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ABSTRACT 

 

Despite significant advances in radiotherapy (RT) treatment modalities, highly 

radioresistant forms of cancer such as Glioblastoma Multiforme (GBM) remains a 

major clinical challenge due to poor prognostication. In the past decade, new forms of 

radiotherapy such as Nanoparticle-Mediated Radiation Therapy (NPRT) are under 

intense research as a new frontier for radiosensitization of highly resistant cancerous 

tumour. Nanoparticle Mediated Dose Enhancement of Radiation Therapy is emerging 

as a favourable modality for enhancing radiotherapeutic ratio through local tumour 

dose enhancement and radiosensitization. This is due to the ability of specific 

nanoparticles (NPs) to increase local physical dose deposition and subsequent, direct 

damage to cells and DNA within their local vicinity. High electron density and atomic 

number NPs act both as a radiosensitizers and radioenhancers with high radiation dose 

enhancement (DE) properties that enhances the local dose through the release of more 

secondary electrons, radiochemical yields through enhanced ROS generation in within 

the tumour volumes.  

 

Optimizing the therapeutic efficacy of these nanoparticles rely on our current 

understanding of the underlying principles of NP radio-enhancement as it relates to 

the potential to release copious electrons into a nanoscale volume, thereby amplifying 

radiation-induced biological damage. In this work, we have successfully used high 

electron density, PEGylated (biocompatible) core-shell quantum dots (QDs)  and 

carbon quantum dots to 1) amplify the local dose; 2) enhance the generation of ROS in 

vitro 3) assess the amount of ROS Generation and 3) to radiosensitize highly resistant 
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cancer cell lines. The objective and motivation of our work are to enhance radiotherapy 

outcomes for glioblastoma through local dose enhancement and radiosensitization. By 

improving radiosensitization through increased ROS generation, we effectively lower 

the prescribed dose while maintaining the desired treatment outcome 

Having recently published our novel assay wherein we used fluorescence intensity 

modulation of CdSe/ZnS quantum dots (QDs) to assess reactive oxygen species (ROS) 

generation during chemotherapy and radiotherapy for cancer cells, we are applying 

this assay for concurrent measurement of ROS and radiosensitization. Using a Faxitron 

Cell Irradiator, we irradiate brain cancer cells (T98G and U87 Glioblastoma cells) 

treated with QDs and measure both their migration and the QD fluorescence intensity. 

We measure and quantify the cell attachment, proliferation and migration using a 

commercially available Electric Cell Impedance Sensor (ECIS) method.  

 

Irradiated T98G cells initially attached and migrated significantly (p<0.0001) more than 

non-irradiated cells in the first 20 hours post-irradiation and showed significant cell 

death thereafter. By calculating the fluorescence intensity ratio (FIR), we demonstrated 

that our approach results to enhanced ROD generation by almost a factor of 2 for 20Gy 

compared to 5Gy for PEG CdSe/ZnS QDs. Carbon quantum dots showed a significant 

fluorescence enhancement. Its ECIS analysis did not show any significant cell 

migration, as most of the cells died either during and immediately after IR. Increased 

ROS generation is due to higher radiochemical yields resulting from local dose 

amplification.  Hence, functionalized nanoparticles such as PEG CdSe/ZnS QDs 

provide a novel alternative for the treatment of highly resistant brains tumours.  
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1. CHAPTER 1: RESEARCH BACKGROUND 

 

1.1 Introduction 

Radiation therapy is the mainstay of postoperative treatment for patients 

with cancer. Despite the incredible advances in imaging modalities, treatment 

planning algorithms and treatment modalities, Cancer is still a significant 

public health problem and the second leading cause of death worldwide [1]. 

Cancer rates are estimated to increase by 50% to 33 million new cases a year by 

the end of 2024, according to the World cancer report [2] and the World health 

Organization [3] as shown in Figure 1.  

According to the American Cancer Society (2020), 1,806,590 new cancer 

cases (more than 4,950 new cases each day) and 606,520 cancer deaths (more 

than 1,600 deaths per day) are projected to occur in the United States by the end 

of 2020 [4].  The National Brain Tumour Society estimates that 700,000 people 

in the United States are currently living with a primary brain tumour. Over 

79,000 new cases will be diagnosed with a brain tumour by the end of 2018 [5] 

with glioblastoma multiforme (GBM) being the most prevalent and aggressive 

form of the disease with poor prognosis [6]. The percentage of patients with 
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GBM who achieve long-term cure with new and improved treatment modalities 

remains poor despite surgical resection, radiotherapy, and chemotherapy.  

 

Figure 1: An illustration of the estimated number of incident cases in 2040 from 2018 

assuming an annual percentage change in rates of ±0.5%. If we take the annual 

percentage change to be 0%, then, the projected incident rates in 2040 will be 30 million. 

 

Glioblastoma multiforme (GBM) remains a major clinical challenge due 

to poor prognostication [7]. The underlying cause of the poor prognosis is partly 

due to the aggressiveness [8], low radiosensitization[9] and high 

radioresistance[10] of GBM. It requires a very high dose (> 50 Gy) because of its 

high radioresistance [11], [12]. Brain tumour patients undergoing radiation 
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therapy often suffer from ravaging cognitive and somatic side effects due to 

administration of very high radiation doses [13]–[15]. The current standard of 

care is a combined-modality approach, incorporating adjuvant postoperative 

radiation therapy (RT) and adjuvant chemotherapy with Temozolomide[16], 

[17] following initial surgical resection or biopsy. After maximal surgical 

resection of GBM, the incidence of recurrence at the primary tumour site is 

greater than 80%, and the median patient survival is just 12.2-18.2 months [18]–

[20].  

Glioblastoma (grade IV) patients have the shortest overall survival rates 

of all gliomas [21]. For this reason, there has been renewed interest in improving 

the outcomes for radiation therapy by evaluating novel nanoparticle-mediated 

therapy approaches. The subsequent reoccurrence is caused by the presence of 

a small number of cancer stem cells (CSC) aka tumour initiating cells (TIC) 

clustered within hypoxic subvolumes in the tumour  [22]–[24]. CSCs are 

tumourigenic with a high self- renewal and toti/pluripotential properties that 

often differentiate into unlimited Intra-tumoral heterogeneous subpopulations 

of cancer cells.  

Several techniques are currently being used to optimize the response of cancer 

to radiation. These methods include dose fractionization in Image Guided 
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Radiotherapy(IGRT), Intensity Modulated Radiotherapy (IMRT) & Volumetric 

Modulated Art Therapy(VMAT), designed to minimize toxicity to healthy 

tissues, high dose and high dose rate in stereotactic body radiation therapy [25], 

systematic administration of radioprotective drugs [26] and the use of 

nanoparticles as radiosensitizers [27].  Through enhanced permeability and 

cellular retention, functionalized high Z and high electron density NPs are 

quickly uptake into tumour cells and can selectively through the release of 

secondary electrons such as auger electrons increase the local dose to the 

tumour. It is important to note that these secondary electrons can only travel 

very short distances and therefore tend to hydrolyse water molecules within 

the same tumour volume [28]. This process enhances the generation of more 

oxygen reactive species within the hypoxic subvolumes of the tumour which 

induces both single- and double-stranded DNA breaks. DNA repair and 

replication become more difficult, eventually leading to irreversible cell 

damage
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1.2 Research Objectives  

The most common radiation treatment planning algorithms fundamentally 

assume that tumour volumes consist of homogeneous tissue (tumour 

homogeneity) or monoclonal cells. The aim is to deliver the maximum, uniform 

radiation dose that conforms as closely as possible to the planning target 

volumes (PTV) while keeping the dose to the surrounding organs at risk (OARs) 

and health tissue below tolerance levels [29]–[32]. 

 

Figure 2:The ratio of tumour control and normal tissue complication defines the 

therapeutic window of radiation therapy. 
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As demonstrated in Figure 2, radiation therapy aims to increase the tumour 

control probability (TCP) and minimize the normal tissue complication 

probability (NTCP). The overall effect is an increase in the therapeutic window.  

The implication is that radiation therapy outcomes and tumour control are best 

when all regions of the tumour volume have the same radiosensitivity and 

biological characteristics.  

 

Figure 3:(a) Survival curves for a Heterogeneous Cell Population such as GBM and (b) 

Survival curves for a Homogeneous Cell Population 

 

Currently, it is widely accepted that radioresistant tumour consists of different 

subvolumes with varying radiobiological properties. Enough research has 

demonstrated that primary brain tumour consists of highly metastatic variant 
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cells with different biological parameters such as cell proliferation, migration, 

repair, and radiosensitivity. This means that any effective treatment modality 

must no longer consider a neoplasm to be a uniform entity of monoclonal cells 

with precisely the same characteristics [33]–[37].  

As shown in Figure 3a, the distinctive feature of glioblastoma is a specific 

population of tumour stem cells (TSC) or tumour-initiating cells (TIC) which in 

addition to stem cells properties can self-renew and have toti/pluripotential 

properties. Their capacity to differentiate into the different cell lineages that 

constitute the nervous tissue makes them resistant to a variety of stresses such 

as chemotherapy, and radiations[38] as well as retaining the recurring 

capability of the tumour.  These cells are represented by the resistant curve in 

Figure 3a. 

Figure 3b represent the dose response of monoclonal tumor cells with 

the same radiobiological properties such as radiosensitivity. The graph 

indicates that the cells respond favourably to irradiation in a predictable 

manner. Looking at both figures, one can posit that efforts must be made to 

design effective therapeutic agents such as functionalized NPS (e.g. PEGylated 

Core-Shell Quantum Dots and Carbon quantum dots) and treatment modalities 

against malignant tumour that take into consideration the different metastatic 
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subpopulations of cells of varying or differential radioresistivities. These 

subpopulations can be identified and characterized using appropriate 

functional and molecular imaging techniques such as PET, FLIM, SPECT, MRI 

and immunohistobiological staining methods.  

We posit that nanoparticles can be used to simultaneously assess ROS 

generation and enhance radiosensitivity of brain cancer cells. As shown in 

Figure 4, this novel approach involves optimizing the biological response of the 

tumour to irradiation through local dose amplification and enhanced 

radiosensitization using functionalized quantum dots. The presence of NPs 

radiosensitizers/radioenhancers at the tumour site interacts with IR to enhance 

the radiation outcome.  

To summarize, the overall objective of this project is to improve radiation 

therapy outcomes with minimal side effects by simultaneously radiosensitizing 

highly radioresistant brain cancer through enhanced ROS production and 

quantification of the ROS produced using quantum dots. Hence, our working 

hypothesis: biocompatible quantum dots and carbon quantum dots can be used 

to simultaneously assess ROS generation and radiosensitize glioblastoma 

cancer cells for improved radiotherapy outcomes. 
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Figure 4: Illustration of Nanoparticle Mediated Radiation therapy through the enhanced radiosensitization by Quantum dots. 

Highly resist tumours usually consist of pluripotential cancer stem cells within hypoxic subvolumes that makes the tumour resistant 

to radiation therapy. By inoculating the tumour with functionalized nanoparticle radiosensitizers, makes the tumour more 

responsive to  RT
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1.3 Research Motivation and Rationale  

Nanoparticle-mediated radiation therapy is an emerging modality with a 

huge potential to improve treatment outcomes through local dose 

enhancement and improved radiosensitization of cancerous cells using 

nanoparticles [39]. It has been demonstrated in several studies that 

irradiating cancer cells in the presence of high electron density and high Z 

NPs increases the therapeutic index and the therapeutic window [40]–[46]. 

It has been shown that high electron density and high Z NPs act as 

radiosensitizers [47]–[49]. They enhances the production of secondary 

electrons, amplify ROS generation [50] and is known to simultaneously 

induce acceleration in the G0/G1 phase and accumulation of cells in the 

G2/M phase leading to massive cell arrest accompanied by an increased in 

p53 mutations and decreased in its expression [51].  
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1.3.1 Enhanced Permeability and Cellular Retention Effect and 

Biocompatibility of Functionalized Nanoparticles (FNPs) 

 

In addition to radiosensitization properties of functionalized NPs 

(FNPs), there are two additional essential properties of FNPs. The first is the 

permeability and retention (EPR) of FNPs. It has been demonstrated that FNPs 

such as PEG CdSe/ZnS QDs can easily to taken up and retained in tumour cells 

by receptor-mediated or nonspecific endocytosis [52]–[54].  One of the 

mechanisms is illustrated in Figure 5 demonstrating the uptake of 

functionalized QDs. Site-specific radiosensitization can be achieved either by 

enhancing nonspecific endocytosis where FNPS such as  QDs are coupled with 

cell-penetrating peptides (CPPs) [55] or by receptor-mediated endocytosis 

(RME). CPPs consist of about 30 amino acids or less and can be synthesized and 

coupled with QDs easily without loss of their properties [55]–[57].  

In RME, NPs are functionalized with targeting ligands such as 

polyethene glycol (PEG), nucleic acids, peptides, proteins, antibodies, 

thioglycolic acid and enzymes that increase the intracellular accumulation of 

QDs [58]–[60]. Because tumour cells are rapidly dividing mitotically compared 

with healthy cells, they are equipped with more folate receptors [61], [62]. This 

means that the uptake of FNPs by cancer cells is greatly enhanced and are more 
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readily taken up by rapidly dividing cells through endocytosis and stored in 

lysosomes [63]–[65].  

 

Figure 5: Schematic illustration of the putative mechanisms for the uptake of antibody-

conjugated QDs by receptor-mediated endocytosis. This has the potential to increase 

site-specific radiosensitization. The diagram is not drawn to scale. The QD is magnified 

relative to the cell. 

The second is the biocompatibility of FNPs such as PEG CdSe/ZnS QDs. 

Structurally, fluorescent semiconductor quantum dots that we use in this work 

consist of a shell-coated semiconductor core made from cadmium selenide 

(CdSe) encapsulated by amphiphilic capping agents [66], [67]. The core made 

of cadmium selenide (CdSe), absorbs incident photons creating electron-hole 

pairs [68]. Common capping agents include PEG, oligomeric phosphine, 

octalamine – modified polyacrylic acid and copolymers of alkyl monomers and 

anhydrides [69]. Functionally, quantum dots are better adapted for selective 
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absorption by highly radioresistant hypoxic tumour subvolumes compared 

with other metallic nanoparticles due to their inherent reduced toxicity and 

increased biocompatibility[70][71]; theranostic properties[71]–[73] and greater 

uptake by folate receptors[74]–[76].   

1.3.2 Nanoparticle Mediated Drug Delivery (NPDD) 

It is well known that most chemotherapy drugs lack selectivity, 

specificity and are highly toxic to both cancerous cells and healthy cells [77], 

[78]. This results in a plethora of short and long term adverse side effects [79].  

In previously published work from our lab, Sruti et at showed that leukemic 

cancer cells treated with doxorubicin and daunorubicin had a 100% longer 

transit times compared to untreated leukemic cells. They essentially 

demonstrated an increase in the chemotactic migration of the doxorubicin 

treated leukemic cells [80].  

Our quest to develop FNP-dependent radiosensitizer is motivated by the 

fact that some FNPs such as QDs possess unique optical (tunable emission, 

photostability, and brightness), physiochemical (size, core composition, surface 

chemistry, and redox properties) and physical properties that make them ideal 

candidates as luminescent nano-probes and nano-carriers for targeted drugs 

delivery. QDs are ultra-small, with a high specific surface area that makes them 
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highly reactive with a large absorption capacity[78]. QDs have a very large 

surface to volume ration. Its surfaces are electronically active and can act either 

as an efficient Förster Resonance Energy Transfer (FRET) donor or accept to 

catalyze chemical reactions leading to the production of more ROS or bind to 

ADP inside mitochondria, depleting it from ATP which hinders radiation-

induced cell repair processes [81], [82].  

As a nano-fluorescent probe, QDs have been deployed successfully in 

multi-colour fluorescence imaging and bioluminescence detection of cancers 

[78]. Currently, QDs have been conjugated with chemotherapy drugs such as 

Doxorubicin (DOX) and functionalized with biomolecules for use in theranostic 

such as Cu2(OH)PO4 quantum dots[83]–[85]. Previous work from our 

laboratory has helped firm up the utility of QDs for assessment of ROS 

generation [86].  

1.3.3 Nanoparticle Mediated Radiation Therapy (NPRT)  

Radiation therapy though effective in eradicating cancer cells; they are some 

cancerous tumours still very resistant to ionizing radiation [87]. Attempts to 

improve radiation therapy outcomes have largely concentrated on (1) escalating 

the radiation dose delivered to the tumour; (II) radiosensitizing the 

radioresistant subvolumes to conventional doses of radiation; and (III) targeting 
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cancer cells specifically while administering RT [88]–[92]. The advent of 

Nanoparticle Mediated Radiation Therapy (NPRT) [93] presents versatile 

opportunities to overcome the limitations associated with these traditional 

strategies through the utilization of nanoparticles (NPs) in cancer diagnosis and 

treatment [94]. Nanoparticle (NP) radiosensitizing agents has the potential to 

reduce normal tissue complication probability (NTCP) with improved RT 

outcomes.  

A plethora of NPs with cores made up of elements such as iodine ( 

Z=53)[95], gadolinium ( Z = 64)[96], platinum (Z = 78)[97] , gold (Z = 79)[98], [99] 

bismuth (Z=83), platinum (Z=78), hafnium (Z=72), cerium (Z=58), iron (Z=26), 

titanium (Z=22), and silicon (Z=14) have shown great promise as 

radiosensitizers. Much of the research in the past decade have focused on gold 

nanoparticles (AuNPs). Both in-vitro and in-vivo studies have demonstrated an 

increase in damage to tumour cells following irradiation with AuNPs [94], 

[100]–[103], [103]–[107]. AuNPs are high Z metallic nanoparticles that act as 

radiosensitizers with the ability to selectively increase the radiosensitivity of 

tumour cells as well as locally enhance free radical production[98]. 
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Despite the radiosensitization and dose enhancement properties of AuNPs,  

challenges in using gold nanoparticles as drug delivery systems, such as 

selective biodistribution, pharmacokinetics and possible toxicity have 

significantly limited their use in cancer therapy[108].  

In this work, we have exploited a novel alternative. Instead of AuNPs, 

biocompatible (pegylated), high electron density, fluorescent semiconductor 

quantum dots (QDs) with a high effective atomic number are used. 

Semiconductor QDs have unique optical and electronic properties with 

unusually high surface-to-volume ratios that make them more suitable for use 

in targeted drug delivery system[109], [110].  

The physical dimensions of QDs are smaller than the exciton Bohr radius 

(exciton Bohr radius is the average distance between the electron in the 

conduction band and the hole it leaves behind in the valence band) with a size 

range of 2-10 nm compared to AuNPs of 5 nm to 400 nm. The ultra-small size 

of QDs and their core-shells have three significant effects. The ultra-small size 

dramatically enhances the permeability and retention (EPR) phenomenon. 

Though AuNPs have similar size ranges to QDs, QDs exhibit a greater quantum 

confinement effect [111]; as a result, the electrons are confined quantum 

mechanically in an ultra-small volume. This significantly increases the electron 
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density and the probability of electron ejection by an incoming photon. The 

Quantum confinement effect (QCE) increases the semiconductor bandgap 

between the conduction band and valence band. The energy required to excite 

QDs increases and consequently, more energy is released when the excited QDs 

returns to its ground state. Hence, quantum dots absorb photons spanning a 

broader energy range from photoelectric absorption to pair production. This 

makes QDs more suitable to clinical radiation beams (mostly > 6 MeV) 

compared to other high Z nanoparticles that function best in the keV range. It 

should be noted that a 6 MV clinical beam spectrum has more photons below 

500 keV and even greater for a flattening filter‐free (FFF) megavoltage photon 

beams[112]. 

In general, tumour cell targeting in both therapeutic and diagnostic 

application has concentrated on a small number of nanoparticles such as AuNP.  

Using functionalized QDs in radiation therapy for radiosensitization is 

promising due to their selective targeting ability. Compared with other 

nanocarriers, quantum dots have many advantages such as a much smaller size, 

larger specific surface area, a highly reactive core with shells properties that 

makes it easy for antibody modification. Quantum dots have a higher drug 

loading capacity with the ability to form  QDs-antibodies conjugates that can 
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alter or modify the mechanisms of membrane transport and enhance the 

permeability of the drug in the tumour [113]–[117].  To conclude, QDs have a 

high drug loading capacity and encapsulation efficiency with the ability to 

target specific tumour cells selectively makes them very attractive as an 

important alternative to other known NPs in NPRT.  

 

1.4 Interaction of Radiation (X-rays and Charged Particles) with Quantum 

dots 

 

The main goal of radiation therapy is to increase the therapeutic ratio (TR) by 

maximizing the tumour control probability (TCP) and minimizing the normal 

tissue complication probability (NTCP)[118]. In NPRT, dose enhancement is 

achieved using nanomaterials with a high atomic number, and electron density 

is loaded into the tumour volume to increase the cross-section of interaction 

with radiation. Nanoparticles composed of high Z atoms act as enhanced 

scatters and/or absorbers of X-rays and gamma radiation. Typically, 

nanoparticle radiosensitizers absorb lower energy photons (30 keV – 500 keV) 

by photoelectric absorption [119]–[121].  
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This result in the promotion of innermost shell electrons to higher energy 

levels. The photons released from the filling of these vacant inner shells (Coster-

Kronig effect) result in the ejection of Auger electrons [122]–[124]. It is the 

production of these secondary electrons that improves radiation dose 

amplification. These Auger electrons are low energy and can only travel short 

distances within the tissue. 

They subsequently hydrolyze water molecules on contact and produce a series 

of free radicals such as hydroxyl; OH•, hydrogen H•, water H2O+, H3O+, 

superoxide O2
- which causes direct damage to biological components in their 

proximity. As illustrated in Figure 6, the interaction of radiation with QDs can 

be grouped into four phases; the uptake phase, the local physical dose 

enhancement phase, the biochemical phase, which explains how ROS is 

produced and the radiobiological phase which determines the level of 

radiosensitization possible.  
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Figure 6:Schematic representation of the biophysical mechanisms of nanoparticle-

mediated dose enhancement and radiosensitization. The interaction of the incident 

photons with QDs releases an avalanche of secondary electrons which intend 

hydrolyzes water molecules. This produces highly reactive free radicals called reactive 

oxygen species which interact with the DNA leading to single and double-strand 

breaks.   
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1.4.1 Mechanism of Physical Dose Enhancement by NP Radiosensitizer 

and Radioenhancers  

 

The physical phase begins with the actual interaction of radiation (usually 

photons for x-rays and gamma rays; charged particles such as protons, carbon 

ions, etc.) with the matter within the tumour. The resulting absorbed dose 

depends on the type and energy of the incident photons and the chemical 

composition of the tumour [125]. The chemical composition of the tumour is 

mainly influenced by the atomic number Z and electron density of the 

components of the tissue [126].  

As shown in Figure 7, there are three principal types of physical interaction 

between radiation and matter: (1) the photoelectric absorption (or photoeffect) 

(2) incoherent Compton scattering and (3) pair production which results in a 

cascade of secondary electrons such as auger electrons. The probability or cross-

section for each interaction depends on the energy hv of the incident photon 

and the atomic number Z of the molecules of the irradiated tissue. As shown in 

Figure 8a below, photoelectric absorption predominates at low photon energies 

(< 20 keV for water) and high Z (55 – 80 amu), the Compton effect at 

intermediate energies (20 keV – 10 MeV for water) and pair production at high 

photon energies (> 10 MeV for water).  
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Figure 7:The principal photons interactions important in therapeutic and diagnostic 

radiation oncology. 

