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Abstract 

Surgery remains a key treatment option for tumour removal, where surgeons 

primarily rely on eye and touch to assess the boundary between healthy and 

cancerous tissue with no cellular information as guidance. There is therefore a need 

for a device or instrument that can be used by the surgeon in real-time during the 

surgical procedure that will ensure as many of the cancerous cells have been 

removed as possible. Fluorescence-based techniques have great potential for such an 

application, wherein this thesis explores various aspects related to the use of 

fluorescence techniques for estimating tumour margins. 

The intrinsic fluorophore NAD(P)H has been studied due to the significant interest it 

has gained for its use in tumour margin estimation, where the influence of 

environmental factors on the properties of NAD(P)H in various solvents were 

initially investigated. An increase in the fluorescence lifetime of NADH was 

observed in water and ethylene glycol upon oxygen removal, where the average 

lifetimes increased from 0.40 ns to 0.45 ns and 0.76 ns to 0.94 ns respectively. In 

addition to this, fluorescence anisotropy measurements revealed two rotational 

correlation times of 0.43 ± 0.24 ns and 5.49 ± 0.04 ns for NADH in ethylene glycol. 

These times correspond to particle sizes of ~ 0.6 nm and 1.4 nm which have been 

attributed to the folded and unfolded conformations of NADH free in solution 

respectively, where such methods have not previously been reported for resolving the 

folded and unfolded conformations of NADH.  

NAD(P)H was also studied in the cellular environment, where a decrease in every 

lifetime component of NAD(P)H in cancerous prostate cells incubated in high 

glucose media compared to those in low glucose media has been observed, where 

decreases of 0.52 ns, 2.1 ns and 0.10 ns were found for τ1, τ2, (bound NAD(P)H) and 

τ3 (unbound NAD(P)H) respectively. In contrast to this, no change in lifetime was 

observed in healthy prostate cells incubated in both high and low glucose media. It is 

believed that the observed decrease in lifetime components in the cancer cells is due 

to the preferential use of the glycolysis pathway in these cells, which has been 

previously linked to a decrease in fluorescence lifetime of certain cancerous cell 

lines.  
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Additionally, a low-cost liquid light guide-based fluorescence lifetime system 

incorporating a translational stage has been designed for phantom margin 

assessments, where the margins were created using silica sol-gels. Measurements of 

phantom margins with Rhodamine 6G and NADH in the doped sol-gel region 

demonstrated that the sol-gel only region could be clearly identified 1 mm after the 

margin position based on the fluorescence decays obtained. Measurements were also 

performed using FDA-approved Indocyanine Green in the doped sol-gel region of 

the phantom margin, however only scatter from the sol-gel could be detected 7 mm 

before the margin. A comparison between light guide and single-photon avalanche 

diode (SPAD) array fluorescence lifetime imaging microscopy (FLIM) 

measurements demonstrated improved spatial resolution provided by the FLIM 

system for assessing the margin position with short-lived fluorophores such as ICG, 

where the sol-gel only region of the ICG-doped sample could be clearly identified 1 

mm after the margin using this system. 
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1. Introduction 

1.1 Cancer Treatment 

Cancer is one of the leading causes of death worldwide, where over 18 million cases 

were diagnosed globally in 20181. This is set to rise to over 29 million diagnoses by 

20401, and so the continuous development and improvement of cancer treatment 

remains of high importance. There are several treatment options available to cancer 

patients which are typically chosen depending on the type and stage of cancer. Some 

of the most common treatment options include chemotherapy, radiotherapy and 

surgical removal, where more specific techniques include photodynamic therapy 

(PDT) for the treatment of cancers in the neck and head areas, laser treatment for 

very early stage cancers that are close to the body surface, as well as high intensity 

focused ultrasound which can be used for treating single tumours or parts of large 

tumours2. Cancer treatments are under continuous development, where examples of 

newer treatment methods that are being more commonly used include 

immunotherapy where certain drugs can be used to re-establish the ability of the 

immune system in eliminating cancer cells while not causing additional damage to 

healthy cells3, as well as gene therapy which can be used to modify, delete or replace 

abnormal genes specific to the target cancer cells4.  

While various cancer treatments are currently being developed, surgery remains one 

of the most common treatment options for tumour removal, where in the UK ~ 49% 

of all patients cured undergo surgical intervention5. This project focuses on the 

surgical aspect of cancer treatment, where the steady rise in cancer cases each year 

and the common use of surgery in tumour removal means it is essential to continue 

the improvement of cancer surgery through research.  

 

1.1.1 Available Surgical Techniques 

Many surgical techniques are currently employed over the various stages of cancer 

diagnosis and treatment. For example, different endoscopic procedures can be used 

for the detection of various types of cancer, such as bronchoscopy for the diagnosis 
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of lung cancer6, colonoscopy for detecting colorectal cancer7, cystoscopy for cancer 

of the bladder8 and laparoscopy for diagnosing liver, pancreatic and ovarian cancer9. 

For treating cancers, surgery can typically involve large incisions through skin, 

muscle and sometimes bone to reach and remove the cancer, however there are some 

less invasive techniques also available to minimise recovery time and damage to 

healthy tissue. Examples include laparoscopy again, which can be used in the 

treatment of certain cancers such as those in the abdomen or prostate10, laser surgery 

where a beam of high intensity light is used to remove the cancerous tissue without 

damaging surrounding tissue11, cryosurgery which utilises liquid nitrogen to freeze 

and kill abnormal cells12 and also Mohs micrographic surgery, which can be used to 

shave off certain skin cancers13. 

During cancer surgery it is important that as much of the cancerous tissue is removed 

as possible while also preventing unnecessary damage to surrounding healthy 

tissue14. To accomplish this, surgeons primarily rely on visual inspection, palpation 

and experience in order to determine cancerous tissue during surgery. The margin 

between the cancerous cells and the cut tissue edge is known as the surgical margin. 

A negative surgical margin indicates there are no cancerous cells near the edge of the 

cut tissue and a positive margin indicates that there are cancerous cells present at or 

very close to the cut tissue edge, where it is therefore possible that cancerous tissue 

remains in the body15. While visual inspection and palpation can be effective for bulk 

tumour, it lacks sensitivity in detecting cancer at the cellular level16 potentially 

leading to a positive margin and the patient requiring further surgery. 

The current gold standard for margin assessment is slide-based histology, which can 

be a time-consuming and laborious process that is completed post-operatively17. 

There are other techniques currently available for estimating tumour margins 

intraoperatively, some of which include frozen section histology, intraoperative MRI, 

CT18, ultrasound19 and optical coherence tomography20. However, these have their 

own drawbacks and are not in widespread use, where some drawbacks include 

requiring highly complex and specialised surgical suites for the use of intraoperative 

MRI and CT in particular which are also currently limited in their use to 

neurosurgery18, as well as other techniques being limited in spatial resolution and 
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contrast compared to post-operative histology17. New technology for intraoperative 

margin assessment needs to be able to match the diagnostic accuracy of post-

operative histology but offer further benefits such as reduced turnover times, 

practicality and reduced cost before they can be considered for routine clinical 

practice21. Various methods for improving the intraoperative assessment of tumour 

margins are currently being developed, where some recent examples include the 

development of MarginProbe® that can measure the electrical properties of breast 

tissue using radiofrequency waves21,22, as well as ClearEdge™ that utilises 

bioimpedance spectroscopy to measure the variation in the dielectric properties of 

different tissues23,24. However, one area that has gained significant interest for 

intraoperative margin assessment is the use of fluorescence-based techniques, which 

is the focus of this work.  

 

1.1.2 Fluorescence-based Surgical Applications 

Fluorescence has been used in surgery since 1948 where it was used for the 

identification of brain tumours during neurosurgery using fluorescein25. It has since 

found various clinical applications which include in tissue perfusion and the 

detection of vital structures such as the bile duct14. Its potential is still being explored 

in other areas, for instance in visualising biological structures such as the parathyroid 

and the ureter to avoid injury during surgery26,27. 

Fluorescence-based techniques have many advantages for their use in surgical 

procedures and tumour margin estimation in particular, which include high contrast 

and sensitivity, intuitive operation, relatively low cost, ease of image acquisition as 

well as high selectivity for certain cancer cells18,28. The use of fluorescence in cancer 

surgery has been widely reviewed in recent years and is one of the most commonly 

researched applications of fluorescence-based surgical techniques, where reviews 

have included topics such as a summary of requirements and limitations in molecular 

image-guided surgery29, a look at the current status and potential future trends in 

fluorescence-guided surgery in general30,31 as well as more focused reviews on 

probes32 and instrumentation33 in particular. Two of the main oncological 
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applications include sentinel lymph node (SLN) mapping and tumour imaging. The 

SLN is the first drainage site of cancer cells from the primary tumour, where a 

fluorescent dye can be used to visualise the location of the SLN using only a low 

dose of the contrast agent18. These contrast agents are able to bind to cells in the 

lymph nodes, where a combination of radioactive tracers and fluorophores can also 

be used to improve SLN mapping34.  

The other main oncological application for fluorescence is to use fluorescent agents 

in tumour imaging for visualising cancerous tissue, where they have the ability to 

detect small tumour lesions that could be easily missed during surgery. Such 

practises are the focus of interest in this work, where recent techniques with 

significant relevance to this work include the use of fluorescence lifetime imaging 

microscopy (FLIM) for visualising autofluorescence from components such as the 

reduced form of the coenzyme nicotinamide adenine dinucleotide and its 

phosphorylated derivate (NAD(P)H) and flavin adenine dinucleotide (FAD) in 

tissues and cell studies35,36, where recent studies have been conducted without 

inducing significant chemical changes to samples of fixed tissue37. The development 

of new extrinsic probes is also of interest, where one example is the use of an 

antibody conjugated to a near infrared (NIR) dye for determining squamous cell 

carcinomas of the head and neck38. Developments in complementary instrumentation 

are also taking place, where examples include the development of technology such as 

single photon avalanche diode arrays for real-time FLIM to identify tumour 

margins39, as well as the development of complete instruments such as the 

PerkinElmer IVIS® Spectrum40,41, the Quest Spectrum® fluorescence imaging 

system42, and the FLUOBEAM® camera43,44. While many instruments and methods 

are currently being researched and developed, most are still in pre-clinical stages of 

development and those that are approved are not without their limitations. Such 

limitations include being restricted in their use with a specific fluorophore, the ability 

to operate in an ambient light setting not yet being fully realised33, and systems only 

being able image macroscopically and not obtain contrast at the cellular level29, 

where the consequence of these limitations is that surgeons still largely rely on vision 

and touch despite the availability of these technologies33. Continued research into 

these techniques is required to try and eliminate these drawbacks and further advance 
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the field of margin estimation, finding a cost-effective and practical solution for 

surgeons to use in accurately identifying margins intraoperatively. The work in this 

thesis looks to contribute to the utilisation of fluorescence-based techniques in 

margin assessment where both fluorescence lifetime spectroscopy and FLIM have 

been considered.  

 

1.2 Intrinsic Fluorophores 

Intrinsic fluorophores refer to fluorophores that occur naturally. Examples of such 

fluorophores can include aromatic amino acids, flavins and porphyrins found in the 

body, as well as the green pigment chlorophyll found in plants. One of the major 

advantages of using intrinsic fluorophores for biological applications is that the cells 

or structures do not have to be altered in any way to be studied – no external 

fluorophore is required to monitor them. This is useful as not only does it mean there 

are no external factors that will influence the biological processes, but there are also 

significantly less regulatory requirements that have to be met for their use in clinical 

applications in comparison to extrinsic probes18. Complications with intrinsic probes 

can arise however from the potentially shallow penetration depth into tissue due to 

excitation in UV/visible spectrum, as well as the number of other intrinsic 

fluorophores that may fluoresce under similar conditions to the probe of interest. 

There are in fact several biological structures in the body that can fluoresce, where 

some of the most common are listed in Table 1.1 along with their fluorescence 

properties45,46. 
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Fluorophore 
Abs. Max.  

(nm) 

Em. Max. 

(nm) 

Quantum 

Yield 

Avg. Lifetime 

(ns) 

NAD(P)H 340 450 - 0.4 

Collagen 325 400, 405 - 5.3 

Tryptophan 280 350 0.13 3.1 

Tyrosine 275 300 0.14 3.6 

Phenylalanine 260 280 0.02 6.8 

Flavins 450 535 - 2.3 – 4.7 

Elastin 290, 325 340, 400 - 2.3 

 
Table 1.1: List of intrinsic fluorophores present in the body and their corresponding absorption 

maximum, emission maximum, quantum yield and average lifetime. References for the 

quantum yield could only be obtained for three of the intrinsic fluorophores listed. 

 

Table 1.1 highlights the potential complexity of using an intrinsic fluorophore as a 

probe due to the overlap of the excitation and emission properties. This work focuses 

on the use of NAD(P)H – a set of coenzymes used by the body which will be 

discussed in more detail in Section 1.2.1. Table 1.1 shows that there is overlap in the 

absorption maxima of NAD(P)H with that of collagen and elastin in particular; 

however the combination of factors such as the greater variation in emission maxima 

between the three species as well as the differences in the fluorescence lifetimes 

should help in distinguishing the signal of NAD(P)H through the use of time-

resolved fluorescence techniques.  

The term NAD(P)H collectively refers to two different coenzymes: the reduced form 

of nicotinamide adenine dinucleotide (NADH) and its phosphorylated derivative 

(NADPH). These coenzymes have very similar structures but play very different 

roles in the body. The role of each will be discussed here where its structure and 

fluorescence properties are discussed in more detail in Chapter 4.  
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1.2.1 NADH 

Glucose is a simple sugar that can be broken down to provide cells with energy 

through a process called cellular respiration, where it is broken down into carbon 

dioxide and water. Energy is produced through this process in the form of adenosine 

triphosphate (ATP) molecules, where these molecules store the energy required by 

the body and are known as the currency of energy in biological systems. The process 

of cellular respiration occurs over four main pathways: glycolysis, pyruvate 

oxidation, the citric acid cycle and oxidative phosphorylation. NADH is produced 

during the first three stages of cellular respiration and is crucial in the production of 

ATP. The coenzyme exists in two states: its oxidised form (NAD+) and the reduced 

form (NADH), where it readily cycles between these two states. NAD+ is the primary 

electron carrier in cellular respiration, where it accepts two electrons and one H+ to 

become the higher energy form NADH. Electrons are removed from the glucose 

molecules in a controlled way to ensure the consequent controlled release of energy. 

The reduction of NAD+ to NADH is shown in Figure 1.1. NADH carries the 

electrons to the electron transport chain in the inner mitochondrial membrane of the 

cell where oxidative phosphorylation occurs. The electrons are deposited at the 

beginning of the chain, where they then move through the chain and energy is 

released at different steps. The energy is then captured and used to produce ATP47. 

The majority of ATP molecules from one molecule of glucose are produced through 

this oxidative phosphorylation pathway.  
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1.2.2 NADPH 

During the glycolysis process of cellular respiration, a phosphate group is added to 

the glucose molecule to produce glucose-6-phosphate (G6P). While this molecule 

can go on to be used in cellular respiration, there is an alternative branch to a process 

called the Pentose Phosphate Pathway (PPP) that G6P can instead be used in for the 

production of two molecules in particular: the coenzyme NADPH and ribose-5-

phosphate (R5P). 

The PPP is split into two phases: the oxidative and non-oxidative phases. The non-

oxidative phase is primarily used to produce R5P that can go on to be used for the 

synthesis of nucleotides and nucleic acids, which are some of the essential building 

blocks of DNA and RNA. The oxidative phase of the PPP is instead used to produce 

NADPH, which acts as an electron shuttle like NADH but interacts with a different 

Figure 1.1: a) Oxidised and b) reduced forms of the coenzyme NAD denoted by NAD+ and 

NADH respectively, and the corresponding REDOX reaction equation between each form. 

NAD+    +      H+     +      2e−     ⇋     NADH 

a) b) 
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set of enzymes. NADPH has almost an almost identical structure to NADH with the 

exception of an additional phosphate group located on the ribose ring that is attached 

to the adenine moiety. It is essential in macromolecular biosynthetic processes as 

well as maintaining safe levels of reactive oxygen species in the body, where the 

reduced form is the dominant form of this coenzyme and is readily available to 

donate electrons to these processes. In comparison to this, the oxidised form of NAD 

– NAD+ – is dominant, where the difference in these ratios of the two coenzymes and 

the additional phosphate group of NADPH allow them to interact with different sets 

of enzymes.  

 

1.3 Cancer Cell Metabolism 

There are many differences in the metabolic processes involved in both cellular 

respiration and the PPP in cancerous cells compared to healthy cells. While healthy 

cells primarily rely on the oxidative phosphorylation pathway for the generation of 

ATP, where pyruvate is produced through glycolysis under normal oxygen levels 

with most of it entering the mitochondria to take part in the citric acid cycle, this is 

not the case for cancer cells. Metabolic changes are made within the cells in response 

to genetic mutations and the tumour microenvironment in order to meet their three 

basic needs: a rapid generation of ATP to maintain energy status, an increased 

biosynthesis of macromolecules such as carbohydrates and proteins, and 

maintenance of the cell’s REDOX status48. A simplified change in the cell respiration 

process in cancer cells is shown in Figure 1.2. 
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Oxygen is required in healthy cells to undergo the process of aerobic respiration, 

where the pyruvate produced from glycolysis is broken down to produce carbon 

dioxide and water alongside the majority of ATP needed by the cells. When there is 

insufficient oxygen the cells will switch to anaerobic respiration, where the pyruvate 

is not broken down completely and instead produces lactic acid, where this pathway 

is much less efficient in producing ATP. It has been found that cancer cells also 

produce a significant amount of lactic acid regardless of how much oxygen is 

available to the cells. This phenomenon is known as the ‘Warburg effect’ and was 

first proposed by Otto Henreich Warburg in 1924, who believed the oxidative 

phosphorylation pathway was disrupted in cancer cells leading to a switch to 

glycolysis for generating sufficient ATP49,50. It was later revealed however that this 

was not necessarily the case, as the oxidative phosphorylation pathway still 

functioned as normal in many cancer cell types51. Clinical data from the past decade 

has shown that an increased glucose uptake was observed in > 90% of human cancer 

types measured, indicating the preferential use of the so-called ‘aerobic glycolysis’ 

pathway52. The generation of sufficient ATP remains one potential reason for the 

increased rate of glycolysis in cancer cells, however it is still a subject of debate and 

a full explanation for this switch remains unclear52,53. One such proposition for the 

upregulation of the glycolysis pathway required by cancer cells is to increase the 
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Figure 1.2: Simplified depiction of the difference in the cell respiration processes in healthy 

cells (bottom pathway) and cancerous cells (top pathway). Healthy cells rely on oxidative 

phosphorylation to produce ATP which releases carbon dioxide as a waste product whereas 

cancer cells rely on the glycolysis pathway which instead secretes lactic acid. 
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production of NADPH in particular via the PPP. As previously mentioned NADPH is 

crucial in the biosynthesis of macromolecules, therefore to meet the higher demands 

for biosynthesis in cancer cells there is in turn a higher demand for NADPH. In 

addition to this, it also crucial for regulating the elevated levels of reactive oxygen 

species that are produced during the rapid cell proliferation of cancer cells48,54. While 

the reason for the switch to glycolysis in these cells remains unclear, the upregulation 

of this pathway has been previously linked to a decrease in the fluorescence lifetime 

of NAD(P)H in certain cancerous and pre-cancerous cell lines55,56 – a mechanism 

which is investigated in Chapter 6 of this thesis. 

 

1.4 Extrinsic Fluorophores 

Extrinsic fluorophores are also utilised in various aspects of this work. Extrinsic 

fluorophores have their own advantages over intrinsic fluorophores for medical 

applications such as there being more control in choosing the location at which the 

fluorescent label is attached, as well as being typically designed to have enhanced 

fluorescence properties that make them more ideal for such applications57. This 

section characterises two of the main extrinsic fluorophores used in this work, which 

include the methyl derivative of azadioxatriangulenium (MeADOTA) for its use in 

characterising silica nanoparticle sizes, and Indocyanine Green (ICG) for its use in 

phantom tumour margin measurements. 

 

1.4.1 MeADOTA 

ADOTA is a cationic triangulenium dye, where the unique combination of properties 

such as a long fluorescence lifetime of ~ 20 ns and fluorescence emission towards 

the red part of the spectrum make this an ideal fluorophore for monitoring the 

rotation of larger molecules through fluorescence polarisation and fluorescence 

anisotropy58. The chemical structure and absorption and emission spectra of the 

methyl derivative MeADOTA used in this work are shown in Figure 1.3. 
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ADOTA and various derivates of this fluorophore have been studied and 

characterised in different environments58,59, have been shown to enhance the 

fluorescence emission from metals60, and the MeADOTA derivative has been used as 

part of this work for measuring silica nanoparticles using fluorescence anisotropy61. 

The properties of ADOTA such as its long lifetime also give it potential in 

biomedical applications, where it can be used for binding to large biomolecules such 

as proteins62, and it has also been shown using time gating and fluorescence lifetime 

correlation spectroscopy that ADOTA labelled with Hyaluronan can be used to 

detect hyaluronidase, which can be over-expressed in many types of cancer63. 

 

1.4.2 Indocyanine Green 

ICG is one of the few and most commonly used FDA approved fluorescent probes 

for clinical applications, where other approved probes include Methylene Blue, 5-

aminolevulinic acid (5-ALA) and Fluorescein32. ICG was originally developed for 

near-infrared (NIR) photography by Kodak in 1955 and was approved for clinical 

use a few years later for cardiac output monitoring64,65. Since then, ICG has been 

used in a wide range of medical applications that have included the imaging of 

retinal blood vessels65, assessing liver function66 as well as assessing the severity of 

burn wounds67. In addition to this, there have been many studies on the use of ICG in 

Figure 1.3: a) Chemical structure and b) the normalised absorption and emission spectra of 

MeADOTA. The emission spectrum was measured using a 570 nm excitation wavelength. 
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Figure 1.4: Chemical structure of Indocyanine Green (ICG) 

cancer-based applications, which have included clinical studies on using ICG for 

SLN mapping for various cancers14, as a fluorescence contrast agent68 where it has 

been shown to accumulate in certain cancers such as those in the liver69, which has 

also lead to developing potential treatments of cancers such as hepatocellular 

carcinoma using ICG in NIR PDT70, and it has also been studied for its use in post-

chemotherapy detection of residual breast tumour tissue71. The chemical structure of 

ICG is shown in Figure 1.4.  

 

 

 

 

 

 

 

ICG is a water-soluble tricarbocyanine molecule with a molecular weight of 774.96 

g/mol72. ICG can be prone to aggregation like many carbocyanine dyes depending on 

its concentration and the solvent properties, where it is particularly prone to 

polymerisation at higher concentrations in aqueous solution73. The stability of ICG 

also depends on its storage temperature and light exposure, where prolonged 

exposure to light and higher temperatures can decrease its fluorescence intensity74. 

As well as already being FDA approved for clinical applications, the other main 

advantage of using ICG in fluorescence-based medical applications is that its 

absorption and emission are in the NIR region, with λex (max.) ~ 780 nm and λem 

(max.) ~ 820 nm. NIR light is advantageous for such applications due to its 

capability of penetrating deeper into tissue compared to UV/visible light, as well as 

almost no autofluorescence being present at such wavelengths leading to enhanced 

contrast of different tissues14. Such advantages as well as the continuing interest in 

ICG for determining tumour tissue has led to its use in studies for this thesis. 
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1.5 Thesis Summary 

The overall aim of this project was to utilise time-resolved fluorescence techniques 

in exploring several areas relevant to cancer surgery such as in instrumentation 

development, fluorescent probe studies and tissue phantom design. This work also 

demonstrates the advantages of such techniques for use in cancer surgery 

applications, where Chapter 2 discusses the main theory and experimental details 

behind the techniques used in this work. 

Chapter 3 discusses the instrumentation design that was undertaken in this work. 

Liquid light guides were successfully incorporated into an existing fluorescence 

lifetime-based system, which was further developed into a system that utilised a 

translational stage in order to measure a sample at different positions. 

Chapter 4 characterises the main intrinsic probe of interest NAD(P)H to gain a more 

detailed understanding of its sensitivity to its environment. Factors such as pH and 

oxygen levels that differ between healthy and cancerous cells were investigated in 

particular, where pH had a minimal effect on the fluorescence lifetime, but decreased 

oxygen levels caused an increase in the lifetime of NADH. 

Chapter 5 details the study of various silica nanoparticles, where the fluorescent dye 

MeADOTA was successfully used to characterise a range of silica nanoparticle sizes. 

Silica sol-gels were then used as tissue phantoms to create phantom tumour margins. 

These were studied using the translational stage-based fluorescence lifetime system 

as well as with FLIM, demonstrating their capabilities of determining the phantom 

margin position to within 1 millimetre.  

Chapter 6 continues the study of NAD(P)H where it is instead investigated in the 

cellular environment. Fluorescence lifetime comparisons are drawn between 

NAD(P)H in the healthy and cancerous prostate cell environments, where a higher 

ratio of unbound/bound NAD(P)H in the cancerous cells indicated a shift to the 

glycolysis pathway. A decrease in fluorescence lifetime was also observed with a 

higher glucose concentration in the cancerous cells where no change in lifetime was 

observed in the healthy cells for high and low glucose concentrations, highlighting 

another potential method of discriminating between the two cell types.  
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2. Theory 

2.1 Fluorescence Photophysics 

One of the first reports of the phenomenon of fluorescence came from Sir John 

William Herschel in 1845, who observed the emission of blue light from a quinine 

solution75. However it was not until 1852 the term ‘fluorescence’ was coined by Sir 

George Gabriel Stokes who studied the dispersion of light from a wide range of 

substances76,77. Fluorescence has since been developed for use in various research 

and practical applications such as medicine, chemical sensing, lighting and 

microscopy among numerous others, where its growing use in biological studies in 

particular has led to its utilisation in the work presented in this thesis. 

 

2.1.1 Photoluminescence 

The emission of light from a source can be divided into two categories: 

incandescence and luminescence. Incandescence describes the emission of light from 

heat energy, where luminescence describes the emission of light that is not attributed 

to the heating of the energy source. There are many forms of luminescence, one of 

which is photoluminescence where light is emitted from a source due to 

photoexcitation: electron excitation by the absorption of photons. Photoluminescence 

can be further broken down into the categories of fluorescence and phosphorescence, 

where the process of fluorescence is the focus of this work. Details of the different 

processes and timescales associated with photoluminescence can be described using 

a Jablonski diagram as shown in Figure 2.1. 
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When a fluorophore absorbs a photon of appropriate energy electronic excitation 

occurs, where an electron is excited from the ground state (S0) to a singlet excited 

state (S1, S2, …). Absorption is the fastest process to occur, where the energy level 

and vibrational level (v1, v2, …) that the electron transitions to depends on the amount 

of energy that was transferred to it by the photon and the probability of the transition 

which is governed by selection rules. These include the Laporte selection rule, where 

an electronic transition must involve a change in the orbital angular momentum 

quantum number ℓ where Δℓ = ± 1, as well as the spin selection rule where there is 
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Figure 2.1: Jablonski diagram of the various processes associated with photoluminescence, 

along with the timescales associated with each process in the key. 
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no change in spin multiplicity and therefore ΔS = 078 (where here S = total spin 

quantum number). Energy is quickly dissipated due to the instability of the molecule 

at this higher energy configuration, which can be through vibrational relaxation 

and/or internal conversion to different electronic states. Vibrational relaxation 

involves the loss of energy to other vibrational modes until the electron reaches the 

lowest vibrational level of the electronic state it is in, whereas through internal 

conversion the molecule loses energy by transitioning from an electronic state to a 

lower lying electronic state. Vibrational relaxation will occur immediately after 

internal conversion to the lowest vibrational level of the new electronic state.  

