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Abstract

The high blood glucose levels associated with diabetes affect various cells and proteins in the
body. In response to high blood glucose the proteins collagen, keratin, and human serum
albumin (HSA) experience glycation, and the cofactor reduced nicotinamide adenine
dinucleotide (NADH) is also known to be affected in some way. This work aims to establish if
the intrinsic fluorescence of these compounds could be used to monitor the impact of

glucose, and thus offer an alternative method to monitoring long term glycaemic control.

We have studied the evolution of the intrinsic fluorescence of four compounds in response
to glucose in vitro using steady state and time-resolved fluorescence spectroscopy
techniques. For NADH, although significant changes were seen in the sample when in a
phosphate buffered saline (PBS) buffer, no similar changes in fluorescence were observed
when a Trizma buffer was used. As such, we conclude that glycation does not have an impact

on the intrinsic fluorescence of NADH.

Changes in the intrinsic fluorescence of collagen, keratin, and HSA however were observed.
For collagen, TRES revealed changes in the intrinsic fluorescence kinetics, caused by both
collagen aggregation and glycation. In keratin, the addition of glucose caused an increase in
the fluorescence intensity at the characteristic wavelength of 460 nm, due to faster
formation of new cross-links, and glucose may also cause the formation of two new
fluorescent complexes that emit at longer wavelengths. For HSA, fluorescence intensity
decay analysis indicates that glycation can be detected through a decrease in the short
lifetime component when decays are fitted to a 2-exponential model, however fitting to a

non-Debye model more clearly highlights the impact of glucose.

We also studied the intrinsic fluoresce of mouse skin and human fingernails. In an initial pilot
study on mouse skin, our results suggested that collagen, keratin, and NADH can be detected
from a skin autofluorescence (AF) measurement, and that there may be a relationship
between skin AF and blood glucose. Using fingernails, it appeared that although both the
peak emission wavelengths, and the fitted exponential parameters indicated that we can
detect keratin fluorescence, there was no evidence that glycated keratin can be sensed

through a nail clipping. Furthermore, neither our steady state or time resolved analysis



exposed a correlation between any of the extracted fluorescence parameters and glycated

haemoglobin (HbAlc).

In conclusion, monitoring the intrinsic fluorescence of particular biological proteins in vitro
suggests that this method could be used as a method to monitor long term glycaemic control
in patients with diabetes. Further studies would be required to translate these findings into

an in vivo environment.
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1. Introduction

This thesis discusses the results of various in vitro and in vivo autofluorescence based studies,
with the aim to develop an alternative method for monitoring protein glycation, and

ultimately long-term glycaemic control in patients with diabetes.

1.1 Diabetes

1.1.1 Disease Background
Diabetes Mellitus is a chronic, progressive disease characterised by elevated blood glucose

levels. It is sub-categorised into 2 main types: type 1 diabetes (TIDM) where a person’s
pancreas cannot produce insulin, and type 2 diabetes (T2DM) where often a person’s cells
have become resistant to the action of insulin and insulin is not produced in enough
quantities to compensate for this’. In both cases blood glucose levels cannot be properly

regulated.

Both TIDM and T2DM are characterised by prolonged hyperglycaemia, resulting from insulin
deficiency or resistance®. 2-hr plasma glucose levels above 11.1 mmol/l are defined as
hyperglycaemic, and if a person’s blood glucose levels are above this threshold, or their
fasting plasma glucose levels are greater than 7 mmol/I, they receive a diagnosis of diabetes’.
Sustained blood glucose levels above this threshold can eventually lead to complications
from diabetes. Various studies® have shown the association between this prolonged
hyperglycaemia, and late-stage diabetes complications. Complications of diabetes are
particularly dangerous since many organs can be affected: diabetes can cause
cardiovascular’® and vascular'® diseases, stroke!’, kidney failure®®, retinopathy!?,
neuropathy®®, and lower limb amputation’. The complications of the disease can cause

mortality via the above mentioned micro and macro-vascular diseases it can trigger.

As one of the major causes of morbidity and mortality worldwide®®, the impact of diabetes
on global health is huge. It is among the top 10 leading causes of death worldwide'’, with it
being responsible for an estimated 4 million deaths in 2017 alone®®. Diabetes has a huge
international presence, and the number of patients is increasing every year: in 2009 the
global prevalence of this disease was estimated at 285 million people!®, and by 2019 this had
increased to an estimated 463 million?°, which is 9.3% of the population. This is predicted to
increase again to 578 million by 2030. The rise is largely due to the increase in the number of

people diagnosed with T2DM, which accounts for more than 90% of all diabetes cases?. The
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greatest risk factor for T2DM is obesity’, and the increase in the number of people with this

risk factor is thought to be responsible for a large proportion of the global diabetes burden.

1.1.2 Current Monitoring Methods

1.1.2.1 Blood Glucose Monitoring
There is currently no cure for diabetes, but good glycaemic control is extremely important to

prevent any long-term complications??. In patients with type 1 diabetes who are on insulin,
blood glucose levels must be carefully monitored daily, and most commonly this is done by
self-monitoring of blood glucose (SMBG). In patients with T2DM daily blood checks are not
required, but long-term blood glucose levels are monitored using HbA1lc, which is discussed

in the next section.

SMBG is done at home by the patient multiple times a day (NICE Guidelines recommend at
least 4 times each day?3) using a home finger-prick test. An example of such a test device is
shown in Figure 1.1. Most devices are based on an electrochemical principle, where blood
from a finger prick puncture is dropped onto a disposable biosensor test strip which contains
the enzyme glucose oxidase as the recognition material, and a ferrocene- or quinine-based
electron transfer mediator?*. The mediator shuttles electrons from the reduced form of the

enzyme to the electrode to generate a signal, and so provide a blood glucose reading.

n o nNNNes

W wuu

-

Figure 1.1. The GlucoRx Nexus Blood Glucose Meter, an NHS recommended brand.

Although recent advances in technology have improved blood glucose meters in several
ways, such as decreasing the blood volume required, decreasing measurement time, and
being able to store hundreds of results, there are still many disadvantages of this method of

SMBG. It is painful and inconvenient, and various studies have shown that SMBG has poor
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adherence?. Also, clinically significant dips and spikes in blood glucose could be missed if the

patient is not testing regularly enough.

More recently flash glucose monitoring systems and continuous glucose monitoring (CGM)
systems have been developed to try and solve these problems. The products available on the
NHS for these purposes are the Freestyle Libre 2 and the Freestyle Libre 3 respectively, which

are free to patients with TIDM.

Instead of measuring blood glucose levels, both of these devices measure the glucose level
in the interstitial fluid® (the fluid found in the space between cells). The devices use a sensor
that must be placed on the back of the user’s arm, and when applied a small flexible fibre
inserts under the skin. The current measured by the implanted sensor is then transmitted
wirelessly to a separate monitor (or to an app on the user’s smartphone), which converts the

result to an easily readable blood glucose reading.

The main difference between flash systems and CGM systems (the Freestyle Libre 2 versus
the Freestyle Libre 3) is the frequency of data transmission. To obtain a glucose reading, the
flash system requires the user to scan the sensor using a smartphone app or a separate
reader, and the previous 8 hours of data are then transmitted and can be read by the user.
CGM systems however transmit glucose readings automatically, transmitting one reading
every minute. The primary advantage of both of these systems is that they provide more data
over a prolonged time period, and so it is easier to see trends and patterns in the patient’s
blood glucose. Any clinically significant spikes and dips, which may have been missed when
carrying out random fingerpick tests, are also recorded, and the data can be shared directly
with the user’s care team. The care team can then obtain a deeper understanding of the
patient’s glycaemic control, and adjust any treatment accordingly. Flash and CGM systems
can also incorporate alarms for when blood glucose is too high or low, and the devices can
be set so that a carer is alerted to this. These devices also allow for fewer finger-prick tests

to be carried out every day, which may improve quality of life for patients.

Although the advantages of such systems are apparent, there are a few disadvantages
associated with this technology. Initially, one of the principal drawbacks that was argued was
that the readings provided by flash glucose monitoring or CGM systems are not as precise or
reliable as SMBG, since they measure glucose in the interstitial fluid rather than blood.
Interstitial fluid glucose levels typically lag behind blood glucose, however data shows that in

the Freestyle Libre 2 flash glucose sensors this delay is only 2.4 minutes in adults?’, and thus

14



the lag seems minor. The sensors of these devices also need replaced approximately every
7-14 days®, and wearing a visible sensor may not appeal to some patients: for example, they
may not want to wear it when playing contact sports, or may prefer to keep their diagnosis

private.

The benefits of these systems however are clear: various studies have found that a flash
system can reduce the time and frequency of hypoglycaemia?® and reduce HbAlc

level393?

,which are both important for managing diabetes. Recently NHS England announced
that everyone living with TLDM would be eligible for a flash system on the NHS*?, which will
improve not only blood glucose control among the patient population, but also their quality

of life.

1.1.2.2 Long Term Monitoring
Longer term monitoring of blood glucose levels is just as important as instantaneous blood

glucose checks for monitoring glycaemic control in patients with diabetes. Glycated
haemoglobin, HbAlc, is the primary marker of long-term glycaemic control. The higher the
HbA1c value, the greater the risk of developing diabetes complications®3. HbAlc is measured
approximately every 3-6 months? in those with diabetes, and it gives a 2-3 month average
of blood glucose concentrations. It is the current gold standard of care for monitoring

diabetes control.

There are some instances however where HbAlc can misrepresent diabetes control. For
example, when there is a change in the normal lifespan of red blood cells, this falsely affects
HbA1c level. In patients with anaemias associated with reduced red blood cell turnover, for

3435 or chronic kidney disease®®, glycated

example iron, vitamin B12, or folate deficiency
haemoglobin levels can be misleadingly high. The opposite is true in patients who undergo
dialysis, where red blood cells have a much faster turnover. In addition, factors such as blood
loss, chronic alcohol consumption, pregnancy, and the presence of haemoglobin variants can

all affect HbA1c values3*.

Other methods of long-term monitoring of diabetes have therefore been studied as an
alternative to HbA1lc, with a particular focus on methods that do not rely on red blood cells
as many factors can affect their life span and thus HbAlc level. The amount of glycated
human serum albumin (GA), which is a plasma protein found in the blood, increases in those

with diabetes®, and thus it can also reflect glycaemic control. This measure considers a
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shorter time period than HbA1c, giving information on the glycaemic status over the previous

2 to 3 weeks®.

Measuring GA has been found to be a more sensitive and accurate method of determining
glycaemic control in patients with chronic kidney disease (a potential complication of
diabetes)***°, and to be a better indicator of glycaemic control in haemodialysis patients*,
compared to HbAlc. This is because GA is not influenced by any red blood cell related
conditions or treatments. This method however does still require a blood sample to carry out

the analysis.

Research into alternative methods for monitoring diabetes control still has much interest,
with a primary goal being to develop non-invasive techniques. This would allow painless
testing, and thus allow it to be carried out more frequently. One major avenue of research

investigates auto- fluorescence, which will be discussed in a later section.

1.2 Glycation and AGEs

1.2.1 AGE Formation
The elevated blood glucose levels associated with diabetes lead to adverse effects in

numerous cells and proteins in the body, affecting them all in different ways*. Proteins
undergo glycation in response to hyperglycaemia, and this glycation can lead to the
formation and accumulation of compounds known as advanced glycation end products
(AGEs)8. Alongside the acute changes in cellular glucose metabolism, the build-up of AGEs is

the primary cause of the development of diabetic complications®3.

Glycation is the process in which a protein molecule bonds to a sugar molecule, for example
glucose or fructose, without enzyme control®. This process is often referred to as the Maillard
reaction, so named after the biochemist Louis Camille Maillard who first observed this
reaction by heating glycine with glucose in 1912%, It has since been established that this
reaction is the driving force of AGE formation*>.AGE formation is often described in three

discrete stages: early, intermediate, and late*?. This process is outlined in Figure 1.2.

In the early stage of this reaction glycation is initiated by the condensation reaction of a
carbonyl group of a reducing sugar, for example glucose, with a free amino group of a protein
by nucleophilic addition. This results in the formation of a Schiff base®, which then
undergoes reorganisation at the intermediate stage to form a more stable Amadori product.

The formation of both the Schiff base and the Amadori products are reversible*. The
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Figure 1.2. The glycation pathway, leading to AGE formation

Amadori products can then degrade releasing a variety of reactive dicarbonyl compounds,
for example 3-deoxyglucosone (3-DG) and methylglyoxal (MGO)*?, which themselves can
form AGEs, or can rearrange to form AGEs directly. This final stage in the AGE formation is
irreversible*” , and is achieved through dehydration, cyclization, oxidation, cross-linking, and

polymerisation reactions?®.

These end products are relatively stable at physiological temperature and pH**, and their rate
of accumulation is dependent upon various factors including the availability of metal ions,
redox balances, and the longevity of the modified proteins*. There are 3 primary ways in
which AGEs can affect cells: as adducts on modified serum proteins, as endogenous adducts
formed from glucose metabolism, or as ECM-immobilised modifications on long-lived

proteins®,

Only long lived proteins go through this last stage of irreversible AGE formation due to the
fact that Amadori rearrangement takes place over several days and even weeks*®. Over 12
types of AGEs have been detected in tissue, and these can broadly be split into 3 categories:
fluorescent cross-linking AGEs (e.g. pentosidine), non-fluorescent cross-linking AGEs (e.g.
arginine—lysine imidazole (ALl)), and non-crosslinking AGEs (e.g. N-carboxymethyllysine

(CML))*.

1.2.2 Consequences of Glycation
AGE accumulation on long-lived proteins can impair physiological function. The amino acid

side chains become glycated, which modifies their structure and inhibits function®. This
occurs through various means such as altering enzymatic activity, disrupting molecular
conformation, interfering with receptor recognition, and reducing degradation capacity’.
Glycation also encourages crosslinking in elastic proteins such as collagen and elastin, which

results in stiffening of the tissues®!. Furthermore, soluble AGEs can bind to AGE receptors,
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the most common of which is known as RAGE. These receptors are activated by AGEs, and
can then trigger various intracellular signalling pathways>2. Several studies have shown that
AGE accumulation leads not only to diabetes complications, but also contributes to the

pathogenesis of renal insuffciency®® and Alzheimer’s disease*.

1.2.3 AGEs and Diabetes
In diabetes, the production and accumulation of AGEs increases due to the increased levels

of glucose in the blood*. AGEs can be found circulating in the bloodstream, and in tissue
where they affect more long-lived proteins. Various studies, which are discussed below, have
established the relationship between AGE levels, the presence of diabetes, and diabetic

complications.

Increased circulating serum AGES have been found both in TIDM>® and T2DM>® . A 1999
study®® showed that levels of AGEs in serum are higher in those with type 2 diabetes, and
that serum levels of AGEs were further increased in patients with T2DM and coronary heart
disease. High serum levels of the AGE pentosidine have been found to correlate with
increased arterial stiffening in T2DM>’, and immunological studies have shown that serum-
AGE levels correlate with pre-clinical stages of nephropathy and early retinopathy>®.
However, AGE-modified circulating proteins are regularly cleared from the bloodstream
(apart from in renal failure), and so quantification in serum is not always a robust
biomarker®. For this reason, AGE accumulation in long-lived proteins has been of interest as

a potential biomarker for diabetes complications, and various studies have investigated this.

The largest of such studies was the Diabetes Control and Complications Trial (DCCT) that
began in 1983 and took place over 10 years, with follow ups at intervals after trial
completion®®. This study has provided extensive data on the relationship between diabetes
complications and AGEs, with the first major finding demonstrating that good glycaemic
control slowed the rate of development of microvascular and neuropathic diabetes
complications. It was also concluded that inhibition of AGE formation reduces the chances of
developing any long-term complications. Further studies showed that skin AGE levels
correlate with disease duration and the severity of diabetic complications®® ¢, The DCCT-
EDIC sub-study found a significant association of cross-linked AGEs on skin proteins with
progression of diabetic retinopathy and nephropathy®?, and there is evidence showing that

AGE concentration in skin biopsies is higher in patients with neuropathy®. Furthermore,
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studies in mice have shown that AGEs and RAGE could play an active role in the development

of diabetes induced cardiac dysfunction®.

This prior research establishes the relationship between AGE levels and diabetes
complications, and conclusively proves that AGEs in long-lived proteins have potential use as

a biomarker for diabetes complications.

1.3 Autofluorescence
Fluorescence is the emission of light by a molecule due a transition from a higher excited

state to the ground state®®, and auto-fluorescence (AF) is fluorescence that is emitted
naturally by biological molecules®®. Many biological molecules are auto-fluorescent. This
allows them to be detected using fluorescence techniques without the addition of any
extrinsic fluorophore that may disturb its native environment. AF is therefore a useful
method that has been used extensively to investigate biological structures and processes in
vivo®.

1.3.1 Intrinsic fluorophores

Intrinsic fluorophores are fluorophores that occur naturally. These include chlorophyll found
in plants, but more relevant to this work, they include the three aromatic amino acids that
exist in the body. These three aromatic amino acids, phenylalanine (Phe), tyrosine (Tyr), and
tryptophan (Trp), are responsible for the fluorescence of many biological proteins?, and their

excitation and emission spectra are shown in Figure 1.3
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Figure 1.3. Absorption and emission spectra of the three aromatic amino acids. Adapted
from 1.
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Alongside these three residues, there are numerous other biological structures in the body

that auto-fluoresce. These are listed in Table 1.1, with their respective excitation and

emission wavelength®7°,

Table 1.1. Auto-fluorescent fluorophores found in the human body, alongside

their maximum excitation and emission wavelengths.

Fluorophore A (nm) Aoy (NM)
Flavins 450 535
Porphyrin 405 600
Collagen 335, 370 390, 460
Elastin 420, 460 500, 540
Keratin 370 460
NAD(P)H ~340 ~460

Using intrinsic fluorophores for biological and biomedical studies offers the primary
advantage that no extrinsic fluorophore, which may influence the behaviour of the system,
is needed. Using intrinsic fluorophores also means that there are less regulatory
requirements that must be met for use in clinical applications than are needed when an
extrinsic fluorophore is ingested or injected. The difficulty in using intrinsic fluorophores
however is that, as shown in Table 1.1, many of the emission and excitation spectra overlap,
which may complicate fluorescence measurements when investigating biological samples. In
addition, ultraviolet (UV) light has relatively shallow penetration depth in tissue, and so only

fluorophores near the tissue surface may be excited.

1.3.2 AGE Auto-Fluorescence
As outlined, AGE accumulation is thought to contribute to the severe complications

associated with diabetes. It has been established that several AGEs exhibit AF®, including
pentosidine, crosslink, fluorolink and vesperlysine A, B, and C. Detection of the fluorescence
of these AGEs have been used to estimate the levels of AGE in serum, urine, saliva, and tissue

samples’®.

However, like discussed previously, it is the AGE accumulation in long-lived proteins, for
example skin proteins, that are of more relevance. Various studies have looked to skin
fluorescence, and correlated skin fluorescence with AGE levels. The first instance was in 2004
in a report by Meerwaldt et al.b, which showed that skin fluorescence was related to AGE

levels in dermal biopsies in diabetic patients and in healthy controls. This has been confirmed
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in subsequent studies’? and thus it can be concluded that dermal fluorescence reflects AGE

levels.

Skin fluorescence has also been related to diabetes complications: a study carried out in 1997
showed increased skin fluorescence in patients with diabetes using non-invasive skin
capillary microscopy”. Further studies were able to correlate pentosidine levels in skin with
the severity of complications in diabetes patients®!, and show that pentosidine and collagen-
linked fluorescence are good predictors of the progression of diabetic retinal and renal

microvascular complications’.

This research therefore shows that skin fluorescence could be used as a biomarker in AGE-
related diseases such as diabetes mellitus, offering improvements over current methods due
to the non-invasive nature of such measurements. Skin AF is a more useful clinical tool for
measuring AGEs than the classical blood or urine sample, since these do not accurately reflect

tissue AGE level, and thus do not reflect the potential for AGE-related diseases’.

1.3.3 Skin AF Devices
Due to the potential for clinical use, simple devices that can assess skin fluorescence have

been developed, and so far two devices have been used in clinical studies. The first of these
is the SCOUT DS device (Veralight, USA), which was granted a CE Mark for non-invasive
diabetes screening in 2011. It is shown in . This instrument measures various
biomarkers of diabetes in the skin, including AGEs like pentosidine and crosslines, but also
indicators for oxidative stress and cell metabolism, for example reduced nicotinamide

adenine dinucleotide (NADH) and flavin adenine dinucleotide (FAD)®.

Figure 1.4. SCOUT DS Device used to measure auto-fluorescence of skin on the volar side
of the forearm®.
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The device uses light emitting diodes (LEDs) centred at multiple wavelengths to excite the
fluorophores in the skin, with the light focused onto the left volar side of the forearm. The
fluorescence and reflectance of the skin is measured and transmitted via a fibre optic probe
to a spectrograph and camera. The optical signals are then converted into a score between
0 and 100 with higher scores indicating a higher probability of disease. Patients with a score
greater than or equal to 50 are then referred for blood tests to confirm a diabetes diagnosis.
The SCOUT DS device also has the ability to account for the amount of melanin and
haemoglobin in a patient’s skin, which could otherwise affect the results. To do this, the
reflectance of each excitation LED is measured, and then the brightness of each LED and the
camera exposure time is automatically altered to account for the variations in these pigments

between subjects. This allows the device to be used in a wide range of skin tones®.

