SWIR 

imaging for real-time tracking of the delivery system and to contribute to overall therapeutic 

activity through their potential cytotoxicity toward GBM cells when delivered via TfR1-targeted 

AFt nanocages, thus providing a multifunctional strategy for targeted GBM theranostics.   

Chapter experimental aims: The experimental aims of this chapter include the development 

of AFt nanocages co-encapsulating chemotherapy drug (TMZ) and imaging agent (PbS QDs), 
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with high EE, an average diameter of ~ 12 nm, a low PDI, the preservation of the native protein 

integrity of AFt, and the utilisation of the SWIR imaging capability of PbS QDs. The experiments 

are designed to evaluate their size and zeta potential stability during storage at 4 °C and after 

1 month of storage at -80 °C, and as well as to investigate their controlled release properties 

under physiological pH conditions, while enabling pH-responsive release of the encapsulated 

cargo at pH 5.5, corresponding to the endosomal-lysosomal pathway. 

3.2 Results and discussion 

3.2.1 Morphological and optical properties of lead sulfide quantum dots 

PbS QDs, synthesised following a previously published method206 (see Section 2.3) at a molar 

ratio of Pb:S = 1:0.3, were characterised in terms of size, morphology, and optical properties 

using HR-TEM and PL studies. HR-TEM image (Figure 3.1a) analysis revealed that the QDs 

had a nanocrystalline structure with consistent spherical morphology. Average particle 

diameter of PbS QDs was determined to be 4.0 ± 0.5 nm in aqueous solution by ImageJ 

analysis (Figure 3.1a inset). In addition, to investigate PbS QDs’ imaging capabilities in the 

SWIR range, PL emission was recorded using the as-synthesised PbS QDs solution (5 

mg/mL). As illustrated in Figure 3.1b, for as-synthesised QDs, PL peaks centered at λem = 

1118 nm (1.1 eV) with the full width at half maxima of (FWHM) ~ 155 meV, as expected for 

this size QDs.217, 218 
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Figure 3.1 (a) Representative HR-TEM image of PbS QDs (inset) size distribution of PbS QDs from HR-
TEM analysis. 19 particles were analysed from the HR-TEM image. (b) Room temperature 
photoluminescence (PL) spectra of PbS QDs. 

To investigate PbS QDs’ imaging capabilities in the SWIR range for over a period of three 

months, PL emission was recorded using 3 concentrations including the as-synthesised PbS 

QDs solution (5 mg/mL) and its serial dilutions of 0.5 mg/mL and 0.25 mg/mL. The PL emission 

was detectable at 5 mg/mL and 0.5 mg/mL concentrations, with PL intensity linearly decreasing 

with decreasing concentration (Figure 3.2a and inset). Notably, the QD solutions are stable 

with respect to their optical and morphological properties for a period of at least three months, 

when stored at 4 °C, under N2. PbS QDs maintained their PL intensity, with small redshift peak 

to λem = 1379 nm (0.9 eV) and FWHM ~ 120 eV. This observed redshift is attributed to an 

Ostwald ripening process observed in all nanoparticle solutions.219 

 
Figure 3.2 (a) Representative room temperature photoluminescence spectra of PbS QD solutions with 
concentration of 5 mg/mL, 0.5 mg/mL, and 0.25 mg/mL (pH 11, aqueous solution, pH adjusted with 
triethylamine). (Inset) Dependence of PL intensity on the QD concentration. (b) Optical (left) of PbS 
QDs embedded in Native-PAGE gel either in a ‘sandwich’ sample of a missed sample, and 
corresponding SWIR images recorded with integration time of 3 ms (middle) and 1 sec (right). The SWIR 
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PL images were recorded on IR VIVO SynIRgy (785 nm laser at 20% power, emissions long pass filter: 
850 nm). 

 

In addition to PL studies, SWIR imaging using a native-PAGE gel (10%) embedded with PbS 

QDs also confirmed their bright emission signal. The sample was prepared as a ‘sandwich’ 

structure with QD layer embedded between the gel and a sample with QDs dispersed in the 

gel (Figure 3.2b).  The mixed sample had brighter luminescence compared to the ‘sandwich’ 

sample. The observed difference is due to uniform distribution through the volume and 

proximity of the QDs to the surface in the mixed sample. Despite a layer of gel with a thickness 

of 1.5 mm over the QD layer, the QD luminescence was easily detectable, of interest for deep 

tissue imaging. Overall, the results obtained demonstrated the potential of PbS QDs for 

imaging in the NIR-II wavelength region for theranostic applications.  

3.2.2 Single vs. co-encapsulation of lead sulfide quantum dots and 

temozolomide within apoferritin nanocages  

The protein nanocarrier system (AFt) was selected as the delivery and targeting vehicle for 

PbS QDs and TMZ. To integrate both imaging and therapeutic agents in a single nanocarrier 

system, a QD was entrapped in each AFt nanocage by a disassembly-reassembly method, 

where the AFT cage is disassembled into 24 subunits at pH 2, and the QD are trapped inside 

the cavity as the cage was reassembled with pH increasing to pH 7. TMZ was then loaded into 

the formed AFt-PbS nanocages via passive diffusion, using the ‘nanoreactor’ method, where 

diffusion of the drug molecule takes place through the 3- and 4-fold channels in the AFt 

capsule, forming co-encapsulated AFt-PbS-TMZ (Figure 3.3). Calibration curves were utilised 

to determine protein (Figure 3.4a) and TMZ (Figure 3.4b) concentrations in the formulations 

by Bradford assay (Figure 3.4c) and UV-vis measurements (Figure 3.4d), respectively.  
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Figure 3.3 Schematic illustration of the single and co-encapsulation processes in the development of 
the AFt-TMZ (top), AFt-PbS (bottom), and AFt-PbS-TMZ (bottom) for targeting of TfR1 overexpressed 
in GBM cells. 

The encapsulation efficiency (EE) of TMZ in AFt-TMZ and AFt-PbS-TMZ was evaluated using 

UV-vis spectroscopy by measuring the intensity of the TMZ absorption peak at λ = 330 nm.  In 

the co-encapsulation process, AFt:TMZ molar ratio of 1:400 was used to allow sufficient space 

in the hollow cage for both agents. The EE of TMZ was determined to be 74.4 ± 11.2%, 

indicating successful loading of 309 ± 49 TMZ molecules per AFt cage in the final AFt-PbS-

TMZ formulation (Table 3.1). The number of TMZ molecules per AFt cage was calculated 

indirectly based on the original AFt:TMZ molar ratio used in the formulations and EE% 

determined by UV-vis measurements. Comparable EE%, DL%, and PY% results were 

observed in single encapsulation formulation (AFt-TMZ), even when a higher AFt:TMZ molar 

ratio of 1:800 was employed. Additionally, variable AFt:TMZ ratios in both samples (AFt-TMZ 

and AFt-PbS-TMZ) can be used to explain the variation in the number of encapsulated TMZ 

molecules per AFt cage. However, high TMZ EE (> 70%) was observed in both formulations. 

It may be attributed to the small molecular weight of TMZ (194.1 g/mol), which allows it to 

diffuse through pores between protein subunits. The number of TMZ molecules encapsulated 
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within AFt cages is consistent with previously reported values.83, 172 In contrast, the number of 

encapsulated TMZ molecules within AFt cages exceeds that reported in previous studies with 

different drugs/molecules. For instance,  hydrophobic drugs such as paclitaxel (853.9 g/mol) 

achieved loading of ~60 molecules per cage using the disassembly/reassembly method,162 

DOX (543.5 g/mol) ~28 molecules per cage via the same method,220 and Phortress (386.5 

g/mol) ~130 molecules per cage using the nanoreactor route.221 This difference in the number 

of encapsulated agents might be explained by their larger molecular size compared to TMZ. 

 
Figure 3.4 Standard curves for (a) BSA and (b) TMZ, with error bars representing standard deviation 
(SD, n = 3). Representative of UV-vis absorption spectrums of (c) BSA at λ = 280 nm and (d) TMZ at λ 
= 330 nm and AIC at λ = 265 nm. 

 

In the study, TMZ encapsulation within AFt cages was optimised under acidic conditions (at 

pH 5.5) to enhance TMZ stability. Remarkably, in the co-encapsulation process, the 

encapsulation environment pH was kept at pH 7.5, to preserve the colloidal stability of PbS 
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QDs. However, TMZ is known to undergo rapid degradation into its metabolites at physiological 

pH (TMZ half-life 1.8 h at pH 7.4), and duration of the co-encapsulation process was longer 

than the TMZ half-life. Therefore, the presence of the TMZ degradation product, metabolite 

AIC, was also monitored by measuring absorbance at λ = 265 nm. Despite ~ 2.5 h at pH 7.5, 

only 10% degradation was observed, hence it was concluded that an acceptable co-

encapsulation protocol had been optimised. The limited degradation may be attributed to 

potential interactions between TMZ and PbS QD within AFt cages, or to the formation of metal-

protein complexes. Similarly, Li et al.180 reported that TMZ degradation metabolite MTIC can 

interact with copper ions (Cu2+), thus AFt can act as a copper-bound protein, Cu-MTIC 

interactions occurred within AFt nanocages, stabilising MTIC and preventing its subsequent 

hydrolysis. In addition, enhanced TMZ stability has been reported when TMZ bound to different 

nanocarrier systems.222, 223 For instance, TMZ binding to HSA was shown to extend TMZ half-

life by delaying its hydrolysis.223 Therefore, the limited degradation observed here, even after 

~ 2.5 h at pH 7.5, indicates an additional advantage of co-encapsulation protocol.  

Table 3.1 Summary of encapsulation efficiency (EE%), drug loading (DL%), and protein yield (PY%) of 
AFt nanoparticles (Mean ± SD, n = 6). 
Nanoformulation AFt/TMZ 

molar 
ratio 

EE (%) DL (%) PY (%) Number of 
molecules 

per AFt 

AFt-TMZ 1:800 73.1 ± 12.1 16.8 ± 0.9 81.6 ± 12.9 516 ± 82 

AFt-PbS-TMZ 1:400 74.4 ± 11.2 13.1 ± 3.2 80.1 ± 16.8 309 ± 49 

3.2.3 Characterisation of nanoformulations by size, zeta potential, native-

PAGE, HR-TEM and photoluminescence  

Particle size and zeta potential measurements were performed in 0.1 M NaOAc buffer at pH 

5.5 to provide a suitable ionic strength, and TMZ stability of nanoformulations, using DLS. The 

hydrodynamic size of AFt was first measured as a control to assess potential changes in the 

protein size before and after encapsulation and was found to be 11.8 ± 1.8 nm. After 

encapsulation, AFt cages had hydrodynamic sizes of 12.3 ± 0.7 nm, 12.0 ± 0.8 nm, 14.3 ± 0.5 



 95 

nm for AFt-PbS, AFt-TMZ, and AFt-PbS-TMZ, respectively.  Figure 3.5a shows the size 

distribution profiles of all AFt formulations. Encapsulation of individual agents (PbS QDs and 

TMZ) resulted in a slight but statistically not significant increase in cage size (p>0.05) while co-

encapsulation (AFt-PbS-TMZ) demonstrated a significant increase (p<0.05). The observed 

increase in size of AFt-PbS-TMZ may be attributed to cooperative swelling of flexible AFt 

nanocages, driven by space-filling effects, electrostatic interactions, and slight conformational 

rearrangements. On the other hand, single agent encapsulation results were consistent with 

previous studies with AFt-PbS and AFt-TMZ, which found similar size values after 

encapsulation.83, 172, 224 In addition to particle size values obtained from DLS measurements, 

the PDI values of AFt, AFt-PbS, AFt-TMZ, and AFt-PbS-TMZ were found to be 0.27 ± 0.07, 

0.27 ± 0.02, 0.25 ± 0.05, 0.26 ± 0.04 for AFt, AFt-PbS, AFt-TMZ, and AFt-PbS-TMZ, 

respectively. The PDI values represent size distribution of the formulations in the solution and 

larger PDI values can be related to agglomeration of samples.225 Therefore, AFt formulations 

with PDI values below 0.3 indicated a suitable monodisperse particle size distribution. 

  
Figure 3.5 Synthesis and characterisation of AFt nanoparticles. (a) Size distribution and (insets) 
hydrodynamic size and zeta potential of AFt, AFt-PbS, AFt-TMZ, and AFt- PbS-TMZ measured by 
dynamic light scattering (DLS. Data are presented as mean ± SD of samples from three independent 
experiments (n = 3, N = 6).  (b) Native-PAGE gel results of horse spleen ferritin (Ft), horse spleen AFt, 
PbS QDs, AFt-PbS, AFt-TMZ and AFt-PbS-TMZ. 

 

To evaluate any effect of encapsulation process in the protein capsule surface, zeta potential 

values of AFt, AFt-PbS, AFt-TMZ, and AFt-PbS-TMZ were measured and were found to be      
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-4.1 ± 0.1, -4.1 ± 0.3, -4.5 ± 0.3, -4.2 ± 0.4 mV, respectively. The DLS measurements confirmed 

that AFt cages had a negative zeta potential value which minimally changed after 

encapsulation (Figure 3.5a inset). Negatively charged NPs produce fewer immune responses 

and are repelled by cell membranes reducing non-specific cell uptake which is important for 

clearance and targeted distribution.226, 227 Therefore, the negative surface charge of AFt may 

prolong their circulation time and help to minimise off-target effects.  

Protein cage integrity was further confirmed using the native-PAGE method, as described in 

Section 2.6.5. Following encapsulation, all AFt formulations demonstrated comparable bands 

at ~480 kDa, showing that the protein cages` structural integrity was maintained. Ft and AFt 

were used as controls. As expected, PbS QDs did not migrate through the gel. (Figure 3.5b). 

Altogether, DLS and Native-PAGE results indicated that TMZ and PbS QDs were 

encapsulated successfully within AFt cavities. 

 
Figure 3.6 (a) Representative HR-TEM image of AFt-PbS, negatively stained with uranyl acetate and 
a size distribution histogram shown in the insert. 18 particles were analysed from the HR-TEM image. 
(b) Room temperature photoluminescence (PL) spectra of AFt-PbS.  

 
As an initial product of co-encapsulation process, AFt-PbS was characterised by HR-TEM and 

PL studies (Figure 3.6). As shown in Figure 3.6a, AFt-PbS were negatively stained with uranyl 

acetate for imaging. Notably, HR-TEM images of AFt-PbS showed the lack of free PbS QDs 

outside the cages, which suggests successful encapsulation of PbS QDs within the AFt cavity.   

ImageJ analysis revealed a particle size of 11.9 ± 0.3 nm (Figure 3.6a inset), indicating that 

the pH-dependent encapsulation process did not significantly alter the size of the AFt 

nanocages. The PL emission of AFt-PbS was centred at λem = 1265 nm (1 eV) at room 
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temperature (Figure 3.6b), indicating that encapsulated PbS QDs retained their PL activity 

within AFt cages. The observed redshift peak may be attributed to Ostwald ripening, as AFt-

PbS had been stored at 4 °C, under N2 for a period of at least one month.219 A similar shift in 

PL peak reported in PbS QDs upon aging (see Figure 3.2a). Then, the co-encapsulated 

formulation (AFt-PbS-TMZ) was evaluated using HR-TEM and PL studies. Figure 3.7a shows 

the HR-TEM image of AFt-PbS-TMZ. HR-TEM measured diameter (12.1 ± 0.6 nm) was 

consistent with the DLS-measured hydrodynamic diameter (14.3 ± 0.5 nm), as expected due 

to the difference between dry-state imaging (HR-TEM) and measurements taken in aqueous 

solution (DLS). HR-TEM image showed that there was no significant change in the expected 

size of the AFt cages (~12 nm) after the co-encapsulation process, and each cage successfully 

entrapped a single PbS QD. Furthermore, the representative AFt-PbS-TMZ structure seen in 

Figure 3.7a suggests strong interactions between PbS QD and TMZ molecules within AFt 

nanocages. These interactions may include electrostatic attraction between the functional 

groups of TMZ and QD surface, as well as hydrogen bonding between the NH2 groups of TMZ 

and surface Pb (II) atoms or thiol-based capping agent (1-thioglycerol). In addition, TMZ may 

interact with the aromatic residues (tryptophan, tyrosine, and phenylalanine) lining in the inner 

surface of AFt cavity. The interior of AFt nanocages is also rich in hydrogen-bonding 

carboxylate groups (Aspartate/Glutamate) which have a potential to interact with NH2 group or 

five strong hydrogen bond acceptors (N and O) on each TMZ molecule. Therefore, HR-TEM 

image of co-encapsulated formulation indicate successful co-encapsulation and TMZ-QD 

interactions in the protein nanocage.  

Additionally, the optical properties of PbS QDs were assessed post-encapsulation and 

compared with PbS QDs alone. The PL emission of PbS QDs alone was centred at λem = 

1118 nm (1.1 eV) at room temperature (see Figure 3.1b). After co-encapsulation, their optical 

characteristics were retained, with only a slight redshift in the emission peak to λem = 1131 

nm (1.09 eV, Figure 3.7b), likely due to a reduction in quantum confinement strength.110   
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Figure 3.7 (a) Representative HR-TEM image of AFt-PbS-TMZ, negatively stained with uranyl acetate 
and a size distribution histogram shown in the insert. 23 particles were analysed from the HR-TEM 
image. (b) Room temperature photoluminescence (PL) spectra of AFt-PbS-TMZ.  

 
 

3.2.4 In vitro drug release studies: comparative analysis of AFt-TMZ and 

AFt-PbS-TMZ  

The release profiles of TMZ from both AFt-TMZ and AFt-PbS-TMZ formulations were 

evaluated in vitro under different physiologically-relevant pH conditions over time - at pH 7.4 

and pH 5.5, at 37 °C for 72 h, to mimic both healthy and tumour microenvironments and 

possible release in blood stream (pH 7.4) and intracellular endosome (pH 5.5). However, GBM 

tumour is more alkaline than surrounding normal brain, facilitating TMZ activation.228  As shown 

in Figure 3.8, the cumulative release of TMZ from both formulations was clearly illustrated. 

The comparative drug release studies demonstrated rapid release of TMZ from the cages 

under acidic conditions for both formulations. Notably, TMZ release was ~78% from AFt-TMZ, 

and ~70% from AFt-PbS-TMZ after 24 h (Figure 3.8a). This slight difference in release 

percentage values was not statistically significant, suggesting that both AFt formulations 

exhibited effective drug release in acidic conditions, mimicking the endosomal environment. 

The results are consistent with pH-triggered drug release in the acidic intracellular endosomal 

environment following recognition and uptake of AFt nanoformulations by the tumour cells. On 

the other hand, at pH 7.4, significant difference in release profiles was observed between the 
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two formulations. For example, after 24 h, 82% TMZ was released from AFt-TMZ, but only 

33% TMZ was liberated from AFt-PbS-TMZ. This difference in drug release at physiological 

pH was highly significant at 24 h (p < 0.0001) and remained significant at 48 h (p < 0.001). 

These results demonstrated that the co-encapsulated formulation AFt-PbS-TMZ remained 

more stable than AFt-TMZ preventing release of TMZ cargo at pH 7.4. This drug release 

behaviour of AFt-PbS-TMZ might indicate the reduction of premature TMZ release during 

systemic circulation and only release of drug cargo upon sequestration by tumour cells. This 

effect may be related to interactions between the PbS QD surface and TMZ. The higher partial 

charge on TMZ functional groups may interact with surface charge on the PbS QD surface, 

while at higher pH lead ions may also bind to MTIC, conferring additional stability, as previously 

reported for CuNPs.180 Additionally, TMZ may bind to the corona of QDs or π-stack with 

aromatic residues (tryptophan, tyrosine, phenylalanine) on the AFt (interior) surface and 

hydrophobic pores. Similarly, enhanced TMZ stability has reported when TMZ binds to carrier 

systems including protein-based NPs.223, 229 Overall, the results suggest the advantage of co-

encapsulation of PbS QDs and TMZ into AFt nanocages, which may provide additional 

stabilisation and enable pH-induced control of the rate of TMZ release. 

These data support the premise of tumour-targeted delivery and minimisation of off-target 

toxicity in healthy tissues. In addition, the reduction of TMZ release from AFt-PbS-TMZ under 

physiological conditions may be attributed to the presence of the PbS QD within the AFt cavity, 

influencing the release behaviour of TMZ. The presence of a PbS QDs may partially obstruct 

the AFt channels, thus reducing TMZ leakage resulting in improved retention of TMZ in the 

AFt-PbS-TMZ formulation. Additionally, the interaction of the PbS QD and TMZ within AFt 

cages may impact TMZ release. Similarly, Cassioli et al. reported comparable results when 

co-encapsulating copper phenanthroline and TMZ into horse spleen AFt, demonstrating that 

the co-encapsulated formulation retained 58% TMZ over 24 h (at pH 7.4) in the AFt nanocages, 

compared with only 18% retention for AFt-TMZ in the absence of copper phenanthroline.174  
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Overall, both AFt formulations (AFt-TMZ and AFt-PbS-TMZ) exhibited a greater stability at pH 

7.4 compared to pH 5.5, consistent with previous studies showing pH-dependent drug release 

from AFt nanocages.83, 174, 213 This behaviour may be explained by the structural changes in 

AFt at acidic pH, where protein channels relax and widen, facilitating cargo release. This aligns 

with the proposed AFt cellular internalisation pathway from vesicle to endosome (early 

endosome pH 6.5, late endosome pH 5.5) and then lysosomes (pH 4.5). The gradual 

acidification triggers the release of the agents from AFt cages.174 Therefore, the observed 

release profiles in the study support the cancer selective delivery potential of AFt formulations.  

 
Figure 3.8 Temozolomide (TMZ) release profiles of AFt-TMZ and AFt-PbS-TMZ at (a) pH 5.5 and (b) 
pH 7.4 at 37°C. 

 

3.2.5 Assessment of size and zeta potential stability after 1 month storage 

To evaluate the stability of nanoformulations, the size and surface charge were measured after 

one-month storage at -80 °C in 0.1 M NaOAc buffer (pH 5.5). Figure 3.9 demonstrates the 

comparison of size (Figure 3.9a) and zeta potential (Figure 3.9b) measurements of AFt 

formulations (AFt-TMZ, AFt-PbS and AFt-PbS-TMZ). The results demonstrated that the 

hydrodynamic size and zeta potential measurements of AFt samples stored for one month 

were comparable to those of freshly prepared samples. For example, the average 

hydrodynamic size of AFt-TMZ was measured at 12.0 ± 0.9 nm for freshly prepared samples 
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and 11.7 ± 1.7 nm after one month of storage. Similarly, no significant (p > 0.05) changes were 

observed in the hydrodynamic size of AFt-PbS (fresh: 12.3 ± 0.7 nm; 1 month stored: 13.7 ± 

1.7 nm) and AFt-PbS-TMZ (fresh: 14.0 ± 0.5 nm; 1 month stored: 12.6 ± 0.9 nm) formulations.  

