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ABSTRACT 

On the Development of Praseodymium-Doped Radioluminescent Nanoparticles and Their Use in 

X-ray Mediated Photodynamic Therapy of Glioblastoma Cells 

 

Gabrielle Mandl, PhD 

Concordia University, 2023 

 

Despite decades of research, few advancements have been made toward improving the prognosis of 

patients with glioblastoma, a lethal and invasive form of brain cancer. The current standard of care 

is fluorescence-guided surgical resection followed by radiotherapy and chemotherapy. Fluorescence 

guided surgery is performed using 5-aminolevulinic acid (5-ALA), a prodrug that induces the 

accumulation of fluorescent protoporphyrin IX (PPIX) in malignant cells. Conveniently, 5-ALA 

mediated production of PPIX is also renowned as the most popular photodynamic therapy (PDT) 

agent in the world.  PDT is a treatment that uses visible light to stimulate a photosensitizer to produce 

reactive oxygen species, which can damage and kill cells. However, the technique is limited by the 

tissue depth penetration of light. The advent of nanomedicine has enabled the possibility to achieve 

PDT by using luminescent nanoparticles to alter the incident excitation source. When X-rays are 

used to excite the nanoparticles, the process is called X-ray mediated photodynamic therapy (X-

PDT).  

Herein, we have developed NaLuF4:Pr3+ radioluminescent nanoparticles to achieve X-PDT. The 

emission spectrum of Pr3+ exhibits strong spectral overlap with the absorption spectrum of PPIX, an 

endogenous photosensitizer. A reproducible route to synthesizing uniform NaLuF4:Pr3+ 

nanoparticles at sizes relevant for cell uptake was developed, and the spectroscopic properties of the 

nanoparticles were evaluated prior to in vitro studies.  The nanoparticles were found to exhibit 

persistent luminescence, and a mechanism was developed to explain the charge (de-)trapping 

process.  The   nanoparticle composition was optimized for excitation of PPIX and studied in the 

human glioblastoma cell line called U251. We evaluated the therapeutic effect of the nanoparticles 

with and without 5-ALA to establish the radiosensitization capability as well as the X-PDT effect. 

Three nanoparticle concentrations were studied using 4 radiation doses, including those relevant for 

intraoperative radiotherapy which is performed on the tumor cavity immediately after resection. The 
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effects on stress, death, damage, senescence and proliferation were studied. and demonstrate 

promising results at a proof-of-concept level. Throughout this work, current clinical practice guided 

our experimental design, providing a strong foundation toward using Pr3+-doped nanoparticles for 

X-PDT in an intraoperative setting using endogenous PPIX as the photosensitizer. 
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“Art is I, science is we.” – Claude Bernard 
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Chapter 1. Introduction 

Complex challenges require creative solutions. With respect to modern medicine, this is 

especially true. Despite decades of progress and technological advancements, it is clear that there 

is no one-size-fits-all treatment for cancers like glioblastoma, where therapies are aggressive and 

yet the survival of most patients remains a year or two, at best. The advent of nanomedicine has 

brought forth the potential to develop unique routes to adjuvant therapies which were previously 

impractical or impossible to administer. X-ray mediated photodynamic therapy (X-PDT), is one 

such adjuvant treatment which combines radiotherapy and photodynamic therapy using a 

luminescent nanoparticle and a photosensitizer.1–3 While X-PDT does indeed combine two highly 

established, currently used treatments, the road to the successful clinical implementation of 

nanoparticle-based X-PDT requires us to first understand the fundamental physicochemical 

properties of the nanoparticles, and their effects at the cellular level.  

Herein, we set out to detail our efforts on the development of an X-PDT modality for the 

treatment of glioblastoma. First, the synthesis and spectroscopic properties of the nanoparticles are 

explored, providing a strong fundamental understanding of the luminescent properties of the 

nanoparticles. The second part of the work focuses on the biological studies undertaken using these 

nanoparticles to demonstrate an in vitro proof-of-concept for X-PDT. The multidisciplinary nature 

of this project requires solid foundational knowledge of nanochemistry, spectroscopy, 

radiobiology, medical physics, and the state-of-the-art of both clinical treatments of glioblastoma 

and the new nanoparticle-based treatments under development. This introduction aims to establish 

a basic foundation for the reader. Throughout this introduction, the reader is referred to several 

appendices which provide additional in-depth discussion on several topics that are relevant to the 

work presented herein and may be of interest. 
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Chapter 2. Introduction to lanthanide luminescence 

2.1.  On the interaction of ionizing radiation with matter 

 Ionizing radiation plays a key role in two aspects of X-PDT: radioluminescence (Section 

2.2) and radiotherapy (Section 3.2.3). The general outcome of each aspect is quite different, but 

the physical principles are the same for both. First, we will detail how ionizing radiation interacts 

with matter and the properties which govern those mechanisms. We will then apply those 

principles to each of the above-mentioned aspects.  

Ionizing radiation consists of photons or particles with sufficient energy to ionize an 

atom.4,5 Interestingly, there is little consensus on the numerical threshold for the definition of 

ionizing radiation, even within the International Atomic Energy Agency.6 Of practical interest for 

this work, however, we can define it to be a minimum photon energy of 12.4 eV (100 nm), in line 

with the EURATOM definition.6 For the sake of relevance, we will restrict the discussion here to 

ionizing photons, with emphasis on X-rays in the keV energy range.  

 When a keV X-ray photon interacts with a material, energy is deposited in a two-step 

process, during which a cascade of events may occur.7 The incident photon first transfers energy 

to an orbital electron, followed by energy deposition from the excited charged particle to the rest 

of the material and/or the surrounding medium. As shown in equation 1, X-ray attenuation by an 

absorber is related to the thickness of the material, x, and the linear attenuation coefficient, μ: 

𝑰 =  𝑰𝟎𝒆−𝝁𝒙        (1) 

Where I0 and I are the initial and final X-ray intensities before and after the photon beam 

interacts with the material.7 The linear attenuation coefficient, μ, is reported in units of cm-1 and is 

the probability as a function of distance (path length) that an X-ray photon will interact with the 

absorber. As shown in equation 2, μ is inversely proportional to the third power of the X-ray energy 

(E) and the atomic mass of the absorber (A). It is also proportional to the density of the absorber 

(ρ) and the fourth-power of the atomic number of the material, Zeff.  
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𝝁 =
𝝆𝒁𝒆𝒇𝒇

𝟒

𝑬𝟑𝑨
        (2) 

It became necessary to establish a means of estimating an atomic number (Z) for a 

composite material, since many ionizing radiation-matter interactions depend upon this property. 

As such, the effective atomic number, Zeff, is used when the absorber is not a pure element with a 

characteristic Z. In many cases, Zeff is colloquially referred to as Z when it is clear a multi-element 

material is being discussed. Zeff can be calculated using a variety of methods, but most recently, 

there has been software developed to calculate it using photon cross-section data, and the Zeff can 

be scaled according to the incident ionizing radiation source of interest.8 The relationships between 

these variables are somewhat intuitive, and explain some of our experiences with X-ray-matter 

interactions. For example, high-energy X-rays can penetrate tissues more deeply than low-energy 

X-rays, and denser materials attenuate X-rays more efficiently. Combined, these interactions form 

the basis of X-ray radiography. The nature of the primary photon-matter interaction depends on 

the energy of the incident photon and the properties of the absorbing material. As shown in Figure 

1A, there are three major types of interactions: the photoelectric effect, Compton scattering, and 

pair production.5,7  

Figure 1. A) Graph of the different regimes of photon-matter interactions as a function of atomic number and photon 

energy. The curves represent the points at which the photoelectric effect (τ) cross-section is equivalent to the Compton 

scattering cross-section (σ) and where the Compton scattering and pair production (κ) cross-sections are equivalent. 

Adapted from References 5 and 7. B) Graphical depiction of the ejection of photoelectrons, Auger electrons and secondary 

X-rays upon interaction of an atom with ionizing radiation.  
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  In the low-energy regime (up to a few hundred keV), interactions are dominated by the 

photoelectric effect. The middle range, from around 500 keV to 5 MeV, is dominated by Compton 

scattering, and finally pair-production is predominant in the high-energy regime. For the X-PDT 

system developed herein, we are particularly interested in the keV regime for several reasons:  

● Intraoperative radiotherapy (IORT) for glioblastoma is performed using keV X-

rays, as discussed in Section 3.3.2.9 

● Physical radiosensitization occurs via the Auger effect, and is an effective means 

of inducing DNA damage (Section 3.4).10 This is best achieved using high-density, 

high Zeff materials.11 

● The high density, high Zeff materials that give rise to the Auger effect are also 

generally suitable for absorbing energy via the photoelectric effect and converting 

it into radioluminescence.5 

As shown in Figure 1B, in the photoelectric effect, the energy of an incident X-ray photon 

is completely absorbed and causes the ejection of an electron (known as a photoelectron).5,7 The 

vacancy left by the ejected photoelectron is then filled by a higher-energy electron. The energy 

equivalent to the binding energy of the ejected photoelectron is then emitted by the atom in the 

form of another electron (the Auger effect), or in the form of X-ray fluorescence.7 The probability 

of the photoelectric effect to occur is inversely dependent on the photon energy (1/E3) and 

approximately proportional to Z3 of the absorber (Zeff if it is a multi-element absorber).1  

The secondary ionizations and X-ray photons generated can further interact with the 

surrounding medium and produce their own cascades, until all (or most) of the energy has been 

deposited and the cascade cannot continue. Finally, the deposited energy can result in 

radioluminescence, as discussed below, or in a biological effect, as discussed in Section 3.2.3. 

Compton scattering and pair production will not be discussed for the sake of relevance. The 

interested reader is referred to the textbook by Podgorsak7 for discussions on the high-energy 

regime as it pertains to medical physics, and to the works by Blasse12,  and Lecoq13 for this 

discussion in the context of radioluminescence. 
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2.2. Radioluminescence 

Radioluminescence is the production of non-ionizing luminescence upon excitation with 

ionizing radiation.14 Radioluminescence plays a role in a huge number of modern technologies. A 

class of radioluminescent materials, known as scintillators, are used in many applications, from 

detectors for medical imaging, to deep-space astrophysics, to nuclear weapons detection, among 

others.13,15–18 Traditionally, an ideal scintillator is grown as a single crystal, and possesses 

extremely fast decay times (on the order of ps), thus not all radioluminescent materials fit that 

classification (especially those that take advantage of the forbidden 4f emissions of the lanthanide 

ions, as described in Section 2.3).19 Herein, we choose not to use the term scintillator, though many 

of the references cited (especially for nanomaterials) use the terms radioluminescence and 

scintillation interchangeably.1,15,20,21 Radioluminescence in inorganic materials occurs in three 

stages19, and the efficiency of the radioluminescence process (η) is most basically described using 

equation 3: 

𝜼 = 𝑩𝑺𝑸       (3) 

Where B describes the efficiency of the absorption of the incident radiation and the 

formation of electron-hole pairs, S describes the efficiency of the energy transfer from the electron-

hole pairs to a luminescent center, and Q describes the efficiency of the emission process (ie. the 

quantum yield of the luminescent center). The process is summarized in Figure 2.  

As discussed previously, an incident photon can interact with an absorbing material via the 

photoelectric effect, Compton scattering or pair production, depending on its energy. With respect 

to radioluminescence, these primary interactions cause an excitation of the host material, 

generating electron-hole pairs. The theoretical maximum number of electron-hole pairs (np) that 

can be produced by an incident photon is given in equation 419:  

𝒏𝒑 =
𝟏𝟎𝟔𝑬

𝝃
        (4) 

Where E is the energy of the incident photon in MeV, and ξ is equal to the average energy 

in eV required to form a single electron-hole pair, including any losses in energy. While ξ in 

equation 4 considers losses, there is still intrinsically a minimum energy required to form a single 
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electron-hole pair (ξmin). This minimum is approximated to energies between 1.5Eg and 3Eg 

depending on the model used, where Eg is the energy of the electronic band gap of the 

material.19,22,23 Most often, 2.25Eg is the value encountered in the literature. From these 

relationships, we can estimate that a single 50 keV X-ray photon can produce over 2000 electron-

hole pairs in a material with a 10 eV band gap if we take ξ as 2.25Eg. As such, under constant 

irradiation with an X-ray beam, countless pairs are propagating throughout a crystalline lattice at 

a given time, even if only a fraction of the theoretical maximum number of pairs is produced. The 

generated electron-hole pairs eventually undergo thermalization, where phonons are emitted until 

the electrons and holes reach energies close to those of the band edges.22 This is the end of the first 

part of the radioluminescence process.  

The transfer of energy from thermalized charge carriers in the host conduction and valence 

bands to luminescent centers is the next phase of the process. The efficiency of this process, S, is 

the least understood part of the radioluminescence mechanism and no models are able to predict it 

at this time, to our knowledge.19 While relatively little is understood about this process, it is 

Figure 2. Graphical depiction of the radioluminescence process. 1) Incoming ionizing radiation is absorbed by the 

material causing excitation of the host lattice and production of electron-hole pairs. 2) Excited electrons and holes 

migrate through the conduction and valence bands, respectively, and then transfer their energy to the luminescent 

center. 3) The luminescent center radiatively relaxes to emit a photon.  CB: conduction band, VB: valence band. 
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established that while the thermalized charges propagate through the host, one portion of these 

carriers is lost to interactions with defects and trap states (or can be self-trapped), and the remainder 

result in electron-hole recombination at the luminescent center, which then becomes promoted to 

a higher-energy electronic state. 24 

The final stage, emission of a non-ionizing photon from the luminescent center, is the most 

familiar process. The efficiency of this process, Q, is the quantum yield of the emitting center. 

Since the basic definition of quantum yield (number of photons emitted per number of photons 

absorbed) is practically not obtainable in the case of radioluminescence because the host excites 

the luminescent center, this value is typically obtained using lifetimes under a pulsed radiation 

source.19,25   

2.2.1. Radioluminescence: Bulk vs. nanoscale 

 Our understanding of the radioluminescence process, and development of 

radioluminescent materials has mostly occurred due to the rapid advancement of technologies 

based on scintillation detectors.5,13,14,19  Importantly, the majority of scintillator-based technologies 

use single crystals or bulk-scale polycrystalline materials, and our understanding of the 

radioluminescence process is based on these bulk materials. In 2014, Jung et al. reported a study 

comparing the radioluminescence of several materials at the bulk and nanoscale and concluded 

that a trend could not be established between their performance.20 These discrepancies mean it is 

important to re-evaluate previously discarded compositions, as their performance may be much 

more impressive at the nanoscale.  

 The past two decades have seen a tremendous increase in the development of technologies 

based on nanomaterials. Nanomaterials, defined as having one dimension on the order of 100 nm 

or smaller, are known to exhibit properties that are different than their bulk counterparts owing to 

a much larger surface area-to-volume ratio.26  The advancements made in nanomedicine27,28 using 

nanoparticles have more recently inspired the development of radioluminescent nanoparticles 

(RLNPs), also commonly referred to as nanoscintillators. As recent as 2011, it was noted that the 

development of nanoscintillators had essentially been unexplored.29 

 A major consideration in nanocrystalline radioluminescent materials is the diffusion length 
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of charge carriers. In ionic crystals, the average diffusion (thermalization) length of excited 

electrons is around 70-100 nm before recombination at an activator ion occurs. 29,30 This effectively 

means that a free electron can traverse a nanoparticle, and either transfer its energy to a surface 

defect, or be ejected from the nanoparticle altogether.31 The prevalence of luminescence quenching 

due to surface defects in nanomaterials extends beyond radioluminescence; it is a common 

phenomenon in upconversion and photoluminescence as well.20 Sharp dependencies on the 

luminescence intensity of LaPO4:Pr3+ and LuPO4:Pr3+  have been observed in the range of 15-40 

nm, and the correlation of radioluminescence intensity with RLNP size was modelled and 

confirmed to be affected by the average thermalization length of electrons.31 In agreement with 

these results, it has been suggested on multiple occasions that relatively large nanoparticle sizes 

(around 70-100 nm) are beneficial for achieving higher radioluminescence efficiencies.29,32,33   

 Mentioned previously, the interaction of an initial primary electron is usually accompanied 

by a secondary cascade of Auger electrons and X-rays. In addition to the diffusion of hot electrons 

formed in the primary interaction, the migration distance of these secondary particles/photons are 

also on the order of a hundred nanometers.34 The potential for primary and secondary electrons 

and photons to traverse multiple nanoparticles is a key factor in radioluminescence at the 

nanoscale, and in the use of nanoparticles as radiosensitizers (discussed in Section 3.4.1.1). 

Notably, Bulin et al. modelled the energy deposited into nanoparticles in an aqueous environment, 

and found that the majority of incident energy is deposited into the surrounding medium before 

interacting with the nanoparticles.35 This is a particularly important consideration for RLNPs in 

the context of X-PDT, as most fundamental studies on radioluminescent materials are performed 

on powders or single crystals, where there is no surrounding medium to consider.   

2.2.2. Material considerations 

Radioluminescent materials can be classified by the type of luminescent center: intrinsic 

materials where luminescence comes from the “host” material itself, and extrinsic materials, in 

which luminescence comes from an activator ion introduced into a spectroscopically-silent host. 

The ability to introduce dopant ions into a lattice and precisely tune its radioluminescent properties 

makes extrinsic materials particularly interesting. Herein, we will focus on these types of 

radioluminescent materials.  
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 Since radioluminescence is a host-mediated process, it follows that the choice of host is 

an essential consideration. The intended application of the material may be the best means of 

choosing a host. In our case, the host must fulfill the following criteria: 

• It must be of sufficiently high density and effective atomic number to facilitate 

interactions via the photoelectric effect 

● It must be chemically stable in biological medium such that it does not decompose upon 

introduction to cells or tissues 

● It must be non-toxic in line with its use as a therapeutic agent 

● It must have low phonon energies such that minimal luminescence quenching is caused 

● It must be possible to synthesize at the nanoscale relatively easily, with high 

reproducibility and uniformity 

● It must facilitate the desired emissions from the chosen luminescent ion 

For these reasons, the ternary sodium lanthanide fluoride hosts are an ideal choice. Fluoride 

hosts have been very successfully used in the development of scintillators for a wide variety of 

applications, owing to their generally low hygroscopicity and wide band gaps.36  The fluorides 

have also been the most widely-used hosts for the development of upconverting nanoparticles.37,38 

The low phonon energies of fluorides (300-500 cm-1) facilitate upconversion by reducing the 

probability of non-radiative relaxation of the intermediate excited states. This is also an important 

property for radioluminescent materials when activator ions have states which are susceptible to 

such phenomena.  Moreover, the rapid advancement of luminescent nanoparticles for biomedical 

applications has resulted in a wealth of in vitro and in vivo studies, which thus far have suggested 

fluoride nanoparticles are not toxic.39–47 

NaLuF4 is a particularly interesting host for use in X-PDT, as it fits all of the criteria above, 

and has been previously demonstrated by the Capobianco group to yield strong radioluminescence 

when doped with lanthanide ions.48 Of major importance, the lanthanides have played a major role 

in the development and success of luminescent materials and are among the best choices for 

activators in radioluminescent materials.21,36,49,50   
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2.3. The lanthanides 

Lanthanide means “to lie hidden” and refers to the 14 elements following lanthanum on 

the periodic table (Ce-Lu).51 These elements are also referred to as lanthanoids when La is 

included, and when Y and Sc are included in the definition, they are known as the rare-earth 

elements. While La, Y and Sc do not possess 4f valence electrons, they are often found in the same 

ores as the other lanthanides and are chemically similar, thus they tend to be included in the 

definition of rare-earths.52 The lanthanide elements are essential in modern society. First 

discovered in 178752, the rare-earth elements were initially difficult to identify and purify, owing 

to their similar ionic radii in the trivalent state, determining their similar properties. The interested 

reader is referred to Chapter 73 of the Handbook of the Chemistry and Physics of Rare Earths for 

a detailed discussion of the history of these elements. Nearly 300 years after their discovery, 243.3 

thousand metric tons of lanthanides were produced in 2020.53 Lanthanides are now crucial 

components of many commercial and government sectors, such as telecommunications, medicine, 

vehicles, displays, lighting, catalysis, security and defense. To further contextualize their 

importance, the global supply of rare-earth elements has even shaped world politics on several 

occasions.54–56 

Of relevance to this work, the lanthanides are known for their luminescence. The key to 

their luminescent properties lies in their electronic structure. The lanthanides are most often found 

in the trivalent state, with the ground state electron configuration of [Xe]4fn, where n=1 for Ce3+ 

and n=14 for Lu3+. The 4f orbitals are shielded by the fully occupied 5s and 5p orbitals, and thus 

the 4f electrons are not greatly influenced by the surrounding environment. In contrast, the 

positions of the 4fn-15d levels are affected to a much greater extent by their environment, as 

discussed later in Section 2.3.2.57   

Lanthanide luminescence can occur via interconfigurational 5d→4f transitions, or via 

intraconfigurational 4f→4f transitions.58 In many cases, however, it is the luminescence arising 

from 4f→4f transitions that is desired because of the wide range of emissions that can be obtained, 

and their narrow bandwidths.5,58     

Since the 4f electrons are not strongly affected by their environment, their energy states 

can be understood mostly from the electronic interactions within a free ion.58,59 The 4f electronic 
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energy levels are generated due to Coulombic interactions with the nucleus, which generates sets 

of microstates that are described as spectroscopic terms, denoted by a term symbol 2S+1L. L is the 

total orbital angular momentum and S is the total spin angular momentum of the 4f electrons. The 

two momenta are also coupled; this is known as Russell-Saunders coupling. This spin-orbit 

coupling gives rise to further splitting, where states are then described by an additional parameter, 

J, which is the total angular momentum. The complete term symbol, 2S+1LJ encompasses all of the 

electronic interactions in the free ion (Figure 3).   

Importantly, the 4f→4f transitions are forbidden by the selection rules; specifically, they 

are electric-dipole forbidden by the Laporte rule, as they are transitions involving states of the 

same parity. Magnetic-dipole transitions are allowed, but do not account for all the observed 

transitions.49 So, how are the other transitions accounted for? 

In 1937, Van Vleck first addressed this in what he called “the puzzle” of lanthanide 

emissions.60 He attributed the emissions to indeed be due to the electric-dipole forbidden 

transitions, and proposed the now-accepted model for why the electric-dipole forbidden emissions 

are observed in solids, as described below. Since then, the nature of these transitions has been 

thoroughly studied, and we have a good understanding of why emissions are observed from 

forbidden transitions, as well as their relative intensities.58,59,61,62   

Upon incorporation of a free lanthanide ion into a material (crystalline or amorphous), 

Figure 3. Graphical depiction of the 4f orbitals in a trivalent lanthanide ion and how the levels split due to 

Coulombic interactions, spin-orbit coupling and crystal field splitting. 
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additional splitting of the 4f states occurs due to interactions with the crystal field (Figure 3).58  

The interactions between neighboring ions in the material result in the mixing of the 5d and 4f 

wavefunctions. This mixing relaxes the selection rules, making the electric-dipole transitions 

partially allowed. Thus, the “forbidden” emissions are observed, and they remain narrow because 

of the relatively small effects of the crystal field. As mentioned before, the 4f electrons are largely 

uninfluenced by the surrounding environment, thus the 4f energy levels that give rise to these 

narrow emissions generally only change by a few hundred cm-1 (at most) when incorporated into 

different host lattices.57  This allows for the researcher to choose a suitable host for an application, 

but still take advantage of the desired emissions from the lanthanide ion of choice.  

The splitting of the energy levels gives rise to a myriad of different emissions. As 

previously mentioned, the lanthanides each have unique emission spectra. Herein, we are 

interested in Pr3+ because of its particularly good suitability for X-PDT in combination with PPIX 

as a photosensitizer, as will be discussed later.  

2.3.1. Trivalent Praseodymium (Pr3+) 

Praseodymium is the second element in the lanthanide series. It is most often found in the 

trivalent state, having an electron configuration of [Xe]4f2. First isolated in 1842 by Carl 

Mosander, praseodymium and neodymium (the element after it in the series) were thought to be 

the same element, called didymium, which comes from the Greek word for “twins”.63,64 This belief 

persisted for nearly 50 years, until 1885 when Carl Auer von Welsbach separated didymium into 

two elements: praseodymium (‘green twin’ from the Greek translation) and neodymium (‘new 

twin’ from the Greek translation) while working in Robert Bunsen’s laboratory.52,64 Notably, the 

spectroscopic properties of didymium led chemists to realize it could not be a single element. 

The energy level diagram of the Pr3+ ion is shown in Figure 4 up to 50000 cm-1. The unique 

luminescent properties of Pr3+-based materials occur because of its energy level structure and give 

rise to a myriad of 4f→4f emissions spanning the UV, visible and NIR regions. In some instances, 

the 5d→4f transitions are also observed, as described below. The 1S0 state is found at 46,500 cm-

1 and can only be accessed with relatively high energy sources (vacuum ultraviolet (VUV) or 

higher).65 Transitions from the 1S0 state give rise to UV-A, UV-B and UV-C emissions. In contrast, 

the energy levels below 30000 cm-1 (3PJ,
1I6, 

1D2, 
1G4, 

3FJ, and 3HJ) are involved in transitions giving 
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rise to emissions in the visible and NIR regions and will be referred to herein as the lower optical 

levels (LOLs) when discussed in a general manner. Emissions from the 1S0 state are often 

accompanied by LOL emissions, and emissions from these states can be also obtained using visible 

excitation (457.9 nm light from an Argon ion laser can be used to excite into the 3P0 level, for 

example).66 Since we are ultimately interested in radioluminescence from Pr3+, the discussion 

below focuses on high-energy excitation. 

As mentioned earlier, the positions of the 4fn-15d1 states change substantially in different 

hosts. When an interconfigurational transition occurs, the electron in the 5d state is no longer 

shielded to the same degree as it is in an 4f orbital, since the 5d orbitals extend past the filled 5s 

and 5p orbitals.67 Thus, the 5d orbitals can interact with neighboring ions, thereby influencing their 

positions.   Because of this variability, the emissions from the 1S0 state may or may not be observed 

depending on the relative positions of these levels relative to the 1S0 state.65 The lowest-lying 

4f15d1 state can be found at energies below, nearly identical to, or above the 1S0 state. Thus, the 

emission spectrum of Pr3+ can be quite different depending on the host material. If the 4f15d1 

configuration lies below the 1S0 state, 5d→4f emissions will be observed (and no 1S0 emissions), 

along with weak emissions from the LOL states, as in LiYF4:Pr3+, for example. When the 4f15d1 

states are slightly higher in energy than the 1S0 state, both the 1S0 and 5d→4f emissions are 

observed, as is the case in LiLaPO4:Pr3+.68 Both types of emission occur in this case, due to non-

radiative relaxation from the 4f15d1 state to populate the 1S0 state. Finally, when the 4f15d1 states 

lie sufficiently above the 1S0 state, only 4f→4f emissions are observed. This is a particularly 

interesting scenario and gives rise to one of the most desirable properties of Pr3+ phosphors, photon 

cascade emission (PCE) as described below. 
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Figure 4. Energy level diagram of the Pr3+ ion up to 50000 cm-1. 
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The wide energy gap between the 1S0 and 3PJ/
1I6 states (approximately 24600 cm-1) is 

especially important for two main reasons. First, since the radiative probability increases with the 

third power of the energy gap between the initial and final states in the transition (ΔE3), the 

likelihood of radiative relaxation is high from the 1S0 state.69 Second, the 1S0→
1I6 transition is spin 

allowed and tends to be the most intense of the 1S0 emissions. Population of the 1I6 state via this 

transition then leads to population of the 3P0 state through non-radiative relaxation. As mentioned 

earlier, visible and NIR emissions are obtained from LOL transitions, many of them from the 3P0 

state. Thus, it is possible for Pr3+ to emit two photons from a single absorbed photon. This is known 

as photon cascade emission (PCE), or quantum cutting, and presents the highly attractive 

opportunity to obtain a quantum efficiency greater than 100%. Of all the lanthanide ions, Pr3+ is 

the best ion for achieving PCE based on calculations using the Judd-Ofelt theory.70 However, PCE 

from Pr3+ can only be achieved in hosts satisfying the following criteria: the 4f15d1 states must lie 

above the 1S0 state, the energy gap between the 4f15d1 state and the 3H4 4f ground state is at least 

5.8 eV, and the entire 4f manifold of Pr3+ levels must fit within the band gap.60 For these reasons, 

fluoride hosts are preferred as most of them satisfy these criteria.71 Impressively, in 1974, 

researchers from the General Electric Company reported a quantum yield of 140% from YF3:Pr3+, 

the first Pr3+ material reported with a quantum yield greater than 100%.72  

With respect to emissions from the LOLs, the excited states are much closer in energy to 

one another compared to the separation between them and the 1S0 state discussed above. As such, 

the LOLs are susceptible to concentration quenching, and in particular, to a process known as 

cross-relaxation.66 Cross-relaxation occurs between ions of the same element when there are 

multiple resonant transitions, leading to the de-population of one state and concurrent population 

of another state. This can either result in complete quenching of the emissions, or it can lead to 

altered ratios of the transitions as a function of concentration. Many of the cross-relaxation 

mechanisms between Pr3+ states were established in the Capobianco group from research 

undertaken by Rafik Naccache, and are depicted in Figure 66, Appendix 1.66,73   

The search for phosphors employing Pr3+ led to the development and study of a huge 

number of different materials, mainly of fluoride and oxide/complex oxide hosts. These paved the 

way for the observation of Pr3+-based materials that exhibited other useful properties in addition 

to scintillation and photoluminescence, such as upconversion66,74–77, cathodoluminescence78–80, 
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mechanoluminescence81,82 and, of particular interest to us, persistent luminescence81,83–86.  

2.3.2. Lanthanide level location 

Through the work of Dorenbos in the early 2000’s, the ability to model the positions of the 

lanthanide energy levels within the forbidden band of different hosts became possible.67,87–90 By 

studying the positions of the lanthanide energy levels in hundreds of materials57,87,89,90 it became 

possible to predict different luminescent properties of lanthanide-doped materials. Mostly, these 

models are useful for engineering persistent luminescent materials and determining their 

mechanisms, but it is also useful for predicting what emissions may be favored or feasible in a 

material, especially for Pr3+ as discussed below. These predictions are based on the development 

of four models which build on one another: the red shift model, the centroid shift model, the charge 

transfer model, and the chemical shift model.90 

The red shift model defines the method of predicting the position of the 4fn-15d1 states for 

all lanthanide ions in a host if knowledge of the energy of the d-f transitions of one ion is known 

in that host.57 This is possible because (1) the difference in energy of the 4fn-15d1 states across the 

lanthanide series red shifts according to the same pattern observed for the binding energies of the 

4f electrons for the free ions, and (2) because the influence of the host on the position of these 

states is independent of the number of electrons in the 4f manifold (ie. all lanthanides experience 

the same red shift in the same ion site in the same host). The centroid shift model predicts the red 

shift of the centroid position of the 4fn-15d states in a material relative to their positions in the free 

ion.91 The centroid shift follows the nephelauxetic sequence, where a larger shift is observed with 

increasing covalency between the lanthanide ion and the neighboring anions coordinated to it, and 

the polarizability of the anion.67 Thus, lanthanides in fluoride hosts experience a relatively small 

centroid shift compared to in sulfides, for example.   

The charge transfer model takes the red shift and centroid shift models and uses them for 

the prediction of the placement of the ground states of the divalent and trivalent lanthanides relative 

to the top of the valence band. Specifically, knowledge of the charge transfer energies enable the 

placement of the ground state of the divalent ions relative to the top of the valence band.88 The red 

shift and charge transfer models can then be combined to produce a host referred binding energy 

scheme (HRBE) that shows the 4f ground states within the forbidden band for the entire lanthanide 
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series. The scheme for YPO4 is well-established and often used by Dorenbos as a model 

material83,92,93, it is shown as an example in Figure 5. The zig-zag curve takes its shape from the 

pattern observed due to the binding energies of the 4f electrons. In the HRBE, the energy scale is 

defined such that the top of the valence band is 0 eV, thus the relative positions can be obtained. 

The chemical shift model again builds upon the other models and allows for the absolute binding 

energies to be determined from the HRBE. The HRBE scheme is then framed in reference to the 

energy of a free electron at rest in a vacuum, and all other values are calculated in relation to this 

to obtain absolute binding energies.67 When the absolute binding energies are used as the energy 

scale, a vacuum-referred binding energy scheme (VRBE) is developed instead. 

In materials where the entire radiative 4f manifold does not fit within the forbidden band, 

the position of the trivalent lanthanide ground state relative to the top of the valence band will 

Figure 5. 4f-electron HRBE (left-hand scale) and VRBE (right-hand scale) in YPO4. Upper curve (1) connects 4f-

HRBE of divalent lanthanide ions in the ground state of the 4fn+1 configuration. The horizontal lines above curve (1) 

are binding energies in the excited states. Lower curve (2) and the horizontal lines above it pertain to the 4f-HRBE 

of trivalent lanthanide ions with 4fn configuration. EX and EC indicate the binding energy of the electron in the 

exciton and at the bottom of the conduction band, respectively. Figure reproduced with permission from Reference 

83. 
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inform on which excited states fit within the band, and thus which emissions are expected. This is 

important in Pr3+ materials, as the 1S0 state is so well-separated from the other radiative states. For 

example, CaTiO3:Pr3+, has a bandgap around 3.5 eV.94 Since the 4f manifold of Pr3+ is ~6 eV in 

energy from the 3H4 ground state to the 1S0 excited state, only the LOL states fit within the bandgap, 

and there is no possibility to observe emission from the 1S0 state. HRBE and VRBE schemes find 

the bulk of their use in proposing persistent luminescence mechanisms, or in defect engineering to 

produce persistent luminescence materials.   

2.4. Persistent luminescence 

“One of the basic rules of the universe is that nothing is perfect. Perfection simply 

doesn’t exist...Without imperfection, neither you nor I would exist.” – Stephen Hawking 

At a glance, an imperfection, or defect, in a crystalline material would seem to be a highly 

undesirable thing. A perfect, defect-free material would have a dramatically higher luminescence 

efficiency, especially at the nanoscale. What is often forgotten, however, is that in many cases, 

defects are essential for generating some of the most desirable luminescence phenomena. 

Persistent luminescence is a phenomenon which cannot exist without the presence of defects. 

Much like Hawking’s sentiment that we would not exist without imperfection, neither would 

persistent luminescence. It seems that perfection is not always so desirable! 

 Persistent luminescence is the continued emission of light after excitation has ceased. This 

so-called “glow-in-the-dark” phenomenon is not just used to make a night sky on the ceiling of a 

bedroom, it is commercially used in things from watch dials to safety signage, and is currently 

investigated for use in bioimaging.95–98 Persistent luminescence is described as far back as the 

Song dynasty of China, over 1000 years ago, though the material is not precisely known.99 The 

Bologna Stone, reported in 1602 represents the first modern persistent luminescence material. At 

the time, the phenomenon baffled amateurs and scientists alike, and reportedly even Galileo did 

not want to get involved in trying to explain it.96 Today, the mechanisms that give rise to persistent 

luminescence are far from fully-understood and are routinely disputed.96,99–102 Perhaps the only 

consensus is that the phenomenon arises due to the presence of defects.  

Defects, as mentioned before, are imperfections in a crystal lattice. Some examples include 
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impurities (intentionally or accidentally introduced), vacancies, and interstitials.97,103 Defects give 

rise to additional energy levels, known as trap states, from which persistent luminescence occurs. 

The nature of the traps, and their positions relative to luminescent centers and the conduction and 

valence bands, can be used to infer the mechanism through which persistent luminescence occurs 

in a material. 

The general process giving rise to persistent luminescence is as follows: upon excitation of 

sufficiently high energy, excited charge carriers can migrate and become trapped in the potential 

energy well of a trap state. This can occur with electrons or holes, depending on the nature of the 

ion and host involved. When the trap states are at specific energies, thermal energy is required to 

liberate the trapped charge. This represents a metastable non-equilibrium state, which can remain 

for a certain period of time before equilibrium is restored via de-trapping.104 When room 

temperatures provide enough thermal energy to cause de-trapping, persistent luminescence is 

observed, bringing the system back to equilibrium.  

2.4.1. Kinetics of persistent luminescence 

Perhaps the most obvious clue that a material may exhibit persistent luminescence is that 

its luminescence intensity changes as a function of irradiation time. Sr2AlO4:Dy3+,Eu2+, which is 

perhaps the most widely-studied persistent luminescent material, is an exemplary material for such 

a phenomenon.105  Typically, at the onset of irradiation, the luminescence intensity is at its lowest 

and then increases as a function of irradiation time until it reaches a plateau (Figure 6A). The 

change in intensity can inform on how long it takes to fill the traps in a material, as well as how 

the trap filling kinetics may change at different dose rates or temperatures, for example. 

Importantly, the type of irradiation necessary to induce trap filling depends on the material, and is 

typically UV or ionizing radiation, but there is recent work on developing NIR-chargeable 

persistent luminescence materials.106 
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The change in intensity with time occurs due a competition between radiative 

recombination and trapping (Figure 6B). Prior to irradiation, the traps in the material are empty 

(ie. not populated). Thus, there is a high probability for trapping to occur at the onset of irradiation, 

which consequently results in a low radiative recombination probability. As the traps become 

filled, more electrons are free to recombine at luminescent centers and thus the luminescence 

intensity increases and plateaus at a maximum once the traps are filled. Just as the de-trapping 

process (persistent luminescence) can be complex, the trap filling process is also influenced by 

many parameters such as temperature, excitation dose rate/intensity, and excitation wavelength, 

for example.107–109 In some cases, there is even a thermal barrier to charging the trap, in addition 

to the thermal barrier required to de-trap. Such is the case for YAG:Pr3+ and YAG:Ce3+, which 

causes luminescence quenching at higher temperatures due to an introduced trapping pathway 

when the thermal barrier is reached.110,111 This is an undesirable phenomenon in these materials 

that hinders their use as scintillators and white light phosphors. In contrast, materials like 

Ca2Si5N8:Eu2+ and SrAl2O4:Eu2+,Dy3+ can be charged more quickly at higher temperatures, if 

Figure 6. A) Graphical depiction of the commonly observed luminescence profile of a persistent luminescence 

material as a function of irradiation time, and subsequent persistent luminescence kinetics. In this case, the persistent 

luminescent material is excited with X-rays and is also radioluminescent B) Graphical depiction of the probability for 

electrons to become trapped or recombine at a luminescent center based on how populated the trap states are during 

irradiation as depicted in panel A. CB: conduction band, VB: valence band, RL: radioluminescence. Panel A 

is modified from Reference 109. 



 

 21 

desired. Importantly, these types of complex charging dynamics can make it more difficult to 

understand the positions of trapping states, thus complicating the determination of a persistent 

luminescence mechanism.108   

 Thermoluminescence spectroscopy is an essential technique to determine the position of 

the trap states and is intimately tied to the understanding of persistent luminescence phenomena to 

achieve greater charge trapping capabilities (or reduce it if it is not desired).  

2.4.2. Thermoluminescence 

 Thermoluminescence, more formally known as thermally-stimulated luminescence, is the 

emission of light when a material is heated after previously being irradiated with an excitation 

source.104,112 Importantly, this is not the same phenomenon where a material emits black-body 

radiation upon heating. In thermoluminescence, a material must first have absorbed energy from a 

previous irradiation event and the material is simply emitting the absorbed energy when given 

enough thermal energy to do so. In the context of persistent luminescence, thermoluminescence 

gives us information on how much energy is required to release trapped charge. Formally, this is 

the activation energy to release the trapped charge, but it is often called the “trap depth” when it 

can be correlated with the position of the trap state relative to the conduction and valence bands.  

Persistent luminescence is characterized by a significantly delayed recombination of 

trapped charge at a luminescent center. The degree to which this process is delayed is dependent 

on the amount of thermal energy required to release the trapped charge, as mentioned before. The 

probability of releasing an electron can be most basically described by the Arrhenius equation 

(equation 5): 

𝒑 = 𝒔𝒆− 
𝑬

𝒌𝑻                                                                       (5) 

Where p is the probability, s is the frequency factor (described below), E is the activation 

energy (ie. the trap depth), k is the Boltzmann constant, and T is the temperature. From this 

equation we can deduce that the probability of releasing an electron from a trap changes with the 

ratio of E and T. At temperatures where kT > E, there is a high probability to release the charge 

and observe luminescence. The time it takes for de-trapping to occur (ie. the persistent 
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luminescence duration) is related to the trap depth, and the frequency factor, and is inversely 

proportional to the lifetime of the trapped electron (τe).
104,112  The frequency factor is a temperature-

independent constant that is often called the “attempt to escape” factor; it is a constant that 

describes how difficult it is for a charge to overcome the thermal barrier and be de-trapped. Higher 

frequency factors generally mean more energy is required for de-trapping to occur, even if the trap 

depth is shallow.104  If the combination of E and s allow for de-trapping to be probable at room 

temperature in such a way that τe is not too short, then persistent luminescence will be observed 

for an appreciable amount of time. At room temperature, if E is too shallow, τe would be very short 

and de-trapping would occur in seconds or less, while if it is too deep τe would be extremely long. 

For more context, McKeever states that the practical limit for an indefinitely long τe is the age of 

the solar system, 4.6x109 years.112 This is an extremely simplistic description of these 

relationships, but illustrates how the trap depth and temperature affect the persistent luminescence 

duration. In thermoluminescence spectroscopy, the temperature is varied such that τe becomes 

short and we can stimulate de-trapping, thereby learning about the energy of the trap on a 

convenient timescale.  

Most often, the goal of thermoluminescence spectroscopy is to produce a glow curve. This 

curve is obtained by plotting thermoluminescence intensity as a function of temperature. The 

thermoluminescence intensity I is related to the number of de-trapped charges/recombinations 

taking place at a specific temperature, which corresponds to the activation energy of the trap as 

mentioned before. A theoretical glow curve is shown below in Figure 7.  

In this theoretical material, there are 5 distinct sets of trap states. The maximum of peak 1 

is just above room temperature, but the peak begins below room temperature. As such, we expect 

that these trap states are very shallow and easily liberated at room temperature, but the ones slightly 

above room temperature at the maximum of peak 1 are positioned seemingly-adequately to give 

rise to persistent luminescence (assuming s does not significantly alter the relationship between E 

and T). Peaks 2 and 3 require more energy to liberate, and 4 and 5 even more. Peaks 4 and 5 require 

relatively high temperatures to liberate the trapped charge, and thus their presence could indicate 

the material may act as a stable charge storage material. Materials possessing traps deep enough 

to be stable at room temperature are commonly used as personal radiation dosimeters, such as 

LiF:Mg,Ti (TLD-100).104,112  The shape of the glow curve also gives information on the nature of 
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the trap states. Narrow curves are more indicative of a discrete, isolated trap energy state, as 

depicted by peak 5. More often, however, glow curves are broad and may have multiple local 

maxima, as depicted by peaks 1-3. The broad nature of these curves is indicative of a continuum 

of trap states of overlapping energy.113 Peak 4 is also relatively broad, and may be deconvoluted 

into multiple curves. In inorganic phosphors, this is thought to be a more realistic representation 

of the situation based on the nature of the defects, the number of them, and how they may propagate 

throughout a crystal.107 In this way, the value obtained for the trap depth represents an estimate for 

the shallowest edge of the trap state energy distribution.  

A number of models have been developed to calculate a trap depth from a glow curve, with 

varying complexity. Usually, it is the ease of obtaining parameters necessary for the calculation 

that determines which model is used to obtain the depth estimation. The simplest method was 

developed by Urbach in 1930, where the trap depth E is approximated114 by using equation 6: 

𝑬 =
𝑻𝒎

𝟓𝟎𝟎
        (6) 

Where Tm is the temperature maximum of the glow curve peak, and 500 is a constant of 

proportionality. While this equation has been used frequently due to the ease of obtaining Tm from 

a single glow curve, it can result in inaccuracies since this calculation assumes the frequency 

factor, s, is the same for all peaks in a glow curve, and the shape and peak position can vary with 

Figure 7.  Graphical depiction of a thermoluminescence (TL) glow curve for an imaginary persistent luminescence 

material. Dotted blue line depicts room temperature (25 °C). 
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radiation dose and heating rate.112,113 Based on this method, trap depths can be calculated with a 

precision of 0.1 eV.101 Other methods such as those of Randall and Wilkins115 (1945), Garlick and 

Gibson116 (1948), Hoogenstraaten117 (1958), Chen118,119 (1969), Sweet and Urquhart120 (1981), 

among others are certainly more accurate, but require additional information or experimental 

variables, and may have restrictions of use depending on the kinetics of the trapping or de-trapping 

processes.100,101  

In summary, thermoluminescence spectroscopy provides information on the energies of a 

trap state or distribution of states based on the temperature required to produce luminescence after 

a material has been previously irradiated and charge has been trapped. The trap depth can be 

extracted from a thermoluminescence glow curve using a variety of different models with varying 

complexity. Further, the trap depth is related to the possibility for persistent luminescence, and 

also governs the duration that charge can be stored within a material at a given temperature. For 

these reasons, thermoluminescence is a powerful tool for determining persistent luminescence 

mechanisms.  