Once in the lowest vibrational level the energy can either be emitted radiatively, lost 

through nonradiative processes such as quenching, or undergo intersystem crossing. 

Intersystem crossing is a non-radiative transition from the excited singlet state to the 

excited triplet T state, where instead of having an opposite spin state to the ground 

state electron, the excited electron instead has a parallel spin state. This transition is 

more likely to occur when there is an overlap in the vibrational levels of the two 

excited states as there are little or no energy changes allowed in the transition79. 

Intersystem crossing occurs again as the electron relaxes from the T1 state to the S0 

state, where the emission of a photon from this transition is known as 

phosphorescence. This occurs on a much longer timescale in comparison to 

fluorescence due to the low probability of the T1 to S0 transition taking place. 

Fluorescence is the emission of photons from the S1 to S0 transition and is the 

phenomenon of interest in this thesis. Since energy is lost through vibrational 

relaxation and internal conversion, the energy of the photon emitted is lower than the 

energy of the absorbed photon. The wavelength of the emitted photon is therefore 

longer, where this change in wavelength is known as the Stokes shift76. An example 

of this is shown in Figure 2.2, which also shows the mirroring of the absorbance and 

emission profiles. This occurs due to the similar spacing of the vibrational energy 

levels of the excited states to those of the ground state.  
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2.1.2 Quantum Yield & Fluorescence Lifetime 

An important characteristic of a fluorophore is its quantum yield. The quantum yield 

is the ratio of the number of photons emitted from a fluorophore to the number of 

absorbed photons, which can be expressed in terms of the intramolecular processes 

via: 

 𝛷 =
𝑘𝑟

𝑘𝑟 + 𝑘𝑛𝑟
 (1) 

 

where Φ is the quantum yield, 𝑘𝑟 is the radiative decay rate and 𝑘𝑛𝑟 is the non-

radiative decay rate, where the sum of 𝑘𝑟 + 𝑘𝑛𝑟 equates to the total decay rate. The 

efficiency of a fluorophore is often determined by its quantum yield, where a higher 

quantum yield means a higher number of the absorbed photons are emitted. It is very 

difficult however to directly measure the quantum yield of a fluorophore, where to 

do so an integrating sphere is typically required in order to collect all photons 

emitted from a sample in all directions.   
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Figure 2.2: Normalised absorbance and fluorescence emission of Rhodamine 6G, showing the 

Stokes shift in peak wavelength position caused by the lower energy of the emitted photons. 
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The fluorescence lifetime is another important characteristic of a fluorophore, which 

can be defined as the average length of time a molecule spends in its excited state 

before emission of a photon and returning to the ground state. For a population of 

molecules M that are brought to the excited state at time 0 through absorption of 

photons, the molecules can return to the ground state via radiative or non-radiative 

transitions, where the rate at which these decay from the excited state is given by: 

  
𝑑[𝑀∗]

𝑑𝑡
= −(𝑘𝑟 + 𝑘𝑛𝑟)[𝑀∗] (2) 

 

where 𝑀∗ is the concentration of molecules in the excited state. Integrating this 

equation describes the evolution of the decay of these molecules over time following 

δ-function excitation at time 0: 

 𝑖(𝑡) = 𝑖(0) exp (−
𝑡

𝜏𝑓
) (3) 

 

where 𝑖(𝑡) gives the fluorescence intensity, as this is proportional to the 

concentration of molecules in the excited state at any given time after excitation at 

time 0, 𝑖(0) is the intensity immediately following excitation, and 𝜏𝑓 is the 

characteristic fluorescence lifetime of the fluorophore. Fluorescence lifetimes are 

generally on the nanosecond timescale and can be defined in terms of the 

intramolecular processes as: 

 𝜏𝑓 =
1

𝑘𝑟 + 𝑘𝑛𝑟
 (4) 

 

Since the emission of a photon is a random process, the fluorescence lifetime is an 

average time the molecules spend in the excited state, as very few molecules will 

emit a photon at exactly 𝑡 = 𝜏𝑓.  
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2.1.3 Fluorescence Quenching 

Fluorescence quenching refers to processes that can decrease the fluorescence 

intensity of a sample. Such quenching can occur through various mechanisms, some 

of which include the formation of complexes in the ground state (static quenching), 

excited state reactions, energy transfer and collisional quenching. Collisional 

quenching is one of the most commonly observed quenching processes, which 

involves the deactivation of a fluorophore in the excited state through contact with a 

quencher molecule. Collisional quenching can often be described by the Stern-

Volmer equation: 

 
𝐹0

𝐹
= 1 + 𝐾[𝑄] = 1 + 𝑘𝑞𝜏0[𝑄] (5) 

 

where 𝐹0 and 𝐹 correspond to the fluorescence intensities in the absence and 

presence of a quencher respectively, 𝐾 is the Stern-Volmer quenching constant 

which gives an indication of how sensitive the fluorophore is to a quencher, 𝑘𝑞 is the 

biomolecular quenching constant, 𝜏0 is the unquenched lifetime and [𝑄] is the 

quencher concentration. While many molecules can act as collisional quenchers, one 

of the most efficient and well-known quencher molecules is oxygen, giving rise to 

the use of various fluorophores as O2 sensors80. 

Another common and now popularly utilised mechanism of quenching is Förster 

Resonance Energy Transfer (FRET). Instead of direct contact between the molecules, 

FRET involves an energy transfer between a donor molecule D in the excited state 

and an acceptor molecule A in the ground state through dipole-dipole interactions. A 

spectral overlap of the donor emission and acceptor absorption is required for FRET, 

where the rate of energy transfer depends on the extent of the spectral overlap as well 

as other factors such as the orientation of the transition dipoles and the distance 

between the donors and acceptors. The rate of energy transfer 𝑘𝐷𝐴 is given by: 

 𝑘𝐷𝐴 =
1

𝜏𝐷
 (

𝑅0

𝑟
)

6

 (6) 

 

where 𝜏𝐷 is the fluorescence lifetime of the donor in the absence of the acceptor, 𝑅0 
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is the Förster distance at which the energy transfer efficiency of the D-A separation 

is 50%, and 𝑟 is the D-A separation. The FRET rate is proportional to 1/𝑟6, making 

it extremely sensitive to the distance between the molecules. This sensitivity to the 

distance between the molecules allows for the use of FRET as a “spectroscopic 

ruler”, where it has gained substantial interest in recent years for the study of 

intermolecular distances in biomolecules81. 

 

2.2 Fluorescence Techniques & Instrumentation 

Both steady state and time-resolved fluorescence techniques have been utilised 

throughout this work to study the properties of fluorophores in various environments. 

Steady-state measurements commonly refer to the continuous illumination of a 

sample and recording the fluorescence emission over a wavelength range, and time-

resolved measurements employ pulsed light sources for excitation and the 

fluorescence intensity decay is recorded. Steady-state measurements are important to 

undertake first to understand the fundamental fluorescence properties of a sample, 

however time-resolved measurements can reveal greater molecular information such 

as the shape and flexibility of a macromolecule, conformational changes, the rate of 

energy transfer between molecules, as well as distinguishing between different 

excited state processes and environments75. The main techniques and instrumentation 

used for the steady-state and time-resolved measurements presented in this thesis are 

discussed here. 

 

2.2.1 Absorbance & Fluorescence Spectroscopy 

A complimentary technique to fluorescence spectroscopy is UV-Vis spectroscopy, 

which has also been utilised in this work. UV-Vis spectroscopy involves the 

measurement of the amount of light absorbed by a sample over a given wavelength 

range. This measurement is commonly undertaken first when studying a new 

molecule of interest, as this can provide information on a suitable excitation 

wavelength for subsequently recording the fluorescence emission if the sample is 
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unknown. UV-Vis measurements were performed on a PerkinElmer Lambda 2 UV-

Vis spectrometer, where the typical setup and optical path of such a spectrometer is 

shown in Figure 2.3. 

 

 

 

 

 

 

 

 

 

 

 

 

Two light sources are required in the UV-Vis spectrometer, which include a 

deuterium lamp for measuring in the UV range of 190 – 330 nm and a halogen lamp 

for measuring in the visible range of 330 – 1100 nm. Light from the source is 

focused through the entry slit to the monochromator, which is used to scan through 

the wavelength range of light chosen to be focused on the sample through the exit 

slit. The light is reflected onto the beamsplitter to allow half the light to be focused 

onto the cuvette containing the sample of interest, and the other half focused onto the 

cuvette containing the reference sample. The light that passes through each cuvette to 

reach separate photodiode detectors. The absorbance of a sample 𝐴(𝜆) can be written 

as:  
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Figure 2.3: Schematic diagram for the PerkinElmer Lambda 2 UV-Vis spectrometer. 
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 𝐴(𝜆) = log10 (
𝐼0(𝜆)

𝐼(𝜆)
) = − log10 𝑇(𝜆) (7) 

 

where 𝐼0(𝜆) is the incoming light intensity, 𝐼(𝜆) is the transmitted light intensity and 

𝑇(𝜆) is the transmission. The absorption spectrum helps determine wavelengths for 

excitation, where wavelengths that exhibit high absorption are usually desired for 

collecting fluorescence emission in later measurements. The Beer-Lambert law 

describes how light is absorbed by a sample and its proportionality to the 

concentration 𝑐 and path length 𝑙, and is given by: 

 

 
𝐴 = 𝜀𝑐𝑙 (8) 

 

where 𝜀 is the absorption coefficient (with units L mol-1 cm-1). The linear relationship 

between absorbance and concentration in the Beer-Lambert law means it can be 

utilised to calculate unknown concentrations of known molecules. 

The spectrofluorometer used to collect fluorescence emission spectra from samples 

was the HORIBA FluoroMax-2, where the typical setup is shown in Figure 2.4. For 

fluorescence measurements on the FluoroMax-2 a xenon lamp is used as the light 

source, where the light passes through a monochromator in order to select the desired 

wavelength of excitation for the sample. This excitation wavelength is kept constant 

to collect emission spectra. Prior to reaching the sample, ~ 8% of the excitation light 

is directed to the reference photodiode in order to measure any fluctuations in the 

light source intensity. Fluorescence emission from the sample is collected 

perpendicularly to the excitation arm to minimise excitation light being collected by 

the detector. The emission from the sample passes through a second monochromator 

which scans across the desired wavelength range before reaching the photomultiplier 

(PMT) detector. Wavelength correction factors are applied to the raw data collected 

for both the reference signal at the reference photodiode and the signal from the PMT 

detector to correct for intensity fluctuations of the excitation source, wavelength 

dependencies of the system optics as well as dark counts.  
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2.2.2 Fluorescence Lifetime Spectroscopy 

Time-resolved fluorescence spectroscopy involves the measurement of the time a 

molecule remains in its excited state, also known as fluorescence lifetime 

spectroscopy. Fluorescence lifetime measurements can provide additional 

information about a system compared to emission measurements alone, and offer 

advantages such as the ability to discriminate against scattered light and other 

endogenous fluorophores, as well as typically being independent of photobleaching 

and wavelength which can often affect fluorescence intensity measurements82. 

Fluorescence lifetime spectroscopy can be performed either in the time-domain 

(pulse fluorometry) or frequency-domain (phase modulation fluorometry)83. When 

measuring in the frequency-domain, the intensity of the excitation light is modulated 

at a high frequency. This results in a fluorescence emission that is also intensity 
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Figure 2.4: Schematic diagram for the HORIBA FluoroMax-2 fluorescence spectrometer. 
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Figure 2.5: TCSPC process used for obtaining fluorescence decays. A light pulse from the 

excitation source starts the timing electronics which are then stopped by the detection of a 

fluorescence photon. This difference in times is converted to a corresponding voltage, to a 

digital signal and then stored as a photon count event in a histogram. 

modulated at the same frequency, however it is phase-shifted and will have a 

decrease in modulation depth in comparison to that produced by the excitation 

light75. These properties are determined by the fluorescence lifetime of the sample; 

therefore the lifetime can be calculated by measuring the change in phase and 

modulation depth. While frequency-domain measurements have their own 

advantages such as rapid acquisition time84, the work presented in this thesis instead 

utilises time-domain fluorescence lifetime measurements, which is discussed in 

greater detail below.  

 

2.2.2.1 Time Correlated Single Photon Counting 

The main technique used in this project for investigating fluorescence lifetimes is 

Time Correlated Single Photon Counting (TCSPC). TCSPC is a sensitive 

measurement technique allowing for the measurement of fluorescence decays on the 

nanosecond timescale. The TCSPC process and equipment setup required to measure 

the fluorescence lifetime are shown in Figure 2.5 and Figure 2.6 respectively. 

 

 

 

 

 

 

TCSPC involves monitoring the detection and arrival time of all photons after 

excitation of a sample, where an excitation source such as an LED or laser diode is 

used to produce a light pulse which starts the timing electronics. The timing 

electronics are then stopped by a signal produced by the PMT detector upon 
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detection of a fluorescence photon emitted from the sample. The arrival time of the 

fluorescence photon at the detector is measured in reference to the start pulse by a 

time-to-amplitude convertor (TAC). The TAC produces an analogue voltage through 

the charging of a capacitor which is proportional to the elapsed time between the 

start and stop signals. The time between a stop signal being detected and the next 

start signal being received is known as the dead time, where photons arriving in the 

dead time will not be counted. If a photon is not detected within the given TAC 

range, the TAC is reset for the next start signal. When a photon is detected, the 

analogue signal is converted to a digital signal through an analogue-to-digital 

convertor (ADC), where a multi-channel analyser (MCA) measures these voltages 

and stores them as detection photon count events. Only one conversion of a detected 

photon to a corresponding voltage can occur per cycle, therefore if any later photons 

arrive in the same cycle, these will be disregarded by the electronics. If this is not 

minimised this can create a bias towards the first detected photons and therefore 
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Figure 2.6: Equipment setup for the HORIBA DeltaFlex system for fluorescence lifetime 

measurements. 
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shorten the fluorescence decay. This is known as the pile-up effect85. To ensure this 

bias does not exist, only 1 – 2 photons are detected per 100 excitation events which is 

achieved experimentally by creating a stop-to-start rate ratio (α value) of < 2%86 

using neutral density filters. To produce a fluorescence decay curve, this process is 

repeated thousands of times until a set amount of counts has been detected (typically 

10,000 counts in the peak bin) so the MCA can construct a histogram of photon 

counts vs. time, where each histogram bin has a fixed time width.  

The typical experimental setup for TCSPC shown in Figure 2.6 is based on a 

HORIBA DeltaFlex system, which incorporates a monochromator on the emission 

arm for selecting the emission wavelength of interest. Each arm also incorporates 

polarisers, where for fluorescence lifetime measurements the polariser on the 

excitation arm is typically set to 0° and the polariser of the emission arm is set to the 

magic angle (54.7° for square geometry) to remove polarisation effects87. The magic 

angle condition is important to implement when polarised excitation sources are used 

– if the excitation source is unpolarised or filters and not diffraction gratings are used 

for wavelength selection then magic angle conditions are not required88. The system 

is typically operated in forward mode, where the excitation source is connected to the 

‘Start’ input to provide the start signal for the electronics. Forward mode triggers the 

timing electronics with every excitation pulse, and so for a photon detection rate of 

1% only one excitation pulse in 100 will lead to a photon being detected. This means 

that the timing electronics go through the cycle and dead time the other 99 times with 

no detection of a photon. Reverse mode can be employed when the dead time of the 

timing electronics is considerably long, which instead only triggers the timing 

electronics upon detection of a photon meaning the system only undergoes the dead 

time for this photon event rather than for every excitation pulse. In this mode the 

detector is instead connected to the ‘Start’ input to produce the start signal. The 

timing electronics of the system used and shown in Figure 2.6 are suitably fast 

enough for the system to operate in forward mode.  

The instrumental response function (IRF) is also recorded for analysis of 

fluorescence lifetime measurements, which represents the response of the instrument 

to a sample with no lifetime and in turn the shortest profile that is measurable by the 
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system75. In an ideal setting, the IRF would resemble a δ-function, however the width 

of the IRF is often broadened due to the characteristics of the excitation sources as 

well as the optical and electronic components of the instrument75. To obtain the IRF, 

Rayleigh scattering from a dilute LUDOX SM-AS silica solution is typically 

measured, where both the excitation and emission polarisers of the instrument are set 

to a vertical position.  

 

2.2.2.2 Fluorescence Lifetime Data Analysis 

Since the IRF in practice does not resemble a δ-function and is broadened as a result 

of the instrument components, the fluorescence decay obtained in measurements is in 

fact a convolution of the fluorescence impulse response, 𝑖(𝑡), and the IRF, 𝑃(𝑡) 

(blue curve in Figure 2.7). The excitation pulse can be considered as a series of δ-

functions. Each δ-function produces a decay response starting at different delay times 

with an intensity proportional to the height of the corresponding δ-function. Together 

these responses produce a linear sum that is representative of the measured decay75. 

The convolution can be expressed by the following: 

 𝐹(𝑡) = ∫ 𝑃(𝑡′) 𝑖(𝑡 − 𝑡′)𝑑𝑡′ = 𝑃(𝑡) ⊗ 𝑖(𝑡)

𝑡

0

 (9) 

 

where 𝐹(𝑡) is the expected fluorescence decay, the variable 𝑡′ is a moving time delay 

that corresponds to the point in time where each δ-function of the IRF generates a 

fluorescence response89, and ⊗ denotes convolution. The term reconvolution 

analysis, which is used to determine fluorescence lifetimes, comes from the iterative 

process applied to the term 𝑖(𝑡 − 𝑡′) from Equation 9. This term is iterated in order 

to find the value of τf from Equation 3 (in the simplest monoexponential case) that 

produces a function 𝐹(𝑡) which best describes the acquired data. Nonlinear least 

squares (NLLS) fitting is used to determine 𝐹(𝑡), which starts with an assumed 

model and parameters that will describe the data. The model used by the analysis 

software to find the fluorescence lifetimes is given by: 
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 𝐹(𝑡) = 𝐴 + 𝐵1 exp (−
𝑡

𝜏𝑓1
) + ⋯ + 𝐵𝑛 exp (−

𝑡

𝜏𝑓𝑛
) (10) 

 

where 𝑛 is the number of exponential components required to fit the data and 

therefore the number of species present in the sample with different fluorescence 

lifetimes, 𝐴 is a background offset, and 𝐵 is the pre-exponential function 

corresponding to the amount of each emitting species there is. The 𝐵 values are 

given as both a relative amplitude, which is weighted by the lifetime, and as a 

normalised value providing information on the relative concentration of species in 

the sample. 

The goodness of fit of the model and parameters can be expressed as a chi squared 

(𝜒2) value calculated from the following equation: 

 

 
𝜒2  = ∑ [

𝑌(𝑖) − 𝐹𝑑(𝑖)

𝜎(𝑖)
]

2

𝑁

 (11) 

 

where 𝑌(𝑖) is the measured data (red curve in Figure 2.7), 𝐹𝑑(𝑖) is the fitted function 

(green curve in Figure 2.7, where the term 𝑌(𝑖) − 𝐹𝑑(𝑖) corresponds to the deviation 

of the model from the decay at each channel), 𝜎(𝑖) is the expected standard 

deviation, which can be expressed as √𝑌(𝑖) due to the use of Poisson statistics, and 

N is the number of data channels used in the analysis. A 𝜒2 value of 1 obtained from 

a fit would be considered the most ideal, however it is generally accepted that a value 

of 0.9 < 𝜒2 < 1.2 can be considered a good fit, where 𝜒2 > 1.2 usually suggests that 

an incorrect model is being used to describe the data90.    

The weighted residuals, 𝑊𝑡, as shown in Equation 12 and Figure 2.7 that are 

obtained from a fit can also be used to assess the goodness of fit: 

 
𝑊𝑡 =

𝑌(𝑖) − 𝐹𝑑(𝑖)

𝜎(𝑖)
 

 

(12) 

A random distribution of the residuals indicates a good fit, where non-random 

residuals can indicate that an additional exponential component may be required to 
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describe the data or that systematic effects are interfering with the measurement. A 

typical decay curve, IRF and the corresponding residuals for a good fit obtained from 

reconvolution analysis are shown in Figure 2.7 as an example. 

Figure 2.7: Typical fluorescence decay curve (red), the fitted function to the experimental data 

(green in top window), the IRF (blue) and the corresponding weighted residuals indicating a 

good fit obtained using reconvolution analysis. 

 

2.2.3 Time-Resolved Emission Spectra 

TCSPC can also be used for the measurement of time-resolved emission spectra 

(TRES). TRES consists of the measurement of the fluorescence decays over a range 

of emission wavelengths incremented in fixed steps, where decays are typically 

obtained for a predetermined time at each emission wavelength. The acquired data 

can provide further information on a system than what would be obtained from one 

decay measurement alone as it allows for the resolution of overlapping spectra. The 

emission spectra at different times during the decay can be obtained from the profile 

created by the peak positions of each decay at the time of interest, where differences 

– if they exist – in the spectra for shorter- and longer-lived species may be 

observed90. Reconvolution can also be applied to resolve the spectra corresponding 
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to the different decay times of the species present in a sample using global analysis. 

All the obtained decays are combined and analysed as one to find common lifetimes, 

where these lifetime components are then fixed and fitted to each decay curve 

individually to therefore determine the corresponding pre-exponential factors for 

each decay curve at each emission wavelength. These pre-exponential factors 

weighted by the lifetime can be plotted against the wavelength to produce the 

emission spectrum corresponding to each decay component.   

 

2.2.4 Time-Resolved Fluorescence Anisotropy 

Time-resolved fluorescence anisotropy is another powerful technique that measures 

the depolarisation of the fluorescence emission from a sample. Fluorescence 

anisotropy can be used in applications such as measuring the rotation of molecules, 

probing the local viscosity and monitoring conformational changes in molecules such 

as proteins92, where in this work it has been utilised for the characterisation of 

nanoparticles on the ~ 1 – 20 nm scale and for tracking the growth of silica gels to 

also be used in this work as tissue phantoms by measuring the fluorescence 

anisotropy of dye molecules attached to nanoparticles undergoing Brownian 

rotation61.  

The same system as shown in Figure 2.6 can be used for anisotropy measurements. 

In this case the excitation polariser is set to a vertical position, resulting in a 

population of molecules whose absorption dipoles align with the vertically polarised 

light to be excited. These molecules will randomise again becoming unpolarised, 

where this depolarisation is measured by recording vertically and horizontally 

polarised decay curves denoted by IVV and IVH respectively. The typical geometry for 

fluorescence anisotropy measurements is shown in Figure  2.8.  
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Measurements of IVV and IVH are typically recorded until a peak difference of ~ 

10,000 counts between the two curves has been reached. A time-resolved anisotropy 

function R(t) can be generated from the vertically and horizontally polarised decay 

curves obtained from the measurements to describe the depolarisation of 

fluorescence due to Brownian rotation through: 

 

 
𝑅(𝑡) =

[𝐼𝑉𝑉(𝑡) − 𝐺𝐼𝑉𝐻(𝑡)]

[𝐼𝑉𝑉(𝑡) + 2𝐺𝐼𝑉𝐻(𝑡)]
 (13) 

 

where 𝐺 = 𝐼𝐻𝑉(𝑡)/𝐼𝐻𝐻(𝑡) and is a correction factor that corrects for transmission 

efficiencies of the two emission polarisations93, which is determined through 

measurements of the sample with the excitation polariser at a horizontal position and 

the emission polariser at both a vertical and horizontal position. The G-factor 

measurements are typically recorded until a peak of ~ 1000 counts has been reached 

for each decay curve, where the geometry for these measurements is also shown in 

Figure 2.8. A factor of 2 is included in the denominator due to depolarisation not 

Polarisers 
I
VV 

(t) I
VH 

(t) 

I
HV 

(t) I
HH 

(t) 

a) b) 

c) d) 

Figure 2.8: Geometry for fluorescence anisotropy measurements and the corresponding 

polarisations of light as it passes through the polarisers, where a) and b) show the configurations 

for decay curves IVV and IVH which are typically measured to ~ 10,000 counts difference in the 

peak of the two decays, and c) and d) for IHV and IHH to calculate the G-factor, which are 

typically measured to ~ 1000 counts in the peak of each of these curves. 
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being detected in the direction of excitation but is identical to what is measured from 

IVH in the emission channel. The denominator also describes the fluorescence decay 

of the sample as all three planes of polarisation are accounted for89.  

For anisotropy data analysis, NLLS reconvolution as described in Section 2.2.2.2 is 

applied firstly to the denominator in Equation 13, yielding the fluorescence decay 

parameters as usually acquired from a lifetime fit obtained from Equation 10. The fit 

of this data can be more difficult however due to the larger number of counts present. 

Once a suitable fit to this data has been acquired, Equation 13 can be rearranged to 

give: 

 𝑑(𝑡) = 𝐼𝑉𝑉(𝑡) − 𝐺𝐼𝑉𝐻(𝑡) = 𝑅(𝑡) ⊗ [𝐼𝑉𝑉(𝑡) + 2𝐺𝐼𝑉𝐻(𝑡)] (14) 

 

where the difference data d(t) can be fit to iteratively again using NLLS 

reconvolution analysis to find R(t) based on the lifetime parameters found from the 

fit of 𝐼𝑉𝑉(𝑡) + 2𝐺𝐼𝑉𝐻(𝑡) previously, where R(t) describes the rotational kinetics in 

terms of the minimum number of rotational correlation times and associated 

amplitudes needed to describe the difference data. The χ2 goodness-of-fit criterion 

described previously can also be applied here, where a value χ2
 < 1.25 is usually 

taken to be an acceptable fit in both cases. 