 
Figure 3.9 Stability study of AFt formulations (AFt-TMZ, AFt-PbS, AFt-PbS-TMZ) monitored by dynamic 
light scattering (DLS) in terms of (a) size and (b) zeta potential at storage conditions (T = -80 °C). 

In addition, zeta potential measurements using DLS were also employed to evaluate the 

stability of AFt formulations, providing insight into the presence of agents within the cage.  For 

instance, the average zeta potential was -4.1 ± 0.3 mV for fresh AFt-TMZ and -3.5 ± 0.5 mV 

for the 1-month-old formulation. After 1 month of storage, the zeta potential values for AFt-PbS 

and AFt-PbS-TMZ formulations were measured as -5.5 ± 0.6 mV and -4.7 ± 1.0 mV, 

respectively, with no significant changes observed (p > 0.05). These results suggest that both 

single and co-encapsulated agents remained within the AFt nanocages over time, exhibiting 

minimal changes in particle size and zeta potential after 1 month of storage. These results 

indicate that the AFt formulations maintained their stability and protein integrity following the 

optimised encapsulation processes. Specifically, AFt-TMZ utilised the nanoreactor 

encapsulation method, AFt-PbS employed a pH-dependent method and AFt-PbS-TMZ used 

combination of both techniques. Maintaining the structural integrity of these formulations is 
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crucial for ensuring the long-term stability of the NPs and supports their potential use in 

diagnostic, therapeutic, and theranostic applications.  

3.3 Conclusion 

In conclusion, to combat major limitations associated with conventional imaging and therapy 

methods for GBM, nanotechnology-based approaches are required. This chapter has 

demonstrated synthesis and characterisation of PbS QDs and their successful encapsulation 

in a biocompatible nano-sized delivery vehicle, AFt, to combat their limitations which restrict 

their clinical use. Additionally, encapsulation of PbS QDs, TMZ, and TMZ+ PbS QDs within 

AFt cages was successfully optimised and characterised. Distinct encapsulation methods were 

used as disassembly/reassembly for PbS QDs (entrapped one QD per AFt cage) and passive 

diffusion for TMZ. Encapsulation resulted in 516 and 309 TMZ molecules per cage for AFt-

TMZ and AFt-PbS-TMZ, respectively with >70% EE. High numbers of TMZ molecules per AFt 

cage were loaded in both formulations, compared to previous reports of encapsulation of other 

clinical and experimental agents, attributed to the small size and pH-dependent stability of 

TMZ. 

Characterisation studies confirmed that AFt formulations maintained their morphology, size, 

integrity, as analysed by HR-TEM, DLS, Native-PAGE, and PL measurements. In addition, 

PbS QDs retained their PL properties post encapsulation, supporting their potential application 

in NIR-II imaging. Furthermore, in vitro release studies demonstrated pH dependent TMZ 

release, with both formulations releasing >70% TMZ at acidic pH, while showing enhanced 

stability at pH values associated with the bloodstream. This behaviour makes AFt a promising 

nanocarrier for targeted delivery applications. Remarkably, the co-encapsulated formulation 

exhibited better TMZ retention at pH 7.4, making it suitable for i.v. delivery and tumour targeted 

release. Stability evaluations by DLS confirmed that all AFt formulations remained stable in 

terms of size and zeta potential after one month storage at -80 °C.  
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Altogether, these results confirmed the suitability of AFt as a multifunctional drug delivery 

platform for combined diagnostic and therapeutic applications in GBM. However, further 

investigations are needed to evaluate long-term stability of AFt formulations investigating TMZ 

stability in AFt cages. In addition, it is necessary to investigate their effect with in vitro and in 

vivo studies before clinical translation.  
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Chapter 4 Comparative analysis of naked and encapsulated 

formulations in 2D in vitro models 

4.1 Background 

 
Drug delivery and therapeutic efficacy in the brain are limited by both biophysical and 

biochemical barriers. One of the obstacles is the BBB, which includes endothelial cells, 

pericytes, ECM, and astrocytes. These components constitute a selective biophysical barrier 

that restricts drug passage depending on size, lipophilicity, electric charge, and interactions 

with BBB proteins. Additionally, the BBB has biochemical barriers, such as drug efflux pumps 

such as P-gp, which prevent drugs from accumulating in the brain.38 

Innovative targeted delivery strategies hold promise for GBM therapy, overcoming the 

challenges posed by the BBB, since they enable selective accumulation of therapeutic agents 

in tumour tissues while minimising off-target toxicity in healthy tissues. The relationship 

between iron metabolism and GBM has led to investigation of new approaches focusing on 

TfR1 expression in GBM therapy, which is overexpressed in GBM cells and abundant in BBB 

endothelial cells. Additionally, targeting (blocking) ferroportin has become a strategy in GBM 

research to induce ferroptosis in TMZ-resistant cells, (in combination with TMZ) to reduce 

resistance.230 As a result, TfR1-targeted DDS have gained interest for their potential to 

enhance therapeutic efficacy and overcome resistance mechanisms in GBM management.31 

For this purpose, natural TfR1 binding proteins such as AFt have shown a great potential in 

the advancement of GBM therapies through development of novel formulations. Previous 

studies have demonstrated AFt’s selective uptake in vitro by GBM cells83, 172, 174 and its ability 

to accumulate in brain tumours in vivo,173, 176 further supporting its application in advanced 

GBM strategies such as the use of theranostics. The integration of diagnosis and therapy into 

AFt presents a promising multifunctional nanoplatform for GBM.  
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In this chapter, initial evaluation of AFt formulations was performed in 2D monolayer cultures 

due to their cost-effectiveness and high experimental reproducibility. Comparative in vitro 

growth inhibition of delivery vehicle (AFt), naked (TMZ, PbS QDs) and loaded formulations 

(AFt-TMZ, AFt-PbS, AFt-PbS-TMZ) was evaluated using MTT and PB methods in both 2D 

cancerous (GBM) and non-cancerous cell lines. In this chapter and those that follow, ‘’naked’’ 

refers to free/unencapsulated agents whereas ‘’encapsulated’’ describes agents that have 

been encapsulated within AFt nanocages. Vehicle refers to AFt (for loaded formulations/AFt-

encapsulated agents), or for naked agents, vehicle refers to DMSO/medium/water/TMZ/QD 

solubilising vehicle. The study used three GBM cell lines, demonstrating different TMZ 

resistance profiles: U373M (MGMT-transfected), U373V (vector control), and U87MG (MGMT 

low). In addition, three non-cancerous cell lines were used in the study: human astrocytes, 

which are required for BBB homeostasis and from which cell type gliomas may derive, MRC-

5 foetal lung fibroblasts, and THLE-2, a healthy liver cell line. The selectivity of AFt nanocages 

toward cancer (GBM) cells was investigated. Moreover, the impact of AFt encapsulation on 

cellular NP uptake and TMZ resistance mechanisms were investigated by analysing TfR1 and 

MGMT expression levels respectively in 2D cells. As a result, this chapter provides information 

pertinent to the diagnostic, therapeutic, and theranostic potential of AFt formulations in 

comparison to naked agents in 2D in vitro models. 

Chapter hypothesis: Herein is tested the hypothesis that co-encapsulation of TMZ and a PbS 

QD within AFt nanocages will enhance their in vitro growth inhibitory effect in 2D GBM cells 

compared to their naked agent counterparts and single agent encapsulated formulations. 

Furthermore, it is examined whether AFt-based TfR1 targeted delivery has potential to 

minimise potential off-target cytotoxicity by protecting healthy tissues, thus improving 

therapeutic cancer selectivity and safety.  

Chapter experimental aims: The experimental aims of this chapter include the evaluation of 

whether optimised targeted theranostic AFt formulation enhances the growth inhibitory activity 

compared to naked agents and single agent encapsulated formulations, and whether it exhibits 
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cancer selective activity in 2D GBM cultures with different TMZ resistance profiles, using two 

complementary cytotoxicity assays (MTT and PB), the investigation of off-target cytotoxicity of 

AFt formulations by assessing their activities in non-cancerous cell lines, evaluating whether 

targeted delivery mechanism of AFt nanocages is mediated through TfR1 receptor recognition 

using two complementary approaches: assessment of TfR1 protein levels and single cell 

receptor expression, and investigation of the mechanisms underlying the enhanced 

therapeutic activity of AFt encapsulation by examining MGMT protein expression levels, which 

are associated with TMZ resistance in GBM cells.  

 

4.2 Results and discussion 

4.2.1 In vitro evaluation of growth inhibition using MTT assay: comparison 

of naked and encapsulated formulations  

 
The in vitro growth inhibitory effects of vehicles (including formulation vehicle AFt), naked 

agents (TMZ, PbS QDs) and loaded formulations (AFt-PbS, AFt-TMZ, AFt-PbS-TMZ) were 

initially evaluated by MTT assay in GBM cell lines (U373M, U373V, U87MG) and non-

cancerous MRC-5 fibroblasts. In the study, incubation time was selected as 6 days to allow 

enough time for DNA methylation, MMR activation, and two cell cycle phases progression.  

Initially, AFt alone and DMSO (at the vehicular concentrations used) were evaluated using 

MTT assay and demonstrated insignificant growth inhibitory effects on the studied cell lines. 

Subsequently, serial dilutions of test agents/formulations were tested, and the adopted 

concentration ranges are exemplified in Figure 4.2. Then, estimated GI50 values were 

calculated to evaluate the preliminary 2D growth inhibitory effects of naked and loaded 

formulations in both GBM and non-cancerous cells. The GI50 for PbS QDs and AFt-PbS was 

expressed in µg/mL whereas µM GI50 values for TMZ-based treatments (TMZ, AFt-TMZ, 
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TMZ+PbS QDs, AFt-PbS-TMZ) were reported. The comparative results are summarised in 

Table 4.1 and illustrated graphically in Figure 4.1.  

Comparative analysis of PbS QDs-based formulations revealed that naked PbS QDs exhibited 

more pronounced growth inhibitory effects, showing low GI50 values in both GBM cells as well 

as in non-cancerous MRC-5 fibroblasts. In contrast, AFt-PbS demonstrated significantly 

reduced in vitro growth inhibition towards MRC-5 lung fibroblasts, with a 19-fold increase in 

GI50 value (p < 0.0001), while maintaining its in vitro growth effects in all studied GBM cell lines 

(GI50 range: 1.3-2.3 µg/mL, Figure 4.1a). Similar cancer-selective effects of AFt-PbS have been 

reported, implying protection against cytotoxicity for colorectal216 and breast224 cancer cells, 

previously. These results confirmed that encapsulating PbS QDs in AFt cages provides a 

protective shield in the non-cancerous MRC-5 fibroblasts. 

Table 4.1 Summary of GI50 for all formulations following 6 days treatment in the studied cell lines (Mean 
± SD, n = 3). 
Cell 
lines 

 PbS QDs 
(µg/mL) 

AFt-PbS 
(µg/mL) 

TMZ (µM) AFt-TMZ 
(µM) 

TMZ + 
PbS 
QDs 
(µM) 

AFt-PbS-
TMZ (µM) 

 GI50(PbS QDs)   GI50(TMZ)   
U373M 0.3 ± 0.1 1.3 ± 0.8 494.0 ± 21.1 3.7 ± 1.4 0.9 ± 0.1 1.5 ± 0.8 

U373V  0.6 ± 0.1 1.6 ± 0.7 24.0 ± 4.9 7.3 ± 2.7 0.9 ± 0.1 3.1 ± 0.6 

U87MG 2.7 ± 0.2 2.3 ± 0.1 40.0 ± 3.0 2.5 ± 2.6 1.1 ± 0.1 1.9 ± 0.1 

MRC-5 2.6 ± 0.1 47.0 ± 2.5 211.1 ± 43.1 50.0 ± 0.1 2.7 ± 0.1 27.1 ± 1.8 
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Figure 4.1 GI50 values obtained from MTT assay based on (a) PbS QDs (µg/mL) and (b) TMZ (µM) 
concentrations on glioblastoma (GBM) and non-cancerous cell lines. Data are presented as mean ± SD 
of samples from three independent experiments (n = 3, N = 6). 

The comparison of cellular growth inhibitory effects of TMZ and AFt-TMZ demonstrated that 

encapsulation of TMZ in AFt cages significantly reduced GI50 values across all studied GBM 

cell lines (see Table 4.1 and Figure 4.1b). For example, U373M cells (MGMT-positive) 

exhibited a TMZ GI50 of 494.0 ± 21.1 µM, making them 20.6-fold and 12.4-fold less sensitive 

to naked TMZ than U373V (GI50: 24.0 ± 4.9 µM) and U87MG (GI50: 40.0 ± 3.0 µM) cells, 

respectively in agreement with previous studies.83, 174 However, when TMZ is encapsulated 

within AFt cages, significantly lower TMZ concentrations are required to evoke the same 

response in all studied GBM cells. AFt-TMZ treatment led to a 134-fold reduction in GI50 (p < 

0.0001) in U373M (TMZ resistant) cells, while reductions of 3.3-fold (p < 0.01) and 16-fold (p 

< 0.0001) were observed in U373V (TMZ sensitive) and U87MG (TMZ sensitive) cells, 

respectively, following 6 days treatment. These results aligned with the findings of Bouzinab 

et al. who found similar GI50 values in U373M and U373V cells under same experimental 

settings.83 In addition, our findings corroborated those of Shargh et al. in paediatric DMG cell 

lines.172 However, the activity potentiation conferred by AFt encapsulation in GBM cells was 

not observed in non-cancerous MRC-5 cells to the same degree. This effect may be attributed 

to both TfR1 expression levels and pH-dependent stability of TMZ. Although MRC-5 cells are 
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non-cancerous, they may express basal levels of TfR1 that are enough to permit uptake of AFt 

nanocages. Additionally, AFt encapsulation may enhance TMZ stability under acidic conditions 

(pH 5.5), thereby reducing its degradation and increasing intracellular TMZ availability. 

Additionally, it has been reported that MRC-5 cells express MGMT231, which is related to TMZ 

resistance. However, AFt encapsulation may overcome TMZ resistance, thus increase the 

activity of TMZ in MRC-5 cells. 

Furthermore, the naked combination (PbS QDs and TMZ) and co-loaded formulation (AFt-

PbS-TMZ) were evaluated for their in vitro growth effects. While TMZ + PbS QDs showed lower 

GI50 values in U373M, U373V, and U87MG GBM cells compared to the AFt-PbS-TMZ 

formulation, the naked combination treatment also inhibited the growth of non-cancerous 

MRC-5 cells. In contrast, AFt-PbS-TMZ conferred significant (p < 0.001, 10-fold) protection for 

MRC-5 cells, due to its targeted delivery. Moreover, AFt-PbS-TMZ demonstrated enhanced 

activity in GBM cells relative to AFt-TMZ, highlighting its dual potential for therapeutic and 

tumour imaging, thus addressing limitations in both conventional treatment and current 

imaging constraints. Figure 4.2 illustrates percentage (%) cell viability obtained from MTT 

assays conducted on all studied cell lines, with mean control values defined as 100%.  

Overall, preliminary MTT results indicated that AFt-PbS-TMZ demonstrated enhanced cellular 

growth inhibitory activity in GBM cell lines compared to naked TMZ and AFt-TMZ, while offering 

protection to healthy cell lines, which was not observed with TMZ + PbS QDs treatment. 

Considering the targeted delivery capabilities of AFt, and its ability to improve activity in GBM 

cell lines, AFt-PbS-TMZ may present a promising theranostic nanoplatform for GBM 

management, combining diagnostic and therapeutic applications in a single platform.  



 110 

 
Figure 4.2 Concentration-dependent (lead sulfide quantum dots (PbS QDs) (top) and temozolomide 
(TMZ) (bottom) growth inhibition profiles of all studied cells determined by MTT assay. U373M, U373V, 
U87MG were used as glioblastoma (GBM) cells while MRC-5 lung fibroblast served as a non-cancerous 
cell line. Data are presented as mean ± SD of samples from three independent experiments (n = 3, N = 
6).  

 

4.2.2 In vitro evaluation of growth inhibition using PrestoBlue Assay: 

comparison of naked and encapsulated formulations 

To validate and support the results from MTT assay, PB assay was performed on the same 

GBM cell lines and non-cancerous MRC-5 fibroblasts. In addition, human astrocytes and 

THLE-2 hepatocytes were included as 2D healthy cell line models to assess biocompatibility 

and off-target toxicity of loaded formulations. Astrocytes play a crucial role in determining and 

controlling BBB homeostasis40 whereas THLE-2 hepatocytes serve as healthy liver cells, which 

are essential for iron homeostasis, drug metabolism and clearance.232 Several studies reported 

QDs accumulation in the liver,233, 234 making it an appropriate 2D cell model for testing potential 

toxicity of PbS QDs-based formulations. Altogether, AFt-based formulations were evaluated in 
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various non-cancerous cells, which is crucial for evaluating their potential for clinical 

translation.  

Subsequently, estimated IC50 were calculated for each naked/encapsulated formulation and 

are summarised in Table 4.2. In addition, the comparative IC50 values are presented in Figure 

4.3. The consistently low IC50 values observed for PbS QDs confirmed that their growth 

inhibitory effect across all studied cell lines. In contrast, AFt-PbS exhibited cancer selectivity 

via targeting GBM cells yet provided significant protection to non-cancerous MRC-5 fibroblasts 

(p < 0.0001) and astrocytes (p < 0.001) (Figure 4.3a). On the other hand, AFt-TMZ resulted in 

a 3-fold reduction in IC50 compared to naked TMZ in U373M cells. In U87MG cells, AFt-TMZ 

led to a 7-fold decrease in IC50, indicating enhanced activity conferred by AFt encapsulation in 

GBM cells. However, no significant (p > 0.05) change in IC50 was observed in U373V cells. 

Regarding non-cancerous cells, consistent with MTT data, AFt-TMZ caused greater (3.3-fold) 

growth inhibition than naked TMZ in MRC-5 fibroblasts but showed a 1.3-fold decrease in 

activity in astrocytes. Finally, when comparing the effects of TMZ + PbS QDs and AFt-PbS-

TMZ, naked combination exhibited more potent results in GBM cells, which may be attributed 

to rapid bioavailability of both agents without requiring release from the nanocarrier. However, 

this naked combination also showed significant growth inhibition in non-cancerous cells. In 

contrast, AFt afforded a protective effect in healthy cells and AFt-PbS-TMZ demonstrated a 

15-fold reduction in growth inhibition in MRC-5 cells (p < 0.001) and a 12-fold reduction in 

astrocytes (p < 0.0001), highlighting its cancer selective targeting potential (Figure 4.3b). 

Figure 4.4 summarises the comparative cell viability results in each cell line tested for each 

agent and formulation following 6 days exposure of cells to test agents. 

Remarkably, THLE-2 cells exhibited a distinct profile compared to other studied non-cancerous 

cell lines (MRC-5 and astrocytes). PB assay results showed that there were no significant (p 

> 0.05) differences observed between all naked and loaded formulations (Figure 4.3). This lack 

of protection towards healthy liver cells may be attributed to the high expression levels of TfR1 



 112 

in THLE-2 cells (see Section 4.2.4), which plays a central role in iron uptake, and mediates the 

AFt-based formulation internalisation.  

 
Figure 4.3 (a) Comparison of IC50(PbS QDs) values (µg/mL) for PbS QDs and AFt-PbS in all studied 
cell lines with PB assay. (b) Comparison of IC50(TMZ) values (µM) for TMZ, AFt-TMZ, TMZ+ PbS QDs 
and AFt-PbS-TMZ in all studied cell lines with PrestoBlue (PB) assay. Data are presented as mean ± 
SD of samples from three independent experiments (n = 3, N = 6).  

 
 
 
 
Table 4.2 Summary of IC50 for all formulations following 6 days treatment in the studied cell lines (Mean 
± SD, n = 3). 

Cell lines PbS QDs 
(µg/mL) 

AFt-PbS 
(µg/mL) 

TMZ (µM) AFt-TMZ 
(µM) 

TMZ + PbS 
QDs (µM) 

AFt-PbS-
TMZ (µM) 

 IC50(PbS QDs) IC50(TMZ) 
U373M 0.7 ± 0.2 2.7 ± 0.3 547.0 ± 76.2 192.1 ± 13.8 0.6 ± 0.1 3.5 ± 0.1 

U373V 3.4 ± 0.5 4.2 ± 0.4 33.2 ± 4.9 32.9 ± 2.1 1.5 ± 0.5  8.5 ± 0.7 

U87MG 0.7 ± 0.3 7.5 ± 1.2 188.0 ± 11.6  27.5 ± 11.2  1.6 ± 0.3  10.9 ± 2.7 

MRC-5 3.4 ± 0.6 30.0 ± 2.1 334.3 ± 67.4 >100 2.2 ± 0.9  32.9 ± 4.3 

Astrocyte 9.3 ± 1.2 31.1 ± 2.6 156.4 ± 1.9  >200 2.6 ± 1.4  30.5 ± 3.9 

THLE-2 27.9 ± 4.3 45.4 ± 14.3  54.5 ± 19.8 89.8 ± 7.2 15.1 ± 8.4 31.9 ± 13.2 
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Figure 4.4 Concentration-dependent (lead sulfide quantum dots (PbS QDs, top) and temozolomide 
(TMZ, bottom) growth inhibition profiles of all studied cell lines obtained from PB assay. U373M, U373V, 
U87MG were used as glioblastoma (GBM) cells, and MRC-5, astrocytes, and THLE-2 as non-cancerous 
cell lines in the assay. Data are presented as mean ± SD of samples from three independent 
experiments (n = 3, N = 6).  
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4.2.3 Comparative analysis of MTT and PrestoBlue assays for cell viability 

assessment 

 
The IC50 values derived from MTT and PB assays in 2D cell cultures post treatment for 6 days 

with vehicle control, naked, and loaded formulations were analysed and are presented in 

Figure 4.5. The administration of AFt alone (vehicle control) yielded similar IC50 values in both 

MTT and PB assays (Figure 4.5a). Although IC50 values for AFt alone appeared to fall within 

the low micromolar range, it is important to note that 1 µM AFt corresponds to 4.6 mg/mL of 

protein. In the study, the highest initial AFt concentrations tested were 2 mg/mL and 3 mg/mL, 

which were equivalent to 0.43 µM and 0.65 µM, respectively. Therefore, IC50 values could not 

be experimentally determined, as they exceed the maximum concentration tested. The 

apparent low micromolar IC50 values represent only minimal biological effect, suggesting 

negligible growth inhibitory effect of AFt on all studied cell lines (Figure 4.5a). On the other 

hand, the treatment of U87MG and MRC-5 cells with PbS QDs and AFt-PbS for 6 days resulted 

in observable differences (Figure 4.5b). The observed differences in sensitivity and results may 

be attributed to the effects of treatments on metabolic activity. In terms of metabolic activity, 

the MTT assay quantifies the reduction of MTT dye by mitochondrial dehydrogenase enzymes 

in viable cells, leading to the production of formazan crystals. In contrast, PB assay evaluates 

the reduction of resazurin to resorufin in viable cells, involving both mitochondrial and 

cytoplasmic enzymes. Conversion of resazurin to resorufin is associated with cellular redox 

activity involving NAD(P)H. 