2.4.3. Persistent Luminescence Models 

Two main types of trapping/de-trapping mechanisms are known: global models that 

involve the valence and conduction bands (Figure 8), and local models where trap states interact 

directly with luminescent centers and bypass the conduction and valence bands altogether.109,121–

123  Each of these models will be explained in detail in Sections 2.4.3.1 and 2.4.3.2, respectively. 

The vast majority of lanthanide-based persistent luminescence materials employ Eu2+, thus most 

of the mechanistic studies have been carried out on these materials. Given our interest in Pr3+, 

however, we will focus on the persistent luminescence models with examples from Pr3+-materials 

wherever possible. The observation of persistent luminescence from Pr3+ and subsequent 

development of Pr3+ persistent phosphors was driven by the need for red persistent luminescence 

materials, since most of the Eu2+ persistent luminescence phosphors emit green/blue. The 

1D2→
3H4 and 3P0→

3H6 transitions of Pr3+ around 600 nm give rise to the desired red persistent 

luminescence. Nearly all of the singly-doped Pr3+ persistent luminescence materials are based on 

oxide/complex oxide hosts83,124–128, with the majority of hosts being titanates78,85,94,126,129–131, 
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gallates81,132–135, and gallogermanates84,136–139. Notably, there are comparably few fluoride 

materials reported to exhibit persistent luminescence.140,141 

2.4.3.1. Global (de-)trapping models 

Global models rely on the concept that luminescence centers change oxidation states during 

the (de-)trapping processes, and that the bandgap of the material is narrow enough that prolonged 

charge delocalization is feasible.142–144 As such, the likelihood for a lanthanide ion to form a +1, 

+2, +3, or +4 oxidation state becomes important, along with the positions of the energy states of 

Figure 8. Schematic of the global and local trapping models. Dark blue arrows depict excitation/trap filling 

processes, pink arrows depict emission/de-trapping processes. Global models rely (A) on electrons being trapped 

after migration through the conduction band or (B) on holes being trapped after migration through the valence band 

before recombining at a luminescent lanthanide center (Ln3+). Local models rely on direct de-trapping from traps to 

lanthanide centers in processes such as (C) tunneling or (D) self-trapped exciton (STE) mediated recombination and 

energy transfer to luminescent centers. Configuration coordinate parabolas are qualitative. CB: conduction band, 

VB: valence band. 
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the lanthanides in these oxidation states relative to the conduction and valence bands.123,145 For 

this reason, HRBE/VRBE diagrams usually incorporate the energy levels of lanthanides in both 

the +2 and +3 oxidation states. Evidence of the formation of different oxidation states is typically 

obtained from electron paramagnetic resonance (EPR) spectroscopy, or photoconductivity 

measurements.116,146,147 

The first detailed persistent luminescence mechanism ever proposed was that of 

Matsuzawa et al. to describe the persistent luminescence from SrAl2O4:Eu2+,Dy3+.147 It is a global 

model which proposes that holes were the main charge carriers involved, and that trapping and de-

trapping occurred through migration of holes via the valence band due to changes in the oxidation 

states of Eu2+ and Dy3+. The model relied on the presence of Dy3+ and therefore did not account 

for persistent luminescence from singly-doped SrAl2O4:Eu2+, and it described the highly unlikely 

formation of Eu+ and Dy4+ species. Thereafter, the models of Tanabe148, Aitasalo149, Dorenbos150 

and Clabau151 were developed to account for these deficiencies of the original Matsuzawa model. 

Notably, Tanabe, Dorenbos and Clabau proposed models involving exclusively electron 

trapping/de-trapping via the conduction band, and Aitasalo later proposed a mechanism152 

combining those of Dorenbos and Clabau. Since then, the majority of mechanisms propose 

electrons as the main charge carriers in a variety of materials.101,102 A graphical depiction of a 

global trapping model is shown in Figure 8. 

The positions of the lanthanide energy states relative to the valence and conduction bands 

of the host for each oxidation state informs on the likelihood of an ion to act as either an electron 

trap or a hole trap, if the traps are not formed solely by defects. Dorenbos and Bos determined that 

the trap depth of a trivalent lanthanide (Ln3+) to act as an electron trap is approximately the energy 

difference between the ground state of the divalent lanthanide (Ln2+) and the bottom of the 

conduction band.123 Conversely, when the ground state of Ln3+ is a few eV above the top of the 

valence band, Ln3+ may act as a hole trap and form Ln4+. Generally, Sm3+, Eu3+, Gd3+ and Yb3+ 

form stable electron traps, while Ce3+, Pr3+ and Tb3+ are common hole traps. All can act as 

recombination centers and can also be paired to engineer persistent luminescence materials with 

precisely tuned trap depths.113 

CaTiO3:Pr3+ and YPO4:Pr3+,Ho3+ are well-understood examples of Pr3+ persistent 
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luminescence materials with mechanisms under the global model framework.83,85 Both of these 

materials provide red persistent luminescence from Pr3+, and in both cases Pr3+ acts as a hole trap. 

CaTiO3 is unique because its predominant emission is from the 1D2 state, whereas in most 

materials, Pr3+ luminescence comes predominately from the 3P0 level.146 For CaTiO3, a defect 

cluster comprised of [Pr3+Ti3+O3]
+ gives rise to charge trapping as determined by EPR 

spectroscopy.146 Ti4+ acts as an electron trap and thus the mechanism (Pr3+ + h+→Pr4+, Ti4+ + e-

→Ti3+) involves charge transfer between the activator and the host material.94,153 CaTiO3 has a 

bandgap around 3.5-3.8 eV94,154, thus charges are easily delocalized in this material, and charge 

transfer is quite feasible between the different ions. Notably, this charge transfer band is 

responsible for the quenching of the 3P0 emissions, in addition to the persistent luminescence. In 

YPO4:Pr3+,Ho3+, the Ho3+ ions act as the electron traps, in line with the positions of its energy 

states relative to the conduction band in the +2 oxidation state, as previously mentioned. In this 

case, electron de-trapping occurs via the conduction band to recombine at Pr3+ and produce red 

luminescence. Importantly, however, an additional de-trapping pathway was observed in 

YPO4:Pr3+,Ho3+ that does not involve the conduction and valence bands. The bandgap of YPO4 is 

9.23 eV92, thus charges are less-easily delocalized than in CaTiO3 for example, and thus there are 

more opportunities for alternative mechanisms to occur.  This material functions under both the 

global and local trapping mechanisms.  

2.4.3.2. Local (de-)trapping model 

In some cases, the persistent luminescence mechanism cannot be explained under the 

framework of lanthanides acting as electron and hole traps via the conduction and valence bands. 

In a local mechanism, charges directly recombine from two spatially-localized species with no 

involvement from the valence and conduction bands.155 The direct trap-center recombination 

processes primarily occur via quantum tunnelling, but charge transfer between defect clusters, and 

exciton recombination that induces energy transfer to excite the luminescent center via energy 

transfer are also known (Figure 8).122 In many cases, it is difficult to precisely ascertain if one or 

more of these processes is occurring. Local processes are generally more likely in wide bandgap 

materials where charge delocalization is not easily attained, or in singly-doped materials.144 Often, 

the local processes are observed in addition to a global mechanism, as was the case for YPO4:Pr3+, 

Ho3+.83    
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The local component of the persistent luminescence mechanism for YPO4:Pr3+, Ho3+ was 

determined to be due to tunnelling processes.83 Electron tunneling is a quantum phenomenon; put 

simply, it is the phenomenon of an electron traversing through a classically-insurmountable 

potential energy barrier. Tunneling recombination depends on the energy required to surpass the 

tunnelling barrier (it is easiest to visualize this concept when energy states are viewed as potential 

energy parabolas), and on the distance between the separated charges.122 In this case, the 

concentration of traps and recombination centers will strongly affect the tunneling process. 

Tunneling can be athermal or thermally-assisted. This is easily determined by observing whether 

or not persistent luminescence occurs at low temperatures, since usually thermal energy is required 

to liberate the trapped charge. Low-temperature thermoluminescence measurements are highly 

useful in these scenarios. Tunnelling is relatively common, and is reported in several Pr3+ materials 

such as Ca2Ga2GeO7:Pr3+, (GdxLu3−x)Ga3Al2O12:Pr3+, LiSrAlF6:Pr3+, Cs2NaYF6:Pr3+ and 

Lu2Si2O7:Pr3+.139–141,156 

In a local framework, the energy of the trap states and their position in the forbidden band 

relative to the excited states will also determine which bands give rise to persistent luminescence. 

When direct recombination takes place to generate persistent luminescence, it has been 

demonstrated that recombination at the 3PJ levels of Pr3+ will occur when the trap energies are 

resonant with these levels, and emission from the higher states (1S0 and 4f15d1) is either not 

observed86,156,157, or occurs via an alternate mechanism involving the conduction band140. In 

LiSrAlF6:Pr3+, only LOL emissions are observed during persistent luminescence while all the 

4f→4f emissions are observed during X-ray excitation (including from the 1S0 level).141 In this 

case, the presence of a broad emission overlapping with the emission from the 1S0→
1I6 transition 

of Pr3+ was observed and is attributed to the presence of a self-trapped exciton (STE). This feature 

allowed for the proposal of an STE-mediated local model of Pr3+ persistent luminescence, rather 

than a tunneling recombination. However, no thermoluminescence studies were performed so it is 

not clear whether or not tunneling recombination may also contribute to the observed persistent 

luminescence. Often, multiple potential mechanisms are proposed when a model doesn’t fully 

exclude other options or can’t fully explain the phenomenon. In summary, the mechanisms that 

can give rise to persistent luminescence are numerous, and can vary for the same ion in different 

materials depending on the likelihood of each mechanism.   
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2.4.4. Timescale of persistent luminescence 

When reading about persistent luminescence, one aspect becomes rapidly evident: the 

means used to quantify the duration of the phenomenon vary, and often the method used to obtain 

the value is not even reported.99,145,158 The traditionally established method to determine the 

persistent luminescence duration is to observe the time taken for the luminescence to decay to 0.32 

mcdm-2
 measured at a viewer angle of 65.54°, which corresponds to 100 times the lower limit of 

the scotopic vision of the human eye.145 This value was established based on the requirements for 

safety signage, and is not optimal for several reasons: it is not useful for UV and NIR wavelengths 

that are not visible to the human eye, the human eye is more sensitive to green wavelengths thus 

blue or red-emitting phosphors are at a disadvantage, and many phosphors are known to exhibit 

persistent luminescence that is visible to the unaided eye for far longer than this time.107,158,159 

However, perhaps the most important limitation is that this value does not have relevance for 

inducing a biological effect. Clearly, the requirements for safety signage would be different than 

those required to elicit a therapeutic effect in cells, for example. Because of this, it is commonly 

suggested that the durations reported in the literature should be taken based on the order of 

magnitude (minutes, hours, days) rather than the exact time.101,102  

2.5. Summary 

In summary, inorganic materials can exhibit a wide range of luminescence phenomena, 

especially when lanthanides are involved. The interaction of ionizing radiation with materials is 

dependent upon the energy of the incident photons and the properties of the absorbing material. 

Relevant to the work here, materials with high density and large effective atomic numbers tend to 

facilitate strong interactions with keV X-rays, and when doped with lanthanide ions, can undergo 

radioluminescence. Moreover, Pr3+ can exhibit a variety of different luminescence phenomena 

when excited with X-rays: photon cascade emission, radioluminescence and persistent 

luminescence. Each of these properties is facilitated by the energy level structure of Pr3+, where 

the 1S0 excited state is energetically-separated from the other excited states (called LOLs) by 

26,500 cm-1.  

Persistent luminescence is a highly complex phenomenon with a history spanning hundreds 

of years. Presently, our understanding of the mechanisms behind this property are far from 
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complete. However, as more persistent phosphors are developed, our understanding of their 

operating principles becomes clearer, and trends can be identified through relations to other 

materials. We now know that there is strong evidence for both global and local models, and that 

the use of referred binding energy schemes can be very helpful in determining these mechanisms, 

along with thermoluminescence spectroscopy.  

The rapid rise in nanomaterials research has also led to the idea of using persistent 

luminescence materials in bioimaging, owing to the advantage that there is no need for in situ 

excitation and therefore extremely high signal-to-noise ratios can be achieved.160–163 This new 

application of persistent luminescence has spurred significant interest in the field, especially at the 

nanoscale, in combination with other luminescence-driven phenomena. The combined 

luminescence properties of Pr3+ in fluoride hosts under X-ray excitation enable the potential for 

their use in medicine, building upon advancements made in the medical field and addressing some 

challenges as well. Glioblastoma is a disease which may benefit from the new avenues of treatment 

brought about using nanoparticles. 
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Chapter 3. Introduction to therapeutics 

Novel therapeutic and diagnostic agents based on lanthanide-doped nanomaterials have 

been at the core of the research into light-based nanomedicine. From radioluminescence to 

upconversion and persistent luminescence, the versatile luminescent properties that are enabled by 

lanthanides have the potential to produce new treatment modalities, but also to vastly improve 

current clinical practices. Since clinical treatments are (obviously) established to be sufficiently 

safe for humans, there is merit to finding ways of using nanoparticles to build upon these 

techniques, as there is a strong and valid foundation to build upon. In some instances, the addition 

of nanoparticles allows us to combine treatments that were previously not compatible in practice. 

The work herein aims to merge fluorescence-guided surgery, intraoperative radiotherapy and 

photodynamic therapy into a single treatment modality in the context of glioblastoma. To 

understand how we envision this to work, we will first discuss each of these techniques based on 

their use in treating cancer, with a focus on glioblastoma wherever possible.  

3.1. Glioblastoma 

 Glioblastoma, also called glioblastoma multiforme (GBM) and high-grade glioma164,165, is 

the most common type of brain/central nervous system (CNS) cancer, accounting for nearly half 

of brain/CNS cancers diagnosed in the United states in 2020.166–168 Unfortunately, it is also the 

most aggressive type of brain/CNS cancer. As of 2021, the median overall survival of patients is 

16-18 months, and the five year survival rate was 7% between 2013 and 2017.167  Glioblastomas 

are a grade 4 (high-grade) cancer according to the World Health Organization (WHO); this is the 

highest grade possible. Most glioblastomas are primary (de novo) tumors, meaning they are grade 

4 from the beginning, rather than progressing from a lower-grade tumor type.169 Other than 

overexposure to ionizing radiation, there are no known etiologies of glioblastoma. Even more 

alarming, glioblastoma is considered to be inevitably recurrent, with the majority of recurrences 

occurring within 2 cm of the original tumor site.170–172 For all of these reasons, it is suggested that 

palliative care be initiated at diagnosis.169  Recently, advancements in the understanding of 

glioblastoma at a molecular level essentially revolutionized the way oncologists and researchers 

understood and diagnosed brain cancers. In 2016, the WHO re-classified brain tumors and 

introduced new schemes for identifying and diagnosing gliomas according to their molecular 
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presentations rather than their histological features, which was further revised and improved upon 

in the 2021 edition of the classification system.168 By understanding the molecular biology of these 

tumors, there is hope that researchers can better understand how glioblastoma continually evades 

treatment and thus how to more effectively help patients diagnosed with this disease. An in-depth 

discussion on the molecular features of glioblastoma can be found in Appendix 2. 

3.1.1. Features of glioblastoma  

Classically, glioblastoma was thought to originate exclusively from glial cells (astrocytes, 

microglial cells or oligodendrocytes) due to their similar histologies. Today, there are three 

accepted possibilities for the origin of glioblastoma: mature glial cells, neural stem cells, and 

oligodendrocyte precursor cells.173 In other words, it is currently not known what cells give rise to 

glioblastoma, but it is possible that many different cell types can give rise to it. This uncertainty 

makes it more difficult to understand the fundamental aspects and progression of the disease, 

which in turn makes it more difficult to develop an effective treatment.  

Glioblastoma is a highly invasive cancer. As mentioned before, it is inevitably recurrent. 

The recurrence is due to the diffuse nature of the tumor, meaning there is little delineation between 

healthy and malignant cells at the tumor edges. Moreover, glioblastoma cells are able to detach 

from the primary tumor and travel along neural pathways to infiltrate healthy tissue, further 

contributing to their diffuse and highly recurrent nature.174 The most common invasion route is 

through blood vessels. To be characterized as glioblastomas, the tumors must have strong 

microvascular angiogenesis; a necrotic core is a hallmark diagnostic feature of the disease.168–

170,174 Tumor hypoxia is considered to be a major factor in cell migration and invasion into nearby 

healthy tissue, where oxygen concentrations are higher since healthy tissues are not growing as 

rapidly.175    

3.1.2. U251: An immortal glioblastoma cell line  

The immortal human glioblastoma cell line, U251, was used for the studies throughout this 

thesis as an in vitro glioblastoma model. U251 was established in the 1960’s at the Wallenberg 

laboratory in Uppsala, Sweden.176 It is a line originating from a 75 year old Caucasian male 

originally diagnosed with astrocytoma in the parietal region of the brain.177–179 Genetically, the 

line is characterized as isocitrate dehydrogenase (IDH) wildtype, has mutations in the telomerase 
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reverse transcriptase (TERT) promoter, a duplication of the epidermal growth factor receptor 

(EGFR) gene on chromosome 7, additional chromosomes 3, 7, 15 and 17, a deletion of 

chromosome 10, 13 and 14, a homozygous mutation in TP53, a deficiency in PTEN, deletions of 

p16 and p15, and a mutation in p21 (see Appendix 2 for more information).176,178–181 Importantly, 

the U251 cell line has a homozygous missense mutation in the TP53 gene which encodes the 

p53R273H protein.181–183 This mutation is associated with the accumulation of mutant p53 proteins 

in the nucleus of the cell, leading to a poor prognosis. This is somewhat counter-intuitive, as high 

levels of a tumor suppressor protein sound like a good means of suppressing tumors. However, 

because the mutated tumor suppressor cannot perform its intended function, and it has additional 

pro-cancer functions, high levels of it are deleterious. In essence, U251 has mutations in all of the 

main genes that correlate with high treatment resistance and a very poor prognosis.  

3.2. Treatment options for glioblastoma 

 Despite the major advancements in the understanding of genetics and molecular biology of 

glioblastoma, there has been little progress over the past several decades in extending the lifespan 

of glioblastoma patients as previously mentioned. However, this has led to the development of a 

myriad of treatments, in an attempt to improve the prognosis for this disease. This section aims to 

give an overview of the current treatment options, and a discussion on some of the technologies 

that we aim to exploit in this work.  

3.2.1. The current standard of care 

In 2023, the standard line of treatment for patents newly-diagnosed with primary 

glioblastoma is maximal safe surgical resection, followed by radiotherapy and chemotherapy.184 

The current standard of care, known as the Stupp regimen, was introduced in 2005 after 

determining adjuvant chemoradiotherapy with temozolomide resulted in better treatment 

outcomes than radiotherapy alone post-resection.185 In this protocol, the radiotherapy component 

consists of a 60 Gy dose given in 1.8-2 Gy fractions administered five days per week for a total of 

six weeks, and temozolomide is orally administered daily during radiotherapy, and intermittently 

for an additional 6 months thereafter.186  

Importantly, chemo- and radiotherapy are only begun after a waiting period, up to 4 weeks, 
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to allow for healing after surgery.169 The diffuse nature of glioblastoma tumors means that it is 

essentially impossible to completely remove all of the malignant cells, and thus the healing period 

unfortunately also allows time for the cells to begin proliferating again. When recurrence 

inevitably happens, there is no standard of care treatment. Instead, a combination of re-resection, 

radiotherapy, systemic therapies and palliative/supportive care are explored.186 

3.2.2. Surgical Resection 

 Since maximal safe surgical resection is the first line treatment for glioblastoma, there has 

been a major push toward developing high-precision surgical techniques. A greater extent of 

resection is correlated with a longer progression-free survival.169,184,186 However, this has to be 

balanced with saving as much healthy brain tissue as possible, since a major loss in neurological 

function would drastically reduce the quality of life of the patient, even if they were to survive. 

This is known as the “oncofunctional balance” and is a paramount reason that there is any tumor 

margin left behind at all.187 This is especially true if the tumor is close to a particularly important 

structure like the brain stem, for example. Advancements in imaging both prior to and during 

surgery have enabled a more precise delineation of the tumor, leading to much higher extents of 

resection. The main techniques currently responsible for such advancements are intraoperative 

image-guided surgery using magnetic resonance imaging (MRI) and ultrasound, and fluorescence 

guided surgery.  Real-time imaging represents an obvious advantage, but requires dedicated 

imaging suites for an operating room, and is not easily implemented in every hospital. 

Fluorescence guided surgery, however, can be implemented using only a simple light source 

attached to a pair of surgical loups.188  

3.2.2.1. Fluorescence guided surgery 

 Fluorescence guided surgery relies on the visualization of fluorescence in malignant tissues 

as a marker to resect them. In this way, surgeons can directly visualize by eye what tissue needs 

to be resected without the need for expensive equipment and digital image processing. This 

technique is most commonly performed using 5-aminolevulinic acid (5-ALA), which is approved 

for this purpose, or sodium fluorescein which is under investigation as an alternative.187,189 The 

main difference in the two approaches is 5-ALA is naturally converted into a fluorescent molecule 

that accumulates in cancer cells, and fluorescein is passively uptaken by malignant cells via 
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disruptions in the blood-brain barrier. Moreover, since 5-ALA is the only approved option, and it 

is also used in photodynamic therapy (see Section 3.5.4); we will focus on how fluorescence 

guided surgery is achieved using this treatment.  

3.2.2.2. 5-Aminolevulinic acid 

 5-ALA is an amino acid that participates in the heme biosynthesis pathway in 

mammals.190,191 5-ALA is naturally produced in mammals from the condensation of glycine and 

succinyl coenzyme A, but is also administered orally as a pro-drug to induce the production and 

accumulation of PPIX with high specificity in malignant tissues.192 Alterations in the heme 

biosynthesis pathway in malignant cells are what enable the specific accumulation of PPIX in 

Figure 9. A) Chemical structure of PPIX, B) Normalized absorption and emission spectra of PPIX with the Soret 

and Q bands labelled, C) Photographs of a glioblastoma tumor before fluorescence-guided resection using 

Gleolan® under ambient lighting and 406 nm lighting. Healthy tissue fluoresces blue while malignant tissue 

fluoresces red-violet due to high levels of PPIX accumulated in the cancer cells. Photographs reproduced with 

permission from CHI Health St. Francis and KSNB Local4 newsroom. 
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tumors.193 Importantly, 5-ALA is able to cross the blood-brain barrier, which is essential for its 

ability to demarcate glioblastoma.     

PPIX is a hydrophobic, aromatic organic molecule as shown in Figure 9A. The absorbance 

and fluorescence spectra of PPIX are shown in Figure 9B. PPIX can be excited into the strongly-

absorbing Soret band, at 406 nm, or into the weaker Q bands in the visible region. PPIX exhibits 

strong red-violet fluorescence upon excitation, as shown in Figure 9C. According to the FDA-

approved regimen for fluorescence guided surgery, PPIX reaches maximum plasma levels at an 

average of 4 hours after oral administration of 5-ALA (Gleolan®).194 In vitro studies also 

commonly report PPIX concentration maxima at 4 hours195–198, though maxima at longer times 

have also been reported.199   

3.2.2.2.1  The heme biosynthesis pathway 

As shown in Figure 10, the first step begins with importing exogenous 5-ALA into the cell 

via membrane transporters. Once 5-ALA reaches the cytoplasm, the first 5 steps of the heme 

biosynthesis pathway are carried out, generating coproporphyrinogen III. The ATP-binding 

cassette super-family B member 6 (ABCB6) transporter then imports coproporphyrinogen III into 

the mitochondria, where it is transformed into protoporphyrinogen IX, the precursor to PPIX (our 

target molecule). The ferrochelatase enzyme then inserts an iron atom into the porphyrin core of 

PPIX, forming heme. Alternatively, PPIX can be shuttled out of the mitochondria into the cytosol 

by ABCG2 membrane transporters.200  

The reason for the preferential accumulation of PPIX in cancer cells is not fully understood, 

but is likely due to a combination of changes in the expression of molecular transporters and 

dysregulation of enzymes involved in heme biosynthesis.193,200–202 The ABCB6 transporter, 

responsible for shuttling coproporphyrinogen III from the cytosol to the mitochondria, is known 

to have higher expression levels in glioma patients with grade III and IV (glioblastoma) tumors.202 

Further, the enzymes coproporphyrinogen oxidase (CPO) and protoporphyrinogen oxidase (PPO) 

are known to be overexpressed, along with porphobilinogen deaminase (PBDG), causing increased 

PPIX synthesis. 200,203 Combined, these changes in physiology are thought to aid in production of 

PPIX in gliomas. Additionally, reduced expression of ATP-binding cassette super-family G 

member 2 (ABCG2), a transporter responsible for PPIX efflux, is known, along with changes in 



 

 37 

the expression of ferrochelatase, the enzyme that converts PPIX to heme.191,193,204,205 These two 

components are thought to be responsible for the preferential accumulation of PPIX in these cells. 

However, there is some conflicting data that also suggests ferrochelatase is upregulated, which 

would mean the overall heme biosynthetic pathway is upregulated. This data suggests it is the 

decrease in ABCG2 that is the overriding factor in the high PPIX concentrations in malignant 

cells.200 Understandably, it is difficult to determine what processes are most important, especially 

given that most gliomas are heterogenous in their protein expression as described earlier.  

Based on knowledge of the heme biosynthetic pathway, researchers are looking at these 

targets for improving PPIX accumulation in hopes of making it even easier to distinguish healthy 

and diseased tissue, and also for maximizing the effects of 5-ALA mediated photodynamic 

therapy, described in Section 3.5.4.  
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Figure 10. The heme biosynthesis pathway upon administration of exogenous 5-aminolevulinic acid. 1) 5-ALA is 

converted into 2) porphobilinogen by aminolevulinic acid dehydrogenase (ALAD). Porphobilinogen is converted into 

3) hydroxymethylbilane by porphobilinogen deaminase (PBDG), followed by conversion to 4) uroporphyrinogen III 

by uroporphyrinogen III synthase (URO3S). Uroporphyrinogen III is then converted into 5) coproporphyrinogen III 

by uroporphyrinogen III decarboxylase (UROD). Coproporphyrinogen III is then shuttled into the mitochondria from 

the cytosol and converted into 6) protoporphyrinogen III by coproporphyrinogen III oxidase (CPO). 

Protoporphyrinogen III is then converted into 7) protoporphyrin IX by protoporphyrin III oxidase (PPO) which is 

upregulated in glioblastoma cells. Protoporphyrin IX is then converted into 8) heme by ferrochelatase (FECH), which 

is downregulated in glioblastoma cells, leading to the accumulation of fluorescent protoporphyrin IX. 
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3.2.3. Radiotherapy: principles of radiobiology  

With respect to all cancers, radiotherapy is estimated to benefit approximately half of all 

cancer patients worldwide.206 In many cases it is performed before surgical resection or in the 

absence of it, however, for glioblastoma radiotherapy is performed after surgical resection as 

discussed in Section 3.2.1 and Appendix 3. For brain cancer, it is an essential means of extending 

the lifespan of patients: median survival for patients receiving resection alone is 3-6 months, while 

the addition of radiotherapy extends survival to one year.207 Adjuvant chemotherapy with 

temozolomide alongside radiotherapy (ie. the Stupp protocol185) extends the median survival to 14 

months. As such, radiotherapy is a first-line treatment for glioblastoma, and approximately 80% 

of glioblastoma patients receive it.208  There are several different types of radiotherapy used in 

glioblastoma, which range in terms of the radiation source, radiation dosage, and localization of 

the treatment. The biological basis for all of these techniques, however, is the same.  

3.2.3.1. Biological basis for radiotherapy 

 The most basic role of ionizing radiation as a treatment modality is in inducing irreparable 

damage to DNA, thus preventing malignant cells from proliferating. In reality, the role of ionizing 

radiation in treating cancer is more complex, and involves more than just DNA damage via direct 

interaction of ionizing radiation and the DNA itself. As mentioned in Section 2.1, there are three 

different modes of interaction of ionizing radiation with matter. For the sake of our discussion, we 

will again restrict ourselves to photon-based interactions that occur via the photoelectric effect in 

the keV range. 

 The interaction of ionizing radiation with tissues changes as a function of photon energy, 

as described by the linear attenuation coefficient (equation 1 in Section 2.1). Importantly, the depth 

of dose maximum increases with photon energy.7 It is this relationship which allows oncologists 

and medical physicists to precisely deliver the correct radiation dose to tumors at a specific depth, 

while (mostly) sparing the skin. X-rays induce biological damage via a two-step process: first, 

photons are absorbed by tissues (ie. mostly by water), producing secondary electrons, which can 

then continue to interact with biomolecules and organelles and deposit energy to cause breaks in 

chemical bonds or additional ionizations (Figure 11).7,208  
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These initial interactions occur extremely quickly, at sub-femtosecond timescales. It is 

estimated that the high-speed electrons produced can traverse an entire mammalian cell in 100 

fs.208 The secondary electrons and ionization events are what give rise to the majority of damage 

to cells. 1 Gy of radiation produces on average 105 ionizations in a cell with a diameter of 10 μm. 

Much of the primary ionizations occur upon interaction of the photons with water, since it 

constitutes 80% of a cell.209 The radiolysis of water primarily results in the formation of water 

radical cations and ejected solvated electrons, which can further react to produce hydroxyl radicals. 

These are all highly reactive and have sub-nanosecond lifetimes, limiting their diffusion to tens of 

nanometers across a cell. Radicals can induce damage to a variety of targets, but since DNA is the 

largest molecule in a cell, it constitutes the largest target. Notably, the hydroxyl radicals produced 

via the radiolysis of water are estimated to generate two-thirds of the DNA damage caused by X-

ray radiation. Other targets of the radiolysis products of water are proteins, lipids and 

carbohydrates, all of which disrupt homeostasis and can trigger cell stress and cell death (see 

Section 3.2.3.3).210  In 1970, this was proven using polonium-tipped microneedles precisely aimed 

Figure 11. Graphical depiction of the interaction of X-rays with tissues during radiotherapy. An incoming primary X-

ray photon can interact with water to produce secondary electrons (photoelectrons and Auger electrons) or secondary 

X-rays, causing a cascade of secondary ionization events. Alternatively, the primary photon can interact directly with 

a biological target such as a mitochondria as depicted here. The ejected electrons can also damage the lipid bilayer, 

DNA and other targets. 
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at the cytoplasm or nucleus of Chinese hamster fibroblast cells.211  Large doses of radiation 

delivered to the cytoplasm of the cells did not cause any loss of proliferative capacity, while the 

delivery of only a few alpha particles to the nucleus of the cells caused almost immediate 

reproductive arrest.  

 As ionizing radiation traverses a medium, the energy deposition tracks are not uniform. 

Instead, the dose is deposited in the form of clusters of varying sizes.212 When the ionization 

clusters occur in the proximity of DNA, they either directly ionize DNA or produce additional 

hydroxyl radicals that can then interact and cause damage. There are four main types of DNA 

damage (Figure 12) – double strand breaks (DSBs), single strand breaks, base damage/loss, and 

strand cross links.208,212  

 The DNA damage repair machinery can efficiently repair single strand breaks, cross-

linking and base damage; DSBs are more difficult to repair and are thought to be most associated 

with causing cell death.212 However, because of the formation of ionization clusters, there tends to 

be multiple lesions induced within a small region of the DNA strand, thus the non-DSB modes of 

damage can also become lethal because of the difficulties associated with repairing many lesions 

in close proximity.208 The mutations found in cancer cells are often associated with the DNA 

Figure 12. The four types of DNA damage caused by ionizing radiation: double strand breaks, single strand breaks, 

cross-links and nucleobase damage and loss. 
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damage repair mechanism, allowing for increased damage repair capability, or the ability to evade 

cell death despite the presence of DNA lesions.  

3.2.3.2. The DNA Damage Response Pathway 

 When DNA is damaged by ionizing radiation (or any other cause), a series of steps occur 

that either lead to repair or death. By understanding the pathway, we are better equipped to evaluate 

how a cell is responding to the damage, and consequently we are better able to predict its fate. The 

pathway is briefly summarized in Figure 13, with attention paid to biomolecules discussed in this 

work. For extensive explanations of all components of the DNA damage response pathway, the 

reader is referred to several publications.208,213,214 

 First, the damage must be detected by sensor proteins, which are each designated with 

sensing a certain type of damage.208 The ataxia telangiectasia mutated (ATM) protein is activated 

by a group of proteins (MRE11, RAD50 and NBS1) called the MRN complex, which detect DSBs. 

The DNA-dependent protein kinases (DNA-PK) are activated by the Ku70 and Ku80 sensor 

proteins, also in response to DSBs. The ataxia telangiectasia and Rad3-related protein (ATR) does 

not sense DSBs, rather, it senses the single strand breaks and other damage types.  

 Once the sensor proteins have been activated, a cascade of events occurs. Of major 

importance, many copies of the histone h2a family member X (H2AX) protein are phosphorylated 

at the site of a DSB, in both directions along the DNA strand. The phosphorylated form of H2AX 

is known as γH2AX, and is phosphorylated by all three major sensor proteins (ATM, ATR and 

DNA-PK).214 The large regions of γH2AX, known as foci, act as a signal to the repair proteins that 

DNA damage has occurred, and keep the broken strands in place.214 For context, γH2AX foci are 

so large that they can be stained and detected by light microscopy. Thus, detection of elevated 

γH2AX levels or of these foci are a straightforward means of confirming DNA DSBs have 

occurred. Poly-ADP-ribosylation-polymerase 1 and 2 (PARP1 and PARP2) also play an important 

role in signaling for all types of DNA damage, not just DSBs. However, PARP1 not only acts to 

signal DNA damage has occurred, the cleavage of this protein also indicates apoptosis has been 

initiated (Appendix 2).208,215  
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In addition to H2AX, the ATM and ATR proteins also activate p53, which is at the center 

of a wide variety of signalling events. The p53 protein is known as the “guardian of the genome” 

and controls the fate of the cell, ie. whether or not apoptosis should be activated.208,210,216 To this 

end, p53 plays a role in activating the G1/S cell cycle checkpoint (Appendix 2), and in activating 

several downstream proteins that can activate apoptosis directly, or proteins that mediate other cell 

responses such as nuclear factor kappa-light-chain enhancer of activated B cells (NfκB) which 

mediates inflammation217,218, and p21 which can initiate senescence219, for example. Relevant to 

the PDT effect, p53 and p21 are also activated in response to oxidative stress/ROS, and p21 

contributes to activation of Nrf2, a powerful regulator of oxidative stress.220  

3.2.3.3. Cell death  

 The Nomenclature Committee on Cell Death defines cell death as cells which permanently 

cease the ability to function and exhibit irreversible loss of membrane integrity.221,222 With respect 

to radiotherapy, however, it also encompasses the fate of cells which are alive but unable to 

Figure 13. Simplified schematic of the DNA damage response pathway and other relevant proteins that lead to 

cell death, senescence, inflammation, or proliferation.  
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reproduce; this is known as senescence (discussed below).208 Cell death can either be programmed 

or spontaneous, depending on the degree of injury. There are several types of cell death, and new 

modes are being discovered as advances in technology and molecular biology are made. These 

include the most commonly-encountered modes: necrosis, apoptosis, autophagy, and senescence. 

A detailed explanation of each of these types of cell death is provided in Appendix 2. Additional 

modes of programmed cell death have also been discovered within the past two decades, 

suggesting cell death is considerably more complex than our current understanding of it.222–224  

3.2.3.4. The timescale of cell death 

Unprogrammed (accidental) cell death, such as primary necrosis, is virtually instantaneous, 

owing to severe trauma.221 In contrast, apoptosis and other forms of programmed cell death occur 

on significantly longer timescales. Mentioned in Appendix 2, there are 3 stages of apoptosis. From 

the initial treatment to complete dissolution of the cell, the physical process of apoptosis takes 

about 2 hours, but may occur days after treatment.225 Treatment with ionizing radiation causes cell 

cycle arrest, and the cycle during which the cells are irradiated can drastically affect how long it 

takes for apoptosis to be completed.226 Sometimes it may even take two or more cycles of cell 

division for a cell to commit to dying, depending on the degree and mode of damage. These modes 

of death are known as mitotic catastrophe, delayed mitotic death, and post-mitotic apoptosis and 

are commonly observed in radiotherapy treatments.  

Mitotic catastrophe is the failure of a cell to complete mitosis.208,221 This occurs due to the 

accumulation of mutations or lesions to DNA during successive rounds of cell division result in a 

dysfunctional cell. As such, one of the programmed forms of cell death are initiated either during 

mitosis or immediately after in the daughter cells to kill them.  This is a primary reason why the 

full effects of a treatment involving ionizing radiation likely cannot be measured on a 24 hour 

timescale, or after a single round of cell division, as is often used in viability assays for 

chemotherapeutics, for example.1,227 Rather, the preferred method is to measure proliferative 

capacity via the clonogenic assay, as described in Section 7.11. 

3.3. Radiotherapy: clinical methods 

 Remarkably, within one year of Roentgen’s discovery of X-rays in 1895, X-rays were 
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applied in the treatment of cancer on two separate occasions.228 In 1896, both Victor Despeignes 

and Ѐmil Grubbé described treating cancer patients with X-rays; it is disputed which one was 

technically first to do so, though Grubbé is often credited as the first.228,229 X-ray radiation from 

an external source delivered to the body is known as external beam radiotherapy. This was the first 

type of radiotherapy utilized and is the main type that is in use today. The discovery of radium in 

1897, by Marie and Pierre Curie, led to the advent of radium therapy soon after the initial 

developments of external beam radiotherapy. Radium therapy formed the basis for brachytherapy, 

which is the use of radioisotopes internally placed inside or near malignant tissues for delivery of 

ionizing radiation. Today, the use of brachytherapy is in decline, but still constitutes an important 

treatment modality for many cancers.230 Relevant to this work, external beam radiotherapy 

involves X-rays and will be discussed in more detail.  

3.3.1. Fractionated external-beam radiotherapy 

For decades, fractionated radiotherapy has been the standard protocol for a variety of 

cancers. The general goal of fractionated radiotherapy is to kill a small portion of the tumor one 

fraction at a time, without letting it repopulate, until most or all of the tumor has been 

killed.208,210,231 As mentioned in Section 3.2.1, the standard radiotherapy treatment for 

glioblastoma is external-beam radiotherapy totaling to a dose of 60 Gy, administered in 2 Gy 

fractions 5 days per week for 6 weeks. This has been the standard treatment schedule since the 

1970’s.169,232,233 The basis for fractionated radiotherapy is known as the 4 R’s: repair, 

redistribution, regeneration and reoxygenation as first described by Withers in 1975.231 More 

recently, there has been the addition of a fifth R: radiosensitization.234 Details on the 4 R’s and a 

discussion on the standard practice of fractionated radiotherapy is provided in Appendix 3.  

3.3.2. Intraoperative radiotherapy 

Intraoperative radiotherapy (IORT) allows for a surgeon to physically move healthy tissue 

that would otherwise be in the radiation path, shield it, and perform radiotherapy while the patient 

is on the operating table.235 The major advantage of intraoperative radiotherapy is that it allows for 

the delivery of ionizing radiation immediately after reSection, bypassing the 3-4 week waiting 

period for fractionated radiotherapy known as the time to initiation (TTI).236  By eliminating the 

TTI, the opportunity for malignant cells to proliferate prior to treatment is also eliminated. 
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Additionally, a major difference between IORT and fractionated therapy is that IORT must 

obviously be administered in a single dose while the resection cavity is open. As such, much larger 

radiation doses are administered during IORT, which is feasible because there is no risk to healthy 

tissue that would have otherwise been in the radiation path. However, IORT is often administered 

in conjunction with the standard post-operative Stupp protocol, rather than on its own.237–240 IORT 

encompasses all of the techniques in which ionizing radiation is administered to a patient in the 

same session where the tumor has been operated on. This includes high dose rate brachytherapy 

where radioactive seeds are inserted into the cavity, electron beam radiotherapy, and low-energy 

photon radiotherapy using X-rays (LEX-IORT).235,236 Henceforth, all mentions of IORT unless 

otherwise stated are referring to LEX-IORT. In contrast to the MV beams used in conformal 

radiotherapy, all of these ionizing radiation sources have relatively shallow tissue penetration 

depths, since the radiation source is placed directly in contact with the malignant tissue.  

3.3.2.1. Fundamentals of intraoperative radiotherapy for glioblastoma 

As mentioned in Section 2.1, the interaction of photons of ionizing radiation with matter is 

a two-step process, whereby photons generate ionization tracks composed of secondary electrons 

which then interact with matter. When MV X-ray energies are used in fractionated radiotherapy, 

relatively long tracks are generated, and DNA is damaged through direct interaction with the 

electron tracks. In contrast, the kV X-rays used in IORT produce relatively short tracks and high 

amounts of hydroxyl radicals and other ROS, which go on to damage biological targets. Although 

it may seem like for the same radiation dose, higher-energy X-rays would cause a greater effect, it 

is actually the reverse. Because low energy X-rays have short ionization tracks, they produce a 

higher proportion of ionizations at the end of their tracks than the MV photons do. The clusters of 

electrons at the end of ionization tracks give rise to DNA DSBs and other types of complex lesions, 

as discussed in Section 3.2.3.2. For this reason, low energy X-rays give rise to a higher proportion 

of lethal ionizations than high energy X-rays do.241  

To achieve intraoperative radiotherapy using low-energy X-rays, a device called the 

INTRABEAM® is used. The INTRABEAM® consists of a probe that can be outfitted with a 

variety of applicators of different sizes and shapes. A gold target at the end tip of the instrument 

provides unfiltered 50 kVp X-rays, and depending on the applicator used, dose rates range from 2 
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Gy/min to 0.45 Gy/min.234,242 The use of low-energy X-rays (≥ 50 kV) provides localized radiation 

doses up to a depth of no more than 4.5 cm.241 The radiation applicator is inserted into the resection 

cavity, delivering a 20-30 Gy dose237–239,243–245 to the surface of the tumor bed. More information 

on the clinical trials for IORT of glioblastoma can be found in Appendix 4. 

The high single-shot radiation doses given in IORT exhibit different effects than those from 

sub-10 Gy radiation doses, or from fractionated doses which are commonly 2 Gy each.233,235 On 

an in vivo scale, the large doses are thought to induce an immune response (due to inflammation 

and the high degree of trauma) that may contribute to cell killing and progression-free survival. 

Moreover, the large doses may cause vascular damage and starve the residual tumor cells of 

nutrients.246 On the cellular level, there is ample evidence in multiple human cell lines across 

different cancers that high single-shot doses of radiation induce different effects than conventional 

fractionated doses.241,246 As such, the 5 R’s discussed above differ in their importance for large 

single doses.  

The number of DNA lesions is related to the radiation dose, thus at high radiation doses 

DNA repair machinery can become overwhelmed. This is known as repair saturation, and is 

thought to contribute substantially to the differences in clonogenicity observed in vitro at high 

single-shot radiation doses.234 When repair saturation occurs, chromosomal instability can arise, 

such that cells which manage to survive and proliferate have genetic alterations relative to their 

unirradiated malignant counterparts. Moreover, irradiated cells can interact and cause additional 

changes to cell survival, this is called the “cohort effect” and is known to occur under irradiation 

with the INTRABEAM® device.246 Additionally, damage to proteins is thought to contribute to 

the differences in cells treated with high radiation doses.247  Inflammatory and immunogenic 

responses occur at the tissue-scale, mediated by the upregulation of NfκB, potentially leading to 

immune response-mediated cell death.234 

3.4. Radiosensitizers 

Since radiotherapy is such an important treatment modality, there are many drugs on the 

market and under development that act to potentiate its effects in cancer cells, while sparing 

healthy ones as much as possible.248 These drugs are known as radiosensitizers, and some of the 

traditional chemotherapeutics approved for glioblastoma act in this manner (Appendix 4). A 
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radiosensitizer is generally any molecule or material which can act to increase the effectiveness of 

ionizing radiation.  

There are several mechanisms of radiosensitization, and all can be broadly categorized as 

either chemical or physical. Chemical radiosensitizers act in a variety of ways to affect the biology 

of the cells to make them more susceptible to death under standard radiation doses. This is achieved 

through preventing DNA damage sensing/repair213, mimicking molecular oxygen249, arresting 

cells at radiosensitive cell cycles250, and derailed redox cycling251, among others. Physical 

radiosensitizers act to attenuate ionizing radiation and multiply it, providing a local dose 

enhancement.10 Radiation dose enhancement is achieved through the use of high Z atoms, such as 

platinum, bromine, and iodine.10,252,253 Of relevance here, inorganic nanoparticles have risen to the 

forefront as strong candidates for achieving physical radiosensitization.11,254–257  

3.4.1. Radiosensitization via the dose enhancement effect  

As described in Section 2.1, the interaction of ionizing radiation with matter is strongly 

dependent on the properties of the absorber. Specifically, its density and effective atomic number 

play a crucial role in the degree of radiation attenuation.7  High density, high Zeff materials will 

attenuate ionizing radiation much more efficiently than tissues do, especially at the keV energies 

relevant for IORT. More specifically, these materials have a higher radiation interaction cross-

section, and are known to interact more efficiently, but also fundamentally have a higher 

probability for interaction with ionizing radiation than tissues do.258 Not only does this increase 

the radiation dose, it is a means of potentially improving discrimination between the irradiation of 

healthy and malignant tissues.259 The goal of physical radiosensitization is to introduce these types 

of materials to the malignant tissues and produce a greater number of ionizations than would be 

achieved by interaction of X-rays with tissues directly. Specifically, the goal is to induce an 

enhancement via the Auger effect.10  

The Auger effect is depicted in Figure 1B in Section 2.1. When a photon of ionizing 

radiation interacts with the orbital electrons of an atom via the photoelectric effect, the excited 

atom can relax by two main mechanisms. The outer-orbital electrons reorganize to fill the vacancy 

left by the core electron and either 1) eject an X-ray photon corresponding to the difference in 

energy, or 2) eject an outer-shell electron corresponding to that energy without the accompaniment 
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of radiation. These ejected electrons are called Auger electrons and were first discovered by Lise 

Meitner in 1922, but widespread credit was given to Pierre Auger who independently reported it 

in 1925.7,260–262   

 As mentioned earlier, the electron tracks generated by low energy X-rays provide more 

lethal damage for the same radiation dose compared to high energy X-rays. Auger electrons with 

a 1 keV energy range are able to travel around 50 nm, thus their ejection from a nanoparticle occurs 

in the form of a localized electron shower.10,263 This results in clustered damage to DNA, proteins, 

or organelles that are in the vicinity of the radiosensitizer.  