The second device developed for assessment of skin fluorescence is the AGE Reader
(prototype AFR Reader) (DiagnOptics Technologies, BV, The Netherlands)®. This device
illuminates 1 cm? of the skin, again on the volar side of the arm, with a light source with peak
excitation of approximately 350 nm. Light emitted and reflected from the skin is then
measured using an in-built spectrometer in the 300-600 nm range, which was then replaced
with photodiodes in later versions. This specific range was chosen as it corresponds to the
fluorescence of major AGEs such as pentosidine. The skin auto-fluorescence is calculated as
a ratio of excitation light to emitted light, and expressed in arbitrary units. The AGE Reader
has been validated as a tool for non-invasive assessment of AGE accumulation in skin and has
since been used to measure skin AGE accumulation as a predictor for diabetic

complications’® 77, The graph shown in Figure 1.5 shows a typical AGE reader measurement.
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Figure 1.5. Fluorescence emission spectrum from a participant with diabetes (blue line)
and a control participant (red line) measured using the AFR. Peak excitation is ~350 nm
wavelength®,
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The red line shows the skin fluorescence of a healthy person, or control, and the blue line
shows the skin fluorescence of a patient with diabetes. This device therefore shows that
there is a difference in skin fluorescence between these two patient groups, and so could be

a useful tool for diabetic screening.

There are numerous advantages of these types of devices for diagnostic screening. They
eliminate the need for overnight fasting, they are non-invasive, and they are quick. There
have also been various studies showing skin AF measurements are comparable to the
classical HbA1C test in detecting abnormal glucose levels* 8. Overall, these devices prove
that skin AF can be used as a cost-effective, simple and reproducible test for diabetes

screening.

1.4 Thesis Content
The overarching aim for this thesis is to investigate how the intrinsic fluorescence of different

physiological fluorophores’ changes in response to glucose. If fluorescence techniques can
be used to monitor these glucose-induced changes, this could offer the potential to develop

a new, non-invasive method for monitoring diabetes control.

In addition to the traditional steady-state fluorescence measurements that have been used
previously for this application, this work will also incorporate time-resolved fluorescence
measurements, in the hope that this provides more information on any time-dependent
processes, and thus on the excited state kinetics. This would lead to a deeper understanding

of the underlying processes occurring during glycation.

The next chapter in this thesis, chapter 2, outlines the physical principles and instrumentation
that is the foundation of this work. The core fluorescence principles are discussed, alongside
the techniques and instrumentation used to carry out the research. It includes details on
traditional steady state measurements such as absorbance and fluorescence emission, and
details on fluorescence decay, alongside the various fitting methods that can be used to
model decays. Finally, a procedure known as time-resolved emission spectra (TRES) is
discussed, alongside a modelling technique that can be used to extract useful information

from this type of spectra.

These techniques were used in the subsequent six experimental chapters. Chapters 3, 4, 5,
and 6 report on in vitro studies, investigating how the intrinsic fluorescence of a specific

fluorophore evolves in response to glucose. A chapter each is dedicated to collagen, NADH,
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keratin, and human serum albumin (HSA). These specific proteins were chosen as each of
them exhibits changes in response to glucose, and they are auto-fluorescent. Their detection
could thus offer a means of monitoring diabetes control. In addition, collagen and NADH are
found in the skin, and keratin is found in nails, and thus they have the potential to be detected

noninvasively.

The final 2 experimental chapters then include details on in vivo measurements. Chapter 7
investigates skin fluorescence and includes some preliminary studies carried out on mice,
and Chapter 8 then contains the results of research carried out on human fingernails. The
final chapter in this thesis then outlines the main conclusions from this work and attempts
to relate the in vivo measurements to the kinetics revealed for the individual proteins in the

in vitro studies.
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2.Physical Principles and Instrumentation for Fluorescence

2.1 Fluorescence Principles
The phenomenon of fluorescence was first observed by Sir John Frederick William Herschel

in 1845 when he noted that sunlight caused emission of blue light from a quinine solution®.
This was not known as ‘fluorescence’ until 1852, when Stokes coined the name after studying
the same phenomenon in multiple different substances’. Since then, the development of
numerous techniques has allowed the use of fluorescence in a wide range of applications
including lighting, medicine, chemical analysis, and sensing. The growing use of fluorescence
in the fields of biosciences and healthcare is of particular interest and has influenced its use
in the work in this thesis. Fluorescence is a particularly efficient sensing technique in these
settings because fluorescence occurs in nanosecond timescales and at nanometre distances,

which is ideally matched to many physiological processes®.

2.1.1 Photoluminescence
The emission of light from a substance can be split into 2 categories: incandescence and

luminescence. Incandescence is the emission of light following excitation from a heat source,
while luminescence does not require heat®. Photoluminescence is one type of luminescence,
and is the emission of light from an atom or molecule following photoexcitation i.e. the
absorbance of a photon which excites an electron to the excited state. Photoluminescence is
sub-categorised into phosphorescence and fluorescence, with fluorescence being the focus

of this work.

Fundamentally, the fluorescence of a molecule is the spontaneous emission of light by that
molecule, due to a transition from a higher excited state to the ground state®. This
phenomenon is typically explained using a Jablonski Diagram®, which is a schematic
representation of the various spontaneous molecular relaxation processes that can occur

following excitation of a molecule. An example of such is shown in Figure 2.1.
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Figure 2.1 Jablonski Diagram

Each electronic state S is made up of vibrational and rotational (not shown) levels. The energy

of a state is the sum of it’s electronic (el), vibrational (vib), and rotational (rot) energies

_ rel ib t
Esnmo = gn + Egyim + Esrfmo [2.1]
wheren, m and o correspond to the electronic, vibrational, and rotational states

respectively. For the purpose of the following analysis, rotational elements are not included.

Absorption of a photon of appropriate energy excites an electron from the ground state Sy,
to a singlet excited state (Syp,, S,y ..)- The energy and vibrational level the electron is excited
to is dependent upon the energy transferred from the absorbed photon. This photon energy
is proportional to the wavenumber v and inversely proportional to the wavelength A as

shown by equation 2.2
EFE=—=hv [2.2]

where E is the photon energy, h is Planck’s constant, and c is the speed of light. The energy
of a photon emitted between two electronic states (S, — Snm) is therefore equal to the

energy gap Esn,m, — Eg :

Wy = (EE, — EE') + (E¥®  — E¥®) [2.3]

n'm'

When in an excited state the electron is unstable, and so energy is quickly lost. This can be

done through vibrational relaxation (VR), where the electron returns to the lowest vibrational
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level of its excited electronic state, or internal conversion (IC), where the electron drops to a
lower excited electronic state. Once in the lowest vibrational level of the excited electronic
state, the excited electron can undergo various processes: it can return to the ground state
Sp, emitting fluorescence; it can lose its energy non-radiatively through processes such as
guenching; or it can undergo intersystem crossing (ISC). ISC is a process where the electron
returns to the ground state through a metastable triplet state T. The triplet excited state
differs from the singlet excited state in that the excited electron has a parallel spin state to
the ground state in the excited triplet state, while electrons in the singlet excited states have
opposite spin to ground state. Returning to the ground state from an excited triplet state Ty
again involves ISC, and results in light being emitted in the form of phosphorescence, rather
than fluorescencel. Phosphorescence happens on a much longer timescale than fluorescence
(ms-s compared with ns) since the triplet to singlet state is a forbidden transition, and thus

the Ty to Sy, transition has low probability.

As outlined in Figure 2.1, fluorescence is the emission of photons accompanying the S;, to
Som, relaxation. The emission spectrum is therefore independent of the excitation

wavelength, as described by Kasha’s Rule®.

The emission spectrum G (v) is given by

647‘[4173 2
Gw) = 2—3 A |t pms10] W = Vs,n510) [2.4]
m
2
where |,usom510| is the electric dipole moment matrix element for the 1,0 — 0, m transition,
and (v — vg, s ) isthe delta function of a photon’s position after absorption and radiative

decay®®,

The Franck Condon factor must also be defined, which derives from the Franck-Condon
Principle. This principle explains the intensity of vibronic transitions, and states that during
an electronic transition, a change from one vibrational energy level to another is more likely
to happen if the two vibrational wave functions overlap more significantly®®®’. The Franck-
Condon Factor is essentially a measure of the overlap between the ground and excited state

vibrational wavefunctions, and is defined as:

FCFSnmSn/m/ = f ®y' ¢y dty [2.5]

where ¢, and ¢,," are the vibrational wavefunctions of the initial and final states respectively.
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Using the approach suggested by Condon®, and developed by Herzberg®, |,usnm5n,m, |? can
then be expressed in terms of the fixed nuclei electronic transition dipole moment |,u5nn,|

and the Franck- Condon factor FCFs,

mSnlml

|Msnmsn,m,|2 = |Ugnn |*F CFspps, [2.6]
Defining a constant a:
- 64m* [2.7]
3h
a function Sy, (v):
vib _ pvib [2.8]

s Som
Suin(¥) = ) FCFs, 5, 8(v = —2——om)
m
and a parameter v, :
— 1 el el [2.9]
Usyy = E(Esl - ESO) )
Equation 2.4 can be simplified, giving the equation for the single molecule emission spectrum

G(v) = av3Syp (v — vo1) Mo |* [2.10]

Fluorescence emission, in general, is at a longer wavelength than the absorption, and this is
due to the energy lost in the excited state due to vibrational relaxation®. This was first
demonstrated by Stokes in 1852, and so this statement then became known as Stokes Shift”°.
This is illustrated by the absorption and emission spectra shown in Figure 2.2, where the

emission occurs at a longer wavelength, and thus lower energy, than the absorption.

The exception to this rule is when two photon excitation (TPE) is used to excite the
fluorophore. Two photon excitation (TPE) (or two photon absorption (TPA)) is the absorption
of two photons by a fluorophore in in quick succession, where their combined energy is used
to excite the fluorophore to the excited statel. In this instance, the emitted fluorescence will
have a shorter wavelength than the absorption. TPE is useful for in-vivo and ex-vivo
applications, such as those discussed later in this thesis, as it allows light with longer

wavelengths, and thus deeper penetration depth in tissue, to be used for excitation.

28



Stokes Shift A\ = }\2 — ]\1

0.8
0.6
0.4

0.2

Normalised Absorbance and Emission

450 500 550 600 650
Wavelength (nm)

Figure 2.2 The absorbance (green) and emission (blue) spectra of rhodamine 6G,
highlighting Stokes Shift

2.1.2 Quantum yield

The quantum yield (@) of a fluorophore is an important characteristic of a fluorescing species:
it determines how ‘bright’ the fluorescence is. It is the ratio of the number of photons emitted
by the fluorophore compared to the number of photons absorbed, and it is given by equation
2.11

ke

o= vk

[2.11]

where k,. is the emissive rate of the fluorophore, and k,,, is the rate of non-radiative decay®.
The non-radiative decay accounts for the fact that not all of the excited molecules actually
emit fluorescence, since there are numerous other de-excitation pathways competing, such
as IC and ISC®. Measuring absolute quantum yield is difficult and rarely used in the context
of biomolecules, since their natural environment contains a lot of oxygen, which quenches

the fluorescence signal®.

2.1.3 Fluorescence Intensity Decay
Fluorescence intensity decay is often measured for a fluorescing sample. This is particularly

useful for biological samples, where tissues have unclear or overlapping fluorescence
spectra, but very different, well-defined lifetimes®. Fluorescence intensity decay can be
reduced to ‘fluorescence lifetime’ if the decay is single exponential, however fluorescence

decays are often more complex, and require multi exponential kinetics.
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The fluorescence lifetime of a molecule is the average time it spends in the excited state
before emitting a photon®. It must be thought of as a statistical average and not an absolute
time since each molecule will emit fluorescence randomly throughout the decay?.
Fluorescence lifetime is an intrinsic property of the molecule, and independent of both the
fluorescence intensity and the concentration®. An instance however when fluorescence
lifetime is affected by concentration is when self-quenching is present in the fluorophore.
This is a type of quenching (discussed in detail in the following section) where interactions
between separate fluorophore molecules results in a decrease in the fluorescence intensity.
This is particularly evident in high concentrate solutions, where self-quenching results in a

decrease in the fluorescence lifetime®?.

The fluorescence lifetime 7 is generally in the region of nanoseconds, and can be defined in

terms of the intramolecular processes as given by equation 2.12

1

= k, + k, [2.12]

where k, is the emissive rate of the fluorophore and k. is the rate of non-radiative decay.
When no extrinsic factors are present, the rate of non-radiative decay can be discounted,

and the natural lifetime t,, of the fluorophore is given by

1
T, = [2.13]

ke

In time-resolved fluorescence experiments, lifetime is measured as a parameter of the
fluorescence intensity decay. Consider firstly a decay with one-exponential kinetics. A
population of molecules M are excited with an infinitely sharp pulse of light known as a &-
function. This results in an initial population of molecules in the excited state. These
molecules will then decay to the ground state through radiative and non-radiative processes,

where the rate of decay is given by

dM] _ _ : 2.14
a0 = et kar)[M] [2.14]

where [M*] is the concentration of molecules in the excited state at time t. Integrating

equation 2.14 gives the fluorescence decay as

[M*] = [M*], exp (%t) [2.15]
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where [M*], is the initial concentration of excited molecules at t = 0. Fluorescence intensity
is proportional to the decaying concentration of excited molecules therefore equation 2.15
becomes

—t

I(t) = lyexp (—) [2.16]

T
where I(t) is the fluorescence intensity at time t, and I, is the intensity immediately after
excitation. Mean lifetime T can also be calculated, and is the average amount of time a
fluorophore remains in the excited state following excitation. It is obtained by averaging t

over the intensity decay:

Jo t1(e) dt
Jy () dt

T= [2.17]

Integrating equation 2.17 gives the denominator equal to T and the numerator equal to 72 .
Thus for a single exponential decay T = t. This is not true when the fluorescence intensity
decay is more complex, such as multi-exponential, or non exponential decays. An average
lifetime can still be calculated using equation 2.17, however this will be a complex function
of the parameters describing the actual fluorescence decay, and so caution is needed when

interpreting the result.

2.1.4 Fluorescence Quenching
The fluorescence intensity that is emitted from a sample can be reduced by various molecular

and non-molecular processes, which together are known as quenching. Non-molecular
mechanisms are not as significant, and includes for example the attenuation of incident light

by an absorbing species.

Molecular mechanisms of quenching include static and collisional quenching, with the latter
being more frequently observed. Static quenching occurs in the ground state, and refers to
the process of a fluorophore forming a non-fluorescent complex with another molecule®.
Conversely, collisional quenching occurs in the excited state, and is when the excited
fluorophore loses its energy on contact with another molecule®. Unlike in static quenching,

collisional quenching does not chemically alter the fluorophore.

For collisional quenching, the decrease in fluorescence can be described by the Stern-Volmer

Equation:

[2.18]
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F
FO =1+K[Q] = 1+ ky70[Q]

where Fy and F are the fluorescence intensities without and with a quencher present
respectively, K is the Stern-Volmer quenching constant which indicates how sensitive a
fluorophore is to a quencher, k, is the biomolecular quenching constant, 7, is the
unquenched lifetime, and [Q] is the quencher concentration. Many molecules can act as

collisional quenchers, including oxygen® and halogens®.

2.1.5 Forster Resonance Energy Transfer (FRET)
Forster Resonance Energy Transfer (FRET) is a molecular mechanism that can be taken

advantage of to monitor molecular interactions in vivo, since the molecular distances that
play a key role in FRET are comparable with protein size and membrane thickness®. FRET is
the radiation-less transmission of energy from a donor molecule in the excited state to an
acceptor molecule in the ground state using dipole-dipole interactions?. The donor molecule
is a fluorophore, and so with appropriate excitation energy, its electrons will transition from
the ground state to the excited state. The fluorophore will then decay to ground state, either
non-radiatively or through emission of a photon, or in the case of FRET, transfer its energy to
an acceptor molecule. When FRET occurs donor fluorescence is quenched and acceptor

fluorescence is enhanced (if the acceptor molecule is fluorescent).

For FRET to be possible, specific conditions must be met. The emission spectrum of the donor
molecule must overlap with the absorbance spectrum of the acceptor molecule®, like shown

in Figure 2.3.
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Figure 2.3. Examples of overlapping spectra in which FRET could occur. (A)Adapted from
Lakowicz 2006 and (B) adapted from Horiba FRET Technical Note® .
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The distance between molecules is also important: unlike collisional quenching, the donor
and acceptor molecules do not need to be in contact for this transfer in energy, but they
must be in close proximity, typically 10-100A%. The distance between the donor-acceptor
pair, the extent of spectral overlap, and the orientation of the dipoles all determine the rate

of FRET kpy4

1 /Rp\®
K =_(_) .
pa=7-\7 [2.19]

where T, is the lifetime of the un-quenched donor, R, is the Forster distance at which 50%
of the energy has been transferred and r is the distance between the donor and the acceptor.
FRET efficiency is therefore inversely proportional to separation between molecules, making
it an extremely sensitive technique for studying intermolecular distances and protein

interactions in in vivo applications®®.

2.1.6 Time-Dependent Spectral Shifts
Time-dependent spectral shifts are significant when studying fluorescence. There is no

singular theory that can explain all time-dependent shifts, as in proteins this can be the result
of conformational changes in the molecule, solvent/dielectric relaxation, or a combination of

these processes.

Solvent relaxation is the term given to the process where solvent molecules re-orient around
an excited fluorophore. When in the ground state, the dipole moments of the fluorophore
and solvent interact to give an ordered distribution of solvent molecules around the
fluorophore. Upon fluorophore excitation, this difference in energy induces a change in
dipole moment of the fluorophore, and thus is followed by a mutual re-orientation of the
solvent molecules and fluorophore, usually within a picosecond timescale. The rate of solvent

relaxation can depend on many factors, such as the temperature and viscosity of the solvent,

The fluorophore reaches the excited state much faster than the time required for solvent and
fluorophore molecules to re-orient themselves, and so there is a time delay between
excitation, and re-orientation. This re-orientation process lowers the energy level of the
excited state, and so reduces the energy separation between the ground and excited states.
As a result, the fluorescence emission of the fluorophore is shifted to longer wavelengths,

that is red shifted®.
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In solvents, the relaxation response is predictable by considering the dielectric relaxation
time tp. The dielectric relaxation time is the time it takes molecules in the excited state to

reorient in response to an electric field™.

Even in simple solvents spectral relaxation can be complex, since solvents can display
multiple dielectric relaxation times. When considering proteins, an extra layer of complexity

is added, and spectral relaxation becomes even more difficult to interpret.

2.2 Fluorescence Techniques and Instrumentation
Fluorescence intensity is a multi-variable function, which depends on wavelength, time,

temperature, polarisation, and fluorophore position within the sample. Changes in any of

these factors will affect the fluorescence of the sample.

Fluorescence spectroscopy encompasses many different techniques that are used to monitor
changes in sample fluorescence. These include steady state fluorescence spectra, time-
resolved fluorescence measurements, fluorescence anisotropy, and fluorescence
microscopy. In this work, we focus on steady state and time-resolved fluorescence

measurements.

Steady state measurements include absorbance and emission spectra, which are time-
averaged measurements recorded under continuous illumination. These are important since
they provide the fundamental fluorescence characteristics of a fluorophore. Due to the time

averaging however, no information on time-dependent processes can be extracted.

For this reason, time-resolved measurements are often used. This technique uses pulsed light
sources for sample excitation, and information on time-dependent processes, as well as
more in-depth information on the fluorophore’s environment, can be obtained. Time-
resolved measurements allow recovery of the parameters of the fluorescence kinetics, which
helps to determine the mechanisms of molecular processes like conformational changes in
the molecule, information on the excited state processes, etcl. In this chapter the main
techniques and instrumentation used for recording both the steady state and time-resolved

fluorescence measurements are discussed.
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2.2.1 Absorbance
UV-Vis spectroscopy measures the light absorbed by a sample across a range of wavelengths

in the UV-visible range. In this work, all such measurements were carried out on a
PerkinElImer Lambda 2 UV-Vis spectrometer. The typical set up of such a spectrometer is

shown in Figure 2.4.
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Figure 2.4. Schematic set up of a PerkinELmer Lambda 2 UV-Vis spectrometer. M1, M4,
and M5 are plane mirrors, M4 is a toroidal mirror, and M3 is a spherical mirror.