To exemplify this point, estimated IC50 values calculated for TMZ were as follows 607.0 ± 48.1 

µM, 34.1 ± 1.0 µM, 180.1 ± 17.2 µM, and 305.1 ± 39.2 µM in MTT assays and 547.0 ± 76.2 

µM, 33.2 ± 4.9 µM, 188.0 ± 11.6 µM, and 334.3 ± 67.4 µM in PB assays for U373M, U373V, 

U87MG and MRC-5 cells, respectively (Figure 4.5). IC50 values obtained for TMZ, TMZ + PbS 

QDs, and AFt-PbS-TMZ in MTT and PB assays showed non-statistically significant (p > 0.05) 

differences. However, potential variations were observed across different cell lines, which may 
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be attributed to differences in cellular metabolism, enzyme expression, and redox conditions 

of each cell line. For example, Lam et al.39 and Soni et al.235 reported IC50 values as 105 µM 

and 300 µM, respectively, for TMZ on U87MG cells following five days treatment. These 

variations in IC50 values, despite using the same cell line (U87MG), may be attributed to 

differences in experimental conditions (passage number, assay sensitivity etc). 

 
Figure 4.5 Comparison of the effect of naked and loaded formulations on cell proliferation, assessed by 
MTT and PrestoBlue (PB) assays in vitro in GBM cell lines (U373M, U373V, and U87MG) and a healthy 
cell line (MRC-5).  IC50 values comparison of (a) AFt (vehicle), (b) PbS QDs, AFt-PbS, (c) TMZ, AFt-
TMZ, TMZ+ PbS QDs and AFt-PbS-TMZ on GBM and MRC-5 cell lines. Data are presented as mean ± 
SD of samples from three independent experiments. (n = 3, N = 6). 
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On the other hand, AFt-TMZ generated a considerably lower IC50 value in U373M cells in the 

MTT assay than in the PB assay (p < 0.0005). This assay-dependent discrepancy between 

MTT and PB assays is consistent with Bouzinab et al. results83, where MTT and clonogenic 

assays similarly disagreed when comparing naked TMZ and AFt-TMZ, suggesting that MTT 

assay appears to give much larger margins in activity differences between TMZ and AFt-TMZ. 

Consistent with MTT assay results, live cell count assay demonstrated significant (p < 0.0001) 

reduction in U373M cells treated with AFt-TMZ compared to those treated with TMZ. 

 For the rest of the studied cell lines, however, these two experiments yielded comparable IC50 

results. The co-encapsulated formulation (AFt-PbS-TMZ) showed no significant differences 

across examined cell lines, with IC50 values as follows: U373M (<4 µM), U373V (<9 µM), 

U87MG (<12 µM), MRC-5 (<38 µM), and human astrocytes (<35 µM). Overall, MTT and PB 

results demonstrated a high congruence despite their distinct mechanism of action. Therefore, 

a comparative analysis between a traditional MTT assay and non-toxic, more widely applicable 

PB assay provides an approach for assessing cell viability. These data indicate that PB assay 

is applicable in the subsequent studies including the evaluation of cell viability in 3D tumour 

spheroids. 

 
 

4.2.4 Evaluation of expression levels of transferrin receptor 1 and O6-

methylguanine-DNA methyltransferase 

To evaluate the targeting potential of AFt formulations toward GBM cells, the expression of 

TfR1 was examined across all studied cell lines, including both GBM and non-cancerous cell 

lines. TfR1 plays a critical role in AFt uptake through its recognition of the H-chain subunit.159 

Therefore, TfR1 expression levels were assessed using two complementary methods: western 

blotting (to analyse whole-cell lysates) and flow cytometry (to quantify expression at the single-

cell level). Western blot analysis results revealed detectable levels of TfR1 in GBM cell lines 

(U373M, U373V, and U87MG), while expression in non-cancerous cell lines, including MRC-5 
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fibroblasts and astrocytes, remained below detectable limits (Figure 4.6a). Additionally, TfR1 

expression was assessed in THLE-2 liver cells, which demonstrated a high expression profile 

(Figure 4.6b). The high TfR1 expression in THLE-2 hepatocytes may promote AFt nanocage 

uptake and may negate any protective effect of AFt encapsulation. Conversely, the low TfR1 

levels in MRC-5 fibroblasts and astrocytes may limit AFt internalisation, thus, resulting a 

protective effect of AFt formulations in these non-cancerous cells. Altogether, TfR1 band 

intensity profiles of U373M (p<0.01), U373V (p<0.01), U87MG (p<0.05), and THLE-2 (p<0.05) 

cells differed significantly from those of MRC-5 and astrocytes (Figure 4.6b), which were 

normalised using a housekeeping gene (GAPDH). Similarly, TfR1 expression in GBM cells 

(U373V, U373M and U87MG) and astrocytes using western blot, confirmed that TfR1 is 

significantly overexpressed in GBM tissues compared to normal brain tissues.236 Additionally, 

Shen et al. demonstrated in a number of tissues including brain, ovarian, breast and colorectal 

greatly enhanced TfR1 expression in malignant versus normal tissues.30 Hence we conclude 

that the uptake of AFt is related to TfR1 expression level in the studied cells, consistent with 

the hypothesis.  
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Figure 4.6 (a) Western blot analysis of transferrin receptor 1 (TfR1) and GAPDH (loading control) 
expressions in all studied cell lines (b) western blot analysis of TfR1 expression in THLE-2 liver cells, 
along with quantification of TfR1 band intensity normalised to GAPDH using LICOR software. (c) 
western blot analysis of MGMT and GAPDH expressions in all studied cell lines. (d) MGMT protein 
expression in U373M cells following 6 days treatment with 10 µM TMZ, AFt-TMZ, and AFt-PbS-TMZ, as 
determined by western blot.  

 

Western blot was performed to examine the MGMT expression profile of the cells. The 

hypothesis under investigation was that AFt encapsulation results in enhanced delivery of this 

chemotherapy agent to cells, overwhelming the MGMT suicide repair protein resulting in its 

more rapid downregulation. The results confirmed that MGMT expression was detectable in 

U373M cells, but not in U373V, U87MG, MRC-5 and astrocytes cells (Figure 4.6c). To test the 

hypothesis proffered (of enhancement of in vitro growth inhibitory activity of AFt-encapsulated 

agent), U373M protein lysates were collected from U373M cells after 6 days treatment with 10 

µM TMZ, AFt-TMZ, and AFt-PbS-TMZ, consistent with in vitro studies` experimental time. As 

shown in Figure 4.6d, treatment with both AFt formulations (AFt-TMZ and AFt-PbS-TMZ) led 

to a notable depletion of MGMT protein levels. Observed MGMT downregulation effect may 

be attributed to improved TMZ delivery and retention enabled by AFt encapsulation, leading to 

overwhelming accumulation of DNA damage, depleting MGMT and disabling MGMT- mediated 
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DNA repair of O6MeG, thus sensitizing MGMT-positive GBM cells to TMZ-induced cytotoxicity.  

MGMT is a suicide protein; once it is depleted, it becomes inactive and unable to repair DNA 

damage caused by TMZ.  Therefore, GBM cells become more sensitive to TMZ-induced 

cytotoxicity. These results explain the activity of AFt formulations observed in U373M cells, as 

evidenced by cell viability assays. 

 
In addition to western blot analysis, flow cytometry was utilised to measure the total (both 

surface and intracellular) expression of TfR1 at the single cell level. Therefore, cells (U373M, 

U373V, U87MG, and astrocytes) were stained with 1° Ab anti-human TfR1 monoclonal 

antibody (CAT:136800) and 2° Ab goat anti-mouse IgG (H+L) cross-adsorbed secondary 

antibody, Alexa Fluor™ 488 (CAT: A11001), respectively. Fluorescence intensities were 

measured from the single cells and recorded for three conditions: unstained cells, the cells 

stained with 2° Ab only, and the cells stained with both 1° Ab and 2° Ab. The relative mean 

fluorescence intensity (MFI) of the cells stained with 2° Ab only was used to correct for non-

specific binding. Following that, the fold-change in TfR1 expression was calculated by 

comparing MFI of the cells stained with both 1° Ab and 2° Ab against MFI of 2° Ab only.  

The flow cytometric quantification of TfR1 expression in U373M, U373V, U87MG and 

astrocytes is summarised in Figure 4.7. The flow cytometry analysis of 2D cells showed that 

TfR1 expression was significantly higher in U373M (p < 0.01), U373V (p < 0.05) cells compared 

to astrocytes, consistent with the western blot data. In contrast, TfR1 expression in U87MG 

was not significantly different from that in astrocytes based on flow cytometry results, which 

was lower than the findings from western blot. Differences between western blot and flow 

cytometry results, despite cell permeabilisation, may be attributed to technical factors. 

Although both methods detect total protein levels, western blot provides an average protein 

expression from the whole cell lysate, whereas flow cytometry assesses protein expression at 

the single cell level. Additionally, differences in antibody binding efficiency and detection 

sensitivity between the two methods could impact the results.  Although the same antibody 

was used in both methods, its effectiveness in flow cytometry could be different. The 
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monoclonal antibody used in the study (clone H68.4) recognises an epitope located within 

residues 3-28 of cytoplasmic tail of TfR, a sequence that is conserved across different human 

cell lines. However, differences in antibody binding between cell lines are more likely 

attributable to variations in protein conformations, post-translational modifications, and 

membrane environment that can affect epitope accessibility rather than epitope sequence. 

 
Figure 4.7 Flow cytometric analysis of transferrin receptor 1 (TfR1) expression levels in U373M, U373V, 
U87MG GBM cell lines and healthy human astrocytes. Representative graphs are shown on the left, 
with quantification of normalised TfR1 fluorescence intensity presented on the right. Data are presented 
as mean ± SD of samples from three independent experiments (n = 3). 

 
 
 

4.3 Conclusion 

In summary, the growth inhibitory activity of AFt encapsulation (AFt-PbS, AFt-TMZ, AFt-PbS-

TMZ) in comparison to their naked agents (PbS QDs, TMZ, and PbS QDs + TMZ) was 

successfully demonstrated in 2D monolayer GBM models using both MTT and PB assays. 

Notably, in both assays, AFt alone was non-toxic whereas co-loaded AFt-PbS-TMZ emerged 

as the most effective formulation in inhibiting the growth of 2D GBM cell lines, supporting the 
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initial hypothesis that co-encapsulation of TMZ and PbS QD within AFt nanocages will enhance 

their in vitro growth inhibitory effect in 2D GBM cells compared to their naked agent 

counterparts and single agent encapsulated formulations. Additionally, it highlighted its 

promise as a potential non-toxic nanocarrier of therapeutic and imaging agents.  

Furthermore, both assays confirmed the cancer selective action of AFt formulations, with lower 

cytotoxic effect observed in non-cancerous cells. The study also used different GBM cell lines, 

varying TMZ resistance profiles depending on MGMT expression. The differential expression 

of TfR1 assessed by western blot and flow cytometry, supported the hypothesis that AFt cage 

internalises targeted delivery via TfR1, enhancing AFt uptake in TfR1 overexpressing GBM 

cells while limiting off-target effects in cells with lower TfR1 levels, such as astrocytes and 

MRC-5 fibroblasts. However, AFt encapsulation did not confer a protective effect in THLE-2 

liver cells, which may be attributed to their relatively higher expression of TfR1 levels. 

Considering TfR1 is a primary pathway of AFt internalisation, the intracellular accumulation of 

loaded formulations was enhanced, contributing the observed not significant protective effects 

to hepatocytes.   

Importantly, AFt encapsulation (AFt-TMZ and AFt-PbS-TMZ) was able to circumvent TMZ 

resistance mechanisms conferred by MGMT expression in U373M cells (MGMT-positive), 

resulting in increased sensitivity to TMZ. These findings not only validate the proposed 

targeting and therapeutic strategy but also demonstrate the potential of AFt formulations to 

overcome TMZ resistance in aggressive GBM models.  

Overall, 2D in vitro studies have demonstrated that AFt functions as a biocompatible 

nanocarrier for diagnostic, therapeutic, and theranostic applications. Furthermore, PB assays 

validated the MTT results in 2D cultures, confirming MTT assay as a true representative of 

activity; and supporting PB assay use in 3D tumour models.  Due to the absence of cell-cell 

interactions and the simplified nature of the tumour microenvironment in 2D monolayers, 
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further investigation utilising 3D culture models is essential to obtain results that are more 

relevant and representative of in vivo conditions.  
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Chapter 5 Comparative analysis of naked and encapsulated 

formulations in 3D in vitro models 

5.1 Background 

The drug development process involves multiple in vitro and in vivo preclinical tests followed 

by clinical trials. However, the lack of correlation between in vitro and in vivo models results in 

low success rates for drug candidates (> 90% failure rate) in clinical trials, highlighting the need 

for more predictive pre-clinical models.237 

In vitro 2D monolayer cultures are the most frequently used models for drug testing in GBM 

and cancer research. Despite their widespread use, these models present notable limitations, 

as they do not accurately replicate in vivo conditions, there is a lack of cell-cell and cell-ECM 

interactions, which can result in the loss of phenotypic diversity and cellular polarity. 

Additionally, in 2D cultures, cells have unlimited access to oxygen and nutrients, which does 

not represent the metabolic gradients in solid tumours.238 These factors can alter molecular 

mechanisms and affect drug response outcomes compared to more complex models.239 

Therefore, selecting more advanced cell culture model is essential for developing novel 

treatment strategies and obtaining a more comprehensive understanding of the GBM 

microenvironment. 

To enable more predictive translation of 2D culture results into in vivo models, advanced in 

vitro models have been developed, including 3D spheroids, organoids, and co-culture systems. 

These 3D models more accurately mimic the complex tumour microenvironment in situ 

compared to traditional 2D cultures.237, 240 Cancer cells in 2D culture can generate 3D 

spheroids and recently, in vitro 3D spheroids` generation and cultivation have been 

successfully optimised (Figure 5.1).  

Although the size of Ft/AFt may preclude efficient tumour penetration, their promising targeted 
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capability due to their natural affinity for TfR1 makes it essential to investigate these protein-

based NP systems in complex in vitro models. To date, several GBM spheroid studies have 

been conducted using U251, U87MG, U118MG cells treated with naked TMZ under various 

conditions.241-243 Moreover, recent studies have demonstrated the potential of drug 

encapsulation within Ft/AFt cages within 3D tumour spheroids, including breast cancer (MCF-

7, MDA-MB-231) and paediatric diffuse midline glioma (DIPG-IV, -VI, and -XIX) spheroid 

cultures.172, 244, 245 The findings revealed that enhanced drug uptake and penetration depth, and 

effective growth inhibition when compared to naked drugs, highlighting the potential of 

combining in vitro 3D cultures with Ft-based nanocarriers.  

 
Figure 5.1 Schematic illustration of the comparison between 2D monolayers and 3D spheroid models 
with complex tumour regions. Created with BioRender. 

 

In this chapter, seeding density and growth conditions were optimised to achieve uniform, 

consistently growing spheroids. Following that, both naked and loaded AFt formulations were 

evaluated in 3D U87MG spheroids as a more physiologically	relevant GBM model. In addition, 

a comparative analysis was performed between 2D and 3D spheroid models to assess 

differences in growth inhibition post-treatment with all formulations and TfR1 expression 

changes. The study also included sequential treatment conditions in 3D U87MG cultures to 

mimic clinical drug administration. Considering the role of TfR1 in the uptake of AFt-based 

formulations and the fact that U87MG cells were found to be MGMT-negative (see Section 

4.2.4), TfR1 expression was evaluated to better understand the enhanced antitumour activity 

of TMZ when entrapped in AFt in 3D cultures.  
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Chapter hypothesis: Based on the promising results obtained in 2D monolayers, it is 

hypothesised that both naked drugs and encapsulated formulations will exhibit similar effects 

in 3D GBM spheroid models, which more closely mimic in vivo tumour environments due to 

their complex structure, limitations, and altered expression of receptors such as TfR1. 

Spheroid cultures will demonstrate greater resistance to TMZ and encapsulated agents 

because of restricted drug penetration in 3D structure, and intrinsic hypoxic and necrotic 

features of 3D spheroids. 

Chapter experimental aims: The experimental aims of this chapter include the optimisation 

of cell seeding density to ensure drug penetration in 3D cultures, the investigation of the activity 

of AFt formulations in 3D spheroid models, the assessment of sequential treatment responses 

to mimic clinical treatment conditions, and the evaluation of whether TfR1 expression is altered 

in 3D cultures compared to 2D cultures, and how these differences affect the activity of AFt 

formulations in 3D spheroid models. 

5.2 Results and discussion 

5.2.1 Establishing growth of GBM 3D tumour spheroid models 

In order to establish the controllable growth of U87MG spheroid, the effect of cell seeding 

density on the size and morphology of spheroids was monitored. This study aimed to determine 

the optimal seeding density for generating U87MG spheroids with sizes and densities 

representative of in vivo tumour models. The cells were seeded with densities of 100, 500, 

1000, 3000, 5000 cells/well in ULA plates. Culture medium was refreshed every 2-3 days to 

provide fresh nutrients and remove waste products to encourage the proliferation abilities of 

U87MG cells. Spheroid morphology was monitored on day 1, day 4, day 5, and day 8. 

After seeding and brief centrifugation at 300 g for 5 min in ULA plates, U87MG cells formed 

into spherical spheroid structures at day 1. The diameter of each spheroid was measured 

horizontally from brightfield microscopy images using ImageJ or CellSens Standard software 
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associated with microscope. Table 5.1 summarises the evaluation of spheroid diameters (in 

µm) from day 1 to day 8 across a range of initial seeding densities (100-5000 cells/well). A 

positive correlation was found between the initial cell number and the average spheroid 

diameter, with average sizes increasing from 170 ± 25 µm to 700 ± 100 µm and 900 ± 100 µm 

at day 8 for seeding densities of 100, 3000 and 5000 cells/well, respectively (Table 5.1). Figure 

5.2a illustrates these diameter changes in relation to their initial seeding densities. During an 

8-day incubation time, spheroid diameters increased by 1.9-fold (p < 0.05), 1.5-fold (p > 0.05), 

1.6-fold (p > 0.05, 1.8-fold (p > 0.05), 2.1-fold (p < 0.05) for initial seeding densities of 100, 

500,1000,3000,5000 cells/well, respectively (Figure 5.2a). The overall positive correlation 

between initial seeding density and spheroid size aligns with previous studies using U87MG 

cells.246-248 Additionally, our findings indicate that U87MG cells can form spherical spheroid 

structures even at lower seeding densities such as 100 and 500 cells/well, consistent with 

earlier reports demonstrating spheroid formation at seeding densities ranging from 50-200 

cells/well247 and 250-500 cells/well.248 However, the spheroids generated from 100, 500 and 

1000 cells/well demonstrated relatively comparable sizes, suggesting a slower rate of growth 

associated with higher seeding densities in the study.  

To better understand the effect of cell density on spheroid growth, we also assessed spheroid 

volumes at day 8. Figure 5.2a inset presents the corresponding volume changes relative to 

initial cell density. On day 8, spheroid volumes were calculated as follows: (1.8 ± 0.5) x 10⁶ µm³ 

(100 cells/well), (8.3 ± 2.7) x 10⁶ µm³ (500 cells/well), (1.8 ± 0.6) x 10⁷ µm³ (1000 cells/well), 

(1.4± 0.4) x 10⁸ (3000 cells/well), and (1.9 ± 0.4) x 10⁸ (5000 cells/well) (Figure 5.2a inset). 

Overall, these volume changes corroborate the positive correlation previously observed in 

diameter measurements. Notably, volume data revealed a dramatic increase between 1000 

and 3000 cells/well, which was consistent with diameter measurements. However, spheroid 

volume is reported to be more sensitive than diameter alone in detecting growth differences 

for non-uniform morphology of spheroids. While diameter measurements rely on a single 
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dimension, volume measurements integrate two dimensions, better reflect structural 

heterogeneity of spheroids.249  

For seeding densities up to 3000 cells/well, a linear increase of the spheroid size/volume was 

observed during the time-course. Figure 5.2b demonstrates the growth profile of spheroids 

seeded at 3000 cells/well and monitored on daily basis (day 1, day 2, day 3, day 4, day 5, and 

day 7). In this condition, spheroids produced possessed an average diameter of 400 ± 101 µm 

on day 1 post-seeding, providing a balance between sufficient size and compactness while still 

allowing penetration of reagents/agents into the hypoxic regions.250 As shown in Figure 5.2b 

(seeding density: 3000 cells/well), spheroid diameters increased over the time as follows: 420 

± 18 µm (day 2), 511 ± 36 µm (day 3), 570 ± 60 µm (day 4), 662 ± 47 µm (day 5), and 800 ± 

140 µm (day 7). This progressive growth in size is indicative of expected spheroid cell 

proliferation. At a higher seeding density (5000 cells/well), although a significant increase (p < 

0.05) was observed in spheroid diameter following 8-day incubation, the increase in size 

becomes sub-linear, which could be due to nutrient limits and expanding hypoxic cores, as 

was observed with LN229 and U87MG cells (seeded at 4000-8000 cells/well).251 In line with 

these findings, Nakod et al. also reported that U87MG spheroids formed with initial seeding 

densities of 5000, 7500, and 10000 cells/well maintained similar diameters at days 1, 4, and 

7, suggesting limited growth, and highlighting the importance of selecting an appropriate initial 

seeding density.252  

Table 5.1 The effect of seeding density on U87MG spheroid diameter at day 1 and day 8. Data are 
reported as mean ± SD from two independent experiments (n = 2, N = 6).  
Initial seeding density Spheroid diameter (day 1) Spheroid diameter (day 8) 
100 cells/well 90 ± 20 µm 170 ± 25 µm 
500 cells/well  190 ± 32 µm 280 ± 46 µm 
1000 cells/well 190 ± 45 µm 300 ± 39 µm 
3000 cells/well 400 ± 101 µm 700 ± 100 µm 
5000 cells/well 420 ± 90 µm 900 ± 100 µm 
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Figure 5.2 (a) The spheroid growth bar graphs for each density at the indicated timepoints (day 1, day 
4, day 5, day 8). (Inset) spheroid volume at day 8 against the initial seeding densities of cells. (b) Change 
of the average spheroid diameter over 8 day study for spheroids seeded at 3000 cells/well. Values 
(spheroid diameter) are reported as mean ± SD from two independent experiments (n = 2, N = 6).  