3.4.1.1. Nanoradiosensitizers 

 Nanoparticles are particularly attractive as radiosensitizers because, unlike small 

molecules, they can be made with high densities and thus will inherently have larger linear 

attenuation coefficients (described in Section 2.1). Their ability to produce an Auger cascade has 

been well-established in a variety of nanomaterials, particularly in gold and hafnium oxide. Gold 

nanoparticles were considered an obvious choice due to their high X-ray attenuation coefficients 

and research as candidates for contrast agents for X-ray imaging, and were the first nanoparticles 

demonstrated to have a radiosensitizing effect.264,265 Notably, despite the large body of research 

on gold nanoparticles as nanoradiosensitizers11,256,258,259,266, they have not yet been approved for 

clinical trials. There are two nanoparticle formulations currently in clinical trials for 

radiosensitization of cancer: AGuIX® and NBTXR3. Their modes of action are discussed below, 

but an in-depth discussion on the clinical trials can be found in Appendix 4. An important 

limitation of AGuIX® and NBTXR3® (and gold nanoparticles) is that they are not luminescent, 

thus they cannot act directly to stimulate photodynamic therapy as described for nanoparticle-

mediated PDT (see Section 3.6). 

3.4.1.1.1 NBTXR3®: An inorganic crystalline nanoparticle radiosensitizer 

First published in 2012, NBTXR3® is a HfO2 crystalline nanoparticle that is 50 nm in size 

and coated with a proprietary (undisclosed) coating.267,268 NBTXR3® is a physical radiosensitizer, 

its mode of action is through the Auger effect as described above. It is injected intratumorally, and 

remains present in tumor tissue for the duration of the radiotherapy treatments. Thus, there is 
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clinical evidence that long-term residence of nanoparticles in tissues is not necessarily deleterious 

if no adverse effects are observed. Moreover, this enables repeated radiosensitization using only 

one dose of the nanoparticles, which is likely to be cost and time efficient. Notably, transmission 

electron microscopy of NBTXR3 inside cells shows their localization is restricted to lysosomes269, 

confirming the Auger effect and subsequent DNA damage can be achieved with nanoparticles 

localized outside of the nucleus, as demonstrated also with AGuIX® discussed below.  

3.4.1.1.2 AGuIX®: An inorganic-organic hybrid nanoparticle radiosensitizer 

First introduced in 2011, Activation and Guidance of irradiation by X-ray (AGuIX®) is a 

nanoparticle consisting of 15 atoms of Gd3+ chelated by 10 DOTA (1,4,7,10-tetra-

azacyclododecane-1-glutaric anhydride-4,7,10-triacetic acid) ligands, and wrapped with 

polysiloxane.270,271 AGuIX® is very different from NBTXR3® from a physicochemical 

perspective, despite having the same mode of action. Each nanoparticle is approximately 5 nm in 

size, and was first developed with the intention of being used as a contrast agent. For this reason, 

AGuIX® is administered intravenously and relies on the enhanced permeability and retention 

effect to accumulate in malignant tissue with disrupted vasculature.28 The high Gd3+ content of 

AGuIX does enable its successful use as a contrast agent, but also enables its ability to act as a 

high-Z radiosensitizer. This is a particularly useful combination in the context of image-guided 

therapy when magnetic resonance imaging (MRI) can be performed in situ during radiotherapy. 

Interestingly, hybrid formulations of AGuIX® have been studied for achieving interstitial 

photodynamic therapy (iPDT) of glioblastoma272 and for achieving X-ray mediated PDT by 

replacing Gd3+ with Tb3+ ions (Section 3.6.2).273  

3.5. Photodynamic therapy 

“Water is good, air is better, but light is best.” – Arnold Rikli, Swiss naturopath 

3.5.1. History of PDT 

The connection between light and health has existed for many millennia; the ancient 

Egyptians worshipped the sun and are thought to have demonstrated knowledge of a relationship 

between health and sunlight.274–276 The ancient Egyptians used the Ammi majus plant regularly, it 

is now known to contain psoralen derivatives, which are photosensitizers used in modern 
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medicine.277 Similarly, ancient Indian medical texts describe the use of a plant called Bavachee to 

cure skin ailments, which was later identified as containing psoralens as well.278 Hippocrates, the 

Father of medicine, introduced the concept of heliotherapy. The ancient Chinese Daoists described 

phototherapy as early as the first century BC during the Han dynasty, and again during the Tang 

dynasty.274,277 The use of sunlight in medicine was widely accepted worldwide, until the advent of 

Christianity, when sun-worship and heliotherapy became regarded as heretical pagan practice.279 

A revival in the use of sunlight for therapeutic purposes began around the mid-19th century. 

Arnold Rikli, a Swiss naturopath, is credited with reintroducing the practice of using sunlight for 

healing.280 Shortly thereafter, Niels Finsen established the basis for modern phototherapy, using 

artificial UV light to treat lupus vulgaris; he received the 1903 Nobel prize in medicine for this 

work.278,280,281 The end of the 19th century also saw the first hypothesis on the mechanism of action 

of light therapies, when Oscar Raab described being able to kill paramecia with acridine dye on 

sunny days but not as effectively on cloudy ones.282 The work of Raab is widely considered to be 

the basis for modern photodynamic therapy.276,283,284 Raab hypothesized the fluorescence from 

acridine was responsible for killing the paramecia via energy transfer in a similar manner to 

photosynthesis. His supervisor, Herman von Tappeiner, performed extensive research on the 

subject after Raab’s discovery.  Von Tappeiner determined in 1904 that oxygen was a requirement 

for the therapeutic effect, eventually coined the term photodynamic therapy and demonstrated its 

use for the treatment of skin cancer.285,286   

Porphyrins have a rich history in PDT and are perhaps the most encountered type of 

photosensitizer. In 1913, the photosensitizing effects of hematoporphyrin were described when 

Friedrich Meyer Betz injected himself with it and experienced severe pain when exposed to light; 

this lasted for over two months.276 This early work established the importance of porphyrins in 

PDT. Notably, in 1924, the accumulation porphyrins and fluorescence of tumors was described by 

Policard in France287, and again in 1942 by Auler and Banzer in Germany288. Thereafter, the first 

generation of photosensitizers was introduced, starting with the production and clinical approval 

of hematoporphyrin derivative (HpD), known by the brand name Photofrin®. The first clinical 

trial in 1978 by T.J. Dougherty demonstrated a clear clinical benefit of PDT for skin cancer using 

HpD.278 From then onward, many photosensitizers have been developed and new modes of PDT 

have been studied.  
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3.5.2. Mechanism of PDT 

 As mentioned earlier, von Tappeiner determined that three components are necessary for 

PDT: light, a photosensitizer, and oxygen. A schematic of the process is shown in Figure 14. When 

light of the appropriate wavelength is absorbed by a photosensitizer, it is promoted to an excited 

singlet state. It can then undergo radiative relaxation (fluorescence) or it can undergo intersystem 

crossing from an excited singlet state to an excited triplet state. Electrons in the triplet state can 

then relax radiatively to the singlet ground state (phosphorescence), or the photosensitizer can react 

via two mechanisms that lead to the photodynamic effect. These are known as the type I and type 

II PDT mechanisms; both mechanisms usually occur simultaneously, and the proportion of each 

is dependent on the properties of the photosensitizer, and the oxygen content of the environment.289  

 A wide variety of ROS can be generated by the type I PDT reaction, the most important of 

which are superoxide (O2
•-) and hydroxyl (OH•-) radicals because of the cascades of ROS they can 

generate, as well as their ability to generate 1O2 in some instances.290 Superoxide anions can react 

with themselves to generate H2O2 and O2, catalyzed by superoxide dismutase. H2O2 can participate 

in the Fenton reaction, resulting in the formation of OH•-, which can subsequently generate a 

variety of other ROS via reaction with oxygen or biomolecules.290–292 Notably, type I reactions are 

either one- or two-electron redox reactions, and thus cationic and anionic radicals are always 

generated by this process, including the generation of a radical form of the photosensitizer. Thus, 

the photosensitizer usually degrades during this process, and it is important that the photoproducts 

do not cause toxicity upon their clearance.  

 The type II reaction exclusively leads to the formation of 1O2 via nonradiative energy 

transfer from the excited triplet state of the photosensitizer to molecular oxygen. 1O2 is often 

credited as the most important player in the PDT effect, owing to its high reactivity with a wide 

variety of substrates.290,292,293 For a particularly thorough and exciting review about singlet oxygen, 

the reader is referred to the work of Callaghan et al.294 Importantly, the type II reaction is obviously 

dependent on the oxygen content of the cell. As such, the contribution of 1O2 to hypoxic tumors is 

highly variable, and there is mounting evidence that the type I reactions contribute to the PDT 
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effect more than was previously thought.295 Unlike the type I reactions, the type II reaction is 

expected to be catalytic, since the process occurs through energy transfer.296 While this is an 

advantage in that more ROS can be produced per photosensitizer molecule, it also prolongs the 

photosensitivity of the tissue. The rapid photobleaching of PPIX (as described below) is thought 

to be an advantage in that it reduces the time a patient is rendered photosensitive, and interestingly, 

the photoproduct of PPIX is a better photosensitizer than PPIX itself.290 Photobleaching is also 

useful as a dosimetry metric, as described in Section 3.5.5. 

Its important to note that radiotherapy and PDT both produce ROS to initiate cell death, 

but they fundamentally do not act via the same mechanisms. As mentioned earlier, radiotherapy 

primarily causes DNA damage to achieve cell death. In contrast, PDT invokes cell death by lethal 

damage to the rest of the cell, ie. the membranes and organelles.289 1O2 is only able to interact with 

guanine in DNA, and most of the base damage caused by either mechanism does not appear to be 

Figure 14. Graphical depiction of the mechanism of PDT leading to ROS production. Incoming light is absorbed by 

a photosensitizer and promotes it to an excited singlet state. The excited electrons can then relax radiatively to produce 

fluorescence or undergo intersystem crossing (ISC) to the triplet state. From the triplet state, the photosensitizer can 

relax radiatively via phosphorescence, or can interact with nearby substrates via a type I reaction in which a redox 

process leads to the damage of biomolecules and formation of ROS, or via a type II reaction with molecular oxygen 

via energy transfer, producing reactive singlet oxygen molecules. Singlet oxygen and other ROS can then induce 

oxidative damage leading to cell death.  
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lethal.289,292 The main modes of lethal damage are via reactions with proteins, and lipids. It has 

been demonstrated that up to 40% of 1O2 reactions in cells are with proteins.293 With respect to 

lipids, cascades of radical-mediated lipid peroxidation occur upon reaction with hydroxyl radicals 

and H2O2, generating a large number of ROS and causing extensive damage to lipid membranes.290 

Depending on the subcellular localization of the photosensitizer, significant organelle damage can 

be caused, thereby initiating different modes of cell death.297 Specifically, the critical PDT targets 

are the mitochondria, lysosomes and endoplasmic reticulum, initiating any of the cell death 

mechanisms described in Appendix 2.297 

Importantly, within the past decade, it has become understood that there is a significant 

immunological component to the PDT effect.298 Notably, because of this, there has even been a 

move towards developing PDT vaccines for cancer.299 Immunogenic cell death is a form of cell 

death characterized by the orchestrated release of biomolecules from the dying cell that induce the 

innate and adaptive immune responses.203,298,300,301 These molecules, known as damage associated 

molecular patterns (DAMPs) are released in response to the oxidative damage caused by the cell. 

They are the key recruiters of immune cells and are able to recognize neoplastic cells and initiate 

apoptosis in them for a prolonged period after the PDT treatment.302 With regard to glioblastoma, 

the sustained local immune response generated by PDT is attractive because it may provide the 

opportunity to prevent neoplastic cell growth, thereby suppressing tumor recurrence.303  

3.5.3. Photosensitizers and Light: Inducing the PDT effect 

 Unlike ionizing radiation, which can penetrate tissues many centimeters, the UV and 

visible wavelengths used for photodynamic therapy only penetrate a few millimeters (Figure 15A). 

Under normal circumstances, skin acts as a barrier, preventing DNA-damaging UV rays from 

interacting with our organs and causing cancer. As such, UV wavelengths barely penetrate the 

stratum corneum and epidermis, where there are no blood vessels.304 Blue-green wavelengths 

penetrate into the dermis, approximately 2-2.5 mm deep; capillaries begin to appear in this layer 

of the skin. Finally, red light penetrates into the subcutaneous tissue, with 600 nm light penetrating 

around 3-4 mm deep and 750 nm light penetrating 4-5 mm deep.  

As shown in Figure 15B, the absorption properties of a variety of biomolecules are 

responsible for the attenuation of the different wavelengths. Unfortunately, melanin is one of the 
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main attenuators of UV-visible light and is meant to protect the skin from harm. However, because 

melanin contributes substantially to the attenuation of light, it affects the efficacy of PDT for 

cutaneous disease (such as melanoma) in different ethnic populations.305,306 This is much less of 

an issue when considering PDT for deeper tumors, however other chromophores become more of 

an issue. With respect to glioblastoma, there is an estimated therapeutic depth of approximately 

0.75–1.5 cm from the excitation source.203 Hemoglobin (deoxygenated and oxygenated) and 

proteins are also major contributors to the attenuation and scattering of light by tissues in the sub-

650 nm range, whereas fat is the major attenuator in the 750-1000 nm range. The strongly-

absorbing nature of blood is a particular hurdle in intraoperative PDT, as free-flowing blood can 

diminish the optical clarity of the resection site.307 Absorption minima for several biomolecules 

are found around the red-NIR range, thus red light is currently considered to be optimal for 

achieving the PDT effect using the most efficient photosensitizers developed at this time, as 

discussed below.283,297,308 Importantly, photosensitizers capable of absorbing light > 800 nm may 

not be useful because of the inability of these wavelengths to provide enough energy to excite 

molecular oxygen into the singlet state.290 Thus, direct NIR excitation could overcome the tissue 

depth penetration, but at the expense of generating a photodynamic response.  

Figure 15. A) penetration depth of light through different layers of skin as a function of wavelength.304,583,584 B) 

Absorption spectra of different biomolecules and the first optical biological window at which an absorption 

minimum is observed for multiple molecules.388,585–588  
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Mentioned earlier, the first photosensitizer approved for clinical use and made 

commercially available was Photofrin®, which is a mixture of hematoporphyrin oligomers. It’s 

exact composition is not actually known, which is one of its major disadvantages, as described in 

Appendix 5.308 Porphyrin-based photosensitizers such as Photofrin® represent the first and second 

generation of photosensitizers, along with the chlorin-based molecules which are structurally 

similar. To our knowledge, there are seven clinically-approved photosensitizers specifically 

indicated for cancer treatments as of 2023 (Appendix 5).283,309  

Levulan® and Metvix® are regarded as the photosensitizers of choice for PDT 

worldwide193,203,283,299,309,310; Levulan® is the brand name for the PDT formulation of 5-ALA, and 

Metvix® is a methyl ester derivative of 5-ALA. 5-ALA meets the vast majority of requirements 

for a successful photosensitizer; the main contraindication is pain during treatment, which can be 

mediated with anesthesia.299 

3.5.4. 5-ALA for PDT  

 As mentioned in Section 3.2.2.2, 5-ALA is a pro-drug of PPIX that is preferentially 

accumulated in malignant cells due to dysregulation of the heme biosynthesis pathway. In this 

section, 5-ALA and PPIX are referred to interchangeably as the photosensitizer, but it is PPIX that 

specifically exhibits the PDT effect. Notably, PPIX is the only endogenous photosensitizer that 

has achieved clinical success.  

 In 1956, while participating in a study on porphyrin metabolism, four volunteers who 

ingested relatively high amounts of 5-ALA experienced photosensitization of the skin, suggesting 

that it was possible to modulate PPIX expression by administering exogenous 5-ALA.311 This 

observation led to the first preclinical and clinical studies of 5-ALA as a PDT agent, along with 

the previous demonstrations of accumulations of porphyrins in tumors by Policard, Auler and 

Banzer in the 1920’s and 30’s as discussed earlier. The initial study demonstrated complete 

treatment of actinic keratoses (pre-cancerous skin lesions), and strong outcomes for basal and 

squamous cell carcinoma in a preliminary clinical report published in 1990 by the National Cancer 

Institute of Canada.311 5-ALA was administered topically in this study, but can be used both 

topically and orally.  
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Topical administration of 5-ALA allows for highly localized accumulation of PPIX, 

thereby preventing any possibility of systemic photosensitivity.308 For this reason, it is highly 

regarded for skin diseases, since its visible red fluorescence allows for simultaneous detection and 

treatment of malignant cells. Topical administration of Levulan® results in accumulation up to 1 

mm, and up to 2 mm for Metvix® owing to its increased lipophilicity that allows for more efficient 

penetration through the stratum corneum (Figure 15A).309 However, topical administration is not 

useful for fluorescence-guided surgery, or PDT of deep tumors. Oral administration of 5-ALA is 

indicated for subcutaneous tumors, and for fluorescence guided surgery of glioblastoma.  

Currently, 5-ALA is approved for PDT of actinic keratoses and basal cell carcinoma.312 As 

of 2023, there are 49 active clinical trials for the use of 5-ALA PDT, including studies for the 

treatment of glioblastoma (NCT04469699, NCT04391062, NCT03048240) owing to the recent 

FDA approval of Gleolan® in 2018 for fluorescence guided resection as described in section 

3.2.2.1. Prominent neurosurgeons have described the outcome of PDT for glioblastoma as modest 

thus far, but note that augmenting the effect might be achieved through a greater stimulation of the 

immune response, or through the use of nanoparticles.203  

3.5.5. Drawbacks of current PDT regimens 

 Photodynamic therapy is a unique treatment because the types of mutations in cells that 

give rise to acquired chemo- and radioresistance do not seem to cause resistance to the 

photodynamic effect.289 Moreover, its main side-effects, pain during treatment and prolonged 

photosensitivity, can be addressed with relative ease using anesthesia and the more recent 

photosensitizers, respectively. The now-understood ability to induce an immune response via 

immunogenic cell death has given PDT even more prominence as a cancer treatment technique. 

Yet, it is still mainly indicated for skin cancer at this time. The main obstacles of PDT are the 

inherent lack of tissue penetration of non-ionizing radiation, and our limited understanding of 

dosimetry of these wavelengths.  

With regard to tissue penetration, interstitial PDT (iPDT) has been developed, in which one 

or more fiber lasers are inserted into the tumor in order to deliver light to the region.313 Compared 

to IORT, iPDT is more commonly performed in the absence of resection.313–315 While this is 

certainly an attractive means to achieve PDT in a variety of cancers, the invasive nature of the 
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fibers can cause repercussions in delicate organs like the brain, whereas insertion into breast or 

prostate tissue is less of a risk.316 Intraoperative PDT has also been explored, however, as 

mentioned earlier, a major drawback is the attenuation of light by blood. In intraoperative PDT, 

the resection cavity has to be continually irrigated to maintain optical clarity, which comes with 

its own set of complications as the light source has to be repeatedly moved.307 Another option 

proposed for PDT of glioblastoma is the insertion of LED implants at the resection site after 

surgery, which again is sub-optimal and reduces the minimally-invasive nature of PDT. The 

implants and fiber lasers mentioned both pose a significant risk for uncontrolled cerebral swelling; 

this has caused the death of multiple patients in different clinical trials.303 The Intraoperative 

photodynamic therapy of GliOblastoma (INDYGO) trial (NCT03048240) attempted 

intraoperative PDT using PPIX after fluorescence guided resection, and were cautiously optimistic 

about the results, but noted that very few patients had been enrolled in the trial thus the results had 

limited meaning.317 Given the poor prognosis of glioblastoma patients, however, these early 

attempts at using PDT for glioblastoma do show promise if the safety concerns can be addressed 

and enough patients can be enrolled.  

 With regard to dosimetry, there is still a severe lack of understanding that permeates the 

field.299 To contextualize this, the concept of dosimetry has been publicly described as “alien” to 

clinicians as recently as 2014.283,318,319 There are many variables in PDT: the oxygen concentration, 

photosensitizer concentration, light fluence, power density, and blood flow are all critical variables 

that can vary patient to patient as well as vary during the treatment.320 PDT dosimetry is therefore 

a combination of determining the dose of photosensitizer, dose of oxygen, and dose of light that 

provide the most clinical benefit. Currently there is a lack of a straightforward, reliable, and easy 

method to measure all of these parameters in patients. This has resulted in precise dosimetry being 

largely avoided and thus contributing to some safety concerns associated with PDT overdose, as 

was the case with Foscan® (see Appendix 5).299,320  

The attenuation of non-ionizing photons with tissues is governed by absorption and 

scattering, which change between patients due to the proportion of chromophores such as melanin 

in the tissue, and during the treatment depending on the amount of blood present, how oxygenated 

the blood is, and how much of the photosensitizer has been bleached over the course of the 

treatment.316 Clinically, there is a move towards establishing which of these parameters are 
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outcome-limiting, and which are the most important for establishing a safe treatment. Interestingly, 

photobleaching of PPIX during PDT has been used as a metric to determine when to stop the 

treatment, representing a potentially simple way to prevent PDT overdose.320 While this is far from 

quantitative, there have been several studies on 5-ALA PDT to measure outcomes based on 

photobleaching as the dose metric.320–322  

Relative to ionizing radiation dosimetry in radiotherapy, the understanding of non-ionizing 

radiation interactions with tissues lag decades behind in comparison.319 The use of ionizing 

radiation to stimulate the PDT effect would therefore potentially aid in overcoming this hurdle in 

PDT dosimetry. Moreover, it would enable two treatment modalities (radiotherapy and PDT) using 

a single radiation source. 

3.6. X-ray mediated photodynamic therapy 

 In 2008, Wei Chen and colleagues demonstrated for the first time that radioluminescent 

nanoparticles (RLNPs) could be used to activate a photosensitizer.323 This proof-of-concept 

demonstration formed the basis for X-PDT. In X-PDT, RLNPs are excited with ionizing radiation 

and can radiatively or non-radiatively transfer energy to a photosensitizer, thereby stimulating the 

production of ROS via excitation with X-rays, rather than the visible and NIR wavelengths used 

in conventional PDT. Not only does this overcome the tissue depth penetration and dosimetry 

issues of PDT, it enables the use of photosensitizers which are excited outside of the optical 

biological window discussed previously (Figure 15B). The promise of X-PDT was initially greeted 

with skepticism324,325, but it has nonetheless shown great promise in a wide variety of cancers at 

the in vitro and in vivo levels (Table 22 Appendix 7).1–3  

3.6.1. Designing an X-PDT system: energy transfer 

 The ability to use nanoparticles as mediators of the PDT effect relies on the potential for 

energy transfer between the nanoparticle (donor) and the photosensitizer (acceptor). Energy 

transfer between two species is fundamentally dependent upon the distance between them, and 

their spectral overlap.326 Spectral overlap refers to the degree to which the donor’s emission 

spectrum “matches” with the acceptor’s absorption spectrum; this is mathematically determined 

by taking the integral of the regions where the spectra overlap. As such, the spectral overlap is 
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dependent on the shape of the spectra, as well as their extinction coefficients. 

Energy transfer can occur via radiative and non-radiative mechanisms; the probability of 

each mechanism is largely dependent on the distance for the same donor-acceptor pair (ie. the 

spectral overlap does not change).327 The most common non-radiative energy transfer mechanism 

was first comprehensively described in 1946 by Theodor Förster, from which the name Förster 

resonance energy transfer (FRET) comes.328,329 Simplistically, FRET occurs via the coupling of 

resonant oscillating electric fields of two distinct species. This process has a distance dependency 

of R6, as such FRET is only efficient at very short distances. Realistically, it is highly unlikely to 

achieve efficient FRET between lanthanides and photosensitizers at distances longer than 10 

nm.326,327,330–332 More often, the critical distance (R0) is between 5 and 20 Å when a lanthanide is 

a component of the donor-acceptor pair, as is the case between a lanthanide ion and a ligand in a 

metal complex.51  

In contrast, in a simple radiative mechanism, photons are emitted by the donor and 

absorbed by the acceptor. As such, the energy transfer is limited by the distance the emitted photon 

travels before encountering a species able to absorb it, and therefore can occur on much longer 

distances than FRET. However, FRET is a directional process whereas radiative energy transfer is 

not. With radiative energy transfer, if the photon is not emitted in the direction of the absorber, the 

desired energy transfer will not occur.  

 With respect to X-PDT, the choice of photosensitizer can be made based on the luminescent 

properties of the nanoparticle, or vice versa. The wide range of emissions from the lanthanides has 

been particularly beneficial to X-PDT because they enable the possibility to use photosensitizers 

that absorb wavelengths other than those within the first optical biological window (Section 3.5); 

ie. other than those in the 600-800 nm region. For example, a popular combination in X-PDT is 

that of Tb3+ and Rose Bengal; the 5D4 → 7FJ transitions of Tb3+ have good spectral overlap with 

the absorbance band of Rose Bengal.41,47,333–336 Rose Bengal is excited with green light, which 

precludes its use in traditional PDT, despite it having one of the highest singlet oxygen yields ever 

reported (ϕ ≈ 0.8).337 As such, the principle of energy transfer greatly extends the potential for 

photosensitizers that were previously regarded as powerful but clinically irrelevant. 
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3.6.2. State of the field 

The rich history of lanthanide scintillators has inspired the development of these materials 

at the nanoscale, bringing about entirely new avenues of using their radioluminescent properties. 

Coming full circle, lanthanide-doped radioluminescent materials have been at the forefront of X-

PDT research. For the sake of brevity, our discussion will be restricted to the X-PDT systems that 

employ lanthanide ions, as they compose the majority of reported systems and are related to the 

work herein. However, the interested reader is referred to several reports of noteworthy systems 

based on other luminescent species.338–341 For additional in-depth discussions on X-PDT and the 

state of the field, the reader is referred to several particularly insightful reviews.1–3,342 

Theoretical models for X-PDT suggested the potential for RLNPs to induce efficient ROS 

production was dismal at best. Morgan, Capala and colleagues used theoretical modelling to study 

the potential for singlet oxygen generation using LuI3 and LaF3 nanoparticles with an imaginary 

photosensitizer.324 They determined it was unlikely X-PDT could produce the singlet oxygen 

quantities necessary to achieve the Niedre killing dose at clinically-relevant doses, and indicated 

X-ray energies in the < 300 keV range would be most efficient. The Niedre killing dose is the 

number of 1O2 molecules per cell required to achieve a 1/e survival fraction, which is on the order 

of 107 1O2 molecules per cell, but will vary somewhat with the cell type.343 Bulin, Dujardin and 

colleagues further explored this theory, suggesting the previous model underestimated the 

contribution of secondary dose deposition effects from the surrounding medium.35 By modelling 

10 nm Gd2O3 nanoparticles in water, irradiated with 500 keV photons and having a light yield of 

15000 photons/MeV, they estimated 44 1O2 molecules would be produced per photon, further 

confirming there would not be enough 1O2 produced to achieve a lethal effect without using high 

photon fluences. Moreover, this model demonstrated that 92% of the energy deposited in the 

nanoparticles was from secondary ionizations of water molecules that absorbed the incident 

photon. Thus it was determined that in solution, the primary mode of RLNP excitation is via these 

secondary interactions. Kudinov and colleagues also modelled this scenario using LaF3:Ce3+ 

RLNPs and estimated 6300 1O2 molecules/cell would be obtained. Thus, the same conclusions 

have been drawn by different researchers using different models over the past 15 years1: the 

likelihood of producing enough 1O2 to achieve a lethal PDT effect is small under clinical 

radiotherapy conditions. So why is there experimental evidence that X-PDT works? The combined 
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evidence from studies on RLNPs in the presence and absence of photosensitizers at the ex vivo, in 

vitro and in vivo levels has provided us with the understanding that 1O2 generation is only one 

component of the X-PDT effect.  

 The early reports of the X-PDT effect set the foundation for more complex studies of the 

effect biological models, and were largely based on Ce3+ and Tb3+-doped RLNPs to excite Rose 

Bengal, and exogenous porphyrins.323,344–349 Around this time, AGuIX® was also introduced (see 

Section 3.4.1.1.2), which seems to have spurred interest in the field. In 2016, Xie and colleagues 

reached a milestone in the field, demonstrating that X-PDT exhibited a therapeutic effect 

characteristic of both radiotherapy and PDT by observing biomarkers associated with PDT-

mediated lipid peroxidation and RT-mediated DNA damage.350 As such, they demonstrated that 

X-PDT does not simply act by stimulating PDT, providing an explanation for why X-PDT works 

despite the predicted poor 1O2 yields. Thereafter, more reports demonstrating X-PDT were 

published, with the vast majority demonstrating excitation of Merocyanine 540 and Rose Bengal 

using Tb3+ emissions.334–336,351–354  

Notably, there were also several reports during this time of what can be described as self-

sensitized X-PDT, where the nanoparticle itself produced the ROS, rather than a discrete organic 

photosensitizer molecule. Purschke and colleagues published several reports using LuPO4:Pr3+ 

nanoparticles to induce direct DNA damage using the UV-C emissions from the radiative 5d-4f 

transitions of Pr3+ in that host.355–359 In LuPO4, the 1S0 state is situated above the lowest 4f15d1 

levels of Pr3+ in contrast to the positioning of the Pr3+ states in the RLNPs used herein 

(NaLuF4:Pr3+). LuPO4:Pr3+ produces strong UV-C emissions, but weak or no emissions at 406 nm 

and beyond. These UV-C emissions are unable to excite most photosensitizers, thus precluding 

the use of these nanoparticles in combination with most photosensitizers. Hf-based metal-organic 

frameworks (MOFs) using porphyrins as linkers were also demonstrated to provide a promising 

effect, generating ROS directly from the porphyrin scaffold of the MOF structure.341,360 

In 2020, Bulin and colleagues demonstrated concrete evidence that lanthanide doped 

fluoride nanoparticles provide a significant radiation dose enhancement effect, in line with what is 

observed in NBTXR3® and AGuIX®.263 LaF3:Ce3+ nanoparticles were used because the UV 

emissions from Ce3+ in this host do not cause DNA damage, thus the authors considered it a good 
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control system for investigating radiosensitization. Excitation with 50 keV X-rays provided the 

highest radiation dose enhancement, generating a cascade of photoelectrons and Auger electrons 

that were predicted to travel up to 100 μm in the surrounding tissue. This not only confirmed Xie’s 

supposition that X-PDT is a combination of radiotherapy and PDT350, it demonstrated that 

radiosensitization was a component as well. As such, the high density and high Z properties of 

RLNPs that are essential for providing strong radioluminescence emissions also act to provide a 

radiation dose enhancement effect. In line with this, a Tb3+ analogue of AGuIX® was also 

developed, introducing the capability for X-PDT at the expense of the MRI contrast provided by 

Gd3+ in the original formulation (see Section 3.4.1.1.2).273  
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Chapter 4. Statement of the Problem 

 Patients with glioblastoma have an incredibly dismal prognosis, despite decades of research 

into treatments. It is now understood that the treatment resistant and highly invasive nature of 

glioblastoma cells results in tumor recurrence, in most cases within 2 cm of the original resected 

tumor. The recurrence of the tumor occurs due to incomplete resection, which is often the case due 

to the need to spare as much healthy brain tissue as possible. Preservation of eloquent regions of 

the brain is regarded as essential for ensuring good patient quality of life. Thus, there is a need to 

develop treatments which can eradicate the malignant cells remaining at the margin of the resection 

site and thereby prevent their infiltration into nearby healthy tissue. To date, there has been little 

progress in extending the survival of patients with glioblastoma and there is a need to address 

treatment of this disease through entirely new means.  

Nanoparticle-based X-PDT has been demonstrated on multiple occasions as a viable means to 

achieve a greater therapeutic effect in radioresistant cancers. However, the systems have been 

largely based on RLNP compositions and photosensitizer choices exhibiting good spectral overlap 

for energy transfer and high 1O2 yields, but with little emphasis on clinical implementation of the 

system. To this end, we aimed to develop an X-PDT system that could be incorporated into existing 

clinical workflows that already have FDA approval. In this way, the introduction of the 

nanoparticles does not interrupt protocols that are currently optimized and therefore a realistic 

route to their use in the clinic may be realized from the inception of the technique. Herein, we 

aimed to develop an X-PDT system with the intent of harnessing two currently-implemented, state-

of-the-art clinical techniques used in surgical resection of glioblastoma: fluorescence-guided 

resection using endogenous PPIX upon 5-ALA administration, and low X-ray energy 

intraoperative radiotherapy (LEX-IORT).  

As mentioned earlier, 5-ALA is conveniently the only FDA-approved drug for fluorescence 

guided resection of gliobastoma, and is also the most popular photosensitizer in clinical use to 

date. Unfortunately, PPIX is not efficiently excited via X-rays, and the use of visible light to 

stimulate PDT is particularly inefficient in an intraoperative context, where blood is constantly 

attenuating the light before it reaches the malignant issue. Thus, we aimed to develop a 

radioluminescent nanoparticle composition and specifically optimize its luminescence properties 
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for activation of PPIX upon excitation with X-rays, thereby inducing the X-PDT effect using 

endogenously produced PPIX that is present in malignant cells after fluorescence guided resection. 

The use of endogenous PPIX therefore restricts the PDT effect to malignant cells, enabling a more 

selective treatment and potentially stimulating immunogenic responses from the X-PDT-treated 

malignant cells.  

 When doped into an appropriate host, the intraconfigurational 4f emissions of Pr3+ exhibit 

remarkable spectral overlap with PPIX (Figure 16). Specifically, the 1S0→
1I6 transition of Pr3+ 

overlaps with the strongly-absorbing Soret band of PPIX, while the LOL transitions provide 

emissions that overlap well with the Q bands of PPIX. In addition, the 1S0→
1I6 transition of Pr3+ 

can only be obtained using high-energy excitation, such as X-rays. As such, the efficient spectral 

overlap between Pr3+ and PPIX is enabled under conditions relevant for X-PDT. Moreover, the 

spectral overlap enables excitation of the Soret band with X-rays, which cannot currently be used 

for excitation due to the poor tissue depth penetration of this wavelength. As such, increased ROS 

production may be enabled using this excitation band.  

Figure 16. Normalized radioluminescence emission from Pr3+ and normalized absorbance from PPIX. The different 

spectral features of Pr3+ and PPIX are labelled in black and pink, respectively. (FGS: Fluorescence Guided Surgery) 
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 We aimed to develop a robust synthesis for NaLuF4:Pr3+ that could be used to obtain a wide 

range of Pr3+ compositions to ensure the emissions were optimized for use in an X-PDT system. 

We also aimed to thoroughly characterize the luminescence properties of these nanoparticles such 

that there was a strong understanding from the materials aspect about their behavior. In certain 

instances, this meant performing in-depth studies on their newly-discovered persistent 

luminescence properties to elucidate the mechanism of this phenomenon. The RLNP system was 

spectroscopically evaluated under X-ray excitation parameters matching those used in LEX-IORT 

(Au target, 50 kV, 0.6 Gy/min) as well as under harsher radiation dose rates (30 Gy/min) to 

evaluate their radiation hardness. The parameters used for investigating the RLNP system in vitro 

in human glioblastoma cells were restricted to those that match the LEX-IORT protocol, 

representing a proof-of-concept demonstration that takes into consideration parameters reported 

for clinical IORT at all stages of development.  

Since high-Z inorganic nanoparticles are known to act as radiosensitizers, we evaluated the 

effects of the nanoparticles with and without the addition of 5-ALA to establish how much of an 

effect could be generated from the nanoparticles alone. To our knowledge, no nanoparticle X-PDT 

system has reported outcomes at the high doses that are applied in IORT or is designed under the 

IORT framework to treat the residual tumor bed, rather than the tumor itself. We also considered 

multiple concentrations of nanoparticles, and evaluated all RLNP concentrations and X-ray doses 

in the absence and presence of 5-ALA, as we postulate there is no single set of treatment 

parameters that would be universally optimal; rather, it is more realistic that different doses and 

RLNP concentrations would be more relevant depending on the patient’s situation (margin of 

tumor volume, area of the brain, etc). We therefore aimed to produce data that spans a broad range 

of possible scenarios, in hopes that this allows for a) a better overview of the effects this treatment 

has and b) provides a range of outcomes under different combinations that can be compared to 

existing literature reports. To this end, we also report a variety of different enhancement factors 

that are either encouraged by the ICRU or widely reported for clinical, pre-clinical and proof-of-

concept radiosensitizer reports and made relevant comparisons to these systems. 
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Chapter 5. Materials and Methods 

5.1. Reagents 

Lu2O3 (99.999%) and PrCl3 (99.99%) were purchased from Chemicals 101 Corp. (Toronto, 

ON). Sodium oleate (95%), ammonium fluoride (99.99%), oleic acid (90%), 1-octadecene (90% 

purity, technical grade, #O806), sodium citrate tribasic dihydrate (≥99.0%, #S4641), poly-L-lysine 

(0.1 % w/v in H2O; #P8920), protoporphyrin IX (≥95% purity, P8293), HNO3 (70%, #225711), 

H2O2 (50 wt. % in H2O, stabilized), Mowiol® 4-88 (#81381), Trizma® hydrochloride (T3253), 

glycerol (≥99%; #G5516), DABCO (#D27802)  were obtained from MilliporeSigma. The ICP-

MS multielement standard solution (CLMS-1, 10 mg/L; Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr, 

Sc, Sm, Tb, Th, Tm, Y, Yb) was purchased from Spex CertiPrep. The resazurin assay kit (#TOX8), 

paraformaldehyde (95% purity, #158127), 2',7'-Dichlorofluorescein diacetate (≥97% purity, 

#D6883), and methylene blue (M9140) were purchased from MilliporeSigma. NucBlue™ (DAPI, 

R37606) and HCl (TraceMetal Grade, A508-P500) were obtained from Thermo Fisher Scientific. 

5-Aminolevulinate hydrochloride (≥99% purity) and the Annexin V/Propidium iodide kit (sc-4252 

AK) were purchased from Santa Cruz Biotechnology. DMEM (#319-005-CS), FBS (#080-450), 

trypsin-EDTA (#325-542) were from Wisent Bioproducts (St-Bruno, QC). The mycoplasma 

detection kit was obtained from Applied Biological Materials Inc. (abm, #G238). 

Primary antibodies used for Western blotting and their dilution are listed in Table 1. Affinity-

purified HRP-conjugated secondary antibodies were purchased from Jackson ImmunoResearch 

Laboratories, Inc. (USA); they were diluted 1:2,000. 

Table 1. List of antibodies used for the Western blot assays and their corresponding dilutions. 

Antigen Supplier Catalog number Dilution 

γH2AX Millipore Sigma 05-636 1:2,000 

Cleaved lamin A Cell Signaling Technology #2031 1:500 

PARP1 Santa Cruz Biotechnology sc-25780 1:1,000 

NFκB Santa Cruz Biotechnology sc-372 1:1,000 
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Nrf2 Santa Cruz Biotechnology sc-365949 1:500 

p53 Cell Signaling Technology #2524 1:1,000 

Grp78 Santa Cruz Biotechnology sc-13539 1:1,000 

Grp94 Santa Cruz Biotechnology sc-393402 1:1,000 

p16 My BioSource MBS821415 1:500 

Lamin B Santa Cruz Biotechnology sc-6216 1:1,000 

Actin Chemicon MAB1501 1:100,000 

 

5.2. Instrumentation 

5.2.1. Persistent luminescence spectroscopy 

Persistent luminescence spectroscopy was performed using the same experimental setup 

used for radioluminescence spectroscopy using powdered samples. No emission slit was used 

during the acquisition of radioluminescence and persistent luminescence signals for the time 

dependent experiments. Upon excitation with a certain radiation dose, persistent luminescence 

spectra were acquired at 30 s intervals until luminescence could no longer be detected. The 

persistent luminescence duration was determined to be the amount of time it took for the 

luminescence signal to decrease to 5% of the original persistent luminescence intensity for the 

dose-dependent persistent luminescence studies in Section 7.5.7, and 100 counts above baseline 

for the persistent luminescence studies in Section 7.5.1. Results are representative of the persistent 

luminescence properties of a minimum of two independent nanoparticle batches studied in 

duplicate.   

5.2.2. Radioluminescence spectroscopy 

Unless otherwise stated, radioluminescence emission spectroscopy was performed by 

exciting powdered or colloidal nanoparticle samples using an Amptek MINI-X X-ray source (4W, 

Au target, unfiltered and uncollimated beam operating at 50 kVp and 80 μA). The output spectrum 

can be found in Figure 68, Appendix 6. Emissions were collected using an optical fiber from Ocean 
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Optics Inc (600 μm diameter) coupled to a Princeton Instruments FERGIE BRX-VR UV-NIR 

spectrograph fitted with a 1200 grooves/mm grating blazed at 290 nm with a 50 μm slit. Persistent 

luminescence kinetics studies in Section 7.5.1 were performed using the same conditions but with 

an approximate dose rate of 30 Gy/min at the position of the sample and the 50 μm slit was 

removed. Cell irradiation experiments were performed using the same Amptek MINI-X X-ray 

source used for radioluminescence spectroscopy (4W, Au target, unfiltered and uncollimated beam 

operating at 50 kVp and 80 μA with a dose rate of 0.6 Gy/min). Persistent luminescence studies in 

Section 7.5.7 were performed with a dose rate of 0.6 Gy/min at the position of the sample and the 

50 μm slit was removed; experimental parameters were identical to those used in the cell 

irradiation experiments. 

As stated in the figure captions, in some cases radioluminescence spectra were collected 

using a 150 kVp X-ray source. In those instances the following applies: Samples were irradiated 

inside a cabinet irradiator (SmART X-RAD 225Cx from Precision X-ray) operating at 150 kVp, 

20 mA with a 0.3 mm Cu beam hardening filter. Emissions were collected by an optical fiber 

coupled to an Andor Shamrock 193i-A spectrograph with Al/MgF2 optics, using a 300 

grooves/mm grating blazed at 500 nm, and detected by an Andor Newton DU970P-BV EMCCD.  

The intensity corrected radioluminescence spectrum (Figure 69 of Appendix 6) was 

obtained by generating a correction factor for all wavelengths using an Ocean Optics 

halogen/deuterium lamp (DT-MINI-2-GS) and a calibrated output spectrum provided by the 

manufacturer.  

5.2.3. Powder X-ray diffraction  

All NaLuF4:20% Pr3+ PXRD data was obtained on a Scintag XDS-2000 diffractometer 

equipped with an unfiltered Cu k-alpha source operating at 45 kV and 40 mA, with a Si(Li) peltier-

cooled solid state detector. All scans were performed in the 10 – 90° 2θ range with a step size of 

0.02° and count times of 0.5 – 2 seconds. Samples were prepared by depositing a few drops of 

saturated nanoparticle dispersions in hexanes onto a quartz zero background disk and let dry to 

form thin, flat, uniform powders.    

All other PXRD data was obtained using a Bruker AXS D2 Phaser at a step size of 0.02 ° 
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over a range of 10-70° 2θ. The spectrometer was equipped with a Cu-Kα source (λ = 1.54178 Å) 

operating at 30 kV and 10 mA for excitation and a Bruker LYNXEYE detector operating in θ/2θ 

scanning geometry.  

5.2.4. Thermoluminescence 

  Thermoluminescence measurements were performed by the research group supervised by  

Philippe Smet at the University of Gent in Belgium. The thermoluminescence glow curves were 

measured in a home-built setup inside a Siemens D5000 X-ray diffractometer (Cu anode, not 

filtered, operated at 40 kV, 40 mA) yielding an estimated air kerma rate of 15 Gy min−1 at the 

position of the sample. The heating was performed by a resistive heating element at a rate of 1 °C 

/s, with temperature feedback using a USB-6002 DAQ device (National Instruments). The 

emission spectra were measured by means of a QE65000 spectrometer (Ocean Optics).  

The diffuse reflectance measurements were performed on powder covered with a quartz 

slide. The spectra were recorded using a Perkin Elmer Lambda 1050 S UV/VIS/NIR 

spectrophotometer, equipped with a Spectralon-coated integrating sphere (150 mm InGaAs Int. 

Sphere from PerkinElmer) and using Spectralon as reference. 

5.2.5. Transmission electron microscopy 

Transmission electron microscopy of NaLuF4:20 mol% Pr3+ nanoparticles in shown in 

Sections 6.1, 6.2, and 7.3 were performed using a JEOL-JEM-2100F microscope operating at 200 

kV equipped with a charge-coupled device (CCD) camera by Gatan. TEM sample preparation was 

done by depositing a 1 wt % solution of nanoparticles dispersed in toluene or hexanes onto a 3 

mm, 300-mesh copper grid coated with formvar/carbon film from Electron Microscopy Sciences. 

