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Abstract 

 
For those suffering from cancer nanoparticle-enhanced radiotherapy has shown 

great potential as a means to improve patient outcome. In order to maximise the benefit 

obtained from such treatment a full understanding of the uptake dynamics of nanoparticles 

is required. As such the aim of this body of work is to conceptualise and experimentally 

demonstrate novel approaches to probe the uptake of gold nanoparticles (AuNPs) in cancer 

cells.  

In the first study a technique is developed to probe the temporal dynamics of AuNP 

uptake by performing multiphoton fluorescence-lifetime imaging microscopy (MP-FLIM) 

on live cells. Using this technique and subsequent analysis methods multiple datasets were 

obtained showing the association of AuNPs with the cell membrane in real-time. This study 

then goes on to provide a means to quantify this behaviour. 

The second study details the development of a novel X-ray fluorescence 

microscopy technique to investigate the uptake of AuNPs spatially on a sub-cellular level. 

Particularly, an emphasis is placed on providing a means to unambiguously determine if 

nuclear uptake of AuNPs has taken place. Using this technique this study reports the first 

unambiguous evidence of individually resolved AuNPs within an intact cell nucleus. 
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Chapter 1  

 

Introduction 

The studies to be presented within this thesis can be encapsulated by the core theme 

of improving the outcome for patients suffering from cancer, a key goal of the medical 

community. They do so by focussing upon improving the understanding of gold 

nanoparticle-enhanced radiotherapy, specifically by investigating the dynamics of 

nanoparticle uptake in cancer cells. While combating cancer is the driving force behind 

these studies, the findings presented here have implications which stretch beyond just the 

field of nanomedicine as the methods presented here provide new ways to probe and 

characterise the behaviour of a wide variety of pharmaceuticals. 

The nature of these studies places this body of work in a highly multidisciplinary 

field. Therefore, within this chapter a brief, general introduction will be given to relevant 

topics such as cancer biology, radiotherapy, gold nanoparticles and their radiosensitisation 

effect. In this manner the motivation behind these studies, as well as their significance may 

be best understood. 

Upon moving forwards to discuss each individual study further, first a chapter will 

be presented to provide more specific background information pertaining to that work as 

well as a full description of the means by which it was carried out. This will then be 

followed by a second chapter presenting the results of that study alongside an in-depth 

discussion on the significance of the obtained results. 
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1.1 Cancer 

The human body is composed of many different types of cells. Specialised cells 

group together to form tissues; for example, many myocytes join to form muscle tissue, 

endothelial cells form the inner layer of blood vessels and so on. In healthy tissues the 

process of growth and division of such cells is a highly regulated process. 

In a simple yet effective description cancerous cells may be thought of as cells 

which no longer adhere to the normal regulatory protocols of cell growth. As a result, the 

growth and division of cancerous cells becomes uncontrolled. This causes problems for 

surrounding tissues as space and resources become limited. The cancerous cells may invade 

other regions of the body, impairing the ability of other tissues and organs to function 

correctly. Ultimately this will lead to the death of the individual. 

As of 2015 over half of the population under the age of 65 is expected to develop 

some form of cancer in their lifetime1. Cancer is, on average, most prevalent among those 

above the age of 65 and with average life expectancies continuing to increase so too does 

the number of cancer diagnoses2. As a result, the demand for the efficient detection and 

treatment of cancer is ever growing. To better understand the means by which novel 

techniques aim to improve the treatment of cancer it is important to fully understand how 

cancer arises. 

1.1.1 The Cell and DNA Structure 

 
Figure 1.1: Simple schematic of the structure of a typical animal cell. The nucleus and other subcellular 
components are held in a viscous liquid called the cytoplasm, all encapsulated by the cell membrane. 

As illustrated by Figure 1.1 the nucleus is a subcellular component which is found 

within all cells in the human body. Often the cell nucleus is described as the ‘brain’ of a 
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cell, this is because the nucleus is the region of the cell where deoxyribonucleic acid (DNA) 

is found. DNA can be thought of as a cell’s instruction manual for life. Coded within its 

structure is all the required information for the cell to carry out its function within the 

organism and to control the cell’s life cycle from growth, maintenance through to 

replication. 

DNA has a double helix structure, composed of a sugar phosphate backbone which 

is connected by a sequence of base pairs. Four bases are found in DNA; cytosine (C), 

guanine (G), adenine (A) and thymine (T). The bases have complementary structures so 

that pairs may form exclusively as C-G and A-T. Figure 1.2 illustrates both the macro 

structure of DNA and also the more detailed chemical structure of the base pairs which 

gives rise to their complementary nature. 

 
Figure 1.2: Schematic of the structure of DNA showing the double helix structure of the strand (left) and the 
detailed chemical structure of the sugar phosphate backbone and base pairs (right). Taken from 3. 

In coding ‘instructions’ for the cell’s functioning the order of the base pairs is key. 

A long sequence of bases forms what is known as a gene, and any given gene is responsible 

for the production of a particular protein in the cell. The exact sequence of bases within a 

gene dictates the sequence of amino acids which are produced when the gene is ‘read’ 

which in turn dictates which protein is built4. 

It is worth noting that ordinarily DNA is found within the cell nucleus wound 

around histone proteins to form the denser genetic material, chromatin. However the 
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exception to this is whenever a cell must undergo division, in this scenario the DNA 

condenses further to form chromosomes and the nuclear envelope breaks down5. However, 

a cell will only be in this state for a small fraction of its life. 

1.1.2 The Cell Cycle and The Origin of Cancer 

Now, given that the genetic code given by DNA provides the instructions for the 

normal functioning of a cell, it is clear that if this code is altered or damaged the cell may 

no longer function correctly. Such a change to the genetic code is known as a mutation. 

However, this does not necessarily mean the cell will become cancerous, the key to 

understanding whether or not this happens lies in the cell cycle. 

In order for a healthy cell to function it must follow highly controlled, self-

regulated patterns of growth and division. This is referred to as the cell cycle and is 

summarised in Figure 1.3. 

 
Figure 1.3: Cell cycle diagram. Labelled are the first growth phase (G1), the DNA synthesis phase (S), the 
second growth phase (G2) and the mitotic phase (M). 

The cell cycle is split into four distinct phases. In the G1 phase (alternatively called 

the gap phase) the cell physically grows larger, making new proteins and organelles. In the 

S phase and G2 phase the cell prepares for division, replicating the DNA of the cell in the 

former phase before further growth and synthesis of proteins and organelles occurs in the 

latter. During the M phase the cell undergoes mitosis, where the mother cell splits into two 

daughter cells each with one copy of DNA. After this the cycle begins anew. 

Many ‘checkpoints’ exist to regulate the progress of a cell through the cell cycle. 

Two families of proteins, cyclins and cyclin-dependent kinases (CDKs), are key to this 

regulatory process. In a series of intricate biochemical processes, complex molecular events 

within the cell can act as a trigger causing the cell to signal the production of these proteins 

to be switched on or off. As a result, this can either inhibit the cell’s progress to the next 

phase of the cell cycle, or trigger a cell to begin preparatory activity to move to the next 

phase if all conditions are satisfactory6,7. 
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  Many scenarios require such regulation, for instance if a production process has 

not yet been completed in a growth phase then progress through the cell cycle may halt 

while this completes, or if DNA damage has been detected the cell can pause while it 

attempts to repair this damage. Checkpoints also exist to initiate programmed cell death if 

something abnormal is occurring within the cell. For many cell types much of their lifetime 

may be spent in a quiescent state, neither actively dividing or growing but simply carrying 

out their function (sometimes referred to as a G0 phase and regarded as a subroutine within 

the G1 phase), but all the while ready to begin progress through the cell cycle once more 

should it be triggered. 

Cells are said to become cancerous only when these strict regulatory protocols stop 

being adhered to, yet most changes to the genetic sequence are harmless and do not cause 

this to happen. Alterations to genes occur naturally when cells undergo DNA replication, 

as this process doesn’t always have perfect reproducibility, but these do not always cause 

a change in the protein coded for by the gene.  

Likewise, DNA damage can occur as a result of many factors such as exposure to 

background radiation, carcinogenic chemicals or certain viruses, bacteria and parasites, as 

well as due to certain lifestyle factors such as smoking, poor diet or a lack of physical 

activity8–11 but the cell has a capacity to repair damaged DNA so again this does not always 

cause problems. 

The exception to this is when a specific type of gene called an oncogene becomes 

altered. Oncogenes are genes which code for the production of cell-cycle regulating 

proteins. Cells with damaged or mutated oncogenes therefore cannot self-regulate their 

cell-cycle and lose their ability to perform the required checkpoints for normal 

development. The result of this is that the cells begin rapid, uncontrolled growth and 

replication and are said to have become cancerous12. As the cancerous cells replicate they 

ultimately lead to the formation of a tumour. 

1.1.3 Tumour Development and Metastasis 

Cancer cells have the same requirements for oxygen, nutrients, water etc. as any 

other cell in the human body. As such they cannot successfully grow and proliferate in a 

region more than 180 μm away from a blood vessel as this is the limit to which these 

molecules can successfully diffuse13. Therefore, a tumour cannot successfully develop 

without expanding upon the pre-existing local vasculature. This is achieved through a 

process known as angiogenesis, where the tumour recruits the cells of the local vasculature 

and stimulates them to sprout new capillaries which can then provide a blood supply to the 

growing tumour14. 
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However, due to the lack of growth regulation in tumours the vasculature which 

develops alongside a tumour is unlike that which is observed in healthy tissue; growing 

instead in an irregular, chaotic fashion with thin, leaky walls and a highly varying 

diameter15,16. Therefore, the poor structural quality of the tumour vasculature leads to poor 

blood flow in the tumour volume. As the tumour rapidly grows regions inside can fail to 

receive an adequate blood supply and become hypoxic, that is to say low in oxygen. Cells 

in these regions cannot proliferate and become quiescent. In extreme cases of hypoxia 

regions inside the tumour can even become necrotic17. 

As the tumour continues to develop eventually space becomes a limiting factor and 

the tumour must either invade neighbouring tissues or move elsewhere in the body. While 

poorly formed vasculature poses problems for a growing tumour in terms of oxygen supply, 

here it is advantageous. The ‘leaky’ nature of these vessels provides a route by which 

cancerous cells may escape the primary tumour site and travel elsewhere in the body. These 

cells may then colonise new sites where space and nutrients are less limited, forming 

secondary tumours called metastases. While the primary tumour can cause severe 

complications for the patient and even result in death, metastatic growths are in fact 

responsible for causing 90% of deaths in cancer sufferers18. 

1.2 Radiotherapy 

Depending on the type and severity of cancer the most common treatments 

received by patients are radiotherapy, chemotherapy or surgery and in many cases a 

combination of treatments such as surgery followed by radiotherapy will be used.  

While improvements to any one of these treatment modalities represents a 

significant medical advancement, the work presented here focuses upon radiotherapy. With 

an estimated 50% of all cancer patients benefiting from radiotherapy at least in the 

management of their disease19,20, and approximately half of these patients being treated 

with radiotherapy for curative purposes21, radiotherapy techniques contribute significantly 

in the treatment of cancer.  

The main principle of radiotherapy is to deliver high-energy photons, ordinarily in 

the X-ray regime, to a tumour volume such that they deposit energy and cause enough 

damage to induce death in the cancerous cells. This is counterbalanced by the need to leave 

the surrounding healthy tissue as unharmed as possible while still eliminating the tumour. 

How this is currently achieved will be briefly discussed here before elaborating upon how 

this might be enhanced through the use of gold nanoparticles. 
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1.2.1 Clinical X-ray Production 

X-ray radiation may be produced by bombarding a metallic target with highly 

energetic electrons. As the electrons interact with the target they rapidly decelerate and 

produce X-ray radiation via two processes. 

Firstly, the incoming electrons may interact with an atom in the target to produce 

Bremsstrahlung radiation (otherwise known as Bremsstrahlung X-rays). In this process the 

incoming electron is strongly influenced by the positive charge of the atom’s nucleus, 

causing the electron to decelerate and lose energy. The lost energy is then irradiated in the 

form of an X-ray. Collectively this process produces X-rays with a continuous energy 

spectrum. The exact spectrum produced for a given target is dependent on the incident 

electron energy and also the thickness and atomic number of the target itself.22 

The second possible interaction mechanism involves the incoming electron 

interacting with an inner orbital electron of a target atom. The bound electron is ejected 

from the atom and as a result an outer shell electron falls into the vacancy created. As the 

outer electron falls into this lower energy state it emits an X-ray with a specific energy 

which is characteristic of the difference between the binding energies of the inner and outer 

shell electrons23. The following figure demonstrates the shape of a typical X-ray spectrum 

generated in this manner.  

 
Figure 1.4: An exemplar X-ray spectrum. Highlighted are the characteristic X-ray peaks and the continuous 
Bremsstrahlung radiation. 

The means by which such X-ray spectrums may be produced have become 

increasingly refined since X-rays were first discovered in 1895 by Röntgen using a Crookes 

tube. In 1913 Coolidge modified the Crookes tube to create what would become recognised 

as the modern X-ray tube, a schematic of which is shown in Figure 1.5. 
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Figure 1.5: Schematic of the components of a typical X-ray tube.24  

The modern X-ray tube operates under vacuum. A heated wire filament acts as a 

cathode, with its outer electrons being ejected by thermionic emission. A voltage is applied 

across the tube such that a target anode is held positively charged. As a result, the ejected 

electrons are accelerated towards the target where they interact to produce an X-ray 

spectrum. An efficient cooling system is required at the target as 99% of the incident 

electron kinetic energy is dissipated as heat.24 

X-ray tubes are used in the typically used in the treatment of skin cancers. 

Additionally they are used for medical imaging purposes such as radiography, 

mammography and computed tomography.25 

The most widely used radiation source in modern radiotherapy is the medical linear 

accelerator (LINAC). The medical LINAC can be thought of as a highly sophisticated 

version of the X-ray tube, capable of generating beams of electrons and or photons for 

radiotherapy. Figure 1.6 shows a schematic of this complex instrument.   

As with the X-ray tube, the medical LINAC produces electrons via thermionic 

emission from a wire filament. The electrons are again accelerated toward an anode but in 

this case do not strike a target there. Instead the electrons enter an accelerating waveguide 

where a series of electrostatic tubes rapidly switch polarities such that the electrons are 

further accelerated through the system. Once the electrons exit the accelerating waveguide 

bending magnets then direct the electron beam toward a target, typically an alloy of 

tungsten, where the X-ray spectrum will then be produced. Within the ‘LINAC Head’ the 
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resultant X-ray beam is monitored by control systems and may be modified in terms of 

shape and intensity profile, using a variety of filtering techniques, before it reaches the 

patient.24,26 

 
Figure 1.6: Schematic of the components of a medical LINAC.24 

Typically, the medical LINAC is capable of producing electron beams with an 

energy range between 4 and 25 MeV meaning a range of photon energies may be produced. 

Generally speaking, for radiotherapy photons are considered to be in the low energy range 

when between 4-8 MV, medium energy when between 10-15 MV and high energy between 

18-25 MV. The exact photon energy produced will depend on the specific configuration of 

a given LINAC, typically modern LINACs will be configured to provide multiple photon 

energies.27–31 

1.2.2 Interaction of X-rays and Matter 

There are several ways by which photons can interact with matter. Not all 

interactions cause the photon to lose energy, for instance both Thomson scattering and 

Rayleigh scattering are elastic interactions where the photon’s direction changes but its 

energy is conserved32. Of the possible methods by which X-rays can lose energy as they 

traverse a material the three most predominant are as follows. 
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Firstly, the photoelectric effect may occur where an incoming photon’s energy is 

fully absorbed by a bound electron of a target atom. The electron is then emitted from the 

atom with energy equal to that of the incident photon minus that which was required to 

overcome the binding energy of the electron. Such an interaction becomes less probable 

when the incident photon energy greatly exceeds the binding energy of a particular atom 

and as such the photoelectric effect dominates for incident photons of lower energies.  

Secondly, consider Compton scattering. This is an inelastic scattering process 

where an incident photon scatters off an electron such that a fraction of the photon’s 

momentum is transferred to the electron, which recoils and is ejected from the atom. The 

Compton scattering process dominates for X-ray photons of moderate energy and as such 

is the primary interaction process for most forms of radiotherapy33.  

Finally, pair production occurs for more energetic photons. In this process the 

photon disappears and an electron-positron pair is produced in its place. Consideration of 

the mass-to-energy equivalence of the electron-positron pair yields a minimum value for 

the photon energy required for this phenomenon to take place equal to 1.02 MeV, hence 

why this process dominates in the high energy X-ray regime.  

Figure 1.7 summarises the variation in dominance of these three key processes for 

varying photon energies and atomic number of the interacting material. 

 
Figure 1.7: The dominance in photon-matter interaction mechanisms for varying photon energies and atomic 
number materials. Edited from 34. 

Over the typical photon energies used for radiotherapy, 4-25 MeV, for low atomic 

number materials such as soft tissue, the Compton effect dominates. However, for higher 

atomic number species such as gold (atomic number 79) the Compton effect dominates 
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over a narrower energy range, with pair production becoming dominant for the most 

energetic photons and the photoelectric effect for the lower energy end of the photon 

spectrum. 

The amount of energy which is lost by the X-ray beam due to the summative effect 

of these scattering and absorption processes as it passes through an attenuating medium is 

defined as the amount of energy which gets attenuated. Attenuation of the beam can be 

quantified using a form of the Beer-Lambert law: 

𝐸	 = 𝐸!	𝑒
"	$%& 																																																												(1.1) 

where E0 is the incident energy and E is the energy after travelling through a certain 

thickness of material x with a mass attenuation coefficient (μ /r). The mass attenuation 

coefficient is used in place of the linear attenuation coefficient, μ, alone such that this term 

becomes independent of density, r,  and varies only by energy of the beam. It should be 

noted that since μ becomes larger with decreasing photon energy, as the beam is attenuated 

the intensity deviates from the standard exponential decay that Equation 1.1 would imply 

at first glance.35 

When the energy absorbed by the medium itself is considered care must be taken 

as there is a subtle but significant difference between this and the energy attenuated from 

the beam. To make this clear the amount of energy which is deposited in a given amount 

of media is termed the dose, where 1 Gray of dose is said to be given when 1 Joule of 

energy is deposited in 1 kilogram of material. 

While the beam energy is attenuated at the location of the interacting atom this is 

not equivalent to where dose is deposited in the media. The photon-matter interactions 

detailed above result in the emission of secondary charged particles (electrons and 

positrons) from the interacting atoms. These secondary particles generated carry forward 

kinetic energy which then gets deposited at a depth further into the media due to the forward 

bias of the beam.36–38 

When considering the typical dose-depth curve for X-rays in tissue this results in 

what is termed the ‘build-up region’. Skin and tissue close to the surface receives a sparing 

effect due to this forward promotion of energy, resulting in a smaller dose deposited at low 

depths. Figure 1.8 illustrates a typical dose-depth curve. 

Additionally, the depth at which maximum dose deposition, the position denoted 

by Zmax in Figure 1.8, occurs at is dependent on the energy of the photon beam39. This is 

demonstrated in Table 1.1 where the typical Zmax is shown for various photon beam 

energies. As a result of this effect, by tuning the energy of the incident photons radiotherapy 
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treatments can, to an extent, be modified to better deliver dose at the optimum depth to 

damage the tumour preferentially over the surrounding healthy tissue.  

 
Figure 1.8: An illustrative dose deposition curve for photons in tissue, at an energy indicative of the 
radiotherapy regime. Ds is the dose at the skin, Dmax is the maximum deposited dose and Dex is the dose upon 
exiting the patient. Taken from 37. 

 

Photon Energy / MV   4 6 10 18 25 

Zmax / cm   1.0 1.5 2.5 3.5 5.0 

Table 1.1: Typical depths of dose maximum, Zmax, for various photon beam energies and a field size of 5x5 cm2. 
Edited from 37. 

1.2.3 DNA and Radiotherapy 

Already discussed is how cancer is the result of a change to DNA; that the 

manipulation of an oncogene results in uncontrolled cell growth and replication. However, 

as well as being tied to the cause of the problem, manipulation of cellular DNA is also 

linked to the solution. The core principle underpinning radiotherapy is that by depositing 

energy to the tumour volume the DNA of the tumour cells may become damaged. If enough 
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damage occurs and the tumour cell is unable to repair itself then it becomes unable to 

function and cell death occurs.  

When photon-matter interactions occur during radiotherapy the way in which DNA 

damage is said to be induced can be classified as either a direct effect or an indirect effect. 

A direct effect occurs when either the incoming photon itself interacts with an atom of the 

DNA strand such that its ionisation disrupts the bonding of the sugar phosphate backbone 

and causes a single strand break (SSB), or when a secondary electron generated by the 

photon goes on to interact with DNA and cause a breakage40. 

An indirect effect is said to occur when the incoming photon interacts with non-

genetic material to form an intermediary free radical species. A free radical, being an atom 

or a molecule with an unpaired electron, is highly reactive and can therefore diffuse to 

DNA to cause damage41. The difference between these two classifications is summarised 

in Figure 1.9. 

 
Figure 1.9: Comparison of the indirect and direct mechanisms of DNA damage. Edited from 41.  

The indirect effect is in fact the most common mechanism for DNA damage during 

radiotherapy. Specifically, since the cell is composed largely of water, radiolysis of water 

molecules to the hydroxyl radical (HO•) has been estimated to account for 50-70% of DNA 

damage42,43.  

When DNA damage occurs a cell can employ repair mechanisms which seek to fix 

the damage using specialist repair enzymes. SSBs occur relatively often in the DNA of 
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humans, due to environmental stresses such as UV light and pollution for instance, but are 

also usually easily repaired by the cell. However, should two SSBs happen opposite one 

another, or in very close proximity, a double strand break (DSB) is said to occur. DSBs are 

also repairable but since the damage is more complex the repair process is more difficult43. 

To ensure successful tumour cell killing, having many clustered DNA damaging events 

occurring during radiotherapy, resulting in both SSBs and DSBs within the cell, would be 

optimum. 

1.2.4 Internal and External Radiotherapy 

Radiotherapy techniques may be classified in two categories, internal radiotherapy 

and external beam radiotherapy. The radiotherapy principles already outlined here are 

common to both techniques but the manner in which radiation is applied to the tumour is 

what sets them apart. 

Internal radiotherapy describes a group of techniques whereby one or more 

radioactive sources are placed inside the patient such that they damage the tumour from 

within. In brachytherapy a pellet containing a radioactive source is placed directly inside 

the tumour volume, or in close proximity to it in certain cases. As the source emits X-rays 

the tumour volume receives high doses while the surrounding healthy tissue is minimally 

damaged44,45. This is common in the treatment of prostate, cervical, breast, skin and 

oesophageal cancers46. 

Other forms of internal radiotherapy are achieved using a liquid carrying a 

radioisotope which is injected into or ingested by a patient47. Tumour targeting is achieved 

either by injecting into a specific blood vessel feeding the tumour, by selection of a 

radioisotope known to accumulate in the organ of choice or by attaching a molecule or 

antibody to the isotope such that it associates with a specific tissue. 

As the name suggests in external beam radiotherapy the radiation source, a medical 

LINAC, is outside the patient and therefore a different approach must be taken to apply 

treatment. If the beam remains in a fixed position during treatment a large dose will build 

up in the healthy tissue of the patient. To avoid this the beam may be rotated around the 

patient during treatment, always focussing on the tumour volume but spreading the energy 

deposited to healthy tissue across a much greater volume, thereby reducing the average 

dose to healthy tissue.  

In practice, the process of spreading the dose across healthy tissue is somewhat 

more intricate than a simple rotation around the body. Complex treatment planning 

simulations are carried out by clinicians after imaging the tumour volume. These 

simulations determine the optimum method to deliver radiation to the tumour volume by 
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taking many different factors into account. For example, nearby organs or regions of high 

vulnerability to radiation damage such as the spine will be accounted for. The irradiation 

angles selected can be determined such that minimal dose deposition occurs in these 

regions of high risk. Additionally, the shape of the tumour can be accounted for; 

collimation may be used and can be adjusted to accommodate the angle of irradiation such 

that minimal healthy tissue surrounding the tumour is irradiated. Figure 1.10 illustrates the 

result of a typical dose treatment plan.48 

 
Figure 1.10: Overlaid on a CT image of a patient suffering from prostate cancer is an example radiotherapy 
treatment plan. Tumour volume is shown by the red contour and multiple beams are shown in yellow. The 
colour map illustrates predicted the dose distribution. Edited from  49.  

New technology for implementing external beam radiotherapy has led to 

significant improvements in the technique. For instance image-guided radiotherapy 

(IGRT), where frequent imaging of the tumour facilitates greater accuracy of treatment, 

and also intensity modulated radiotherapy (IMRT), where the use of a multileaf collimator 

(MLC) allows for more sophisticated filtering of the beam profile which can be 

dynamically altered in real-time for optimum treatment.50  

One of the key motivations in continuing to develop and improve upon 

radiotherapy techniques is that, with radiotherapy technology already in place in many 

hospitals across the world, any improvement to the technique can be rapidly adopted by 

the medical community and without the set-up costs for new facilities. With this in mind 

discussion will now turn to how gold nanoparticles can be employed as a means by which 

the dose deposited to a tumour volume using current radiotherapy practices can be 

enhanced. 
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1.3 Gold Nanoparticles 

One of the key issues with radiotherapy is that a balance must be struck between 

depositing enough dose in the tumour volume such that the cancerous cells are successfully 

killed, while at the same time not depositing so much that the surrounding healthy tissue is 

adversely affected. Technological improvements, such as the ones already discussed here, 

and adaptations to radiotherapy procedures such as the fractionation of treatment over 

multiple sessions have greatly helped in addressing this issue, making radiotherapy a viable 

curative option for more individuals51. However, there is still a drive to improve upon this 

further still and within the field of nanomedicine gold nanoparticles (AuNPs) are emerging 

as a promising means to achieve this. 

1.3.1 The Use of Gold Nanoparticles as Radiosensitisers 

In the context of radiotherapy a radiosensitiser may be defined as a non-toxic, 

chemical or pharmacologic agent which acts to increase the cytotoxicity of ionising 

radiation52. As such, the incorporation of a radiosensitiser into the tumour volume before 

radiotherapy provides a means by which the dose deposited in the tumour may be enhanced 

while maintaining the dose deposited in healthy tissue at a minimum.  

For over 70 years the theory behind radiosensitisation has been understood53 but 

only within the last 20 years has in vivo tumour control using AuNP’s been demonstrated; 

progressing from the use of gold microspheres in Herold et al’s 2000 study54 to AuNPs in 

Hainfeld et al’s pioneering 2004 study55. Hainfeld showed that by injecting AuNPs into the 

bloodstream of mice bearing subcutaneous tumours and then irradiated, the tumour volume 

was significantly reduced. In fact, the tumour control afforded by this technique was shown 

to be a stark improvement on that given by using radiation alone as Figure 1.11 illustrates. 

 
Figure 1.11: Comparing average tumour volume in mice given no treatment, AuNP treatment only, radiation 
only and those given both AuNP and radiation; where 250 kVp X-rays were used to deliver a 30 Gy dose when 
radiation was required. Taken from 55. 
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The longer-term results from the study also showed a similar level of success, with 

the one-year survival rate of the mice being increased from 20% with radiotherapy alone 

to 86% with AuNP-enhanced radiotherapy. This was significant in that it indicated a lack 

of any long-term negative side-effect of the treatment, such as toxicity arising from the 

AuNPs; something backed by Hainfeld’s observation that the AuNPs were being excreted 

from the bodies of the mice via their renal system.  

It should be noted that the reason why the dose-enhancement exhibited by AuNPs 

does not appear to occur in the healthy tissue, causing cell death there, is the result of the 

tumour vasculature. The same leaky vasculature associated with tumours which facilitated 

cancer cells travelling to secondary sites within the body is exploited in AuNP based 

therapies. When AuNPs are injected into the bloodstream they leave the vasculature at 

these leaky sites and accumulate in the tumour volume where they cause dose-enhancement 

while the healthy tissue is unaffected, this is as illustrated in Figure 1.12.  

 
Figure 1.12: Leaky tumour vasculature facilitating AuNP accumulation in tumour volume. Edited from 56. 

Given the great potential showcased by Hainfeld’s work interest in AuNPs has 

hugely increased over the last two decades. Before discussing further recent developments 

in pre-clinical studies of AuNP radiosensitisation, as well as the viability of implementing 

AuNP-enhanced radiotherapy, it is necessary to provide further context around AuNP 

properties. To achieve this over the next three sections the origin of AuNP’s 

radiosensitisation, the synthesis of AuNPs and the uptake of AuNPs into cells will be 

discussed before turning to recent advances in the field. 
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1.3.2 Origin of AuNP Radiosensitisation 

1.3.2.1 Physical Interactions of AuNPs with X-Rays 
AuNPs may interact with incoming photons in the same ways as described 

previously for tissue-photon interactions. Considering again Figure 1.7, which compared 

the most dominant interaction mechanisms, it can be seen that for the high atomic number 

of gold (Z = 79) the photoelectric effect begins to play a more dominant role compared to 

lower atomic number material such as soft tissue. Indeed, it is actually the occurrence of 

the photoelectric effect that facilitates the Auger effect57 which ultimately gives rise to a 

significant portion of the radiosensitisation effects of AuNPs. 

When the photoelectric effect occurs in a gold atom a photoelectron is ejected from 

the atom, a vacancy or ‘hole’ is left behind in place of the electron and the atom is left in 

an unstable state. The atom must then lose energy in order to become stable again. This can 

be achieved through fluorescence; where an upper shell electron falls down to occupy the 

hole and releases its now excess energy in the form of a fluorescent photon. Alternatively, 

the emission of an Auger electron can facilitate stabilisation; where, again, an upper shell 

electron falls down to occupy the hole but, in this scenario, instead transfers its excess 

energy to another electron which then gets ejected. In turn this creates another hole and the 

process repeats to form a cascade event, with multiple Auger electrons being emitted from 

the one atom in a single ionisation event. 

Due to the mechanism by which they are produced any photoelectron, or indeed 

electron produced from the Compton effect or pair production, will have a larger energy 

than the Auger electrons. As a result, the range of travel in media of the Auger electrons is 

much shorter than these other electrons. The Auger electrons therefore deposit all their 

energy over a comparatively short distance from the nanoparticle, generating incredibly 

high local doses, while the more energetic electrons carry their energy further away, 

depositing it in scattering events over a much longer range. 

1.3.2.2 Predicting AuNP Dose Enhancement 
Initial theoretical work in the field58–61 used Monte Carlo methods to simulate 

photon-electron interactions and thereby predict the dose enhancement arising from AuNPs 

in a tumour. Gold concentrations on the order of 1% (mass of gold per tumour mass) were 

suggested to approximately double the deposited dose from keV X-rays. Such studies not 

only agreed well with one another, but also with simple predictions of dose enhancement 

based on the ratio of the mass energy absorption coefficients of gold and soft tissue62. 

However, experimental studies observed similar levels of enhancement for gold 

concentrations orders of magnitude smaller63.  
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Further to this, radiotherapy is delivered clinically using MV X-rays, yet most pre-

clinical studies are carried out using photons in the keV range. When such models are 

applied to photons at this higher energy little to no dose enhancement is expected from 

AuNPs, yet experimental evidence has shown evidence to the contrary when using MV X-

rays. Jain et al64 observed significant dose enhancement effects using both 6 MV and 15 

MV X-rays, likewise both Geng et al65 and Lui et al66 also used 6 MV X-rays and 

demonstrated similar levels of enhancement. 

This discrepancy highlighted that if dose enhancement of AuNPs is to be correctly 

predicted an understanding of how irradiating AuNPs in cells beyond just that of physical 

effects is needed. There must be some parameters, either chemical or biological, which also 

need to be taken into account. 

One example of the how taking into account such parameters in predictive 

modelling can have a large impact is the work of McMahon et al63. Realising the biological 

importance of nanoscale behaviour McMahon et al modelled the energy deposition as a 

function of distance from the centre of an irradiated AuNP, this is shown in Figure 1.13. 

This model illustrates the Auger electron’s dramatic contribution to the total energy 

deposited over the first several hundred nanometres, owing to their energy being lower than 

that of photoelectrons and thus having a shorter range. Attenuation of Auger electrons 

generated within the nanoparticle itself can also be clearly seen when considering the initial 

20 nm range, implying that cascades occurring on or near to the AuNP surface produce the 

best local dose-enhancement in the surrounding tissue. 

 
Figure 1.13: The variation in average energy deposited around an AuNP, of radius 20nm, by Auger electrons 
and photoelectrons after one ionising event by a 40 keV photon as modelled by McMahon et al63. 
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Relating the importance of clustered SSBs or several DSBs in causing irreparable 

damage such that a cell is killed, as was previously discussed, to this result highlights a 

biological reason why consideration of the high local dose around an AuNP must be 

accounted for. Should an AuNP be within a few hundred nanometres of a DNA strand 

during irradiation then the shower of Auger electrons produced facilitate the production of 

many localised free radicals. There is then a high probability that not only will some DNA 

damage occur but that significant clustering of DNA damage will occur, causing irreparable 

damage and inducing cell death. Figure 1.14 illustrates this point, showing an example 

scenario where an AuNP is adjacent to a DNA strand during irradiation. 

 
Figure 1.14: Illustration of the nanoscale events occurring around an AuNP in the vicinity of a DNA strand 
upon irradiation. Arrows represent the direction of the photon beam, blue spheres represent free radicals 
produced from high energy secondary electrons generated in water and the red spheres represent the radicals 
generated from Auger electrons. Taken from67. 

Taking this into account, having developed the model of nanoscale energy 

deposition McMahon et al went on to apply the Local Effect Model (LEM)68,69 to these 

distributions. The LEM was developed as a model for treatment planning which takes into 

account both complex biological and physical factors70. When using the LEM at each point 

in the cell the probability of damage occurring is calculated based on the local dose, this 

allows a predicted average level of damage across the cell to be calculated which in turn 

allows a survival probability to be calculated. This is a subtle yet impactful contrast to early 

studies simply calculating cell killing based on dose averaged over the entire cell. 

It was found that such a method was able to match experimental results well, 

accounting for large radiosensitisation effects that other approaches had failed to 

demonstrate.  
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1.3.2.3 Chemical and Biological Factors 
The work by McMahon et al went some way to bridge the gap between 

experimental data and predictive models. However it has been suggested71 that in order to 

move AuNP-enhanced radiotherapy successfully into the clinic it is necessary to have an 

understanding of the most important chemical and biological factors contributing to the 

enhancement effects arising due to AuNPs.  

In standard radiobiology practices the response of biological systems to radiation 

is categorized into three phrases; reflecting the physical, chemical and biological factors 

that determine the overall response72. This is demonstrated in the below figure which shows 

the timescales each phase operates across along with typical phenomena associated with 

each phase. 

 
Figure 1.15: Time-scale of the effects of radiation on biological systems. Taken from72. 

While such categorisation originally was developed around standard radiotherapy 

techniques, the same approach can be taken regarding the inclusion of AuNPs to the therapy 

regime. The physical phase concerns events which occur on a nanosecond time period and 

below. This then includes the physical interactions between incoming photon and matter, 

such as the aforementioned Compton effect and Auger cascade. Also included in this phase 

is the breaking of chemical bonds by these physical interactions (causing DNA damage by 

the direct effect as described in section 1.2.3) and the generation of free radicals. As 

previously detailed the physical phase is generally well understood and can be modelled 

successfully. 

While there is no exact division between phases the chemical phase generally 

describes events occurring up to a time scale of seconds to minutes. This phase concerns 

mostly concerns the lifetime of free radicals which have been generated in the physical 

phase. These free radicals, such as the hydroxyl radical as described in section 1.2.3, may 
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ultimately go on to cause DNA damage through indirect action or alternatively it is also 

possible for a free radical to be inactivated through scavenging reactions in the cell. 

The biological phase encompasses the complex and vast range of responses of the 

biological target to radiation, from the molecular level, through to whole cell and whole 

organism. As such the time period this phase covers events occurring within seconds of 

exposure through to effects arising years later. Classic radiobiology attempts to simplify 

this phase by describing the biological responses as ‘the 5 Rs’: repair, reoxygenation, 

redistribution, repopulation and intrinsic radiosensitivity73,74. 

Repair refers to the complex mechanisms that give cells the innate ability to fix 

DNA which is damaged, so long as the damage is not too severe. During radiotherapy 

treatment tends to be fractionated, that is to say it is multiple smaller doses of radiation are 

given to a patient each day. This allows cells in healthy tissue time to repair damage, 

thereby minimising unwanted damage. 

Reoxygenation refers to the importance of oxygen in radiotherapy. When free 

radicals are produced they most readily interact with oxygen, due to its high electron 

affinity, to produce a reactive oxygen species which then damages biological components. 

Hypoxia in tumours (an inadequate supply of oxygen) can cause radioresistance, reducing 

the therapeutic effect of radiotherapy75,76. Again, fractionation plays an important role, 

allowing reoxygenation of the tumour tissue between successive treatments. 

Redistribution relates to the importance of the cell cycle to radiotherapy. As 

discussed in section 1.1.2 cells cycle through phases. It is known that the radiosensitivity 

of cells changes depending on which phase of the cell cycle they are in, with the most 

radiosensitive cells being those in the G2 phase, followed by those in the M phase. Less 

sensitive to radiation are cells in the G1 phase and cells in the S phase are known to be the 

most radioresistant77. Therefore, when radiotherapy is performed certain subpopulations of 

cells are more likely to survive. Redistribution refers to the process of allowing these 

subpopulations of cells time to move onto a cell cycle phase which is less radioresistant, 

once more facilitated by the process of fractionation. 

Repopulation is a detrimental effect. Referring to the ability of a tumour which has 

been exposed to a sublethal level of radiation to regrow at an accelerated rate78,79, 

repopulation is the most frequent cause of radiotherapy failure. 

Intrinsic radiosensitivity refers to the fact that, disregarding the factors included in 

the other 4 Rs, different cell lines display different inherent responses to radiation with 

some cell lines being more radiosensitive than others80–82.  

With specific regard to AuNP-enhanced radiotherapy, in order to successfully 

move the technique forward to the clinic it is necessary to have a full understanding of how 

each of these 5 Rs is affected by the presence of AuNPs. While much of the initial focus of 
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pre-clinical studies surrounding AuNPs was in demonstrating how they alter 

radiosensitisation64–66,83–88, there has since been a drive to better understand the effect of 

AuNPs on the other 4 Rs. 

With regards to repair there has been evidence of inorganic nanoparticles inhibiting 

repair functions89,90, but to date there is little to no evidence of AuNPs inhibiting this71. 

AuNPs have however been shown by many studies91–93 to inhibit cellular growth and 

proliferation in certain cell lines, therefore greatly effecting repopulation and, as a result, 

possibly also altering the oxygen demands of the tumour and thus reoxygenation. 

The effect of AuNPs on redistribution is still an area of debate. Work from Jain et 

al64 and also from Cui et al94 report AuNPs have no effect on the cell cycle. However Roa 

et al87 report evidence to the contrary, having observed AuNPs halting human prostate 

cancer cells in the radiosensitive G2 phase. Likewise Xu et al93 reported similar behaviour 

when using gold nanorods.  

In addition to investigating the effect of AuNPs on the 5 Rs efforts have also been 

made to understand the impact of AuNPs on the chemical phase of biological response to 

radiation. For example Sicard-Roselli et al95 proposed a new mechanism for hydroxyl 

radical production arising due to the presence of AuNPs. Sicard-Roselli compare 

experimentally measured amounts of the hydroxyl radical against predictions based on 

standard radiolytic pathways and report a deficit. The study proposes that a catalytic-like 

reaction may be occurring at the nanoparticle surface, facilitating greater production of the 

hydroxyl radical. 

Furthering understanding of the effect of AuNPs on the response of biological 

systems to radiation beyond just that of physical phase effects is clearly an unfolding area 

of study. Not only is work in this field necessary in order to better inform the use of AuNPs 

clinically but also to inform modelling of dose enhancement effects in a more complex 

manner. The work within this study focusses on uptake of AuNPs in cells and therefore 

aims to shed light on the topics of localisation of AuNPs in cells and information on 

potential timescales of such behaviours. 

1.3.3 Production of Gold Nanoparticles 

It is worth noting that the discussed physical interactions between AuNPs and X-

rays are not unique to AuNPs, but rather are common among many heavy atom 

nanoparticles. That being said there are several reasons why the use of gold as the material 

of choice has become commonplace in the nanomedicine community. Studies have since 

documented the biocompatibility of AuNPs96 showing them to be noncytotoxic and 
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nonimmunogenic; meaning AuNPs will not trigger a negative physiological response in a 

patient body. 

Further to this, historically there has always been a cultural interest in gold and its 

properties. For instance, fine gold particles have been used for centuries to create stained 

glass windows97. Due to this modern synthesis of AuNPs is a well-developed and easily 

accessible process. 

1.3.3.1 Synthesis Methods 

Currently the most commonly used method for synthesis of AuNPs is the 

Turkevitch method98. This involves the reduction of boiling chloroauric acid (HAuCl4) with 

trisodium citrate dihydrate under vigorous stirring to produce a red solution containing 

AuNPs. Generally, this method is capable of producing AuNPs in a range of 15 to 100 nm 

sizes. The exact size of the AuNPs produced varies as the ratio of trisodium citrate to 

HAuCl4, with higher concentrations of citrate producing smaller AuNPs99.  

It has been noted that when using the Turkevitch method to create AuNPs of size 

greater than 35 nm (an Au/citrate ratio above 0.86) the resultant population tends to be less 

uniform, showing a greater proportion of non-spherical AuNPs as well as less a larger 

standard deviation in the size distribution of the population100. Studies have also shown that 

by modifying the method to use heavy water (D2O) as the solvent then AuNPs as small as 

5 nm may be produced, owing to the D2O increasing the reduction power of the citrate101. 

Another widely used synthesis method is the Brust-Schiffrin method102. This 

method is similar to the Turkevitch method but uses sodium borohydride (NaBH4), a 

stronger reducing agent than sodium citrate, to create AuNPs with diameters less than 5 

nm.  

More recently more exotic methods of AuNP synthesis have emerged, 

incorporating the use of lasers to synthesise AuNPs via physical rather than chemical 

pathway. Laser-ablative synthesis103–105 of AuNPs typically involves firing an intense laser 

onto a solid gold target which is immersed in an aqueous media. The target is ablated by 

the laser, meaning material is removed from it, yielding a natural formation of AuNPs as 

the material coalesces in the aqueous medium. More recently the use of femtosecond laser 

pulses has been shown to facilitate fine control over AuNP size and structural 

characteristics during production, with single nanometre-sized AuNPs being stably 

produced106.  

1.3.3.2 Functionalisation of Gold Nanoparticles 
One of the reasons why the Turkevitch methods is so popular is the fact that this 

synthesis technique facilitates functionalisation. Functionalisation is the name given to the 
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process of chemically bonding other molecules onto the surface of a nanoparticle in order 

to confer new, useful properties to the nanoparticle. In the case of the Turkevitch method 

the AuNPs which are produced have a loosely bound citrate cap associated with the 

nanoparticle surface. This cap acts as a linker, allowing further functional groups to be 

easily conjugated to the nanoparticle surface.  

There are many reasons why an AuNP may be functionalised. For example, 

functionalisation has been used to increase the stability of AuNPs, for instance poly-

ethylene glycol (PEG) is a hydrophilic molecule commonly used to coat hydrophobic 

nanoparticles, altering their polarity and increasing their biological stability107. 

An AuNP may be functionalised with specific antibodies or ligands conjugated to 

its surface such that it becomes targeted to a specific organ or tissue in the body. Thus, 

once the location of a tumour is determined a functionalised AuNP can be selected which 

is tuned such that it becomes tumour-targeting, facilitating radiosensitisation at the required 

site. Alternatively, by functionalising the AuNP with both an antibody and a drug this same 

method can be used for the targeted delivery of drugs to a specific tissue.108,109  

AuNPs have also been functionalised to provide theranostic potential, a term used 

to indicate both therapeutic and diagnostic benefit. Dithiolated diethylenetriamine 

pentaacetic acid (DTDTPA) has been conjugated to AuNPs such that the resultant 

nanoparticle Au-DTDTPA provides both contrast enhancement for CT and dose-

enhancement110. This facilitates both better diagnostic imaging for beam modulation and at 

the same time improved dose deposition to the tumour.  

It is important to also note that other nanoparticle formulations are of interest to 

the nanomedicine community for their therapeutic potential. For example, the NBTXR3 

nanoparticle is a hafnium oxide nanoparticle more recently created by the French 

nanomedicine company Nanobiotix. NBTXR3 has been shown to provide 

radioenhancement while remaining non-cytotoxic and is currently being used in clinical 

trials111–113. While the nanoparticle-based studies in this body of work have used AuNPs, 

the methods presented could be extended to other formulations, such as NBTX3, at a later 

date. 

1.3.4 Cellular Uptake of Gold Nanoparticles 

In discussing the physical mechanisms of AuNP radiosensitisation the short-range 

nature of the local dose enhancement effect was noted. As such, it becomes apparent that 

AuNP location within a cell is highly important in establishing biological outcome during 

AuNP-enhanced radiotherapy. 
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In order to achieve cell death in cancer cells damage to the DNA of the cells is 

desired. Since DNA is located within the cell nucleus, the optimum scenario for AuNP-

enhanced radiotherapy would be to have AuNPs inside the cell nucleus, but without 

toxicity. Further still, if these AuNPs are well dispersed within the nucleus this would 

create many opportunities for multiple sites of clustered DNA damage within tumour cells 

and would result in greater tumour cell killing. That being said this is not a requirement for 

the success of this kind of treatment, rather this may be viewed as a perfect-case scenario. 

1.3.4.1 AuNPs and Endocytosis 

In order for the AuNPs to have this desired effect and reach the cell nucleus they 

must first traverse the cell membrane. The cell membrane is a semi-permeable barrier, 

while small, non-polar molecules such as oxygen and carbon dioxide are capable of 

diffusing straight across the membrane nanoparticles are too large for this to occur.  

Endocytosis is the name given to a group of highly regulated processes by which 

larger materials, including AuNPs, may be brought inside a cell. The mechanistic details 

of different endocytic pathways are highly complex and within the field of nanomedicine 

understanding the exact means by which AuNPs enter a cell is a topic which continues to 

be explored114–116. Figure 1.16 below demonstrates several endocytic pathways by which 

AuNPs may be internalised.  

 
Figure 1.16: Schematic overview of the various pathways by which AuNPs may be internalised by a cell via 
endocytosis. Taken from114. 
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In all versions the processes illustrated in Figure 1.16 AuNPs end up inside the cell 

membrane, encased in a sphere of the same material as the cell membrane known as an 

intracellular vesicle. The difference between the illustrated mechanisms is in how the cell 

facilitates entry. In the case of phagocytosis and macro-pinocytosis the cell membrane 

actively expands to surround the AuNP before drawing it into the cell, encapsulated in a 

vesicle.  

For the receptor-mediated endocytic pathways, a and b, the AuNP binds to a 

receptor on the cell surface and invagination of the membrane occurs, forming a bud which 

is pinched off the cell surface internally to form a vesicle, known in this instance as an 

endosome. Typically clathrin-mediated endocytosis is the dominant uptake mechanism for 

AuNPs of size less than 200 nm while caveolae-mediated endocytosis is dominant for 

larger nanoparticles117,118. 

Many studies have sought to investigate how factors such as AuNP size, shape and 

surface charge effect the degree of cellular uptake observed119–122. However, it is worth 

noting that not all studies show agreement with one another. For instance, in investigating 

the uptake of differently sized AuNPs in dendritic cells some studies123,124 have reported 

observing enhanced cellular uptake when using smaller AuNPs (1-2 nm vs 12 nm), 

attributing the higher diffusion capacity of smaller particles as the reason for this. Yet the 

opposite effect has been observed by other studies125 where larger AuNPs were reported to 

display increased uptake compared to smaller AuNPs (50 nm vs 10 nm).  

Such findings highlight the complexity of investigating cellular uptake and also the 

need for increased understanding of AuNP-cell membrane interactions. Further to this it 

also demonstrates the need for groups in the field to work together to achieve better 

uniformity between studies, using well-established cell lines and timepoints to allow for 

inter-comparison studies in order to make concrete steps forward. 

1.3.4.2 Intracellular Trafficking of AuNPs 

Once an AuNP has been successfully internalised by a cell its destination is 

dependent on a process known as intracellular trafficking. Intracellular trafficking is a term 

used to describe how a foreign object is transported within a cell after endocytosis. Due to 

the importance of AuNP’s subcellular location on the degree of radioenhancement 

achieved, the intracellular trafficking of AuNPs is highly important.  