Considering these findings and relatively long exposure time with agents in the study (6 days), 

an optimal seeding density of 3000 cells/well was selected for U87MG cells. Therefore, an 

optimised seeding density was selected as 3000 cells/well and used for further studies, 

enabling prediction of naked and encapsulated formulations` treatment outcomes based on 

spheroid size/volumes.  

The growth profile of U87MG spheroids over 21-day period at a seeding density of 3000 

cells/well was monitored in terms of morphology, compactness, and size/volume changes. 

Figure 5.3 presents representative bright field images of U87MG spheroids captured at 

selected time points (day 1, day 7, day 14, day 21) and their corresponding diameter/volume 

measurements. On day 1, U87MG spheroids reflected an early-stage of spheroid structure 

with low compactness and small size/volume (∼400 µm in diameter, (3.3 ± 0.3) x 107 µm³). On 

day 7, U87MG spheroids became ∼800 µm in diameter and (1.4 ± 0.1) x 108 µm³ in volume, 

and more compact (packed more tightly) with increased darkness, and uniform structure (see 

Figure 5.3a). Notably, while the diameter increased ∼2-fold from day 1 to day 7, the volume 

exhibited ∼4.3-fold increase, indicating that volume measurements provide a more sensitive 
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assessment of spheroid growth.249 On day 14, spheroids reached their highest volume (1.8 

± 0.1) x 108 µm³ in volume), while their diameter plateaued at ∼720	µm, indicating that the 

proliferation continued, but that overall spheroid growth did not increase further, which might 

be related to diffusion limits and distance restriction. Between day 14 and day 21, it was 

observed that overall spheroid growth of U87MG control spheroids did not increase. Following 

that, on day 21, although compactness of spheroids remained stable, reduction in both 

diameter (to ∼650 µm) and volume (1.4 ± 0.1) x 108 µm³) was observed (Figure 5.3b and inset). 

This decline might be related GBM cell death due to nutrient depletion due to potential 

increased cell number, and oxygen/nutrient diffusion limitations to dense spheroid cores over 

the time253, as the medium was changed weekly to align with the sequential treatment plan. 

Overall, control U87MG spheroids increased their volumes until day 14 while their diameter 

plateaued after day 7, as shown in the inset of Figure 5.3b. Consistent with our findings, Vinci 

et al. reported that U87MG spheroid volume reached a plateau at around day 14 within the 

examined 21-day period.254 Additionally, it has been reported (by Zhu et al.)253 that when 

spheroids enlarge, diffusion limitations lead to the formation of hypoxic and nutrient-deprived 

core regions, thus reducing cell viability.253 Moreover, nutrient deprivation has been reported 

to trigger autophagy and mitochondrial stress, which further contribute to cell death.253 These 

findings guide the subsequent treatment studies with all formulations by emphasising the 

importance of initial seeding density, spheroid size/volume, and time-dependent changes in 

spheroid morphology.  
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Figure 5.3 (a) Representative bright field microscopic images of untreated (control) U87MG spheroids, 
and their compactness over 21-day period. (b) Spheroid volume and (inset) diameter changes of 
untreated U87MG spheroids at day 1, day 7, day 14, and day 21.  

 

5.2.2 In vitro evaluation of growth inhibition using PrestoBlue Assay in 3D 

tumour spheroids: comparison of naked and encapsulated 

formulations 

To examine consistency with 2D studies, cell growth inhibition in 3D cultures was evaluated 

using the PB assay. U87MG spheroids were treated with all nanoformulations on day 1, using 

the same concentrations as those previously used in 2D monolayer cultures, to ensure the 

effectiveness of the formulations could be compared between 2D and 3D models. In the study, 

incubation the time was selected as 6 days, consistent with 2D monolayers, to allow enough 

time for DNA methylation, MMR activation, and two cell cycle phases progression, which are 

critical for TMZ-induced cytotoxic effects. Figure 5.4 shows the comparative morphological and 

growth inhibitory effects of vehicle control (AFt), naked, and encapsulated formulations on 

U87MG spheroids post-treatment on day 7. 

To assess the biocompatibility of AFt nanocages as a vehicle control, U87MG spheroids were 

treated for 6 days with AFt alone (up to 1 µM). Table 5.2 summarises the AFt content in all AFt 

formulations (AFt-PbS, AFt-TMZ, and AFt-PbS-TMZ) ranging from 0.28 µM to 0.33 µM. Bright 

field images (Figure 5.4a top panel) showed no significant changes in spheroid structure 
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across the treatment range (after 0.5 and 1 µM AFt treatments), suggesting no toxicity at the 

doses used. Figure 5.4b demonstrates the lack of AFt toxicity in U87MG spheroids by PB 

assays. For instance, AFt-treated spheroid cell viability was found to be 87 ± 23% of control (p 

> 0.05), after 6 days treatment. Both morphological and viability results infer the 

biocompatibility of AFt nanocages at tested concentrations, suggesting its suitability as a drug 

delivery nanocarrier in GBM models.  

Table 5.2 The summary of apoferritin (AFt), temozolomide (TMZ) and lead sulfide quantum dots (PbS 
QDs) concentrations in AFt-PbS, AFt-TMZ, and AFt-PbS-TMZ formulations. Data are presented as 
mean ± SD samples from 6 independent experiments (n = 6). 
 AFt TMZ PbS QDs  
AFt-PbS 0.33 µM - 2500 µg/mL 
AFt-TMZ 0.29 µM 2014 ± 160 µM - 
AFt-PbS-TMZ 0.28 µM 2338 ± 451 µM 2100 µg/mL 

 

The summary of the amount of TMZ and PbS QDs in each cage is reported in Table 5.2. 

Notably, the number of TMZ molecules per cage was estimated to be 516 ± 82 for AFt-TMZ 

and 309 ± 49 for AFt-PbS-TMZ (see Table 3.1). However, TMZ concentrations measured by 

UV spectroscopy were higher in AFt-PbS-TMZ (2338 ± 451 µM) than AFt-TMZ (2014 ± 160 

µM). This discrepancy may be explained by methodological differences: TMZ concentration in 

AFt-TMZ was determined by direct measurement after purification of resulting AFt-TMZ 

solution, whereas TMZ concentration in AFt-PbS-TMZ was calculated from indirect 

measurements using the remaining whole solution in the centrifugal filter after purification, due 

to the detection limits of PbS QDs in the UV region. Hence, the use of indirect calculation for 

AFt-PbS-TMZ may have led to higher values compared with direct quantification of AFt-TMZ. 

Employing a more specific method such as ultra-performance liquid chromatography-tandem 

mass spectrometry (UPLC-MS/MS) may provide the accurate determination of TMZ 

concentrations in both formulations, thus eliminating discrepancies observed between direct 

and indirect UV-based measurements. 

All formulations were compared with their naked counterparts. Figure 5.4a (middle panel) 

illustrates morphological differences in U87MG spheroids treated with 5 and 50 µg/mL of PbS 
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QDs and AFt-PbS for 6 days. Notably, the AFt-PbS formulation showed enhanced 

morphological impact particularly at the lower concentration of 5 µg/mL, suggesting enhanced 

activity through AFt encapsulation. Figure 5.4c displays the percentage of cell viability across 

a treatment range of 0.01-100 µg/mL (PbS QDs-based), demonstrating dose-dependent 

growth inhibition effects for both PbS QDs and AFt-PbS formulations. For instance, 10 µg/mL 

treatment resulted in 89% cell viability relative to control for PbS QDs, whereas the same 

concentration of AFt-PbS reduced cell viability to 13% of control, indicating enhanced growth 

inhibitory activity at lower concentrations after AFt encapsulation. Moreover, IC50 values 

presented in Figure 5.5a revealed that AFt-PbS significantly increased activity (p < 0.01 

compared to PbS QDs) with spheroid growth inhibition, exhibiting a 3-fold lower IC50 value (IC50 

7.6 ± 0.9 µg/mL, PbS QDs-based) compared to PbS QDs (IC50 25.8 ± 5.3 µg/mL, PbS QDs-

based). Subsequently, Figure 5.4a (bottom panel) displays the morphological changes in 

spheroids treated with TMZ-based formulations including naked TMZ and AFt-TMZ at 5 and 

50 µM for 6 days. Morphological observations revealed that AFt-TMZ treatment induced 

comparable alterations to those observed with naked TMZ. To further evaluate treatment 

activity, 3D cell viability was assessed across concentration ranges of 0.01-1000 µM for TMZ, 

0.01-200 µM for AFt-TMZ for 6 days, as shown in Figure 5.4d. PB assay results showed that 

AFt-TMZ treatment at 200 µM reduced cell viability to 26% of the control, whereas treatment 

with 500 µM of naked TMZ resulted in 34% cell viability after 6 days. Notably, AFt-TMZ 

exhibited enhanced activity, resulting in a modest but significant 1.5-fold reduction in IC50 value 

compared to naked TMZ (from 258.0 ± 29.8 µM to 177.0 ± 29.6 µM, TMZ-based, p < 0.01), as 

presented in Figure 5.5b. These findings indicate that the encapsulation of TMZ into AFt cages 

enhanced its activity in GBM spheroids, supporting AFt’s potential.  

Previous work by Fehlauer et al. has demonstrated that following 18 days incubation with a 

single TMZ dose, U87 and GaMG 3D GBM spheroids exhibited IC50 values of 5 µM.255 In 

contrast, LN-18 and HF66 spheroids proved more resistant (IC50 900 µM), indicating the 

relative sensitivity of U87 cells to TMZ.256 However, U87’ sensitivity to TMZ was not replicated 
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in more complex systems such as patient-derived GBM models and gel-based 3D in vitro GBM 

models; resulting IC50 values not being achieved.257 Therefore, encapsulation of TMZ into AFt 

cages may overcome TMZ resistance.  Consistent with AFt’s potential, Shargh et al. reported 

that treatment with 100 µM AFt-TMZ significantly (p < 0.001) supressed tumour growth 

compared to naked TMZ in MGMT-positive and MMR-deficient DMG spheroid cultures.172 

Additionally, increasing AFt-TMZ concentration to 400 µM resulted in marked spheroid 

shrinkage with apparent surface blebbing, which may be attributable to enhanced apoptosis.172 

To date, researchers have also demonstrated that liposome, protein (AFt), ultra-small large 

pore silica  NP formulations enhance the delivery and activity of drugs including TMZ in GBM 

spheroid cultures.172, 258  

Comparable morphological results in spheroids treated with TMZ+PbS and AFt-PbS-TMZ at 5 

and 50 µM for 6 days was observed (presented in Figure 5.4a, bottom panel). Particularly at 5 

µM, AFt-PbS-TMZ formulation led to spheroid shrinkage and enhanced darker central regions, 

suggesting improved anti-tumour activity in spheroid cultures through a nanocarrier-based 

targeted delivery approach.  In contrast, naked combination-treated spheroids showed limited 

morphological disruption compared to AFt-PbS-TMZ. To support these morphological 

observations, cell viability was evaluated after treatment ranges of 0.01-100 µM for TMZ+ PbS 

QDs, and 0.01-10 µM for AFt-PbS-TMZ. PB assay results demonstrated that 5 µM treatment 

with the naked combination did not reduce cell viability (100% of control), while AFt-PbS-TMZ 

reduced viability to 49%, confirming its improved activity in 3D spheroids. These data are 

further supported by IC50 values:  AFt-PbS-TMZ treatment resulted in significant (p <0.0001 

compared to TMZ+ PbS QDs) reduction in IC50 from 90.0 ± 5.9 to 5.0 ± 0.5 µM (for TMZ+PbS 

QDs and AFt-PbS-TMZ respectively), representing 18-fold decrease compared to the naked 

combination of TMZ and PbS QDs (Figure 5.5b). Notably, the naked combination improved 

TMZ’s performance compared TMZ alone, indicating the selective anticancer activity of AFt-

PbS216, 259, and the benefit of combination strategies. In line with these findings, Perini et al. 

also demonstrated that the combination of TMZ and graphene QDs enhanced the therapeutic 



 134 

activity in 3D U87 GBM spheroids, reducing cell viability to 17% after 14 days of treatment, 

indicating the potential of QD and anticancer drug combination studies for improving GBM 

treatment outcomes.260 Encapsulation of naked combination into AFt nanocages (AFt-PbS-

TMZ) exhibited greater therapeutic potential not only in 2D cell culture, but also in 3D tumour 

spheroids. Previous studies have demonstrated that co-encapsulation into Ft/AFt nanocages 

enhanced anti-tumour potency and can penetrate in 3D tumour models.261, 262 For instance, 

Munir et al. reported that co-encapsulation of valproic acid and DOX into Ft cavity enhanced 

cytotoxicity and disrupted spheroid organisation than naked drugs in 3D MCF-7 (breast), C4-

2 (prostate), HT-29 (colon) cancer cell spheroids.261 NP-based co-delivery of TMZ with other 

agents is being developed to enhance therapeutic synergy, improve TMZ stability, and 

increase its accumulation in the brain, thus overcoming the limitations of naked TMZ.47  
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Figure 5.4 (a) Representative microscopic images of 3D U87MG spheroids on day 7 including control, 
5 (µg/mL or µM) and 50 (µg/mL or µM) treatment (scale bar is 500 µm). (b) The effect of AFt (vehicle 
control), (c) PbS QDs and AFt-PbS, (d) TMZ, AFt-TMZ, TMZ+ PbS QDs, AFt-PbS-TMZ on 3D U87MG 
cell viability with PB assay. Data are presented as mean ± SD of samples from three independent 
experiments. (n = 3, N = 6).  

Overall, treatment with all AFt-nanoformulations resulted in lower IC50 values and enhanced 

anti-tumour activity compared to naked agents in our 3D spheroid models. These improved 

therapeutic outcomes of AFt-based delivery systems might be attributed to natural tumour 

targeting abilities via TfR1, pH-dependent drug release within acidic tumour microenvironment, 

and co-delivery of the agents (TMZ and PbS QDs) in one structure. Therefore, co-

encapsulation into AFt cages offers a promising strategy to reduce the required dose of TMZ, 

potential overcoming resistance mechanisms to treatments, improve tumour targeting, and 

efficacy of agents in heterogenic 3D GBM models. These findings are also supported by 
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previous evaluations in 2D non-cancerous astrocytes and MRC-5 cells, which demonstrated 

the cancer selectivity of all AFt formulations, including AFt-PbS-TMZ (see Section 4.2.2).   

 
Figure 5.5 Comparison between IC50 values of (a) PbS QDs and AFt-PbS and (b) TMZ, AFt-TMZ, TMZ+ 
PbS QDs, and AFt-PbS-TMZ on 3D U87MG spheroids. Data are presented as mean ± SD of samples 
from four independent PrestoBlue (PB) experiments. (n = 4, N = 6).  

 

5.2.3 Quantification of spheroid volume in 3D tumour spheroids after 

treatment with formulations 

To quantitatively evaluate the effects of naked and encapsulated formulations in 3D cultures, 

spheroid volume changes were measured (see Section 2.9.2). Before and post-treatment, the 

volumes were tracked and compared across all formulations to evaluate their efficacy in 3D 

models that more closely mimic in vivo conditions. Figure 5.6 summarises the concentration-

dependent spheroid volume changes over the 6 day incubation period for control spheroids 

and for those treated with both naked and encapsulated formulations. The effect of AFt alone 

(vehicle control) on spheroid volume was assessed over a 0.01-1 µM concentration range 

(Figure 5.6a). At the highest dose (1 µM; 4.6 mg/mL AFt), spheroid volume decreased from 

(4.8 ± 1.6) x 107 µm3 (control spheroids) to (3.8 ± 0.6) x 107 µm3, demonstrating a 1.2-fold 



 137 

reduction (~15% shrinkage). At lower concentration of 0.5 µM AFt (corresponding to 2.3 

mg/mL) reduced the volume only to (4.2 ± 1.4) x 107 µm3, indicating a 1.1-fold decrease in 

spheroid volume (~12.5% reduction, p > 0.05). Considering the lower AFt concentrations used 

in the study (0.28-0.33 µM), the vehicle alone did not produce a significant reduction in 3D 

spheroid volume. Notably, as seen in Figure 5.6a, measured spheroid volumes in both AFt 

vehicle and untreated control groups were lower than those observed in the other treatment 

groups on day 7. The findings suggest that the effect is not attributable to AFt nanocarrier but 

rather indicates the growth characteristics of the U87MG cells, which may be influenced by 

passage number or culture conditions.  

As shown in Figure 5.6b, the effects of PbS QDs and AFt-PbS were investigated.  Following 

treatment with 5 µg/mL PbS QDs, the volume changed from (1.9 ± 0.2) x 108 µm3 (control 

spheroids) to (8.6 ± 0.3) x 107 µm3, corresponding to a 2.2-fold decrease (55% reduction 

relative to the control volume). Additionally, post-treatment with 5 µg/mL AFt-PbS, the volume 

changed from (1.9 ± 0.2) x 108 µm3 (control spheroids) to (3.9 ± 0.2) x 107 µm3, corresponding 

to a 4.9-fold reduction in spheroid volume (79.5% reduction relative to the control volume), 

highlighting the AFt formulation’s effectiveness. The results showed that both treatments 

leading to a concentration-dependent reduction in spheroid volumes. However, AFt-PbS 

caused a significant (p < 0.05) 50% decrease in spheroid volume down to 9.5 x 107 µm3 at 

lower concentrations (1-5 µg/mL), whereas PbS QDs alone required 10-times higher 

concentrations (10-50 µg/mL) to achieve a similar effect (Figure 5.5a). These findings indicate 

an enhanced therapeutic efficacy of the AFt-based formulation in 3D U87MG spheroid 

cultures.  

Figure 5.6c demonstrates the volume differences after treatment with TMZ and AFt-TMZ 

formulations. For instance, treatment with 5 µM TMZ only reduced the spheroid volume from 

(1.9 ± 0.4) x 108 µm3 to (1.8 ± 0.3) x 108 µm3, indicating that much higher TMZ concentrations 

are required to achieve significant volume reduction. AFt-TMZ treatment at 5 µM reduced 
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spheroid volume to (1.7 ± 0.3) x 108 µm3, which was not significant (p > 0.05). Increasing the 

concentration to 100 µM led to spheroid volume reductions to (4.1 ± 2.9) x 107 µm3 for naked 

TMZ and (4.4 ± 1.3) x 107 µm3 for AFt-TMZ. The effects of naked TMZ and AFt-TMZ on 

spheroid volume revealed that AFt encapsulation did not enhance TMZ efficacy in terms of 

spheroid volume reduction; there was no statistically significant difference (p > 0.05) in post-

treatment volumes between naked TMZ and AFt-TMZ (Figure 5.6c). This lack of a significant 

volume reduction following AFt encapsulation may be attributed to three key factors: (1) the 

AFt nanocage was designed to maintain an internal pH 5.5 to improve the chemical stability of 

TMZ, and (2) GBM microenvironment itself is mildly acidic (pH 6.2-6.8) due to hypoxia and 

metabolic activity.263 These dual acidic conditions may collectively delay the hydrolysis of TMZ, 

thus altering its activation profile and activity in 3D cultures. In addition, the paradoxical pH 

conditions in GBM (mildly acidic microenvironment (pH 6.2-6.8) but relatively alkaline 

intracellular pH 7.1-7.6) may partly explain the similar activity observed for TMZ and AFt-TMZ 

in 3D cultures. Notably, U87 cells have been shown to regulate and increase their intracellular 

pH under acidic extracellular conditions through overexpression of Na⁺/H⁺ exchangers.228 

Consequently, while acidic spheroid microenvironment prolongs the stability of both naked and 

encapsulated TMZ extracellularly, alkaline intracellular pH favours ring-opening and activation 

of both formulations when internalised, thus reducing the apparent advantage of AFt 

encapsulation. (3) Necrotic regions, commonly found in both in vivo and 3D spheroid models, 

may prevent a measurable reduction in spheroid volume, although there is a decrease in cell 

viability. 

The effects of TMZ+ PbS QDs and AFt-PbS-TMZ formulations on spheroid volume were also 

investigated in comparison as shown in Figure 5.6c. Treatment with 1 µM TMZ+ PbS QDs only 

modestly reduced spheroid volume from (1.9 ± 0.1) x 108 µm3 (control spheroids) to (1.5 ± 0.1) 

x 108 µm3, indicating a 1.3-fold decrease. In contrast, 1 µM AFt-PbS-TMZ decreased volumes 

to (6.6 ± 0.1) x 107 µm3, corresponding to a 2.9-fold reduction. These results demonstrate the 

potent activity of AFt-PbS-TMZ at such a low concentration of 1 µM. Additionally, spheroids 
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treated with TMZ + PbS QDs exhibited 50% reduction in spheroid volume of control spheroids 

reaching 9.5 x 107 µm3 at concentrations between 10 and 50 µM. In contrast, those treated with 

AFt-PbS-TMZ required at concentrations between 1 and 5 µM. Remarkably, a greater 

sensitivity (10-times higher) was observed in spheroids exposed to the AFt-PbS-TMZ 

formulation, that achieved the same level of volume reduction at significantly lower 

concentrations, between 1 and 5 µM (p < 0.0001, Figure 5.6c). These results suggest a strong 

synergistic effect between TMZ and PbS QDs when co-delivered within AFt nanocages, as 

supported by both a basic ‘look-see calculation’ (observed growth inhibition of 51% at 5 µM, 

(< 2% expected), and the calculated CI = 0.23 < 1 using Chou-Talalay method.264 These 

findings highlight the benefits of AFt nanocarrier system for co-delivery in terms of enhancing 

treatment response compared to naked agents.  