The same microscope is used in the STEM mode (Scanning Transmission Electron Microscopy) 

to acquire HAADF (High Angle Annular Dark Field) images by collecting high angle scattered 

electrons, which gives rise to images with a Z contrast. The STEM mode is then combined with 

an Oxford EDS detector (model Xplore) to acquire elemental mappings of the scanned areas. 

Intensity of each element is extracted from a selected peak corresponding to that element to create 

elemental mappings. Jean-Phillipe Masse of the Centre for Characterization and Microscopy of 

Materials (CM2) at Polytechnique Montréal acquired the EDS elemental maps.  
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All other transmission electron microscopy was performed using a ThermoScientific Talos 

L120C scanning transmission electron microscope operating at an accelerating voltage of 120 kV. 

Nanoparticles were deposited onto 300 mesh copper grids coated with a formvar/carbon film from 

Electron Microscopy Sciences Inc by dipping the grid into a 1 mg/mL colloidal dispersion of the 

nanoparticles in hexanes and allowing it to dry in ambient conditions.  

5.2.6. UV-Visible Absorption Spectroscopy 

All absorption spectroscopy experiments were performed on a Varian Cary 100 Bio UV-

Vis spectrophotometer using a 1 cm path length quartz cuvette at 20 °C in a single front-cell 

configuration.  Absorption spectroscopy of protoporphyrin IX (5 nM in 50/50 v/v DMSO/H2O) 

was carried out with an Agilent Technologies Cary 60 UV-Vis spectrophotometer at a resolution 

of 1 nm and scanning speed of 600 nm/min in a 1 cm path-length quartz cuvette from Thorlabs. 

5.2.7. Effective Atomic Number Calculations 

Zeff values were calculated using the Auto-Zeff software developed by the Medical 

Radiation Physics Research Group at RMIT University.1 Spectrum-weighted Zeff values were 

calculated using the pre-set parameters for the INTRABEAM source (50 kVp, Au target).  

5.2.8. Zeta potential and Dynamic light scattering measurements 

Zeta potentials were acquired on a Malvern Zetasizer Nano ZSP at 20°C using colloidal 

dispersions of each type of nanoparticle at a concentration of 1 mg/mL in deionized water. Zeta 

potential values are reported as the average of 5 independent batches of each type of nanoparticle 

coating, except for 5-ALA coated nanoparticles which were made in duplicate. Dynamic light 

scattering (DLS) measurements were performed on the same instrument using the same settings.  

5.2.9. Fourier transform attenuated total reflectance infrared spectroscopy  

FT-IR-ATR was performed using powder samples on a ThermoScientific Nicolet iS5 FT-

IR-ATR spectrometer equipped with an iD5 ATR accessory with a diamond-laminate crystal 

window. Data were collected at a resolution of 0.4 cm-1 with a minimum of 256 scans per sample 

using a DTGS KBr detector set to a gain of 1 with an optical velocity of 0.4747 cm s-1 and an 

aperture setting of 100. 
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5.2.10. Inductively coupled plasma mass spectrometry  

ICP-MS was performed with a 7500ce inductively coupled plasma mass spectrometer from 

Agilent Technologies equipped with a quartz Scott-type spray chamber, off-axis Omega lens ion 

focusing and an octupole reaction system with a quadrupole mass spectrometer analyzer operating 

at 3 MHz. Calibration curves were established using ion concentrations of 0, 0.05, 0.1, 1 and 5 

mg/L for Lu3+ and Pr3+.  

5.2.11. Photoluminescence spectroscopy of NaLuF4:Pr3+ nanoparticles 

Photoluminescence measurements under 457.5 nm excitation were performed using a 

Sabre Innova Argon Ion Laser operating at a power density of 2 W/cm2. A long-pass filter with a 

cut off of 475 nm was used to remove the laser line during spectroscopy and photography of the 

emissions.  

5.2.12. Epifluorescence microscopy 

Fixed cells were imaged with a Nikon Inverted Microscope Eclipse Ti-E, equipped with 

60x objective (NA 1.45) and a Photometrics Evolve 512 EMCCD camera. Protoporphyrin IX and 

Pr3+ were excited with 405 nm and 488 nm LEDs, respectively. The LEDs were installed in a 

Heliophor Light engine. A quad band filter (445/30, 525/50, 595/40,695/90 nm emission bands) 

was used to restrict emission to appropriate wavelengths. All images were acquired with NIS-

elements software version 1.4.6. Images for each data set were processed identically with ImageJ 

version 1.53n. 

5.3. Experimental Methods 

5.3.1. Synthesis of LuCl3 precursors 

LuCl3 was prepared from Lu2O3 precursors by reaction with concentrated trace metal grade 

HCl. 10 g of Lu2O3 were dissolved in 20 mL 50/50 v/v% aqueous HCl (diluted in ultra-pure water). 

The mixture was stirred at 200 RPM under reflux at 80 °C until the solution was colorless and 

clear. The solvent was evaporated at 90 °C and the resulting white crystalline LuCl3 was collected 

and used without further purification.  
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5.3.2. Synthesis of NaLuF4:Pr3+ (Method 1) 

  This method was developed based on the protocol reported by Cooper et al.48 All 

compositions were synthesized on a 1 mmol scale of lanthanides. 311.5 mg of LuCl3·x H2O and 

71.1 mg of PrCl3·x H2O were added to 6 mL oleic acid and 15 mL 1-octadecene in a 250 mL three-

neck round bottom flask. The mixture was stirred at 700 rotations per minute (RPM) and degassed 

at 120 °C for 30 minutes to remove all traces of water. After 30 minutes, the solution was cooled 

to 50 °C, brought to ambient pressure, and 10 mL of a methanolic solution containing 2.5 mmol 

NaF and 4 mmol NH4F was injected at a rate of 1 mL/minute. The solution is left to stir for 30 

minutes at 50 °C. A vacuum distillation trap is then introduced to the center opening of the round 

bottom flask and the solution is then slowly heated to 90 °C, during which the methanol is slowly 

evaporated and condenses into the trap; most of the methanol evaporates between 70 and 90 °C 

and the entire process can take upwards of 30 minutes. At 90 °C, a steady flow of argon is then 

introduced into the flask and the solution is heated to 120 °C, the argon is removed and the solution 

is again degassed for 30 minutes to remove any residual methanol or water introduced during the 

injection. The solution is then brought back to ambient pressure, the argon flow is reintroduced 

and the reaction is heated to 310 °C for 2 hours. The reaction is then cooled to room temperature 

under argon. To isolate and purify the nanoparticles, the reaction mixture is centrifuged for 15 

minutes at 4000 RPM. The supernatant is removed and the pellet is dispersed in 5 mL hexanes and 

precipitated by the addition of 30 mL 99% ethanol and 10 mL of 99% methanol. The resulting 

mixture is centrifuged for an additional 15 minutes at 4000 RPM. This process is repeated twice 

more to yield the purified oleate-coated nanoparticles. Nanoparticles were stored as a pellet 

covered in ethanol at room temperature.  

5.3.3. Synthesis of NaLuF4:Pr3+ nanoparticles (Method 2) 

All compositions of NaLuF4: x% Pr3+ (x = 1, 10, 15, 20, 25, 30, 35, 40 mol% Pr3+) were 

prepared using a co-precipitation technique. The quantities of reagents corresponding to each 

composition can be found in Table 2. This is the final optimized protocol, changes to this method 

are discussed in Chapter 6. All compositions were synthesized on a 1 mmol scale of lanthanides. 

LuCl3·6 H2O and PrCl3·6 H2O were added to 6 mL oleic acid and 15 mL 1-octadecene in a 250 

mL three-neck round bottom flask. The solution was stirred at 500 RPM for the duration of the 

reaction. The solution containing the lanthanide salts was first heated to 120 °C under 10 mbar 
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pressure and left to stir for 30 min at this temperature. The solution was then brought to ambient 

pressure and a steady stream of argon gas was introduced to prevent interaction of the solution 

with air. The solution was cooled to 90 °C and 6 mmol of solid sodium oleate and 11 mmol of 

solid sodium fluoride were added directly to the flask. The solution was stirred for 45 min at 90 

°C under argon. The argon flow was removed, the temperature was raised to 125 °C, and the 

mixture was degassed at 10 mbar for an additional 30 min once reaching the set temperature. The 

pressure was brought back to ambient conditions and argon was again introduced into the reaction. 

The solution was then heated to 325 °C at a rate of 10 °C/min and kept at this temperature for 1.5 

h to grow the nanoparticles. Still under argon, the solution was then cooled to 100 °C and the 

temperature was ramped back up to 325 °C for an additional 30 min to ensure complete conversion 

to the hexagonal crystal phase. The nanoparticle mixture was then cooled to room temperature and 

purified. Purification was achieved by first centrifuging the mixture at 4,500 RPM for 10 min. The 

supernatant was discarded and the pellet was dispersed in 10 mL hexanes, followed by the addition 

of 40 mL 99% ethanol to precipitate the nanoparticles. A nanoparticle pellet was again collected 

by centrifugation at 4,500 RPM for 10 min and this process was repeated 3 times to yield a large 

white pellet. To remove all traces of sodium oleate, the large white pellet was dispersed in 10 mL 

of pure oleic acid and left overnight to yield a smaller, light green pellet. The pellet was then 

purified via the same precipitation/centrifugation technique to yield the isolated NaLuF4:Pr3+ 

nanoparticles which were stored as a pellet in ethanol at room temperature.  

Table 2. NaLuF4:Pr3+ nanoparticle compositions synthesized by method 2 and the corresponding masses of lanthanide 

chloride salts used in their synthesis. 

Nanoparticle composition 
Mass LuCl3·6 H2O 

(mg) 

Mass PrCl3·6 H2O 

(mg) 

NaLuF4: 1 mol% Pr3+ 385.5 3.6 

NaLuF4: 10 mol% Pr3+ 350.5 35.5 

NaLuF4: 15 mol% Pr3+ 331.0 53.3 

NaLuF4: 20 mol% Pr3+ 311.5 71.1 

NaLuF4: 25 mol% Pr3+ 292.0 88.8 

NaLuF4: 30 mol% Pr3+ 272.6 106.7 

NaLuF4: 35 mol% Pr3+ 253.1 124.4 

NaLuF4: 40 mol% Pr3+ 233.7 142.1 
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5.3.4. Preparation of NaLuF4: Pr3+ coated with citrate or citrate/poly-L-lysine 

This protocol was adapted from a previous report.2 100 mg (wet mass) of oleate-capped 

NaLuF4:Pr3+ nanoparticles was dispersed in 10 mL hexanes and sonicated for 10 min. The 

dispersion was then set to stir at 1000 RPM and 10 mL of pH 2 H2O (adjusted with HCl) was 

added all at once. The mixture was stirred for 1 h, after which the nanoparticles visibly transferred 

from the hexanes layer to the aqueous layer. The aqueous layer was then harvested and centrifuged 

at 17,500 xg for 5 min. The supernatant was discarded; the pellet was dispersed in 1 mL deionized 

water, and re-centrifuged. A small aliquot of nanoparticles was taken and dispersed in water to 

evaluate the zeta potential, confirming the removal of the oleate capping ligand. An average zeta 

potential of +33.3 mV was obtained. Approximately 30% of the nanoparticle mass was lost during 

this process. Oleate-free nanoparticles were isolated at this stage. 

To obtain citrate coated nanoparticles, 70 mg (wet mass) of oleate-free nanoparticles were 

then dispersed in 2 mL of 0.1 M sodium citrate and stirred at 1,000 RPM for 2 h. The particles 

were then centrifuged at 17,500 xg for 5 min, the supernatant discarded, and the pellet was 

dispersed in 1 mL deionized water and re-centrifuged to remove excess citrate. This process was 

repeated twice (for a total of 3 centrifuging steps) to yield citrate-capped nanoparticles, yielding 

approximately 50 mg (wet mass) of citrate-capped nanoparticles. A small aliquot was taken and 

analyzed by zeta potential to confirm the presence of the citrate ligand. An average zeta potential 

of -34.5 mV was recorded. Citrate coated nanoparticles were isolated at this stage. 

To coat the citrate-capped particles with poly-L-lysine (PLL), the citrate-capped pellet was 

then dispersed in 0.5 mL of deionized water and 1 mL of 0.1 % PLL solution was added. The pH 

was then adjusted to 10 with NaOH and the mixture was sonicated in an ultrasonic bath for 30 

min. The citrate-PLL capped nanoparticles were isolated by centrifugation (17500 xg for 5 min) 

and purified by centrifugation in deionized water to remove any unbound PLL. The zeta potential 

was determined to be an average value of +35.8 mV, confirming the presence of PLL as the outer 

layer of the nanoparticles.Approximately 30 mg (wet mass) of nanoparticles were isolated. A stock 

concentration of 25 mg/mL citrate-PLL coated nanoparticles in sterile deionized water was stored 

at 4 °C. The zeta potential of nanoparticles was determined at weekly intervals and was constant 

for at least one month (see Section 8.1.1). However, stock dispersions of nanoparticles were 
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typically used within 2-3 weeks of preparation.  

5.3.5. Preparation of NaLuF4: Pr3+ coated with 5-ALA 

 50 mg (wet mass) of oleate-free nanoparticles were dispersed in 5 mL pH 8 H2O (adjusted 

with NaOH) by sonicating the dispersion for 10 minutes. 5-ALA hydrochloride was defrosted and 

weighed immediately before preparation of the following solution. In a separate vial, 5 mg 5-ALA 

was dissolved in 0.5 mL pH 8 H2O.  The nanoparticle dispersion was set to stir at 700 RPM and 

the 5-ALA solution was added dropwise to it. After 4 hours of stirring, the dispersion was 

centrifuged (17500 xg, 5 min) to isolate the 5-ALA capped nanoparticles. The nanoparticles were 

re-dispersed in deionized water and centrifuged again to remove any unbound 5-ALA. The pellet 

was then dispersed in sterile deionized water and stored at 4 °C. The stock dispersion was used for 

in vitro experiments immediately after confirming the zeta potential, which was on average -2.4 

mV.  

5.3.6. Quantification of nanoparticle compositions using ICP-MS 

To digest the nanoparticles into their constituent ions, 100 μL of a 1 mg/mL suspension of 

NaLuF4:Pr3+ nanoparticles in hexanes were added to a 20x150 mm test tube, followed by the 

addition of 1 mL concentrated ultra-trace metal grade HCl, 1 mL concentrated ultra-trace metal 

grade HNO3, and 100 μL of ultra-trace metal grade H2O2. The mixture was heated under reflux to 

120 °C for 24 hours, upon which a clear, colorless solution was obtained indicating the 

nanoparticles had been completely digested. The solvent was then evaporated at 100 °C to yield a 

solid white precipitate. The precipitate was dissolved in 1 mL 5% v/v aqueous HNO3 (trace-metal 

grade) by vortexing for 1 minute. A 100 μL aliquot was then taken and diluted to a total volume 

of 1 mL. Samples were sealed with parafilm and stored at 4 °C until they could be analyzed. 

Duplicate measurements were carried out for each nanoparticle sample. Samples were analyzed 

and prepared by Freesia Vettier.  

5.3.7. Cell culture 

U251 human glioblastoma cells were kindly provided by Dr. Maysinger at McGill 

University. Cells were cultured in DMEM (Wisent Bioproducts Inc., Ca2+/Mg+ free, phenol-red, 

sodium pyruvate) supplemented with 10 %  v/v fetal bovine serum (Wisent Bioproducts Inc., heat-
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inactivated, US origin), without antibiotics, at 37 °C and 5 % CO2. Testing for mycoplasma 

contamination was routinely performed via PCR and DAPI staining; experiments were performed 

using cells that routinely scored negative for mycoplasma contamination. Cells were routinely 

seeded at 60% confluency and passaged at regular intervals, not exceeding 14 passages from the 

time of defrosting the cells for growth. All treatments, irradiations and incubations were performed 

in the dark to avoid accidental ROS generation or photobleaching of other light-sensitive species. 

HeLa cells were kindly provided by Dr. Piekny at Concordia University and cultured in an identical 

fashion. 

The amounts of cells, nanoparticles and 5-ALA were scaled approximately according to 

the surface area of the treatment flasks and/or cell seeding density as shown in Table 3.  

Table 3. Types of cell culture plasticware used for the in vitro experiments and their corresponding surface areas. The 

number of cells plated and the volume of RLNPs and 5-ALA were scaled for each assay based on the dish used. 

Plate type 

Growth 

area 

(cm2) 

Number of 

cells plated 

Volume of 

RLNPs 

(mL) 

Volume of 1 mM 

5-ALA solution 

(mL) 

35 mm Petri dish (Western 

blots, clonogenic assays) 
9.4 1.2 x 105 2.5 3.0 

35 mm Petri dish (ICP-MS) 9.4 1.7 x 105 3.5 4.2 

24 well plate 1.82 1.6 x 104 0.5 1.0 

96 well plate 0.29 6 x 103 0.125 0.25 

 

5.3.8. Preparation of 5-ALA solution for cell culture 

1 mM solutions of 5-ALA were prepared in serum-free DMEM. 5-ALA solutions were 

freshly prepared prior to each treatment. Solid 5-ALA was defrosted and weighed immediately 

before preparation of the solutions. Solutions of 5-ALA were added to the cells within 2 hours of 

preparation. Solutions were incubated at 37 °C prior to their introduction to the cells.  

5.3.9. Preparation of nanoparticle suspensions for cell culture  

25 mg/mL stock nanoparticle suspensions were prepared in sterile deionized water and 

vortexed for 5 minutes prior to preparing the sample suspensions. Concentrations of 50, 100 and 

200 µg/mL were prepared by diluting the stock with an appropriate volume of serum-free DMEM. 
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Small volumes of sterile deionized water were added to the lower concentrations of nanoparticles 

in order such that all suspensions were equally diluted with water. Suspensions were prepared such 

that 5% or less of the total volume of DMEM was diluted with water. Suspensions were incubated 

at 37 °C and then vortexed for 2 minutes prior to their introduction to the cells. 

5.3.10. In vitro fluorescence assays 

A BMG Labtech ClarioSTAR® monochromator microplate reader was used to measure 

fluorescence of resorufin at λex = 550 nm and λem = 590 nm at 37 °C. Fluorescence excitation at 

405 nm and emission at 620 nm at 37 °C were used for the detection of protoporphyrin IX. Gain 

and focal height were optimized by the ClarioSTAR® software before each experiment. 

5.3.11. Metabolic activity assays of cells without X-ray irradiation 

All nanoparticle toxicity and 5-ALA toxicity assays in the absence of X-ray irradiation 

were performed in 96 well plates. Cells were seeded at 6,000 cells per well and incubated for 24 

hours prior to treatment. On the day of treatment, media was aspirated from each well, cells were 

rinsed with 100 μL of PBS followed by the addition of 250 µL of 1 mM 5-ALA in serum-free 

DMEM were to each well. Cells were incubated for 4 hours. The 5-ALA solution was then 

removed and, without washing, replaced with 100 μL of nanoparticle suspension at each desired 

concentration. The cells were again left to incubate for 1 hour, after which the media was aspirated 

and replaced with DMEM. The cells were then left to incubate for 24 hours under standard 

conditions. The media was then aspirated and a solution of 10% v/v TOX8 resazurin assay kit in 

DMEM (see below) was added to each well without rinsing with PBS; each well received 100 μL 

of resazurin solution. After 4 hours, the plates were then assessed for metabolic activity in a plate 

reader. All experiments were performed in triplicate for each assay and as a minimum of 3 

independent experiments using different cell passage numbers.  

5.3.11.1. Preparation of resazurin solution 

The resazurin solution was prepared in the dark and kept in the dark throughout the 

experiment. The concentrated TOX8 resazurin stock was brought to room temperature and then 

diluted to 10% v/v in DMEM. It is essential to mix thoroughly to incorporate the resazurin 

homogenously into the DMEM. The solution was incubated at 37 °C until its introduction to the 
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cells. 

5.3.12. Metabolic activity assay after X-PDT treatment  

All X-PDT viability assays were performed in 24 well plates, using a minimum of 4 

independent experiments at different cell passage numbers, each independent experiment was 

performed in triplicate. Cells were seeded at 16,000 cells per well and incubated for 24 hours prior 

to treatment. On the day of treatment, media was aspirated from each well, cells were rinsed with 

100 μL of PBS, and 1.0 mL of 1 mM 5-ALA in serum-free DMEM was added to each well and 

incubated for 4 hours. For viability without 5-ALA treatment, the cells were incubated with serum-

free DMEM for 4 hours. The 5-ALA solution was then removed and, without washing, replaced 

with 500 μL of nanoparticle suspension at each desired concentration. The cells were again left to 

incubate for 1 hour, after which the media was aspirated and replaced with 200 μL of DMEM. The 

cells were then irradiated with the desired dose of X-rays (controls were sham-irradiated under 

identical conditions). After irradiation, an additional 0.8 mL of complete DMEM was added to the 

cells. After incubation for 24 or 48 hours, media was then aspirated and a solution of 10% 

Resazurin in complete DMEM (see 5.3.11.1) was added to each well without rinsing with PBS. 

Cells were incubated at 37°C for 4 hours, and then assessed for metabolic activity in a plate reader.  

5.3.13. Fixed-cell microscopy of cells treated with 5-ALA and/or RLNPs 

Poly-lysine coated coverslips (circular, 12 mm diameter) were placed in a 24-well plate 

and seeded with 16,000 cells per well. After 24 hours, cells were washed with PBS and incubated 

in serum-free DMEM or treated with 1 mM 5-ALA solution in serum-free DMEM for 4 hours. 

The media was aspirated and nanoparticle suspensions in DMEM were added for 1 hour. The cells 

were rinsed with PBS and fixed on ice in 4 % paraformaldehyde solution for 15 minutes. 

Coverslips were rinsed twice with PBS, once with deionized water, and mounted on glass slides 

in Mowiol mounting medium. Slides were stored at 4 °C. Technical triplicates were assessed for 

each experiment; at least two independent experiments were performed for each condition. All 

compiled microscopy figures depict representative images of the results.  

5.3.14. Quantification of PPIX production by fluorescence spectroscopy 

A 24-well plate was seeded with 16,000 cells/well and left to incubate for 24 hours. Cells 
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were washed with PBS and 1 mM 5-ALA solution in serum-free DMEM was added to the cells 

and left to incubate for 1, 2 or 4 h. At the end of each incubation time, the 5-ALA containing 

medium was aspirated and cells were rinsed with PBS three times. A 50/50 v/v% solution of 

serum-free, phenol-red free DMEM and DMSO were added to the cells and left to incubate at 

room temperature for 15 minutes in order to solubilize the PPIX produced by the cells and dissolve 

it into the supernatant. Phenol-red free media was used to eliminate the fluorescence of phenol red 

as a variable in the measurement.  Prior to performing fluorescence spectroscopy, the supernatant 

in each well for each sample was mixed thoroughly by pipetting. A BMG Labtech ClarioSTAR® 

monochromator microplate reader was used to measure fluorescence of protoporphyrin IX at 

λex = 405 nm and λem = 620 nm at 25 °C. Gain and focal height were optimized by the 

ClarioSTAR® software before each experiment. Each parameter was evaluated in triplicate, and 

results are based on a minimum of two independent experiments.  

5.3.15. Quantification of RLNP-cell interactions monitored by ICP-MS 

For each experiment, technical triplicates were digested and analyzed by inductively 

coupled plasma mass spectrometry (ICP-MS). Data shown here represent the results of three 

independent experiments performed on different cell passages. In brief, 35 mm dishes were seeded 

with 170,000 cells and incubated for 24 h. Each dish was washed once with PBS and incubated 

with serum-free media or 1 mM 5-ALA in serum-free media for 4 h. The cell media was aspirated, 

and nanoparticle suspensions in serum-free DMEM were added. After 1 h, cells were trypsinized 

(250 μL of trypsin-EDTA for 2 minutes) and the digestion was stopped by adding 250 μL of 

DMEM. The cell suspension was then collected in a 5 mL microcentrifuge tube. The dish was then 

rinsed with 100 μL of PBS and this was added to the previously-isolated cell suspension to ensure 

all cells were collected. Clumps of cells were removed by gently pipetting the suspension. Cell 

numbers from the trypsinized cell suspension were then counted with a hemocytometer in 

duplicate.  

For ICP-MS analysis, the cell suspensions were sonicated for 5 min to lyse the cells. Each 

cell suspension was then analyzed in duplicate by taking two 100 μL aliquots of the suspension 

and then proceeding with the following protocol for each aliquot. In a 20x150 mm glass test tube 

containing the 100 μL aliquot, 1 mL of concentrated trace-metal grade HCl, 1 mL of concentrated 



 

 81 

trace-metal grade HNO3 and 200 μL of trace-metal grade H2O2 were added. After reflux at 115 °C 

for 24 h, an additional 200 μL of H2O2 was added. When colorless, the solution was dried at 125 

°C. The remaining white residue was dissolved in 1 mL 5 % v/v aqueous HNO3, and 100 μL 

aliquots were further diluted with 900 μL 5% v/v aqueous HNO3. The concentrations of Lu3+ and 

Pr3+ were then determined by ICP-MS. 

To assess the number of nanoparticles associated with cells, the mass of a single 

nanoparticle was derived from its volume based on average static TEM dimensions assuming a 

hexagonal prism morphology. The a and c parameters of the individual unit cells were calculated 

using the (100) and (002) reflections from the PXRD diffractograms, which then provides the 

volume of a single unit cell. The number of unit cells was then calculated to obtain the number of 

Lu3+ or Pr3+ ions per nanoparticle. The number of nanoparticles per cell was then determined based 

on the ICP-MS data for ion concentrations and the number of cells counted during preparation of 

the ICP-MS samples. 

5.3.16. Detection of reactive oxygen species  

Intracellular reactive oxygen species (ROS) were detected with 2',7'-Dichlorofluorescein 

diacetate (DCFH-DA). Cells were seeded in 24-well plates at 16,000 cells/well, grown for 24 h, 

and treated with 5-ALA and nanoparticles as described for the viability assays. Upon 30 min 

incubation with nanoparticles, a freshly prepared 10 mM DCFH-DA stock solution in sterile 

DMSO was added to the cells to obtain a final concentration of 50 µM. After 30 min incubation, 

the solution was replaced with 200 µL of DMEM, and cells were irradiated. Following irradiation, 

samples were immediately assessed for ROS production by fluorescence spectroscopy in a plate 

reader. Fluorescence excitation at 500 nm and emission at 525 nm at 37 °C were used for the 

detection of dichlorofluorescein (DCF). Gain and focal height were optimized by the 

ClarioSTAR® software before each experiment. 

5.3.17. Preparation of crude cell extracts and Western blotting 

Cells were seeded in 35 mm dishes and treated as described for the toxicity assays. In brief, 1.5 

mL of DMEM was added to the cells after irradiation, and incubation was continued for 24 h. Cells 

were collected in 2 mL microcentrifuge tubes and centrifuged at 750 xg for 5 min. The pellet was 
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then gently resuspended in PBS and centrifuged again at 750 xg for 5 min. The supernatants were 

aspirated and pellets stored at -80 °C. The preparation of crude extracts and Western blotting 

followed our published protocols.361 Enhanced chemiluminescence signals for Western blots were 

acquired with a Bio-Rad ChemiDoc™ MP Imaging System. For each antigen, all lanes were on 

the same filter, exposed for the same time, and processed identically in Photoshop CS4 extended, 

version 11.0. For graphical depiction and statistical evaluation electrochemiluminescence signals 

were normalized to the actin loading control. 

5.3.18. Apoptosis/necrosis assay using Fluorescence Activated Cell Sorting 

analysis 

Each 35 mm petri dish was seeded with 170,000 cells and incubated for 24 h prior to the 

treatments specified for the toxicity assays. 24 h after irradiation, the Annexin V-FITC and 

propidium iodide staining was performed as recommended by the supplier. Live cells were 

analyzed by fluorescence-activated cell sorting (FACS) with a BD AccuriTM
 C6 Plus flow 

cytometer. To this end, 1x106 cells in 200 μL cell sorting buffer (1% fetal bovine serum in PBS 

(Ca2+/Mg2+free) supplemented with 25 mM HEPES and 1 mM EDTA). Cells were stained with 

Annexin V-FITC and propidium iodide according to the supplier’s instructions. Cells were rinsed 

with binding buffer, passed through a 70 μM filter and analyzed by FACS. A minimum of 3x105 

events were recorded per sample with flow rate set to medium. Gating strategy consisted of cells 

being gated on a forward scatter (FSC) versus side scatter (SSC) plot to exclude cell debris and 

doublets. Annexin V-FITC and propidium iodide fluorescence were visualized using FL1 

(emission filter 533/30) versus FL2 (emission filter 585/45) on log-scale density plots with 

quadrants to quantify percentages of apoptotic and necrotic cells. Data shown in the flow 

cytograms are representative of three independent experiments. 

5.3.19. Clonogenic assays 

Prior to the full X-PDT assays, the number of cells seeded for colony formation was 

established via the protocol developed by Brix et al.362 Of great importance, cooperative growth 

can vastly alter the calculated survival fractions from a clonogenic assay, as it results in higher 

plating efficiencies for higher cell seeding densities.363 Cooperative growth is a phenomenon that 

occurs when cells are stimulated to grow by being in proximity of other cells.362 Cellular 
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cooperation was observed for U251 cells and corresponding average plating efficiencies were 

calculated using equation 7. Sample plating efficiencies are listed in Table 4.  

𝑷𝒍𝒂𝒕𝒊𝒏𝒈 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 =  
# 𝒄𝒐𝒍𝒐𝒏𝒊𝒆𝒔 𝒄𝒐𝒖𝒏𝒕𝒆𝒅

# 𝒄𝒆𝒍𝒍𝒔 𝒔𝒆𝒆𝒅𝒆𝒅 𝒊𝒏𝒊𝒕𝒊𝒂𝒍𝒍𝒚
    (7) 

 

Table 4. Sample plating efficiencies calculated for untreated, unirradiated controls in the absence and presence of 5-

ALA. 

0 Gy, 0 μg/mL RLNPs 

Seeding Density  

(cells/well) 

Plating Efficiency 

(-) 5-ALA (+) 5-ALA 

125 0.0480 0.044 

250 0.1315 0.215 

500 0.3120 0.4745 

1000 0.3321 0.5575 

 

Clonogenic assays were carried out via the protocol developed by Brix et al.3 35 mm dishes 

were seeded at a density of 170,000 cells/dish. The treatment was as described for the toxicity 

assays, with all volumes adjusted to 35 mm dishes. Samples were exposed to X-rays, trypsinized 

and cell numbers were counted in duplicate. Based on the cell count, the culture was serially diluted 

according to the values in Table 5, and triplicates of the dilutions were plated in 6-well plates. A 

minimum of 4 seeding densities were used per experiment (ranging from 100 cells/well to 20k 

cells/well). The samples were incubated for 7 days and stained with methylene blue (0.5 v/v% in 

70% ethanol) for 30 minutes. Colonies of ≥ 50 cells were counted manually under a 

stereomicroscope (Amscope, SM-2T-V331). The number of cells in each colony were counted 

manually to ensure there were ≥ 50 cells per colony. Colonies were counted for at least four 

different seeding densities. A minimum of four independent replicates were performed for each 

treatment condition. Survival fractions were calculated using the power regression-based analysis 

Excel spreadsheet template published by Brix et al.364  
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Table 5. Seeding densities used to obtain survival data using power regression analysis to generate dose-response 

curves across all NP concentrations and radiation doses with and without incubation with 5-ALA. 

0 μg/mL RLNPs 

Radiation 

Dose  

(Gy) 

(-) 5-ALA (+) 5-ALA 

Seeding Densities  

(cells/well) 

Seeding Densities  

(cells/well) 

0 125, 250, 500, 1000 125, 250, 500, 1000, 2000 

2 125, 250, 500, 1000 125, 250, 500, 1000 

5 125, 250, 500, 1000 125, 250, 500, 1000 

10 250, 500, 1000, 2000, 5000 250, 500, 1000, 2000, 5000 

20 500, 1000, 2000, 5000, 10000 1000, 2000, 5000, 10000 

 
50 μg/mL RLNPs 

Radiation 

Dose  

(Gy) 

(-) 5-ALA (+) 5-ALA 

Seeding Densities  

(cells/well) 

Seeding Densities  

(cells/well) 

0 125, 250, 500, 1000 125, 250, 500, 1000 

2 125, 250, 500, 1000 250, 500, 1000, 2000 

5 125, 250, 500, 1000, 2000, 5000 125, 250, 500, 1000, 2000, 4000 

10 250, 500, 1000, 2000, 5000 500, 1000, 2000, 4000 

20 500, 1000, 2000, 5000, 10000 500, 1000, 2000, 4000 

 
100 μg/mL RLNPs 

Radiation 

Dose 

 (Gy) 

(-) 5-ALA (+) 5-ALA 

Seeding Densities  

(cells/well) 

Seeding Densities  

(cells/well) 

0 125, 250, 500, 1000 125, 250, 500, 1000 

2 100, 200, 400, 600, 800, 1000 
100, 200, 400, 600, 800, 1000, 2000, 

4000 
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5 100, 200, 400, 600, 800, 1000, 2000 400, 800, 1000, 2000, 4000 

10 500, 1000, 2000, 5000, 10000 500, 1000, 2000, 5000, 10000 

20 500, 1000, 2000, 5000, 10000 5000, 10000, 20000 

 

200 μg/mL RLNPs 

Radiation 

Dose  

(Gy) 

(-) 5-ALA (+) 5-ALA 

Seeding Densities 

(cells/well) 

Seeding Densities  

(cells/well) 

0 125, 250, 500, 1000 125, 250, 500, 1000 

2 100, 200, 400, 600, 800, 1000 
100, 200, 400, 600, 800, 1000, 5000, 

10000 

5 100, 200, 400, 600, 800, 1000, 2000 500, 1000, 2000, 5000, 10000 

10 500, 1000, 2000, 5000, 10000 1000, 2000, 5000, 10000 

20 500, 1000, 2000, 5000, 10000 5000, 10000, 20000 
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Chapter 6. Synthesis of NaLuF4:Pr3+ nanoparticles 

6.1. Crystallographic properties of NaLuF4:Pr3+ 

In 1966, Thoma et al. reported the phase diagrams for the entire series of NaREF4 

systems.365 Of particular relevance to this work, these results highlight the major role of cation size 

(and consequently, polarizability) in determining the crystal phase of NaREF4 materials. The ionic 

radii of the cations in the nanomaterial of interest vary significantly, with Na+, Pr3+ and Lu3+ having 

ionic radii of 1.24, 1.18 and 1.03 pm, respectively.366 As such, it proved challenging to produce 

NaLuF4:Pr3+ nanoparticles with a high degree of phase purity, size and morphological uniformity. 

Of importance, throughout this work, the primary goal was to obtain NaLuF4:Pr3+ nanoparticles 

that were sub-100 nm in size, highly uniform, and highly reproducible. Each of these criteria are 

relevant for efficient cell uptake367, and thus are important for achieving successful biological use.   

NaREF4 crystallizes in three phases: cubic, hexagonal, and orthorhombic.365 The cubic (α) 

and the hexagonal (β) crystal phases are of practical relevance as they are relatively stable at room 

temperature.368 The α phase crystallizes in space group Fm3̅m, where the RE3+ ions are 8-fold 

coordinated and occupy a single site of Oh symmetry (Figure 17A). Several possible space groups 

have been proposed for β-NaREF4, but the two most commonly accepted are P6̅ and P63/m.368 

Figure 17. Graphical representation of the unit cells of cubic and hexagonal NaLuF4. Lanthanide ions are 

depicted in blue, sodium ions in pink, and fluoride ions in gray.  



 

 87 

While the space group of β-NaLuF4 is still contested368, β-NaPrF4 is known to crystallize in a P6̅ 

space group.369 In the hexagonal phase for both space groups, the RE3+ ions are 9-fold coordinated 

and occupy sites with C3h symmetry. One site is fully occupied by RE3+ and the other is 1:1 

occupied by Na+ and RE3+ ions (Figure 17B).  

6.2. Optimization of the synthesis of β-NaLuF4:Pr3+ 

Similar to what has been observed for upconverting nanoparticles based on the NaREF4 

host, early results obtained from a sample of α-NaLuF4:20% Pr3+ showed drastically-reduced 

radioluminescence relative to their hexagonal-phase counterparts (see Section 7.2).37,38,368 Thus, 

obtaining β-NaLuF4:Pr3+ nanoparticles was the focus of all further studies.  β-NaLuF4 is 

notoriously difficult to obtain through direct nucleation.365 Rather, it is obtained via a cubic to 

hexagonal phase transition, of which the energy barriers are significant.38 The propensity for 

NaREF4 to crystallize in the cubic or hexagonal phase is a consequence of the size of the RE3+ ion, 

where the disparity in size between Na+ and RE3+ dictates the preferred phase. As the size disparity 

increases, it becomes more difficult to form the hexagonal phase.365 Na+ and Pr3+ only differ in 

ionic radii by 5%, thus formation of β-NaPrF4 is relatively easy. In contrast, Na+ and Lu3+ differ 

in ionic radii by 17%, and β-NaLuF4, and β-NaLuF4 notoriously difficult to isolate.365  

Initial attempts to synthesize β-NaLuF4:Pr3+ focused on achieving uniform nanoparticles 

at a concentration of 20% Pr3+, as this concentration had been reported to yield strong 1S0 emissions 

under VUV excitation.370   A more detailed discussion on the reasoning behind the dopant 

concentrations chosen for study can be found in Chapter 7. We first began using a classic co-

precipitation technique38,48 involving a methanolic injection of NaOH (see Section 5.3.2), herein 

referred to as method 1. This method has previously yielded uniform β-NaLuF4 nanoparticles with 

high reproducibility.48  Under standard conditions known to yield uniform β-NaLuF4:Gd3+,Tb3+ 

nanoparticles around 30 nm in size (entry 0, Table 6), β-NaLuF4:20% Pr3+ nanoparticles that were  

hexagonal phase (Figure 18A) and 403 ± 15 nm in size were obtained (Figure 18B). Notably, the 

nanoparticles are remarkably uniform in size and morphology. Nanoparticle size is related to the 

ease of nucleation at the supersaturation stage during synthesis.37,38 Given the vastly different 

energy barriers  to forming NaLuF4 and NaPrF4 as described by Mai38, along with the varying 

ionic radii of the cations, it is unsurprising that nucleation was inefficient and large nanoparticles 
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were obtained.  

Subsequent attempts using method 1 were focused on size reduction while maintaining 

uniformity. Size reduction is often achieved by reducing the amount of energy introduced into the 

system; ie. by reducing the temperature of the reaction and/or the time. Unfortunately, the same 

conditions that favor smaller particles generally also favor the formation of nanoparticles with the 

cubic crystal phase. Several routes have been reported for achieving the α-to-β phase 

conversion.38,371,372 The most commonly-used route is doping the lattice with RE3+ ions which 

have lower phase transition energy barriers, or preferentially nucleate directly in the hexagonal 

phase in NaREF4, such as Gd3+.38 Unfortunately, Pr3+→Gd3+ energy transfer is known to be 

efficient due to resonance between the 5d levels of Pr3+ and different transitions of Gd3+ depending 

on the host, resulting in drastically-reduced radioluminescence yields from Pr3+.373–375 Rather, this 

combination is used to enhance Gd3+ emissions.376,377  Thus this strategy is not viable for 

developing radioluminescent β-NaLuF4:Pr3+.373 Other strategies include altering the source and/or 

ratio of precursors, increasing the reaction temperature and/or heating rate, or changing the 

synthesis route.37,38,372,378,379 All of these avenues were explored, as described below. 

Table 6. Summary of synthetic parameters investigated using method 1 to synthesize NaLuF4:20 mol% Pr3+ 

nanoparticles. Method described in Section 5.3.2. 

Entry Ramp 

(°C/min) 

Stir rate 

(RPM) 

Temp. 

(°C) 

Time 

(h) 

Na+:Ln3+:F- 

ratio 

Phase Size 

(nm) 

0a 10 - 310 2 2.5 : 1 : 4 β 403 ± 15 nm 

1 10 700 315 2 2.5 : 1 : 4 α Mixed 

2 10 700 320 2 2.5 : 1 : 4 β 289 ± 13 nm 

3b 10 700 320 2 2.5 : 1 : 4 Mix -- 

4 10 700 320 3 2.5 : 1 : 4 α 475 nmc 

5 15 700 320 3 2.5 : 1 : 4 β 984 nmc 

6 15 700 320 2 2.5 : 1 : 4 β Mixed 

7 15 700 320 2 2.5 : 1 : 4 β Mixed 

8 15 700 320 2 2.5 : 1 : 4 β Mixed 

9 15 700 310 2 2.5:1:11 Mix 4, 36, 87 nm 

10 15 500 310 2 2.5:1:11 β 92 ± 21 
aThis synthesis was performed by Daniel R. Cooper.  
bOleic acid:1-octadecene ratio was changed to 1:1 
cSize obtained by DLS. 

Table 6 contains a summary of highlighted conditions explored to optimize the 
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nanoparticle synthesis using method 1. The corresponding PXRD and TEM results are shown in 

Figure 18. First, a reaction at 315 °C for 2 hours (entry 1) yielded nanoparticles with two distinct 

size distributions, which were sub-100 nm in size, but an α crystal phase. As previously mentioned, 

based on the results presented in Section 7.2, the cubic phase is not desirable for generating strong 

radioluminescence from Pr3+ in this host. An increase to 320 °C for 2 hours yielded uniform β 

phase nanoparticles 285 ± 13 nm in size, thus some degree of size reduction was achieved relative 

to entry 0. These results suggested that 320 °C was near the threshold for the energy required to 

achieve the phase transition.  

Changes in the oleic acid:1-octadecene (OA:ODE) ratio were investigated, as the ratio of 

coordinating and non-coordinating solvents is known to have an effect on the uniformity of the 

nanoparticles.37 A range of ratios were investigated, from a 1:3 ratio to a 3:1 ratio of OA:ODE. 

None produced significant improvements toward achieving smaller hexagonal-phase 

nanoparticles, with results similar to entry 3, where a 1:1 ratio of OA:ODE was used, producing 

large nanoparticles with a mixed crystal phase. Thus, the commonly-reported 1:2.5 OA:ODE ratio 

(15 mL OA, 6 mL ODE)48,380–383 was maintained throughout the remaining syntheses, in order to 

reduce the number of variables under investigation. 

Since octadecene boils at 315 °C (though this is elevated in the presence of oleic acid), we 

explored other routes to introducing more energy to the reaction, as increasing the temperature 

further would cause more octadecene evaporation. Thus, rather than further increasing the 

temperature, we tried increasing the reaction time to 3 hours (entries 4 and 5), however this resulted 

in pure α-phase nanoparticles, indicating the energy barrier for the phase transition could not be 

overcome with time alone. The temperature is typically increased at a rate of 10 °C/min to achieve 

the final reaction temperature (>300°C), thus we postulated that a higher temperature ramping rate 

may provide sufficient energy to induce the phase transition. Indeed, increasing the ramping rate 

to 15 °C/min successfully generated β-NaLuF4 on multiple tries (entries 5-8). Unfortunately, this 

yielded nanoparticles of nearly 1000 nm when 3 hours was used (entry 5). Interestingly, with a 2 

hour reaction time, the nanoparticles exhibited a poor overall size distribution, but the majority of 

nanoparticles were around 150-200 nm in size and a pure hexagonal phase was obtained (entries 

6-8).  
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Several more attempts were made to reduce the size of the nanoparticles using method 1, 

to no avail. Changes in degassing time, degassing temperature, NaOH/NH4F injection rate and 

evaporation temperature, and other parameters were also explored, all resulting in results similar 

to those obtained in entries 7, 8 and 9 in Figure 18. The thermal decomposition synthesis from 

trifluoroacetate precursors and from rare-earth oleates was also attempted, with constant cubic 

phase, large particles obtained.  

Since the discrepancy in cationic radii is known to affect the synthesis of the NaREF4 hosts, 

the ratio of Na+ and Ln3+ ions available during the nucleation and growth phases were hypothesized 

to affect the outcome of the synthesis. In line with this hypothesis, size control has been 

demonstrated through modification of the ratio of Na+, Ln3+ and F- ions in solution during 

synthesis.372,379 Interestingly, increasing the ratio of Na+ and F- to Ln3+ is also known to favor the 

Figure 18. A) PXRD diffractograms and B) selected TEM images of NaLuF4:20% Pr3+ nanoparticles. Numbers 0-10 

corresponding to the entries in Table 6. The PXRD patterns of cubic and hexagonal NaLuF4 are shown at the bottom 

of panel A, corresponding to PDF 00-027-0725 (gray) and PDF 00-027-0726 (black), respectively. 
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formation of hexagonal-phase nanoparticles, as previously mentioned.  Increasing the ratio of 

NH4F (entry 9) generated much smaller nanoparticles, but with a mixed crystal phase and multiple 

size distributions. We repeated the reaction with a reduced stirring speed to try and reduce 

turbulence in the reaction during stirring. This resulted in nanoparticles with a pure hexagonal 

crystal phase that were 92 ± 21 nm in size (entry 10). Thus, particles of sub-100 nm size had been 

achieved, but with high polydispersity. Increasing the Na+:Ln3+ ratio using method 1 required a 

large volume of NaOH/NH4F in MeOH to be injected, which was impractical to evaporate in the 

next step of the synthesis, and caused oxidation of oleic acid. Multiple attempts were made to use 

method 1 with a 6:1:11 Na+:Ln3+:F- ratio, however, nanoparticles were not isolated in any of these 

attempts because the oxidized oleic acid and high salt contents formed a thick black mixture that 

could not be purified. This prompted us to change our sodium source to solid sodium oleate, which 

could be added directly as a powder to the reaction along with solid NH4F (referred to as method 

2, Section 5.3.3). PXRD and TEM results for highlighted examples are shown in Table 7 and 

Figure 19.  