The spectrometer has 2 excitation sources, a deuterium lamp and a halogen lamp, to cover
the full wavelength range of the spectrometer. When working in the UV range (190-350 nm)
mirror M1 is raised to allow radiation from the deuterium lamp onto mirror M2, and block
radiation from the halogen lamp. When working in the visible range (300-1100 nm), mirror
M1 blocks radiation from the deuterium lamp, while allowing radiation from the halogen
lamp onto mirror M2. The switch in sources occurs automatically during measurements.
From mirror M2 the light is reflected through an optical filter on the filter wheel, where the
appropriate filter is selected according to the wavelength being produced. This pre-filters the
light beam before it enters the monochromator. The pre-filtered light passes through the

entrance slit (slit 1) of the monochromator and is then dispersed to produce a spectrum. The
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monochromator can rotate, which enables it to send only a small segment of the spectrum
through the exit slit (slit 2) to mirror M3. Mirror M3 reflects the light, and a beam splitter
then splits the beam, allowing 50% of the radiation to pass to mirror M4, while 50% is
reflected to mirror M5. M4 focusses the radiation to the sample compartment which
contains the sample in a cuvette, while M5 focusses the radiation onto the reference
compartment which contains an identical cuvette with just the solvent. In both cases the light
then passes through a convex lens, and onto a detector. The intensity detected from the
reference compartment is I, (4) while the intensity detected from the sample compartment

is I(1).

The absorbance A(A) can then be written as

A(A) = logyo (?((_j)) = logyo (ﬁ) [2.20]

where T(A) is the transmission. Since this is a comparative measurement, where the
intensity of light transmitted is measured relative to a reference, any non-ideal behaviour of

the spectrometer is cancelled out, and the signal does not need to be corrected.

The Beer Lambert law is useful when considering absorbance. It states that the absorbance
of asample is directly proportional to the molar extinction coefficient £(1), the concentration

¢, and path length [
AD) = e(M)cl [2.21]

Firstly, this equation can be used to determine the extinction coefficient when sample
concentration is known. In addition, the linear relationship between concentration and
absorbance means that absorbance measurements are often used to calculate the

concentration of samples.

There are a few instances where deviations from the Beer-Lambert Rule occur. Examples
include when the sample is only partially soluble!, when the particles are highly scattering®’,
and when large aggregates form®, which is particularly common in biological samples.
Formation of bigger complexes results in Rayleigh scattering. The spectrometer cannot
separate scattered light, and so the scatter could be mis-interpreted as absorbed light.
However, as Rayleigh scattering is proportional to 1/A% it can be easily recognised in an

absorbance spectrum.
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2.2.2 Fluorescence Emission

Fluorescence emission spectra are the second type of steady state fluorescence

measurement considered. These are relatively simple to measure and give information on

the energy levels of a fluorophore. This means fluorescence emission spectra can be used to

obtain data on the fundamental characteristics of a molecule, but also explore any local

interactions it may have with its environment. Conversely to absorbance, where the

transmitted light is detected in-line with the incident light, fluorescence emission must be

measured off-axis, normally perpendicular to the incident light. This is to ensure no excitation

light is recorded at the detector which would overwhelm the much smaller fluorescence

signal.

In this work, both in vitro and in vivo fluorescence emission measurements have been carried

out, which required two different types of fluorometer.

2.2.2.1 In Vitro Fluorescence Emission

For all in vitro fluorescence emission measurements, a Horiba Scientific Fluorolog was used,

and the typical set up of such a device is shown in Figure 2.5.

Figure 2.5. Schematic diagram for the HORIBA

spectrometer
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A xenon lamp acts as the radiation source and produces photons which are then passed to
the excitation monochromator. This filters the light, ensuring only a single wavelength of light
can pass to the sample compartment and excite the sample. The excitation wavelength
remains constant for the duration of the measurement. Before reaching the sample,
approximately 8% of the excitation light is directed to the reference photodiode in order to
correct for any fluctuations in the excitation source intensity. The sample then responds to
the excitation light, and any emitted fluorescence is collected at 90 degrees to this excitation
light. The fluorescence then passes to the emission monochromator, which scans across the

desired wavelength range, before reaching the photomultiplier (PMT) detector.

Wavelength correction factors are applied to both the reference signal (R(A)) collected at the
reference photodiode and the fluorescence signal (S(A)) collected at the PMT detector. This
accounts for fluctuations in the excitation source intensity, dark counts, and any wavelength

dependencies of the system optics. Thus the signal used in these measurements is S(A)c/R(A)c.

2.2.2.2 In Vivo Fluorescence Emission
To record in vivo fluorescence emission spectra, such as the fluorescence emission of skin, a

difference spectrometer was required. For this purpose, a Horiba Scientific SkinSkan was
used. This is a spectrofluorometer specifically designed for in vivo surface measurements on
skin, and so can record precise spectra from highly scattering samples such as skin. A diagram
of this fluorometer is shown in Figure 2.6. In principle, this works in the same way as the
previously described Fluorolog, where excitation light from a 125-W continuous-output
xenon lamp, with output from 240 nm to > 1000 nm, is focussed through an excitation
monochromator and onto a sample. Fluorescence emission is collected, and is then passed
through an emission monochromator and focussed onto a PMT detector. Both
monochromators of the SkinSkan are subtractive double monochromators, which provide
better resolution and block more stray light, and all slits are set at 0.5 nm. Like before, a
reference photodiode detector is included to correct for variations in the lamp, the lamp’s

power supply, and the excitation monochromator.

The main feature of the SkinSkan that makes it highly useful for in vivo measurements is the
bifurcated fibre optic cable and probe that is used to direct the light, excite the sample, and
collect the emission. The probe is held flat to the skin, and the long cable allows
measurements to be recorded at a distance from the SkinSkan, allowing skin fluorescence to

be measured easily.
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Figure 2.6. Schematic diagram for the HORIBA Scientific SkinSkan fluorescence
spectrometer.

2.2.3 Fluorescence Intensity Decay
Fluorescence lifetime spectroscopy, also known as time-resolved spectroscopy, involves

measuring the time a molecule remains in the excited state. Lifetime measurements are able
to give further information on the fluorophore, specifically on any time-dependent processes

and the underlying fluorescence kinetics.

There are 2 primary methods for measuring fluorescence lifetime: pulse fluorometry in the
time domain and phase modulation fluorometry in the frequency domain. Phase modulation
fluorometry uses an intensity modulated light source to excite the sample. The excitation

light is modulated at high frequency, and therefore the emitted light is also modulated at the
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same frequency. The excitation-fluorescence process in the sample causes the emission to
be delayed in time (phase shifted), and to have a reduced peak to peak height (demodulation)
relative to the excitation light. For one exponential decay, both the phase shift and the
demodulation effect can be used to calculate the decay time'. For more complex decays, the
phase shifts for a series of modulation frequencies are measured, and a complex set of
equations is solved to reveal the parameters of the assumed model of fluorescence intensity
decay. Phase modulation fluorometry does offer many advantages, but in this work pulse
fluorometry was used for all fluorescence lifetime measurements. Thus, this method is

discussed in more detail.

2.2.3.1 Time Correlated Single Photon Counting
The technique most often used in pulse fluorometry for measuring the fluorescence lifetime

is Time-Correlated Single Photon Counting (TCSPC). TCSPC offers numerous advantages, the
key advantage being that it offers sensitivity down to the single molecule limit. It also has
sensitivity on the nanosecond timescale, which is useful for biological applications. The

scheme of the equipment used for TCSPC is shown in Figure 2.7.
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Figure 2.7. The block diagram of the TCSPC-based instrumentation used for fluorescence
intensity decay measurements.

TCSPC is based on time-of-flight measurements of individual photons. The NanoLED produces
a pulse of light which passes through the monochromator to excite the sample, while
simultaneously sending a ‘start’ signal to the time-to-amplitude converter (TAC). The sample
absorbs the excitation light, and then emits a photon. This emitted photon passes through

the emission monochromator to the photomultiplier (PMT) detector. Once the emitted
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photon is detected, the detector sends a ‘stop’ signal to the TAC, signalling the end of the
time-of-flight measurement. The TAC produces an analogue voltage through the charging of
a capacitor which is proportional to the time between the start and stop signals. The
analogue voltages are converted to a digital value and stored in a histogram via the multi-
channel analyser (MCA). This process is repeated millions of times, typically until one
histogram ‘bin’ reaches 10,000 counts. The histogram is then representative of the

fluorescence decay, where each bin represents a certain time interval.

The system used in this work was the HORIBA Deltaflex system, which uses monochromators
in the excitation and emission channels. The excitation monochromator is optional, since the
light source used in all experiments is monochromatic, and the emission monochromator is
used to select the desired detection wavelength for the sample. This system also
incorporates polarisers in the excitation and the detection channels in order to remove any
rotational effects from the fluorescence decay®. The excitation polariser is vertically
orientated (only fluorophore molecules whose absorption dipoles align with vertically
polarised light are excited), while the emission polariser is set to 54.7 degrees. These
conditions are known as the magic angle conditions, and correct for the fact that the emission
for the same fluorophore can be different depending on if the emitted light is polarised or
unpolarised. Using these conditions results in a signal that is proportional to the total

fluorescence intensity.

When carrying out fluorescence decay measurements, the instrument response function
(IRF) must be measured. This is the instrument’s response to a sample with no lifetime, thus
is the shortest measurable profile that the system can record!. It characterises the
distribution of propagation traces in the components of the instrumentation, and the actual
profile of excitation pulse. Ideally, the IRF should be a 6-pulse, however due to imperfect
system components, this profile is often widened. For measuring the IRF both polarisers are
vertically oriented. For the IRF measurement, the Rayleigh scatter from a cuvette containing

a dilute LUDOX SM-AS silica solution is detected.

When measuring the emitted fluorescent photons from a sample, it is important that only
one photon is detected per excitation pulse. This is because the detector and electronics have
a dead time after a photon is detected in which they cannot process another photon event.
If photons arrive at the detector during this dead time, they will not be registered, giving a

bias towards shorter lifetimes. This is known as the pile up effect!®, and is avoided by

41



ensuring only 1-2 photons are detected per 100 excitation events. Experimentally, this is

achieved by ensuring the stop-to-start ratio (a value) is less than 2%,

The process explained here, and illustrated in Figure 2.7, is based on the forward mode of
the lifetime system. However, if the dead time of the electronics is long, reverse mode can
be utilised to speed up the acquisition time of the fluorescence decay. In reverse-mode, the
start signal is initiated when the photon is detected, and the stop signal is given when the
nanoLED initiates a pulse of light. The timing electronics are therefore only triggered upon
detection of a photon, and the system only undergoes dead time for a detected photon, and

not for every excitation pulse.

2.2.3.2 Fluorescence Lifetime Data Analysis
To fully analyse fluorescence decays, and extract useful parameters such as the fluorescence

lifetime, several model fluorescence decay functions are fitted to the experimental
fluorescence decay. Traditionally, a multiexponential model has been used for this, since the
excited state population is usually expected to decay exponentially!, however, recent
research has shown that a non-exponential model can also be used to model fluorescence

decays!®?193, Both models will be discussed in detail.

Multiexponential Model
Like previously stated, neither the excitation profile nor the IRF is a perfect 6-function: both

are widened due to imperfect system components. To overcome this problem, the IRF is
treated as a series of 6-functions, and the expected fluorescence decay F(t) as a series of
exponential decays that result from these 6-functions. The decay profile collected from
TCSPC is therefore a convolution (*) of the IRF P(t) and the fluorescence impulse response

I(t). The expected fluorescence decay F(t) is thus
t
PO = [ PEIE= )t = PO 10 2.22)
0

where t’ is the moving time delay corresponding to the instant in which each &-function of

the IRF generates a fluorescence response.

The parameters of I(t —t'), and thus the fluorescence lifetimes, are obtained by
convolution of P(t) with a theoretical model I(t) and then fitting it to experimental F(t) by

manipulating model parameters. The term I(t —t') is sequentially iterated to find the
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values of the theoretical model that best describe the data, to produce a function F(t).

Traditionally a multi-exponential model is used

n

Iy, (t) = Z a;exp (;—t> [2.23]

i=0 t

where @; and t; represent the pre-exponential factor and fluorescence lifetime respectively,
and t represents the time after excitation. The analysis software incorporates an additional

parameter B to represent the background signal, and thus the following model is used:

lexp = B +1(t) [2.24]

Non-Debye Model

Problems with the multi exponential model in complex biological environments have been
outlined by Rolinski et al in 2016%. The multi-exponential model may not be supported by a
real physical model, and so information within the raw fluorescence decay could be lost.
Furthermore, the fluorescence decays of proteins are highly complex due to solvent or
dielectric relaxation in the fluorophore’s environment, and due to the microheterogeneity of
the environment. Thus, protein fluorescence decay is nonexponential, and the multi-
exponential model is required to parameterise the decay, however individual parameters

have no physical meaning.

Therefore an alternative model has emerged to describe the fluorescence decay, which
provides a more general description of fluorescence kinetics, rather than exponential. It can
therefore describe fluorescence decays when the fluorophore decays non-exponentially, and
when it is characterised by a distribution of lifetimes. It has been used previously to study
protein intrinsic fluorescence such as tryptophan in HSA%, This type of model may be more
useful at interpreting fluorescence behaviour in more complex environments such as cells.

105

First derived in the theory of dipole kinetics in solid materials'® , in this instance, the

fluorescence decay I, ,(t) is given by

o, (t) = exp [—%J.K(Tto)a <1 —exp (%)) dx [2.25]
0

Where 1, is the fluorescence lifetime and k and « represent the stable distributions of the

fluorescence transition rates. Special cases of equation 2.25 occur when a =0 and k =0 (the
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exponential, model), when a<1 and k =0 (stretched exponentials), and @ =1 and when k >0

(Becquerel function)%,

This alternative approach to fluorescence decay can be combined with the process of
dielectric relaxation in heterogeneous media, thus is more applicable in complex biological
environments.

Goodness of Fit

The nonlinear least squares method (NLLS), and the x? goodness of fit- criterion are used to
find the parameters of assumed I (t) model that best describe the acquired data. The analysis
software starts with assumed model and parameter values and attempts to minimise the
goodness of fit value by iteratively refining these values. The ¥? value is calculated from the

following equation:

i [Y(l) — F,(0)) [2.26]
LT o
where Y (i) and F,(i) are the measured data and the fitted function respectively, and Y (i) —
F; (i) expresses the deviation of the model from the experimental data at each channel. The
expected standard deviation is o (i), and due to Poisson statistics, this can also be expressed
as m N is the number of data channels, however due to the dependence of )(2 on this
parameter, for a large number of data points y? will be large and not an accurate depiction
of the goodness of fit. In these cases, the reduced y? value )(123 is used, which is calculated

using x?2, the number of data points N, and the number of parameters p:

[2.27]

A x3 =1is considered a perfect fit, and 0.9 < y3< 1.2 is generally accepted as a good fit. A y3
>1.2 is not thought to be a good fit, and suggests a different model must be used to describe

the data?’.

Weighted residuals W; are also used to assess how well the fitted model represents the

measured data.

_ Y(i) - Fd(i) 2.28
"= 0 2281
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A random distribution of residuals around 0 indicates a good fit, however if the distribution
is not random, this could indicate either an additional component is required in the model,
or there are systematic effects interfering with the measurement. An example of the

measured data, fitted model, and weighted residuals is shown in Figure 2.8.
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Figure 2.8. An example of measured lifetime data, the fitted model, and the weighted
residuals

Scattered Light
In certain cases, scattered light may have to be considered when analysing fluorescence

lifetime data. This is particularly relevant to biological samples such as those used in this
work, as they are highly scattering'®, If there is a substantial contribution of scattered light
to the decay signal, this may distort the decay, particularly at shorter wavelengths. An
additional component C, (t) representing the scattered light is therefore used to correct this
in the model for fluorescence decay?®.

Ioxp(t) = B+ C3(t) + I(t) [2.29]

Including the actual scattered excitation light Cs(t) (the fraction of the prompt function
shifted in time due to the detecting photomultiplier’s temporal dependence on wavelength)
into the model of experimental curve enables accurate fluorescence decay fitting also in the
case when the experimental decay has large contribution of the scattered light!®2, In this

work, I(t) can be equation 2.23 or equation 2.25.
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For fitting data to the exponential model, Appendix Al presents some comparative examples,
where the same decay data is fit to equation 2.29 (when I(t) is exponential), and to the
traditional model decay (equation 2.23, with an extra exponential component that is fixed to
% of the MCA time calibration value to represent the scattered light). Collagen and collagen
glucose-samples are used as examples, and the result is presented in Figures A1.1-A1.6. The
differences in the results obtained in both approaches are mostly negligible, and so in this
thesis we use the results recovered from fitting equation 2.29 to any lifetime decay data, as
the model of the measured signal assumed in this approach is more realistic. The examples
in Appendix Al consider the comparison only for the case of fitting to an exponential model,
however when using the general relaxation function (equation 2.25), scattered light is always

taken into account following equation 2.29.

2.2.4 Time-Resolved Emission Spectra (TRES)

2.2.4.1 Constructing TRES
Time-resolved emission spectra I(4,t), or TRES, are a series of fluorescence emission spectra

obtained at discrete times throughout the fluorescence decay!®. These time-resolved
spectra offer an advantage over steady-state emission spectra since steady state
measurements are time-averaged. Any time-dependent processes are therefore lost. TRES
are able to resolve any time-dependant processes, such as excited state kinetics, and thus

more information on the system can be obtained.

TRES can be measured directly or indirectly using TCSPC. When TRES are measured directly,
the photons arriving at the detector within a short time interval are recorded. The time
interval is selected by setting the output pulses from the TAC to be within a range of voltage
values, and then the emission spectrum is recorded using a monochromator. In this method,

the TRES contain distortions due to convolution with the excitation pulse.

For this reason, TRES tend to be recorded indirectly, which allows the spectra to be corrected
for these distortions. The fluorescence decay is measured at a range of wavelengths that
span the emission spectrum of the sample, as shown in Figure 2.9, with the spectral

resolution increasing as the number of detection wavelengths increases!*°.
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Figure 2.9. Schematic of how to measure time resolved emission spectra (TRES). The
emission spectrum is first measured to determine the appropriate detection wavelength
range for fluorescence lifetime decay measurements

Each decay is then fit to the multi-exponential model as shown in equation 2.23, with the
resultant parameters a function of wavelength. The parameters found from fitting to this
model do not bear any physical significance: they are used to create an accurate
mathematical representation of the fluorescence decays that will be used to construct the

TRES.

Once values for a; (1) and 7;(1) have been determined, they can be used to calculate TRES

Ia(t)S(/l) [2.30]

= 5 D@

where S(A)is the steady-state fluorescence intensity at the wavelength at which
fluorescence decay was recorded. TRES are usually presented as a function of wavenumber
v (since the function used to model TRES is a function of v), and so the I;(1) calculated
according to equation 2.30 is converted to

L(v) = 2I.(D). [2.31]

This procedure generates a series of fluorescence intensity spectra as a function of
wavenumber v, with each spectra representing fluorescence at a different time t after
excitation.

2.2.4.2 Toptygin Modelling

To extract further information from the TRES, they can be modelled using multiple modified
Gaussian distributions. These distributions can represent the spectral shape of different

fluorescent components within the system. A Gaussian function is often used in statistics,

47



and is able to describe how random variables are distributed. The graphical representation
is given in Figure 2.10 where v; and g; are the centre (mean) and the half-width of the

distribution respectively.
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Figure 2.10. Diagram of a Gaussian distribution, where the peak position, v;, and the
standard deviation g;, are shown.

Mathematically, the Gaussian Function is given by

exp <_ v —v) > 2.32]

G(v) - ZO'L'Z

1
\21a;
where again v; and g; are the mean and standard deviation of the distribution.

Using the equation for the single molecule emission spectrum in equation 2.10, the
spectrally- and time-resolved emission intensity F, (v, t) can be calculated. It is equal to the
single molecule emission spectrum multiplied by the number of fluorescent molecules in the

excited state N(t) at time ¢

E,(v,t) = avSy, (v — 191 (1)) |l1o1 (D) I*N(t) [2.33]

Based on the Toptygin approach®, the v3 parameter is thus included in the model used to
represent TRES spectra. Combining with the Gaussian Function, the model used to represent
TRES F (v, t) becomes

N
F(v,t) =

Gi(t) 3 —~( =i ()?
p <—> [2.34]

;Jz_nai(t)vi(t)m(t)z 130,08 P\ 20,02
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In this model N is the number of spectral components, C; is the contribution of each
component to fluorescence, v; is peak position, and g; is the half-width of the distribution. It
should be noted that the 1/(v2ma;(t)v;(t) (v;(t)? + 30;(t)?)) term is the normalisation
factor for this equation. The Franck—Condon factor envelope®® is approximated here by a
Gaussian function instead of a more realistic skewed function, allowing a reduction in the
number of model (equation 2.34) parameters, which was necessary because of the limited
number of experimental TRES points which tend to be calculated in TCSPC analysis. The
benefit of fitting TRES to this model is that these parameters can be extracted and then
monitored over time for each spectral component, which is not possible in steady state
spectra. A disadvantage of this model however is that it can become slightly distorted at the
high energy end of the spectrum, which may be due to insufficient spectral resolution, or

errors in spectral correction®.