 
Figure 5.6 Spheroid volume on day 7 treated with (a) AFt (vehicle control, 0.01-1 µM), (b) PbS QDs 
(0.001-100 µg/mL) and AFt-PbS (0.001-100 µg/mL), (c) TMZ, AFt-TMZ, TMZ+ PbS QDs and AFt-PbS-
TMZ. Data are presented as mean ± SD of samples from four independent experiments (n = 4, N = 6). 

 

Over a 6 day incubation period, untreated spheroids increased their volume, whereas all 

formulations induced concentration-dependent volume reduction, suggesting that the 

formulations can penetrate dense spheroid cores and overcome physical and physiological 

barriers presented in 3D tumour models. Importantly, a combination strategy outperformed 

naked single agents, and co-encapsulation into AFt cages (AFt-PbS-TMZ) achieved the largest 

reduction, demonstrating a potential synergistic benefit of co-encapsulation (with enhanced 
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effect) and targeted delivery (with AFt formulation). More broadly, the findings emphasise the 

pH-sensitive nature of TMZ, the critical role of nanocarrier design and environment (pH) 

selection, and the bidirectional influences between the tumour in situ (e.g. acidity, hypoxia) and 

drug formulations (naked and encapsulated). In addition, the formulations impact tumour 

performance (e.g. tumour growth, therapeutic response) in 3D cultures. 

5.2.4 Comparative analysis of cell viability and spheroid volume 

Herein, a comparative analysis of both cell viability and spheroid volume across all naked and 

encapsulated formulations in 3D U87MG models are presented. In addition, to demonstrate 

the difference between 2D and 3D U87MG models, 3D spheroids` IC50 data are compared with 

the results in 2D monolayers (IC50 data from PB assay studies).  

AFt-encapsulated formulations (AFt-PbS and AFt-PbS-TMZ) had a significant (p < 0.01 for 

AFt-PbS, p < 0.0001 for AFt-PbS-TMZ) impact on viable cancer cell number and corroborative 

volume reduction of spheroids compared to naked agents. Although AFt-TMZ demonstrated 

significantly (p < 0.01) greater growth inhibition than naked TMZ in cell viability assays, this 

enhanced activity did not correspond to a significant reduction in spheroid volume over the 6 

day treatment period. Table 5.3 represents a summary of the effects of naked versus AFt-

encapsulated formulations on GBM spheroids.  The most significant (p < 0.0001) reductions in 

both viability and spheroid volume observed in post-treatment with AFt-PbS-TMZ for 6 days. 

The IC50 values differed for 2D versus 3D U87MG cultures are summarised in Table 5.4. For 

instance, IC50 values (PbS QDs-based) for PbS QDs increased significantly (p < 0.01) from 0.7 

± 0.3 µg/mL in 2D monolayers to 26.0 ± 5.3 µg/mL in 3D spheroids, indicating a 37-fold 

increase in IC50 in 3D cultures compared to 2D monolayers. In contrast, AFt-PbS showed 

similar IC50 values (PbS QDs-based) as 7.5 ± 1.2 µg/mL and 8.0 ± 0.9 µg/mL in 2D and 3D 

cultures, respectively (p > 0.05) (Figure 5.7a). Additionally, IC50 values increased for TMZ-

based treatments, from 188.0 ± 11.6 µM in 2D monolayers to 258.0 ± 29.8 µM in 3D spheroids 
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for naked TMZ (1.4-fold (p < 0.05), and from 28.0 ± 11.2 µM to 177.0 ± 29.6 µM for AFt-TMZ 

(6.3-fold (p < 0.01) (see Table 5.4 and Figure 5.7b). For TMZ + PbS QDs, IC50 value (TMZ-

based) increased 90.0-fold (p < 0.0001). Interestingly, IC50 value (TMZ-based) for AFt-PbS-

TMZ dropped from 11.0 ± 2.7 µM in 2D monolayers to to 5.0 ± 0.5 µM in 3D cultures, 

representing a 2.2-fold reduction (p < 0.05). Overall, 3D spheroid cultures required higher IC50 

values than 2D monolayers to achieve the same inhibitory effect. Abbas et al. also reported 

significant (p < 0.01) differences in drug responsiveness between 2D and 3D colorectal cancer 

models. For example, in CaCo-2 cells the IC50 value for cisplatin increased from 107.0 µg/mL 

in 2D monolayers to 315.9 µg/mL in 3D spheroids.237  

However, the AFt-PbS-TMZ formulation was found to be more effective in 3D cultures than 2D 

monolayers (Figure 5.6b). Juarez-Moreno et al. similarly observed that folic acid-functionalised 

silver and upconverting NPs exhibited greater (20%) uptake in 3D melanoma cultures 

compared to 2D cultures.265 This enhanced activity of AFt-PbS-TMZ in 3D cultures might be 

explained by a combination of several factors including acidic and hypoxic spheroid 

microenvironment, the presence of PbS QDs and their associated activities (e.g. ROS 

production, cellular stress, and altered drug release) in 3D cultures, as well as the upregulation 

of TfR1 expression in these cultures (see Section 5.2.6). Additionally, TMZ may exhibit greater 

stability within the AFt nanocarrier and in the relatively more acidic microenvironment of 3D 

cultures compared to 2D monolayers, thus enhancing its therapeutic effect in 3D cultures. In 

the short term, this stability maintains TMZ in its inactive prodrug form; however, prolonged 

stability increases drug availability, thus facilitating uptake and subsequent activation, which 

can enhance its therapeutic activity in 3D cultures. In line with this, Tafech et al. compared 

intracellular pH regulation in U87 and F98 brain tumour cells grown as 2D monolayers and 3D 

spheroids to evaluate its impact on TMZ activity. The researchers showed that U87 cells in 3D 

spheroids tend to have lower intracellular pH compared to their 2D models. The researchers 

further reported that U87 cells regulate intracellular acidity through Na⁺/H⁺ exchange, 

consuming intracellular ATP. Hence, sustained exchanger activity may deplete ATP reserves, 
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compromise mitochondrial function, and contribute to higher mortality in U87 cells compared 

to F98 cells. Consequently, the increased acidic environment in 3D spheroids not only 

enhances TMZ`s stability and uptake, but may also exacerbate metabolic stress, and this 

combination may significantly increase its therapeutic activity in 3D cultures compared to 2D 

monolayers in the long term.228  

In summary, growth inhibition and volume reduction data showed that AFt encapsulated 

formulations enhanced the activity of their naked counterparts in 3D spheroids. The activity 

differences between 2D and 3D cultures indicate the importance of using advanced 3D 

spheroids to predict in vivo results more accurately. Moreover, to evaluate formulations` 

activity more comprehensively, spheroid studies were expanded to include sequential 

treatments with each formulation, mimicking more closely a clinically-relevant dosing schedule. 

Table 5.3 A summary of the effects naked and apoferritin (AFt)-encapsulated formulations on 
glioblastoma (GBM) spheroids. The statistical significance was reported as follows: not significant (ns), 
(*) p < 0.05, (**) p < 0.01, (***) p < 0.001, and (****) p < 0.0001. 

Comparison  3D cell 
viability 
significance 

3D volume 
significance 

PbS QDs vs AFt-PbS ** * 

TMZ vs AFt-TMZ ** ns 

TMZ+ PbS QDs vs AFt-PbS-TMZ **** **** 

 

Table 5.4 The comparative summary of IC50 obtained from PrestoBlue (PB) assay performed in 2D and 
3D U87MG cultures. 

Growth 
condition 

PbS QDs 
(µg/mL) 

AFt-PbS 
(µg/mL) 

TMZ (µM) AFt-TMZ 
(µM) 

TMZ + 
PbS QDs 

(µM) 

AFt-PbS-
TMZ (µM) 

 IC50(PbS 
QDs) 

  IC50(TMZ)   

2D 0.7 ± 0.3 7.5 ± 1.2 188.0 ± 11.6 28.0 ± 11.2 1.0 ± 0.2 11.0 ± 2.7 
3D 26.0 ± 5.3 8.0 ± 0.9 258.0 ± 29.8 177.0 ± 29.6 90.0 ± 5.9 5.0 ± 0.5 
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Figure 5.7 IC50 comparisons of (a) PbS QDs and AFt-PbS and (b) TMZ, AFt-TMZ, TMZ+ PbS QDs, 
AFt-PbS-TMZ in 2D and 3D U87MG cultures. Data are presented as mean ± SD of samples from at 
least three independent experiments (n = 3, N = 6).  

 
5.2.5 Sequential treatment of 3D tumour spheroids with all formulations 

To replicate clinical administration, where patients receive repeated treatment cycles rather 

than single dose, an in vitro sequential treatment strategy was developed. The experimental 

design consisted of a three-phase treatment plan at identical doses over 21 days (every 6 

days). To understand the effects of all formulations within the sequential treatment plan, GBM 

spheroid morphology including volume and compactness, as well as cell viability assessed by 

PB assay, were compared across all naked and encapsulated treatment groups.  

The effects of AFt (vehicle control) were investigated with sequential treatments to test drug 

delivery vehicle biocompatibility over the time in U87MG spheroids. Figure 5.8 summarises the 

morphological and volumetric effects of repeated AFt exposure (0.5 µM and 1 µM) over 21-

days. Following treatment with AFt at 0.5 and 1 µM concentrations, spheroid structures 

remained similar to untreated control spheroids, exhibiting indistinguishable growth and 

morphology (Figure 5.8a). PB assays results also demonstrated that no IC50 values were 
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determined for AFt over the time and reported as ≥ 1 µM. Considering the lower AFt 

concentrations used the study for AFt formulations (0.28-0.33 µM), the nanocarrier exhibited 

no toxicity over 21 days. The volume measurements corroborated these findings: following AFt 

treatment across the 0.01-1 µM range, only minimal changes in spheroid volume were 

observed. For instance, on day 7, at the highest dose (1 µM; 4.6 mg/mL AFt), spheroid volume 

decreased from (4.8 ± 1.6) x 107 µm3 (control spheroids) to (3.8 ± 0.6) x 107µm3, representing 

85% of control. After the 2nd 1 µM AFt treatment on day 14, the volumes were identical as (1.8 

± 0.2) x 108 µm3 for both control and treated spheroids (p > 0.05, 100% of control). Following 

the 3rd treatment at 1 µM AFt (on day 21), control spheroids measured as (1.2 ± 0.1) x 108 µm3 

whereas those treated reported as (1.1 ± 0.1) x 108 µm3 (p > 0.05, 88% of control). Notably, 

the changes in untreated spheroid volumes occurred between day 7 and day 14, whereas a 

decreasing trend (in spheroid volumes) was observed over later days (between day 14 and 

day 21). These results strongly support AFt’s non-toxicity over 21 days and its safety profile, 

suitability as a drug delivery vehicle for subsequent studies (Appendix I). 

 
Figure 5.8 (a) Representative bright field microscopic images of 3D U87MG spheroids on day 7, day 
14, and day 21 after treatment with AFt (vehicle control) at 0 µM (control), 0.5 µM, and 1 µM (scale bar 
is 500 µm). (b) The spheroid volume changes on day 7, day 14, and day 21 following sequential 
exposure to AFt. Data are presented as mean ± SD of samples from three independent experiments (n 
= 3, N = 6).  
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The effects of repeated PbS QDs vs AFt-PbS treatments were investigated to evaluate their 

performance on spheroid growth and morphology, viability, and volume over 21 days (Figure 

5.9). Figure 5.9a (top panel) and (bottom panel) shows the morphological changes observed 

during sequential treatment with naked PbS QDs and AFt-PbS, respectively. Morphological 

assessments showed that repeated treatments (PbS QDs and AFt-PbS) disrupted spheroid 

integrity, indicating weakness in the ECM, and reduced cell-cell interactions over 21 days.  

Moreover, consistent data were obtained from spheroid volume measurements; sequential 

PbS QDs` treatment reduced the spheroid volume steadily, with the smallest volume observed 

at day 21 (Figure 5.9b). For instance, on day 7, following treatment with 25 µg/mL PbS QDs, 

the volumes fell from (1.2 ± 0.1) x 10⁸ µm³ in controls to (2.3 ± 0.1) x 10⁷ µm³ in treated 

spheroids (5.2-fold decrease; 80 % reduction of the control volume). On day 14, after the 2nd 

treatment, control spheroids grew to (1.6 ± 0.5) x 10⁸ µm³ whereas treated spheroids’ volume 

reduced to (1.0 ± 0.1) x 10⁷ µm³ (16-fold decrease; 94% reduction of the control volume). On 

day 21, following 3rd treatment with 25 µg/mL PbS QDs, controls reached to (2.2 ± 0.73) x 10⁸ 

µm³ (12-fold decrease; 92% reduction of the control volume) (Figure 5.9b). 

A reduction in volume was also observed for sequential AFt-PbS treatments in 3D U87MG 

spheroids, demonstrating the shrinkage differed from that seen with naked PbS QDs (Figure 

5.9c). For example, on day 7, following treatment with 25 µg/mL AFt-PbS, spheroid volume 

decreased from (1.3 ± 0.1) x 10⁸ µm³ in controls to (3.1 ± 0.9) x 10⁷ µm³ in treated spheroids 

(4.3-fold decrease; 77% reduction relative to control). On day 14, control spheroid volume 

increased to (1.9 ± 0.3) x 10⁸ µm³, whereas treated spheroids shrank to (9.2 ± 1.1) x 10⁷ µm³ 

(2.0-fold decrease; 50% reduction relative to control). On day 21, control spheroid volume was 

(1.7 ± 0.1) x 10⁸ µm³, whereas treated spheroids measured (7.4 ± 1.3) x 10⁷ µm³ (2.4-fold 

decrease ;58% reduction relative to control).  

Furthermore, repeated PbS QDs exposure sensitised U87MG spheroids to treatments yielding 

lower IC50 values (Figure 5.9d). For example, the IC50  value  (PbS QDs-based) significantly (p 

< 0.05) dropped from 37.0 ± 12.0 µg/mL to 15.9 ± 6.8 µg/mL (2.3-fold reduction) from day 7 to 
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day 14 with further decrease to 13.6 ± 5.6 µg/mL by day 21 (2.7-fold reduction overall; p < 

0.05). There was no significant (p > 0.05) change (from 15.9 ± 6.8 µg/mL to 13.6 ± 5.6 µg/mL) 

observed between day 14 and day 21. These data suggest that the greater effect of PbS QDs 

occurred between 1st and 2nd treatment. These results may be explained by the development 

of larger hypoxic and necrotic regions within spheroid core over the time, as well as putative 

upregulation of stress-related pathways when cells exposed to repeated dosing of PbS QDs.216  

 
Figure 5.9 (a) Representative bright field microscopic images of 3D U87MG spheroids on day 7, day 
14, and day 21 after treatment with either PbS QDs (top panel) or AFt-PbS (bottom panel) at 0 µg/mL 
(control), 5 µg/mL, and 50 µg/mL (scale bar is 500 µm). (b) The spheroid volume changes on day 7, day 
14, and day 21 following sequential exposure to PbS QDs and (c) AFt-PbS, (d) IC50 (µg/mL) values 
obtained with PB assay after three-phase treatment (day 7, day 14, and day 21) with PbS QDs and (e) 
AFt-PbS on 3D U87MG cell viability. Data are presented as mean ± SD of samples from three 
independent experiments. (n = 3, N = 6).  

A comparable trend was observed when sequential AFt-PbS treatments were administered to 

3D U87MG spheroids. The IC50 value (PbS QDs-based) for AFt-PbS fell from 5.6 ± 3.0 µg/mL 

on day 7 to 0.3 ± 0.1 µg/mL on day 14, and then to 0.3 ± 0.3 µg/mL on day 21 (Figure 5.9e), 
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demonstrating the significant 16.5-fold reduction (p < 0.05) between the 1st and 2nd treatments. 

Compared to naked PbS QDs, AFt-PbS was significantly more potent in reducing cell viability 

of 3D U87MG spheroids, with lower IC50 values recorded at each time point (day 7, 14, and 

21). Compared to naked PbS QDs, AFt-PbS exerted its effect by directly reducing cell viability 

before any measurable decrease in spheroid volume. This effect might be explained by 

targeted delivery capability of AFt, which showed the antitumour effect in U87MG spheroids.  

 
Figure 5.10 (a) Representative microscopic images of 3D U87MG spheroids on day 7, day 14, and day 
21 after treatment with either TMZ (top panel) or AFt-TMZ (bottom panel) at 0 µg/mL (control), 5 µM, 
and 50 µM (scale bar is 500 µm). (b) The spheroid volume changes on day 7, day 14, and day 21 
following sequential exposure to TMZ and (c) AFt-TMZ, (d) IC50 (µM) values obtained with PB assay 
after three-phase treatment (day 7, day 14, day 21) with TMZ and (e) AFt-TMZ on 3D U87MG cell 
viability. Data are presented as mean ± SD of samples from three independent experiments. (n = 3, N 
= 6).  

The sequential dose response of naked TMZ and AFt-TMZ was investigated in U87MG 

spheroids and presented in Figure 5.10. Figure 5.10a (top panel) and (bottom panel) shows 

the morphological changes observed during sequential treatment with naked TMZ and AFt-

TMZ, respectively. Repeated treatments with both agents (TMZ and AFt-TMZ) disrupted 
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spheroid architecture by day 21. However, frayed and cavernous spheroids were observed 

after sequential TMZ treatment. In contrast, AFt-TMZ produced a slower and more gradual 

response. Figure 5.10b represents the spheroid volume changes after repeated dosing of TMZ 

(1-1000 µM) over 21 days. For instance, on day 7, post-treatment with 200 µM TMZ, the 

volume fell from (1.7 ± 0.2) x 108 µm³ to (4.8 ± 0.1) x 106 µm³ (35-fold decrease; 97% reduction 

of the control volume). After the 2nd treatment with same dosage (200 µM) TMZ, the control 

spheroids grew to (2.7 ± 0.1) x 108 µm³ while treated volumes were (2.6 ± 0.4) x 107 (10.4-fold 

decrease; 90% reduction of the control volume). On day 21, the control volume remained 

stable at (2.7 ± 0.9) x 108 µm³ whereas TMZ treated spheroid volume changed to (2.9 ± 0.3) x 

107 µm³ (9.3-fold reduction, 89% reduction of the control volume). The dose-dependent volume 

reduction by naked TMZ indicated that TMZ was able to exert its effect principally after the 1st 

treatment (on day 7). Latterly (days 14 and day 21), spheroids appeared to become less 

responsive to naked TMZ. Consistent with these observations, Günther et al. reported that 

GaMG GBM spheroids exhibited resistance to TMZ after 2nd treatment (on day 13).53 Recently, 

Yamashiro et al. compared U87MG cells continuously exposed to TMZ for 4 and 6 months and 

found that continuous exposure (over 6 months) to TMZ could induce the development of 

highly resistant U87MG cells via MMR dysfunction (decreased expression of MSH2 and MSH6 

proteins).266 

The repeated dosing of AFt-TMZ (1-200 µM) also induced spheroid volume reduction, as 

shown in Figure 5.10c. For example, on day 7, post-treatment with the 1st dose of 200 µM AFt-

TMZ, the volume changed from (1.7 ± 0.3) x 108 µm³ to (1.9 ± 0.2) x 107 µm³ (9-fold reduction, 

89% decrease relative to control volume). After the 2nd treatment with 200 µM AFt-TMZ, the 

control spheroids grew to (2.2 ± 0.4) x 108 µm³ whereas treated spheroid volumes reduced to 

(1.5 ± 1.5) x 106 µm³ (147-fold reduction; 99.3% decrease relative to control volume). On day 

21, following the 3rd treatment with 200 µM AFt-TMZ, control spheroid volume started to 

decrease to (1.7 ± 0.3) x 108 µm³ while treated spheroid volume fell to (1.5 ± 5.5) x 106 µm³ 

(113-fold reduction; 99.1% decrease relative to the control volume).  In contrast to naked TMZ, 
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AFt-TMZ shows a modest initial effect, then it increases its activity following the 2nd and 3rd 

treatment doses.  This observation may be related to the beneficial effect of AFt encapsulation, 

possible early penetration via higher TfR1 expression, and prevention of premature ring-

opening of TMZ to its triazene-– courtesy of AFt`s acidic buffer environment (pH 5.5). 

IC50 values (TMZ-based) for TMZ and AFt-TMZ were obtained on day 7, day 14, day 21. The 

results showed that naked TMZ proved more potent, producing a 4.1-fold fall in IC50 value (from 

258.0 ± 29.8 µM to 62.9 ± 18.8 µM) between day 7 and day 14 (p < 0.001), the interval in which 

most of its 21-day activity was realised. The 3rd treatment yielded only a further 1.2-fold decline 

in IC50 value (from 62.9 ± 18.8 µM to 51.2 ± 28.9 µM) from day 14 to day 21 (p > 0.05). However, 

sequential TMZ treatments yielded an overall 5.1-fold reduction in IC50 (from 257.0 ± 30.0 µM 

to 51.2 ± 28.9 µM, p < 0.01) (Figure 5.10d). In contrast, repeated AFt-TMZ treatment 

decreased IC50 gradually from 177.0 ± 29.6 µM to 154.3 ± 19.1 µM between day 7 and day 14, 

and then to 126.1 ± 1.4 µM on day 21 (1.2-fold after each treatment), for a cumulative 1.5-fold 

reduction over 21 days (p < 0.001) (Figure 5.10e). Although AFt-TMZ appeared to exert a 

greater effect on day 7 with lower IC50 values compared to naked TMZ, this initial effect was 

not sustained over 21-day period. By days 14 and 21, TMZ exhibited significantly (at least p < 

0.05) enhanced growth inhibitory effects compared to AFt-TMZ. These findings might be 

explained by three different factors including down-regulation of TfR1 due to repeated dosing 

which limited AFt uptake, increased spheroid compactness over time which limits NP 

penetration (AFt-TMZ) rather than naked drug (TMZ), and acidic pH (5.5) used to load TMZ 

into AFt nanocages stabilised TMZ, however, this prolonged stability may persist in hypoxic 

cores in spheroids, developing a slow-release profile. Therefore, while AFt encapsulation 

protected TMZ during formulation, it may also delay its intracellular activation, may explain the 

long-term effect of AFt-TMZ under the same dose schedule.  
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Figure 5.11 (a) Representative microscopic images of 3D U87MG spheroids on day 7, day 14, and day 
21 after treatment with either TMZ+PbS QDs (top panel) or AFt-PbS-TMZ (bottom panel) at 0 µg/mL 
(control), 5 µM, and 50 µM (scale bar is 500 µm). (b) The spheroid volume changes on day 7, day 14, 
and day 21 following sequential exposure to TMZ+PbS QDs and (c) AFt-PbS-TMZ, (d) IC50 (µM) values 
obtained with PB assay after three-phase treatment (day 7, day 14, and day 21) with TMZ+PbS QDs 
and (e) AFt-PbS-TMZ on 3D U87MG cell viability. Data are presented as mean ± SD of samples from 
three independent experiments. (n = 3, N = 6).  