Table 7. Summary of parameters used to optimize the synthesis of NaLuF4:20% Pr3+
 nanoparticle using synthesis 

method 2. Method described in Section 5.3.3. 

 

The use of a hydroxide-free sodium source proved beneficial for multiple reasons. It 

enabled the ability to drastically change the Na+:Ln3+:F- ratio without introducing large amounts 

of strong base and methanol to the reaction, the reaction time was reduced since the methanol 

removal was no longer a step. Finally, syntheses using minimal OH-containing reagents are known 

to yield lanthanide-doped nanoparticles with less OH defects in the lattice, reducing luminescence 

Entry Ramp 

(°C/min) 

Stir rate 

(RPM) 

Temp. 

(°C) 

Time 

(h) 

Na+:Ln3+:F- 

ratio 

Phase Size 

(nm) 

11 15 500 320 2 6:1:11 Mix 74 ± 12 

12  15 500 325 2 6:1:11 Mix 63.7 ± 8.8 

13  15 500 325 2+0.5 6:1:11 β 67.6 ± 6.7 

14  15 500 325 2+0.5 6:1:11 β 90.1 ± 6.0 

15 15 500 325 2+0.5 6:1:11 β 85.3 ± 7.0 

16  15 500 325 2+0.5 6:1:11 β 70.1 ± 5.7 
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quenching from susceptible energy levels.384,385 Increasing the Na+:Ln3+:F- ratio to 6:1:11 reduced 

the size and improved the polydispersity significantly (entry 11), as did increasing the temperature 

by 5 °C (entry 12), however a crystal phase mix was repeatedly observed. As discussed by Haase 

et al., β-phase nanoparticles could be obtained by re-heating their α-phase counterparts through 

Ostwald ripening.372 As such, we redispersed the nanoparticles from entry 12 in oleic acid and 

octadecene, and heated the mixture to 325 °C for 30 minutes under argon. The nanoparticles were 

completely converted to the β-phase and the size distribution was slightly narrowed. We postulated 

that the re-heating step could be done immediately after the initial synthesis, thus saving time and 

reducing solvent waste. As shown in entries 14-16, a two-stage heating method successfully 

produced monodisperse, sub-100 nm nanoparticles with uniform morphology and hexagonal 

crystal phase in a reproducible fashion (Figure 19). Notably, the nanoparticles are in line with the 

70-100 nm sizes purported to be ideal for achieving optimal radioluminescence (see section 2.2.1). 

Figure 19. A) PXRD and B) selected TEM results for NaLuF4:20% Pr3+ nanoparticles listed as entries 11-16 in 

Table 7. The PXRD patterns of cubic and hexagonal  NaLuF4 are shown at the bottom of panel A, corresponding to 

PDF 00-027-0725 (gray) and PDF 00-027-0726 (black), respectively. 
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This technique was used to synthesize β-NaLuF4:Pr3+ nanoparticles ranging from 0-40 

mol% Pr3+ (Table 8), illustrating the robustness of the established parameters toward relatively 

large changes in the composition. As described in Chapter 7, this range of Pr3+
 concentrations were 

evaluated to optimize the radioluminescence intensity of the 1S0 → 1I6 transition. The 

corresponding PXRD and TEM images are shown in Figure 24 along with their spectroscopic 

properties. 

 

Table 8. Synthetic parameters used to produce NaLuF4: x% Pr3+ nanoparticles (x = 0-40 mol%) using method 2 and 

the corresponding crystal phase and static size of the nanoparticles. 

Entry 
Mol % 

Pr3+ 

Ramp 

(°C/min) 

Stir rate 

(RPM) 

Temp. 

(°C) 

Time  

(h) 

Na+:Ln3+:F- 

ratio 
Phase 

Size 

(nm) 

17 0  15 500 325 2+0.5 6:1:11 β 57.38 ± 4.7 

18 1  15 500 325 2+0.5 6:1:11 β 79.1 ± 6.7 

19 10  15 500 325 2+0.5 6:1:11 β 75.7 ± 6.1 

20 15  15 500 325 2+0.5 6:1:11 β 77.6 ± 3.9 

21 20  15 500 325 2+0.5 6:1:11 β 68.4 ± 5.2 

22 25 15 500 325 2+0.5 6:1:11 β 87.1 ± 5.9 

23 30 15 500 325 2+0.5 6:1:11 β 80.9 ± 5.7 

24 35 15 500 325 2+0.5 6:1:11 β 69.0 ± 3.7 

25 40 15 500 325 2+0.5 6:1:11 β 88.3 ± 6.1 
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Chapter 7. Spectroscopy of NaLuF4:Pr3+ nanoparticles 

7.1. Spectroscopic properties of β-NaLuF4:Pr3+ 

As mentioned in Section 2.3.1, luminescence from Pr3+ arises from two main routes: UV 

emissions arise from transitions from the 1S0 excited state at 46500 cm-1, and visible and NIR 

emissions arise from the transitions from the LOLs at 25,000 cm-1 or lower (Figure 20A). For Pr3+, 

the 1S0 state is close in energy to the 4f15d1 states; in the case of NaLuF4 the 1S0 state is below the 

4f15d1 levels. The position of the lowest 4f15d1 state in our material is much higher than the 1S0 

state, at 52829 cm-1 (see Section 7.5.3). When there is a sufficient gap between the 4f15d1 state and 

the 1S0 state, intraconfigurational 4f2→4f2 transitions occur. In contrast, when the 4f15d1 states and 

the 1S0 states are close in energy, the gap between them can be easily bridged, resulting in 

interconfigurational 4f15d1→4f2 transitions in the UV region, and/or the expected 

intraconfigurational 4f2→4f2transitions.  

Herden et al. have investigated the properties of Pr3+ doped NaREF4 materials in-depth under 

VUV excitation.369,370,386 In particular, their studies on NaLaF4:Pr3+ microparticles motivated us to 

begin our investigation using 20% Pr3+, as they report the strongest 1S0→
1I6 emissions were 

obtained for this concentration in that host.369  Of note, VUV excitation directly excites Pr3+, 

whereas the studies herein are focused on excitation with X-rays, where the excitation of the host 

lattice plays a prominent role.  

As shown in Figure 20B, NaLuF4:20% Pr3+ exhibited the characteristic 4f emissions from Pr3+; 

the band positions are listed in Table 9.  Of note, the emission spectra presented throughout this 

thesis are not corrected for the spectral sensitivity of the detector, thus the intensity of the UV 

emissions below 350 nm appear less intense than they actually are. A version of the spectrum 

presented in Figure 20B that has been corrected for the sensitivity of the detector is presented in 

Figure 68 (Appendix 6) to give an idea of the real emission intensities. Similar to what was reported 

for NaLaF4:20% Pr3+, the emission from the 1S0→
1I6 transition at 407 nm is the most intense band 

in the radioluminescence spectrum, followed by less intense LOL emissions spanning the visible 

spectral region. 

As discussed in Section 7.4, the positions of the transitions observed in β-NaLuF4:20% Pr3+ 
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are the same in all other compositions studied, though their intensities varied significantly. 

Notably, UV emission bands from the 1S0→
3F3,4, 

1G4, and 1D2 transitions were observed with 

maxima at 251, 272 and 336 nm, respectively. These emissions are particularly interesting, as 

many biomolecules absorb these wavelengths, including DNA, cytochrome C, FAD, tryptophan, 

NAD, and hemoglobin, among others.387,388 A few reports on Pr3+-doped materials aim to take 

advantage of UV emissions for cancer therapies by damaging the aforementioned biological 

targets.355–358 

Mentioned in Section 2.3.1, Pr3+ is able to undergo PCE, generating one photon from the 

1S0→
1I6 transition, followed by a subsequent emission from the LOLs due to the population of the 

1I6 state, which can non-radiatively decay to the emissive 3PJ states. Notably, PCE does not always 

yield a quantum efficiency greater than unity, thus quantum efficiency measurements are not the 

decisive factor for observing PCE in a material. Rather, it is the concurrent emission from the 

Figure 20. A) Energy level diagram of Pr3+ and corresponding transitions observed in β-NaLuF4:20% Pr3+, B) 

Radioluminescence emission spectrum of β-NaLuF4:20% Pr3+nanoparticles under excitation with X-rays (50 kVp, 

80 μA, Au target, unfiltered, uncollimated beam) 
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1S0→
1I6 transition  and the LOLs that is the hallmark of the process389,390, as observed in the 

nanoparticles synthesized here. Thus, the emission spectra herein suggest PCE is occurring in this 

material, in line with the observation of this phenomenon as reported for other Pr3+-doped fluoride 

materials.65,69,70,369,391,392     

Table 9. Summary of the observed transitions in β-NaLuF4 and their corresponding wavelengths (nm), wavenumbers 

(cm-1) and energies (eV). 

Transition Wavelength 

(nm) 

Wavenumber 

(cm-1) 

Energy 

(eV) 
1S0 → 3F3,4 251 39841 4.94 

1S0 → 1G4 272 36765 4.56 

1S0 → 1D2 336 29762 3.69 

1S0 → 1I6 407 24570 3.05 

3P0 → 3H4 483 20704 2.57 

3P1 → 3H5 522 19157 2.38 

3P0 → 3H5 538 18588 2.30 

3P0 → 3H6 and 1D2 → 3H4 608/611 16448 2.04 

3P0 → 3F2 642 15576 1.93 

1D2 → 3H5 697 14347 1.78 

3P0 → 3F3,4 722 13851 1.72 

 

7.2. Radioluminescence and nanoparticle crystal phase 

Radioluminescence from NaLuF4:20% Pr3+ was observed to vary substantially with crystal 

phase (Figure 21). 65 This is expected, as the separation of the 4f15d1 states relative to the 1S0 state 

also changes with the crystal phase of the NaREF4 host; the 1S0 state of Pr3+ is closer in energy to 

the 4f15d1
 states in α-NaLuF4 than it is in β-NaLuF4.

370 β-NaLuF4:20% Pr3+ exhibited all of the 

expected 4f2→4f2 emissions upon excitation with ionizing radiation, while α-NaLuF4:20% Pr3+ 

exhibited extremely weak radioluminescence from the LOLs.  

The weak radioluminescence observed from α-NaLuF4:20% Pr3+ is attributed to the 

relatively high concentration of Pr3+ in this composition. Materials developed for Pr3+ 

luminescence are rarely doped with more than 1% Pr3+, as Pr3+ luminescence is highly dependent 

on concentration and most materials are optimized for maximal emissions from the 
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LOLs.20,66,390,393 Concentration quenching has been reported in several Pr3+-based scintillator 

materials, with significant quenching reported at concentrations of 0.7 mol% Pr3+ or 

higher.358,390,394,395 Moreover, in materials where the proximity of the 1S0 state to the 4f15d1 levels 

is sufficient to allow both intra- and interconfigurational transitions, it has been reported that 

concentration quenching manifests as a decrease in the 1S0 emissions and increase in LOL 

emissions.394 This is commonly attributed to energy migration via the 1S0 to defects in the lattice389, 

since there is no potential for cross-relaxation involving the 1S0 state, and a large number of 

phonons would be required to bridge the 26500 cm-1 gap between the 1S0 and the LOLs. The 

obvious improvement in radioluminescence from β-NaLuF4:20% Pr3+ prompted us to evaluate the 

spectroscopic properties of the hexagonal phase for all remaining studies.  

7.3. Radioluminescence and nanoparticle size 

The effect of nanoparticle size on radioluminescence intensity was investigated to establish 

the effect of RLNP size on the luminescence. As shown in Figure 22A, the four sizes investigated 

(403 ± 15, 285 ± 13, 79 ± 3 and 72 ± 22 nm) were characterized by TEM (Figure 22B) and PXRD, 

and all had a hexagonal crystal phase (Figure 22C). Of note, different reaction times and 

temperatures were used to achieve size control. Since differences in crystallinity may arise due to 

changes in the reaction parameters, it is possible that this contributes to the observed differences. 

Figure 21. Radioluminescence emission spectra of powder samples of α-NaLuF4:20% Pr3+ (gray trace) and β-

NaLuF4:20% Pr3+ (black trace). X-ray source: 150 kVp, 20 mA, 0.3 mm Cu filter.  
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Elemental mapping was also performed on the samples using energy dispersive spectroscopy 

(EDS), and no major differences in the distribution of Pr3+ ions could be observed via this method 

(Figure 22D). Inductively-coupled plasma mass spectrometry was also used to confirm the 

nanoparticles exhibited Pr3+ concentrations close to the nominal 20 mol% (Table 10). Inductively-

coupled plasma mass spectrometry (ICP-MS) was used to further confirm the nanoparticles 

contained near-equal concentrations of Pr3+. 

Figure 22. Physical characterization of NaLuF4:20% Pr3+ nanoparticles of different sizes. For all panels, red corresponds 

to the largest nanoparticles (403 nm), green to 285 nm particles, blue to 79 nm particles, and yellow to 72 nm particles. 

A) Transmission electron microscopy images, B) corresponding static size distributions obtained from the TEM images 

obtained by measuring a minimum of 300 nanoparticles C) powder X-ray diffractograms of the four samples along with 

the corresponding hexagonal phase diffraction pattern for NaLuF4 (PDF 00-027-0726). D) Energy dispersive 

spectroscopy elemental mapping images for the nanoparticle samples.  
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All of the samples exhibited the expected emissions from β-NaLuF4:20% Pr3+ as described 

previously. Indeed, as the particles became larger, the overall radioluminescence intensity 

increased. Since radioluminescence is dependent upon attenuation of ionizing radiation by the host 

material, it was expected that an increase in size would lead to higher emission intensity. 

Additionally, larger nanoparticles have less surface defects relative to their volume, and are known 

to exhibit more intense luminescence.396  

Interestingly, however, the ratio of the 1S0→
1I6 emission and the LOL emissions changed 

significantly with size as well (Figure 23). The relative increase in the LOL emissions is 

counterintuitive, since a higher surface defect density at the surface of the smaller nanoparticles 

should facilitate quenching of these lower-energy states. Mentioned before, ICP-MS confirms the 

change in the LOL intensities with size is not due to a variation in dopant concentration. As will 

be substantiated in the following sections, the same properties responsible for the persistent 

luminescence can explain the observed size dependency of the 1S0 and LOL emission ratios.  

 

Figure 23. Normalized radioluminescence emission spectra of powder NaLuF4:20% Pr3+ nanoparticles as a function 

of nanoparticle size, normalized to the intensity of the 1S0→1I6 transition as denoted by the asterisk (*). (X-ray 

excitation, Au target, unfiltered, uncollimated beam, 50 kVp, 80 μA).  
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Table 10. Raw ICP-MS data and corresponding calculated Pr3+
 concentration in each RLNP sample. Sample 1 

corresponds to the 400 nm RLNPs, sample 2 the 280 nm particles, sample 3 the 79 nm particles, sample 4 the 70 nm 

particles, and sample 5 is undoped NaLuF4 nanoparticles.  ICP-MS was performed in duplicates and values were 

averaged. Error in the values is limited by the accuracy of the instrument, which is 5% of the raw data values. Sample 

3A could not be analyzed due to human error.  

Sample Pr3+ (ppm) Lu3+ (ppm) mol% Pr3+ Average mol% Pr3+ 

1A 0.926 4.354 20.88 
20.90 

1B 0.689 3.235 20.91 

2A 0.520 2.325 21.73 
21.71 

2B 0.504 2.258 21.68 

3A -- -- -- 
18.90 

3B 0.1559 0.6689 18.90 

4A 0.349 1.748 19.86 
19.94 

4B 0.196 0.973 20.02 

5A 0.00010 1.843 0.0058 
0.0039 

5B 0.00002 1.026 0.002 
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7.4. Radioluminescence and Pr3+ concentration 

 The overarching objective of the research was to optimize the composition to yield the 

maximum emission from the 1S0→
1I6 transition. To our knowledge, there are no reports of Pr3+ 

compositions specifically optimized to yield maximal emissions from this transition, thus we 

investigated a wide range of Pr3+ concentrations to ensure the maximal emissions would be 

achieved. The spectroscopic properties of β-NaLuF4:x% Pr3+ were evaluated ranging from 1 to 

40% Pr3+. The concentration study was performed at least three times with different samples to 

ensure the trends were reproducible. Nanoparticle compositions used for this study exhibited 

similar morphologies (Figure 24A), a hexagonal crystal phase (Figure 24B), and overlapping size 

distributions, as shown in Figure 24C for a representative set of samples. The average nanoparticle 

size across all compositions was 78.3 ± 7.3 nm (Table 11).  

Table 11. Average static sizes and corresponding standard deviations of NaLuF4: x mol% Pr3+ (x = 

1-40) RLNPs measured from the TEM images presented in Figure 24A. 

Composition Average size (nm) 

NaLuF4: 1% Pr3+ 79.1 ± 4.7 

NaLuF4: 10% Pr3+ 75.7 ± 6.1 

NaLuF4: 15% Pr3+ 77.6 ± 3.9 

NaLuF4: 20% Pr3+ 68.4 ± 5.2 

NaLuF4: 25% Pr3+ 87.1 ± 5.9 

NaLuF4: 30% Pr3+ 80.9 ± 5.7 

NaLuF4: 35% Pr3+ 69.0 ± 3.7 

NaLuF4: 40% Pr3+ 88.3 ± 6.1 

Average size of all compositions 78.3 ± 7.3 

 

As previously mentioned, the emissions from Pr3+ arise from two main avenues; the 1S0 

state which produces UV emissions, and the LOLs, which produce visible and NIR emissions. The 

population of the LOLs is affected by the population of the 1S0 state, and these states are also 

highly susceptible to cross-relaxation. In contrast, the 1S0 state is well-separated from the other 4f 

states (26500 cm-1 from the 1S0 to the 3P2 level) and quenching processes involving the 1S0→
1I6 

transition are prevented by the absence of resonant transitions and are resistant to phonon-mediated 
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relaxation as well. As such, emissions from the LOLs should be favored at low Pr3+ concentrations, 

whereas emissions from the 1S0 state should become more intense at higher concentrations. As 

shown in Figure 25, this is precisely what is observed.  

β-NaLuF4:1% Pr3+ exhibits the strongest LOL emissions, which decrease substantially with 

increasing Pr3+ concentration. It also exhibits the lowest 1S0→
1I6 emission intensity of all studied 

compositions. As mentioned above, the LOLs are highly susceptible to cross-relaxation. LOL 

Figure 24. A) TEM images of NaLuF4:1-40% Pr3+ nanoparticles, B) P-XRD diffractograms of the nanoparticles 

shown in panel A, the corresponding diffraction pattern (PDF 00-027-0726) is shown at the bottom in black. The 

diffraction pattern in gray corresponds to sodium fluoride (PDF 00-001-1181). C) Static size distributions of the 

nanoparticles shown in panel A measured from the TEM images using a minimum of 300 nanoparticles.  
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emissions could be observed at all studied Pr3+ concentrations, despite the likelihood of efficient 

cross-relaxation at such high Pr3+ concentrations. As described in section 7.5.4, the same properties 

which give rise to persistent luminescence may also contribute to the higher-than-expected LOL 

emissions, in line with what is also observed as a function of size described in Section 7.3. 

In contrast, the 1S0→
1I6 emission band increases with increasing Pr3+ concentration, up to 

25% Pr3+, and less dramatic differences in emission intensity are observed as a function of 

concentration. This is in line with the resistance of the 1S0 transitions to concentration quenching, 

as mentioned above. The decrease in the 1S0→
1I6 emission intensity beyond 25% was attributed to 

increased lattice distortions and the generation of a greater number of defects in the lattice, thus 

facilitating energy migration to quenching centers. Similar results were observed for NaLaF4:Pr3+ 

under VUV excitation, however the maximum intensity was described to be 20% Pr3+; this may 

be because of the larger increments in Pr3+ concentrations studied in that work wherein the 1S0→
1I6 

emission may not have been fully optimized.369 Based on these results, we used β-NaLuF4:25% 

Pr3+ for the in vitro X-PDT studies discussed in Chapter 8.  

Figure 25. Normalized radioluminescence emission spectra of β-NaLuF4:x% Pr3+ (x = 1-40 mol%) under excitation 

with X-rays (50 kVp, 80 μA, Au target, uncollimated, unfiltered beam). 
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7.4.1. Density and Zeff of NaLuF4:1-40% Pr3+ 

Of relevance to the results presented in Chapter 8, the theoretical effective atomic number 

and density of each composition was calculated, providing an idea of how the interaction of the 

RLNPs with ionizing radiation may change as a function of Pr3+ concentration (Table 12). Notably, 

the density decreases with increasing Pr3+ concentration, but the 1S0 emissions improve in intensity; 

thus the change in density is not large enough to cause a major decrease in X-ray attenuation. The 

Zeff of each composition was calculated with and without spectrum weighting (see Section 2.1). 

Spectrum-weighted Zeff values take into account the energies of a specific radiation source and 

apply a weighting factor to account for what the perceived effective atomic number is for that 

source. Here, we applied spectrum-weighting using a 50 kVp INTRABEAM® source, which has 

an output profile identical to the X-ray source used in this work. The spectrum-weighted values 

are higher than the mean Zeff values because the attenuation of low energy X-rays improves as a 

function of effective atomic number and density, in accordance with the linear attenuation 

coefficient of X-rays as discussed in Section 2.1.  

Table 12. Density and effective atomic number of NaLuF4: x% Pr3+. Densities calculated by Steven L. Maurizio. 

Spectrum-weighted values were calculated using the INTRABEAM® 50 kVp X-ray source parameters in the Auto-

Zeff software (Section 5.2.7). 

Composition 
Density 

(g/cm3) 
Mean Zeff Spectrum-weighted Zeff 

NaLuF4 6.57 30.6378 35.5648 

NaLuF4: 1% Pr3+ 6.55 30.6027 35.5150 

NaLuF4: 10% Pr3+ 6.40 30.3703 35.1534 

NaLuF4: 15% Pr3+ 6.32 30.2304 34.9438 

NaLuF4: 20% Pr3+ 6.24 30.0908 34.7376 

NaLuF4: 25% Pr3+ 6.15 29.9452 34.5244 

NaLuF4: 30% Pr3+ 6.07 29.8650 34.3290 

NaLuF4: 35% Pr3+ 5.99 29.6944 34.1075 

NaLuF4: 40% Pr3+ 5.90 29.5215 33.8835 
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7.5. Persistent Luminescence 

Beyond the basic radioluminescent properties of β-NaLuF4: Pr3+, persistent luminescence 

was observed from the compositions containing 20 and 25% Pr3+. The longest persistent 

luminescence duration was observed in β-NaLuF4:20% Pr3+, thus the persistent luminescence 

properties of this composition were studied in-depth for this composition. 

As shown in Figure 26A, changes in the radioluminescence intensities of the 1S0→
1I6 and 

LOL transitions were observed as a function of irradiation time, which is a hallmark of persistent 

luminescence as described in Section 2.4.1. Interestingly, the 1S0 emission intensities decrease with 

irradiation time, while the LOL emission intensities increase. An increase in emission intensity 

with time is classically due to charge trapping, which forms the basis for the persistent 

luminescence phenomenon (see Section 2.4 for more information).109 However, this does not 

explain the cause of the decrease in the 1S0 emissions with irradiation time.  

Interestingly, the persistent luminescence emissions from this material are different from 

their radioluminescence emissions (Figure 26B); only the LOL emissions are observed. This is 

somewhat unique, as usually the emissions observed during excitation are usually identical to those 

observed during persistent luminescence.101 As such, we were interested in determining the 

mechanism responsible for persistent luminescence from this material, as well as understanding 

the reason behind the decrease in the 1S0 emission intensities and if they were related to the 

persistent luminescence mechanism.  
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Figure 26. Radioluminescence (RL) emission spectrum of β-NaLuF4:20%Pr3+after 10 seconds (blue) and 30 

minutes (black) of X-ray irradiation. B) Radioluminescence (blue) and persistent luminescence (red) spectra 

compared. (50 kVp, 80 μA, Au target, unfiltered, uncollimated beam) 
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7.5.1. Kinetic studies on NaLuF4:20%Pr3+  

The change in radioluminescence intensity as a function of time was monitored for all 

transitions, along with the persistent luminescence intensity as a function of time after excitation 

was ceased (Figure 27). Samples were irradiated at a dose rate of 30 Gy/min, and their 

radioluminescence intensities reached a near-plateau after approximately 30 minutes of irradiation. 

The plateau signifies the trapping states are filled, or have reached an equilibrium between trapping 

and de-trapping processes.  

Figure 27.  Time-dependent radioluminescence and persistent luminescence intensity of each Pr3+ transition from 

NaLuF4:20% Pr3+ nanoparticles during X-ray irradiation and after the excitation has ceased. (50 kVp, 80 μA, Au 

target, unfiltered, uncollimated beam) 
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The persistent luminescence duration was determined to be the length of time it took to 

reach 100 counts above baseline after excitation ceased. As mentioned in Section 2.4.4, the lack 

of a standard means of determining the persistent luminescence duration that applies to all 

persistent luminescence materials (including those developed for applications in biology) makes 

it difficult to compare our results with the literature, and often the method used to determine the 

duration is not stated. The method used herein allows for clear comparison between the samples 

studied in this work. Persistent luminescence from the 3P0→
3H6/

1D2→
3H4 transitions at 608 nm 

were observed for 36 minutes; since this was the most intense LOL emission, it makes sense that 

this transition could be observed for the longest amount of time. The persistent luminescence decay 

rate was similar for all the LOL emissions, in agreement with the conclusion that the most intense 

transition was simply observable for the longest amount of time. While the duration is far shorter 

than what is considered useful for safety signage, persistent luminescence from the LOLs may 

provide an opportunity to achieve an added therapeutic effect, since it exhibits spectral overlap 

with the Q bands of PPIX and could potentially also be used for bioimaging, since red persistent 

luminescent materials are attractive for this purpose.397  

The persistent luminescence duration was also found to increase with decreasing particle 

size, as shown in Figure 28. As mentioned in Section 6.2, the reaction parameters differed in order 

Figure 28. Persistent luminescence duration from the LOLs of NaLuF4:20% Pr3+ nanoparticles as a function of 

nanoparticle size. 
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to obtain the different sizes, which could affect their crystallinity. The improvement in persistent 

luminescence duration with smaller nanoparticles suggests that the trapping states responsible for 

persistent luminescence arise due to the formation of surface defects. Since smaller nanoparticles 

have a higher defect density, and defects are known to form trapping states, the greater number of 

defects at the surface of smaller nanoparticles allows for more charge to be trapped. Therefore, 

more trapped charge is available to be liberated after excitation is ceased, resulting in a longer 

persistent luminescence duration. Similar results have been reported for CaTiO3:Pr3+ at the bulk 

and nanoscale (section 2.4.3), CaO defects in the lattice were found to act as electron traps, 

facilitating longer persistent luminescence with decreasing size.85,94,398   

Notably, the radioluminescence intensities did not return to their original ratios upon re-

excitation after the persistent luminescence was allowed to decay fully (Figure 29). Upon re-

excitation of the nanoparticles, the same intensity ratios (higher LOL and lower 1S0 emission 

intensities) at the end of trap charging were obtained, even after 3 months of storage in ambient 

Figure 29. Radioluminescence of NaLuF4:20%Pr3+ nanoparticles immediately upon X-ray excitation (black), after 30 

minutes of X-ray excitation (red), and upon X-ray excitation after persistent luminescence has fully decayed (blue). 
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conditions. This is known as a “memory effect” and suggests the presence of deep traps that allow 

for stable charge storage at room temperature, in addition to the trapping states that give rise to 

persistent luminescence.86,157,399,400 Thermoluminescence spectroscopy was performed to gain a 

better understanding of the trap states in our material that gave rise to the properties observed thus 

far. 

7.5.2. Thermoluminescence spectroscopy of NaLuF4:20%Pr3+ 

Our collaborators at Lumilab at the University of Gent in Belgium (Philippe Smet, David 

Van der Heggen and Jonas Joos) performed a comprehensive evaluation of the thermoluminescent 

and radioluminescent properties of the material over four heating cycles. The experiment was 

performed as follows: a radioluminescence spectrum was taken (labelled “before”) and then the 

sample was irradiated for 45 minutes with X-rays. Another radioluminescence spectrum was taken 

(labelled “after”) and then the sample was heated and the thermoluminescence glow curve was 

obtained from 300-550 K (Figure 30A). The cycle was repeated a total of 4 times (Figure 30B). 

This allowed for monitoring of the change in the radioluminescence emission intensities as a 

function of irradiation time (Figure 30C), thereby corroborating the results obtained in our lab, and 

then evaluating the positions of the trapping states that gave rise to persistent luminescence.  

The thermoluminescence glow curve was a broad band with a maximum intensity of 368 

K (Figure 30A). The broad nature of the glow curve suggests that there is a continuous distribution 

of traps, rather than a set of discrete trapping levels.  In 1930, Urbach described a facile method of 

approximating the trap depth.114 The Urbach equation (equation 6, Section 2.4.2) gives a value of 

0.8 eV for the trap depth of our material; trap depths between 0.6-0.7 eV have previously been 

stated as ideal for generating persistent phosphors.107 The trap depth is most commonly ascribed 

as the energy gap between the trap state and the conduction band.104,109,112 As mentioned earlier, 

the nanoparticles exhibit a “memory effect” whereby they retain the emission intensity obtained 

after trap charging. As shown in Figure 30B and 30C, the emission intensities could be recovered 

to their original ratios after each thermoluminescence cycle. This confirms the presence of deeper 

traps relative to the position of the LOL states, and that significant energy is required to liberate 

these traps. In some materials, charges can be liberated from deep traps using light of an 

appropriate energy; this is known as optically-stimulated luminescence (OSL). These materials are 
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highly sought after for radiography401 and dosimetry402,403 applications. Unfortunately, this 

material does not produce OSL to our knowledge, as several excitation wavelengths were used to 

try and induce it to no avail. Regardless, the ability to restore the luminescence intensities to their 

original ratios confirms the presence of a trap distribution consisting of shallow traps that give rise 

to persistent luminescence and deep traps that enable charge storage at room temperature.  

As mentioned in Section 2.4.3, persistent luminescence can either occur through a global 

trapping mechanism involving the conduction band, or via a local model, where de-trapping 

directly to a luminescent center occurs. In the latter case, the trap depth describes the energy gap 

between the trap state and the excited state of the luminescent center from which persistent 

luminescence is observed. In the local model, the trap depth is relative to the states of the 

luminescent centre and not the conduction or valence bands.107 As such, the obtained 0.8 eV trap 

depth may either place the trap states at similar energies to the 4f15d1 states of Pr3+, or it may 

correspond to the energy required to initiate direct recombination between the trap and a nearby 

Figure 30. A) Thermoluminescence glow curves of NaLuF4:20%Pr3+ nanoparticles corresponding to each heating 

cycle and radioluminescence spectrum in panel B. C) Ratio of the intensity of the 3P0→3H6/1D2→3H4, 3P0→3H4 and 

1S0→1I6 transitions before and after each heating cycle as depicted in panels A and B.  
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Pr3+ ion. In order to ascertain which mechanism is more likely, we must first consider the band 

gap energy of β-NaLuF4.  

7.5.3. Band gap modelling  

The electronic band gap of β-NaLuF4 has never been experimentally reported, to our 

knowledge. The only band gap value for this material was reported by Huang in 2016, at 8.8 eV 

using density functional theory (DFT) to model it.404 In the same article, Huang reports theoretical 

values of 8.5 and 7.4 eV for β-NaYF4 and β-NaGdF4, respectively (which also have not been 

experimentally determined to our knowledge). However, the experimentally-reported band gaps 

of NaLaF4 and LiREF4 (RE = Y, Gd and Lu) are all higher than 10.9 eV.89,405–407 Finally, it is a 

known weakness of the DFT+U model used by Huang et al. that band gap values are often 

underestimated by the techniques used in their calculations, despite attempts to use correction 

factors to mediate the underestimations.408–411  Taken together, this prompted us to further our 

collaboration with the Lumilab research group, where Jonas Joos determined the band gap energy 

of NaLuF4 using reported experimental values of other wide-gap materials.  

As shown in Figure 31 (values reported in Table 13), a band gap of 13.8 ± 0.9 eV was 

obtained for NaLuF4 using Vegard’s law.412 Vegard’s law states a linear relationship exists 

between the chemical composition of an alloy and its lattice constant. Deviations are common, and 

it is more of an approximation rather than a law, but the relationship is useful in instances where 

experimental data is unavailable.413,414 Many rare-earth binary and ternary compounds (including 

fluorides) are known to follow Vegard’s law415–418, which can also be extended to a linear 

relationship between the ionic radius and band gap419,420, as evidenced below. To do so, the 

experimentally-reported band gaps of NaLaF4
89, LiREF4

406,421 and REAlO3
407,422 (RE = La, Y, Gd, 

Lu) and the theoretical band gaps from Huang for NaREF4
404 (RE = Y, Gd, Lu) were graphed as a 

function of ionic radius and the value for NaLuF4 was extrapolated.  
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In addition, the energies of the lowest 4f15d1 states of Pr3+ in NaREF4 (RE = La, Y, Gd, 

Lu) were extrapolated using the known experimental values90 for the 4f05d1 transition of Ce3+ in 

the same hosts, based on the red shift model (Section 2.3.2). The lowest 4f15d1 state in NaLuF4 

was calculated to be 6.55 eV (52829 cm-1) above the 3H4 ground state; thus the energy of the entire 

Pr3+ radiative electronic manifold is far smaller than the calculated band gap energy. The position 

of the lowest 4f15d1 state at 52829 cm-1 is among the highest energies reported, in line with what 

is observed for some of the similar binary and ternary fluoride hosts.423 Moreover, the position of 

this state further corroborates that the NaLuF4 host satisfies the criteria for observing PCE from 

Pr3+ as described in Section 2.3.1. 

Figure 31. Extrapolated energy as a function of ionic radius for NaREF4, LiREF4 and REAlO3 (RE = Lu, Y, Gd, La). 

(▲,▼,■,) are band gap energies, () is the 3H4→1S0 transition energy and () is the 3H4→ 4f15d1 transition energy 

of Pr3+ in NaREF4 as a function of RE size.   
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Table 13. Experimental, calculated, and extrapolated band gap energies of several Ln3+ containing crystals (Ln=Y, 

La, Gd, Lu) and lowest level of the 4fN-5d1 configuration of Ce3+ (N=1) and Pr3+ (N=2), with respect to the electronic 

ground state, in NaLnF4. Table made by and calculations performed by Jonas Joos.      

 
Ionic 

radius 
Band gap energy 

Lowest 4fN-15d1 level 

Ce3+ Pr3+ 

Ln  LnAlO3 LiLnF4 NaLnF4 NaLnF4 

  Exp. Exp. Exp. Calc. Extrapol. Exp. Extrapol. 

Lu 100 8.3405 11.4406 - 8.85404 13.8 - 6.55 

Y 104 7.9424 11.0406 - 8.50404 13.2 5.0690 6.57 

Gd 108 7.4407 10.9421 - 7.41404 12.7 5.0890 6.59 

La 117 5.9422 - 11.589 - 11.5 5.15425 6.65 
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7.5.4. Determination of the persistent luminescence mechanism 

At this stage, several models were proposed to account for the results obtained, as depicted 

in Figure 32. Importantly, while the figure is drawn to scale, we are unable to determine exactly at 

what energy the 3H4 state of Pr3+ lies in relation to the valence band. Thus, the Pr3+ 4f manifold 

may lie closer to the valence band or closer to the conduction band. A myriad of errors introduced 

at different stages of modelling the level locations make it difficult to accurately determine the 

position of the Pr3+ 4f manifold relative to the band edges.411 Moreover, the lack of luminescence 

Figure 32. Proposed mechanisms for persistent luminescence in NaLuF4:Pr3+. Only the de-trapping process is 

numbered for clarity. STE: self-trapped exciton, CB: conduction band, VB: valence band. Configuration coordinates 

are qualitative.  
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data for NaLuF4 materials precludes the construction of an HRBE/VRBE diagram at this time 

(Section 2.3.2). Construction of HRBE/VRBE schemes for fluoride hosts are notoriously difficult 

because the charge transfer bands are so high in energy that conventional spectroscopy equipment 

cannot detect them, but that information is needed to build the diagram.426 A configuration 

coordinate energy level diagram was used for this Figure, as it allows for a more facile means of 

understanding the possible interactions. As is common in the field427,428, the configuration 

coordinate parabolas presented here are qualitative in nature. 

7.5.4.1. Hypotheses 1 and 2: Self-trapped exciton-mediated mechanisms 

Hypothesis 1 follows a mechanism that is common in X-ray storage phosphors, such as 

BaFBr:Eu2+.401,429 X-ray storage phosphors are slightly different than persistent luminescence 

materials, in that they accumulate trapped charge upon excitation with ionizing radiation only. In 

the case of alkali halide materials, the process is mediated by the formation of self-trapped excitons 

(STE) during excitation with ionizing radiation. These radiation-induced STEs are composed of F- 

centers that act as electron traps, and Vk centers that act as hole traps.430 In our model, we 

hypothesize that the STE levels are resonant with the LOLs and populate them through energy 

transfer, resulting in increased LOL emissions as more STEs are formed during irradiation. 

Simultaneously, population of the LOLs by the STEs would prevent radiative relaxation from the 

1S0 state since the LOLs would already be occupied. Thus, the 1S0 emissions would decrease with 

increased STE formation. Once excitation is ceased, de-trapping of electrons via the conduction 

band would cause STE recombination and stimulate persistent luminescence from Pr3+. STE-

mediated changes in Pr3+ luminescence have been documented in BaF2:Pr3+, CaTiO3:Pr3+, and 

Lu2Si2O7:Pr3+, among others.146,157,431 Hypothesis 1 accounts for all of the observations, however, 

if de-trapping occurred through the conduction band, persistent luminescence from the 1S0 state of 

Pr3+ would be expected. Thus, hypothesis 2 is a modified version of hypothesis 1, where de-

trapping is a local process and occurs directly from an electron trap to the STE, bypassing the 

conduction band entirely. This would account for persistent luminescence only being observed 

from the LOLs.  

With respect to both of these models, the presence of an STE emission band would signify 

the likelihood that one of these hypotheses are correct. β-NaLuF4:Ce3+ and β-NaLuF4:Gd3+,Ce3+ 
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were previously reported by our lab to exhibit STE emission, with a broad, intense band centered 

at 440 nm.48 However, this band was not observed in β-NaLuF4:Gd3+, Tb3+ or β-NaLuF4:Gd3+, 

Eu3+ in the same report. No STE emission is observed in the radioluminescence spectra of β-

NaLuF4:Pr3+, but given that the 1S0→
1I6 transition overlaps with the region STE emission was 

observed in this host, we chose to synthesize undoped β-NaLuF4 to see if perhaps the STE emission 

was being overshadowed by the Pr3+ emissions. No STE emission was observed, thus these two 

hypotheses were ruled out since there was no evidence that STEs were forming in this material.  

7.5.4.2. Hypothesis 3: An equilibrium scenario 

Hypothesis 3 is a local model which does not involve the formation of STEs. In it, we 

consider a local trapping scenario in which the LOLs interact directly with the trap states. In this 

case, the trap states are positioned slightly below the LOLs. It is easiest to envision the proposed 

mechanism as an equilibrium situation described by Le Chatelier’s principle.  

Prior to irradiation, at room temperature and in the dark, the LOLs and trap states exist in 

equilibrium. When irradiation begins, the equilibrium is shifted toward trap filling. When the traps 

are empty, the luminescence dynamics of Pr3+ are such that the LOLs have a low radiative 

probability because the probability of filling a trap is higher. This, in turn, causes a high radiative 

probability of the 1S0 state, since the LOLs are continually depopulated during the trap filling 

process, which facilitates depopulation of the 1S0 state. With time, as the traps become filled, the 

probability to continue filling them decreases, thus the radiative relaxation probability of the LOLs 

increases, as observed in the spectra. Concurrently, the radiative relaxation probability of the 1S0 

decreases since the LOLs are no longer being depopulated via two routes. Once excitation ceases, 

the equilibrium shifts toward Pr3+, and the traps populate the LOLs, resulting in persistent 

luminescence until an equilibrium is reached between them. In this mechanism, only excitation 

into the LOLs is necessary to induce trap filling. Therefore, we excited β-NaLuF4:Pr3+ at 457.5 nm 

into the 3PJ levels. The photoluminescence emission spectrum is shown in Figure 33A, confirming 

population of the LOLs can be achieved with this excitation wavelength; a colloidal sample of 

nanoparticles excited at this wavelength is dominated by red emissions (Figure 33B).  

After 5 minutes of continuous irradiation, no change in emission intensity was observed, 

and no persistent luminescence was observed. Thus, this mechanism was also ruled out.   



 

 118 

 

7.5.4.3. Hypothesis 4: The Goldilocks zone 

Failure of the previous hypotheses led us to conclude that the trap states must lie below the 

1S0 state, but at higher energies than the LOLs. Since the wide band gap of NaLuF4 precludes 

efficient charge separation, a local trapping mechanism is most likely at play. Thus, the positioning 

of the trap states below the 1S0 level would account for the lack of persistent luminescence from 

this state, and would facilitate population of the LOLs upon de-trapping. 

In hypothesis 4, there is an overlap of the energy wells of trapping states with both the 1S0 

state and the LOLs of Pr3+. During excitation/charging, the 1S0 state populates the traps, and the 

traps populate the LOLs, resulting in increased LOL emissions during the charging process. 

Persistent luminescence would then occur from the LOLs via release of the trapped charge.  Thus, 

we postulate it would be specifically excitation of Pr3+ into the 1S0 state that causes trap filling. 

Our collaborators at LumiLab performed persistent luminescence excitation spectroscopy in order 

Figure 33. A) Photoluminescence (PL) emission spectrum of NaLuF4:20%Pr3+ upon excitation with 457.5 nm light. 

B) Photograph of a colloidal dispersion of NaLuF4:Pr3+ in hexanes excited at 457.5 nm (viewed through a 515 nm long 

pass filter to cut the excitation light). Photoluminescence spectrum obtained by Steven L. Maurizio. 
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to determine exactly what wavelengths would induce persistent luminescence under deep UV 

excitation (which populates the 1S0 state), if any. Indeed, an excitation band at 215 nm was 

observed, as shown in Figure 34. This confirms that trap filling is a direct consequence of 

population of the 1S0 state situated at 46511 cm-1. Notably, in this model, one would expect that 

the 1S0 states increase in intensity with time, in line with what is traditionally observed for the 

states involved in the trap filling process (see Section 2.4.1 for more information).432   

 

7.5.5. Defect formation analysis 

Since the most likely persistent luminescence model could not account for the decrease in 

the 1S0 intensity, we postulated that a separate phenomenon such as defect formation could be 

responsible. Powder X-ray diffraction was performed on NaLuF4:20% Pr3+ before and after 

irradiation for 45 minutes at 40 Gy/min (Figure 35). No changes in crystal structure were observed, 

thus confirming the change in intensity was not due to degradation or changes in the crystal phase 

Figure 34. Persistent luminescence excitation spectrum of β-NaLuF4:20% Pr3+
 nanoparticles. Excitation performed 

using a Xe lamp (λem 500-800 nm).   
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of the nanoparticles. This is an important consideration for the therapeutic use of the nanoparticles, 

as this is conclusive evidence that radiation doses far greater than necessary for a therapeutic effect 

(Section 3.2) would be required to cause the material to degrade.  

Since optically active defects like F centers are difficult to prove by X-ray diffraction, we 

used diffuse reflectance spectroscopy to investigate their potential formation. Undoped NaLuF4 

was studied rather than NaLuF4:Pr3+, since Pr3+ has strong absorbance in the visible region.  As 

shown in Figure 36A, the irradiated sample exhibits a change in reflectance, and the ratio of the 

diffuse reflectance spectra before and after irradiation confirm the formation of a broad band 

centered at 340 nm, which overlaps well with all of the 1S0 emissions (Figure 36B). Defects that 

absorb in the UV and blue spectral regions are known to alter the emission spectrum of many 

persistent luminescent materials.433,434 These types of defects give rise to a phenomenon known as 

photochromism, or tenebrescence (which is specific to inorganic materials).435 However, in this 

case, no color change of the powder was evident by eye, though the emission spectrum changed 

Figure 35. Powder X-ray diffraction of NaLuF4:Pr before (black) and after (pink) irradiation. Diffraction pattern in 

gray corresponds to Na2SiF6 PDF 00-001-1189, and β-NaLuF4 PDF 00-027-0726 in black.  
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considerably. While the precise nature of the defect is not known at this time, its formation 

certainly accounts for the observed decrease in luminescence from the 1S0 states during irradiation.  

7.5.6. Summary of the mechanism 

In summary, two distinct processes give rise to the change in radioluminescence intensities 

from the 1S0 state and the LOLs, as well as persistent luminescence. The presence of a continuous 

trap distribution centered between the 1S0 state and the LOLs gives rise to persistent luminescence 

through a local (de-)trapping model, in which persistent luminescence is observed only from the 

LOLs. The process of trap charging results in an increase in the LOL emissions during the charging 

process. Concurrently, during the charging process, an optically-active defect is formed, having a 

broad absorbance centered in the UV region. This defect thus absorbs the emissions from the 1S0 

state, causing a decrease in the radioluminescence intensities from this state as a function of 

irradiation time. Understanding of the fundamental luminescence processes occurring in this 

nanomaterial during irradiation with X-rays not only sheds new light on persistent luminescence 

in nanomaterials, it provides a solid basis for translation of these materials to biological 

applications.  