 

It should be noted that the cross-section for photoelectric absorption is 

proportional to 𝑧4/(ℎ𝑣)3  for low energies and 𝑧5/(ℎ𝑣) for high energy, where 

v is the wavelength of the radiation [127]. Hence, high Z and high electron 

density nanoparticles transfer most of their energies to the surrounding 

medium through photoelectric absorption. For example, a 100 keV photon will 
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interact with the Cadmium (Z = 48) core of the CdSe/ZnS core‐shell quantum 

dots predominantly through the photoelectric effect while a clinical beam of 

energy 6 MV will interact predominantly by Compton effect and pair 

production. It the subsequent production of Auger electrons and ROS that leads 

to radiation dose amplification. This explains why nanoparticle-mediated 

radiation dose amplification is more effective at low photon energies [128]–

[130].  

External beam radiation therapy (EBRT) utilizes isocentric megavoltage 

external linear accelerators to generate photon beams are by bombarding a 

high‐Z target with a high‐energy electron beam [131]. The resultant 

megavoltage bremsstrahlung beam profile has a gaussian‐shape with photon 

energy ranging from kilo- to megavolts [132] as shown in Figure 8b.  In most 

clinical settings, high energy photon beams (> 6 MV) are used to treat deep-

seated cancers due to the increased skin sparring properties [133]. This means 

that they are a significant portion of the beam in a flattening filter-free beam 

that can activate the local dose enhancement properties of quantum dots.  In 

should be noted that in a filtered beam, low energy photons are filtered out with 

the use of flattening filters to create a homogenous flat beam. This means that 

high Z metallic NPs which are effective at low energies [134], [135].  
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The total attenuation coefficient is the sum of the individual 

contributions; 
𝜇

𝜌
=

𝜏

𝜌
+

𝜎

𝜌
+

𝑘

𝜌
  , where 𝜇, 𝜏, 𝜎, 𝑘  are the attenuation coefficients of 

photoeffect, Compton effect and pair production.  The boundaries where there 

is an equal probability of photoelectric absorption to inelastic scattering and 

inelastic scattering to pair production are indicated in Figure 8a. The left curve 

represents the region where the attenuation coefficients for the photoelectric 

effect and Compton effect are equal; the right curve is for the region where the 

atomic Compton coefficient equals the atomic pair production coefficient [136].  
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Figure 8:(a) This illustrates the regions of relative dominance of the different types of 

interactions. (b) Clinical photon beams are generated by bombarding a high‐Z target 

with a high‐energy electron beam. The resultant megavoltage bremsstrahlung beams 

are usually a bell-shaped profile with the highest intensity at the centre.  This shows 

that clinical beam is a range of energies [108]. 

 

1.4.2 Quantum Confinement: The Quantum Mechanical Behavior of 

Quantum dots 

 

Studies have demonstrated that semiconductor quantum dots such as CdSe 

[137], [138], CdTe [139]–[141] and core-shell CdSe/ZnS [140], [142], [143] QDs  

are known to generate more ROS under irradiation. On a more recent study 

(Figure 9), Bong et al showed that the generation of ROS by doxorubicin (Dox) 

and daunorubicin (Dauno) in cell culture medium resulted in a reduction in the 

fluorescent intensity of core-shell CdSe/ZnS QDs [144] 
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Figure 9: Spectra and Statistical Comparison for HL60 Cells Treated with 

Chemotherapy Drugs. a) The intensities decreased when compared with control 

(condition 1). b) Both Dox (condition 2) and Dauno (condition 3) treatments showed 

statistically significant differences (p < 0.0001 or ****) when compared with control 

(condition 1). The reduction of fluorescent intensity of QDs due to the presence of ROS in 

HL60 treated with Chemotherapy Drugs (Doxorubicin, Daunorubicin) [120]. 
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Figure 10: Spectra and Statistical Comparison for CdSe/ZnS QD with H2O2. a) The 

intensity-modulated with varying concentrations of H2O2 when compared with control 

(condition 1). b) Condition 1 and 2 showed statistically significant difference (p < 0.01 

or **). The reduction of fluorescent intensity of QDs due to the presence of ROS in HL60 

treated with Chemotherapy Drugs (Doxorubicin, Daunorubicin) [120]. 

 

In Figure 10, progressively inoculating a colloidal solution of CdSe/ZnS QD with 

a known ROS, hydrogen peroxide, increases the fluorescence Intensity quenching 

proportionately.  This provided a simple yet powerful method of quantitatively 

assessing the generation of ROS due to the presence of quantum dots. Using 

this approach, we were able to detect significant ROS generation in irradiated 

HL60 and K562 blood cancer cells in vitro [86]. Since we have established that 

QDs enhances ROS production during irradiation, the interesting question 
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remains, how does QDs actually enhance the generation of ROS?  In addition to 

how high electron density and high Z nanoparticle interact with matter, 

quantum dots exhibit quantum confinement due to its ultra-small nature. In 

CdSe-ZnS core-shell quantum dots, electrons and holes are confined in all three 

dimensions within a small volume in a manner analogous to a free particle in a 

3D box as illustrated in Figure 11.  

 

 

 

Figure 11: Modelling electrons and holes (particles) trapped inside a 3D box of length 

a, b and c. The potential inside the box is zero and infinite outside of the box.  (A) AN 

illustration of the core-shell QD. (B) shows a 1D version of the box with a zero potential 

inside the box.   
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The potential of the trapped electrons and holes within the QD is defined by 

 
0 inside the box (QD)

( )
 outside the box (QD)

V r


= 


 (1) 

Where the potential energy is infinite, the wavefunction is zero, which means 

that the probability of finding an electron or hole outside the QD is zero. A zero 

potential inside the QD implies that the wavefunction obeys the time-

independent Schrodinger’s equation:  

 
2 2 2 2

2 2 2

h d ψ(r) d ψ(r) d ψ(r)
- + + + ψ(r)V(r) = Eψ(r)

2m dx dy dz

 
 
 

 (2) 

If we assume that the motion along the x, y and z-axis are independent, then 

the wavefunction can be expressed as a product of individual wavefunctions 

for each motion as follows:  

 ψ(r) = ψ(x)ψ(y)ψ(z)  (3) 

Substituting equation three into equation two and dividing ( )r  gives:  

 
2 2 2 2

2 2 2

h 1 d ψ(x) 1 d ψ(y) 1 d ψ(z)
- + +  = E

2m ψ(x) dx ψ(y) dy ψ(z) dz

 
 
 

 (4) 

where E is the total energy and a constant.  

Equation 4 can be broken down into three equations as follows:  
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2 2

x2

2 2

y2

2 2

z2

h d ψ(x)
a)   -  = E ψ(x)  

2m dx

h d ψ(y)
b)   -  = E ψ(y)  

2m dy

h d ψ(z)
c)   -  = E ψ(z)

2m dz

 (5) 

where  x y zE E E E= + + . The solutions to the above three equations in equation 

5 give the eigenfunctions and eigenvalues as follows:  
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 (6) 

Suppose that the box is a 3D cube, then a = b = c = L and the total energy of the 

energy and holes trapped within the QD becomes:  

 
h

E = 

2 2 2

x

2

hπ n
+ 

2mL

2 2 2

y

2

π n h
+

2mL

2 2 2

z

2

π n h
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2 2
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x y z2

π
n +n +n

2mL
    (7) 

 

Equation 7 can be modified for a spherical QD of radius R as follows[145]: 
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n

2 2

n 2

eh

1 nπr
a)  ψ (r) = sin

Rr 2πR

h n
b)  E  =        , n = 1, 2, 3, 4, ....

8m R

 
 
 

 (8) 

where meh is the effective mass of an electron-hole pair (exciton) given by 

( )eh e h e hm  = m m / m +m . This shows that the confined electrons have quantized 

energies and due to the symmetry of the problem in solving the wavefunction, 

their energy levels are described much like atomic orbitals labelled by quantum 

numbers .n l , where n = 1, 2, 3, 4, ……. and l = s, p, d, f, etc. as shown in Figure 

12.   

 

Figure 12: An illustration of the energy levels of a quantum dot compared to a bulk 

semiconductor material. 
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 The effective bandgap of the quantum dot is determined by adding the bulk 

semiconductor bandgap to the confinement energy. Hence, if we take into 

consideration the bandgap energy, the total energy required to excite or eject an 

electron from the valence band is given by[146]: 

 
2

n,l

n,l g,0 2 2

eh

h α
E  = E +

8π m R
 (9) 

As indicated by equations 7 - 9, as the size of the QD decreases, the absorption 

energy increases. In other words, tighter confinement (smaller L) leads to higher 

energies. Decreasing or increasing size of QDs leads to respectively increase or 

decrease in the energy gap. Most of these energy levels are in the range 1 – 7eV, 

making QD excellent photosensitizers. However, due to the high atomic 

number and electron density, QDs also act as enhanced absorbers of high-

energy photons (X-rays and gamma rays), making them excellent 

radiosensitizers. Furthermore, quantum confinement enhances quantum yield 

of core-shell QDs [147]–[149] and promotes multiple exciton generation that has 

the potential to cause a super avalanche of secondary electrons during  

irradiation [150].  

In principle, the interaction of a QD with a photon or charged particle 

can result in the ejection of photoelectrons from any valence shell or multiple 
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valence shells and this process also perturbs the stability of the QD. These 

perturbations result in an additional physical dose enhancement commonly 

referred to as “nanoscale enhancement”[151] through de-excitation processes 

within the quantum dot. The range of the ejected photoelectron depends on the 

p bE E E = − , where Ep is the photon energy and Eb, the shell binding energy. 

Monte Carlo studies of variations [151] in photon energy spectra indicate that 

for a FFF beam at a given depth, the photon fluence is bell-shaped and slightly 

skewed to the right as shown in Figure 13 [152]. 

 

Figure 13: The X-ray beam energy spectra 10 x 10 field from three major 

manufacturers of commercial medical linear accelerators, ranging in energy 

from 4–25 MV derived from Sheykh-Bagheri et al [152].  The photon fluence 

indicates that most of the photons have energies under 500 keV.  Used under 

license No: CC BY-NC 4.0 [153] 
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Figure 14: Total mass attenuation coefficient of CdSe (A), the mass attenuation 

coefficient of Caesium (B) and Cadmium (C) as a function of incident x-ray photon 

energy. The K and L edge energies of each element are indicated. Data retrieved from 

https://physics.nist.gov/Xcom. 

This means that a significant number of photons have energies in the keV range. 

This dominant low energy component is a necessary requirement for 

photoelectric absorption and incoherent scattering. For example, a 100 keV 

photon incident on a CdSe QD, will most likely eject an electron from the k-shell 

with a shell binding energy of about 74.5 keV. As a result, a photoelectron is 
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ejected with a kinetic energy of about 25 keV. This photoelectron will travel 

about 1.3 μm which is less than the diameter of an average animal cell of 10-20 

μm.   On the other hand, a 500 keV photon will most likely eject a photoelectron 

from the k shell with a mean range of 4.0 μm in water.  

Figure 14 shows how the total attenuation of CdSe as a function of 

photon energy demonstrating the K and L absorption edges. The electrons in 

the K shells are the most tightly bound to the nucleus. An incident photon with 

energy less than Ek will most likely eject a photoelectron from the L or M shell. 

The photoelectric effect is dependent on the energy of the photon, with a 

maximum cross-section when the photon energy is equal to the binding energy 

of orbital electrons. Suppose a photon whose energy is slightly higher than the 

binding energy of the inner shell is incident to an NP, the NP complex becomes 

ionized. Ionization implies that a photoelectron is ejected, and a vacancy is 

created in one of the inner shells (inner-shell ionization). Ionization is often 

followed by process of deexcitation in which an electron of an outer shell 

(higher energy state) drops into the lower energy shell in order to fill the 

vacancy. The energy difference between the two shells is either emitted as a 

fluorescence photon or transferred to another electron that is ejected from an 

outer shell 
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Figure 15:Schematic illustration of the physical process of local dose enhancement 

through auger cascade or the generation of secondary electrons through photoeffect 

and Compton effect. 

 

Following photoionization of the inner shells by incident photons, the QD 

complexes become excited. The unstable complex de-excite either via 

fluorescent photon emission or Auger electron emission or both. The energy of 

the emitted photon must be equal to the difference between the two orbital 

shells. Due to the presence of multiple shells with a QD complex, further auger 

electrons may be generated as outer electrons make quantum jumps to fill the 

vacant inner shells. This process is called auger cascade or auger effect.  The 
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number of Auger electrons emitted is proportional to the electron density. 

Therefore, high electron density QD complexes are expected to generate more 

Auger electrons than NPs with lower electron density.  It is well established that 

the absorption cross-section is higher for inner shells than outer shells. This 

intend promotes auger de-excitation processes as inner electrons have a higher 

probability of been knock out of the atom.  

Whereas the photoelectric effect accounts for most of the energy 

deposited and attenuation at low energies up to 500 keV, its influence falls 

rapidly with increasing energy. As illustrated in Figure 8A, Compton scattering 

of a photon increases with energy and is the dominant mode of photon 

interaction from intermediate energies to beyond the threshold of 1.022 MeV 

for pair production. Unlike the photoelectric effect where a photon gives up all 

its energy per interaction, in Compton effect, a photon with energy hv0 and 

momentum hv0/c collides inelastically with an atomic electron (Figure 7A). The 

photon is scattered at an angle θ with respect to its original trajectory, and the 

struck electron is ejected with kinetic energy T. The kinetic energy T of the 

ejected electron is given by: 

 

( )
0

0

2

0

1
T = hv 1-

hv
1- cosθ

m c

 
 
 
 
  

 (10) 
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where c is the speed of light, h the Planck constant, and m0, the mass of the recoil 

electron. The electron receives the maximum energy when the photon is 

scattered angle is 180 degrees and no energy when the scattered angle is 0 

degrees. The maximum kinetic energy that the electron can possess is therefore  

 max 0
0

2

0

1
T = hv 1-

2hv

m c

 
 
 
 
  

 (11) 

The energy of the scattered photon is given by 

 

( )
0

0

2

0

1

1 1 cos

E hv hv
hv

m c


 
 
 = =
 + −
  

 (12) 

This indicates that the Compton effect does not depend on the atomic number 

of the target. The scattered photon, depending on its energy, will either trigger 

another Compton effect or a photoelectric effect.  As illustrated in Figure 15, 

Compton, Photo- or Auger electrons can induce the emission of more secondary 

electrons (aka delta rays) that are believed to be responsible for the local dose 

enhancement due to the present of FNPs.  
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1.4.3 Mechanisms of Enhanced ROS Generation  

 

Figure 16: An illustration of the direct and indirect cellular effects of ionizing radiation 

on living cells in the presence of semiconductor nanoparticles. In the presence of QDs, 

the production of auger electrons is amplified, leading to enhanced ROS generation by 

stimulation of oxidases and nitric oxide synthases. 
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The interaction of ionizing radiation with tumour cells can directly disrupt 

essential macromolecules within the cell such as deoxyribonucleic acid (DNA), 

producing deadly chemical and biological changes. As illustrated in Figure 16, 

incident photons or charged particles generate fast secondary electrons that 

interact directly with the critical targets in the cells.  

Alternatively, the secondary electrons or auger electrons may become 

thermalized, interacting with other molecules (particularly water) to generate 

free ion radicals capable of damaging critical structures within the cell. Given 

that 80 % of a cell is composed of water, the indirect radiolysis of water 

generates reactive chemical species that may damage nucleic acids, proteins 

and lipids (Figure 16). Together, the direct and indirect action of ionizing 

radiation initiates a series of biochemical and molecular signalling events that 

ultimately result in permanent physiological changes or cell death or repair 

(Figure 17)
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Figure 17:Highly reactive species formed when a water molecule interacts with incident x-ray photon. After an initial physical event, the water 

molecule becomes either excited or ionized depending on the energy of the incident photon. 
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A large number of inelastic collisions of the fast-moving secondary electrons 

within the cell continuously slows down the electrons to sub-excitation 

energies. And following thermalization, they become trapped and hydrated 

[154].  These trapped and aqueous electrons (solvated) reduces oxygen 

molecules in solution to produce highly reactive superoxide/perhydroxyl 

radicals. In addition, when 2H O  interacts with radiation, it either becomes 

excited *

2H O  or ionized 
2H O+ (Figure 17).  The excited water molecule 

immediately dissociates to form H  and OH  ions while the ionized water 

molecule forms breakdowns to form 2H O  , H+  and OH  with a free electron. 

Table 1.1 below summarizes the possible reactions that can occur in the event a 

photon or charged particle interacts with GTV.  

Alternatively, the ionized water molecules donate a proton to a 

neighbouring water molecule leading to the production of a very reactive .OH

radicals with an unpaired electron (Figure 17). As shown in Figure 18, there are 

several pathways for the deexcitation of the excited water molecule. This is due 

to the fact that atomic oxygen has eight electrons with an electronic 

configuration 1s22s22p4 in accordance with the Pauli exclusion principle. Since 

the 2p orbitals are only partially filled, there are three different configurations 

to arrange the electrons in 2px, 2py and 2pz that will obey Hund’s rule.  These 



 

43 

electron configurations in the partially filled 2p orbitals are shown in the 

diagram below.  

 

Figure 18:An illustration of the three possible configurations in the partially filled 2p 

orbitals in an atomic oxygen resulting in three pathways for the deexcitation of the 

excited water molecule. 

 

Table 1:possible chemical reactions within the GTV that can lead to the generation of ROS. 

 

 

It is interesting to note that the generation of ROS in the presence of FNPs 

upon irradiation is a function of size and composition of the NP. It has been 

demonstrated that the smaller the diameter, the greater the generation of ROS 

[155].  Smaller diameter FNPs have a larger surface area with a greater yield of 
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ROS due to its high chemical reactivity. Based on these findings, Misawa et al. 

posited that an inverse proportion of ROS generation to the diameter of the 

nanoparticle suggests a catalytic function of its surface for enhanced ROS 

generation. Klein et al. showed that functionalized NPs significantly increases 

ROS production due to their positive surface charge, which facilitates the 

accumulation of FNPs in the membranes of the endoplasmic reticulum, vesicles 

and mitochondria [156].  

 

1.5 Molecular Mechanisms of Radioresistance and Radiosensitization 

 

Under normal physiological conditions, intracellular ROS generated acts as 

essential redox signalling molecules that regulate important cellular biological 

processes [157]. At normal levels within the cell, ROS regulate signalling 

pathways that maintain normal cellular functions by controlling the expression 

of specific genes[158]–[160], modulate ion channel activities permitting the 

facilitated transport of QDs into the cell [161], [162], as well as mimicked 

intermediates such as second messengers in signal transduction[163]. When the 

cell is irradiation in the presence of NP radiosensitizers such as QDs, the 

production of ROS becomes amplified by more than 150 per cent in some 
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cases[164]. In addition, it has been demonstrated that ROS production within 

the cytoplasm facilitates the oxidation of the mitochondrial membrane, 

disrupting its strength and integrity. This results in the leakage of superoxide 

anions into the cell’s cytoplasm/cytosol, resulting in hydrogen peroxide (H2O2) 

generation [39], [50], [165], [166]. 

Functionalized NP radiosensitizers are designed to interact with tumour cells 

such as a to alter their biological response to IR. In addition to their 

radiosensitization properties, CdSe-ZnS core-shell QDs can modify pathways 

in DNA repair, cell cycle checkpoints and progression [167]–[170]. Chan et at 

demonstrated that in the presence of IR, CdSe-ZnS core-shell QD triggers an 

increase in reactive oxygen species (ROS)  as well as inhibits survival-related 

signalling events, such as decreased Ras and Raf-1 protein expression and 

decreased ERK activation[171]. When used as radiosensitizers, semiconductor 

NPs such as CdSe-ZnS core-shell QDs contribute significantly to DNA damage 

and defective regulation of mitosis [172]. The consequences include 

chromosome abnormalities, aberrant nuclear morphology, mitosis abortion, 

polyploidy cells, mitosis failure and ultimately, cell death. In addition, recent 

studies have demonstrated that peptide-functionalized QDs can penetrate the 
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nuclear membrane and interact with the DNA directly, thereby modulating the 

cell cycle and cell division through checkpoints directly [173]. 

As illustrated in Figure 19, cell cycle checkpoints are mechanisms that 

dictate the progression of the cell through the cell cycle. Radiation induces 

defects on DNA replication, and when these defects are sensed, cell cycle 

checkpoints are activated to induce cell cycle arrest until the chromosomal or 

DNA defects are repaired. It is crucial to keep in mind that cell cycle is mainly 

controlled by proteins called cyclin-dependent kinases (CDK), which can 

associate with cyclin regulatory proteins at different phases of the cell cycle 

[174]. They bind with cyclins specific cyclin-CDK complexes to activate 

different downstream targets that either promote or prevent cell cycle 

progression. There are three checkpoints: the G1 checkpoint, the G2/M 

checkpoint, and the metaphase checkpoint. After exposure to IR, mammalian 

cells are usually arrested at G1 checkpoint and at G2/M checkpoint.  

Lui et at demonstrated that QDs significantly increases the protein 

Aurora-A in Hela Cells inducing abnormal entry into the G2/M phase in 

mammalian, resulting in an abnormal entry into mitosis [173].
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Figure 19: QD Radiosensitization by inhibiting cell cycle checkpoints.  Cell cycle checkpoints are mechanisms that control the progression of 

the cell through the cell cycle. This illustration shows the possible mechanisms demonstrating the inhibitory actions of QDs in the cell cycle 

leading to apoptosis and eventual cell death
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G2/M is a vital cell cycle phase that dictates the fate of dividing cells in the 

mitotic phase while Aurora‐A is activated downstream of Cdc2‐cyclin B and 

regulates the proper entry into mitosis and acts as a G2 checkpoint control[175], 

[176]. Cell arrest at G2/M checkpoint is due to the activation of Chk1 and Chk2 

checkpoint kinases which may phosphorylate Cdc25C to inhibit Cdc2/Cyclin-B 

and prevent entry into mitosis [177], [178].  Lui et al. further showed that QDs 

decreased the expression of cyclin A and cyclin B in mammalian cells. 

Dysregulation of aurora‐A by QD induces abnormal G2‐M transition in 

mammalian cells and may result in chromosome instability.  

As shown in Figure 19, cyclin B can associate with CDK1 to modulate the 

G2 and M phases while cyclin A can bind to CDK2 to regulate the S phase or 

bind to CDK1 and exhibit kinase activity. This shows that QDs radiosensitizers 

are effective in killing the tumour cells, especially the subpopulation of cells 

that would typically be radioresistant or in S phase. Cell death encompasses 

apoptosis, necrosis, mitotic catastrophe, and other more immediate modes of 

cell dissolution such as autophagy. The enhanced generation of ROS due to QDs 

in the presence of IR results in oxidative stress which in turn initiate a series of 

mechanisms within the tumour cell summarized in Figure 20 as the 5Rs of 

radiation therapy.   
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Figure 20: The Biological response to radiation is a highly complex and coordinated 

system that determines the outcomes of radiation therapy. QDs radiosensitizers 

modify molecular pathways involved in DNA repair, cell cycle checkpoints and 

progression. 