Upon initial entry into the cell AuNPs are encased in an endosome. Over time an 

endosome will mature and will eventually join with another subcellular organelle called a 

lysosome. Lysosomes contain hydrolytic enzymes which act to degrade and damage the 

AuNPs126,127, yet some AuNPs are able to escape this, instead being released freely into the 

cytoplasm of the cell128,129.  
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Another important process is autophagy. This occurs when material in the cell 

cytoplasm is identified as needing to be broken down, the material becomes surrounded by 

autophagosome and is then actively delivered to a lysosome to be degraded. Recent 

studies130–133 have shown that some, but not all, nanoparticles can trigger this process. 

Identifying the fate of nanomaterials once freely dispersed in the cytoplasm is an 

area of ongoing research. Ruan et al134 studied the intracellular trafficking of functionalised 

semiconductor nanoparticles called quantum dots (QDs) and observed the nanoparticles 

were actively transported to the perinuclear region of the cell. Johnston et al135 investigated 

how fluorescent carboxylated polystyrene nanoparticles were uptaken and trafficked by 

liver cells and observed accumulation of the nanoparticle at mitochondria within the cells. 

Another study carried out by Greulich et al136 demonstrated silver nanoparticles  were 

uptaken by human stem cells and agglomerated in the perinuclear region. Other studies137–

139 have also claimed to show evidence of nanomaterials permeating all the way into the 

cell nucleus. 

1.3.4.3 Improving Cellular Uptake of AuNPs 
In order to make AuNP-enhanced radiotherapy viable the uptake of AuNPs into 

cancer cells must be maximised. Indeed, tackling this very issue comprises a huge part of 

the studies undertaken in this field140–144.  

In order to improve the cellular uptake of AuNPs into cells functionalisation of the 

nanoparticles is key. There are generally two main means by which AuNPs are 

functionalised in order to improve their transport across the cell membrane; through the 

use of antibody-based functional groups or through the use of cell penetrating peptides 

(CPPs).  

Functionalisation of AuNPs with antibodies has already been mentioned as a 

general example of nanoparticle functionalisation in section 1.3.3.2, the general idea being 

to impart tumour-specific targeting capabilities to the AuNP. Studies such as the work of 

Stuchinskaya et al145 have demonstrated the viability of this method. Human epidermal 

growth factor receptor 2 (HER2) is known to be overexpressed in approximately 25% of 

breast cancer cases146, by functionalising AuNPs with a complementary antibody 

Stuchinskaya et al were able to demonstrate successful targeting of AuNPs to breast cancer 

cells. 

This method can be thought of as active, rather than passive, in the sense that it 

actively encourages the localisation of AuNPs at the tumour site. Therefore, with an 

increased concentration of AuNPs at the tumour site, an increased amount of AuNPs will 

therefore be trafficked into the tumour cells. The actual uptake method, however, remains 

unchanged. This is in contrast to the method by which CPPs encourage cellular uptake.  
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CPPs are typically short amino acid sequences which are designed with the 

intention of promoting cellular uptake through a variety of endocytic pathways by 

encouraging interaction between nanoparticles and cell membranes, usually through 

electrostatic attraction147,148. CPPs have already been shown to be able to facilitate the 

nanoparticles in several cell lines and also in vivo149. For example Yuan et al150 

functionalised gold nanostars with the transactivator of transcription (TAT) peptide, a 

common CPP, and demonstrated successful increased cellular uptake of the nanostructure. 

In promoting nanoparticle-cell membrane interactions the use of CPPs can be 

thought of as actively encouraging cellular uptake. However, it is important to note that the 

localisation of CPP-functionalised AuNPs at the tumour site remains passive, relying on 

the leaky tumour vasculature to facilitate accumulation of AuNPs at the tumour site. This 

is in contrast to the use of antibody-functionalised AuNPs where tumour localisation is 

actively increased but uptake is not, or rather uptake is only increased indirectly as a result. 

It has been suggested that, in order to ensure maximum promotion of cellular 

uptake, combinations of various functional groups should be explored, and indeed this is 

an area of ongoing research151. For example, Hossain et al152 constructed a biohybrid AuNP 

functionalised with both TAT and a breast cancer antibody and demonstrating increased 

uptake in breast cancer cells when compared to the levels of uptake in neuroblastoma. 

Further to encouraging transport across the cell membrane, work is also being 

carried out in the field to encourage nuclear association of AuNPs, thereby actively 

maximising the radiosensitisation potential of AuNPs. For instance, having undergone 

endocytosis AuNPs are initially encased in endosomes. Studies have shown lysomotropic 

agents such a sucrose and chloroquine can disrupt endosomal membranes thereby 

encouraging free dispersal of the AuNPs in the cell cytoplasm thereby making them 

available for transport to the nucleus144,153. 

In order to achieve active targeting of the cell nucleus AuNPs have been 

functionalised with nuclear localisation sequences (NLS). An NLS is an amino acid 

sequence which typically tags proteins within the cell for transport to the cell nucleus. By 

functionalising AuNPs with NLS the same nuclear targeting capabilities are imparted to 

the AuNP154. 

1.3.5 The Viability of AuNP-enhanced Radiotherapy in the Clinic 

To date there has not been an AuNP formulation approved for clinical application 

of AuNP-enhanced radiotherapy. That being said several clinical trials have been carried 

out to investigate the use of AuNPs in cancer treatment. 



 30 

Phase I clinical trial CYT-6091 studied the effect of AuNPs functionalised with a 

tumour necrosis factor-α (TNF-α ) in the treatment of primary, advanced and metastatic 

solid tumours155. This study did not apply radiotherapy to the patients but rather exploited 

the necrotic effects of TNF to damage the tumour. The study was largely successful with 

minimal side-effects in patients were reported with only low-grade fever reported. CYT-

6091 has since entered phase II clinical trials in a combination therapy approach alongside 

chemotherapeutics in the treatment of non-small lung cancer. 

A second phase I clinical trial is currently underway investigating the use of 

AuroShell® to treat head and neck cancers. AuroShell® particles are designed for 

photothermal therapy, when irradiated with laser light they heat and result in thermal 

ablation of the tumour156. The particles were administered intravenously and allowed to 

accumulate at the tumour site before treatment. While this trial is now complete the results 

are awaiting publication. 

While it has not yet happened for AuNPs it is also worth noting that several other 

heavy atom nanoparticles are currently moving through clinical trials in the specific context 

of their use in radiotherapy. For example, a gadolinium-based nanoparticle formulation is 

being used in a phase I trial (NCT02820454) for the treatment of brain metastases by 

whole-brain radiotherapy157.  

Additionally, hafnium oxide crystalline nanoparticles, NBTXR3, are moving 

through various clinical trials. NBTXR3 is being investigated in combination with 

stereotactic radiotherapy, a highly targeted form of radiotherapy, for the treatment of liver 

cancer in a phase I/II trial (NCT02721056). Further to this, a phase I/II trial 

(NCT02805894) investigating NBRTX3 combined with brachytherapy or IMRT in the 

treatment of prostate cancer is underway. Also, having completed a phase I trial 

(NCT01433068) NBTXR3 is being investigated in a phase II/III trial in combination with 

external beam radiotherapy for preoperative treatment of soft tissue sarcoma. 

The clinical trials involving AuNPs show progress is happening and AuNP-

enhanced radiotherapy is moving closer to the clinic. Further to this the success of clinical 

trials using other heavy atom nanoparticles provides hope that successful AuNP studies are 

on the horizon. 
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Chapter 2  

 

Using Fluorescence Lifetime Imaging 

Microscopy to Determine the Real-Time 

Dynamics of Gold Nanoparticle Uptake in 

Cells: Theory and Methods 

The potential for conventional radiotherapy to be improved through the use of 

heavy nanoparticle-enhanced radiotherapy has been widely demonstrated. However, in 

order to ensure that such therapy is being carried out both safely and also in a manner which 

achieves optimum enhancement, an improved understanding of the dynamics of 

nanoparticle uptake is required. 

Within this chapter and the next a method to probe the association and subsequent 

uptake of nanoparticles with a cell sample, in real-time, using fluorescence-lifetime 

imaging microscopy (FLIM) will be presented. As per the reasons outlined in the previous 

introductory chapter, gold nanoparticles have been selected to demonstrate this technique 

in various cancer cell lines.  
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2.1 Introduction and Background 

Fluorescence-lifetime imaging microscopy (FLIM) is a highly useful imaging 

method, normally employed in the field of life sciences, which allows different materials 

in a sample to be identified based upon their fluorescent properties. In order to appreciate 

how such imaging is carried out it is first necessary to gain an understanding of the physical 

process of fluorescence and of conventional fluorescence microscopy. 

2.1.1 Fluorescence  

When a photon interacts with an atom the outcome of the interaction is heavily 

dependent on the energy that photon carries, as discussed in Chapter 1.2. Fluorescence can 

arise as the result of the photoelectric effect, which dominates towards the lower energy 

range of the electromagnetic spectrum, in the ultraviolet to visible light region1. When an 

incident photon of sufficiently high energy interacts with a bound electron of a target atom, 

the photon is absorbed by the electron causing it to be emitted. The emitted electron has 

energy equal to that of the incident photon minus the binding energy of the electron which 

was ionised.  

When such an event occurs, a vacancy or ‘hole’ is left in place of the electron 

which is an unstable state for the atom to exist in. In order to reach a more stable state an 

electron in a higher shell can ‘fall down’ to occupy the vacancy and in the process loses 

energy in the form of an emitted fluorescent photon. Additionally, it is also possible that, 

rather than resulting from ionisation, fluorescence can occur as the result of excitation of a 

bound electron, with a fluorescent photon being realised as the atom transitions from a high 

to lower energy state. 

The fluorescent photon is often named in terms of the transition that produced it. 

In the case illustrated in Figure 2.1 the transition shown is referred to as a kb transition; the 

k refers to the orbital which the electron falls into while the β indicates the number of 

orbitals transitioned over (α for 1 orbital moved across, β for 2 and so on). 

It should be noted that, in higher atomic number materials, it is also possible for 

the atom to stabilise itself through the emission of Auger electrons when such a vacancy is 

created. In fact, a cascade of events comprising both Auger and fluorescent phenomena is 

most likely to occur. However, for the purpose of fluorescence microscopy it is only the 

fluorescent photon which is of interest. 

The energy possessed by the fluorescent photon is equal to that of the energy 

difference between the two states that the atom transitioned through to create it. Using 
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Planck’s Law, the wavelength of the fluorescent photon arising from a specific orbital 

transition may be given by: 

𝜈' =
ℎ𝑐

𝐸())*+ − 𝐸,-.*+
																																																				(2.1) 

where h is Planck’s constant, c is the speed of light and the E values refer to the respective 

energy levels of the orbitals involved. Since different orbital transitions result in emitted 

photons with different energies, which again varies between the atoms of different 

elements, the fluorescent photon is then characteristic of the atom and transition that 

produced it. 

 The shift in the energy of the incident photon and the emitted photon is referred to 

as Stokes shift and it is this phenomenon that makes fluorescence microscopy so powerful2. 

A sample may be excited using one wavelength of light and, then through the use of a filter, 

only the emitted fluorescent photons are collected such that an image is formed showing 

only the fluorescent material. This principle forms the basis for all techniques within the 

fluorescence microscopy family. 

 
Figure 2.1: Schematic of a fluorescence process arising from ionisation. a) An incident photon excites an inner 
shell electron causing ionisation and b) an upper shell electron fills the vacancy left behind, emitting a photon 
of characteristic energy in the process.     

2.1.2 Fluorescence Microscopy 

The term fluorescence microscopy is often used to describe a family of optical 

microscopy techniques, ranging from the traditional epifluorescence microscope to more 

sophisticated confocal fluorescence microscopes. Common to all modalities within this 

family is the utilisation of the physical process of fluorescence to image a sample.  

2.1.2.1 Fluorophores 
 Regardless of which exact type of florescence microscopy is being implemented, 

the sample being imaged must fluoresce strongly in order to provide a sufficiently high 
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signal-to-background ratio, and thus form a high-quality image. While most materials are 

technically capable of undergoing fluorescence when given the correct energy of incident 

radiation, it is uncommon to exploit a sample’s intrinsic fluorescence (autofluorescence) 

for imaging, except for certain niche scenarios where these conditions are favourable3–5. 

Instead, in order to achieve high-quality imaging, a chemical known as a fluorophore is 

typically introduced to the sample being viewed. 

A fluorophore is a molecule with strong, well-defined fluorescent properties which 

is chemically bonded to a specific structure in order to facilitate higher-quality fluorescent 

imaging. Typically, synthesised organic molecules with ring structures are used as 

fluorophores. The presence of double-bonds in these molecules creates potential excited 

states which may be accessed using exciting photons in the visible part of the 

electromagnetic spectrum. Additionally, the high number of these double-bonds gives these 

molecules a high fluorescence quantum yield; that is to say these molecules convert 

exciting photons to fluorescent photons with a high efficiency and thus fluoresce strongly1. 

The structure to which a fluorophore is chemically bonded may be an agent, such 

as a drug or protein, which is applied to a cell sample. The fluorophore then allows where 

the agent localises within the cell sample to be determined6,7. 

However, more commonly, the structure to which the fluorophore is attached is a 

specific organelle within a cell sample, e.g. the nucleus or cell membrane. In this instance 

the fluorophore must be designed such that when it is applied to a cell sample it actively 

targets and binds to the desired organelle. Usually this is achieved by conjugating the 

fluorophore to an antigen, selected such that it binds to the specific receptor sites of the 

organelle of interest. In this manner the organelle is said to be ‘stained’ by the fluorophore 

and the characteristic fluorescence of the fluorophore can be detected to image the 

organelle8–10. 

Indeed, multiple fluorophores can be applied to a sample, so long as their emission 

wavelengths do not overlap, to image multiple organelles. By simply changing the filtering 

being used on the fluorescence microscope the detected light from each fluorophore can be 

isolated and captured, before being overlaid to form an image displaying both organelles 

of interest.  

2.1.2.2 The Epifluorescence Microscope 
The epifluorescence microscope, often referred to simply as a fluorescence 

microscope, is a relatively straightforward adaptation to a conventional microscope. A filter 

is placed in front of a light source, typically a xenon arc lamp or a mercury-vapour lamp11, 

such that only a select, narrow band of wavelengths is transmitted. A dichroic mirror 

reflects this light such that it may then be focussed onto the sample using an objective lens. 
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The emitted fluorescent light is collected by the objective and, being of a different 

wavelength to the incident light, is transmitted by the dichroic mirror. A final filter ensures 

no excitation photons remain in the beam before it is then be directed through an eyepiece 

or to a detector. Figure 2.2 illustrates the set-up of one such microscope. 

 
Figure 2.2: Schematic illustrating the operation of the epifluorescence microscope. Taken from 12. 

2.1.2.3 The Confocal Microscope 

Confocal microscopy is a somewhat more sophisticated method of performing 

fluorescent microscopy, described here since the fluorescence-lifetime imaging 

microscopy (FLIM) system used in this study is a modified version of a confocal 

microscope.  

Using standard epifluorescence microscopy, upon illumination, fluorescent 

photons are collected from a range of z-depths in the sample. While fluorescence will be 

strongest at a depth corresponding to the focal length of the lens used, and thus fluorophores 

at this depth will contribute most, the image generated will still be the result of a projection 

through the sample in the z-direction. The major benefit of confocal microscopy is that it 

provides a highly restricted z-field; that is to say the image generated using this technique 

corresponds to a ‘slice’ through the z-plane of the sample13. 

Confocal microscopy achieves this restricted z-field by expanding upon the set-up 

of the epifluorescence microscope14. A pinhole is positioned in front of the detector at a 

distance such that fluorescent light rays travelling from the focal point of the objective lens 

are re-focussed onto the pinhole. Emitted light from all other depths are blocked out.  

While this allows for a restricted z-field it does so at the cost of greatly reducing 

the amount of light reaching the detector. To remedy this and still maintain strong signal 

levels at the detector a laser is used as the light source in the confocal microscope, providing 
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a more intense light source to probe the sample and therefore a greater number of photons 

reaching the detector15. Figure 2.3 illustrates the set-up of a confocal microscope and how 

the restricted z-field is achieved. 

 
Figure 2.3: Schematic illustrating the operation of the confocal microscope. The excitation light rays are 
shown in green. The dashed red lines indicate fluorescent light rays from an object not in the focal plane which 
subsequently get blocked by the confocal pinhole, whereas the solid red lines indicate light rays travelling from 
the focal plane which subsequently are allowed to reach the detector. Taken from 16. 

In traditional widefield imaging an entire region is illuminated and subsequently 

imaged in one go. However, since the confocal microscope focuses the incident light to a 

point, it is necessary to scan the laser across the surface of the sample in order to image a 

region. This is achieved through the use of scanning mirrors, not shown in Figure 2.3 for 

the sake of simplicity, which tilt to scan the laser across the sample incrementally in the x-

y plane. These mirrors also act to descan the fluorescent light such that it reaches the 

pinhole in the correct orientation. At each position moved to during the scan, light is 

collected and used to form an individual pixel, in this manner an entire region is scanned 

and an image is generated. In practice a single scan can be performed in fractions of a 

second15. 

2.1.2.4 Multiphoton Excitation 

Many variations of the confocal microscope set-up are now in use to accommodate 

various applications. Some, such as the use of a spinning disk with many pinholes in place 

of a single stationary pinhole17, have become widely used whereas others remain more 

niche. In addition to being one such adaption of a confocal microscope, the FLIM system 

used in this study can be operated using a multiphoton excitation technique. 
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In standard operation, fluorescence microscopy uses a light source with a 

wavelength closely matching that required to excite the fluorophore. However, it is also 

possible to induce fluorescence through the use of two photons. If a light source of double 

the wavelength required to induce single-photon excitation is used instead, then two 

photons may interact with the fluorophore such that they each impart half the energy 

required to reach excitation. The resultant excited state is virtually identical to that obtained 

through single-photon excitation18,19. 

Since the fluorophore must absorb two photons near simultaneously for excitation 

to occur in this scenario, the chance of excitation, and thus induced fluorescence, varies as 

the square of the intensity of the incident light. As a result, when using two-photon 

excitation, fluorescence only occurs within a small, diffraction-limited spot at the focal 

point of the beam. The laser intensities used in multiphoton microscopy often surpasses 

those used in standard confocal microscopy, owing to the need of a high photon flux at the 

focal spot to induce sufficient multiphoton excitation20. 

Figure 2.4 shows how multiphoton microscopy contrasts with single-photon 

microscopy where fluorophores in the entire illuminated volume through the sample are 

excited, with out-of-focus light being subsequently blocked through the use of a pinhole. 

 
Figure 2.4: Contrasting the region in which excitation is induced (shown in green) using one- and two-photon 
excitation microscopy techniques. Edited from18. 

There are several reasons why the approach of multiphoton excitation may be 

chosen over that of single-photon excitation. Firstly, the high laser intensities required for 

single-photon microscopy can cause damage to live cell samples and may even induce 

phototoxicity21,22. Therefore, fixed biological samples are often opted for in confocal 

microscopy studies. While two-photon techniques also require exceptionally high laser 

intensities they do not cause excitation throughout the entire sample, as was illustrated in 
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Figure 2.4, and therefore have a greatly reduced photodamaging effect. For this reason, a 

multiphoton approach is often opted for when imaging of a live cell sample is desired. 

Additionally, single-photon microscopy studies are often limited by 

photobleaching; the degradation of the emittance of a fluorophore upon repeated excitation. 

As with phototoxicity, photobleaching is the result of the large volume of the sample 

undergoing excitation when imaged using single-photon microscopy. Again, the excitation 

of a much smaller sample volume in multiphoton imaging results in less photobleaching 

throughout the sample23. 

However, one contrasting point on the matter of phototoxicity and photobleaching 

should be noted. Since the laser intensities used in multiphoton techniques are often greater 

than those used in single-photon microscopy, while the overall volume experiencing these 

detrimental effects is reduced using a multiphoton approach, the degree of photobleaching 

and photodamage within the excited, albeit small, volume can be greater. So while a 

multiphoton technique better facilitates live cell imaging as a whole, it should not be 

considered to be a perfect solution to the difficulties of live cell imaging24,25. 

Another reason why a multiphoton approach may be chosen is due to the fact that 

absorption and scattering of incident light is proportional to 1/λ4 . Since the wavelength of 

light used in multiphoton imaging is always greater than that required for the equivalent 

single-photon implementation, then significantly less scattering and absorption occurs 

when using a multiphoton approach. This facilitates the imaging of thicker samples thanks 

to the greater optical penetration achieved compared to single-photon imaging methods26. 

Finally, and often the deciding factor in choosing the multiphoton approach, is the 

compatibility of conventional optics and lower wavelength light. When dealing with light 

of a wavelength near to or below 300 nm, in order to achieve efficient transmission through 

the microscope system, quartz optics and an objective with a large numerical aperture (>1) 

are required27. While possible28,29, the cost of systems implemented in this manner are often 

too high to be available commercially. Therefore, in studies using fluorophores that require 

excitation at wavelengths below 300 nm, multiphoton imaging is often opted for. Since 

multiphoton imaging uses longer wavelength light, twice or triple that required for single-

photon microscopy, the problem can thereby be circumnavigated. 

2.1.3 Fluorescence-Lifetime Imaging Microscopy 

Coming then to the more recently developed technique of fluorescence-lifetime 

imaging microscopy (FLIM). While based upon the same set-up as that of the confocal 

microscope, FLIM identifies materials in a fundamentally different manner to conventional 

fluorescent microscopy techniques.  
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In each of the techniques described before this point, different fluorescent species 

are identified based upon the wavelength at which they fluoresce. The intensity of a given 

pixel can then be determined based on the number of photons reaching the detector. When 

performing FLIM imaging it is not the wavelength of the fluorescent light that identifies 

the fluorescent species but rather the decay rate of the fluorescent signal. 

This is best understood through consideration of a graph showing the variation in 

the number of fluorescent photons detected over time immediately after a fluorophore has 

been excited, this is known as a fluorescence decay curve, as shown in Figure 2.5. 

 
Figure 2.5: Typical shape of a fluorescence decay curve (blue) resulting from a pulse of exciting incident 
photons (orange). The timescale of the fluorescent decay is normally on the order of nanoseconds. The 
fluorescent lifetime, τ, for this curve is also shown. 

Analytically such curves may be described using a simple exponential relation. 

The intensity of emitted fluorescence, I, at a given time, t, after excitation may be described 

as follows: 

𝐼 = 𝐼!𝑒"//1																																																														(2.2) 

where I0 is the initial, maximum intensity and τ is the lifetime of the fluorophore. 

In order to understand why this relation holds true for fluorescence decay curves 

consider further the nature of fluorescence. Upon excitation an atom, molecule or 

nanostructure may de-excite via a number of pathways. These include non-radiative 

pathways such as vibrational relaxation or internal conversion and also radiative pathways 

such as fluorescence, with each pathway having its own rate of occurrence depending on 
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the exact excited species30. Fluorophores are species specifically chosen for having a large 

rate of occurrence of the fluorescence de-excitation pathway. However, de-excitation is a 

stochastic process; for an individual atom or molecule neither the de-excitation pathway it 

will follow, nor the time at which it will undergo de-excitation may be predicted, regardless 

of how long that atom or molecule has been in an excited state31. 

Stochasticity is most commonly encountered in the field of radioactive decay 

where Poisson statistics are employed to model the collective behaviour of many decaying 

atoms. The same technique is employed here to describe the intensity of fluorescence at a 

given time, giving rise to the characteristic exponential decay curve shown in Figure 2.5. 

The lifetime, τ, of a given fluorophore’s fluorescence is defined in the usual manner 

pertaining to exponential decay; after a time τ the intensity of the fluorescent signal is 

expected to have fallen by a factor of 1/e compared to the original intensity. For every 

fluorophore the intrinsic rate of fluorescence is different and as a result the lifetime 

measured from a fluorescent decay curve is characteristic of the fluorophore that produced 

it32. FLIM microscopy takes advantage of the characteristic nature of the fluorescence 

lifetime to identify fluorophores and thus the structures they have been used to stain, rather 

than the wavelength of the fluorescent light as per the previous techniques discussed.  

In cases where more than one fluorophore is present the observed fluorescence 

decay curve will be a convolution of two signals. Post-capture analysis can be performed 

using FLIM systems to fit a multiexponential equation, such as the one below, to the 

obtained curve and thus extract information on each individual fluorophore. 

𝐼 = 𝐼!𝑒"//1 	+ 	 𝐼!'𝑒"//1
! 																																																		(2.3) 

An image, collected by Botchway et al27 using a FLIM approach, of a sample containing 

two distinct fluorescent species is shown in Figure 2.6 as an example of such a scenario.  

 
Figure 2.6: a) FLIM image of tyrosine crystals in a solution of serotonin. b) The fluorescence decay profiles 
of each fluorescent species, as observed at positions X and Y marked in the image. The difference in the 
characteristic lifetime of each decay is clearly visible. Taken from 27. 
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The exact means by which such data is collected and how subsequent fitting is 

performed in order to obtain FLIM images, such as the example shown, is a complex 

process. Having, for now, addressed the fundamental principles underlying FLIM imaging, 

the details regarding implementation will be discussed in due depth later in the 

experimental section of this chapter.   

2.1.4 Suitability of FLIM Imaging for this Study 

In this study, FLIM has been used in order to probe the uptake of AuNPs in cells. 

Given that the principles of FLIM have now been discussed, attention is turned to why 

FLIM has been chosen for this task. 

2.1.4.1 Gold Nanoparticles and Fluorescence Microscopy 
To facilitate the observation of nanoparticles using fluorescence microscopy 

techniques, many studies33–36 have used a fluorophore chemically bonded to the 

nanoparticle’s surface, thereby imparting strong fluorescent properties to the nanoparticle. 

The distribution of the fluorescent signal across the imaged region is then said to 

correspond to the distribution of the nanoparticle within the sample. However, using such 

a method fails to provide a direct measurement of the nanoparticle location, only the 

fluorophore location is reliably known. Should any fluorophores become detached from 

their host nanoparticles then anomalous results are obtained.  

Specifically, with regard to AuNPs, the typical means by which cellular uptake 

occurs is via non-specific, receptor-mediated endocytosis. The resulting AuNP-filled 

vesicles then fuse with endosomes already inside the cell. However the higher pH within 

the endosomes can cause the AuNPs to agglomerate and for any functional groups, such as 

fluorophores, to become detached37,38. This not only reduces the efficiency of fluorophore-

labelled AuNP uptake studies but also greatly reduces their reliability. 

Additionally, the conjugation of any other species to an AuNP may alter its 

biological interactions; potentially changing how it is uptaken by the cell or trafficked 

internally. Ideally the imaging method used would not require functionalisation of the 

AuNP, such that the AuNP may be studied in the same state as would be used in treatment. 

2.1.4.2 Localised Surface Plasmon Resonance Enhanced Second Harmonic 

Generation from AuNPs  
Usefully, the phenomenon of localised surface plasmon resonance-enhanced 

second harmonic generation (LSPR-enhanced SPR) can be exploited in order to visualise 

AuNPs using fluorescence microscopy techniques without the need for the conjugation of 

fluorophores to their surface.  
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To understand this phenomenon an understanding of surface plasmon resonance is 

first needed. Consider the case of bulk gold, or indeed any bulk metal. The structure of a 

bulk metal may be considered to be a lattice of immobile positive ions surrounded by a sea 

of delocalised electrons from the conduction band. By applying an electric field to the metal 

the free electrons are forced to move, creating an electrical current.  

In the case of a metal nanoparticle the situation is slightly different. The 

substructure of the nanoparticle may still be considered to be a lattice of positive metal ions 

and delocalised electrons, however, since this is not the bulk state scenario then the 

nanoparticle surface becomes a restricting boundary. When an electric field is applied, 

instead of generating a current, charge accumulates on the nanoparticle surface39 in 

accordance with the field direction. 

This dipole generation in a metal nanoparticle can be triggered by the electric field 

component of an incoming light wave. As the light wave propagates across the nanoparticle 

the direction of the electric field oscillates and in response the conduction electrons 

oscillate in phase with the wave causing the orientation of the dipole to switch. The 

phenomenon of this collective oscillation of electrons is known as surface plasmon 

resonance (SPR) and is illustrated by Figure 2.7. 

The phenomenon of AuNP-SPR is useful with regard to the imaging of AuNPs 

because it leads to the rapid emission of a short burst of photons38. There is some debate40 

over the precise nature of the mechanism of radiative decay giving rise to the 

photoluminescence associated with AuNP and other metal nanoparticles. The oscillation 

of charged species during SPR can generate electromagnetic waves, and in addition during 

SPR the incoming photon may excite d-band electrons into the conduction band and the 

recombination of the generated electron-hole pairs also causes the emission of light41–43. 

Indeed, it is likely that multiple emission pathways are available to an AuNP, 

however the particular phenomenon of interest in this study is second harmonic generation 

(SHG). SHG is a nonlinear optical process where two incoming photons, both of a 

fundamental frequency, interact with a nonlinear material and are converted into a single 

photon of twice that frequency.  

In bulk gold the atoms are arranged in a face-centered cubic lattice structure, which 

is a centrosymmetric unit pattern. Yet it is known that SHG is forbidden in materials which 

have a centrosymmetric structure44,45. In order to facilitate SHG this symmetry must be 

broken. Due to their shape the centrosymmetry of an AuNP is locally broken on their 

surface and therefore emission of SH light becomes possible. However, when considered 

from the perspective of the far-field the overall symmetry of the entire nanoparticle means 

that the SHG sources are distributed uniformly over the AuNP surface and so the SH 

wavelets generated perfectly cancel one another out46. 
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Figure 2.7: Schematic of the phenomenon of surface plasmon resonance. The electric field component of an 
incoming light wave causes a collective motion of the conduction electrons in a AuNP generating a dipole. As 
the field oscillates there is a collective oscillation of the conduction electrons, causing the dipole orientation 
to oscillate. 

Yet not only the structure of the media can facilitate the necessary symmetry 

breaking, so too can the properties of the electromagnetic field. Indeed, it has been well 

documented that when SPR occurs it has an enhancing effect on the SHG of metal 

nanoparticles47–49. As a result LSPR-enhancement of SHG is much higher from metal 

nanostructures than even the best fluorophores50.  

Henceforth, for simplicity, this emission process will be termed AuNP-SHG 

2.1.4.3 Why choose FLIM? 
The timescale for this emission process is very short. Fluorophores typically used 

in fluorescence microscopy tend to have a lifetime in the order of several nanoseconds, 
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whereas the emission occurring from AuNP-SHG completely decays over a period of 

femtoseconds to nanoseconds40. 

In a process analogous to the detection of emitted fluorescence light from a 

fluorophore, the photons emitted in the AuNP-SHG process can then be detected using a 

microscope system in order to identify the distribution of AuNPs within a sample. Most 

importantly this process does not require a fluorophore and therefore provides a direct 

means of imaging AuNPs. 

However in previous work within the AuNP imaging field38 it has been detailed 

that the wavelength of the luminescence arising from AuNP-SHG can overlap with that of 

that of the autofluorescence of cells. Therefore, if standard epifluorescence or confocal 

techniques are employed, whereby the wavelength of detected light is used to identify the 

luminous species, then anomalous detection of AuNPs may occur due to the interpretation 

of autofluorescence as emission from AuNP-SHG. As a result, a different imaging modality 

must be used to differentiate between these signals. 

FLIM imaging identifies luminous species based on the lifetime of their emission 

signals and not the wavelength at which they emit. Therefore, FLIM is capable of 

differentiating luminescence arising due to AuNP-SHG from autofluorescence from 

biological material, or indeed from any fluorophore applied to stain a cell sample. 

The successful application of such an approach has already been demonstrated in 

studies carried out by McQuaid et al51,52 where AuNPs were imaged in fixed cells using an 

MP-FLIM (multiphoton-FLIM) imaging technique. Figure 2.8 illustrates an exemplar 

fluorescence decay profile obtained by McQuaid et al. Here the fast component, 

characteristic of AuNP-SHG emission, is clearly distinguishable from the second, slow 

component arising from, in this case, autofluorescence of protein in the imaged sample. 

The aim of the study presented within this chapter is to build upon the work carried 

out by McQuaid et al, expanding upon the technique such that live cells may be imaged to 

probe the hitherto unexplored real-time uptake dynamics of AuNPs in cells. 
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Figure 2.8: Exemplar fluorescent decay curve obtained by McQuaid et al verifying the suitability of FLIM 
imaging as a means to differentiate between AuNPs and surrounding biological material. Taken from52. 

2.2 Experimental Technique 

All data collected within this study was obtained using the FLIM microscope 

located, as part of the OCTOPUS imaging cluster, at the Research Complex at Harwell. 

With the general principle behind FLIM imaging having been discussed, attention will now 

be turned to the details of how the technique was implemented for this particular study.  

2.2.1 Sample Preparation 

In this study the AuNP uptake of the human prostate cancer cell lines DU145 and 

PC-3 was investigated using AuNPs functionalised with three different coatings; Pepducin-

AuNP, RALA-AuNP and Au-DTDTPA. These three AuNPs were chosen as their 

respective coatings each impart a different property to the nanoparticle which provides an 

additional benefit above and beyond radiosensitisation, making them especially of interest 

to the nanomedicine community. 

Pepducins are a family of lipopeptides, all of which act as cell-penetrating peptides 

(CPPs)53.  As discussed earlier in Chapter 1, CPPs have been shown to enhance cellular 

uptake of AuNPs, circumnavigating the traditional route of entry into the cell via endosome 

and thereby ensuring free dispersion within the cytosol54,55. The particular formulation used 
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in this study creates the AuNP-PEG-X1/2pal-i3+C nanoparticle, but for simplicity will be 

henceforth referred to as Pepducin-AuNP.  

RALA is also an example of a CPP and has been previously shown to enhance 

delivery, both in vitro and in vivo, of a variety of moieties56. As such the Pepducin-AuNP 

and RALA-AuNP formulations have been chosen since they represent a significant 

potential means by which to achieve optimum localisation of AuNPs within a cell. 

The benefit of functionalisation with dithiolated diethylenetriamine pentaacetic 

acid (DTDTPA) was also highlighted in Chapter 1. Providing theranostic potential Au-

DTDTPA nanoparticles confer the dual benefit of radiosensitisation, for enhanced 

treatment, and contrast enhancement, for enhanced imaging and diagnostic ability. 

2.2.1.1 Pepducin-AuNP Preparation 
The Pepducin-AuNP used in this study was created by further modification of a 

pegylated AuNP with the cell-penetrating peptide Pepducin using the method detailed by 

Owen et al57.   

Dynamic Light Scattering (DLS) measurements were carried out on the sample 

which was found to have a hydrodynamic particle size of 30 nm and a zeta potential of 7 

mV. The hydrodynamic diameter gives an estimate of the nanoparticle’s size as would be 

observed in a hydrated setting, so any diffuse coating would be regarded as if it were one 

hard sphere of the same size. Zeta potential is a measure of the effective electric charge on 

the surface of a nanoparticle.  

2.2.1.2 RALA-AuNP Preparation 

Using the Turkevich method58 aqueous AuNPs were created. In a round bottomed 

flask 400 ml of 0.01 w/v% gold (III) chloride hydrate solution (Sigma UK) was heated 

under reflux. Once the solution was boiling a further 9 ml of 1 w/v% sodium citrate (Sigma 

UK) was added and the contents of the flask were heated, with stirring, for one hour. After 

this time the heat was removed and the solution was left to cool overnight while constant 

stirring was maintained. The solution was then reduced via centrifugation to a stock 

concentration of 33 μg/ml. 

RALA peptide (Biomatik Corp. USA) was taken from storage at -20°C and 

resuspended in DNase/RNase free water (Lifetech UK) at 5.8 μg/μl. The AuNP and RALA 

peptide solutions were then combined together, with thorough pipetting, ensuring good 

mixing of the two reagents. A 50 μl volume of solution was produced, containing 25 μg of 

peptide, which was then incubated for 30 minutes at room temperature. 

DLS measurements of this sample yielded a hydrodynamic particle size of 90 nm 

and a zeta potential of 20 mV. 
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2.2.1.3 Au-DTDTPA Preparation 

To synthesis Au-DTDTPA nanoparticles HAuCl4×3H2O was reduced with NaBH4 

in the presence of the thiolated ligand DTDTPA, the latter being adsorbed on the growing 

nanoparticle to give control over the core size and provide stability to the colloid. This 

method is described fully in the work of Alric et al59, which itself combines the method of 

AuNP synthesis described by Brust et al60, with DTDTPA synthesis as described by 

Debouttiére et al61. 

DLS measurements of this sample yielded a hydrodynamic particle size of 5.37 nm 

and a zeta potential of -29.6 mV. 

2.2.1.4 Cell Preparation 
PC-3 and DU145 human prostate cancer cells (American Type Culture Collection 

UK) were maintained in monolayers in a medium of RPMI 1640 (Gibco UK) supplemented 

with 10 % foetal bovine serum (FBS). The cells were sub-cultured at 70-90 % confluency 

and excess FBS was removed using 4 ml phosphate buffered saline (PBS) solution. 0.05 % 

trypsin (Gibco UK) was added, continuing until the full detachment of cells was ensured, 

and an equal volume of complete medium was then added to achieve neutralisation. The 

product was centrifuged at 50 g before resuspension to individual cells. The cells were 

reseeded into 75 cm3 stock flasks and propagated at 37 °C in 95% air/5% CO2 atmosphere. 

To prepare fixed cell samples, cells were seeded onto glass chamber slides and 

allowed to adhere for 48 hours before being treated with the desired AuNP solution. After 

a predetermined treatment time had passed the medium was removed and the cells were 

washed using PBS solution. A 4% Formaldehyde solution was then applied for 15 mins to 

fix the cell samples. Cells were once more washed with PBS solution before mounting with 

a fluorophore, either vectashield containing DAPI or Alexa Fluor 488 to stain the nucleus 

or cell membrane respectively as desired. 

2.2.2 FLIM Data Acquisition 

One of the challenges facing FLIM imaging is successfully recording the photons 

emitted as a sample fluoresces. With fluorescent lifetimes on the order of nanoseconds, 

modern electronics are simply not fast enough to record all the photons from a single 

excitation-emission event. To overcome this challenge a data acquisition method called 

Time Correlated Single Photon Counting (TCSPC) is implemented62.  

2.2.2.1 Time Correlated Single Photon Counting 
In TCSPC the sample is repeatedly excited using a periodic, highly focussed, 

ultrashort laser pulse. Typically, the excitation pulse having a duration in the order of a few 
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hundred femtoseconds and a megahertz repetition rate. Detection is then achieved using 

high-speed microchannel plate photomultiplier tubes (MCP-PMTs).63 

When an emitted photon is detected from a given excitation event, specialised 

electronics are used to determine the time delay between the excitation pulse and the 

detected photon. No further photons are then recorded until the next excitation pulse has 

passed. Over the course of many excitation pulses, as more photons are recorded, a 

histogram of photon detection times is created. In this manner the fluorescent decay curve 

for the region currently being imaged is obtained, Figure 2.9 summarises this process. 

 
Figure 2.9: Schematic to illustrate the principle of TCSPC. a) The sample is periodically excited through 
stimulation with a pulsed laser. Upon detection of an emitted, fluorescence photon the time between the exciting 
pulse and photon detection is measured using complex electronics. b) As more photons are detected a histogram 
of detection time is generated, ultimately allowing the fluorescent decay curve to be obtained. Edited from 64. 

It should be noted that since only the first photon detected by the system is recorded 

it is possible to become biased to shorter detection times, effectively causing a pulse pile-

up effect. To avoid this the system has a very low detection rate, typically 1 photon per 100 

excitation pulses, ensuring the histogram generated is representative of the decay 

waveform.64  

Combining the TCSPC data acquisition method with a raster-scanning technique 

allows fluorescent decay curves to be collected across an x-y region of a sample. Referred 

to as TCSPC-FLIM this process is summarised in Figure 2.10. 
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Figure 2.10: Overview of the TCSPC-FLIM data acquisition method. A high-frequency, ultrashort pulsed laser 
is used to excite the sample. The detector and specialised electronics record the time taken for individual 
fluorescence photons to be detected. Through repeated excitation a histogram of photon detection time is 
created for the current pixel. The x-y scanning interface is synced with the time measurement electronics and 
moves the probing laser pulse to a new x-y position after data collection is complete for that point. In this 
manner a full x-y dataset is collected which may be postprocessed to form a FLIM image. Taken from 65. 

2.2.2.2 Experimental Set-Up   
To implement TCSPC-FLIM the system developed from the modified inverted 

Nikon (Japan) Eclipse E-C1 and E-C2 confocal systems, described in the work of 

Botchway et al27, was used in this study. Specifically, the experimental set-up described by 

McQuaid et al51,52 to carry out MP-FLIM imaging of AuNPs was replicated as the basis for 

this study, owing to the successful AuNP imaging demonstrated therein. A schematic 

illustrating the set-up used is provided in Figure 2.11. 

The high-frequency, ultrashort laser pulse required to excite the sample was 

generated using an optical parametric oscillator (OPO) (APE, Germany), tuneable between 

590-700 nm, which was pumped by a mode locked Mira 900F titanium sapphire laser 

(Coherent Ltd, UK) producing pulses of 180 fs. The pulse was focussed to a diffraction-

limited spot size of less than 500 nm through a 60x water immersion objective lens. The x-

y scanner used galvanometers to raster-scan the laser across the sample as was required.  

An MCP-PMT (R3809-U, Hamamatsu, Japan) and a Becker & Hickl single-photon 

counting unit (SPC830) were used to detect and record the emitted photons. The 

synchronisation signal shown facilitates the measurement of the time between pulse and 

detection is achieved through specialised electronics. 

The SPCM (Becker and Hickl, Germany) and EZ-C1 (Nikon, Japan) software 

packages were used to control the acquisition of data and to display raw data as it was 

collected. The SPCImage (Becker and Hickl, Germany) software package was 

subsequently used to perform post-acquisition image analysis. 
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Figure 2.11: Schematic of the TCSPC-FLIM system used in this study. Taken from 52. 

2.2.2.3 Imaging Parameters 

Generally, the same imaging parameters were used for all datasets collected in this 

study, with any exceptions being explicitly highlighted in all text to follow. The parameters 

used were chosen after consideration of the studies carried out by McQuaid et al.  

In selecting the excitation wavelength to use in their study McQuaid et al 

documented52 that the excitation wavelength required for optimum plasmon resonance 

conditions in AuNPs, and thus peak detection of AuNPs, was shown to alter with AuNP 

size. Larger aggregates of AuNPs were observed to be more clearly visible with an 

excitation wavelength greater than 600 nm, while below 600 nm sensitivity to unaggregated 

NPs and small clusters was seen to increase.  

Additionally, McQuaid et al considered damage to the sample through laser-

induced heating of the AuNPs. The sequence of events leading to such sample heating has 

been studied in detail both theoretically 66,67 and experimentally68,69. It is understood that 

when an ultrafast laser pulse interacts with a metal nanoparticle the free electrons in the 

nanoparticle absorb the incident photon energy. These free electrons then undergo 

relaxation via electron-electron scattering processes and the temperature of the nanoparticle 

rises as a result of electron-phonon coupling. Energy exchange then occurs between the 
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nanoparticle and its surrounding media via phonon-phonon coupling. In the case of AuNPs 

in a cellular environment this final heat exchange can result in damage or even death of the 

cells. Avoiding such sample damage is desirable in fixed cell studies, but in live cell studies 

it is imperative since valid conclusions about AuNP uptake can only be made when the cell 

is in a condition that is as near to standard growth conditions as possible.  

In carrying out their study into the effect of excitation wavelength on AuNP size 

sensitivity McQuaid et al documented an increased amount of damage to the cell samples 

when using shorter excitation wavelengths, citing the increased photon energy as the likely 

cause. Thus, while an excitation wavelength below 600 nm would have provided increased 

sensitivity to monodispersed AuNPs, 600 nm was used selected for use in the study carried 

out by McQuaid et al in order to avoid sample degradation.  

Agreeing with this compromise between sensitivity and reduced sample damage 

600 nm was also selected as the excitation wavelength for this study. The pulse duration 

remained unmodified at 180 fs. 

Lastly, while wavelength choice contributed to the level of sample damage, the 

more strongly contributing factor was the laser power. A larger power results in an 

increased number of photons causing AuNP excitation and thus a larger heating effect to 

the sample. A laser power of 0.6 mW was used in this study, greatly reduced from that used 

in McQuaid et al’s study where laser-induced sample damage, significant photobleaching 

and AuNP destruction was reported. To compensate, a longer image collection time of 60 

seconds was used allowing a greater number of emitted photons to be recorded. 

2.2.2.4 Modifications for Live Cell Imaging 
In order to image live cells several steps were taken to ensure reliable data was 

collected. To keep the growth conditions as near to standard as possible the cells were 

seeded into small petri dishes which were then treated with AuNP solution after being 

placed on the microscope stage. The chamber housing the microscope stage was modified 

in an effort to replicate an environmental chamber, providing regulation of temperature and 

gaseous environment, to maintain constant, suitable conditions.   

Since the AuNPs being imaged were free to move and the course of this experiment 

was estimated as several hours it was deemed possible that over this period of time AuNPs 

could move into or out of the imaging plane such that they appear or disappear from view. 

This would make it difficult to draw conclusions regarding any perceived uptake during 

imaging. To counteract this an automated motor was used to rock the sample stage, and 

thus the imaging plane, through a small distance of ± 2 μm in the z-direction. Figure 2.12 

illustrates this set-up. By sacrificing a degree of z-resolution in this manner the magnitude 
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of this problem is greatly reduced. The resultant images obtained can then be thought of as 

restricted projections through a short z-stack. 

 
Figure 2.12: Illustration depicting the continuous z-scanning used during live cell imaging to prevent AuNP 
drift into and out of the imaging plane. 

With this set-up in place the live cell samples were imaged intermittently over 

several hours. The typical procedure carried out was to collect an image of the sample for 

60 seconds then allowing the sample to rest for 120 seconds before repeating. It was hoped 

that these rest periods would provide an opportunity for any heat generated through the 

interaction of the laser and sample to dissipate somewhat, thereby minimising any 

damaging heating effects.  

2.3 Image Analysis Procedure 

Having obtained the FLIM data for a given imaged region using the method 

outlined above this data must then be processed in order to generate a FLIM image. The 

aim of this process is to isolate the fast and slow components of the fluorescence decay 

curve, thereby determining the relative intensity of each component for every pixel imaged. 

As such images may be generating displaying the variation in the relative density of AuNPs 

across the imaged area as well as any feature tagged with a fluorophore in the region.  

2.3.1 Fluorescence Decay Curve Fitting 

Having captured the FLIM photon data using Becker and Hickl’s SPC830 

hardware and SPCM acquisition software, as outlined above, the data files produced were 

exported to Becker and Hickl’s SPCImage software package for analysis.  

2.3.1.1 Fitting Method 
As already outlined, FLIM imaging of fluorophore-tagged cells which have been 

treated with AuNP solutions will result in two distinct fluorescence behaviours occurring. 
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Firstly, an ultrafast pulse of photons characteristic of AuNPs and, secondly, a longer period 

of emission characteristic of a typical fluorophore. However, since these photons are 

detected all together fitting must be performed on the resultant fluorescent decay profile in 

order to extract information on each respective component. 

The SPCImage software was used to perform this fitting on the total fluorescent 

decay profiles gathered at each pixel within an obtained FLIM image. Given the two 

characteristic decays the combined profile was therefore described well by a 2-component 

exponential decay, such as the one described prior in Equation 2.3.  

With regards to the specific nomenclature used by the SPCImage software the 

AuNP component was described as having a lifetime of t1 and maximum amplitude of a1, 

while the fluorophore component was described by analogous t2 and a2 terms respectively. 

The total photon intensity, I, detected at a given time, T, was then as described in Equation 

2.4.  

𝐼 = 𝑎1 ∙ 𝑒"2//3 	+ 	𝑎2 ∙ 𝑒"2//4																																													(2.4) 

SPCImage employs a least squares fitting method to perform this operation, 

determining the optimum χ2 value for each pixel by varying the a1, t1, a2 and t2 variables 

unless they are manually fixed in the software. Additionally, an ‘incomplete method’ 

option for fitting was switched on in the software, which accounts for the fact that the decay 

of fluorophore may not be entirely finished upon the arrival of the next exciting pulse. Thus 

the fitting algorithm does not force the fitted curve to begin or end with a true zero value. 