In the simplest case of a spherical rigid rotor in an isotropic medium where all the 

dye is rigidly attached to the nanoparticle, R(t) describes the fluorescence 

depolarisation due to Brownian rotation of the nanoparticle given by: 

 𝑅(𝑡) = 𝑅0 exp (−
𝑡

𝜏𝑟
) (15) 

 

where R0 is the initial anisotropy and in practice is usually < 0.494 and τr is the 

rotational correlation time of the nanoparticle which can be described by the Stokes-

Einstein equation:  

 𝜏𝑟 =
𝜂𝑉

𝑘𝐵𝑇
 (16) 
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where η is the microviscosity, T is the temperature, kB is the Boltzmann constant and 

V is the hydrodynamic volume 4𝜋𝑟𝑝
3/3 of the nanoparticle defined by the 

hydrodynamic radius rp, where V can be substituted into Equation 16 and the 

hydrodynamic radius can be found from the rearranged equation: 

 𝑟𝑝 = (
3𝑘𝐵𝑇𝜏𝑟

4𝜋𝜂
)

1/3

 (17) 

 

In the case of the dye being in two different environments e.g. being freely rotating 

(τr1) and bound (τr2) to the nanoparticle, the anisotropy function can be described by: 

 𝑅(𝑡) = (1 − 𝑓)𝑅0exp (−
1

𝜏𝑟1
) + 𝑓𝑅0exp (−

1

𝜏𝑟2
) (18) 

 

where f is the fraction of fluorescence associated with the rotational correlation time 

τr2 of the dye bound to the nanoparticle, and 1 – f the corresponding fraction for τr1 of 

the dye rotating freely. This case represents the most complex model that can be 

analysed in this work, as this is limited by the DAS6 software used for analysis 

which also assumes all species present in the sample are spherical. 

 

2.2.5 Fluorescence Lifetime Imaging Microscopy 

Fluorescence lifetime imaging microscopy (FLIM) is another powerful fluorescence 

technique that has gained a lot of interest in recent years for biological applications 

in particular. As previously discussed for fluorescence lifetime spectroscopy 

measurements, FLIM images can be taken in both the time domain using TCSPC as 

previously described as well as using time-gated cameras, or in the frequency domain 

by measuring the phase shift and demodulation95. While working in the frequency 

domain allows for faster acquisition, the work in this thesis focuses on time-domain 

imaging which has advantages such as the ability to resolve data more easily from 

weakly emitting fluorophores as well as being more flexible in terms of measurable 

time ranges that can be achieved96.  
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Fluorescence intensity imaging can also be used for biological studies, where the 

associated instrumentation is often far cheaper than that required for FLIM. 

However, information is limited when using intensity-based imaging due to the 

dependence on fluorophore concentration, photobleaching, and quenching factors 

that can affect the emission from a probe97. In addition to these factors, FLIM allows 

for the resolution of multiple fluorophores with varying lifetimes that may fluoresce 

at the same wavelength and would therefore be indistinguishable using intensity-

based imaging alone. A FLIM image is therefore based on the contrast produced by 

the different fluorescence lifetimes within a sample rather than the emission 

intensity. Since the fluorescence lifetime of a fluorophore depends on its 

environment but not on its concentration, FLIM becomes an advantageous technique 

to study various environmental and molecular effects independent of these factors75, 

where examples include the interactions between proteins, FRET-based studies, 

changes in lifetime upon binding to biological targets, and pH sensing in different 

cellular environments98. The first breakthrough in FLIM imaging came in 1988 when 

an ultrafast pulsed laser was used in combination with a laser scanning microscope 

and TCSPC, which was used to generate FLIM images of porphyrins in live cancer 

cells99. Since then many variations of FLIM imaging have been developed, including 

time-gated FLIM which is a wide-field technique where a time-gated camera is used 

to sample a fluorescence decay at several delays after the excitation pulse100, 

stimulated emission depletion (STED)-FLIM that incorporates a secondary beam to 

deplete the excited state population via stimulated emission to suppress fluorescence 

outside the focus which can in turn be used to overcome the classical diffraction 

limit101, as well as two photon FLIM where using a laser with femtosecond pulse 

widths can produce two-photon absorption to excite a fluorophore, allowing for 

deeper penetration into samples as well as suppressing background fluorescence75. 

In the work presented in this thesis FLIM measurements were made using the 

prototype HORIBA Lifetime Imaging Camera based on the QuantiCam single 

photon avalanche diode (SPAD) camera. A SPAD is a photodiode with a p-n 

junction that is reverse biased at a voltage exceeding its breakdown voltage. When a 

single photon reaches the active device, an electron-hole pair is created which then 

triggers a self-sustaining avalanche of secondary carriers39,102. The generated current 
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rises quickly to a steady level in the order of milliamperes, where the leading edge of 

the pulse indicates the arrival time of the photon if the primary carrier is photo-

generated102. Appropriate electronics are required to detect the leading edge of the 

avalanche pulse, lower the SPAD bias to below the breakdown voltage to quench the 

avalanche and reset the photodiode to operating levels102. An array of suitable 

SPADs can be created to then produce a SPAD imager. The equipment setup for the 

HORIBA Lifetime Imaging Camera which utilises such a SPAD array is shown in 

Figure 2.9. 

 

 

In the setup shown in Figure 2.9 a DeltaDiode pulsed laser diode sources is used for 

excitation of samples, allowing for repetition rates of up to 100 MHz. Excitation light 

reaches the dichroic mirror which will direct the light towards the sample via the 20x 

objective, which also collects the fluorescence signal from the sample. The 

fluorescence signal is transmitted through the dichroic mirror where it then also 

passes through a longpass filter for emission wavelength selection before reaching 

the QuantiCam. The QuantiCam is a complementary metal-oxide semiconductor 

(CMOS) fabricated 192 x 128 pixel SPAD array, where each individual SPAD has 

its own TCSPC electronics-based TDC incorporated within the pixel103,104. This 

Figure 2.9: System setup for use of the QuantiCam Lifetime Imaging Camera and EzTime 

software for data acquisition 
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SPAD array allows for the rapid collection of fluorescence lifetime data in every one 

of the 25,000 pixels simultaneously which is fed into the EzTime PC software for 

collection and data analysis, where this rapid collection of data overcomes the 

common problem of slow acquisition times with previously developed FLIM 

techniques. Tail fitting of the decay is employed when lifetime analysis is required 

instead of reconvolution analysis, as an IRF is not typically measured using this 

system. The ability to acquire such a considerable amount of lifetime data 

simultaneously makes this system over an order of magnitude fast than conventional 

scanning FLIM microscopes, where in combination with the ability to record images 

at up to 30 frames per second enables real-time video rate studies of mobile samples 

such as fluid biopsies and fundamental live cell processes, which has not yet been 

realised in any commercially available systems105. 
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3. A Liquid Light Guide-Based Fluorescence Lifetime System 

3.1 Introduction 

The development of fibre bundles for medical applications first began in 1952 when 

Harold H. Hopkins started the development of an endoscope based on glass fibre 

bundles106. The first practical prototype of such fibre bundles did not arrive until 

1957 when Basil Hirschowitz demonstrated the use of a flexible fibre optic 

endoscope using clad fibres on a patient106. Since then, fibre bundle-based techniques 

such as endoscopy have been developed for numerous surgical applications including 

the detection and treatment of various cancers, where the improvement and 

development of fibre optics in surgery is still of high interest today.  

An optical fibre typically consists of three elements as shown in Figure 3.1 – the 

core, cladding and coating. The fibre optic core material is usually silica glass or 

plastic, with varying thicknesses depending on the application and modality. The 

cladding surrounds the core and has a lower refractive index to create an interface 

that confines the light to the core107, allowing light to propagate through the fibre via 

total internal reflection also shown in Figure 3.1. The core and cladding are then 

covered in a protective coating and sometimes external jacket to prevent damage. 

 

 

 

 

 

 

Optical fibres have many uses in areas such as telecommunications and sensing, 

however it is their medical applications that are of interest in this work. The most 

common medical application for optical fibres is in endoscopy, where the fibre 

bundles in an endoscope can be used to image inside the body. There are many types 

Core 

Cladding 

Coating 

Core 

Cladding 

θ θ 

Figure 3.1: Typical fibre optic design consisting of a core, cladding and coating, where light 

propagates through the fibre via total internal reflection due to the lower refractive index of the 

cladding in comparison to that of the core. 
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of endoscopic procedures that can be used for the detection of various cancers which 

have been described in Section 1.1.1. The combination of fluorescence with optical 

fibre-based procedures has also been of interest in recent years. An example of a 

recent study utilised the FDA-approved fluorophore ICG to determine tumour 

margins in the pituitary and parasellar regions of the brain using an endoscopic 

system108, where another example includes the development of a wide-field 

fluorescence endoscope for the detection of cathespin proteases, which have been 

shown to be promising targets in cancer imaging109. Studies such as these 

demonstrate how fluorescence can provide greater accuracy in determining tumour 

margins compared to standard white light imaging but can still be utilised using well-

established techniques such as endoscopy. 

Liquid light guides offer an alternative method to silica fibres for the transmission of 

light. The liquid light guide design is much like a single silica fibre but with a larger 

core diameter in comparison, where the core consists of a sealed liquid to carry light 

instead of a conventional glass core. Figure 3.2 shows the basic principle of 

operation of a liquid light guide, as well as a cross sectional view of the light guide 

compared to a fibre bundle. 

 

 

 

 

 

 

 

 

 
Figure 3.2: Basic principle of operation and design of a liquid light guide, with a comparison of 

the cross sections to demonstrate how more light can be lost in a fibre bundle. Light also 

propagates through the light guides via total internal reflection as seen in typical silica fibres. 
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Liquid light guides have a number of advantages compared to conventional silica 

fibre-based bundles often used for surgical applications. One advantage is the ability 

to transmit more light. Since liquid light guides have a cross-section which resembles 

an open pipe as shown in Figure 3.2, all the space can be used to transmit more light 

with total reflectance. Fibre bundles instead consist of tens of thousands of fibres 

(e.g. ~ 50,000 in an endoscope110) where there is space in between the individual 

fibres, and since the space in between the tubes does not transmit light there is a loss 

of light intensity when these bundles are used for light transmission. Another 

advantage of liquid light guides is their increased flexibility due to the polymer 

tubing used. Silica fibres are more prone to breakage when frequently bent111; 

therefore the robustness of liquid light guides makes them potentially more useful for 

application in surgical procedures. In addition to these factors liquid light guides 

often have a higher numerical aperture than silica fibre bundles, where the larger 

acceptance angle means more light can be collected. There may be typical dispersion 

effects of light travelling through an optical fibre present in a liquid light guide such 

as modal, material and chromatic dispersion, which are important to bear in mind 

when analysing the differences in measurements between those taken on the 

traditional fluorescence lifetime setup – which contains focusing optics – and the 

liquid light guide-based fluorescence lifetime systems. 

Liquid light guides have similar applications to fibre bundles, where they are also 

being utilised in the research and development of imaging systems for surgery due to 

the advantages described. An example of their use in surgical research is in the 

design and development of near-infrared imaging systems that can be used during 

both laparoscopy and open surgery, where their higher transmission compared to 

fibre bundles made them more desirable112. The high throughput of these light guides 

has also been utilised for the illumination of breast tissue samples for surgical margin 

analysis using fluorescence and reflectance spectroscopy113. The advantages listed 

have led to liquid light guides being chosen for implementation in a fibre-based 

fluorescence lifetime system in this work. The Photophysics Group have previously 

utilised the advantages of liquid light guides in miniaturised fluorescence lifetime 

systems where they have been used in a multiplex arrangement allowing for multiple 

detection channels114 as well as being implemented in a fluorescence sensor based on 
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energy transfer for the detection of ions115. While this previous work demonstrated 

the suitability of liquid light guides in miniaturised and more portable fluorescence 

lifetime systems, the setups were more complex than what is investigated in this 

chapter, where many developments and improvements have since been made in 

various components used in fluorescence lifetime systems today. As discussed in 

Chapter 1 there is a great need for an instrument that can be used intraoperatively to 

assist surgeons in the assessment of tumour margins, where the development of 

fluorescence-based instruments has already gained significant interest for such an 

application116,117. To combine the advantages of liquid light guides and fluorescence 

lifetime techniques, the work presented in this chapter looks to demonstrate the ease 

of incorporating liquid light guides into a modern fluorescence lifetime system. 

Fluorescence-based techniques in previous developments for margin estimation often 

focus on using FLIM112,118,119; however in this work we also utilise fluorescence 

lifetime spectroscopy as a potential tool for calibrating a figure of merit for a 

lifetime-based instrument for estimating tumour margins. The lifetime system 

developed and described has been simplified compared to conventional fluorescence 

lifetime systems for cost-effectiveness, and samples can be measured both ‘inside’ 

and ‘outside the box’, demonstrating the versatility of the system. Measuring samples 

‘outside the box’ in particular makes the system more appropriate for practical 

applications outside the laboratory, where this system design has been utilised in a 

later section for measuring phantom tumour margins to demonstrate its use as a 

calibration tool for margin estimation. 

 

3.2 System Setup with Sample Chamber 

3.2.1 Instrument Design & Experimental Setup 

Two 1 m liquid light guides were purchased from Newport (model no: 77566), where 

the light guides chosen had a transmittance range of 340 – 800 nm, a core diameter 

of 3 mm, and a numerical aperture of 0.59 resulting in an acceptance cone of 72°. 

The light guides were first integrated into a fluorescence lifetime system consisting 
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of a conventional HORIBA TemPro and sample chamber, where the schematic and 

photographs of the finished system are shown in Figures 3.3. 
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Figure 3.3: a) Schematic of the fluorescence lifetime system incorporating liquid light guides 

as a means of excitation and collecting fluorescence into an already existing sample chamber, 

and b) photographs of i) the final setup, with more detailed views of the couplings between 

the light guides and ii) the excitation source and iii) detector, and iv) the positioning of the 

light guides within the sample chamber. 

a) 
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The schematic in Figure 3.3 a) illustrates how the liquid light guides were utilised for 

the measurement of fluorescence lifetimes as a means of transmitting the signal from 

the excitation source as well as collecting fluorescence from the sample. The 

excitation source and detector were connected to the TAC start and stop positions on 

the DeltaFlex system in forward mode as normal. The photographs in Figure 3.3 b) 

show in more detail the various parts that were designed and produced in order to 

incorporate the liquid light guides into the system. Figure 3.3 bii) and iii) show the 

holders designed for coupling NanoLED excitation sources and TBX detectors to the 

liquid light guides, where each of the couplings had holders for neutral density or 

longpass filters as required. Each coupling was also designed to be as light tight as 

possible to minimise the collection of background light. Figure 3.3 biv) shows in 

more detail how the light guides were coupled to the sample chamber. The original 

arms of the HORIBA TemPro system were first removed from the sample chamber, 

where new plates were produced that would hold the light guides securely in place. 

Swapping out these arms reduced both the size and weight of the overall setup. The 

positioning of the light guides shown in Figure 3.3 biv) was adjustable, where they 

could be moved further away or closer to the cuvette holder as desired. 

Measurements on this system were performed in a dark room to further minimise any 

background light being collected by the detector. 

Comparison fluorescence lifetime measurements were performed on a HORIBA 

DeltaFlex system, where this system instead utilises monochromators as a means of 

selecting the emission wavelength for measurements. Monochromators are generally 

bulky and add a lot of weight to the overall setup; therefore a filter-based system 

would be more desirable for a setup to be used in applications outside of the 

laboratory. Both systems utilised the TCSPC technique described previously. 

 

3.2.2 Conventional Fluorophore Measurements 

To assess the suitability of the liquid light guide-based system described in Section 

3.2.1 for measuring fluorescence lifetimes, several fluorophores were initially 

measured. Four dyes with varying excitation, emission and lifetime properties were 
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chosen, which included CG436 (6-methoxy-1-methyl quinolinium bromide), 

Rhodamine 6G, MeADOTA (N-methyl-azadioxatriangulenium tetrafluoroborate) 

and JA120, where the structure of these fluorophores are shown in Figure 3.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The fluorescence lifetime properties of the fluorophores chosen are all documented 

in literature61,120–122, therefore results obtained on the liquid light guide system as 

well as results obtained on a conventional HORIBA DeltaFlex system could be 

verified quickly. The excitation and emission wavelengths used for these 

fluorophores ranged from 339 nm (CG436) – 638 nm (JA120) and 440 nm (CG436) 

– 685 nm (JA120) respectively. The primary fluorophore of interest in this project – 

NAD(P)H – is excited at 339 nm, therefore measurements of the quinolinium 

fluorophore CG436 can confirm the system’s suitability for excitation in this region. 

Conversely, JA120 is a xanthene-based probe whose fluorescence properties are 

towards the NIR region of the spectrum. This is a desirable region of the spectrum to 

a) b) 

c) d) 

Figure 3.4: Chemical structures of a) CG436, b) Rhodamine 6G, c) JA120 and d) MeADOTA, 

which were chosen to test the liquid light guide setup over a range of excitation and emission 

wavelengths as well as range of fluorescence lifetime properties. 
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work in for surgical applications due to the deeper penetration of light into tissue as 

well as almost no autofluorescence occurring at these wavelengths, therefore it is 

worthwhile to demonstrate the capabilities of the system in this region as well. 

 

3.2.2.1 Sample Preparation 

Each dye used was obtained in powder form, where CG436 was synthesised by a 

previous student within the Photophysics research group, Rhodamine 6G (R6G) was 

purchased from Sigma Aldrich, MeADOTA was supplied by collaborators at the 

University of Copenhagen, and JA120 was supplied by another previous collaborator 

at the University of Siegen. A small amount of each dye was dissolved in either 

water (CG436, JA120) or methanol (R6G, MeADOTA), where the volume required 

of each to obtain an absorbance of ~ 0.1 in 3 mL of solvent was determined. For the 

purpose of these measurements, an absorbance of ~ 0.1 is strong enough to generate 

a good fluorescence signal, but not strong enough for dye-dye interactions to 

interfere123. The calculated volume was then added to 3 mL of water for each dye, 

where the cuvettes were then sealed to perform the fluorescence lifetime 

measurements. 

 

3.2.2.2 Results & Discussion 

The fluorescence decays of each dye were measured on the liquid light guide-based 

fluorescence lifetime system and the conventional HORIBA DeltaFlex system for 

comparison. As well as varying in excitation and emission wavelength, these dyes 

also vary in fluorescence lifetime, where JA120 and R6G have monoexponential 

decays with short fluorescence lifetimes, and CG436 and MeADOTA have bi-

exponential decays with longer fluorescence lifetime components. These dyes were 

chosen to give a broad range of excitation, emission and fluorescence lifetime 

properties to test the capabilities of the liquid light guide setup over a ~ 340 – 700 

nm range. The excitation and emission wavelengths used for the measurement of 

each fluorophore can be found in Table 3.1 along with the fluorescence lifetimes 
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obtained on each of the systems. NanoLED excitation sources were used for each 

measurement, where a TAC range of 100 ns/200 ns was used for the measurements 

of JA120 and R6G (100 ns – monochromator-based system, 200 ns – filter-based 

system), and a TAC range of 400 ns was used for the CG436 and MeADOTA 

measurements (same TAC range on both systems).  

 

Sample 
λex 

(nm) 

λem 

(nm) 
System 

τ1 

(ns) 

B1 

(%) 

τ2 

(ns) 

B2 

(%) 

τavg 

(ns) 
χ2 

CG436 339 440 
LLG 17.1 ± 1.0 49.84 27.8 ± 0.5 50.16 21.2 1.11 

Mono. 18.4 ± 1.1 56.95 26.9 ± 0.6 43.05 21.3 1.12 

R6G 474 560 
LLG 4.01 ± 0.02 100 - - 4.01 1.10 

Mono. 4.06 ± 0.01 100 - - 4.06 1.19 

Me-

ADOTA 
494 570 

LLG 9.41 ± 0.34 8.63 18.5 ± 0.1 91.37 17.1 1.10 

Mono. 9.74 ± 0.28 2.27 19.1 ± 0.1 97.73 18.7 1.06 

JA120 638 685 
LLG 1.79 ± 0.01 100 - - 1.79 1.13 

Mono. 1.75 ± 0.01 100 - - 1.75 1.09 

 

Table 3.1: Comparison of the fluorescence lifetime components and corresponding relative 

amplitudes (B values) of each component obtained for each sample measured on the liquid light 

guide (LLG) and monochromator (mono.)-based systems. Note that uncertainties of the lifetime 

values are provided as a standard deviation by the software where no such value is given for the 

B values, therefore the full value with all digits is given but may not be reliable to the last digits. 

Typical variation of such B values in measurements of the same sample has been found to be ~ 

5%. It is also likely that only the first non-trivial digit of the uncertainties given for the lifetime 

values are significant. 

 

Figure 3.5 shows a comparison of the fluorescence decays of R6G and CG436 on 

each of the systems as examples, illustrating that the fluorescence decays obtained on 

the liquid light guide-based system closely resemble those obtained on the 

conventional monochromator-based system. This is also reflected in Table 3.1 where 

the lifetime parameters obtained for each of the fluorophores are in good agreement 

on both lifetime systems, demonstrating that the liquid light guide-based system is 

capable of obtaining reliable fluorescence lifetime data over a range of wavelengths 

and time scales.  
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3.2.3 NADH in Solvent 

NADH in Trizma buffer was also measured on the liquid light guide-based 

fluorescence lifetime system to further assess the suitability of the instrument for 

measuring the main fluorophore of interest. Measurements were conducted using a 

339 nm NanoLED excitation source and a 450 nm emission wavelength. These 

measurements were for the purpose of assessing the suitability of measuring much 

shorter fluorescence decays, therefore the characteristics of NADH are not discussed 

here in detail and are instead investigated in Chapter 4. 

 

3.2.3.1 Sample Preparation 

The Trizma buffer was prepared prior to the addition of NADH, where 0.728 g of 

Tris HCl (Sigma Aldrich) and 0.047 g of Tris Base (Sigma Aldrich) were added to 
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Figure 3.5: Comparison of the fluorescence decays obtained for Rhodamine 6G (R6G) and 

CG436 in water on the liquid light guide (LLG) and monochromator (mono.)-based systems. 

The decays of two fluorophores only have been shown here for clarity, where a comparison of 

those obtained for MeADOTA and JA120 can be found in Appendix A. 



48 

 

100 mL water and mixed until fully dissolved to obtain a buffer solution of pH 7.0 at 

25°C124. 1.13 mg of powdered reduced disodium salt hydrate of β-nicotinamide 

adenine dinucleotide (β-NADH, Sigma Aldrich) was dissolved in 20 mL of the 

Trizma buffer, where 1.5 mL of this NADH solution was added to a cuvette followed 

by another 1.5 mL of the Trizma buffer alone. The sample was then sealed with 

parafilm to be used for measurements, where samples were stored in the fridge at ~ 

4°C when not in use. 

 

3.2.3.2 Results & Discussion 

Figure 3.6 shows the fluorescence decay obtained for NADH in Trizma on both the 

liquid light guide and monochromator-based fluorescence lifetime systems for 

comparison.  
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Figure 3.6: Fluorescence decay comparison of NADH in Trizma obtained on the liquid light 

guide-based (LLG) and monochromator-based (mono.) systems, where λex = 339 nm and λem = 

450 nm. A secondary peak due to reflections at the windows of the light guides is also seen for 

the measurements on the LLG system.  
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The fluorescence decays for NADH in Trizma on both systems are very similar; 

however at such a short timescale systematic effects are more prominent and 

therefore affect the fluorescence lifetime analysis. Figure 3.6 highlights a secondary 

peak in the data that occurs ~ 10.7 ns after the initial peak in both the IRF and 

fluorescence lifetime measurements. Late peaks after the instrumental pulse have 

previously been reported in linear focused photomultipliers125,126, where 

backscattering of primary electrons at the first dynode at a delayed time has been 

suggested as a possible explanation for late peaks126. Another explanation is 

reflection occurring at the end of the liquid light guide. To test for this, the path 

length from the excitation source to the sample was doubled by coupling two liquid 

light guides together, giving a 2 m path length in total. Figure 3.7 shows the 

measurement of NADH in Trizma with the system in this configuration. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 illustrates a third late peak occurring ~ 10.7 ns after the secondary peak, 

demonstrating that there must be reflection occurring at the interface of the liquid 
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Figure 3.7: Fluorescence decay of NADH in Trizma with the LLG path length from the 

excitation source to the sample doubled, providing further confirmation that the additional 

peaks are due to reflections rather than backscattering of electrons in the PMT. 
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light guides. Based on the time of 10.7 ns between the peaks and the additional 2 m 

distance the light travels, the speed of light within the fibre v is calculated to be ~ 

1.87 x 108 ms-1. Based on this speed, a refractive index n of the liquid core of the 

light guide can be calculated using: 

 𝑛 =
𝑐

𝑣
 

 

(19) 

 

where c is the speed of light in a vacuum. From Equation 19 the light guide was 

found to have a refractive index of ~ 1.60. 

While the secondary peak is more prominent at such short timescales, the 

fluorescence decays obtained on the liquid light guide-based system could still be 

analysed relatively well as it is a weak feature. Its appearance was not of any 

immediate concern as NAD(P)H would most likely be measured in the cellular 

environment in future applications, where due to the increase in fluorescence lifetime 

under these circumstances the peak would have very little influence on the decay.  

 

3.3 System Setup with Translational Stage 

3.3.1 Instrument Design & Experimental Setup 

To have the ability to move the sample incrementally in order to measure the 

fluorescence lifetime at different positions, a translational stage was purchased from 

ThorLabs (model number: PT1/M) to be incorporated into a new sample stage. A 

new holder for the liquid light guides was also designed and built so that these could 

be held at a fixed position and distance from the sample. A schematic as well as 

photographs of the setup are shown in Figures 3.8. 
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bi) 

bii) iii) 

Figure 3.8: a) Schematic of the fluorescence lifetime system incorporating liquid light guides 

and a translational stage to place the sample where the same couplings for the light guides to the 

excitation source and detector were used as in the previous setup, and b) photographs of the i) 

full setup with the translational stage, with a more detailed view of the sample stage design in ii) 

and iii). 
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The schematic in Figure 3.8 a) shows that the liquid light guide carrying excitation 

light is perpendicular to the sample, where the liquid light guide carrying 

fluorescence to the detector is at 45° to minimise excitation light being collected by 

this light guide. This light guide was fixed at 45°, where the angle could not be 

adjusted. Longpass filters are still utilised in this setup, where the same couplings as 

the previous setup for the excitation source and detector to the light guides were used 

to further ensure only fluorescence is being collected by the detector. The 

photographs in Figure 3.8 b) show how the overall setup looked as well as a more 

detailed view of the sample stage. The sample stage could be moved left to right as 

viewed in Figure 3.8 b ii) in one plane over a 25 mm distance. The liquid light guide 

holder could be moved up and down as required using the clamp stand, and in 

addition to this, the position of the light guides themselves in the holders could be 

moved if necessary.  

For fluorescence lifetime measurements using this setup, the surface interface of the 

liquid light guides were typically positioned at a height of 5 mm from the sample 

surface, which based on the cone angle could potentially illuminate ~ 10.2 mm of the 

sample surface from this height. Measurements were performed in a dark room, 

where a black cloth was also placed over the setup to further minimise unwanted 

photons being detected. Samples were measured in plastic cuvettes which were laid 

on their sides to provide a larger sample surface area, where the ability for measuring 

across a length of 25 mm was utilised in phantom tumour margin measurements in 

Chapter 5. 