The first step is repair mechanisms designed to counteract the injurious effects 

of IR. There are three types of damage induced by IR; (1) lethal damage, (2) 

sublethal damage and (3) potentially lethal damage. Fractionation allows 

healthy cells to repair sublethal damage either by activating repair pathways or 

initiating cell cycle arrest.   Often, cells within a tumour are in different parts of 

the cell cycle and behave differently. Cells in S-phase are usually more 
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radioresistant, whereas those in late G2 and M phase are more radiosensitive. 

A single fraction of RT normally will kill a lot of the radiosensitive cells and less 

of the radioresistant cells. Over time, the surviving cells will be redistributed in 

the cell cycle. This, in turn, triggers repopulation by increasing cell division in 

both healthy and malignant cells. Repopulation may lead to acute or chronic 

hypoxia necessitating reoxygenation. Acute hypoxia is usually caused by 

transient closure of capillaries and arterioles serving inner tumour subregions. 

When these vessels are blocked, inner tumour subvolumes become hypoxic and 

more resistant to radiation. This process causes different regions of the tumour 

to exhibit different levels of radiosensitivity or Radioresistivity. Our objective 

in this work is to use high electron density FNP radiosensitizers/radioenhancers 

to make these hypoxic and radioresistant subvolumes more radiosensitive, as 

explained in detailed later.  

Ionizing radiation depending on its energy and type (LET) can induce 

base damage, single-strand breaks, double-strand breaks (DSBs), sugar 

damage, and DNA–DNA and DNA–protein cross-links (Figure 21). As shown 

in Figure 21, there are four common types of DNA damages and five main 

repair mechanisms. QDs radiosensitizers may also inhibit these repair process 

due to acute shortage of ATP for two reasons: 1) QDs are efficient FRET acceptor 
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complexes and compete effectively to combine with ADP, thus limiting the 

production of ATP by the mitochondrion, 2) the mitochondria is most likely to 

stop its metabolic processes under oxidative stress. This disables the ability of 

the cell to repair DSBs.  

Two major repair pathways are responsible for repairing potentially 

lethal DNA DSBs in tumour cells. The homologous recombination (HR) 

pathway is a precise mechanism and repairs the DSBs in late S and G2 when the 

sister chromatid is available for recombination reaction [160]. HR pathway 

repairs a damaged chromosome by aligning it with a healthy chromosome that 

has sequence homology. The genetic information stored in the undamaged 

chromosome is then used as a template for repairing the damaged chromosome. 

Since the HR pathway has an undamaged template to guide the repair process, 

DSB may be rejoined without any loss of genetic information, making the 

pathway précised. The second pathway is an imprecise pathway called non-

homologous end-joining (NHEJ) which predominantly repair processes in the 

G0, G1 or early S – phase in the cell cycle[179].  In the NHEJ pathway, a series of 

proteins bind to the break-ends of the DSB. This explains why NHEJ does not 

require a template with sequence homology, making it imprecise
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Figure 21:An Illustration of the repair mechanisms of mammalian cells post IR. A tumour cell usually responds to radiation by delaying or arresting its 

progression through the cell cycle. This provides time for the cell to repair itself before DNA replication or Mitosis. Figure 17: An Illustration of the repair 

mechanisms of mammalian cells post IR.  
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The outcome of radiation therapy is a function of how radiosensitive or 

radioresistant a given tumour is. This, in turn, depends on the amount or level 

of DNA damage or DSBs induced within the tumour cells during and post IR. 

Despite tremendous technological advantages in radiation oncology, tumour 

radioresistance remains a fundamental clinical challenge currently. Tumour 

resistance commonly exhibited by brain cancers such as GBM leads to a drastic 

drop in tumour control probabilities (TCP) and an unacceptable increase in 

normal tissue complications (NTCP) probabilities leading to treatment failure 

and disease progression [180], [181]. Given the heterogeneous nature of the cell 

makeup of tumour volumes, some with a subpopulation of tumorigenic cells 

with tumour-initiating properties which significantly contribute to tumour 

growth and metastasis [182], [183]. These self-renewing cells are often referring 

to as cancer stem cells (CSCs) or tumour-initiating cells’ (TICs) or ‘tumourigenic 

cells’ (TCs) [184], [185].  

CSCs are responsible for tumour initiation, growth and recurrence 

documented in GBM patients. CSCs have strong tumourigenicity, metastasis, 

radioresistance and chemoresistance and are the root cause of cancer 

progression and prognosis [186]. In fact, CSCs are responsible for (1) the 

generation of all tumour cells with a malignant tumour mass; (2) radioresistance 
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to radiation therapy and chemotherapy, thus leading to recurrence and (3) 

tumour cells that give rise to distant metastases.  

Also, impaired and heightened neovascularization of the primary 

tumour leads to hypoxia and necrosis at the tumour core. Hypoxia (reduced 

oxygen availability) is known to promote tumour initiation, progression and 

resistance to radiotherapy. Hypoxia also induces CSCs to express Hypoxia-

inducible factors (HIFs), which mediate the transcription of hundreds of genes 

that allow cells to adapt to hypoxic environments [187]. This is often 

accomplished by disabling one or more of the G1/S, S and early G2 checkpoints.  

For example, when HIFs binds to tumour suppressor genes such as p53, it 

initiates a series of metabolic pathways that disrupts G1- and S phase cell- cycle 

checkpoints (Figure 22). This, in turn, activates growth-promoting oncogenes 

which induce “inappropriate” DNA replication. The overall consequence of 

tumour hypoxia is increased resistance to RT [185], poor prognosis and higher 

rates of metastasis[188].  It is worthwhile to note that hypoxia necessitates 

reoxygenation, according to Figure 20. The ratio of radiation dose required 

under hypoxic conditions to aerated conditions to achieve the same biological 

effect is known as the oxygen enhancement ratio (OER). OER is a function of 

the radiation type or linear energy transfer (LET), and the phase of the cell cycle. 
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Figure 22:Hypoxia-inducible factors (HIFs) mediate the transcription of hundreds of 

genes such as the tumour suppressor gene such as p53 or Rb leading to loss of function, 

and the proto-oncogene amplifying its function. 

 

In response to IR, different DNA repair mechanisms at specific phases of the 

cell cycle are activated (Figure 21). This increases and decreases the 

radiosensitivity levels at different phases in the cell cycle [189], [190]. This 

means that different phases of the cells cycle are more radioresistant to radiation 

than others. Therefore, after irradiation, more cells are left in radioresistant 

phases than in radiosensitive phases. It has been documented that 
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radioresistance increases in the late S phase (most resistant in the S phase) and 

radiosensitivity increases in G2 and M phases (most radiosensitive in M and G2 

phase) as shown in Figure 23. 

 

Figure 23: Variation of Radiosensitivity during the cell cycle 

 

The increase in the tumour cell radioresistance in the S phase is due to a 

corresponding increase in the level of DNA replication enabled by the HR 

pathway. It is important to note that all repair pathways or processes contribute 

to enhanced radioresistance per Bergonie and Tribondeau Law which posits 

that that radiosensitivity was radiosensitivity is directly proportional to mitosis 

and inversely proportional to differentiation[191]. Within microseconds during 
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IR and post IR, tumour cells become arrested and then redistributed in the cell 

cycle such that; (1) cells in G1 phase are prevented from entry into S phase; (2) 

the progression of cells in S phase is slowed down; (3) cells in G2 are prevented 

from entering mitosis. This is the redistribution stage (Figure 20).  The 

implications are that any immediate subsequent irradiation would be less 

successful in inducing DNA damage in tumour cells. It is, therefore, more 

advantageous to fractionate radiation treatments such that the cohort tumour 

cells had returned to a sensitive phase, whereas the healthy cells had not. 

A subset of CSC tumour cells within a malignant mass is usually slow-

proliferating or quiescent cells and have long been considered to be a source of 

tumour initiation [192]. Chen et at showed that oesophagal cancer stem cells 

(ECSCs) in quiescent tissues possess inefficient DNA repair mechanisms 

leading to prolonged accumulation of DSBs [193]. The accumulation of DSBs 

activates ataxia – telangiectasia mutated (ATM) protein and/or Ataxia 

Telangiectasia and Rad 3 Related (ATR), which then phosphorylate CHK1/2 

kinases (Figure 24). ATM is a vital kinase which phosphorylates many 

substrates in response to DNA DSBs and has a dual role in both cell cycle 

control and DNA repair mechanisms while ATR protects cells from replication 

stress. 
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Figure 24: The mechanisms of radiosensitivity and radioresistance. ATM and/or ATR 

are activated by accumulated DSBs, which then phosphorylates CHK1/1 and MDM2. 

CHK1/2 phosphorylates p53 which regulates the cell cycle. 
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CHK1/2 results in the activation of p53 signalling. ATM also phosphorylates 

MDM2 which binds with p53 and regulates its activities. Unlike healthy cells 

and differentiated tumour cells, the activation of p53 in CSCs as a result of 

radiation-induced DNA damage is abnormally attenuated. These attenuations 

in the genetic makeup of the cell initiate cell cycle arrest and apoptosis, which 

lead to the accumulation of DNA mutations.  

It is the buildup of these mutated cells within the tumour mass over time that 

increases intratumoral heterogeneity and leads to tumour evolution and disease 

progression. p53 plays a central role in regulating cell cycle progression, 

senescence, differentiation, DNA repair, and apoptosis. Studies have shown 

that the mutation of the p53 tumour suppressor gene is the most commonly 

altered gene involved in human cancer. p53 tumour suppressor gene encodes 

the transcription factor p53 [194], [195]. Mutations in p53 terminate normal 

tumour suppressor functions, improving the proliferation of cancerous cells 

with poorly differentiated phenotypes[196], [197]. This means that cancer cells 

with mutant p53 are likely to be more aggressive and highly radioresistant.  
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1.6 Research Hypothesis  

In summary, our primary goal in this research is to optimize the therapeutic 

ratio and window via physical dose enhancement and radiosensitization using 

functionalized NPs.  QDNPs can readily interact with radiation (photons and 

charged particles) through photoelectric effect and Compton effect, to amplify 

the production of more energetic secondary electrons and auger electrons in the 

micrometre range. These secondary electrons substantially boost RT damage 

and facilitate the generation of more ROS. As discussed, previously, In the 

photoelectric effect, photons interact with the QDNPs, with a probability of 

photoelectric interaction inversely proportional to the cube of the photon 

energy for low energies and inversely proportional to the photon energy for 

high energies. After a photoelectron is emitted preferably from the innermost 

energy level, a vacancy is created that will be filled by available electrons from 

higher energy levels. These create a cascade of electron de-excitation that results 

in the release of photons which could then also knockout electrons called Auger 

electrons. The Auger electrons are shorter range with high linear energy 

transfer (LET), hence can lead to highly localized damage enhancing the local 

physical dose. This highly localized damage to tumour cells without increased 

in the primary radiotherapy dose significantly reduces toxicity to surrounding 

healthy tissue. Similarly, the Compton effect leads to the production of 
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secondary electrons whose actions are like auger electrons and photons of a 

longer wavelength that go onto produce more secondary electrons until their 

energy is below the threshold value. The added benefit of more secondary and 

Auger electrons is the generation of more ROS.  

In this research, we hypothesize that PEGylated CdSe/ZnS Core-Shell 

FNPs such as Quantum dots and carbon quantum dots can be used to 

simultaneous ROS assessment and radiosensitization for improved outcomes 

in cancer treatments. By adding quantum dots into the cytosol of the tumour 

cells, we highly anticipate a marked increase in the production of ROS due to 

an increased in the generation of more secondary and auger electrons.  

“In-plane words, our hypothesis states that functionalized, high 

electron density quantum dots and carbon quantum dots in the presence of 

radiation amplifies the local dose in and around the tumour due to an increase 

in the release of secondary electrons, enhances the generation of reactive oxygen 

species as a result and consequently, radiosensitize the tumour cells”. 
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Figure 25:Flowchart illustrating the proposed action of QDNPs in the enhanced production of ROS in the cell cytosol via QDNPs.  GBM tumour volume consists 

of subvolumes of heterogeneous cells mixed with a subset of tumour-initiating CD133+ stem cells and progenitor cells. During and after radiation treatment, the 

bulk of the tumour volume responds, and the tumour shrinks. However, CD133+ cells activate checkpoint controls for DNA repair more strongly than the 

progenitor cells, resist radiation and activate the tumour to regrow. These cells could be targeted with quantum dot radiosensitizers to render them radiosensitive.
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Quantum dots (QDs) are semiconducting nanoparticles with unique 

photophysical properties that make them great candidates to produce ROS in 

the cell. They are efficient energy donors and often transfer their energy to 

nearby oxygen molecules, inducing the generation of ROS, which if it 

accumulates above the standard threshold, will lead to cell damage or death. 

PEGylated CdSe/ZnS Core-Shell Quantum Dots are more hydrophilic 

with increase water solubility, highly photoluminescence and less 

immunogenic with high biocompatibility. It has been demonstrated that 

PEGylated CdSe/ZnS Core-Shell Quantum Dots can cross the blood-brain 

barrier because they are small enough to undergo facilitated endocytosis, 

receptor-mediated endocytosis and passive diffusion across. 

To be able to irradiate highly resistant cancers such as GBM without 

dangerous dose escalation, we must increase the radiosensitivity of its stem 

cells initiating and progenitor cells. We suggest that the administration of 

tumour-specific radiosensitizing agents before or during radiation treatment 

enhances the radiosensitivity of the various heterogeneous subpopulation of 

cells within the tumour volume.  

We posit that by adding quantum dots into the microenvironment of the 

tumour cells, enhances the production of ROS, acting as radiosensitizing agents 
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by limiting the regrowth of CSCs.  Quantum dots (QDs) are luminescent 

nanoparticles whose unique photophysical properties can be altered by its 

interaction with biomolecules [144], [198]–[200].  

1.7 Why Glioblastoma Multiforme?  

We could have chosen any other tumour cell lines for our study but why did 

we pick Glioblastoma Multiforme? This section is meant to provide a summary 

of why GBM is the most challenging clinical case to investigate and the 

importance of finding a cure as soon as possible. Glioblastoma Multiforme 

(GBM) is a highly radioresistant tumour with poor prognosis. It accounts for 

more than 50 % of all primary brain tumours, with an incidence rate of about 

five new cases for every 100,000 per year. Despite the plethora of intensive 

research on GBM for the past 30 years, numerous research discoveries on its 

genomic and molecular mechanisms, prognosis has not improved. The 

standard of care for GBM is maximal safe resection followed by adjuvant 

radiation therapy (RT) and temozolomide (TMZ) [201]. However, high dose (> 

60Gy) treatments have failed to improve survival rates or outcomes [202]. 

Studies have used hyperfractionation or accelerated fractionation to escalate 

dose with modern radiation modalities such as three-dimensional conformal 

radiotherapy (3D-CRT) or Intensity Modulated Radiation Therapy (IMRT), or 
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Stereotactic Radiotherapy (SRS) without any significant improvement. Other 

viable treatment options include particle therapy. Despite their higher dose 

conformity, superior dosimetric profiles, greater relative biological 

effectiveness and LET, particle beam therapy such as boron neutron[203], 

carbon ion[204] and proton therapy[205] has not improved the survival of 

patients with GBM. It shows no statistically significant difference when 

compared with x-ray radiotherapy. The new and promising frontier is NPRT, 

where nanoparticle radiosensitizers are used to enhance the intrinsic 

radiosensitivity of high-grade gliomas which magnifies the effect of radiation. 

Generally, GBM is characterized by a high degree of intratumoral and 

intratumoral heterogeneity, infiltrative growth, and tumour hypoxia.  

Therefore, an understanding of GBM radiobiology is essential to developing 

novel treatment modalities such as NPRT that will tackle these factors. In this 

chapter, we will review the significant determinants of radioresistance and 

tumour radiosensitivity. In other words, we will discuss the significant 

determinants that modulate the response of GBM to radiation therapy.  
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1.7.1 Epidemiology and histopathological classification of GBM 

 

Primary brain tumours are called malignant gliomas and originate in the glial 

(supportive) tissue cells of the brain. They include anaplastic astrocytomas, 

anaplastic oligodendrogliomas, anaplastic oligoastrocytomas, anaplastic 

ependymomas (rare), and anaplastic gangliogliomas (rare) of which 

glioblastomas are the most common and most aggressive form of all malignant 

gliomas [201]. As shown in Figure 26, gliomas mostly occur in the supra-

tentorium (frontal, temporal, parietal, and occipital lobes combined) with a tiny 

fraction in areas of the CNS other than the brain. Among these tumours, 

glioblastoma multiforme (GBM) or grade IV astrocytoma account for 

approximately 57.3% of all malignant gliomas (Figure 26B) [202]. As 

demonstrated in Figure 24, the incidence rate for glioblastoma increases with 

age with a maximum or peak age of 85+ years.  Globally, the incidence of brain 

cancer varies significantly, as shown in Figure 27. 
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Figure 27:Age-Adjusted Incidence Rates of Brain and Other CNS Tumours by Selected 

Histologies and Age Group A) Age 20+ Years b and B) Age 0–19 Years b, CBTRUS 

Statistical Report: US Cancer Statistics - NPCR and SEER, 2012–2016 [206] . See 

appendix G for permission to reproduce this material  

 

Figure 26: Distribution of Primary Brain and Other CNS Gliomas (Five-Year Total = 39,917; Annual 

Average Cases = 7,983) by A) Site and B) Histology Subtypes, CBTRUS Statistical Report: US Cancer 

Statistics - NPCR and SEER, 2012–2016 [206] 
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The incidence rate is highest in Europe (Age-standardized incidence rate [ASR]: 

5.6 per 100,000 persons), North America (ASR: 5.5 per 100,000 persons), Oceania 

(Australia/New Zealand) (ASR: 4.5 per 100,000 persons), South America (ASR: 

4.2 per 100,000 persons), Asia (ASR: 3.1 per 100,000 persons) and Africa (ASR: 

1.8 per 100,000 persons).  
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Figure 28: Age-standardized incidence rates of malignant brain tumours (males and 

females combined) per 100,000 persons in 2018 by region and country (GLOBOCAN) 

It is lowest in sub-Saharan Africa (ASR: 0.8 per 100,000 persons), and South-

Central Asia (ASR: 1.8 per 100,000 persons) according to the Global Cancer 

Observatory (GCO) funded by World Health Organization. Even with optimal 

treatment, maximum safe resection and radiotherapy, median survival is only 

12–15 months for glioblastomas and 2–5 years for anaplastic gliomas[207]–[209].  

Unfortunately, after initial complex treatment consisting of maximally safe 

surgical resection followed by adjuvant radiation therapy (RT) and concurrent 

Temozolomide (TMZ) chemotherapy, these tumours inevitably recur especially 

glioblastomas [210], [211].  
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Based on WHO classification, Glioblastoma is a grade IV astrocytomas and a 

malignant diffuse variant in the astrocytic lineage occurring in the subcortical 

white matter of the cerebral hemispheres[212]. The diffuse nature of GBM 

enables the tumour to metastasize into or infiltrate the surrounding 

parenchyma tissues of the brain easily[213]. Glioblastoma exhibits a high degree 

of Intratumoural heterogeneity and are densely cellular and pleomorphic 

tumours with very high mitotic activity, endothelial proliferation, and necrosis, 

as indicated in Figure 29. Hence, Glioblastoma multiforme is characterized by 

a subpopulation of different cells that are genetically unstable, highly 

infiltrative, angiogenic, and resistant to chemotherapy and RT[214].  

Generally, GBM can be grouped into primary and secondary GBM based 

on which genetic pathways are overly expressed, age of initial occurrences, and 

have different prognosis and response to therapy [215]. Primary GBM 

constitutes more than 80% of the total incidence rate of GBM and is diagnosed 

mostly in older adults with a mean age of 64+ years and typically shows an 

overexpression of epidermal growth factor receptor (EGFR), PTN (MMC I) 

mutation, CDKN2A (p16) deletion, and less frequently MDM2 amplification.  
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Figure 29:Histopathological Classification of GBM: A) GBM marked by geographic 

necrosis rimmed by a pseudopalisade of tumour cells (hematoxylin and eosin, original 

magnification x100). B) Vascular proliferative changes in a GBM (hematoxylin and 

eosin, original magnification x200). Both tumour sections show an intense cellular 

density and nuclear pleomorphism. The cells have abundant and eosinophilic 

cytoplasm. (See appendix G for permission to reproduce this material.”[216] ) 

The epidermal growth factor receptor (EGFR) is a transmembrane 

receptor tyrosine kinase (glycoprotein) that controls pleiotropic biological 

phenomena, including proliferation, angiogenesis, tissue invasion, and 

metastasis[217]. EGFR triggers AKT-centered oncogenic signalling pathways 

responsible for embryonic and post-embryonic development in CSCs, and high 

EGFR levels also signify a high state of cancer cellular respiration and high 
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concentration of reduced nicotinamide adenine dinucleotide (NADH), which is 

a metabolic coenzyme essential in cellular respiration[218]–[221]. 

  In GBM, about 80% of patients have abnormalities on EGFRs[219], [222], 

[223]. It is worth noting that one of the major reasons the poor prognosis of 

gliomas is due to intra-tumoural heterogeneity. Intra-tumoural heterogeneity 

increases therapeutic resistance of glioblastoma to radiation and 

chemotherapy[224], [225]. Intra-tumoural heterogeneity in the molecular 

profile of GBM subpopulations response differently to radiation therapy 

because the epidermal growth factor receptor (EGFR) for each subpopulation is 

overly expressed at different levels. On the other hand, secondary GBM evolves 

from low-grade astrocytoma or oligodendrogliomas and is diagnosed mostly in 

younger adults with a mean age of 45+ years. Secondary GBM has an 

overexpression of TP53 gene mutations. These mutations drastically reduce the 

ability of p53 protein to control cell proliferation. In other words, it renders p53 

unable to trigger apoptosis in cells with mutated or damaged DNA. It has been 

shown that between 70 – 80 % of low-grade glioma and secondary GBM also 

have mutations in isocitrate dehydrogenase-1 (IDH1) and IDH2 are present but 

only 5–10% of primary GBM[226]–[229]. 
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1.7.2 Determinants of the biological response of GBM to radiation 

therapy 

 

The biological factors that modulate the response of GBM to RT include the 

degree of tumour cell radiosensitivity [230], [231], tumour cell radioresistance 

[205] and limited normal brain tissue radiation tolerance [232], the metabolic 

rate/hypoxia[233],  cell’s capacity for DNA repair and regulation of reactive 

oxygen species (ROS).  The cancer stem cell microenvironment, the immune 

system, blood-brain barrier (BBB), cell proliferation and the genetic makeup of 

the patient [234], has been shown to also play an essential role in mediating both 

tumour growth and responses to treatment.  GBM cells express a series of 

genetic mutations that gives them the ability to strive and proliferation in 

hostile and hypoxic environments[214].  
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Figure 30:Activation mechanisms and signalling pathways engaged by EGFR. When 

EGFR binds with a ligand, the conformational change in its structure results in the 

formation of an asymmetric dimer of kinase domains, the receiver kinase then 

phosphorylates intracellular tyrosine which acts docking sites for signalling adaptors 

(e.g., Grb2), intracellular enzymes (e.g., PLCgamma) or transcription factors (e.g., 

STAT3). 
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These genetic mutations are the root of Intratumoural heterogeneity which 

makes the diagnosis and prognosis of GBM extremely difficult. Intra-tumoural 

heterogeneity increases therapeutic resistance of glioblastoma to radiation and 

chemotherapy[224], [225].  Intra-tumoural heterogeneity in the molecular 

profile of GBM subpopulations response differently to radiation therapy 

because the epidermal growth factor receptor (EGFR) for each subpopulation is 

expressed at different levels. The epidermal growth factor (EGF) receptor 

(EGFR) is a transmembrane receptor tyrosine kinase (glycoprotein) that 

controls pleiotropic biological phenomena, including proliferation, 

angiogenesis, tissue invasion, and metastasis [217]. In the absence of ligand, 

EGFR predominantly exists in a monomeric form, in which the kinase domain 

is auto-inhibited by the carboxyl-terminal tail of the receptor. When EGFR binds 

with a ligand, the conformational change in its structure results in the formation 

of an asymmetric dimer of kinase domains. The receiver kinase then 

phosphorylates intracellular tyrosine (figure 30) which acts docking sites for 

signalling adaptors (e.g., Grb2), intracellular enzymes (e.g., PLCgamma) or 

transcription factors (e.g., STAT3). 