Given that the laser power used in this study was intentionally reduced to minimise 

the damage to live cells it was not unexpected that a relatively low photon count was 

sometimes obtained. To compensate for this a binning factor of 1 was used when 

performing fitting; that is to say that for a given pixel the fluorescent decay profile used for 

fitting was a summation of that pixel’s photon count as well as the 8 pixels immediately 

surrounding it (the 4 directly adjacent and the 4 diagonally adjacent). It was found that this 

small amount of binning on each pixel provided better photon counts in regions of lower 

signal, facilitating better overall fitting and parameter extraction across the datasets.  

2.3.1.2 Lifetime Fixing 

When using specific fluorophores to stain cellular compartments the lifetime of the 

fluorophore is a known standard. Therefore, one measure to ensure faster, better fitting 

using the SPCImage software within this study might be to fix the lifetime of the 

fluorophore component, t2, in accordance with its known value. However, it has also been 

widely reported70–73 that the lifetime of a fluorophore can vary significantly depending, for 
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instance, on the local microenvironment of the fluorophore or whether the fluorophore is 

free or has attached to its target receptor.  

Given then that the fluorophore lifetime is expected to vary about a known value 

an ideal scenario would be to either perform a weighted fit about this value or to restrict 

the fitting to within a set range about it. However, neither feature is currently available 

within the SPCImage software and extracting raw data from the proprietary file types 

produced by the SPCM acquisition software is not possible without access to the 

company’s software development kit. For this reason, explicitly fixing the fluorophore 

lifetime based solely on its expected value was avoided.  

Yet upon leaving the fluorophore lifetime, t2, unfixed the SPCImage software fails 

to perform as expected. When encountering a pixel containing both an AuNP and a 

fluorophore the software fits correctly; the shorter lifetime, that of the AuNP, is assigned 

to the first lifetime variable t1 and the longer lifetime, that of the fluorophore, to t2.  

However, when encountering a pixel containing a fluorophore but no AuNPs the 

fitting process breaks down. The software still attempts to perform a 2-component fit and 

assigns two long lifetime components which, on average, fit the long decay of the 

fluorophore as shown in Figure 2.13.  

 
Figure 2.13: Fitted data as seen in the SPCImage software. The above graph shows the measured fluorescence 
decay data (blue) for a pixel containing fluorophore signal only and the fit produced by the software (red) 
when all lifetimes are unfixed. Included in the inset table are the parameters of this fit.  

Likewise, when a pixel containing only signal from an AuNP is encountered the 

fitting process can falter as a weak, long tail is often fitted incorrectly to the distribution, 

taking the form of a long t2 value with a low corresponding a2 value. Table 2.1 summarises 
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the behaviour of the fitting algorithm when ran with entirely unfixed lifetimes in these three 

scenarios, compared to the ideal expected behaviour when fitting is performed. 

 
            

Pixel Contents     . t1 a1 t2 a2 

AuNP and Fluorophore Expected Short High Long High 
 Observed Short High Long High 

Fluorophore Only Expected n/a None Long High 
 Observed Long High Long High 

AuNP Only Expected Short High n/a None 
 Observed Short High Long Low 

 

Table 2.1: Assessing the performance of the SPCImage fitting software. Shown are the three possible 
combinations of signals detected from a given pixel. For each the expected outcome of fitting is shown in terms 
of the parameters t1, a1, t2 and a2. The observed outcome of fitting when all fitting parameters are left unfixed 
is also shown. Highlighted in grey are the cases where erroneous fitting arises. 

As such, leaving the t1 and t2 lifetime parameters entirely free during the fitting 

process is not feasible as this will lead to erroneous fitted parameters. Therefore, the only 

remaining option is to choose fixed values for each lifetime. In order to ensure uniformity, 

having chosen lifetime values for t1 and t2, these same values must be used across all 

images in a given dataset, that is to say for each combination of a given fluorophore and 

AuNP formulation.  

In determining which values the lifetimes should be fixed at consider that for a 

particular lifetime, t1 or t2, as shown in Table 2.1 the unfixed fitting process fails in some 

cases and succeeds in others. As such, if all pixels in an image are fitted using unfixed 

lifetimes then the result is that a bifurcation in the resultant fitted lifetimes occurs, with 

some pixels falling into the category of being correctly fitted for a given lifetime and other 

pixels into the category of being incorrectly fitted. Therefore, in order to determine the 

ideal lifetime values to which t1 and t2 should be fixed at, all that is necessary is to isolate 

the lifetime values of the correctly fitted pixels from the incorrectly fitted ones. 

In order to achieve this it is possible to view a histogram of the variation in fitted 

lifetime values, t1 or t2, within the SPCImage software. Take for example Figure 2.14 

which shows the global t1 lifetime distribution for a RALA-AuNP image. The erroneous 

long lifetime values, on the order of thousands of picoseconds, associated with fitting to 

pixels containing only fluorophore signal have been excluded by restricting the displayed 

region of the distribution to between 0 and 100 picoseconds. In this manner the peak of this 

distribution, representing correctly fitted t1 lifetimes, can manually be extracted and used 

as a viable t1 value for this AuNP formulation. 
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Figure 2.14: Identification of suitable t1 fitting parameter by inspection of the global distribution of fitted t1 
values in an image. Manual restriction of the distribution to short lifetimes, <100 ps, allows identification of 
the correct lifetime value for RALA-AuNPs as indicated by the crosshair with labelled co-ordinates.    

This process is repeated to determine an appropriate t2 value, in this case excluding 

the erroneously large lifetime values arising from pixels containing fluorophore only. In 

order to ensure the obtained lifetime values are reliable the process is repeated across 

several images per dataset and the average t1 and t2 values are determined. All images in 

the dataset are then re-analysed with the t1 and t2 values fixed at these average values. 

It should be noted that SPCImage does offer a ‘Batch Processing’ function, 

whereby once the desired fitting parameters are established for a dataset these fit settings 

may be saved and applied to all files in the dataset at once. However, due to a software bug 

this feature does not function correctly, as such the correct settings were applied by 

manually importing and processing each data file on an individual basis. 

2.3.2 Image Production 

2.3.2.1 Exporting Data 
Once fitting has been carried out the SPCImage software package may be used to 

generate images. However, the software has limited flexibility in the manner in which it 

can display data. Images may be created where the colour coding of the pixels within the 
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image is dictated by one parameter (such as a lifetime or amplitude value, total photon 

count at that pixel etc.) and the intensity by a second parameter. While useful in certain 

instances, this becomes restrictive when dealing with multiexponential fits. As such, for 

the scenario detailed in this work, exporting the data to another software package where 

more useful manipulation can be carried out is desirable. 

As previously mentioned, there is no route to extract raw data from the SPCM 

software package, however once fitting has been performed in the SPCImage software it is 

possible to export the values of the fitted parameters across an image in the form of two-

dimensional matrices. Within this study the lifetime values, t1 and t2, are fixed for a given 

dataset and therefore it is the fitted amplitude of each lifetime component, a1 and a2, at 

each pixel which is of interest.  

Note that care should be taken when using the export tool within SPCImage. Upon 

attempting to perform a simple export of the amplitude values a1 and a2 for an image it 

was noted that the exported values were different to those presented within the SPCImage 

software. It was found that each exported value was scaled down by a factor of 38118 for 

no discernible reason and that this value was consistent across all datasets and all choices 

of exported parameters. 

Rather than resorting to rescaling all exported values a solution to this issue was 

sought. It was found that by checking the ‘color coded values’ box within the export options 

dialogue window the true values were returned upon export. It remains unclear as to why 

this fix works; the values of a1 and a2 as per the fitting procedure remain unchanged when 

used for image colour coding within the software, therefore any procedure involving colour 

coding does not incur any numerical change. The documentation for the SPCImage 

software fails to detail anything more than superficial information regarding the export 

procedure and therefore it is unclear whether this is a poor choice of nomenclature or, as is 

more likely, simply a software bug.  

2.3.2.2 Generation of Overlay Images in Matlab 

In order to best observe the distribution of imaged AuNPs with respect to a 

fluorophore stained cell having the AuNP and fluorophore signals presented separately on 

two side-by-side images is not ideal. Instead, overlaying these images provides a much 

better means by which change in AuNP distribution and any localisation can be inferred. 

With the fitted parameters describing the amplitude of the gold signal, a1, and of the 

fluorophore signal, a2 correctly exported Matlab was chosen as a suitable platform to 

perform this task, owing to the vast array of image processing tools already existing within 

the software. 
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A script was written to firstly import the two matrices containing the a1 and a2 

values for each captured FLIM image into Matlab. By mapping the spatial distribution of 

these signals this allowed separate figures of the AuNP and fluorophore signal distributions 

to be created and stored. Once generated the built-in ‘Imfuse’ function was used to create 

a composite image of these two figures. ‘Imfuse’ has several possible implementations, for 

this task under the ‘method’ argument of the function the ‘blend’ option was selected. This 

specifies that the composite image is generated using the classic alpha blending method – 

where the composite image is achieved through the application of transparency. Figure 

2.15 demonstrates one such result of this process. 

  
Figure 2.15: Demonstrating the use of Matlab’s ‘Imfuse’ function to create an overlaid image. a) A simple 
processed FLIM image of the distribution of AuNPs across the imaged region, b) the distribution of 
fluorophores staining the cell nuclei and c) the final result of the image conjugation process. 

It should be noted that user defined colour maps were created for the AuNP and 

fluorophore figures, as opposed to relying on those automatically created by Matlab. The 

reason for this is to allow the reliable comparison of FLIM images across a live cell dataset. 

Consider if the colour map is allowed to vary with each image in a time sequence such that 

the maximum and minimum bounds are adjusted to best suit each image. It is not possible 
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to make a judgement on how the intensity of the signal and thus the distribution is changing 

across the dataset. By maintaining a fixed colour bar across a given dataset this can be 

avoided and proper conclusions may be drawn. 

 

2.3.2.3 Live Cell Movie Production 
 Rather than simply produce a time series of images to be viewed for each live cell 

study the Matlab script was further extended to produce short movies from the collected 

data. In this manner the changing distribution of AuNPs in the live cell studies can be better 

appreciated. 

 To do this the in-built function ‘VideoWriter’ was used. Three video objects were 

created and opened for writing; one for the AuNP signal, one for the fluorophore and lastly 

one for the overlaid figures. A loop was created such that for each FLIM image the a1 and 

a2 values would be imported, then used to generate gold, fluorophore and overlay images, 

before assigning each of these images to a frame of the appropriate video object. As the 

loop continues the data for the next FLIM image is read in and the process repeats to build 

up frames of the videos. Upon completion of the loop the video objects are closed for 

writing and saved. 

 The script used to carry out this process is available for review in Appendix A. 
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Chapter 3 

 

Using Fluorescence Lifetime Imaging 

Microscopy to Determine the Real-Time 

Dynamics of Gold Nanoparticle Uptake in 

Cells: Results and Discussion 

The chapter preceding this one detailed the means by which this novel study may 

be carried out. Here this work is continued, presenting the first data captured using this 

technique. 

Results are presented using fixed cells as a means to validate the technique before 

progressing on to the live cell studies. An in-depth discussion accompanies these results, 

highlighting the significance of the findings to the nanomedicine community but also 

addressing any shortcomings of the results and how the study could be improved upon as 

a consequence. 
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3.1 Validation of Multiphoton Approach  

Alongside McQuaid et al1,2, multiple published studies have documented the use 

of a multiphoton approach to image various AuNPs using FLIM3,4 and other imaging 

modalities5. In the study by McQuaid et al the two-photon nature of the excitation was 

demonstrated by considering the variation of image intensity obtained with increasing 

power of the exciting laser pulse. In a standard one-photon excitation regime as laser power 

is increased the image intensity will increase linearly. In a two-photon excitation regime 

since two photons are required to interact with an AuNP near-to simultaneously, the 

probability of excitation increases as the square of photon flux and thus the square of the 

laser power. Figure 3.1 shows the results obtained by McQuaid et al. 

 
Figure 3.16: Measurement of the variation of image intensity with increasing exciting laser power for an 
unnamed cell line treated with an unnamed AuNP taken by McQuaid et al2. The inset shows the log-log plot of 
this data which has a gradient of 1.8 ± 0.15.  

Calculation of the slope of the plotted log-log graph yields a value of 1.8 ± 0.15. 

A value of 2 would indicate a perfectly squared relation between image intensity and laser 

power but McQuaid et al justifies this slightly smaller value as resulting from 

photobleaching effects at higher laser powers. Therefore, the data is taken as clear evidence 

of a two-photon process occurring.  

In order to verify that in this experiment the multiphoton mechanism of LSPR-

enhanced SHG was indeed dominant the power-intensity survey carried out by McQuaid 

et al was repeated.  



 71 

Different samples composed only of AuNP solution were imaged at various 

powers and the total intensity of the image produced recorded. In this way no confounding 

factors relating to the presence of biological material can affect the result. Firstly, two 

concentrations of basic citrate-capped AuNP samples were imaged as well as a citrate-

capped AuNP functionalised with the common stabilising agent PEG. The results of this 

power survey are shown in Figure 3.2, with a standard least-squares approach being taken 

to perform a linear fit to the data. 

 
Figure 3.17: Measurement of the FLIM image intensity response of various AuNP formulations as a function 
of exciting laser power. The gradient, m, indicated in the inset is indicative of the power relation between the 
exciting laser power and the image intensity. Note the uncertainties of one standard deviation are not visible 
on this scale. 

It can be seen that all three of the simple AuNP samples produce gradients in 

agreement with that of McQuaid et al’s data and therefore are also indicative of a two-

photon response. In order to ensure the LSPR-enhanced SHG mechanism is not impacted 

by functionalisation next the survey was carried out using the Au-DTDTPA, RALA-AuNP 

and Pepducin-AuNP formulations. The results of this study are shown in Figure 3.3. 
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Figure 3.18: Further measurement of the FLIM image intensity response of various functionalised AuNP 
formulations as a function of exciting laser power. Note m is indicative of gradient and the uncertainties of one 
standard deviation are not visible on this scale. 

The RALA-AuNP sample can be seen to display the typical two-photon response, 

as demonstrated by all other samples thus far. A good fit is failed to be obtained on the 

Pepducin-AuNP data however, with a large error bar on the gradient making determination 

of the relationship here unreliable. Interestingly the Au-DTDTPA sample is fitted well but 

results in a gradient of 1.23 ± 0.28, indicating AuNP-SHG may not be the dominant 

emission pathway for this particular formulation.  

Within this study AuNPs are identifiable based on their ultrafast photon emission 

and for Au-DTDTPA this is indeed visible as a characteristic fast component in the 

collected fluorescence decay curve. Therefore, while the effect of this particular 

functionalisation on the mechanism of photoluminescence may not currently be fully 

understood, the identification of AuNPs in this manner remains rigorous and reliable.  

3.2 Results 

Having established a means by which collected raw FLIM data may be processed 

in order to view it in a manner that allows meaningful conclusions to be drawn, the 

following section will detail the results obtained in this study using this collection and 

processing method. Initially fixed cell samples were imaged as a means to validate the 

FLIM imaging process before progressing to the more challenging, yet novel task of real-

time imaging of live cell samples treated with AuNPs. As such, a short discussion follows 
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the fixed cell results in order to better contextualise the live cell study and a more in-depth 

discussion of the study as a whole follows later. 

3.2.1 Results of Fixed Cell Study 

Fixed cell samples were prepared using both the PC-3 and DU145 cell lines. Each 

cell line was treated with the three AuNP preparations focussed upon by this study - 

Pepducin-AuNP, RALA-AuNP and Au-DTDTPA. Several FLIM images were captured 

for each sample and, while not every captured image is shown here for the sake of brevity, 

Figure 3.4 displays a typical result of the image analysis process for each cell line and 

AuNP combination investigated. 

The characteristic short-lifetime fluorescence behaviour exhibited by AuNPs was 

successfully observed in all six combinations of cell lines and AuNP preparations; though 

to varying degrees, and not in every FLIM image collected it should be noted. Both cell 

lines used in conjunction with Au-DTDTPA displayed a weak response in terms of 

fluorophore signal compared to the other samples, the distribution of Au-DTDTPA signal 

across the sample was also small, however where AuNP signal was found to occur it was 

found to do so with an intensity similar to that of the other AuNP preparations.  

The results of the fixed cell study show clear indications of successful cellular 

association of both the Pepducin-AuNP and RALA-AuNP formulations. While less AuNP 

signal is present for the Au-DTDTPA samples, when AuNP signal is present it is typically 

seen to be associated with the cell, being near to or overlapping the stained nuclear region.  
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Figure 3.19: A representative sample set of processed FLIM images from the fixed cell study. Both DU145 and 
PC-3 cells were imaged having been treated with Pepducin-AuNP, RALA-AuNP and Au-DTDTPA. The 
duration of AuNP treatment before fixation is as indicated beneath the AuNP type. The red-yellow colour bar 
indicates the intensity of the AuNP signal, this is normalised to the maximum observed AuNP signal across all 
images. The blue colour bar indicates the intensity of the signal from the stained nuclei, again normalised to 
the maximum observed membrane signal for all images. The Au-DTDTPA images are the exception to this rule, 
here the blue colour bar has been scaled down considerably to accommodate viewing of the weaker fluorophore 
signal from this sample. 
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3.2.2 Discussion of Fixed Cell Study 

As previously outlined, this fixed cell study employs the methodology set out in 

the work of McQuaid et al1,2. While the method is not therefore entirely novel, the results 

obtained in this study are important for three key reasons.  

Firstly, the fixed cell study provides a means by which to determine if a study of 

live cells treated with various AuNP formulations is actually feasible. This goes beyond 

simply validating the method presented by McQuaid et al. This study provides a means by 

which to ensure that each AuNP formulation used responds to FLIM imaging with the 

expected AuNP-SHG behaviour, thereby giving rise to the short-lifetime fluorescence 

behaviour characteristic of imaged AuNPs. Further to this the behaviour of the DAPI cell 

stain can also be reviewed to ensure the stain is performing as expected. In both instances 

reviewing this in fixed cells initially provides a testing ground which is less complex 

compared to live cells, allowing any problems to be more easily identified and corrected 

should they arise. 

Indeed, these results show clearly that the implementation of this method has been 

largely successful. Manual inspection of any given pixel in a region which the SPCImage 

software has attributed a strong a1 component clearly show the characteristic ‘gold peak’ 

successfully fitted. Conversely, all regions with a negligible a1 component are found to be 

correctly lacking any indication of a gold peak. Figure 3.5 shows the successful result of 

the fitting of one such characteristic gold peak, this result being indicative of a typical pixel 

with AuNP signal present. 

 
Figure 3.20: Example fitted fluorescence decay curve for a pixel with a large a1 component. The characteristic 
short, intense peak indicating the presence of AuNPs can be clearly seen along with, in this particular instance, 
a longer tail indicating the presence of fluorophore signal. 

One problem was however identified when imaging the fixed cell samples. In 

several images, across the range of AuNP formulations and cell lines used, a strong 

background signal was observed with a lifetime very similar to that of the DAPI stain. It 

did not appear to be simply the result of DAPI ‘bleed’ due to the wide spread coverage the 
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background signal exhibited over the effected samples. Similarly, it was unclear if an 

overuse of DAPI was the problem since the same procedure was followed in staining all 

cell samples. Further to this in the Au-DTDTPA samples poor attachment of the 

fluorophore stain to its target was observed, providing only weak signal amid a background 

signal of near comparable intensity, as can be seen in Figure 3.4.  

In order to try and avoid these issues with the live cell studies the DAPI stain was 

substituted for Alexa Fluor 488, a cell membrane stain. Initial testing with this stain showed 

none of the intermittent issues that arose in the fixed cell study and so the Alexa Fluor 488 

stain was used henceforth.  

Turning then to the second key reason as to why the fixed cell study is not simply 

a throwaway test. Should the live cell study fail the fixed cell study itself represents a novel 

application of a pre-existing method which provides new, useful information on the cellular 

association of multiple formulations of AuNPs. Examination of the images within Figure 

3.4 shows that this study has already demonstrated that, for the treatment times used, there 

is a clear correlation between the location of fluorophore signal, in this case indicating the 

nucleus, and the AuNP signal for all three AuNP formulations. Therefore, without 

performing any further investigations this result alone already provides clear evidence 

towards all three formulations being good potential candidates for further study as 

radiosensitisers.  

It should however be noted that this imaging method does have limited z-

resolution, achieving optimal axial resolutions of approximately 800 nm6. While this is a 

relatively high degree of resolution, providing an image composed of a relatively thin 

projection along the z-axis, care must be taken. This method does not preclude the 

possibility of AuNPs being just beyond the cell or nucleus volume along the z-axis, yet 

being observed as overlapping with these volumes and hence interpreted as being inside. 

For this reason, the description of the fixed cell results has been somewhat 

conservative, choosing to acknowledge the result as definite evidence of cellular 

association, rather than specifically cellular uptake of AuNPs. That being said, owing to 

the degree to which AuNPs have been observed to associate with the cells in the RALA-

AuNP and Pepducin-AuNP samples it seems an unlikely possibility that all of the observed 

AuNPs in these images are outside the cell membrane or indeed the nuclear membrane. 

Nevertheless, care must be taken to remain clear about what seems statistically probable 

and what can be taken as definitive proof. 

Lastly, the third factor in why the fixed cell results are important is that they 

provide an insight into what the AuNP distribution at late treatment timepoints is expected 

to look like for each of the AuNP formulations used in the live cell studies. The early 
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timepoint information provided by the live cell studies can then be reviewed keeping this 

knowledge in mind.  

3.2.3 Results of Live Cell Study 

Equipped with the knowledge of the fixed cell study results and what proved 

successful and what was less successful attention then turns to the live cell study. In an 

ideal situation a live cell study would have been carried out for each of the six combinations 

of cell line and AuNP formulation. However, due to the limited time available for imaging 

using the FLIM microscope at the Research Complex at Harwell, priority was placed on 

first obtaining datasets for all three AuNP formulations with the PC-3 cell line.  

Unfortunately, the study of PC-3 cells treated with RALA-AuNPs was 

unsuccessful due to contamination of the cell sample. As such this experiment was instead 

completed using DU145 cells treated with RALA-AuNPs ensuring that at least one 

successful dataset would be obtained for the RALA-AuNP formulation. Ultimately given 

the time constraints and challenging nature of working with delicate live cells three datasets 

were obtained; with Pepducin-AuNP and Au-DTDTPA being applied to PC-3 cells and 

RALA-AuNP having been applied to DU145 cells.  

Nevertheless, both being human prostate cancer cells the DU145 and PC-3 cell are 

largely comparable. This is evidenced by the very similar behaviours observed between the 

two cell lines in the fixed cell results.  

The result of each live cell study is a collection of images in a time series and as 

such are best viewed in video format to fully appreciate the dynamic nature of the data. As 

such videos for each of the datasets are available on request from the author. Presented 

over the following pages are the individual images that act as the frames these videos are 

composed of, along with brief descriptions of the key results and points of interest from 

each dataset. The significance of these results will then be discussed in greater detail in the 

following section.  

Note that the intensity-response of all membrane pixels was similar and therefore 

all membrane components, a2, presented in the following images have been normalised 

relative to the maximum observed a2 value across all three datasets. Hence the scale bars 

from 0 to 1.  

Likewise, RALA-AuNP and Au-DTDTPA showed similar intensity responses and 

have been normalised to the same maximum observed a1 value. Pepducin-AuNP is the 

exception to this, having displayed a weaker response the a1 component of that dataset has 

been normalised to a value eight times smaller than that of the other two datasets.  
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3.2.3.1 Pepducin-AuNP 

 
Figure 3.6: Results of the FLIM image analysis process for live PC-3 cells treated with Pepducin-AuNPs. The 
time in minutes from when the AuNPs were applied is indicated by the values in lower right of each image. 
Each image is a composite of two separate images. The red-yellow colour-bar indicates the intensity of the 
AuNP-only component and the blue colour-bar for that of the membrane-only image component. The dataset 
continues on the following pages. 
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Examining first the membrane stain it would appear that the fluorophore has 

largely successfully attached to its target, with the membrane outlines being for the most 

part clearly visible throughout the study. Interestingly the intensity of the fluorophore 

signal can be seen to generally rise across the period of the study indicating that a slightly 

longer development time for the stain might have been constructive. Slight elements of 

fluorophore bleed-out are present with certain regions of membrane exhibiting thicker 

‘blobs’ of signal unlikely true to the shape of the actual cell membrane. 

On considering the AuNP signal, perhaps the most striking thing on initial viewing 

is the intercellular background signal. While not present at early timepoints a moderate 

AuNP signal can be observed to occupy much of the space between cells from 

approximately 109 minutes onward. It is also noted that this signal appears much more 

dominant on the upper half of the image. 

However closer inspection of the dataset, especially the more intense AuNP bright 

spots characterised by the yellow-white end of the colour bar, facilitates greater insight. 

From as early as 31 minutes evidence of membrane association is present, with small AuNP 

hotspots present on the membrane outline of the cell indicated by a ‘*’ symbol at this 

timepoint. These continue to increase in intensity over approximately the next 15 minutes 

before calming down. This particular cell continues to be a hive of activity, summarised in 

the below figure, with membrane hotspots flaring back up temporarily after 61 minutes 

before a permanent, highly intense ‘halo’ of AuNP hotspots can be seen to surround this 

cell from 91 minutes onwards. Additionally, the cell just above this one can be seen to 

mirror this behaviour from 61 minutes onward.  

 
Figure 3.7: Highlighting the intermittent AuNP hotspot behaviour observed, the arrows denoting points of 
intense AuNP signal. 

While perhaps the most obvious location for evidence of AuNP association given 

the intensity of the final ‘halo’ effect this is not the only cell for which membrane 

association is seen to occur. Beginning just after 60 minutes multiple cells in the upper 

right of the imaged area also begin to show these AuNP hotspots. In this instance growing 

in intensity until approximately the 115 minute timepoint, after which the hotspots are seen 

to fade to an intensity comparable to the background signal present at that time. 
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Within this dataset there is no clear evidence for AuNP signal occurring inside the 

membrane outline in any cell. However, it should be noted that any AuNP hotspot which 

is seen to occur, for the majority of observed cases, does so in close vicinity to a cell 

membrane. Outside of the two cell regions just discussed consider the hotspots seen at 79-

82 minutes toward the central left-edge of the image, at 106-115 minutes in the centre of 

the image or at 115-121 minutes just below centre to highlight but a few examples.  

The significance of these hotspots occurring near cell membranes is that it implies 

there is a correlation between AuNP location and these cells; that is to say this is evidence 

that this AuNP formulation is actively associating with the live cell samples. 
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3.2.3.2 RALA-AuNP 

 
Figure 3.8: Results of the FLIM image analysis process for live DU145 cells treated with RALA-AuNPs. The 
time in minutes from when the AuNPs were applied is indicated by the values in lower right of each image with 
time 0 indicating an image captured pre-application. Each image is a composite of two separate images. The 
red-yellow colour-bar indicates the intensity of the AuNP-only component and the blue colour-bar for that of 
the membrane-only image component. The dataset continues on the following page. 
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Upon initial inspection it would appear that the membrane stain has adhered to its 

target with varying success in this sample. From the very first image in this dataset evidence 

of apparent fluorophore signal bleeding out from the membrane can be seen and over time 

this bleed-out is observed to worsen for many cells, notably progressing toward the interior 

of the cells over the first 19-25 minutes. Conversely however, beyond this time some cell 

membranes are seen to develop clearer signals, becoming a more solid outline not unlike 

that which was observed for PC-3 cells treated with Pepducin-AuNP. 

With this degree of uncertainty regarding the exact position of the cell membrane 

drawing conclusions about the association of AuNP hotspots with the membrane is 

somewhat more difficult than with the previous dataset. That being said this dataset is found 

to be free from any significant background AuNP signal allowing easier determination of 

AuNP hotspot location and movement.  
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The first prominent AuNP feature appears immediately after application of the 

AuNP formulation as seen in the image captured after 1 minute. Over the next few minutes 

of imaging the number of these features observed is seen to rapidly increase and then reach 

a more stable amount which slightly grows over the imaging period. Some of the observed 

features appear visually similar to the AuNP hotspots observed in the Pepducin-AuNP 

study, whereas other features appear as larger, more permanent features.  

Since AuNP formulations are known to be liable to aggregate in certain conditions 

it is possible that these larger features are ‘clumps’ of aggregated RALA-AuNPs that are 

unlikely to behave in the same manner as their dispersed counterparts. As such, if these 

clumped features are excluded from consideration it is observed that while a greater portion 

of hotspots do appear to occupy the intercellular region than was observed in the Pepducin-

AuNP study, the majority of hotspots do appear in very close proximity to the cell 

membrane. Furthermore, while more easily appreciated when viewed in video format, 

several of the AuNP hotspots can be observed to actively track the changing position of the 

cell membrane in time. 

Therefore, alongside the Pepducin-AuNP formulation, the RALA-AuNP 

formulation has also been shown to demonstrate correlation between AuNP location and 

cell location thereby providing evidence for the active association of this AuNP 

formulation with live cell samples.  
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3.2.3.3 Au-DTDTPA 
 

 
Figure 3.9: Results of the FLIM image analysis process for live PC-3 cells treated with Au-DTDTPA. The time 
in minutes from when the AuNPs were applied is indicated by the values in lower right of each image with time 
0 indicating an image captured pre-application. Each image is a composite of two separate images. The red-
yellow colour-bar indicates the intensity of the AuNP-only component and the blue colour-bar for that of the 
membrane-only image component. The dataset continues on the following pages. 
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For the PC-3 cells treated with Au-DTDTPA the fluorophore appears to adhered 

to the target with varying success. Much like the PC-3 cells treated with Pepducin-AuNP 

certain sections of the cell membranes appear to have high concentrations of fluorophore 

and even bleed-out slightly. However, in this instance there is less uniformity around the 

rest of the membrane outline, with many cells exhibiting gaps in the outline where the 

membrane has failed to be stained successfully. Nevertheless, the stain has taken well 

enough that the general shape of the cells in the imaged region can be determine by eye. 

One notable feature is the feature which persists throughout the experiment just off centre 

toward the left with an intense long lifetime signal. This is likely a small contaminant to 

which the fluorophore has become attached rather than a cell.  

In the intercellular region a weak fluorophore signal is present from the first image 

captured after treatment at 1 minute. As the experiment continues this background signal 

becomes more widespread in the upper right region of the image and appears to precede a 

weak AuNP signal also spreading across this region. The most prominent AuNP signals 

however comes from regions correlating exceptionally well with the cell membrane.  

Within the first 11 minutes after application of the Au-DTDTPA formulation 

AuNP hotspots similar to those seen in the previous samples appear, virtually all of which 

at cell membrane outlines. As the study progresses AuNP signal builds up around many 

cells to the point where individual hotspots are no longer visible as the large sections of 

membrane outline are surrounded by a halo of AuNP signal. As imaging moves from one 

to two hours the intensity of these partially formed halos is seen to have greatly increased. 

Although it is noted that not all cells in the imaged region show this behaviour, with those 

in the lower to lower right region displaying weak hotspot behaviour at best. 

Of the studies carried out the Au-DTDTPA dataset clearly presents the best 

evidence of clear, real-time association of AuNPs with cells. While many of the AuNP 

‘halos’ observed fully overlap the fluorophore signal of the cell membrane they enclose, 

there remains no definitive evidence of AuNP signal from inside the membrane outline.  

3.3 Discussion 

Having now presented the results of the live cell studies and briefly described the 

key features of each dataset attention is turned to a discussion of greater depth into what 

can be learnt from this study.  
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3.3.1 Impact of the Imaging Process on Cell Health  

One point not discussed while presenting the results of the live cell studies was the 

difference in duration of each study; with the Pepducin-AuNP and Au-DTDTPA studies 

running for 150 minutes while the RALA-AuNP study ran for half this time with only 76 

minutes.  

As previously discussed, it is known that the interaction of an intense laser with 

live cells can cause cell damage and even lead to phototoxicity7,8. This coupled with the 

localised heating of the sample due to AuNP excitation9 meant that it was not unexpected 

that this imaging technique would not be sustainable for a very prolonged imaging period. 

This point is further reinforced when photobleaching of the fluorophore signal and the lack 

of a purpose-built stage-top incubator unit is also considered. Therefore, the study durations 

were not predetermined times. Rather, while each experiment was running brightfield 

imaging was carried out to monitor cell health.  

The brightfield imaging was carried out at regular intervals in the rest periods 

between FLIM image collection. The live cells were observed to display normal 

morphologies initially but as the study progressed the cells were seen to bloat, becoming 

more rounded in shape. This can be seen in Figure 3.10 which shows a sample of brightfield 

images obtained during the study of PC-3 cells treated with Pepducin-AuNP.  

 
Figure 3.10: Brightfield images of the PC-3 cells treated with Pepducin-AuNPs, captured during the live cell 
study at the time, in minutes, indicated by the values in the lower right. Initial signs of cell damage can be seen 
after 60 minutes, with some cells beginning to develop non-standard morphologies. By the 150 minute timepoint 
most cells have developed the characteristic spherical shape of a damaged cell and hence the experiment was 
ended.  
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The observed change in morphology towards a more spherical shape is typical of 

the first stage of cellular apoptosis, where the cell membrane bulges outwards irregularly 

in protrusions called ‘blebs’, giving rise to the characteristic spherical morphology of 

stressed or damaged cells10,11. In later stages of apoptosis full nuclear fragmentation occurs 

and the bleb structures become more prominent, spike-like protrusions from the cell before 

full cellular fragmentation occurs.  

In the brightfield images shown no cells appear to have entered any such late-stage 

apoptotic event. However, between 120 and 150 minutes of imaging almost all cells in the 

imaged region are seen to develop fully swollen, rounded morphologies. There is evidence 

that such blebbing can be the result of physical or chemical stresses on the cell rather than 

the beginning of apoptosis12. Nevertheless, at this point it was decided that whether the 

cells were apoptotic or not they had deviated too far from standard conditions for the 

experiment to continue to be valid, hence its termination after 150 minutes. 

The cells in the RALA-AuNP and Au-DTDTPA live cell studies were monitored 

intermittently in the same manner and similar behaviour was observed. In the case of the 

PC-3 cells treated with Au- DTDTPA the health of the cells followed a similar trajectory 

in time as those in the Pepducin-AuNP study, with the majority of cells becoming fully 

swollen just after two hours of FLIM imaging.  However, for the DU145 cells treated with 

RALA-AuNP it was found that the imaged cells reached this state much sooner, after just 

one hour of FLIM imaging. Hence this experiment was stopped sooner than the other two. 

Figure 3.11 demonstrates this late timepoint behaviour for each of these studies. 

 
Figure 3.11: Brightfield images captured during the live cell experiments for DU145 cells treated with RALA-
AuNP (left0 and PC-3 cells treated with Au-DTDTPA (right) at the times indicated.  

The root cause of the difference in duration of these studies may be an unfortunate 

consequence of using DU145 cells rather than PC-3 cells for the RALA-AuNP study. 

While the cell lines are similar in terms of both being human prostate cancer cell lines, it 

is possible that the two cell lines have responded differently to the stressors they have 
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experienced during the imaging process. To validate this theory collection of further 

datasets for each cell line would be required.  

One other important point to address relating to the potential difference in 

behaviours is whether the AuNP formulations used are in fact responsible for the 

deterioration in cell health. This however can be debunked by consideration of the fixed 

cell images. These cells have been treated for much longer periods of time that the live 

cells and the stained nuclei can be seen to have well-defined, characteristic shapes. Has any 

of the AuNP formulations been responsible for inducing apoptosis evidence of advanced 

nuclear fragmentation would have been expected in these images.  

It is acknowledged that whether the live cells are apoptotic or simply under stress 

due to unfavourable conditions, they are undeniably not experiencing standard conditions 

for a period of time before the termination of the experiment. Therefore, any biological 

conclusions drawn from this study must come with that caveat in mind. Yet in stopping 

these experiments before any symptoms of later stage apoptosis begin to appear then the 

validity of this study is retained. 

Moving forwards with the technique established in this study several changes and 

improvements could be made in order to optimise the methodology used and thus minimise 

this deterioration of cell health that has been observed. A simple adjustment such as 

imaging at greater intervals would greatly help. While this sacrifices some time resolution 

in the obtained datasets, which reduces the impact of the method as a real-time imaging 

technique, it does however both reduce the amount of cell damage caused in a given time 

period while also giving greater time for heat dissipation to occur between imaging periods.  

Further reduction of the laser power is another option but this is not an ideal 

solution since the generated signal is already often weak and a further reduction would only 

decrease the signal-to-noise ratio. That being said if greater time using the FLIM imaging 

system was available experiments investigating different combinations of laser power and 

image collection times could be carried out. For instance, if live cells were imaged over a 

period of time using a set laser power and collection time and then the same cell line imaged 

using twice the laser power but for half the image collection time would the cell 

deterioration be the same? Or would the rate at which energy is deposited into the cell 

affect the outcome?  

One significant, but expensive, adaption to the method would be to use of a 

purpose-built environmental chamber compatible with the microscope stage to control 

temperature and air flow. If the FLIM imaging frequency were perfected to a point where 

the cells had time to recover between consecutive image collections this would in theory 

allow the cells to be imaged indefinitely.  
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3.3.2 Discussion of Features Within Live Cell Studies 

Turning then to features of interest within the FLIM datasets that have been 

highlighted in the results section but not yet discussed, particularly those with the potential 

to be interpreted as abnormalities within the data. 

First consider the behaviour of the Alexa Fluor 488 membrane stain. It was noted 

that for the PC-3 cells treated with Pepducin-AuNP the stain appeared generally to increase 

in intensity over the imaging period, indicating that perhaps a longer stain development 

time could have been beneficial. And indeed, the same behaviour was observed for some 

cells in both the DU145 sample treated with RALA-AuNP and the PC-3 sample treated 

with Au-DTDTPA. However, within the RALA-AuNP dataset it was noted that this was 

not the only observed behaviour with some cells instead appearing to bleed fluorophore 

signal progressively into the interior of the cell. 

This behaviour suggests two possible events have occurred. The first option is that 

the fluorophore has adhered correctly to the membrane target in some cells in the image 

but not others. For the cells which have had the fluorophore adhere they develop and 

increase in intensity over the imaging period, as per the Pepducin-AuNP study and some 

cells within the other studies. Those cells which have not had the fluorophore adhere 

correctly, such as the ones in the RALA-AuNP study, instead appear to internalise the 

fluorophore as evidenced by the filling-in of the intracellular space of these cells with 

fluorophore signal while the membrane signal decreases in intensity. 

The alternative option is that there may have been a movement in the z-direction 

over the imaging period; arising either from motion of the cells themselves since they are 

not fixed, or simply from mechanical drift of the system over time. As a result, cells centred 

on the imaging z-plane at the beginning of the experiment appear as the distinct membrane 

outlines seen initially. As the z-focus drifts they begin to instead appear increasingly as 

smaller, more filled-in circles as the upper or lower surface of the cell is imaged, as opposed 

to a slice through the centre. Conversely the opposite effect is observed for cells which 

were not centred in the imaging plane but move to this point.  

The first alternative only holds true as a theory if the fluorophore adheres well for 

some cells but not others, seemingly at random, while the latter theory explains succinctly 

the observation of both observed behaviours. Therefore, while the first is not debunked, it 

seems as if the second alternative is the most likely of the two. Indeed, several scenarios 

could easily lead to such a drift in the z-direction. Being living cells they are motile; it 

could be that the DU145 cells are simply exhibiting this more prominently than the PC-3 

cells. More simply this kind of gradual drift along the z-axis is characteristic of the 

instrument’s drift compensation facility functioning incorrectly. 
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One other point of interest regarding the distribution of the membrane stain is the 

appearance of intercellular fluorophore signal; that is to say fluorophore signal appearing 

in the space between cells. This can be seen to a small degree within the Pepducin-AuNP 

dataset and more prominently within the Au-DTDTPA dataset. An initial conclusion to 

come to is that this signal is simply the result of unattached fluorophores. However, closer 

inspection of the Au-DTDTPA dataset shows that this signal is not present in the image 

captured at 0 minutes, before the AuNP solution was added. Since it would be expected 

that unattached fluorophores would be present before the AuNP solution was added this 

theory is discredited, instead this suggests that the presence of AuNPs may be causing 

rogue fluorophore signals. 

Examining the distribution of this intercellular fluorophore signal throughout the 

Au-DTDTPA dataset it can be seen that as time progresses the signal appears to spread in 

from the upper right corner of the imaged region. The signal also appears to precede an 

AuNP signal spreading in from the same direction, with the fluorophore signal initially 

increasing in intensity before decreasing as the AuNP signal becomes more prominent.  

Manual inspection of the fluorescence decay profiles of pixels in this region using 

the SPCImage software provided insight into what was happening here. Firstly, the 

fluorophore signal is not preceding the AuNP signal, the signals arrive at the same time. 

However, because the AuNP signal in the intercellular region is very weak, compared to 

that of the AuNP signal associated with the membrane, it is initially not visible given the 

scaling of the colour bar.  

Secondly, SPCImage reveals that while the intercellular AuNP signal is not an 

artefact, it gives rise to a small fitting error which produces the intercellular fluorophore 

signal which is an artefact. The reason for this is that when the AuNP signal is weak it 

becomes difficult for accurate fitting of the fluorescence decay curve to be carried out. As 

such SPCImage often incorrectly attributes a weak long-lifetime component to pixels 

which are in fact displaying only short-lifetime decay behaviour. This explains the 

peppering of fluorescence signal that appears to precede the AuNP signal spreading in and 

how once the AuNP signal becomes sufficiently strong in the intercellular region fitting 

becomes more reliable and the prominence of the fluorescence signal is seen to lessen.  

While the presence of this erroneous signal is not ideal it does not detract from the 

validity of the observation of cellular association of the imaged AuNPs. The cell membrane 

outlines are still clearly visible and the intercellular signal can be treated similarly to 

background noise. Most importantly, while background noise combined with weak AuNP 

signals can create erroneous fluorophore signals, the alternative combination of 

background signal with weak membrane signal is still correctly fitted as a long lifetime 

decay and as such does not produce an erroneous AuNP signal. This is of particular 
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significance because AuNP location is the key factor within this study and therefore 

anomalous AuNP signals would greatly reduce the reliability of this study.  

One problem the intercellular fluorophore signal does however cause is that it 

makes further quantitive analysis of the images by computational means difficult. Since 

the membrane-associated fluorophore signal is comparable in magnitude to many of the 

erroneous fluorophore signal values then it becomes difficult to define what is and what is 

not a pixel corresponding to the location of a membrane. This will be discussed at greater 

length later within this section. 

It is worth noting that this issue could be easily resolved if the fluorophore were 

better adhered to the membrane target. The erroneous intercellular fluorophore signal is 

visible because the signal from the fluorophores associated with the membrane is of a 

similar magnitude. In future studies applying a greater amount of fluorophore stain and 

allowing a longer period for the stain to adhere could help resolve this issue; if the signal 

from the membrane was increased then the scaling of the colour bar could be adjusted such 

that this erroneous intercellular signal would be less visible.  

Next, turning the discussion to the aforementioned intercellular AuNP signal. This 

signal is observed clearly in both the Pepducin-AuNP and Au-DTDTPA datasets. Upon 

initial inspection this signal appears very intense in the Pepducin-AuNP dataset compared 

to that observed in the Au-DTDTPA dataset, however, it must be remembered that due to 

the weaker AuNP signal from the former dataset the AuNP colour bar is scaled up by a 

factor of eight. Therefore, it is important to recognise this not as a particularly strong 

background signal, but rather as a dataset where the most intense AuNP features are 

comparably weak.  

Nevertheless, it is interesting to note the distribution of this signal in both instances 

is non-uniform across the imaged region. In the case of the Pepducin-AuNP dataset the 

signal is seen to dominate the upper half of the image and with the Au-DTDTPA dataset it 

is seen primarily in the upper right region. It is possible that due to a slight tilt of the sample 

holder AuNPs are caused to slowly migrate in one direction under gravity, leading to the 

gradient in intercellular AuNP signal observed. Alternatively, the method of application of 

the AuNP solutions could be responsible, by applying AuNP solution via pipette it may 

take time for the background concentration of AuNPs to homogenise. It is also noted that 

the brightfield images captured with the system have non-uniform illumination, with the 

lower region appearing darker than the upper one, this indicates that there may be an 

alignment or contaminant issue within the system affecting the final FLIM image causing 

this gradient to be observed. 

 While there is no strong intercellular AuNP signal in the RALA-AuNP dataset one 

interesting feature as previously mentioned is the apparent aggregation of RALA-AuNPs. 
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The fact that these aggregates are not initially present but rather are seen to develop in time 

is a result of particular significance. Often AuNP solutions are tested for aggregation while 

in bulk solution prior to treatment. This result appears to show that while an AuNP solution 

may be stable and not aggregate while in bulk, this stability may not be retained upon 

application to a biological environment. 

3.3.3 Qualitative Evaluation of Association and Uptake 

As discussed, the analysis method outlined provides a means to determine the 

location of AuNPs within an imaged sample with excellent reliability. It is acknowledged 

that for the particular datasets obtained in this study, given the weak fluorophore signal 

combined with erroneous background signal, the determination of cell membrane location 

is somewhat less reliable. That being said this is a reflection of the need for improvements 

to the sample preparation rather than the imaging and analysis methods, something which 

can be easily adjusted upon repeating the experiment. Nevertheless, the cell membrane is 

still identifiable in these datasets and as such a great deal can be learned from the interplay 

between the AuNP and membrane signals in time. 

At this point it is, however, important to reiterate the distinction between 

membrane association and cellular uptake. As per the discussion of the fixed cell results, 

the association of AuNPs with the cell membrane can be determined reliably from the 

obtained FLIM images. However, when the inherent z-resolution of the system of 

approximately ± 800 nm is combined with the z-scanning of ± 2 μm used for the live cell 

study this produces a total z-resolution of approximately ± 3 μm for the live cell datasets. 

As such should AuNP signal be observed within the confines of a cell membrane it is 

difficult to justify this as unambiguous evidence for cellular uptake of the AuNP 

formulation as the signal could potentially be on-membrane or outside the cell given the z-

resolution. That being said, if many cells show this ‘apparent’ uptake behaviour then such 

data could be used as supporting evidence for cellular uptake, lending weight to the claim 

while not in and of itself providing definitive evidence for it. 

Considering first the Pepducin-AuNP study. Within this study there is clear 

evidence of association of the Pepducin-AuNP formulation with the PC-3 cell membranes, 

with the first clear evidence of AuNP ‘hotspots’ on the cell membrane occurring 31 minutes 

after treatment. While not widespread across all cells in the imaged region evidence of such 

association is present at multiple sites, becoming more prominent shortly around 90 

minutes post-treatment. Notably at several sites hotspots were observed to increase in 

intensity as imaging continued before becoming dimmer, in some instances disappearing 

entirely or reaching levels comparable with the background Pepducin-AuNP signal.  
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Further to this no clear evidence of AuNP signal inside the boundaries of a cell 

membrane was observed despite the fact that the complementary fixed cell study showed 

strong indications of potential nuclear association of the Pepducin-AuNP. Of course, the 

images captured in the fixed cell study are of a 12 hours post-treatment timepoint and so 

there may simply not have been enough time during the live cell study for any 

internalisation to occur. 

A similar situation is observed in the live cell study using Au-DTDTPA. Rapid and 

exceptionally clear membrane association of the AuNP signal is observed from timepoints 

as early as 11 minutes post-treatment, with the intensity of the AuNP signal increasing over 

the 150 minutes of imaging. And yet despite the exceptionally clear and intense membrane 

association no signal is readily observed within the membrane boundary. It is also noted 

that this clear result of membrane association is obtained despite Au-DTDTPA being 

exceptionally dispersed in the complementary fixed-cell study. 

From the observations in these two datasets information can be gleaned regarding 

the potential dynamics of AuNP uptake in cells. The lack of any AuNP signal inside the 

observed membrane bounds despite the intense AuNP signal on-membrane suggests the 

cell membrane is acting as a barrier to the internalisation of the AuNPs. However, in the 

case of Pepducin-AuNP the fixed cell studies show clear evidence of AuNP signal within 

the membrane boundary. Why then is this not observed in the live cell study?  

The first potential explanation is that the AuNPs may simply not have been 

internalised within the timescale of the live cell studies and so there is nothing to be 

detected in the inner region. The second possibility is that the AuNPs are being internalised 

but this technique is not sensitive enough to visualise them. The cell membrane may be 

acting as a bottleneck to the internalisation of AuNPs, with large concentrations of AuNPs 

associating with the cell membrane which acts as a choke point and only a few AuNPs then 

getting internalised at any given moment. If the AuNP concentrations are comparatively 

low inside the cell it is possible that the magnitude of the AuNP-SHG response from only 

small concentrations AuNPs may not be detectable against the background. At much later 

timepoints, such as those seen in the fixed cell studies, AuNP concentrations within the cell 

may have reached a level large enough where they are readily visible by this technique. 