 

3.3.2 Conventional Fluorophore Measurements 

In a similar way to Section 3.2.2, conventional fluorophores were first measured to 

assess the initial setup of the translational stage with the liquid light guides. Here, 

R6G and CG436 were measured using the same excitation and emission wavelengths 

as described in Section 3.2. 
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3.3.2.1 Sample Preparation 

Samples of R6G and CG436 in water were prepared similarly to the previous 

measurements, where the stocks prepared in Section 3.2.2.1 were used again to 

produce 4.8 mL solutions of each dye in cuvettes with an absorbance of ~ 0.1. A 

volume of 4.8 mL brought the cuvettes to near maximum capacity, which ensured 

that no air bubbles would appear when the cuvette was laid on its side for 

measurement.  

 

3.3.2.2 Results & Discussion 

Figure 3.9 shows the fluorescence decays of R6G and CG436 measured using the 

translational stage setup in comparison to those obtained on the conventional 

monochromator-based fluorescence lifetime system, where a comparison of the 

lifetime components obtained are shown in Table 3.2. 
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Figure 3.9: Comparison of the fluorescence decays of R6G and CG436 measured using the setup 

from Section 3.2 (setup 1) and the translational stage setup (setup 2), where the measurement 

parameters were the same as those used in Section 3.2. 
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Table 3.2: Fluorescence lifetime parameters obtained for the decay measurements shown in 

Figure 3.9 of R6G and CG436 on the original liquid light guide-based setup (setup 1) and the 

translational stage setup (setup 2), where good agreement in all parameters was observed 

between the two setups. 

 

Both the fluorescence decays in Figure 3.9 and the corresponding lifetime values in 

Table 3.2 demonstrate that there were no immediate issues with the setup as they are 

in very close agreement with each other. Figure 3.9 also shows that the reflection 

peak is still apparent at the same position within this setup; however it again has no 

influence in this set of measurements. NADH in Trizma was also measured on the 

translational stage setup, where a comparison of this with the measurement on the 

first liquid light guide setup is shown in Figure 3.10. The fluorescence decays in 

Figure 3.10 show that the initial slopes are very similar in each setup, however from 

~ 55 ns onwards the decay of NADH on the translational stage setup appears to be 

longer than that obtained on the original setup. It is possible this is due to 

fluorescence from the Trizma itself – while a new Trizma buffer was prepared for the 

translational stage measurements, the chemicals used were significantly older than 

what was used for the sample measured on the original liquid light guide setup. This 

Trizma buffer alone was measured using the same excitation source and fluorescence 

was collected at 450 nm for the same length of time as the NADH sample, where the 

sample was found to fluoresce under these conditions with a long decay component 

similar to what is seen in Figure 3.10. 

 

 

Sample 
λex 

(nm) 

λem 

(nm) 
System 

τ1 

(ns) 

B1 

(%) 

τ2 

(ns) 

B2 

(%) 

τavg 

(ns) 
χ2 

CG436 339 440 

Setup 1 17.1 ± 1.0 49.48 27.8 ± 0.5 50.52 21.2 1.11 

Setup 2 16.0 ± 1.0 46.49 27.9 ± 0.4 53.51 20.7 1.18 

R6G 474 560 

Setup 1 4.01 ± 0.02 100 - - 4.01 1.10 

Setup 2 3.99 ± 0.01 100 - - 3.99 1.03 
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3.4 Conclusions 

Two variations of a liquid light guide-based fluorescence lifetime system have been 

designed and tested. Light guides were initially incorporated into an existing sample 

chamber, where measurements of conventional fluorophores demonstrated that this 

system produced fluorescence decays almost identical to that obtained on a 

conventional fluorescence lifetime system that incorporates monochromators. The 

second iteration of the light guide-based system incorporated a translational stage 

into the setup instead of a sample chamber, which allows the light guides to be 

moved to different positions above the sample. This system was also initially tested 

with conventional fluorophores, where again the results obtained were in excellent 

agreement with the first liquid light guide-based system as well as the conventional 

monochromator-based system.  

Figure 3.10: Comparison of the fluorescence decays of NADH in Trizma measured using the 

setup from Section 3.2 (setup 1) and the translational stage setup (setup 2), where λex = 339 nm 

and λem = 450 nm. The longer decay of NADH in Trizma in setup 2 is most likely due to the 

Trizma buffer itself, as this was found to weakly fluoresce when measured alone under the 

same conditions. 
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Measurements of the shorter fluorescence decay of NADH on each system 

highlighted the appearance of reflected photons in the obtained decays. This could be 

due to photons being reflected at the window of the light guide coupled to the 

detector or at the window of the excitation light guide positioned at the sample, 

where they travel back down the light guide and back towards the detector/sample 

again. The probability of this occurring is low, where less than 100 photons were 

detected in the secondary peak. This could possibly be improved with better 

couplings to the detector or samples; however space between the light guide and the 

detector is required so that longpass filters can be added in order to select the 

emission wavelength. Space between the light guides and the sample would also be 

preferable so that the light guides can be moved across a sample easily. However, as 

discussed previously this should not cause issue when measuring the longer 

fluorescence lifetimes of NAD(P)H in the cellular environment, which would be the 

fluorophore of interest during surgery. 

The results presented here demonstrate the capabilities of the liquid light guides for 

carrying excitation light and collecting fluorescence to produce accurate fluorescence 

lifetime measurements. This is essential for the translational stage setup in particular, 

where the ability to move the light guides across the sample is utilised in Chapter 5 

for measurements of phantom margins to demonstrate its potential for calibrating a 

figure of merit for tumour margin applications. 
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4. Characterisation of NAD(P)H Fluorescence 

4.1 Introduction 

As previously discussed in Chapter 1, NADH and NADPH have very different roles 

in the body, yet they have very similar structures. A comparison of the chemical 

structures of NADH and NADPH is shown in Figure 4.1. Both structures consist of 

two nucleotides joined through phosphate groups, where NADPH contains an 

additional phosphate group attached to the ribose of adenosine, allowing it to interact 

with a different set of enzymes127. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The nicotinamide ring of NADH and NADPH is responsible for the fluorescence 

signal of interest in this work. NADH and NADPH have identical fluorescence 

properties despite the additional phosphate group of NADPH, since NADPH is 

phosphorylated at a remote site of the molecule far enough away from the 

a) b) 

Figure 4.1: Chemical structure of a) NADH and b) NADPH, where the nicotinamide ring 

responsible for fluorescence is highlighted in red, and the additional phosphate group of 

NADPH is highlighted in blue. 
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Figure 4.2: Normalised absorption and emission spectra of NADH and NADPH. Emission 

spectra were acquired using an excitation wavelength of 339 nm. 

nicotinamide ring for it to remain unaffected. The absorption and fluorescence of 

NADH and NADPH are shown in Figure 4.2, where the almost perfect overlap of the 

spectra demonstrates these identical properties. 

 

 

 

 

 

 

 

 

NAD(P)H has an absorption maximum at ~ 340 nm, where upon excitation at this 

wavelength the molecule will fluoresce with an emission peak of ~ 460 nm. There is 

an additional absorption peak at ~ 250 nm which is also present in NAD(P)+, which 

is due to the adenine moiety128. The nicotinamide ring of NAD(P)+ also absorbs, 

however its peak is blue-shifted from ~ 340 nm to ~ 220 nm. This is caused by a 

larger energy difference between the highest occupied molecular orbital and the 

lowest unoccupied molecular orbital in NAD(P)+ than that of the molecule in its 

reduced form, resulting in more energy being required to excite the oxidised form128. 

While NAD(P)H absorbs at ~ 340 nm and has an emission peak of ~ 460 nm, 

NAD(P)+ does not absorb or fluoresce significantly at these wavelengths129.  

The fluorescence lifetime of NAD(P)H has been widely studied. Early measurements 

of the fluorescence lifetime of NADH characterised the lifetime as ~ 0.4 ns at room 

temperature using a single exponential model130,131. Later studies utilising excitation 

via a UV-mode locked Argon ion laser revealed that a 2-exponential model best 
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described the fluorescence lifetime properties of NADH, where values of 0.25 ns and 

0.69 ns in water were reported132. One of the most popular explanations for the 2-

exponential decay is due to NADH existing in both a folded and open forms which in 

turn affects the interactions between the nicotinamide and adenine rings, where it is 

believed the longer lifetime component corresponds to NADH in a folded 

configuration and the shorter lifetime corresponding to NADH in its open form132,133. 

It has recently been suggested however that these two lifetimes instead correspond to 

structural differences in the nicotinamide ring in particular in each subpopulation of 

molecules134. The fluorescence lifetime of NAD(P)H has also been found to increase 

when bound to proteins, as well as the value being dependent on which protein it is 

bound to75. These interesting properties have led to various studies of NAD(P)H in 

the cellular environment, which have utilised its fluorescence for applications such as 

defining brain and lung tumour margins35,135, assessing the REDOX state of cells136 

as well as discriminating between normal and pre-cancerous epithelia by observing 

the protein-bound fluorescence lifetime of NADH137. 

This chapter looks to document both the spectral and fluorescence lifetime properties 

of NAD(P)H in various solvents more thoroughly, where several environmental 

factors were investigated. These factors included viscosity, pH, temperature and 

oxygen level, all of which may prove useful to have a more complete understanding 

of initially before moving on to look at the properties of NAD(P)H in the more 

complex environments such as silica sol-gels and the cellular environment in later 

work.  

 

4.2 Experimental Setup 

Absorption measurements were obtained using a PerkinElmer Lambda 2 UV/Vis 

spectrometer, where samples were measured over a 300 nm – 700 nm window at a 

scan speed of 480 nm/min using a slit width of 1 nm. Measurements of the 

fluorescence emission were collected on a HORIBA FluoroMax-2 spectrometer, 

where samples were excited at 339 nm, and emission was obtained from 350 nm – 

700 nm. Both slit widths were set to a 3 nm resolution for emission measurements 
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and samples were scanned in 1 nm increments, where the emission was collected for 

0.5 s at each increment. The ratio of the corrected signals accounting for the 

excitation and emission wavelength correction factors and dark counts (Sc/Rc) was 

used to produce the final emission spectra shown. 

Fluorescence lifetime measurements were acquired using a HORIBA DeltaFlex 

system using the TCSPC technique described previously, where samples were 

excited using a 339 nm NanoLED and emission wavelengths were selected using a 

monochromator with a 16 nm slit resolution. A TAC range of 100 ns was used for all 

measurements. Data analysis to determine the fluorescence lifetimes and 

corresponding parameters for all measurements was performed using the DAS6 

package using NLLS reconvolution analysis as previously described. 

 

4.3 NADH Fluorescence in Simple Solvents 

Before looking into the fluorescence properties of NAD(P)H in the more complex 

sol-gel and cellular environments, NADH was first studied in various solvents to 

better understand its fluorescence properties in these simpler environments. 

 

4.3.1 Sample Preparation 

All chemicals were purchased from Sigma Aldrich. To prepare the NADH samples 

for measurements, 5.68 mg of powdered β-NADH was dissolved in 200 ml of 

various solvents, which included water, ethylene glycol, phosphate-buffered saline 

(PBS), and Tris(hydroxymethyl)aminomethane (Trizma) to obtain solutions of 

NADH at 40 μM concentrations. The solvents PBS and Trizma were prepared prior 

to the addition of NADH. PBS was prepared by dissolving one PBS tablet in 200 ml 

of water and stirred for 5 minutes to obtain a solution of pH 7.4 at 25 °C. Trizma was 

prepared as described previously in Section 3.2.3.1. Once the NADH had dissolved 

in the solvents, 3 mL of each sample was added to plastic cuvettes and sealed with 

parafilm to be used in measurements. Samples were stored in the fridge at ~ 4 °C and 

β-NADH was stored at ~ - 20 °C in the freezer when not in use. 



61 

 

Figure 4.3: Absorbance spectra of NADH in ethylene glycol, PBS, Trizma and water at a 40 μM 

concentration, where the highest absorbance of NADH was observed in Trizma. 
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4.3.2 Results & Discussion 

Absorption measurements of NADH in the different solvents were initially 

performed, where the differences in absorbance spectra are shown in Figure 4.3. 

 

 

 

 

 

 

 

  

  

 

The spectra in Figure 4.3 reveal a solvent dependency on the absorption properties of 

NADH, where there is a higher absorbance in Trizma compared to the other solvents. 

The peak wavelength of absorption was 338 nm for NADH in PBS and 339 nm in 

the other solvents, therefore samples were excited at 339 nm to obtain the emission 

spectra shown in Figure 4.4. These emission spectra give a better indication of the 

solvent effects occurring. The emission intensity of NADH was highest in ethylene 

glycol, which had the highest viscosity out of the solvents used in the measurements. 

A higher viscosity will often increase the quantum yield of a fluorophore by reducing 

dissipative pathways due to the reduction in the number of collisional interactions 

between the fluorophore and solvent molecules as well as increased structural 

rigidity, therefore slowing down the deactivation process of fluorescence138.  
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Figure 4.4: Emission spectra obtained for NADH in the same solvents at a 40 μM concentration, 

where samples were excited at 339 nm and emission collected over a 350 nm – 650 nm range. An 

increase in emission intensity and blue-shift in peak wavelength position is observed for NADH 

in ethylene glycol, which is due to its increased viscosity and lower polarity respectively 

compared to the other solvents. 
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Figure 4.4 also highlights a slight redshift in the peak emission of NADH in the other 

solvents (λmax = ~ 460 nm) compared to NADH in ethylene glycol (λmax = 450 nm), 

which is most likely due to the difference in the solvent polarities. After excitation, 

the solvent molecules reorient themselves around the fluorophore in terms of their 

dipole moments in order to lower the energy of the excited state. The increase in 

solvent polarity of Trizma, PBS and water compared to ethylene glycol increases this 

effect, causing a greater reduction in energy of the excited state and therefore 

resulting in emission of a photon at an even longer wavelength75. 

The fluorescence decay of NADH in each solvent was also measured, where typical 

decays obtained in each solvent are shown in Figure 4.5. Each sample was also 

measured at emission wavelengths ranging from 420 – 480 nm to assess if there was 

any change in the lifetime properties of NADH at these different wavelengths; 

however no significant differences were seen in the lifetime values obtained in any of 

the solvents.  
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Figure 4.5: Fluorescence decay of NADH in each solvent (where EG = ethylene glycol) at a 40 

μM concentration, where λex = 339 nm and λem = 460 nm. The increased viscosity of EG again 

has the greatest influence on the decay, where the obtained lifetime parameters were almost 

double that observed in the other solvents. 
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The fluorescence decay of NADH was best fit to a 2-exponential decay in all cases. 

Figure 4.5 shows the difference in the fluorescence decays obtained in each of the 

solvents, where again the most significant difference is seen in ethylene glycol 

compared to the other solvents. The fluorescence decay of NADH in ethylene glycol 

is considerably longer than that seen in Trizma, PBS and water. The differences can 

be seen in greater detail in Table 4.1, showing the individual lifetime components 

determined for NADH in each solvent. As the viscosity has already been shown to 

affect the fluorescence of NADH, the results in Table 4.1 demonstrate how it may 

also be contributing to the difference in lifetime parameters found for NADH in 

ethylene glycol compared to the other solvents. Both τ1 and τ2 for NADH in ethylene 

glycol are approximately double the values found in other solvents, and there is also 

an increase in contribution of τ1 observed for NADH in ethylene glycol. Since 

collisional interactions and therefore dissipative pathways are reduced, the time spent 

in the excited state is prolonged therefore giving a longer fluorescence lifetime139. 

This is reflected in the results shown in both Figure 4.5 and Table 4.1 and is also 

consistent with what is observed in Figure 4.4. 
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Solvent 
τ1 

(ns) 

B1 

(%) 
α1 

τ2 

(ns) 

B2 

(%) 
α2 

τavg 

(ns) 
χ2 

Trizma 0.31 ± 0.03 79.68 0.90 0.68 ± 0.03 20.32 0.10 0.35 0.94 

PBS 0.32 ± 0.03 76.86 0.88 0.68 ± 0.03 23.14 0.12 0.36 1.04 

Water 0.34 ± 0.03 74.64 0.88 0.82 ± 0.03 25.36 0.12 0.40 1.01 

EG 0.68 ± 0.02 81.98 0.92 1.64 ± 0.05 18.02 0.08 0.76 1.11 

 

Table 4.1: Fluorescence lifetime parameters, percentage contributions and normalised pre-

exponentials obtained for NADH in each of the solvents at a 40 μM concentration as shown in 

Figure 4.5, along with the associated goodness of fit for measurements using λex = 339 nm and 

λem = 460 nm. 

 

4.4 Environmental Effects on NADH Fluorescence Lifetime 

Various environmental factors that are worth considering when studying the 

fluorescence properties of NAD(P)H in more complex environments have also been 

investigated in the simple solvent environment to see what kind of influence they 

may have on the properties of NAD(P)H. Such environmental factors that have been 

investigated include temperature, pH and oxygen levels.  

 

4.4.1 Temperature Effects 

As all measurements had been previously made at room temperature, the effect on 

the fluorescence lifetime of NAD(P)H at 37 °C was then investigated to mimic body 

temperature, as this is how NAD(P)H would be measured in the surgical 

environment. 

 

4.4.1.1 Sample Preparation 

Samples of NADH were prepared as previously described in Section 4.3.1, where in 

this case smaller volumes were instead prepared by dissolving 0.85 mg of β-NADH 

in 30 mL of each solvent to obtain samples of 40 μM concentrations. Fluorescence 
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lifetime measurements of each sample were made at room temperature (~ 20 °C) and 

body temperature (37 °C), where the higher temperature was achieved by attaching a 

Cole-Palmer Polystat digital heated recirculator to the sample holder in the 

fluorescence lifetime system. Samples were placed in the holder for ~ 10 minutes to 

ensure they had reached the desired temperature. 

 

4.4.1.2 Results & Discussion 

The fluorescence decays of NADH measured in each solvent at both room and body 

temperature are shown in Figure 4.6. 
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Figure 4.6: Fluorescence decay of NADH at a 40 µM concentration in a) water, b) PBS, c) 

Trizma and d) ethylene glycol at both room and body temperature (37 °C), where λex = 339 nm 

and λem = 460 nm. An increase in temperature caused a decrease in the fluorescence decay in 

all solvents. 
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A visible shortening of the fluorescence decay of NADH is observed in every solvent 

upon increase of temperature. A comparison of the individual lifetime components 

found for each measurement is shown in Table 4.2. 

 

Solvent 
Temp. 

(°C) 

τ1 

(ns) 

B1 

(%) 
α1 

τ2 

(ns) 

B2 

(%) 
α2 

τavg 

(ns) 
χ2 

Trizma 

20 0.31 ± 0.03 79.68 0.90 0.68 ± 0.03 20.32 0.10 0.35 0.94 

37 0.26 ± 0.04 82.71 0.91 0.57 ± 0.04 17.29 0.09 0.29 1.11 

PBS 

20 0.32 ± 0.03 76.86 0.88 0.68 ± 0.03 23.14 0.12 0.36 1.04 

37 0.20 ± 0.09 58.64 0.75 0.43 ± 0.02 41.36 0.25 0.26 1.05 

Water 

20 0.34 ± 0.03 74.64 0.88 0.82 ± 0.03 25.36 0.12 0.40 1.01 

37 0.27 ± 0.03 81.92 0.92 0.67 ± 0.04 18.08 0.08 0.30 1.14 

EG 

20 0.68 ± 0.02 81.98 0.92 1.64 ± 0.05 18.02 0.08 0.76 1.11 

37 0.52 ± 0.02 79.40 0.92 1.52 ± 0.04 20.60 0.08 0.60 1.09 

 

Table 4.2: Corresponding fluorescence lifetime parameters for the measurements of NADH at 

room and body temperature shown in Figure 4.6, where a decrease in the value of every lifetime 

component is observed due to the increase in collisional interactions at the higher temperature. 

 

The parameters obtained in Table 4.2 show that both τ1 and τ2 decrease in value as 

the temperature is increased, and that no significant trends were observed in the 

change in the normalised pre-exponentials or contributions of either component. A 

decrease in fluorescence lifetime is to be expected. A higher temperature will reduce 

the viscosity of the solvents, increasing dissipative pathways due to the increase in 

collisional interactions between the fluorophore and solvent molecules, which will in 

turn reduce the fluorescence lifetime. This could suggest that if fluorescence lifetime 

measurements of NAD(P)H were conducted within the body, the parameters 

obtained may be slightly shorter than what would be measured in vitro.  
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4.4.2 pH Effects 

Cancer cells are reported to typically have a higher intracellular pH of ~ 7.2 – 7.7 

compared to a pH of ~ 7.0 – 7.2 in healthy cells140. Conversely, a lower extracellular 

pH of ~ 6.2 – 6.9 was also reported for cancer cells, compared to an extracellular pH 

of ~ 7.3 – 7.4 in healthy cells140. In order to assess the effect of pH on the properties 

of NAD(P)H, measurements of NADH were taken in water over a broad range of 

pHs. 

 

4.4.2.1 Sample Preparation 

30 mL solutions of water were initially prepared at pHs of approximately 3, 5, 7, 9 

and 11. To reduce the pH of the water hydrochloric acid was added, whereas sodium 

hydroxide was added to increase the pH. Only a few drops were added at a time in 

order to make only minor adjustments. Once the solutions were at appropriate pHs, 

0.85 mg of the powdered β-NADH was added to obtain samples at a 40 μM 

concentration, where 3 mL of each sample was added to a cuvette and sealed with 

parafilm for use in measurements. 

 

4.4.2.2 Results & Discussion 

Figure 4.7 shows the lifetime components obtained over the pH range of ~ 3 – 11 and 

the normalised pre-exponentials of each component respectively, where the 

normalised pre-exponentials provide information on the relative concentrations of 

each emitting species. 
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Figure 4.7: a) Fluorescence lifetime components τ1 and τ2 for the fluorescence decays of NADH 

measured at a 40 µM concentration over a pH range of ~ 3 – 11, along with b) the corresponding 

normalised pre-exponential factors giving an indication of the relative concentration of each 

component present in the sample. 
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An increase in value of both lifetime components is observed from pH 3 to pH 5 in 

Figure 4.7 a), which then starts to gradually decrease from pH 5 to pH 11. In addition 

to this, there is a steady decrease in the relative concentration of τ1, which drops from 

0.91 to 0.7 over this pH range. These results indicate that the fluorescence lifetime 

properties of NADH are somewhat influenced by the pH of its immediate 

environment both in terms of the lifetime values and relative concentrations of each 

species of NADH present, but they are not affected to a great extent. The values 

obtained at ~ pH 7 resemble those seen in previous measurements of NADH in the 

solvents similar to water. It would be expected that NADH would be most stable 

around this pH as the product guidelines suggest storage at ~ pH 8, where acidic 

solvents are prone to decomposing NADH141 which may explain the larger 

differences observed in the lifetime values at the lower pHs. However, as there is not 

a large change seen overall across a pH range of ~ 3 – 11, it is unlikely there would 

be significant changes observed in the fluorescence lifetime over the smaller 

intra/extracellular pH ranges of healthy and cancerous cells that could be attributed 

to pH alone. 
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4.4.3 Oxygen Effects 

The effect of oxygen on the fluorescence lifetime of NADH has also been 

investigated. Depleted oxygen is a common trait in many malignant tumours142, 

therefore a difference in fluorescence lifetime of NAD(P)H between the two 

environments with and without oxygen could provide a potential method for 

determining between healthy and cancerous cells. 

 

4.4.3.1 Sample Preparation 

Samples of NADH in the various solvents at a 40 μM concentration were prepared in 

the same way as described in Section 4.4.1.1. 3 mL of each sample was added to a 

cuvette, which was sealed with a rubber stopper and further secured with parafilm. 

To remove oxygen from the samples, argon gas was bubbled through the solutions 

for ~ 5 minutes per sample using BD Microlance 3 needles, where the samples were 

then resealed with more parafilm afterwards. Fluorescence lifetime measurements 

were conducted immediately after each sample had been resealed. 

 

4.4.3.2 Results & Discussion 

The fluorescence lifetime of NADH was measured before and after oxygen removal 

in the four solvents used previously. Figure 4.8 shows the fluorescence decays 

obtained for NADH in ethylene glycol and water, where the biggest visual 

differences in the decays were observed.  
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Figure 4.8: Fluorescence decays of NADH in water and ethylene glycol (EG) at a 40 μM 

concentration, measured before and after oxygen was removed from the samples. The difference 

in decays was not as significant for NADH in Trizma and PBS, however these decays can be 

found in Appendix B for comparison. 
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Table 4.3 shows the results obtained in each solvent in more detail, showing a 

comparison of the fluorescence lifetime components obtained in each case. The 

fluorescence decays in Figure 4.8 as well as the corresponding fluorescence lifetime 

parameters for NADH in water and ethylene glycol in Table 4.3 show that the 

removal of oxygen from the sample had the greatest effect in these solvents. In both 

solvents a visible increase of the fluorescence decays can be seen, where the value of 

both lifetime components of NADH increase in both cases after oxygen has been 

removed, however the increase in the lifetime components of < 1 ns may depend on 

the analysis using a 2-exponential model and therefore not be as reliable. In 

comparison to this, we see very little change in the lifetime components of NADH in 

Trizma and PBS, however a rise in the average lifetime of NADH in Trizma is 

observed due to the increased contribution from the larger lifetime component. 

Oxygen is known to be an extremely efficient quencher, and so a change in both the 

fluorescence decays and lifetime parameters is expected. 
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Solvent 
τ1 

(ns) 

B1 

(%) 
α1 

τ2 

(ns) 

B2 

(%) 
α2 

τavg 

(ns) 
χ2 

Trizma 0.31 ± 0.03 79.68 0.90 0.68 ± 0.03 20.32 0.10 0.35 0.94 

after O2 

removal 
0.33 ± 0.04 69.91 0.84 0.74 ± 0.03 30.09 0.16 0.40 1.15 

PBS 0.32 ± 0.03 76.86 0.88 0.68 ± 0.03 23.14 0.12 0.36 1.04 

after O2 

removal 
0.27 ± 0.05 51.52 0.71 0.61 ± 0.02 48.48 0.29 0.37 1.05 

Water 0.34 ± 0.03 74.64 0.88 0.82 ± 0.03 25.36 0.12 0.40 1.01 

after O2 

removal 
0.38 ± 0.02 74.66 0.88 0.96 ± 0.02 25.34 0.12 0.45 1.06 

EG 0.68 ± 0.02 81.98 0.92 1.64 ± 0.05 18.02 0.08 0.76 1.11 

after O2 

removal 
0.81 ± 0.02 77.71 0.90 2.17 ± 0.04 22.29 0.10 0.94 1.08 

 

Table 4.3: Fluorescence lifetime parameters determined for NADH in each solvent before and 

after oxygen removal. A 2-exponential fit was most suitable for this data, as a 1-exponential fit 

indicated that at least one additional component was required, and a 3-exponential fit did not 

improve the χ2 value.  