 

76 

EGFR triggers AKT-centered oncogenic signalling pathways responsible 

for embryonic and post-embryonic development in CSCs, and high EGFR levels 

also signify a high state of cancer cellular respiration and high concentration of 

reduced nicotinamide adenine dinucleotide (NADH), which is a metabolic 

coenzyme essential in cellular respiration[218]–[221]. In GBM, about 60% of 

patients have abnormalities on EGFR, making EGFR as a suitable target to 

quantum dots nanoparticles[219], [222], [223]. By binding EGFR with 

compatible quantum dot nanoparticles, we can alter the therapeutic response 

of TSC and TIC or CSC to radiation therapy. Furthermore, as shown in Table 2 

above, a subpopulation of GBM cells overexpress an EGFRvIII variant in which 

the extracellular domain of the receptor is missing, resulting in Basal dimer 

formation and basal kinase activity [181]. 

Tumour suppressor genes, such as p53, p21, p16, and PTEN, are commonly 

mutated in GBMs, giving rise to the highly unstable cells [235]. GBM tumour 

cells are characterized histopathologically by the presence of necrotic zones and 

an aberrant vasculature comprised of glomeroid tufts and hyperproliferative, 

leaky and unorganized blood vessels, resulting in a ring-like enhancement in 

T1w MR images. 
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Table 2: Common EGFR mutation observed in GBM 

Cancer type Name Domain affected Mutation type Biochemical traits reference 

GBM EGFRvI extracellular deletion ND 

[236]–[238] 

EGFRvII extracellular deletion ND [236], [237] 

EGFRvIII extracellular deletion Basal dimer 

formation, basal 

kinase activity 

[236]–[239] 

EGFRvIV Carboxyl tail deletion Predicted basal 

kinase activity 

[236]–[238] 

EGFRvV Carboxyl tail deletion ND [236]–[238] 

EGFR TDM Kinase duplication Basal kinase 

activity escapes 

downregulation 

[236]–[238] 

 

Lastly, our research is aim at targeting highly resistant subvolumes within the 

tumour mass. Numerous studies have indicated that the tumour mass of GBM 

is made up of heterogeneous subpopulations of stromal cells that are genetically 

divergent. These tumogeneric or tumour initiating subpopulation of cells are 

called cancer stem cells (CSCs) or tumour-initiating cells (TICs). Unique to CSCs 
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are cell-surface markers, CD133+, which is a hallmark of neural precursor cells. 

It has been demonstrated that glioblastoma cells expressing CD133 (CD133+ 

cells) are less sensitive and highly resistant to ionizing radiation because they 

are more efficient at inducing the repair of damaged DNA compared with 

tumour astrocytes that make up the bulk of the tumour volume [240]. A single 

CSC can regenerate a tumour. Therefore, the failure of radiation treatment to 

completely kill all the CSCs in the brain will eventually lead to the recurrence 

of the tumour [241]–[247].  For over four decades now, radiation therapy has 

been the standard treatment for patients with glioblastoma for more than 40 

years, but although it is used palliatively.  The failure of RT is because it cannot 

kill all the subpopulation of CD133+ tumour-initiating cells [232]–[238] 

completely. By specifically targeting these cells, we believe that GBM becomes 

curable.  
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2. CHAPTER 2 

THE PHYSICS OF MODERN RADIATION THERAPY FOR GBM 

 

In the previous chapter, we identified and described the motivation, 

scope, and nature of the research problem with an in-depth explanation of the 

proposed mechanisms of local dose amplification and enhanced ROS 

generation in the presence of QDNPs.  Also, we provided a detailed illustration 

of our research hypothesis. We ended the chapter with by answering the 

question: Why glioblastoma multiforme? We could have worked with so many 

other cell lines, but why did we choose to investigate our methods on GBM? At 

the end of the chapter, it was clear that if our novel approach can work for GBM, 

it can work for most if not all cancer forms.     

In this chapter, we will discuss the essential physics of radiation therapy, 

considering modern radiation therapy for GBM. More specifically, we will (1) 

provide a proposed explanation of how functionalized quantum dots changes 

the therapeutic index and window, (2) discuss the practical clinical 

considerations in the implementation of Nanoparticle Radiation therapy, (3) 

relevant functional imaging modalities and (4) an update on the recent 

advances in the radiation treatment modalities of GBM.   
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2.1 The Physics of Modern Radiation therapy 

The conventional wisdom in the practice of modern (conformal) radiotherapy 

is to optimize the dose distribution to be precisely conformal to the target 

volume to achieve a high-dose treatment volume restricted within the planning 

target volume (PTV) while keeping normal tissue complications at a 

minimum[248].   

 

Figure 31: PDD curves for photon, electron, neutron and heavy charged particles 
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Figure 32: Modern Conformal Radiation Therapy. The goal of radiation therapy is to 

annihilate the tumour while minimizing damage to the healthy surrounding tissues by 

using conformal beams. The beam intensity and dose are maximum within the PTV 

and reduces in the surroundings.  

 

 

Figure 33: An original 3D with skin rendition of a patient with GBM showing five 

static IMRT beams with the table set at zero.  
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The challenge for all beams except heavy charged particle beams is that an 

exponentially decreasing function describes the depth dose and beyond Dmax, 

the depth at the maximum dose, dose deposition decreases as shown in Figure 

31. To solve this problem, multiple beams or beamlets are used such that the 

region of intersection of the beams or beamlets fits the PTV as demonstrated in 

Figure 32 & 33. This increases the dose delivered to the PTV while minimizing 

the dose received by surrounding the organs at risks.  

It is worthwhile to note that the action of a radiosensitizer such as PEG 

core-shell CdSe QDs is energy-dependent. Their radiosensitization effects are 

magnified at lower energies where their interaction probabilities are high. 

Therefore, it is paramount that QDs NP radiosensitizers be selectively 

concentrated in the tumour mass and not in the surrounding healthy tissues. 

Non-specific radiosensitizers are equally absorbed in the tumour as in the 

surrounding OARs. This is because nonselective uptake promotes more out of 

field dose enhancement than infield dose enhancement, as shown in Figure 34. 

This effect is even more amplified when using Flattening-Filter-Free (FFF) 

beams [249]. In a study that evaluated the benefits of enhanced tumour uptake 

and intracellular delivery of NP radiosensitizers,  Chattopadhyay et al. 

demonstrated that nonspecific uptake of NPs radiosensitizers produces no 
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significant radiotherapeutic advantage or gain [250]. They showed that selective 

uptake causes five times more DNA DSBs within the PTV than nonselective 

uptake of NPs during and after IR.  

 

 

Figure 34: An illustration of the influence of Nanoparticles on the beam energy, dose 

profile and local dose distribution. Selectivity ensures that on the tumour volume 

experiences a dose boast due to NP radiosensitizers. This illustrates the importance of 

selective uptake; otherwise incorporating NPs has to significant advantage.  
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The energy spectrum and dose profile of a clinical beam depend on several 

factors including tumour depth within the body, field size, beam energy and in 

NPRT, the infield localization and concentration of NP radiosensitizers. It has 

been shown that as the depth along the central axis increases, the contribution 

from low energy component increases with a corresponding decrease in the 

contribution from the higher energy component [251]. According to the same 

study, measurements indicated that for a 10 cm x 10 cm field, a photon fluence 

with energy 100 keV is much more critical at a depth of 1.6 cm than higher 

energies. This means that the action of NP radiosensitizers is more critical for 

deep-seated tumours as well as the selective uptake of QDs for more deep-

seated tumours.   

In modern radiation therapy, dose conformity is achieved using irregular fields 

shaped to mimic the exact shape of the PTV using a multitude of beam 

modifiers or beam shaping devices such as compensating filters, wedges, 

shielding blocks, and multileaf collimator (MLC). Compensating filters 

(compensator) are usually positioned between the beam source and the skin to 

minimized inhomogeneity in dose distribution introduced by surface 

irregularities and tissue heterogeneities [252].  
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Figure 35: A Glioblastoma patient treated with five static IMRT fields illustrated how 

using multiple fields increases the dose with the PTV, spring the surrounding Organs 

at risk from excessive dose.  (A) Transverse view (B) Sagittal View (C) Coronal view.  
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Wedges are used to even out isodose surfaces for photon beams delivered on 

flat surfaces and commonly used in tangential fields such as breast, head and 

neck cancer treatments etc. Shielding blocks are designed to minimize radiation 

dose to surrounding tissues and often shaped to restrict the field to the shape 

of the PTV. They are often made of lead or Cerrobend, the mixture of lead 

(26.7%), bismuth (50%), zinc (13.3%), and cadmium (10%) that has an HVL of 

1.3 cm. The use of Cerrobend blocks to shape irregular fields is time-consuming 

and expensive. Because of this, most advanced teletherapy units use MLCs 

(Figure 35), composed of opposing banks of attenuating leaves, each able to 

move independently at varying speeds. The leaves can either be moved 

manually or driven by motors to as to form any desired shape as seen from the 

“beam’s eye view” of the irradiation source, the collimator opening corresponds 

to the shape of the tumour (Fig. 36). The positions and speeds of these leaves 

are usually chosen to give the irregular fields required by the treatment plan 

without using blocks.  
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Figure 36: An example illustrating the beam's eye view showing how MLCs are used to shape the beam 

to be more conformal to the ITV, sparing several essential organs in the brain for an actual patient with 

GBM. A) Coronal view with the beam at 90o degrees, showing OARS (orbits) out of the field (B) RPO (C) 

Posterior with the beam at 195o degrees and D) AP beam.  

 

 

 



 

88 

2.2 The influence of Quantum dots Radiosensitizers on the therapeutic 

Index of Radiotherapy 

The principle of primum non-nocere is always valid in radiotherapy. The primary 

objective of radiotherapy is to annihilate the tumour tissue while minimizing 

damage to the normal surrounding healthy tissues. We have established that 

cancer cells exist at different phases of the cell cycle, characterized by various 

levels of radiosensitivities or radioresistance. Therefore, the radiosensitivities of 

the tumour mass and its surrounding healthy tissues are important 

considerations when determining the best treatment modality.  

In light of this principle, we seek to destroy the tumour cells through 

local dose amplification and enhanced radiosensitization using functionalized 

QDs while protecting the surrounding healthy tissues. In other words, we posit 

that functionalized QD radiosensitizers increase the therapeutic index/window 

by shifting the tumour control probability (TCP) curve to the left. The 

therapeutic index or window is the gap between the tumour control probability 

(TCP) curve and the normal tissue complication probability (NTCP) curve for 

different doses [253]. Clinically, TCP and NTCP are used to estimate the 

treatment success and radiation side effects.  

Following the uniform dose theorem, for a fixed integral dose to the 

planning target volume with a constant clonogenic cell density, the highest 
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tumour control probability arises when the dose is spatially uniform[254]. The 

most common model used by most treatment planning systems is the TCP 

models derived from the linear-quadratic (LQ) model [255]. The TCP models 

parametrized the radiosensitivity of cells as a ratio α/β derived from clonogenic 

cell survival curves. TCP is a measure of the annihilation of cells within a 

tumour volume. It is directly proportional to the radiation dose and inversely 

proportional to the number of cells within the tumour or tumour volume. The 

most important dose-limiting factor in RT is the tolerance of the surrounding 

healthy tissues to radiation. TCP is a function of the prescribed dose, 

fractionated dose, irradiated volume (PTV) and treatment reproducibility. 

Tumoural factors such as intrinsic radiosensitivity, tumour volume, cell 

heterogeneity and the degree of tumour hypoxia affect both TCP and NTCP. It 

has been shown that treatment-related factors such as radiation quality (RBE, 

LET), dose rate, use of radiosensitizers, treatment modality and dose 

fractionation also influence the TCP and NTCP [256]. In addition, NCTP also 

depends on the type of organ (serial or parallel). Parallel organs are generally 

more radioresistant than serial organs.    
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Figure 37: The Figure shows the therapeutic ratio and the trade-off between TCP and 

NTCP as delivered dose increases. The area between two curves TCP (blue) and NTCP 

(red) is the best window for dose delivery, Achieving the optimal balance between TCP 

and NTCP is a basic aim of radiotherapy. The tolerance dose is the dose that kills 50 

per cent of the cells (TD50). TCD50 =TCP · (1–NTCP) where TCD50 =D50 = ED50 = TD50. 

TCP and NTCP curves are sigmoid in shape. 

 

For n fractions of dose d in uniformly delivered fractions, the cell survival 

fraction (SF) and tumour control probability (TCP) after irradiation are 

represented by [257]: 

  2exp dS n dF   − +=   (13) 
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where D = nd is the total dose delivered, N is the initial number of clonogenic 

cells and Tpot represent the potential cell doubling time, with t as the time 

difference with the total treatment time elapse T.  The expected probability of 

cure for a given dose (%) and normal tissue complication probability (NTCP) is 

given by 

 

1

50( ) 1

k
D

P D
D

−

  
= +  

   

 (15) 

 
 2

502

50

1
 , 

2

x
u D D

NTCP e du x
mD

−

−

−
= =  (16)         

Here, D50 is the tolerance dose and represent the dose that corresponds to NTCP 

of 50 percent, k is the slope of the dose-response curve and m is the fine-tuning 

parameter that shapes the NTCP curve as illustrated in the cell survival curve 

shown Figure 37. The above formulations assume that all sub-regions of the 

tumour consisted of cells with the same biological parameters and 

radiosensitivities.   

The goal of the TCP models is to optimize the uncomplicated tumour 

control [TCD50 =TCP · (1–NTCP)] by optimizing the dose distribution. It should 



 

92 

be noted that the individual biological characteristics of each patient, each type 

of tissue, and the cell differentiation with each subvolume are not considered in 

the basic TCP model.  However, achieving the optimal balance between TCP 

and NTCP by maximizing the therapeutic index is the ultimate goal of 

radiotherapy. The therapeutic index is often expressed as the ratio of the dose 

that results in tumour control to the dose that results in normal tissue toxicity. 

Since TCP is proportional to dose, a high therapeutic index is therefore clinically 

favourable because since it means a higher dose of radiation can be selected 

with a greater chance of cure with a minimal chance of toxicity. In practice, this 

ratio is often too small, necessitating the medical physicists to tolerate a 

moderate chance of substantial toxicity to surrounding healthy tissues.  

Several methods have been employed to increase the therapeutic index 

including high dose rates, ultra-high dose rate (flash RT) [258], fractionated 

Radiation Therapy [259], normal tissue protection [260], Concurrent 

Chemotherapy and combined radiation therapy[261]. Despite the success in 

increasing the therapeutic window, these methods have failed to improve the 

outcome of GBM to RT. In this work, we aimed to increase the index by 

increasing the intrinsic radiosensitivity of the tumour using functionalized QDs 

radiosensitizers. Functionalized QDs radiosensitizers amplify the local dose 
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and enhance the radiosensitivity of the tumour volume through the generation 

of more ROS/RNS. Usually, the TCP and NTCP curves for radioresistant 

tumours such as GBM are close to each other, as shown in Figure 38A.  

The prescribed dose (vertical blue line) is such that the therapeutic effects (TCP) 

are maximized while toxicity is minimized. If a nonselective QD radiosensitizer 

is used, its uptake by both the tumour and normal tissues will be the same. This 

will cause a shift on both the TCP and NTCP curves to the left (Figure 38B). 

Consequently, the therapeutic window/index will remain unchanged and 

hence, no benefit or therapeutic gain to the treatment.  
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Figure 38: The Clinical importance of functionalized QD Radiosensitizers on the 

therapeutic Window/Index. A) The TCP and NTCP of a highly resistant tumour such 

as GBM closed. The blue vertical line represents a chosen treatment dose designed to 

provide a high therapeutic effect (blue) and minimal toxicity (red). B) The nonselective 

uptake of a QD radiosensitizer by both the tumour and surrounding OARs shifts both 

the TCP and NTCP curves to the left with no effect on the therapeutic index. C) 

Functionalized QDs radiosensitizers are selectively uptake by the tumour cells. This 

increases their radiosensitivities, shifting only the TCP curve to the left, increasing on 

the therapeutic window. D) differential uptake of some QD radiosensitizers lead to 

TCP curve shifted more than the NTCP curve, increasing the therapeutic index as well.   
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If the QD radiosensitizers are functionalized such that they are selectively 

absorbed by the tumour cells rendering them more radiosensitive, it will shift 

the TCP curve further to the left, widening the therapeutic window (Figure 

38C). This has two significant benefits;  

(1) a larger therapeutic window means a higher dose can be administered 

to produce an increase therapeutic effect (TCP) with minimal toxicity  

(2) a small increase in dose will yield a more significant response or increase 

in TCP. In other words, a small dose will produce the same therapeutic 

effect with less toxicity.  

It is worth noting that due to the rapid mitotic division of cancerous cells, some 

radiosensitizers can be differentially taken up by the tumour volume more 

compared to the surrounding tissues. This will lead to a more significant shift 

to the left of TCP than NTCP curves, widening the therapeutic window, as 

shown in Figure 38D.  
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2.3 Advances in Radiotherapy for highly Resistant Brain Tumours such as 

GBM: The Past, the Present and the Future 

 

External beam radiotherapy (EBRT) has long been instrumental in the treatment 

of brain tumours, especially glioblastoma. In the past several decades, 

significant developments in computer science, image-guidance technology and 

RT treatment have led to enormous improvements in the ability to provide 

personalized and conformal treatments. We will highlight several of the latest 

developments in RT in the treatment of resistant brain tumours, especially 

GBM. Surgery and RT have become the cornerstone of treatment of 

glioblastoma, but techniques have significantly evolved over this time. We will 

discuss the evolution of RT, the latest imaging functional techniques allowing 

for more accurate and precise delineation of PTV to maximize the therapeutic 

window for 3D conformal RT and the recent advancements in the treatment 

modalities. 
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2.3.1 The Past: Evolution of Radiation Therapy for GBM  

 

The therapeutic use of ionizing radiation for the treatment of cancer has 

undergone extraordinary development during the past hundred years. Three 

significant discoveries lunched radiation therapy as a treatment modality for 

cancer in the late nineteenth century. On November 8, 1895, Wilhelm Conrad 

Roentgen accidentally discovered X-rays [262]–[265]. This was followed by the 

discovery of radioactivity on March 1, 1896, by Henri Becquerel (1852–1908) and 

Madame Curie (Maria Sktodowska) (1867–1934) discovered radium on 

December 26, 1898 [262], [266], [267]. Following Wilhelm Roentgen's discovery 

of X-rays in 1895, doctors around the world turned their first X-ray machines 

on everything from their own hands to patients with cancer and 

tuberculosis[268]. Unlike surgery and chemotherapy, radiation therapy is by far 

the most recent nonsurgical cancer treatment modality that uses ionizing 

radiation to eradicate tumour or to restrict its growth. In the treatment of 

gliomas, especially GBM, RT is often indicated as an adjuvant therapy to 

surgery. The overall purpose of Radiotherapy is to deliver a radiation dose to 

the tumour which is high enough to kill all tumour cells and produce 
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irreversible damage to the DNA of any residual tumour cells that have escaped 

surgery [269]. Radiotherapy may be given using external beam machines called 

external beam radiation therapy or teletherapy or by inserting radioactive 

isotopes close to or into the malignant tumour called Brachytherapy. “Brachy,” 

a Greek word, means short distance and “tele” means long distance.  

Brachytherapy is a treatment performed by placing the radioactive source near 

or in contact with a tumour, that is, the use of intracavitary or intraluminal 

placement of the treatment source while teletherapy is treatment with the 

radioactive source at a distance from the patient/tumour. The National Council 

on Radiation Protection classifies External beam radiation therapy (EBRT) by 

the voltage applied to produce X-ray photons, as shown in the table below[270], 

[271]. 
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Table 3: classification of the historical treatment units according to their voltage ranges. 

Accelerator 

Voltage 

Range 

Treatment Unit Half -Value Layer Clinical Uses 

 < 20 kV Grenz-Ray Therapy 0.04 mm Al No longer used in R/T 

40 kV – 50kV Contact Therapy 1.5 mm Al  

SSD = 2 cm 

Tumour not deeper than 1 

– 2 mm 

50 – 150 kV  Superficial Therapy 1.0 to 8.0-mm Al 

SSD = 20 cm 

Tumours confined to 

about 5-mm depth 

200 – 300 kV Orthovoltage Therapy or 

Deep Therapy 

1 – 4 mm Cu 

SSD = 50 cm (for a 

field size of 20 × 20 

cm) 

Tumour located < 2 –3 cm 

in depth 

50% depth dose is 5–7 cm 

500 – 1000 kV Supervoltage Therapy 4–6 mm copper  

> 1 MV  Megavoltage Therapy Van de Graaff generator, Linear accelerator, 

Betatron, Microtron and Teletherapy gamma-

ray units (e.g. cobalt-60) 
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The Van de Graaff generator was the first megavoltage external beam machine 

used to produce therapeutic X-rays. It is essentially an electrostatic generator 

which accelerates electrons in a large electric field. The high-energy electrons 

strike a target generating X-rays in the range 1 to 2MeV in energy. Its first 

clinical use was at Huntington Memorial Hospital in Boston when it was 

installed in 1937. Due to the emergence of technically better machines, Van de 

Graaff generators have been replaced by Linacs and Cobalt-60 teletherapy 

machine.  

The world’s first cancer treatment with Cobalt-60 teletherapy machine took 

place at Victoria Hospital on October 27, 1951[272], after which radiation 

therapy (RT) became an integral part of most radiation oncology departments. 

The birth of radiation therapy launched an era of unprecedented advancement 

in the treatment of cancer. Since then, external-beam radiotherapy (EBRT) has 

become the leading and most prescribed postoperative treatment modality for 

more than 60 % of all cancer patient [273]. In 1953, the first linear accelerator or 

linac was installed in the Medical Research Council (MRC) Radiotherapeutic 

Research Unit at the Hammersmith Hospital, London and later that year; the 

first cancer patient was treated successfully [274]–[276]. Since then, the linear 

accelerator (aka linac) has established itself as the workhorse of modern 
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radiation therapy (Figure 39). Modern linacs are computer-controlled, more 

compact and very reliable with high mechanical accuracy in the delivery of 

sufficiently high dose rates to deep-seated tumours and minimal doses to the 

skin and subcutaneous tissue, thereby preventing the ‘burns’ seen with earlier 

forms of treatment [277].  