Figure 36. A) Diffuse reflectance spectra before (black) and after (pink) X-ray irradiation of NaLuF4:20% Pr3+, 

B) ratio of the diffuse reflectance spectra in panel A which exhibit the absorbance profile of the generated defect. 
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7.5.7. Persistent luminescence as a function of radiation dose 

As discussed in Section 7.4, the NaLuF4:25 mol% Pr3+ nanoparticles were the optimal 

composition for use in our in vitro studies. Notably, they also exhibited persistent luminescence, 

which is assumed to occur via the mechanism described above. We investigated their persistent 

luminescence properties under the same radiation doses and the same dose rate used in the in vitro 

studies in Chapter 8. Persistent luminescence was not observed upon 2 Gy of dose applied to the 

particles, however upon delivering radiation doses of 5 Gy or more, persistent luminescence 

became detectable from the LOLs as expected (Figure 37A). The initial persistent luminescence 

intensity ranged between 15 and 25% of the radioluminescence intensity, as shown in Figure 37B. 

Notably, the persistent luminescence duration was roughly proportional to the radiation dose 

delivered; a 5 Gy dose resulted in 10 minutes of persistent luminescence, 10 Gy resulted in slightly 

over 15 minutes of persistent luminescence and 20 Gy resulted in nearly 30 minutes of additional 

emission. Persistent luminescence PDT has been demonstrated on a multiple occasions using either 

X-rays or UV excitation to charge the traps in the material prior to their introduction in cells or in 

situ after the materials are uptaken by the cells.106 Although significantly weaker than the 

radioluminescence emissions, it is conceivable that the persistent luminescence from the LOLs 

Figure 37. A) Radioluminescence spectrum (black) of NaLuF4:25% Pr3+ and corresponding persistent 

luminescence spectrum (pink) taken 10 seconds after X-ray excitation ceased (5 Gy was delivered to the 

nanoparticles). B) Persistent luminescence intensity as a percent of the initial radioluminescence intensity of the 

LOLs as a function of time after X-ray excitation ceased. Each radiation dose delivered to the nanoparticles is 

depicted where a 2 Gy dose is in red, 5 Gy in yellow, 10 Gy in green, and 20 Gy in blue. (50 kVp, 80 μA, unfiltered, 

uncollimated beam. No slit was placed at the entrance of the spectrometer).  
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could induce photodynamic activation of PPIX through excitation into the Q bands. While this is 

likely to give a minimal contribution to the overall therapeutic effect, any additional ROS 

production obtained without additional external irradiation would be desirable. 
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Chapter 8. In vitro evaluation of X-PDT in U251 cells 

8.1. Preliminary evaluation of β-NaLuF4: 25% Pr3+ nanoparticles for 

activation of protoporphyrin IX 

The spectral overlap between the emissions from β-NaLuF4:Pr3+ and the absorbance of 

PPIX is a near-perfect match; this forms the basis for using this combination in X-PDT (see Section 

3.6). The Soret band of PPIX has a maximum at 406 nm, which overlaps with the 1S0→
1I6 

transition of Pr3+, while the Q-bands from PPIX overlap with the LOL emissions from Pr3+. Since 

the Soret band has a much higher absorption cross-section than the Q-bands, it is most important 

to maximize the emissions from the 1S0→
1I6 transition of Pr3+ rather than the visible emissions 

from the LOLs. Thus, based on the concentration study outlined in Section 7.4, β-NaLuF4: 25% 

Pr3+ was chosen as the optimal composition for in vitro studies since it provides the strongest 1S0 

→1I6 emissions. Overlap of the radioluminescence spectrum of β-NaLuF4: 25% Pr3+ and the PPIX 

absorption spectrum are shown in Figure 38.  

 

Figure 38. Normalized absorbance spectrum (red) of protoporphyrin IX and radioluminescence emission 

spectrum (blue) of NaLuF4:25% Pr3+. Both spectra were recorded in 50/50 v/v DMSO/H2O. (50 kVp, 80 μA, 

Au target, unfiltered, uncollimated beam).  
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8.1.1. Surface coating of β-NaLuF4: 25% Pr3+ 

In order to obtain nanoparticles suitable for biological applications, they must first be 

rendered hydrophilic, as the oleate capping ligand used during the synthesis imparts the 

nanoparticles with a hydrophobic surface. For biological applications, the nanoparticles must not 

only be hydrophilic, they must have a surface coating that prevents aggregation, as large clumps 

of nanoparticles are less likely to enter cells. The surface charge can affect RLNP-cell interactions, 

and also can affect the stability of the nanoparticles in colloidal dispersion.367,436,437 We tested three 

surface coatings that rendered the nanoparticles to have a highly negative, approximately neutral, 

or highly positive surface charge. First, citrate was chosen because it is a well-established coating 

for nanoparticles due to its non-toxic, small-molecule nature and ability to impart a highly negative 

surface charge.438,439 5-ALA was used as a neutral surface coating since it is a small, zwitterionic 

molecule that was already being introduced into the cells to generate PPIX and has appropriate 

functional groups to electrostatically coordinate to the RLNP surface, and is known to be non-

toxic. Finally, since the surface of as-synthesized NaLuF4 is positively charged, we used a layer-

by-layer approach to generate stable highly-positively charged nanoparticles. Oleate-free (bare) 

NaREF4 nanoparticles are known to aggregate in aqueous media, precluding their use in biological 

applications.45 In this case, we used citrate as the base layer to impart a negative charge and then 

coated the citrate layer with poly-L-lysine via electrostatic interaction. Poly-L-lysine (PLL) is an 

amino acid-derived polymer and is used in cell culture plastics manufacturing to enhance adhesion 

of cells to plastic dishes.440  It is a well-established surface coating for nanoparticles to achieve a 

high positive charge, and the combined citrate/PLL coating has been previously demonstrated on 

NaREF4 nanoparticles for biological applications.41,440–442  

Nanoparticles with each surface coating were evaluated by FT-IR-ATR and zeta potential 

to confirm the coating was performed successfully (Figure 39). Average zeta potential values of   

-34.5 mV, -2.4 mV, +35.8 mV, and +33.3 mV were obtained for nanoparticles coated with citrate, 

5-ALA, citrate/PLL, and uncoated (oleate-free), respectively (Figure 39A). As shown in Figure 

39B, the coating could be monitored by changes in the FT-IR-ATR spectrum, with the loss of  C-

H and C-O vibrations from the FT-IR-ATR spectrum of the oleate-free nanoparticles, concurrent 

with the appearance of an O-H stretch due to water molecules coordinating to the surface. The 

addition of the citrate/PLL coating and 5-ALA coatings are also evidenced by the appearance of 
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vibrations corresponding to their structures after coating the oleate-free nanoparticles with each. 

Notably, citrate/PLL coated nanoparticles exhibit two overlapping bands in the 3000-4000 cm-1 

region, in line with the presence of two different species (ie. the O-H stretch from the small 

molecule citrate and N-H stretch from the poly-L-lysine polymer).  

The stability of the nanoparticles with time was evaluated via zeta potential at regular 

intervals to determine how long the stock dispersions could be stored (Figure 40). Citrate and 

citrate/PLL nanoparticles maintained the same zeta potential for over 1 month. In contrast, 5-ALA 

coated nanoparticles lost their surface coating after 48 hours, as evidenced by a change in colloidal 

stability and an increase in zeta potential. Since bare NaLuF4 nanoparticles have an average charge 

of +33.3 mV, the increased zeta potential was likely due to the degradation of 5-ALA and exposure 

of the bare nanoparticle surface. 5-ALA is known not to be stable in solution at physiological pH, 

thus it was not unexpected that degradation occurred.443–445 In vitro studies using 5-ALA coated 

nanoparticles were therefore performed using fresh nanoparticle samples on the same day of their 

preparation. 

Figure 39. A) Zeta potential measurements of 1 mg/mL dispersions of oleate-free (gray), citrate (orange), citrate/PLL 

(green), and 5-ALA (yellow) coated NaLuF4:25% Pr3+ nanoparticles in deionized water. B) FT-IR-ATR spectra of 

the corresponding powder samples analyzed in panel A along with oleate-capped nanoparticles (blue).  
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8.1.2. In vitro investigation of surface coatings 

 Prior to treatment with ionizing radiation, cell viability was analyzed utilizing several 

different parameters during the investigation of the surface coating (Figure 41). First, each coating 

was studied at 10, 100 and 500 μg/mL nanoparticle concentrations to ascertain if there was a 

concentration-dependent effect on the viability for the nanoparticles with each coating. Second, 

the viability was evaluated in cell medium supplemented with sodium pyruvate and without 

sodium pyruvate. Sodium pyruvate is a hydrogen peroxide scavenger and is known to play a role 

in mitigating oxidative stress on cells.446 Moreover, the presence or absence of it in cell culture 

medium can significantly alter the outcomes of treatments that are related to oxidative damage, 

such as PDT.446 Generally, the presence of sodium pyruvate aids in the health of the cells, thus it 

was worth investigating at a pre-irradiation stage whether a significant difference could be 

observed if it was incorporated in the medium. Finally, we were interested in the immediate effects 

of the nanoparticles and their coatings versus the effect after a round of cell division. Thus, we 

performed viability assays immediately after incubation with the nanoparticles, and 24 hours post-

Figure 40. Average zeta potential values for NaLuF4:25% Pr3+ nanoparticles coated with citrate (orange), 5-ALA 

(yellow), or citrate/PLL (green) as a function of storage time. At each time point, an aliquot of the stock solution was 

taken and diluted to 1 mg/mL in deionized water and analyzed. 
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incubation.   

At this stage, we decided to investigate the viability of the cells using a single incubation 

time for each coating. Once the coating was chosen, we then examined the uptake as a function of 

time. Four hours was chosen as the incubation time, as this is a very common incubation time 

Figure 41. Viability assays of U251 cells 4 hours and 24 hours post-treatment with NaLuF4:25%Pr3+ nanoparticles 

coated with citrate, 5-ALA or citrate and poly-L-lysine at 0, 10, 100 and 500 μg/mL concentrations. The top panel 

is the result of the experiment performed in cell culture medium containing sodium pyruvate, and the bottom panel 

is the result of the experiment performed in cell culture medium in the absence of sodium pyruvate. Both 

experiments were performed in an identical fashion. Statistical significance is relative to the untreated controls in 

each panel (0 μg/mL RLNPs) and was determined using Student’s t-test (one symbol = p < 0.05, two symbols = p 

< 0.01).  
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across different nanoparticle compositions, coatings, sizes, and across different cell lines 

(including those used herein).40,46,447–451 

  After treatment with nanoparticles, it takes an additional 4 hours for the viability assay 

used herein to yield results, as the assay measures the metabolic activity of the cells. This is 

achieved by measuring the ability of cells to uptake non-fluorescent resazurin and for NADH and 

NADPH in metabolically-active cells to reduce it to the fluorescent resorufin analyte.452 Thus, the 

earliest timepoint that could be measured after the nanoparticle treatment is the minimum assay 

incubation time of 4 hours required to yield the conversion to resorufin. In keeping with the 

standards set forth by the International Organization for Standardization in 2009453, viabilities 

above 80% were considered non-cytotoxic. As shown in Figure 41, none of the conditions tested 

yielded viabilities below 80%, thus all nanoparticle coatings and concentrations were not acutely 

toxic up to 24 hours after introduction of the nanoparticles. Of note, 4 hours post-treatment with 

500 μg/mL of citrate and citrate/PLL nanoparticles, a sharp increase in viability was observed (up 

to 145%). The resazurin assay used throughout this thesis to determine viability is a metabolic 

activity-based assay. Thus, increases in viability above 100% corresponds to increased metabolic 

activity. This is likely indicative of cellular stress due to the high nanoparticle concentrations used, 

however, since viability returned to nearly 100% at the 24-hour timepoint for these treatment 

scenarios, the increased metabolic activity was only temporary, and clearly not lethal. Viabilities 

with and without sodium pyruvate were similar for all conditions in that no toxicity was observed. 

Since the viabilities of the cells treated with sodium pyruvate-containing media were close to 

100%, we decided to use sodium pyruvate-supplemented media throughout the studies. 

Interestingly, this is not recommended for in vitro PDT treatments, since it makes cells less apt to 

ROS damage; however, it is a more realistic scenario for sodium pyruvate to be present, as it is a 

native species present in tissues.446 Thus, the results obtained herein for the PDT effect are not 

augmented by an omission of sodium pyruvate.  

 Our interest in feasibility for clinical translation necessitates that the nanoparticle 

formulation developed be stable enough for industrial production and distribution, both of which 

require significant amounts of time. Thus, since the 5-ALA-coated nanoparticles exhibited similar 

viabilities to the other varieties of nanoparticles but were only stable in storage for less than 48 

hours, we excluded this as an option for the sake of practicality. For the choice between citrate and 
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citrate/PLL coatings, very little difference in viability was observed between the two, and the same 

can be said for their storage stability. Thus, since its known that positively-charged nanoparticles 

generally exhibit more efficient uptake than their negative counterparts367,437,454,455, the citrate/PLL 

coating was chosen. Hereafter, all mentions of nanoparticles or RLNPs in this chapter are β-

NaLuF4: 25% Pr3+ coated with citrate and PLL.  

8.1.3. Energy transfer studies in solution 

 After the coating was chosen, spectroscopy was carried out on colloidal dispersions of 

nanoparticles in 50/50 v/v% DMSO/H2O in the presence and absence of PPIX. A 5 nM 

concentration of PPIX was used in this study, as it is known that intracellular PPIX concentrations 

are in this range after 5-ALA administration.456,457 Since the PPIX concentration in solution will 

have some impact on the distance between PPIX molecules and nanoparticles, the scenario studied 

here is reasonable for simulating the interactions of the nanoparticles with intracellular PPIX. 

Energy transfer (ET) was evaluated by the decrease in radioluminescence intensity from the 

nanoparticles integrated across the entire emission spectrum and calculated according to 

Figure 42. Radioluminescence emission spectra of colloidal NaLuF4: 25% Pr3+ nanoparticles coated with 

citrate/poly-L-lysine alone (light red trace) and in the presence of 5 nM PPIX (dark red trace). Both spectra were 

obtained from colloidal nanoparticle dispersions in 50/50 v/v DMSO/H2O at 15 mg/mL concentrations each.  
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equation 8: 

𝐄𝐓 = 𝟏 −  
𝐈(𝐑𝐋𝐍𝐏𝐬+𝐏𝐏𝐈𝐗)

𝐈(𝐑𝐋𝐍𝐏𝐬)
      (8) 

As shown in Figure 42, a major decrease in all of the transitions from Pr3+ was observed, in line 

with what is expected given the spectral overlap with PPIX across the entire emission spectrum of 

Pr3+. An energy transfer of 78% was calculated using equation 8, indicating sufficient activation 

of PPIX was occurring.  

8.2. Nanoparticle incubation time optimization 

 The overarching goal of incorporating these nanoparticles into an intraoperative workflow 

means it is essential to use the shortest incubation times possible to minimize the time a patient 

would be on an operating table. Thus, nanoparticle incubation was studied at times ranging from 

0.5 to 6 hours at concentrations of 10, 50, 100, 200 and 500 μg/mL. All treatments were non-

cytotoxic at 24 hours after incubation with the nanoparticles, as shown in Figure 43 (≥ 80% 

viability).  

Since no significant changes in viability were observed, we postulated that this could be due 

to a lack of interaction of the nanoparticles with the cells, rather than a lack of toxicity. Thus, 

fluorescence microscopy was performed to confirm interaction of the nanoparticles with the cells 

at each timepoint. Conveniently, Pr3+ can be excited into the 3PJ states using conventional 

excitation wavelengths available on a standard epifluorescence microscope (a wide-band blue 

LED), producing LOL emissions as shown in the photoluminescence spectrum of the NaLuF4:Pr3+ 

nanoparticles excited into the 3PJ states in Section 7.5.4. As such, the RLNPs can be used as an in 

situ luminescence probe. Prior to imaging the samples, several control experiments were 

performed to ensure the excitation and emission filters in the microscope were appropriate to 

isolate emissions from the RLNPs upon blue light excitation without detecting them in the channel 

used to visualize the red emissions from PPIX upon 405 nm excitation (see Section 5.2.12 for 

microscope parameters). We also confirmed the 405 nm excitation source used for PPIX did not 

excite the nanoparticles. 

Imaging experiments were carried out in both HeLa cells and U251 cells for a few reasons. 
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First, HeLa cells are thicker than U251 cells, and therefore it is easier to visualize RLNP 

distribution as a function of cell depth. Second, confirmation of the uptake in two very different 

cell lines (cervical epithelial and brain astrocyte) provides an additional level of confidence of the 

method.  

As observed in Figure 44, nanoparticle emissions could be detected after only 30 minutes of 

incubation and increased as a function of time thereafter. However, generally across both cell lines 

and all nanoparticle concentrations, at 1 hour there was sufficient luminescence detected from the 

particles, thus this was chosen as the incubation time moving forward. Given the intraoperative 

workflow envisioned for this X-PDT system, it is important that the shortest possible incubation 

time is used such that the patient is not in the operating room for a prohibitive amount of time.  

Z-stack projections of the cells as a function of nanoparticle concentration were also generated 

Figure 43. Viability of U251 cells treated with 0, 10, 50, 100, 200 and 500 µg/mL NaLuF4:Pr3+ nanoparticles for 1, 2, 

4, or 6 h. Cell viability was measured at 24 hours after the end of the nanoparticle incubation time. Statistical 

significance was assessed with One-way ANOVA combined with Bonferroni post-hoc analysis. No statistically 

significant differences were observed.  
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to obtain further evidence that nanoparticles had been internalized in the cells. As shown in Figure 

45, the luminescence from the nanoparticles is observed throughout the image stack. This is 

indicative of nanoparticle uptake and internalization and provided early confirmation that RLNP-

cell interactions were taking place.  
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Figure 44. DIC and fluorescence microscopy of fixed HeLa (top) and U251 (bottom) cells incubated with 50, 100 or 

200 μg/mL NaLuF4:Pr3+ RLNPs for 0.5, 1, 2 and 4 hours. The PPIX channel (λex 406 nm) is shown to confirm no 

luminescence from the RLNPs (λex 488 nm) is observed in the channel used to excite PPIX. Scale bar is 20 μm. 
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Figure 45. Fluorescence microscopy as a function of cell depth (z) of HeLa (left) and U251 (right) cells incubated 

for 1 hour with 50, 100 or 200 μg/mL NaLuF4:Pr3+ nanoparticles. (λex 488 nm) Red lines correspond to the xz and yz 

positions in the image stacks. 
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8.3. 5-ALA uptake and PPIX accumulation 

As mentioned in Section 3.2.2.2, 5-ALA stimulated PPIX accumulation occurs in cancer 

cells due to abnormalities in the heme biosynthesis pathway. Prior to performing X-PDT, we set 

out to establish the parameters sufficient to induce strong PPIX production and accumulation for 

our studies. In vitro 5-ALA PDT studies are most often performed using 1 mM 5-ALA and 

incubation for 4 hours in human cancer cells.196,198,204,458–460 In addition to the concentration of 5-

ALA and incubation time, the presence of serum proteins in vitro can drastically reduce 

intracellular accumulation of PPIX due to increased efflux rates.204,205,461,462 PPIX is exported from 

cells via the ABC transporter pathway, and higher levels of the ABCG2 protein that is responsible 

for shuttling PPIX out of cells are observed in many human tumors; this is known to interfere with 

PDT.204 Thus, in addition to studying PPIX production and accumulation with time, we evaluated 

the effect of serum as well.  

As shown in the fluorescence microscopy images (Figure 46), upon excitation with 405 

nm light, strong red fluorescence was observed upon administration of 1 mM 5-ALA that increased 

as a function of time, with 4 hours yielding the highest intensities. Notably, the distribution of 

protoporphyrin IX within a single cell is not homogeneous, and some cells produce more 

protoporphyrin IX than others; this is well-known.195,196  Indeed, cells treated with 5-ALA in fetal 

bovine serum-free media (labelled as (-) FBS) exhibited significantly brighter fluorescence, 

confirming the need to use serum-free media during the experiments. With regard to clinical 

translation, there are much smaller amounts of serum proteins in extracellular fluid than what is 

typically used during in vitro cell experiments204; hence the presence of serum proteins affecting 

PPIX accumulation is a problem restricted to the in vitro scenario. Notably, it is recommended that 

in vitro 5-ALA experiments are performed in a serum-free environment.312 
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Figure 46. Fluorescence microscopy of U251 cells treated with 5-ALA for 1, 2, 3 and 4 hours, using fetal bovine 

serum-free medium ((-)FBS) or medium supplemented with 10% fetal bovine serum ((+)FBS). Excitation was 

performed at 405 nm to visualize PPIX emission.  
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Fluorescence spectroscopy was also performed to corroborate the microscopy results, and 

to quantify the accumulation of PPIX. As shown in Figure 47, after 4 hours, a nearly 20 times 

increase in PPIX fluorescence intensity was observed relative to untreated cells. The percentage 

increase in fluorescence is similar to what has been observed in 5-ALA-treated human breast 

cancer cells and murine glioma cells.195,463  Taken together, we have provided independent means 

of confirming the parameters used (1 mM 5-ALA, serum-free medium, 4 hour incubation) are 

sufficient for generating large amounts of accumulated PPIX in  U251 cells. Thus, parameters were 

established for both the 5-ALA incubation (4 hours) and the RLNP incubation (1 hour), which 

could then be merged. 

Figure 46. Relative fluorescence intensity of U251 cells treated with 1 mM 5-ALA for 1, 2 and 4 hours normalized 

to untreated control samples. Statistical significance is relative to the untreated controls in each panel (0 μg/mL 

RLNPs) and was determined using Student’s t-test (one symbol = p < 0.05, two symbols = p < 0.01).  
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8.4. Combining RLNPs and 5-ALA: Order of introduction 

 Most nanoparticle-PDT systems combine the nanoparticle and photosensitizer into a single 

unit to be delivered to the cells, since these systems employ synthetic photosensitizers.40,41,334,464,465 

Thus, incubation of the PDT agent (ie. the nanoparticle/photosensitizer) occurs in a single step. In 

contrast, the work herein requires the photosensitizer pro-drug 5-ALA to be added separately from 

the nanoparticles since we are relying on the cells to produce the PPIX photosensitizer. This 

enables a more selective X-PDT effect, since only the malignant cells will be able to produce 

PPIX-generated ROS.  We postulated that the order of addition of the two agents may strongly 

affect their cellular interactions. In other words, if 5-ALA is administered first, does it affect the 

uptake of the nanoparticles? Or if the nanoparticles are administered first, do they affect the degree 

of PPIX accumulation? To answer these questions, we used a combination of cell viability, 

fluorescence microscopy, fluorescence spectroscopy, and inductively coupled plasma mass 

spectrometry (ICP-MS) to ascertain if the order had an effect, and to determine which order to 

move forward with.  

8.4.1. Viability assays 

Viability assays were carried out 24 hours post-treatment for both scenarios in U251 cells 

across a wide RLNP concentration range (10, 50, 100, 200 and 500 ug/mL) to ensure if there was 

a difference as a function of nanoparticle concentration that it would be observed. As shown in 

Figure 48, none of the treatments were significantly different, and there was no observable trend 

in either case. Importantly, none of the treatments showed a significant loss in viability at any 

nanoparticle concentration, confirming that the combination of RLNPs and 5-ALA is not acutely 

cytotoxic, even up to relatively high nanoparticle concentrations. Further experiments were carried 

out at longer timepoints to confirm a lack of long-term toxicity as well, as discussed in Sections 

8.8-8.9.  Based on viability alone, there was no obvious reason to choose one order of 

administration over the other. 
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8.4.2. Fluorescence microscopy 

 Fluorescence microscopy was then used to potentially obtain visual indications of 

differences in the order of addition, since no changes in viability were observed. Microscopy was 

performed again on both HeLa and U251 cell lines to ensure the results were robust. As shown in 

Figure 49 and 50, no obvious effects due to differences in the order of addition were observed at 

any nanoparticle concentration or in either cell line, corroborating the viability results.   

Figure 47. Cell viability of U251 cells treated with 1 mM 5-ALA for 4 h followed by a 1 hour incubation with 10, 50, 

100, 200 and 500 ug/mL NaLuF4:Pr3+ RLNPs (green) or with RLNPs first followed by 5-ALA (blue). Statistical 

significance is relative to the untreated controls (0 μg/mL RLNPs, no 5-ALA) and was determined using Student’s t-

test (one symbol = p < 0.05, two symbols = p < 0.01). No statistically significant differences were observed.  
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Figure 48. Fluorescence microscopy of HeLa cells upon administration of 5-ALA and 50, 100, or 200 μg/mL 

RLNPs. The top panel corresponds to the addition of 5-ALA then RLNPs, the bottom corresponds to the addition 

of RLNPs then 5-ALA. From left to right the columns represent differential imaging contrast (DIC) images, 

excitation with 405 nm light, excitation with 488 nm light, and the merged image. Scale bar is 20 μm. 
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Figure 49. Fluorescence microscopy of U251 cells upon administration of 5-ALA and 50, 100, or 200 μg/mL 

RLNPs. The top panel corresponds to the addition of 5-ALA then RLNPs, the bottom corresponds to the addition 

of RLNPs then 5-ALA. From left to right the columns represent differential imaging contrast (DIC) images, 

excitation with 405 nm light, excitation with 488 nm light, and the merged image. Scale bar is 20 μm. 
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8.4.3. Quantification of RLNP-cell interactions 

To further independently ensure incubation with 5-ALA did not affect nanoparticle-cell 

interaction and vice-versa, we performed ICP-MS to quantify the association of nanoparticles with 

cells in the presence and absence of 5-ALA incubation at 50, 100 and 200 μg/mL RLNP 

concentrations (Figure 51). It is imperative that the number of nanoparticles per cell is the same in 

the presence and absence of 5-ALA incubation, as this makes it possible to study the effect of the 

nanoparticles as radiosensitizing agents their own. Ultimately, this allows us to determine the 

contribution of the PDT effect to the treatment and the contribution of the nanoparticles to the 

treatment.  

Figure 50. Nanoparticle-cell interactions quantified by ICP-MS for nanoparticle concentrations of 50, 100 and 

200 μg/mL in the absence (blue filled bars) and presence (outlined blue bars) of 5-ALA. Error bars represent the 

standard deviation. Statistical significance was determined using one-way ANOVA for the significance relative 

to the untreated control, and Students t-test was used to evaluate signficance with and without 5-ALA within the 

same nanoparticle concentration (one symbol corresponds to p < 0.05, two symbols correspond to p < 0.01). 

Square symbols () represent significance relative to cells treated with 50 μg/mL RLNPs. Triangles () 

represent significance relative to cells treated with 100 μg/mL RLNPs. Filled and outlined symbols correspond 

to the incubation without and with 5-ALA, respectively. 
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 As shown in Figure 51, the number of RLNP interactions per cell increased in a statistically 

significant fashion as a function of concentration, and no statistically significant differences in 

RLNP-cell interactions were found with and without 5-ALA. Importantly, though the cells were 

rinsed thoroughly prior to harvesting for analysis, which removes any nanoparticles that were not 

strongly interacting with the cells, we cannot describe the results herein as the degree of RLNP 

uptake. Cells which are associated with the membrane but not yet internalized would be retained 

during the rinsing procedure, thus some percentage of the nanoparticle-cell interactions are due to 

nanoparticles that were not yet uptaken by the cell. Nonetheless, nanoparticles that are associated 

with the cell membrane can still elicit direct damage to the membrane via lipid oxidation (see 

section 3.2.3).466   

Since the order of addition did not have any consequences in favor of either method, we 

chose to use the order that made the most sense in the context of a clinical workflow. Logistically, 

when considering the intraoperative scenario, it makes far more sense to treat with 5-ALA first, 

then resect the tumor and treat with nanoparticles for one hour prior to performing IORT. This was 

the paramount reason that the 5-ALA-then-RLNP workflow was chosen for further study. All 

studies after this were performed using the 4 hour 5-ALA incubation followed by 1 hour of RLNP 

incubation method.  

8.5. In vitro reactive oxygen species formation 

 Prior to evaluating the X-PDT response, it was imperative to confirm the generation of 

reactive oxygen species (ROS) was occurring. ROS generation is an essential component of both 

radiotherapy and PDT.257,283,467 In the case of radiotherapy, DNA is the primary target of ROS, 

while in PDT, the oxidative stress to multiple cellular targets forms the basis for treatment. Thus, 

both types of ROS (types I and II, as discussed in Section 3.5.2) are useful and there is no 

preference in X-PDT for the formation of one over the other. In vitro ROS production assays are 

most commonly performed using 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA), which 

detects both type I and type II ROS in cells, as shown in Figure 52A.  The DCHF-DA assay was 

performed for RLNP only and RLNP/5-ALA treated cells using multiple radiation doses from 2 

to 20 Gy (Figure 52B). We studied this range because 2 Gy is the established radiation dose used 

in fractionated EBRT, while 20 Gy is the most common dose used for single-shot IORT of 
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glioblastoma (see Section 3.3.2 or Appendix 3 for more information).236,237,239,468 

DCF fluorescence was normalized to the signal obtained in control samples treated with 5-

ALA, RLNPs or RLNPs/5-ALA but no X-ray irradiation. As expected, ROS were generated across 

all radiation doses for all conditions tested, and increased in a dose-dependent fashion. ROS were 

detected in cells treated with X-rays alone for all radiation doses, which is attributed to the 

detection of the radiolysis products of water. 5-ALA treated cells also exhibited some ROS 

production; PPIX is a known weak radiosensitizer, thus it is expected that elevated levels of ROS 

are produced (relative to X-rays only) after 5-ALA treatment.458,469 RLNPs alone (no 5-ALA) 

induced significantly elevated levels of ROS, confirming the nanoparticles are able to act as 

radiosensitizers in the absence of 5-ALA. This was encouraging, as it establishes a preliminary 

basis that a therapeutic effect can be induced via dose enhancement as described by Bulin.263 

Finally, as expected, the combination of 5-ALA and RLNPs induced the highest levels of ROS 

Figure 51.  A) Schematic of the DCHF-DA assay mechanism. B) DCHF-DA assay of U251 cells treated with 100 

μg/mL RLNPs with and without 5-ALA and 0, 2, 10 or 20 Gy of X-rays. DCF fluorescence intensity is normalized to 

the unirradiated control for each scenario. Gray: no RLNPs, no 5-ALA, red: 5-ALA only, yellow:  RLNPs only, and 

blue RLNPs and 5-ALA.  Statistical significance was tested using the Student’s t-test (two symbols indicate p < 0.01). 

Symbols represent comparisons relative to unirradiated controls for each treatment at each radiation dose, where () is 

2 Gy, () is 10 Gy and () is 20 Gy. 
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formation and was significantly higher than treatment with RLNPs alone at each radiation dose 

studied.  

Notably, the effects are not additive; the DCF intensity exhibited upon treatment with 5-

ALA and RLNPs is not greater than the sum of the intensities of RLNPs or 5-ALA alone. This is 

because the attenuation of ionizing radiation in the cells changes substantially in the presence of 

the nanoparticles in comparison to the scenario of PPIX alone. Since PPIX has a substantially 

lower Zeff than the RLNPs (4.82 vs. 34.52, respectively (spectrum-weighted for INTRABEAM® 

50 kVp)) there is a much higher probability for RLNPs to attenuate and/or scatter incoming 

radiation. As mentioned in Section 3.4, this is the basis of the radiation dose enhancement effect. 

Additionally, it is likely that the RLNPs and PPIX produce different proportions of the different 

types of ROS. RLNPs will induce the formation of hydroxyl radicals via the interaction of ejected 

secondary electrons with water, but won’t produce 1O2 directly, whereas PPIX can produce 1O2 in 

addition to other ROS. Together, these factors may account for the differences in observed ROS 

production. Regardless, more ROS were clearly produced when RLNPs were introduced, and thus 

a potential therapeutic effect could be studied.  

8.6. Short-term in vitro studies 

 After determining the optimal treatment parameters and workflow and confirming the 

system produces ROS, we moved on to studying the therapeutic outcome 24 hours post-treatment. 

We studied three RLNP concentrations (50, 100 and 200 μg/mL) in the presence and absence of 

5-ALA at four different radiation doses (2, 5, 10 and 20 Gy). As mentioned previously, this range 

of radiation doses has clinical relevance for both fractionated and intraoperative radiotherapy. 

 Ionizing radiation was administered to the cells using an X-ray source with similar 

properties to the source used in IORT of glioblastoma, the Zeiss INTRABEAM®. Specifically, 

cells were irradiated with an X-ray source that had a gold target, an unfiltered and uncollimated 

beam, operating at 50 kVp and 80 μA. The beam was positioned such that a dose rate of 0.6 Gy/min 

was delivered to the cells. The INTRABEAM® also has a gold target and operates at 50 kVp, 

usually at dose rates of 0.45 Gy/min to 2 Gy/min as mentioned in Section 3.3.2.9,244,468,470 The 

output spectrum of the X-ray source used herein can be found in Appendix 6. As will be discussed 

in Section 8.9, the therapeutic response to ionizing radiation is often not linear, thus studying a 
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wide range of radiation doses provides good insight into how the treatment response unfolds. 

Moreover, by evaluating each radiation dose with different nanoparticle concentrations, we are 

able to understand more about the relationship between radiation dose and nanoparticle 

concentration. We postulate there is likely not a one-size-fits-all approach to X-PDT, especially in 

an organ as delicate as the brain. For example, if a tumor is located close to a particularly eloquent 

region of the brain, it may be beneficial to introduce a higher concentration of nanoparticles but 

use a lower radiation dose to salvage the nearby healthy tissue. Contrarily, there may be a dose-

response scenario in which a lower concentration of nanoparticles can be used to elicit a localized 

PDT effect for a smaller resection site that could handle higher radiation doses. 

8.6.1. Cell viability 

 Cell viability was assessed 24 hours post-treatment for all combinations, as shown in 

Figure 53. Control groups receiving only X-rays or X-rays and 5-ALA exhibited only small 

decreases in viability after 24 hours, even with a 20 Gy radiation dose. Thus, radiotherapy alone 

and with 5-ALA was not sufficient to cause acute cell death, in line with the expected radioresistant 

nature of the U251 cell line (see Section 3.1.2). Specifically, here acute cell death refers to necrosis, 

or a rapid induction of apoptosis. After 24 hours, cells will have only undergone one round of 

mitosis, at most. Thus, death via mitotic catastrophe would not be included in this timepoint, nor 

would death after prolonged cell cycle arrest (see Appendix 2).  For the control groups, a 

statistically significant difference with and without 5-ALA treatment was only observed upon 2 

Gy irradiation, presumably because the viabilities at 2 Gy exceeded 100%. Viabilities are 

ascertained through metabolic activity assays, thus a value above 100% represents increased 

metabolic activity relative to untreated cells. Presumably, the increased activity is due to cell stress, 

which was likely sub-lethal, given the high degree of radioresistance of glioblastoma cells471, and 

the lack of death even up to 20 Gy. As mentioned in Section 8.7, this may also be indicative of the 

induction of cellular senescence.  

While there was a trend of decreasing viability with increasing radiation dose, few 

statistically significant differences were observed relative to control groups receiving radiation 

only, except for at 20 Gy. Additionally, there were few statistically significant differences between 

outcomes with and without 5-ALA treatment. Thus, at this timepoint, it was not possible to 
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determine if the combination of nanoparticles and 5-ALA for the X-PDT effect provided a better 

outcome than the radiosensitization effect from the nanoparticles alone, but it was clear that there 

was a trend in which the nanoparticle treatments provided a better outcome than X-rays alone at 

Figure 52. Viability assays of U251 cells 24 hours post-treatment with 50, 100, or 200 μg/mL NaLuF4:Pr3+ RLNPs 

without (filled) and with (outlined) 5-ALA incubation and irradiation with 0 (gray), 2 (red), 5 (yellow), 10 (green), or 

20 (blue) Gy irradiation. Statistical significance was evaluated by one-way ANOVA or Student’s t-test (one symbol 

corresponds to p < 0.05, two symbols correspond to p < 0.01). Circles correspond to significance relative to controls 

receiving 0 μg/mL RLNPs, 0 Gy, diamonds to 50 μg/mL RLNPs, squares to 100 μg/mL RLNPs, and stars to 200 

μg/mL RLNPs. X represents statistical significance between with and without 5-ALA treatment. Filled symbols 

correspond to significance relative to the controls without 5-ALA treatment, outlined symbols to controls treated with 

5-ALA. 
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each radiation dose, and that viability was reduced with increasing radiation dose.  

   Notably, several reports indicate that despite their ubiquity in in vitro cancer treatment 

research, viability assays are likely sub-optimal for assessing the efficacy of PDT, as well as for 

assessing treatments involving ionizing radiation.297,472,473 Since viability assays provide only a 

small window of insight into the effects of a therapy, we undertook more in-depth investigations 

at the cellular level to ascertain the cell response to the treatment. This was done again at 24 hours 

post-treatment through fluorescence activated cell sorting (FACS) analysis and Western blot 

analyses, for all of the treatments under the two highest radiation doses (10 and 20 Gy).  

8.6.2. Fluorescence activated cell sorting analysis 

 FACS is an analytical technique that takes advantage of microfluidic technology to 

facilitate single cell analysis. In this case, we used FACS to distinguish between live, dead, early 

and late apoptotic and necrotic cell populations. A discussion on the types of cell death can be 

found in Appendix 2. Cells were stained with fluorescent probes that allow for differentiation of 

these populations. Namely, propidium iodide was used to stain necrotic cells, and annexin V- 

fluorescein isothiocyanate (FITC) was used to stain apoptotic populations. Propidium iodide (PI) 

is a molecule that becomes highly fluorescent upon intercalation of DNA.474 Since necrotic cells 

are characterized by a permeable membrane and DNA fragmentation, PI is able to infiltrate 

necrotic cells and bind to cytoplasmic and nuclear DNA, thus labelling the cell as necrotic. 

Annexin V is a molecule which is able to bind to phosphatidylserine, which normally exists in the 

inner leaflet of the cell membrane.475,476 When cells initiate apoptosis, the cell membrane 

rearranges and phosphatidylserine is translocated to the outer leaflet where annexin V can then 

bind to it, labelling the cell as apoptotic.475 A fluorescent molecule such as fluorescein 

isothiocyanate FITC is typically conjugated to Annexin V to endow it with fluorescent properties, 

as was the case here. Importantly, in later stages of apoptosis, the cell membrane becomes 

permeable; thus, PI can stain these cells as well. A similar scenario exists for necrotic cells, as the 

permeable membrane allows for annexin V to bind to phosphatidylserine on the inner leaflet even 

though the cell is not apoptotic. Thus, annexin V/PI staining is only able to differentiate between 

cells which are viable (annexin V negative, PI negative), in the early stages of apoptosis (annexin 

V positive, PI negative), necrotic and/or late-apoptotic (annexin V positive, PI positive), and dead 
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(annexin V negative, PI positive – this scenario typically is not observed). Each of these 

populations is observed as a quadrant in a FACS flow cytogram, as shown in Figure 54.  

 Cytograms were obtained for all treatment scenarios at 100 μg/mL RLNPs with and 

without 5-ALA treatment at 0, 10 and 20 Gy radiation doses. 100 μg/mL was chosen as the RLNP 

concentration for further study because it was the middle concentration studied, and it showed 

statistically significant differences with and without 5-ALA in some of the viability assays (Figure 

54). Forward and side scattering was observed for all populations treated with 10 and 20 Gy 

relative to their counterparts that did not receive any radiation. Higher levels of forward and side 

scattering (ie. a higher percentage of apoptotic and necrotic cells) were observed for cells treated 

with RLNPs only, and even more so for cells treated with RLNPs and 5-ALA. In fact, statistically 

significant differences were observed during FACS analyses that could not be obtained via the 

viability assays (Figure 55). A significant loss in viable cells was observed in the presence of 

RLNPs with and without 5-ALA treatment for all radiation doses, which confirms that the high 

metabolic activities observed in the viability assays (Section 8.4.1) do not provide the full picture. 

However, in agreement with the viability assays, there were still high percentages of live cells for 

all treatment scenarios. Moreover the small percentage of cells in the early stages of apoptosis for 

all treatments clearly shows the cells are either resistant to radiation and surviving the treatment, 

or they are potentially prone to a different type of death besides apoptosis or necrosis (see 

Appendix 2). U251 cells are known to have mutations in p16, p21, pTEN and p53 genes all of 

which play a role in the response to ionizing radiation.176,208,477,478 Of major importance, p53 is a 

crucial regulator of apoptosis208; thus the lack of apoptosis initiation is not unexpected, but does 

not rule out a favorable outcome based on a different cell death mechanism.  
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Figure 53. FACS cytograms of cells 24 hours post-treatment stained with Annexin V FITC (AxV) and propidium 

iodide (PI). Cells were treated with 0 or 100 μg/mL RLNPs with or without 5-ALA, and with or without 10 or 20 

Gy of X-ray radiation. Bottom left quadrant represents live cells (-/- AxV/PI), bottom right early apoptotic cells 

(+/- AxV/PI), top right late apoptotic and necrotic cells (+/+ AxV/PI), top left dead cells (-/+ AxV/PI). 
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Figure 54. Statistical analysis of the FACS cytogram depicted in Figure 54 above. Statistical significance was determined 

using Student’s t-test (one symbol = p < 0.05, two symbols = p < 0.01). Stars represent statistical significance with and 

without 5-ALA treatment, circles represent statistical significance with and without RLNPs. Bottom left (BL) represents 

annexin/PI -/- (live), BR represents early apoptotic (+/-), top right (TR) (+/+) late apoptotic and necrotic, and TL represents 

dead cells (-/+). Labels correspond to radiation dose/5-ALA/RLNP concentration (ex. 0/0/0 represents 0 Gy, no 5-ALA, 

no RLNPs).  
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8.7. Western Blot assays 

 As mentioned previously, we wanted to obtain a more complete picture of the treatment 

outcomes beyond simple metabolic activity assays. This prompted us to collaborate with Ursula 

Stochaj in the Department of Physiology at McGill University to investigate intracellular 

biomarkers related to cell stress, damage, death and senescence at this timepoint to try and gain a 

better understanding of the cellular response to the treatments. Specifically, we evaluated nine 

proteins through Western blotting: γH2AX, PARP1, cleaved lamin A, p53, Nrf2, NfκB, lamin B, 

Grp78 and Grp94 levels were studied 24 hours after cells were treated with 0 or 100 μg/mL RLNPs 

with or without 5-ALA and 0, 10, 20 Gy X-rays (Figure 56). The protein levels expressed by the 

cells at the 24 hour timepoint will provide a better understanding of how the cells reacted to the 

treatments, as well as potentially give insight into the outcomes that may be observed at later 

timepoints.  

 As discussed in Section 3.2.3, DNA damage is the main outcome of the interaction of 

ionizing radiation with cells.208 Some of the proteins involved in the DNA damage response 

pathway can thus be used to determine if DNA damage occurred in the cells (Section 3.2.32). 

γH2AX is a protein at the center of the DNA damage response, and is expressed in response to 

DNA double strand breaks. Indeed, γH2AX expression was elevated for all samples which 

received treatment with ionizing radiation. Elevated γH2AX levels were also observed in cells 

treated with RLNPs in the absence of radiation. This is unexpected and difficult to understand, as 

RLNP localization in the nucleus was not observed via microscopy (Figure 46), and it is unlikely 

that the RLNPs cause DNA DSBs in the absence of irradiation, from outside of the nucleus. 

Additional studies should be carried out to determine the cause of this result, as other proteins that 

act as stress markers, such as p53, were not found at elevated levels for the RLNP treated controls. 

Instead, we postulate that the increase in γH2AX may be due to the increase in sodium ion content 

of the cells upon administration of the Na+-containing RLNPs. This has been demonstrated to 

cause elevated γH2AX levels in other instances, where DSBs were not observed.479,480  

While all irradiated groups exhibited higher γH2AX levels, RLNP-treated cells did not 

express significantly higher levels relative to the irradiated control cells (no RLNPs, 10 or 20 Gy 

X-rays, with and without 5-ALA). γH2AX is expressed within minutes after double strand breaks 
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occur481, and repair of the strand breaks can occur on the scale of a few hours.208 Thus, it is likely 

that after 24 hours, many of the double strand breaks had been repaired and significant differences 

could not be detected from this method. This is expected for radioresistant lines like U251, which 

are able to bypass apoptosis and initiate DNA repair despite high degrees of damage. Additionally, 

as mentioned in Section 3.4.2.1, the types of cluster damage induced by low energy X-rays and 

Auger electrons may not give rise to double strand breaks, but are still highly lethal. Alternatively, 

the apoptosis cascade may have been initiated in cells with large numbers of strand breaks that 

would’ve had the highest γH2AX levels, and those cells may have already died and were lost prior 

to the analysis at 24 hours. This is important to consider, as the Western blot analysis only provides 

insight into the cells that remained alive at 24 hours. Future studies may aim to evaluate γH2AX 

levels as a function of time after irradiation for these treatments to confirm these hypotheses. 

Nonetheless, the elevated γH2AX levels (relative to the unirradiated, untreated control samples) 

suggest that the cells sustained radiation damage that persisted 24 hours post-treatment.  