As discussed in chapter 1, it is known that, unless otherwise modified, AuNPs enter 

the cell in vesicles via endocytosis. Since only so many AuNPs may be contained in a single 

vesicle this would support this proposed bottleneck theory. Further to this the observation 

of AuNP hotspots flaring up only to later disappear could then be explained. Having built 

up on the cell membrane over time it seems much more likely that this diminishing of 

AuNP signal is as a result of the AuNPs moving into the cell than them dispersing back 

into the intracellular region. 
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 Despite showing clear evidence of cellular association in the fixed cell study, the 

live cell study using RALA-AuNP provided less conclusive results. Assuming that 

aggregated AuNPs do not display the same interactions with cells as their more dispersed 

counterparts, this dataset contains multiple objects that ought to be excluded from 

consideration when investigating uptake and association. With this in mind it, and ignoring 

the larger, aggregated features, as time progresses an increasing number of AuNP features 

become visible and as they do it seems as if most are associated closely with the cell 

membrane. Unfortunately, with the quicker deterioration of cell health and possible z-drift 

occurring within this dataset it is difficult to draw detailed conclusions. 

One final point to be made on what can be gleaned from the qualitative study of 

this processed data regards the scaling of the colour bars used to present this data. 

Previously it was highlighted that the average AuNP signal strength in the Pepducin-AuNP 

study was lower than that obtained in the other two studies. To facilitate better viewing the 

Pepducin-AuNP dataset was presented using a colour bar for AuNP signal which was 

scaled down by a factor of 8 when compared to that used to present the other two datasets. 

This then leads to the question; is there important AuNP signal information which is not 

visible within the presented RALA-AuNP and Au-DTDTPA datasets, owing to these 

signals lying at the lower end of the intensity distribution? 

The answer to this question is not entirely clear-cut. Inevitably there are low 

intensity pixels present in the RALA-AuNP and Au-DTDTPA datasets which are not 

visible given the colour bars used, and therefore yes information is being lost. However, 

since these unobservable pixels are of intensities comparable to or just above the 

background signal then they will have a very poor signal to background ratio. As indicators 

of AuNP location these pixels are of very poor reliability and therefore it is not unjustified 

that these pixels are unobservable in these datasets. In the case of the Pepducin-AuNP 

dataset since the maximum AuNP signal is comparatively low there is no choice but to 

reduce the scale bar in order to make the data visible for scrutiny. In this way the Pepducin-

AuNP dataset is not revealing additional information regarding AuNP distribution but 

rather is the exception to the rules of data handling employed here. 

 With that being said there is value in investigating the distribution of low intensity 

AuNP signal in the RALA-AuNP and Au-DTDTPA datasets. While individual pixels have 

poor reliability, it is possible that consideration of the entire imaged region may highlight 

a global trend from which additional information may be inferred. For example, if low 

intensity AuNP signal were to be seen scattered uniformly through the extracellular region 

but completely absent from any intracellular region then this would be a significant finding.  

For the sake of brevity, the RALA-AuNP and Au-DTDTPA datasets will not be 

presented in full for a second time with an adjusted colour bar. Instead the following figure 
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presents a pair of images from each dataset, one displaying the image with the original 

colour bar and a second with a lowered colour bar matching that used to present the 

Pepducin-AuNP data. The differences drawn between these two means of presentation at 

this timepoint are indicative of the differences observed throughout the entire dataset. 

 
Figure 3.12: Comparing the effect of a reduced AuNP signal colour bar scale on observed AuNP distribution 
for the RALA-AuNP and Au-DTDTPA datasets. 

The scaling down the colour bar of the Au-DTDTPA image has a striking effect 

on first glance but upon closer inspection the two images can be seen to display, for the 

most part, the same information. The dominance of membrane-associated AuNPs is evident 

in the original image but the reduced scale bar exaggerates this and makes the result appear 

much stronger with almost all cells clearly being encompassed by halos of AuNP signal. 

The downside of this, and the primary reason for not presenting the data with the scaled 

down colour bar, is that the ability to distinguish between mid and high intensity pixels is 

lost entirely in favour of viewing these lower intensity ones. As such the ability to observe 

the increase in signal strength at the membrane over time is lost. Additionally, the scaled 

down colour bar brings the very weak intercellular AuNP signal in the upper right region 

of the image into prominence which is undesirable given the low magnitude and thus poor 

reliability of this data. 

The result of applying a scaled down colour bar to the RALA-AuNP image is 

subtly different. The perhaps most noticeable effect is the apparent expanding of regions 
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where AuNP signal is present. Given that these regions have been identified as aggregated 

RALA-AuNPs this of course is to be expected, with the less densely populated outer 

regions of these bodies contributing much weaker AuNP signals.  

This particular phenomenon provides little novel information on AuNP 

distribution when compared to the use of the standard colour bar. However, a second effect 

is also visible when using the reduced colour bar on the RALA-AuNP image, with some 

AuNPs being seen to appear in regions where there was no observable AuNP signal before. 

In drawing conclusions from a dataset it should be noted that this has a subtly different 

impact compared to the similar scenarios of, firstly, the apparent expanding of a RALA-

AuNP aggregate and, secondly, to the ‘filling in’ of AuNP signal on a membrane which 

already displays AuNP association as per the Au-DTDTPA image.  

In all of these scenarios data is being lost due to its weak signal to noise ratio 

causing it to be unobservable compared to the background. The loss of this data is however 

justifiable given that the effect of this low signal to noise ratio is poor reliability. Yet in the 

two comparable scenarios mentioned while some data is lost it is only the outer, low-signal 

content of a greater, local distribution. High-signal content remains when using the 

standard colour bar and when viewed on the macro scale information can still be inferred 

on the AuNP distribution within that local region and the same conclusions may be drawn 

regardless of colour bar choice.  

In the case where the AuNP signal is visible using the scaled down colour bar in 

regions that appeared void of AuNP signal before the situation is different. The local 

distribution in this case is composed entirely of low-signal data and so no AuNP signal 

remains observable when viewed under the standard colour bar. Therefore the ability to 

draw conclusions based on this data is lost. While this may at first seem like a flaw of the 

analysis process, when weighted against the lost data’s poor signal to noise ratio and thus 

poor reliability then the loss of this data becomes justifiable. 

As was alluded to in earlier discussion of the analysis process, it should be noted 

that the same reliability argument could be made in an attempt to justify not scaling down 

the colour bar for the Pepducin-AuNP dataset. The difference here however is that in the 

RALA-AuNP and Au-DTDTPA datasets the majority of AuNP signals were of high 

intensity and therefore the loss of lower-signal data was of little consequence to the final 

conclusions drawn. In the case of the Pepducin-AuNP dataset the AuNP signals were 

generally of a much lower intensity and therefore in order to see the variation of signal 

distribution in time a reduced colour bar was necessary. Indeed, this does cause the 

unfortunate effect of reducing this datasets reliability and this is a caveat which should be 

kept in mind when viewing this particular dataset. 
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In summary it must be acknowledged that since presentation of such image data is 

somewhat subjective and susceptible to observational bias, then evaluating AuNP 

association with the cell membrane is also subject to these issues. However, in discussing 

alternative presentation of these datasets and the impact that such changes would have, it 

is hoped that a level of transparency is achieved regarding the data and the conclusions 

drawn. As such ambiguity is minimised and the claim that clear evidence for membrane 

association has been observed remains valid and reliable.  

3.3.4 Quantitative Evaluation of Membrane Association 

While qualitative evaluation of the data is essential in order to gain a full insight 

into the observed AuNP dynamics, in order to draw conclusions regarding membrane 

association which are truly rigorous a quantitative assessment of the data is needed.  

3.3.4.1 Analysis Using Scatter Graphs of Membrane Versus AuNP Signal 
An initial means by which the datasets were quantitatively processed was to 

directly compare the membrane signal (a2 component) against AuNP signal (a1 

component). By plotting the membrane signal against AuNP signal for every pixel in an 

image a scatter graph could be constructed which would shed light on the AuNP 

distribution within the image relative to the observed cell membranes in a more quantitive 

manner.  

 
Figure 3.13: Exemplar form of an AuNP versus membrane scatter chart as would be obtained from quantitive 
processing of a FLIM image in this study. The scatter chart is divided into four regions, each labelled to show 
the physical conditions/environment that a data point present in that quadrant is likely to be in. Note that while 
the divisions shown are discrete this is for presentational purposes only and the actual variation of properties 
will in fact be a continuum.  
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Figure 3.13 helps illustrate the benefit to this kind of analysis. The position of data 

points on the scatter chart can be used to infer information regarding the distribution of 

AuNPs within a given image, including if membrane association is or is not occurring. 

Since many pixels in an image will neither contain AuNP or membrane signal the most 

populated quadrant for a given image is likely to always be the lower left. It is the 

distribution among the other three quadrants however that is of interest. Data points which 

fall in the upper right quadrant will be strong evidence for membrane association, having 

both a strong AuNP and membrane signal at the one pixel. Contrastingly data points placed 

in the upper left quadrant are more indicative of membrane sites where AuNPs have failed 

to associate, having strong membrane signal but little AuNP signal. The lower right 

quadrant is somewhat harder to describe, for the most part this quadrant may be said to 

represent AuNPs which have not associated with cell membranes but are free in the 

intercellular regions. However, since the obtained membrane signal was weak for most 

datasets, with sections of what can be inferred by eye to be membrane having signal 

strengths not much larger than background, then it is likely that this quadrant also contains 

data points representing pixels where AuNPs have associated with poorly fluorescent 

membrane regions. 

It was hoped that by creating scatter plots for a complete dataset and then 

comparing the change in data point distribution in time across the dataset more detailed 

information could be extracted from the data. Not only would this provide quantitive 

evidence for whether or not association is occurring, this would also provide a means to 

show how association changes over time for a given AuNP preparation. For example, if a 

dataset was shown to produce scatter plots where the population in the upper right quadrant 

was shown to increase as time progressed then not only is association shown to occur but 

the timescale on which it is also occurring becomes known.  

The python script used to carry out this process can be viewed in Appendix B. 

Figure 3.14 shows an exemplar scatter plot generated using this method. 

However, while this method does take a further step towards quantifying the data 

and thereby move away from qualitative analysis methods and the problems surrounding 

subjectivity, it does not do so fully. Upon implementation it was realised that this method 

still requires a degree of manual inspection in order to ultimately draw conclusions.  

To best explain this, consider first an ideal scenario. Upon normalisation the data 

would be distributed such that the graph may be divided up into quadrants as previously 

shown, the population of each quadrant could then be recorded and tracked over time in 

order to draw conclusions regarding change in association. 
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Figure 3.14: Exemplar scatter graph comparing the normalised signals from AuNP and membrane for each 
pixel. The specific image analysed is from the Pepducin-AuNP dataset at the 66-minute timepoint.  

In reality the situation is more complex. As previously alluded to in the caption of 

Figure 3.13, when considering the variation in properties of each quadrant they do not 

change discretely, but rather as a continuum. It is therefore not wholly correct to classify 

and attribute properties to pixels based solely on the quadrants in which they fall. 

Even if this fact is accepted as a caveat of the analysis process such that for ease 

of processing it is assumed that the data may be divided discreetly then further problems 

still remain. In the example quadrant divisions shown in Figure 3.13 the divisions were 

carried out at signal values of 0.5. Yet this choice is an arbitrary measure of the division 

between high and low intensity pixels. As can be seen in Figure 3.14 the presence of high 

intensity AuNP pixels, for example, skew the distribution such that little data is present 

above an AuNP signal of 0.5. 

In order to make a more rigorous evaluation of what constitutes strong compared 

to weak signal the average of each distribution could be used to better define the divisions 

between each quadrant. However, this is not a straightforward process. The datasets contain 

many pixels containing only background signal, this should be discarded if the true average 

of the AuNP and membrane signal distributions are to be obtained. But upon inspection of 

the typical distributions of these signals it can be seen that the background signal 

distribution often blends into the distribution of the signal of interest.  

For the membrane signal distribution the cause of this has already been discussed, 

with the sub-optimal fluorescence of the membrane stain giving rise to a weak signal. In 

the case of the AuNP signal while high intensity signals were recorded, at the same time a 

large number of low intensity pixels were also generated by the fitting process. While these 

pixels are passively excluded from the FLIM images by the colour bars used, as discussed 

earlier, here they make it difficult to isolate the true AuNP distribution from background. 
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 As a result of this defining an average value for each distribution in a manner 

which excludes erroneous pixels and does so in a non-subjective manner is a highly 

complex task. Therefore, it was decided that a new approach should be taken and this 

analysis method should be altered in order to pursue a revised method which provides a 

more robust, quantitive investigation of the datasets. 

3.3.4.2 Using A Nearest Neighbour Analysis Method to Determine Average 

AuNP-Membrane Separation 
Before discussing the exact means by which this revised analysis method was 

carried out, first a short outline may be helpful in explaining the aim of this method. A 

python script was written with the intention of scanning through each FLIM image 

collected to identify AuNP pixels. The local environment of each AuNP pixel is scanned 

for the nearest neighbouring membrane pixel. In this manner the separation between each 

AuNP pixel and nearest membrane may be determined. Ultimately this would allow an 

average value of AuNP-membrane separation to be obtained for each image in a collected 

dataset. The significance of this being that a physical measure of membrane association 

through time is thus obtained for each AuNP preparation. 

To implement this analysis a python script was written, which is available to view 

in Appendix C. The script carries out the same process for every image in a dataset, firstly 

the image is scanned to identify AuNP pixels with a signal strength above a pre-defined 

threshold. In this way a library of pixels with above-background AuNP signal strength is 

created. For each AuNP pixel identified in this way a nearest neighbour search is 

implemented to scan for the closest membrane pixel in the manner shown in Figure 3.15. 

Once more a pre-defined threshold is set in order to identify pixels of sufficiently high 

signal strength to be classified as membrane.  

 
Figure 3.15: Implementation of nearest neighbour search algorithm. The central gold-coloured square 
represents an AuNP pixel, while the blue-coloured squares indicate the pixels being searched for membrane 
signal upon each iteration of the algorithm as the search ‘steps-out’ from the centre. 
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Once a membrane pixel is found then a final check is made. When searching the 

local neighbourhood by the procedure described it is important to note that upon 

consideration of the diagonal distance, the first membrane pixel encountered may not be 

the closest to the central AuNP pixel. This is illustrated by Figure 3.16 where it can be seen 

that upon searching outward from the AuNP pixel the first encountered membrane is the 

dark-blue one at a diagonal distance of approximately 7 units. However, if the search 

continues for one additional iteration the membrane pixel indicated by the green square 

will be encountered. This pixel is only 6 units away from the AuNP pixel and should be 

taken as the correct nearest membrane neighbour.  

 
Figure 3.16: Illustrating the potential problems of the 'step-out' algorithm. For ease of viewing shown is a 
reduced sample region during the 4th iteration of searching, as before the gold square represents the central 
AuNP pixel and the light-blue squares indicate the pixels currently being searched. Here both the dark-blue 
and the green square are representative of membrane pixels. While the ‘step-out’ algorithm encounters the 
dark-blue pixel first, it is in fact the green membrane pixel which is closer to the central AuNP pixel. 

To avoid this situation the script was written such that once a membrane pixel is 

encountered a check is then performed. The diagonal distance, d, to the first encountered 

membrane pixel is calculated and then the script will continue to step-outwards until the 

outer ring at a perpendicular distance of d from the central pixel is reached. If another 

membrane pixel is encountered and is found to be at a shorter distance from the central 

pixel, it is then recorded instead as the nearest neighbouring membrane pixel. 

Comparing this analysis method with the previous method described in section 

3.3.4.1 it is clear that this analysis offers a vastly increased amount of quantitative 

information. However, it must be highlighted that still a degree of subjectivity remains 

when using this method. In the previous analysis a threshold was defined in the centre of 

the distributions splitting high from low intensity pixels, thereby defining the cut-offs for 

what is and is not considered to be a membrane or AuNP pixel. Defining thresholds in such 

a manner is largely arbitrary rather than evidence-based.  

In implementing the nearest-neighbour analysis method described in this section 

again thresholds are defined which split pixels of above background signal strength from 
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those below for both membrane and AuNP signals. However, in contrast to the previous 

method, the thresholds used are not arbitrarily chosen. Instead imageJ is used to verify the 

manual selection of a threshold; using imageJ a threshold is applied and the image viewed 

in real-time to determine if too much or too little background has been removed and 

therefore if the threshold needs lowered or raised. In this manner a degree of subjectivity 

is removed; note that it is not removed entirely, yet by having a means to verify the choice 

a more reliable analysis method is produced. 

As previously discussed, remember that for every image within a given dataset the 

AuNP and membrane signal strengths were normalised against the same maximum values. 

In carrying out this analysis it was found that optimum background exclusion was achieved 

when the threshold for exclusion was set to 10% of the normalised maximum for the AuNP 

component and 20% of the normalised maximum for the membrane component. 

Having carried out this analysis method on an image an array containing 

information on each AuNP pixel and its nearest neighbouring membrane pixel is exported. 

A second python script was written, see Appendix D, and used to analyse these exported 

files, the intention being to take each image and determine the average AuNP-membrane 

separation along with the associated error. However, since the AuNP signal strength is 

known and it is possible for more than one AuNP to be present within a given pixel it was 

decided that a more rigorous approach would be to take the weighted-average of the AuNP-

membrane separation, weighting the process based on AuNP signal strength. In this way 

highly intense AuNP pixels are given greater precedence than those at near-to background 

intensities. Errors on this weighted-average were also derived using conventional error 

propagation methods, assuming application of Poisson statistics to obtain the error on 

signal strength and an uncertainty of ± 1 pixel in determining separation between pixels. 

The errors presented are indicative of one standard deviation. 

The following graphs show the results obtained from this analysis process. 
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Figure 3.17: Results of nearest-neighbour style analysis. Shown for each dataset is the variation of the 
intensity-weighted average AuNP-membrane separation in time. Error bars are obtained using standard error 
propagation rules. 

Beginning with the Pepducin-AuNP dataset, initial review of the data may lead to 

the conclusion that the average separation between AuNP and cell membrane exhibits an 

initial decrease before stabilising at a small value of a few micrometres. However, upon 

taking into account the associated errors it becomes clear that such any such inference 

regarding temporal changes in this particular dataset cannot be drawn.  

While large, these errors are not wholly unexpected. The FLIM images of this 

dataset show a clear spread of Pepducin-AuNPs throughout the extracellular region and so 

it is logical that the distribution of AuNP-membrane separations would exhibit a broad 

spread about the mean and thus a large standard deviation. It should be noted that had the 

standard error of the mean been presented instead of the standard deviation then the 

presented errors would be significantly smaller but would not be reflective of the separation 

variation within the population. 

That being said information can still be drawn from this result. After approximately 

80 minutes almost every data point exhibits an AuNP-membrane separation of less than 8 

μm to within one standard deviation, with many data points also falling below 6 μm. This 

result acts as quantitative support for membrane association of the Pepducin-AuNP. While 

the large standard deviations recorded are indicative of membrane association not having 

occurred for the entire population of AuNPs imaged, the small mean values of separation 

are indicative of at least a significant portion of the population having undergone some 

degree of membrane association.  
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Moving then to the RALA-AuNP dataset, here the error bars are significantly 

reduced compare to the Pepducin-AuNP owing to the much less disperse distribution of 

the RALA-AuNPs in the captured FLIM images. As a result, the change of the RALA-

AuNP’s membrane association behaviour in time may be reliably inferred. It is clear that 

initially the RALA-AuNPs show no association with the cell membrane. But within the 

first 30 minutes post-application the average AuNP-membrane separation is observed to 

fall and stay largely below 2 μm to within one standard deviation. The small mean 

separation after this time combined with the small standard deviation is indicative of the 

majority of the population of RALA-AuNPs being highly associated with the imaged cell 

membranes. Upon considering alongside this the rapid speed at which association is seen 

to occur, the RALA-AuNP formulation emerges as an excellent candidate for enhancing 

the delivery of AuNPs to cancer cells. 

Lastly consider the results of the analysis on the Au-DTDTPA dataset. Once more 

the error bars are significantly reduced compared to the Pepducin-AuNP dataset, again 

owing to the much less diffuse AuNPs. However unlike in the RALA-AuNP dataset where 

a clear trend in time is visible, here the AuNP-membrane separation stays largely constant 

throughout the imaging period, ignoring the first few timepoints where very few AuNP 

pixels are present significantly reducing the reliability of these data points. That being said 

almost all data points fall below 4 μm to within one standard deviation, combined with the 

small standard deviation of the data points this provides good quantitative evidence of 

membrane association of the Au-DTDTPA formulation. 

Interestingly the Au-DTDTPA formulation is observed qualitatively in the FLIM 

images to show a level of membrane association which surpasses that of the RALA-AuNP 

dataset. However, in this quantitative analysis the RALA-AuNP dataset is observed to have 

a smaller average AuNP-membrane separation than that of Au-DTDTPA. This discrepancy 

brings the discussion to one of the potential flaws of this analysis method, at least with 

regard to its application to the datasets obtained in this study, with this difference likely 

haven arisen due to the difficulty in computationally isolating membrane pixels. 

As has already been discussed at length, the fluorophore used in this study did not 

adhere to the cell membranes as well as was hoped and as such the fluorescent signal from 

the cell membranes in this study was sub-optimal. In the case of the Au-DTDTPA dataset 

this was particularly prominent with weak, erroneous background signal in the intercellular 

region being visible as a result. In terms of qualitative investigation this is not a significant 

problem. Even when the membrane signal is weak or patchy the innate pattern recognition 

ability of the human eye can easily ‘fill in the blanks’ to identify the membrane signals 

even amidst erroneous background. 
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However quantitative evaluation of such images is not so straightforward. Given 

that a portion of the membrane signal is of an intensity comparable to the background 

signal, then in removing the background signal using the thresholding-based approach 

described above a portion of the true membrane signal will also be removed and only 

moderate to strong membrane signals remain. The problem with this approach is that while 

the pixels which remain are highly reliable as true membrane pixels, this method creates 

incomplete membrane outlines. In the case of AuNP pixels near to a weak membrane region 

which has fallen below the threshold, upon implementing the nearest neighbour algorithm 

the code must step-out further to find the nearest membrane pixel, thus leading to an 

erroneous result. 

This is particularly evident in the case of the Au-DTDTPA dataset which suffered 

from erroneous background signal in the intercellular regions of intensity comparable to 

many pixels identifiable by eye as true membrane pixels. In thresholding out these pixels 

the remaining membrane outlines become significantly patchy. Hence the discrepancy 

between the RALA and Au-DTDTPA dataset, with the patchy membrane outlines of the 

latter giving rise to an erroneously large average AuNP-to-membrane distance. 

An alternative method to solve this issue would have been to write a script to ‘fill 

in the blanks’ computationally. However, coding such pattern recognition is a non-trivial 

task and becomes additionally complex when being performed on samples which show 

large morphological variation such as those within this study. Further to this the resultant 

membrane outlines would be a combination of reliably identified membrane pixels and 

computationally predicted membrane pixels of potentially poor reliability. Given the 

difficulty in implementation and likely poor reliability of the result this route was not 

pursued. 

Moving forwards the optimum solution to this issue would be to address the root 

cause of the problem; the less than optimum signal form the cell membrane stain. Ideally 

the experiment would be repeated using cell samples where the membrane stain is better 

developed, providing a more intense signal which can be better identified compared to the 

background signal. Yet before closing out analysis on the data collected within this study 

one last quantitative analysis method was implemented to try and circumnavigate some of 

the issues just discussed. 

3.3.4.3 Expanding Nearest Neighbour Analysis Method to Determine the 

Change in Intensity of Near-Membrane AuNP Signal with Time 
The nearest neighbour analysis method described in the previous section generated 

an array for each timepoint containing information on the distance from every, above-

threshold AuNP pixel to the nearest identified membrane pixel. This allowed the change in 
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average AuNP-membrane separation in time to be determined. Since this method takes into 

account all AuNP pixels above the defined threshold the graphs shown in Figure 3.17 are 

generated from information from a variety of AuNP pixels; both those from the near-

membrane region of interest but also those from the extracellular spaces.  

The inclusion of extracellular AuNP pixels could potentially bias the calculation 

of average AuNP-membrane separation to higher values, evidenced particularly by the 

large error bars of the Pepducin-AuNP dataset in Figure 3.17. This makes it difficult to 

isolate potentially small temporal trends regarding membrane association. 

In order to ascertain if this potential issue is indeed biasing the observed trends a 

refined approach was taken. A filter was applied such that any AuNP pixel beyond a 

distance of 2 μm from a cell membrane was removed from the analysis. As such the 

remaining data can be said to be representative of only AuNPs which are closely associated 

with the cell membrane. Then, rather than calculate the average AuNP-membrane 

separation, instead the change in total signal intensity from AuNPs closely associated with 

the cell membrane was determined. 

By excluding extracellular AuNP pixels in this refined analysis method and instead 

focussing on the change in time of AuNP signal intensity near-membrane, then more 

rigorous conclusions surrounding the evolution of membrane association in time can be 

drawn. The results of this refined analysis are shown in the following figure. 
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Figure 3.18: Results of refined analysis, showing for each dataset the variation in time of the total AuNP signal 
intensity in the near-membrane region (defined as within 2 µm of membrane). Error bars are too small to be 
visible. 

Considering first the general trends which are shown in the datasets it can be said 

that in all three cases the total intensity of near-membrane AuNP signal can be seen to 

increase in time. This supports the findings of the previous analysis method, providing clear 

evidence of membrane association for all three functionalised AuNPs. 
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Turning then to the more specific observations which can be made by considering 

each dataset in turn. First, it is noted that while the intensity levels of near-membrane 

AuNPs can be seen to exhibit an increase in all datasets, the timescale for this behaviour to 

appear differs between datasets. Both the RALA-AuNP and Au-DTDTPA formulations 

exhibit an increase in membrane association at relatively early timepoints, around the 15-

minute timepoint in both cases. The Pepducin-AuNP dataset however appears to take 

longer before displaying such behaviour, with a dramatic increase in near-membrane 

Pepducin-AuNP not occurring until around the 80-minute timepoint. 

These observations regarding the timescale for initial membrane association are in 

agreement with the observations made using the previous analysis method, indicating that 

both are valid approaches. That being said additional detail emerges when investigating 

later timepoints with this refined analysis method. It can be seen clearly in both the RALA-

AuNP and Au-DTDTPA datasets that while the overall trend of the data is upwards, step-

like increases can be seen. In the RALA-AuNP dataset these occur around the 40-minute 

timepoint and again around the 60-minute timepoint, while for Au-DTDTPA such 

behaviours can be seen around the 80 and 100-minute timepoints. 

The comparatively gradual initial increase in near-membrane AuNP signal 

observed in all three datasets is expected, given that if AuNPs are actively associating to 

cell membranes it will take time for them to accumulate. However, these further step-like 

increases were not anticipated. It may be that these observations are indeed real however it 

may also be that these step-like increases are the result of artefacts within the analysis 

process.  

One such reason for this behaviour may be the instability of the signal from the 

fluorophore staining the membrane. As has been already discussed poor staining of the cell 

membrane has led to difficulty in analysing the data reliably. In this instance it is possible 

that regions of membrane which were initially below the signal threshold required to be 

included in the analysis may, at some timepoint during the experiment, increase in signal 

strength enough to suddenly pass the threshold for inclusion in the analysis. When this 

occurs AuNPs near this membrane, which were initially not considered near-membrane, 

may all at once get included in the analysis leading to a step-like increase in the total near-

membrane AuNP signal.  

Once more this highlights the need for improved cell staining techniques to be 

employed when carrying out this technique. While the data presented here is still highly 

useful in demonstrating membrane association behaviour, repeating this study with these 

slight revisions has the potential to reveal membrane association and uptake behaviours on 

an even smaller scale and with an even greater level of detail. 
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3.4 Conclusions 

The work presented within this study has taken the fixed-cell imaging method 

described by McQuaid et al1,2 and has expanded upon it, creating a novel technique which 

allows AuNP uptake in live-cells to be probed such that information regarding the real-

time dynamics of association and uptake may be extracted.  

Yet being a novel technique implemented for the first time at an off-site facility 

over a limited time period there were problems encountered that were not always possible 

to fix over the course of the experiment. Chief among these issues was the poor 

performance of the cell membrane stain used in the study. Going forwards, to prevent a 

repeat of this problem it would be prudent to perform a short, ‘at-home’ experiment where 

any cell line intended to be studied is treated with the relevant fluorophore for a set time 

and imaged under a standard fluorescence microscope to ensure adequate fluorescence is 

achieved. In solving this issue and obtaining a better signal to noise ratio for the membrane 

signal, many of the difficulties in computationally analysing the datasets would be solved. 

A second major issue encountered in the study was the degradation of cell health 

over time. It was not entirely clear if the action of the imaging laser on cells or 

environmental stresses on the cells while on the microscope stage was the cause of this 

problem, or indeed a combination of the two. In carrying out future studies investing in a 

high-performance, purpose-made incubation unit would be beneficial in reducing the latter 

effect. To reduce the former effect reduced laser power and exposure times could be used 

but this would reduce the obtained signal so is not an ideal choice. Increasing the time 

between images in a dataset could be considered and would also grant the ability to reach 

further timepoints using this technique.  

In solving this issue, and thereby extending the maximum duration over which live 

cells may be imaged, future studies may be carried out which are not only of increased 

reliability but also have the potential to observe, specifically, the cellular uptake of AuNPs 

over time, one of the original aims of this work. This study successfully managed to show 

the rapid association of AuNPs to cell membrane using the live-cell imaging technique and 

evidence of cellular uptake in fixed cells at much later timepoints. But being able to probe 

further into the 3-12 hour window, post-application of AuNPs, would allow uptake of 

AuNPs in cells to be investigated over time in the much the same way as the membrane 

association of AuNPs over time was deduced in this work. Alongside such a live-cell study 

it would be useful to image a panel of fixed cell samples treated with AuNPs for several 

timepoints between 1 and 12 hours for comparison. 

While these possible future implementations would shed greater light on AuNP 

uptake, it should be highlighted that the work presented within this study has already made 
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a significant degree of progress. Not only does this study detail the steps required to process 

raw image using this technique, but additionally this study showcases multiple processed 

datasets which have been successfully obtained using this method, verifying the feasibility 

of this novel technique over multiple instances. Indeed, from this result many qualitative 

inferences regarding the behaviour of each AuNP formulation was able to be made, 

particularly noteworthy was the lack of definitive AuNP signal inside the cell membrane 

boundary leading to the proposed ‘bottleneck’ theory of AuNPs accumulating on the 

membrane at a greater rate than they may be uptaken inside the cell. Further to this, the 

study goes on to provide exemplar analysis methods to extract quantitive information from 

such datasets, showing clear numerical evidence of cell membrane association of AuNPs 

in real-time.  

This result is already significant to the nanomedicine community, providing insight 

into the time dynamics of AuNP-cell interaction, and with only minor edits to the 

experimental procedure even more information may be unlocked. Further still the 

technique itself may be useful in the wider of field of biology and biochemistry, where the 

real-time tracking of fluorescent species is required. 
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Chapter 4  

 

Deducing Intranuclear Uptake of Gold 

Nanoparticles Using X-Ray Fluorescence 

Microscopy: Theory and Methods 

Nanoparticle-enhanced radiotherapy is an increasingly studied area, especially 

using gold nanoparticles (AuNPs), due to the potential in improving patient outcome for 

those suffering from many different types of cancer. Yet, despite the drive to study this 

technology, important questions still need to be addressed regarding AuNPs and their 

interactions with cells. 

Chapters 2 and 3 sought to address the question of ‘when?’. Probing the real-time 

interaction of AuNPs and live cells using fluorescence lifetime imaging microscopy 

provided a means to investigate the time-dynamics of nanoparticle association with cells 

and yielded valuable new information regarding the timescales for AuNP uptake in cells. 

Within this chapter and the next the question of ‘where?’ is focussed upon. It is 

known that upon irradiation AuNPs provide a highly intense dose enhancement doing so 

across a short-range of a few hundred nanometres. Therefore, the location of the 

nanoparticle within a tumour cell is of great importance in determining the likelihood of 

that cell dying as a result of irradiation. 

By employing a dual-angle X-Ray Fluorescence (XRF) microscopy technique, a 

precise three-dimensional reconstruction of an imaged cell treated with AuNPs was 

created. This reconstruction yielded unambiguous evidence of the nuclear uptake of AuNPs 

in an intact cell, using a direct method of detection, for the first time ever. This work has 

since been published1 and is available to read in the publications section of this thesis.  
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4.1 Introduction and Background 

XRF microscopy, also known as XRF mapping, is an imaging method that allows 

the user to create an image of a sample which shows the distribution of various elements 

across the imaged region. This technique, along with standard X-ray spectroscopy 

techniques, is highly useful for chemical analysis; commonly used in fields such as 

archaeology, geology and forensic science as well as having many uses in industry.  

4.1.1 Fluorescence 

Within Chapter 2 the physical process of fluorescence was discussed at length with 

regard to fluorescence lifetime imaging microscopy. Within this chapter fluorescence is 

once more highly relevant but, for the sake of brevity, attention will be drawn to only a few 

key points regarding fluorescence and XRF microscopy. 

X-rays are loosely defined to have wavelengths near to the range 0.01 and 10 nm, 

corresponding to an energy range of 0.1 to 100 keV2. In this range the dominant interaction 

mechanisms are the photoelectric effect and Compton scattering, with the former being 

more likely towards the lower end of this energy range and for higher atomic number 

materials3.  

XRF microscopy relies on the photoelectric effect inducing fluorescence in a 

sample when incident X-rays interact with atoms in the sample. As discussed in Chapter 2 

fluorescence gives rise to emitted photons of specific energies; characteristic of an exact 

electronic transition from an atom of a specific element in the sample. It is this 

characteristic nature of the fluorescent photon’s energy that gives rise to its usefulness in 

the XRF technique.  

4.1.2 XRF Microscopy 

When a sample containing many different elements is irradiated with an X-ray 

beam, of sufficient energy, this leads to many photoelectric events occurring with many 

characteristic fluorescent photons being emitted at once from the sample. When detected 

these characteristic photons form a spectrum such as the one shown in Figure 4.1. 
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Figure 4.1: Exemplar spectrum produced from an X-ray spectroscopy study4 with the most prominent emission 
lines labelled corresponding to the atomic transition that produced them. Edited from 4. 

Such spectra contain a wealth of information. Not only can the presence of certain 

elements be inferred but through analysing the heights of peaks the relative amounts of 

each element in a sample can be deduced. It is through this process that X-ray spectroscopy 

has been established as a hugely important tool in chemical analysis. 

In XRF microscopy the technique is taken one step further. Rather than simply 

imaging a sample to probe its elemental composition on the macro level, XRF microscopy 

probes small regions of the sample at a time. The beam is rastered across the sample to 

generate a library of spectra, one spectrum for each position scanned. Post-processing is 

carried out on the spectra, performing fitting such that the emission lines of individual 

atomic transitions may be isolated and their intensity determined. (Further detail on this 

process will be given later in this chapter.) 

 Each position scanned is now regarded as a pixel. A pixel’s intensity, for a given 

element, is determined by the intensity of a corresponding emission line at that position. In 

this manner images are generated showing the distribution of individual elements across 

the imaged region. Often these are referred to as elemental maps.  

To demonstrate the result of this process Figure 4.2 shows an exemplar image from 

an XRF microscopy study on a geological sample known to be composed of a number of 

different minerals in a calcium carbonate matrix. By generating elemental maps and then 

overlaying them not only is the mineral composition of the sample be confirmed, but 

additionally the distribution of the minerals across the imaged region is also determined. 
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The work presented within this chapter and the next applies the same principle to a 

biological setting, allowing the distribution of AuNPs within a cell to be determined. 

 
Figure 4.2: Demonstration of the result of the XRF microscopy process. The left shows a 10x13 mm piece of 
polished sandstone. The right shows an overlay, generated using the XRF microscopy technique, of the 
elemental maps of four prominent elements within the sample. Given that each element may be associated with 
a specific mineral (silicon with quartz, sodium with feldspar etc.) the distribution of minerals within the sample 
is revealed. Edited from 5. 

Most commonly a conventional X-ray tube is used as a source for XRF 

microscopy, having a tuneable energy output for various applications. However, a beam 

size of, at best, several millimetres is obtainable from these systems, or just below 1 mm 

in the case of a microfocus X-ray tube6. In order to achieve mapping with resolution on a 

micrometre or nanometre scale the X-ray beam must be focussed. This is most commonly 

accomplished through the use of a polycapillary X-ray lens (PXL). A PXL is an X-ray 

focussing optic that is used along with an X-ray tube to provide a beam size of a few tens 

of micrometres, or even less in some cases7–9, while also increasing the beam brightness. 

The advancement in such X-ray optics has facilitated the development of many ‘table-top’ 

XRF microscopy instruments operating on the micrometre scale.  

However, when precision on the nanometre scale is desired, larger scale solutions 

are required. While somewhat less accessible, carrying out XRF microscopy at a 

synchrotron facility, where X-rays generated as synchrotron radiation are used in place of 

an X-ray tube, has opened the door to nanometre resolution. When the first synchrotron 

XRF microscopy experiments were carried out in the late 1980s by Gohshi et al10 applying 

the technique to imaging cells soon became of interest. Throughout the 1990s pioneering 

studies were carried out investigating the distribution of trace elements in large biological 

samples such as wood samples11,12, plant roots and leaves13,14. However, the necessary 

resolution to image on the cellular level was not yet possible at this time. 

With major improvements in focussing optics, photon detector systems and fine-

motion control having taken place over the past two decades, huge advancements have 

been made in the capabilities of synchrotron XRF studies. Now synchrotron radiation is 

focussed using Kirkpatrick-Baez (KB) focussing mirrors, Fresnel zone plates or crystals 
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allowing exceptionally bright X-ray beams of sub-micrometre sizes to be generated15. This 

allows the distribution of elements within samples to be probed on the nanometre scale, 

giving detail far beyond what was previously possible using XRF microscopy. 

Measurements in this study were taken using the I14 beamline at the Diamond 

Light Source synchrotron in Oxford. Details of the exact experimental system used will 

follow later in this chapter. 

4.1.3 Current Imaging Modalities Used to Investigate Cellular 

Uptake 

Previously discussed in Chapter 1 was the importance of AuNP location within a 

cell in determining the biological outcome for that cell when it is irradiated during 

nanoparticle-enhanced radiotherapy. The nucleus contains the DNA of the cell and as such 

is ultimately responsible for controlling all of its essential functions, making the nucleus a 

key target for damage. With the bulk of the physical dose enhancement occurring within 

the first few hundred nanometres from the nanoparticle surface, having AuNPs 

monodispersed throughout the nucleus would be the optimum scenario to achieve the 

maximum enhancement to cell damage and thus maximum patient benefit.  

A wide variety of techniques are employed to investigate the uptake of material 

into cells, and indeed there have been many studies published specifically regarding AuNP 

uptake. However, it has been suggested that as of yet there has been no truly unambiguous 

imaging evidence for the uptake of AuNPs within the cell nucleus16.  

One of the most commonly used techniques to study cellular uptake or intracellular 

localisation is fluorescence microscopy17–19. For this method individual organelles can be 

treated with targeted biological stains, small fluorescent molecules which bind to specific 

receptors on the organelle, while AuNPs are chemically bound to small fluorescent 

molecules called fluorophores before being used to treat the cell samples to be imaged. The 

sample is illuminated and the emitted fluorescent light is detected to form an image, usually 

with the fluorophores being selected to emit different colours.  

Being fast, easy and relatively low-cost this technique is highly useful and is 

commonplace in many biological laboratories. However, this form of microscopy produces 

a projection image, and as such images obtained in these kinds of studies must not be used 

to infer the three-dimensional location of any objects they observe; what appears to be 

nuclear uptake could simply be AuNPs above or below the nucleus.  

Confocal fluorescence microscopy offers a solution to this particular problem as it 

allows the user to perform fluorescence microscopy with a restricted field of view in the z-

plane, allowing three-dimensional information to be extracted. However, one additional 
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problem still persists in each of these techniques. By relying on the use of a fluorophore to 

provide the AuNPs with the fluorescent properties necessary for this type of imaging these 

techniques fail to deliver a direct means by which to determine AuNP location. The 

fluorophore is being imaged, not the AuNP itself, so should it become detached from the 

AuNP anomalous results will occur. 

Other studies choose to opt for Transmission Electron Microscopy (TEM) as a 

means to investigate uptake of AuNPs. TEM provides incredibly powerful nanometre 

resolution and, like confocal microscopy, offers a restricted z-field. These factors combine 

to make TEM the method-of-choice for many studies attempting to gain precise insight 

into the location of AuNPs inside the cell.  

That being said the technique of TEM is still not without fault. The electron beam 

interacts strongly with the sample material giving rise to a very short penetration depth, 

therefore any sample to be imaged must be less than 100 nm thick to ensure transmission 

of the electron beam and allow an image to be formed20. This means that an intact cell 

cannot be imaged using this technique, rather an extensive sample preparation procedure 

is required which can be highly detrimental to the biological relevance of a study. For 

example, during ultrathin microtoming (a step where the sample is sliced into ultrathin 

layers) artefacts in positioning can be introduced. Additionally, in order to provide the 

necessary contrast for successful TEM imaging, biological samples must be treated with 

high atomic number stains21. Often these stains are compounds of various heavy-metals 

which can easily be mistaken for small nanoparticles leading to erroneous results.        

4.1.4 Suitability of XRF Microscopy for this Study 

For this study the technique of XRF microscopy was chosen as it is capable of 

surmounting the shortcomings of the aforementioned imaging modalities. Unlike 

fluorescence microscopy methods XRF provides a direct means of determining the 

presence of AuNPs. A gold signal is only detected in the scenario where the X-ray beam 

directly stimulates gold atoms in the sample to emit photons of characteristic energy; no 

intermediary fluorescent molecule is required. Additionally, there is the added benefit that 

information is being collected on a wide range of elements in the sample all at once, without 

the need for reimaging of the same area repeatedly or the use of multiple imaging 

modalities to compare imaged components.  

As XRF resolution improved through the 2000s, studies were carried out which 

show the possibility of using XRF microscopy to determine the elemental distribution in 

cells22,23. More recently investigation of AuNP uptake in cells has indeed specifically been 

attempted using this method24. However, the traditional XRF microscopy technique used 
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in such studies encounters the same issue as faced by standard fluorescence microscopy in 

that a projection image is produced and thus three-dimensional information cannot be 

extracted. As such a claim of nanoparticle uptake made from this type of study is not 

reliable. 

Within this work the technique of XRF is adapted to overcome this problem. 

Inspiration has been taken from the emerging field of XRF tomography25. Previous studies 

have used this technique to image and three-dimensionally reconstruct objects on a scale 

of 10s to 100s of micrometres such as seeds26 and plant roots27. More recently tomography 

has been performed on a diatom, a single-celled algae, achieving a resolution of 400 nm28.  

With the advent of even greater nanometre precision XRF this work seeks to probe 

AuNP treated cell samples with an even greater resolution. Requiring a greater number of 

pixels of a smaller size to be imaged, this approach takes an increased amount of imaging 

time. Therefore, a reduced dual-angle XRF approach is employed instead of performing a 

highly time intensive full tomographic scan. This allows the benefits of XRF’s direct 

measurement technique to be combined with the accurate determination of the positions of 

observed objects in three-dimensions; making the technique highly suited to facilitating a 

study in nanoparticle uptake. 

4.2 Experimental Technique 

4.2.1 Sample Preparation 

PC-3 human prostate cancer cells and RALA-AuNPs were chosen as the primary 

focus of this uptake study. In advance of the scheduled synchrotron beamtime multiple 

samples were prepared for XRF imaging.  

PC-3 cells were chosen due to the frequency of their use in cancer research. As 

previously detailed, as a cell-penetrating peptide RALA has been previously shown to 

enhance delivery, both in vitro and in vivo, of a variety of moieties29. As such RALA-

AuNPs were chosen as suitable test subjects with the hope that they would be more likely 

to provide a positive result than other AuNPs lacking the benefits conferred by the RALA 

peptide.  

4.2.1.1 Sample Holder 
In order to perform XRF microscopy on a sample, minimum attenuation of the 

photons by any sample container or holder is required for maximum detection efficiency 

of the resultant spectra. In this study cells were cultured and treated on specialist X-ray 
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microscopy windows sourced from Norcada Inc., Canada. These windows consist of a 

silicon frame housing an ultrathin silicon nitride membrane as shown in Figure 4.3. 

The size and thickness of the membrane is customisable, ideally the thinner the 

silicon nitride membrane on which the cells are cultured the less unwanted attenuation 

occurs. Too thin, however, and the membrane is liable to snap when handled for sample 

preparation, transportation or mounting for imaging. For this study it was found that a 1 x 

1 mm membrane of thickness 200 nm, supported by a 5 x 5 mm frame provided a 

satisfactory balance between fragility and membrane thickness. That being said extreme 

caution must still be taken during handling to ensure window shattering and subsequent 

loss of sample does not occur. 

 
Figure 4.3: Schematic of sample holder used in this investigation (image provided by Norcada Inc.30). 

4.2.1.2 RALA-AuNP Preparation 

Once more RALA-AuNPs were synthesised using AuNPs created by the 

Turkevich method31 which are then combined with the RALA peptide. The exact details of 

this process may be reviewed in Chapter 2 (see 2.2.1.2 RALA-AuNP Preparation). 

4.2.1.3 RALA-AuNP Characterisation 
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The AuNPs were characterised using TEM and dynamic light scattering (DLS) 

methods both before and after functionalisation with the RALA peptide to ensure they were 

being produced as expected. 

Figure 4.4 shows examples of typical TEM data obtained for the samples imaged. 

It should be noted that the nanoparticles appear agglomerated in these images due to the 

necessary dehydration step required for TEM imaging. In the post-functionalisation image 

the RALA peptide is seen to have successfully coated the AuNP core with the peptide 

‘halo’ being clearly observed. 

 
Figure 4.4: Typical TEM images showing a) AuNPs pre-functionalisation with the RALA peptide and b) post-
functionalisation. 

Many TEM images were taken of the pre-functionalised AuNP sample. Using the 

ImageJ software package almost 700 individual AuNPs had their diameters measured by 

manual selection, taking the average of the apparent greatest and smallest distance across 

each AuNP’s surface. This process was carried out by multiple individuals to reduce human 

error incurred in this measurement process. 

From the data produced it was found that the average measured diameter of the 

AuNPs was 14.7 ± 1.7 nm. Figure 4.5 displays this information in the form of a histogram 

of measured diameter for all AuNPs observed. Within this study it is assumed that the 

distribution of the diameter of the gold core in the functionalised RALA-AuNP sample can 

be considered to match that measured for the pre-functionalised AuNP. 

As previously mentioned in Chapter 2, Dynamic Light Scattering measurements 

can provide information on the hydrodynamic diameter and zeta potential of a nanoparticle. 

The hydrodynamic diameter giving an indication of the nanoparticle’s size as would be 

observed in a hydrated setting (thereby including any diffuse coating) and zeta potential 

being a measure of the effective electric charge on the surface of a nanoparticle. Here, in 

addition, a measurement of the Polydispersity Index (PDI) was made. PDI gives a measure 

of the AuNP solution’s monodispersity, with values approaching 1 having a broad size 
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distribution and values approaching 0 representing highly monodisperse AuNPs. Table 4.1 

indicates the results obtained by DLS for the sample. 

The measured hydrodynamic diameter for the AuNP pre-functionalisation gives 

strong agreement with the value obtained via TEM measurement, verifying the result. The 

low PDI values indicates that, while not entirely monodispersed, the RALA-AuNP 

production process has achieved a good level of homogeneity in the nanoparticles 

produced. Lastly the zeta potentials confirm the nanoparticles are charged as expected. 
 

 
Figure 4.5: Histogram of pre-functionalised AuNP size as measured from TEM images. The average diameter 
of the AuNP is found to be 14.7± 1.7 n. 

 

 AuNP Only RALA-AuNP 

Diameter (nm) 15.49 ± 2.6 65.31 ± 3.95 

PDI 0.31 ± 0.03 0.35 ± 0.04 

Zeta Potential (mV) -23.7 ± 11.3 17.55 ± 1.79 
 

Table 4.2: Results of DLS characterisation. Measurements were taken from AuNP samples before and after 
functionalisation with the RALA peptide and presented are the obtained hydrodynamic diameter, polydispersity 
index and zeta potential for each. 