 

Figure 39: A modern Linear Accelerator, with a kilovoltage source on the left and a flat 

panel detector on the right.  This is a Varian trilogy at CHI lakeside (Westpoint Cancer 

Center), Omaha, NE 
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As shown in Figure 40, the operational principle of a modern linac is very 

straightforward though the engineering is a beast of its kind [278]. Electrons are 

thermionically generated from a heated cathode, focused into a pencil beam by 

a focusing anode and accelerated towards the accelerating waveguide by 

negative voltage pulses generated by the pulse modulator. Keep in mind that 

the pulse modulator simultaneously sends negative pulses to the cathode of the 

electron gun and the microwave power source (either a klystron or magnetron) 

at the same frequency.  The magnetron then generates microwave pulses of the 

same frequency which are injected into the waveguide at the same time as the 

electrons enter the waveguide. Unlike the magnetron, a klystron is not a 

microwave generator, but a microwave amplifier driven by a low powered 

microwave oscillator. The dose stabilities of klystrons are much better than 

those of magnetrons. In the accelerating waveguides, the electrons are 

accelerated by travelling microwaves or stationary microwaves. The electrons 

gain kinetic energy and emerge from the guide as a narrow pencil beam and 

with the use of bending magnets, are directed into a target made of tungsten.  

Fertilized by rapid advancements in medical imaging modalities, The 

evolution of clinical linear accelerators necessitated the development of dose 

calculation and treatment-planning techniques[279]. The first case of dose 
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calculation and treatment-planning was reported in 1896 for simple skin 

erythema[280], and in the mid-1900s, single-point calculations inside the patient 

were computed [281].  The advent of small, powerful and inexpensive desktop 

computers in the 1960s made computer-based dose calculations possible.  

 

 

Figure 40: A schematic block diagram of a modern linear accelerator showing all its 

important components[126]. There are six beamforming components of a modern linac: 

the injection system, the rf power generation system, accelerating waveguide, auxiliary 

system, beam transport system and beam collimation/monitoring system. Permission 

to reproduce this material under IAEA Copyrighted Material guidelines [282] .  
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2.3.2 The Present: Modern Radiation Therapy for GBM  

 

Radiotherapy aims to deliver a prescribed radiation dose to the tumour, which 

is high enough to kill all tumour cells. At the most basic level, radiation therapy 

workflows include simulation, treatment planning, and treatment. Because 

malignant tumours often are located close to radiosensitive organs called 

organs at risk such as the eyes, optic nerves and brain stem, spinal cord, bowels, 

or lung tissue, treatment planning ensures that they are not damaged during 

radiotherapy. In most medical centres, modern radiation therapy can be 

represented by a chain, called the chain of radiotherapy, as shown in Figure 41.  

 

Figure 41: The basic workflow of Radiotherapy 

 



 

105 

The first three chains constitute treatment simulation which is mostly 

conducted using large-bore computed tomography (CT) simulator (Figure 42) 

in most cancer centres.  During simulations, the patient is positioned, 

immobilized, and then the tumour and organs at risk are localized using 

imaging. It should be noted that CT, MRI or sometimes PET-CT can conduct 

simulation, but most clinical centres use CT imaging. Patient immobilization is 

important because a reliable, reproducible and exact location of the tumour is a 

prerequisite for conformal RT. To ensure reproducibility and exact fixation, 

several immobilization devices are used, such as the thermoplastic mask.   

The Treatment planning process is pivotal to RT. It consists of many 

steps including the acquisition of patient data, tumour staging, image 

acquisition for treatment planning, the localization of the tumour, dose 

distribution calculations, and healthy tissue volumes, optimal beam placement, 

and treatment simulation and optimization the of ionizing radiation[283]. The 

invention of Magnetic Resonance Imaging (MRI) by Bloch and Purcell in 1946 

and computed tomography (CT) by Cormack and Hounsfield in 1972 was 

pivotal in the introduction of three-dimensional (3D) computerized treatment 

planning and resulted in greater precision in dose distribution, dose 

optimization, and patient positioning.  
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Figure 42: CT Simulator at CHI Emmanual. This is the SOMATOM(R) Sensation Open 

computed tomography (CT) system with 40-slice, 82-cm large gantry bore and the 82-

cm extended field of view provides substantial prerequisites for easy patient access 

and extended visualization.   
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The integration of High-precision 3D computed tomography, digitally 

reconstructed radiographs, magnetic resonance imaging and positron emission 

tomography scans into staging has transformed localization of tumours 

significantly. It is now possible to assess tumour morphology more precisely by 

the visualizing the 3D geometric positions of tumour with respect to healthy 

tissue in a patient [284]–[286]. The accuracy of defining both the tumour and 

organs at risk has significantly improved.  

The development of Improved three-dimensional Dose calculation algorithms 

in addition to 3D imaging and 3D virtual simulations paved the way to 

stereotactic treatment techniques for single-dose irradiation called Stereotactic 

radiosurgery (SRS) and fractionated treatment techniques for single-dose 

irradiation called stereotactic ablative radiotherapy (SABR) stereotactic body 

radiation therapy (SBRT)[287], [288]. Unlike Conventionally-fractionated 

external beam radiation therapy (CF-EBRT), SRS and SBRT deliver high-dose, 

precise radiation treatments to tumours in the body using accurate anatomic 

targeting while minimizing dose to healthy body tissue[289]–[291].  

The next crucial clinical breakthrough was the development of precision 

fractionated radiation delivery system, 3D conformal radiotherapy (3D-CRT) 

made possible by the development of computerized multi-leaf collimators 
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(MLCs) in the middle of the 1980s [291]. Before the advent of three-dimensional 

(3D) computerized treatment planning, critical organs at risk such as the optic 

nerves, spinal cord, optic chiasm, kidney, pituitary, liver and eyes as well as 

normal brain parenchyma frequently received a high dose of radiation when 

traditional 2D EBRT was used, leading to a higher risk for acute and late 

complications after treatment [292]–[294].  

In 3D conformal radiotherapy, the tumour and surrounding critical 

structures can be accurately delineated, and the radiation dose distribution 

generated to conform and adequately cover the planning target volume more 

closely hence improving maximum tumour control probability (TCP) while 

minimizing normal tissue complication probability (NTCP)[295]. 3D-CRT 

treatments became less expensive and considerably faster and allow the 

radiation oncologist to escalate tumour doses while at the same time lowering 

the dose in organs at risk and normal tissues.  Most 3D-CRT treatments are 

delivered with radiation beams with uniform intensity across each beam within 

the flatness specification limits[271].  

One of the major limitations of 3D-CRT is that when the target volume 

has either concave or complex shapes close to normal radiosensitive structures, 

an increase in the prescribed dose often result in improved tumour control 
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probability but an increased risk of toxicity to OARs [296]. This problem was 

solved in the mid-1990s by the introduction of dynamic MLCs (DMLC) and 

inverse treatment planning dose-based optimization algorithms [297].  

 

Figure 43: Modern dynamic MLCs 

When DMLCs are used in 3D CRT with an inverse treatment planning system 

to modulate the intensity profiles of a beam to deliver a nonuniform fluence to 

a contoured target volume, the treatment technique is called Intensity-

modulated radiotherapy (IMRT) or tomotherapy. Intensity-modulated 

radiation therapy (IMRT) is principally used to irradiate complex target 

volumes with concave parts in the close vicinity of critical structures. IMRT is 

simply a generalization of 3D conformal radiotherapy (3D CRT) in which 

multiple (sometimes non-coplanar) non-uniform radiation fields shaped 

according to the shape of the planning target volume (PTV) taking into 

consideration dose-volume constraints of the intervening and surrounding 
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normal tissues and organs-at-risk (OARs). In IMRT, each beam is subdivided 

into hundreds of beamlets through the relative motion of both the leading and 

trailing leaves of the DMLCs, each with an individual intensity level, enabling 

very complex beam patterns to be constructed with highly conformal dose 

distributions, allowing precise shaping to curved target volumes and thus 

further sparing of radiosensitive normal tissues.  

In most treatment centers, IMRT is delivered such that the gantry rotates, 

stops and shoots. In each gantry position, the positions of the sliding-window 

multi-leaf collimator (MLC) are computer-generated to modulate a prescribed 

conformal dose to the target volume. This method is commonly known as 

conventional “step-and-shoot” IMRT[297].  

One of the major disadvantages of IMRT delivery is increased machine 

treatment time and the necessity of treating several arcs to deliver a single IMRT 

treatment field.  Volumetric-modulated arc therapy (VMAT) solves this 

problem. VMAT is an innovative form of IMRT optimization with many 

degrees of freedom that allows the radiation dose to be efficiently delivered 

using a dynamically modulated arc[298]. The VMAT simultaneously 

coordinates gantry position (rotation therapy), gantry speed, MLC leaf position, 



 

111 

dose rate modulation, collimator angle, and facilitating highly conformal 

treatment with better normal tissue sparing[299]–[304].  

IMRT and VMAT are both limited by the fact that both techniques do not 

consider changes in tumour position due to breathing, organ movement, bowel 

motion, tumour growth and shrinkage, and patient motion during radiation 

therapy[305]. These changes in patient positioning between fractions 

(interfraction variation) and those that occur during the treatment fraction 

(intrafraction variation) often result to insufficient dose to the targeted tumour 

volume and an overdose to critical surrounding normal tissues [306]–[311]. 

Newer treatment modalities that take into consideration both interfraction 

variation and intrafraction variation during treatment delivery are image-

guided radiation therapy (IGRT) and time-adapted radiotherapy (ART).  IGRT 

fully takes into consideration slight changes in tumour position, size, and shape 

to be measured during radiotherapy, with adjustments made to maximize the 

geometric accuracy and precision of radiation delivery, maximum tumour 

control probability (TCP) while minimizing normal tissue complication 

probability (NTCP). These geometric advantages increase TCP, reduce the risk 

of toxicity after radiotherapy, and facilitate the development of shorter 

radiotherapy schedules[305], [312]–[319].  
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2.3.3 The Role of Functional Imaging in Modern Radiation Therapy for 

GBM  

 

Advances in molecular/functional imaging techniques such as Computed 

Tomography (CT), Magnetic Resonance Imaging (MRI), Single-Photon 

Emission Computerized Tomography (SPECT), Positron Emission 

Tomography (PET), and most recently combined 18F-Fluorodeoxyglucose 

(FDG)-PET with CT  (PET/CT) and PET/MR have fertilized the gradual shift 

from classical External Beam Radiotherapy (EBRT) to modern, high precision 

radiotherapy modalities.  Molecular imaging techniques such as MRI provides 

precise 3D visualization of the geometric positions of tumour volume (CT and 

MRI) and characterization with respect to their cellular proliferation (PET and 

MRS), metabolic profile (PET and MRS), cellularity (diffusion MRI), 

angiogenesis (perfusion MRI). In addition, multimodality functional imaging 

such as F-18 fluorodeoxyglucose (FDG) positron emission tomography (PET), 

combined with CT (FDG-PET/CT) and PET/MR gives additional biophysical 

information about changes in the shape and size of the gross tumour volume 

(GTV). Because of greater intrinsic soft-tissue contrast and resolution compared 

CT, MRI is the clinical gold standard for brain tumour imaging.  
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Concerning brain tumours, especially GBM, histopathology is an 

important factor used to determine the biological parameter required for 

pretreatment planning. The histopathology of GBM determines the grade and 

stage of tumour progression, which determines the most appropriate functional 

and molecular imaging modalities, chemotherapeutic or surgical treatment, 

and radiation therapy treatment prescribed.  Sequential morphological MRI 

examinations often follow the vascular proliferative changes in a GBM and the 

presence of necrotic zones in immunostaining maps. The ring enhancement 

features of GBM which indicate leakages in its BBB is investigated by standard 

T1- and T2-weighted sequences. Cellular mitotic activity, and cell proliferation 

by T1 -weighted contrast-enhanced (T1CE) sequences, the cellularity and 

tumour vasculature by diffusion-weighted MRI, Tumour Necrosis and Cystic 

Cavity by Amide Proton Imaging and the development of the neoangiogenic 

vasculature characterized by perfusion imaging. The use of functional and 

molecular imaging techniques to determine the important biological 

parameters and their adaptive incorporation into the TPS makes the dose 

distribution patient specific. This dose is a biologically conformal prescription 

dose.  
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Radiation therapy is more a biological process than a physical process 

whose optimization should be based first on the biological parameters and then 

dose distribution based on the various biological parameters of the various 

differentiated subvolumes of the tumour. This means that for radiation therapy 

to be more précised and effective, we must take into consideration changes in 

radiotherapy resistance parameters of a target tumour in time and space is [320], 

[321]. Incorporating information about the various biological parameters into 

the treatment planning optimization algorithm, TCP can be maximized further 

by delivering appropriate inhomogeneous dose distributions to the PTV while 

simultaneously altering the radioresistant properties of the subpopulations of 

cells using quantum dots.    
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Table 4:Proposed Flowchart illustrating how to biological parameters in the TPS. 

 

Pretreatment : Define tumor and Organ at Risks with appropriate 
anatomical Imagine

Pretreatment: Additional functional and molecular Imaging to 
different different subregions and characteristics

Collect biological assays to determine the various biological 
parameters such as radiosensitivity, regrowth rates constant. 

Incorporate biological parameters into the TPS to optimized dose 
distribution to select tumor regions

Individualized adaptive Radiation therapy with biologically 
conformal prescription doses



 

116 



 

117 

3. CHAPTER 3 

MATERIALS AND METHODS 

3.1 Materials and Equipment  

3.1.1 Biological Materials 

3.1.1.1 Human Glioblastoma T98G cell line:  

T98G is a glioblastoma cell line derived from a 61-year-old Caucasian male 

[322], commonly used in brain cancer research [323]. The cells are characterized 

by fibroblastic morphology and adherent [322]. These cells are polyploidy 

variants of the parent T98 cell line and are like normal cells in that they become 

arrested in G1 phase under stationary phase conditions [323]. The cells were 

purchased from the American Type Culture Collection [ATCCTM] as T98G 

[T98-G] (ATCC® CRL-1690TM), and cultured using the ATCCTM recommended 

protocols including the use of EMEM + 10 % (v/v) FBS as the growth medium. 

The cells were cultured inside an incubator at a temperature of 37oC ± 1oC and 

5 % + 1% CO2 in air atmosphere.  The population doubling time (PDT) is about 

28 hours. The average cell density used for the experiments was 1.0 x 106 viable 

cells/ml.  
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3.1.1.2 Human Glioblastoma U-87 MG cell line:  

Just like T98G, U87 is a primary human glioblastoma cell line commonly used 

in brain cancer research [324]. It is a glioblastoma, astrocytoma cell line derived 

from human malignant [325]. Similarly, U87 cells are adherent cells but with an 

epithelial morphological characteristic.  The karyotypic characterization is a 

hypodiploid female of unknown origin with a modal chromosome number of 

44 in 48% of cells and a 5.9% rate of higher ploidy [326]. The cells were 

purchased from T98G [T98-G] (ATCC® CRL-1690TM) and grown in Eagle’s 

minimum essential medium supplemented with 10% fetal bovine serum and 

antibiotics (FBS). All cells were stored in a growth medium (EMEM + 10 % (v/v) 

FBS) inside an incubator at a temperature of 37oC ± 1oC and 5 % + 1% CO2 in air 

atmosphere 

3.1.2 Radiotherapy Equipment 

The integrity of the irradiation outcomes depends on the irradiation protocol 

and instrumentation used. The irradiation of the sample must be reproducible, 

repeatable and mimics clinical conditions. Hence, we used the Faxitron’s 

CellRad™ X-ray irradiator system (Faxitron Bioptics LLC, Tucson, AZ), a state 

of art irradiator installed in the Translation Biomedical Physics (TBP) Research 

Lab in the Physics department (Fig. 44). This compart, self-shielded cabinet X-

ray irradiator system can produce X-rays with tube energy and tube current 
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configurations ranging from 10 to 150 kVp and 0.1 to 5.0 mA, respectively.  Its 

dose rate (150 kVp, 5.0mA) can reach 70 Gy/min (unfiltered) and up to 17 

Gy/min (0.5mm Al filtered). The filtered beam is more penetrating and 

hardened compared to the unfiltered beam with a 40o divergence with 

maximum coverage (field size) of 30 cm. The system houses the static X-ray tube 

with a focal spot size of 1.0 × 1.4 mm and an inherent 1.6-mm-thick beryllium 

filtration.  

The compact irradiator system has a high-frequency generator and an 

integrated closed-loop cooling system (a 2RPM Integrated closed-loop heat 

exchanger). It is loaded with an electrically operated specimen turntable to 

ensure uniform dosing and can be switched on or off. Besides, the turntable can 

manually be positioned at six different shelf heights that correspond to specific 

source to surface (object) distance (SSDs) of up to 44.0 cm and allows field sizes 

of up to 30 cm. The CellRad™ X-ray irradiator features a built-in, factory-

calibrated Integrated dosimeter with advanced Automatic Dose Control (ADC) 

for setting an exact dose, installed at the centre of the specimen turntable.  
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Figure 44: Faxitron’s CellRad™ X-ray irradiator system built-in digital touchscreen 

interface (home screen). (A) Home Screen showing the three control modules, (B) The 

Technical setup screen allows the user to adjust for shelf position, dosimeter offset,  

filter type and field size, (C) Dose Mapping, which enables the user to measure the 

does inside the ion chamber in the turntable. The Dose Mapping mode allows the user 

to set the X-Ray tube kV and mA values (E )  Automatic  Dosage  Control  Program is 

a  process that allows the user to set up the  Target Dosage. This mode allows the user 

to set the target dosage, kV and mA, (F) The time setting allows the user to enter the 

Time, kV (Kilovolts) and mA  (Milliamps).  

 

The Faxitron’s CellRad™ X-ray irradiator system has a built-in digital 

touchscreen interface that enables the user to have control over important 

parameters that determine the dose to be delivered. The dose determining 

parameters includes the tube energy, tube current, irradiation time and 

absorbed dose. The on-board digital display in manual mode has three (3) 
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distinct modules that enable the user to initiate X-ray irradiation: (1) Time 

Control Setting, (2) Automatic Dosage Control Program (ADC), and (3) Dose 

Mapping as shown in Figure 43. The CellRad irradiator incorporates 30 minutes 

warmup period that ensures the optimal performance of the system by enabling 

it to produce X-rays with by gradual increase of the tube energies and tube 

currents until they reach the maximum values of 150 kVp and 5.0 mA. After the 

warmup is complete, we usually perform a Dose Quality Assurance (QA) to 

ensure the accuracy of the dosimeter within ±5% of the manufacturer-defined 

reference doses. Dose QA verifies that the X-ray and Dosimeter are working 

within expected parameters.  

3.1.3 Nanoparticle Radiosensitizers,  

 

Functionalized CdSe/ZnS core-shell type quantum dots and carbon dots were 

used in this work. CdSe/ZnS QDs functionalized with polyethylene glycol 

(PEG), and Carbon quantum dots (900414 – 10ML) were purchased from Sigma 

Aldrich. PEG functionalization makes CdSe/ZnS core-shell quantum dots to 

exhibit low non-specific binding, which makes them suitable for this type of 

studies[327]. As discussed in chapter one, the biological response of each type 

of quantum dot is determined by its unique physicochemical properties such as 

composition, size, surface charge, and functionalization [328]. The size of the 
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QD determines its subcellular biodistribution and cytotoxicity.  As a matter of 

fact, the smaller the size, the more cytotoxic is the QDs [328].  This means that 

smaller QDs exhibited more pronounced cytotoxicity than larger QDs at equal 

concentrations. Surface charge plays an important in determining the biological 

effects of quantum dots, including cellular uptake, the permeability of 

physiological barrier, toxicity, absorption, distribution, metabolism, and 

excretion [329]. Lee et al. showed that surface charge modulates the optical 

properties of QD [330]. The CdSe/ZnS QDs used had a fluorescent emission 

wavelength range of 530 nm – 550 nm with a quantum yield of more than 50 

per cent and an absorbance wavelength of 534 nm.  
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3.1.4 Fluorescent Spectroscopy Setup 

 

 

Figure 45: Spectroscopy equipment and setup. The colloidal suspension of CdSe/ZnS 

Core-shell QDs with Cells are illuminated with UV from LED at room temperature. 

The fluorescent intensity of the QD is analyzed by the spectrometer and graphed on a 

computer using the OceanView Software.  

 

The fluorescent intensity measurements were made with a customer-built setup 

made up of a specially built TBP-UV cuvette holder for 1-cm pathlength 

cuvettes coupled with two optical fibres (UV/VIS fibre type)  at right angles to 

each other, one connecting with an Ocean Optics spectrometer ( USB 650; Ocean 

Optics, Winter Park, FL, USA) and the other with a LED (3.3 V, 0.2 A) light 

source (RadioShack, Omaha, NE, USA) (Figure 44). The TBP-UV cuvette holder 

was constructed such as to create a precise cuvette positioning as well as to 
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optimize the light absorption by the medium and the fluorescence of the 

medium without UV saturation. The LED is connected to an external circuit 

powered by a power supply designed to limit the current through it. The signal 

generated by the spectrometer is analyzed using the Oceanview 1.6.5 software 

to produce a graph of fluorescent intensity versus wavelength [331]. Figure 45 

demonstrates the experimental setup.  

3.1.5 Electric Cell-Substrate Impedance Sensing 

    

 

 

Figure 46: The Electric Cell Impedance Sensing (ECIS) Device shown the computer for 

data analysis, compact ECIS system and the Incubator containing the array gold plated 

holder for well system and the ECIS arrays.   
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To study the impact of QD on radiosensitization, we were more inclined to use 

the Electric Cell-substrate Impedance Sensing (ECIS) method.  This is an in vitro 

impedance measuring system that quantitatively measures the behaviour of 

cells within adherent cell layers [332]. The ECIS setup consists of the following 

components as shown in Figure 46: ECIS compart System; computer for data 

acquisition; array gold plated holder for well system and the ECIS arrays. The 

computer is equipped with the ECIS software and connected to the compart 

System. 

3.2 Methods  

Figure 47 illustrates the experimental workflow employed in this work. The 

cells were cultured (step 1) and then mixed with a precise amount of a colloidal 

solution of quantum dots (step 2).  The mixture was then used to form the 

experiments (step 3). The fourth step (step 4) involved the fluorescent Intensity 

Analysis and the Electric Cell Impedance Sensing analysis for 

radiosensitization. 
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Figure 47: Thesis Experimental Workflow
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3.2.1 Step 1: Preparation of T98G Cell Culture 

 

Figure 48: Cell Culture Preparation 
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3.2.2 Step 2: Mixing of Nanoparticle Radiosensitizers with Cells in 

vitro 

 

1.  To add QDs onto cells, disinfect the hood before starting the experiment, 

and prepare a cuvette holder. 

2. When using the mechanical pipette, use the blue pipette tip for the stock 

of cells. 

3. Press the plunger halfway of the mechanical pipette to extract 500 μL 

solution of cells. 

4. Release the plunger to release the solution of cells onto the cuvettes. 

5. Change the tip of the mechanical pipette with the yellow pipette tip. 

6. Press the plunger halfway to extract 20 μL solution from 4uM 

concentrations of QD to create a final concentration of 0.1538 μM. 

7. Release the plunger to release the solution of QD onto the cuvettes. 

8. Press the plunger halfway 15 times to mix the combined solution of cells 

and QD. 