 

The bigger change in the lifetime of NADH in ethylene glycol compared to the other 

samples could be due to the difference in viscosities of the solvents. While oxygen 

diffusing back into the sample after the Argon gas had been used to remove it was 

prevented as much as possible, there is still a possibility that oxygen was able to leak 

back into the samples. For the samples of lower viscosity such as NADH in water – 

which yields a larger diffusion coefficient than NADH in ethylene glycol based on 

the Stokes-Einstein relation for molecules diffusing in liquids143 – oxygen would be 

able to diffuse back into the solvent quicker, meaning a smaller difference in the 

fluorescence lifetime would be observed by the time the sample was measured. 
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4.4.4 Fluorescence Anisotropy Measurements 

Anisotropy measurements of NADH in the simple solvent environment were also 

conducted. As two different species of NADH are known to exist when free in 

solution, anisotropy measurements were undertaken to determine if any difference in 

the rotational dynamics of each species could be observed.  

 

4.4.4.1 Sample Preparation 

Samples of NADH in ethylene glycol at a 40 μM concentration were prepared in the 

same way as described in 4.4.1.1, where 3 mL was added to a cuvette and sealed 

with parafilm for measurement. Ethylene glycol was chosen as the solvent for these 

measurements due to its higher viscosity, as this would slow down the rotation of 

smaller conformations. 

 

4.4.4.2 Results & Discussion 

The sum and difference data acquired for NADH in ethylene glycol and subsequently 

used for analysis are shown in Figure 4.9 a), where the resulting anisotropy is shown 

in Figure 4.9 b). 
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Figure 4.9: a) The sum and difference data acquired from the measurement of NADH in 

ethylene glycol, and b) the resulting anisotropy decay. The difference data was used to obtain 

the rotational correlation times as this provides more reliable results than a direct analysis of 

the residual anisotropy decay.  
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The results of the analysis of the sum and difference data used in this instance to 

determine the rotational correlation times of NADH in ethylene glycol are shown in 

Table 4.4. 

 

 

 

τf1 

(ns) 

B1 

(%) 
α1 

τf2 

(ns) 

B2 

(%) 
α2 

τavg 

(ns) 
χ2 

Sum 0.77 ± 0.02 81.00 0.92 2.04 ± 0.05 19.00 0.08 0.87 1.27 

 

τr1 

(ns)   

τr2 

(ns)     

Difference 0.43 ± 0.24 4.43 0.37 5.49 ± 0.04 95.57 0.63 0.94 1.07 

 

Table 4.4: Results from the analysis of the sum and difference data of NADH in ethylene glycol, 

where τf1 and τf2 correspond to the fluorescence lifetimes of species present in the sample, and τr1 

and τr2 are the rotational correlation times of the species. Two rotational correlation times 

indicates there are two different sized species present. 

 

A 2-exponential fit was adequate to describe the sum data acquired. The values 

found for τf1 and τf2 are close to that observed for previous measurements of NADH in 

ethylene glycol in Section 4.3.2, however both values are slightly higher. This could 

be due to the higher number of counts used in the sum fit, where there were ~ 20,000 

counts in the peak compared to the typical value of 10,000. The difference data also 

required 2-exponentials to adequately describe the decay, indicating two differently 

sized species within the sample. The associated correlation times could be due to the 

folded and unfolded conformations of NADH present, where the folded 

conformation would likely be represented by the shorter rotational time of 0.43 ns 

and the unfolded conformation by the longer time of 5.49 ns. Rough calculations of 

the size of each species can be determined using Equation 17 from Chapter 2, where 

sizes of ~ 0.6 nm and ~ 1.4 nm have been calculated from the rotational times of 0.43 

ns and 5.49 ns respectively. A large difference in size such as that found here 

between the two species seems more likely to be due to folded and unfolded 

conformations of NADH rather than the different conformations of the nicotinamide 

ring in NADH where the amide group is rotated as discussed in the work by Blacker 
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et. al.134, as it seems that the rotation of this group would be unlikely to cause as 

large a difference in rotational times.  

 

4.5 Conclusions 

The fluorescence properties of NADH have been studied under various conditions. 

The results in Section 4.3 highlighted that NADH is an environmentally sensitive 

fluorophore. Solvent properties such as its polarity and viscosity were found to 

influence the emission and fluorescence lifetime of NADH, where the more polar 

solvents caused a redshift in the peak emission wavelength and the more viscous 

solvent increased both the emission intensity and the fluorescence lifetime.  

Various environmental factors with relevance to cancer cell studies were investigated 

in Section 4.4. Factors such as pH, temperature and oxygen levels have been studied, 

where the pH was found to have the least influence in these measurements. 

Increasing the samples to body temperature caused a decrease in the fluorescence 

decay, where removal of oxygen caused a significant increase in the fluorescence 

decay in two of the solvents. As samples were only subject to oxygen removal for ~ 

5 minutes, future studies where this time is increased may be beneficial to see how 

the fluorescence lifetime of NADH is affected after prolonged deprivation of oxygen, 

as this is a more accurate representation of the tumour environment. Fluorescence 

anisotropy measurements of NADH in solution were also conducted, where two 

rotational correlation times were obtained. This is thought to be most likely due to 

the folded and unfolded conformations of NADH that would be present in the 

sample, as the reasonably large difference in size of ~ 0.8 nm between the two 

species would indicate this. Results indicating the presence of folded and unfolded 

NADH from such anisotropy measurements of NADH free in solution have not been 

previously reported in the literature, demonstrating the ability of this technique to 

potentially discriminate between the two conformations. The results presented in this 

section demonstrate how various environmental factors can influence the 

fluorescence properties of NADH and should be taken into consideration when 

moving forward with measurements of NAD(P)H in more complex environments. 
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5. Silica Sol-Gels as Human Tissue Phantoms 

5.1 Introduction 

Tissue-mimicking phantoms are materials that can mimic the optical properties such 

as the absorbance and scattering of tissue, as well as reflect the geometries of 

different tissues as required. Phantoms are often required for quality control and 

validation of system performance and use, where purposes can include use in 

optimising and testing system designs, comparing the performance of different 

systems as well as for calibration and testing stability and reproducibility of 

instruments144. The characteristics of a phantom can be controlled based on the 

precursors used to create it, where different characteristics may be required 

depending on what tissue needs to be simulated and for what application. This has 

led to the development of various types of tissue phantoms, and with the continuing 

development of instruments for molecular and tissue imaging applications, the need 

for the improvement and standardisation of tissue phantoms alongside these 

developments becomes increasingly essential144. 

This chapter looks to explore the use of silica sol-gels as simple tissue phantoms due 

to their highly scattering properties, where the characterisation of the particle sizes in 

such sol-gels is investigated using the fluorophore MeADOTA61. Being able to 

accurately measure the size of the nanoparticles in a sol-gel network in turn allows 

for greater control of the scattering properties, where the sol-gel precursors could be 

adapted as required to produce a gel that mimics the scattering properties of the 

tissue of interest. In addition to this, the properties of other fluorophores relevant to 

tumour margin estimation have been investigated in the sol-gel environment, where 

the combination of the fluorophores and sol-gels were then used to create phantom 

tumour margin samples. The ability of the translational stage-based fluorescence 

lifetime system described in Chapter 3 for detecting these phantom tumour margins 

was assessed to determine if this setup could be used as a calibration tool for margin 

estimation, where comparative FLIM measurements of ICG in a phantom margin 

were also conducted.  
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5.1.1 Optical Properties of Tissue 

There are many characteristics of tissue that can affect the way light interacts with it, 

where the most common properties used to describe tissue include its absorption 

coefficient µa(λ), anisotropy coefficient g(λ), scattering coefficient µs(λ), and 

refractive index n’ 145 – all of which will vary depending on the type of tissue that is 

being measured. These properties can be used to determine how light may propagate 

through tissue, where photons can be absorbed by chromophores such as 

haemoglobin and melanin present in the tissue, reflected at the tissue-air interface, 

scattered, which therefore changes the direction of propagation of the photon, or can 

be remitted without interaction with any endogenous fluorophores146.  

The scattering of light in tissue is due to the presence of cells, where the changes in 

refractive index in a cell and its components compared to the surrounding tissue will 

cause a photon to change its path of propagation147. The anisotropy coefficient gives 

an indication of the forward direction retained after a scattering event based on the 

expected scattering angle. The size and morphology of the different cellular 

components will also affect the way light is scattered, where cell membranes and 

nuclei in particular have been shown to be a significant source of light 

scattering148,149. When the scattering that occurs is due to components with a 

characteristic size much smaller than the wavelength of light the scattering is termed 

Rayleigh scattering, and for scattering caused by particles on the order of or larger 

than the wavelength of light the term Mie scattering is instead used150. Both types of 

scattering can occur within tissue, where Rayleigh scattering refers to the light being 

isotropically scattered and Mie scattering when the light is predominantly forward 

scattered by a component of the tissue. The total attenuation coefficient µt(λ) is given 

by the sum of the absorption coefficient and scattering coefficient µa(λ) + µs(λ). 

Properties such as these have been measured and tabulated for various tissue types 

and at various wavelengths of incident light147,151,152, which can be useful references 

when looking to mimic a tissue of interest, but it also highlights the complexity of 

tissue optics.  
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5.1.2 Tissue Phantoms 

Many tissue phantom variations have been developed to mimic the required 

properties of tissue, where phantoms can be designed in various forms such as 

aqueous suspensions, gelatines, resins and silicone depending on the application144. 

Various components can be added to the phantom matrix to mimic the properties of 

interest, where for each property different components will have their own 

advantages and disadvantages of their use in a phantom. Examples of absorbers that 

can be added include haemoglobin, molecular dyes or ink. Haemoglobin is useful for 

producing a more accurate biological simulation; however it is not as stable as the 

use of dyes or inks which can last days/weeks compared to only hours for 

haemoglobin. Examples of some of the most common scattering agents include lipids 

such as milk or Intralipid, which like haemoglobin for absorption are a good 

biological representation of what causes scattering in tissue. Polystyrene 

microspheres and metal oxide powders such as titanium dioxide can also be used as 

scattering agents, where the control over their size is excellent in terms of 

repeatability144.  

Publications on tissue phantoms appears to have grown steadily over the last 20 years 

based on a ScienceDirect search, where to date over 1,900 publications are available 

from 2019 alone153 covering both new designs of phantoms themselves as well as 

their use in demonstrating new medical applications. Examples of recent publications 

include designing brain tissue phantoms for ultrasonic transcranial studies154, using 

phantoms for the characterisation of time-resolved diffuse optical imaging systems155 

to be used for example for acquiring whole-head images of the infant brain156, 

improving the production of agarose-based phantoms for use in magnetic resonance 

elastography (MRE)157, as well as using a beeswax and polymer-based phantom to 

measure potential radiation doses that would be received in different organs of the 

body of a child158. While phantoms have a critical role in the development of many 

medical technologies, they are not without their drawbacks. Examples of such 

drawbacks that have been highlighted include being expensive to customise certain 

properties of tissue, inconsistency in the preparation leading to unwanted variation 

between phantoms157, limited availability of commercial phantoms for certain 



78 

 

applications159, as well as the difficulty in accurately mimicking the properties of 

complex organs such as the brain160. Such drawbacks highlight the continual need for 

improvement and development of tissue phantoms to aid the development of 

instrumentation.  

 

5.1.3 Silica Sol-Gels 

Silica sol-gels offer a potential avenue for tissue phantom development due to their 

ease of manufacture, the scattering nature of the nanoparticles within the sol-gel 

network and the ability to control the size of such nanoparticles and therefore the 

scattering properties. Indeed sol-gels have already found many applications in both 

medicine161,162 and phantom development163,164, therefore making them an ideal 

candidate for phantom studies in this work. Silica hydrogels are typically 

manufactured on an industrial scale, where mono silicic acid (Si(OH)4) condenses to 

form siloxane monomeric structures (–Si–O–H–) which aggregate to form 

nanoparticles that grow in size. The network of particles will span the vessel in 

which they are contained at a time tg, known as the gelation time. The polymerisation 

of hydrogels occurs through a series of hydrolysis and condensation reactions given 

by the following equations: 

Hydrolysis: 𝑁𝑎2𝑂. 𝑥𝑆𝑖𝑂2. 𝑦𝐻2𝑂 + 𝐻2𝑆𝑂4 → 𝑆𝑖(𝑂𝐻)4 + 𝑁𝑎2𝑆𝑂4 (20) 

Condensation: 𝑆𝑖(𝑂𝐻)4 + 𝑆𝑖(𝑂𝐻)4 → 2𝑆𝑖𝑂2 + 4𝐻2𝑂 (21) 

 

Silica alcogels tend to offer higher purity and better -defined structures compared to 

hydrogels derived from sodium silicate, where tetraethyl orthosilicate (TEOS) or 

tetramethyl orthosilicate (TMOS) are used instead as a precursor in the sol-gel 

preparation. In the case of TEOS which is used in this work, this leads to a 

hydrolysis reaction given by: 

Hydrolysis: 𝑆𝑖(𝑂𝐶2𝐻5)4 + 4𝐻2𝑂 → 𝑆𝑖(𝑂𝐻)4 + 4𝐶2𝐻5𝑂𝐻 (22) 

 

This then leads to the same condensation reactions shown in Equation 21. 
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Since different sized particles have different scattering properties, having a cost-

effective way of determining these particle sizes may allow for the more accurate and 

reproducible representation of tissue scatter in sol-gel phantom design. The 

Photophysics Group have previously demonstrated the capabilities of fluorescence 

anisotropy for measuring silica nanoparticles in a 1 – 10 nm range dispersed in 

solution, using both electrostatically and covalently attached dyes for the 

measurement of both stable LUDOX silica colloids and silica nanoparticles growing 

in the sol-gel process165–167. Fluorescence anisotropy has been shown to be capable of 

~ 0.1 nm resolution and is both lower in cost and easier to use than more 

conventional methods for nanoparticle sizing such as small-angle x-ray scattering, 

small-angle neutron scattering, scanning electron microscopy and transmission 

electron microscopy. Despite the clear advantages of fluorescence anisotropy in 

nanoparticle metrology, there is still a need for improved dyes for this application. 

Potential errors and limitations include the possibility of dye aggregating on the 

nanoparticle causing depolarisation by means of energy transfer, the fluorescence 

lifetime of the dye restricting the upper limit of measurable rotational time, 

depolarisation due to dye wobbling or translating on the nanoparticle reducing the 

dynamic range of anisotropy measurement, and photochemical changes in the dye 

leading to a change in its fluorescence properties. There is also the added difficulty 

of intrinsic fluorescence when studying silica colloids, which can be difficult to 

quantify and can hide particle rotational information. The intrinsic fluorescence of 

silica colloids is particularly problematic when exciting in the ultraviolet region in 

particular. Figure 5.1 shows the difference in the fluorescence emission of a silica 

colloid LUDOX SM-30 at a 5% concentration in water at various excitation 

wavelengths. When the LUDOX is excited at 279 nm there is considerable 

fluorescence emission in the 300 – 350 nm region, whereas this diminishes rapidly as 

the excitation wavelength is increased. The lowest excitation wavelength used in this 

work is 339 nm. While there is still some fluorescence emission from silica at this 

excitation wavelength it will not interfere with measurements due to its longer 

fluorescence lifetime in comparison to NADH which is measured at this wavelength, 

as well as a much longer acquisition time being required to obtain sufficient data for 

the lifetime of silica under these conditions (see Section 5.4.2.2 for more details). 
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Both stable silica nanoparticles and growing silica sol-gel structures have been 

studied in this chapter using MeADOTA as a fluorescent label in fluorescence 

anisotropy measurements to better understand the development of a silica sol-gel 

network, as well as demonstrate the suitability of using MeADOTA for measuring a 

range of particle sizes on the nanometre scale. In addition to this, sol-gels are further 

utilised in the design of a phantom tumour margin, demonstrating the ease of 

preparing such a sample using sol-gels as well as the accuracy of determining the 

margin position using both FLIM and the fluorescence lifetime system that 

incorporates liquid light guides and a translational stage described in Chapter 3. 

 

5.2 Experimental Setup 

Fluorescence anisotropy measurements were performed on a HORIBA DeltaFlex 

system as described in Chapter 2 using TCSPC, where the general protocol for 

Figure 5.1: Fluorescence emission from LUDOX SM-30 diluted in water at various excitation 

wavelengths. Excitation at 279 nm resulted in greater fluorescence emission in the 300 – 350 nm 

range compared to the emission obtained using higher excitation wavelengths. Emission from 

silica is unlikely to interfere in measurements due to excitation wavelengths ≥ 339 nm being 

utilised in this work. 
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anisotropy measurements has already been described in the same chapter. Excitation 

of MeADOTA was achieved using a 503 nm DeltaDiode operating at a 2 MHz 

repetition rate, and emission was collected at 570 nm. Anisotropy measurements 

using MeADOTA were performed over a 400 ns TAC range until a difference of 

10,000 counts was achieved between IVV and IVH (unless otherwise stated). For the 

comparative R6G measurements, samples were also excited using a 503 nm 

DeltaDiode and emission collected at 570 nm, where a 100 ns TAC range was 

instead used. 

For measurements of R6G, NADH and ICG in the sol-gel phantoms, samples were 

excited using a 494 nm NanoLED, 339 nm NanoLED and 775 nm DeltaDiode 

respectively, where emission was collected using 570 nm, 450 nm, and 835 nm 

longpass filters respectively. Samples were measured using the translational stage 

setup described in Chapter 3, where the cuvettes were initially placed with the very 

edge of the fluorophore-doped sol-gel directly under the liquid light guide collecting 

fluorescence. Samples were then moved in either ½ mm or 1 mm increments where 

the fluorescence lifetime was measured at each increment until the 25 mm position, 

where at this point both liquid light guides were above the region that contained un-

doped sol-gel only. Figure 5.2 demonstrates the measurement protocol in more 

detail.  

Measurements of ICG in the phantom margin were also performed on the HORIBA 

QuantiCam Lifetime Imaging Camera using the setup described previously in 

Chapter 2. Excitation was achieved using a 775 nm DeltaDiode operating at an 80 

MHz repetition rate. An 801 nm dichroic mirror (Edmund Optics) with a reflection 

range of 450 – 790 nm and transmission window of 814 – 1100 nm was used to carry 

excitation light toward the sample, where an additional emission longpass filter with 

a cut-on wavelength of 800 nm (Thorlabs) was also utilised to minimise the 

collection of scattered light. The sample was moved in 1 mm increments and 

measured at each position as in the previous experiments, where the acquisition time 

at each position was 1 second and the collected image size was 42.98 x 69.40 µm. 
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Figure 5.2: Sample setup for incremental measurements. The sample was initially positioned to 

have the light guide collecting fluorescence directly above the doped sol-gel edge at a 0 mm 

position. The stage was then moved in ½ or 1 mm increments as required towards the right, 

meaning the margin passed underneath the light guides at ~ 15 mm and both light guides were 

above the sol-gel only region at the 25 mm position. Figure not to scale. 

 

 

 

 

 

 

 

 

 

 

Additional measurements of the fluorescence lifetime of ICG are also included in 

Section 5.4.3.2. These measurements were performed on a HORIBA DeltaFlex that 

incorporated improved timing electronics as well as an improved detection module 

(HORIBA HPPD-860) in comparison to those used for other lifetime measurements. 

This improved system was beneficial for ICG measurements due to its extremely 

short fluorescence lifetime. 

 

5.3 Characterising Silica Nanoparticles Using MeADOTA 

MeADOTA has been used in this work to measure both stable silica nanoparticles 

and growing silica nanoparticles in both hydrogels and alcogels due to its numerous 

advantages for use in fluorescence anisotropy. These advantages include its emission 

being towards the red region (λem (max.) ~ 560 nm), which should minimise 

background fluorescence from the silica, as well as its longer fluorescence lifetime (~ 

20 ns), which allows for the measurement of longer rotational times.  

Liquid light guide collecting 
fluorescence at edge of doped 

sol-gel at position 0 mm. 

Translational stage and sample moved to the right in order to 
have light guides ‘scan’ across the sample from right to left. 

0 mm 25 mm 

Excitation light carried down light 
guide perpendicular to sample. 
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5.3.1 LUDOX Nanoparticle Sizing 

LUDOX silica colloids with varying particle radii that were studied previously167 

were chosen for comparison in this work, which covered particles of radii 3.5 nm, 6 

nm, and 11 nm. These previous studies used the fluorescent dyes fluorescein 5(6)-

isothiocyantate (FITC), R6G and 6-methoxyquinolinium (6-MQ) for fluorescence 

anisotropy measurements, where each dye comes with its own advantages and 

disadvantages for such an application. 6-MQ-based dyes have a long fluorescence 

lifetime component of ~ 25 ns making them suitable for the measurement of bigger 

silica nanoparticles; however it requires excitation in the ultraviolet region which can 

also excite the intrinsic LUDOX fluorescence. The fluorescence properties of 

LUDOX have previously been measured in this region and were shown to be 

complex167. While the cause of intrinsic LUDOX fluorescence is not clear, 

suggestions include being due to additives or trace metal ions in the silica, or even 

being from the silica itself, as fluorescence has been reported previously from glass 

samples prepared from silica167,168. The use of FITC and R6G can avoid interference 

from intrinsic LUDOX fluorescence as both dyes are excited at higher wavelengths 

(~ 500 nm), however the short fluorescence lifetimes of these dyes limits their use in 

measuring larger nanoparticles due to the minimal change in depolarisation that 

would occur during the fluorescence lifetime. As mentioned previously, MeADOTA 

combines both a longer fluorescence lifetime as well as a higher excitation 

wavelength making it suitable for this application. 

 

5.3.1.1 Sample Preparation 

LUDOX SM-AS (particle radii 3.5 nm), AM (6 nm) and AS-40 (11 nm) colloidal 

silica were obtained from Grace, which were diluted in water for measurement. SM-

AS solutions were prepared at a 0.1% v/v concentration in water, and AM and AS-40 

were prepared at a 2% v/v concentration. Sodium hydroxide or ammonium 

hydroxide were added to adjust the pH in order to stabilise the solutions (typically 

pH ~ 9 – 10). 
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5.3.1.2 Results & Discussion 

Initially a silane derivative of ADOTA (Si-ADOTA) was utilised to covalently label 

the LUDOX colloids, where covalent labelling has been used previously with FITC 

bound to (3-aminopropyl) trimethoxysilane (FITC-APS) for the measurement of 

stable silica nanoparticles169. Covalent labelling can provide a more strongly bound 

fluorescent label compared to electrostatic binding and therefore minimise dye 

wobbling on the nanoparticle surface. In this case however, no depolarisation of Si-

ADOTA was observed as the anisotropy decay did not fall to 0, indicating that Si-

ADOTA aggregated with the LUDOX rather than binding solely to the LUDOX. 

Electrostatic labelling with MeADOTA instead proved successful, where the 

rotational correlational times and the corresponding particle sizes calculated for each 

colloidal silica nanoparticle sample measured are shown in Table 5.1, with the 

manufacturer-stated values also shown for comparison.  

 

LUDOX 
Dp 

(cts) 

τr1 

(ns) 

B1 

(%) 

τr2 

(ns) 

B2 

(%) 
χ2 

rp 

(nm) 

rm 

(nm) 

SM-AS 3,000 3.48 ± 0.93 2.94 100 ± 18.0 97.06 1.18 4.6 ± 0.3 3.5 

AM 3,500 4.08 ± 1.30 0.49 210 ± 19.5 99.51 1.05 5.9 ± 0.2 6.0 

AS-40 12,000 12.1 ± 2.06 0.21 1424 ± 471 99.79 1.18 11.1 ± 1.1 11.0 

 

Table 5.1: Fluorescence anisotropy decay analysis of various LUDOX colloids obtained using 

MeADOTA and Equation 17 and 18, where Dp is the number of counts in the difference peak, τr 

corresponds to the rotational correlation times, rp is the calculated particle radius and rm is the 

manufacturer radius. The τr2 values were used to calculate the particle radii as these had the 

most significant contribution to the obtained decays. 

 

Table 5.1 shows the agreement between typical measurements obtained using 

MeADOTA with the manufacturer’s values apart from a slightly larger value 

obtained for SM-AS. This is most likely due to small aggregates of the colloid 

forming which can occur over time through atmospheric carbon dioxide entering the 

sample, leading to a lower pH and a higher average particle size. This has previously 

been observed in measurements of LUDOX SM-30 which are of equivalent size to 
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SM-AS. A value of 4.0 ± 0.4 nm was found in these previous measurements, which 

is within error to what was observed in this work167. In addition to this, the 

measurements of other equivalent particle sizes in this previous work using 6-MQ 

were also in good agreement with the MeADOTA measurements, however the 6-MQ 

measurements required ~ 100 x the number of counts and therefore an increase in 

measurement time to obtain comparable data afforded by MeADOTA. This 

difference is attributed to the 503 nm excitation of MeADOTA compared to the UV 

excitation of 6-MQ, where the intrinsic fluorescence decay of the colloid may mask 

the particle rotational information when labelled with UV dyes121,167,170. For 

comparison in Table 5.2, the precision of measurement with MeADOTA has been 

increased by increasing the number of counts in the difference peak. 

 

LUDOX 
Dp 

(cts) 

τr1 

(ns) 

B1 

(%) 

τr2 

(ns) 

B2 

(%) 
χ2 

rp 

(nm) 

rm 

(nm) 

SM-AS 78,000 2.22 ± 0.17 3.86 78.0 ± 4.7 96.14 2.35 4.2 ± 0.1 3.5 

AM 92,500 5.96 ± 0.53 0.83 216 ± 6.20 99.17 1.88 5.9 ± 0.1 6.0 

AS-40 98,000 10.2 ± 1.92 0.16 1580 ± 342 99.84 3.96 11.5 ± 0.8 11.0 

 

Table 5.2: Fluorescence anisotropy decay analysis of the LUDOX colloids measured with 

MeADOTA showing the same parameters as described in Table 5.1, but with up to ~ 26 times 

more counts in the peak of the difference curve Dp to test the precision of the measurements. 

 

The results in Table 5.2 show that an increase in the number of counts makes little 

difference to the accuracy of the particle size obtained from the measurements, but 

the higher precision is reflected in the reduced statistical error. The precision in the 

measurements with MeADOTA are again shown to be significantly better than those 

obtained with 6-MQ despite the latter having a much higher count for Dp for all the 

colloids measured167. The χ2 values are also larger in Table 5.2 than in Table 5.1. 