 

The sequential treatment effects of TMZ+PbS QDs versus AFt-PbS-TMZ are compared in 

U87MG spheroids in Figure 5.11.  Morphological changes observed during sequential 

treatment with naked TMZ+PbS QDs and AFt-PbS-TMZ are presented in Figure 5.11a (top 

panel) and (bottom panel), respectively. Post-treatment with naked combination, U87MG 

spheroids remained largely intact and spherical over 21 days. In contrast, AFt-PbS-TMZ 

induced spheroid disruption even at day 7.  At both concentrations (5 and 50 µM), the AFt-

PbS-TMZ formulation produced more disintegration than the naked combination. These data 

show that repeated dosing of the naked combination presented resistance to full collapse 
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whereas AFt-PbS-TMZ produced rapid spheroid disruption after the 1st treatment. Additionally, 

tracked volumes post-treatments are presented in Figure 5.11b (for TMZ+ PbS QDs) and 

Figure 5.11c (for AFt-PbS-TMZ). For instance, post-treatment with the 50 µM naked 

combination, spheroid volume began to reduce from (2.3 ± 0.5) x 108 µm³ (control spheroids) 

to (1.2 ± 0.1) x 108 µm³ after 1st treatment (1.9-fold reduction; 48% decrease relative to control). 

On day 14, control spheroids continued to grow to (3.0 ± 0.3) x 108 µm³ whereas 2nd treated 

with 50 µM TMZ+ PbS QDs spheroid volume was (2.3 ± 0.8) x 108 µm³ (1.3-fold reduction; 

23% decrease relative to control). On day 21, the control spheroids had begun to shrink slightly 

(down to (2.1 ± 0.2) x 108 µm³), whereas treated spheroids increased their volume to (2.4 ± 

0.3) x 108 µm³ after 3rd treatment (1.2-fold increase; 14% increase in volume relative to control 

spheroids) (Figure 5.11b). These results suggest that the spheroids may develop resistance 

to TMZ+ PbS QDs treatment, as evidenced by their regrowth. In contrast, a single dose of AFt-

PbS-TMZ produced a sharp fall in volume even at lower concentration of 5 µM. For example, 

on day 7, following 1st treatment with 5 µM AFt-PbS-TMZ, the volume fell from (1.41 ± 0.3) x 

108 µm³ (control spheroids) to (6.8 ± 2.4) x 107 µm³ (2.1-fold reduction; 52% decrease relative 

to the control volume). On day 14, control spheroids grew to (1.8 ± 0.6) x 108 µm³ whereas 

treated spheroids reduced their volume to (4.7 ± 0.1) x 107 µm³ following 2nd treatment with 

same dose of AFt-PbS-TMZ (3.8-fold reduction; 74% reduction relative to the control volume). 

On day 21, the untreated spheroid volume declined to (1.4 ± 0.4) x 108 µm³ while following the 

3rd 5 µM AFt-PbS-TMZ dose treated spheroids measured (3.9 ± 0.9) x 107 µm³ (3.6-fold 

decrease; 72% reduction) (Figure 5.11c). These results indicate that AFt-PbS-TMZ produced 

a stronger initial effect at only 5 µM (10-times lower dose from the naked combination), and 

sustained spheroid volume inhibition through days 14 and 21 without regrowth.  

The IC50 values for TMZ+ PbS QDs (Figure 5.11d) and AFt-PbS-TMZ (Figure 5.11e) were 

obtained on day 7, day 14, day 21.  Post-treatment with naked combination, the IC50 value 

dropped from 90.0 ± 5.9 µM to 15.5 ± 10.5 µM between the 1st and 2nd treatments (5.8-fold, p 

< 0.01). However, the IC50 value only declined further to 8.2 ± 0.1 µM on day 21, representing 
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only 1.9-fold decrease between the 2nd and 3rd treatments (p > 0.05), resulting in an overall 

11.1-fold reduction in IC50 values between days 7 and 21 (p < 0.01). These results indicate 

that the greatest effect arose between the first two exposures to the naked combination. On 

the other hand, AFt-PbS-TMZ demonstrated the most potent activity after the 1st treatment 

(IC50 9.0 ± 4.0 µM). Subsequent doses conferred additional statistically insignificant reductions 

in IC50 values to 6.7 ± 1.2 µM on day 14 and 6.8 ± 1.3 µM on day 21) (overall 1.32-fold reduction 

from day 7 to day 21). This rapid effect might be explained by early penetration of AFt-

encapsulated TMZ+ PbS QDs, due to higher TfR1 expression profile in spheroids, leading to 

increased growth inhibition effect via greater uptake after only one exposure with AFt-PbS-

TMZ. Altogether, at least two sequential naked combination treatments were required to reach 

AFt-PbS-TMZ potency after its 1st treatment cycle. Therefore, AFt-PbS-TMZ showed greater 

anti-tumour activity in spheroids, consistent with TfR1 targeted delivery of more agents to the 

tumour cells, reducing the need for sequential treatments. Recently, Shaikh et al. 

demonstrated that a single administration of exosome co-loaded with gold NPs and TMZ 

inhibited tumour growth in in vitro (U87 and U251 cells) and in vivo (U87 cells-bearing xenograft 

mice) GBM models.267 

Overall, AFt-PbS-TMZ presented the most effective strategy in sequential treatments as well 

as a single dose treatment with its AFt-mediated targeted delivery, and dual agent advantage 

of TMZ and PbS QDs combined. Among PbS QDs-based treatments, the AFt-PbS formulation 

(IC50 5.6 ± 1.0 µg/mL)  outperformed naked PbS QDs (IC50 37.0 ± 8.0 µg/mL)  on day 7 (p < 

0.001), maintained its activity on day 14 (0.3 ±  0.1 µg/mL versus 15.9 ± 6.8 µg/mL, p < 0.05), 

and day 21 (0.3 ±  0.1 µg/mL versus 13.6 ± 5.9 µg/mL,  p < 0.05), confirming AFt encapsulation 

advantageous in spheroid cultures (Figure 5.12a).  At day 21, within the TMZ-based 

treatments, naked TMZ, AFt-TMZ, TMZ+ PbS QDs, and AFt-PbS-TMZ, efficacy ranked as 

follows: AFt-PbS-TMZ (IC50 6.8 ± 1.3 µM) > TMZ+ PbS QDs (IC50 8.2 ± 0.1 µM) > TMZ (IC50 

51.2 ± 28.9 µM) > AFt-TMZ (IC50 126.1 ± 1.4 µM) (Figure 5.12b). 
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Figure 5.12 IC50 comparisons in 3D U87MG spheroids following three-phase treatment cycles over 21-
day period. (a) Comparison between PbS QDs and AFt-PbS and (b) comparison between TMZ, AFt-
TMZ, TMZ+ PbS QDs, AFt-PbS-TMZ. Data are presented as mean ± SD of samples from three 
independent experiments (n = 3, N = 6). 

 

AFt formulations (AFt-PbS and AFt-PbS-TMZ) had greater effect in sequential treatments 

whereas only TMZ alone produced more potent growth inhibition than AFt-TMZ. However, AFt-

PbS-TMZ remained superior to all other formulations, rapidly achieving a low IC50 value after 

the 1st treatment. Taken together, all formulations demonstrated that sequential treatments 

improved the single dose therapy response via reducing cell viability, and spheroid size/volume 

over time (21 days). This improved effect with sequential treatment might be explained by 

heterogenous penetration, overcoming resistance mechanisms, spheroid structure weakness 

(weak ECM, and cell-cell interactions) with repeated dosing. In addition, all formulations` 

effects on later days (between day 14 and day 21) were not statistically significant. As shown 

in Figure 5.3, even untreated (control) U87MG spheroids had ceased growing by day 14 and 

retained their volume to day 21. The obtained results suggest that increased spheroid density 

over time may have hindered drug penetration, specifically, spheroids may have developed 

necrotic and hypoxic core regions253, thus reducing overall treatment efficacy. However, 

sequential treatment may allow therapies to reach deeper spheroid layers once the outer layers 

had been disrupted with earlier treatment. Therefore, broadly-speaking, sequential treatment 
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data may guide future in vivo studies. To better predict therapeutic outcomes prior to in vivo 

studies, future investigations may involve (1) the examination of cumulative drug penetration 

in 3D spheroids using Orbitrap secondary ion mass spectrometry (Orbi-SIMS), (2) the 

exploration of potential TMZ resistance mechanisms that can be raised between treatment 

cycles by the expression of MGMT and MMR proteins via western blot, (3) the evaluation of 

TfR1 expression affecting delivery efficiency using western blot or flow cytometry, and (4) the 

assessment of MGMT expression and O6MeG lesions in spheroids following exposure to 

naked and AFt encapsulated formulations using western blot.  

5.2.6 Flow cytometry analysis of TfR1 expression of 3D tumour spheroids 

To characterise TfR1 expression in 3D U87MG cultures to test the hypothesis that AFt 

formulations exert a selective effect on U87MG spheroids, total (both surface and intracellular) 

TfR1 expression was measured in 3D cultures. Spheroids were harvested at two time points: 

day 1 (early-stage spheroids) and day 6 (mature spheroids) dissociated enzymatically into 

single cells and cells analysed by flow cytometry (see Section 2.9.4) In addition, 2D U87MG 

monolayers were also examined for comparison to reveal whether (or how) 3D culture and its 

maturation alters TfR1 expression. A comparative evaluation of TfR1 expression provides the 

uptake behaviour of AFt formulations in 2D and 3D GBM cultures. 

Notably, at day 1 post-seeding, single cells derived from 3D early-stage spheroids exhibited a 

2.4-fold (p < 0.05) higher median fluorescence intensity for TfR1 compared to 2D monolayers, 

indicating rapid TfR1 upregulation in spheroid formation. The difference in 2D and 3D cultures 

might be explained by the possibility that cells in 3D culture may experience limited access to 

nutrients and iron compared to 2D monolayers. In addition, at day 1, the histogram in Figure 

5.13 demonstrated a broad peak, suggesting cell to cell variability in TfR1 levels in early-stage 

spheroid cultures. Similarly, Barroso et al. reported heterogeneity of TfR1 expression in breast 

cancer spheroids (MDA-MB-231).268 The heterogenous TfR1 profile within spheroids might be 

associated with various iron demand among proliferating versus quiescent cells.30 Additionally, 
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it may reflect limited access to nutrients, therefore, to sequester iron that is needed to support 

growth, cells must adapt and upregulate TfR1 expression.269 In contrast, at day 6, median TfR1 

intensity in 3D cultures remained similar to cells in 2D culture, however, the fold-increase had 

fallen to 1.62-fold, which was not significant (p > 0.05) (see Figure 5.13). Sarisozen et al. found 

the similar reduction profile of TfR1 in ovarian spheroids at different days (3,5,8 days) by flow 

cytometry analysis.270 The decrease in receptor expression might be related to oxygen levels, 

medium composition, serum factors, diffusion barriers in mature spheroids at day 6.211 

Considering these factors, although nutrient depletion might be expected to trigger TfR1 

upregulation to meet higher iron demand over 6 days, prolonged hypoxia and metabolic stress 

in mature spheroids (day 6) may instead induce TfR1 downregulation, due to reduced 

proliferation rates and increased cell death within the spheroid core.  

 
Figure 5.13 Flow cytometric analysis of TfR1 expression levels in U87MG spheroids collected on day 1 
and day 6. Representative flow cytometry histograms are shown on the left, while the corresponding 
quantification of normalised TfR1 fluorescence intensity is presented on the right. The analysis includes 
a comparison between 3D U87MG spheroids (day 1 and day 6) and 2D U87MG monolayers. Data are 
presented as mean ± SD of samples from three independent experiments (n = 3). 

Altogether, considering AFt nanocarrier`s exploitation of TfR1 for cellular entry, the 

upregulation of TfR1 at day 1 provides an explanation for enhanced effects of AFt formulations 

on day 7 in 3D cultures. In this context, all treatments administered at day 1 yielded greater 

anti-proliferative results for AFt encapsulated agents when compared to their naked 

counterparts. However, changes (down regulation) of TfR1 levels on cells of day 6 spheroids 
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might explain the sequential treatments data obtained latterly (day 14 and day 21).  Flow 

cytometry data highlight the heterogeneity in receptor expression within 3D tumour models, 

importance of administration time, and more broadly, spheroid (tumour) stage for receptor-

targeted therapies’ outcomes.  

5.3 Conclusion 

In conclusion, all AFt formulations and their corresponding naked agents were 

comprehensively investigated in a clinically relevant 3D GBM model (U87MG spheroids). The 

study integrated several points including spheroid morphology, cell viability via PB assay, 

spheroid volume tracking, a 21-day sequential treatment schedule, and TfR1 expression 

profiling by flow cytometry following spheroid dissociation into single cells.  

Remarkably, AFt alone (vehicle control) exhibited no toxicity at vehicular concentrations used 

in 3D cultures, confirming its biocompatibility for further studies. The formulations were 

analysed in comparison with their naked counterparts in spheroid cultures designed to mimic 

2D experimental settings (with a consistent 6-day incubation). Under single dose treatment 

conditions, on day 7, the effectiveness of formulations ranked as follows: AFt-PbS > PbS QDs, 

AFt-TMZ > TMZ, AFt-PbS-TMZ > TMZ+ PbS QDs, demonstrating that AFt encapsulation 

significantly enhanced the activity of naked agents in 3D cultures, consistent with 2D results. 

It supports the initial hypothesis that both naked drugs and encapsulated formulations exhibit 

similar effects in 3D GBM spheroid models. However, 3D cultures were generally more 

resistant to treatments compared to 2D cultures.  

Among all tested formulations, dual agent AFt-PbS-TMZ demonstrated the most significant 

growth inhibitory activity and spheroid volume reduction, corroborated by morphological optical 

imaging in a more relevant tumour in situ model. The sequential treatment protocol (6 day 

treatments repeated weekly over three weeks) demonstrated cumulative drug accumulation, 

potential resistance to repeated dosing, and growth inhibition effects that more closely 

resemble clinical dosing schedules than a single dose test. Sequential treatment results 
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showed that repeated dosing improved the activity of all formulations. By day 21, the relative 

effectiveness of formulations as followed: AFt-PbS > PbS QDs, TMZ > AFt-TMZ, AFt-PbS-

TMZ > TMZ+ PbS QDs. Unlike in a single dose result obtained on day 7, AFt-TMZ lost its 

effectiveness over time, whereas the other AFt formulations remained active in sequential 

treatments. This difference may be attributed to delayed TMZ release from AFt cages, and 

down regulation of cellular TfR1 expression over time within spheroid cultures. Remarkably, 

none of the formulations produced a further statistically significant advantage between day 14 

and day 21, suggesting that two doses may be sufficient to achieve therapeutic benefit under 

these experimental conditions.  

Overall, AFt encapsulation enhanced the activity of naked agents by exploiting targeted 

delivery via TfR1 expression in tumour spheroids. However, TfR1 expression levels changed 

over time; early-stage spheroids showed increased TfR1 expression, whereas mature 

spheroids reverted to 2D baseline level. Despite TfR1 expression changes, AFt-PbS-TMZ as 

a promising candidate for further in vivo studies, demonstrating the advantage of co-delivery 

agents within a single nanocarrier system via delivering more agents, overcoming resistance 

mechanisms into 3D tumour model that better predicts clinical results. In addition, AFt-PbS-

TMZ, as a theranostic formulation, holds potential to monitor treatment response which is 

important for effective GBM management. However, further investigations are needed to 

evaluate safety profile, in vivo therapeutic efficacy, biodistribution, and imaging capabilities. 
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Chapter 6 Imaging performance of naked and encapsulated 

formulations in in vitro, ex vivo and in vivo models 

6.1 Background 

Imaging plays a crucial role in GBM diagnosis (particularly in tumour characterisation and 

localisation), as well as monitoring treatment response and guiding further clinical decisions.87 

Imaging techniques including MRI, CT and PET are widely used in clinical applications for 

GBM.89 Although these imaging methods provide valuable diagnostic and post-treatment 

information, they suffer from some limitations: (1) low sensitivity in distinguishing tumour tissue 

from non-cancerous brain tissue, which leads to false positives, (2) limited signal penetration 

and resolution due to physical barriers such as the skull, and (3) the lack of a real-time guide 

in surgery or drug delivery.271  

Recent advances in imaging systems enable improved sensitivity, resolution, and deep tissue 

penetration as well as providing real-time guides to disease progression or treatment 

response. Among these developments, fluorescence imaging has gained wide attention due 

to its high sensitivity, harmless radiation, low cost, and its potential for real-time monitoring, 

particularly in the near-infrared wavelength region, NIR-I, 650-900 nm. However, tissue 

scattering and autofluorescence restrict deep tissue imaging in the NIR-I region.  SWIR 

imaging also referred as NIR-II (1000-1700 nm), offers deep tissue penetration, minimal 

background autofluorescence, giving it a high potential for clinical translation.102 SWIR imaging 

could offer significant benefits for brain tumour imaging applications. In this context, QDs, 

particularly PbS QDs, have been explored as imaging probes in the SWIR window due to their 

tuneable emission, high PL,  quantum yield, and PL stability, making them potentially suitability 

for deep tissue imaging.272 However, to date, the deployment of NIR-II probes is limited by the 

availability and sensitivity of bioimaging systems with detection in this wavelength range.  
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Biocompatibility is an important factor for developing NP-based SWIR emitting platforms and 

its clinical translation. Delivering PbS QDs into brain tumours poses certain challenges 

including crossing the BBB, avoiding potential toxicity, and immune clearance.273 Therefore, to 

combat these challenges, PbS QDs have been capped with different ligands and/or 

encapsulated within biocompatible nanocarrier devices. In this study, an AFt nanocarrier 

system has been explored to significantly enhance the clinical potential of PbS QDs as SWIR 

probes. To date, Ft/AFt have been investigated as a theranostic platform for brain tumour 

applications particularly for drug delivery and MRI-guided imaging198, 200, yet there remains 

limited work on integrating NIR-II imaging labels. The combination of SWIR imaging with 

targeted drug delivery holds potential for improved diagnostic sensitivity in GBM.   

In this chapter, the SWIR imaging abilities of PbS QD-containing formulations (PbS QDs alone, 

AFt-PbS, and AFt-PbS-TMZ) were investigated using both 2D monolayers and 3D spheroid 

models of U87MG GBM cells. To further evaluate the formulations’ deep tissue imaging 

abilities, ex vivo brain slices were utilised post-treatment with PbS QDs and AFt-PbS 

formulations for comparison. In addition to AFt encapsulation, PEGylated PbS QDs were 

evaluated initially in in vivo and then ex vivo models to test their biocompatibility, imaging 

performance, and preliminary biodistribution in more advanced biological systems. These 

assessments aimed to provide guidance for AFt-based formulations that will be tested in future 

studies.  

Chapter hypothesis: Herein is tested the hypothesis that PbS QD-containing formulations 

(PbS QDs, AFt-PbS and AFt-PbS-TMZ) will enable SWIR imaging of GBM cells in in vitro 2D 

and 3D cultures, as well as in ex vivo models, due to the deep tissue imaging abilities of PbS 

QDs. Additionally, AFt encapsulation is hypothesised to enhance the SWIR signal clarity in the 

deep tissue regions by facilitating selective accumulation of cargo in GBM tumours via TfR1-

targeted delivery, while minimising off-target signals from non-cancerous tissue, thus 

improving imaging specificity, contrast, and real-time monitoring potential. 
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Chapter experimental aims: The experimental aims of this chapter include evaluating the 

SWIR imaging abilities of PbS QDs following their encapsulation and co-encapsulation within 

AFt nanocages, assessing whether AFt encapsulated formulations enable real-time monitoring 

potential in 2D and 3D GBM cultures as well as in ex vivo brain tissues, and investigating how 

PEGylation influences the in vivo activity and organ distribution, with particular focus on brain 

accumulation, of PbS QDs.  

6.2 Results and discussion 

6.2.1 Evaluation of imaging performance in in vitro 2D models 

Imaging potential of PbS QD-containing formulations was evaluated using SWIR imaging 

systems (Photon etc, Montreal, National Research Council Canada). This study aimed to 

determine SWIR signal and retention of PL activity from PbS QDs in vitro in U87MG 

monolayers, thereby enabling the monitoring of treatment response following exposure to the 

formulations.  

In 2D monolayer studies, the incubation time with agents was set to 24 h to allow time for 

cellular uptake. The selected 24 h incubation time also helps to minimise any potential cytotoxic 

effects of PbS QDs in GBM cells, which could hinder the detection of the SWIR signal. All PbS 

QD-containing formulations were applied a concentration of 50 µg/mL. This concentration was 

chosen based on in vitro studies (25 µg/mL and 50 µg/mL) conducted in 3D cultures, where 

the IC50 value for PbS QDs was found to be 25 µg/mL following 6 days treatment (see Section 

5.2.2), hence 50 µg/mL representing 2 x IC50 values was used. To ensure consistency 

throughout 2D and 3D imaging tests, a concentration of 50 µg/mL was chosen in 2D imaging 

studies.  

Following QD treatment, to avoid the influence of any surface accumulated/attached agents, 

U87MG cells were washed with PBS before fixation (see Section 2.10). Bright field images of 

fixed U87MG cells before (Figure 6.1a) and after treatment with 50 µg/mL of PbS QDs (Figure 
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6.1b), AFt-PbS (Figure 6.1c), and AFt-PbS-TMZ (Figure 6.1d) for 24 h, revealed the presence 

of cells at different stages of cell cycle, and with no morphological changes indicative of cellular 

toxicity.  