9. Cover the cuvettes with a plastic membrane. 

10. Cover the cuvette holder with black felt. 

11. Disinfect the hood after finishing the experiment 
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3.2.3 In-vitro Radiation therapy  

 

The CellRad compact x-ray irradiator system (CellRad, Faxitron) was used 

for all in vitro radiotherapy experiments. Before every irradiation, the CellRad 

system is warmed up, and a dose QA is completed. The dose QA protocols 

ensure dose linearity and uniform dose profiles. All specimens were placed on 

shelf 1 (Figure 49) with a source to surface (object) distance (SSD) of 44 cm using 

an additional 0.5mm Al filtered beam with a 40o divergence and maximum 

coverage (field size) of 30 cm. The large field size was used to ensure the 

specimen was placed within the uniform portion of the beam profile where all 

the cells will receive the same dose irrespective of their location from the central 

beam axis. We employed the Automatic dose Control Module with tube 

energies and currents of 100 kVp and 5 mA respectively. The automatic dosage 

control module allows the user to set up the target dosage, kV and mA. After 

the X-Ray is turned on, the accumulated dosage will be measured by the 

integrated dosimeter until the target dosage is reached. 
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Figure 49: The Self Shielded Compact X-ray Irradiator showing the beam divergence, field sizes for various shelf heights and the X-ray generator system. 
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3.2.4 Fluorescence Intensity Spectroscopy Analysis: A Quantitative 

Method in vitro assessment of enhanced ROS production  

 

One of the primary objectives of this work is to assess and quantify the 

production of ROS due to the presence of QDs post-irradiation. By quantifying 

ROS, will be able to calculate the dose enhancement ratio and determine the 

therapeutic effect of quantum dots in radiotherapy.  The gold standard in 

determining the effectiveness of radiation therapy in the clonogenic assay are 

cell survival studies [332]. Survival curves measure the survival fraction (SF), 

i.e. the number of colonies that are formed after treatment, as a function of 

radiation dose (D). In this in vitro technique, cytotoxicity of radiation is assessed 

by counting the number of cells that form colonies or undergo continuous 

proliferation post-irradiation [333].  

In this work, we used a novel fluorescent assay to quantify radiobiological 

effects by measuring the amount of ROS generated.  The presence of QD 

radiosensitizers increases the production of secondary electrons (physical dose 

enhancement) which in turn increases the production of ROS [334]–[336]. 

Therefore, if ROS production increases, we can infer indirectly that QDs 
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amplifies the local physical dose. Several research studies have investigated 

different techniques for measuring in vitro ROS generation and/or oxidative 

stress post-irradiation [337]–[341]. The most commonly used probes in NP 

radiosensitization studies are DCFH and H2DCF [342], [343]. The probe 

molecules are oxidized by ROS creating a fluorescent product which can be 

easily monitored by several fluorescence-based techniques, including confocal 

microscopy and flow cytometry. However, these techniques are limited by the 

complexity of its redox chemistry and artefacts associated with their assays for 

intracellular ROS measurements [326], [342]. Also, they cannot directly measure 

ROS nor provide an absolute quantitative measurement of ROS.  In our 

previous work, we demonstrated that the presence of ROS quenches the 

fluorescence intensity of QDs (Figure 50) [331][330].  
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Figure 50: Spectra and Statistical Comparison for Hydrophobic CdSe/ZnS QD with the intensity modulated with 

varying concentrations of H2O2 when compared with control condition. 
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As shown in Figure 50, as the concentration of ROS increases, quenching of 

the fluorescent intensity of QDs increases. Therefore, we can assert that the 

fluorescence intensity of PEGylated CdSe/ZnS Core-Shell Quantum Dots is 

inversely related to the concentration of ROS in solution. The quenching of the 

quantum dot intensity increases with the amount of ROS present in the system. 

NP radiosensitization studies have computed the per cent change in ROS yield 

by evaluating the ratio of the peak fluorescent intensity signals of the solution 

with radiosensitizers to controls without radiosensitizers post-irradiation [344]. 

Other studies, instead of using the peak intensity, evaluated the relative 

fluorescence intensity by integrating the whole emission spectra [344]–[346]. 

Other widely used metrics to quantify the amount of ROS generated due to IR 

in the presence of NPs include the fluorescence intensity ratio (FIR) and the 

relative median fluorescent intensity (MFI) level. Fluorescence intensity ratio 

(FIR) has been used by several studies [346]–[353] to assess the relative change 

in ROS production due to NP radiosensitizers compared to the control.  
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The fluorescence intensity ratio (FIR) is defined as:  

( )
( )NP+IRR control

NP IRR

Fluorescence Intensity Ratio FIR
I I

I I

  
=    

  
 (17) 

where ( )NP IRR
I

+  represent the intensity of the irradiated samples incubated with 

NPs;  NPI  is the intensity of the non-irradiated samples treated with NPs; IRRI  

refers to the intensity of the irradiated sample without incubated with NPs and 

ControlI  represent the intensity of the control samples. 
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Figure 51: The levels of Total ROS generated will be are expressed as a percentage of change in the peak 

fluorescence intensity (PFI) and peak fluorescent intensity ratio normalized to the control. 
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The relative median fluorescence intensity (MFI) is calculated as follows: 

 
Net MFI of treated Samples

Relative MFI Level =  x 100
Net MFI untreated Samples

 (18) 

In this work, the levels of total ROS generated will be are expressed as a 

percentage of change in the peak fluorescence intensity (PFI) and peak 

fluorescent intensity ratio normalized to the control.  The results are expressed 

as the mean ± SE, where /SE SD N=  , SD is the standard deviation and N, the 

number of trials. The statistically significant differences between the conditions 

were determined using one-way analysis of variance test and P < 0.05 was 

considered significant. To calculate the per cent change in the net peak 

fluorescent intensity, we normalized the average intensities such that the peak 

intensity of the control was set to 100. The per cent change in the peak 

fluorescent intensity was calculated as follows: 

 
(Cells + IR) (Cells + NPs + IR) med

(Cells + NPs) (Cells + NPs + IR) med

I - I - I
Relative PFI Level =  x 100%

I - I - I
 (19) 

 

 ( )

( )

Cells + IR

Cells +NPs +  IR

I
Normalized PFI Ratio =  x 100%

I

 
 
  

 (20) 
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In our work, to assess the change in radiation-induced ROS generation caused 

by the presence of NP radiosensitizers, multiple controls were used, as shown 

in Figure 51. The peak fluorescent intensity of the irradiated samples incubated 

with QDs and treated with RT will be compared to the peak intensities of 

samples incubated with QD but not treated with RT and samples not incubated 

with QDs but treated with RT.    

3.2.5 Electric Cell-Substrate Impedance Sensing: An In vitro 

assessment of Radiosensitization  

 

Electric Cell-Substrate Impedance Sensing (ECIS) technique provides a label-

free, real-time, non-invasive analytical and impedance-based technique of 

quantitatively and continuous monitoring of the migratory behaviour of 

adherent cells [354]–[356]. To date, ECIS has been applied for quantitatively 

detecting subtle, continuous and dynamic changes in cellular behaviour such 

as adhesion[357]–[359], migration[360]–[363] and cell proliferation[364]–[369]. 

Cell migration and proliferation are important factors that contribute to cell 

survival post-IR. The number of colonies measures cell survival formed post-

irradiation.  Tumour cells are considered to be radiobiologically dead if they 

have lost their reproductive viability to produce progeny and considered death 

physically if they stop migrating and cannot reproduce [370].  



 

140 

 

 

 

Figure 52: How ECIS Works. (A) A simplified schematic illustration of coplanar two-electrode 

of one ECIS chamber viewed from the side (side view) showing the principle of measurement. 

The cell culture medium provides the electrical connection between the working smaller 

electrode and the larger counter electrode. (B) An equivalent circuit showing how the 

capacitance and resistance all combine to form the impedance. As cell migrate and adhere to 

the active electrode area, the impedance increases due to the simultaneous increase in the 

resistance and reactance depending on the frequency of the ac circuit.  
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Figure 52 shows the simplified version of an ECIS system circuit. It consists of 

a small gold sensing/working electrode connected to a larger counter electrode 

connected by an alternating voltage source, and a cell culture substrate. The cell 

culture medium or any other physiological buffer completes the circuits on an 

active electrode area. Normally, adherent cells are grown directly on the surface 

of the gold film electrodes (active electrode area) and the insulating polymer 

that restricts the active electrode area to a well-defined geometry. The sensing 

or working electrode is about 500 times smaller than the counter electrode and 

circular in design with a diameter of up to 250 µm.  

Our lab, we have the classical 8 -well array commonly called 8W10E+. In this 

layout, as shown in Figure 51, the working electrode is circularly shaped and 

creates a bottleneck that impedes current flow (flow of charged carriers). This 

means that fluctuations in the current in the sensing electrode becomes much 

more sensitive and dominates the measurements compared to the counter 

electrode, as demonstrated by Szulcek et al. [371]. Due to the small surface area, 

cells adhering to the sensing electrode due to their insulating properties further 

limit the flow of charged carriers. This is important because the sensing 

electrode then becomes extremely sensitive to slight structural changes with the 
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cell surface membranes as since by the jitters in its impedance curve in Figure 

52.  

 

Figure 53: The Classical electrode design with small circular sensing or working 

electrode that creates a bottleneck for current flow. As shown, the high-frequency 

impedance is more affected by cell-coverage, whereas the low frequency responds 

more strongly to changes in the spaces under and between the cells.  

 

Figure 50C shows the equivalent simplified circuit. The working electrode 

submerged in the cell culture medium can be described as a capacitor in series 

with an ohmic resistor. Usually, a weak noninvasive alternating (AC) voltage is 
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applied across the circuit with a frequency range between 10 Hz and 100 kHz.  

After an initial “transient time,” an AC current will flow in the circuit as a 

response to the driving noninvasive voltage source. The current, written a 

 ( )0( ) sin       and    2I t I t f   = − =  (21) 

where 0I is the peak current, f is the frequency of the voltage source and φ, the 

phase which depends on the driving frequency of the ECIS system.  The 

effective resistance of the circuit is called impedance and is defined as:  

 2 2

CZ R X= +  (22) 

where R is the total resistance (pure or ohmic) of the circuit and 

1 1

2
CX

C fC 
= = , is the capacitive reactance of the circuit. The cell culture 

medium and the bottleneck effect of the small working electrode (Fig. 51) define 

the ohmic resistance of the system.   

As elaborated below, the capacitive reactance (behaviour) of the system is due 

to the polarization of the medium including cells within the medium leading to 

the temporal accumulation of ionic charges at the electrode/electrolyte interface 

[372], [373]. As you have noticed, capacitive reactance is inversely proportional 

to both the total capacitance C and ω and diverges as ω approaches zero. This 

means that the impedance of the system depends on the resistance and 
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capacitive reactance and can be modulated by the frequency of the voltage 

source. At relatively low frequencies (< 2,000Hz), the capacitive reactance is 

very high, and the impedance is dominated by capacitive reactance. In this case, 

most of the current flow in the solution channels under and between adjacent 

cells (Figure 53). In other words, the current follows the paracellular route (red 

arrow) and encounters individual resistance contributions from the subcellular 

cleft (RCE) and the intercellular junctions (RCC).   

At relatively high frequencies (> 40,000 Hz), the capacitive reactance is very low, 

and the impedance is dominated by ohmic resistance. In this case, more current 

now capacitively couples directly through the insulating cell membranes (fig. 

51). That is, the current takes the transcellular route across the cell membrane. 

The high-frequency impedance is influenced more by cell-coverage, whereas 

the low frequency responds more strongly to fluctuations in the spaces either 

under or between the cells [374]. At intermediate frequencies, current follows a 

varying combination of paracellular and transcellular routes.  

Using ohms laws, the peak current in the circuit is related to the effective 

resistance by:  

 0
0

2 2

C

V
I

R X
=

+
 (23) 



 

145 

 

 

Figure 54: An illustration of Impedance as a function of time. As more cells are added 

to the active electrode area, their presence causes an increase in impedance which 

plateaus once the cells have reached confluency. At this point, the cells can be 

perturbed, and the resulting changes in impedance due to changes in cell behaviour 

are monitored. Used under license: CC BY-NC 4.0 [153] 

 

As shown in Figure 54, in the absence of any substrate or medium or cells 

between the electrodes, the impedance of the circuit remains the same as 

expected (region A). If an adherent cell is added onto the electrode surface, they 

become partially polarized. The lipid bilayer of the cell membrane acts like tiny 

capacitors while the junction between cells and between the cell and medium 

offer resistance to the flow of charged carriers in the medium. As a result, they 

alter the impedance of the cell-covered electrode [374] in a frequency-
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dependent manner. As more cells are added (as in cell growth), more of the 

electrodes becomes covered. This cause the impedance of the cell-covered 

electrode to increase (region B).   

3.2.5.1 Some Important Practical Considerations when using ECIS 

Technique:  

Here are some practical considerations when setting up, collecting and 

interpreting ECIS data: 

a. Measurements at low frequencies: At low frequencies (100 Hz to 2,000 

Hz), the alternating current is forced to go through the regions in 

between neighbouring cells (paracellular pathways). Because this 

pathway is predominately resistive, the impedance is mostly resistive. 

Measurements in this range unveil changes in the cell to cell contact, cell 

to substrate contact and these studies are more suited for probing the 

stability of cell to cell junctions (adherent and tight junctions) 

b. Measurements at high frequencies: At high frequencies (f > 40,000 Hz), 

the cell layer impedance is drastically lowered. The current 

predominantly and capacitively couples through the cell membrane 

(transcellular pathways) and studies in this range are more suitable for 

unveiling patterns in the degree of electrode cell coverage. Cell coverage 
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depended processes include cell migration, proliferation and cell death 

[375].  

c. Choosing the appropriate parameter (impedance, capacitance or 

capacitive reactance, resistance) to study: Generally, as discussed above, 

the impedance or effective resistance describes the frequency-dependent 

behaviour of the system. For every experiment, the ECIS software 

records the magnitude of the impedance and phase, from which ohmic 

resistance and capacitive reactance can be calculated.  

1. Ohmic Resistance dependent parameters: Impedance collected 

as a function of resistance at low frequencies studies intercellular 

and subcellular cleft processes. 

2. Capacitance and Impedance dependent parameters: The 

capacitive behaviour of the cell membrane is pronounced at 

higher frequencies. Impedance and capacitance dependent data 

are more suitable in the documentation of changes in the electrode 

coverage such as cell migration, spreading, attachment and 

proliferation.  
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d. Experimental conditions should obey the ECIS Model assumptions: 

According to Giaever et al., the ECIS model is based on some 

fundamental assumptions [376], [377]. For ECIS data collected to be 

interpretable, the experimental conditions are recommended to not 

deviate substantially from the fundamental assumptions of this model. 

These assumptions are:  

1. The cells are circular discs with constant uniform radius at a fixed 

distance r from the electrode surface 

2. The electrodes are covered with a confluent and homogenous 

layer of cells 

3. The electrical currents flow radially outward in space to the 

electrode with a constant current density along the z-direction.  

e. How to Determine the Optimal monitoring frequency: it has been 

demonstrated that every cell type or medium has an optimal frequency 

range within which changes in its cellular properties can easily be 

determined with a reasonable resolution. Stolwijk et al. posit that the 

optimal frequency can be determined by dividing the resistance of a cell 

covered electrode by the resistance of a cell-free electrode [378], [379]. 

Then plot these ratios as a function of frequency. The curved will reflect 
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the maximum ratio that gives the best dynamic range of frequencies to 

be used. 

f. Electrode Size and Layout: The size of the sensing or working electrode 

matters. As shown in Figure 51, the smaller the radius of the working or 

sensing electrode, the larger the constriction resistance. This is because 

the resistance of a circular electrode is 
2(2 ) / (2 ) / 2 /R r A r r r    = = =

, where ρ is the resistivity of the electrode. Hence, the electrode layout 

and size matters. Smaller radius implies a small electrode area and 

higher sensitivity at the electrode and electrolyte interface. Small 

electrodes such as 1E, 10E, 10E+ ensure that all most of the current passes 

through cell monolayers and provides ECIS with the ability to determine 

barrier function, cell membrane capacitance as well as monitor the 

uncorrelated nano-scale changes in cells [380]. Larger electrodes such as 

8W10E+ give ECIS the ability to monitor changes in cell proliferation, 

migration and attachment by increasing the sampling size resulting in 

less variability.  
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4. CHAPTER 4 

RESULTS 

This chapter presents the result of the experiments described in chapter 3 and 

within the framework of the experimental methods described. The results 

presented here are meant to address three important hypotheses regarding the 

use of high electron density, functionalized nanoparticles in assessing the level 

of ROS generation, amplifying the local dose deposited and radiosensitization 

of highly resistant tumours through enhanced ROS production post-IR. The 

first hypothesis infers from the second hypothesis, both of which result in the 

third hypothesis. These statements are:  

4.1 First Hypothesis: Local Dose Enhancement 

Functionalized, high electron density nanoparticles such as PEG Core-Shell 

CdSe/ZnS quantum dots and Carbon quantum dots enhance the production 

of Secondary Electrons during and Post Irradiation. This amplifies the local 

dose deposited within the tumour without an overall increased in the 

prescribed radiation dose (Figure 55).  

 

 

 



 

151 

4.2 Second Hypothesis: Enhanced Generation of ROS  

 

Functionalized, high electron density nanoparticles such as PEG Core-Shell 

CdSe/ZnS quantum dots and Carbon quantum enhance the generation of 

ROS during and Post Irradiation via an accelerated radiochemical yield. This 

amplifies the indirect action of radiation on matter leading to more cell and 

DNA damage, improving radiotherapy outcomes (Figure 55).  

 

4.3 Third Hypothesis: Radiosensitization of Tumour Cells   

 

Functionalized, high electron density nanoparticles such as PEG Core-Shell 

CdSe/ZnS quantum dots and Carbon quantum dots act as radiosensitizers in 

and around tumour cells. Their presence in tumour cells improves the TCP 

widening the therapeutic index, thus has the potential to improve RT 

outcomes (Figure 55).  

 

Our previous work had proven the fundamental premise that ROS causes 

Optical Quenching and/or Enhancement of Specialized Nanoparticles. 
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Figure 55: Second Assertion stating that QDs enhances the radiochemical yield, increasing the production of ROS, which results in 

the radiosensitization of tumour cells. For a reasonable therapeutic effect to be observed, the nanoparticles must be functionalized. 
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The presence of ROS proportionately quenches or enhances the fluorescence 

Intensity of Functionalized, high electron density nanoparticles such as PEG 

Core-Shell CdSe/ZnS quantum dots and Carbon quantum dots in colloidal 

solutions.  This provides a mechanism to measure or quantify the amount of 

ROS produced sue to radiation in the presence of nanoparticle radiosensitizers, 

as shown in Figure 56. 

 

 

Figure 56: An illustration of Optical Quenching of the Fluorescence Intensity of QDs due to the 

Presence of ROS. The presence of ROS optically quenches the fluorescence Intensity of 

Quantum dots. I(cells + IR) represent the peak intensities of the irradiated cell culture medium 

with no NPs, I(cells + NPs) is the peak intensity of the cell culture inoculated with NPs with no 

radiation, and I(cells + NPs + IR) is the peak intensity of the irradiated cell culture medium 

inoculated with NPs. In our work, the fluorescence intensity of QDs in colloidal Cell culture 

solution is measured and compared with the fluorescent intensity of QD in colloidal solution 
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irradiated with x-rays photon. The relative difference is a measure of the amount of ROS 

produced due to NPs in the presence of radiation.    

4.4 Experimental Verification of the first and second hypothesis using QD 

Fluorescence Spectroscopy Analysis 

 

In our previous published work, we demonstrated that ROS induces a 

concentration-dependent reduction in the fluorescence intensity of quantum 

dots [331][330]. Several other studies, using a variety of fluorescent probes, have 

demonstrated concentration-dependent optical quenching in the presence of 

ROS for CdTe/ZnS[381]–[386], Carbon quantum dots [387], [388] and CdSe/ZnS 

QDs[66], [381], [389]–[391].  The greater the concentration of ROS in solution, 

the greater the optical quenching of the fluorescence intensity of quantum dots. 

Therefore, the validation of the first and second hypothesis is based on the 

premise that the presence of ROS proportionately quenches or enhances the 

fluorescence Intensity of functionalized, high electron density nanoparticles 

such as PEG Core-Shell CdSe/ZnS quantum dots and Carbon quantum dots in 

colloidal solutions as shown in Figure 56.  

In our present work, we use a popular metric called Peak Fluorescent 

Intensity (PFI) ratio to quantify the relative amount of ROS generated.  We 

normalized the PFI ratio to the control conditions such that a baseline of 100 per 
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cent would mean no quenching occurred. In addition, we will use another 

metric called the relative peak fluorescent intensity (RPFI) ratio that calculates 

the per cent change in the net peak fluorescent intensity. Unlike the PFI ratio, 

the RPFI ratio compares only the effect of the addition of NPs in the cell medium 

with radiation to the effect of radiation alone. The RPFI ratio is given by:  

 

(Cells + NPs + IR) (Cells)

(Cells + NPs) (Cells + NPs + IR)

Net Effect of NPs with IR
Relative PFI Level =  x 100%

Net Effect of IR [ONLY]

I - I
Relative PFI Level =  x 100%

I - I

 (24) 

The results are expressed as the mean ± SE, where SE = SD/√(N), SD is the 

standard deviation and N, the number of trials or sample size. The statistically 

significant differences between the conditions were determined using two-way 

or three-way analysis of variance test and P < 0.001 was considered significant. 

To quantify the amount of ROS produced, QD spectroscopy was done using 

functionalized core-shell CdSe/ZnS QDs, Carbon Quantum dots in cell culture 

medium containing T98G and U87 MG cells. As discussed below, all 

experimental conditions (appendix A) were completed in a minimum of 

triplicates as N1, N2 and N3, with each of these triplicates involved taking five 

acquisitions of fluorescence spectra using the Oceanview v1.6.7 software. Due 

to limitation in the processor speed of our PC, we limited the boxcar width to 0 
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and integration time to 100 ms. A larger boxcar width means more spectra data 

will be averaged, and a higher integration time means that the detector will 

collect more photons. This increases the Signal to Noise (S/N) ratio and 

smoothens the curve more. Finally, we analyzed the data using OriginPro 

Graphing and Analysis Software (OriginLab, 2020). After an average of five 

trials, we used a nonlinear Gaussian fit to plot the graphs of average intensity 

in arbitrary units (a.u) vs wavelength.  
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4.5 QD Fluorescence Intensity Spectra of 40𝝁L (0.32𝝁M) Core-Shell 

CdSe/ZnS quantum dots functionalized with PEG in 500 𝝁L T98G 

culture Medium 

 

 

  

 

Figure 57: (a) Fluorescence Intensity Quenching of Functionalized Core-Shell 

CdSe/ZnS  Quantum dots in T98G cell culture medium during and post Irradiation, 

Indicating the production of ROS, the principal-agent that radiosensitize Cancer 

Cells. Comparing all three conditions using a three-way AVOVA, we showed a 

statistically significant difference with a p-value of less than 0.01. 
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Figure 56 (b) Boxplot demonstrating the statistical distribution of the peak, median and mean 

intensities of all three conditions relative to each other.  