4.2.1.4 Cell Culture Method 
PC-3 human prostate cancer cells were cultured using the same method as outlined 

in Chapter 2 (see 2.2.1.4 Cell Preparation). However, rather than being seeded onto glass 

chamber slides the PC-3 cells were seeded onto the silicon nitride membrane of the sample 

holder. The sample holder and seeded cells were then incubated for a full 24 hours before 

undergoing treatment with the 25 μg/ml solution of RALA-AuNP. After an additional 6 

hours the samples were fixed and allowed to dry.  
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4.2.2 The I14 Beamline 

All XRF measurements within this study were carried out using the I14 beamline 

at the Diamond Light Source (DLS) synchrotron at the Harwell Science and Innovation 

Campus, Oxford. In the large central storage ring of the synchrotron electrons are 

accelerated near-to the speed of light facilitating the production of highly intense 

electromagnetic radiation which propagates along the 186 metre I14 beamline to reach the 

sample being imaged. 

Figure 4.6 shows the set-up in place on the I14 beamline to carry out this process. 

The undulator is responsible for the generation of the electromagnetic radiation. It consists 

of a series of alternating dipole magnets through which the electrons pass. The alternating 

magnetic field experienced by the electrons causes them to oscillate and in doing so they 

emit electromagnetic radiation. In this scenario the emitted radiation is usually called 

synchrotron radiation or synchrotron light. The electrons continue to traverse the storage 

ring while some of the emitted light enters the I14 beamline.  

After passing through an aperture and a set of slits the beam is shaped using a set 

of horizontal focussing mirrors, which are also responsible for harmonic rejection. Next a 

double crystal monochromator (DCM) is used to select a narrow band of wavelengths in 

the hard X-ray regime from the incoming light. This provides a range of energies between 

4.5 and 23 keV which may be selected for XRF microscopy. Finally, the X-ray beam enters 

the end station where Kirkpatrick-Baez (KB) focussing mirrors are used to focus the beam 

onto the sample with spot sizes as small as 60 nm achievable. 

 
Figure 4.6: Schematic of the I14 beamline at the Diamond Light Source (reproduced from32). 
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4.2.3 Imaging Procedure 

For this study the X-ray nanobeam was tuned to an energy of 14 keV. This value 

was selected as it allowed the L-α electronic transition of gold at 9.7 keV and the K-α 

transition of zinc at 8.6 keV to be probed. The gold signal is clearly needed in order to 

facilitate the imaging of RALA-AuNPs in the cell sample. The zinc signal is also of interest 

due to its relation to the cell nucleus. Found within the nucleus are zinc-finger proteins 

which are involved in gene regulation and nucleic acid binding22,23,33,34. As such the zinc 

signal can be used to identify the outline of the cell nucleus, allowing the location of the 

RALA-AuNPs to be compared to this outline.  

When performing XRF mapping the X-ray nanobeam remains fixed in place while 

the sample is moved in set step sizes such that the beam rasters across a pre-defined area 

of the sample. One spectrum is generated at each step and is recorded so that a pixel can be 

formed with XY dimensions equal to the step size.  

When the step size taken is greater than that of the beam size an undersampling 

method is employed. This means that since the irradiated area, being equal to the beam 

size, would be smaller than the pixel to be formed, the obtained spectrum is scaled up to 

approximate what would have been observed had the whole pixel area been irradiated. 

Due to the time-consuming nature of XRF measurements a procedure was 

established whereby regions of interest were initially identified from a large, low resolution 

scan, generated using a large step size of 1 μm. The regions of interest would then be 

reimaged with smaller step sizes of 200 nm and 50 nm. Figure 4.7 is shown to illustrate 

this point; an initial scan with a large step size is used to roughly investigate the region 

around a pair of cells before focussing in with a smaller step size to observe finer detail. 

 
Figure 4.7: Exemplar XRF data set of an imaged cell sample to show the effect of step size on image quality. 
From left to right the step sizes used are 1 μm, 200 nm and 50 nm. Note that since this is for illustrative purposes 
only the pixel intensities mapped are total photon count per pixel, i.e. before any peak fitting for individual 
elemental mapping. 
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As will be shown explicitly in the following chapter the apparent FWHM of XRF 

AuNP features was found to be 332 ± 82 nm. Therefore, scans using a 200 nm step size 

can be sure to show all of the nanoparticles in the field of view. However, the additional 

use of an even smaller step size of 50 nm causes significant oversampling which allows for 

smaller, sub-resolution features, such as the exact centroid of an observed nanoparticle, to 

be determined as will be shown in due course. 

4.2.4 Detection and Post-Processing of an XRF Dataset 

In order to create maps like those shown in Figure 4.7 the spectrum of characteristic 

photons emitted when the X-ray nanobeam interacts with the sample must be detected and 

then processed using software. 

Detection is carried out using a 4-element silicon drift detector, arranged in a 

hemisphere centred on the beam focus with a solid collection angle of 0.6 - 0.8 steradians 

capable of 1.5 million counts per second per channel. When a photon is incident on the 

detector it will form electron-hole pairs, a pre-amplifier converts the resultant charge to a 

voltage which is then processed by a multichannel analyser (MCA). Since the incident 

photon energy is proportional to the number of electron-hole pairs produced, the measured 

voltage can be used to identify the incident photon energy.  

In this way many photons are detected and used to build up a spectrum. The 

PyMCA35 and DAWN36 software packages are used to perform the necessary 

computational analysis to convert the obtained spectral data into values of intensity of 

multiple elements for each pixel.  

PyMCA is responsible for defining and carrying out the fitting protocol which 

determines the contribution of individual elements’ spectral profiles to the total spectrum 

obtained when a scan is carried out. Figure 4.8 is taken directly from the PyMCA software 

to demonstrate this process. A total spectrum, typical of those obtained in this study, is 

shown along with the fitted contribution of transitions to the k-shell in nickel as determined 

by PyMCA.  

Spectral peaks which are particularly dominant may be immediately visible to the 

user in the total spectrum, for instance nickel’s K-α line just below 7.5 keV. However, other 

peaks contributing to the total spectrum such as nickel’s K-β line just above 8.2 keV clearly 

does not contribute strongly enough to stand out amongst the other elemental signatures. 

PyMCA’s key function is to perform a fit to determine the correct combination of elements 

which give rise to the total spectrum and the relative contribution (thus intensity) of each 

of those elements. In this manner ‘hidden’ peaks such as nickel’s K-β peak are accounted 

for and their intensities may be extracted. 
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Figure 4.8: Exemplar fitting process carried out by the PyMCA software. Shown in black is the total spectrum 
obtained and shown in green is the fitted contribution of photons generated from transitions to the k-shell of 
nickel.  

DAWN is a multifunctional software package created by the DLS facility. It is both 

used to control the components of the I14 beamline and also works in conjunction with 

PyMCA, taking the results of the fitting process and producing distribution maps for 

individual elements. 

4.3 Results of Single Projection Study 

Performing single projection XRF microscopy is not the end goal of this work. As 

has been discussed, since it is not possible to glean accurate three-dimensional information 

from such images a revised technique of dual-angle XRF will be employed in this study to 

overcome this shortcoming. That being said, in order to establish the operational 

procedures and ensure correct functioning of the XRF equipment data was initially 

collected using the traditional single projection approach as presented here.  

4.3.1 Selecting a Region of Interest 

In order to avoid investing large periods of limited experimental time into 

performing XRF mapping to find a suitable region of cells to image, preliminary images 

were first taken using other, faster techniques. First an optical microscope was used to 

image the entire silicon nitride window on which the samples were prepared. This allowed 

regions occupied by cells to be identified, such as the example shown in Figure 4.9.  
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Figure 4.9: Optical microscope image of sample composed of PC-3 cells treated with RALA-AuNPs. Boxed in 
red is the region to be imaged further. 

It was found that, for many samples, cells exhibited poor adherence to the silicon 

nitride membrane, as can be seen by the low density of cells in Figure 4.9. This is not 

entirely unexpected considering such an environment is not optimal for cell growth when 

compared to standard cell culture flasks or petri dishes.  

Additionally, the crystalline structures seen in this figure were common to many 

of the samples. This was likely caused by the recrystallisation of salts within the phosphate 

buffered saline solution, such as disodium hydrogen phosphate and sodium chloride, upon 

drying of the sample. Since zinc is to be used as the nuclear identifier within this study this 

does not cause a contaminant issue. Nevertheless, any samples with a large degree of 

crystallisation occurring near to a region of interest were rejected. 

Having isolated a region of interest Fluorescence Lifetime Imaging Microscopy 

(FLIM) was then carried out on this area in the same manner as described in Chapter 2 of 

this work, again using the microscope located at the RCaH which is adjacent to the DLS 

complex. This allowed the distribution of the RALA-AuNPs within the region of interest 

to be quickly established. 

From the FLIM image, shown in Figure 4.10, a significant number of RALA-

AuNPs appear to have associated with the cells and evidence of cellular internalisation can 

be seen for many of the cells in the image. Typically an above average gold signal occurs 

around the projected cell edges creating a ‘halo’ effect, especially for those on the outer 

edge of this cluster of cells. This finding matches with the proposal of the cell membrane 

acting as a ‘bottleneck’ in the AuNP uptake process as discussed in Chapter 2.  

0.2 mm 
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Figure 4.10: FLIM image of region of interest. Obtained using a 600 nm, 0.5 mW laser pulse of length ~200 
fs over a period of 60 s. The red-yellow colour bar indicating AuNP signal and the blue colour bar 
autofluorescence from the cell sample. 

There is a degree of variation in the intensity of the gold signal associated with 

each cell, with the cell marked by * symbol in Figure 4.10 being seen to have a particularly 

large amount of RALA-AuNP association occurring. This cell was chosen as a focus for 

the XRF microscopy study since it is a good candidate for nuclear uptake to have occurred 

in, due to it having the highest concentration of RALA-AuNPs in the immediate vicinity. 

As such any claim of nuclear uptake being presented in this work is not to be 

considered as a necessarily typical scenario for all cells in the study. Rather such a claim 

reflects what is possible with such a nanoparticle formulation. Nuclear uptake of AuNPs in 

an intact cell has never been directly demonstrated before and as such this method 

maximises the chances of observing this. 

4.3.2 XRF Mapping Result 

Having identified a good candidate region XRF mapping was carried out on the 

area. An initial ‘rough’ scan of the area was taken using a step size of 1 μm to give a 

comparatively low-resolution image which can be used to assess the area. Figure 4.11 

shows the result of imaging the candidate region and a sample of the various elemental 

maps which are produced. 

While the map produced by considering the total spectrum is not useful in 

identifying any particular elemental distribution, since many elemental signatures 

contribute to it, this map provides the best means of identifying the cell outline. Particularly 

the darker valley-like regions between cells can be best seen in this map allowing for better 
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distinguishing between the central cell of interest and its neighbours, something necessary 

in later analysis. 

 
Figure 4.11: Elemental maps of the region of interest produced using XRF microscopy. Shown is the image 
generated when the total obtained spectrum at each pixel is considered and also the elemental maps produced 
when isolating the signals produced by the Zn-Kα, P-Kα and Au-Lα transitions. 

As discussed, zinc is of particular interest due to its connection with the nucleus. 

Indeed, in the zinc map a clear, roughly elliptical, nuclear region is visible in the cell of 

interest as marked by a † symbol. Again, having a strong identifier of the nuclear outline 

will be necessary for later analysis. 

Naturally the gold map is of great importance to this study and from this initial 

scan the system can be seen to successfully detect strong Au-Lα signals throughout the 

region, matching what is expected from the preliminary FLIM measurements.  

In accordance with the defined imaging procedure the step size is then reduced and 

the region of interest, in this case the nucleus, is further focussed upon to gain greater detail. 

As shown in Figure 4.12 this allows clearly separated RALA-AuNPs to be observed, 

indicating possible monodispersion.   
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Figure 4.12: Multiscale XRF mapping of the region of interest focusing upon nucleus of the central cell. a) 
Zinc distribution (Zn-Kα transition) clearly showing the nuclear region captured in low resolution using a 
sample step-size of 1 μm. b) Gold distribution (Au-Lα transition) focussing upon the nuclear region captured 
in mid resolution using a sample step-size of 200 nm. c) Gold distribution at the system’s highest resolution 
using a sample step-size of 50nm where apparent individual AuNPs are visible. 

4.3.3 Discussion 

As has been established a common trap to fall into is assuming the kind of result 

demonstrated in Figure 4.12 is evidence of nuclear uptake, or indeed even cellular uptake. 

In reality due to the projection nature of this imaging technique neither can be assumed. 

That being said without further analysis there is still useful information to be gleaned. 

For example, further detail becomes apparent upon investigating the elemental 

distribution of zinc in higher resolution. Figure 4.13 shows the same multiscale XRF 

mapped regions as the earlier figure but this time viewing the zinc distribution at each level. 

When viewed at greater resolution not only is the nucleus visible but subnuclear detail is 

also visible. When using a step size of 50 nm zinc substructures become apparent in the 

nucleus, possibly indicating denser patches of zinc finger proteins. 

 
Figure 4.13: Multiscale XRF mapping of the same regions shown in Figure 4.12 showing the zinc distribution 
at all three resolutions using step sizes of 1 μm, 200 nm and 50 nm respectively. (Note separate intensity scales 
are used in each image to provide best viewing quality.)  
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Additionally, in Figure 4.11 a high concentration of RALA-AuNPs is visible in the 

niche on the upper left of the central cell, marked by a ‡ symbol. This can be seen most 

clearly when overlaying the gold and zinc elemental maps as shown in Figure 4.14. When 

considered in combination with the ‘halo’ effect observed using FLIM then this may well 

point to evidence of RALA-AuNP build up on the cell membrane as a ‘bottleneck’ occurs 

here. However, as a stand-alone piece of data this is a useful inference only. A dual-angle 

approach probing the membrane specifically would be needed to investigate properly this 

theory more fully.  

  
Figure 4.14: Overlay of zinc (blue) and gold (yellow) elemental maps for the region shown in Figure 4.11. 
Note the high concentration in the niche once more denoted by ‡. 

Of course, instead of the membrane this study has focussed upon the cell nucleus. 

Looking then to the high-resolution gold map obtained in the same imaging column as the 

cell nucleus as shown in Figure 4.12. A qualitative assessment finds the RALA-AuNPs to 

appear to be well separated indicating that the strong monodispersity of the RALA-AuNP 

formulation (as indicated by the PDI value obtained from DLS measurements) has been 

maintained during the treatment process. Further analysis of this data will follow to 

determine the validity of this observation. 

While information such as this is useful it does not fulfil the directive of this study. 

Having established the functionality of the standard projection technique, in order to 

ascertain if nuclear uptake of the RALA-AuNP has indeed occurred the study moves then 

to using an approach of dual-angle XRF. 
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4.4 Dual Angle XRF Technique 

Any image formed from a single projection can only hold two-dimensional 

information, with all information in the third out-of-plane dimension being compressed 

into a single value. As such depth becomes imperceptible, much like how when closing 

one eye the viewer has no concept of depth - other than that which their brain is able to 

infer from the surrounding environment. It is due to the binocular nature of human vision 

that allows depth to be perceived.  

In this study in order to ascertain the three-dimensional location of RALA-AuNPs 

within the sample, as well as the cell membrane and nucleus, a similar approach is taken. 

Two images of the same region are captured but at two slightly different angles, much like 

the two human eyes, and from this the three-dimensional positions of viewed objects may 

be extracted. 

4.4.1 Method and Image Analysis 

4.4.1.1 Experimental Implementation 
When performing dual-angle XRF microscopy, imaging was carried out using the 

same protocol as previously defined for single-projection XRF microscopy. To image the 

same region at a second angle the sample stage was rotated 10 degrees; with the beam 

direction remaining unchanged.  

Should the region being imaged be offset from the centre of rotation an additional 

translation of the sample in the horizontal direction, perpendicular to the beam, is required 

to ensure the same region is imaged at the second angle. Following the same procedure of 

beginning with a fast, low-resolution scan allows this to be conformed after rotation with 

minimal time loss. 

Once two images of the same region have been captured reconstruction of depth 

information can begin. First it is important to establish that, being a biological sample, there 

is no fixed, pre-existing calibration-style point with known 3D co-ordinates to which other 

objects can be referenced. As such a user-defined reference point must be defined, to which 

the location of all other objects may then be measured against. For the purposes of this 

study having only relative depth information is not a problem as this will still allow the 

determination of RALA-AuNP objects to be inside or outside the cell nucleus. 
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4.4.1.2 Depth Equation Derivation 

 
Figure 4.15: Schematic showing two hypothetical objects in the x-z plane before and after rotation by an angle 
θ, with the 3D co-ordinate system orientated as indicated by the inset image. Upon rotation the projection 
image is taken and as such the x co-ordinates shown refer to the x-position of each object as-observed upon 
projection. 

With this in mind Figure 4.15 shows a schematic where two objects of interest in 

the sample are observed and then rotated by an angle θ and re-imaged. Following from this 

schematic an equation may be obtained to describe the relative depth between the two 

objects, based on the angle of rotation and the observed separation in the x-direction 

between the two objects at each angle. 

Consideration of simple trigonometry yields an equation for the depth of object 1, 

Z1, in terms of the known values X1(θ1), X1(θ2), and θ. 

𝑋3(64) =	𝑋3(63) cos 𝜃 − 𝑍3 sin 𝜃 

∴ 			 𝑍3 =	
𝑋3(63) cos 𝜃 − 𝑋3(64)

sin 𝜃
	 

The separation in depth between the two objects, ΔZ, may then be determined by 

performing analogous treatment to the second object. 

						∆Z = 𝑍4 − 𝑍3 

																			∆𝑍 =
𝑋4(63) 𝑐𝑜𝑠 𝜃 − 𝑋4(64)

𝑠𝑖𝑛 𝜃
−
𝑋3(63) 𝑐𝑜𝑠 𝜃 − 𝑋3(64)

𝑠𝑖𝑛 𝜃
	 



 137 

This expression can then be simplified by re-writing in terms of the separation in the x-

direction of the two objects observed at each angle. 

					∆𝑍 =
∆𝑋63
𝑡𝑎𝑛 𝜃

−
∆𝑋64
𝑠𝑖𝑛 𝜃

																																																					 (4.1) 

4.4.1.3 Extracting Depth Values from Obtained Images 

Equation 4.1 becomes central to the analysis of the obtained data for three-

dimensional reconstruction. Since a standard reference point is required to measure all 

objects against, a well-defined feature clearly visible in the gold elemental map at both 

angles was chosen for this purpose. 

In order to facilitate the reconstruction of the cell, the nucleus and the RALA-

AuNPs observed equation 4.1 requires input in the form of point objects. In the case of the 

features in the gold elemental maps finding the centroid of each feature provides this 

information, allowing their depth values to be extracted.  

The cell and nucleus however cannot be treated in the same way, instead they must 

be assumed to be ellipsoidal objects which may then be defined in terms of a centroid and 

foci. Being point objects these can then be used with equation 4.1 to determine the three-

dimensional shape of the cell and nucleus.  

The following section will explain in greater detail how the obtained images are 

computationally analysed to extract this required data. 

4.4.2 Image Analysis 

In order to determine three-dimensional depth information from the two-

dimensional images obtained in dual-angle XRF it is first necessary to perform analysis on 

them. Each script discussed in this section is available to view in the appendix section of 

this work. 

4.4.2.1 Nanoparticle Fitting 
As discussed, to make the RALA-AuNP features observed in gold maps 

compatible with use in equation 4.1 their centroid positions must be determined. A code 

was written in Mathematica with the aim of performing a fit to high and medium resolution 

gold maps collected in this study (such as those shown earlier in Figure 4.12 b and c).  

It was assumed that the observed features would best be described using a two-

dimensional Gaussian function as shown in equation 4.2; since the nanoprobe will exhibit 

such a spread it follows that the distribution of intensity for a given gold feature would 

match.  
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𝐼	 = 	𝑎	𝑒𝑥𝑝 E−F
𝑥 − 𝑥!
𝑤𝑥

H
4
− I

𝑦 − 𝑦!
𝑤𝑦 K

4
L 	+ 	𝑏																															(4.2) 

Here I is the observed intensity for a given x, y position. The amplitude of the Gaussian is 

defined by a, while wx and wy define its width, and x0 and y0 define the centroid of the 

Gaussian. The background signal contributing to the observed intensity is then given by b. 

The background value was determined separately for each angle using 50 nm step 

size gold maps where regions void of any gold features were clearly identifiable. This was 

carried out using the ImageJ software package where manual region selection allowed the 

average intensity across several empty patches to be determined to test for any local 

variation in background signal.  

Figure 4.16 shows one example of the background determination process. In this 

case the mean count measured in patch 5 is seen to be significantly different from that 

obtained in the other patches. However, no directional variation is observed laterally 

(comparing patch 1 with patches 2 and 3) or vertically (comparing patches 1 and 2 with 

patch 4). Therefore, it was concluded that, due to its proximity to the image edge, patch 5 

may be considered to be an outlier. The mean background then was then calculated, 

excluding patch 5, and shows agreement to 1 standard error of the mean with all 4 patches. 

 
Figure 4.16: Determination of the background signal for an XRF gold map collected with a 50 nm step size. 
Five patches are manually selected in areas clear from any features. The mean pixel intensity for each patch, 
along with the calculated standard error in the sample mean, is plotted on the right.  The mean background, 
excluding region 5, is shown with its associated error in blue. 

Within the Mathematica script the two-dimensional Gaussian equation was defined 

as the model to perform fitting to, the obtained background value was set and the other 

parameters were left free to vary. A pre-processing step was performed in ImageJ with all 

gold features being enclosed in rectangular patches and cropped. The script read in each 

patch in turn for fitting to then be carried out. Figure 4.17 illustrates the results of this fitting 

process for one such observed gold feature. 
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Figure 4.17: Exemplar result of 2D Gaussian fitting process performed in Mathematica. The highlighted 
region in the left image shows the patch on which fitting was performed. The right shows the fitted distribution; 
note axis values are in pixels and relative to the upper-left corner of the patch, not the whole image. 

Having performed this fitting process on each feature, at both angles observed, the 

fitted parameters may then be exported. The centroid information can then be used to 

determine the relative depth at which each observed feature lies. 

In some instances, the gold features observed may be too close together for fitting 

to be performed in this manner, especially in gold maps collected in lower resolution with 

the 200 nm step size. In this scenario the model was extended to fit two superimposed, two-

dimensional Gaussian distributions on the data. Figure 4.18 shows an example result of this 

adapted fitting method. 

 
Figure 4.18: Result of performing a double two-dimensional Gaussian fit on neighbouring gold features. The 
gold map is shown with an edited colour scheme for ease of viewing. 

4.4.2.2 Cell Outlining 
In order to determine the three-dimensional position of the cell it is necessary to 

define the cell in terms of point objects such that these may be entered into the equation to 

calculate depth. To achieve this the three-dimensional shape of the cell was assumed to be 

an ellipsoid.  
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The projection of the imaged ellipsoid, as observed in the obtained XRF maps, will 

always be a two-dimensional ellipse which can be defined in terms of its centroid and foci 

as shown in Figure 4.19. The centroid and foci observed are the projections of set positions 

within the three-dimensional ellipsoid. Considering these set positions as point objects, the 

change in the locations of the centroid and foci upon rotation can be used to determine 

these objects’ three-dimensional co-ordinates, as was carried out for AuNP objects. Thus 

the geometry of the cell can be reconstructed. 

 
Figure 4.19: Defining an ellipse in terms of two-dimensional points, the centroid and foci, using the semi-
major, a, and semi-minor axis, b. 

In order to perform a fit to an imaged cell a Matlab script was written. As discussed 

earlier in section 4.3.2 regarding the single projection XRF results, the cell outline is best 

visible when viewing the total spectrum data rather than the XRF map of any individual 

element. However, since multiple cells are often in view, the cell of interest must be 

cropped to perform fitting. This requires manual selection of the cell region by the user.  

To demonstrate how this pre-fitting step was carried out the cell of interest 

identified in Figure 4.11 is used as an example. Using ImageJ first a threshold was set to 

remove background pixels. In order to account for the reliance on human judgement for 

this process an upper and lower threshold was established as shown in Figure 4.20.  

The lower threshold was chosen by increasing the cut-off point until the last 

isolated pixel clearly identifiable in the extracellular region was removed, as indicated by 

the highlighted pixel in Figure 4.20 b. An upper limit was then chosen by determining when 

the first isolated pixel on the interior of the cell was removed as illustrated in Figure 4.20 

c. 
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Figure 4.20: Example thresholding process to remove background pixels around cell of interest. a) The XRF 
map of the total spectrum is shown alongside the same map with thresholds applied for b) the lower limit and 
c) the upper limit of this process.  

 
Figure 4.21: Ellipse fitting of the cell outline using a Matlab script. The region of interest passed to the script 
is shown a) for the lower and b) the upper thresholding scenarios respectively. The result of the fitting process 
for each outline is then shown again for c) the lower and d) upper limit scenarios. 
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Having removed the background pixels, the central cell is still not clearly defined, 

a manual selection must still be made for the sides in contact with other cells. Again, both 

an upper and lower limit scenario is accounted for. 

 Between cells clear ‘trenches’ of lower intensity pixels are visible. In determining 

the lower limit, all pixels up to and including the trenches were included in the outline. 

Conversely in selecting for the upper limit they were excluded.  

With isolating the cell of interest complete the lower and upper limit cropped 

images were then passed to the Matlab script for fitting. The Matlab script creates a binary 

version of the image and uses the in-built ‘regionsprops’ function to perform an unweighted 

fit of an ellipse to the region of interest passed to the function. The centroid, orientation, 

semi-major and semi-minor axis values for the fitted eclipse are then recorded for later use 

to determine the three-dimensional shape of the cell. Figure 4.21 shows an exemplar result 

of the process. 

4.4.2.3 Nucleus Outlining 
In the same vein as the cell outline was treated the cell nucleus is considered to be 

an ellipsoid, visible as a two-dimensional ellipse in the projected zinc XRF maps of cells. 

Again, in order to perform fitting the pixels corresponding to the nucleus must be identified 

and isolated.  

Once more the cell of interest earlier identified in Figure 4.11 is taken as an 

example, this time considering the zinc map of the area. Using ImageJ a rough, manual 

selection of the apparent nuclear and cytoplasmic regions was performed and the 

distribution of pixel intensity therein was determined. The result of this process is shown 

in Figure 4.22. 

It can be seen that the cytoplasmic region has a much narrower distribution of pixel 

intensities compared to that of the proposed nuclear region, with the standard deviation of 

the nuclear sample being almost double that of the cytoplasmic. It is probable that in 

attempting to select for nuclear pixels several erroneous cytoplasmic pixels were 

mistakenly selected as well. Comparatively, manual selection of cytoplasmic pixels is a 

less subtle task, thereby incurring fewer inclusions of anomalous pixels.  

With this in mind, rather than trust the user’s by-eye estimation of the correct 

region to select for nuclear pixels instead the narrower, more reliable distribution obtained 

in the cytoplasmic region was used as a means to eliminate the cytoplasmic pixels and thus 

leave behind the nuclear pixels for fitting. The Matlab script written to perform cell fitting 

was adapted to carry out this process and thereby fit an ellipse to the cell nucleus. 
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Figure 4.22: Result of the determination of pixel distributions for the cytoplasmic and nuclear regions, labelled 
1 and 2 respectively, in a zinc XRF map of the cell of interest as determined using ImageJ. 

The adapted nucleus fitting script was written such that a cropped image of the cell 

of interest is input (unlike with the cell fitting script there is no need for this crop to be 

precise). The user is then prompted to manually select an area clearly within the 

cytoplasmic region using the Matlab interface. By adding the mean pixel intensity and the 

measured standard deviation for this region an upper limit for the intensity of cytoplasmic 

pixels is determined.  

Nuclear pixels may then be identified as any pixel with an intensity above this 

limit. The user can also raise this limit to be 1.5 or 2 standard deviations etc. above the 

mean response for further assurance of the exclusion of all cytoplasmic pixels. After this 

point the Matlab script treats the identified pixels as before with the cell fitting script, 

creating a binary image and using ‘regionprops’ to perform a fit on the area. Figure 4.23 

shows a typical result obtained when carrying out this fitting process. 
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Figure 4.23: Example result obtained using the nucleus fitting Matlab script with the fitted ellipse shown in 
blue as generated when setting the nuclear threshold to 1.5 σ above the mean cytoplasmic response. 

4.4.3 Three-Dimensional Reconstruction Code 

Having written programs to extract the necessary two-dimensional co-ordinates to 

describe the location the RALA-AuNP features, the cell and the nucleus at dual-angles the 

three-dimensional location of these objects were determined using the previously described 

depth equation. In order to display this information in a meaningful manner a code was 

written using Mathematica to display these objects in a to-scale three-dimensional 

reconstruction, allowing the viewer to observe the three-dimensional distribution of 

RALA-AuNPs in the imaged cell. This code is available to view in the appendix section. 

4.4.3.1 Nanoparticle Representation 
A text file containing the three-dimensional location of the observed RALA-

AuNPs was imported by the Mathematica script. Also imported was the error information 

for each co-ordinate value, how these were obtained will be discussed in due course.  

The RALA-AuNPs were assumed to be three-dimensionally symmetric and as 

such were represented as two spheres; one smaller opaque sphere representing the gold 

core and a slightly transparent sphere encapsulating the smaller one representing the RALA 

coating. Each were sized according to the earlier characterisation measurements made.  

However it transpired that when viewed in a to-scale model inside the cell often 

the RALA-AuNPs are too small to be clearly visible. As such often the nanoparticle size 

will be scaled up in results presented here to facilitate easier viewing, however this will be 

clearly indicated in all cases. 
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4.4.3.2 Cell and Nucleus Representation 
Lacking the three-dimensional symmetry that define the nanoparticle objects, the 

cell and nucleus require a somewhat more complex approach to reconstruct in three-

dimensions.  

Having used the Matlab fitting script values for the centroid, semi-major axis (a), 

semi-minor axis (b), and orientation of each fitted ellipse were obtained which allowed the 

focus to also be determined. Having then used equation 4.1 to determine depth, the three-

dimensional co-ordinates of the centroid and focus were obtained, relative to the same 

reference point as the RALA-AuNPs. 

The centroid and focus of the ellipsoid were then used to define a set of three-

dimensional vectors in Mathematica describing the orientation of the ellipsoid. Using the 

‘FindGeometricTransform’ function in-built within Mathematica, an ellipsoid created 

within the x, y, z space of the reconstruction’s global geometry can then readily be mapped 

into the x, y, z space which defines the cell or nucleus.  

As such, an ellipsoid is generated by the script with size defined only; no 

orientation or position set such that it defaults to global origin with standard orientation. 

Only after the cell/nucleus ellipsoid is created is it then transformed to the correct position 

and orientation using ‘FindGeometricTransform’.  

One assumption is made in this process. In order to represent the three-dimensional 

ellipsoid it was assumed that both the cell and the nucleus are two-dimensionally symmetric 

That is to say, the size of third axis of the ellipsoid (the one closest to the z-axis of the 

projection images) is assumed to be equal to that of the minor axis of the projected ellipse 

observed. The impact of this assumption will be discussed later. 

4.4.3.3 Additional Features of 3D Model 

In addition to displaying the determined three-dimensional reconstruction of the 

cell, nucleus and RALA-AuNPs further sections of code were added to the model to aid 

visualisation. The projection images on which the reconstruction is based were displayed 

behind the reconstructed objects such that even a viewer unfamiliar with the method behind 

the work could get a sense of the perspectives involved. Since there is currently no option 

within the Mathematica software to directly import a two-dimensional image in a three-

dimensional space a work-around was employed whereby a polygon object was created in 

the world with dimensions matching that of the images. The image files were then applied 

to the polygons as textures to allow visualisation. 

Further to this a section of code allowing animation of the model was written. The 

‘camera’ point of view was panned around the centre of the world geometry in a fly-by 
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style. The distance between the camera and world centre was reduced as the camera panned 

allowing both the full scale of the reconstruction and the finer detail to be viewed. 
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Chapter 5  

 

Deducing Intranuclear Uptake of Gold 

Nanoparticles Using X-Ray Fluorescence 

Microscopy: Results and Discussion 

Having established in the previous chapter the means by which this novel 

technique is to be carried out, this chapter continues on to present the results obtained using 

this method.  

The results are presented and discussed with regard to their significance to the 

nanomedicine community, using a predictive model to quantitatively demonstrate the 

impact of AuNP uptake into the nucleus on dose-enhancement to the area. Owing to the 

high level of precision which this study hopes to achieve, particular attention is paid to 

discussing and demonstrating the means by which error analysis was performed in this 

work. In addition to this, the impact of the assumptions made in this work are heavily 

discussed in order to ensure the rigour of the claim of nuclear uptake of AuNPs is upheld.   
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5.1 Dual Angle XRF Results 

Having established an image analysis protocol which facilitates the fitting and 

subsequent three-dimensional reconstruction of the cell, the nucleus and any observed gold 

features the dual-angle XRF experiment was carried out. In order to maximise the 

usefulness of the limited beamtime available and due to the promising nature of the region, 

the cell of interest imaged in the single-projection study was maintained as the focal point 

of the dual-angle investigation. As such the experiment could be completed by continuing 

on to capture a second set of images, at an angle of 10 degrees to the first, rather than 

collecting two entirely new data sets. 

5.1.1 Base Images for Reconstruction 

Figure 5.1 shows the complete collection of dual-angle XRF images required for 

creating a three-dimensional reconstruction as described. Already by-eye a sense of depth 

can be perceived observing these images side by side; with certain gold features appearing 

not to move greatly with respect to one another upon rotation while others exhibit a larger 

shift. 

It may be noted that in the 0-degree zinc image a change in pixel size occurs in a 

vertical band through the cell. This arises because the image is actually composed of two 

separate images stitched together. The first scan failed to image the entire region so a 

second smaller scan was performed to complete the process. However, the second scan did 

not align perfectly with the pixel spacing of the first. To remedy this in the overlapping 

region the pixel values were averaged between the two images collected, creating the 

observed banding effect. Since no changes to the system were made between collection of 

these two images this has no effect on the reliability of the data. 

Additionally, since the observed gold features were collected at two resolutions it 

was decided that the features viewed at each resolution could be handled separately. As 

such a list of ‘high resolution gold features’ was generated as well as a separate list of ‘mid 

resolution gold features’. The features common to both could then be identified and 

excluded from the mid resolution list. This allows investigation of a smaller, precisely 

defined set of gold features for which accurate conclusions regarding location may be 

drawn as well as separate investigation of a much larger population sample with the caveat 

of reduced accuracy. 
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Figure 5.1: Dual-angle set of multi-scale XRF images required for three-dimensional reconstruction. Shown 
are the elemental map pairs, captured 10 degrees apart, of zinc (top) for the region of interest and also of gold 
focussing upon the nuclear region in mid and high resolution (middle and lower image respectively). 

5.1.2 Three-Dimensional Reconstruction Results 

Using the procedures outlined in the previous chapter, fits were performed on the 

dual-angle XRF data set to allow extraction of depth information which was then input and 

processed by the Mathematica reconstruction program. Figure 5.2 (a-d) displays the result 

of this reconstruction process, available upon request from the author in video format. 

The cell outline shown was generated using the lower threshold scenario, the 

nuclear outline was generated by considering pixels 2 standard deviations above the mean 

cytoplasmic response, as detailed in the outlining methods section.   
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Figure 5.2: Results of the to-scale three-dimensional reconstruction of the cell membrane, nucleus and RALA-
AuNPs. a) Top-down view of the model showing the reconstructed objects (excluding the mid-resolution RALA-
AuNPs) and the dual-angle XRF elemental maps from which they were derived. Also shown is a green guideline 
highlighting a single nanoparticle as observed in each image. b) View from the perspective of the incoming X-
ray nanobeam demonstrates the alignment of the reconstructed cell and nucleus with the zinc XRF map. c) A 
side view allows the whole reconstruction to be clearly viewed along with the XRF maps. d) Displays the 
reconstruction without the XRF maps with the addition of the mid-resolution RALA-AuNPs, allowing greater 
detail to be seen. Clear evidence of nuclear uptake of RALA-AuNPs is demonstrated along with many occupying 
regions in the cytoplasm and a few extracellular RALA-AuNPs also. (In all images nanoparticle size has been 
scaled up for viewing purposes.) 
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The reconstruction shown carries a wealth of information and will be examined in 

closer detail in the discussion section to follow. Before then, however, attention should be 

drawn to some key points arising from the reconstruction.  

First, and most importantly, the reconstructed model provides evidence of the 

unambiguous nuclear uptake of RALA-AuNPs. While studies have attempted to 

investigate the nuclear uptake of AuNPs before this is the first time that evidence has been 

obtained using a direct form of measurement, and additionally for an intact cell sample, 

making this an unprecedented result. 

Further to this considering the RALA-AuNP features observed in mid-resolution 

provides more data points, albeit with greater associated errors in position. This data set 

provides further evidence for nuclear uptake as well as demonstrating cytoplasmic and 

extracellular RALA-AuNPs. (The exact means by which these errors are derived will also 

be established in the discussion section.) 

5.2 Discussion 

With the main aim of this work having been successfully demonstrated this section 

will aim show the reliability of the result of observed nuclear uptake as well as to discuss 

what additional information can be extracted from the obtained data. Further to this the 

significance of the observed result will be examined and, using a model created to predict 

the dose-enhancement arising from the observed nanoparticle distribution, the possible 

benefit to patients will be discussed. 

5.2.1 Further Characterisation of RALA-AuNP 

So far within this work the objects observed in the gold XRF maps have been 

referred to as “gold features”. This has been intentional as it has not been explicitly 

demonstrated that the features observed are single nanoparticles, while they appear isolated 

in the maps, some observed features may correspond to clusters of 2 or more nanoparticles. 

First an attempt to investigate any possible quantisation in the gold signals obtained 

in the XRF study was carried out. If clusters of RALA-AuNPs were occurring it would be 

expected that discrete steps in signal would be observable corresponding to clusters of 1, 

2, 3 etc. nanoparticles. This is because the XRF signal generated is directly proportional to 

the number of atoms present, so 2 RALA-AuNPs would, on average, generate double the 

XRF signal of a single RALA-AuNP. 

 In the course of this study other XRF maps, not shown here for brevity, were 

collected in regions both inside and outside the projected cell outline in high resolution. As 
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such much more data on the XRF gold signal strength was available to aid characterisation. 

Shown in Figure 5.3 is the background-subtracted signal measured from an 8x8 pixel 

(400x400 nm) region, centred on each feature.  

 
Figure 5.3: Plot of the background-subtracted gold signal, as obtained by XRF in high resolution, for a 
selection of RALA-AuNPs. Bands of predicted quantisation zones for clusters of 1, 2 and 3 nanoparticles are 
highlighted as indicated by the inset values. Error bars are indicative of the combined standard error of the 
mean background signal and the count error of the measured gold signal. 

It was assumed that the smallest observed signal was statistically probable to be 

representative of the lower limit for the signal generated by a single RALA-AuNP. As such 

the smallest doublet which could form is twice this value, the smallest triplet would be 

triple this and so on. As such the predicted quantisation bands shown were generated.  

Yet, no clear indication of quantisation emerges from this method. Indeed, on 

further reflection clear step-like quantisation was unlikely to be seen due to the range of 

sizes of the gold cores within the RALA-AuNP sample, as indicated earlier by the 

histogram of gold core sizes obtained by TEM shown in Figure 4.5. That being said, the 

TEM size data can be used to elucidate further information regarding the RALA-AuNPs.  

Consider first that all the TEM size measurements are known to be of single 

nanoparticles only, whereas it is not known if a given XRF gold signal is from a single 

AuNP or from multiple AuNPs. Secondly consider that both the gold core volume, 

obtainable from TEM measurements, and the XRF gold signal are directly proportional to 

the number of gold atoms present.  
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Due to this proportionality, when dealing with single nanoparticles only, the shape 

of the distributions of XRF signal and AuNP volume ought to match. Therefore, it becomes 

possible to deduce the range of XRF signals which correspond to single AuNPs by 

performing a fit of the XRF signal distribution to that of the AuNP volume distribution. 

 
Figure 5.4: Further characterisation of RALA-AuNPs. Shown is the scaled cumulative frequency distribution 
of the volume of the gold core (orange) as derived from TEM measurements of diameter (black). The 
cumulative frequency distribution for XRF gold signal is shown (blue) after optimal fitting to the volume 
distribution. All errors shown are representative of one standard deviation. 

Figure 5.4 illustrates this fitting process. The distribution of AuNP volume across 

the population is presented in orange as a scaled cumulative frequency graph. Additionally, 

shown in black is the histogram of AuNP diameter as measured by TEM from which the 

AuNP volume information is determined. A second cumulative frequency plot is shown in 

blue of the fitted XRF signal distribution.  

The fit shown here has been achieved computationally, setting the x and y scaling 

factors for the XRF signal distribution as a two-dimensional parameter space to be probed 

and minimising the residuals between the XRF signal distribution and the AuNP volume 
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distribution. Once optimally fitted a limit is established whereby all XRF data points below 

a scaled XRF signal value of 1 may be assumed to be single AuNPs, matching their 

counterparts in the AuNP volume distribution. 

Using this deduced limit it was predicted that among the RALA-AuNPs observed 

in the cell sample under high resolution 68 % of the population were monodispersed. The 

remainder of the population being made up of doublets, triplets etc. but also likely by single 

RALA-AuNPs too close together to be resolved. This finding is strongly supported by the 

previously presented PDI value of 65 ± 4 % for RALA-AuNPs in stock solution. 

The result of this additional characterisation means that the previously described 

“gold features” can now, for the majority of the population, be defined as being 

monodispersed RALA-AuNPs. 

5.2.2 RALA-AuNP Error Analysis 

For each RALA-AuNP shown in the three-dimensional reconstruction an 

associated error was presented. This error was generated taking into account and combining 

several different sources of error as will be described. 

5.2.2.1 Rotation Error 
Firstly, a purely mechanical error is accounted for in that of the accuracy of rotation 

of the sample for dual-angle XRF. While smaller incrementations are available with the 

system used, a slightly larger error of ± 0.1° was taken to ensure any rotational jitter of the 

sample is accounted for. This was factored into the equation for depth and propagated 

through the analysis chain to contribute to the total error on the obtained z-value for depth 

using stand error propagation methods. 

5.2.2.2 Gaussian Fitter Error 
The custom Gaussian fitting code written to process the RALA-AuNP features 

generated not only values for the x-y centroid of each feature observed but also the standard 

deviation of the mean for each of these values. These error values were directly used to 

define the error bars in x and y for the reconstructed model. Additionally, these errors were 

factored into the analysis chain to contribute to the error on depth. 

5.2.2.3 High-Medium Resolution Calibration: X-Y Error 

Since the RALA-AuNPs observed in high-resolution are also visible in the mid-

resolution this provides the opportunity for a calibration of the mid-resolution image 

against the more reliable high-resolution one. In this manner all errors associated with 

mapping at a larger step size using an under-sampling technique were accounted for.  



 157 

 
Figure 5.5: Comparing the difference in observed centroid location of RALA-AuNPs as extracted from high-
resolution (blue) and mid-resolution (orange) gold XRF maps. High resolution RALA-AuNPs marked in a red 
box were unresolvable at the lower resolution. Error bars shown are for one standard deviation of the mean. 
On this scale the high-resolution error bars are too small to be clearly seen. 

Figure 5.5 shows the result of plotting the obtained centroid values obtained under 

high and mid-resolution against one another. It can be clearly seen that there has been a 

slight offset in both the positive x and y directions when moving from high to mid-

resolution mapping. Additionally, not all nanoparticles observable in high resolution can 

be resolved in mid-resolution as can be seen in two highlighted cases above. 

The offset was corrected for by calculating the value of the average offset across 

the population in both the x and y direction. As demonstrated in Figure 5.6 (for the specific 

example of the x-direction at 0 degrees) there is a variation in the required offset, but the 

majority of nanoparticles observed can be well described by a range of plus or minus one 

standard deviation about the mean offset.  

As such this standard deviation was factored into the error on x-position for all 

mid-resolution RALA-AuNPs using standard error propagation rules. In the same manner 

the process was repeated for the y-direction and for the data obtained at 10 degrees. 
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Figure 5.6: Result of calculating the difference in x-positions of high and mid-resolution data sets. The solid 
red-line represents the average offset (ignoring the negative outlier) and the dashed lines indicate one standard 
deviation of the mean. 

5.2.2.4 High-Medium Resolution Calibration: Z Error 

A second calibration step is carried out once the z-values have been calculated for 

the high-resolution nanoparticles. The equation for depth takes the difference between a 

user-defined, fixed reference point and an object and compares these for each angle. In this 

study one of the nanoparticles, easily identifiable at both angles in high and mid-resolution, 

was chosen as the reference point.  

However, in choosing which nanoparticle acts as the reference point this itself 

incurs an error which must be accounted for. Consider Figure 5.7 which shows the z-values 

obtained for each nanoparticle when viewed under both mid and high-resolution. In some 

instances, such as the 5th and 6th point, two features visible in high resolution are seen to 

become unresolvable in the mid resolution image leading to the apparent outlier. 

Here the first plotted point represents the chosen point of reference. Since this is 

manually identified in each image there is perfect agreement between the two obtained 

values. Yet any nanoparticle could have been chosen as the point of reference and as such 

would have produced a slightly different result. An additional error must be factored in to 

account for the range of possible results that could have arisen. In the same manner as 

Figure 5.6, the difference between the obtained Z-values at each resolution was calculated, 

plotted and the average difference measured. The result of this is shown in Figure 5.8. 

The value of the average difference is taken as a ‘z-offset’ and incorporated into 

all mid-resolution z-values in order to provide the best average result. Additionally, the 
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standard deviation about the mean for this value is then incorporated as an error in the final 

z-values for all mid-resolution RALA-AuNPs. 

 
Figure 5.7: Comparing the obtained z-values as calculated under high and mid-resolution. 

 
Figure 5.8: Result of calculating the difference in z-positions obtained from high and mid-resolution data sets. 
The solid red-line represents the average difference (ignoring the positive outlier) and the dashed lines indicate 
one standard deviation of the mean. 
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5.2.3 Significance of Observed Nuclear Uptake 

Having demonstrated the origin of the error bars associated with the location of the 

RALA-AuNPs in the three-dimensional reconstruction and also having illustrated a method 

to determine the monodispersity of the intracellular nanoparticles, now attention can be 

turned to discussing the observed result of nuclear uptake. The validity of the claim will be 

assessed and as such the significance of the result will be discussed in terms of the impact 

it has on the field of cancer therapy. 

5.2.3.1 Validity of Claim 

Firstly, consider that while accurate determination of the RALA-AuNP location 

and associated errors are important in ensuring the reliability of the nuclear uptake result, 

the reconstruction of the three-dimensional cell nucleus itself carries equal importance in 

defining this result.  

The cell nucleus is known to have a spherical to ellipsoidal shape1,2, as is clearly 

visible in the two-dimensional projection zinc XRF images of the cell of interest. In 

reconstructing the nucleus in three dimensions the length of the ellipsoid’s axes could not 

accurately be determined; unless viewed exactly as if looking down the z-axis of the 

ellipsoid, the projected ellipse will always have smaller minor and major axes than the 

ellipsoid.  

Nonetheless, the average length of the minor and major axes of the projected 

ellipses, as viewed at both angles, were taken to describe the length of the first two 

dimensions of the ellipsoid. While the third axis is likely to have a length somewhere 

between these two values the ellipsoid was created with the third axis having a length equal 

to the shortest of the first two axes.  

However, this does not reduce the reliability of the result of nuclear uptake, in fact 

it strengthens it. By using the projected image axes values and making the third axis smaller 

than is probable, the three-dimensional volume rendered is smaller than the actual nucleus. 

Therefore, while the nuclear outline may not be completely accurate when compared with 

reality, any nanoparticle observed inside this reconstructed volume can be highly reliably 

said to have undergone nuclear uptake. 

In the final reconstruction shown the nuclear outline was generated from the zinc 

XRF images using the Matlab fitting script with the nuclear pixel threshold set as 2 standard 

deviations above the mean cytoplasmic response. In the method outlining how this script 

functions it was detailed how this threshold was user defined; with the exemplar Figure 

4.23 being generated using a threshold of 1.5 σ above the mean. By choosing a high 

threshold the validity of any obtained result of nuclear uptake is reinforced in the same 
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manner as before; with the fitted ellipse being somewhat smaller than the actual nuclear 

outline the generated ellipsoid is ensured to represent nuclear material only. 

To ensure that raising the threshold to such a level does not incur any additional 

errors in the fitting process the result of thresholding 1, 1.5 and 2 σ above the mean 

cytoplasmic response was compared. Figure 5.9 demonstrates the difference in the 

ellipsoids generated under these conditions. 