2.2.4.3 Akaike’s Information Criterion
When modelling TRES Akaike’s Information Criterion (AIC) was used to measure the

appropriateness of the model. It is based on the residual sum of squares RSS from the
nonlinear least squares fitting, the number of parameters k, and the number of data points
n. In this work, when modelling TRES the sample size is small, and so an additional correction

factor is used, giving the corrected Akaike’s Information Criterion (AIC,)

3 RSS 2k(k + 1) [2.35]
A}'CC = niog (n) + niog(ZJ‘[) +n+2k + m
Since n is the same in all our cases, the constant terms can be dropped giving
AlIC,=nl R3S + +2k+2k(k+1) 2.36
¢ MO\, " n—k—1 [2.36]

A smaller AIC. indicates a more parsimonious model i.e. the simpler model with the least

assumptions and variables, but the greatest explanatory power!?,

2.2.6 Fluorescence of Bacteria and Contaminants
This work includes various in vitro protein studies, in which a protein is dissolved in

phosphate buffered saline (PBS). These samples are kept in a sealed cuvette either at room
temperature or at 37°C for a long period of time (up to 56 days), with fluorescence
measurements being carried out at regular intervals. This presents a potential problem: PBS
is a good culture medium for bacteria, which is itself fluorescent!!2, Bacteria could therefore

grow as the experiments progress and interfere with the measured fluorescent signal.
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Therefore, to ensure that signals recorded were indeed caused by the intrinsic fluorescence
of the studied fluorophore, and not by bacteria growth or any impurities in the glucose that
was used, reference samples were prepared using PBS, glucose in water, and glucose in PBS.
The fluorescence emission of these samples was then recorded under the exact same
conditions as used for the studied fluorophores. The result for this at the three excitation
wavelengths 280, 340, and 370 nm (the full range of excitation wavelengths used for the

protein studies) are presented in Figure 2.11.
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Figure 2.11. Part A shows the evolution of fluorescence emission spectra for PBS (P), PBS-
glucose (PG), and water-glucose (WG) samples when excited at 340 nm. Part B, C, and D,
show examples of protein-glucose spectra alongside the PBS-glucose spectra for
comparison, when excited at 280 nm, 340 nm, and 370 nm respectively. Scales are in
arbitrary units, but spectra on the same plots have the same scale.

Figure 2.11A shows the fluorescence emission spectrum of PBS (P), PBS-glucose (PG) and
water-glucose (WG) samples on various days after preparation when excited at 340 nm (this
excitation wavelength was used for collagen and NADH studies). Although the fluorescence
signal from each sample increases over time, the overall fluorescence intensity is still very
low. Figures 2.11 B, C, and D show the emission spectrum of the reference samples alongside

emission spectrum for protein-glucose samples. These plots demonstrate that the impact of
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potential bacteria growth and impurities on the protein fluorescence is negligible for all
excitation wavelengths, and thus any changes in the fluorescence signal seen in in vitro

studies are not due to bacteria growth.

2.2.7 Errors
With any type of measurement, there is the possibility of error in the result. A measurement

error is the difference between the true value and the value indicated by the instrument.
There are two primary categories of measurement error, systematic error and random error,

both of which are discussed briefly below.

2.2.7.1 Systematic Error
A systematic error affects the accuracy of the data collected. It is a consistent or proportional

difference between the observed and actual value of the quantity being measured. This can
arise, for example, when an instrument is incorrectly calibrated. All physical quantity

measurements are affected equally, and consistent differences in readings will be produced.

While systematic errors cannot be completely eliminated, as no laboratory protocol is
perfect, they can be minimised by ensuring all instruments used are properly calibrated (in
this work, instruments were calibrated on a regular basis), and by comparing measured

values against accepted and published values for similar measurements.

2.2.7.2 Random Error
A random error affects the reproducibility of the data collected. A random error displaces the

measured value by different magnitudes and directions, and has an unknown cause. It will

cause repeated measurements to yield different results under the same conditions.

In this work, random errors were minimised by performing repeated measurements, and
then calculating the average values. This technique was used when fitting fluorescence
intensity decays to the model given by equation 2.29, and also when measuring spectra from
the ex-vivo and in-vivo samples discussed in Chapters 7 and 8. In this way, any random errors
in the results were minimised. Additionally the in vitro experiments investigating collagen,
NADH, keratin, and HSA were repeated to ensure that the results obtained were repeatable,

and not due to any error.
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3.Collagen

3.1 Introduction

Collagen is one of the most abundant fibrous proteins in mammals!*3

, where it is found in the
skin, tendons, blood vessels, bones and teeth®. The defining characteristic of collagen is its
tensile strength, but alongside this it can display different properties depending on tissue

114

type™®. In skin for instance collagen provides both the structure and the flexibility

required!’®. There are 28 different types of collagen, made from 46 distinct polypeptide

116 These are categorised first into fibrillar or non-fibrillar collagen, and then

chains
subdivided further into specific types. In skin, fibrillar collagen is the most dominant, with

type | and type Il collagen being the principal types'’.

3.1.1 Collagen Structure
Collagen molecules are approximately 300 nm in length, with a diameter in the region of 1.6

nm?*, All molecules are comprised of three polypeptide chains known as a chains!'®. Within
these chains there is always at least one region with the repeating amino acid sequence Gly-

Xaa-Yaa'?

, where Gly is glycine and Xaa and Yaa can be any amino acid, but these are typically
proline and hydroxyproline respectively!?®. These a chains fold into left-handed polyproline-
Il like helices, which then coil around each other to form the right-handed collagen triple

helix!?®,

This triple helix is very tightly packed, which is why it is essential to have a glycine residue at
every third position: this is the only residue small enough to fit into the space in the centre
of the triple helix!?!. The amino acids at the Xaa and Yaa positions are often proline and
hydroxyproline because these are both very rigid, which helps to stabilise the triple helix'*,
Once fully formed, the N- and C-terminal ends of the triple helix are cleaved by enzyme action

to leave the fully mature collagen molecule!?,

There are slight variations in the structure of collagen molecules between different collagen
types. Type | collagen is one of the most common types of collagen found in skin, and follows
the above structure, where two of the polypeptide chains are al helices and one is an a2
helix*?2. The second most abundant type of collagen found in skin is also a fibrillar collagen,
type Il collagen. Again this has a structure similar to that outlined above, except this type is
made from three a1 polypeptide chains!!®, and contains a structure known as the disulphide
or cysteine knot. The cysteine knot is a defining characteristic of type lll collagen, and is

located between the triple helix region and the C-terminal telopeptide!?® (the end part of the
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amino acid sequence which is removed upon maturation of the collagen!?). It is comprised

of three inter-chain disulphide bonds, and it acts to stabilize the triple helix!°.

In humans, collagen is an integral part of many hierarchically structured biological tissues®®.
In order to form these macroscopic tissues and organs, individual collagen triple helices self-
assemble in a complex ordered manner!!®, The specific way in which such a tissue (or organ)
is assembled differs greatly between tissues, and this accounts for the variability in
mechanical properties observed in different collagen rich tissues!'>. For example collagen is
responsible for stiff bone, elastic skin and soft cartilage!'®. Tissues such as the skin are
comprised of collagen fibres. Each fibre is made from smaller collagen fibrils, which are
assembled from microfibrils. Microfibrils in turn consist of individual collagen molecules!??.

An outline of this is shown in Figure 3.1.

| 300 R
N nm i
Collagen a, he|iX_J\/\/\/\/\/\/\/\/\/\—
Molecule g, helices™ "
Collagen crosslin —‘ “;N—J *“‘—‘7 e J
Olle ks | ] = I 4 microfibril
Fibril \ ) o, e o ) Comumm4] S
D-spacingr___—--“
Collagen (7, ;
Fibre /‘
fibri

Figure 3.1. Anillustration of how collagen molecules assemble into fibres

Collagen triple helices self-assemble in line with each other to form microfibrils. These right
handed microfibrils can then interdigitate with neighbouring microfibrils to create a spiral
like structure: the mature collagen fibril*>*, Assembly of the microfibrils into fibrils involves
the formation of staggered arrays with some overlap and gap regions. This creates an
oscillating surface topography of axially repeating bands along the fibril length. This is known
as the periodicity of the fibril, or it’s D-spacing?. The theoretical value for the D-spacing is
67 nm, but in reality the D-spacing of collagen fibrils is a distribution around this value!?®, The

127

fibrils are stabilised within these arrays via intramolecular and intermolecular crosslinks™’.

Collagen crosslinks can be enzymatic, or non-enzymatic, but enzymatic crosslinking
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specifically is a vital phase in the development and repair of collagen connective tissues'?,
Furthermore, the absence of these intermolecular bonds reduces the strength of the fibril,

and compromises its function??.

The formation of these enzyme -mediated crosslinks occurs during maturation of the fibril,
and one of the best characterised crosslinks is that mediated by lysyl oxidase (LOX)?°. LOX-
mediated crosslinks are essential for proper development of the fibril structure and its
mechanical integrity'?%. LOX acts on lysine or hydroxylysine in the collagen molecule, which
results in an immature crosslink. These later transform into more stable crosslinks that
increase collagen interconnectivity, fibril stability, and mechanical integrity!?. This formation

of these crosslinks then stops when the collagen fibril is fully mature®?,

Collagen fibrils then aggregate together in a three-dimensional cylindrical structure to form

a collagen fibre. These are the building blocks of collagen-based tissues, including skin®=°.

3.1.2 Collagen Glycation
As discussed in a previous chapter, increased glucose levels, such as in diabetes, leads to

glycation, and the formation and accumulation of AGEs. Proteins with a long biological half-
life are more likely than other proteins to experience this process. Collagen half-life varies
between tissues and in skin is approximately 10 years®!, which makes it highly susceptible
to glycation and AGE formation®2. On collagen glucose binds to a free lysine residue®*? to
form a Schiff Base and follows the classical glycation pathway outlined previously. The AGEs
can be in the form of adducts or crosslinks within or between the proteins!*4. Accumulation
of crosslinking AGEs in collagen has several detrimental effects: the collagen triple helix

becomes less soluble and flexible!3!

, and it can lead to reduced arterial and myocardial
compliance, increased vascular stiffness, and increased diastolic function and systolic
hypertension®®®. Collagen glycation also augments formation and migration of
myofibroblasts, which contributes to fibrosis in diabetes!3. Glycation of collagen is also

related to the duration and severity of hyperglycaemia® 137,

Collagen AGEs can accumulate in skin, and it has been established that the risk of diabetes
complications can be predicted by identifying the presence of AGEs in dermal tissue. The
studies have found® that long term treatment of hyperglycaemia reduced the levels of AGEs
in skin collagen. This suggests that skin AGEs, including collagen AGEs, can be used as a

biomarker for diabetes complications®3®,
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3.1.3 Collagen Fluorescence
In this chapter we study the potential for using the time-resolved intrinsic fluorescence of

collagen as a biomarker of its glycation. Fluorescence spectroscopy has been used extensively

139, 140 138, 141

to study the formation and accumulation of AGEs both in vitro and in vivo
Specifically, the use of three naturally fluorescent amino acids: phenylalanine, tryptophan,
and tyrosine?, allows non-invasive study of biological structures and processes without the

addition of any extrinsic fluorophore.

)142, 143 a nd

Collagen’s fluorescence in human skin'* originates from 2 sources: tyrosine (Tyr

4 or phenylalanine!® residues in collagen,

collagen crosslinks. As there are no tryptophan*
they do not interfere with Tyr. It can be excited at approximately 275 nm, and has peak

fluorescence emission at 305 nm*%3.

There are 2 types of collagen crosslinks'*': pepsin-digestible and collagenase-digestible. The

former are excited at approximately 340 nm and emit at 400 nm, and the latter are excited
at 360 nm with fluorescence emission peak at 440 nm¢. Although it is not clear what
structural differences there are between these two sets of cross-links, it has been confirmed
experimentally*! that fluorescence from collagen cross-links does have two distinct bands.
Kollias et al.}*® showed that the fluorescence intensity at 400 nm greatly reduced following
pepsin digestion, but this had no effect on the fluorescence emission peak at 440 nm. The
opposite was true for collagenase digestion, where there was no effect on the 400nm peak,

but the emission at 440 nm almost disappeared

AGE accumulation drives more crosslinking within collagen fibres, and so impacts its intrinsic

fluorescence'®’

, making fluorescence emission spectra a valuable tool for monitoring AGE
accumulation® 8, Indeed, previous studies have used skin auto-fluorescence as a means of
studying glycation induced changes both in diabetic patients, and healthy controls® 8, The
steady state technique however, is not able to fully explain the mechanisms of glycation and

so help in the search for anti-glycation factors that could prevent AGE formation.

In this chapter we propose a more comprehensive detection of intrinsic fluorescence by
performing systematic time- and wavelength-resolved measurements, instead of performing
a single measurement of the fluorescence intensity decay at the arbitrary selected excitation
and detection wavelengths. Our method explores the time-resolved emission spectra (TRES)
obtained at discrete times throughout the fluorescence decays'®. We aim to verify whether

the alterations in fluorescence triggered by collagen glycation are sufficient to help in
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understanding the actual mechanisms of glycation, and thus potential pathways of its

prevention.

3.2 Methodology

3.2.1 Collagen Sample Preparation
We have studied the time-resolved responses of tyrosine (excitation at 280 nm) and of

pepsin-digestible cross-links (excitation at 340 nm) in collagen. Two samples were analysed:

free collagen and collagen-glucose solutions.

Tyrosine: Sample preparation followed the same protocol in both cases. Collagen type 1
solution from rat-tail and phosphate buffered saline pH 7.4 (PBS) were purchased from
Sigma-Aldrich and used to prepare a free collagen sample of concentration 10 uM. The
collagen-glucose sample was then prepared by adding glucose powder (Sigma-Aldrich) to
make a sample containing 10 uM collagen and 20 mM glucose. Both samples were stored in
an oven at 379C for the duration of the experiments. All measurements were carried out

using 4x1x1lcm quartz cuvettes.

Pepsin digestible cross-links: The collagen sample had concentration 20 uM, and the
collagen-glucose sample contained 20 pM collagen and 40 mM glucose. Higher
concentrations of both collagen and glucose were used to optimise the experiment, as the
experiments at the original lower concentration showed that the fluorescence intensity at

340 nm excitation wavelength was too low, compromising the proper signal-to-noise ratio.

In the glucose-containing samples, the glycated collagen was not purified from the non-
glycated one. The first fluorescence measurements were taken within ~20 min of glucose

being added to the sample.

3.2.2 Fluorescence Measurements
Corrected fluorescence emission spectra were obtained on a Fluorolog (Horiba Scientific)

using a resolution of 1 nm, with both the excitation and emission monochromators set to a
slit width of 5 nm. The fluorescence intensity decay measurements, and therefore the TRES,
were obtained using a DeltaFlex fluorescence lifetime system (Horiba Jobin Yvon IBH Ltd,
Glasgow), which uses time-correlated single photon counting (TCSPC) to record fluorescence
decay. Two NanoLEDs with repetition rate 1MHz and the peak excitation wavelengths at 280
nm (pulse duration <1ns) and 340 nm (pulse duration <1ns) were used to study tyrosine and
pepsin-digestible cross-links, respectively. To determine TRES, the fluorescence decays were

recorded at a range of detection wavelengths (300-400 nm for Tyr, 380-500 nm for cross-

56



links), in increments of 10 nm. The fluorescence decay analysis, and details of how TRES were

constructed was discussed in Chapter 2, and so will not be repeated here.

The data was fitted to equation 2.29, and for the data obtained for both collagen and
collagen-glucose samples, a 3-exponential model (N=3) (eq. 2.23) was found to be sufficient
to describe all fluorescence decays on the basis of the goodness-of-fit criterion (x?) and the
distributions of residuals (see examples in Appendix B1). Contrary to the common approach,
however, we do not claim that this indicates a 3-exponential kinetics, rather the 3-

exponential function is a good mathematical representation of the observed decays.

TRES were calculated using equations 2.30 and 2.31, and the Toptygin model function 2.34
was fitted to the experimental TRES points, and the potential mechanisms of the observed
changes in TRES were discussed on the basis of the goodness of fit obtained for different M,
and the changes in v;(t), C;(t), and g;(t) values. The experimental TRES points and the
corresponding model TRES curves were found for day 0, and for various subsequent days
after preparation. The examples of the obtained plots are shown in Appendix B2 (Figures

B2.1 and B2.2)

3.3 Results and Discussion

3.3.1 Tyrosine Response (Excitation 280 nm)
Figure 3.2 shows the fluorescence emission spectra for free collagen and collagen-glucose

over 56 days, where the samples were excited at 280 nm to observe the response of tyrosine.
The absolute fluorescence intensities of both collagen and collagen—glucose decrease over
the 56 days, as shown in Figure 3.2A. We note that in repeat experiments (which considered
the same conditions, and also the case where concentration of glucose was increased), the
same result was observed, where in both samples the fluorescence intensity decreased over
time. Changes observed in both collagen and collagen-glucose samples could be due to
aggregation and/or glycation, as both processes may affect the conformation of the protein,

including the local micro-environment of tyrosine.

Figure 3.2B presents the pairs of spectra at individual days normalised to 1. The narrower
spectra observed in the collagen-glucose sample may be a result of glycation, where the
presence of the collagen-glucose aggregates reduces the formation of bigger collagen
aggregates and consequently reduces the broadening of the spectrum reflecting the
narrower range of the m electron spatial distribution. This hypothesis is further supported by

TRES results discussed in the later section. It should be noted that we do not consider the
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potential degrading effects of UV illumination on the sample, as the intensities of light used

in our measurements are minimal.
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Figure 3.2. Fluorescence emission spectra for free collagen and collagen glucose when
excited at 279nm. (A) shows fluorescence changes over time for collagen and collagen-
glucose at days 0, 4, 14, 21, 28 and 56. (B)shows collagen (black) and collagen-glucose (red)
on days O, 4, 14, 21, 28, and 56, with both samples spectra normalised to their peak
fluorescence.

Additional information has been extracted from the analysis of TRES of both samples. This
was implemented through a series of fluorescence intensity decays recorded when exciting
the collagen’s Tyr at 280 nm. The decays were detected at the range 300-400 nm in
increments of 10 nm (as in the example for day O shown in Figure 3.3). Figure 3.3
demonstrates a strong lifetime-wavelength dependence, where fluorescence at shorter
detection wavelengths decays more rapidly than at longer wavelengths. This is consistent
with the lifetime-wavelength correlation observed in proteins'® and is usually caused by

dielectric relaxation of intrinsic fluorophores.
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Figure 3.3. Fluorescence Intensity decays for collagen on day 0O, excited at 279nm. Part A

shows the emission wavelengths from 300-350nm in increments of 10nm, and part B shows

the emission wavelengths from 360-400nm. Both plots are shown with the prompt signal

(black).

The decays recorded at various times after sample preparation were used to calculate the
TRES for both collagen and collagen—glucose samples. These plots, along with their related

normalisation plots, are shown in Figure 3.4.
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Figure 3.4. TRES spectra of free collagen (black) and collagen-glucose (red) on day 0 (A), day
14 (B), day 28 (C), and day 56 (D). Plots (E), (F), (G) and (H) show the same spectra after
normalisation.

Part A (absolute spectra) and E (normalised spectra) show the result obtained for both
samples on day 0, where no effect of glycation is expected. In this case, the spectra for both
the free collagen and collagen-glucose samples are very similar, with the intensity gradually

decreasing within nanoseconds. This similarity demonstrates the robustness of the
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experimental and data processing procedures that were used for TRES calculation. Indeed,
the similarity of the TRES obtained for Day 0 demonstrates the reproducibility of the
experimental and data processing techniques, including the fitting procedures used to fit the

experimental decays to the three-exponential model.

At the later times after sample preparation, differences in the TRES of both samples are
observed, indicating changes in the evolution of collagen spectra caused by the presence of
glucose. To obtain more quantitative information on the detected effects, the technical
model of TRES (eq. 5) was fitted to experimental TRES data. We used the Akaike information
criterion!!? (for definition see Appendix B3) to optimise the number M of the components of
eqg. 5. It has been found (see Table B3.1 Appendix B3) that to avoid over parametrisation of
the model, only one component (M= 1) should be used. Note that such a result does not
imply homogeneous dielectric relaxation, because the same shapes of normalised TRES are
not observed here. The evolution of the recovered v;(t), C;(t), and o;(t) values are plotted

in Figure 3.5.
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Figure 3.5. Plots A, and D show the time evolution of the peak position v(t) of the emitting
fluorophores for collagen and collagen-glucose respectively. The time evolution of
fluorescence intensity C(t) is shown for collagen and collagen-glucose in plots B and E, with
each spectra normalised. The insert shows the same data over a longer time range. Plots C
and F show the time evolution of the distribution of the emitting fluorophores for collagen
and collagen-glucose respectively. The six lines show day 0, day 7, day 14, day 21, day 28, and
day 56. Part G shows v(t) for collagen and collagen-glucose on day 0 for comparison, with the

error bars showing the 90% confidence intervals for the fitted values.