This is to be expected as the higher statistical precision can reveal small systematic 

errors such as scattered excitation, time-base non-linearity etc. No improvement in χ2 

was gained by adding further rotational times through residual anisotropy analysis. 
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5.3.2 Nanoparticle Growth in the Silica Sol-Gel Environment 

The growth of silica nanoparticles in both hydrogels and alcogels has also been 

studied using MeADOTA. Previous studies utilised the fluorophore JA120 for the 

measurement of hydrogels due to advantages such as excitation at 650 nm and an 

ability to survive in acidic conditions. However, the fluorescence lifetime of JA120 

is only ~ 1.8 ns in water, leading to a maximum size of ~ 4.5 nm being detected165. 

The longer lifetime of MeADOTA gives the ability to potentially measure larger 

particle sizes, and so hydrogels were prepared under similar conditions as the 

previous study to compare the particle sizes obtained when measured with a long- 

(MeADOTA) and short- (R6G) lifetime fluorophore.  

The growth of silica alcogel structures has also been observed using MeADOTA. 

Previous work using Stöber (base-catalysed) conditions has demonstrated the control 

of silica nanoparticle size in the range of rp = 3.1 nm – 3.8 nm measured using 

fluorescence anisotropy166, where under such conditions orthosilicate gelation 

proceeds rapidly and less ramified to form more discrete nanoparticles. Earlier 

studies reported the growth of smaller silica structures over several weeks when 

prepared under acidic conditions and using R6G171, where under these conditions 

cross-linking of more linear structures are observed prior to gelation172. 

The ability to control both the size and type of nanoparticle structure as well as 

characterise the size of particles produced to a high degree of accuracy could prove 

beneficial in the utilisation of sol-gel structures as tissue phantoms, as this would 

allow for the design of phantoms with particle properties specific to the tissue type of 

interest. The work presented in this section demonstrates how the use of MeADOTA 

in fluorescence anisotropy studies can successfully characterise nanoparticle size and 

growth in both silica hydrogel and alcogels. 

 

5.3.2.1 Sample Preparation 

Stock solutions of MeADOTA and R6G in methanol were initially prepared for use 

in anisotropy measurements. A small amount of each fluorophore in powder form 
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was dissolved in methanol, and the volumes of these stocks that were required to 

give an absorbance of ~ 0.1 for 3 mL samples were determined.  

To study the growth of the acidic silica hydrogel nanoparticles, samples were 

prepared using similar methods to those described previously165, and adjusted as 

necessary to produce a suitable volume of solution with an appropriate gel time to 

enable a direct comparison with previous results using the fluorophore JA120. 

Typically, 11.39 mL of Crystal 79 sodium silicate solution (PQ Corporation) diluted 

to an 8.14% v/v concentration in water was added to 5.73 mL of sulphuric acid at a 

12% v/v concentration in water, giving a gelation time of ~ 50 h. The solution was 

mixed for 30 minutes and the initial pH was measured to be 0.94. 3 mL of the 

solution was added to two separate cuvettes, where MeADOTA was added and 

mixed into one cuvette and R6G into the other. Having a gel time of ~ 50 h was 

suitably long enough so that there would not be any significant changes in the 

nanoparticle sizes during the fluorescence anisotropy measurements, as these 

measurements took ~ 20 minutes to conduct. Measurements were conducted as 

quickly as possible to minimise the size distribution of the particles being detected 

due to the ongoing polymerisation of the hydrogel. 

For silica alcogel measurements, TEOS-based gels were prepared under acidic 

conditions as described previously171 and again were adjusted as necessary to provide 

suitable measurement conditions. Here, 7.5 mL of TEOS was mixed with 7.75 mL of 

ethanol, and 9.5 mL of water was then added along with a few drops of hydrochloric 

acid to catalyse the reaction. The sample was mixed thoroughly for 4 h, where 

samples had a gelation time of ~ 80 h. 

 

5.3.2.2 Results & Discussion 

To assess the effect of the difference in fluorescence lifetimes (MeADOTA ~ 20 ns, 

R6G ~ 4 ns) on the apparent particle size as polymerisation proceeds according to 

Equations 19 and 20, two identical hydrogel compositions were labelled separately 

with each fluorophore. Figure 5.3173 shows the typical change in the fluorescence 

anisotropy decay obtained using MeADOTA for a sol with a gelation time of ~ 50 h. 
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Figure 5.3 reveals that the initial anisotropy decays fall more rapidly towards 0 due 

to the smaller size of the particles at these earlier times. As the particles grow and the 

sol reaches the gelation point, the anisotropy decays do not fall to 0 due to the larger 

size of the particles, and the decays also become more similar in shape. In acidic 

hydrogels the silica particles are thought to grow initially by monomer addition and 

then diffusion controlled cluster-cluster aggregation165, and would not be expected to 

grow continuously beyond the gel point as silicate is progressively used up in the 

hydrolysis and condensation reactions of Equations 19 and 20. Therefore, as the 

particles reach their finite size no further changes in the anisotropy decays would be 

observed. A levelling of the particle growth at ~ 25 h can also be seen in a plot of the 

radii calculated at each time point, as shown in Figure 5.4173. This may reflect a total 

consumption of available silicate; however it is also possible that larger particles are 

present with the finite fluorescence decay of MeADOTA limiting their detection. 

 

 

Figure 5.3: Changes in the fluorescence anisotropy for an acidic silica hydrogel with initial pH 

of 0.94 labelled with MeADOTA as polymerisation proceeds, where the acquisition at each time 

delay was ~ 20 min. 
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Figure 5.4 shows that the longer fluorescence lifetime of MeADOTA reveals the 

presence of larger particles (radius ~ 6.3 nm) compared to those detected by R6G 

(radius ~ 3.7 nm). The shorter lifetime of R6G is the most likely cause of a smaller 

maximum particle radius being observed in an identical hydrogel composition, as 

only a minimal change in depolarisation would occur during its fluorescence 

lifetime. This may also suggest that larger particles were also present in the previous 

work that used JA120 as the fluorescent label, where particle radii of up to ~ 4.5 nm 

were observed165. JA120 also has a very short lifetime (~ 1.8 ns), therefore this may 

have limited the maximum detectable particle size in the previous study. 

The change in particle size in a TEOS-based alcogel prepared under acidic 

conditions was also monitored using MeADOTA. Table 5.3 shows the results of the 

anisotropy analysis of such measurements. 

 

Figure 5.4: Comparison of the apparent change in average particle radius determined using 

MeADOTA and R6G during the polymerisation. Specific concentrations of the fluorophores 

were not required for these measurements, as anisotropy is a ratiometric measurement and 

therefore independent of fluorophore concentration75. Note that errors are from fitting and do 

not include systematic errors. 
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Table 5.3: Fluorescence anisotropy decay analysis of MeADOTA in a TEOS sol-gel grown under 

acidic conditions, analysed using Equation 17 and 18. The τr2 values were again used to calculate 

the particle radii due to these components having the most significant contribution to the 

obtained decays. Analysis started from ~ 19 h onwards as the decays obtained before this point 

were too short to reliably analyse. 

 

Over a 48 h period a monotonically increasing nanoparticle radius of ~ 1.4 nm – 1.8 

nm as determined from τr2 is observed. This is consistent with the increased size of 

TEOS compared to TMOS, where previous studies found the hydrodynamic radius 

of silica structures derived from TMOS to be ~ 0.8 nm to 1.1 nm171. Such 

measurements provide a stern test of the resolution of the technique, and reveal close 

to 0.1 nm precision with Dp ~ 3,500 counts acquired in ~ 20 min. The τr1 value is 

generally consistent with free dye rotation in water. It seems unlikely that changes in 

microviscosity η could account for the increase in rp given the rp ~ η-1/3 power 

dependence in Equation 17, and previous work showing η decreasing rather than 

increasing as the precursors species are consumed165,171.  

 

5.4 Fluorophore Measurements in Silica Sol-Gels 

As the silica sol-gels were to be used as a tissue phantom, measurements of various 

fluorophores of interest within the sol-gel environment were performed to assess how 

the more complex and highly scattering environment affected the fluorescence 

lifetime data obtained. The fluorophores of interest included R6G due to its ease of 

Time 

(hr) 

τr1 

(ns) 

B1 

(%) 

τr2 

(ns) 

B2 

(%) 
χ2 

rp 

(nm) 

19.0 0.20 ± 0.19 16.01 3.00 ± 0.70 83.99 1.11 1.42 ± 0.10 

21.0 0.34 ± 0.09 18.54 3.14 ± 0.83 81.46 1.02 1.45 ± 0.12 

23.0 0.43 ± 0.11 21.51 4.03 ± 1.45 78.49 1.04 1.57 ± 0.17 

43.5 0.30 ± 0.12 12.93 4.07 ± 1.14 87.07 1.03 1.58 ± 0.14 

46.5 0.32 ± 0.11 14.27 4.50 ± 1.10 85.73 1.04 1.63 ± 0.12 

48.5 0.83 ± 0.19 23.40 6.00 ± 2.26 76.60 1.06 1.79 ± 0.20 

67.0 0.50 ± 0.14 14.95 6.13 ± 1.59 85.05 0.98 1.81 ± 0.14 
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detection, NADH as this is the intrinsic fluorophore of interest in this work, and ICG 

due its favourable properties for measuring its fluorescence in tissue as well as its 

already widespread use in fluorescence guided surgery. Each of these fluorophores 

was also measured in a phantom margin environment. 

 

5.4.1 Rhodamine 6G Measurements 

Measurements were performed using R6G to initially test the design of a phantom 

tumour margin. Sample margins were designed so that one half consisted of sol-gel 

only, and the other half was sol-gel doped with the fluorophore of interest (see 

Section 5.4.1.1 for more details). Since R6G can be easily observed under normal 

light when dissolved in solution, it would be seen clearly whether any R6G-doped 

sol-gel ‘leaked’ into the half of the sample that was supposed to be sol-gel only. The 

simple and well-established fluorescence properties of R6G also made it an ideal 

candidate for the initial assessment of the instrument described in Section 3.3.1 for 

margin estimation. 

 

5.4.1.1 Sample Preparation 

Silica alcogels were utilised in the phantom margin samples using methods similar to 

those previously described174, where initially 9 mL of TEOS was mixed with 3 mL of 

water and 0.2 mL of 0.01 M hydrochloric acid for ~ 2 hours. Meanwhile, a stock 

solution of R6G was prepared by initially dissolving 1.44 mg of R6G in 30 mL of 

PBS, which was then further diluted by adding 1.8 mL of this stock to 28.2 mL PBS, 

producing a final stock of 6 μM concentration. This concentration as well as those 

used for NADH and ICG measurements in later sections were chosen in order to 

yield final samples that would have an absorbance of ~ 0.1, which is deemed 

appropriate for measuring the fluorescence lifetime accurately as previously 

discussed. 

The phantom margin sample was then prepared by first adding 1.2 mL of the TEOS 

solution and 1.2 mL of PBS only to a cuvette which was mixed and left to gel, where 
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gelation occurred in ~ 30 min. This created the first ‘layer’ of gel to represent normal 

tissue. Once this had gelled, a further 1.2 mL of the TEOS solution and 1.2 mL of the 

6 μM R6G stock was added. This was also mixed and left to gel, creating the second 

layer to represent cancerous tissue. Figure 5.5 illustrates how a final sample would 

look using a high concentration of R6G. 

 

 

 

 

 

 

 

 

 

 

 

 

5.4.1.2 Rhodamine 6G in a Phantom Tumour Margin 

Measurements were taken of the R6G phantom margin sample at 1 mm increments 

until the light guides approached the margin, where measurements were then taken at 

½ mm increments to see how the fluorescence decay changed over such small 

distances as the margin was passed under the light guides. Figure 5.6 shows a 

selection of the fluorescence decays obtained at various points across the sample, as 

well as the decay of a sample containing sol-gel only for comparison. 

 

Rhodamine 6G-
doped sol-gel – 

‘cancerous’ tissue 

Sol-gel with no 
fluorophore – 

‘healthy’ tissue 

Phantom tumour 
margin 

Figure 5.5: Example of how a final phantom margin sample would appear, where highly 

concentrated R6G was used in this sample to clearly highlight the margin line. The position of 

the margin line was determined in experimental setups through visual inspection of the line and 

corresponding light guide position above it. 
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Figure 5.6 shows that at positions far away from the margin when the light guides 

were above the R6G-doped sol-gel, the fluorescence decay strongly resembled that 

of R6G alone. This was also reflected in the lifetime parameters obtained, where a 

monoexponential fit suitably described the decay providing a fluorescence lifetime of 

~ 4 ns as expected for R6G. As the light guides approached the margin point, a 

second exponential was required to fit the data due to the sharper fall at the start of 

the decay, which resembles that of a sample of only sol-gel. Figure 5.7 shows how 

the lifetime values and percentage contributions change as the position of the sample 

was changed, where a 2-exponential fit was used throughout for consistency. 

 

 

Figure 5.6: Fluorescence decays of the R6G phantom tumour margin sample at various 

positions, where from 0 mm – 14.5 mm the light guide collecting fluorescence was above the 

R6G-doped part of the sample, at 15 mm the same light guide was directly above the margin 

point as determined from visual inspection, and from 15.5 mm – 25 mm both light guides were 

above the un-doped sol-gel. Measurements were made at a 5 mm height above the sample, 

giving a beam size of ~ 7.3 mm in diameter based on 72° cone angle. See Figure 5.2 for 

indication of light guide positions above the sample. 
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Figure 5.7 a) shows that the value of τ1 is consistent with that of R6G where no 

significant changes are seen in its value regardless of position, however the error bars 

do increase in size towards the later positions where at this point its percentage 

contribution also decreases to below 20%. Less influence from R6G at these 

positions would be expected as the light guides are above the un-doped sol-gel 

region. The biggest changes are seen in the value of τ2 as well as the percentage 

contributions as the light guides approach and cross over the margin at 15 mm, the 
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Figure 5.7: The change in a) τ1, b) τ2 and c) percentage contribution values to the fluorescence 

decays measured at each position of the sample, with the margin initially determined to be at the 

15 mm position from visual inspection. The contributions to the decays were used for margin 

determination based on the data to then be compared with what was determined visually, where 

16 mm was the closest position to the margin where the obtained values could be confidently 

attributed to being from the sol-gel only region.  
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position of which was determined from visual inspection. The short lifetime value 

observed is most likely multiple scattering from the sol-gel, where similar values of 

~ 0.15 ns are seen for τ2 in samples of the sol-gel alone. While there is good 

agreement in the τ2 values of the phantom margin sample and a sol-gel only sample, 

the percentage contribution is a better indicator of when the light guides have fully 

traversed the margin as the τ2 value is in good agreement with the sol-gel only sample 

from 13 mm onwards, which is before the margin position at 15 mm. Seeing this 

significant drop in the τ2 value would be expected as the light guides approach the 

margin however, as part of the sol-gel only sample may still be illuminated by the 

light guide before the margin is reached.  

Looking at the percentage contributions in more detail, the 16.0 mm position is the 

point where a contribution of > 85% from the short sol-gel component is observed, 

where values remain above the 85% mark from this point onwards in a reasonably 

consistent manner. The percentage contribution could provide a good figure of merit 

in this situation, where a contribution of > 85% from the sol-gel component of the 

sample could be deemed suitable confirmation that the margin has been fully 

surpassed by the liquid light guides. The ability to determine the sol-gel only region 

to millimetre accuracy is suitable for the surgical environment, as the smallest values 

found in literature as being the minimal acceptable clearance distance for surgical 

margins in certain cancers was 1 mm175,176. This figure of merit provided by the 

percentage contributions will be considered in later sections using NADH and ICG in 

phantom margins to determine if a similar figure is found for these fluorophores.  

Measurements of an R6G phantom were also taken with the liquid light guides at 5 

mm, 10 mm and 15 mm heights above the sample at various points across the sample 

to see how the values were affected, where these heights correspond to areas of 

illumination with diameters of ~ 7.3 mm, 14.5 mm and 21.8 mm respectively based 

on a 72° cone angle. Figure 5.8 shows a comparison of the lifetime components and 

percentage contributions of each component at each height at the different positions 

measurements were taken at. The surface of the liquid light guide interface used for 

exciting samples was used as the reference point to measure the height from the 

sample surface. Figures 5.8 a) and b) show that the values of τ1 and τ2 are in 
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Figure 5.8: Comparison of a) τ1, b) τ2 and c) percentage contribution values found at heights of 

5 mm, 10 mm, and 15 mm above the sample. The different heights above the sample correspond 

to different sized areas of illumination, where more of the sample will be illuminated at higher 

heights. Heights of 5 mm, 10 mm and 15 mm correspond to areas of illumination with diameters 

of ~ 7.3 mm, 14.5 mm and 21.8 mm respectively. 

0 2 4 6 8 10 12 14 16 18 20 22 24
3.7

3.8

3.9

4.0

4.1

4.2

t 1
 (

n
s
)

Position (mm)

 t1 (5 mm)

 t1 (10 mm)

 t1 (15 mm)

0 2 4 6 8 10 12 14 16 18 20 22 24
0.0

0.5

1.0

1.5

2.0

2.5

t 2
 (

n
s
)

Position (mm)

 t2 (5 mm)

 t2 (10 mm)

 t2 (15 mm)

0 2 4 6 8 10 12 14 16 18 20 22 24

0

20

40

60

80

100

C
o

n
tr

ib
u

ti
o

n
 (

%
)

Position (mm)

 B1 (5 mm)

 B1 (10 mm)

 B1 (15 mm)

 B2 (5 mm)

 B2 (10 mm)

 B2 (15 mm)

a) b) 

c) 

reasonably good agreement with each other regardless of what height from the 

samples the measurements are performed at. There are slightly bigger differences 

observed in the percentage contribution values show in Figure 5.8 c). As the light 

guides are moved away from the sample surface, the values of B1 and B2 become 

more similar. This would be expected, as the further away from the sample the light 

guides are, the larger the sample area is that can be excited or fluorescence can be 

collected from. This would mean that despite both light guides being directly above 

the sol-gel only region, part of the R6G-doped area may still be excited/fluoresce. 
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Despite this, the same general trend is followed in these values at each height as the 

light guides are moved across the sample surface. These results are promising as it 

demonstrates that the light guides would not need to be a specific height from a 

sample in order to accurately measure the lifetime or percentage contribution values; 

however, being closer to the sample may be beneficial to see a bigger difference in 

the latter values. 

 

5.4.2 NADH Measurements 

Studies were also conducted on NADH in the silica sol-gel environment, where in 

this case both hydrogels and alcogels were used. As the absorbance and emission 

properties of NADH are closer to that of silica, there was a greater chance of 

interference from the intrinsic silica fluorescence; therefore these measurements were 

performed to see how effectively the properties of NADH could be distinguished in 

this environment as this would be the intrinsic fluorophore of choice for 

distinguishing cancerous tissue from healthy tissue. 

 

5.4.2.1 Sample Preparation 

For measurements of NADH in the silica hydrogel environment, a stock solution of 

4.25 mg of β-NADH in 30 mL of water at a 200 μM concentration was first 

prepared. The hydrogel itself was then prepared from methods derived from previous 

work as described in Section 5.2.2.1 but was adjusted this time to produce sol-gels 

with a much shorter gelation time. For this work, 10 mL of sodium silicate (4 v/v %) 

was mixed for ~ 5 minutes with 1.5 mL of sulphuric acid (2 v/v %). 0.5 mL of the 

NADH stock solution was then added to a cuvette with 2 ml of hydrogel solution, to 

produce a 40 μM sample of NADH in hydrogel. The sample was sealed with 

parafilm and mixed by hand for ~ 1 minute, where gelation occurred within ~ 15 

minutes of mixing. 

To prepare NADH in silica alcogel samples, stock solutions of 80 μM NADH in PBS 

were first prepared by dissolving 1.70 mg of β-NADH in 30 mL of PBS. A 
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TEOS/water/HCl solution was initially prepared in the same way as described in 

Section 5.4.1.1. Once mixed, 1.5 mL of this solution was added to 1.5 mL of NADH 

in PBS in a cuvette to produce a 40 μM sample, which was sealed and then mixed for 

a further minute, where gelation occurred within ~ 30 minutes of mixing.  

For measurements of NADH in a phantom margin, a silica alcogel solution and 

NADH stock solution were prepared as already described. The phantom margin was 

created as described in Section 5.4.1.1 where the NADH stock was used instead of 

R6G. 

 

5.4.2.2 NADH Fluorescence in Silica Hydrogel & Alcogel Environments 

The fluorescence decay of NADH encapsulated in a silica hydrogel is shown in 

Figure 5.9. The fluorescence decay of NADH in water is shown as an example of the 

decay of NADH in a simple solvent environment, and the decay obtained for a 

sample consisting of hydrogel alone obtained in the same time frame as the NADH 

measurements is also shown for comparison. Measurements of NADH in the 

hydrogel were made using the same parameters for the measurements of NADH in 

the simple solvents. Figure 5.9 shows that the fluorescence decay of NADH in the 

silica hydrogel up to ~ 16 ns closely resembles the fluorescence decay of NADH in 

water, where a longer component towards the end of the decay is also observed. The 

longer component looks to be from the hydrogel itself, as this is a similar shape to 

that of the decay of the hydrogel alone at the same time. The fluorescence decay of 

NADH in an alcogel was measured under the same conditions and is shown in Figure 

5.10, with similar comparison measurements to those shown in Figure 5.9 also 

included. 
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Figure 5.9: Fluorescence decay of NADH in a silica hydrogel, with the decay of NADH in water 

and of the silica hydrogel alone for comparison. The decay of the silica hydrogel alone was 

obtained in the same amount of time required to obtain the decay of NADH in the hydrogel to 

the desired 10,000 counts to give an indication of how much the fluorescence of the hydrogel 

may affect the NADH measurements in this period of time. 
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Figure 5.10: Fluorescence decay of NADH in a silica alcogel, with the decay of NADH in water 

and of the silica alcogel alone for comparison. The decay of the alcogel was again obtained in the 

same amount of time required for the decay of NADH in the alcogel to reach 10,000 counts. A 

lower number of counts in the peak were obtained for the alcogel measurements compared to 

that of the hydrogel, indicating that the alcogel does not fluoresce as strongly under these 

measurement conditions. 
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As alcogels have a higher purity compared to hydrogels, the fluorescence decay of 

NADH in the alcogel seemed to more closely resemble that of water, where there 

was almost no contribution at longer times from the alcogel. The decay of the alcogel 

alone also has a smaller number of counts in the peak compared to the decay of the 

hydrogel when measured for the same length of time, indicating there is less 

fluorescence from the alcogel under these measurement conditions and therefore 

should have less influence on the decay of NADH in this environment. 

The lifetime parameters obtained for measurements of NADH in both the hydrogel 

and alcogel are shown in Table 5.4, where the parameters of the hydrogel and 

alcogels alone are also shown as well as NADH in water for comparison. 

NADH Sample 
τr1 

(ns) 

Br1  

(%) 

τr2 

(ns) 

Br2 

(%) 

τr3 

(ns) 

Br3 

(%) 
χ2 

In silica 

hydrogel (full 

decay fit) 

0.62 ± 0.04 47.74 5.35 ± 0.97 1.26 0.27 ± 0.02 51.00 1.20 

In silica 

hydrogel (start 

of decay fit) 

0.35 ± 0.02 78.11 0.88 ± 0.04 21.89 - - 1.57 

Silica hydrogel 

only 
0.78 ± 0.14 11.96 5.01 ± 0.52 8.90 0.07 ± 0.02 79.14 1.01 

NADH in silica 

alcogel 
0.42 ± 0.05 64.00 0.95 ± 0.03 36.00 - - 1.20 

Silica alcogel 

only 
0.14 ± 0.03 84.70 2.02 ± 0.33 15.30 - - 1.27 

NADH in 

water 
0.34 ± 0.03 74.64 0.82 ± 0.03 25.36 - - 1.01 

Table 5.4: Corresponding fluorescence lifetime parameters obtained for the silica hydrogel 

and alcogel measurements shown in Figures 5.9 and 5.10. The lifetime components obtained 

for the full decay of NADH in the alcogel more closely resembled those observed for NADH in 

water only compared to those obtained from the full decay of NADH in the hydrogel. 
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Table 5.4 shows that a 3-exponential fit was required for the measurement of NADH 

in the silica hydrogel. While τ2 can be attributed to a contribution from the hydrogel, 

the components τ1 and τ3 of NADH in the hydrogel do not reflect the components 

found for NADH in water alone. However, when only the first part of the 

fluorescence decay was used in the fit – the part that closely resembles the decay of 

NADH in water – a 2-exponential fit provided parameters that were very close to that 

observed for NADH in water. 

In comparison to this, a 2-exponential fit was sufficient for the fit of the full 

fluorescence decay obtained for NADH in the silica alcogel. The two lifetime 

components are much closer to the two components obtained for NADH in water 

compared to what was observed in the hydrogel, where in addition to this no third 

lifetime component to represent a contribution from the alcogel was required to 

describe the data. The components obtained were slightly longer than that observed 

in water suggesting that there might still be some influence from the alcogel on the 

fluorescence decay of NADH, however the effect is still less significant in 

comparison to that of the hydrogel. 

 

5.4.2.3 NADH in a Phantom Tumour Margin 

Measurements were also made of NADH in a phantom tumour margin similar to that 

in Section 5.4.1.2, where Figure 5.11 shows a selection of the fluorescence decays 

obtained at various points across such a sample. 
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Figure 5.11: Fluorescence decays of the NADH phantom tumour margin sample at various 

positions, where from 0 mm – 14.5 mm the light guide collecting fluorescence was above the 

NADH-doped part of the sample, at 15 mm the same light guide was directly above the margin 

point as determined visually, and from 15.5 mm – 25 mm both light guides were above the un-

doped sol-gel. 

 

 

 

 

 

 

 

 

 

 

 

 

Looking at the shape of the fluorescence decays shown in Figure 5.11 suggests that 

the analysis of these decays would not be as straightforward as those observed for the 

R6G phantom margin sample. As previously discussed in Chapter 3, the shorter 

fluorescence decay of NADH highlights a secondary peak due to reflection that 

occurs when using the liquid light guide setup. This caused difficulty in the analysis 

of the fluorescence decays measured over the NADH-doped region of the sample in 

particular, where a good fit of the full decay was not obtainable despite 

reconvolution analysis being utilised. To work around this, measurements taken at 

positions 0 – 10 mm were analysed by fitting to just before the secondary peak, 

where the full fluorescence decay was analysed for measurements from 10.5 mm 

onwards as a good fit was obtainable for these measurements. Figure 5.12 shows 

how the lifetime values and percentage contributions change as the position of the 

sample is changed, where in this case a 3-exponential fit was used throughout for 
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Figure 5.12: The change in a) τ1, b) τ2, c) τ3 and d) percentage contribution values for the 

fluorescence decays measured at each position of the sample. Based on the percentage 

contributions again to remain consistent with the R6G-based figure of merit determination it 

was found that the value of B3 which confirms the margin has definitely been surpassed by the 

light guides was 16.0 mm, which is 1 mm after the margin position. 

consistency. 3-exponentials were required for the measurements in order to describe 

the two lifetime components of NADH as well as a component to describe the sol-gel 

fluorescence.  