The tumor suppressor protein p53 is involved in a wide variety of signalling pathways 

involved in cell stress responses, the DNA damage response, apoptosis activation, and senescence, 

among others (see 3.2.3.2 for additional details of the role of p53).208,219,482,483 U251 cells have a 

mutation present in the gene encoding p53, resulting in the production of a mutant version of the 

protein, as mentioned in Section 3.1.2. This mutant p53 has additional pro-cancer functions, thus 

high levels of it are associated with a poor prognosis.183,484,485183 Herein, the mutant p53 levels 

were found to be variable for the treatment conditions, though cells receiving X-ray irradiation 

with RLNPs (with and without 5-ALA) did exhibit reduced mutant p53 levels relative to the 

control groups. The reduction in mutant p53 expression suggests that treatment with the RLNPs 

and the RLNP/5-ALA combination may facilitate improved therapeutic outcomes by preventing 

the negative effects associated with high levels of this protein.  

8.7.1. The Unfolded Protein Response 

The Unfolded Protein Response (UPR) is a pro-survival mechanism that maintains 

homeostasis in the endoplasmic reticulum.486 The UPR is activated in response to endoplasmic 

reticulum stress, and is often continually activated in cancer cells, including glioblastoma cells, 

which contributes to their ability to survive and resist treatment.486 As described in Appendix 2, 
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autophagy may be initiated in response to changes in the UPR. NFκB, Nrf2, Grp78, and Grp 94 

are all associated with the UPR, and with ionizing-radiation induced autophagy. As such, we 

studied the changes in these four proteins.  

 With regard to oxidative damage, which is especially relevant in PDT, we studied the 

expression of Nrf2. A reduction in Nrf2 levels was observed for all RLNP-treated cells relative to 

untreated controls, with and without irradiation. Nrf2 is a protein that is responsible for regulating 

oxidative stress in cells, and is typically inactive under healthy conditions; it only becomes active 

when ROS is detected in cells in order to neutralize them and keep the cells alive.487 High levels 

of Nrf2 are therefore associated with cell repair, thereby contributing to the treatment-resistant 

nature of glioblastoma; this has been specifically proven in U251 cells.487,488 As such, the reduction 

in Nrf2 levels observed upon treatment with the nanoparticles indicates that the cells should have 

a reduced ability to repair oxidative damage, thus the cells should be more prone to death by ROS 

production. NFκB is a protein complex that regulates gene transcription and mediates the cellular 

inflammation and immune responses.217,218,485 Significant reductions in NFκB levels were 

observed for cells treated with RLNPs and RLNPs/5-ALA at both 10 and 20 Gy relative to the 

levels expressed by untreated, unirradiated controls. Abnormal activation of NFκB is known to 

play a role in radiation resistance of glioblastoma cells, and its inhibition was found to reduce cell 

invasion and promote long term toxicity in a study using U251 cells.485 The reductions observed 

herein are indicative of a promising outcome from the RLNP/5-ALA treatment, though perhaps at 

a longer timescale than 24 hours, and potentially via routes other than apoptosis. In glioblastoma, 

glucose-related protein 78 (Grp78) is known to be upregulated in response to ionizing radiation, 

which results in increased radioresistance because Grp78 suppresses pro-apoptotic 

proteins.486,489,490 Grp78 is involved in proteostasis, and signals for the degradation of misfolded 

proteins as part of the UPR.490 Loss of Grp78 is associated with radiosensitization and an increase 

in the death of glioblastoma cells, since there is a reduced ability to suppress pro-apoptotic 

proteins, and misfolded ones are more likely to accumulate and cause cell death. Together, these 

results may indicate that the cells are prone to death via these routes, rather than through apoptosis. 

This may explain why the FACS data (Section 8.6) does not show indications of early apoptosis 

in a large proportion of the cells.  
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Figure 55. Western blot analysis of U251 cells 24 hours post treatment with 0 or 100 μg/mL NaLuF4:Pr3+ nanoparticles 

without (filled) and with (outlined) 5-ALA and 0 (gray), 10 (green) or 20 Gy (blue) X-ray irradiation. Significance 

assessed using one-way ANOVA across different radiation doses or Student’s t-test within a single radiation dose (one 

symbol corresponds to p < 0.05, two symbols p < 0.01, three symbols p < 0.005).  Labels for each lane are listed on 

top of the graphs and correspond to X-ray dose/5-ALA/RLNPs (ex. 20/0/100 = 20 Gy, no 5-ALA, 100 μg/mL). The 

signal for each protein was normalized to the actin signal for each condition.  
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In all cases, reductions in Grp78 were observed relative to the control group, with all 5-

ALA treated cells showing reduced abundance relative to cells treated only with X-rays or with 

X-rays and RLNPs. Radiation-dose dependent reductions were also observed, including in cells 

treated only with X-rays. Usually, Grp78 levels increase in response to ionizing radiation. It is 

possible that similar to what was observed for γH2AX, the increase occurred immediately after 

irradiation and should be investigated at earlier timepoints in the future, or that the RLNPs and 

RLNPs/5-ALA treatments prevent Grp78 upregulation. Regardless, a reduction in Grp78 

abundance is an encouraging outcome that suggests the cells may be succumbing to the RLNPs 

and RLNPs/5-ALA treatment.  

Glucose related protein 94 (Grp94) is a heat shock protein that shares functions with Grp78 

in the UPR pathway, but is significantly less investigated.490,491 Of the comparatively little that is 

known about the role of Grp94 relative to Grp78, it has been established that Grp94 is 

overexpressed in glioblastoma, and higher Grp94 levels correlate with more aggressive disease 

and shorter overall patient survival.490,492 Reduced Grp94 levels were observed for nearly all test 

groups receiving radiation, suggesting again that RLNP-treated cells should be more prone to 

death. Thus, all of the factors that are involved in the UPR pathway (NFκB, Nrf2, Grp78 and 

Grp94) displayed favorable changes in abundance that are suggestive of a response to the RLNP 

only and the RLNP/5-ALA treatments.  

8.7.1.1. Markers for cell death and senescence 

 The implied outcomes of all of the biomarkers discussed above, along with the high cell 

viabilities and low percentage of apoptotic cells detected via FACS at 24 hours post-treatment 

prompted us to assess whether any apoptosis signalling pathways had been initiated at this 

timepoint. As mentioned in Appendix 2, apoptosis is the least inflammatory mode of cell death, 

and until recently was though to be the main type of programmed cell death. Apoptosis is initiated 

by the activation of caspases, which are proteins that orchestrate the programmed destruction of a 

cell.208,493 Accordingly, we evaluated two markers of apoptosis that are targeted by different 

caspases: PARP1 loss, and lamin A cleavage. PARP1 is a protein that regulates DNA integrity, 

and is cleaved by caspase 3 and caspase 7 during apoptosis.493 Lamin A is a structural protein of 

the nuclear envelope, and is cleaved by caspase 6.493 If apoptosis is initiated, it is expected that 
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levels of PARP1 will decrease, concurrent with an increase in the abundance of cleaved lamin A.  

Since these events occur independently through activation of different caspases, it is expected that 

their profiles would not be identical.  

The levels of PARP1 diminished considerably with the addition of RLNPs as a function of 

radiation dose, though significant differences with and without 5-ALA treatment were not 

detected. This may indicate that the added PDT effect stimulates other modes of cell death, in line 

with the different outcomes between RLNP only and RLNP/5-ALA treatments observed at later 

timepoints (Section 8.8-8.9).  Corroborating these results, cleavage of lamin A was observed for 

irradiated cells, confirming that apoptosis had been initiated in some portion of the cells that 

appeared viable at 24 hours, and corroborating increase in proportion of cells at early and late-

stage apoptosis as observed via FACS. Indeed, cell viability assays performed 48 hours post-

treatment exhibited markedly reduced viabilities, as discussed in Section 8.8. As mentioned in 

Section 3.2.3.3, although the apoptosis execution process takes about 2 hours, it may take far 

longer for the execution process to be initiated, further explaining the observed viabilities at 24 

hours. 

 In classic radiobiology, a cell is considered dead if it can no longer reproduce.208 In other 

words, senescent cells, which are proliferatively arrested but metabolically active, are considered 

radiobiologically dead, in the same fashion as a cell that undergoes apoptosis or necrosis. A 

detailed discussion on senescence can be found in Appendix 2. Lamin B is a protein that 

contributes to the structural integrity of the nuclear envelope, and loss of this protein is a hallmark 

indicator of the senescent state.494,495 Indeed, a decrease in lamin B was observed for all cells that 

received a combination of RLNPs and ionizing radiation, with a higher radiation dose 

corresponding to a greater loss in lamin B. This suggests senescence had been triggered in a portion 

of the cells, which also explains the high metabolic activities observed at 24 h post-treatment and 

lack of apoptosis observed in the FACS analyses. As mentioned before, senescent cells are alive 

but unable to reproduce, thus using these assays, they would potentially be regarded as alive/viable. 

Based on these results, and the changes in biomarkers associated with autophagy, it is likely that 

apoptosis is not the only mode of death triggered in response to the treatment developed here.  

Cellular senescence is a common outcome of both chemotherapy and radiotherapy, and it 



 

 159 

is currently still unclear whether or not it is desirable.494,496 Notably, to our knowledge, this is the 

first X-PDT study to investigate senescence as a potential result. In the short term, senescence 

corresponds to prolonged progression-free survival, as senescent cells cannot contribute to tumor 

growth. Senescence is also accompanied by the secretion of pro-inflammatory factors, which are 

known to have deleterious effects and promote inflammation-related disease.494,497,498 On the other 

hand, the secretion of pro-inflammatory factors can also stimulate an immune response, having an 

anti-tumorigenic effect; this is the basis of immunogenic cell death as described in Section 3.5.2.498 

U251 cells are predisposed to entering senescence rather than apoptosis.181,499 The fate of 

glioblastoma cells toward senescence or apoptosis is known to be governed by their PTEN status, 

where PTEN deficient cells, such as U251181,499, tend to favor senescence as a fate after exposure 

to ionizing radiation rather than apoptosis.499  

Senescent cells are also known to increase in size496, which was observed throughout the 

project for all experiments where cells received ionizing radiation. As an example, Figure 57 

shows two sets of U251 cells: on the right are untreated cells, and on the left is a U251 cell 24 

hours after treatment with 100 μg/mL RLNPs and irradiation with 5 Gy of X-rays under identical 

conditions to those used herein. Note that the image magnification and dimensions of the field of 

view are identical, illustrating the drastic change in size that occurs. Though the field of view only 

Figure 56. A) DIC microscopy images of fixed, untreated U251 cells. B) DIC images of fixed U251 cells treated 

with 100 μg/mL NaLuF4:Pr3+ RLNPs and 5 Gy of X-rays 24 hours post-treatment. 
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shows a single cell, the majority of the cells in the dishes exhibited this change in size; the effect 

was not anomalous and was highly reproducible. Together, the loss of lamin B and the increase in 

cell size confirm the induction of senescence in some of the treated cells.  

In summary, we evaluated nine biomarkers that all suggest at 24 hours post-treatment the 

cells are prone to death or senescence. These results corroborate the cell viability assays and FACS 

analyses, and explain some of the results of those experiments. Moreover, these results confirm 

that it is difficult to determine the overall treatment outcomes after only 24 hours, especially with 

respect to the X-PDT effect versus radiosensitization (ie. with and without 5-ALA treatment). In 

all cases, however, the changes in the levels of these biomarkers suggest that a favorable 

therapeutic effect is taking place (ie. death or senescence). This prompted us to perform studies at 

longer timepoints, as discussed in the remainder of the chapter.  

8.8. Viability assays 48 hours post-treatment 

 Damage induced by ionizing radiation may not manifest after a single round of cell division 

(ie. after 24 hours in U251 cells). Moreover, cell cycle arrest after ionizing radiation treatments 

may extend the cell division time (Appendix 2). Sub-lethal DNA damage may propagate through 

multiple rounds of cell division, until the accumulated mutations are so severe that mitosis cannot 

be completed, or a different type of cell death is initiated (ex. apoptosis, necroptosis, etc). This 

phenomenon is known as mitotic catastrophe, and is a common mechanism of cell death after 

treatment with ionizing radiation.208 Since the protein expression levels observed by Western 

blotting indicated some proportion of the cell population was potentially near death, we evaluated 

viabilities at 48 hours post-treatment.  

 As shown in Figure 58, viabilities were reduced for control cells treated only with X-rays 

relative to the viabilities at 24 hours, however, even with a 20 Gy radiation dose, after 48 hours 

viability was only reduced to 73.4 ± 1.65 %, barely below the ISO standard for cytotoxicity, as 

previously discussed.453 This further suggests that this radiation dose alone is not potent enough to 

eradicate the U251 cells, despite it being considered a sterilizing dose for other mammalian cell 

lines.500 In contrast, all RLNP-treated populations exhibited large reductions in viability across all 

radiation doses, confirming a strong therapeutic effect via radiosensitization and X-PDT. 

Statistically significant differences between treatments with and without 5-ALA became more 
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apparent at the 48 hour timepoint as well (relative to the 24 hour one), where differences were 

found at 2 and 10 Gy, and for all RLNP treatments with 20 Gy radiation. This is a particularly 

important result, as it is common in the nanomedicine community to evaluate treatment outcomes 

using viability assays, only after 24 hours. As such, we hope these results encourage others to 

consider the effects of time in the event an immediate result is not observed. Notably, these 

differences become even more apparent when assessing proliferation. 
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Figure 57. Viability assays of U251 cells 24 hours post-treatment with 50, 100, or 200 μg/mL NaLuF4:Pr3+ 

RLNPs with out (filled) and with (outlined) 5-ALA incubation and irradiation with 0 (gray), 2 (red), 5 

(yellow), 10 (green), or 20 (blue) Gy irradiation. Statistical significance was evaluated by one-way ANOVA 

or Student’s t-test (one symbol corresponds to p < 0.05, two symbols correspond to p < 0.01). Circles 

correspond to significance relative to controls receiving 0 μg/mL RLNPs, 0 Gy, diamonds to 50 μg/mL 

RLNPs, squares to 100 μg/mL RLNPs, and stars to 200 μg/mL RLNPs. X represents statistical significance 

between with and without 5-ALA treatment. Filled symbols correspond to significance relative to the controls 

without 5-ALA treatment, outlined symbols to controls treated with 5-ALA. 
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8.9. Clonogenic assays: assessing proliferation  

 The ultimate goal of radiotherapy in cancer is to prevent the proliferation of malignant 

cells. In other words, a treatment is considered successful if it results in the failure of cells to 

replicate, due to cell death or senescence as mentioned previously.208 It can take multiple cycles 

of replication for the effects of ionizing radiation to manifest as replicative death. Thus, the gold-

standard means of assessing the efficacy of radiotherapy in vitro is through assessing the 

proliferative capacity of cells after treatment.208,266,362 Clonogenic assays are also encouraged for 

assessing the PDT effect, although this is a much less common practice.297,501,502 

 Proliferative capacity is assessed by observing the ability of a single cell to generate a 

colony of cells. This is known as a clonogenic (or colony-forming) assay. Essentially, before or 

after treatment, cells are seeded very sparsely (such that they are essentially single cells) in a dish 

and allowed to grow. Since the colony forms from a single cell, they are all effectively clones, thus 

the clonogenic assay evaluates clonogenicity, which is synonymous with proliferative capacity. 

Because mitotic catastrophe occurs within a few cycles of division, a cell is only considered 

reproductively viable if it is able to generate a colony of 50 cells or more, which requires at least 

6 cycles of division to achieve.208,209,362 If this is condition is satisfied, the treated cell is considered 

likely to be able to proliferate indefinitely, and therefore was not sufficiently damaged by the 

radiotherapy treatment. The more colonies that are able to form after treatment, the less successful 

the treatment is. Ideally, no colonies form and the treatment eradicated all of the cells. 

There are several parameters that must be considered prior to performing the assay. The 

first is whether to adopt a pre-treatment or post-treatment plating technique. In our case, it was 

more feasible to use a post-treatment plating technique, in which a single dish of cells was treated 

and then counted and sparsely plated in dishes as described above. Within the post-treatment 

framework, there are the options for immediate and delayed plating.503 Immediate plating is done 

immediately (hence the name) after treatment, while delayed plating is done some time after the 

treatment to give the cells time to die, or for potentially-lethal damage repair.479 We used an 

immediate plating technique, as it includes all degrees of damage in the outcome. The next major 

consideration in the clonogenic assay is cooperative growth, in which the cells communicate with 

one another and stimulate proliferation; this can skew the results of the assay dramatically.364 Not 
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all cell lines exhibit cooperative growth, thus we evaluated our cells for this before carrying out 

the remaining assays. To do so, untreated cells were seeded across a wide range of densities and 

left to grow until colonies of ≥ 50 cells were obtained. In the case of U251 cells, this was achieved 

after 7 days of incubation. A photograph of a sample well from a clonogenic assay is shown in 

Figure 59A; the blue spots correspond to colonies of cells stained with methylene blue. 

Importantly, not all spots correspond to countable colonies; only colonies of ≥ 50 cells where cells 

appear to be healthy (normal size and morphology) and colonies are not too diffuse or too dense 

can be counted.362  

A photograph of the sample from Figure 59A under a stereomicroscope is shown in Figure 

59B, outlining examples of countable and non-countable colonies. The colony marked by arrows 

1 and 3 contain ≥50 cells, all cells have a similar size and the colonies are roughly spherical with 

a reasonable density; thus they are healthy, countable colonies. Notably, the colony marked by 

arrow 2 is of a similar size as 1 and 3, but consists of large cells and there are less than 50 of them 

and thus are not counted; this underlines the importance of counting colonies under a microscope, 

as not all “blue dots” in the photograph in Figure 59A are countable colonies. Finally, the colony 

marked by arrow 4 also consists of  ≥50 cells, but the cells are diffusely packed, of varying sizes 

Figure 58. Photographs of a sample clonogenic assay. A) A photograph of an entire well of colonies stained with  

methylene blue, as seen with the naked eye. B) A photograph of the stained colonies as seen under a stereomicroscope 

(10X zoom) and corresponding examples of colonies that are healthy (1 and 3) or unhealthy (2 and 4).  
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and morphologies and are growing irregularly; this is indicative of an unhealthy colony and is not 

counted toward the survival fraction. The survival fraction (SF) is the final metric that describes 

the treatment outcome, as discussed below.   

Seeding densities and average plating efficiencies (PE) for a representative assay of 

untreated cells were obtained using equation 7 (Section 5.3.19) and are reported in Table 4. The 

plating efficiencies increased substantially with seeding density, confirming that cooperative 

growth was occurring in the presence and absence of 5-ALA treatment. This in agreement with 

the results obtained by Brix et al. where U251 was found to be one of the four brain cancer cell 

lines in their study to exhibit cellular cooperation.363   

 Because cellular cooperation can so strongly skew the results of a clonogenic assay, Brix 

et al. developed a power-regression based (PR) model that accounts for the effects of cellular 

cooperation to calculate a survival fraction.362,363 To confirm this model was indeed appropriate 

for generating survival fractions from our data, we calculated survival fractions of cells irradiated 

with X-rays (no RLNP or 5-ALA treatments) using the plating efficiency (PE) method using 

equation 9 and using the PR model (Table 14). 

𝑺𝑭 =  
𝑷𝑬𝒕𝒓𝒆𝒂𝒕𝒆𝒅

𝑷𝑬𝒄𝒐𝒏𝒕𝒓𝒐𝒍
       (9) 

Indeed, the PE method yields almost nonsensical results with high uncertainties, while the 

PR method generates values that are in line with the expected results (higher radiation doses should 

give rise to lower survival fractions) and much smaller uncertainties.  Thus, the PR method was 

used to calculate all survival fractions reported herein, as cooperative growth was observed for this 

cell line. Of importance, all survival data was generated using a minimum of four different cell 

seeding densities plated in triplicate, and each independent experiment was performed a minimum 

of 3 times. The use of multiple seeding densities is essential for providing the PR model with 

enough data to accurately account for cellular cooperation.362,363 
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Table 14. Representative survival fractions calculated with PE and PR based analyses for cells treated with 2, 5, 10 

or 20 Gy. 

Treatment condition 
Survival fraction (%) 

PE method PR method 

2 Gy 142.30 ± 55.3 86.82 ± 10.9 

5 Gy 65.23 ± 17.9 69.79 ± 5.9 

10 Gy 67.41 ± 15.6 48.88 ± 10.9 

20 Gy 27.15 ± 6.8 16.61 ± 2.6 

 

Clonogenic assays were performed for all treatment scenarios studied in the viability assays 

at 24 and 48 hours (50, 100 and 200 μg/mL; with and without 5-ALA; 0, 2, 5, 10 and 20 Gy). As 

mentioned in 3.2.3, we evaluated this range of radiation doses because of the relevance of 2 Gy in 

conventional fractionated RT and 20 Gy in IORT. Photographs of representative colonies of cells 

treated with 100 μg/mL RLNPs, with and without 5-ALA at each radiation dose are shown in 

Figure 60. Visual inspection of the colonies shows a clear loss in colony formation with increasing 

Figure 59. Photographs of sample clonogenic assays for U251 cells treated with 0 or 100 μg/mL RLNPs, with and 

without 5-ALA, irradiated with 0, 2, 5, 10 or 20 Gy of X-rays. 
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radiation dose and when the RLNPs are used in conjunction with 5-ALA. 

 The survival fractions calculated for all control groups (0 Gy, treated with 5-ALA and/or 

50, 100 and 200 μg/mL RLNPs) are displayed in Figure 61 and reported in Table 15. Minimal 

changes in survival were observed for all RLNP concentrations, with and without 5-ALA relative 

to the control groups (untreated and treated only with 5-ALA). These results corroborate the 

viability assays at 24 and 48 hours (Sections 8.6 and 8.8), confirming that the nanoparticles are not 

acutely toxic and do not induce losses in proliferation or viability 1-week post-treatment, at the 

point when the cells are considered to be indefinitely proliferating. Importantly, this also confirms 

that the results obtained for Western blot analysis of γH2AX (Section 8.7) that suggested the 

RLNPs may be genotoxic should be evaluated in further depth, as no deleterious effects were 

observed on a long-term scale.  This is an important step toward establishing the long-term safety 

of the nanoparticles and the nanoparticle/5-ALA combination.  

Figure 60. Clonogenic assay results for U251 cells treated with RLNPs and/or 5-ALA in the absence of X-ray 

irradiation. 
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Table 15. Survival fraction (SF) data used to generate the bar graph in Figure 61 for U251 cells 

treated with 50, 100, or 200 μg/mL NaLuF4:Pr3+ RLNPs with or without 5-ALA and the 

corresponding percent uncertainties in the SF calculation. 

RLNP 

concentration 

(μg/mL) 

(-) 5-ALA (+) 5-ALA 

SF (%) % Uncertainty SF (%) % Uncertainty 

0 100 -- 100 -- 

50 93.55 22.8 81.45 25.2 

100 86.98 24.2 87.46 26.45 

200 99.64 23.2 88.19 26.45 

 

Dose-response curves were generated from the survival fractions obtained for all the 

treatment scenarios (Figure 62), and the corresponding raw values are reported in Table 22 of 

Appendix 7.  Of note, survival curves are most often reported only up to 8 Gy208,266,353,362,363,504, 

while comparatively few studies have reported dose-response curves beyond 15 Gy.360,500,503 To 

our knowledge, no X-PDT studies have included the 20 Gy dose in their study, despite its relevance 

for IORT and for radioresistant cancers like glioblastoma.  

The shape of the dose-response curves obtained for U251 cells treated only with X-rays up 

to 20 Gy are nearly linear, with no shoulder observed at the low dose end of the curve. A shoulder 

is often observed on the low-dose end of the dose-response curve in radioresistant mammalian 

cells due to effective DNA damage response machinery, and/or due to mutations that further 

contribute to radioresistance.181,208 Both of these effects contribute to high survival at low radiation 

doses, causing the appearance of a shoulder.208,504,505 The lack of a shoulder in the dose response 

curves of glioblastoma cells have been reported elsewhere237,353,503 despite clear evidence these 

lines are radioresistant. Thus, the shape of the dose-response curve for the cells treated here are in 

agreement with what has been observed by other researchers.  

Notably, even up to 20 Gy, the survival fractions were only reduced to 14.4 and 13.1% 

without and with 5-ALA, respectively, further illustrating the radioresistant nature of glioblastoma. 

The results are in remarkable agreement with those of Cifarelli et al. in which a 20 Gy radiation 
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dose delivered to the U3035 and U3020 glioblastoma lines resulted in a survival of 19.6 and 

16.9%.500 Guardiola et al. also reports similar results in the U87 and F98 glioblastoma lines upon 

treatment with 19 Gy.503 Moreover, little difference was observed in the dose response curves with 

and without 5-ALA treatment (and no RLNP treatment). In agreement with the results of 

Yamamoto et al. in rat glioma cell lines (9L and C6), only a weak radiosensitizing effect was 

observed, presumably due to the generation of ROS by PPIX upon X-ray irradiation.458,469 These 

results are independently corroborated by the ROS detected using the DCHF-DA assay discussed 

in Section 8.5.   

8.9.1. Treatment outcomes: radiosensitization vs X-PDT 

 The treatments involving RLNPs drastically reduced the survival fractions for all 

concentrations studied relative to treatment with X-rays only or with X-rays and 5-ALA (Figure 

62). The results obtained by evaluating clonogenicity are much more promising than those 

achieved at the 24 and 48 hour timepoints; the lowest survival fraction obtained was 0.38 ± 0.04 

% for the X-PDT treatment at 20 Gy, versus the previously mentioned 13.4% obtained for 20 Gy 

X-rays and 5-ALA alone. Importantly, the 20 Gy dose given in IORT is usually adjuvant with the 

Stupp protocol, which includes an additional 60 Gy delivered to the tumor margin. The results 

herein suggest a major decrease in the number of surviving cells, thus indicating the 20 Gy IORT 

protocol when nanoparticles are included can drastically improve outcomes given that survival is 

associated with the number of cancerous cells remaining after resection.  

Notably, unlike the results at 24 and 48 hours, there was a distinct difference between the 

treatment outcomes with and without 5-ALA. The X-PDT treatment provided substantially larger 

reductions in survival, confirming the additional damage induced by the PDT effect provides better 

outcomes than what can be achieved with the nanoradiosensitizers alone. Impressively, the lowest 

survival fraction obtained using X-rays alone at 20 Gy (14.4%) was equivalent to the survival 

fraction obtained using only 2 Gy with 200 μg/mL RLNPs and 5-ALA to perform X-PDT (14.1 

%). A 2 Gy radiation dose alone, typical for fractionated radiotherapy, resulted in a survival of 

75.17 ± 11.09. As such, there is a clear advantage to using the RLNP/5-ALA combination to kill 

glioblastoma cells.  
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8.9.2. The Linear-Quadratic Model and Target models 

  The shape of the dose-response curves provide additional means of understanding of the 

treatment outcomes, and can be better understood by analyzing the curves using common 

radiotherapy models such as the Linear-Quadratic (LQ) and target models. Gabriella Tessitore 

Figure 61. Dose-response curves for U251 cells generated from clonogenic assays. Survival fractions (SF) were calculated 

7 days post-treatment at each radiation dose. 0 Gy (black), 2 Gy (red), 5 Gy (yellow), 10 Gy (green), and 20 Gy (blue) for 

0, 50, 100, and 200 μg/mL RLNPs. Filled symbols represent cells treated with RLNPs only, outlined symbols correspond 

to cells treated with RLNPs and 5-ALA.  
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performed the fitting of the data to these models and the following results and discussions on these 

models stem from her ideas and contributions to this work.  

 Radiobiological models are based on the assumption that cell killing due to irradiation with 

ionizing radiation can be simplified down to the likelihood that a lethal DNA double strand break 

occurred upon interaction of the radiation with a cell.208 The statistical nature of the models is best 

understood by using target theory, along with the LQ model, both of which are briefly described 

below. Thorough and particularly helpful explanations of target theory can be found in the 

textbook written by Joiner208 and in a review by Bodgi et al.505 It is important to note, however, 

that the commonly-encountered radiobiological models suffer from important limitations, and all 

of them were developed based on the effects of ionizing radiation alone.208,505,506 Thus, with respect 

to nanoradiosensitizers and X-PDT, it is unlikely that any of the models can accurately describe 

the data in its entirety. Nonetheless, we felt it was important to quantify the common parameters 

obtained from these models as it can allow for an increased understanding of the data using 

classical interpretations in radiobiology.  

 The Linear-Quadratic model is described by equation 10. It relates the survival fraction 

(SF) of a population of cells to the number of lethal (α) and sublethal (β) hits that will be acquired 

upon treatment with a single dose of ionizing radiation, D.507  The α and β  parameters govern the 

shape of the dose-response curve, and their ratio is used to describe the degree of radiosensitivity 

of a cell population. The LQ model is based on the concept of target theory as previously 

mentioned; traditionally, the target in question is DNA. The parameter αD corresponds to the dose 

at which a single hit leads to cell death, whereas the quadratic βD2 component represents lethal 

death by multiple hits simultaneously.   

𝑺𝑭 = 𝒆−𝜶𝑫−𝜷𝑫𝟐
      (10) 

 The single hit multi target (SHMT) model is represented by equation 11, and describes the 

probability of survival (SF) based on the number of targets (n) hit one time simultaneously to 

achieve death. D0 represents the dose that reduces survival to 1/e of the previous value in the 

exponential portion of the dose-response curve, and D is the dose delivered to the cells in a single 

fraction.208  
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𝑺𝑭 = 𝟏 − (𝟏 − 𝒆
−

𝑫

𝑫𝟎)
𝒏

     (11) 

 The fitting values are reported in Table 16 along with the corresponding residual squared 

values. Of note, in all instances, the β parameter fits to zero. Given that the β parameter is 

associated with the quadratic part of the equation, it is not unexpected that the value is zero, since 

the survival curves are either nearly linear, or are concave. Moreover, if β = 0, then the α/β ratio is 

infinite; while high α/β ratios have been reported in a variety of tissues208,508, it is more likely that 

the LQ model is simply not a reasonable model for this data set. This is in agreement with the 

report of Emami et al., who conclude that the LQ model is not reasonable for high-dose, low LET 

combinations, such as those used in IORT and in this work.508 Notably, concave dose-response 

curves (and negative β values341, despite their lack of physical meaning) have been reported for 

several X-PDT systems, underscoring the steep low-dose response that can be achieved using the 

X-PDT technique.336,341,353,360  It should be noted that the majority of the X-PDT systems do not 

achieve such a steep response, thus highlighting the efficacy of the aforementioned systems, and 

ours.  

Table 16. Fitting results to the LQ and single hit-single target models, and corresponding residual squared values for 

the dose response curves shown in Figure 62.  

 

Since the dose-response curves are plotted on a semi-log scale, the α values correspond to 

the slope of the curves. Indeed, the α values of the curves obtained for the X-PDT scenarios are all 

steeper than the curves for RLNPs only. Because α is related to the probability achieving a lethal 

hit, it follows that the additional modes of damage produced by the PDT effect when 5-ALA and 

the RLNPs are combined would cause a greater number of lethal hits. While this is not the way in 

 (-) 5-ALA (+) 5-ALA 

RLNPs 

(μg/mL) 
α (Gy-1) Residual2 D0 (Gy) α (Gy-1) Residual2 D0 (Gy) 

0 0.0966 0.007 10.353 0.159 0.030 6.296 

50 0.180 0.009 5.544 0.286 0.008 3.497 

100 0.345 0.011 2.897 0.630 0.010 1.59 

200 0.752 0.003 1.330 0.959 0.002 1.043 
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which the LQ model was intended to be interpreted (as it was developed based only on the effects 

of ionizing radiation), in practicality, it is a sensible conclusion in the context of a model which is 

actually a special case of a target model, as discussed below.  

In the SHMT model (equation 11), when only a single target is involved, the equation is 

reduced to equation 12. Noticeably, this scenario resembles the LQ model when β = 0. Thus, the 

single-hit single-target scenario is related to the LQ model such that α and D0 are inversely 

proportional.  

𝑺𝑭 = 𝒆
−

𝑫

𝑫𝟎         (12) 

In our case, α and D0 are inversely proportional, as the data is in agreement with a single 

hit-single target scenario. The values obtained for D0 are listed in Table 17. The D0 values provide 

a facile means of understanding the effect of dose on cell killing. For example, 10.4 Gy is necessary 

to achieve death by a single hit in the absence of RLNPs, whereas only 1.3 Gy is necessary to 

achieve the same outcome after treatment with 200 μg/mL RLNPs.  

The decrease in D0 with increasing RLNP concentration is explained by the radiation dose 

enhancement effect. As the number of RLNPs per cell increases, the attenuation of ionizing 

radiation by the RLNPs relative to the attenuation of X-rays by tissues increases. Upon interaction 

with X-rays (at the energies relevant here, ≥ 50 keV), a cascade of secondary electrons and X-rays 

are ejected from the nanoparticles via the photoelectric effect (see Section 2.1 and 2.2.1 for further 

discussion). The secondary electrons and photons can then go on to interact with proximal 

biological targets and manifest more sub-lethal and lethal hits. Thus, the interaction of a single 

incident primary photon with an RLNP can result in more target hits than what would be achieved 

if the incident primary photon only interacted with the cell. In essence, a greater dose is deposited 

to the cell when the RLNPs are present, hence the term dose enhancement effect. This effect has 

been documented by Bulin et al. as a major component of the therapeutic effect from lanthanide-

doped fluoride nanoparticles as discussed in Section 3.6.2.263 Moreover, the UV emissions from 

the 1S0 → 1G4, 
3FJ, 

3HJ transitions of Pr3+ are appropriate for inducing DNA damage directly. This 

could also contribute to a higher proportion of lethal hits. 
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8.9.3. Mean Inactivation Dose and Sensitizer Enhancement Ratio 

 When considering the relative contributions of the RLNP dose enhancement effect and the 

PDT effect to the treatment outcomes, one can see that for all scenarios (0, 50, 100 and 200 μg/mL) 

the dose-response curves with and without 5-ALA treatment are not parallel. In other words, the 

effect of adding RLNPs or RLNPs and 5-ALA is not constant across all radiation doses. Because 

of this, the reported enhancements provided by a radiosensitizer or X-PDT treatment can vary 

drastically depending on the radiation dose studied. The mean inactivation dose, D̅, is the dose at 

which there is a 50% probability of killing half of a given cell population, and it acts as a measure 

of the radioresistance of the cells.506 First reported by Kellerer and Hug in 1972509, it is calculated 

by integrating the entire survival curve across a range of doses, thus it considers the overall effect 

of the treatment across a range of scenarios. Notably, the ICRU report 30 recommends using D̅ 

(and not the other factors) for characterizing dose-response curves.266,510,511 D̅ can be obtained from 

the LQ model via integration using the 12-point formula510 and, interestingly, when β = 0 (as is 

the case for our data), D̅ = α-1, thus it is equivalent to D0 from the single hit-single target model 

described above. It must be stressed that this is the case for the data reported herein, but D̅ is rarely 

equivalent to D0, as most survival curves are characterized as having β > 0.  

The sensitizer enhancement ratio (SER) is calculated as the ratio of D̅ in the presence and 

absence of a radiosensitizer.266 SER values are reported in Table 17 and depicted graphically in 

Figure 63. Note that the  D̅  values are identical to the D0 values in Table 16, but are re-reported in 

Figure 62. MID-derived sensitizer enhancement ratio as a function of nanoparticle concentration (0, 50, 100, and 

200 μg/mL). Filled bars represent results for RLNPs alone, outlined bars represent treatment with RLNPs and 5-

ALA. 
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the context of the SER calculation. The SER values are calculated relative to the untreated cells, 

and illustrate that PPIX (5-ALA treated cells, no RLNPs) does exhibit a radiosensitizing effect, 

with an SER of 1.64. As described previously, PPIX is known to be a weak radiosensitizer.458 The 

50 μg/mL RLNP dose performs slightly better than 5-ALA treated cells, with an SER of 1.87. 

Notably however, the combination of 50 μg/mL RLNPs and 5-ALA together generate a 

substantially higher SER than the RLNPs or 5-ALA alone. Table 21 in Appendix 7 summarizes 

all of the enhancement factors reported in the literature that are discussed here. Compared to the 

D0 reported for silver and gold nanoparticles in U251 cells, which were 1.64 and 1.23, respectively, 

the RLNPs on their own give a higher SER, even without the 5-ALA treatment.512 This is a 

particularly useful comparison, as it is in the same cell line and gold nanoparticles are well-studied 

radiosensitizers and are considered to be highly attractive therapeutic candidates.266,513,514   In all 

cases, the SER of the X-PDT treatment provided a greater enhancement than the RLNPs alone, 

although the RLNPs generate an impressive enhancement on their own.  

Table 17. Values obtained for the mean inactivation dose (MID) and sensitizer enhancement ratio (SER) from the 

dose-response curves in Figure 62. 

 

In summary, the MID-derived SER takes into account enhancements generated across the 

range of radiation doses studied, conclusively demonstrating that regardless of the specific 

radiation dose, the X-PDT treatment provides a greater enhancement than what can be achieved 

with RLNPs alone.  MID-derived SER values have not been reported for any X-PDT systems, to 

our knowledge. However, they have been reported for several nanoradiosensitizers, including 

AGuIX®, which is in clinical trials as mentioned in Section 3.4.1.1.2; in Panc1 cells, a SER of 

1.46 was reported.515 As detailed in Table 21 in Appendix 7, the conditions under which the SER 

for this nanoradiosensitizer was obtained are quite different from those herein, thus it is not 

straightforward to make a comparison, though our values suggest greater enhancements than what 

 (-) 5-ALA (+) 5-ALA 

RLNPs 

(μg/mL) 
�̅� (Gy) SER �̅� (Gy) SER 

0 10.353 -- 6.296 1.64 

50 5.544 1.87 3.497 2.96 

100 2.897 3.57 1.59 6.51 

200 1.330 7.78 1.043 9.93 
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are achieved using AGuIX®. This is not surprising, as AGuIX® is a small-molecule polysiloxane-

based gadolinium chelate, thus its ability to attenuate ionizing radiation is quite different from the 

relatively large nanoparticles studied herein. Moreover, AGuIX® is not luminescent, thus there is 

no potential to couple it with a photosensitizer and therefore an X-PDT effect cannot be generated.  

8.9.4. Radiation Enhancement Ratio 

 In cases where it is not practical or feasible to obtain a full dose-response curve, the RER 

is a useful means of reporting an enhancement at a specific radiation dose. The RERX is calculated 

using equation 13. In our case, for the RLNP only treatments, the SFCT is the survival fraction of 

the untreated control (no RLNPs, no 5-ALA) at the specified radiation dose, and for the RLNP and 

5-ALA treatments the SFCT is the 5-ALA treated control at the specified radiation dose.  

𝑹𝑬𝑹𝑿 =  
𝑺𝑭𝑪𝑻

𝑺𝑭𝑵𝑷
 𝒂𝒕 𝑿 𝑮𝒚     (13) 

Most commonly, the RER2Gy is reported, since 2 Gy is a standard, clinically relevant 

radiation dose. However, since we have obtained survival fractions for a range of radiation doses, 

we have calculated the RERs for all radiation doses studied, as reported in Table 18 and depicted 

graphically in Figure 64.  

In line with what we expect based on the shape of the survival curves, the RER values do 

not increase in a constant manner, thus confirming the enhancements are not constant across all 

doses. As expected, higher RLNP concentrations and higher radiation doses result in greater 

enhancements, with the X-PDT scenario generally resulting in even greater RER values. Notably, 

the RER2Gy and RER5Gy are the same for the RLNPs and RLNPs/5-ALA treatment for 50 µg/mL 

RLNPs, suggesting that at these doses, the X-PDT effect provides negligible improvement in 

treatment outcomes. This contrasts with what is concluded when calculating the SERs across the 

entire dose-response curve. Thus, care should be taken to investigate the differences at these doses 

further if they are to be used in a different cell line or in vivo. This is a good example of how 

calculating the different enhancement factors may provide additional insight that cannot be 

gleaned from a single metric.  
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Table 18. Radiation enhancement ratios for 0, 2, 5, 10, and 20 Gy radiation doses and 50, 100, and 200 μg/mL RLNPs 

with and without 5-ALA treatment. Values derived from clonogenic assays shown in Figure 62.  

Dose 

(Gy) 

50 µg/mL RLNPs 100 µg/mL RLNPs 200 µg/mL RLNPs 

(-) 5-ALA (+) 5-ALA (-) 5-ALA (+) 5-ALA (-) 5-ALA (+) 5-ALA 

2 1.2 1.2 1.7 2.4 3.6 4.3 

5 1.6 1.6 2.9 3.7 8.0 8.0 

10 1.9 2.4 3.9 5.7 20.3 26.7 

20 2.3 3.7 4.2 6.4 27.6 34.6 

 

Values of RER at 2 and 4 Gy have been reported most often in the literature, as detailed in 

Table 21 in Appendix 7. Notably, the RER2Gy for NBTXR3® (also in clinical trials, see Section 

3.4.1.1.1) in T98G glioma cells was reported to be 1.22 for an 800 μM nanoparticle dose (the 

highest dose they studied). This is on par for what we obtained for an RER2Gy of our RLNP only 

treatments at the lowest dose studied (50 μg/mL), and half of the enhancement we achieve using 

100 μg/mL RLNPs and 5-ALA. Similar to AGuiX®, NBTXR3 is not luminescent and thus also 

cannot be used for X-PDT. Interestingly, the producers of AGuIX® realized this and developed a 

Tb3+-based version of AGuIX® to perform X-PDT using a custom porphyrin called P1. As 

reported in Table 21 in Appendix 7, an RER2Gy of 1.55 in U251-MG cells was obtained for this 

system, which further underscores the promise of ours. The highest RER we found in the literature 

was 5.96 for an RER6Gy using 50 μg/mL NaCeF4:Gd3+,Tb3+ nanoparticles coupled to Rose Bengal 

in A549 cells.47 This is much higher than any of the enhancements reported herein using 50 μg/mL 

nanoparticles, even taking into account the different cell line and radiation parameters. The 

combination of Tb3+ and Rose Bengal in X-PDT is by far the most well-established pairing, as 

discussed in Section 3.6. However, Rose Bengal is a synthetic photosensitizer, thus the Tb3+/Rose 

Bengal X-PDT systems are less specific than what can be achieved with 5-ALA X-PDT since 

PPIX is only accumulated in malignant cells. In this case, a tradeoff between specificity and 

enhancement are mainly what distinguish the two systems.  
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8.9.5.  Dose Modifying Ratio 

 Whereas the previous three enhancement factors are focused on the survival outcomes at a 

specific radiation dose, the DMRx gives information on what radiation dose is required to achieve 

a desired biological effect. The DMR is the ratio of radiation doses where x is the survival fraction 

of interest. DMR values are usually reported at either high or low survival values (ex. 80% survival 

and 20% survival), as this can give insight into the effect of the treatment on the radiosensitive and 

radioresistant cell populations, respectively.266 An outcome of 80% survival means that only the 

most radiosensitive cells have been eradicated; the majority of the population survived the 

treatment. In contrast, at 20% survival, the majority of the population was eradicated, and only the 

most robust, treatment-resistant population remains.  

DMR10 values are more commonly reported in the literature (Table 21 in Appendix 7), 

however these could not be obtained for our data because our lowest survival fraction for the 

untreated controls was above 10%, and we did not explore higher radiation doses as 20 Gy is 

already substantial. The DMR80 and DMR20 values were calculated by interpolation of the survival 

curves to obtain the radiation dose at x% survival, D. Then the DMR is calculated using equation 

14, where DCT is the dose required to obtain 80 or 20% survival for the control population (either 

untreated or treated only with 5-ALA), and DNP is the dose required to obtain 80 or 20% survival 

Figure 63. Radiation enhancement ratios as a function of NaLuF4:Pr3+ RLNP concentration (0, 50, 100, and 200 

μg/mL) and X-ray dose (0, 2, 5, 10, and 20 Gy). Filled bars represent results for RLNPs alone, outlined bars represent 

treatment with RLNPs and 5-ALA. 
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after treatment with 50, 100 or 200 μg/mL RLNPs and/or 5-ALA.  

𝑫𝑴𝑹𝑿% =  
𝑫𝑪𝑻

𝑫𝑵𝑷
       (14) 

The DMR80 and DMR20 are reported in Table 19 and shown in Figure 65. DMR20 values 

have been reported for two systems. First, AGuiX® gives a DMR20 of 1.31 in Panc1 cells515, where 

our system again outperforms it by this metric under all tested conditions. The second system is a 

nano-X-PDT system. Self-sensitized, Hf-based nanoMOFs with porphyrin linkers in three cell 

lines (CT26, SQ20B and HeLa), gave DMR20 values ranging from 1.56 to 2.83 (Table 21 in 

Appendix 7).341 As such, their DMR20 values are on par with or lower than what we have obtained. 

Additionally, they also obtain concave survival curves. Anecdotally, it is interesting that both our 

system and the nanoMOFs exhibit steep dose-responses using porphyrins as a photosensitizer. 

Similar to the Tb3+/Rose Bengal combination discussed above, the nanoMOFs will perform X-

PDT non-specifically, thus there may be an advantage to our system given the similar performance 

but improved specificity.  

 

Table 19. Dose modifying ratios at 80% and 20% (DMR80 and DMR20 respectively) survival derived from the dose-

response curves in Figure 62. 

RLNPs 

(μg/mL) 

DMR80 DMR20 

(-) 5-ALA (+) 5-ALA (-) 5-ALA (+) 5-ALA 

50 1.5 1.3 1.5 2.2 

100 2.2 1.9 3.3 4.9 

200 3.2 2.2 8.2 8.3 

 

Beyond the absolute values of the DMR results, an interesting trend was observed. 