Initially, at day O, the peak position of the emitting fluorophore v(t) is ~31,500 cm™ for both
samples. Over the 10 ns following excitation, the peaks show a shift to longer wavelengths,
ending at ~29,200 cm™. We note that at day 0 there was no difference between the spectral
shifts in the free collagen and glucose-collagen samples (see Figure 3.5G). Over the 56 days,
however, the initial peak position V.4 (t), of the un-glycated sample (Figure 3.5A) steadily
decreased, still following the same pattern of a spectral shift toward longer wavelengths,
thus suggesting collagen aggregation. On the other hand, the v(t) in the glycated sample
(Figure 3.5D) remained similar over the 56 days. This indicates that the aggregation of
collagen is hindered by the glycation process. This observation is consistent with the

narrower steady-state fluorescence spectra shown in Figure 3.2B.
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Moreover, Figure 3.5B,E shows that the normalised fluorescence decays C(t) of tyrosine in
collagen and collagen-glucose samples, do not change substantially. Figure 3.5C,F presents
falls in o(t) factors occurring on the ns time scale, indicating that the spectrum becomes
narrower at the later times after excitation. We explain this observation by the existence of
the collagen aggregates characterised by a continuous and narrow distribution of spectral
peaks and dielectric relaxation times, rather than two or more distinct aggregates, which

would lead to the optimal M= 2 or more in data analysis.

To conclude this section, the broader Tyr steady-state fluorescence spectra and the
systematic red shift of the TRES in the sample of free collagen suggest collagen aggregation,
which leads to increasing volumes of the individual aggregates. Moreover, the narrower
steady-state spectra and reduced changes in the spectral shifts observed in the presence of
glycation indicates that the collagen aggregation is limited by glucose. However, glucose does

not affect the fluorescence decay of the tyrosine in collagen.

3.3.2 Pepsin-Digestible Cross-Links Response (Excitation 340 nm)
The fluorescence responses of pepsin-digestible cross-links in collagen were studied by

exciting the collagen and collagen-glucose samples at 340 nm. Figure 3.6A shows how the
steady-state fluorescence spectrum of each sample evolves over time. Free collagen initially
has the fluorescence peak at~405 nm. The intensity of the spectrum then increases, mostly
during the first 7 days, and undergoes a red spectral shift up to ~425 nm on day 35. The
fluorescence spectrum of the collagen-glucose sample increases steadily over the 35 days. It

reaches a higher value and is broader than the spectrum of the free collagen sample.
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spectra for free collagen and collagen glucose when
excited at 340 nm. (A) shows fluorescence changes over time for collagen and collagen-
glucose at days 0, 7, 14, 21, and 35. (B)shows collagen (black) and collagen-glucose (red) on
days 0, 7, 14, 21, and 35, with both samples spectra normalised to peak fluorescence.

Figure 3.6B allows for the comparison of the fluorescence emission of free collagen and

collagen—glucose samples over 35 days, with both spectra normalised. From day O, the

sample with glucose shows a broader spectrum, and there is also a difference in the

wavelength of peak fluorescence: ~405 nm for free collagen, which moves gradually to 425,

and ~425 nm for collagen—glucose, which remains stable. We attribute the emission in the

400-430 nm range to the formation of dityrosine from the neighbouring tyrosine residues*

and this process occurs in both the free collagen and collagen-glucose samples. However, the

further increase in the fluorescence intensity and the shift of the spectra observed in the

collagen—glucose sample only is likely to be an indication of multiple cross-links formed

between glycated collagen molecules3®
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To gain further information, TRES measurements were performed at various time points after
sample preparation, at detection wavelengths from 390-500 nm. The absolute and
normalised TRES for collagen and collagen—glucose are presented in Figure 3.7. We firstly
note that at Day O, the TRES obtained are different for the two samples. Due to our
confidence in the experimental and data processing techniques used to obtain the TRES
(discussed in the previous section), we are confident that this difference is significant, and
not due to errors in the experimental technique. Additionally, repeat experiments (results

not shown) also showed this difference at Day 0.

The TRES of free collagen (black curves) on day 0 show no change in their shape during the
decay (see the plot of normalised spectra, black curves in Figure 3.7E), indicating no ns time
scale processes. The broad peak of the spectrum at the range ~24,700-23,300 cm?, that is
405-429 nm, is consistent with the steady-state spectra. The measurements performed at
later days show a peak at ~21,100 cm?, that is 475 nm, and the gradual transition of the
fluorescence peak toward the red on a nanosecond time scale. In the sample containing
glucose (red spectra), TRES data show a similar transition, but the emission peak at 475 nm
is already apparent at day 0. This may suggest that glucose accelerates the formation of this

fluorescent residue.
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Figure 3.7. TRES spectra of free collagen (black) and collagen-glucose (red) on day 0 (A), day

14 (B), day 21 (C), and day 35 (D). Plots (E), (F), (G) and (H) show the same spectra after
normalisation

Although direct inspection of TRES suggests the presence of at least two fluorescent residues,
analysis of the Akaike information criterion (see Appendix B3 Table B3.1) again requires the

consideration of a one-component Toptygin model (M= 1) to fit to the experimental TRES.
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The analysis of the evolution of the v(t) parameter however is characteristic for multi-

component kinetics (Figure 3.8). This is explained below.
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Figure 3.8. Plots A and C show the time evolution of the peak position v(t) of the emitting
fluorophores for collagen and collagen-glucose respectively. The normalised time evolution
of fluorescence intensity C(t) is shown for collagen and collagen-glucose in plots B and D. The
insert shows the same data over a longer timer range. The five lines show day 0, day 7, day
14, day 21, and day 35. Part E shows v(t) for collagen and collagen-glucose on day 0 for
comparison, with the error bars showing the 90% confidence intervals for the fitted values.



The initial (Day 0) peak position v(t) is ~22,500 cm-1 for the free collagen sample (Figure
3.8A) and ~22,000cm-1 for collagen-glucose (Figure 3.8C). The error bars on Figure 3.8E
show the 90% confidence intervals for the fitted values, which confirms that there is a
statistically significant difference in v(t) between collagen and collagen-glucose samples on

Day 0.

Both samples behave differently over time, see Figure 3.8E for comparison. There is no shift
in v(t) following excitation for free collagen at day 0; the measurements taken on the later
days however show a substantial drop of the initial v(t) to ~20,900 cm™. All v(t)
dependencies show a further red shift during the first 2 ns, and then the v(t) plots start to
increase (which is most visible for the data obtained on day 7). Again, this observation
contradicts the homogeneous dielectric relaxation process, where the monotonic red shift is
expected. It can only be explained by the fluorescence of a number of species of individual
fluorescence lifetimes, dielectric relaxation rates, etc. Obtaining M= 1 in the Akaike analysis,
rather than the expected M=2, can again be explained by the presence of aggregates
characterised by a distribution of fluorescence characteristics, rather than a small number of

aggregates of distinctively different parameters.

The v(t) for the collagen-glucose sample on day 0 drops from 22,000 to ~20,500 cm™
during the first 2 ns. In the case of older samples, the starting value of v(t) is ~20,600 cm™
which is also followed by a similar red shift within the first 2 ns. This behaviour of v(t)
demonstrates that in the presence of glucose, the formation of cross-links occurs differently,

leading to only one type of fluorescent cross-link.

Thelog (C(t)) curves (Figures 3.8B, D) seem to confirm this observation. The changes in the
rates of the decays on different days in the pure collagen sample (Figure 3.8B) are not
monotonic. Indeed, the decay in Day 7 is faster than in Day O, and then it slows down again
at the later days. This suggests the presence of multiple fluorescent cross-links whose
contributions change over time. The decays observed in the glycated sample (Figure 3.8D)
however, show a stable trend of decreasing decay rates, which is likely to be observed when

there is a single or a set of uniform fluorescent residues.

To conclude, in a pure collagen sample, more than one type of fluorescent cross-link is
formed in the 35-day period, while in the collagen—glucose sample, a single fluorescent form

is created, demonstrating a substantial impact of glycation on collagen aggregation
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3.4 Conclusion
In this chapter, the effect of glucose on collagen’s intrinsic fluorescence has been studied

using a TRES-based technique. Our aim was to identify the characteristic features of the
excited-state kinetics occurring in the glucose-triggered aggregation of collagen. Intrinsic
fluorescence responses were collected for the excitation wavelengths 280 and 340 nm to

observe changes in the fluorescence of intrinsic tyrosine and fluorescent cross-links.

It has been found that glucose does not have a substantial impact on the fluorescence of
intrinsic Tyr (excitation at 280nm). Indeed, as glucose binds to collagen at lysine residues,
and lysine makes up only 3.9% of collagen®3® 10 formation of lysine—glucose complexes is not
likely to impact Tyr’s local microenvironment. Nevertheless, the TRES of both free collagen
and collagen-glucose samples excited at 280 nm do change over time, which is due to protein

aggregation.

Glucose, however, does have a substantial influence on the formation of pepsin-digestible
collagen cross-links emitting at A > 400 nm (excitation at 340 nm). The observed changes in
TRES show the impact of glucose on the formation pathways of new cross-links and protein
aggregates. However, as the TRES approach that we have used does not assume any specific
model of the underlying excited state kinetics, further studies will be required to identify the

best fit model of the kinetics and to determine the molecular mechanisms involved.
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4. NADH

4.1 Introduction
Nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine dinucleotide phosphate

151 |152

(NADP) are essential co-factors in cellular metabolism™* and are found in every living cel
Although they have similar structure and functions, there are some significant differences

between the two co-factors.

NAD is used by the enzymes responsible for catalysing substrate oxidation, while NADP is
used by the enzymes that catalyse substrate reduction®. More specifically, NAD has a
central role in DNA repair, signal transduction and post translational protein modifications

and apoptosis??

. It also drives adenosine triphosphate (ATP) production, and the redox state
of this cofactor regulates the production of free radicals'>*. NADP however is used in
macromolecular biosynthesis, and quenches reactive oxidative species. Its redox state is

therefore key to antioxidant defence®*®.

It is these pyridine nucleotides, along with their
reduced equivalents (NADH and NADPH) that are therefore central in determining the redox
state of a cell. A cells redox state decides its regulation of metabolism and energy production,
and so plays a vital role in health and disease®®®. Thus, the redox balance of these cofactors

is hugely important.
This work and thus this chapter will focus on NADH alongside its oxidised equivalent NAD+.

4.1.1 NADH Structure and Function
The structures of NAD+ and NADH are shown in Figure 4.1.
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Figure 4.1. Structure of NAD+ and NADH
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NAD+ is composed of 2 nucleotides which are joined through their phosphate groups. One
nucleotide has an adenine base, while the other has a nicotinamide ring. NAD+ is an electron
accepter, and it can accept 2 electrons and one H+ to become NADH. The cofactor cycles

readily between these 2 states through the reduction reaction shown below
NAD*Y + 2e~ + HY & NADH [4.1]

As discussed above, NAD+ and NADH are responsible for catalysing oxidation reactions within
a cell, such as ATP production. ATP is a cell’s source of energy, and this is produced via cellular
respiration, a process where NAD+ is crucial. Cellular respiration consists of 4 steps:
glycolysis, pyruvate oxidation, the Krebs cycle, and oxidative phosphorylation. Together
these pathways take glucose and break it down to carbon dioxide and water in a process that
releases ATP. NADH is generated in the first three of these steps, where electrons released
in the reactions are picked up by NAD+. NADH carries these electrons to the final step,
oxidative phosphorylation, where they deposit the electrons at the electron transport train.
Energy is released as electrons move down the chain, and this energy is used to pump
protons out of the cellular matrix, forming a proton gradient. Protons flow back through the

matrix, and ATP is synthesised.

4.1.2 NADH and Glucose
NAD+ and NADH are involved in glucose metabolism as outlined above, but excess glucose

can have a significant effect on the redox balance of this co-factor. The NAD/NADH redox
balance can be severely disturbed by glucose'. The major pathways involved in glucose
metabolism and electron storage in NADH are listed above (the glycolytic pathway, pyruvate
oxidation and the Krebs cycle!®). When glucose levels are elevated, such as in diabetes, these

pathways experience increased amounts of glucose®®®

, resulting in overproduction of
NADH?**, and activation of the polyol pathway!®® (where glucose is converted to fructose) .
Excess glucose can also lead to a depletion in NAD+ levels through various enzyme catalysed
reactions where NAD+ is the substrate: excess glucose causes overactivation of enzymes
(namely poly ADP ribose polymerases and sirtuins®®!) which diminishes the levels of NAD+ in
the cell. All of these processes can shift the NAD+/NADH redox balance towards NADH, which
can cause a number of problems. The excess NADH leads to reductive stress, which then

leads to oxidative stress'®?, and ultimately oxidative damage to macromolecules such as DNA

and proteins!®, This oxidative damage is a factor that contributes to the progression of
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diabetes and its complications®®’, with many studies highlighting the relationship between

high NADH levels, and diabetic complications such as vascular disease®.

4.1.3 NADH Auto-fluorescence
The NAD/NADH redox balance and its response to increased glucose levels has been

157,165 and often fluorescence spectroscopy is used due to its non-

extensively studied in cells
invasive approach®®®. The reduced form NADH exhibits auto-fluorescence (AF), however the
oxidised form NAD+ does not!*?1¢7_ Changes in the intensity of NADH fluorescence from live
tissues is therefore correlated with changes in the balance of reduced forms relative to
oxidised forms'®®, and redox state can be determined via NADH AF intensity. Furthermore,
as NADH is found in all living cells, it can be detected in skin cells such as fibroblasts and

adipocytes'®. Fluorescence therefore could offer an ideal non-invasive method to assess the

redox imbalance.

In NADH (and NADPH) both the adenine moiety and the nicotinamide ring absorb light,
however the fluorescence arises from the nicotinamide ring only. At the nicotinamide ring,
NADH is excited at 350(+30) nm and has emission peak at 460(x40) nm’°. Although NADH
and NADPH have identical emission characteristics, it is found that their decay properties are

different'’®, and this can be used to separate the two cofactors.

The fluorescence decay of NADH has traditionally been modelled using a multi-exponential
function. NADH decay is bi-exponential'’* 172, with one shorter component and one longer
component. The explanation offered for this is that NADH can be found in the folded or
extended state!’™ 173, however there is great uncertainty if the 2 exponentials relate to the
two molecular configurations, or if there are competing excited state processes. In live cells,
the decay is more complex. NADH has been shown to have both 2'74- or 3- exponential
decays!®. This suggests that multiple fluorescing species exist, for example enzyme bound
NADH, and free NADH, In various studies, enzyme- and protein-bound NADH has been
seen to have an increased fluorescence lifetime compared with free NADH"> 176 |n addition,
the metabolic status of this co-enzyme is known to affect the fluorescence lifetime. As
described above, increased glucose shifts the NADH/NAD+ redox balance towards NADH.
Thus, in the oxidative phosphorylation step of glycolysis, there is increased binding of NADH
to proteins of the respiratory chain. This increases the proportion of the protein-bound
enzyme, which possesses a longer fluorescence lifetime®’”. Thus, glucose appears to increase

the mean fluorescence lifetime of NADH.
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conducted in 2005 measured glucose-induced changes of adipocytes

However, a study
(cells containing NADH) using autofluorescence. Contrary to the more recent result described
abovel”’, this study found that the addition of glucose caused an increase in fluorescence
intensity, and a shortening of the mean lifetime. This study was concerned with NADH in
cells, and thus there may have been other elements that influenced this result, and it is

difficult to understand the underlying kinetics. A study that investigates the direct interaction

of NADH and glucose in vitro would be helpful for this purpose.

In this work, we investigated how the intrinsic fluorescence of NADH changes in response to
interaction with glucose. Glucose affects the relative amounts of NAD+ and NADH inside a
cell, which can be detected via changes in fluorescence intensity of NADH, and as described
above, changes in the mean lifetime. However, there is very little research into how glucose

directly affects the intrinsic fluorescence of NADH.

We hypothesize that there is a direct interaction between NADH and glucose, where the
interaction is a non-enzymatic glycation-type reaction. Filling this gap in understanding could
be important, as if there is a significant change in NADH intrinsic fluorescence in response to
increased glucose, this could improve the methodology for glucose control in patients with
diabetes. In this work we study NADH in vitro, and use both steady state and time-resolved
techniques to investigate the impact of glucose on the intrinsic fluorescence of NADH. In-
vitro arrangements allowed us to focus on the impact made by glucose on the NADH

fluorescence and not on the NAD+/NADH redox balance.

We have studied the changes in fluorescence of NADH in response to glucose by researching
four samples: free NADH and NADH-glucose in phosphate buffered saline pH 7.4 (PBS), and
free NADH and NADH-glucose in Trizma buffer pH 9.0.

Firstly, PBS was selected as it has a pH close to physiological conditions, and so this buffer
would most accurately imitate NADH’s environment in the human body. This has also been
used previously to study NADH fluorescence!’®, however in this study the samples were
freshly prepared each day. Our study required long term stability of NADH in the buffer
solution, as our experiment lasted ~3 weeks. Literature has described the poor long-term
stability of NADH in PBS, and in fact PBS has been shown to accelerate the degradation of
this co-factor'’. For this reason, a second set of samples was prepared using Trizma buffer.

180,181

Previous studies have used this solvent to study NADH fluorescence intensity and

fluorescence lifetime®®?, and although its pH is significantly higher than physiological pH,
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above pH 8.0, NADH degradation is known to be too slow to be measured’. Thus, in these
samples, we can be sure that any potential fluorescence changes would be due to glucose

and/or aggregation, and not due to degradation.

4.2 Methodology

Preparation of NADH and NADH-Glucose Samples
B-Nicotinamide adenine dinucleotide reduced disodium salt hydrate (NADH) and phosphate

buffered saline pH 7.4 (PBS) were purchased from Sigma-Aldrich and used to prepare a free
NADH/PBS sample of concentration 60 uM. The NADH-glucose/PBS sample was then
prepared by addition of glucose powder (also Sigma Aldrich) to create a sample containing
60 uM NADH and 30 mM glucose. For the NADH/Trizma sample, 10mM Trizma buffer
substance (Sigma Aldrich) was used to create a 60 uM NADH sample. The NADH-
glucose/Trizma sample was then prepared by the addition of glucose powder to create a
sample containing 60 M NADH and 30 mM glucose. 3.5 ml of each sample was transferred
to a 4x1x1 cm quartz cuvette, and sealed with a stopper and parafilm, ready for
measurements. All samples were stored at room temperature, under identical conditions,

for the duration of the experiment.

The chosen conditions were not physiologically or clinically relevant. Indeed, the glucose
concentration is higher than the typical plasma sugar levels, and the NADH concentration is
lower than expected in a cell. In addition, in the Trizma samples the pH is substantially higher
than physiological pH. The selected conditions, including the absence of enzymes and
cofactors, were intentionally applied to enhance the impact of glucose on NADH
fluorescence, and to allow monitoring of this process over a long period of time, undisturbed
by the NAD+/NADH balance. The samples were prepared with maintaining the spectroscopic

purity but were not sterile.

To ensure that the NADH fluorescence was not disturbed by the intrinsic fluorescence of
bacteria (which could potentially grow in the PBS samples over the duration of the
experiment as PBS is a good culture medium for bacteria), and to check for potential
impurities, we prepared the reference solutions of PBS, glucose in water, and glucose in PBS,
and monitored their fluorescence. These samples were stored under identical conditions to

the NADH and NADH-glucose samples.
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Fluorescence Measurements
Absorption spectra were recorded using a PerkinElmer Lambda 2 UV-Vis spectrometer (using

a PBS solution as a reference) with a resolution of 1nm. Corrected fluorescence emission
spectra were obtained at the excitation wavelength 340 nm using a Fluorolog (HORIBA
Scientific). Fluorescence spectra had a resolution of 1 nm, and the slit width on the excitation

and emission monochromators was 5 nm.

The fluorescence intensity decay measurements were carried out on a DeltaFlex fluorescence
lifetime system (HORIBA Jobin Yvon IBH Ltd, Glasgow), which uses time-correlated single
photon counting (TCSPC) to record fluorescence decay. A NanoLED with repetition rate 1MHz

and peak excitation wavelength 340 nm (pulse duration <1 ns) was used for excitation®?,

The decays measured at each wavelength A were then fitted to the experimental
fluorescence curve Iexp(t) (equation2.29). In this instance, the fluorescence intensity decay

I, (t) was represented by a multi-exponential function (equation 2.23).

The steady state spectra and fluorescence intensity decays were measured on day 0 (within
~20 minutes of sample preparation) and on subsequent days after preparation for both

samples.

4.3 Results and Discussion
Figure 4.2 shows the absorbance spectra for free NADH and NADH-glucose in PBS and Trizma

over 25 days. In all plots, at day O there are 2 clear absorption peaks: adenine is responsible
for the absorption at ~265 nm, while the peak at ~340 nm results from absorption at the

nicotinamide ring'#2,
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Figure 4.2. Absorption spectra of NADH and NADH-glucose in PBS (part A) and Trizma (part
B). The numbers represent the spectra at the said number of days after sample
preparation.