From Figure 5.12 it can be seen that from 0 mm - ~ 8 mm the τ1 and τ2 values 

obtained are in relatively good agreement with what was observed for NADH 

measured previously in an alcogel as well as water (see Table 5.4 for comparison). A 

steady increase in these values as well as in τ3 is observed up until ~ 20 mm. τ3 is a 

much longer component which is most likely a contribution from the alcogel itself. 

This was confirmed by measuring a sample consisting of alcogel only that was made 

from the same stock solutions, where analysis of the obtained fluorescence decay 

showed a much longer component of ~ 12 ns was required to describe the data. 
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Figure 5.12 also shows how the percentage contribution of τ3 increases as the light 

guides approach and are moved over the margin, which would be expected when 

moving into the sol-gel only region and as previously observed for the R6G phantom 

margin sample. The contribution of all three lifetime components level out from ~ 16 

mm onwards, where for example τ1 remains at ~ 40% from 17 mm – 25 mm 

compared to an initial ~ 70%. 

In terms of defining a figure of merit for the case of NADH using similar criteria as 

that used for defining a figure of merit for R6G, we can again look at the contribution 

from the sol-gel again in particular, which is τ3 in this case. The percentage 

contribution from τ3 increases from 2.55% at the 0 mm position to 28.14% at 25 mm. 

In comparison, the measurement of the sol-gel only sample had a contribution of 

23.30% from the same lifetime component, therefore a contribution from τ3 of > 24% 

could be considered as suitable confirmation that the light guides had fully surpassed 

the margin, which in this case is at 16.0 mm (1 mm after margin position) – the same 

position as that observed in the R6G measurements. 

 

5.4.3 Indocyanine Green Measurements  

ICG has also been investigated in the phantom margin environment. As discussed in 

Chapter 1, ICG is one of the few FDA approved dyes for use in surgery and has 

already been used in certain cancer surgeries, and so it was also studied here to 

assess the suitability of silica sol-gels as a tissue phantom for studies of ICG in the 

NIR region. Studies of ICG were also initially conducted in simple solvents to gain a 

better understanding of the fundamental fluorescence properties.  

 

5.4.3.1 Sample Preparation 

For measurements of ICG in the simple solvent environment, 2.35 mg of ICG was 

dissolved in 30 mL of water, dimethyl sulfoxide (DMSO), ethanol and ethylene 

glycol to produce a 100 µM stock solution of ICG in each solvent. 0.03 mL of each 

stock was then added to a cuvette with 2.97 mL of the same solvent to produce 1 µM 
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samples, which was then sealed for measurement. To prepare the stock of ICG for 

phantom margin measurements, 1.16 mg of ICG was initially dissolved in 30 mL 

water, which was then further diluted by adding 1.2 mL of this stock to 28.8 mL PBS 

for a 2 μM stock. ICG was initially dissolved in water as it did not dissolve readily in 

PBS directly. The alcogel solution and final margin sample were prepared as 

previously described.  

 

5.4.3.2 ICG Fluorescence Properties 

The absorption and emission of ICG in each solvent measured immediately after 

sample preparation are shown in Figure 5.13. The emission spectra in Figure 5.13 b) 

in particular indicates the sensitivity of ICG to its environment, where excluding 

water there is a redshift in peak position with increasing polarity. A similar effect has 

already been observed in Chapter 4 for the fluorescence emission of NADH, where 

the peak wavelength was lower in the less polar ethylene glycol compared to the 

other solvents. In addition to this, the emission intensity in the most polar solvent 

DMSO (again excluding water) is the highest. ICG has previously been reported as 

being sensitive to the polarity of its environment, where the fluorescence intensity 

was also observed to increase in the solvents of higher polarity177,178. Despite water 

being of higher polarity than DMSO, it is well-known that ICG is extremely unstable 

in aqueous solution and prone to aggregation74,179,180, where the consequent increase 

in radiationless transitions may explain why the typical polarity effects are not 

observed for ICG in water. This aggregation is apparent when the fluorescence 

emission of ICG is compared in water and ethanol for example over time as shown in 

Figure 5.14, where the emission intensity begins to drop in water even just one hour 

after sample preparation.  
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Figure 5.13: a) Absorption and b) emission spectra of ICG in water, dimethyl sulfoxide (DMSO), 

ethanol (EtOH) and ethylene glycol (EG). The emission spectra were collected at λex = 780 nm. 

With the exception of water, an increasing solvent polarity increased the fluorescence emission 

intensity. 

 

 

 

 

 

 

The fluorescence decay of ICG in each solvent was also measured, where each decay 

is shown in Figure 5.15. The corresponding lifetime parameters are also shown in 

Table 5.5. The fluorescence decays and corresponding components of ICG in the 

various solvents again indicate the sensitivity of ICG to its environment. The 

fluorescence decay was found to be shortest in water and in agreement with previous 

studies181,182, and the fluorescence decay was longest in DMSO which is also in 

agreement with previous work182, where these results again indicate a correlation 

between the solvent polarity and fluorescence lifetime of ICG. DMSO was the only 

solvent where a monoexponential fit suitably described the data, however a major 
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Figure 5.14: Change in emission intensity of ICG in a) water and b) ethanol from immediately 

after sample preparation to 226 hours after sample preparation, showing the vulnerability of 

ICG to aggregation in water. 
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Figure 5.15: Fluorescence decays obtained for ICG in water, ethylene glycol (EG), ethanol 

(EtOH) and dimethyl sulfoxide (DMSO). Samples were excited using a 785 nm DeltaDiode 

instead of the 775 nm DeltaDiode used for the results shown in Section 5.4.3.3, and λem = 800 nm. 

contributing component of > 87% contribution was found in each of the 2-

exponential fits of ICG in the other solvents. 

 

 

 

 

 

 

 

 

 

 

 

 

ICG 

Sample 

τ1 

(ns) 

B1  

(%) 

α1 

(ns) 

τ2 

(ns) 

B2  

(%) 

α2 

(ns) 

τavg 

(ns) 
χ2 

Water 0.17 ± 0.01 90.29 0.93 0.26 ± 0.04 9.71 0.07 0.18 1.07 

EG 0.13 ± 0.02 12.53 0.35 0.47 ± 0.01 87.47 0.65 0.40 1.15 

EtOH 0.30 ± 0.02 5.14 0.10 0.60 ± 0.01 94.86 0.90 0.57 1.23 

DMSO 0.92 ± 0.01 100.00 1.00 - - - 0.92 0.96 

Table 5.5: Corresponding lifetime components found for the decays shown in Figure 5.14, 

where the increase in fluorescence lifetime with increasing polarity further indicates the 

sensitivity of ICG to its environment. 
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Figure 5.16: Fluorescence decays of the ICG phantom tumour margin sample at various 

positions, where from 0 mm – 14.5 mm the light guide collecting fluorescence was above the 

ICG-doped part of the sample, at 15 mm the same light guide was directly above the margin 

point, and from 15.5 mm – 20 mm both light guides were above the un-doped sol-gel. 

5.4.3.3 ICG in a Phantom Tumour Margin 

ICG was also studied using a phantom tumour margin as described previously for 

R6G and NADH. Measurements were initially made on the translational stage setup, 

where a selection of the fluorescence decays obtained at different positions is shown 

in Figure 5.16: 

 

 

 

 

 

 

 

 

  

The decays shown in Figure 5.16 highlight just how fast the fluorescence lifetime of 

ICG is, where lifetime values of 0.08 ± 0.02 ns and 0.35 ± 0.01 ns were found for the 

decay obtained at the 0 mm position. The data for such a short lifetime was indeed 

extremely difficult to analyse as the decays were not much longer than the IRF, 

which is the shortest possible decay that can be obtained from the system. The 

decays obtained also resembled the IRF from ~ 8 mm onwards when the light guides 

were still above the ICG-doped region and well before the margin at 15 mm. These 

results may indicate that the time resolution for the system is not precise enough for 

measuring the decay of such short-lived species such as ICG.  
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FLIM measurements were also made of ICG in a phantom margin using the 

prototype HORIBA Lifetime Camera system described in Section 2.2.5 to assess 

whether this system would be more suitable for determining the margin position 

using ICG. The field of view for this system is significantly smaller than what can be 

achieved with the light guide system, Images with an area of 42.98 µm x 69.40 µm 

can be obtained, therefore better resolution than the light guide setup would be 

expected. Figure 5.17 shows the FLIM images obtained before, on, and after the 

margin along with the corresponding fluorescence decays for each image. The 

images before and after the margin are at the positions closest to the margin where 

the image and decays entirely resembled the ICG-doped region and sol-gel only 

region respectively.  

A 2-exponential fit of the decay of ICG 1 mm before the margin as shown Figure 

5.17 was used, where an average lifetime of 0.44 ns was determined. This appears to 

be in good agreement with the corresponding FLIM image when compared to the 

scale. Noise reduction has been applied to the images and decays shown in both sets 

of data shown in Figure 5.17, however Figure 5.17 c) has had additional noise 

reduction applied by changing the intensity threshold from 0 – 500 counts to 30 – 

500 counts. Increasing the lower limit removes pixels with a low number of photons, 

which can therefore influence the obtained FLIM image and not accurately represent 

the sample. In addition to this, changing this intensity threshold also limits the 

influence of the secondary ‘peak’ that can be seen in the images in Figure 5.17 b) at 

~ 4 ns. This is thought to be due to reflections of the ‘stop’ signals on the SPAD 

array, which can occasionally trigger a time offset at high repetition rates such as at 

80 MHz used here. 
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Figure 5.17: a) Experimental setup for obtaining FLIM images and the corresponding 

fluorescence decays shown in b) and c) of the ICG phantom margin sample, where the microscope 

objective was 1 mm before the margin (left), above the margin (middle) and 1 mm after the 

margin (right). Distances before and after the margin in the schematic have been exaggerated for 

clarity. A 775 nm DeltaDiode was used for sample excitation, an 801 nm dichroic mirror and 800 

nm longpass filter were utilised to carry excitation light toward the sample and collect 

fluorescence. Noise reduction has been applied to the images, where b) shows the images and 

decays obtained when the intensity threshold was set to 0 – 500 photons, and c) 30 – 500 photons 

to further remove noise. Image areas are 42.98 x 69.40 µm in size. A video of the changing FLIM 

image as the objective is moved across the margin over a 4 mm distance can be found here. 
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Figure 5.17 also shows that when the objective is directly above the margin ICG 

fluorescence is still detected but is significantly reduced in comparison to what is 

observed 1 mm before the margin. Similarly, just 1 mm after the margin there is 

minimal fluorescence detected from ICG, where the image and decay mainly 

correspond to noise and instrumental artefacts. These results demonstrate the 

improved resolution of the FLIM system due to its small field of view in comparison 

to the liquid light guide system setup for measuring the change in the fluorescence 

decay of ICG in the phantom margin environment, as ICG was the dominant 

component in the FLIM measurements right up to the margin position whereas the 

sol-gel component was dominant in the liquid light guide measurements 7 mm before 

the margin was even reached.  

 

5.5 Conclusions 

Silica sol-gels offer a number of benefits for their use as a tissue phantom such as 

tuneable scattering properties through control of the particle sizes within the sol-gel 

network by changing the precursors, a relatively simple and reproducible process for 

creating the sol-gels as well as an intrinsic fluorescence that is stronger in the UV 

region much like human tissue. The fluorescent dye MeADOTA has been 

successfully utilised in this chapter for measuring the size of silica nanoparticles of 

both a stable size and growing size within a sol-gel network, demonstrating the 

capabilities of this long lived dye in combination with fluorescence anisotropy for 

precise measurements of nanoparticles with radii ranging from ~ 1.4 – 11 nm. 

Silica alcogels were then utilised for creating phantom tumour margin samples, 

where one half on the phantom consisted of sol-gel doped with a fluorophore of 

interest, and the other half sol-gel only to represent clear human tissue. R6G was first 

used to test the sample design with the translational stage/liquid light guide-based 

fluorescence lifetime system described in Chapter 3. It was found using both R6G 

and NADH as the fluorophores in the doped sol-gel region that the fluorescence 

decays obtained 1 mm after the margin resembled that of sol-gel only, indicating that 

no fluorescence from that position onwards was collected from the fluorophore-
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doped region. While acceptable surgical margins can vary depending on factors such 

as the type of cancer and even the country where the surgery takes place, values as 

small as 1 mm have reported as the minimal acceptable clearance distance for certain 

cancers175,176. Having methods that can rapidly determine surgical margins to 

millimetre precision would be extremely beneficial in cancer surgery, where 

fluorescence lifetime spectroscopy has been shown here to be capable of such 

precision from measurements that take < 2 minutes to conduct. This setup could be 

potentially utilised for determining surgical margins or for the calibration of future 

surgical instruments based on fluorescence lifetimes but would benefit from further 

work such as studies in more complex tissue phantom environments and real tissue 

samples. 

In addition to R6G and NADH, ICG was also studied in the same tissue phantom 

environment. It was found that the translational stage/liquid light guide setup was not 

suitable for determining the margin position as precisely with ICG compared to the 

previously used fluorophores, as the system was only able to detect scatter from the 

sol-gel from 7 mm before the margin. This may be due to the fluorescence lifetime of 

ICG being so short and therefore having a very short decay, as the obtained decays 

were pushing the resolution limits of the system. Improved and updated timing 

electronics and system components may be required for better measurements using 

the translational stage-based system. FLIM measurements provided a much better 

estimation of the margin position for ICG. The FLIM system has a small field of 

view where images with dimensions of 42.98 µm x 69.40 µm were obtained, and 

therefore the image and corresponding fluorescence decays obtained just 1 mm after 

the margin clearly represented the sol-gel region only, demonstrating the improved 

resolution of measurements obtained with this system. These measurements therefore 

demonstrate the potential capabilities of such a system in margin estimation, where 

an ability to obtain images in almost real-time that show clear differences between a 

cancerous tissue region and healthy tissue region to 1 mm precision could provide an 

easy-to-use method for determining surgical margins intraoperatively. 

When moving forward with further instrumentation development, it would be 

beneficial to weigh up the advantages and disadvantages of each system for the 
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desired application. The FLIM system provides almost real-time images, where the 

improved spatial resolution compared to the light guide-based system demonstrated 

from the measurements of ICG show the potential capabilities in precisely estimating 

the margin positions. While the spatial resolution of the liquid light guide-based 

system (in the case of ICG at least) is not as good and analysis of the individual 

decays is required as opposed to looking at an obtained image, it does offer its own 

advantages. This system would be of much lower cost than a FLIM based system and 

due to the small size and flexibility of the light guides, it would likely be a more 

ideal solution in a practical sense as the light guides can be moved with ease to any 

point of interest above a sample. Further comparisons with the other fluorophores as 

well as with more complex samples such as cells and tissue may be beneficial to help 

determine which system would be better to bring forward for further developments. 
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6. NAD(P)H Fluorescence in the Cell Environment 

6.1 Introduction 

After characterisation of NADH in various solvents and a sol-gel phantom, the next 

step was to try and observe the fluorescence lifetime in the more complex cellular 

environment. While measuring NADH in the sol-gel provided a scattering element 

similar to tissue, measuring in cells provides a more realistic medium. Complications 

include the presence of other endogenous fluorophores, some of which may absorb 

and fluoresce at wavelengths similar to that of NAD(P)H as discussed in Chapter 1. 

Figure 6.1183 shows the absorption and emission spectra of some typical endogenous 

fluorophores. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: a) Absorption and b) fluorescence emission of various endogenous fluorophores 

present in cells and tissue, demonstrating the potential issue of distinguishing NAD(P)H 

fluorescence from other endogenous fluorophores. 
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Figure 6.1 shows that there is a significant amount of overlap in both the absorption 

and emission of NADH with other endogenous fluorophores, where collagen and 

elastin in particular appear to have both absorbance and emission profiles very 

similar to that of NADH. As collagen and elastin are found within the extracellular 

matrix between cells rather than in the cells themselves, they are extremely unlikely 

to influence the fluorescence decay of cells suspended in PBS as they are measured 

in this work. The fluorescence emission from these fluorophores would be more 

likely to interfere in fluorescence lifetime measurements of NAD(P)H in tissue 

samples, as tissue will contain collagen and elastin as well as a greater amount of 

other fluorophores of varying concentrations and distributions within the tissue183. 

An example of an endogenous fluorophore that may influence the fluorescence decay 

of NAD(P)H in suspended cells is pyridoxine. Pyridoxine – also known as vitamin 

B6 – is a co-factor used in several biochemical reactions within the cell and has 

absorption and emission spectra that overlap the lower wavelengths of the NADH 

spectra as shown in Figure 6.1. Exciting and collecting the emission of fluorophores 

such as pyridoxine while trying to monitor NAD(P)H may lead to the fluorescence 

decays obtained being distorted and not truly representing NAD(P)H behaviour. 

Determining the best excitation and emission conditions for monitoring NAD(P)H 

specifically and combining this with known information on the fluorescence lifetime 

properties of NAD(P)H is crucial for studying NAD(P)H behaviour in cells, as 

investigated in this chapter. 

 

6.2 Experimental Setup 

Fluorescence lifetime measurements in this chapter were acquired using a HORIBA 

TemPro system using the TCSPC technique described previously. Excitation of the 

samples was achieved using a NanoLED excitation source at 339 nm and emission 

wavelengths were selected using longpass filters, where measurements in Section 6.4 

onwards used a 450 nm longpass filter only for the emission wavelength. A TAC 

range of 200 ns was used in all measurements. Data analysis to determine the 

fluorescence lifetimes and corresponding parameters for all measurements was 
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performed using the DAS6 package using NLLS reconvolution analysis as 

previously described.  

 

6.3 Changing Emission Wavelength 

In order to establish which emission wavelength, if any, gave the largest difference in 

the fluorescence lifetime values of NAD(P)H between healthy (PNT2) and cancerous 

(PC3) cell lines, the fluorescence decay of each cell line was measured at different 

emission wavelengths between 400 nm and 530 nm. 

 

6.3.1 Sample Preparation 

To prepare cell samples for fluorescence lifetime measurements, one T25 flask of 

PNT2 cells (normal prostate epithelium, human) was cultured in Roswell Park 

Memorial Institute (RPMI) medium (Gibco, Thermo Fisher Scientific). 1 mL of cells 

was added to 4 mL of cell media in the flask, which was then placed in the incubator 

at 37°C with 5% CO2 for 2-3 days. One flask of PC3 cells (cancer prostate 

epithelium, human) was also cultured using the same protocol, where these were 

instead cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Thermo 

Fisher Scientific). After the incubation period the media was removed, and the cells 

were washed with PBS and then trypsinized to lift the cells off the flask surface. The 

volume of cells required to give a concentration of ~ 1 x 106 cells/mL in 2 mL of 

solvent was calculated, which was then added to a sterile tube and topped up with 

media to a 2 mL volume. This was centrifuged for 7 minutes at 1000 rpm to pellet 

the cells at the bottom of the tube. The media was tipped out and PBS was added to 

the 2 mL mark, where the cells were centrifuged again under the same conditions. 

Once the cells had pelleted again, the solution was tipped out for a second time to 

ensure as much cell media as possible had been removed from the final sample. 2 mL 

of fresh PBS was then added, where this final solution was added to a cuvette and 

sealed with parafilm prior to the fluorescence lifetime measurements. 
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6.3.2 Results & Discussion 

The fluorescence decay of NAD(P)H in the cellular environment required a 3-

exponential fit to model the data. Figure 6.2 shows a comparison of the three lifetime 

components obtained for each cell sample and at each emission wavelength the 

fluorescence lifetime was measured at. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 shows that the lifetime values obtained at λem = 400 nm are much shorter 

compared to the longer emission wavelengths, where from λem = 410 nm upwards the 

values remained reasonably consistent. The difference in values at λem = 400 nm 

could be due to other intrinsic fluorophores fluorescing under these conditions such 

as pyridoxine as previously discussed, as this has an absorption maximum of ~ 315 

nm and an emission maximum of ~ 400 nm183. In addition to this, the average 
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Figure 6.2: Comparison of the three lifetime components obtained for the fluorescence decay of 

NAD(P)H in PNT2 and PC3 cell samples for λem ranging from 400 nm – 530 nm. The biggest 

difference in values was observed at λem  = 450 nm for τ3, corresponding to unbound NAD(P)H. 
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fluorescence lifetime of pyridoxine is reported to be ~ 0.78 ns in water184 which is 

shorter than the average lifetime of NAD(P)H in cells; this could therefore be having 

a greater influence on the obtained fluorescence decay at this emission wavelength.  

Based on these results an emission wavelength of 450 nm was chosen for future cell 

comparison measurements, as the most significant difference in lifetime values is 

observed at this wavelength for τ3. While there are also statistically significant 

differences observed in the value of τ2 at λem
 = 475 nm and λem

 = 485 nm, the peak 

emission wavelength of NAD(P)H is known to be ~ 450 nm (see Figure 6.1), and so 

choosing an emission wavelength closer to this for fluorescence lifetime 

measurements means that the collected fluorescence decay can more likely be 

attributed to NAD(P)H. This difference in τ3 between the two cell lines can therefore 

be potentially monitored in other cell work to determine if environmental changes 

enhance or decrease this difference. The lifetime values obtained at λem
 = 450 nm for 

each cell sample are shown in Table 6.1 in more detail. 

 

 
τ1 

(ns) 

B1 

(%) 
α1 

τ2 

(ns) 

B2 

(%) 
α2 

τ3 

(ns) 

B3 

(%) 
α3 

τavg 

(ns) 
χ2 

PNT2 
3.68 ± 

0.22 
41.43 0.19 

13.4 ± 

0.3 
26.42 0.03 

0.71 ± 

0.03 
32.15 0.78 1.70 1.21 

PC3 
3.61 ± 

0.21 
41.39 0.16 

13.9 ± 

0.4 
19.93 0.02 

0.63 ± 

0.02 
38.68 0.82 1.35 1.22 

 

Table 6.1: Fluorescence lifetime components obtained for NAD(P)H in PNT2 and PC3 cell 

samples for λem = 450 nm, along with the normalised pre-exponentials and corresponding 

contribution of each component to the fluorescence decay. A decrease in the average lifetime as 

well as an increase in the ratio of unbound/bound NAD(P)H based on the normalised pre-

exponentials is observed in the PC3 cells in comparison to the PNT2 cells. 

 

Previous studies on the fluorescence lifetime of NAD(P)H in the cell environment 

often describe the fluorescence decay using a 2-exponential model, where each 

lifetime component corresponds to NAD(P)H in either free or bound form127,185. 

However from the measurements obtained in this work, it was found that a 3-

exponential model best described the data, as a 2-exponential model resulted in both 
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a large ꭓ2 value and sinusoidal weighted residuals, and a 4-exponential model did not 

improve the ꭓ2 value any further. This has also been reported in the literature in the 

measurement of fibroblast and adipocytes as well as in the measurement of stem 

cells186,187. A 4-exponential model has even been used to describe the fluorescence 

decay of NAD(P)H, where this has been used for measurements in isolated rat 

mitochondria188. Differences in the number of components used could be due to 

various factors. One such factor could be the measurement technique being used and 

the precision of the corresponding data analysis, as well as the goodness of fit that 

was required of the data in each of the previous studies for their applications. 

Another factor could be the types of cell lines used in the measurement of NAD(P)H 

fluorescence, as the binding of NAD(P)H is likely to vary depending on which cell 

type it is in. The preparation of the samples for measurement e.g. whether the cells 

are fixed or in suspension or whether certain cell components have been isolated for 

measurement could be another contributing factor. Despite the discrepancies it is still 

generally accepted that the shorter values in each of the models represent the 

NAD(P)H in free form, and the longer values are that of NAD(P)H bound to 

enzymes or proteins189.  

Looking at the obtained fluorescence lifetime values in more detail provides insight 

into what each component can most likely be attributed to in these cell environments. 

The first lifetime component τ1 is most likely from NAD(P)H bound to enzymes, as 

this has been widely reported to have values between 1 – 6.5 ns depending on the 

target NAD(P)H is binding to127. The second lifetime component τ2 is also likely to 

be NAD(P)H in its bound form, but perhaps to a larger enzyme or protein than what 

is represented in τ1, where longer lifetimes of ~ 9 – 10 ns have also been previously 

reported186,190. The α value for this component is very small (α2 = 0.02), which 

indicates there is a very low amount of NAD(P)H bound to the larger enzymes in 

comparison to unbound NAD(P)H and that bound to smaller enzymes. The third 

component τ3 can most likely be attributed to unbound NAD(P)H, as this component 

is much shorter and is also in good agreement with the average lifetime of NADH 

free in solution measured in the work in Chapter 4.  
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Comparing the fluorescence lifetimes obtained from both cells, the biggest difference 

observed from the results in Table 6.1 is in the average lifetime value, where there is 

a decrease in this value in the cancerous cells compared to the healthy cells. This 

difference will be due to the combination of the decrease in value of τ3 as well as the 

increase in the contribution to the decay of τ3 for the PC3 cells. It will also be 

interesting to observe changes, if any, in the individual lifetime components in future 

measurements, as these can provide more detailed information on the behaviour of 

the different conformations of NAD(P)H within the cells. 

The ratio of the normalised pre-exponentials represents the concentration ratio of 

unbound/bound NAD(P)H (in this case, α3/(α1 + α2)). It is known that a change in 

this ratio indicates a change in metabolism in the cells, where in this case a shift 

towards a higher ratio of α3/(α1 + α2) indicates a shift to glycolysis and therefore 

cancerous behaviour191. The ratios of unbound/bound NAD(P)H for the PNT2 and 

PC3 samples measured are 3.55 and 4.56 respectively calculated from Table 6.1, 

therefore an increase in the ratio is observed from the healthy to cancerous cells as 

expected. 

 

6.4 Incubation with Rotenone  

To fully ensure the fluorescence decays obtained were due to NAD(P)H fluorescence 

rather than other fluorescent components within the samples, cells were incubated 

with rotenone. Rotenone is a known inhibitor of complex I in the mitochondrial 

respiratory chain, which in turn halts NADH oxidation and increases the 

concentration of free NADH in the mitochondria186. Decreases in all fluorescence 

lifetime components have been reported in the literature following rotenone 

incubation127,186,192; therefore the fluorescence decay was measured for PNT2 cell 

samples both with and without rotenone incubation to determine if a decrease in 

these lifetime values was observed in our own measurements. 
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6.4.1 Sample Preparation 

A stock solution of rotenone was first prepared, where 1.18 mg of rotenone (Sigma 

Aldrich) was added to 30 mL of DMSO to obtain a 100 μM solution. This was 

further diluted down to a 50 μM solution by adding 15 mL of the original stock to 15 

mL of PBS, where the 50 μM solution was used for incubation with the cells. 