 
Figure 5.9: Comparing the difference in nucleus reconstruction when nuclear fitting sets the threshold for 
defining nuclear pixels as 1, 1.5 and 2 σ above the mean cytoplasmic zinc response (shown in green, red and 
purple respectively).   

From this comparison it can be seen that there is minimal difference in the fitting 

process when observed facing the x-y plane. However, differences begin to emerge when 

taking into account the z-profile. Reducing the threshold to 1 σ above the mean causes the 

reconstructed nucleus to be generated with a very different profile in z compared to when 

using 1.5 or 2 σ. Upon viewing the original fit, it becomes apparent that at the lower 

threshold multiple pixels that appear to be in the cytoplasmic region are incorporated, 

leading to erroneous fitting and the altered orientation observed upon reconstruction. 

Conversely, the fit appears stable moving between 1.5 and 2 σ and as such 2 σ is considered 

to be a reliable level at which to threshold. 

Similar consideration was taken when presenting the cell outline. As described in 

the fitting methods section, the cell was fitted for an upper and lower threshold. Figure 5.10 

shows the difference in the three-dimensional cell reconstruction produced upon using 

these two levels of thresholding. As can be seen there is a good general agreement in the 

overall cell shape produced by both fits, with the lower threshold producing a slightly 

smaller, tighter cell volume as expected. 

However, as has been described, the reconstructed nuclear volume shown is a 

minimum-case estimation of the actual nuclear volume used to increase the reliability of 
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the claim of nuclear uptake. As can be seen, the reconstructed nucleus sits near flush to the 

cell outline when using the lower membrane threshold. But since the actual nuclear volume 

is slightly larger, then the actual nucleus will likely extend through the predicted cell 

membrane when using the lower membrane threshold. This implies the lower membrane 

threshold may be too small and for this reason the cell outline presented in the previous 

dual-angle XRF result section (Figure 5.2) was produced using the upper threshold, 

providing a larger cell volume likely to be more representative of the actual cell shape. 

 

 
Figure 5.10: Comparing the impact of using a cell outline fitted by the upper and the lower threshold on the 
generated three-dimensional cell reconstruction. 

 Upon first inspection of the reconstruction one potential cause for concern may be 

that relatively few RALA-AuNPs appear to occupy the lower half of the cell volume, 

toward the negative z-axis. However, when cells are cultured they are known to adhere to 

the mounting surface. This can cause deformation of the cell shape away from 

spherical/ellipsoidal toward a broader, flatter shape more reminiscent of a ‘fried-egg’ 

geometry3,4. As such, the space observed as empty in the reconstruction is in fact likely to 

be where the mounting surface exists. While this does impact the reliability of the cell 

reconstruction it is unlikely to impact the shape of the nucleus to any significant degree and 

as such the veracity of the claim of nuclear uptake is unaffected.  
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Further to this point, the cells were treated with RALA-AuNP solution while 

already adherent to the silicone-nitride window. The upper cell membrane, not in contact 

with the mounting surface, therefore has best access to the applied nanoparticle solution. 

Hence, it is logical to assume that the primary route of access to the cell nucleus is from 

above as has been observed. 

With the reliability of the nucleus and cell outlining procedures established and the 

error analysis procedure documented one remaining point of possible contention is the 

observed size of the RALA-AuNPs in the high resolution XRF images. The gold core of 

the RALA-AuNPs have been shown to have a diameter of approximately 15 nm by TEM 

and DLS measurements, yet the gold features observed in the high-resolution XRF images 

are often seen to span areas greater than 400x400 nm.  

In fact, from Equation 4.2 it may be shown that upon using the Mathematica script 

to fit a Gaussian distribution to the features the full-width half maximum (FWHM) of the 

distribution may be given as:  

𝐹𝑊𝐻𝑀 = √𝑙𝑛 16		𝑤𝑥																																																				(5.1) 

where wx refers to the width term in the x direction from Equation 4.2. Applying this 

analysis, in both the x and y dimensions, to all the RALA-AuNPs observed in high 

resolution it was found that the average FWHM of the gold features was 332 ± 82 nm. This 

value is not indicative of an error in the imaging process but rather several factors have 

convolved to produce the FWHM observed including the X-ray beam width, the gold core 

size, and machine induced error such as the reproducibility of the translator step. This is 

further reinforced by the evidence of monodispersion already presented.    

While the observed gold features are much larger than the actual gold cores due to 

the Gaussian fitting process employed the centroid of each feature can still be extracted to 

a sub-resolution accuracy. Therefore, this feature-broadening effect observed poses no 

issue with the reliability of the claim of nuclear uptake. 

In terms of the extent of the claim the observation of nuclear uptake is not confined 

to an isolated event. Through inspection of the reconstructed high-resolution RALA-AuNP 

data set in the Mathematica software it was determined that 95% of the observed 

nanoparticles are unambiguously located within the cell nucleus to within one standard 

deviation. This disproportionately high value is, of course, not representative of the global 

nuclear uptake rate of RALA-AuNPs. Rather it is the result of the nuclear region being 

specifically focussed upon for high resolution imaging in a cell already identified as being 

rich in gold signal from preliminary FLIM measurements.  

This is evidenced by factoring the mid-resolution RALA-AuNP data set into 

consideration. Including both data sets the percentage of nanoparticles observed inside the 
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nucleus drops to 45 ± 8 %, the error range reflecting the fact that the larger error bars on 

the mid-resolution data set mean some nanoparticles cannot be accurately defined as being 

in or outside the cell nucleus. This reduction is logical considering that, while still focussing 

predominantly on the nuclear region, the mid-resolution data set captures a much greater 

extranuclear region than the high-resolution one. The value of 45 ± 8 % should still not be 

considered as representative of the global nuclear uptake of RALA-AuNP, while indeed 

closer the value is still disproportionately large. Further investigation would need to be 

carried out to determine typical extracellular concentrations before determining the degree 

of uptake which has occurred.  

In summary, the claim of observed nuclear uptake has been shown to be highly 

robust. The combination of a reliably defined nuclear region, likely to in fact be 

encapsulated by the slightly larger true nuclear volume, alongside the accurate 

determination of the RALA-AuNP positions have allowed many instances of 

monodispersed RALA-AuNPs to be reliably detected inside the bounds of the cell nucleus. 

5.2.3.2 Impact of Observed Nuclear Uptake 
Having established the validity of the three-dimensional reconstruction and the 

claim of nuclear uptake presented in this work attention can then be turned to discussing 

the significance of what has been observed. 

In Chapter 1 the physical interactions between AuNPs and X-ray radiation were 

discussed. It was noted that when irradiated AuNPs facilitated the production of Auger 

electrons which, having low energies, cause dense ionisation events over very short ranges 

from the nanoparticle surface. The result of this is a huge deposition of dose occurring in a 

sphere with a radius of several hundred nanometres around the nanoparticle5. This process 

occurs due to the many electron energy levels present in a heavy atom, which are needed 

for an Auger cascade to occur, hence the unique benefit heavy atom nanoparticle-enhanced 

therapy has over conventional radiotherapy. 

 Considering that a typical cell diameter is on the order of a few tens of micrometres 

and the highly localised nature of this effect, the exact location of a AuNP is crucial in 

determining the degree of DNA damage likely to occur in the cell nucleus during irradiation 

and, as a result, the biological fate of the cell.  

AuNPs which associate to the cell membrane and fail to be endocytosed will still 

cause additional cell damaging effects and thus enhanced radiosensitisation to an extent. 

Yet nanoparticles capable of traversing the cell membrane and associating with the cell 

nucleus have a much better opportunity to increase radiosensitisation, placing the nucleus 

within reach of the highly damaging, short range dose deposition of the Auger electrons.  

This scenario is only bettered when the nanoparticles are uptaken by the nucleus such that 



 165 

regardless of the direction of Auger electron release, dose deposition to the nucleus is 

ensured. This final scenario provides optimum radiosensitisation and as a result represents 

the best paradigm for improving patient outcome using nanoparticle-enhanced 

radiotherapy. 

Despite the importance of intracellular location and the significant role it plays in 

determining the possible biological outcome6, nuclear uptake of AuNPs in an intact cell 

has never before been demonstrated unequivocally. As a result, the findings exhibited here 

represent an unprecedented step forward for the nanomedicine community. Not only has it 

been shown for the first time that nuclear uptake of AuNPs is indeed possible but the 

method presented here provides a means by which AuNP formulations of different sizes, 

shapes or coating materials could be assessed for their viability. 

 Additionally, by considering the XRF gold signal limit for monodispersed RALA-

AuNPs, earlier evidenced in Figure 5.4, and comparing to that measured for each gold 

feature it was found that 79% of the nanoparticles which had undergone nuclear uptake 

were indeed monodispersed. This is also of great importance as it represents a near-to 

optimum distribution of RALA-AuNPs inside the nucleus; monodispersion means there 

are many sites within the cell nucleus where DNA-damage will occur, thus maximising the 

likelihood of cell death.  

 It may also be noted that the value of 79% monodispersion is greater than the value 

obtained when considering all RALA-AuNPs viewed in high resolution of 68%. This may 

be a possible indication of smaller, monodispersed nanoparticles being able to more easily 

traverse the nuclear membrane, however further data collection would be required to make 

this a rigorous claim. 

5.2.4 Predictive Model of Dose Enhancement 

In order to demonstrate the significance of the result of nuclear uptake in a 

quantitive manner a model was created. This model predicts the dose enhancement that 

would occur for the exact set of RALA-AuNPs observed in this study when irradiated with 

an X-ray beam typical of that used in conventional radiotherapy. 

5.2.4.1 Model Methodology 
This model uses the computational machinery previously established by   

Villagomez-Bernabe et al7. In this manner the Topas software package8 was used to  

perform a multiscale Monte Carlo calculation of the dose enhancement arising from the 

RALA-AuNPs observed.  

First a clinical linac spectrum9 was simulated passing through 3 cm of soft tissue, 

assumed as a typical tumour depth. The spectrum was then transported through one RALA-
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AuNP and the phase space for all outgoing particles, having interacted with both the gold 

core and RALA core, was recorded.  

To obtain the radial dose distribution (RDD) around a given nanoparticle the phase 

spectrum was then used to transport all outgoing particles though a large volume of water. 

A spherical scorer was then used to record the dose deposited around the nanoparticle and 

as such obtain the RDD. The dose distributions to then be displayed in the model output 

were obtained by superposing many RDDs upon one another, considering them to be 

spherical kernel functions that are centred on each nanoparticle. 

In the small number of instances where previously described analysis revealed 

certain RALA-AuNPs observed to not exist as monodispersed entities, then a weighting 

was applied to compensate for the predicted size of the nanoparticle cluster. 

5.2.4.2 Result of Predictive Model 
To clearly demonstrate the impact nanoparticle position has on the dose deposited 

to the local environment, results from the model are presented for a region focussing upon 

a portion of the nuclear ellipsoid and also the RALA-AuNPs in the immediate vicinity of 

this volume.  

 
Figure 5.11: Predicted dose-enhancement distribution resulting from irradiation of the observed RALA-AuNP 
data set. A portion of the three-dimensional nuclear volume is presented and the intersection of each set of 
dashed lines corresponds to the location of a RALA-AuNP. Shown are three planes through the nucleus, for 
each plane a three-dimensional plot shows the average dose enhancement across that region, plotted on a 
logarithmic scale, with the red regions denoting the areas inside the cell nucleus. Two scenarios are presented, 
in a) the dose-enhancement when all nanoparticles are considered is shown and in b) nanoparticles with a 
probability of being inside the nucleus greater than 50 % are excluded to highlight the degree of their 

a b



 167 

contribution to nuclear dose-enhancement. (Note that the vertical scale on which the nucleus and RALA-AuNPs 
are plotted is scaled by a factor of 3 to for ease of viewing.)  

Recalling that the dose distributions shown are displayed on a logarithmic scale, 

Figure 5.11 plainly demonstrates not only the intense degree of dose enhancement the 

presence of a RALA-AuNP contributes but also the highly localised nature of this effect. 

To impart a better grasp of the degree of enhancement shown consider that the greatest 

dose enhancement shown in panel (a) is approximately a factor of 69,000 times larger than 

the smallest enhancement in the same panel. 

Following on from this, the importance of nuclear uptake in optimising 

nanoparticle-enhanced radiotherapy is clearly laid out. Upon removing all RALA-AuNPs 

internalised in the cell nucleus there is a stark contrast to the dose enhancement distribution 

inside the nuclear volume. While nanoparticles close to the nuclear membrane are capable 

of imparting some degree of increased dose deposition to the nuclear volume, this pales in 

comparison to the enhancement arising from internalised RALA-AuNPs. It can be 

concluded that without internalisation of the AuNP the amount of DNA damage will be 

dramatically reduced, leading to decreased chance of cell killing and therefore decreased 

chance of a successful patient outcome. 

This predictive model therefore provides evidence for the importance of nuclear 

uptake demonstrated within this work. It points towards a clear need for the unambiguous 

validation of nuclear uptake in other AuNP formulations if optimum treatment is to be 

performed. 

5.3 Conclusions 

In order to obtain the best patient outcome during radiotherapy a high degree of 

damage to tumour, with minimum damage to healthy tissue is required. As such, there has 

been a large drive within the nanomedicine community in developing AuNP therapy as a 

means to boost the damage to the tumour upon irradiation. Yet, while it is known that the 

dose enhancement arising from AuNPs has an incredibly intense short-range component, 

there are still unanswered questions regarding the intracellular fate of AuNPs. 

The DNA contained within the nucleus of the tumour cell is the key target for 

damage during radiotherapy and as such nuclear uptake of AuNPs represents the optimum 

scenario for improved patient outcome. By employing a dual-angle XRF technique this 

study has been successful in providing the first unambiguous evidence of the nuclear uptake 

of AuNPs in intact cells and as such represents a tremendous step forward in the 

community’s understanding.  
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The high degree of accuracy and reliability of this study has also been shown; for 

example, purposefully underestimating the size of the nucleus to ensure any claim of uptake 

is fully rigorous.  Not only were AuNPs shown to have successfully undergone uptake by 

the cell nucleus, but additionally, consideration of the measured XRF gold signals allowed 

demonstration of monodispersity for the majority of the observed intranuclear population.   

The RALA-AuNPs used in this study were chosen specifically for their cell 

penetrating ability as this led to the formulation being a good first candidate for 

investigating potential nuclear uptake. Moving forwards different nanoparticle 

formulations could be investigated using the method outlined here and, by determining if 

nuclear uptake is occurring, whether or not the formulation is fulfilling its maximum 

potential for dose enhancement can be assessed.  

Further to this, future studies could also probe the extracellular region in more 

detail. Reconstruction of a known three-dimensional extracellular volume alongside 

volumes in the cytoplasm and nucleus would allow direct comparisons of nanoparticle 

density extracellularly with that measured intracellularly in the cytoplasm and in the 

nucleus. This would form the framework for quantitively assessing the uptake of different 

nanoparticle formulations and would allow comparisons to be drawn between 

formulations. Ultimately this would help with deciding which nanoparticle formulations 

hold the most potential for improving the amount of dose delivered to a tumour and 

therefore which can provide the best possible patient outcome. 

In conclusion, the result described in this study is unprecedented and highly 

significant representing a large step forward in the nanomedicine community. Further to 

this the described technique also paves the way for many, highly valuable, follow up studies 

with the potential to greatly improve nanoparticle-enhanced radiotherapy.  
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Chapter 6  

 

Conclusions 

This chapter forms the closing remarks on this body of work. The significance of 

the novel applications and methodologies presented here are summarised and discussed. 

Alongside this the key results obtained through the implementation of these techniques is 

highlighted.  

Owing to the novel nature of these techniques there is also great potential not only 

for refinement of technique, but also for further studies which expand the work presented 

in this thesis into new areas. As such, prospective future directions of this work will be 

discussed. 

 Lastly, it is hoped that this chapter draws together the themes of the two studies 

presented within this work. While both studies investigate the theme of AuNP uptake, they 

do so independently and from somewhat different angles. As such, the combined 

significance of the results of these two studies will be discussed along with potential next 

steps for investigation into this area as a whole. 
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6.1 Temporal Dynamics of AuNP Uptake Using MP-FLIM  

The work undertaken in this study sought to provide a means by which the uptake 

of AuNPs into cancer cells could be monitored and quantified over a time course. This aim 

was fulfilled to a limited capacity. Building upon the work of McQuaid et al1,2, the novel 

approach of performing MP-FLIM imaging of live cells treated with AuNP solutions was 

developed successfully and experimentally validated. In addition to this novel analysis 

methods were established to extract quantitive data from datasets obtained using this 

method. Therefore, by building this novel experimental framework, the original intention 

of this work was met.  

That being said, the experimental implementation of this framework had mixed 

success. The live cell samples imaged in this study did not show clear evidence of the 

cellular uptake of AuNPs during the time periods they were imaged for; likely due to 

deteriorating cell health limiting the maximum imaging period. However strong association 

of AuNPs with the cell membrane was successfully documented during the course of the 

study and quantified over time. Imaging of fixed cell samples at much later timepoints 

showed evidence of cellular uptake implying that this membrane build-up was likely a pre-

cursor to cellular uptake, leading to a proposed ‘bottleneck’ theory.  

Moving forwards two key improvements have been suggested to improve the 

outcome of this experiment if it were repeated. Firstly, the stabilising of cell health with a 

higher performance incubator ought to allow the live cells to be imaged over a greater time 

period without their health deteriorating, allowing uptake to be observed and quantified. 

Secondly, improving the performance of the fluorophore used to tag the cell membrane 

will generate a stronger membrane signal allowing it to be better distinguished from 

background. This will then allow easier computational analysis of the datasets for 

quantification. While the data generated from this study has already been shown to provide 

valuable information these two changes would facilitate the extraction of an even greater 

wealth of information. 

While this study was restricted by limited experimental time, if future studies were 

able to secure use of a FLIM microscope with greater regularity then significant further 

advancements could be made. For example, simply increasing the magnification used such 

that only one or two cells are imaged in the field of view but at a higher resolution could 

be highly beneficial, allowing data of greater resolution to be obtained. In this study this 

was avoided, opting instead to image a greater number of cells in the field of view in order 

to gain an understanding of the typical AuNP association and uptake behaviour globally. 

Additional studies could also take steps to better mimic in vivo conditions. Within 

this work AuNP solution was applied at ‘time zero’ to cells which were subsequently 
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imaged. In reality if AuNP-enhanced radiotherapy were performed the AuNP solution 

would be injected into the blood stream of the patient and the concentration of AuNP at the 

tumour site would gradually increase over time as AuNPs leave the blood stream and 

accumulate at the tumour. A study where live cells are imaged using this technique while 

AuNP solution is repeatedly applied over time in weak concentrations could therefore, for 

example, prove more representative of an actual treatment scenario. 

Related to this point is the possibility for complementary computational modelling 

of the diffusion of AuNPs around and into cancer cells. Such modelling could be used to 

facilitate testing, for instance, of AuNPs as undergoing active vs passive uptake into cells. 

Data obtained from the experiments carried out within this work and future experiments 

could then be used to both inform such a model, but also inversely future experiments could 

be used to test predictions drawn the model.  

6.2 Spatial Dynamics of AuNP Uptake Using Dual Angle 

XRF Microscopy 

The second study within this work also set out to establish a novel means by which 

to probe AuNP uptake in cells, but here focussing on identifying the spatial distribution of 

AuNPs in intact fixed cells.  

Location of AuNPs within a cell is of crucial importance in determining the 

biological outcome for that cell upon application of radiation. The cell nucleus is a key 

target for radiotherapy; containing the cellular DNA, it houses the instructions necessary 

for a cell to survive. It is known that the dose enhancement arising from the presence of an 

AuNP has a highly intense, short-range component. While dose enhancement anywhere 

inside a cancer cell is beneficial during radiotherapy, it is due to this short component that 

if AuNPs can successfully be positioned inside the cell nucleus then the optimum treatment 

scenario has been attained. 

  The first key success of this study was the development and validation of the 

technique of dual-angle XRF microscopy, alongside the establishment of analysis 

frameworks for the three-dimensional reconstruction of data obtained using this method. 

The second key success of this study was obtaining the first ever unambiguous evidence of 

AuNP uptake into an intact cell nucleus3,4. Not only was uptake demonstrated but further 

to this, a description of the spatial distribution of AuNPs inside the cell and cell nucleus 

was obtained on an individual nanoparticle level. 

As a standalone piece of work this study holds great significance. This technique 

could be easily expanded to perform analogous studies on AuNPs of other formulations to 
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assess and quantify their nuclear penetrating abilities. Further still, the capability to provide 

deeply detailed information regarding the spatial distribution of specific elements within a 

cell holds great potential to the nanomedicine community, and indeed the biological 

community at large, as a means to study the cellular uptake of many different 

pharmaceuticals. The demonstration of the distribution of AuNPs in and around the cell 

nucleus is important as it allows specific, quantitive conclusions to be drawn regarding the 

benefit of AuNP-enhanced radiotherapy, as evidenced by the predictive model of dose 

enhancement shown in Chapter 5.  

However, in combining what is learnt from this study along with what is offered 

by the FLIM investigation, potential future avenues of study open up which could have 

great ramifications in improving AuNP-enhanced radiotherapy. Together these studies 

already paint an almost complete picture of the journey of an AuNP into a cancer cell, with 

the FLIM investigation needing only to be repeated with the adjustments outlined to perfect 

this. Following on from this if, as discussed, a predictive model of the diffusion of AuNPs 

into and around a cell were generated based on the FLIM observations then the next logical 

step would be to incorporate the spatial distribution of AuNPs into such a model based on 

the experimental data obtained here. 

In doing so both a complete experimental dataset to describe the AuNPs journey 

into the cell would be generated as well as an experimentally informed model quantifying 

AuNP uptake spatially and temporally. Further to this should additional experiments be 

carried out with other functionalised nanoparticles and such a model be applied to the data 

then there is potential to generalise the model.  

Moreover, if such a successful model of AuNP internalisation were created based 

on this and future studies then predictive models such as that presented in Chapter 5, 

detailing the dose enhancement generated by AuNPs, could be incorporated. This 

combined model could provide significant insight; allowing, for example, a measure of 

total induced dose enhancement as a factor of time to be predicted. 

 

 

6.3 Summary 

The main goal of radiotherapy is to damage cancer cells while leaving healthy 

tissue as unharmed as possible. By exploiting the radiosensitisation effects of AuNPs 

studies have shown that AuNP-enhanced radiotherapy provides a means to better achieve 

this goal by causing additional damage selectively to cancer cells. Already NP-enhanced 
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radiotherapy has entered human trials5–7, however in order to maximise the potential of 

such treatment an increased knowledge of the dynamics of AuNP uptake into cancer cells 

is required. 

AuNPs are often functionalised to, for example, increase stability, to increase the 

AuNP’s cell-penetrating ability or to confer additional benefits such as contrast 

enhancement for imaging. With the nanomedicine community researching a wide variety 

of functionalised AuNPs it is important that techniques be developed which allow rigorous 

and accurate determination of the uptake dynamics of AuNPs of any functionalisation8–10.  

The work presented within this study not only provides novel techniques to obtain 

such information but also demonstrates their application via pioneering experimental 

studies. Carrying out MP-FLIM microscopy on live cells yielded important information on 

the real-time association of AuNPs with the cell membrane but failed to provide definitive 

evidence of cellular uptake in the data sets presented here. Investigations using dual-angle 

XRF imaging led to the first documentation of the unambiguous uptake of AuNPs into the 

nucleus of an intact cell.  

When combined these studies provide the first steps toward a full and accurate, 

quantitive depiction of the uptake of AuNPs into the cell and the cell nucleus. Going 

forwards the information presented in these studies can be used to improve AuNP-

enhanced radiotherapy and act as a springboard for additional experiments to ensure that 

the maximum potential of AuNP-enhanced radiotherapy is achieved. 
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Appendix A 

Generating Composite AuNP and Fluorophore Images 

and Movies Using Matlab 

%___________________Define Colour Maps__________________________________ 
%Load custom colour maps from file. 
load('Rala_Custom_Map.mat', 'gold_colormap') 
load('Custom_Mem_Map.mat', 'mem_colormap') 
ax = gca; 
 
 
 
%___________________Set Global Parameters_______________________________ 
Gold_thresh = 400; 
Mem_thresh = 5; 
File_Start = 1; 
File_End = 26; 
 
 
 
%___________________Directory Info_______________________________________ 
%Define where to load files from. 
LoadPath_a1 = 'Files_a1/image_no_'; 
LoadPath_a2 = 'Files_a2/image_no_'; 
 
%Create folders to save figures to. 
Dir_Name_Gold = ['Images/Gold' num2str(Gold_thresh)]; 
Dir_Name_Mem = ['Images/Mem' num2str(Mem_thresh)]; 
Dir_Name_Overlay = ['Images/Overlay mem' num2str(Mem_thresh) 'Au' 
num2str(Gold_thresh)]; 
mkdir(Dir_Name_Gold); 
mkdir(Dir_Name_Mem); 
mkdir(Dir_Name_Overlay); 
 
%Gold video set-up. 
vid_path = [Dir_Name_Gold '/gold_video']; 
gold_video = VideoWriter(vid_path, 'MPEG-4'); %Create the video object. 
gold_video.FrameRate = 7; 
open(gold_video);  %Open the file for writing. 
 
%Membrane video set-up. 
vid_path_mem = [Dir_Name_Mem '/mem_video']; 
mem_video = VideoWriter(vid_path_mem, 'MPEG-4'); 
mem_video.FrameRate = 7; 
open(mem_video); 
 
%Overlay video set-up. 
vid_path_overlay = [Dir_Name_Overlay '/Overlay_video']; 
overlay_video = VideoWriter(vid_path_overlay, 'MPEG-4'); 
overlay_video.FrameRate = 7; 
open(overlay_video); 
 
 
 
%___________________Main Code____________________________________________ 
 
for n = File_Start:File_End 
 
%Import data. 
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current_filea1 = importdata([LoadPath_a1 num2str(n) '_color coded 
value.asc']); 
current_filea2 = importdata([LoadPath_a2 num2str(n) '_color coded 
value.asc']); 
 
%Define paths to save location. 
savepath_a1 = [Dir_Name_Gold '/a1_' num2str(n) '.png']; 
savepath_a2 = [Dir_Name_Mem '/a2_' num2str(n) '.png']; 
savepath_overlay = [Dir_Name_Overlay '/' num2str(n) '.png']; 
 
%Gold figure production, saving and video frame writing. 
fig1 = figure(); 
surf(current_filea1); shading interp; view(2);  axis tight; colorbar; 
colormap(gold_colormap); 
caxis([0 Gold_thresh]); 
saveas(fig1,savepath_a1); 
 
I1 = imread(savepath_a1);    %Read the saved image. 
writeVideo(gold_video,I1);   %Write it to video. 
close;                       %Close current figure. 
 
 
%Membrane figure production,saving and video frame writing. 
fig2 = figure(); 
surf(current_filea2); shading interp; view(2);  axis tight; colorbar; 
colormap(mem_colormap); 
caxis([0 Mem_thresh]); 
saveas(fig2,savepath_a2); 
 
I2 = imread(savepath_a2); 
writeVideo(mem_video,I2); 
close; 
 
 
%Overlay figure production, saving and video frame writing. 
A = importdata(savepath_a1); 
B = importdata(savepath_a2); 
C = imfuse(A, B, 'blend');  %Overlay the figures defined by A and B. 
 
fig3 = figure('visible','off'); 
imshow(C); 
saveas(fig3,savepath_overlay); 
 
I3 = imread(savepath_overlay); 
writeVideo(overlay_video,I3); 
close; 
 
end 
 
 
%Close all. 
close(gold_video); 
close(mem_video); 
close(overlay_video); 
close all 
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Appendix B 

Python Script to Generate Scatter Plot of Two Variables 
""" 
This program takes two text files containing information on the absolute  
values of a1 and a2 for each pixel in an image and compares these values 
for  
the same pixel. This is done by plotting a1 against a2 for each pixel and 
producing a scatter plot. 
A set of images is batch processed and saved. All the raw data should be 
kept one folder down from where this code runs in a folder called 
'Exported_values'.  
 
@author: amcculloch 
""" 
 
import numpy as np 
import pylab as plt 
import os 
 
#Image dimensions 
xmax = 256 
ymax = 256 
number_pixels = xmax*ymax 
 
image_total=input("Total number of images to process?  >> ") 
os.makedirs('Scatter_Figures') 
 
for image_no in range(1,image_total+1): 
     
    #Read in data 
    array1=np.genfromtxt('Exported_Values/pc3_pep_live_c%s_a1.asc' 
%(image_no)) 
    array2=np.genfromtxt('Exported_Values/pc3_pep_live_c%s_a2.asc' 
%(image_no)) 
     
    #Set up new array to arrange data in two columns of (x,y) values 
    result_array=np.zeros((number_pixels,2), dtype="float") 
    pixel_counter=0 
     
    for y in range(ymax): 
        for x in range(xmax): 
            result_array[pixel_counter,0]=array1[x,y] 
            result_array[pixel_counter,1]=array2[x,y] 
            pixel_counter+=1 
     
    #Create and save scatter graph 
    plt.figure(num='Scatter Plot c%s' %(image_no)) 
    plt.scatter(result_array[:,0], result_array[:,1], alpha=0.1, s=10, 
label="c%s" %(image_no)) 
    plt.xlabel("Gold: a1 value", size=14) 
    plt.ylabel("Membrane: a2 value", size =14) 
    legend = plt.legend(loc='upper right', fontsize = 16) 
    plt.savefig('Scatter_Figures/Scatter_c%s.png' %(image_no)) 
    plt.close() 
 

  



 179 

Appendix C 

Python Script to Determine AuNP-Membrane Separation 
#!/usr/bin/env python2 
# -*- coding: utf-8 -*- 
""" 
This program builds upon the original scatter code. 
Rather than comparaing gold and membrane signals on a 1:1 pixel basis 
instead consider neighbouring pixels. 
The general format of the code is as follows: 
    - Input which experiment data set to process and read in relevant 
parameters for the set. 
    - Read in each image from the data set in turn. 
    - Scan through gold image for a pixel with strength above threshold.  
    - Once found scan nearby neighbours for a membrane signal above 
threshold and record distance to nearest. 
    - Repeat for all gold pixels and for all images. 
 
@author: amcculloch 
""" 
 
import numpy as np 
import pylab as plt 
import os 
import sys 
import shutil 
import math 
import time 
 
 
 
############################### Functions ############################### 
 
 
 
def AddBorder(input_array, xlength, ylength): 
    '''Adds a border of zeros to all sides of a given array. insert works 
as: 
    (array, where to insert, value to insert, axis defines row(0) or 
column(1))''' 
 
    bordered_array=np.insert(input_array, 0, 0, axis=1)     
    bordered_array=np.insert(bordered_array, 0, 0, axis=0) 
    bordered_array=np.insert(bordered_array, xlength, 0, axis=1) 
    bordered_array=np.insert(bordered_array, ylength, 0, axis=0) 
    return bordered_array 
 
 
 
def FigureSave (folder_identifier): 
    '''If choosing to save figures this makes a Figures folder one 
directory above the current one. If a figures folder already exists this 
flags a warning.''' 
     
    savefig=raw_input("Save Figures? Enter y/n.  >> ") 
     
    if savefig == "y": 
        fig_check = os.path.exists('Figures_%s' %folder_identifier) 
        if fig_check == True:        
            overwrite_check=raw_input("Figures folder already exists, 
overwrite? \nEnter y/n.  >> ") 
            if overwrite_check == 'y': 
                shutil.rmtree('Figures_%s' %folder_identifier)             
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                os.makedirs('Figures_%s' %folder_identifier) 
            else: 
                sys.exit() 
        else: 
            os.makedirs('Figures_%s' %folder_identifier) 
    return 
 
 
 
def FileLocator (): 
    '''Determines which files to process by asking user to select the 
live cell study. Complete file locations and named values as 
appropriate.''' 
     
    experiment_name=raw_input("Which dataset to process? Enter 
rala/dtdtpa/pep.  >> ") 
    if experiment_name == "rala": 
        file_location_a1 = '/Users/.../Text_Files_a1/' 
        file_location_a2 = '/Users/.../Text_Files_a2/' 
        no_files = 999 
        threshhold1 = 999 
        threshhold2 = 999 
    if experiment_name == "dtdtpa": 
        file_location_a1 = '/Users/.../Text_Files_a1/' 
        file_location_a2 = '/Users/.../Text_Files_a2/' 
        no_files = 999 
        threshhold1 = 999 
        threshhold2 = 999 
    if experiment_name == 'pep': 
        file_location_a1 = '/Users/.../Text_Files_a1/' 
        file_location_a2 = '/Users/.../Text_Files_a2/' 
        no_files = 999 
        threshhold1 = 999 
        threshhold2 = 999 
    return experiment_name, file_location_a1, file_location_a2, no_files, 
threshhold1, threshhold2 
 
 
 
def DataReader(experiment, location_a1, location_a2, n): 
    '''Takes the live cell study and file location and generates the 
appropriate gold and membrane arrays. Works inside for loop on one set of 
a1 and a2 values.''' 
     
    if experiment == "rala": 
        gold_array=np.genfromtxt('%sdu145_20_live_rala_c%s_color coded 
value.asc' %(location_a1,n)) 
        mem_array=np.genfromtxt('%sdu145_20_live_rala_c%s_color coded 
value.asc' %(location_a2,n)) 
    
    if experiment == "dtdtpa": 
        gold_array=np.genfromtxt('%spc3_vlad_gold_c%s_color coded 
value.asc' %(location_a1,n)) 
        mem_array=np.genfromtxt('%spc3_vlad_gold_c%s_color coded 
value.asc' %(location_a2,n)) 
         
    if experiment == 'pep': 
        gold_array=np.genfromtxt('%spc3_pep_live_c%s_color coded 
value.asc' %(location_a1,n)) 
        mem_array=np.genfromtxt('%spc3_pep_live_c%s_color coded 
value.asc' %(location_a2,n)) 
 
    return(gold_array, mem_array) 
 
 
 
 
################################# Main ################################## 
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###Globals### 
xmax = 256; ymax = 256; number_pixels = xmax*ymax 
max_order = 200 #Defines how far to sweep-out in nearest neighbour 
search. 
pix_to_um = float(212)/float(256) 
 
 
#Run functions to sort file saving, data location and experiment specific 
parameters. 
(experiment, location_a1, location_a2, no_files, gold_thresh, mem_thresh) 
= FileLocator() 
FigureSave(experiment) 
start=time.time() 
 
 
#Set up array to record average distances in 
distance_array=np.zeros((no_files,3)) 
all_data=[] 
 
 
#Run across all images in set 
for image_no in range(1,no_files+1):         
#for image_no in range(20,31): 
 
    #Read in image data 
    (gold_array, mem_array) = DataReader(experiment, location_a1, 
location_a2, image_no) 
     
     
    #Add n borders depending on max_order.Prevents search from going 
outside of the array. 
    for k in range(0, max_order): 
        mem_array = AddBorder(mem_array, xmax+k, ymax+k) 
    b = max_order                                                             
#b=no. of borders which can be added to x,y positions later 
     
    
    #Set up result array.  
    #Don't need a result row for every pixel, quick scan to detect number 
of Au pixels above threshold determines appropriate size to use. 
    countergold=0 
    for y in range(ymax): 
        for x in range(xmax): 
            if gold_array[x,y] > gold_thresh: 
                countergold+=1 
    result_array=np.zeros((countergold, 8), dtype="float") 
    #Format of results: 
    '''[   0  ,   1   ,      2     ,  3   ,  4   ,     5     ,             
6                ,       7      ]''' 
    '''[gold x, gold y, gold signal, mem x, mem y, mem signal, 
intersignal distance / pixels, distance / um]''' 
     
     
    #Scan through all pixels to generate plot data. 
    pixel_counter=0 
     
    for y in range(ymax): 
        for x in range(xmax): 
            if gold_array[x,y] > gold_thresh: 
                distance2memMAX = int(np.sqrt(2*(pow(max_order,2)))) 
#Longest possible diagonal. 
                memfound = False 
                #scan neighbours in rings of increasing size until an 
above-threshold membrane signal is found. Then break out and move on to 
next gold pixel.  
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                for mx in range(0-max_order, max_order+1):    
                    for my in range(0-max_order, max_order+1): 
                        if mem_array[x+b+mx,y+b+my] > mem_thresh: 
                            distance2mem = math.sqrt(pow((mx),2) + 
pow((my),2)) 
                             
                            if distance2mem < distance2memMAX: 
                                 
                                distance2memMAX = distance2mem 
                                memfound = True 
                                result_array[pixel_counter,0] = x 
                                result_array[pixel_counter,1] = y 
                                result_array[pixel_counter,2] = 
gold_array[x,y] 
                                result_array[pixel_counter,3] = x + mx 
                                result_array[pixel_counter,4] = y + my 
                                result_array[pixel_counter,5] = 
mem_array[x+b+mx,y+b+my] 
                                result_array[pixel_counter,6] = 
distance2mem 
                                result_array[pixel_counter,7] = 
result_array[pixel_counter, 6] * pix_to_um  
                                 
                if memfound != True: 
                    result_array[pixel_counter,0] = x 
                    result_array[pixel_counter,1] = y 
                    result_array[pixel_counter,2] = gold_array[x,y] 
                    result_array[pixel_counter,3] = 0 
                    result_array[pixel_counter,4] = 0 
                    result_array[pixel_counter,5] = 0 
                    result_array[pixel_counter,6] = max_order+1 
                    result_array[pixel_counter,7] = 
result_array[pixel_counter, 6] * pix_to_um  
                     
                pixel_counter+=1 
         
    #Place mean gold2mem distance and std. dev. in an array. 
    distance_array[image_no-1, 0] = image_no  
    distance_array[image_no-1, 1] = np.mean(result_array[:, 7]) 
    distance_array[image_no-1, 2] = np.std(result_array[:, 7])  
 
    #Save Current Result 
    np.savetxt('Figures_%s/Results%d.txt' %(experiment, image_no), 
result_array, delimiter=',') 
 
    current_time=time.time() 
    elapsed = current_time-start 
    print "Image number %d now complete, time elapsed %d s" %(image_no, 
elapsed)  
 
 
end=time.time() 
print(end-start) 
#Save Summary of Results 
np.savetxt('Figures_%s/Average_Distance.txt' %(experiment), 
distance_array, delimiter=',') 
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Appendix D 

Python Script to Determine AuNP-Membrane Separation 

and Errors as Weighted by Signal Strength 
#!/usr/bin/env python2 
# -*- coding: utf-8 -*- 
""" 
This script takes the output from the AuNP-Membrane Separation code and 
determines the average AuNP-Membrane separation for each image in a data 
set as weighted by the AuNP signal strength. This script also then 
provides errors on this value. The script has been written to be placed 
in the same folder as the output data and ran from there. 
 
@author: amcculloch 
""" 
 
import numpy as np 
 
 
############################### Functions ############################### 
 
 
def ExperimentInfo (): 
    '''Provides the necessary information for the dataset. Adjust values 
below as appropriate.''' 
     
    experiment=raw_input("Which dataset to process? Enter 
rala/dtdtpa/pep.  >> ") 
             
    if experiment == "rala": 
        no_files = 999 
    if experiment == "dtdtpa": 
        no_files = 999 
    if experiment == 'pep': 
        no_files = 999 
     
    return (experiment, no_files) 
 
 
 
def ResultsReader(experiment, result_no): 
    '''Generates array from results for current file number''' 
    #Format of results: 
    '''[   0  ,   1   ,      2     ,  3   ,  4   ,     5     ,             
6                ,       7      ]''' 
    '''[gold x, gold y, gold signal, mem x, mem y, mem signal, 
intersignal distance / pixels, distance / um]''' 
     
    current_result=np.genfromtxt('Results%s.txt' %(result_no), 
delimiter=",")    
    return(current_result) 
 
 
 
################################# Main ################################## 
     
    #Format of analysed results array: 
    '''[      0     ,    1     ,       2     ,     3   ,         4          
,          5        ]''' 
    '''[Image Number, Ave dist., Dist std.dev, n pixels, weighted ave. 
dist., weighted ave error]''' 
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(experiment, no_files)=ExperimentInfo() 
distance_array=np.zeros((no_files,6)) 
pixel_size = float(212)/float(256) 
 
#Run through each file performing the relevant calculations and record in 
a result array. 
for n in range(1,no_files+1): 
     
    current_file = ResultsReader(experiment, n) 
    distance_array[n-1, 0] = n  
     
    if len(current_file) == 0: 
        distance_array[n-1, 1] = np.NaN 
        distance_array[n-1, 2] = np.NaN  
        distance_array[n-1, 3] = 0  
        distance_array[n-1, 4] = np.NaN 
        distance_array[n-1, 5] = np.NaN  
         
    elif np.size(current_file) == 8: 
        distance_array[n-1, 1] = current_file[7] 
        distance_array[n-1, 2] = np.NaN  
        distance_array[n-1, 3] = 1  
        distance_array[n-1, 1] = current_file[7] 
        distance_array[n-1, 2] = pixel_size  
 
    else: 
        distance_array[n-1, 1] = np.mean(current_file[:, 7]) 
        distance_array[n-1, 2] = np.std(current_file[:, 7])  
        distance_array[n-1, 3] = len(current_file)  
        #weighted average 
        Id = np.zeros(len(current_file)) 
        Id2_I2d2 = np.zeros(len(current_file)) 
        for m in range(0, len(current_file)): 
            Id[m] = current_file[m,2] * current_file[m,7] 
            Id2_I2d2[m] = 
(current_file[m,2]*pow(current_file[m,7],2))+(pow(current_file[m,2],2)*po
w(pixel_size,2)) 
        distance_array[n-1, 4] = np.sum(Id)/np.sum(current_file[:,2]) 
        distance_array[n-1, 5] = np.sqrt(   ( np.sum(Id2_I2d2) / 
pow(np.sum(current_file[:,2]),2)  )  +   ( pow(np.sum(Id),2) / 
pow(np.sum(current_file[:,2]),3) )  ) 
         
#Save result to file.  
np.savetxt('Average_Distance++.txt', distance_array, delimiter=',') 
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Appendix E 

Two-Dimensional Gaussian Fitter for Nanoparticle Fitting 

 
  

Gaussian Fit to Nanoparticle Intensity
CodewrittenbyAaronMcCulloch andFrederickCurrell, 2018.Donot redistributewithout expressedpermission.

This code isused t o performa two -
dimensional Gaussian f i t on inported XRFdata of imagedgoldnanoparticles.

The required image input isof individualnanoparticles soImageJ shouldbe used tocrop the
original images intopatchesbeforeprocessing.

(*Import small patch from main image as 2D array*)
datain = Import["Patch.txt", "Table"];
(*User should set background value, b, here:

b= *)

(*Record shape of patch for later use*)
xlen = Length[datain]
ylen = Length[datain[[1]]]

(*Transform 2D array into a list 'fitdata' where each element has the
form (x, y, counts)
is and js are local variables and then plot*)

fitdata = Flatten[Table[Table[{is, js, datain[[js]][[is]]}, {is, 1, xlen}],
{js, 1, ylen}], 1];

dataplot = ListPlot3D[fitdata, AxesLabel � {x, y, z}]

(*Specify the function to fit as*)

fitfn = a Exp�-
(x - x0)2

wx2
-

(y - y0)2

wy2
� + b ;

(*Create a model by passing i)raw data ii)function to fit to iii)fitting
the parameters*)

model = NonlinearModelFit[fitdata, fitfn, {x0, y0, a, wx, wy}, {x, y},
Method -> NMinimize]

(*Take model and create a function which can be called in plot function
for all x/y positions.*)

modelfn[xin_, yin_] = Normal[model] //. {x � xin, y � yin}
fitplot = Plot3D[modelfn[xs, ys], {xs, 0, 1 + xlen}, {ys, 0, 1 + ylen}, PlotRange � All]

(*Check and plot residuals*)
residuallist =

Flatten[Table[Table[{is, js, datain[[js]][[is]] - modelfn[js, is]}, {is, 1, xlen}],
{js, 1, ylen}], 1];

ListPlot3D[residuallist]

(*Print all obtained parameters*)
model["ParameterTable"]
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Appendix F 

Matlab Cell Outlining Script 

%{ 
Code written by Aaron McCulloch & David Robert Grimes, 2018. Do not 
redistribute without expressed permission. 
%} 
%{ 
This code is designed to fit an ellipse to the outline of a cell in an 
input image. 
The input image should be thresholded appropriately in ImageJ in advance 
to 
remove all background pixels. If present it will be necessary to manually 
remove other cells in the image too. 
%} 
 
%Read image file. 
ReadIn =imread('SampleCell.tif'); 
 
%Convert to binary image and outline shape of unfitted cell. 
BinaryImage = imbinarize(ReadIn); 
B = bwboundaries(BinaryImage); 
for k = 1:length(B) 
   outline = B{k}; 
end 
 
%Use regionprops to perform a fit on the region, specifying appropriate 
%parameters for ellipse fitting. 
 stats = regionprops(BinaryImage,{... 
     'Centroid',... 
     'MajorAxisLength',... 
     'MinorAxisLength',... 
     'Orientation'}); 
 
%In the event of multiple objects being detected select for the biggest 
%feature as this is likely the target. Check for accuracy. 
for k = 1:length(stats) 
    t1(k) = stats(k).MajorAxisLength/2; 
    t2(k) = stats(k).MinorAxisLength/2; 
    area(k) = t1(k).*t2(k).*pi; 
end 
target = find(area == max(area)); 
 
%Display original object. 
figure(1) 
imshow(ReadIn,'InitialMagnification','fit') 
hold on 
 
%Extract target's parameters 
a = stats(target).MajorAxisLength/2; 
b = stats(target).MinorAxisLength/2; 
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Xc = stats(target).Centroid(1); 
Yc = stats(target).Centroid(2); 
phi = deg2rad(-stats(target).Orientation); 
 
%Plot the fitted ellipse 
t = linspace(0,2*pi,50); 
x = Xc + a*cos(t)*cos(phi) - b*sin(t)*sin(phi); 
y = Yc + a*cos(t)*sin(phi) + b*sin(t)*cos(phi); 
 
plot(x,y,'b','Linewidth',1) 
hold on 
 
%Record data to file. 
fit_result = fopen('fit_result.txt','w'); 
fprintf(fit_result,'%s\t %s\t %s\t %s\t %s\n', 'Xc', 'Yc', 'a', 'b', 
'phi'); 
fprintf(fit_result,'%f\t %f\t %f\t %f\t %f', Xc, Yc, a, b, phi); 

 

 

  



 188 

Appendix G 

Matlab Nuclear Outlining Script 

%{ 
Code written by Aaron McCulloch & David Robert Grimes, 2018. Do not 
redistribute without expressed permission. 
%} 
%{ 
This code is designed to fit an ellipse to the nucleus of a cell in an 
input image. 
The input image should be thresholded appropriately in ImageJ in advance 
to 
remove all background pixels. If present it will be necessary to manually 
remove other cells in the image too. 
%} 
 
%-------------------------- Read in Data -------------------------- 
 
%Read image file. 
ReadIn =imread('Sample_Nucleus.tif'); 
 
%Convert to binary image and outline shape of unfitted cell. 
BinaryImage = imbinarize(ReadIn); 
B = bwboundaries(BinaryImage); 
for k = 1:length(B) 
   outline = B{k}; 
end 
 
 
%-------------------------- Define ROI -------------------------- 
 
%User manually selects a ROI in the extra-nuclear region of the cell. 
imshow(ReadIn, []); 
axis on; 
set(gcf, 'Position', get(0,'Screensize')); 
message = sprintf('Select non-nuclear region. Left click and hold to 
begin drawing.\nSimply lift the mouse button to finish'); 
uiwait(msgbox(message)); 
DrawnRegion = imfreehand(); 
 
%Create a binary mask of the ROI. Identify the pixel number of ROI 
pixels. 
ROI_mask = createMask(DrawnRegion); 
ROI_pixel_no = find(ROI_mask>0); 
 
%Compare the pixel numbers found against original image and record the 
%intensity of ROI pixels. 
ROI_n = length(ROI_pixel_no); 
ROI_int = zeros(1, ROI_n); 
 
for i = 1:ROI_n 
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    pixel = ROI_pixel_no(i); 
    ROI_int(1,i) = ReadIn(pixel); 
end 
 
%Find the mean intensity of ROI pixels and use this to define a cutoff. 
ROI_mean = mean(ROI_int); 
ROI_stddev = std(ROI_int); 
cutoff = ROI_mean + ROI_stddev; 
 
 
%-------------------------- Define Nucleus -------------------------- 
 
%Now find cells > cutoff and display. 
NucPixels = find(ReadIn >= cutoff); 
newimage = zeros(size(ReadIn)); 
newimage(NucPixels) = 1; 
newimage = imbinarize(newimage); 
figure(1) 
imshow(newimage,'InitialMagnification','fit') 
axis on; 
 
%Remove isolated pixels 
newimage = bwareaopen(newimage, (20*20*6), 8); 
 
 
%Use regionprops to perform a fit on the region, specifying appropriate 
%parameters for ellipse fitting. 
 s = regionprops(newimage,{... 
     'Centroid',... 
     'MajorAxisLength',... 
     'MinorAxisLength',... 
     'Orientation'}); 
 
%In the event of multiple objects being detected select for the biggest 
%feature as this is likely the target. Check for accuracy. 
for k = 1:length(s) 
    t1(k) = s(k).MajorAxisLength/2; 
    t2(k) = s(k).MinorAxisLength/2; 
    ara(k) = t1(k).*t2(k).*pi; 
end 
tf = find(ara == max(ara)); 
 
 
%-------------------------- Present Data -------------------------- 
 
%Display original object 
figure(2) 
imshow(ReadIn,'InitialMagnification','fit') 
axis on; 
hold on 
 
%Extract nucleus parameters 
a = s(tf).MajorAxisLength/2; 
b = s(tf).MinorAxisLength/2; 
Xc = s(tf).Centroid(1); 
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Yc = s(tf).Centroid(2); 
phi = deg2rad(-s(tf).Orientation); 
 
%Plot the fitted ellipse 
t = linspace(0,2*pi,50); 
x = Xc + a*cos(t)*cos(phi) - b*sin(t)*sin(phi); 
y = Yc + a*cos(t)*sin(phi) + b*sin(t)*cos(phi); 
plot(x,y,'b','Linewidth',1) 
hold on 
 
 
%--------------------- Additional Calculations --------------------- 
 
Pixelsize = 1*10^-6; 
Pixelarea = Pixelsize^2; 
 
areanuc = pi*a*b*Pixelarea; 
 
NonZero = find(ReadIn > 0); 
areacell = Pixelarea.*length(NonZero); 
 
Frac_nuc = areanuc./areacell; 
clc 
 
disp(['The area of the cell is  ' num2str(areacell*10^12) ' square 
microns' ]) 
disp(['The area of the nucleus is  ' num2str(areanuc*10^12) ' square 
microns' ]) 
disp(['The nuclear area is  ' num2str(Frac_nuc*100) ' % of the total cell 
area' ]) 
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Appendix H 

Mathematica 3D Reconstruction Script 

 

Nanoparticle-Cell 3D Reconstruction
CodewrittenbyAaronMcCulloch andFrederickCurrell, 2018.Donot redistributewithout expressedpermission.