Graphically, it is easier to understand the implications of the results. In the case of the DMR80, 

across all RLNP concentrations, the RLNP-only treatment results in a higher DMR than the X-

PDT scenario. In contrast, the DMR20 is greater for the X-PDT treatment than for the RLNPs alone. 

This implies that the effect of radiosensitization is sufficient to eradicate the radiosensitive 
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subpopulation, while the RLNP/5-ALA combination is better able to eliminate the majority of the 

population, which is radioresistant. Indeed, the response at 80% survival is less important, as the 

majority of the cancer cells remain in that scenario.  

The improvement in treating the majority of the cells shown by the DMR20 is of practical 

clinical importance since the goal is to kill as many cells as possible, especially those that are 

highly radioresistant. We postulate the added benefit of the X-PDT approach occurs due to the 

additional modes of damage caused by the simultaneous DNA damage from the radiosensitization 

effect and UV emissions from Pr3+, and the oxidative damage to other intracellular targets caused 

by the PDT effect upon activation of PPIX. This further strengthens the notion that adjuvant 

therapies like X-PDT are better able to treat aggressive cancers, as the damage caused to multiple 

parts of the cell through different modes of action makes it difficult for cell repair machinery to 

mitigate damage on all fronts.  

  

Figure 64. Dose modifying ratios at 80 and 20% survival depicted graphically based on the data in Table 21. 

Filled in bars represent cells treated with RLNPs only and outlined bars represent cells treated with RLNPs and 5-

ALA.  
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Chapter 9. Conclusions and Future Directions 

9.1. Conclusions 

Herein, we set out to develop a proof-of-concept toward improving the treatment outcomes 

of glioblastoma patients using nanomedicine. Toward this goal, we developed Pr3+-doped 

nanoparticles and studied their synthesis and fundamental spectroscopic properties. Once a 

thorough understanding of the nanoparticle properties was achieved, we undertook in vitro studies 

to evaluate the potential for these nanoparticles in treating the U251 glioblastoma cell line. The 

work in this thesis combines aspects of chemistry, physics and biology in a truly interdisciplinary 

approach that yielded promising results. 

 The synthesis of NaLuF4:Pr3+ nanoparticles was developed with the objective of obtaining 

uniform nanoparticles at sizes relevant for cell uptake (sub-100 nm) and maximum emission from 

the 1S0→
1I6 transition of Pr3+, which is resonant with the Soret band of PPIX. A concentration 

study was carried out across a wide range of Pr3+ concentrations (1-40 mol%), revealing 

NaLuF4:25 mol% Pr3+ provided the most intense emissions from the 1S0-
1I6 transition. Persistent 

luminescence was from the LOLs for over 30 minutes, which warranted further investigation. The 

persistent luminescence was observed only from the lower excited optical levels and could be 

induced via direct excitation into the 1S0 level of Pr3+ in addition to X-ray excitation. Moreover, 

the persistent luminescence duration was found to increase with decreasing nanoparticle size; at 

the sub-100 nm sizes relevant for cellular uptake, persistent luminescence was observed for nearly 

45 minutes. Using a combination of spectroscopic techniques, a local (de-)trapping mechanism 

that excludes participation of the valence and conduction bands was determined to explain the 

radioluminescence and persistent luminescence properties of these nanoparticles. Finally, the 

optimized composition, NaLuF4:25% Pr3+, also exhibited persistent luminescence which could 

contribute to the observed therapeutic effects.  

 The NaLuF4:25 mol% Pr3+ nanoparticles were then studied for their potential to achieve 

X-ray mediated photodynamic therapy (X-PDT) in vitro in the U251 glioblastoma cell line using 

5-ALA-mediated PPIX as a photosensitizer. Monolayer cultures were used as a proof-of-concept 

to simulate the thin layer of cells that remain after resection of glioblastoma using fluorescence-
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guided surgery. The therapeutic effect of the nanoparticles in the absence and presence of PPIX 

was studied at three nanoparticle concentrations using an incubation time of 1 hour. The 

radiosensitization and X-PDT effects were evaluated at a range of radiation doses, from 2 Gy used 

in fractionated radiotherapy to 20 Gy used in intraoperative radiotherapy. Metabolic activity 

assays, FACS assays and Western blotting 24 hours post-treatment were used to independently 

ascertain the effects of the treatments on the short-term. Western blotting analysis was used to 

evaluate biomarkers associated with DNA damage, cell stress, senescence and markers of 

apoptosis, and indicated the cells were prone to death after treatment with the nanoparticles and 

ionizing radiation. At 24 hours, the effects of the treatment were not fully obviated, and it was 

difficult to establish differences between treatment with and without 5-ALA. However, this project 

is proof that in many cases, good things take time. The long-term proliferative capacity of the cells 

was evaluated via the clonogenic assay and demonstrated that the X-PDT system provided 

promising treatment outcomes, as did treatment with the nanoparticles alone, illustrating their 

strong radiosensitizing effect. Treatment of the cells with 200 μg/mL nanoparticles and 5-ALA 

with a 2 Gy radiation dose provided the same outcome as irradiation of the cells with 20 Gy of X-

rays alone, demonstrating the strong potential of this system at a proof-of-concept level. 

 We wish to underscore that this X-PDT system was deliberately studied under parameters 

relevant for the clinical workflow for fluorescence-guided resection of glioblastoma and 

subsequent intraoperative radiotherapy of the tumor margin. We developed a nanoparticle system 

with rapid uptake times that are appropriate for an intraoperative setting, and tested their 

therapeutic efficacy using X-ray radiation parameters that were as close as possible to the 

clinically-used INTRABEAM® device. These preliminary results aim to establish a strong 

foundation for subsequent translation to more complex biological models.  
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9.2. Future Directions 

 The potential future directions stemming from this work are numerous, but can be generally 

categorized into fundamental studies of the physicochemical and luminescence properties of the 

nanoparticles, and studies that bring about their translation to successively more complex 

biological models.  

9.2.1. Future directions from a materials perspective 

 As demonstrated by the persistent luminescence studies, the luminescence properties of the 

NaLuF4:Pr3+ nanoparticles likely change as a function of size. As such, it would be of major 

interest to determine synthetic parameters that enable the synthesis of NaLuF4:25% Pr3+ in a range 

of sizes without significantly altering the degree of crystallinity. Moreover it would be helpful to 

work toward large-scale synthesis of the particles, such that there is a commercially-viable route 

to their production. 

Upon synthesis of the RLNPs at different sizes, radioluminescence and persistent 

luminescence spectroscopy should be performed. Ideally, it would be helpful to quantify their 

radioluminescence yields in both the solid and colloidal forms. Moreover, we have only 

characterized the radioluminescence properties using orthovoltage X-ray sources; it would be 

highly interesting evaluate their properties both spectroscopically and therapeutically using a 

clinical linear particle accelerator (LINAC) source that emits MV photons.  

 Additionally, there is potential to further maximize the persistent luminescence intensity 

and duration. Construction of a HRBE/VRBE diagram and subsequent trap depth engineering 

using additional dopants may provide a means toward improving this property of the material. 

Given that there are several recent demonstrations of persistent luminescence PDT in vivo in the 

literature516,517, this may be an attractive means toward achieving an enhanced therapeutic effect 

without delivering more ionizing radiation to healthy tissue. 

9.2.2. In vitro future directions 

 Prior to translation to an in vivo model, we believe there are a number of fundamental 

studies that should still be carried out on cell cultures. Despite the promising results described in 

this work, we feel at this time it would be unethical to move toward in vivo studies, in line with 
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the principles of reduction, replacement and refinement.518,519 As such, the majority of the 

directions described here pertain to fundamental studies on cell cultures such that as much as 

possible can be learned prior to involving animals in the work. 

With regard to U251 cells, studies on the X-PDT effect using the different sizes of 

nanoparticles as described earlier would be informative for truly optimizing the therapeutic effect 

of the nanoparticles. Moreover, studies using different X-ray energies such as those from a LINAC 

source would provide information on the difference in therapeutic outcome when using photon 

energies that interact with matter primarily via Compton scattering and pair production rather than 

the photoelectric effect.7 Additionally, there could be benefit to investigating the potential of this 

system with extremely high single radiation doses (>40 Gy/s) such as those used in FLASH-

radiotherapy.520 Modelling dose-deposition using the different radiation sources would also help 

to elucidate differences between the treatments in line with the work of Bulin and colleagues.35,263 

Moreover, studies in different glioblastoma cell lines such as U87-MG, which is a p53 

wild-type line484, would help to gain a better understanding of how effective the system is when 

the cells exhibit a different mutation profile. In line with using different cell lines, there is 

increasing evidence that nanoparticle uptake may differ for the same cancers derived from the male 

and female sex, as well as modes of cell death in a variety of cancers including glioblastoma.521,522 

The U251 cell line is derived from a male patient, while the original U87-MG is derived from a 

female patient; both are from Uppsala, Sweden and thus have similar ethnic profiles.177,178,523 

Studies on glioblastoma lines from under-sampled communities such as the African-American 

population would also be of merit toward providing treatments that consider a diverse population. 

Ideally, if collaboration with a hospital can be obtained, studies should be performed on cells 

derived from a living patient with glioblastoma, thus providing the most realistic in vitro model 

possible. Immortal cells are a convenient and essential means of studying cancer, but can be prone 

to genetic drift if proper care is not taken to prevent it.176 

With regard to in vivo models, we feel it would be important to take advantage of the 

services offered by the Nanoparticle Characterization Laboratory (NCL) at the National Cancer 

Institute and apply for the free preclinical testing of well-characterized formulations.524 After this 

stage, it would be necessary to develop a protocol in a relevant animal model involving 



 

 185 

fluorescence-guided resection of a tumor, and subsequent precise irradiation of the tumor bed after 

nanoparticle administration. Developing a means of administering the nanoparticles, whether via 

local injection, aerosol or topical administration of a gel and evaluating uptake as a function of 

time would be an essential step in optimizing the procedure. To our knowledge, in vivo X-PDT for 

treatment of the tumor bed has not been investigated; thus there is little prior evidence to begin 

from in this treatment regime. However, much like the design of the in vitro proof-of-concept, 

current clinical practice should inform on the experimental design.  
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Appendix 1: Cross-relaxation mechanisms 

Cross-relaxation is an energy transfer process involving two identical ions. When multiple 

resonant energy gaps are present in an ion, de-excitation of one state and concurrent population of 

another state may occur. This is common in the LOLs of Pr3+ where there are several resonant 

energy gaps. The cross-relaxation mechanisms known for Pr3+ ions are depicted in Figure 66.  

 

Figure 66. Established cross-relaxation mechanisms between the LOLs of Pr3+.66,525 The 

mechanisms correspond to 3H6 + 1D2→ 3P0 + 3H4 (red), 1G4 +
 3F3,4 → 1D2 + 3H4 (blue), 1G4 +

 1G4 

→ 1D2 + 3P0 (teal).  
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Appendix 2: Additional molecular biology considerations  

A2.1. The cell cycle 

The cell cycle is shown in Figure 67. There are 4 checkpoints, one that prevents transition 

from G1 into S phase, one that prevents the progression from S to G2, one at the early stage of G2, 

and one at late-stage G2 that prevents cells from undergoing mitosis.208 Each checkpoint either 

functions as an opportunity for damage to be repaired or for death to be initiated. Activation of 

these checkpoints prevents the cells from transitioning into the next phase of the cycle, and the 

cells may be stalled at these checkpoints for hours. The part of the cycle the cell is in when it is 

irradiated also affects the outcome of the treatment. Cells which are irradiated in the G2/M phases 

have a higher DNA content and thus are more radiosensitive, while cells in the S phase tend to be 

more radioresistant.219 Paclitaxel, a popular chemotherapy drug used for a wide variety of cancers, 

partially functions as a treatment by arresting cells at the G2/M phase, thereby improving the 

efficacy of radiotherapy.219,526 DNA is replicated during the S phase, thus the G1/S cell cycle 

checkpoint is activated when DNA damage is detected to give the cell the opportunity to repair the 

DNA damage or to initiate apoptosis. In many cancers, including glioblastoma, p53 is 

mutated.216,482,527 This makes it substantially easier for cancer cells to evade death and continue 

proliferating and it contributes to the radioresistance of many cancers. Moreover, in U251 cells, 

the gene encoding p21 is deleted (section 3.1.2). Since p53 induces G1 cell cycle arrest through 

activation of p21, the loss of this protein contributes to radioresistance and survival despite the 

Figure 65. The cell cycle 
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accumulation of DNA damage.216,219 

 

A2.2. Molecular features of glioblastoma 

Cancer, in the most basic sense, is a disease caused by genetic mutations. These mutations 

allow for cells to continue proliferating in an uncontrolled fashion, giving rise to a tumor. 

Mutations can either result in gain-of-function or loss-of-function events.528 A gain-of-function 

mutation means that a gene or protein is endowed with a new function or a new expression pattern, 

whereas a loss-of-function mutation prevents a gene or protein from performing its intended 

function or from being produced at all. This is important because if the mutations can be identified, 

it is easier to understand how the tumor may respond to a certain treatment.  

According to the 2021 WHO classification scheme, to be classified as glioblastoma, cells 

must be wildtype for isocitrate dehydrogenase (IDH) expression; IDH mutant cells are diagnosed 

as astrocytomas or oligodendrogliomas. Cells which exhibit a concurrent gain of chromosome 7 

and loss of chromosome 10, mutations in the (TERT) promoter, and/or epidermal growth factor 

receptor (EGFR) amplification are now also classified as glioblastoma, even if the histological 

presentation of the tumor doesn’t appear to be high grade (ie. no necrotic core).168 Trisomy 7 is 

associated with increased radiation resistance and increased proliferation, attributed to the 

overexpression of HOXA5 genes, which are responsible for producing transcription factors that 

affect cell proliferation and fate decisions.529 The loss of one copy of chromosome 10 (monoploidy 

10) is thought to favor the overexpression of EGFR on chromosome 7 due to the loss of sufficient 

annexin 7, which regulates EGFR signaling.530 Hence, the loss of a copy of chromosome 10 by 

these cells is used to favor the addition of a copy chromosome 7, which gives rise to the genes that 

cause aggressive tumorigenesis.  

There are four genes that appear to give rise to gliomagenesis based on population studies: 

tumor suppressor 53 (TP53), epidermal growth factor receptor (EGFR), telomerase reverse 

transcriptase (TERT) and regulator of telomere elongation helicase 1 (RTEL1).531 TERT and 

RTEL1 are associated with increased prevalence of gliomagenesis at older ages. Mutations in 

TP53 and EGFR are common in many different kinds of cancers, and are ultimately associated 
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with poor prognosis and treatment resistance.  

EGFR regulates a large number of downstream pathways, ultimately affecting cell 

signaling and proliferation. The overexpression of EGFR is associated with increased cell 

proliferation leading to tumorigenesis, and increased cell survival (ie. treatment resistance). 

Unfortunately, EGFR-targeting drugs like erlotinib, which are a first-line treatment for non-small 

cell lung cancer, are not effective for glioblastoma.532 TP53 encodes the p53 protein, which plays 

a major role in cell signalling in response to stress and damage, and ultimately affects cell fate 

(Figure 13).484 Important to the work herein, the stress induced by PDT and DNA damage induced 

by radiotherapy both initiate a response from p53 under normal (healthy) circumstances. Because 

of its multitude of functions, p53 is known as the “Guardian of the Genome”. In glioblastoma, p53 

exhibits a gain-of-function mutation that causes accumulation of the mutant p53 protein, which 

results in enhanced migration and invasion, as well as more rapid cell proliferation533 and enhanced 

inflammation.483,484,527  Perhaps the most prominent effect of the EGFR and TP53 mutations is 

that, combined, they result in drastically enhanced proliferation and reduced apoptosis.534 Finally, 

there is also a known alteration in the retinoblastoma (Rb) tumor suppressor, which does not affect 

gliomagenesis like EGFR and TP53, but is a common feature in glioblastoma that affects cell 

proliferation by altering the progression of cells through the cell cycle as described above.535 

Together these three alterations are considered to be the essential molecular features of 

glioblastoma.536  

Moreover, glioblastoma tumors exhibit a high degree of heterogeneity within a single 

tumor, and within different tumors in the same patient.165,168 In other words, the cells within the 

tumor can vary greatly in terms of their protein expressions, mutations and even their morphology. 

This makes it difficult to effectively eradicate all of the cells based on a single treatment strategy.  

A2.3. Modes of cell death 

A2.3.1 Necrosis 

Necrosis is the main spontaneous (unprogrammed) form of cell death, caused by 

overwhelming trauma to the cell. Physically, necrosis is characterized by condensation of the 

nucleus and rupture of the cell membrane, causing the contents of the cell to leak into the 
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extracellular environment.224 This happens quickly, such that the cell does not have time to attempt 

recovery or initiate a programmed death pathway. Necrosis is often considered to be an undesirable 

mode of cell death, since the biomolecules that leak out of the damaged cell are still active and can 

therefore induce interactions within nearby cells, leading to inflammation and an immune 

response.537  

Notably, in the past 15 years, the understanding of programmed necrosis, known as 

necroptosis, has demonstrated that necrosis is not as unregulated as previously thought.538  There 

is conflicting evidence as to whether the induced inflammation and immune response contribute 

to a poor prognosis overall, or if they may contribute anti-tumorigenic effects.539,540 The role of 

radiotherapy in inducing immunogenic cell death is currently under investigation because of these 

new advancements in the understanding of molecular biology.  In contrast, immunogenic cell death 

is a well-established outcome of photodynamic therapy (section 3.5.2). 

A2.3.2 Apoptosis 

Apoptosis is perhaps the best-known mode of programmed cell death, first described in 

1972.541 In stark contrast to necrosis, apoptosis is carried out in such a way that the cell dies without 

leaking any of its contents.542 Thus, it does not cause inflammation. Apoptosis is carefully 

orchestrated, and occurs in three phases: the initiation phase, the commitment to cell death, and 

the actual execution of the process. The initiation phase is regulated by a variety of biomolecules, 

such as p53 discussed below. The commitment and execution phases are carried out by molecules 

known as caspases, which are responsible for initiating the degradation of all cellular components 

and the eventual dissolution of the cell membrane as the final stage of death.493,543,544 Because 

apoptosis involves the entire cell, and the pathways are relatively well-understood, it is possible to 

detect a cell undergoing apoptosis through evaluation of a variety of biomarkers and molecular 

changes that may occur at different stages of the process.  

Molecularly, caspases can be divided by their roles as initiators and effectors.493,544–546 

Caspases 2, 8, 9 and 10 are the initiators, while caspases 3, 6 and 7 are the effectors. The other 

caspases (ex. Caspase 1, 4, 5, 11 etc) have roles in other types of cell death and in inflammation. 

Briefly, as mentioned earlier, p53 can mediate apoptosis through the activation of BAX and 
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PUMA, which activate caspase 9. These initial processes cause the depolarization of the 

mitochondrial membrane, and formation of a structure called an apoptosome. Caspase 9 then 

activates caspases 3 and 7, both of which execute the activation of hundreds of different processes 

leading to the eventual completion of the process. As such, if p53 is mutated, this early part of the 

apoptosis cascade is de-railed; this is the major anti-apoptotic effect of p53 mutations.  

Of relevance to this work, in the early stages of apoptosis, caspases 3 and 7 inhibit the 

proteins responsible for the structural integrity of the cytoskeleton and cell membrane.547,548 This 

results in the translocation of phosphatidylserine from the inner leaflet of the cell membrane to the 

outer leaflet, which is a hallmark of early-stage apoptosis.475 The phosphatidylserine in the outer 

leaflet acts as a signal to neighboring cells to phagocytize the soon-to-be apoptotic bodies produced 

in later stages of the cascade.222 Morphologically, these changes are visualized by membrane 

blebbing, in which small sphere-like pieces of the cell membrane (called blebs) are pinched off 

from the cell in order to decouple it from the cytoskeleton and provide more flexibility within the 

cell to carry out the degradation processes.208,543,548 Caspases 3 and 7 also cleave PARP1, which 

signals for DNA damage repair, as mentioned in section 3.2.3.2. Thus, the process of DNA 

cleavage can begin without any signaling for repairs. Also in the early stages of the process, 

condensation of chromatin occurs to facilitate the DNA cleavage process. Degradation of the 

nuclear envelope is initiated after caspases 3 and 7 activate caspase 6, which cleaves nuclear lamins 

A and C.544 Lamins are crucial structural proteins of the nuclear envelope, thus their cleavage leads 

to collapse of the nucleus.543 Since PARP1 and the lamins are cleaved by different caspases, 

detection of their cleavage provides independent means of confirming apoptosis has been initiated. 

In the later stages of apoptosis, membrane blebbing transitions into full membrane permeability, 

and apoptotic bodies are formed that contain fragments of organelles and the degradation products 

from the apoptosis process. These bodies are consumed by macrophages, thus eliminating the cells 

without any interaction of the contents with the extracellular environment.  Notably, apoptosis is 

an ATP-dependent process, and cells may run out of ATP prior to the completion of the process, 

leading to what is known as secondary necrosis, which is energy-independent.221,542 As such, cell 

death mechanisms are highly inter-related.  

The initiation phase is carried out by proteins like p53 and the Bcl-2 protein family, which 

eventually activate BAX and PUMA.549 This phase is extremely variable and occurs hours to days 
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before any morphological changes are observed, and before the activation of caspases.550,551 

Interestingly, it is not known precisely why it takes such a long time between the initiation and 

commitment phases. The commitment phase is considered to start with activation of BAX, 

followed by depolarization of the outer mitochondrial membrane and immediate release of its 

contents, and activation of caspase-9, all of which occurs on a timescale of ten minutes.225 Notably, 

Messam et al. don’t describe this stage, but describe a second stage characterized by membrane 

bubbling that lasts anywhere from 10 minutes to 40 hours, but appears to still be reversible based 

on serum rescue experiments.551 The subsequent execution phase then proceeds in less than two 

hours, as evidenced by video microscopy from different researchers in different cell lines.551–553   

A3.3 Autophagy and Senescence 

Autophagy is particularly interesting because it likely occurs in an attempt to ensure cell survival, 

thus it is both anti-tumorigenic and pro-tumorigenic depending on the scenario.208,554 This process, 

as suggested by its name, is the process of a cell digesting itself, often to generate energy or recycle 

damaged components; cells often do this in response to stress. For these reasons, autophagy plays 

a highly complex role in the outcome of cancer therapy. Of relevance to this work, autophagy is 

linked to the PTEN and p53 genes, both of which are mutated in the U251 cell line (and commonly 

in glioblastoma in general) as previously mentioned. This is thought to be a potential contributor 

to radiation resistance, as the ability for autophagy to occur is reduced by these mutations.208 

Autophagy may also be triggered by endoplasmic reticulum stress after irradiation with ionizing 

radiation, via the unfolded protein response (UPR). The UPR plays a major role in stress response 

and homeostasis, ensuring that proteins that are misfolded are sent for degradation and mediating 

the accumulation of other proteins in the endoplasmic reticulum.490 Glucose-related proteins 78 

and 94 (Grp78 and Grp94, respectively) contribute to modulating the UPR.489,491 Grp78 in 

particular is implicated in radiation-induced autophagy, as are Nf-κB and Nrf2, since they mediate 

cell stress, as mentioned previously. However, since these proteins are usually involved in cell 

survival, their involvement in autophagy strengthens the notion that autophagy occurs to facilitate 

survival in many cases.555 Attempts to inhibit autophagy through modulating the UPR, and to 

activate it through modulating endoplasmic reticulum stress and other pathways have both been 

studied as a route to improving glioblastoma treatment by increasing radiosensitivity.556,557  
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As mentioned above, with regard to radiotherapy, the goal is to ensure cells cannot 

reproduce, and thus cells which are under proliferative arrest are considered indirectly dead.208 

Cellular senescence was first described by Leonard Hayflick in 1961, where he reported that 

cultured cells can only divide for a certain number of times before they are simply no longer able 

to do so; ie. they become senescent.558 This number of divisions, known as the Hayflick limit, is 

the basis of aging, and is the natural progression that cells usually follow (unless they die by other 

mechanisms). Senescence can also be initiated in cells prematurely as a response to stress or injury, 

and has a complex relationship with autophagy.498,559 Senescence is induced primarily by the 

activation of p16 and p21.208,560 The p16 protein acts in concert with Rb to initiate senescence, and 

mentioned earlier, p21 is activated by p53 in response to DNA damage, leading to proliferative 

arrest at the G1/S checkpoint. Senescence is induced when one or more of these four factors is 

overexpressed for a prolonged time.560 Senescence is accompanied by the loss of production of 

lamin B1, a nuclear envelope protein that is essential for DNA replication.495,561 As such, lamin 

B1 loss is the gold-standard hallmark of identifying senescent cells. 

The proliferative arrest of senescent cells is a common outcome of radiotherapy.562 The 

inability for these cells to divide is a positive outcome in the sense that they cannot directly 

contribute to tumorigenesis, and therefore improve progression-free survival of patients. However, 

these cells are still metabolically active and thus can contribute to disease progression via 

signalling. Senescent cells transition into a phenotype known as the senescence-associated 

secretory phenotype (SASP).496 The SASP, as described by its name, involves the secretion of a 

large number of pro-inflammatory biomolecules that stimulate the upregulation of stress-response 

proteins such as Nf-κB. Inflammation can either aid in stimulating the immune system to attack 

cancer cells, or it can contribute to increased treatment resistance and proliferation. As such, 

senescence is not the optimal solution for tumor control but does help in the short term.559,562 

Importantly, while natural senescence is permanent, premature senescence may not be. There is 

mounting evidence that senescent cells can become reactivated and proliferate at a later timepoint. 

To this end, drugs have been developed to eliminate senescent cells. Senolytics are meant to 

selectively kill senescent cells, and are in clinical trials for testing their effects in a variety of 

diseases from Alzheimer’s to long COVID-19, and of course, cancer.563,564    
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Appendix 3: Techniques in post-operative treatment of glioblastoma 

It is important to note that the overarching goal of involved-field radiotherapy is to 

encompass as much of the tumor and margin as possible, while simultaneously avoiding damage 

to eloquent structures such as the optic chiasm or the brain stem, for example. Additionally, 

conventional radiotherapy has not greatly improved treatment outcomes at the prescribed 60 Gy 

dose, as mentioned earlier. Thus, the state-of-the-art in radiotherapy for glioblastoma has been to 

avoid as much healthy tissue as possible while altering the precision, intensity and local dose 

delivered within the resection cavity and to the tumor margin.508,565,566  

Conformal radiotherapy has yielded improvements in delivering radiation more precisely 

to the resection cavity, especially once 3-dimensional treatment mapping was introduced; it is now 

the standard mode of radiotherapy for glioblastoma patients.169,566,567 3D-Conformal radiotherapy 

utilizes multiple radiation beams at different angles to precisely irradiate the tumor field based on 

the 3D image constructed from CT, MR and PET images prior to radiotherapy. Intensity-

modulated radiotherapy is a type of 3D conformal radiotherapy where an irregular radiation dose 

is administered based on the position of the tumor and nearby delicate healthy tissue. This has led 

to the ability to deliver precise amounts of radiation to irregularly-shaped cavities, and to the ability 

to achieve dose escalation at the center of the tumor site, while administrating lower doses at the 

margins where healthy tissues are known to reside.568 While intensity-modulated radiotherapy has 

reduced side effects due to toxicity in healthy tissues, it is not expected to provide a higher degree 

of tumor control for glioblastoma patients.569 This is partially because the diffuse nature of 

glioblastoma still makes it difficult to delineate the edges of the tumor via imaging, and because 

these techniques are used after a 3-4 week delay post-resection.  

In these techniques, the use of high-energy radiation beams (in the MV range) facilitate the 

administration of radiation to the target while attempting to spare the skin and healthy tissues in 

the beam path. Despite advances that have enabled a greater tissue-sparing ability, it is simply not 

possible to perform external beam therapy while completely avoiding irradiation of healthy tissue. 

To this end, intraoperative radiotherapy has become an attractive technique.  
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A3.1 Fractionated Radiotherapy: The 4 R’s 

The repair principle is meant to spare healthy cells and give them time to repair sub-lethal 

DNA damage. Typically, healthy cells repair DNA damage more quickly than malignant ones, 

thus the goal is to administer the next radiation fraction after the healthy cells have repaired but 

before the cancerous ones are able to. The redistribution principle is based on the idea that cells 

are arrested at different stages of the cell cycle, and some cycles are more radioresistant than others, 

as previously mentioned. Thus, the idea is to provide enough time to regain an even distribution 

of cells in all of the cycles such that the proportion of cells in the radioresistant phases are 

decreased before the next fraction. Regeneration follows a similar principle as repair but on a 

tissue-level; careful timing of fractionation must be used to ensure clonogenic cells cannot 

repopulate the tumor while also ensuring healthy tissue has time to regrow. Finally, the damage 

caused by ionizing radiation is mainly due to the formation of reactive oxygen species. Thus, it is 

important to allow time for reoxygenation to occur such that the fraction can induce effective cell 

killing. Since tumors tend to be hypoxic, this is an extensively studied consideration for dose 

timing schedules.208 The use of 2 Gy fractions for glioblastoma is based on the balance between 

healthy tissue damage and achieving a significant dose response. The total dose has been 

historically limited to 60 Gy based on a study in 1970’s (before computed tomography imaging 

was even implemented) that established doses beyond this induce too much damage to healthy 

tissues to be considered useful.570  

A3.2 Radiotherapy field size in glioblastoma treatment 

Prior to the 1970’s, whole-brain radiotherapy (WBRT) was performed based on the 

assumption that there could be multiple tumors, and imaging techniques had not advanced enough 

to fully determine the size and location of the disease.570 However, the cognitive deficits incurred 

during WBRT preclude its widespread use today for primary glioblastoma, as there has been no 

significant advantage in outcomes observed relative to localized radiation treatments that spare 

healthy tissues. Importantly, WBRT remains important for the treatment of metastatic brain cancer, 

since there are generally many lesions present.571 Since 90% of tumor recurrence occurs within 2 

cm of the primary tumor site169,570,572, conventional fractionated radiotherapy involves radiation of 

the tumor bed plus a margin of 2-3 cm to encompass the potential recurrence sites. This is known 
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as involved-field radiotherapy, and is the standard practice today.  

 

A3.3 Chemotherapeutics for glioblastoma 

The only chemotherapeutics that have proven beneficial for treatment of glioblastoma are 

temozolomide (the standard of care) lomustine (administered orally), and carmustine, which is 

implanted as a wafer inside the resection cavity.184,186 All are DNA alkylating agents, meant to 

prevent DNA replication or silence certain genes that aid in DNA repair. Marginal improvements 

in survival (~2 months with temozolomide) are achieved. Bevacizumab is also given during 

palliative care but has shown no survival benefit.184 Alkylating agents are used as an adjuvant 

treatment with radiotherapy, since their mode of action is to prevent DNA repair.  
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Appendix 4: Relevant Clinical Trials 

A4.1 Intraoperative Radiotherapy for Glioblastoma 

With respect to glioblastoma, IORT is currently under phase III of clinical trials, known as 

INTRAGO: Intraoperative Radiotherapy in Newly-Diagnosed Glioblastoma.237,239,240,243 Phases I 

and II of the INTRAGO trial were introduced in 2014 and published in 2019, with the primary 

goal of establishing the maximum safe and tolerable radiation dose of kV X-rays that could be 

administered for glioblastoma; doses between 20 and 40 Gy were studied.239,573 As such, the 

INTRAGO trial is based on LEX-IORT; electron beam IORT for glioblastoma had previously 

demonstrated worse outcomes than conventional radiotherapy due to insufficient coverage of the 

tumor bed.245 Additionally, the goal was to evaluate the overall and progression-free survival when 

this technique was incorporated into the standard treatment regimen. Notably, it is the first IORT 

trial since the addition of temozolomide was widely adopted as the standard of care (Stupp 

protocol); there is hope that the effects of both therapies together may further potentiate the 

treatment. The trial was based on findings from the TARGIT (Targeted Intraoperative 

Radiotherapy) trial for breast cancer using the same radiation instrument, the Zeiss 

INTRABEAM®.574 It consisted of 15 patients treated at the University of Heidelberg Medical 

Center in Mannheim, Germany, and was overseen by clinicians from Mannheim, Germany, 

Chicago, Illinois, and Montréal, Canada. 

Notably, none of the patients exhibited dose-limiting toxicity up to 40 Gy, confirming the 

IORT protocol was safe. No treatment related deaths occurred, and of the two patients that 

exhibited radiation necrosis requiring surgery, no active cancer was found upon operation. The 

median local progression-free survival was 17.8 months, and overall progression-free survival was 

14.3 months. Notably, whereas most recurrence is observed within 2 cm of the primary tumor, all 

but two of the patients saw local recurrence (one of them did not receive the 60 Gy fractionated 

radiotherapy post-surgery). This is suggestive that IORT does effectively treat the tumor margin. 

As mentioned in Section 3.1, the median overall survival of glioblastoma patients is 16-18 months, 

underscoring the impressive length of progression-free survival attained in this study 

(approximately 3 times longer than the standard treatment).239 However, the average overall 
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survival was 17.8 months, due to several of the patients exhibiting distant tumor recurrence in 

other regions of the brain. The INTRAGO trial is currently at phase III and actively recruiting 

patients according to its listing on ClinicalTrials.gov (INTRAGO-II Clinical trial identifier 

NCT02685605).  

Subsequently, the same technique (and same instrumentation) has been used in several 

international studies in China, Peru, Germany, and the United States on hundreds of patients with 

primary, recurrent and metastatic brain cancer.240,243 These studies have shown similar promising 

results to the initial INTRAGO trial, with longer local and distant progression-free survival times; 

an estimated overall survival rate of 20.5% at 4 years post-treatment was reported for the primary 

glioblastoma study; a larger clinical trial is underway as reported by the authors. In 2017, the 

German Society for Radiation Oncology (DEGRO) decreed 50 kVp IORT with the 

INTRABEAM® to be the standard of care for resectable metastatic brain cancer.238 However, all 

of the reports mention distant progression. As such, there is still a need to improve treatment 

outcomes despite the favorable advancements demonstrated. 

A4.2 NBTXR3 Clinical trials 

As of 2023, there are six clinical trials under active recruitment for NBTXR3® (trade name 

Hensify®), one active trial not recruiting, and two completed trials (NCT01433068, 

NCT02379845). In the completed phase II/III trial, for soft-tissue sarcoma, the radiotherapy 

prescribed was 50 Gy delivered in 2 Gy fractions as either 3D conformal or intensity-modulated 

radiotherapy. NBTXR3® was administered only one time, 1-5 days before the start of 

radiotherapy, at a dose of 10% of the tumor volume via intratumoral injection (initial concentration 

of 53.3 g/L).575  The trial was completed across 11 countries in Europe and Asia, with 87 patients 

being given the full prescribed treatment. 19% of the patients given the treatment exhibited a 

complete response to the treatment (< 5 % residual cancer cells) versus the 9% receiving standard 

care (radiotherapy alone). NBTXR3® is currently under review by the FDA and awaiting final 

approval for use in Head and Neck cancer, and the clinical trials have shown clinical activity and 

safety of it across multiple solid tumor types, including in vitro trials in five glioblastoma 

lines.576,577 Notably, the executioners of the trial suggest that all patients with solid tumors eligible 

for pre-operative radiotherapy may benefit from its use, but do not specify why it would not be 
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useful for post-operative radiotherapy.575 Since pre- and post-operative radiotherapy generate 

similar survival rates in soft-tissue sarcoma patients, the choice for pre-operative radiotherapy 

appears to be based on clinical evidence of better long-term outcomes and not based on the use of 

the nanoparticles. 

A4.3 AGuIX Clinical trials 

The first AGuIX® clinical trial, Nano-RAD (NCT02820454), was completed in 2019 and, 

relevant to this thesis, was indicated for the treatment of multiple brain metastases.271 It was studied 

in the context of whole brain radiotherapy, owing to the treatment of multiple tumors 

simultaneously. A total dose of 30 Gy across 10 sessions was performed, with an intravenous 

injection of the nanoparticles four hours prior to the radiotherapy session. 13 out of 14 patients 

achieved a positive clinical outcome, with either a reduction of tumor volume or a stabilization of 

disease progression. As of 2023, there are six clinical trials for AGuIX underway, currently all are 

recruiting patients and one trial, Nano-GBM (NCT04881032) is a phase I/II trial specified for 

patients with primary glioblastoma. The mode of action of AGuIX® is through the Auger effect, 

as previously described.578 Notably, in vitro studies of AGuIX have demonstrated non-specific 

accumulation in the cytoplasm and no accumulation in the nucleus. The apparent clinical success 

of these nanoparticles thus far suggests it is not necessary for nanoparticles to reach the nucleus to 

achieve increased DNA damage via the Auger cascade.579  This is an important demonstration, as 

there is a common presupposition within the nanomedicine community that it is essential for all 

nanoparticles to exit the lysosomes or that a specific organelle must be targeted to achieve a 

clinically-relevant therapeutic effect.367   
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Appendix 5: Clinically approved photosensitizers 

For a photosensitizer to be effective and clinically-relevant, there are several properties 

that clinicians agree it should exhibit.283,297,309,318 The most obvious property perhaps is that the 

photosensitizer should generate a powerful photodynamic effect. The type II photoreaction is 

generally more lethal, thus a high singlet oxygen yield is desired (number of 1O2 molecules 

produced per photon absorbed). There are a huge number of photosensitizers that generate a 

powerful photodynamic reaction; it is usually the remaining parameters which preclude their 

translation to the clinic.297 The efficacy of the photodynamic effect should be reliable across 

different patients and tumor locations for the same tumor type, which relies upon its uptake and 

distribution properties. It should also be excited in the optical window so that sufficient tissue 

penetration can be achieved to yield a therapeutic effect. Ideally, it has either rapid 

pharmacokinetics or is selectively uptaken by the tumor, such that the patient does not experience 

prolonged systemic photosensitivity but not such fast clearance that it is impractical to use in the 

clinic. It should also not cause toxicity in the absence of irradiation, and its photoproducts should 

also be non-toxic. Finally, with respect to commercial translation, it should be reliably and easily 

synthesized, have acceptable storage stability and ideally be a singular pure substance that is well 

characterized.309   

The clinically-approved photosensitizers have similar absorption profiles, with a strong 

absorption band around 400 nm called the Soret band and weaker Q-bands throughout the visible-

red region. They are all excited with red light, and thus achieve reasonable tissue depth penetration 

in the optical window. The major downfall of Photofrin® is it’s low absorption coefficient and its 

extremely slow and unspecific pharmacokinetics; patients are rendered photosensitive for months 

after treatment.309 Foscan® also causes prolonged photosensitivity for weeks, but in contrast to 

Photofrin®, it is extremely potent and was rejected by the FDA because of the high likelihood of 

accidental damage to healthy tissues, but is used regularly in Asian and European markets. 

Foscan® is thus a good example that a strong photodynamic effect is not the only predictor of 

clinical success. Verteporfin®, and Laserphryin® exhibit advancements such as photosensitivity 

reduced to days rather than weeks, and are less powerful than Foscan®. Tookad® is a particularly 

interesting photosensitizer that has only been approved for use in the past five years; it was also 

declined by the FDA for failing to achieve a clinical benefit greater than other options, but is 
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approved in other markets.299,310 Despite failing to gain approval by the FDA, it exhibits many 

benefits283,309,580: it is activated at 762 nm and thus has improved depth penetration relative to older 

photosensitizers, is rapidly eliminated by the body within a few hours so no prolonged skin 

sensitivity is observed, and interestingly, its primary mechanism of action is via the type I 

mechanism rather than type II.   
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Appendix 6: Additional Data 

A6.1 Spectrum corrected for the sensitivity of the detector 

Intensity correction was performed using a deuterium/halogen lamp from Ocean Optics. 

The NIST-calibrated spectrum file provided by the manufacturer was used to generate a correction 

factor as a function of wavelength. This was done by comparing to the emission spectrum of the 

same lamp as obtained using the same spectrometer, grating and blazing wavelength used to obtain 

the emission spectrum.  

Figure 66. Radioluminescence spectrum of NaLuF4: 20% Pr3+ nanoparticles that has been corrected for the 

spectral sensitivity of the detector. The original spectrum is displayed in Figure 20, section 7.1. 
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A6.2 Amptek MINI-X output spectrum 

A6.3 Raw survival fraction data 

Table 20. Raw survival fraction (SF) values from the clonogenic assays used to generate Figure 62 in Section 8.9. 

0 µg/mL RLNPs 

Dose (Gy) 
(-) 5-ALA (+) 5-ALA 

SF (%) % Uncertainty SF (%) % Uncertainty 

0 100.00 0.00 100.00 0.00 

2 75.17 11.09 60.78 17.43 

5 60.43 6.93 42.41 11.89 

10 42.32 10.02 28.41 10.43 

20 14.38 2.49 13.14 4.96 
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Figure 67. Emission spectrum of the Amptek Mini-X portable X-ray source (Au target, uncollimated, unfiltered beam, 

50 kVp, 80 μA). Spectrum provided by the manufacturer. 
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50 µg/mL  RLNPs 

Dose (Gy) 
(-) 5-ALA (+) 5-ALA 

SF (%) % Uncertainty SF (%) % Uncertainty 

0 100.00 0.00 100.00 0.00 

2 63.85 10.86 50.75 8.51 

5 38.59 13.42 26.31 6.46 

10 22.73 5.46 11.61 1.65 

20 6.19 1.66 3.54 1.38 

100 µg/mL  RLNPs 

Dose (Gy) 
(-) 5-ALA (+) 5-ALA 

SF (%) % Uncertainty SF (%) % Uncertainty 

0 100.00 0.00 100.00 0.00 

2 44.79 9.44 25.45 3.48 

5 20.97 4.05 11.47 1.54 

10 10.98 1.76 4.97 2.06 

20 3.41 0.55 2.07 0.46 

200 µg/mL  RLNPs 

Dose (Gy) 
(-) 5-ALA (+) 5-ALA 

SF (%) % Uncertainty SF (%) % Uncertainty 

0 100.00 0.00 100.00 0.00 

2 20.84 4.46 14.06 2.25 

5 7.52 1.63 5.33 0.75 

10 2.09 0.53 1.06 0.19 

20 0.52 0.13 0.38 0.04 
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Appendix 7: Literature values – enhancement factors  

Table 21 outlines the enhancements reported in the literature and relevant experimental 

details for ease of comparison to the data in Chapter 7.  

 

Table 21. Summary of the reported enhancement factors for radiosensitizers, self-sensitized X-PDT agents and 

traditional X-PDT agents.  

TypeA NP composition PS Cell line Radiation EnhancementB Ref 

RS NBTXR3® (HfO2) -- T98G 200 kVp RER2Gy 1.22 577 

RS AGuiX®  

(Gd-DOTA-PS) 

-- Panc1, 

HeLa 

220 kVp DMR20 1.31 

SER 1.46 

515,578 

RS AuNP -- U251 6 MeV SER 1.23 512 

RS AgNP -- U251 6 MeV SER 1.64 512 

Self DPB-Hf DPB linker CT26 120 kVp DMR20 2.82 341 

Self DPB-Hf DPB linker SQ20B 120 kVp DMR20 2.36 341 

Self DPB-Hf DPB linker HeLa 120 kVp DMR20 2.83 341 

RS HfO2 -- CT26  DMR20 1.02 341 

RS HfO2 -- SQ20B  DMR20 1.275 341 

RS HfO2 -- HeLa  DMR20 1.13 341 

Self DBA-Hf DBA 

linker 

HeLa 120 kVp DMR20 1.56 341 

Self DBA-Hf DBA MC38 250 kVp DMR10 1.50 360 

Self Hf-DBB-Ru DBB MC38 250 kVp DMR10 2.68 360 

X-

PDT 

Gd2(WO4)3:Tb3+ MC540 4T1 160 kVp DMR10 1.43 352 

X-

PDT 

NaCeF4:Gd3+,Tb3+ RB A549 160 kV RER6Gy 5.96 47 

X-

PDT 

SAO:Eu2+/mSiO2 MC540 U251N 50 kVp DMR10 1.67 350 

X-

PDT 

mSiO2:Mn2+,Zn4+ RB U87-MG 50 kVp DMR10 3.1  353 

X-

PDT 

CsI(Na)@MgO 5-ALA 4T1 320 kVp DMR10 1.328**  

DMR10 1.537  

339 
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X-

PDT 

CaWO4 BR HN31 320 kVp DMR10 1.39 581 

RS TiO4:Sm3+ -- A549 6 MV SER 1.21 582 

X-

PDT 

Tb3+-AGuIX P1 U251-

MG 

320 kVp RER2Gy 1.54 273 

PS: photosensitizer, NP: nanoparticle, AuNP: gold nanoparticle, AgNP: silver nanoparticle, RB: 

Rose Bengal, 5-ALA: 5-aminolevulinic acid, BR: bilirubin, DBB: bis 

(2,2’-bipyridine)(5,5’-di(4-benzoato)-2,2’-bipyridine, DBA: 2,5-di(p-benzoato)aniline, P1: 5-(4-

carboxyphenyl succinimide ester)-10,15,20- triphenyl porphyrin 

ARS: non-luminescent radiosensitizer, Self: luminescent radiosensitizer or PS is a structural 

component, X-PDT: a luminescent nanoparticle and PS combination 

BRERx: radiation enhancement ratio at X Gy, SER: mean inactivation dose-derived sensitizer 

enhancement ratio, DMRx: dose modifying ratio at x% survival 

**value reported for RLNP-only with no photosensitizer 
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