 
Figure 6.1 Bright field images of fixed U87MG monolayers (a) untreated control, treated with 50 µg/mL 
(b) PbS QDs, (c) AFt-PbS, (d) AFt-PbS-TMZ for 24 h, acquired using a 10x objective. Scale bar is 500 
µm.   

 

In fixed U87MG monolayers, SWIR signal detectability was evaluated following 24 h treatment 

with AFt-PbS. Figure 6.2 demonstrates bright field and corresponding SWIR images of fixed 

U87MG cells after treatment with 50 µg/mL AFt-PbS formulation. The images showed that 

SWIR signals were detectable in 2D monolayers, demonstrating successful AFt-PbS uptake 

by the cells. Additionally, the PL obtained in the NIR-II region indicated that AFt encapsulated 

PbS QDs retained their PL activity in the cells. The comparison of bright field image acquired 

at 5x objective (Figure 6.2a) with SWIR images captured under the same objective with 0.5 s 

exposure time (Figure 6.2b) revealed detectable SWIR signals intracellularly following AFt-
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PbS treatment. To obtain more defined signals from the cells, a higher magnification objective 

(20x) was used. Images of 2D U87MG cells treated with 50 µg/mL AFt-PbS, acquired using a 

long pass LP-980 nm filter and 0.4 s exposure time (Figure 6.3c). With the LP-1250 nm and 

exposure time of 0.7 s (Figure 6.2d), enhanced depth of SWIR signal detection was achieved 

as well as minimised background noise, in agreement with prior findings in the NIR-II imaging 

(>1000 nm), where reduced tissue scattering and autofluorescence lead to improved depth 

and signal-to-noise ratio.274 Both images (Figure 6.2c and Figure 6.2d) demonstrate the clear 

PL signals from AFt-PbS within the GBM cells with clarity and brightness. These findings 

illustrate the potential of AFt encapsulation to retain PbS QDs’ PL activity and enable selective 

imaging of cancer cells via a targeted delivery approach. Similarly, in vitro in 2D SK-BR-3 cells, 

Sun et al. demonstrated PbS QDs/anti-HER-2 conjugate imaging capabilities.275 Additionally, 

recombinant protein-coated PbS QDs (1150 nm emission peak) for in vitro fluorescence 

imaging have been demonstrated in breast tumour cells (KPL-4).276 Other encapsulation 

approached have been reported before, with Cao et al. demonstrating that oil soluble PbS QDs 

encapsulated in biodegradable micelles retained their PL activity.277 These QDs were 

internalised by in vitro tumour cells before being used for in vivo imaging, where they were 

successfully visualised, with experimental support provided by Miss Dongling Zhang and Dr. 

Maria Moreno of the National Research Council Canada, our collaborators in Ottawa. 
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Figure 6.2 Bright field and short wave infrared (SWIR) images of fixed U87MG monolayers treated with 
50 µg/mL AFt-PbS for 24 h. (a) Bright-field image acquired at 5x objective, (b) SWIR image obtained 
using a 980 nm long-pass (LP) filter, 0.5 s exposure, 5x objective, (c) SWIR image obtained using 
980 nm LP filter, 0.4 s exposure, 20x objective, (d) SWIR image obtained using 1250 nm LP filter, 0.7 s 
exposure, 20x objective. All SWIR images were acquired using a 785 nm laser at 10% power. Scale bar 
is 200 µm. All images were acquired with assistance from Miss Dongling Zhang (National Research 
Council Canada). 

 
 

6.2.2 Evaluation of imaging performance in in vitro 3D and ex vivo models 

Evaluation of imaging capabilities in in vitro 3D and ex vivo models is essential to guide 

translation from 2D monolayers to in vivo biological systems. However, QD-based imaging 

investigations in spheroid models, particularly in NIR-II region, remain limited. To bridge this 

gap, this study aimed to evaluate the potential of PbS QD-containing formulations for deep 
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tissue penetration and NIR-II signal detection in more clinically-relevant models. Their 

performance was initially tested in in vitro 3D GBM spheroids to validate the initial hypothesis 

that PbS QD-containing formulations, particularly AFt formulations, offer enhanced depth 

tissue imaging performance for GBM management.  

In the study, the 2 x IC50 treatment concentration of 50 µg/mL was used, for all formulations 

including PbS QDs, AFt-PbS and AFt-PbS-TMZ. In addition, the incubation time was selected 

as 6 days to allow enough time for NP uptake, and accumulation in the compact spheroid 

cultures, consistent with the previous 2D and 3D cell viability studies. The SWIR images 

obtained of untreated (control) and treated U87MG spheroids are presented in Figure 6.3, 

demonstrating depth imaging capabilities of these formulations in dense spheroids, and the 

accumulation potential of each formulation within 3D GBM models. As shown in Figure 6.3a, 

SWIR signals were detected from fixed U87MG spheroids post treatment for 6 days with all 

tested formulations using a 785 nm laser, LP-980 nm filter, 1.5 W power, 5x IR objective, and 

0.03 s exposure time. Notably, SWIR signals were not detected in control (untreated) 

spheroids, confirming the specificity of the signals to PbS QD-containing formulations. 

However, the PL emission in PbS QD-treated spheroids (~ 500 µm in diameter, on day 7) was 

observed mostly at the periphery, as evidenced by strong NIR-II signals observed within outer 

spheroid regions. This accumulation may be either due to stronger PL intensity of QDs closer 

to surface, limiting sub-surface detection or due to limited diffusion into dense spheroid cores 

(on day 7). It may also reflect the viability of core cells within the spheroids since limited nutrient 

and oxygen diffusion can compromise the survival of the cells in the spheroid core. This could 

be further investigated using live/dead cross-sectional staining in future experiments. Signals 

from AFt-PbS and AFt-PbS-TMZ-treated spheroids may be indicative of enhanced uptake and 

SWIR emission compared to PbS QDs alone-treated spheroids, therefore suggesting that AFt 

encapsulation could enhance cellular uptake via targeted delivery facilitated by the AFt 

nanocarrier. These results confirmed PL stability in complex biological systems (3D spheroids), 
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deep tissue penetration, and retention of PL emission properties of all formulations within 3D 

tumour models.  

 
Figure 6.3 (a) Short wave infrared (SWIR) images of fixed U87MG spheroids untreated (control) and 
treated with 50 µg/mL PbS QDs, AFt-PbS, and AFt-PbS-TMZ for 6 days. Images were obtained using 
785 nm laser, 1.5 W, 5x IR objective, 0.03 s exposure, 980 nm LP filter, and histogram stretching 20-
5000. Scale bar is 500 µm (b) Representative intensity profiles of AFt-PbS accumulation in selected 
spheroid regions (inset) illustrating selected emission regions in AFt-PbS treated U87MG spheroids. 

 

Recent studies have reported similar results of QDs’ emission in NIR region and penetration 

to spheroid interiors by virtue of their signal that can be detected within 3D structures.278-280 For 

instance, Yakavets et al. demonstrated NIR imaging capabilities of copper indium selenide/zinc 

sulfide based QDs (PL peak centred at 750 nm, NIR-I) in head and neck 3D spheroids. 

However, these QDs showed limited penetration, reaching only ~ 56 µm from the spheroid 

edges. The core of the spheroids (~ 400 µm) did not accumulate enough QDs, which 

researchers attributed to limited diffusion into the 3D spheroids.279 In a study by Jarockyte et 

al., CdSe/ZnS QDs (PL peak centred at 625 nm, NIR-I) were applied to breast cancer 

spheroids, they were localised mostly at the periphery. However, MCF-7, MDA-MB-231, and 

NIH3T3 spheroids allowed limited penetration of QDs, reaching up to 25 µm into cellular 

spheroids after 24 h incubation.280 These findings highlight the current limitations of QDs 

penetration in the NIR-I window in 3D spheroid models due to scattering, consistent with a 

previous study reporting penetration depths up to 100 µm.281 Therefore, there is a need for 

NIR-II imaging to enable deeper tissue visualisation. 
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To determine whether the obtained SWIR signals originate from the PbS QD-containing 

formulations in 3D cultures, the cores of spheroids treated with 50 µg/mL of AFt-PbS were 

selected randomly for analysis, and the corresponding areas are shown in the inset of Figure 

6.3b. The intensity profiles across selected emission regions in AFt-PbS treated spheroids 

were analysed; the hyperspectral analysis is presented in Figure 6.3b. These analyses also 

aimed to demonstrate whether AFt formulations were capable of diffusing beyond the 

periphery of the spheroids and penetrate deeper into the cores. The findings indicated that all 

selected core regions of the spheroids exhibited peak emissions centred within the comparable 

NIR-II wavelengths, particularly at 1050 nm and 1200 nm. We note that the used imaging 

system enables only macroscopic imaging and does not allow to determine lateral distribution 

of the PL signal.  Based on the previously characterised PL properties of AFt-PbS (see Section 

3.2.3), these dual peaks may be attributed to several factors including sample age, size 

heterogeneity (protein aggregation), and biological autofluorescence. Additionally, the 

observed peak in the spheroid cores demonstrate the internalisation of AFt-PbS into inner 

layers of spheroids, which is challenging in dense 3D spheroids. These results indicate the 

potential of PbS QDs, AFt-PbS, and AFt-PbS-TMZ formulations as SWIR emitters for 

monitoring treatment response in 3D tumour models, supporting the initial hypothesis that PbS 

QD-containing formulations will enable SWIR imaging of GBM cells in in vitro 3D cultures. AFt 

encapsulated formulations’ retained SWIR signal stability originated from PbS QDs, penetrate 

depth tissues make them suitable candidates for imaging applications. Particularly, the AFt-

PbS-TMZ formulation presents an advanced potential as a multifunctional platform for future 

theranostic applications.  

To corroborate the capabilities of PbS QD-containing formulations to emit strong NIR-II signals 

through brain tissues, imaging studies were performed with QD-based formulations placed 

under brain tissue slices. Figure 6.4a demonstrates the findings under a 1 mm thick brain tissue 

slice overlaying capillary tubes with PbS QDs (4 mg/mL) and AFt-PbS (2.5 mg/mL). At the 

identical depth of 1 mm, the NIR emission through the brain tissue was detected for both 
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formulations (PbS QDs and AFt-PbS), with PL intensity scaling linearly with QD concentration 

(Figure 6.4a). Their corresponding concentration-dependent intensity profiles were presented 

in Figure 6.4b. The higher PL intensity observed for PbS QDs (4 mg/mL, PL intensity:3500 

a.u.) compared to AFt-PbS (2.5 mg/mL, PL intensity: 2700 a.u.), which may explain by their 

concentrations. Importantly, at 2.5 mg/mL, AFt-PbS reached a PL intensity of 2700, whereas 

PbS QDs alone yielded only 2188 at the same concentration. In healthy brain tissue slices, 

AFt encapsulation may contribute to enhance signal intensity by improving the stability of PbS 

QDs within the tissue.206 These findings suggest that PbS QDs-containing AFt formulations 

can facilitate NIR-II imaging through brain tissue with reduced scattering and deeper tissue 

penetration. In addition, image intensity and clarity might be influenced by depth and 

concentration.97 

 
Figure 6.4 (a) Capillary tubes loaded with PbS QDs (4 mg/mL) and AFt-PbS (2.5 mg/mL) overlaid with 
brain tissue slices and their corresponding (b) concentration-dependent intensity profile (785 nm laser 
at 20% power, 1000 nm LP, exposure time:0.1 s, histogram stretching: 1000-5000). 

In vitro 3D spheroids and imaging of the QDs under tissue slices demonstrated that PbS QD-

containing AFt formulations may be used as NIR-II probes while AFt encapsulation offers 

biocompatibility and potential for selective cancer imaging. Therefore, these results support 

further development of AFt-PbS-TMZ as a potential NIR-II imaging probe for GBM 

theranostics.  
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6.2.3 Evaluation of imaging performance in in vivo and ex vivo models 

Although this PhD project mainly investigated the imaging performance of PbS QDs, AFt-PbS, 

and AFt-PbS-TMZ formulations, extensive in vivo studies were not possible. Only one type of 

PbS QD could be selected for the in vivo exploratory study – PbS/PEG. PEGylation represents 

an alternative promising strategy to AFt encapsulation: PEGylation is known to enhance 

biocompatibility, in vivo stability and pharmacokinetic properties of NPs.113 Therefore, the 

imaging abilities of PEGylated PbS QDs were evaluated in in vivo and ex vivo models within 

the SWIR window. Accordingly, PEGylated PbS QDs might be a reference for future in vivo 

studies with PbS QD-containing formulations including PbS QDs, AFt-PbS, and AFt-PbS-TMZ.  

To examine the real-time in vivo imaging capabilities of PEGylated PbS QDs, mice were 

injected via the tail vein with a PbS QD solution in water (200 μL; 2.4 mg/mL), resulting in a 

final concentration of 0.24 mg/mL (QDs synthesised by Miss Ellie B. Ward, see Section 2.10). 

These PbS/PEG QDs have PL emission centred at 968 nm. Time-lapse SWIR images were 

captured over 2 h, and representative live mice images at 0, 12, 60,106 min post-injection are 

presented in Figure 6.5a. A clearly measurable NIR-II fluorescence signal was observed 

immediately after injection, spreading through the veins, followed by stronger PL emission 

observed in the specific organs including liver and spleen, indicating the preliminary 

biodistribution profiles of the PbS QDs, consistent with previous reports demonstrating 

predominant clearance through the liver, spleen then kidneys and urinary tract.113, 282 During 

the study (~2 h), a gradual decrease in the SWIR signal intensity was observed, as expected 

for PEGylated NPs.  In agreement with our findings, Tang et al. reported PEGylated Ag2Se 

QDs rapidly (24 min) cleared from the blood and accumulated mainly in the liver and spleen.283 

In addition to the accumulation in the major organs, bright emission was detected in a 

triangular-shaped fat pad in mice’s necks at the beginning of the experiments, consistent with 

a previously published report.284  
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Figure 6.5 In vivo SWIR imaging of PEGylated PbS QDs using IR VIVO SynIRgy system. (a) Time-
lapse short-wave infrared (SWIR) images of live nude mice captured at various time points (0,12, 60, 
and 106 min) post-injection of PEGylated PbS QDs. Images were acquired using a 785 nm laser, 1000 
nm LP filter, 0.05 s exposure time. (b) The regions of interest (ROI) selection for brain (green), liver 
(red), and spleen (blue) for quantitative signal analysis. 

 

To quantify the NIR-II signal intensity within the specified organs (liver, spleen, brain), regions 

of interest (ROIs) were selected in the in vivo images for the liver (red), spleen (blue), and brain 

(green), as shown in Figure 6.5b.  The SWIR intensity changes in the selected organs over the 

time were determined with quantitative intensity analysis from the in vivo images and presented 

in Figure 6.6a; data represent the average of two datasets. Additionally, their corresponding 

time-constants (τ) were determined from the average of two datasets as 36.0 ± 4.0 min for the 

liver, 24.0 ± 2.0 min for spleen, 17.0 ± 1.0 min for brain. These findings suggest that the 

PEGylated PbS QDs were cleared most rapidly from the brain, followed by the spleen, while 

longest retention remained in the liver, indicating organ-specific biodistribution. These 

preliminary biodistribution studies, demonstrating particularly liver and spleen accumulation, 

are consistent with previous preclinical in vivo studies.113, 285 In addition, the intensities in the 

organs were analysed by two independent measurements and selection criteria; the 

comparative results are illustrated in Figure 6.6b-d for the liver, spleen, and brain, respectively. 

These two independent analyses found that the liver exhibited the highest signal (2895.5 ± 

206.9 arb.un.) with a slower rate of decay (Figure 6.6b) whereas brain demonstrated the lowest 

signal (2165.5 ± 36.1 arb.un.)  with the most rapid decay (Figure 6.6d). On the other hand, the 

spleen illustrated a moderate signal (2811 ± 6.2 arb.un.) with relative to faster clearance 

observed in the liver (Figure 6.6c). Taken together, PEGylated PbS QDs showed significant 

and prolonged accumulation in the liver (t₁/₂ = 25.0 ± 3.0 min), intermediate retention in the  
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Figure 6.6 (a) The normalised intensity profiles of the selected major organs (liver, spleen, brain) over 
time, based on short wave infrared (SWIR) signal obtained from the in vivo images. Individual 
normalised intensity decay curve profiles from two independent measurements (1 and 2 represent the 
first and second independent measurements, respectively) for (b) liver, (c) spleen, and (d) brain. Time 
constants (τ, min) and half-life (t₁/₂, min) calculated from exponential decay fitting of SWIR intensity in 
liver, spleen, and brain following PEGylated PbS QDs treatment.  

 

spleen (t₁/₂ = 16.6 ± 1.4 min), and limited uptake was observed in the brain (t₁/₂ = 11.8 ± 0.7 

min). This limited uptake from brain may be improved by AFt encapsulation due to high TfR1 

expression of BBB endothelia.286, 287  Previously, Zamberlan et al. employed LNH2-capped PbS 

QDs (with a PL peak centred at 1220 nm) for NIR-II imaging and detected in vivo signals only 

in liver and spleen, but not in the brain, indicating that these QDs did not cross the BBB.113 In 

contrast, in our study, SWIR signals were detected in the brain after treatment with PEGylated 

PbS QDs, suggesting a potential to cross the BBB, possibly facilitated by PEGylation. Similarly, 

AFt encapsulated formulations (AFt-PbS and AFt-PbS-TMZ) may facilitate BBB crossing 

through TfR1-mediated transcytosis related to upregulated TfR1 expressions in both BBB 

endothelial and GBM cells.30, 287 Supporting this hypothesis, Bradshaw et al. demonstrated that 
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AFt-PbS was well-tolerated over a period of 15 days in acute toxicity evaluations carried out in 

both female mice without tumour and mice with HCT-116 colorectal tumours.216 

To evaluate the presence of QDs in the organs after 2 h in vivo imaging, the SWIR images of 

the organs were recorded ex vivo. Figure 6.6a shows the ex vivo SWIR images of these organs 

obtained post-experiment; and their corresponding signal intensities were quantified to assess 

the organ specific retention of PEGylated PbS QDs, as shown in Figure 6.7b. Ex vivo images 

demonstrated that the fluorescence signal in the liver was notably stronger than in the spleen 

after ~2 h post-injection. These results were also supported by quantitative analysis, which 

showed that ex vivo, liver exhibited a significantly (p < 0.01) higher signal intensity (3618 ± 103 

arb.un.) compared to the spleen (1446 ± 5 arb.un.), indicating ~2.5-fold higher accumulation 

in the liver (Figure 6.7b). 

The QD PL intensities recorded in the liver and spleen were comparable when measured in 

vivo and their corresponding signals ex vivo. The results showed that the emission intensity in 

the area of liver recorded in vivo (2895 ± 146 arb.un.) was slightly lower than ex vivo (3618 ± 

103 arb.un.). In contrast, the QD emission intensity recorded in the area of the spleen in vivo 

(2811 ± 14 arb.un.) was higher than ex vivo (1446 ± 5 arb.un.). These results can be explained 

by deeper location of liver compared to spleen in vivo, which may have an impact on reduced 

in vivo signal in the liver due to increased depth in mice. Similarly, Tang et al. demonstrated 

masked liver fluorescence in vivo following AG2Se QDs treatment, whereas spleen exhibited 

a clearer signal.283 According to Zamberlan et al., increased ex vivo liver tissue thickness (0-4 

mm) resulted in decreased intensity as might be expected.113 In addition, the lower ex vivo 

signal observed in the spleen might be attributed to faster clearance of QDs from the spleen 

compared to the liver, resulting in a shorter accumulation time.288 Lin et al. reported that their 

cadmium-free indium phosphide/ zinc sulfide QDs with different surface functional groups 

accumulated in major organs of mice within 2 h post-administration with the highest 

concentrations observed in the kidney, heart, spleen, liver and brain. However, after 24 h, 
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concentrations in kidney, heart, spleen, and brain decreased while the accumulation in the liver 

increased over the time.288  

Demonstrated in this work is the capability to detect emission of the PbS QDs in the SWIR 

wavelength range from such depths is promising for bioimaging, particularly considering the 

deeper anatomical location of liver (several millimetres below the surface and rib cage). Taken 

together, these findings indicate that SWIR signal intensity is strongly depth-dependent, and 

PbS QDs as SWIR emitters are potential candidates for deep tissue imaging applications. 

Therefore, AFt-PbS and AFt-PbS-TMZ formulations may enhance PbS QDs capability with 

targeted delivery, improved tissue accumulation, signal retention in depth, hence offering 

promising platforms for GBM theranostic applications.    

 
Figure 6.7 Ex vivo short-wave infrared (SWIR) imaging of harvested organs using IR VIVO SynIRgy 
system. (a) SWIR images of the liver and spleen at the end of the experiment (2 h). Images were 
obtained under 785 nm, 1000 nm LP, 50 ms exposure time. (b) The comparison analysis of intensities 
of the liver and spleen ex vivo. Data presented as average of two data sets.  

 

6.3 Conclusion 

In conclusion, the SWIR imaging capabilities of PbS QD-containing formulations (PbS QDs, 

AFt-PbS and AFt-PbS-TMZ) were comprehensively examined in biological systems including 

2D and 3D U87MG GBM cell cultures and ex vivo brain tissues. Additionally, PEGylated PbS 

QDs were evaluated in both in vivo and ex vivo models, functioning as a reference for future 
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in vivo studies involving PbS QD-containing formulations. These assessments provide a 

comprehensive understanding of the potential of PbS QDs, AFt-PbS, and AFt-PbS-TMZ in the 

SWIR window, particularly for deep tissue GBM imaging applications.   

PbS QD-containing formulations were found to be suitable for imaging 2D GBM monolayers, 

as supported by the detection of a NIR-II signal following AFt-PbS treatment in 2D U87MG 

cells. Additionally, consistent with the 2D imaging results, SWIR signals were also detected in 

3D U87MG spheroids post-treatment with all tested formulations, demonstrating the deep 

tissue imaging capabilities of PbS QD-containing formulations in complex and dense spheroid 

models. Ex vivo brain tissue imaging corroborated the obtained 2D and 3D imaging findings, 

revealing penetration of signal through the brain tissue, with detectable SWIR signal post-

treatment with both PbS QDs and AFt-PbS formulations. Importantly, AFt-based formulations 

demonstrated signal retention, enhanced clarity, reaching deeper regions within the biological 

systems via a (TfR1-) targeted delivery approach.  Among all tested formulations, AFt-PbS-

TMZ displayed dual functionality combining enhanced therapeutic potential and cancer-

selective imaging with targeted delivery, enabling real-time imaging for GBM.  In addition to 

AFt-based formulations, the imaging performance of PEGylated PbS QDs was evaluated both 

in vivo and ex vivo. PEGylated PbS QDs were biocompatible, well tolerated by mice, and 

demonstrated a strong SWIR signal via accumulated in the specific organs (liver, spleen, and 

brain). These findings validate PbS QD’ imaging capabilities and provide valuable preliminary 

data prior to comprehensive biodistribution studies. Broadly-speaking, these outcomes support 

further pre-clinical and clinical translation potential of PbS QD-containing formulations for 

biomedical applications, particularly for high-resolution imaging in deep tissues.  