Thiscode isused toproducea threedimensional reconstructionof the cell,
nucleus andobserved gold nanoparticles fromXRFdata a�er processingwith other attached scripts toobtain therequired
parameters.

Nanoparticle Representation
������� (*Import nanoparticle information in a tab-delimited text file following the format:

NP Number x/um y/um z/um x error y error z error *)

datain =

Import[
"/Users/amccolloch/Documents/RCaH Microscopy/Dec X-Ray/X-Ray Analysis/3D Reconstruction/2)

High Res Analysis/NP_Fit_Results11.txt", "Table"];

(*Nanoparticle parameters*)
nprad = 15.3/2000; (*hard core radius 1/2 for radius, 1/1000 for nm to um convert*)
hydrorad = 2*(45 + 70)/2000; (*hard core radius 1/2 for radius, 1/1000 for nm to um convert*)

(* Trim header row and create a list of spheres representing the set of AuNPs. *)

datlen = Length[datain];
datause = Table[datain[[i]], {i, 2, datlen, 1}];
datause // TableForm;
datlen = Length[datause];

pointlist = Table[{datause[[i]][[2]], datause[[i]][[3]], datause[[i]][[4]]}, {i, 1, datlen}];
com = Sum[pointlist[[i]], {i, 1, datlen}]/datlen;

spherelist =

Table[{Opacity[1.0], Black, Sphere[pointlist[[i]], nprad], Opacity[1], Gray,
Sphere[pointlist[[i]], hydrorad]}, {i, 1, datlen}] // Flatten;

(*Display AuNPs*)
Graphics3D[spherelist];

(*Create a list of line objects representing the imported error bars.*)
xerrlist = Join[{Black, Opacity[0.6], Thickness[0.006], CapForm[Square]},

Table[{Line[{pointlist[[i]] + {datause[[i]][[5]], 0, 0}, pointlist[[i]] - {datause[[i]][[5]], 0, 0}}]},
{i, 1, datlen}] // Flatten];

yerrlist = Join[{Black, Opacity[0.6], Thickness[0.006], CapForm[Square]},
Table[{Line[{pointlist[[i]] + {0, datause[[i]][[6]], 0}, pointlist[[i]] - {0, datause[[i]][[6]], 0}}]},

{i, 1, datlen}] // Flatten];
zerrlist = Join[{Black, Opacity[0.6], Thickness[0.006], CapForm[Square]},

Table[{Line[{pointlist[[i]] + {0, 0, datause[[i]][[7]]}, pointlist[[i]] - {0, 0, datause[[i]][[7]]}}]},
{i, 1, datlen}] // Flatten];

(*Combine AuNP and error bar objects.*)
nplist = Join[spherelist, xerrlist, yerrlist, zerrlist];
Graphics3D[nplist, {ViewPoint � Below, Axes � True, AxesLabel � {x, y, z}, ImageSize � Large }]

Low Res Nanoparticle Analysis
������� (*Follow same format as high res code.*)

datain2 =

Import[
"/Users/amccolloch/Documents/RCaH Microscopy/Dec X-Ray/X-Ray Analysis/3D Reconstruction/3)

Low Res Analysis/7_Final_NP_Results.txt", "Table"];

nprad2 = 15.3/2000; (*hard core radius 1/2 for radius, 1/1000 for nm to um convert*)
hydrorad2 = (45 + 70)/2000; (*hard core radius 1/2 for radius, 1/1000 for nm to um convert*)

datlen2 = Length[datain2];
datause2 = Table[datain2[[i]], {i, 2, datlen2, 1}];
datause2 // TableForm;
datlen2 = Length[datause2];

pointlist2 = Table[{datause2[[i]][[2]], datause2[[i]][[3]], datause2[[i]][[4]]}, {i, 1, datlen2}];
com2 = Sum[pointlist2[[i]], {i, 1, datlen2}]/datlen2;

spherelist2 =

Table[{Opacity[1.0], Black, Sphere[pointlist2[[i]], nprad2], Opacity[1], Gray,
Sphere[pointlist2[[i]], hydrorad2]}, {i, 1, datlen2}] // Flatten;

Graphics3D[spherelist2];

xerrlist2 = Join[{Gray, Opacity[0.6], Thickness[0.006], CapForm[Square]},
Table[{Line[{pointlist2[[i]] + {datause2[[i]][[5]], 0, 0}, pointlist2[[i]] - {datause2[[i]][[5]], 0, 0}}]},

{i, 1, datlen2}] // Flatten];
yerrlist2 = Join[{Gray, Opacity[0.6], Thickness[0.006], CapForm[Square]},

Table[{Line[{pointlist2[[i]] + {0, datause2[[i]][[6]], 0}, pointlist2[[i]] - {0, datause2[[i]][[6]], 0}}]},
{i, 1, datlen2}] // Flatten];

zerrlist2 = Join[{Gray, Opacity[0.6], Thickness[0.006], CapForm[Square]},
Table[{Line[{pointlist2[[i]] + {0, 0, datause2[[i]][[7]]}, pointlist2[[i]] - {0, 0, datause2[[i]][[7]]}}]},

{i, 1, datlen2}] // Flatten];

nplist2 = Join[spherelist2, xerrlist2, yerrlist2, zerrlist2];
Graphics3D[{nplist2, nplist}, {ViewPoint � Below, Axes � True, AxesLabel � {x, y, z}, ImageSize � Large }]

Nucleus Construction
(*

Having used the Matlab fitting script values have been obtained for the centroid, semi-major axis (a),
semi-minor axis (b), and orientation of the fitted ellipse. The focus of the ellipse has also
been calculated using basic geometry and manually entered below.

*)

(*

For the purpose of reconstructing in 3D the focus and centroid locations will define the
orientation of the nucleus. The a and b lengths will define the nucleus size.

First the focus and centroid positions are used to describe the nucleus in terms of unit vectors
in 3D space.

FindGeometricTransform can then be used to create a function which takes objects in the world's x,
y,z orientations and maps them into the x,y,z orientation of the nucleus.

Finally create the nuclear ellipse using a and b lengths and now the transorm can be used
to plot this with the correct orientation.

*)

NuclearOutline (2�);
centroid = {3.419, 0.829, -1.753};
focus1 = {7.480, -1.022, -3.655};

(*fvec and orthovec1 and orthovec2 are orthogonal centred on the origin*)
(*Find fvec as the difference between focus and centroid then solve for the orthoganal vector
(one which will give a dot product of zero).*)

fvec = focus1 - centroid;
soln = Solve[{a, 0, 1}.fvec � 0, a];

orthovec1 = {a, 0, 1} //. soln[[1]];

soln = Solve[{{c, 1, b}.fvec � 0, {c, 1, b}.orthovec1 � 0}, {c, b}];

orthovec2 = {c, 1, b} //. soln[[1]];

(*These are orthogonal, now normalise them. *)

fvec = Normalize[fvec];
orthovec1 = Normalize[orthovec1];
orthovec2 = Normalize[orthovec2];

(*Check that they are orthogonal, dots should be 0.*)
Dot[fvec, orthovec1];
Dot[fvec, orthovec2];
Dot[orthovec2, orthovec1];
Graphics3D[{Line[{{0, 0, 0}, fvec}], Line[{{0, 0, 0}, orthovec1}], Line[{{0, 0, 0}, orthovec2}],

Opacity[0.2], Cuboid[{-1, -1, -1}, {1, 1, 1}]}];

(*Now shift them to the centroid position.*)
fvec = fvec + centroid;
orthovec1 = orthovec1 + centroid;
orthovec2 = orthovec2 + centroid;

(*Develop transform from x,y,z where x is the long axis of the prolate ellipsoid of rotation.*)
toimagespacenuc =

FindGeometricTransform[{centroid, fvec, orthovec1, orthovec2}, {{0, 0, 0}, {1, 0, 0}, {0, 1, 0}, {0, 0, 1}}][[
2]];

(*Create Ellipsoid using a and b axis lengths from fits and assume 2D symmetry*)
aellipsoid = (6.132 + 5.533)/2;
bellipsoid = (3.754 + 3.271)/2;
nuc = Ellipsoid[{0, 0, 0}, {aellipsoid, bellipsoid, bellipsoid}];

(*Transform nucleus into proper orientation*)
transformednuc = GeometricTransformation[nuc, toimagespacenuc];
nuclist = {Specularity[0.05, 3], Opacity[0.4], transformednuc};

(*Display result.*)
nucplusnplist = Join[nuclist, nplist];
nucimage = Graphics3D[nucplusnplist, {

Axes � True, AxesEdge � {Automatic, {1, 1}, {-1, -1}},
AxesLabel � {Style["x / �m", Bold, Black, 20], Style["y / �m", Bold, Black, 20],

Style["z / �m", Black, Bold, 20]},
TicksStyle � 14, BoxStyle � Thick, Lighting � "Automatic", ImageSize � Large }]

Cell Construction
CellOutline ;
(*Repeat same procedure for cell as for nucleus.*)
centroid = {0.845, -2.644, -2.942};
focus1 = {3.805, -5.542, -6.843};
aellipsoidcell = (10.697 + 10.729)/2;
bellipsoidcell = (9.666 + 9.898)/2;

fvec = focus1 - centroid;
soln = Solve[{a, 0, 1}.fvec � 0, a];
orthovec1 = {a, 0, 1} //. soln[[1]];
soln = Solve[{{c, 1, b}.fvec � 0, {c, 1, b}.orthovec1 � 0}, {c, b}];
orthovec2 = {c, 1, b} //. soln[[1]];
fvec = Normalize[fvec];
orthovec1 = Normalize[orthovec1];
orthovec2 = Normalize[orthovec2];
fvec = fvec + centroid;
orthovec1 = orthovec1 + centroid;
orthovec2 = orthovec2 + centroid;

toimagespacecell =

FindGeometricTransform[{centroid, fvec, orthovec1, orthovec2}, {{0, 0, 0}, {1, 0, 0}, {0, 1, 0}, {0, 0, 1}}][[
2]];

cell = Ellipsoid[{0, 0, 0}, {aellipsoidcell, bellipsoidcell, bellipsoidcell}];
transformedcell = GeometricTransformation[cell, toimagespacecell];
celllist = {Opacity[0.2], transformedcell};
Graphics3D[celllist];

fullcellplist = Join[celllist, nuclist, nplist, nplist2];
cellimage = Graphics3D[fullcellplist, { Axes � True, AxesLabel � {x, y, z}, ImageSize � Large }];

Paper Figure;
paperlist = Join[celllist, nuclist, nplist];
paperlist2 = Join[celllist, nuclist, nplist, nplist2];
cellimageBoth = Graphics3D[paperlist2, {

Axes � True, AxesLabel � {Style["x / �m", Bold, 20], Style["y / �m", Bold, 20], Style["z / �m", Bold, 20]},
TicksStyle � 14, BoxStyle � Thick, ImageSize � Large }]

Paper Style Figure
������� (*Import image files to display in 3D world.*)

imagegold2 =

Import[
"/Users/amccolloch/Documents/RCaH Microscopy/Dec X-Ray/X-Ray Analysis/Paper Documents/Figures

For Mathematica/270_Gold.tif"];
imagegold12 =

Import[
"/Users/amccolloch/Documents/RCaH Microscopy/Dec X-Ray/X-Ray Analysis/Paper Documents/Figures

For Mathematica/263_Gold.tif"];
imagecell2 =

Import[
"/Users/amccolloch/Documents/RCaH Microscopy/Dec X-Ray/X-Ray Analysis/Paper Documents/Figures

For Mathematica/Picture2Degrees.png"];
imagecell12 =

Import[
"/Users/amccolloch/Documents/RCaH Microscopy/Dec X-Ray/X-Ray Analysis/Paper Documents/Figures

For Mathematica/Picture12Degrees.png"];

(*To place images in world create a polygon object and then apply the image to the polygon
face as a texture.
Polygon notation goes as [BL,TL,TR,BR]*)

(*Z-Depths for 'whole view'*)
Zcell2 = 15;
Zgold2 = Zcell2 - 3;
Zcell12 = Zcell2 + 15;
Zgold12 = Zcell12 - 3;
NP = 16;

(*Create polygons, rotation needed for 10 degree shifted images.*)
cell2 =

{{Opacity[1], Texture[imagecell2],
Polygon[{{4 - 22.770, 28.005 - 20.564, Zcell2}, {4 - 22.770, 0.35 - 20.564, Zcell2},

{44 - 22.770, 0.35 - 20.564, Zcell2}, {44 - 22.770, 28.00 - 20.5645, Zcell2}},
VertexTextureCoordinates -> {{0, 0}, {0, 1}, {1, 1}, {1, 0}}]}};

gold2 =

{{Opacity[0.8], Texture[imagegold2],
Polygon[{{22.325 - 22.770, 24.072 - 20.564, Zgold2 }, {22.325 - 22.770, 20.322 - 20.564, Zgold2},

{27.475 - 22.770, 20.322 - 20.564, Zgold2}, {27.475 - 22.770, 24.072 - 20.564, Zgold2}},
VertexTextureCoordinates -> {{0, 0}, {0, 1}, {1, 1}, {1, 0}}]}};

gold12unrot =

{Texture[imagegold12],
Polygon[{{22.153 - 22.532, 24.028 - 20.561, Zgold12}, {22.153 - 22.532, 20.378 - 20.561, Zgold12},

{27.003 - 22.532, 20.378 - 20.561, Zgold12}, {27.003 - 22.532, 24.028 - 20.561, Zgold12}},
VertexTextureCoordinates -> {{0, 0}, {0, 1}, {1, 1}, {1, 0}}]};

gold12 = Rotate[gold12unrot, 10 Degree, {0, 1, 0}, {pointlist[[NP, 1]], pointlist[[NP, 2]], pointlist[[NP, 3]]}];
cell12unrot =

{Texture[imagecell12],
Polygon[{{0 - 22.532, 28 - 20.561, Zcell12}, {0 - 22.532, 0 - 20.561, Zcell12},

{40 - 22.532, 0 - 20.561, Zcell12}, {40 - 22.532, 28 - 20.561, Zcell12}},
VertexTextureCoordinates -> {{0, 0}, {0, 1}, {1, 1}, {1, 0}}]};

cell12 = Rotate[cell12unrot, 10 Degree, {0, 1, 0}, {pointlist[[NP, 1]], pointlist[[NP, 2]], pointlist[[NP, 3]]}];
(*Note rotation centred around NP16 for ease of demonstration*)

(*Display Graphic*)
paperlist3 = Join[celllist, nuclist, spherelist];
ProjectionImage =

Graphics3D[{paperlist3, {Lighting � {"Point", White, {30, 20, 30}}, gold2, gold12, cell2, cell12}}];
Show[ProjectionImage, Axes � True, AxesLabel � {

Style["x / �m", Bold, 20], Style["y / �m", Bold, 20], Style["z / �m", Bold, 20]}, BoxStyle � Thick,
TicksStyle � 14, ImageSize � Large]

Animations
(*Animation to rotate around 3D world.*)
shorthand = {paperlist3, {Lighting � {"Point", White, {30, 20, 30}}, gold2, gold12, cell2, cell12}};
tmax = 50 000; rscale = 0.5; (* range of r to fly *)

rmin = 1.5; (*closest *)

rcamera[t_] = rscale*(t/tmax)^2 + rmin;
numrots = 0.5; (*number of rotations in half of the flight *)

ang[t_] = -2*Pi *t*numrots /tmax;

fly2 = Animate[Graphics3D[shorthand, Boxed � True, ViewAngle � 0.7, ViewVertical � {0, -1, 0},
ImageSize � Large, ViewPoint � {rcamera[time]*Cos[-ang[time]], 0, rcamera[time]*Sin[-ang[time]]},
SphericalRegion � True], {time, -tmax, tmax}, AnimationDirection � Forward, DefaultDuration � 120,

AnimationRepetitions � 1, AnimationRunning � False, DisplayAllSteps � True]
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Nanoparticle-Cell 3D Reconstruction
CodewrittenbyAaronMcCulloch andFrederickCurrell, 2018.Donot redistributewithout expressedpermission.

Thiscode isused toproducea threedimensional reconstructionof the cell,
nucleus andobserved gold nanoparticles fromXRFdata a�er processingwith other attached scripts toobtain therequired
parameters.

Nanoparticle Representation
������� (*Import nanoparticle information in a tab-delimited text file following the format:

NP Number x/um y/um z/um x error y error z error *)

datain =

Import[
"/Users/amccolloch/Documents/RCaH Microscopy/Dec X-Ray/X-Ray Analysis/3D Reconstruction/2)

High Res Analysis/NP_Fit_Results11.txt", "Table"];

(*Nanoparticle parameters*)
nprad = 15.3/2000; (*hard core radius 1/2 for radius, 1/1000 for nm to um convert*)
hydrorad = 2*(45 + 70)/2000; (*hard core radius 1/2 for radius, 1/1000 for nm to um convert*)

(* Trim header row and create a list of spheres representing the set of AuNPs. *)

datlen = Length[datain];
datause = Table[datain[[i]], {i, 2, datlen, 1}];
datause // TableForm;
datlen = Length[datause];

pointlist = Table[{datause[[i]][[2]], datause[[i]][[3]], datause[[i]][[4]]}, {i, 1, datlen}];
com = Sum[pointlist[[i]], {i, 1, datlen}]/datlen;

spherelist =

Table[{Opacity[1.0], Black, Sphere[pointlist[[i]], nprad], Opacity[1], Gray,
Sphere[pointlist[[i]], hydrorad]}, {i, 1, datlen}] // Flatten;

(*Display AuNPs*)
Graphics3D[spherelist];

(*Create a list of line objects representing the imported error bars.*)
xerrlist = Join[{Black, Opacity[0.6], Thickness[0.006], CapForm[Square]},

Table[{Line[{pointlist[[i]] + {datause[[i]][[5]], 0, 0}, pointlist[[i]] - {datause[[i]][[5]], 0, 0}}]},
{i, 1, datlen}] // Flatten];

yerrlist = Join[{Black, Opacity[0.6], Thickness[0.006], CapForm[Square]},
Table[{Line[{pointlist[[i]] + {0, datause[[i]][[6]], 0}, pointlist[[i]] - {0, datause[[i]][[6]], 0}}]},

{i, 1, datlen}] // Flatten];
zerrlist = Join[{Black, Opacity[0.6], Thickness[0.006], CapForm[Square]},

Table[{Line[{pointlist[[i]] + {0, 0, datause[[i]][[7]]}, pointlist[[i]] - {0, 0, datause[[i]][[7]]}}]},
{i, 1, datlen}] // Flatten];

(*Combine AuNP and error bar objects.*)
nplist = Join[spherelist, xerrlist, yerrlist, zerrlist];
Graphics3D[nplist, {ViewPoint � Below, Axes � True, AxesLabel � {x, y, z}, ImageSize � Large }]

Low Res Nanoparticle Analysis
������� (*Follow same format as high res code.*)

datain2 =

Import[
"/Users/amccolloch/Documents/RCaH Microscopy/Dec X-Ray/X-Ray Analysis/3D Reconstruction/3)

Low Res Analysis/7_Final_NP_Results.txt", "Table"];

nprad2 = 15.3/2000; (*hard core radius 1/2 for radius, 1/1000 for nm to um convert*)
hydrorad2 = (45 + 70)/2000; (*hard core radius 1/2 for radius, 1/1000 for nm to um convert*)

datlen2 = Length[datain2];
datause2 = Table[datain2[[i]], {i, 2, datlen2, 1}];
datause2 // TableForm;
datlen2 = Length[datause2];

pointlist2 = Table[{datause2[[i]][[2]], datause2[[i]][[3]], datause2[[i]][[4]]}, {i, 1, datlen2}];
com2 = Sum[pointlist2[[i]], {i, 1, datlen2}]/datlen2;

spherelist2 =

Table[{Opacity[1.0], Black, Sphere[pointlist2[[i]], nprad2], Opacity[1], Gray,
Sphere[pointlist2[[i]], hydrorad2]}, {i, 1, datlen2}] // Flatten;

Graphics3D[spherelist2];

xerrlist2 = Join[{Gray, Opacity[0.6], Thickness[0.006], CapForm[Square]},
Table[{Line[{pointlist2[[i]] + {datause2[[i]][[5]], 0, 0}, pointlist2[[i]] - {datause2[[i]][[5]], 0, 0}}]},

{i, 1, datlen2}] // Flatten];
yerrlist2 = Join[{Gray, Opacity[0.6], Thickness[0.006], CapForm[Square]},

Table[{Line[{pointlist2[[i]] + {0, datause2[[i]][[6]], 0}, pointlist2[[i]] - {0, datause2[[i]][[6]], 0}}]},
{i, 1, datlen2}] // Flatten];

zerrlist2 = Join[{Gray, Opacity[0.6], Thickness[0.006], CapForm[Square]},
Table[{Line[{pointlist2[[i]] + {0, 0, datause2[[i]][[7]]}, pointlist2[[i]] - {0, 0, datause2[[i]][[7]]}}]},

{i, 1, datlen2}] // Flatten];

nplist2 = Join[spherelist2, xerrlist2, yerrlist2, zerrlist2];
Graphics3D[{nplist2, nplist}, {ViewPoint � Below, Axes � True, AxesLabel � {x, y, z}, ImageSize � Large }]

Nucleus Construction
(*

Having used the Matlab fitting script values have been obtained for the centroid, semi-major axis (a),
semi-minor axis (b), and orientation of the fitted ellipse. The focus of the ellipse has also
been calculated using basic geometry and manually entered below.

*)

(*

For the purpose of reconstructing in 3D the focus and centroid locations will define the
orientation of the nucleus. The a and b lengths will define the nucleus size.

First the focus and centroid positions are used to describe the nucleus in terms of unit vectors
in 3D space.

FindGeometricTransform can then be used to create a function which takes objects in the world's x,
y,z orientations and maps them into the x,y,z orientation of the nucleus.

Finally create the nuclear ellipse using a and b lengths and now the transorm can be used
to plot this with the correct orientation.

*)

NuclearOutline (2�);
centroid = {3.419, 0.829, -1.753};
focus1 = {7.480, -1.022, -3.655};

(*fvec and orthovec1 and orthovec2 are orthogonal centred on the origin*)
(*Find fvec as the difference between focus and centroid then solve for the orthoganal vector
(one which will give a dot product of zero).*)

fvec = focus1 - centroid;
soln = Solve[{a, 0, 1}.fvec � 0, a];

orthovec1 = {a, 0, 1} //. soln[[1]];

soln = Solve[{{c, 1, b}.fvec � 0, {c, 1, b}.orthovec1 � 0}, {c, b}];

orthovec2 = {c, 1, b} //. soln[[1]];

(*These are orthogonal, now normalise them. *)

fvec = Normalize[fvec];
orthovec1 = Normalize[orthovec1];
orthovec2 = Normalize[orthovec2];

(*Check that they are orthogonal, dots should be 0.*)
Dot[fvec, orthovec1];
Dot[fvec, orthovec2];
Dot[orthovec2, orthovec1];
Graphics3D[{Line[{{0, 0, 0}, fvec}], Line[{{0, 0, 0}, orthovec1}], Line[{{0, 0, 0}, orthovec2}],

Opacity[0.2], Cuboid[{-1, -1, -1}, {1, 1, 1}]}];

(*Now shift them to the centroid position.*)
fvec = fvec + centroid;
orthovec1 = orthovec1 + centroid;
orthovec2 = orthovec2 + centroid;

(*Develop transform from x,y,z where x is the long axis of the prolate ellipsoid of rotation.*)
toimagespacenuc =

FindGeometricTransform[{centroid, fvec, orthovec1, orthovec2}, {{0, 0, 0}, {1, 0, 0}, {0, 1, 0}, {0, 0, 1}}][[
2]];

(*Create Ellipsoid using a and b axis lengths from fits and assume 2D symmetry*)
aellipsoid = (6.132 + 5.533)/2;
bellipsoid = (3.754 + 3.271)/2;
nuc = Ellipsoid[{0, 0, 0}, {aellipsoid, bellipsoid, bellipsoid}];

(*Transform nucleus into proper orientation*)
transformednuc = GeometricTransformation[nuc, toimagespacenuc];
nuclist = {Specularity[0.05, 3], Opacity[0.4], transformednuc};

(*Display result.*)
nucplusnplist = Join[nuclist, nplist];
nucimage = Graphics3D[nucplusnplist, {

Axes � True, AxesEdge � {Automatic, {1, 1}, {-1, -1}},
AxesLabel � {Style["x / �m", Bold, Black, 20], Style["y / �m", Bold, Black, 20],

Style["z / �m", Black, Bold, 20]},
TicksStyle � 14, BoxStyle � Thick, Lighting � "Automatic", ImageSize � Large }]

Cell Construction
CellOutline ;
(*Repeat same procedure for cell as for nucleus.*)
centroid = {0.845, -2.644, -2.942};
focus1 = {3.805, -5.542, -6.843};
aellipsoidcell = (10.697 + 10.729)/2;
bellipsoidcell = (9.666 + 9.898)/2;

fvec = focus1 - centroid;
soln = Solve[{a, 0, 1}.fvec � 0, a];
orthovec1 = {a, 0, 1} //. soln[[1]];
soln = Solve[{{c, 1, b}.fvec � 0, {c, 1, b}.orthovec1 � 0}, {c, b}];
orthovec2 = {c, 1, b} //. soln[[1]];
fvec = Normalize[fvec];
orthovec1 = Normalize[orthovec1];
orthovec2 = Normalize[orthovec2];
fvec = fvec + centroid;
orthovec1 = orthovec1 + centroid;
orthovec2 = orthovec2 + centroid;

toimagespacecell =

FindGeometricTransform[{centroid, fvec, orthovec1, orthovec2}, {{0, 0, 0}, {1, 0, 0}, {0, 1, 0}, {0, 0, 1}}][[
2]];

cell = Ellipsoid[{0, 0, 0}, {aellipsoidcell, bellipsoidcell, bellipsoidcell}];
transformedcell = GeometricTransformation[cell, toimagespacecell];
celllist = {Opacity[0.2], transformedcell};
Graphics3D[celllist];

fullcellplist = Join[celllist, nuclist, nplist, nplist2];
cellimage = Graphics3D[fullcellplist, { Axes � True, AxesLabel � {x, y, z}, ImageSize � Large }];

Paper Figure;
paperlist = Join[celllist, nuclist, nplist];
paperlist2 = Join[celllist, nuclist, nplist, nplist2];
cellimageBoth = Graphics3D[paperlist2, {

Axes � True, AxesLabel � {Style["x / �m", Bold, 20], Style["y / �m", Bold, 20], Style["z / �m", Bold, 20]},
TicksStyle � 14, BoxStyle � Thick, ImageSize � Large }]

Paper Style Figure
������� (*Import image files to display in 3D world.*)

imagegold2 =

Import[
"/Users/amccolloch/Documents/RCaH Microscopy/Dec X-Ray/X-Ray Analysis/Paper Documents/Figures

For Mathematica/270_Gold.tif"];
imagegold12 =

Import[
"/Users/amccolloch/Documents/RCaH Microscopy/Dec X-Ray/X-Ray Analysis/Paper Documents/Figures

For Mathematica/263_Gold.tif"];
imagecell2 =

Import[
"/Users/amccolloch/Documents/RCaH Microscopy/Dec X-Ray/X-Ray Analysis/Paper Documents/Figures

For Mathematica/Picture2Degrees.png"];
imagecell12 =

Import[
"/Users/amccolloch/Documents/RCaH Microscopy/Dec X-Ray/X-Ray Analysis/Paper Documents/Figures

For Mathematica/Picture12Degrees.png"];

(*To place images in world create a polygon object and then apply the image to the polygon
face as a texture.
Polygon notation goes as [BL,TL,TR,BR]*)

(*Z-Depths for 'whole view'*)
Zcell2 = 15;
Zgold2 = Zcell2 - 3;
Zcell12 = Zcell2 + 15;
Zgold12 = Zcell12 - 3;
NP = 16;

(*Create polygons, rotation needed for 10 degree shifted images.*)
cell2 =

{{Opacity[1], Texture[imagecell2],
Polygon[{{4 - 22.770, 28.005 - 20.564, Zcell2}, {4 - 22.770, 0.35 - 20.564, Zcell2},

{44 - 22.770, 0.35 - 20.564, Zcell2}, {44 - 22.770, 28.00 - 20.5645, Zcell2}},
VertexTextureCoordinates -> {{0, 0}, {0, 1}, {1, 1}, {1, 0}}]}};

gold2 =

{{Opacity[0.8], Texture[imagegold2],
Polygon[{{22.325 - 22.770, 24.072 - 20.564, Zgold2 }, {22.325 - 22.770, 20.322 - 20.564, Zgold2},

{27.475 - 22.770, 20.322 - 20.564, Zgold2}, {27.475 - 22.770, 24.072 - 20.564, Zgold2}},
VertexTextureCoordinates -> {{0, 0}, {0, 1}, {1, 1}, {1, 0}}]}};

gold12unrot =

{Texture[imagegold12],
Polygon[{{22.153 - 22.532, 24.028 - 20.561, Zgold12}, {22.153 - 22.532, 20.378 - 20.561, Zgold12},

{27.003 - 22.532, 20.378 - 20.561, Zgold12}, {27.003 - 22.532, 24.028 - 20.561, Zgold12}},
VertexTextureCoordinates -> {{0, 0}, {0, 1}, {1, 1}, {1, 0}}]};

gold12 = Rotate[gold12unrot, 10 Degree, {0, 1, 0}, {pointlist[[NP, 1]], pointlist[[NP, 2]], pointlist[[NP, 3]]}];
cell12unrot =

{Texture[imagecell12],
Polygon[{{0 - 22.532, 28 - 20.561, Zcell12}, {0 - 22.532, 0 - 20.561, Zcell12},

{40 - 22.532, 0 - 20.561, Zcell12}, {40 - 22.532, 28 - 20.561, Zcell12}},
VertexTextureCoordinates -> {{0, 0}, {0, 1}, {1, 1}, {1, 0}}]};

cell12 = Rotate[cell12unrot, 10 Degree, {0, 1, 0}, {pointlist[[NP, 1]], pointlist[[NP, 2]], pointlist[[NP, 3]]}];
(*Note rotation centred around NP16 for ease of demonstration*)

(*Display Graphic*)
paperlist3 = Join[celllist, nuclist, spherelist];
ProjectionImage =

Graphics3D[{paperlist3, {Lighting � {"Point", White, {30, 20, 30}}, gold2, gold12, cell2, cell12}}];
Show[ProjectionImage, Axes � True, AxesLabel � {

Style["x / �m", Bold, 20], Style["y / �m", Bold, 20], Style["z / �m", Bold, 20]}, BoxStyle � Thick,
TicksStyle � 14, ImageSize � Large]

Animations
(*Animation to rotate around 3D world.*)
shorthand = {paperlist3, {Lighting � {"Point", White, {30, 20, 30}}, gold2, gold12, cell2, cell12}};
tmax = 50 000; rscale = 0.5; (* range of r to fly *)

rmin = 1.5; (*closest *)

rcamera[t_] = rscale*(t/tmax)^2 + rmin;
numrots = 0.5; (*number of rotations in half of the flight *)

ang[t_] = -2*Pi *t*numrots /tmax;

fly2 = Animate[Graphics3D[shorthand, Boxed � True, ViewAngle � 0.7, ViewVertical � {0, -1, 0},
ImageSize � Large, ViewPoint � {rcamera[time]*Cos[-ang[time]], 0, rcamera[time]*Sin[-ang[time]]},
SphericalRegion � True], {time, -tmax, tmax}, AnimationDirection � Forward, DefaultDuration � 120,

AnimationRepetitions � 1, AnimationRunning � False, DisplayAllSteps � True]
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Nanoparticle-Cell 3D Reconstruction
CodewrittenbyAaronMcCulloch andFrederickCurrell, 2018.Donot redistributewithout expressedpermission.

Thiscode isused toproducea threedimensional reconstructionof the cell,
nucleus andobserved gold nanoparticles fromXRFdata a�er processingwith other attached scripts toobtain therequired
parameters.

Nanoparticle Representation
������� (*Import nanoparticle information in a tab-delimited text file following the format:

NP Number x/um y/um z/um x error y error z error *)

datain =

Import[
"/Users/amccolloch/Documents/RCaH Microscopy/Dec X-Ray/X-Ray Analysis/3D Reconstruction/2)

High Res Analysis/NP_Fit_Results11.txt", "Table"];

(*Nanoparticle parameters*)
nprad = 15.3/2000; (*hard core radius 1/2 for radius, 1/1000 for nm to um convert*)
hydrorad = 2*(45 + 70)/2000; (*hard core radius 1/2 for radius, 1/1000 for nm to um convert*)

(* Trim header row and create a list of spheres representing the set of AuNPs. *)

datlen = Length[datain];
datause = Table[datain[[i]], {i, 2, datlen, 1}];
datause // TableForm;
datlen = Length[datause];

pointlist = Table[{datause[[i]][[2]], datause[[i]][[3]], datause[[i]][[4]]}, {i, 1, datlen}];
com = Sum[pointlist[[i]], {i, 1, datlen}]/datlen;

spherelist =

Table[{Opacity[1.0], Black, Sphere[pointlist[[i]], nprad], Opacity[1], Gray,
Sphere[pointlist[[i]], hydrorad]}, {i, 1, datlen}] // Flatten;

(*Display AuNPs*)
Graphics3D[spherelist];

(*Create a list of line objects representing the imported error bars.*)
xerrlist = Join[{Black, Opacity[0.6], Thickness[0.006], CapForm[Square]},

Table[{Line[{pointlist[[i]] + {datause[[i]][[5]], 0, 0}, pointlist[[i]] - {datause[[i]][[5]], 0, 0}}]},
{i, 1, datlen}] // Flatten];

yerrlist = Join[{Black, Opacity[0.6], Thickness[0.006], CapForm[Square]},
Table[{Line[{pointlist[[i]] + {0, datause[[i]][[6]], 0}, pointlist[[i]] - {0, datause[[i]][[6]], 0}}]},

{i, 1, datlen}] // Flatten];
zerrlist = Join[{Black, Opacity[0.6], Thickness[0.006], CapForm[Square]},

Table[{Line[{pointlist[[i]] + {0, 0, datause[[i]][[7]]}, pointlist[[i]] - {0, 0, datause[[i]][[7]]}}]},
{i, 1, datlen}] // Flatten];

(*Combine AuNP and error bar objects.*)
nplist = Join[spherelist, xerrlist, yerrlist, zerrlist];
Graphics3D[nplist, {ViewPoint � Below, Axes � True, AxesLabel � {x, y, z}, ImageSize � Large }]

Low Res Nanoparticle Analysis
������� (*Follow same format as high res code.*)

datain2 =

Import[
"/Users/amccolloch/Documents/RCaH Microscopy/Dec X-Ray/X-Ray Analysis/3D Reconstruction/3)

Low Res Analysis/7_Final_NP_Results.txt", "Table"];

nprad2 = 15.3/2000; (*hard core radius 1/2 for radius, 1/1000 for nm to um convert*)
hydrorad2 = (45 + 70)/2000; (*hard core radius 1/2 for radius, 1/1000 for nm to um convert*)

datlen2 = Length[datain2];
datause2 = Table[datain2[[i]], {i, 2, datlen2, 1}];
datause2 // TableForm;
datlen2 = Length[datause2];

pointlist2 = Table[{datause2[[i]][[2]], datause2[[i]][[3]], datause2[[i]][[4]]}, {i, 1, datlen2}];
com2 = Sum[pointlist2[[i]], {i, 1, datlen2}]/datlen2;

spherelist2 =

Table[{Opacity[1.0], Black, Sphere[pointlist2[[i]], nprad2], Opacity[1], Gray,
Sphere[pointlist2[[i]], hydrorad2]}, {i, 1, datlen2}] // Flatten;

Graphics3D[spherelist2];

xerrlist2 = Join[{Gray, Opacity[0.6], Thickness[0.006], CapForm[Square]},
Table[{Line[{pointlist2[[i]] + {datause2[[i]][[5]], 0, 0}, pointlist2[[i]] - {datause2[[i]][[5]], 0, 0}}]},

{i, 1, datlen2}] // Flatten];
yerrlist2 = Join[{Gray, Opacity[0.6], Thickness[0.006], CapForm[Square]},

Table[{Line[{pointlist2[[i]] + {0, datause2[[i]][[6]], 0}, pointlist2[[i]] - {0, datause2[[i]][[6]], 0}}]},
{i, 1, datlen2}] // Flatten];

zerrlist2 = Join[{Gray, Opacity[0.6], Thickness[0.006], CapForm[Square]},
Table[{Line[{pointlist2[[i]] + {0, 0, datause2[[i]][[7]]}, pointlist2[[i]] - {0, 0, datause2[[i]][[7]]}}]},

{i, 1, datlen2}] // Flatten];

nplist2 = Join[spherelist2, xerrlist2, yerrlist2, zerrlist2];
Graphics3D[{nplist2, nplist}, {ViewPoint � Below, Axes � True, AxesLabel � {x, y, z}, ImageSize � Large }]

Nucleus Construction
(*

Having used the Matlab fitting script values have been obtained for the centroid, semi-major axis (a),
semi-minor axis (b), and orientation of the fitted ellipse. The focus of the ellipse has also
been calculated using basic geometry and manually entered below.

*)

(*

For the purpose of reconstructing in 3D the focus and centroid locations will define the
orientation of the nucleus. The a and b lengths will define the nucleus size.

First the focus and centroid positions are used to describe the nucleus in terms of unit vectors
in 3D space.

FindGeometricTransform can then be used to create a function which takes objects in the world's x,
y,z orientations and maps them into the x,y,z orientation of the nucleus.

Finally create the nuclear ellipse using a and b lengths and now the transorm can be used
to plot this with the correct orientation.

*)

NuclearOutline (2�);
centroid = {3.419, 0.829, -1.753};
focus1 = {7.480, -1.022, -3.655};

(*fvec and orthovec1 and orthovec2 are orthogonal centred on the origin*)
(*Find fvec as the difference between focus and centroid then solve for the orthoganal vector
(one which will give a dot product of zero).*)

fvec = focus1 - centroid;
soln = Solve[{a, 0, 1}.fvec � 0, a];

orthovec1 = {a, 0, 1} //. soln[[1]];

soln = Solve[{{c, 1, b}.fvec � 0, {c, 1, b}.orthovec1 � 0}, {c, b}];

orthovec2 = {c, 1, b} //. soln[[1]];

(*These are orthogonal, now normalise them. *)

fvec = Normalize[fvec];
orthovec1 = Normalize[orthovec1];
orthovec2 = Normalize[orthovec2];

(*Check that they are orthogonal, dots should be 0.*)
Dot[fvec, orthovec1];
Dot[fvec, orthovec2];
Dot[orthovec2, orthovec1];
Graphics3D[{Line[{{0, 0, 0}, fvec}], Line[{{0, 0, 0}, orthovec1}], Line[{{0, 0, 0}, orthovec2}],

Opacity[0.2], Cuboid[{-1, -1, -1}, {1, 1, 1}]}];

(*Now shift them to the centroid position.*)
fvec = fvec + centroid;
orthovec1 = orthovec1 + centroid;
orthovec2 = orthovec2 + centroid;

(*Develop transform from x,y,z where x is the long axis of the prolate ellipsoid of rotation.*)
toimagespacenuc =

FindGeometricTransform[{centroid, fvec, orthovec1, orthovec2}, {{0, 0, 0}, {1, 0, 0}, {0, 1, 0}, {0, 0, 1}}][[
2]];

(*Create Ellipsoid using a and b axis lengths from fits and assume 2D symmetry*)
aellipsoid = (6.132 + 5.533)/2;
bellipsoid = (3.754 + 3.271)/2;
nuc = Ellipsoid[{0, 0, 0}, {aellipsoid, bellipsoid, bellipsoid}];

(*Transform nucleus into proper orientation*)
transformednuc = GeometricTransformation[nuc, toimagespacenuc];
nuclist = {Specularity[0.05, 3], Opacity[0.4], transformednuc};

(*Display result.*)
nucplusnplist = Join[nuclist, nplist];
nucimage = Graphics3D[nucplusnplist, {

Axes � True, AxesEdge � {Automatic, {1, 1}, {-1, -1}},
AxesLabel � {Style["x / �m", Bold, Black, 20], Style["y / �m", Bold, Black, 20],

Style["z / �m", Black, Bold, 20]},
TicksStyle � 14, BoxStyle � Thick, Lighting � "Automatic", ImageSize � Large }]

Cell Construction
CellOutline ;
(*Repeat same procedure for cell as for nucleus.*)
centroid = {0.845, -2.644, -2.942};
focus1 = {3.805, -5.542, -6.843};
aellipsoidcell = (10.697 + 10.729)/2;
bellipsoidcell = (9.666 + 9.898)/2;

fvec = focus1 - centroid;
soln = Solve[{a, 0, 1}.fvec � 0, a];
orthovec1 = {a, 0, 1} //. soln[[1]];
soln = Solve[{{c, 1, b}.fvec � 0, {c, 1, b}.orthovec1 � 0}, {c, b}];
orthovec2 = {c, 1, b} //. soln[[1]];
fvec = Normalize[fvec];
orthovec1 = Normalize[orthovec1];
orthovec2 = Normalize[orthovec2];
fvec = fvec + centroid;
orthovec1 = orthovec1 + centroid;
orthovec2 = orthovec2 + centroid;

toimagespacecell =

FindGeometricTransform[{centroid, fvec, orthovec1, orthovec2}, {{0, 0, 0}, {1, 0, 0}, {0, 1, 0}, {0, 0, 1}}][[
2]];

cell = Ellipsoid[{0, 0, 0}, {aellipsoidcell, bellipsoidcell, bellipsoidcell}];
transformedcell = GeometricTransformation[cell, toimagespacecell];
celllist = {Opacity[0.2], transformedcell};
Graphics3D[celllist];

fullcellplist = Join[celllist, nuclist, nplist, nplist2];
cellimage = Graphics3D[fullcellplist, { Axes � True, AxesLabel � {x, y, z}, ImageSize � Large }];

Paper Figure;
paperlist = Join[celllist, nuclist, nplist];
paperlist2 = Join[celllist, nuclist, nplist, nplist2];
cellimageBoth = Graphics3D[paperlist2, {

Axes � True, AxesLabel � {Style["x / �m", Bold, 20], Style["y / �m", Bold, 20], Style["z / �m", Bold, 20]},
TicksStyle � 14, BoxStyle � Thick, ImageSize � Large }]

Paper Style Figure
������� (*Import image files to display in 3D world.*)

imagegold2 =

Import[
"/Users/amccolloch/Documents/RCaH Microscopy/Dec X-Ray/X-Ray Analysis/Paper Documents/Figures

For Mathematica/270_Gold.tif"];
imagegold12 =

Import[
"/Users/amccolloch/Documents/RCaH Microscopy/Dec X-Ray/X-Ray Analysis/Paper Documents/Figures

For Mathematica/263_Gold.tif"];
imagecell2 =

Import[
"/Users/amccolloch/Documents/RCaH Microscopy/Dec X-Ray/X-Ray Analysis/Paper Documents/Figures

For Mathematica/Picture2Degrees.png"];
imagecell12 =

Import[
"/Users/amccolloch/Documents/RCaH Microscopy/Dec X-Ray/X-Ray Analysis/Paper Documents/Figures

For Mathematica/Picture12Degrees.png"];

(*To place images in world create a polygon object and then apply the image to the polygon
face as a texture.
Polygon notation goes as [BL,TL,TR,BR]*)

(*Z-Depths for 'whole view'*)
Zcell2 = 15;
Zgold2 = Zcell2 - 3;
Zcell12 = Zcell2 + 15;
Zgold12 = Zcell12 - 3;
NP = 16;

(*Create polygons, rotation needed for 10 degree shifted images.*)
cell2 =

{{Opacity[1], Texture[imagecell2],
Polygon[{{4 - 22.770, 28.005 - 20.564, Zcell2}, {4 - 22.770, 0.35 - 20.564, Zcell2},

{44 - 22.770, 0.35 - 20.564, Zcell2}, {44 - 22.770, 28.00 - 20.5645, Zcell2}},
VertexTextureCoordinates -> {{0, 0}, {0, 1}, {1, 1}, {1, 0}}]}};

gold2 =

{{Opacity[0.8], Texture[imagegold2],
Polygon[{{22.325 - 22.770, 24.072 - 20.564, Zgold2 }, {22.325 - 22.770, 20.322 - 20.564, Zgold2},

{27.475 - 22.770, 20.322 - 20.564, Zgold2}, {27.475 - 22.770, 24.072 - 20.564, Zgold2}},
VertexTextureCoordinates -> {{0, 0}, {0, 1}, {1, 1}, {1, 0}}]}};

gold12unrot =

{Texture[imagegold12],
Polygon[{{22.153 - 22.532, 24.028 - 20.561, Zgold12}, {22.153 - 22.532, 20.378 - 20.561, Zgold12},

{27.003 - 22.532, 20.378 - 20.561, Zgold12}, {27.003 - 22.532, 24.028 - 20.561, Zgold12}},
VertexTextureCoordinates -> {{0, 0}, {0, 1}, {1, 1}, {1, 0}}]};

gold12 = Rotate[gold12unrot, 10 Degree, {0, 1, 0}, {pointlist[[NP, 1]], pointlist[[NP, 2]], pointlist[[NP, 3]]}];
cell12unrot =

{Texture[imagecell12],
Polygon[{{0 - 22.532, 28 - 20.561, Zcell12}, {0 - 22.532, 0 - 20.561, Zcell12},

{40 - 22.532, 0 - 20.561, Zcell12}, {40 - 22.532, 28 - 20.561, Zcell12}},
VertexTextureCoordinates -> {{0, 0}, {0, 1}, {1, 1}, {1, 0}}]};

cell12 = Rotate[cell12unrot, 10 Degree, {0, 1, 0}, {pointlist[[NP, 1]], pointlist[[NP, 2]], pointlist[[NP, 3]]}];
(*Note rotation centred around NP16 for ease of demonstration*)

(*Display Graphic*)
paperlist3 = Join[celllist, nuclist, spherelist];
ProjectionImage =

Graphics3D[{paperlist3, {Lighting � {"Point", White, {30, 20, 30}}, gold2, gold12, cell2, cell12}}];
Show[ProjectionImage, Axes � True, AxesLabel � {

Style["x / �m", Bold, 20], Style["y / �m", Bold, 20], Style["z / �m", Bold, 20]}, BoxStyle � Thick,
TicksStyle � 14, ImageSize � Large]

Animations
(*Animation to rotate around 3D world.*)
shorthand = {paperlist3, {Lighting � {"Point", White, {30, 20, 30}}, gold2, gold12, cell2, cell12}};
tmax = 50000; rscale = 0.5; (* range of r to fly *)

rmin = 1.5; (*closest *)

rcamera[t_] = rscale*(t/tmax)^2 + rmin;
numrots = 0.5; (*number of rotations in half of the flight *)

ang[t_] = -2*Pi *t*numrots /tmax;

fly2 = Animate[Graphics3D[shorthand, Boxed � True, ViewAngle � 0.7, ViewVertical � {0, -1, 0},
ImageSize � Large, ViewPoint � {rcamera[time]*Cos[-ang[time]], 0, rcamera[time]*Sin[-ang[time]]},
SphericalRegion � True], {time, -tmax, tmax}, AnimationDirection � Forward, DefaultDuration � 120,

AnimationRepetitions � 1, AnimationRunning � False, DisplayAllSteps � True]
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Nanoparticle-Cell 3D Reconstruction
CodewrittenbyAaronMcCulloch andFrederickCurrell, 2018.Donot redistributewithout expressedpermission.