 

Figure 58: Illustration of the basic characteristics of datasets (mean score, standard derivation, 

quantiles and number of samples) within the fluorescence Intensity range. This gives us the 

mean and peak fluorescence intensities for the various experimental conditions.  
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As discussed in the previous chapter, the optical quenching of the fluorescent 

Intensity nanoparticles indicates the presence of ROS [392]–[394]. In addition, 

we explicitly demonstrated this unique phenomenon in our previous published 

work [144], [331]. In Figure 56 and 57, three different experimental conditions 

are illustrated using 500μL human glioblastoma cells (T98G) maintained on 

average at 1.0 x 106 cells/ml, incubated with 0.32μM PEG CdSe/ZnS core-shell 

quantum dots. As clearly indicated, the irradiated T98G cells in vitro inoculated 

with PEG CdSe/ZnS QDs caused a statistically significant (p-value < 0.001) drop 

in the fluorescent intensity of the QD indicating an additional presence of ROS 

that was not initially present. Figure 58 shows a frequency distribution, 

providing the basic statistical description of the dataset. The maximum or peak 

intensity drops from 127.2 ± 4.4 arbitrary units (a.u) to 117.5 ± 4.4 a.u.   
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Figure 59: Peak, Range and Mean comparison plot of the various experimental conditions with a 

significant statistical difference after performing a three-way ANOVA analysis with a p-value of less than 

0.001.  

 

To quantify these changes, we expressed the amount of ROS produced in terms 

of the RFPI ratio and the PFI ratio using Figure 59. The RPFI ratio measures the 

change in fluorescent intensity due to the presence of QD during and post IR. 

The calculated RPFI is 923.68 ± 120 %. This indicates the profound effect of the 

presence of QDs within the tumour volume during and post IR. The presence 

of additional ROS produced during and post IR caused a statistically significant 

(p-value < 0.001) optical quenching of 7.6 ± 0.6 per cent in the QD fluorescence 

intensity with a 95 % confidence interval. 
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4.6 QD Fluorescence Intensity Spectra of 50𝝁L (0.40𝝁M) Core-Shell 

CdSe/ZnS quantum dots functionalized with PEG in 500𝝁L T98G 

culture Medium 

 

 

 

Figure 60: (a) Spectra and statistical comparison for cells treated with QDs radiosensitizers. This illustrates 

the fluorescence intensity quenching of functionalized core-shell CdSe/ZnS quantum dots in T98G cell 

culture medium during and post Irradiation, indicating the production of ROS. All three conditions, using 

a three-way AVOVA, showed a statistically significant difference at a significant level of 0.001. (b) Boxplot 

demonstrating the statistical distribution of the peak, median and mean intensities of all three conditions 

relative to each other.  
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Figure 61: The basic characteristics of the Fluorescent Spectroscopy of 500𝜇L incubated with 50𝜇L QDs 

during and post IR. This gives us the mean and peak fluorescence intensities for the various experimental 

conditions. 

 

Compared to 0.032μM QDs in 500μL of T98G maintained at 1.0 x 106 cells/ml, 

there is a 191.8 per cent increase in the quenching of 0.40μM QDs in 500μL of 

T98G as shown in Figure 60. Since the amount of QD optical quenching is 

proportionate to the concentration of the ROS in solution [144], this shows that 

the higher the concentration of  QD, the more the production of ROS in solution.  
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Figure 62: Peak, Range and Mean comparison plot of the various experimental conditions with a 

significant statistical difference after performing a three-way ANOVA analysis with a p-value of less than 

0.01 

 

As indicated in Figure 62, they is a large drop in the peak from 136 ± 0.5 a.u to 

116.4 ± 0.5 a.u with a relative per cent change in the peak intensity of 14.4 ± 0.5 

per cent. The calculate RPFI due to the NPs is 449.6 ± 4.4 per cent.  
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4.7 QD Fluorescence Intensity Spectra of 50𝝁L (0.4𝝁M) Core-Shell CdSe/ZnS 

quantum dots functionalized with PEG in 500𝝁L U87 MG culture 

Medium 

 

 

Figure 63: Fluorescence Intensity Quenching of Functionalized Core-Shell, 50𝜇L of  CdSe/ZnS  Quantum 

dots in 500𝜇L of U87 MG cell culture medium at different radiation doses, Indicating the production of 

ROS, the principal-agent that radiosensitize Cancer Cells. The fluorescent quenching due to 20Gy is a lot 

higher than due to 5Gy, suggesting that ROS production increases with an increase in radiation dose.   
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In addition to the fact, the Figure 63 demonstrate optical quenching of 0.40μM 

QDs in 500μL of U87 MG culture medium maintained at 1.0 x 106 cells/ml at 

different radiation doses, and it also shows that quenching increases with 

increase in radiation doses. This shows that the amount of ROS generated 

increases with an increase in radiation dose. 

 

 

Figure 64: Statistical Comparison of Spectra and Optical Quenching of CdSe/ZnS QDs at different 

radiation doses. The basic characteristics of the Fluorescent Spectra at 5Gy and 20Gy during and post IR 

are illustrated, demonstrating a peak intensity of 207.7 ± 1 a.u for 5Gy and 179.8 ± 0.7 a.u for 20Gy with a 

significant statistical difference at a level of 0.001 with a 95 per cent confidence interval.  
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The per cent difference in the peak intensity for 5Gy is 3.663 ± 0.01% compared 

to 16.609± 0.01 % for 20Gy with a high statistical significance of p-value < 0.01. 

This is further illustrated in Figure 65 that shows the peak intensities at various 

doses. The calculated RPFI for 5Gy and 20 Gy are 1677.18 ± 168 % and 291.919 

± 29 %. The higher RPFI for lower dose could indicate that functionalized 

nanoparticles have a greater effect at lower doses compared to higher radiation 

doses.  

 

 

Figure 65:Statistical Illustration of Peak, Range and Mean comparison plot of the various experimental 

conditions with a significant statistical difference after performing a three-way ANOVA analysis with a 

p-value of less than 0.01 
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4.8 QD Fluorescence Intensity Spectra of 50𝝁L Carbon Quantum dots (CQD) 

in 500𝝁L T98G culture Medium 

 

 

 

Figure 66: Fluorescence Intensity Spectra of T98G cell cultured with 50𝜇L Carbon Quantum dots 

at 5Gy and 20Gy. This illustration indicates a fluorescent enhancement of Carbon dots spectra 

compared to the quenching in Carbon quantum dots.   
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Figure 67: Statistical Comparison of the various experimental conditions of T98G cells with 

Carbon quantum dots. Peak, Range and Mean comparison plot of the various experimental 

conditions with a significant statistical difference after performing a three-way ANOVA 

analysis with a p-value of less than 0.01 

 

As illustrated in Figure 66, carbon dot fluorescence is not as pronounced as that 

of CdSe/ZnS QDs. Unlike CdSe/ZnS QDs, the fluorescence of Carbon dots 

(CQDs) is enhanced. Figure 67 shows a per cent change in the fluorescence 

intensity due to radiation for 50𝜇L CQD in 500𝜇L of T98G for 20Gy and 5Gy are 

4.3 ± 0.2 % decrease and 18.8 ± 0.2 % increase respectively. There is more 
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fluorescent enhancement for the 5Gy compared to the 20Gy. The statistical 

differences are significant, with a p-value of less than 0.001 and a confidence 

level of 95 %.  Using a three-way analysis of variance (three-way ANOVA) at 

the 0.001 level, the three experimental conditions showed a significant statistical 

difference.   

 

Figure 68: Peak Fluorescence Intensity Comparison for T98G cultured with Carbon Quantum dots. Peak, Range 

and Mean comparison plot of the various experimental conditions with a significant statistical difference after 

performing a three-way ANOVA analysis with a p-value of less than 0.01 
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Table 5: Basic Statistics for CQD Spectra with T98G 

 

 

Figure 68 and Table 6 is another experimental iteration and shows box plot 

within the fluorescence wavelength range for the carbon dots demonstrating 

the differences in the peak, mean and range. The per cent increase in the 

fluorescence intensity for 50μL Carbon QDs incubated with 500 μL T98G cell 

culture medium due to radiation irradiated with 20Gy and 5Gy is 5Gy by 14.99 

± 0.2 % and 16.092 ± 0.2 % respectively.  It is logical, to conclude that this 

fluorescent enhancement is due to the presence of ROS post IR. As we have 

discussed in detail in chapter 1 and 2, more ROS implies more secondary 

electrons and more secondary electrons implies more local dose deposited[50], 

[395], [396].  
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4.9 QD Fluorescence Intensity Spectra of 50𝝁L Carbon Quantum dots in 

500𝝁L U87 MG culture Medium 

 

 

 

Figure 69: Fluorescence Intensity Spectra of U87 MG cell cultured with 50𝜇L Carbon 

Quantum dots at different doses. This illustration indicates a fluorescent enhancement 

of Carbon dots spectra compared to the quenching in Carbon quantum dots.   

 



 

172 

Figure 69 shows the optical fluorescent enhancement to 50μL Carbon QDs 

incubated with 500 μL U87 MG cell culture medium. As observed with T98G, 

the fluorescent intensity is enhanced more for 5Gy compared to 20Gy 

Table 6: Basic Statistics of Carbon Quantum dots Spectra with U87 MG cell cultured with 50𝜇L at different doses 

 

 

Figure 70 and Table 6 shows a box plot within the fluorescence wavelength 

range for the carbon dots demonstrating the differences in the peak intensity, 

mean intensity and range. The per cent increase in the fluorescence intensity for 

50μL Carbon QDs incubated with 500 μL U87 MG cell culture medium due to 

radiation irradiated with 20Gy and 5Gy are 5Gy by 163.3 ± 0.3 % and 100.9 ± 0.3 

% respectively. Again, the level of ROS production due to radiation is far greater 

for 5Gy compared to 20Gy.  The U87 MG cell culture medium treated with 

radiation with no NPs radiosensitizers showed only a 16.609% decrease in the 

fluorescent intensity due to 20Gy.  
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Figure 70: Peak Fluorescence Intensity Comparison for U87 MG cultured with Carbon 

Quantum dots. Peak, Range and Mean comparison plot of the various experimental 

conditions with a significant statistical difference after performing a three-way 

ANOVA analysis with a significant statistical difference after performing a three-way 

ANOVA analysis with a p-value of less than 0.001 

 

 

 

 



 

174 

4.10 Experimental Verification of Assertion 3 using ECIS Analysis 

 

As discussed in detail in chapter three, to study cell coverage depended on 

processes such as cell migration, proliferation and cell death [337], it is 

recommended at higher frequencies (f > 40,000 Hz). At such frequencies, the cell 

layer impedance is drastically lowered, and the current predominantly and 

capacitively couples through the cell membrane (transcellular pathways). High-

frequency impedance is influenced more by cell-coverage, whereas the low-

frequency resistance responds more strongly to fluctuations in the spaces either 

under or between the cells [336] and prefers in studying cell adherence and 

attachment. In our work, we used multichannel frequency mode in which the 

data is collected using multiple frequencies from low to medium to high, giving 

the ability to study cell attachment, cell migration, and proliferation.  
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4.11 ECIS Impedance Analysis of in vitro tumour cell culture medium 

inoculated with Carbon quantum dot radiosensitizer  

 

ECIS impedance analysis of cell migration, proliferation and death is an 

established and increasingly widespread analytical method commonly used in 

biophysical studies [397]–[400]. It provides a non-destructive way of 

monitoring cellular behaviour by analyzing the electrical cell-substrate 

impedance, which is determined by cellular morphology and distribution on 

the sensing electrode [401]–[404].  Figure 70 is the ECIS impedance curve as a 

function of time at a high frequency of 64000 Hz.  

The graph is divided into two sections. The section before the black arrow with 

a positive increasing slope measures the degree of attachment and rate of cell 

migration. After initial adhesion, the cell migrates and spread to cover the 

electrode surface. As the cells migrate and spread, the impedance increases with 

time until it reaches a plateau where the electrode is completely covered with a 

layer of cells.  The steeper the slope, the faster the cells migrate. The black arrow 

is the region of confluency where the electrode is covered with a homogenous 

layer of cells. 
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Figure 71: Radiosensitization of Brain tumour cells using CQDs.  Cell proliferation 

monitored by impedance measurements. The graph shows the influence of CQD NPs 

radiosensitizers on U87 MG cell proliferation and migration. The first 120 hours 

indicates the phase of initial cell attachment and spreading. U87 MG cells with no NPs 

irradiated with 20Gy showed enhanced migratory effects compared to normal cells and 

cells irradiated with 5Gy. All cells radiosensitizer with CQD NPs showed no signs of 

migration and attachment. All the cells died during or immediately post-irradiation.  
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The decreasing, negative slope after the arrow measures cell death, indicating 

migratory endpoints. The decrease in impedance after the plateau region is due 

to dying cells lifting off the electrode surface. This means that the impedance 

decreases with increases in the exposed area of the electrode because of the 

disruption or detachment of cells from the electrode surface as a result of cell 

death. 

 In our previous work, we demonstrated that radiation provokes cell 

migration which may eventually result in metastasis [405]. Radiation therapy is 

a double-edged sword in that it kills tumour cells but at the same time, 

promotes distant metastasis and tumour cell migration [405], [406]. Radiation 

promotes cell migration by promoting tumour epithelial-mesenchymal 

transition (EMT), which promotes cancer metastasis [407]–[411]. EMT is a 

phenotypic switch that allows tumour cells to detach from intercellular 

junctions to facilitate metastasis.  

Figure 71, therefore, confirms this well established and long-standing fact that 

radiation induces cell migration. As shown, the green curve represents 

irradiated cells with 20 Gy without any nanoparticle radiosensitizers. As clearly 

shown, the cell migrates faster post IR compared to cells irradiated with 5Gy. 

This shows that cells irradiated with higher doses migrate faster than cells 
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irradiated with lower doses of radiation. The red curve is cells without 

irradiation. Not surprisingly, after cell confluent, the curve is almost flat, 

indicating that the cells continue to migrate as expected. All cells inoculated 

with CQDs before IR have flat curves indicating no migration. This could imply 

that CQD are either cytotoxic or effective radiosensitizer.  

 

4.12 ECIS Impedance Analysis of in vitro tumour cell culture medium 

inoculated with Carbon quantum dot radiosensitizer  

 

Figure 72 shows the ECIS impedance as a function of time for U87 MG cells in 

various experimental conditions. U87 MG cells irradiated without NPs 

radiosensitizers initially migrate more followed by cells inoculated with 

CdSe/ZnS QDs, but after reaching the plateau, the radiosensitized cells 

experienced faster cell death as expected.  
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Figure 72: ECIS Impedance Analysis of CdSe/ZnS functionalized with PEG in U87 MG 

Cell culture medium. The graph shows the influence of PEG CdSe/ZnS NPs 

radiosensitizers on U87 MG cell proliferation and migration. The graph shows that U87 

MG cells irradiated without NPs radiosensitizers initially migrate more followed by 

cells inoculated with CdSe/ZnS QDs, but after reaching the plateau, the radiosensitized 

cells experienced faster cell death. The impedance curve decreases as cell die and 

detaches from the electrode surfaces.  
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5. Chapter 5 

DISCUSSION AND CONCLUSIONS 

5.1 Discussion 

The primary goal of this work was to use biocompatible nanoparticles in the 

radiosensitization of highly resistant forms of cancer. Here, we specifically 

worked with two glioblastoma cell lines (T98G and U87 MG) because GBM 

represents the most clinically challenging form of cancer to treat. We consider 

radiosensitization as a physicochemical, or process, which increases the lethal 

effects of radiation when administered in conjunction with it.  To assess the 

efficacy of high electron density NP radiosensitizers in the enhancement of 

radiation therapy, we measured the variation of the ROS produced upon 

irradiation using nanoparticle fluorescence-based assay and detection 

technique described in our previous published work [331]. Other approaches 

such as the Dose Modifying Factor (DMF) [412]–[414] based on survival curves 

and the Nanoparticle-mediated Enhancement Ratio (NER) [415]–[417] are 

widely used. To achieve this, we constructed a special spectroscopic setup that 

increased the fluorescence sensitivity and reduced the non-specific background 

signals, boosting the signal – to – noise (background) ration in the spectral 

signal. 
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Figure 72: An illustration of the direct and indirect cellular effects of ionizing radiation 

on living cells in the presence of semiconductor nanoparticles. In the presence of QDs, 

the production of auger electrons is amplified, leading to enhanced ROS generation by 

stimulation of oxidases and nitric oxide synthases. 
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As discussed in chapter 1 and 2 (Figure 72), ROS is a collective term that 

represents all the various reactive molecules and free radicals derived from 

molecular oxygen. Within mammalian cells, the most common ROS include 

superoxide anion (O2−), hydrogen peroxide (H2O2), hydroxyl radical (HO•) and 

singlet oxygen (1O2). Although the role of ROS in the cancer therapy is 

controversial, research is increasingly demonstrating that at low levels of ROS 

production, cells activate various protective signalling pathways to initiate 

biological processes that guarantee their survival [418]. At high levels of ROS, 

oxidative stress is induced that eventually causes damage to cellular 

compounds such as DNA, proteins, membranes and various organelles. Thus, 

an elevated level of ROS is an important indicator of cellular stress, and accurate 

measurement of the amount of ROS produced is a more effective parameter to 

measure the degree of nanoparticle radiosensitization.  
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5.1.1 Measurement of ROS and Enhanced Cancer Radiosensitization  

 

Unlike the dose modifying factor (DMF) and the nanoparticle-mediated 

enhancement ratio (NER), measuring the levels of ROS produced due to 

irradiation in the presence of an NP radiosensitizer is a powerful method used 

to assess the radiosensitizing power of NPs[419], [420]. The level of ROS 

produced upon irradiation of a cell culture medium inoculated with NP 

radiosensitizers is expressed as a per cent increase or decrease in the 

fluorescence intensity of the irradiated solution with NPs compared to the 

fluorescence intensity of the colloidal solutions with NPs but no radiation.  

Table 7 shows that irradiating U87 MG culture medium (maintained at 

1.0 x 106 cells/ml) incubated with PEG CdSe/ZnS QDs experienced a statistically 

significant (p < 0.01) percent difference in the peak intensity for 5Gy of 3.7 ± 

0.01% compared to 16.6 ± 0.01 % for 20Gy. The complete table is available in 

appendix C. The optical quenching for 20Gy is four times bigger than the optical 

quenching for 5Gy. This shows that for CdSe/ZnS radiosensitizer, optical 

quenching increases proportionately with an increase in the radiation dose. 

Optical quenching of NP radiosensitizers is due to the presence of ROS. 

Essentially, ROS acts as quenchers or acceptors molecules and in proximity with 
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a PEG CdSe/ZnS QDs, a fluorophore, provides various energy transfer 

mechanisms for the QD to make quantum jumps to the ground state [421].  

Hence, the amount of ROS produced is proportional to the degree of optical 

quenching. Optical quenching can either be (a) static in which the fluorophore 

in the ground state binds with a quencher or by (b) collisional, where the 

fluorophore in the excited state is deactivated due to direct contact with ROS in 

solution.  

Table 7: Table of Experiments and results for U87 MG and T98G cell culture mediums inoculated with QDs and 

CQDs at different doses 

 

 

 

Experiment Experimental Conditions Comments [ROS 

Generation/Radiosensitization] 

4N1 Medium [EMEM+ 10% FBS] Irradiating 500μL of U87 MG cells incubated 

with 0.32μM CdSe/ZnS QDs experienced a 

statistically significant (p-value < 0.001) 

optical quenching of 3.7 ± 1.0 percent  for 5Gy 

and 16.6 ± 1.0 percent for 20Gy  in the QD 

fluorescence intensity indicated an increased 

in the production of ROS for both doses with 

20Gy much higher. Cells inoculated with QD 

showed reduced migration and greater cell 

death post IR.  

500 μL U87  

500 μL U87 + 20 Gy 

500 μL U87 + 50μL QD + 20Gy 

500 μL U87 + 50μL QD 

500 μL U87 + 5Gy 

500 μL U87 + 50μL QD + 5Gy 

500 μL U87 + 50μL QD + 20Gy 

   

5N1 Medium [EMEM+ 10% FBS] Irradiating 500μL of T98G cell culture 

incubated with CQDs experienced a 

statistically significant (p-value < 0.001) 

optical enhancement of 18.8 ± 0.2 percent  for 

5Gy and - 4.3 ± 0.2 percent for 20Gy  in the 

QD fluorescence intensity indicated an 

increased in the production of ROS for both 

doses with 5 Gy much higher. Cells inoculated 

with QD showed absolutely no migration post 

IR. 

500 μL T98G  

500 μL T98G + 20 Gy 

500 μL T98G + 50μL CQD + 20Gy 

500 μL T98G + 50μL CQD 

500 μL T98G + 5Gy 

500 μL T98G + 50μL CQD + 5Gy 

500 μL T98G + 50μL CQD + 20Gy 
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The quenching of PEG CdSe/ZnS QDs by ROS can be analyzed in terms of the 

Stern–Volmer equation[116], [421]–[423]: 

 = +   = +     
0

0
1 1
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K Q k Q

F
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where KSV is the Stern – Volmer quenching constant, kq is the bimolecular 

quenching constant, τ0 is the unquenched lifetime and [Q] is the quencher 

concentration. Hence, the concentration of ROS in the solution can be calculated 

from: 
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where F0/F is the ratio of the peak fluorescent of the cell culture in the presence 

of QDs to the intensity of the irradiated cell culture in the presence of QDs.  

In conclusion, radiosensitization due to nanoparticle radiosensitizers is 

radiation-induced ROS response. The presence of NPs amplifies the production 

of secondary electrons which in turn greatly boast the hydrolysis of water in 

both the extracellular and intracellular environment [424], [425] as shown in 

Figure 72. Also, radiation also induces endogenous ROS production within the 

mitochondria[426]. These excessive levels of ROS generated due to NPs during 

and post IR, disrupt components of the electron transport chain within the 
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mitochondria, induce intracellular redox system imbalances and cause 

oxidative stress by breaking down important biological molecules such as 

lipids, proteins, and DNA through lipid peroxidation, protein misfolding, and 

DNA strand breaks. This is shown our ECIS impedance curve in Figure 71 

clearly. After the impedance reaches the plateau region, indicating confluency, 

it begins to decrease rapidly. The decrease in impedance is due to cell death. As 

cell die and detach from the electrode surface, the impedance decreases. The 

rate of decrease of the curve is a measure of how quickly the cell die. The blue 

and green curve both represent the impedance of U87 cells treated with 0.32μM 

QD. As indicated, their impedance fall faster than the red curve representing 

untreated cells irradiated with 20Gy. This is evidence of the fact that PEG 

CdSe/ZnS QDs are good radiosensitizers.  
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5.1.2 Physical Dose Enhancement and Radiation enhancement ratio 

(RER) 

 

The gold standard for the study of the effectiveness of radiation therapy is 

survival curves using clonogenic (or colony formation) assays. Survival curves 

are based on the linear-quadratic (LQ) model and measure the number of 

colonies that are formed after treatment as a function of radiation dose. 

Alternatively, the survival fraction can be estimated using cell viability tests 

such as methyl-thiazol-tetrazolium (MTT) assay and the trypan blue exclusion 

test. Cell survival curves can be used to calculate the Dose Modification Ratio 

(DMR) [427], [428] and Mean Inactivation Dose (MID), both of which can be 

used to evaluate the radiosensitizing properties of specific NPs. Both 

parameters are defined on an iso-effect basis as a ratio of the dose to produce 

an effect with NP to dose to produce the same effect without NP rather than on 

an iso-dose effect which would require the ratio of the effects [429]. As a result, 

these parameters are not always feasible to calculate.   

To measure the radiation enhancement ratio of NP radiosensitizers, we 

used the “NP-mediated” Enhancement Ratio (NER). NER is a parameter used 
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to measure the efficacy of NP in improving radiation therapy outcomes.  