Two T25 flasks of PNT2 cells were cultured in RPMI medium under the same 

conditions as previously described. After the incubation period, 1.5 mL of the 

rotenone solution was added to one flask and placed back in the incubator for a 

further 5 minutes. After this time the media and rotenone solution were removed, 

where again the same protocol as described in Section 6.3.1 to prepare the samples 

for fluorescence lifetime measurements was followed. The second flask of cells was 

prepared in the same way, excluding the incubation with rotenone as this sample was 

to be used as the control. 

 

6.4.2 Results & Discussion 

Figure 6.3 shows the fluorescence decays obtained for the PNT2 cell samples 

prepared with and without rotenone incubation. Table 6.2 shows the corresponding 

lifetime components. Looking at the fluorescence decays in Figure 6.3 alone shows a 

visible decrease in the decay in the cell sample that was incubated with rotenone. 

This is further confirmed by the decrease in all lifetime values observed after 

incubation observed in the results in Table 6.2. In addition to this, an increase in the 

normalised pre-exponential of τ3 is also observed, corresponding to an increase in the 

concentration of free NAD(P)H. This indicates that the rotenone has successfully 

inhibited the oxidation of the NADH back to NAD+, further confirming that the 

fluorescence decay obtained was that of NAD(P)H.  
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τ1 

(ns) 
α1 

τ2 

(ns) 
α2 

τ3 

(ns) 
α3 

τavg 

(ns) 
χ2 

No rotenone 

incubation 
3.80 ± 0.22 0.20 13.4 ± 0.3 0.04 0.72 ± 0.03 0.76 1.84 1.20 

5 min rotenone 

incubation 
3.26 ± 0.21 0.15 12.6 ± 0.4 0.02 0.58 ± 0.02 0.83 1.25 1.25 

 

Table 6.2: Fluorescence lifetime components along with the normalised pre-exponentials 

obtained from measurements of PNT2 cells with and without rotenone incubation, where there 

is a decrease in all lifetime values following incubation as previously reported in literature. 

 

6.5 Cell Measurements Using the Liquid Light Guide-Based Systems 

Measurements of the PNT2 and PC3 cells were also performed on both liquid light 

guide-based instrument setups described in Sections 3.2 and 3.3 to see how the 

setups performed when measuring NAD(P)H in the complex cell environment. 

Results are shown for PNT2 only, as the PC3 measurements yielded similar results. 

The results for PC3 measurements are shown in Appendix C. 

Figure 6.3: Fluorescence decays of PNT2 cells suspended in PBS following no incubation (•) and 

5 minutes incubation (•) with rotenone, where a visible shortening of the decay is observed after 

rotenone incubation. 

50 75 100 125 150 175 200
1

10

100

1000

10000

 IRF

 No incubation

 Incubation w/rotenone

C
o

u
n

ts

Time (ns)



123 

 

Figure 6.4: Comparison of the fluorescence decays of PNT2 cells obtained on the conventional 

TemPro setup (Original), and the setups where the light guides are used with the sample 

chamber (LLG/Sample Chamber) and the translational stage (LLG/Stage) described in 

Chapter 3. Comparison measurements of PC3 cells on each system are shown in Appendix C. 
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6.5.1 Sample Preparation 

PNT2 and PC3 cells were cultured as previously described in Section 6.3.1. The 

volume of cells required to give a concentration of ~ 1 x 106 cells/mL in 4.8 mL of 

solvent was calculated instead of 2 mL as previously calculated. This was to ensure 

that the cuvette would be almost completely full and therefore no air bubbles would 

appear when lying on its side for measurements on the translational stage. 

 

6.5.2 Results & Discussion 

A comparison of the PNT2 decays obtained on each light guide-based system with 

that obtained on the conventional filter-based setup used in Section 6.3 is shown in 

Figure 6.4. 
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The IRF measurements on both liquid light guide setups shown in Figure 6.4 show 

the secondary reflection peak previously discussed in Chapter 3, however as 

predicted this peak does not influence the fluorescence decays obtained as these 

decays are much longer than that of NADH free in solution. Figure 6.4 also 

highlights the high level of background noise in the measurements using the liquid 

light guides. The photon detection rate was lower in both light guide system setups, 

leading to a significantly longer acquisition time in each case (1316 s and 401 s in 

the sample chamber and translational stage light guide setups respectively compared 

to 52 s in the conventional setup). The lower detection rate is most likely due to the 

smaller acceptance cone of the liquid light guide windows for delivering and 

collecting light compared to the optics in the conventional setup. The liquid light 

guide system setups are also not entirely light tight – replicating the surgical 

environment – and so the combination of this with the long acquisition time allows 

for a larger background noise in the measurements. A comparison of the fluorescence 

lifetime parameters obtained for these measurements are shown in Table 6.3. 

 

System 
τ1 

(ns) 

B1 

(%) 
α1 

τ2 

(ns) 

B2 

(%) 
α2 

τ3 

(ns) 

B3 

(%) 
α3 

τavg 

(ns) 
χ2 

Original 
3.68 ± 

0.22 
41.43 0.19 

13.4 ± 

0.3 
26.42 0.03 

0.71 ± 

0.03 
32.15 0.78 1.70 1.21 

LLG/ 

Sample 

Chamber 

3.67 ± 

0.25 
42.09 0.22 

13.8 ± 

0.5 
29.45 0.03 

0.72 ± 

0.03 
28.46 0.75 1.87 1.10 

LLG/ 

Stage 

3.36 ± 

0.29  
34.44 0.26 

14.1 ± 

0.8  
25.14 0.02 

0.67 ± 

0.03  
40.42 0.72 1.39 1.07 

 

Table 6.3: Fluorescence lifetime components and corresponding parameters from the PNT2 

fluorescence decays shown in Figure 6.4, showing good agreement across all three lifetime 

components on each system. The corresponding PC3 data is provided in Appendix C. 

 

The results in Table 6.3 indicate that while there is some variation in the percentage 

contributions of each component to the decay leading to a difference in average 

lifetimes, the individual lifetime components obtained in the liquid light guide 
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measurements are in good agreement with those obtained from the measurement on 

the original setup despite the high background noise. These measurements are a good 

indicator that the liquid light guide-based setups of the fluorescence lifetime system 

can produce results similar to those obtained on conventional systems of the complex 

cell environment. 

 

6.6 Incubation with High Glucose Media 

Following confirmation of the monitoring of the NAD(P)H fluorescence decay using 

rotenone incubation, another factor that was considered was how incubation in cell 

media with a higher glucose concentration might affect the fluorescence decay of 

NAD(P)H in both the PNT2 and PC3 cell samples, as cancer cells are known to have 

a higher rate of glucose consumption compared to healthy cells49. 

 

6.6.1 Sample Preparation 

Two flasks of PNT2 cells were cultured as described in Section 6.3.1, where one 

flask was cultured using DMEM media with a low glucose concentration of 1 g/L, 

and the other using DMEM media with a high glucose concentration of 4.5 g/L. 

While PNT2 cells are most commonly cultured in RPMI media, the cells still 

appeared to grow well in both the low and high glucose DMEM. DMEM was 

therefore used here instead for both the low and high glucose PNT2 samples for a 

more accurate comparison, as this was readily accessible whereas ‘low’ and ‘high’ 

glucose RPMI cell media was not available. In addition to this, two flasks of PC3 

cells were also cultured as described in Section 6.3.1, where one was grown in the 

low glucose DMEM and the other using the high glucose DMEM. Each of these cell 

samples were prepared for fluorescence lifetime measurements in the same way as 

previously described, where they were prepared at a concentration of 1 x 106 

cells/mL and suspended in PBS. 
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6.6.2 Results & Discussion 

The fluorescence decays of both PNT2 and PC3 cell samples with both low and high 

glucose concentrations are shown in Figure 6.5 and Figure 6.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5: Fluorescence decays of PNT2 cells suspended in PBS after incubation in both low (•) 

and high (•) glucose media where no change in the decay was observed. 

Figure 6.6: Fluorescence decays of PC3 cells suspended in PBS after incubation in both low (•) 

and high (•) glucose media, where a visible shortening of the decay occurs following incubation 

in high glucose media.  
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A visual comparison of the fluorescence decays of the PNT2 cells grown in the 1 g/L 

and 4.5 g/L cell media in Figure 6.5 shows very little difference between the two 

decays, indicating that the higher concentration of glucose has not affected 

NAD(P)H production within these cells. In comparison, a clear difference is seen in 

the fluorescence decays of the PC3 cells in each media in Figure 6.6, where a 

shortening of the decay is observed for the PC3 cells grown in the high glucose 

DMEM. This is also reflected in the individual components for each fluorescence 

decay shown in Table 6.4. 

 

Cell (glucose 

conc.) 

τ1 

(ns) 
α1 

τ2 

(ns) 
α2 

τ3 

(ns) 
α3 

τavg 

(ns) 
χ2 

PNT2 (low) 3.36 ± 0.23 0.16 12.0 ± 0.3 0.03 0.64 ± 0.02 0.81 1.41 1.24 

PNT2 (high) 3.40 ± 0.22 0.15 12.1 ± 0.4 0.02 0.62 ± 0.02 0.83 1.29 1.18 

PC3 (low) 3.54 ± 0.22 0.15 13.2 ± 0.4 0.02 0.67 ± 0.02 0.83 1.35 1.22 

PC3 (high) 3.02 ± 0.21 0.14 11.1 ± 0.4 0.02 0.57 ± 0.02 0.84 1.08 1.21 

 

Table 6.4: Corresponding fluorescence lifetime components and normalised pre-exponentials 

obtained from the measurements shown in Figures 6.5 and 6.6, indicating the high glucose 

media did not have a significant effect on the individual lifetime components obtained from 

PNT2 measurements compared to those obtained for PC3 measurements following high glucose 

incubation, where a decrease in all values is observed.  

 

 

Table 6.Table 6.4 shows that there are no significant changes seen in the individual 

lifetime components determined for the PNT2 measurements in both low and high 

glucose media, whereas a decrease in each lifetime component is observed in the 

PC3 samples. Glucose has been previously reported to shorten the fluorescence 

decay of NAD(P)H in adipocyte cells186, where suggested reasons for this have 

included the distribution and nature of the microenvironment changing with glucose 

metabolism, as well as an increase in free NAD(P)H also decreasing the average 

lifetime. It is interesting however to observe here that the glucose concentration has 

only had a significant effect on the fluorescence decay of NAD(P)H in the cancerous 

cells and not the healthy cells. As glycolysis is the predominant pathway used by 
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cancer cells for energy production, a larger amount of glucose available to these cells 

for consumption could therefore lead to an even higher rate of glycolysis. A 

preferential use of glycolysis has been previously linked to a decrease in 

fluorescence lifetime of certain cancerous and pre-cancerous cell lines55,56, and so 

this may explain what is happening here. Since the healthy PNT2 cells will not rely 

on glycolysis as heavily as the cancerous cells, this pathway may not be as 

influenced by the higher glucose concentration. In addition to this, looking at the 

ratios of unbound/bound NAD(P)H as explored previously, it is found that this ratio 

increases from 4.88 to 5.25 in the PC3 cells which is higher than that observed in the 

PNT2 cells, indicating more of a shift to glycolysis. These results further support a 

decrease in the fluorescence lifetime being due to the preferential use of glycolysis in 

certain cancer cell lines. 

 

6.7 Conclusions 

In Section 6.3, measuring the fluorescence decay of NAD(P)H at various emission 

wavelengths determined that an emission wavelength of 450 nm provided a good 

balance of monitoring the samples close to the emission wavelength maximum of 

NAD(P)H, a high enough α value to provide an acquisition time of less than 3 

minutes, as well as a bigger difference in the lifetime being observed for τ3 between 

the healthy and cancerous cells. In addition to this a comparison of the ratios of the 

unbound/bound NAD(P)H from these measurements indicated a shift towards 

glycolysis in the cancerous cells as would be expected, demonstrating how these 

ratios determined from the fluorescence lifetime measurements could be used to 

distinguish between healthy and cancerous cells. This work also provided initial 

evidence that the experimental protocol was correct for monitoring NAD(P)H 

fluorescence lifetimes in the cell environment, as the lifetime values found were in 

good agreement with values quoted in literature. Incubation with rotenone further 

established that it was the fluorescence lifetime of NAD(P)H was being observed in 

the cells. The decrease in the fluorescence lifetime components in combination with 

an increase in free NAD(P)H after incubation with rotenone confirmed that exciting 

the cell samples at 339 nm in combination with fluorescence emission being 
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collected at 450 nm is sufficient for measuring the fluorescence lifetime of NAD(P)H 

in the complex cell environment.  

The effect of glucose concentration in the cell media was also investigated for both 

cell lines, where a decrease in the fluorescence decay of NAD(P)H was observed in 

the cancer cells but not the healthy cells. If this decrease in the fluorescence decay in 

the cancer cells is indeed due to a higher consumption of glucose, this could indicate 

another potential way in discriminating between the two types of cells in a surgical 

environment along with the unbound/bound NAD(P)H ratio. Measuring the 

fluorescence decay of NAD(P)H in other cancer cell lines grown in low/high glucose 

media may be beneficial to determine if this trend is also observed in other types of 

cancer cells. In addition to this further confirmation of a change in the relative 

concentrations of unbound/bound NAD(P)H based on the pre-exponential factors via 

comparison measurements using a different technique such as mass spectrometry 

may also be beneficial. 
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7. Final Conclusions & Future Work 

The work carried out in this thesis investigates a number of aspects relevant to 

tumour margin estimation by utilising fluorescence-based techniques. These aspects 

have included instrumentation development, intrinsic fluorophore studies, phantom 

tumour margin design and measurements of the cellular environment – all of which 

have provided information that could prove useful in future studies involving the 

application of fluorescence techniques in determining tumour margins. 

A liquid light guide-based fluorescence lifetime system was developed, where the 

light guides were initially incorporated into an existing HORIBA TemPro lifetime 

system. The liquid light guides offered advantages such as transmitting more light 

and being more robust in comparison to traditional silica fibre bundles used in the 

clinical setting, as well as reducing the size and cost and increasing the portability of 

a fluorescence lifetime system through their incorporation. Initial measurements after 

the incorporation of the liquid light guides demonstrated that such a setup was 

capable of producing fluorescence decays and corresponding lifetime components 

that were in excellent agreement with measurements made on a typical HORIBA 

DeltaFlex system, as shown in Table 3.1 for the fluorophores CG436, Rhodamine 

6G, MeADOTA and JA120. The system was further developed to incorporate a 

translational sample stage to replace the existing sample chamber, where again this 

particular setup was shown to provide results as good as those obtained on the 

original system setup for the fluorophores covering a range of excitation and 

emission wavelengths as demonstrated in Table 3.2. Measurements of NADH in a 

simple solvent environment on the liquid light guide-based setup revealed the 

presence of reflected photons in the obtained decays due to reflections occurring at 

windows of the light guides. This was found to not be of issue in later measurements 

of NAD(P)H in the cellular environment on these systems, which holds a stronger 

resemblance to the environment NAD(P)H would be measured in during surgery. 

Such a setup is not currently available commercially, but with further improvements 

may find use in certain applications outside the laboratory. Future improvements 

could include better coupling between the light guides and the sample/detector to 

minimise reflections and reduce background photons being collected, however for a 
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real-life application such as the surgical environment these are challenges that would 

likely arise in such a setting. These are not of immediate concern when the obtained 

data is still in excellent agreement with that obtained on a conventional setup. 

Further characterisation measurements of NADH in various solvents were conducted 

to obtain a better understanding of how different environmental factors affected its 

fluorescence properties, where in-depth characterisation of the fundamental 

properties of NADH fluorescence is not well documented in current literature. 

Solvent properties such as polarity and viscosity influenced its properties, where 

increased polarity caused a redshift in the peak emission wavelength of ~ 10 nm for 

NADH in the solvents water, PBS and Trizma in comparison to NADH in ethylene 

glycol, and increased viscosity caused an increase in both the emission intensity and 

fluorescence lifetime. The increased viscosity of ethylene glycol had the most 

significant influence, where the obtained lifetime parameters were approximately 

double those found for NADH in the other solvents. Other factors were also found to 

influence the fluorescence lifetime of NADH, where oxygen quenched the 

fluorescence more significantly in certain solvents and measurements at body 

temperature reduced the fluorescence lifetime in every solvent. Oxygen removal had 

the most significant effect on the decays obtained for NADH in water and ethylene 

glycol in particular, where there is a clear increase in the observed decays as shown 

in Figure 4.8. This is further reflected in Table 4.3, where an increase in both lifetime 

components as well as the average lifetimes from 0.40 ns to 0.45 ns and 0.76 ns to 

0.94 ns observed for NADH in water and ethylene glycol respectively. As argon gas 

was only bubbled through the samples for ~ 5 minutes to remove the oxygen, it may 

be useful to increase the time of oxygen removal in future measurements to see the 

effect on the lifetime after prolonged oxygen deprivation to more accurately 

resemble the tumour environment. Nevertheless, these measurements indicated how 

environmental factors that are relevant to cancer studies have an influence on the 

lifetime properties of NAD(P)H, which need to be considered in more complex 

environments. 

In addition to this, fluorescence anisotropy measurements of NADH in ethylene 

glycol were also performed and revealed two rotational correlation times of 0.43 ± 
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0.24 ns and 5.49 ± 0.04 ns. Based on these rotational times and Equation 17, 

estimates of the particle sizes were calculated and found to be ~ 0.6 nm and 1.4 nm. 

This is thought to be most likely due to the folded and unfolded conformations of 

NADH that would be present in the sample rather than the different conformations of 

amide group in the nicotinamide ring in NADH, as the reasonably large difference in 

size of ~ 0.8 nm between the two species would be unlikely to have resulted from a 

rotation of this amide group. These results demonstrate the ability of fluorescence 

anisotropy to potentially discriminate between the unfolded and folded 

conformations of NADH free in solution. 

Silica sol-gels have also been investigated in this work for their use in mimicking 

tissue scatter in a phantom tissue environment. Characterisation of silica 

nanoparticles was initially conducted on stable LUDOX nanoparticles using the 

long-lived fluorophore MeADOTA and fluorescence anisotropy measurements. 

Measurements of the LUDOX silica nanoparticles highlighted the capability of 

MeADOTA for measuring such particles ranging in radii of 3.5 – 11 nm, where the 

results shown in Table 5.1 demonstrate the accuracy of the measurements in 

comparison to the quoted manufacturer values. The improved precision of the 

measurements made with MeADOTA was further demonstrated when compared to 

measurements in previous work utilising the fluorophore 6-MQ, as ~ 100 x more 

counts and therefore a longer measurement time were required in these previous 

measurements to obtain comparable data. In addition to this MeADOTA was used in 

fluorescence anisotropy measurements to characterise the growth of silica 

nanoparticles in both silica hydrogel and alcogel environments. Measurements of 

silica hydrogel samples over ~ 50 hours using MeADOTA revealed the presence of 

larger particles of radius ~ 6.3 nm compared to the ~ 3.7 nm radius found using 

Rhodamine 6G due to the ability of MeADOTA in tracking larger changes in 

depolarisation because of its longer fluorescence lifetime. Silica alcogel 

measurements also highlighted the resolution of fluorescence anisotropy for 

measurements small changes in size, where these measurements could be utilised to 

observe a change of ~ 0.4 nm over a ~ 48-hour period.  
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Silica alcogels were then utilised for creating phantom tumour margin samples, 

where various fluorophores were investigated in this environment using the liquid 

light guide and translational stage-based fluorescence lifetime system described in 

Chapter 3. Measurements of the phantom margin with Rhodamine 6G and NADH in 

the doped sol-gel region demonstrated that the sol-gel only region could be clearly 

identified 1 mm after the margin position based on the fluorescence decays obtained. 

Measurements of the phantom margin with ICG as the fluorophore in the doped sol-

gel region using this setup could not identify the margin position as clearly as only 

scatter from the sol-gel could be detected from 7 mm before the margin was reached. 

However FLIM measurements of the same sample provided a much better estimation 

where images representing purely the sol-gel region were obtained 1 mm after the 

margin position, demonstrating the improved spatial resolution of the HORIBA 

Lifetime Imaging system for measuring short-lived samples such as ICG. Obtaining 

images of a margin position in almost real-time could be extremely beneficial for 

determining surgical margins intraoperatively, where the measurements conducted 

here demonstrate the potential of this system for such an application. The silica sol-

gel phantoms were relatively simple to prepare with good reproducibility to a 

suitable degree for this work. Further development of sol-gel based phantoms could 

be considered in the future, where more in-depth studies on the scattering properties 

produced by sol-gels depending on their precursors may be beneficial in order to 

determine what will produce the desired scattering properties, which will depend on 

the tissue type of interest. While silica sol-gels have intrinsic fluorescence in the UV 

region, it may also be beneficial to add fluorophores to the design to more accurately 

represent tissue autofluorescence, as well as add an absorber such as ink to also 

mimic typical tissue absorption. 

The fluorescence lifetime of NAD(P)H in the cellular environment has also been 

studied in this work. The optimal emission wavelength for measuring NAD(P)H in 

this environment was first determined. Based on the fluorescence lifetime 

components obtained from measurements over a range of wavelengths as well as the 

known peak emission of NAD(P)H, an emission wavelength of 450 nm was chosen 

to be the most suitable emission wavelength to be used in future measurements to 

ensure data being collected could most likely be attributed to NAD(P)H. Further 
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confirmation that NAD(P)H was responsible for the fluorescence signal was found 

through incubation of PNT2 cells with rotenone, where a decrease in all fluorescence 

lifetime components as well as an increased contribution of unbound NAD(P)H 

confirmed NAD(P)H was the source of the fluorescence signal.  

A comparison of the fluorescence decay in PNT2 and cancerous prostate cells (PC3) 

found a higher ratio of unbound/bound NAD(P)H in the cancer cells, indicating a 

shift towards glycolysis and therefore cancerous behaviour. This demonstrated one 

method for distinguishing between healthy and cancerous cells. To provide further 

validation of a change in the normalised pre-exponential factors and therefore the 

relative concentrations of unbound/bound NAD(P)H in the two cell lines, 

comparison measurements using a different technique such as mass spectrometry 

may be beneficial to assist in validating these results. In addition to this, each cell 

type was incubated with cell media of a higher glucose concentration to see how this 

affected the fluorescence decay. While no change was observed for the fluorescence 

decay of NAD(P)H in the PNT2 cells, a decrease in the decay and corresponding 

lifetime components was observed for NAD(P)H in the PC3 cells when incubated in 

media with higher glucose levels. This decrease is most likely due to the preferential 

use of glycolysis in the cancerous cells, therefore when more glucose is available the 

glycolysis pathway is further upregulated. This has also been previously linked to a 

decrease in fluorescence lifetime in other cancerous cell lines, and therefore indicates 

a second potential mechanism that can be utilised for distinguishing between healthy 

and cancerous cells using NAD(P)H fluorescence. Further comparison measurements 

of other healthy and cancerous cells grown in high and low glucose media could 

provide more evidence of this trend and whether or not it is consistent across the 

majority of cell types.  

In summary, the aspects explored in this work demonstrate the many advantages of 

using time-resolved fluorescence techniques for estimating tumour margins from 

both an instrumentation and probe perspective. The implementation of liquid light 

guides for fluorescence lifetime measurements proved successful, where further 

improvements to the measurement of phantom tumour margins were made using a 

real-time FLIM system, which could be extremely beneficial in the surgical 
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environment due to the ability to capture detailed FLIM images in real-time. 

Measurable differences in the fluorescence lifetime of the intrinsic fluorophore 

NAD(P)H have also been established in the cellular environment, demonstrating how 

such a probe could be used in combination with the instrumentation studied as part of 

this thesis. Fluorescence-based surgical applications area already of widespread 

interest, but the majority are still in pre-clinical stages in terms of their common use 

for determining tumour margins; however the potential they have so far 

demonstrated both in this work and out with could have an extremely positive impact 

on cancer surgery in the years to come. 
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8. Appendix 

8.1 Appendix A 

The additional comparison measurements of JA120 and MeADOTA taken on the 

monochromator- and liquid light guide-based system are shown in Figure 8.1, further 

demonstrating the ability of the liquid light guide-based system in measuring over a 

range of excitation wavelengths, emission wavelengths, and fluorescence lifetimes.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8.2 Appendix B 

The fluorescence decays of NADH in Trizma and PBS after oxygen removal are 

shown in Figure 8.2. Little difference in the shape of the decays was observed after 

oxygen removal in these solvents compared to that observed in water and ethylene 

glycol as shown in Figure 4.8. 
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Figure 8.1: Comparison of the fluorescence decays obtained for MeADOTA and JA120 in water 

on the liquid light guide (LLG) and monochromator (mono.)-based systems. Excitation 

wavelengths of 494 nm and 638 nm, and emission wavelengths of 570 nm and 685 nm were used 

for MeADOTA and JA120 respectively. The fluorescence lifetime parameters obtained for these 

measurements are detailed in Table 3.1. 
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Figure 8.2: Fluorescence decays of NADH in Trizma and PBS at a 40 μM concentration, 

measured before and after oxygen was removed from the samples. The difference in the shape 

of the decays shown here was not as significant as that for measurements of NADH in water and 

ethylene glycol. The fluorescence lifetime parameters obtained for these measurements are 

detailed in Table 4.3. 

 

 

 

 

 

 

 

 

 

 

8.3 Appendix C 

Comparison measurements were also obtained for PC3 cell samples on both the 

conventional Horiba TemPro setup, the liquid light guide and sample chamber-based 

system as well as the liquid light guide and translational stage-based system, where 

the fluorescence decays and corresponding parameters are shown in Figure 8.3 and 

Table 8.1 respectively. 
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Figure 8.3: Comparison of the fluorescence decays of PC3 cells obtained on the conventional 

TemPro setup (Original), and the setups where the light guides are used with the sample 

chamber (LLG/Sample Chamber) and the translational stage (LLG/Stage) described in 

Chapter 3.  
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System 
τ1 

(ns) 

B1 

(%) 
α1 

τ2 

(ns) 

B2 

(%) 
α2 

τ3 

(ns) 

B3 

(%) 
α3 

τavg 

(ns) 
χ2 

Original 
3.61 ± 

0.21 
41.39 0.16 

13.9 ± 

0.4 
19.93 0.02 

0.63 ± 

0.02 
38.68 0.82 1.35 1.22 

LLG/ 

Sample 

Chamber 

3.70 ± 

0.29  
40.82 0.20 

13.8 ± 

0.6  
28.19 0.04 

0.75 ± 

0.03  
30.99 0.76 1.83 1.12 

LLG/ 

Stage 

3.45 ± 

0.40   
32.59 0.13 

14.7 ± 

0.9  
24.12 0.02 

0.70 ± 

0.03  
43.28 0.85 1.39 1.07 

 

Table 8.1: Fluorescence lifetime components and corresponding parameters from the PC3 

fluorescence decays shown in Figure 8.3, showing good agreement across all three lifetime 

components on each system. A bigger difference is seen in the average lifetime of the 

LLG/sample chamber setup data due to the larger contribution from τ2 to the decay.  
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