In the free NADH/PBS sample (Figure 4.2A) the absolute absorption at 340 nm decreases
gradually over the 25 days, while the absorption at 265 nm seems to increase, and undergo
a slight red shift, with the wavelength of peak absorption increasing to ~280 nm by day 25.
In the sample with glucose, the red shift of adenine absorption peak is also present, and the
absorption peak at 340 nm begins to flatten after approximately 2 weeks. It is combined with
an appearance of the new broad band at longer wavelengths, which could be attributed to
both scatter (the figure shows the signal increasing as the wavelength shortens, in a manner
which is likely to be consistent with 1/A4, the ratio provided for Rayleigh Scattering) and the

formation of a new absorbing residue.

This result, the flattening of the peak at 340 nm and the appearance of a broad band at
longer wavelengths, was also seen in a repeat experiment, and thus we are confident that

this result is not due to any random errors present when carrying out the measurement.
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Additionally, since this broad band is not present in the free NADH/PBS sample,
instrumental errors in the absorption spectrometer cannot be responsible for this, and it

does indeed seem to be an effect of glucose.

The increase in scatter in the glycated sample could be due to glucose binding to the NADH
and forming larger complexes. Based on this result, we hypothesised that the glucose is
binding to the NADH near the nicotinamide ring, and thus reducing its absorbing capability,
resulting in gradual disappearance of the absorption peak at 340 nm. Indeed, if the
interaction between NADH and glucose is a direct non-enzymatic glycation-type reaction, this
would involve covalent coupling of the primary amine on NADH with a glucose hydroxyl
group. There are two primary amine groups on NADH, but based on the absorbance (and
fluorescence result presented later), we can associate the binding at a particular ring. If

glucose binding is occurring, it appears that it may take place at the nicotinamide ring.

The results for the samples where Trizma is the buffer (Figure 4.2B) however seem to
demonstrate stability of NADH, both in the presence and absence of glucose. In these
samples, there is very little change over the duration of the experiment. Both the intensity
and position of the two absorption peaks remain constant. Our result in Trizma shows that
experimental errors are not responsible for the difference seen in the NADH/PBS-glucose

sample.

Previous studies'’®#* have attributed the disappearance of NADH in PBS absorbance at 340
nm to NADH degradation. A 1988 study® investigated chemical stability of NADH in different
buffers, and found a faster degradation in the phosphate buffer, which was assigned to the
adduct formation between phosphate and NADH at the pyridine ring. A schematic from this
study is shown in Figure 4.3 and shows the decomposition percentages of NADH in relation
to various factors studied. The diagram shows that the most important factor for degradation

is the buffer type, but temperature and pH also affect the stability.
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Figure 4.3. Representative diagram showing the decomposition percentages of a solution
of 1.0 x10—* M NADH (after 40 min) with respective factors studied.

In our work, as a reduction in absorbance at 340 nm is not seen in the samples in Trizma, we
accept that NADH degradation may be responsible for this behaviour in PBS. As outlined
above, the faster degradation in PBS is thought to be associated with the phosphate forming
an adduct with the pyridine ring of NADH, and this occurs through a charge transference. The
decomposition itself is a redox process, where the ribose sugar that is attached to the
adenine base is reduced: hydrogen is replaced with a phosphate group. This decomposition
is not a major breakdown in the structure of NADH itself, but this redox reaction takes place
at a different location on the molecule to the the regular NAD/NADH redox cycle (as shown
in Figure 4.1). This difference could be the reason for the faster degradation of NADH in

phosphate buffer.

However, it is still unclear why the two PBS samples exhibit different behaviour. One
possibility is that there is increased bacterial growth in the NADH-glucose/PBS sample, as
glucose activates bacterial growth in PBS (a good culture medium for bacteria). Alternatively,
the presence of glucose may slow down the rate of degradation, although further work in

this area would be needed to investigate this.

The fluorescence emission spectra of all samples are shown in Figure 4.4, with parts A and C
showing the absolute intensities, and parts B and D showing the same spectra normalised to

the peak fluorescence intensity for the samples in PBS and Trizma respectively.

At day 0, all samples show identical fluorescence spectra with a peak at ~470 nm, as expected

for NADH’, although the NADH/Trizma and NADH-glucose/Trizma show a slightly higher
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fluorescence intensity. For the PBS samples (Figure 4.4A,B), after day 0 both samples show a
gradual reduction in fluorescence intensity as the experiment progresses, however the drop
in intensity is accelerated in the sample with glucose. We note that while the results are not
shown, the same trend was observed in our repeat experiment, where glucose accelerates a

drop in fluorescence intensity.

Figure 4.4B shows that the shape of the spectra for free NADH does not change as the sample
ages, the spectrum just becomes slightly narrower. A weak peak at ~¥384 nm we attribute to
Raman scattering. In the NADH-glucose/PBS sample, however, after approximately 2 weeks
the peak position starts to shift towards shorter wavelengths, and the spectrum broadens
(again, this was also observed in repeat experiments, so we are confident that the result is
not due to an error in any of the experimental techniques). Again, NADH behaviour in PBS
suggests that glucose modifies the NADH molecule by binding near the nicotinamide moiety,
which reduces not only the nicotinamide absorption but also its fluorescence, simultaneously
leading to formation of a new fluorescent product which emits at shorter wavelengths and is
evidenced by the presence of an isosbestic point at approximately 420 nm. Although we
speculated that the new fluorescent form could be a layer of nicotinamide-glucose stacking,
since ground-state aggregates usually have shorter wavelength fluorescence peaks than
monomers, there is no direct evidence of this. The small glucose molecules are present in a
much larger amount compared to the NADH molecules in the solution, and in addition,
glucose contains no aromatic rings and is not particularly polar. Thus, molecular stacking may

be unlikely.
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Figure 4.4. Fluorescence emission spectra of NADH and NADH-glucose in PBS (A,B) and

Trizma (C,D) at various days after sample preparation. Parts A and C show the absolute

fluorescence intensity while parts B and D show the same spectra normalised to peak

fluorescence intensity. The numbers represent the spectra at the said number of days

after sample preparation.



To investigate if the observed differences in the experimental fluorescence spectra in PBS
could be quantified in more detail, a generic model of fluorescence spectrum?®? was fitted to

these data, using the Toptygin model (equation 2.34) discussed in detail in section 2.2.4.

For all measurements of free NADH/PBS and for the first 10 days of measurements of NADH-
glucose/PBS samples, a 1-component Toptygin model (M=1) was used. However, for NADH-
glucose/PBS sample older than 10 days, a 2-component model had to be used. This was
decided on the basis of the visible shape of the spectra and the »? goodness of fit criterion.
Moreover, an additional component was added to the model of the spectra to account for
the Raman scatter that is visible in all curves as an extra peak at ~384 nm (26041 cm?, the
Raman wavenumber for this excitation). Examples of the experimental fluorescence spectra
plotted alongside the model function for NADH and NADH-glucose show relatively good
agreement, as can be seen in Appendix C, Figure C1.1. The y? goodness of fit criterion was
between 1.0 and 1.2 for all spectra modelled, and thus the model could effectively represent

the spectra.

The evolution of the recovered parameters of the spectra are plotted in Figure 4.5. Initially,
the peak values v;(t) for both NADH/PBS and NADH-glucose/PBS samples are at the same

level, approximately 20060 cm™ (Figure 4.5A).
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Figure 4.5. Plot A shows the time evolution of the peak position v(t) of the emitting
fluorophores for NADH (closed symbols) and NADH-glucose (open symbols) when in PBS
buffer. The time evolution of the contribution to the fluorescence intensity C(t) is shown
for NADH and NADH-glucose in plot C.

In the free NADH/PBS sample, the v(t) shows a slight increase over 25 days, although this
change is not significant (error bars showing the 90% confidence intervals for the fitted values
have been removed from the plots for clarity, but confirm that there is no significant
difference in the NADH/PBS v(t) values over time). The contribution of the component C
decreases gradually, maintaining the shape of the fluorescence spectrum, as seen in Figure
4.5B. We attribute these gradual changes to slow aggregation of NADH, which leads to

decreasing quantum yield of the nicotinamide ring.

The fluorescence spectra of the NADH-glucose/PBS sample during the first 10 days are very
similar to the fluorescence of the free NADH/PBS, except that the decrease of its intensity is
faster. After day 10, the two-component model of the spectrum needs to be used to satisfy
the goodness of fit criteria. The first component v; shows slight increase for the remaining
14 days. The second component v, (t), produced by the new residue formed by glucose with

NADH, starts about 22,000 cm™ and shows a much greater increase during this time, up to
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~25800 cm™. This corresponds to the blue shift seen in the emission spectra observed in
Figure 4.4A,B. The presence of two peaks in the later stages in the spectra of the NADH-
glucose sample, both shifted towards blue, confirms that glucose substantially modifies the
aggregation of NADH molecules and leads to accelerated reduction of nicotinamide ring

fluorescence and formation of the new fluorescent nicotinamide-glucose aggregates.

Although this analysis seems to suggest a substantial impact of glucose on the intrinsic
fluorescence of NADH, when we consider the fluorescence emission of NADH in Trizma
(Figure 4.4C,D), this conclusion becomes more uncertain. Figure 4.4C,D shows that
throughout the 25 days of the experiment, the fluorescence spectra for NADH/Trizma and
NADH-glucose/Trizma remain almost identical, with no change in the intensity or the shape
of the spectra. Similar to the result for absorption, where we noted that direct interaction
via molecular stacking seemed unlikely, this result seems to suggest that it is NADH
degradation in PBS that is the cause of the changes in fluorescence observed, rather than
glucose having an effect on the intrinsic fluorescence of NADH. This is in keeping with the

absorption spectra results.

To investigate this more fully, fluorescence spectra of 3 reference samples were monitored
over the same time period as the NADH samples. This result is presented in Figure 4.6, which
shows the fluorescence spectra of PBS, glucose in water and glucose in PBS, measured at
exactly the same experimental settings as the NADH samples. The three reference samples
have very low fluorescence, that is almost negligible when compared to NADH fluorescence
at day 0. The main conclusion from this result however, is that NADH does not have long term
stability in PBS. There is evidence that the molecule is degrading, and we accept that this

could be causing the changes in fluorescence.
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Figure 4.6 Fluorescence emission spectra for reference samples PBS (P), PBS-glucose (PG),
and water-glucose (WG), alongside the NADH-glucose spectra for comparison.
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The steady state data show that although glucose affects NADH fluorescence when the
samples are in PBS buffer, the result in Trizma shows no evidence of NADH fluorescence
changes. The fluorescence emission spectra obtained from Trizma however does show the
robustness and accuracy of the experimental procedure, as on every day the peak
wavelength was measured at a value between 468 nm and 472 nm for both samples. This is

in line with the expected values for NADH fluorescence.

To gather more detailed information on the process occurring, time-resolved measurements
were conducted. Fluorescence intensity decays, all at the excitation wavelength of 340 nm
(corresponding to the peak absorption of the nicotinamide ring), were collected at three key

wavelengths: 525, 470 and 390 nm.

Firstly, the fluorescence decays were detected at 525 nm. The raw decays for the NADH/PBS
and NADH-glucose/PBS samples, as well as the plots for the resultant parameters from fitting
these decays to a 3-exponential model, are shown in Figure 4.7. It should be noted for all
fluorescence decays presented, each decay was fit to the 3-exponential model 3 times and

the resultant parameters averaged.
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Figure 4.7. Part A shows fluorescence decay at 525 nm of NADH (black) and NADH-glucose
(red) in PBS buffer alongside the instrument response function (grey) at various days after
sample preparation. Part B shows the 3 lifetimes obtained when the decays are fitted to
the 3-exponential model for NADH (closed symbols), NADH-glucose (open symbols). 11 is
shown by diamonds, 1 is shown by triangles, and 13 is shown by circles. The percentage
contribution of each component to the decay for each sample is also shown. The
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contribution of the scattered light to each decay has been left out for clarity.

The fluorescence decay curves for NADH and NADH-glucose are almost identical up to day
11 (Figure 4. 7A) , which was determined from direct inspection of the fluorescence decays,
and also quantitatively though comparison of the fitted parameters. On Day O, the two
shorter lifetime components had values of 0.30 (+/- 0.017) ns and 0.58 (+/- 0.016) ns for
NADH/PBS and 0.34 (+/- 0.019) ns and 0.61 (+/- 0.02)ns for NADH-glucose/PBS. Thus, it was
determined that there is no statistically significant difference in the decays from the 2
samples at Day 0, and similarly, no differences were found up to Day 11. The same finding
was obtained in a repeat experiment, where the fluorescence decays were not statistically
different until Day 10. We further note that in the repeat experiment, comparable results

were obtained for fitted values and mean lifetimes to the results presented in this work
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(mean lifetimes of 0.88 ns (NADH/PBS) and 0.72 ns (NADH-glucose/PBS) vs. 0.81ns
(NADH/PBS) and 0.76 ns (NADH-glucose/PBS) in the repeat). This demonstrates the
robustness of the experimental and data processing techniques used, and thus indicates the
results presented in the following section are not due to any random errors. When
determining the accuracy of our results, it is more difficult to find values in literature for the
fluorescence lifetime of NADH at 525 nm emission wavelength. However, as our lifetime
values obtained at the 470 nm emission wavelength are in line values found in literature
(discussed later), we are discussing the following results under the assumption our

experimental technique is sound, and that the lifetime values obtained are accurate.

As illustrated in Figure 4.7A, From day 14 the mean fluorescence lifetimes in the sample
containing glucose increase substantially: on Day 23 the mean lifetime of NADH/PBS was
calculated to be 0.43 (+/-0.033 ) ns, while in NADH-glucose/PBS this was 0.54 (+/-0.016)ns.
Thus, there is a significantly significant difference between the two decays, with the
fluorescence decay of the NADH-glucose/PBS sample increasing. Figure 4.7B shows the fitted

lifetimes and percentage contributions of each component from Days 0 to 23. .

We noted in separate data analysis (not shown here) that all free NADH decays and the
NADH-glucose decays during the first 9 days of the experiment could be represented
sufficiently using a 2-exponential model (judged by the X? goodness of fit criterion alongside
a plot of the residuals). Indeed, a 2-exponential model is usually used to represent the
fluorescence decay of NADH when in solution?’% 172, where there is one short component and
one longer component. These correspond to the folded and extended states of the
molecule!™ 173, This result normally refers to the instance where fluorescence is collected

near the peak fluorescence intensity (430-490 nm).

However, in the case of the NADH-glucose sample measured on day 10 and later, a 3-
exponential model was needed. Therefore, for comparison, we present here the results of
fitting a 3-exponential model to both samples over all days. Examples of the fitted decays,
the resultant values of the parameters, and the residual plots are shown in Appendix C2,

Figure C2.1 and Figure C2.2.

The plots in Figure 4.7B show that all three lifetimes, and their corresponding pre-
exponential factors, for the free NADH/PBS sample are quite stable throughout the
experiment. For this sample the contribution of the third component is negligible, and these

kinetics are consistent with the literature’% 172,
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In the NADH-glucose/PBS sample, the two shorter lifetimes have similar values to the free
NADH/PBS sample until day 11, after which the longer of these lifetimes increases from 0.8
ns to 2.5 ns. This is combined with a reduction in the contribution of this component to the
decay, from ~30% to between 5 and 10%. Alongside this, a third long lifetime component
appears, which contribution is no longer negligible and by day 23, its contribution achieves
almost 20%. The long lifetime increases during this time from ~2 ns to 8.5 ns. When
considering solely the results in PBS, these data, when considered alongside the steady-state
data, suggest that glucose affects the aggregation of NADH when in PBS by binding it close
to the nicotinamide ring, which decreases its original fluorescence intensity, and a new, blue
shifted fluorescent residue of long fluorescence lifetime is formed. As the NADH-glucose
binding occurs in the ground state, glucose acts as a static quencher to the fluorescence of
the free NADH, thus its mean fluorescence lifetime remains unchanged over the whole
process. Note, that the contribution of this short wavelength form detected at 525 nm is very
small. From literature, we note that enzyme-bound or protein-bound NADH has an increased
fluorescence lifetime compared to free NADHY®. This occurs when there is increased glucose
in cells, as excess glucose causes an increased proportion of bound-NADH. Our result is
therefore in line with literature, where the sample with glucose shows an increased

fluorescence lifetime.

Fluorescence decay at detection wavelength 525 nm was also carried out for NADH and
NADH-glucose samples in Trizma. The raw decays are presented in Figure 4.8A. Interestingly,
the biggest difference between samples is observed at day 0, where the fluorescence
intensity decay of NADH/Trizma is longer than that of NADH-glucose/Trizma. This difference
reduces as the experiment progresses, and by day 24, the decay of the two samples is
extremely similar (analysis showed the mean lifetimes to be 0.48 (+/- 0.023)ns and 0.43 (+/-
0.024) ns for NADH/Trizma and NADH-glucose/Trizma respectively on day 24). We
hypothesize that the longer decay in the NADH/Trizma sample at day O could be due to the
presence of a fluorescence residue that is competing with NADH fluorescence, who's
presence disappears as the experiment progresses. The presence of glucose negates the

effect of this residue.
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Figure 4.8. Part A shows fluorescence decay at 525 nm of NADH (black) and NADH-glucose
(red) in Trizma buffer alongside the instrument response function (grey) at various days
after sample preparation. Part B shows the 3 lifetimes obtained when the decays are fitted
to the 3-exponential model for NADH (closed symbols), NADH-glucose (open symbols). T,
is shown by diamonds, 12 is shown by triangles, and t3 is shown by circles. The percentage
contribution of each component to the decay for each sample is also shown. The
contribution of the scattered light to each decay has been left out for clarity.

Figure 4.8B shows the fitted parameters for these decays, and contrary to what was observed
in PBS, a 2-exponential model can describe the decays for both samples for the entire
experiment duration (examples of fitted decays, the resultant values of the parameters, and
the residual plots are shown in Appendix C Figures C2.3 and C2.4). There is no 3™ component
required to fit the decay from either sample, and thus no evidence of a newly formed blue

shifted fluorescent residue with long lifetime.

At day O, the short lifetime component is ~0.4 ns for both samples, however there is a

difference in the long lifetime component: 0.8 ns for NADH-glucose/Trizma (which makes this
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result consistent with literature®) and 3.9 ns for NADH/Trizma. This difference is consistent
with the raw decays in Figure 4.8A, and suggest that there is a long lifetime fluorescent
residue, that emits at 525 nm, present in NADH/Trizma solution, however there is little
evidence of this in the steady state spectra (Figure 4.4). This residue is likely competing with
NADH fluorescence, and the presence of glucose negates the effect. As the experiment
progresses, the value of the long lifetime component for NADH/Trizma decreases, but it does
remain slightly higher than 0.8 ns, which is the consistent value for NADH-glucose/Trizma.
The contribution of each component to the decay remains stable throughout the experiment,

and similar between the two samples.

The result of measuring fluorescence decay at 525 nm again emphasises that NADH
fluorescence behaves differently depending on buffer solution, consistent with our steady

state results, and the results in literature already discussed.

The second detection wavelength considered was 470 nm. The decays for NADH/PBS, NADH-
glucose/PBS and the instrument response function are shown in Figure 4.9A. From inspection
of the plots, there are no substantial differences between the decays of both samples during
the first 11 days (this is confirmed by the mean lifetimes, which on Day 0 were found to be
0.37 (+/-0.036) ns and 0.44 (+/- 0.034) ns for NADH/PBS and NADH-glucose/PBS respectively,
and on Day 11 these values were 0.47 (+/- 0.013) ns and 0.48 (+/- 0.016) ns) ). We also note
that the mean lifetime for NADH during this time period is in line with that found in

literature!’®. Differences begin to appear in the decay plots from day 14.
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Figure 4.9. Part A shows fluorescence decay at 470 nm of NADH (black) and NADH-glucose
(red) in PBS buffer alongside the instrument response function (grey) at various days after
sample preparation. Part B shows the 3 lifetimes obtained when the decays are fitted to
the 3-exponential model for NADH (closed symbols), NADH-glucose (open symbols). 1; is
shown by diamonds, 1, is shown by triangles, and 13 is shown by circles. The percentage
contribution of each component to the decay for each sample is also shown. The
contribution of the scattered light to each decay has been left out for clarity.

Figure 4.9B shows the parameters of a 3-exponential model fitted to the decays. Like
observed for detection at 525 nm, a third component was required after 11 days for NADH-
glucose/PBS samples, and so for comparison, a 3-exponential model was used for both
samples over all days. Examples of the fitted decays, the resultant values of the parameters,

and the residual plots are shown in Appendix C, Figures C2. 5 and C2. 6.