The assessments of PbS QDs’ imaging capabilities indicate that they exhibit strong 

fluorescence intensity, enabling deep tissue imaging, as well as enhanced stability using 

protein encapsulation or PEGylation, making them suitable candidates for SWIR imaging 

applications. Although NIR-II emission is ideal for penetrating deeper in vivo, the limited 

capacity of NIR-II probes for crossing the BBB, along with the lack of availability of NIR-II 
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imaging systems, significantly hampers GBM detection. Therefore, targeted delivery systems 

can improve the accumulation of PbS QDs within GBM tumours. Consistent with the chapter 

hypothesis, both single PbS QDs’ encapsulation and co-encapsulation of TMZ and PbS QD 

within AFt nanocages potentially enable real-time monitoring, improve tumour-specific 

accumulation in GBM, reduce off-target signal in non-cancerous tissues in the SWIR window. 

Thus, an AFt-PbS-TMZ formulation may be a candidate for improved imaging specificity, 

contrast and real-time theranostic capabilities in the NIR-II window. However, the development 

of appropriate imaging systems and further investigations are needed to facilitate to clinical 

translation, including ex vivo and in vivo biodistribution, tolerability and therapy-monitoring 

studies to evaluate their long-term safety and efficacy. 
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Chapter 7 Final discussion 

Despite the current standard of care with TMZ, GBM prognosis remains poor due to disease 

heterogeneity, the invasive and aggressive nature of GBM, limited TMZ delivery, systemic 

toxicity, and TMZ resistance.83 To overcome these limitations, targeted therapies aim to exploit 

genetic alterations in tumours while sparing healthy tissues.54 In our study, we developed a 

multifunctional theranostic platform combining both NIR-II imaging agents, PbS QDs, and 

therapeutic delivery of TMZ within AFt nanocages, with innate TfR1-mediated targeting ability 

to GBM cells.83, 173 This theranostic protein-based NP addresses two key limitations of current 

GBM management: (1) limited deep tissue imaging and (2) inadequate tumour specific TMZ 

delivery.289 

AFt encapsulation has been reported to enhance growth inhibition and tumour specific targeted 

delivery in multiple cancer cell lines, including GBM83, 173, 174, colorectal216, and breast cancer224, 

290, mostly in 2D monolayers. However, despite 2D monolayers’ widespread use, these models 

present notable limitations to represent in vivo tumour.238 Our findings in 3D GBM cultures 

corroborated 2D findings that AFt encapsulation enhanced TMZ activity in line with the 

statement of AFt formulations selectively target GBM cells via H-subunit’s natural binding to 

TfR1, which is overexpressed in highly proliferative cancer (GBM) cells with high iron 

demands.161 In addition to targeting, AFt offers several advantageous properties including a 

small nanoscale size (~12 nm), negative surface charge, biocompatibility, and the ability to 

encapsulate a broad range of drugs and imaging agents.212 These properties contribute to 

AFt’s potential as a promising targeted delivery nanocarrier for diagnostic, therapeutic, and 

theranostic applications with reduced immune clearance and non-specific cellular uptake.212  

However, clinical translation of GBM therapeutics is often hindered by the permeability of the 

BBB.41 Although convection-enhanced delivery (CED) enables direct infusion of NPs into brain 

tissue, its clinical application is limited by invasiveness and variable drug distribution that 

highlight the need for BBB-penetrating delivery systems.121, 291 Strategies to overcome this 
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restrictive barrier, include overexpressed TfR1 receptor targeting to facilitate receptor-

mediated endocytosis.41 Previously, drugs such as TMZ128, paclitaxel292, DOX293 encapsulated 

NPs have been conjugated to transferrin to enhance the drug delivery to the brain by receptor 

mediated endocytosis. In addition to BBB limitations, tolerance to TMZ-induced O6-MeG 

lesions through MMR loss, intrinsic and acquired resistance mechanisms, involving the DNA 

repair enzyme MGMT and ABC proteins such as P-gp, further compromise the therapeutic 

activity of TMZ in GBM.85 In line with previous studies’ hypothesis83, 172, our western blot 

analysis demonstrated rapid MGMT depletion following treatment with AFt formulations, 

indicating the potential of AFt encapsulation to sensitize GBM cells to TMZ treatments. 

Moreover, AFt encapsulation may further overcome efflux transporters, such as ABC proteins 

(e.g P-gp), further investigation is required to confirm this mechanism. These findings hold 

significant promise for overcoming delivery barriers and TMZ chemoresistance mechanisms 

to improve clinical GBM outcomes.  

High failure rates in the development of novel drugs can be partially attributable to reliance on 

2D models.238 Therefore, we extended our research to include GBM tumour spheroid models 

to more accurately mimic tumour heterogeneity with gradients of oxygen, nutrients, 

proliferation rates, and altered gene expression profiles.294 Our findings suggested that among 

all tested formulations, the co-encapsulation of TMZ and PbS QDs within AFt nanocages (AFt-

PbS-TMZ) indicated the most growth inhibition in both 2D GBM monolayers and U87MG 

spheroids. The co-encapsulated formulation significantly reduced spheroid volume, cell 

viability, demonstrating the benefit of AFt mediated co-delivery.244 3D GBM spheroids are less 

sensitive to treatments, with higher IC50 values compared to 2D cultures.237, 265 However, the 

co-encapsulated formulation enhanced its activity in 3D cultures compared to 2D monolayers, 

consistent with a previous report demonstrating folic-acid functionalised silver and 

upconverting NPs, where 20% higher uptake in 3D cultures was reported.265 The differences 

observed between 2D and 3D cultures may be attributed to variations in pH conditions (more 

acidic pH levels (reaching pH ~6.4) observed in the central core of the U87 spheroids after 72h 
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of spheroid formation295), altered cellular signalling, enhanced cell-cell interactions, and the 

presence of heterogenous cell populations in 3D cultures.211   

In the clinic, TMZ is administered concomitantly with radiotherapy for 6 weeks, followed by 6 

28-day cycles of TMZ on five consecutive days within the interval of four weeks.53, 54 In our 

sequential treatment experiments, a three-phase treatment plan with naked or AFt 

encapsulated formulations led to U87MG spheroid destruction, and improved the single dose 

therapy outcomes. Remarkably, spheroids exposed to naked TMZ or the naked combination 

(mix of TMZ and PbS QDs) acquired resistance53, 266, whereas those receiving AFt formulations 

did not, corroborating earlier findings that AFt carriers can circumvent TMZ resistance.83, 172  

Additionally, a single low dose (5 µM, TMZ-based) of AFt-PbS-TMZ was sufficient to inhibit 

GBM growth in our spheroid models to levels comparable with those reported by Shaikh et al. 

using exosome carriers co-loaded gold NPs and TMZ.267   

PbS QDs offer promising cancer imaging capabilities in the SWIR, a consequence of their high 

PL, photostability, and narrow emission spectra.272 However, conventional NIR-I probes are 

restricted by their limited tissue penetration and poor resolution.102, 279, 281 Herein, we 

demonstrate that PbS QDs, when (co)-encapsulated in AFt nanocages, enable imaging in the 

SWIR window in 2D GBM cultures, 3D GBM spheroids, and brain tissue slices, overcoming 

scattering and depth barriers in GBM.296 While AFt nanocages have been explored previously 

as theranostic platforms198, 200, most studies lacked NIR-II imaging and in-depth evaluation in 

GBM tissues. Notably, we achieved up to 1000 µm imaging depth through brain slices in the 

NIR-II window, which is 10-fold deeper than previously reported for NIR-I probes.281  The 

novelty of our co-encapsulation strategy lies in the integration of a NIR-II imaging probe and a 

therapeutic agent within a targeted nanosized carrier, representing several key advancements, 

including combination therapy, enhanced therapeutic activity, the ability to overcome TMZ 

resistance through a targeted protein-based nanoplatform, and high-quality deep tissue 

imaging performance. Overall, our findings highlight the potential of AFt as diagnostic, 
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therapeutic, and theranostic protein NPs for real-time GBM monitoring and management, with 

broader applications for cancer theranostics.  

However, it is important to acknowledge the limitations of horse spleen AFt and its particle 

production methods when considering the potential clinical applications. In the study, AFt was 

derived from horse spleen Ft, which is commonly employed as protein based nanocarrier 

system due to its availability and well-known protein structure. However, for clinical translation, 

regulatory requirements would necessitate the use of human Ft isoforms to minimise 

immunogenicity and compliance with biopharmaceutical safety standards.297 In terms of NP 

production, microfluidic systems offer advantages in scalability, reproducibility, process 

control, which are critical for regulatory approval, large-scale manufacturing, and speed up the 

production of NPs.298 Therefore, future optimisation of the current encapsulation and co-

encapsulation protocols may involve the implementation of microfluidic-based synthesis 

platforms, which would provide improved control over particle size distribution, monodispersity, 

and encapsulation efficiency during large-scale production.  
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Chapter 8 Conclusions and future work  

8.1 Conclusions 

 
GBM remains a major clinical challenge due to its resistance to conventional treatments and 

the presence of restrictive barriers such as BBB. Due to these barriers and the deep anatomical 

location of brain tumours hinder both therapeutic delivery and imaging. Therefore, new 

strategies that enable targeted delivery and facilitate deep tissue imaging are critical for 

improved GBM treatment and monitoring approaches.  

This study developed a multifunctional platform for treatment, monitoring, and therapy of GBM 

tumours, by integrating nanotechnology, cancer biology, and imaging strategies. AFt as a drug 

delivery vehicle provides a promising platform for theranostics, enabling co-encapsulation of 

chemotherapeutic drug TMZ and imaging agent PbS QDs. TMZ is clinically used for GBM 

treatment, but drug resistance often thwarts successful outcomes, whereas PbS QDs offer 

deep tissue imaging in the NIR-II, making them suitable for visualising depth tumours such as 

GBM. This AFt-based platform is being developed to deliver drugs/ imaging agents directly to 

GBM tumours, enabling treatment, deep tissue imaging and therapy monitoring. 

In summary, PbS QDs were successfully synthesised to exploit their promising PL activity in 

the SWIR region. However, their potential cytotoxicity necessitates use of a biocompatible 

nanocarrier. Similarly, TMZ requires a DDS to enable targeted delivery and overcome drug 

resistance in GBM. To combat these limitations, encapsulation methods were optimised for 

naked PbS QDs (disassembly/reassembly), naked TMZ (nanoreactor), and their combination 

(TMZ+PbS QDs) within AFt nanocages. The developed co-encapsulated formulation (AFt-

PbS-TMZ) was produced using disassembly/reassembly for PbS QD (entrapped one QD per 

AFt cage) and nanoreactor routes for TMZ.  
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Single encapsulations yielded one QD entrapped per AFt cage for AFt-PbS and ~516 TMZ 

molecules per cage for AFt-TMZ. Particularly, AFt-PbS-TMZ resulted in ~309 TMZ molecules 

with >70% EE. All formulations were comprehensively characterised by DLS for NP size and 

zeta potential, native-PAGE for protein integrity, HR-TEM for morphology, in vitro release 

profiling, and storage stability. In addition, PL activity of PbS QD-containing formulations (PbS 

QDs, AFt-PbS, and AFt-PbS-TMZ) were evaluated. The results showed that AFt formulations 

retained their size, charge, protein integrity, morphology, and PL activity following 

encapsulation process.  

The biological activity of formulations was evaluated against 2D GBM cells, including TMZ-

resistant (MGMT-positive) and TMZ-sensitive (MGMT-negative), as well as non-cancerous 

cells. By exploiting upregulated TfR1 expression in 2D GBM cells, AFt formulations exhibited 

cancer selectivity and enhanced cytotoxicity to GBM cells compared to their naked 

counterparts while reducing the activity of formulations in non-cancerous cells (MRC-5 and 

astrocytes). Western blot and flow cytometry results supported TfR1-dependent AFt-uptake. 

Notably, AFt-TMZ and AFt-PbS-TMZ enhanced the activity of TMZ resulting in potentiated 

cytotoxicity in MGMT-positive and MGMT-negative GBM cells. Particularly in MGMT-positive 

(U373M) cells, both AFt formulations (AFt-TMZ and AFt-PbS-TMZ) indicated a reduction in 

MGMT expression, thus overcoming TMZ resistance and driving their enhanced in vitro growth 

inhibitory effects. Among all tested formulations, AFt-PbS-TMZ exhibited enhanced therapeutic 

effect with a potential for SWIR imaging. Notably, AFt alone (vehicle control) proved to be non-

toxic in 2D cultures.  

The formulations were investigated in comparison with their naked counterparts in TMZ-

sensitive U87MG spheroids, representing 3D GBM tumour models. These GBM models are 

important for evaluating treatment success by allowing drug/imaging agent penetration into 

deeper tumour regions. Consistent with 2D results, AFt encapsulation enhanced the activity of 

naked agents in 3D GBM cultures, depending on the upregulated TfR1 expression in the 

spheroid cultures (Figure 5.13). Among all tested formulations, AFt-PbS-TMZ demonstrated 
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the most enhanced GBM spheroid growth, viability, and volume reduction, demonstrating AFt’s 

co-delivery advantages. However, 3D GBM cultures in our study were generally more resistant 

to treatments compared to 2D monolayers, demonstrating the importance of testing 

formulations in more clinically-relevant 3D models for their successful pre-clinical and clinical 

translation. Remarkably, AFt alone (vehicle control) exhibited no toxicity in 3D cultures, further 

validating its biocompatibility as a delivery vehicle. Therefore, the developed AFt-based co-

delivery platform offers a promising strategy for therapeutic, diagnostic, and theranostic 

applications in GBM.  

We also investigated the imaging capabilities of PbS QD-containing formulations in the SWIR 

range post-encapsulation within AFt nanocages, with a particular focus on the potential of the 

co-encapsulated platform as a theranostic agent. Imaging performances of the formulations 

were tested in different biological models: (1) 2D monolayers representing simplified in vitro 

systems, (2) 3D spheroids representing depth GBM tumours, and (3) ex vivo brain tissue slices 

(1 mm thickness). Among all tested models, PbS QD-containing formulations retained their 

SWIR signal intensity following encapsulation into AFt nanocages, confirming stability, and 

imaging ability of PbS QDs in AFt nanocages. Remarkably, in 3D spheroids and brain tissue 

models, AFt formulations enabled SWIR imaging within deep tissue, potentially resulting in 

treatment response monitoring.  

In conclusion, TMZ encapsulation in AFt potentiates therapeutic activity in malignant GBM 2D 

and 3D cultures. TfR1 upregulation is associated with AFt formulations’ uptake and its cancer 

selective activity in GBM cultures. AFt alone demonstrated non-toxicity (2D and 3D), 

confirming all activity originated from the encapsulated agents. Co-encapsulation offers the 

potential to direct theranostic molecules to the tumour site, image deep tumour tissue, enhance 

activity of the therapeutic moiety and protect normal tissues from toxic effects of both imaging 

and therapeutic agents. In addition, this cross-disciplinary platform is worthy of further 

preclinical evaluation in vivo and potential clinic translation, leading to better outcomes for GBM 
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patients. Additionally, AFt offers a biocompatible and versatile platform that can be adaptable 

to other difficult to treat solid tumours in the future. However, further investigations are required.   

8.2 Future work 

Future studies may include advanced experimental settings to enable a deeper understanding 

of AFt-based formulations’ behaviour, including possible resistance mechanisms, tumour 

targeting ability, and long-term safety. These investigations will guide AFt nanocarriers’ 

application for effective GBM treatment. Therefore, future work may focus on following 

directions to better predict the therapeutic, diagnostic, and theranostic potential of AFt-based 

formulations:  

• In vitro stability studies of AFt formulations focusing on TMZ stability within AFt and 

AFt-PbS nanocages using high-performance liquid chromatography (HPLC) and/or 

liquid chromatography-mass spectrometry (LC-MS) methods to quantify TMZ amount 

at different time points and conditions (pH, temperature, etc.), which is critical for 

predicting the shelf-life, storage conditions of AFt formulations for future studies. 

• The assessment of environmental pH in spheroid cultures to investigate how the 

tumour microenvironment may affect TMZ release from AFt nanocages, considering 

pH-dependent stability of TMZ and using acidic pH (5.5) condition to increase TMZ 

stability in AFt nanocages. This will provide a better understanding of the performance 

of AFt-TMZ formulation observed in 3D GBM cultures.  

• The examination of cumulative drug penetration and evaluation of intracellular drug 

levels in 3D GBM spheroids following exposure to naked and AFt encapsulated 

formulations using Orbi-SIMS and HPLC, respectively to assess the distribution profile 

of encapsulated formulations within different spheroid regions such as core, providing 

a more predictive model for in vivo efficacy. 

• The assessment of potential TMZ resistance mechanisms that may emerge between 

treatment cycles with TMZ-containing formulations (AFt-TMZ and AFt-PbS-TMZ) by 
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analysing MGMT and MMR proteins, such as MSH2 and MLH1, via western blot in 3D 

spheroids and GBM tissue samples. This may guide optimisation of treatment 

schedules and strategies in the clinic. 

• The evaluation of TfR1 expression in 3D spheroids and GBM tissues at different time 

points using western blot and flow cytometry after treatment with formulations to 

determine whether TfR1 expression is altered upon treatment, affecting the targeted 

delivery mechanism of AFt and it’s in vivo efficacy. This may help to guide re-treatment 

intervals depending on the TfR1 expressions.  

• The assessment of O6-MeG lesions in cells of spheroids treated with TMZ, AFt-TMZ, 

and AFt-PbS-TMZ formulations to evaluate the DNA alkylation effect induced by TMZ 

following treatments using western blot and/or ELISA assays. This investigation may 

support the findings from in vitro growth inhibition assays by demonstrating that AFt 

encapsulation enhances TMZ delivery to GBM cells.83 

• Transcriptomic and/or proteomic analysis using RNA-Seq and/or mass spectrometry of 

GBM spheroids following treatment with naked and AFt encapsulated formulations, to 

investigate how AFt encapsulation induces MGMT depletion and elucidate underlying 

molecular pathways.  

• The assessment of BBB penetration of AFt formulations compared to naked agents 

using in vitro transwell assay with brain endothelial cells and advanced organ-on-a-

chip models, in order to evaluate their ability to cross BBB via TfR1-mediated targeted 

delivery.  

• The evaluation of cellular uptake of PbS QD-containing formulations at 5 min, 30 min, 

1 h, and 6 h post-treatment to determine the minimal exposure time needed for the 

TfR1-mediated internalisation while minimising PbS QDs-associated potential toxicity. 

• The assessment spheroid core viability using live/dead cross-sectional staining to 

compare core versus peripheral cell viability to understand accumulation of 

formulations in 3D spheroids. This study will help to clarify how AFt-based formulations 
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penetrate and kill cells through the dense spheroids, complementing PB cell viability 

results in 3D cultures.  

• To better represent in vivo tumour microenvironment and assess the impact of ECM 

components on AFt delivery, future studies may involve evaluating AFt formulations in 

3D co-culture spheroid models using astrocytes and fibroblast embedded in ECM-

mimicking hydrogels, patient-derived GBM cells/tissues, and organoid models. These 

advanced models will enable the investigation of how ECM affects drug penetration 

and provide formulation activity, and cancer selectivity. 

• In vivo and ex vivo comprehensive biodistribution studies (preliminary AFt 

biodistribution studies have been performed in collaboration with colleagues in Canada 

and are reported in Appendix 1) to further evaluate the long-term safety, in vivo stability, 

clearance profile from the body, and organ accumulation of naked and AFt 

formulations. These studies may complement by pharmacokinetic (PK) and 

pharmacodynamic (PD) studies to investigate circulation time of formulations and their 

efficacy in vivo.  

• To demonstrate in vivo efficacy studies of all formulations and in vivo real-time imaging 

potential of PbS QD-containing formulations (PbS QDs, AFt-PbS, AFt-PbS-TMZ), in 

vivo GBM tumour models (such as orthotopic GBM mouse model) can be used to 

evaluate their efficacy and track tumours through intact skull using SWIR advantages. 
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10. Appendices 

10.1 Appendix I 

To assess the biocompatibility and biodistribution of horse spleen AFt as a delivery vehicle, in 

vivo imaging was performed using CF770-labeled horse spleen AFt in mice (10 mg/kg). All 

images were acquired by Dr. Umar Iqbal (National Research Council Canada). Figure 10.1 

presents dorsal and ventral time-lapse fluorescence imaging of mice captured at various time 

points (pre-scan, 10 min, 30 min, 1 h, 3 h, 6 h, 24 h, and 48 h) following tail vein injection. The 

fluorescence intensity peaked between 1-3 h post-injection and decreased over 48 h.   

 
Figure 10.1 In vivo dorsal and ventral time-lapse fluorescence imaging of mice (10 mg/kg) following 
intravenous (tail vein) injection of CF770-labeled horse spleen AFt. Images were acquired at baseline 
(pre-scan), and at 10 min, 30 min, 1 h, 3 h, 6 h, 24 h, and 48 h post-injection.  

 

At the 48 h time point, the major organs including heart, brain, liver, spleen, lungs, and kidneys 

were harvested for ex vivo imaging. Figure 10.2a shows the fluorescence accumulation in the 

liver, spleen, and kidneys. Quantitative analysis of total radiant efficiency from these organs 

(Figure 10.2b) corroborated the imaging results, and demonstrating the highest signals in the 

kidneys, liver and spleen, and minimal accumulation in the heart and brain, suggesting the 

clearance of AFt from the body.  
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Figure 10.2 (a) Ex vivo fluorescence imaging of organs after 48 h following intravenous (tail vein) 
injection of CF770-labeled horse spleen AFt. (b) Quantification of ex vivo imaging of horse spleen AFt-
CF770 total radiant efficiency (n = 6, mean ± SD).  

 
 