Traditionally, NER is defined as the ratio of survival fractions without and with 

NPs for a specific dose. It is beneficial to note that the definition is not limited 

to SFs but can be expanded to any reproducible variation of the biological 

response caused by the NPs at a specific dose level. In this study, to calculate 

the dose enhancement effect or radiation enhancement ratio of NP 

radiosensitizers, we defined NER as:  

 

 
 
 
 
 
 
 
 
  

Norm Impedance  of Irradiated 

Cell Culture at end of plateau 
at a specific dose 

without NPs
 NER =  level and 

Norm Impedance  of  Irradiated 

Cell Culture  at end of plateau with NPs

 
 
 
 
 

time

(End of Plateau Region)

(27) 
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5.2 Conclusion  

The purpose of this work was to address three important hypotheses. Tumour 

cells inoculated with high electron density nanoparticles functionalized with 

appropriate agents will amplify the local dose, enhance the generation of ROS 

and ultimately radiosensitize highly resistant tumour cells. Based on a 

spectroscopic fluorescent assay, we were able to measure the amount of ROS 

produced during irradiation with and without NPs. As demonstrated, we 

showed how cell culture inoculated with CdSe/ZnS functionalized with PEG 

undergo an optical quenching and the per cent drop in the intensity was 

proportional to the radiation dose. We demonstrated that T98G and U87 MG 

cell culture medium inoculated with QDs experienced an improved production 

of ROS compared to the cell culture medium without NPs.  More ROS implies 

the presence of more secondary electrons originating from the interaction of 

radiation with the culture medium, implying a greater local dose.   

Unlike CdSe/ZnS QDs, we observed that CQD undergo an optical enhancement 

rather than quenching but with a much higher enhancement for 5Gy compared 

to 20Gy.  Indirectly, implying that CQD produces more ROS at lower radiation 

doses. To quantify the radiosensitization properties of CQD and CdSe/ZnS 

QDs, we calculated the NER. A positive NER, greater than one means that the 
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NP is acting as a radiosensitizer.  Based on equation 27, the NER of 0.40μM QDs 

in 500μL of U87 MG culture medium maintained at 1.0 x 106 cells/ml at 5Gy is 

1.06 compared to 1.03   at 20Gy. Similar calculations for CQD gave a NER of 5.5 

for both 5Gy and 20Gy, indicating that CQD is better radiosensitizers compared 

to CdSe/ZnS QDs. Several conclusions can be drawn from the results obtained, 

as shown below.  

 

5.2.1 High Electron density Nanoparticles such as CdSe/ZnS and 

Carbon quantum dots increase the production of ROS and 

amplifies local dose.  

 

First, the spectroscopic analysis has provided unequivocal evidence for the 

production of more ROS due to the presence of nanoparticle radiosensitizers 

during and post-irradiation. This is evidence that the incident x-rays photons in 

the presence of functionalized, high electron density nanoparticles produce a 

amplifies the local radiation dose. NP radiosensitizers can transfer energy from 

the incident photons to the target volume more effectively than water molecules 

and thus increase the lethality of radiation during radiation therapy.  
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5.2.2 High Electron density Nanoparticles such as CdSe/ZnS and 

Carbon quantum dots are excellent radiosensitizers 

 

The experimental results underscore the fundamental principle that high 

electron density NPs are excellent radiosensitizers.  ECIS analysis showed 

considerable cell death in the experimental conditions in which the cell cultures 

treated with PEG CdSe/ZnS QDs and CQDs were irradiated. Per ICRU report 

30 [430], [431], to characterize the radiobiological impact of NP radiosensitizers, 

we calculated the “NP-mediated” Enhancement Ratio (NER). Based on our 

calculations, the NER for both PEG CdSe/ZnS QDs and CQD is above 1, 

implying that both are good radiosensitizers.  The clinical implications are that 

the presence of high electron density NP radiosensitizers will shift the TCP 

curve further to the left, widening the therapeutic window (Figure 33C). A 

wider therapeutic window means that higher dose escalations can be 

administered with improved therapeutic outcomes (TCP) and minimal toxicity. 

In addition, a small increase in dose will yield a more significant response which 

translate to a small dose will produce the same therapeutic effect with less 

toxicity. 
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5.3 Limitations of the Study and Future Perspective  

5.3.1 COVID 19 Pandemic and Campus Closure 

2020 turned out to be an unprecedented year.  The untimely emergence   

COVID-19 changed a lot of things. We had initially planned to run every 

experiment three times and every experimental condition five times. 

Repeatability is important to maintain rigour and minimize random errors 

through statistical averaging. Unfortunate, the campus was temporarily closed 

due to the COVID 19 pandemic and some experiments were done repeated 

twice. This also limited the number of cell lines we worked with and the number 

of nanoparticles we used. Despite these limitations, our experimental results 

showed great promise, and we hope to complete this as time permits.  

5.3.2 Simultaneous Assessment of ROS generation and 

Radiosensitization studies with Charged Particle Beams 

 

Charged particle beams such as alpha, carbon ion, and protons have a higher 

LET than photons beams. This study was conducted using photon or x-ray 

beams. We would recommend a comparative study to be conducted using 

particle beams to evaluate the radio-enhancement effects of high electron NPs.   
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5.3.3 Radio-enhancement effects of Carbon Quantum dots need further 

characterization. 

 

In our study, we found out that the optical enhancement of 5Gy is far greater 

than the optical enhancement of 20Gy, suggesting an optimal dose for CQD for 

radiosensitization. We would suggest a dose-response relationship to be 

studied to characterize the relationship between dose and radio-enhancement 

for CQDS. This is important because knowing the optimal dose for 

radiosensitization, will maximize treatment and prevent overexposing the 

patient to radiation during treatment.  

 

5.3.4 Complementary Monte Carlo Study of the radiosensitization 

properties of specific high electron density NPs. 

 

Literally, most MC studies have focused on high Z NPs such as AuNPs and in 

popular MC codes such as GEANT4, high electron density NPs have not been 

studied. A complementary MC simulations study will be invaluable for 

quantifying the relative radio-enhancement effects of high electron density NPs 

such as CdSe/ZnS QDs and Carbon quantum dots. This is also important, as it 

will help in furthering the current understanding of how QDs actually produce 
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more secondary electrons compared to water as well as ion track structures due 

to the interaction of radiation with QDs. This is helpful in understanding DNA 

damage, the biodistribution of QDs and other cellular effects of QDs.  
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6. APPENDIX A: PUBLISHED ABSTRACTS 

 

The Young Investigator Symposium Finalist, MRV Chapter of the American 

Association of Physicists in Medicine, August 2020, Omaha, NE, USA 

 

Nanoparticles for Simultaneous Assessment of ROS and Radiosensitization 

Enhancement of Brain Cancer Cells for Improved Radiotherapy Outcomes.  

Djam, Kimal Honour, A Ekpenyong*, Creighton University, Omaha, NE 

 

Despite significant advances in radiotherapy (RT) treatment modalities, highly radioresistant 

forms of cancer such as Glioblastoma Multiforme (GBM) remains a major clinical challenge due 

to poor prognostication. In the past decade, new forms of radiotherapy such as Nanoparticle-

Mediated Radiation Therapy (NPRT) are under intense research as a new frontier for 

radiosensitization of highly resistant cancerous tumours. Nanoparticle Mediated Dose 

Enhancement of Radiation Therapy is emerging as a favorable modality for enhancing 

radiotherapeutic ratio through local tumour dose enhancement and radiosensitization. This is 

due to the ability of specific nanoparticles (NPs) to increase local physical dose deposition and 

subsequent, direct damage to cells and DNA within their local vicinity. High electron density 

and atomic number NPs act as radiosensitizers with high radiation dose enhancement (DE) 

properties that enhance radiochemical yields through enhanced ROS generation in hypoxic 

tumour subvolumes. 

 

Optimizing the therapeutic efficacy of these nanoparticles rely on our current understanding of 

the underlying principles of NP radio-enhancement as it relates to the potential to release 

copious electrons into a nanoscale volume, thereby amplifying radiation-induced biological 

damage. In this work, we have successfully used high electron density, PEGylated 

(biocompatible) core-shell quantum dots (QDs)  and carbon quantum dots to 1) amplify the 

local dose; 2) enhance the generation of ROS in vitro 3) assess the amount of ROS Generation 

and 3) to radiosensitize highly resistant cancer cell lines. The objective and motivation of our 

work are to enhance radiotherapy outcomes for glioblastoma through local dose enhancement 

and radiosensitization. By improving radiosensitization through increased ROS generation, we 

effectively lower the prescribed dose while maintaining the desired treatment outcome 
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Having recently published our novel assay wherein we used fluorescence intensity modulation 

of CdSe/ZnS quantum dots (QDs) to assess reactive oxygen species (ROS) generation during 

chemotherapy and radiotherapy for cancer cells, we are applying this assay for concurrent 

measurement of ROS and radiosensitization. Using a Faxitron Cell Irradiator, we irradiate brain 

cancer cells (T98G and U87 Glioblastoma cells) treated with QDs and measure both their 

migration and the QD fluorescence intensity. We measure and quantify the migration using a 

commercially available Electric Cell Impedance Sensor (ECIS) method. 

 

Irradiated T98G cells attach and migrate significantly (p<0.0001) more than non-irradiated cells 

in the first 20 hours post-irradiation and significant cell death thereafter. By calculating the 

fluorescence intensity ratio (FIR), we demonstrated that our approach results in enhanced ROD 

generation by almost a factor of 2 for 20 Gy compared to 5 Gy for PEG CdSe/ZnS QDs. Its ECIS 

analysis did not show any significant cell migration, as most of the cells died either during or 

after IR. Increased ROS generation is due to higher radiochemical yields resulting from local 

dose amplification.  Hence, functionalized nanoparticles such as PEG CdSe/ZnS QDs and 

Carbon quantum dots provide a novel alternative for the treatment of highly resistant brain 

tumors 
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Glioblastoma is the most common primary brain tumor in adults and yet it remains one of the 

least treatable. Current standard of care which involves combinations of surgery, radiotherapy 

and chemotherapy, results in a median survival of only 15 months. This dismal outcome is 

partly due to the high radio-resistance of Glioblastoma. Here, we seek to enhance radiotherapy 

outcomes through radiosensitization using nanoparticles such as quantum dots and carbon 

dots. 
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Having recently published our novel assay wherein we used fluorescence intensity modulation 

of CdSe/ZnS quantum dots (QDs) to assess reactive oxygen species (ROS) generation during 

chemotherapy and radiotherapy for cancer cells, we are applying this assay for concurrent 

measurement of ROS and radiosensitization. Using a Faxitron Cell Irradiator, we irradiate brain 

cancer cells (T98G and U87 Glioblastoma cells) treated with QDs and measure both their 

migration and the QD fluorescence intensity. We measure and quantify the migration using a 

commercially available Electric Cell Impedance Sensor (ECIS) 

 

Irradiated T98G cells attach and migrate significantly (p<0.0001) more than non-irradiated cells 

in the first 20 hours post irradiation. Preliminary results also show that the radiotherapy leads 

to QD intensity reduction due to ROS production as expected. Results for radiosensitization 

will be presented. 
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Glioblastoma is the most common primary brain tumor in adults and yet it remains one of the 

least treatable. Current standard of care which involves combinations of surgery, radiotherapy 

and chemotherapy, results in a median survival of only 15 months. This dismal outcome is 

partly due to the high radio-resistance of Glioblastoma. Here, we seek to enhance radiotherapy 

outcomes through radiosensitization. 

 

Having recently published our novel assay wherein we used fluorescence intensity modulation 

of CdSe/ZnS quantum dots (QDs) to assess reactive oxygen species (ROS) generation during 

chemotherapy and radiotherapy for cancer cells, we are applying this assay for concurrent 

measurement of ROS and radiosensitization. Using a Faxitron Cell Irradiator, we irradiate brain 

cancer cells (T98G Glioblastoma cells) treated with QDs and measure both their migration and 

the QD fluorescence intensity. We measure and quantify the migration using a commercially 

available Electric Cell Impedance Sensor (ECIS) 
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Irradiated T98G cells attach and migrate significantly (p<0.0001) more than non-irradiated cells 

in the first 20 hours post irradiation. Preliminary results also show that the radiotherapy leads 

to QD intensity reduction due to ROS production as expected. Results for radiosensitization 

will be presented. 
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Purpose/Rationale: Although radiotherapy and most cancer drugs target the proliferation of 

cancer cells, it is metastasis, the complex process by which cancer cells spread from the primary 

tumor to other tissues and organs of the body where they form new tumors, that leads to over 

90% of all cancer deaths. Thus, there is an urgent need for anti-metastasis strategies alongside 

chemotherapy and radiotherapy. An important step in the metastatic cascade is migration. Here 

we address the question whether ionizing radiation and/or chemotherapy might inadvertently 

promote metastasis by enhancing cell migration. 

 

Methods: We used a standard laboratory irradiator, Faxitron CellRad, to irradiate both non-

cancer (HCN2 neurons) and cancer cells (T98G glioblastoma) with 2 Gy, 10 Gy and 20 Gy of X-

Rays. Paclitaxel (5 μM) was used for chemotherapy. We then measured the attachment and 

migration of the cells using an electric cell substrate impedance sensing device. 

 

Results: Both the irradiated HCN2 cells and T98G cells showed significantly (p<0.0001) 

enhanced migration compared to non-irradiated cells, within the first 20 to 40 hours following 

irradiation. 

 

Conclusion/Significance: Our results suggest that cell migration should be a therapeutic target 

in anti-metastasis strategies for improved radiotherapy and chemotherapy outcomes. 
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Purpose/Rationale: Glioblastoma is the most common primary brain tumor in adults and yet it 

remains one of the least treatable. Current standard of care which involves combinations of 

surgery, radiotherapy and chemotherapy, results in a median survival of only 15 months. This 

dismal outcome is partly due to the high radio-resistance of Glioblastoma. The purpose of this 

work is to develop strategies that will ultimately enhance radiotherapy outcomes for 

glioblastoma through radiosensitization. 

 

Methods: Having recently published our novel assay wherein we used fluorescence intensity 

modulation of PEGylated (biocompatible) CdSe/ZnS quantum dots (QDs) to assess reactive 

oxygen species (ROS) generation during chemotherapy and radiotherapy for cancer cells, we 

are applying this assay for concurrent measurement of ROS and radiosensitization. Using a 

Faxitron Cell Irradiator, we irradiate brain cancer cells (T98G Glioblastoma cells) treated with 

QDs and measure both their migration and the QD fluorescence intensity. 

 

Results: Irradiated T98G cells attach and migrate significantly (p<0.0001) more than non-

irradiated cells in the first 20 hours post irradiation. Preliminary results also show that the 

radiotherapy leads to QD intensity reduction due to ROS production as expected. Results for 

radiosensitization using QDs will be presented. 

 

Conclusions/Significance: We have developed an assay for the in vitro concurrent 

measurement of ROS and radiosensitization with possible application in concurrent imaging 

and drug delivery. This suggests using PEGylated QDs and similar conjugates as biophysical 

assays for the development of in vivo strategies that will enhance radiotherapeutic outcomes 

for glioblastoma and other highly radio-resistant tumors. 
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7. APPENDIX B: [PUBLISHED / SUBMITTED] BOOK CHAPTER/ 

JOURNAL ARTICLES 
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8. APPENDIX C: LIST OF EXPERIMENTS 

Experiment Experimental Conditions Comments 

[ROS Production and Radiosensitization] 

1N1 

 

Medium [EMEM+ 10% FBS] Irradiating 500μL human glioblastoma cells 

(T98G) maintained on average at 1.0 x 106 cells/ml, 

incubated with 0.16μM PEG CdSe/ZnS core-shell 

quantum dots showed no statistically significant 

difference (p<0.05) in optical quenching and 

quantum dot fluorescence observed. Setup A 

(appendix D) was used without the presence of the 

specially designed TBP corvette. No optical 

quenching implies no significant ROS was 

produced due to radiation in the presence of NPs 

radiosensitizer, but this may have been due to the 

limitations imposed by the equipment. This 

prompted us to design a new setup with a higher 

resolution and sensitivity.  

20μL QD + 500 μL T98G 

20μL QD + 500 μL T98G + 20 Gy 

500 μL T98G 

1N2 Medium [EMEM+ 10% FBS] 

20μL QD + 500 μL T98G 

20μL QD + 500 μL T98G + 20 Gy 

500 μL T98G 

1N3 Medium [EMEM+ 10% FBS] 

20μL QD + 500 μL T98G 

20μL QD + 500 μL T98G + 20 Gy 

500 μL T98G 

     

2N1 Medium [EMEM+ 10% FBS] Irradiating 500μL human glioblastoma cells 

(T98G) maintained on average at 1.0 x 106 cells/ml, 

incubated with 0.32μM PEG CdSe/ZnS core-shell 

quantum dots showed a statistically significant 

(p-value < 0.001) optical quenching of 5.5 ± 0.4 per 

cent in the QD fluorescence intensity with a 95 % 

40μL QD + 500 μL T98G 

40μL QD + 500 μL T98G + 20 Gy 

500 μL T98G 
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confidence interval. This implies an increased in 

the production of ROS.  

2N2 Medium [EMEM+ 10% FBS] Irradiating 500μL human glioblastoma cells 

(T98G) maintained on average at 1.0 x 106 cells/ml, 

incubated with 0.32μM PEG CdSe/ZnS core-shell 

quantum dots showed a statistically significant 

(p-value < 0.001) optical quenching of 7.6 ± 0.6 per 

cent in the QD fluorescence intensity with a 95 % 

confidence interval. This implies an increased in 

the production of ROS.  

40μL QD + 500 μL T98G 

40μL QD + 500 μL T98G + 20 Gy 

500 μL T98G 

2N3 Medium [EMEM+ 10% FBS] Irradiating 500μL human glioblastoma cells 

(T98G) maintained on average at 1.0 x 106 cells/ml, 

incubated with 0.32μM PEG CdSe/ZnS core-shell 

quantum dots showed a statistically significant (p-

value < 0.001) optical quenching of 10.2 ± 0.5 per 

cent in the QD fluorescence intensity with a 95 % 

confidence interval. This implies an increased in 

the production of ROS.  

40μL QD + 500 μL T98G 

40μL QD + 500 μL T98G + 20 Gy 

500 μL T98G 

     

3N1 Medium [EMEM+ 10% FBS] Irradiating 500μL human glioblastoma cells 

(T98G) maintained on average at 1.0 x 106 cells/ml, 

incubated with 0.40μM PEG CdSe/ZnS core-shell 

quantum dots showed a statistically significant (p-

value < 0.001) optical quenching of 14.4 ± 0.6 per 

cent in the QD fluorescence intensity with a 95 % 

confidence interval. This implies an increased in 

the production of ROS.  

50μL QD + 500 μL T98G 

50μL QD + 500 μL T98G + 20 Gy 

500 μL T98G 

3N2 Medium [EMEM+ 10% FBS] Irradiating 500μL human glioblastoma cells 

(T98G) maintained on average at 1.0 x 106 cells/ml, 50μL QD + 500 μL T98G 
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50μL QD + 500 μL T98G + 20 Gy incubated with 0.40μM PEG CdSe/ZnS core-shell 

quantum dots showed a statistically significant (p-

value < 0.001) optical quenching of 17.4 ± 0.7 per 

cent in the QD fluorescence intensity with a 95 % 

confidence interval. This implies an increased in 

the production of ROS. 

500 μL T98G 

     

4N1 Medium [EMEM+ 10% FBS] Irradiating 500μL human glioblastoma cells (U87 

MG) maintained on average at 1.0 x 106 cells/ml, 

incubated with 0.40μM PEG CdSe/ZnS core-shell 

quantum dots at different doses showed a 

statistically significant (p-value < 0.001) optical 

quenching of 3.7 ± 0.01 percent for 5Gy and 16.6 

± 0.01 percent for 20Gy in the QD fluorescence 

intensity indicated an increased in the production 

of ROS for both doses with 20Gy 4 times higher. 

Cells inoculated with QD showed reduced 

migration and greater cell death post IR.  

500 μL U87  

500 μL U87 + 20 Gy 

500 μL U87 + 50μL QD + 20Gy 

500 μL U87 + 50μL QD 

500 μL U87 + 5Gy 

500 μL U87 + 50μL QD + 5Gy 

500 μL U87 + 50μL QD + 20Gy 

     

5N1 Medium [EMEM+ 10% FBS] Irradiating 500μL human glioblastoma cells 

(T98G) maintained on average at 1.0 x 106 cells/ml, 

incubated with 50𝜇L CQD at different doses 

showed a statistically significant (p-value < 0.001) 

optical enhancement of 18.8 ± 0.2 percent  for 5Gy 

and – (4.3 ± 0.2) percent for 20Gy  in the QD 

fluorescence intensity indicated an increased in the 

production of ROS for both doses with 5 Gy much 

higher. There is more fluorescence Intensity 

enhancement for the 5Gy compared to the 20Gy. 

500 μL T98G  

500 μL T98G + 20 Gy 

500 μL T98G + 50μL CQD + 20Gy 

500 μL T98G + 50μL CQD 

500 μL T98G + 5Gy 

500 μL T98G + 50μL CQD + 5Gy 

500 μL T98G + 50μL CQD + 20Gy 
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Cells inoculated with 50𝜇L CQD showed very little 

or no migration post IR. 

     

5N2 Medium [EMEM+ 10% FBS] Irradiating 500μL human glioblastoma cells 

(T98G) maintained on average at 1.0 x 106 cells/ml, 

incubated with 50𝜇L CQD at different doses 

showed a statistically significant (p-value < 0.001) 

optical enhancement of 13.9 ± 0.2 percent  for 5Gy 

and  -11.2± 0.2 percent for 20Gy  in the QD 

fluorescence intensity indicated an increased in the 

production of ROS for both doses with 5 Gy much 

higher. Cells inoculated with QD showed 

absolutely no migration post IR. 

500 μL T98G  

500 μL T98G + 20 Gy 

500 μL T98G + 50μL CQD + 20Gy 

500 μL T98G + 50μL CQD 

500 μL T98G + 5Gy 

500 μL T98G + 50μL CQD + 5Gy 

500 μL T98G + 50μL CQD + 20Gy 

     

6N1 Medium [EMEM+ 10% FBS]  Irradiating 500μL human glioblastoma cells (U87 

MG) maintained on average at 1.0 x 106 cells/ml, 

incubated with 50𝜇L CQD at different doses a 

statistically significant (p-value < 0.001) optical 

enhancement of 163.3 ± 0.3 percent  for 5Gy and   

100.9 ± 0.3 percent for 20Gy  in the QD 

fluorescence intensity indicated an increased in the 

production of ROS for both doses with 5 Gy much 

higher. Cells inoculated with QD showed 

absolutely no migration post IR. 

500 μL U87   

500 μL U87 + 20 Gy  

500 μL U87 + 50μL CQD + 20Gy  

500 μL U87 + 50μL CQD  

500 μL U87 + 5Gy  

500 μL U87 + 50μL CQD + 5Gy  

500 μL U87 + 50μL CQD + 20Gy  
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9. APPENDIX D: INITIAL EXPERIMENTAL SET UP 

 

Spectroscopic equipment. The colloidal sample of CdSe/ZnS QD is illuminated with a source of UV LED at a 

temperature of 22C. The sample fluoresces, feeds the optical fiber and gets postprocessed in a spectrometer, and 

analyzed in the computer 
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10. APPENDIX E: COPYRIGHT PERMISSIONS  
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