Figure 4.9B shows that between days 10 and 23 the lifetime of the second component starts
to increase significantly from 0.8 ns to 2.5 ns, and the lifetime of the third component
increases from ~2 ns to 8.5 ns. At the same time, the contribution of the second component
drops from 30% to 10%, while the contribution of the third component increases from

negligible values to about 25%. This observation, the increased presence of a long lifetime
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component, again suggests the presence of a new fluorescent residue that is competing with
NADH fluorescence. This could be gradual conversion of the nicotinamide ring into another
blue shifted fluorescent residue of longer fluorescence lifetime. its contribution at 470 nm is
larger than at 525 nm. In a repeat experiment (results not shown), the same outcome was
observed, where the fluorescence intensity decay of the NADH-glucose/PBS sample was
longer compared to the sample without glucose, with the fitted parameters showing an
increased contribution of the third component between days 10 and 25. Additionally, the
fitted parameters were also comparable between experiments, thus suggesting there is

reliability in the experimental and data processing techniques.

Fluorescence decays of free NADH/Trizma and NADH-glucose/Trizma for detection
wavelength 470 nm are shown in Figure 4.10A, alongside the instrument response function.
These results disaffirm what was observed in PBS: in Trizma, no differences can be seen
between the sample with glucose and the sample without. This can be seen qualitatively by
direct inspection of the plots, but calculation of the mean lifetime also confirmed this. At Day
0 the mean lifetime for both NADH/Trizma and NADH-glucose/Trizma was 0.44 ns, and at
Day 24 this was 0.46 ns (standard deviations were small and have been omitted for
readability). Figure 4.10B shows the fitted parameters for these decays, and following the
same pattern as detection at 525 nm, a 2-exponential model can describe the decays for both
samples for the entire experiment duration when in Trizma. Examples of fitted decays, the
resultant values of the parameters, and the residual plots are shown in Appendix C Figures
C2.7 and C2.8. This is again contrary to PBS samples which required a 3 component model.
For Trizma samples, a 3™ component is not needed to fit the decay, and so there is no

evidence of a newly formed fluorescent residue.
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Figure 4.10. Part A shows fluorescence decay at 470 nm of NADH (black) and NADH-
glucose (red) in Trizma buffer alongside the instrument response function (grey) at
various days after sample preparation. Part B shows the 3 lifetimes obtained when the
decays are fitted to the 3-exponential model for NADH (closed symbols), NADH-glucose
(open symbols). 11 is shown by diamonds, and 1, is shown by triangles. The percentage
contribution of each component to the decay for each sample is also shown. The
contribution of the scattered light to each decay has been left out for clarity.

At day 0, both samples show the short lifetime component to have a value of ~0.4 ns, while
the longer lifetime component is 0.85 ns and 0.6 ns for NADH/Trizma and NADH-
glucose/Trizma respectively. For both samples, these are within the expected values for

185 again showing that glucose does not have an effect

NADH fluorescence decay in solution
on the fluorescence properties of NADH while in this buffer. The lifetime values and their
contributions remain reasonably stable and equal between samples throughout the

experiment.

The final detection wavelength for the fluorescence intensity decays was 390 nm. Figure

4.11A shows the raw fluorescence decays of NADH/PBS and NADH-glucose/PBS samples,
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alongside the instrument response function. The raw decays of both samples show
differences, although small from day O (the mean lifetime for NADH/PBS was 0.43 (+/- 0.005)
ns while for NADH-glucose/PBS this was 0.45 (+/- 0.007) ns, and the changes observed in the
decays of the NADH-glucose/PBS sample over time are significant. All raw decays indicate
substantial contributions of the scattered light, i.e. high percentage of the shifted prompt
function C;(t) in the experimental decays. Figures C2.9 and C2.10(Appendix C2), showing

examples of the fitted decays alongside the resultant fitted parameters, indicate high C

parameters.
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Figure 4.11. Part A shows fluorescence decay at 390 nm of NADH (black) and NADH-
glucose (red) in PBS buffer alongside the instrument response function (grey) at various
days after sample preparation. Part B shows the 3 lifetimes obtained when the decays are
fitted to the 3-exponential model for NADH (closed symbols), NADH-glucose (open
symbols). 11 is shown by diamonds, t; is shown by triangles, and t; is shown by circles. The
percentage contribution of each component to the decay for each sample is also shown.
The contribution of the scattered light to each decay has been left out for clarity.

A 3-exponential model was needed to fit the decays detected at 390 nm from the earliest

stages of the experiment (Figure 4.11B), indicating that even from day 0, a long lifetime
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component is present in the decay. During the first 10 days the recovered parameters of both
samples do not change hugely: the differences between the two shorter lifetimes and their
related pre-exponential factors are quite insignificant. There are differences in the long
lifetime over the first 10 days, however since the contributions of the third component to the
decays is very small during this time (less than 5% in both samples) it makes no meaningful

part of the decays.

Significant differences start to appear in the fluorescence decays from day 11, and this is
reflected in the fitted parameters. The contribution of the long lifetime becomes a much
more dominating part of the decay in the sample with glucose as the sample evolves. Initially
making up less than 5% of the decay, its contribution increases rapidly between days 11 and
16 up to ~65% where it stabilises. This occurs alongside a reduction in the contribution of the
short lifetime component. The initial ~50% drops to ~10% after 2 weeks. On the other hand,
in free NADH/PBS the contributions of all three components of the decay remain relatively

stable, with the long lifetime component only increasing during the last 5 days.

Moreover, the intermediate lifetime remains stable at the level of ~1 ns for the NADH/PBS
sample during the whole duration of the experiment. In the NADH-glucose/PBS sample it
starts to rise after 10 days, reaching about 3 ns by the end of the experiment. The above
observations are consistent with the changes in fluorescence intensity decays observed for
detection in PBS at 525 and 470 nm. If we consider exclusively PBS samples, this result seems
to confirm that the presence of glucose reduces the characteristic intrinsic fluorescence of
NADH’s nicotinamide ring, and supports formation of the new fluorescent residue, which is

characterised by shorter peak emission wavelength and a longer fluorescence lifetime.
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In a repeat experiment under the same conditions, the same result was observed, where the
fluorescence decays of the sample containing glucose were longer compared to the free
NADH/PBS sample. A comparison of the mean lifetime values for two experiments under the
same conditions is presented in Table 4.1, and are extremely similar. This repeatability

demonstrates minimal errors in the experimental and data processing techniques used.

Table 4.1. Mean lifetime T alongside respective standard deviations for NADH/PBS and
NADH-glucose/PBS samples at various days after sample preparation in two separate
experiments. Each decay was fit to the 3-exponential model and the mean lifetime
calculated using equation 2.17. The fitting procedure and calculation of mean lifetime was
repeated three times, and the results averaged. The excitation wavelength was 340 nm, and
emission wavelength was 390 nm.

Exp 17T (ns) Exp 2 T (ns)
NADH/PBS Day 0 0.43 +/- 0.005 0.43 +/- 0.008
NADH-glucose/ PBS Day 0 0.45 +/- 0.007 0.44 +/- 0.006
NADH/PBS Day 11 0.46 +/- 0.006 0.47 +/- 0.005
NADH-glucose/ PBS Day 11 0.60+/-0.005 0.56 +/- 0.017
NADH/PBS Day 23 0.57 +/- 0.016 0.60+/- 0.012
NADH-glucose/ PBS Day 23 4.21 +/- 0.52 5.52 +/- 0.47

Finally, the fluorescence decays at detection wavelength 390 nm, alongside plots of the
evolution of the fitted parameters are presented for both samples in Trizma in Figure 4.12.
Similarly to what was observed at detection at 470 nm, the raw decays (Figure 4.12A) show
no differences between samples at any point throughout the experiment (this was confirmed
by there being no significant statistical differences in the mean lifetimes over time and also

between samples).
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Figure 4.12. Part A shows fluorescence decay at 390 nm of NADH (black) and NADH-
glucose (red) in Trizma buffer alongside the instrument response function (grey) at various
days after sample preparation. Part B shows the 3 lifetimes obtained when the decays are
fitted to the 3-exponential model for NADH (closed symbols), NADH-glucose (open
symbols). 11 is shown by diamonds, 1 is shown by triangles, and ts is shown by circles. The
percentage contribution of each component to the decay for each sample is also shown.
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The contribution of the scattered light to each decay has been left out for clarity.

Figure 4.12B shows the resultant parameters from fitting to a 3-exoponential model: this was
deemed the best model based on the y? goodness of fit and the plots of residuals, examples

of which are shown in Figure C2.11 and Figure C2.12 (Appendix C2), and is consistent to our

result in PBS, where a 3-exponential model was required to fit the decay at 390 nm.

The fitted values follow a similar trend as previously observed, where there are 2 short
lifetime components that make up the majority of the decay, and one longer lifetime
component, whose contribution is very small. The three lifetime components for both

samples at day 0 have values of ~0.4 ns, ~0.8 ns, ~4 ns, which match those calculated for the
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PBS samples at day 0. Although the contribution of this long lifetime component is very small
for the duration of the experiment (unlike in PBS where its presence grows in the presence
of glucose), it does indicate that there is a fluorescent residue that emits at shorter
wavelengths present in these samples. We hypothesize that this may be bacterial intrinsic
fluorescence, that emits close to 390 nm, and is present in all samples at day 0. Glucose then
causes the bacteria to grow in the PBS samples, causing the contribution of this component

to increase significantly.

4.4 Conclusion
The data presented show that there is no evidence of NADH glycation. Although the

fluorescence of NADH seems to change dramatically in the presence of glucose when in PBS

buffer, we conclude that the changes observed are not due to glycation.

Our results also show that NADH is highly unstable in PBS buffer over a long time period: this
is shown by the decrease in fluorescence intensity and absorbance in both NADH/PBS and
NADH-glucose/PBS samples. We appreciate that there may be an effect due to glucose in
this buffer, however it cannot be revealed in these experiments due to it being masked by
the interaction with phosphate. This could be investigated in future work, where buffers and
pH could be changed systematically, and the same experiments carried out. Additionally,
different concentrations of glucose could be used, as in this work the concentration of

glucose was high compared to that of NADH.

The fluorescence intensity decay measurements showed evidence of a new fluorescent
residue at 390 nm, characterised by a longer lifetime, that was present in all samples. Its
contribution however increases over time in the PBS samples, and grows significantly in the
sample with PBS and glucose. We believe this may be fluorescence from bacteria, which is
present in all samples, but grows in PBS due to it being a good culture medium for bacteria.
Further work in this area could include carrying out similar measurements on PBS and PBS-

glucose samples in order to confirm this.

Overall, the purpose of the work in this chapter was to determine if NADH glycation could be
detected and monitored using its intrinsic fluorescence, which could in turn offer a potential
method for monitoring long term glycaemic control. The findings from this research show no
evidence of NADH glycation, and so focussing on the fluorescence of this skin fluorophore as
a means for monitoring glycaemic control may not be a suitable approach. Future work is

required to fully understand the fluorescence behaviour of this system, for example similar
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studies in Trizma at pH 7 may provide greater insight and reveal any underlying processes

that could not be seen in PBS.
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5.Keratin

5.1 Introduction
Keratin is one of the most important biopolymers found in humans® (the other being

collagen), and it is the most abundant structural protein found in epithelial cells'®’. It is one

188 3s well as being extremely durable and unreactive to

of the toughest biological materials
diverse external environments. These characteristics serve the primary functions of keratin:
protection, armour, aggression, and providing mechanical support!®°. In mammals, keratin
makes up the epidermis of skin, wool, hair, horns, and nails, and in reptiles and birds,

feathers, beaks, and claws are all composed of keratin.

There are 2 keratin types: a-keratin and B-keratin, and these two types exhibit different
structures. a-keratin exhibits a helical structure, while in B-keratin the protein is arranged as
parallel sheets of polypeptide chains. Furthermore, in a-keratin there are 2 protein types, a
high-sulphur protein matrix and a low-sulphur protein filament®® %, |n B-keratin however,

the filament and matrix are incorporated into one single protein?®.

Keratin can also be categorised into hard and soft keratins, and this classification is based on
their method of biosynthesis'®* and the amount of sulphur cross-links!*. Soft keratins are
found almost exclusively in the outer layer of the skin, the stratum corneum, and have a
lower sulphur content than the hard keratins, which are found in hair and nails*®°. The higher
sulphur content in the hard keratins gives them a much more coherent structure, due the

higher number of cross-links that will form.

This chapter focuses on a-keratin, as this is the type found in mammals, and is therefore the
most relevant for this research. For example humans have approximately 30 a-keratin
variants'®, and it can be found in nails, hair, and the skin. B-keratin on the other hand is

found in birds and reptiles.

5.1.1 Keratin Structure
Keratin belongs to the family of intermediate filament (IF) proteins, so named because their

diameter falls between that of the 2 other filamentous structures of the cytoskeleton: actin
filaments and microtubules!®. Over 50 different types of IFs have been identified, which are
then classified into 6 groups based on similarities in their amino acid sequence®®®. Type | and
type Il keratin are two of these groups, and differ in that type | keratin is acidic, and thus
includes more acidic amino acids such as aspartic acid and glutamic acid, while type Il keratin

is comprised of more basic amino acids such as arginine, lysine and histidine!®’.
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The structure of the a-keratin IF is illustrated in Figure 3.1. It is composed of 2 right-handed
a-helix polypeptide chains with a central alpha-helical rod (approximately 46 nm in length)
and non-helical N- and C-terminal regions®®. The 2 chains coil together via disulphide cross-
links to form a left-handed coiled coil. This coiled coil is known as a heterodimer, and it is the
monomeric unit of the a-keratin IF. It, and therefore the IF, can only be formed if within each
heterodimer one of the polypeptide chains is type | (acidic) keratin, and the other is type Il

(basic to neutral) keratin®®.

_type | keratin
-
. i VY 449999 v
Heterodimer @ helices e R e iy .
type Il keratin

—_ disulphide
crosslinks

Protofilament ~2 nm C

Protofibril

Intermediate Filament~7 nmI

Figure 5.1. An illustration of how keratin intermediate filaments are assembled from
keratin polypeptide chains.
These heterodimers then aggregate end to end and stagger side by side via disulphide bonds
to form a protofilament (~2 nm in diameter)?®. Two protofilaments then associate laterally

into a protofibril, and 4 protofibrils combine into a helical IF, with a diameter of 7-10 nm*®°,

The other aspect of keratin’s structure is the protein matrix. Keratin molecules follow a
filament-matrix structure® where the keratin IFs pack into a supercoiled conformation and
link with a protein matrix*! via bonding of the N- and C-terminals. The matrix proteins and
end-terminals also wind around the filaments themselves'®* 2% to form the keratin structure.
While keratin IFs have a low sulphur content!®, the keratin matrix consists of proteins that
have a high sulphur content, as well as a high number of cysteine, glycine, tyrosine, or

phenylalanine residues?®,

5.1.2 Keratin Glycation
Like collagen, keratin proteins can also experience non-enzymatic glycation?3-2%, following

the same process outlined earlier. The preferential target for glycation is the e-amino group

of a lysine residue or the a-amino group of an N-terminal residue?®®, both of which are found

98



in keratin, making it susceptible to this process. In addition to these sites, glycation can also

take place at side chains of arginine, tryptophan, histidine, and cysteine residues”’.

Like with collagen, an increase in glycated keratins has been observed in those with diabetes:
diabetes patients have shown an increase in glycated keratin from the stratum corneum in
the sole of the foot?® , increased glycated keratin in hair®®3, and increased glycated nail
keratins?®®21° Furthermore, a higher concentration of glycated keratins was found in those

209 and diabetic ulcers?®.

exhibiting complications such as diabetic retinopathy, nephropathy
These findings suggest that monitoring the glycation of this protein could offer a further
method for monitoring long-term diabetes control, and even the potential for developing

complications of the disease.

5.1.3 Keratin Fluorescence
Previous studies have used several methods to determine the amount of glycated keratin in

human tissues. For example, colorimetric analysis has been used to determine glycated
keratin in the stratum corneum of the skin in vitro?®, near-infrared reflectance
spectroscopy?l®, ATR-FTIR spectroscopy?!!, and chemical analysis using techniques such as
borate affinity chromatography followed by gel electrophoresis?® has been used to

determine the levels of glycated keratin in nail clippings.

In this work, we aim to exploit the auto-fluorescence of keratin as a potential method for
monitoring its glycation. Being auto-fluorescent, keratin’s presence can be detected without
the need for any extrinsic fluorophore. Its fluorescence originates from two sources: amino

212

acids?'? and cross-links within the protein?! 214,

Keratin contains the naturally fluorescent amino acids phenylalanine (Phe), tyrosine (Tyr),
and tryptophan (Trp)?°. It is however unlikely that Phe will contribute significantly to the
intrinsic fluorescence of keratin due to its low absorption and quantum yield?®, and similarly,
Tyr emission is often reduced in proteins by its interaction with the peptide chain or via
energy transfer to Trp¥2Y. Indeed, the amino acid derived fluorescence of keratin peaks at

about 340 — 350 nm?'* 218 which corresponds to Trp fluorescence®.

The exact number of Trp and Tyr residues in keratin is not known, and it differs between
specific keratin types. Reports vary, however in a-keratin, which is the type found in
mammals, it is thought that Trp and Tyr account for approximately 1% and 3% of the amino

acids respectively?> 219,
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Keratin cross-links are the second source of its intrinsic fluorescence. These can be excited at
350 -370 nm, and emit fluorescence peaking at ~460 nm® 213, These two distinct peaks (Trp
and cross-links) have been seen in various keratin-containing tissues such as fingernails, hair,
and the stratum corneum?8, In collagen, which is a similar protein to keratin, glycation causes

147

the formation of new cross-links**’, and so we believe that changes to the fluorescence of

the keratin cross-links may offer the most insight into keratin glycation.

If keratin’s intrinsic fluorescence changes as a result of glycation, this could provide an
alternative method to monitor long-term diabetic control. Keratin is found in human hair,
nails, and in the skin, and so this technique could be used to monitor diabetes through, for
example, monitoring glycated keratin in nail clippings, rather than using blood samples. This

offers advantage due to the non-invasive nature of the technique.

In this work we have studied keratin in vitro and have used steady-state and time-resolved
fluorescence techniques to investigate the impact of glucose on this protein’s intrinsic

fluorescence.

5.2 Methodology

5.2.1 Preparation of Keratin and Keratin-Glucose Samples
The evolution of two samples, free keratin and keratin-glucose, have been studied. Keratin

from human epidermis and phosphate buffered saline pH 7.4 (PBS) were purchased from
Sigma-Aldrich and used to prepare a free keratin sample of concentration 20 UM and the
keratin-glucose sample by the addition of glucose powder (also Sigma Aldrich) to create a
sample containing 20 uM keratin and 20 mM glucose. 3.5 ml of each sample was then
transferred to a 4x1x1 cm quartz cuvette, and sealed with a stopper and parafilm, ready for
measurements. The samples were prepared with maintaining the spectroscopic purity, but
were not-sterile, and both samples were stored at room temperature for the duration of the
experiment. In the glucose-containing sample, the glycated keratin was not purified from the
non-glycated one. To make sure that the spectra measured are not affected by the
fluorescence caused by the bacteria growth in the samples, the measurements of a reference
sample of glucose in PBS were carried out using the same experimental settings as for the
keratin samples. All spectra show that the impact of potential bacteria growth on the keratin

and keratin-glucose samples’ fluorescence in negligible (discussed later).
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5.2.2 Fluorescence Measurements
Corrected fluorescence excitation and emission spectra were obtained using a Fluorolog

(Horiba Scientific). The excitation, emission, and the excitation/emission reference samples
(discussed later) spectra were collected with a step of 1 nm, and the slit widths on the
excitation and emission monochromators were 5 nm. The fluorescence intensity decay
measurements were carried out on a DeltaFlex fluorescence lifetime system (Horiba Jobin
Yvon IBH Ltd, Glasgow), which uses time-correlated single photon counting (TCSPC) to record
fluorescence decay. A NanoLED with repetition rate 1MHz and peak excitation wavelength

370 nm (pulse duration <1 ns) was used for excitation.

The steady state spectra and fluorescence intensity decays were measured for both samples
on day 0 (within ~10 minutes of sample preparation) and on subsequent days after

preparation.

5.3 Results and Discussion
Figure 5.2. shows the excitation-emission matrix for keratin and keratin glucose at Day 0 and

Day 44. The results at Day 0 are very similar for both samples. The greatest fluorescence
intensity occurs for A, = 280 nm, resulting in emission between 300 and 340 nm,
corresponding to Tyr and Trp fluorescence in keratin. From the literature?!* 218 there should
also be a fluorescence peak between 440 and 460 nm. Indeed, by day 44 there is an increase
in fluorescence intensity at this wavelength in both samples, with the intensity substantially
greater in the sample with glucose. Hence we have studied in more detail fluorescence of the

samples for two excitation wavelengths, 280 nm and 370 nm.
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Figure 5.2. Excitation-emission matrix of keratin and keratin-glucose. Parts A and B show
the spectra obtained for keratin and keratin-glucose on day 0 and day 44 respectively.