Thiscode isused toproducea threedimensional reconstructionof the cell,
nucleus andobserved gold nanoparticles fromXRFdata a�er processingwith other attached scripts toobtain therequired
parameters.

Nanoparticle Representation
������� (*Import nanoparticle information in a tab-delimited text file following the format:

NP Number x/um y/um z/um x error y error z error *)

datain =

Import[
"/Users/amccolloch/Documents/RCaH Microscopy/Dec X-Ray/X-Ray Analysis/3D Reconstruction/2)

High Res Analysis/NP_Fit_Results11.txt", "Table"];

(*Nanoparticle parameters*)
nprad = 15.3/2000; (*hard core radius 1/2 for radius, 1/1000 for nm to um convert*)
hydrorad = 2*(45 + 70)/2000; (*hard core radius 1/2 for radius, 1/1000 for nm to um convert*)

(* Trim header row and create a list of spheres representing the set of AuNPs. *)

datlen = Length[datain];
datause = Table[datain[[i]], {i, 2, datlen, 1}];
datause // TableForm;
datlen = Length[datause];

pointlist = Table[{datause[[i]][[2]], datause[[i]][[3]], datause[[i]][[4]]}, {i, 1, datlen}];
com = Sum[pointlist[[i]], {i, 1, datlen}]/datlen;

spherelist =

Table[{Opacity[1.0], Black, Sphere[pointlist[[i]], nprad], Opacity[1], Gray,
Sphere[pointlist[[i]], hydrorad]}, {i, 1, datlen}] // Flatten;

(*Display AuNPs*)
Graphics3D[spherelist];

(*Create a list of line objects representing the imported error bars.*)
xerrlist = Join[{Black, Opacity[0.6], Thickness[0.006], CapForm[Square]},

Table[{Line[{pointlist[[i]] + {datause[[i]][[5]], 0, 0}, pointlist[[i]] - {datause[[i]][[5]], 0, 0}}]},
{i, 1, datlen}] // Flatten];

yerrlist = Join[{Black, Opacity[0.6], Thickness[0.006], CapForm[Square]},
Table[{Line[{pointlist[[i]] + {0, datause[[i]][[6]], 0}, pointlist[[i]] - {0, datause[[i]][[6]], 0}}]},

{i, 1, datlen}] // Flatten];
zerrlist = Join[{Black, Opacity[0.6], Thickness[0.006], CapForm[Square]},

Table[{Line[{pointlist[[i]] + {0, 0, datause[[i]][[7]]}, pointlist[[i]] - {0, 0, datause[[i]][[7]]}}]},
{i, 1, datlen}] // Flatten];

(*Combine AuNP and error bar objects.*)
nplist = Join[spherelist, xerrlist, yerrlist, zerrlist];
Graphics3D[nplist, {ViewPoint � Below, Axes � True, AxesLabel � {x, y, z}, ImageSize � Large }]

Low Res Nanoparticle Analysis
������� (*Follow same format as high res code.*)

datain2 =

Import[
"/Users/amccolloch/Documents/RCaH Microscopy/Dec X-Ray/X-Ray Analysis/3D Reconstruction/3)

Low Res Analysis/7_Final_NP_Results.txt", "Table"];

nprad2 = 15.3/2000; (*hard core radius 1/2 for radius, 1/1000 for nm to um convert*)
hydrorad2 = (45 + 70)/2000; (*hard core radius 1/2 for radius, 1/1000 for nm to um convert*)

datlen2 = Length[datain2];
datause2 = Table[datain2[[i]], {i, 2, datlen2, 1}];
datause2 // TableForm;
datlen2 = Length[datause2];

pointlist2 = Table[{datause2[[i]][[2]], datause2[[i]][[3]], datause2[[i]][[4]]}, {i, 1, datlen2}];
com2 = Sum[pointlist2[[i]], {i, 1, datlen2}]/datlen2;

spherelist2 =

Table[{Opacity[1.0], Black, Sphere[pointlist2[[i]], nprad2], Opacity[1], Gray,
Sphere[pointlist2[[i]], hydrorad2]}, {i, 1, datlen2}] // Flatten;

Graphics3D[spherelist2];

xerrlist2 = Join[{Gray, Opacity[0.6], Thickness[0.006], CapForm[Square]},
Table[{Line[{pointlist2[[i]] + {datause2[[i]][[5]], 0, 0}, pointlist2[[i]] - {datause2[[i]][[5]], 0, 0}}]},

{i, 1, datlen2}] // Flatten];
yerrlist2 = Join[{Gray, Opacity[0.6], Thickness[0.006], CapForm[Square]},

Table[{Line[{pointlist2[[i]] + {0, datause2[[i]][[6]], 0}, pointlist2[[i]] - {0, datause2[[i]][[6]], 0}}]},
{i, 1, datlen2}] // Flatten];

zerrlist2 = Join[{Gray, Opacity[0.6], Thickness[0.006], CapForm[Square]},
Table[{Line[{pointlist2[[i]] + {0, 0, datause2[[i]][[7]]}, pointlist2[[i]] - {0, 0, datause2[[i]][[7]]}}]},

{i, 1, datlen2}] // Flatten];

nplist2 = Join[spherelist2, xerrlist2, yerrlist2, zerrlist2];
Graphics3D[{nplist2, nplist}, {ViewPoint � Below, Axes � True, AxesLabel � {x, y, z}, ImageSize � Large }]

Nucleus Construction
(*

Having used the Matlab fitting script values have been obtained for the centroid, semi-major axis (a),
semi-minor axis (b), and orientation of the fitted ellipse. The focus of the ellipse has also
been calculated using basic geometry and manually entered below.

*)

(*

For the purpose of reconstructing in 3D the focus and centroid locations will define the
orientation of the nucleus. The a and b lengths will define the nucleus size.

First the focus and centroid positions are used to describe the nucleus in terms of unit vectors
in 3D space.

FindGeometricTransform can then be used to create a function which takes objects in the world's x,
y,z orientations and maps them into the x,y,z orientation of the nucleus.

Finally create the nuclear ellipse using a and b lengths and now the transorm can be used
to plot this with the correct orientation.

*)

NuclearOutline (2�);
centroid = {3.419, 0.829, -1.753};
focus1 = {7.480, -1.022, -3.655};

(*fvec and orthovec1 and orthovec2 are orthogonal centred on the origin*)
(*Find fvec as the difference between focus and centroid then solve for the orthoganal vector
(one which will give a dot product of zero).*)

fvec = focus1 - centroid;
soln = Solve[{a, 0, 1}.fvec � 0, a];

orthovec1 = {a, 0, 1} //. soln[[1]];

soln = Solve[{{c, 1, b}.fvec � 0, {c, 1, b}.orthovec1 � 0}, {c, b}];

orthovec2 = {c, 1, b} //. soln[[1]];

(*These are orthogonal, now normalise them. *)

fvec = Normalize[fvec];
orthovec1 = Normalize[orthovec1];
orthovec2 = Normalize[orthovec2];

(*Check that they are orthogonal, dots should be 0.*)
Dot[fvec, orthovec1];
Dot[fvec, orthovec2];
Dot[orthovec2, orthovec1];
Graphics3D[{Line[{{0, 0, 0}, fvec}], Line[{{0, 0, 0}, orthovec1}], Line[{{0, 0, 0}, orthovec2}],

Opacity[0.2], Cuboid[{-1, -1, -1}, {1, 1, 1}]}];

(*Now shift them to the centroid position.*)
fvec = fvec + centroid;
orthovec1 = orthovec1 + centroid;
orthovec2 = orthovec2 + centroid;

(*Develop transform from x,y,z where x is the long axis of the prolate ellipsoid of rotation.*)
toimagespacenuc =

FindGeometricTransform[{centroid, fvec, orthovec1, orthovec2}, {{0, 0, 0}, {1, 0, 0}, {0, 1, 0}, {0, 0, 1}}][[
2]];

(*Create Ellipsoid using a and b axis lengths from fits and assume 2D symmetry*)
aellipsoid = (6.132 + 5.533)/2;
bellipsoid = (3.754 + 3.271)/2;
nuc = Ellipsoid[{0, 0, 0}, {aellipsoid, bellipsoid, bellipsoid}];

(*Transform nucleus into proper orientation*)
transformednuc = GeometricTransformation[nuc, toimagespacenuc];
nuclist = {Specularity[0.05, 3], Opacity[0.4], transformednuc};

(*Display result.*)
nucplusnplist = Join[nuclist, nplist];
nucimage = Graphics3D[nucplusnplist, {

Axes � True, AxesEdge � {Automatic, {1, 1}, {-1, -1}},
AxesLabel � {Style["x / �m", Bold, Black, 20], Style["y / �m", Bold, Black, 20],

Style["z / �m", Black, Bold, 20]},
TicksStyle � 14, BoxStyle � Thick, Lighting � "Automatic", ImageSize � Large }]

Cell Construction
CellOutline ;
(*Repeat same procedure for cell as for nucleus.*)
centroid = {0.845, -2.644, -2.942};
focus1 = {3.805, -5.542, -6.843};
aellipsoidcell = (10.697 + 10.729)/2;
bellipsoidcell = (9.666 + 9.898)/2;

fvec = focus1 - centroid;
soln = Solve[{a, 0, 1}.fvec � 0, a];
orthovec1 = {a, 0, 1} //. soln[[1]];
soln = Solve[{{c, 1, b}.fvec � 0, {c, 1, b}.orthovec1 � 0}, {c, b}];
orthovec2 = {c, 1, b} //. soln[[1]];
fvec = Normalize[fvec];
orthovec1 = Normalize[orthovec1];
orthovec2 = Normalize[orthovec2];
fvec = fvec + centroid;
orthovec1 = orthovec1 + centroid;
orthovec2 = orthovec2 + centroid;

toimagespacecell =

FindGeometricTransform[{centroid, fvec, orthovec1, orthovec2}, {{0, 0, 0}, {1, 0, 0}, {0, 1, 0}, {0, 0, 1}}][[
2]];

cell = Ellipsoid[{0, 0, 0}, {aellipsoidcell, bellipsoidcell, bellipsoidcell}];
transformedcell = GeometricTransformation[cell, toimagespacecell];
celllist = {Opacity[0.2], transformedcell};
Graphics3D[celllist];

fullcellplist = Join[celllist, nuclist, nplist, nplist2];
cellimage = Graphics3D[fullcellplist, { Axes � True, AxesLabel � {x, y, z}, ImageSize � Large }];

Paper Figure;
paperlist = Join[celllist, nuclist, nplist];
paperlist2 = Join[celllist, nuclist, nplist, nplist2];
cellimageBoth = Graphics3D[paperlist2, {

Axes � True, AxesLabel � {Style["x / �m", Bold, 20], Style["y / �m", Bold, 20], Style["z / �m", Bold, 20]},
TicksStyle � 14, BoxStyle � Thick, ImageSize � Large }]

Paper Style Figure
������� (*Import image files to display in 3D world.*)

imagegold2 =

Import[
"/Users/amccolloch/Documents/RCaH Microscopy/Dec X-Ray/X-Ray Analysis/Paper Documents/Figures

For Mathematica/270_Gold.tif"];
imagegold12 =

Import[
"/Users/amccolloch/Documents/RCaH Microscopy/Dec X-Ray/X-Ray Analysis/Paper Documents/Figures

For Mathematica/263_Gold.tif"];
imagecell2 =

Import[
"/Users/amccolloch/Documents/RCaH Microscopy/Dec X-Ray/X-Ray Analysis/Paper Documents/Figures

For Mathematica/Picture2Degrees.png"];
imagecell12 =

Import[
"/Users/amccolloch/Documents/RCaH Microscopy/Dec X-Ray/X-Ray Analysis/Paper Documents/Figures

For Mathematica/Picture12Degrees.png"];

(*To place images in world create a polygon object and then apply the image to the polygon
face as a texture.
Polygon notation goes as [BL,TL,TR,BR]*)

(*Z-Depths for 'whole view'*)
Zcell2 = 15;
Zgold2 = Zcell2 - 3;
Zcell12 = Zcell2 + 15;
Zgold12 = Zcell12 - 3;
NP = 16;

(*Create polygons, rotation needed for 10 degree shifted images.*)
cell2 =

{{Opacity[1], Texture[imagecell2],
Polygon[{{4 - 22.770, 28.005 - 20.564, Zcell2}, {4 - 22.770, 0.35 - 20.564, Zcell2},

{44 - 22.770, 0.35 - 20.564, Zcell2}, {44 - 22.770, 28.00 - 20.5645, Zcell2}},
VertexTextureCoordinates -> {{0, 0}, {0, 1}, {1, 1}, {1, 0}}]}};

gold2 =

{{Opacity[0.8], Texture[imagegold2],
Polygon[{{22.325 - 22.770, 24.072 - 20.564, Zgold2 }, {22.325 - 22.770, 20.322 - 20.564, Zgold2},

{27.475 - 22.770, 20.322 - 20.564, Zgold2}, {27.475 - 22.770, 24.072 - 20.564, Zgold2}},
VertexTextureCoordinates -> {{0, 0}, {0, 1}, {1, 1}, {1, 0}}]}};

gold12unrot =

{Texture[imagegold12],
Polygon[{{22.153 - 22.532, 24.028 - 20.561, Zgold12}, {22.153 - 22.532, 20.378 - 20.561, Zgold12},

{27.003 - 22.532, 20.378 - 20.561, Zgold12}, {27.003 - 22.532, 24.028 - 20.561, Zgold12}},
VertexTextureCoordinates -> {{0, 0}, {0, 1}, {1, 1}, {1, 0}}]};

gold12 = Rotate[gold12unrot, 10 Degree, {0, 1, 0}, {pointlist[[NP, 1]], pointlist[[NP, 2]], pointlist[[NP, 3]]}];
cell12unrot =

{Texture[imagecell12],
Polygon[{{0 - 22.532, 28 - 20.561, Zcell12}, {0 - 22.532, 0 - 20.561, Zcell12},

{40 - 22.532, 0 - 20.561, Zcell12}, {40 - 22.532, 28 - 20.561, Zcell12}},
VertexTextureCoordinates -> {{0, 0}, {0, 1}, {1, 1}, {1, 0}}]};

cell12 = Rotate[cell12unrot, 10 Degree, {0, 1, 0}, {pointlist[[NP, 1]], pointlist[[NP, 2]], pointlist[[NP, 3]]}];
(*Note rotation centred around NP16 for ease of demonstration*)

(*Display Graphic*)
paperlist3 = Join[celllist, nuclist, spherelist];
ProjectionImage =

Graphics3D[{paperlist3, {Lighting � {"Point", White, {30, 20, 30}}, gold2, gold12, cell2, cell12}}];
Show[ProjectionImage, Axes � True, AxesLabel � {

Style["x / �m", Bold, 20], Style["y / �m", Bold, 20], Style["z / �m", Bold, 20]}, BoxStyle � Thick,
TicksStyle � 14, ImageSize � Large]

Animations
(*Animation to rotate around 3D world.*)
shorthand = {paperlist3, {Lighting � {"Point", White, {30, 20, 30}}, gold2, gold12, cell2, cell12}};
tmax = 50000; rscale = 0.5; (* range of r to fly *)

rmin = 1.5; (*closest *)

rcamera[t_] = rscale*(t/tmax)^2 + rmin;
numrots = 0.5; (*number of rotations in half of the flight *)

ang[t_] = -2*Pi *t*numrots /tmax;

fly2 = Animate[Graphics3D[shorthand, Boxed � True, ViewAngle � 0.7, ViewVertical � {0, -1, 0},
ImageSize � Large, ViewPoint � {rcamera[time]*Cos[-ang[time]], 0, rcamera[time]*Sin[-ang[time]]},
SphericalRegion � True], {time, -tmax, tmax}, AnimationDirection � Forward, DefaultDuration � 120,

AnimationRepetitions � 1, AnimationRunning � False, DisplayAllSteps � True]
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functionalizing groups, are a major tool in 
the nanomedicine revolution.

Predominant among these nanopar-
ticles are gold nanoparticles (AuNPs).[1] 
While a lot is known about uptake of 
AuNPs into cells and some of the cellular 
compartments,[2–4] far less is known about 
their uptake into the most important cel-
lular compartment—the nucleus.

As the hub for gene expression the 
nucleus is responsible for governing all 
cellular processes, making it a key target 
in nanomedicine. Widely reported in lit-
erature are numerous benefits of suc-
cessful AuNP uptake into the nucleus 
such as improved radiotherapy treatment 
by exploiting AuNPs’ dose enhancing 
properties,[5] novel regimes to combat 

illnesses such as HIV through the use of NP-mediated drug 
or gene delivery,[6,7] and the ability to cause disruption to the 
nuclear structure itself.[8,9]

To achieve nuclear uptake many studies use liposomal 
delivery or a cell penetrating peptide (CPP) coating on the 
AuNP,[10–12] thereby ensuring free dispersion within the cytosol 
and circumnavigating the traditional route of entry into the cell 
via endosome. A nuclear localization sequence (NLS) tagged 
onto the AuNP is often then used to ensure nuclear targeting 
once inside the cell.

However, it has been suggested that within such studies 
there is no unambiguous imaging evidence for uptake into 
the cell nucleus.[13] Fluorescence microscopy is highly useful 
as a fast, easy, and low-cost method to image multiple orga-
nelles at once. Many studies have imaged cells treated with 
fluorescently tagged-AuNPs in this manner and reported evi-
dence of cellular uptake or intracellular localization.[6,14,15] 
Yet, they fail to account for the fact that single microscope 
projections cannot be used to infer information regarding the 
3D position of the objects observed. Use of confocal fluores-
cence micro scopy in studies provides greater spatial informa-
tion due to the restricted z-field provided.[9,16] However, this 
remains an indirect method of observing AuNPs, with the 
marker being imaged rather than the nanoparticle, creating 
anomalous results should detachment occur. Transmission 
electron microscopy (TEM) is a powerful technique, pro-
viding nanometer resolution and a restricted z-field, which 
has been used to study the localization of AuNPs.[11,17] Yet, 
the excessive sample preparation required for TEM can be 
detrimental to the biological relevance of studies, ultrathin 

Studies into the cell nucleus’ incorporation of gold nanoparticles (AuNPs) are 
often limited by ambiguities arising from conventional imaging techniques. 
Indeed, it is suggested that to date there is no unambiguous imaging evidence 
for such uptake in whole cells, particularly at the single nanoparticle level. 
This shortcoming in understanding exists despite the nucleus being the most 
important subcellular compartment in eukaryotes and gold being the most 
commonly used metal nanoparticle in medical applications. Here, dual-angle 
X-ray flouresence is used to show individually resolved nanoparticles within 
the cell nucleus, finding them to be well separated and 79% of the intranuclear 
population to be monodispersed. These findings have important implications 
for nanomedicine, illustrated here through a specific exemplar of the predicted 
enhancement of radiation effects arising from the observed AuNPs, finding 
intranuclear dose enhancements spanning nearly five orders of magnitude.

Nuclear Uptake of Nanoparticles

1. Introduction

Nanomedicine is an area undergoing enormous growth in part 
due to the potential for engineering at the cellular level. Nano-
particles comprised of a metal core, typically surrounded by 

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited.
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original online publication.
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microtoming can result in artifacts in positioning and heavy-
metal stains used in sample preparation can be mistaken for 
small AuNPs.[18]

Recently developed imaging modalities have made sig-
nificant advances in visualizing intracellular AuNPs in a less 
ambiguous manner. Video-enhanced color differential interfer-
ence contrast (VECDIC) microscopy has been demonstrated as 
a means to directly image AuNPs in cells, doing so in a pseudo-
3D manner.[19] Likewise, studies have implemented the Cytoviva 
microscopy technique which is also capable of directly imaging 
intracellular AuNPs.[20] Yet, a study which fully and accurately 
describes the 3D location of a proposed set of nuclear AuNPs 
is still lacking.

This study uses an imaging modality selected to circum-
vent these limitations, directly imaging the X-ray fluorescence 
(XRF) signal from elemental gold in whole cells. PC-3 human 
prostate cancer cells were cultured on silicone-nitride windows 
and treated with citrate-capped AuNPs functionalized with 
a modified RALA peptide (Figure 1a,b).[21] High-resolution 

dual angle-XRF microscopy was performed on cell samples 
(Figure 1c) and analysis of the resultant maps of elemental dis-
tribution across the imaged region yielded a 3D reconstruction 
of the nucleus and observed AuNPs (Figure 1d).

As such, reported herein is the first unambiguous evidence 
of individually resolved AuNPs within an intact cell nucleus, 
providing information on the individual nanoparticle level.

2. Results and Discussion

2.1. Detecting Gold Nanoparticles in Cells Using XRF

XRF measurements were performed on cell samples treated 
with RALA-AuNPs (see Sample Preparation, Experimental Sec-
tion) using the I14 Hard X-Ray Nanoprobe beamline at the 
Diamond Light Source synchrotron facility. The samples were 
moved stepwise such that a 14 keV nanoscale X-ray beam scans 
over the desired region of the sample that is to be imaged.  

Part. Part. Syst. Charact. 2019, 36, 1900140

Figure 1. Demonstrating nuclear uptake of AuNPs through a 3D reconstruction of cancer cells imaged using dual-angle XRF. a) Citrate-capped AuNPs 
are modified with RALA peptide to impart nuclear targeting capabilities. b) The sample is prepared by culturing PC-3 human prostate cancer cells on a 
200 nm thick silicon nitride membrane and treating with the RALA-AuNP preparation. c) A 14 keV X-ray nanobeam is focused on the sample and the 
sample is moved such that the beam scans the desired imaging region while a silicon drift detector collects the resultant photons. This is repeated with 
the sample having undergone a small rotation to achieve dual-angle XRF. d) The fluorescent spectra from each pixel are analyzed to create elemental 
maps at each angle. e) Analysis of these images yields a 3D reconstruction of the imaged cell’s nucleus and the RALA-AuNP’s within, shown as spheres 
with 3D error bars, demonstrating definitive evidence for the nuclear uptake of RALA-AuNP. The diameter of the AuNP spheres has been doubled for 
ease of viewing in this figure.
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At each step characteristic photons were emitted by fluores-
cence and detected before being processed using the Dawn and 
PyMCA software packages to obtain pixel intensity information 
(see Imaging Procedure, Experimental Section).[22,23]

For each image collected and processed in this way a set 
of maps detailing the distribution of many different elements 
across the imaged region may be obtained. In this study, the 
elemental mapping of gold is of interest as this provides a 
truly direct route to detect the presence of AuNPs within the 
sample. Additionally, since it is known that the cell nucleus 
contains high levels of zinc due to the presence of zinc-finger 
proteins which are involved in gene regulation and nucleic acid 
binding,[24–26] the elemental distribution of zinc is also extracted 
to allow the boundary of the cell nucleus to be identified.

XRF can be a time-consuming process, as such initial large-
area measurements were taken using a coarse step size of 
1 µm, undersampling the region and thus creating maps of 
lower apparent resolution but in a relatively short time. Using 
an initially obtained map, the cell nucleus was then focused 
upon reducing the step size to generate a higher resolution 
map of this region of interest (Figure 2).

It is imperative to note that this result alone, where the 
AuNPs are seen to overlap with the location of the nucleus, 
should not be interpreted as evidence for successful nuclear 
uptake of the AuNP, as has been done in the past. XRF meas-
urements provide 2D projection images, and as such cannot 
be used to extract the full 3D location of the image contents. 
With that being said, this study will demonstrate how simple 
extensions to this technique facilitate the extraction of a wealth 
of additional information regarding the imaged nanoparticles, 
including their precise 3D locations.

2.2. Characterization of RALA-AuNPs

RALA is a cell-penetrating peptide previously shown to enhance 
the in vitro and in vivo delivery of a variety of moieties such 
as nucleic acids and bisphosphonates.[27,28] The amphipathic 
nature of RALA with both hydrophobic and hydrophilic regions 
facilitates transport across cell membranes predominantly via 
clathrin-mediated endocytosis. One of the key differentiators 
with RALA lies in the secondary amphipathic structure.[21] 

When the pH drops to <5.5, the alpha-helicity of RALA 
increases facilitating endosomal escape and release of the cargo 
into the cytoplasm.

In this study, RALA-AuNPs were created as described in 
RALA-AuNP Production, Experimental Section. The AuNPs 
were initially characterized using dynamic light scattering 
(DLS) before and after functionalization with the RALA pep-
tide, the results of which are shown in Table 1.

TEM images of the AuNPs before and after functionalization 
with the RALA peptide were also taken and used to measure 
the size of the gold core, as shown in the histogram in Figure 3. 
From these the average diameter of the AuNP core was deter-
mined to be 14.7 ± 1.7 nm, showing agreement with the value 
obtained via DLS.

Delving deeper, the measured AuNP diameters from TEM 
were used to calculate the typical distribution in volume of single 
AuNP cores. This volume is proportional to the number of gold 
atoms present in a given AuNP core, as is the intensity of the gold 
signal generated by the XRF process. As such, the distributions 
for AuNP volume, as per TEM, and for AuNP signal, as per XRF, 
ought to match when dealing with isolated, single nanoparticles.

To compare these distributions, the AuNP volume data from 
TEM are scaled between 0 and 1, as shown in blue in Figure 3. 
Cells treated with RALA-AuNPs were imaged using the XRF 
system’s highest resolution and the gold signal strength of a 
sample of 53 nanoparticles was extracted. This signal was lin-
early scaled. As the polydispersity index (PDI) indicated, not 
all RALA-AuNPs observed in this study will be monodispersed 
and clearly resolved. As such, the XRF signal value at which to 
scale to 1 was left free to vary such that the best fit in the single 
AuNP regime may be found, shown in orange in Figure 3.

Part. Part. Syst. Charact. 2019, 36, 1900140

Figure 2. Multiscale XRF mapping of the distribution of elemental zinc and gold in cell of interest. a) Zinc distribution across chosen region showing 
the outline of the cell of interest and its nuclear region in low resolution (recorded using a sample step size of 1 µm) b) Gold distribution in mid 
resolution (sample step size of 200 nm) focusing on the nuclear region. c) Gold distribution using the system’s highest resolution (sample step size 
of 50 nm) where individual AuNPs are clearly visible.

Table 1. Results of DLS characterization. DLS measurements were taken 
from AuNP samples before and after functionalization with the RALA 
peptide and presented are the obtained hydrodynamic radius, poly-
dispersity index, and zeta potential for each.

AuNP only RALA-AuNP

Diameter [nm] 15.49 ± 2.6 65.31 ± 3.95

PDI 0.31± 0.03 0.35 ± 0.04

Zeta potential [mV] !23.7 ± 11.3 17.55 ± 1.79
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Through this process it was found that of the nanoparticles 
observed in the cell samples 68% of the population were mono-
dispersed. A fraction of the remainder of the population may 
also be monodispersed but with a proximity below the image 
resolution limit. This finding shows strong agreement with the 
PDI data in Table 1, which found 65 ± 4% of the nanoparticles 
in stock RALA-AuNP preparation to be monodispersed, high-
lighting the robustness of the single AuNP XRF signal limit 
predicted here. The validity of this result is reinforced further 
still by the fact that the predicted single AuNP limit is just 
above twice the smallest measured AuNP signal, that is, the 
likely lower limit on signal for an AuNP doublet. It should also 
be noted that the nanoparticles shown in Figure 3 appear more 
agglomerated due to the dehydration step required for TEM 
imaging.

2.3. 3D Cell Reconstruction from Dual-Angle XRF

In order to facilitate the extraction of 3D information from the 
obtained XRF images, the sample regions shown in Figure 2 
were imaged again, but with the sample having undergone a 
rotation of 10° about an axis perpendicular to the beam. By 
considering the distance between two objects in an image at 

one angle, !x"1, and comparing with the new distance between 
those objects at the second angle, !x"2, it is possible to deduce 
the relative depth of one object to the other, !Z, as shown in 
Equation (1) (Figure S1, Supporting Information)

tan sin
1 2Z

x x
! !

" = " # "! !

 
(1)

To analyze the gold elemental distribution maps in this 
manner, a custom 2D Gaussian fitter was written in Math-
ematica (see Gaussian Fitter, Experimental Section) for the 
purpose of determining the x-y centroid for each RALA-AuNP 
observed. Fitting was performed on the high and mid-resolu-
tion gold maps (Figure 2b,c) and their counterparts obtained 
after rotation allowing !Z values for each observed nanoparticle 
to be calculated relative to an arbitrarily chosen z-axis origin. 
In the case of the high-resolution images, errors arising from 
the Gaussian fitting process and rotational angle were pro-
pagated through the analysis chain to obtain error bars for !Z. 
The mid-resolution data set requires a slightly more detailed 
approach to error propagation as is described in Note S2  
(Supporting Information).

To determine the 3D position of the nucleus and cell 
membrane, a slightly different approach was taken since 

Part. Part. Syst. Charact. 2019, 36, 1900140

Figure 3. Characterization of the RALA-AuNPs. Shown in the inset image is a typical TEM image of the RALA-AuNPs post-functionalization. The size 
of the AuNP core was determined using TEM images of AuNPs pre-functionalization, shown in gray on the secondary axis is the histogram of meas-
ured core diameter. From this the distribution of AuNP volume was determined, shown as a cumulative frequency plot for the population sampled in 
blue. The distribution of measured gold signal intensity, generated by XRF imaging, for a sample of candidate monodispersed RALA-AuNPs, shown 
in orange, was fitted to this distribution to determine the maximum XRF signal for a single RALA-AuNP. All errors shown are representative of one 
standard deviation.
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these are single, continuous objects rather than multiple iso-
lated objects as was the case with the AuNPs. A MATLAB 
script was written to fit the cell and nuclear boundaries, at 
both angles, to 2D ellipses (see Nucleus and Cell Outlining, 
Experimental Section). By determining the centroid and 
foci of the ellipses at both angles and treating them as point 
objects, as with the AuNP analysis, the z-position of these 
points were calculated relative to the predefined z origin. 
These data points were then used to construct ellipsoids of 
the cell and nucleus (see Graphical Reconstruction, Experi-
mental Section).

Expanding upon this a 3D reconstruction combining the 
AuNP data with the cell and nucleus outlines was generated 
(Figure 4). Investigating the AuNPs observed in high resolu-
tion over the nuclear region (Figure 2c) this reconstruction 
reveals that not only have they clearly been endocytosed by the 
cell but also additionally 95% of this sample are unambigu-
ously within the bounds of the nucleus (Figure 4a–c). This can 
be seen clearly by viewing Video S4 (Supporting Information) 
where the viewpoint spans around the cell of interest. Further-
more, inclusion of the AuNPs imaged in mid resolution across 
a wider field (Figure 2b) reveals all stages of the uptake pathway 
with nanoparticles being observed extracellularly, in the cyto-
plasm and within the nucleus (Figure 4d).

2.4. Validity of Nuclear Uptake

To make the claim that the AuNPs are definitely imaged inside a 
cell nucleus, it is necessary to ensure that this result is reliable.

First, consider the nucleus. The nuclear ellipsoid presented 
in Figure 4 is generated from a minimum case scenario. The 
2D nuclear ellipses which give rise to the ellipsoid are fitted to 
pixels with a zinc XRF signal strength two standard deviations 
above the mean cytoplasmic response (Nucleus and Cell Out-
line, Experimental Section). As such, the reconstructed nucleus 
shown is a highly conservative estimation of the true nuclear 
volume. This is intentional to ensure any object observed 
within the reconstructed nucleus can be reliably demonstrated 
to have undergone nuclear uptake rather than association 
with the nuclear membrane. Furthermore, if the nuclear out-
lining procedure is relaxed slightly an analogous result is still 
achieved highlighting that this is not simply an ambiguous 
result (Figure S3, Supporting Information).

Consider then the accuracy of the location of the AuNPs. The 
diameter of the gold core of the RALA-AuNP is !15 nm, how-
ever under imaging in high resolution (Figure 2c) the nano-
particles appear to have a much larger size of 332 ± 82 nm at 
full width at half maximum (FWHM) when performing a 2D 
Gaussian fit. This observed FWHM is a convolution of several 

Part. Part. Syst. Charact. 2019, 36, 1900140

Figure 4. 3D reconstruction of cell membrane, nucleus, and observed AuNPs. a) Top-down view of a to-scale model showing the graphical reconstruc-
tion of cell and AuNPs and the dual-angle gold and zinc elemental maps from which it was derived. The red guidelines highlight a single AuNP observed 
in both images. b) Demonstrating the alignment of the 3D cell and nucleus model with the 0° zinc map. c) Side view of whole system. d) A blow-up 
image of the same reconstruction, but also showing the AuNPs observed using mid resolution in addition to their high-resolution counterparts. Clear 
evidence of nuclear uptake of said AuNPs is demonstrated in addition to many cellular and a few extracellular AuNPs being recorded. Nanoparticle 
width has been doubled to aid viewing.
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factors including X-ray beam width, translator step reproduci-
bility, and nanoparticle size. Gaussian fitting for each nanopar-
ticle region has allowed the extraction of each AuNP centroid to 
an accuracy less than the 50 nm step size. As such, this gives 
rise to the relatively small error bars associated with AuNPs 
imaged in high resolution, placing 95% of them well within the 
nuclear boundary to a high degree of accuracy.

Additionally, it should be noted that this 95% rate of nuclear 
uptake is not representative of the entire population. Rather 
this is indicative of the nuclear region being specifically selected 
from the low resolution, 200 nm step size image (Figure 2a) 
possibly leading to a disproportionately high number of 
AuNPs observed inside the nucleus. This becomes apparent 
when including the nanoparticles observed in mid resolution 
which, while still capturing the nuclear region, were observed 
over a greater cellular area. As such, the percentage of AuNPs 
observed inside the nucleus drops to 45 ± 8%, a value which, 
while indeed closer to the global nuclear uptake percentage, 
should still be considered as disproportionately large due to the 
selection of the nucleus as the imaging region.

One interesting facet of the data shown in Figure 4 is that 
it appears few AuNPs occupy positions far into the negative  
z-axis volume of the cell. It is known that during culturing 
when cells adhere to the mounting surface their shape can 
deform slightly, being pulled broader and flatter, into a more 
“fried egg”-like shape.[29,30] When the gold was added to the 
cells they were already resident on the silicone-nitride window. 
Hence, the most direct route into the nucleus, both in terms of 
media access to the cell membrane and trafficking through the 
cytoplasm, would be from the top of the cell as observed.

2.5. The Significance of Observed Nuclear Uptake

As previously discussed, a direct measurement of the une-
quivocal uptake of AuNPs into the cell nucleus has not been 
reported in the field of nanomedicine, yet is highly important 
in evidencing the possible benefits of a given AuNP prepara-
tion. To illustrate this, we pick a specific application domain—
the radiosensitization due to enhanced dose deposition around 
nanoparticles. While this application domain has been chosen 
because it is amenable to quantified calculation with the rel-
evant computational machinery being at hand,[31] this finding 
illustrates the importance for any causal effect expected to 
be local to the nanoparticles. In fact, the dose enhancement 
roughly falls off with the second inverse power of distance from 
the nanoparticle, that is, d!2 where d is the distance between the 
nanoparticle and the site of effect. While it is not usual to think 
in these terms, a lot of other biological phenomena will fall off 
more rapidly (i.e., be more local). In these cases, the effect of 
penetration into the nucleus will be greater still.

The dominant physical effect giving rise to AuNP radiosen-
sitization is the production of low-energy, short-range Auger 
electrons which cause dense ionization, and thus huge doses, 
for several hundred nanometers around the AuNP surface.[32] 
As such, the exact intracellular location of an AuNP is hugely 
important in determining the amount of nuclear DNA damage 
induced upon irradiation; AuNPs which fail to localize with the 
nuclear membrane, or ideally undergo uptake into the nucleus,  

will provide much greater DNA damage by the short-range  
low-energy electrons produced. Within this study we have dem-
onstrated a definitive method by which to show that the RALA-
AuNP preparation used has been taken up in the nucleus.

Moreover, monodispersion within the nucleus would be the 
ideal distribution for maximizing DNA damage as this repre-
sents multiple sites where nuclear DNA damaging events have 
an opportunity to occur. Based on the RALA-AuNP characteriza-
tion analysis, detailed previously in Figure 3, the nanoparticles 
imaged in high resolution were compared to the predicted XRF 
signal limit for a single, isolated nanoparticle. It was found that 
79% of the RALA-AuNPs internalized by the nucleus had XRF 
responses lower than this limit and as such are indeed pre-
dicted to be monodispersed nanoparticles, once more showing 
how this technique can in new ways shed light on the potential 
benefits of nanoparticle-based treatments to patients.

To further illustrate the significance of these findings, a 
model was created to show the predicted dose enhancement 
that would arise during irradiation from this set of AuNPs in 
the real distribution in and around the nucleus as determined 
by this study (Figure 5). Recalling that the dose enhancement 
is being shown on a logarithmic intensity scale, this figure 
illustrates the significance of AuNP uptake into the nucleus. 
Removing from the simulation those nanoparticles which are 
in the nucleus results in a very significant depression in the 
dose enhancement to the nucleus.

The importance of nuclear uptake is clear from this model, 
RALA-AuNPs within the nucleus lead to huge nuclear dose 
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Figure 5. The dose-enhancement distribution arising from the presence 
of RALA-AuNPs in and around the nucleus during irradiation. A portion of 
the nuclear ellipsoid is shown along with nearby RALA-AuNPs observed 
in this study, each located at the intersection of the dashed lines. Three 
planes through the nucleus are chosen and the average dose increase 
due to the presence of the NPs across the plane is shown in 3D on a 
logarithmic vertical scale, the blue region denoting outside of nucleus 
and the red inside. The vertical aspect ratio in these figures is 3 (i.e., 
z-direction coordinates, vertical in the figures, were all multiplied by 3 for 
graphical purposes alone). a) The dose distribution with all nanoparticles 
included is shown. b) The nanoparticles with a probability greater than 
50% of being inside the nucleus have been excluded. As expected,  
the NPs found to be inside the nucleus have a very significant effect on 
the dose enhancement inside the nucleus. The full dynamic range in 
dose enhancement observed is somewhat disguised by the logarithmic 
scale being approximately five orders of magnitude, with the highest dose 
enhancement in panel (a) being a factor of 69 000 greater than the lowest 
enhancement shown in the same panel.
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enhancements and hence much greater damage to the nuclear 
DNA. But further to this it can be seen that nuclear dose 
enhancements of this magnitude are not possible from extra-
nuclear RALA-AuNPs alone, the effect is too short range. In 
order to gain a significant increase in damage to DNA, nuclear 
uptake of the nanoparticle is required. The technique of dual-
angle XRF presented here has the potential to facilitate many 
future studies. Analogous experiments comparing and con-
trasting the uptake and localization of other functionalized  
nanoparticles could be carried out. The success of drug delivery 
systems which seek to target specific organelles could be 
assessed using this method.

3. Conclusion

In progressing the use of AuNP-enhanced radiotherapy to the 
clinic having a detailed knowledge of the uptake dynamics of 
AuNPs in cells is of great importance, with the degree of ben-
eficial dose enhancement being highly dependent on the loca-
tion of the AuNP within the cell. Historically many studies 
report cellular or nuclear uptake of nanoparticles using tech-
niques which either assume knowledge of the depth of image 
contents or only provide an indirect and therefore not fully reli-
able measurement. Here, we have presented results showing 
the precise 3D location of AuNPs within the cell, reporting the 
first unambiguous evidence of the nuclear uptake of monodis-
persed AuNPs in a whole cell.

4. Experimental Section
Sample Preparation: PC-3 human prostate cancer cells (American 

Type Culture Collection, UK) were maintained in monolayers in a RPMI 
1640 medium (Gibco, UK) which was supplemented with 10% fetal 
bovine serum (FBS). The cells were subcultured at 70–90% confluency, 
using 4 mL phosphate buffered saline solution to remove excess FBS. 
0.05% trypsin (Gibco, UK) was added until full detachment of cells was 
achieved before being neutralized using an equal volume of complete 
medium and centrifuged at 50 g before resuspension to single cells.

The cells were then seeded onto 200 nm thick silicon nitride 
membrane windows (Norcada Inc.); the material holding the cell 
samples must undergo minimal interaction with the X-ray beam in order 
to perform XRF measurements. The cells were incubated for 24 h before 
treatment with a 25 µg mL!1 solution of RALA-AuNP. After a further 6 h 
the samples were fixed and dried.

Imaging Procedure: The Diamond Light Source synchrotron provides 
the I14 Hard X-Ray Nanoprobe beamline with a beam of X-rays being 
focused using nanofocusing KB mirrors, which can be adjusted over 
an energy range of 5–23 keV. For this study, a 14 keV X-ray energy was 
selected, allowing the L-" electronic transition of gold at 9.7 keV and the 
K-" transition of zinc at 8.6 keV to be probed.

XRF was performed using step sizes of the sample of 1 µm, 200 nm, 
and 50 nm in two directions perpendicular to the beam, the same step 
size being used for both directions in each raster scan. This was done 
with the same X-ray optics setup so the 1 µm step represents significant 
undersampling and was used for an initial survey. The 200 nm step size 
is close to the measured FWHM of XRF AuNP features of 332 ± 82 nm. 
While scans at this step size can be sure to show all of the nanoparticles 
in the field of view, using the even smaller step size of 50 nm gives 
rise to significant oversampling which in turn facilitates a smaller 
(subresolution) determination of the centroids of features observed.

The collected fluorescent photons were detected by a four-element 
silicon drift detector with a solid collection angle of 0.6–0.8 sr, 

operating 1.5 Mcps per channel. The PyMCA and DAWN software 
packages were used to perform analysis on the obtained fluorescent 
spectra by isolating the relevant peaks and converting to elemental 
intensity on a pixel-by-pixel basis, thereby generating elemental 
maps.[22,23]

RALA-AuNP Production: Aqueous AuNPs were created using the 
Turkevich method.[33] 400 mL of 0.01 w/v% gold(III) chloride hydrate 
solution (Sigma, UK) was added to a round bottomed flask and heated 
under reflux. Once boiling 9 mL of 1 w/v% sodium citrate (Sigma, UK) 
was added to the flask, it was heated for a further hour with stirring. 
The heat was then removed and the solution left to cool overnight 
with constant stirring before being reduced to a stock concentration of 
33 µg mL!1 via centrifugation.

RALA peptide (Biomatik Corp., USA) was stored at !20 °C until 
resuspended in DNase/RNase-free water (Lifetech, UK) at 5.8 µg µL!1. 
The RALA and AuNP solutions were combined, thoroughly pipetting to 
ensure the reagents were well mixed, to make a 50 µL volume containing 
25 µg of peptide and incubated for 30 min at room temperature.

2D Gaussian Fitting Process for Gold Elemental Maps: For each 
gold elemental map obtained, ImageJ was used to select and crop 
a small “patch” around each observed AuNP, while also recording 
the coordinates defining where each patch is located with respect to 
its original, larger image. These patches were read by a Mathematica 
script which fitted each data set to a 2D Gaussian function, allowing the 
extraction of the centroid for each AuNP imaged.

In some cases where two AuNPs were observed in close proximity, 
making them difficult to individually analyze, it was necessary to use a 
double-Gaussian fitter to obtain accurate centroid positions.

Code available upon request from the author.
Nucleus and Cell Outline: A Matlab script was created with the general 

purpose of fitting an ellipse to candidate cell or nucleus pixels using the 
in-built “regionprops” function, thereby outlining the cell and nuclear 
membranes. This script outputs the coordinates of the ellipse’s centroid, 
the size of its major and minor axis, and its orientation.

To isolate pixels of the cell of interest, ImageJ was used. A lower 
threshold on pixel intensity was increased until all pixels clearly in the 
extracellular region were removed. In a case such as Figure 2a where 
there are neighboring cells close to the cell of interest, this does not 
define a clear outline for the entire cell. It was necessary to perform the 
additional step of manually inspecting the pixel values and cropping the 
cell outline in accordance to the location of the minima between the two 
cells. The pixels within this cropped cell outline were then passed to the 
Matlab script for fitting.

In order to avoid a biased selection of nuclear pixels in Figure 2a, 
a sample of the upper half of the cell, clearly not containing nuclear 
pixels, was analyzed in ImageJ. The mean and standard deviation of this 
sample is therefore representative of the cytoplasmic zinc response. 
In order to be certain that no cytoplasmic pixels were taken into the 
nuclear fitting process, a threshold on pixel intensity was set 2# above 
the mean of the cytoplasmic zinc response. Figure S4 (Supporting 
Information) shows the importance of this high threshold, reducing 
it to 1.5# still shows good agreement with the obtained result but 
reducing to 1# leads to the incorporation of stray cytoplasmic pixels 
and an erroneous result.

Code available upon request from the author.
Graphical Reconstruction: To reconstruct a 3D ellipsoid from two 2D 

ellipses, the parameters obtained from the ellipse fitting process at both 
angles are processed using a Mathematica script. The foci of the ellipses 
are determined as 2 2a b!  where a and b are the semimajor axis and the 
semiminor axis, respectively. Depth analysis is performed as described 
by Equation (1) on the centroid and foci to infer their 3D positions. In 
this manner, the orientation of the ellipsoid in 3D space is obtained. The 
size of the ellipsoid is then determined from an average of the a and b 
parameters of the ellipses that produce it.

This process does rely on two assumptions. First, when the ellipsoid 
is reconstructed it is assumed that one is dealing with a spheroid, that 
is to say, an ellipse where two of the axes are equal in magnitude, in this 
case having the third axis equal to the average b parameter. Although this 
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is not entirely accurate as it is known that cells and nuclei are somewhat 
amorphous, it is however believed to be a good approximation.

Second, the average of the a and b parameters of the observed 
ellipses are equivalent to the a and b parameters of the ellipsoid. This 
assumption is not entirely accurate, unless the ellipsoid was oriented 
such that it was close to casting the maximum projection “shadow” 
at both angles of observation then this equivalency is not strictly true. 
However, the ellipsoid reconstructed will be contained entirely within the 
true volume of the real ellipsoid. For the purpose of this study, nuclear 
uptake is shown and therefore this assumption actually only goes further 
in assuring the validity of the claim; the nucleus reconstructed is within 
the bounds of the true nucleus but may in fact be slightly smaller in 
volume.

The same Mathematica code was then used to combine the dataset 
describing the 3D location of the RALA-AuNPs with the nucleus and cell 
ellipsoids to give a full reconstruction of the obtained data.

Code available upon request from the author.
Dose Deposition Simulation: The dose enhancement due to the 

Au-NPs was calculated using a multiscale Monte Carlo method.[31] Using 
Topas,[34] a clinical linac spectrum,[35] after transport through 3 cm of soft 
tissue, was further transported through a single nanoparticle (including 
its coating) with the outgoing phase space of all particles interacting 
with the nanoparticle or its coating being captured. These outgoing 
particles were then transported through a large volume of water with the 
dose deposition being scored in spherical symmetry to give the required 
radial dose distribution (RDD). The dose distributions shown in Figure 5 
were determined by superposition of many of these RDDs, treating 
them as spherical kernel functions centered on each nanoparticle. 
Where it was believed there were two unresolved nanoparticles, a 
double weighting was applied. Two such simulations were conducted,  
one with all the nanoparticles being used, one with only those outside 
the nucleus being used. This then gives the average dose enhancement 
due to the presence of the nanoparticles.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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