Figure 5.3 shows the excitation spectra of free keratin and keratin-glucose for the
fluorescence associated with cross-links detected at 460 nm. At day 0, the spectra for the
two samples are very similar, and the intensity is at a low level. Over time, the substantial
changes can be seen in the keratin-glucose sample (Figure 5.3. and B). After approximately
10 days, a new broad band appears in the excitation spectra, with a peak wavelength of ~370
nm. The fluorescence intensity at this excitation wavelength grows considerably as the
keratin-glucose sample evolves, before it stabilises after around 37 days. Absorption at 370
nm is known from literature as a characteristic of keratin cross-links®. Thus, we assume that
glucose is causing the formation of new cross-links that can be excited directly at 370 nm and

emit fluorescence at 460 nm.
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Figure 5.3. Fluorescence excitation spectra of keratin and keratin-glucose when emission
was collected at 460 nm. Part A shows the spectra obtained for keratin and keratin-
glucose on various days after sample preparation. Part B shows how the excitation spectra
of each sample evolves over time. The units of all plots are the same.

Figure 5.3B also shows an increase over time in the 460 nm fluorescence intensity when the
keratin-glucose sample is excited at 280 nm. A possibility is that this is fluorescence from
kynurenine, which emits weakly at ~480 nm when excited at 365 nm?%, which is within the
wavelength range considered. Kynurenine is a metabolite of Trp, however its formation
requires the presence of certain enzymes?? (Tryptophan 2,3-dioxygenase (TDO) or
Indoleamine 2,3-dioxygenase (IDO)), which are not present in our in vitro set up. We
therefore hypothesise that the Trp in keratin absorbs the energy at 280 nm, and then
transfers this energy to the keratin cross-links, resulting in increased emission at 460 nm. This
transfer of energy could be radiative (re-absorption) or non-radiative (FRET) and intensifies

over time as the cross-links are being formed.

The fluorescence spectra in Figure 5.4 show that exciting keratin-glucose sample at 280 nm
causes increase in Trp fluorescence at ~340 nm when the sample ages. Interestingly
excitation at 280 nm also results in fluorescence emission at 460 nm, which correlates to the
emission wavelength for keratin cross-links. Again, this seems to suggest that the Trp in

keratin transfers its excitation energy to the cross-links, causing emission at 460 nm.
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Figure 5.4. Fluorescence emission spectra of keratin and keratin-glucose when excited at
280 nm. Part A shows the spectra obtained for keratin and keratin-glucose on various days
after sample preparation. Part B shows how the emission spectra of each sample evolves
over time. The units of all plots are the same. Part C shows the fluorescence emission
spectra obtained for a PBS-glucose sample, alongside the keratin-glucose spectra for
comparison.

The fact that both Trp and keratin cross-links fluorescence increase suggests an increase in
the Trp quantum vyield, possibly due to reduced quenching by water as crosslinks shield the
Trp sites. Figure 5.4C shows the fluorescence of a reference PBS-glucose sample excited at

280 nm, 42 days after its preparation and storing it in the same conditions as the free keratin
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and keratin-glucose samples. Negligible emission from this sample demonstrates that there

is no detectable bacteria growth in the glucose/buffer environment used in keratin samples.

Using the wavelength 370 nm allowed direct excitation of the cross-links (Figure 5.5). Again,
both spectra on day 0 are very similar and contain the peak at 424 nm, which is the Raman
shift for excitation at 370 nm. This was calculated using the Raman shift for water (3400-3600

cm?) and the equation

1= ! [5.1]
1 _Raman shift/
/2 1x 107

ex

where 4., is the excitation wavelength used. Both day 0 spectra also show the broad

fluorescence band with the peak at ~460 nm, associated with the cross-links.

Figure 5.5B shows that in the pure keratin sample the intensity of this fluorescence increases
only slightly with time. In the keratin-glucose sample, however, the fluorescence intensity
grows substantially as the sample ages, and the dominating peak remains stationary at 460
nm. We also observe the formation of two new peaks at longer wavelengths. After 10 days
a second peak starts to appear at ~ 525 nm, and after 21 days, the third peak can be seen at
~575 nm. These keratin-glucose complexes form much slower than that responsible for the

460 nm emission and are not observed at all in the free keratin sample.

Similarly like Figure 5.4C, Figure 5.5C also shows that the potential impact of bacteria growth
on the keratin and keratin-glucose samples’ fluorescence at 370 nm is negligible, and thus
any changes observed in the spectra are solely the result of the interaction with glucose

and/or protein aggregation.
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Figure 5.5. Fluorescence emission spectra of keratin and keratin-glucose when excited at
370 nm. Part A shows the spectra obtained for keratin and keratin-glucose on various days
after sample preparation. Part B shows how the emission spectra of each sample evolves
over time. The units of all plots are the same. Part C shows the fluorescence emission

spectra obtained for a PBS-glucose sample, alongside the keratin-glucose spectra for
comparison

To quantify the difference in the emission spectra of the two keratin samples for excitation
370 nm, and to illustrate how the spectra evolve over time in more detail, a Gaussian model

of fluorescence spectra was fitted to these data.

M

A; _ (17—171'2)2
I(v) = Zme ( 20 ) [5.2]

i=1
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In this model M is the number of spectral components, A; is the contribution of each
component to fluorescence, v; is the peak position, and g; is the half-width of the
distribution. For the pure keratin sample only one component (M=1) was required to
describe the spectra throughout the experiment. This was also adequate for the first 9 days
in the keratin-glucose sample; however, 2 components (M=2) were required from day 10,
and three components (M=3) were required from day 24. Switching to the more complex
model was based on the shape of the spectra and the y? goodness of fit criterion. An
additional component represented the Raman scatter at ~424 nm. Examples of the
experimental fluorescence spectra plotted alongside the model function for keratin and
keratin-glucose show relatively good agreement, as can be seen in Appendix D1, Figures D1.1

and D1.2.

The evolution of the recovered parameters of the spectra are plotted in Figure 5.6. The initial
peak positions v, (0) for both samples are the same, approximately 22000 cm™ (Figure 5.6A),
which corresponds to the peak for keratin cross-links. For the pure keratin sample this stays
consistent throughout the experiment, but in the keratin-glucose sample, the v, (t) shows a
steady decrease through the first 9 days. This drop is likely due to the need for a second
component, and indeed when the second component is added to the model, v, (t) increases
back to 22000 cm™, where it remains for the experiment duration. This component is the
most dominant contributor to the emission spectrum for both samples, and its contribution
A, (t) increases substantially in the keratin-glucose sample as the experiment progresses, as

illustrated in Figure 5.6C.
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Figure 5.6. Fitted Gaussian parameters for the fluorescence emission spectrum for keratin
(closed symbols) and keratin-glucose (open symbols). Plot A shows the time evolution of
the peak position v(t) of the emitting fluorophores, Plot B shows the half-width of the
distribution o(t) , and the contribution to the fluorescence intensity A(t) is shown in plot
C.

The second component for keratin-glucose also follows the above trend relating to peak
position. The v, (t) shows a steady decrease from 18700 cm™ to 18350 cm™ between days
10 and 23, and then once the 3™ component v5(t) is added to the model, v, (t) increases
again and remains relatively constant at ~18700 cm™. The peak wavenumber v5(t) for this
3@ component is also stable between day 23 and the experiment end, only showing a slight

drop from ~17400 cm™ to ~17200 cm™.

We note that the evolution of the peak wavenumbers v;(t) is consistent with the evolution
of the half-width distributions o;(t) illustrated in Figure 5.6B. For free keratin, and for
keratin-glucose during the first 10 days, the o4 (t) is large. Although it decreases slightly for
the keratin sample over time, there is not a significant change. For keratin glucose, the

addition of a second component from day 10 causes the a;(t) to drop significantly as one
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component splits into 2, and this happens again at day 24, when the addition of a third

component causes g, (t) to drop as the second component splits again.

This steady state analysis shows how the intrinsic fluorescence of keratin changes in the
presence of glucose. The fluorescence of the dominating crosslinks K¢ emit at 460 nm and
the higher-order crosslinks, Kc. and K¢, formed at slower rates, emit at 525 nm and 575 nm,
respectively. We note that the same result was observed in a repeat experiment, indicating

that the changes observed are not due to any errors in experimental technique

Time resolved measurements were also conducted and analysed for the keratin and keratin-
glucose samples. Firstly, the fluorescence intensity decays of both samples at the detection
wavelength 460 nm were measured with using two excitation wavelengths 280 nm and 370
nm. The results shown in Figure 5.7 were carried out at the end of the experiment, on day

45, to maximise the potential impact of glucose.
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Figure 5.7. Fluorescence decay at 460 nm of keratin and keratin-glucose on day 45. Part
A shows the decay over the full time range, while part B is a detailed look early stages of
the decay, between 5 and 10 ns. Shown is the decay of keratin when excited at 280 nm
(blue) and 370 nm (black), and keratin-glucose when excited at 280 nm (green) and 370
nm (red). The instrument response functions (IRF) are shown for excitation 280 nm (grey
diamonds) and 370 nm (grey triangles).

We note, that for the excitation at 370 nm, the samples begin to decay immediately after
excitation (black and red curves). However, for the excitation at 280 nm (blue and green), the
top sections of the decays are much flatter, indicating that the detected fluorescence is likely
to come from the fluorophore which was not excited directly. Again, these results suggest
the transfer of the excitation energy from tryptophan to the cross-links. Moreover, as we
observe a substantial spectral overlap between the emission spectrum of the amino acids
and the absorption of the cross-links (300-400 nm, seen on the excitation spectra, (Figure

5.3), the likely mechanism involved is FRET.
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Fluorescence intensity decays at the excitation wavelength of 370 nm and collected at 460
nm at various days following sample preparation are shown in Figure 5.8. Up to day 8, the
raw decays for both samples, with and without glucose, are almost identical (Figure 5.8A).
This can be seen by direct inspection of the raw decays, however was confirmed by
calculation of the mean lifetime on each day, where there was no statistically significant
difference between samples until day 16. By day 16, the decays of the glucose-containing
sample become slower as compared to those of the pure keratin sample. Figure 5.8B shows
the lifetimes and percentage contributions of each component for the data fitted to 3-
exponential model decay (Appendix D2 for details). It should be noted that each decay was

fit to the model three times, and the resultant parameters averaged.
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Figure 5.8. Part A shows fluorescence decay at 460 nm of keratin (black) and keratin-
glucose (red) alongside the instrument response function (grey) at various days after
sample preparation. Part B shows the 3 lifetimes obtained when the decays are fitted to
the 3-exponential model for keratin (closed symbols) and keratin-glucose (open symbols).
Tl is shown by diamonds, t2 is shown by triangles, and 13 is shown by circles. The
percentage contribution of each component to the decay for each sample is also shown.
The contribution of the scattered light to each decay has been left out for clarity.
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All three lifetimes and their corresponding pre-exponential factors are quite stable and
similar between samples during the first ~10 days. Between days 10 and 14 the lifetime
components show an increase in both samples, and then stabilise for the remainder of the

experiment.

Although the three lifetimes appear similar in glucose and glucose-free samples, the impact
of glucose manifests itself in changes of the lifetime contributions to the decay. Indeed, the
increases in contributions of the two longer lifetime components are much more pronounced
in the sample with glucose. In a repeat experiment the same result was observed, which

indicates reliability in the experimental and data processing techniques used.

Our fitted values do not however seem to be similar to what has been observed in literature.
Studies have considered the fluorescence decay of hair, which also contains keratin protein.
A 2007 study found a 2-exponential model was sufficient to fit the fluorescence decay of hair,
and attributed the long lifetime component of 1.4 ns to keratin??. A further study in 2012
found the fluorescence decay of hair to have a more complex multi-exponential decay, and
thus used phasor plots to represent it??3. Our results in vitro also appear to show keratin as

having a complex multi-exponential decay.

Further information has been gathered from the time-resolved emission spectra (TRES)
constructed from the fluorescence intensity decays recorded at a range of wavelengths (440
— 550 nm) for both samples. Figure 5.9 shows the normalised TRES for both samples at
different times. The curves for the pure keratin sample (black) do not change shape
throughout the decay, indicating simple fluorescence kinetics. They also do not change

substantially during 44 days of experiment.
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Figure 5.9. Normalised TRES of keratin and keratin-glucose on various days after sample
preparation, when excited at 370 nm. The red lines are keratin-glucose, and the black lines

are keratin. Each line represents the TRES at a different time after excitation: 0.5, 1, 2, 6, and
10 ns.

Conversely, the shape of the TRES for the keratin-glucose sample does change as the
experiment progresses. Initially, at day 0, the TRES resembles the spectrum seen for free

keratin, demonstrating no immediate impact of glucose on keratin fluorescence.

By day 13 there seems to be one peak in the TRES, and thus one fluorescent residue, which
is consistent with the steady state data. However, after day 13 a second peak can be seen in
the TRES, which becomes more pronounced as the experiment progresses. This occurs at
19000 cm™, and so would correspond to the keratin-glucose complex that forms at

approximately 525 nm.

The shape of the spectra also changes in the 10 ns following excitation in the keratin-glucose
sample, with the red curves in Figure 5.9 indicating that the fluorescent residue with peak at
525 nm decays faster than the residue at 21500 cm™ (~460 nm). We speculate that the
fluorescence at 525 nm originates from a keratin-glucose complex, which requires a longer
time to form, thus it is likely to be a bigger structure than the one emitting at 460 nm, for
example one formed by an agglomeration of aggregates rather than by unimolecular
addition. The other emission maximum observed at 575 nm may come from even larger
keratin-glucose structures. In future studies the hypothesis of glucose causing the formation

of larger complexes could be confirmed using fluorescence anisotropy measurements.

5.4 Conclusion
The data presented have shown that glucose has a big impact on the intrinsic fluorescence

of keratin in vitro. In pure keratin, fluorescence shows peak at 340 nm due to Trp, and at 460
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nm due to cross-links in the protein. These cross-links can be excited directly at 370 nm, or
at 280 nm via FRET from the Trp residues. When glucose is added to a keratin sample, the
fluorescence intensity at 460 nm increases greatly due to faster formation of new cross-links.
Glucose also causes the formation of two new fluorescent complexes with peak fluorescence
at ~525 nm (which appears after ~10 days) and 575 nm (~ 21 days). A schematic diagram

illustrating the likely kinetics is shown in Figure 5.10.

We anticipate that the contributions of the three compounds detected in this experiment
may be different in different conditions of keratin glycation, e.g. in the nail or hair tissues. As
keratin intrinsic fluorescence is sensitive to the extent of glucose in its local environment,
studying the fluorescence of nail or hair, where keratin is an abundant protein, may offer a

complementary method for monitoring long-term complications of diabetes.
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Figure 5.10. A diagram of the potential kinetics of the keratin and glucose interaction.
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6. Human Serum Albumin

6.1. Introduction
Human serum albumin (HSA) is the most abundant protein in human serum, accounting for

approximately 60% of all serum proteins??*

, and normally found at a concentration between
35 and 50g/1°*. It has many biological functions, including regulating the bloods osmotic
pressure and pH, mediating lipid metabolism, working as an antioxidant, and isolating
toxins?2%227, A key role of HSA is that it acts as a transport protein for a variety of solutes such
as fatty acids, some hormones, and drugs??. It therefore has a profound influence on the

pharmacokinetic properties of many drugs?®°.

6.1.1. Human Serum Albumin Structure
HSA is a heart shaped, globular protein consisting of a single polypeptide chain with 585

amino acids®3°

, comprising 67% alpha helices, 10% turns, 23% random coils, and no Beta
sheets?3L, It consists of 3 structurally similar domains, 1, Il, and Ill, with each of these domains
made up of two sub-domains, A and B*2 Figure 6.1shows an illustration depicting the
domain organisation in HSA, which is model generated by previous authors??, The A sub-

domains of regions Il and Il are the major sites of drug binding in HSA?%6,

Figure 6.1 The structure of HSA? .

Additionally, there are 17 intramolecular disulphide bonds in HSA, which not only ensure
rigidity within each sub-domain?®3, but also allow the proteins size and shape to change in

response to biological influences, such as pH fluctuations.
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6.1.2. HSA and Glucose
As discussed briefly in chapter 1, HSA experiences non-enzymatic glycation, and glycated

albumin can be used as an indicator of glycaemic control®”-234, Proteins with a long biological
half-life are much more likely to experience glycation due to the length of time it takes for
Amadori rearrangement, and HSA has a half-life of 21 days, making it highly susceptible to
this process. This, along with the fact that HSA is continuously exposed to glucose in the
blood, causes glycation, and thus AGE formation in HSA?%, The 59 lysine residues and 24

arginine residues are considered as the sites at which glycation occurs?®,

Glycation of HSA also follows the three-step process outlined in Chapter 1 (Figure 1.2), that
results in the formation of AGEs. This process heavily modifies the structure of HSA, which
influences its function, disrupting normal physiological processes. Glycation alters the
intrinsic conformation of the molecule, which can alter the binding efficiency of drug binding
regions, and thus have an effect on drug efficacy?*®. HSA AGEs may also interact with their
receptor (RAGE) or other macromolecules, initiating various signalling pathways that can lead
to tissue damage and metabolic complications?®’. Glycated HSA can also trigger platelet
aggregation, causing thrombosis and hindering glucose uptake into cells?®%2%, Finally,
glycation of HSA can also lead to severe drug toxicity: HSA is the main drug binding protein
in the plasma, and modifications to its structure caused by glucose disrupt its ability to bind
to drugs. This leads to an increased amount of free drugs in the bloodstream, and it is these
that bind to receptor to produce a therapeutic affect?*°. An increased concentration of free

drugs leads to drug toxicity?*%242,

Amadori products are the main form of glycated albumin present, and the level of these
increases with increased levels of glucose in the blood, such as occurs in patients with
diabetes®®. In a healthy individual, glycated HSA makes up approximately 1-10% of all HSA in
the plasma, but this increases to 20-30% in those with diabetes?*%?**, Glycated albumin
therefore could be used as a biomarker in glycation-related diseases such as diabetes. The
benefits of this marker compared to traditional HbAlc measurements were discussed in

detail in Chapter 1 (section 1.1.2.2 Long Term Monitoring).

6.1.3. HSA Auto-fluorescence
HSA, like the proteins studied elsewhere in this thesis, is auto-fluorescent (AF). Therefore, it

has the potential to be detected non-invasively using fluorescence spectroscopy. HSA's

fluorescence arises from the aromatic amino acids tryptophan (Trp) and tyrosine (Tyr): there
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is a single Trp residue at position 214 in subdomain IlA, and 18 Tyr residues are distributed
along the length of the protein®®. Excitation at 280 nm results in excitation of both Trp and
Tyr, giving HSA peak absorbance at this wavelength. Fluorescence from HSA, however, is
likely to originate mostly from Trp due to the efficient FRET from Tyr to Trp2*°. This gives peak

fluorescence emission at approximately 340 nm.

Previous studies have shown that glycation of HSA in vitro changes its steady state intrinsic

246

fluorescence. A 2007 study**® showed a decrease in Trp fluorescence in glycated HSA,

247 also

alongside a blue shift in the peak emission from 330 nm to 315 nm. A 2017 study
showed changes in steady state properties, showing glycated HSA to have increased
absorption at 280 nm, alongside a higher intensity of fluorescence between 400 and 600 nm.
This wavelength range was used not to study Trp, but to investigate the formation of AGEs

which emit at longer wavelengths.

There has been less work researching the effect glycation has on the fluorescence lifetime of
HSA. One study*® carried out in 1999 found that the short lifetime component of a
fluorescence intensity decay (detected at 345 nm) fitted to a multi-exponential model
increased in glycated HSA compared to free (from 1.58 ns to 2.26 ns), while the long lifetime

component also increased slightly.

The amount of glycated HSA increases with increased levels of glucose, thus making glycated
albumin a potential biomarker for glycaemic control. In this chapter we attempt to determine
if changes to HSA due to glycation manifest not only their steady state fluorescent properties,
but also in time-resolved fluorescence. Alongside the traditional multi-exponential model
analysis, we use the non-Debye model to fit fluorescence decays, in order to gain further

understanding on the system, and information on the underlying kinetics of glycation.

6.2. Methodology

6.2.1 HSA Sample Preparation
The effect of glucose on the intrinsic fluorescence of HSA was investigated using two samples:

free HSA and HSA-glucose. Albumin from human serum and pH 7.4 (PBS) were purchased
from Sigma-Aldrich and used to prepare a 50 uM sample. The HSA-glucose sample was then
prepared by the addition of glucose (Sigma-Aldrich) to create a sample containing 50 uM HSA
and 100 mM glucose. 3.5 ml of each sample was transferred to a 4x1x1 cm cuvette and sealed
with a stopper and parafilm, ready for measurements. The samples were prepared with

maintaining the spectroscopic purity, but were not sterile, and the glycated HSA was not
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purified from the non-glycated HSA. Both samples were stored in an oven at 37°C (core body

temperature) for the experiment duration.

To check for bacterial growth in the samples, and to ensure that the resultant fluorescence
was not caused by this, the measurements of a reference sample of glucose in PBS were
carried out using the same experimental settings as for the HSA samples. The plots in Figure
6.2 show that the impact of potential bacteria growth on the HSA and HSA-glucose samples’

fluorescence in negligible.
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Figure 6.2. Fluorescence emission spectra for HSA (H), HSA-glucose (HG), and PBS-glucose
(PG) at day 0 and day 49 when excited at 280 nm (A) and 295 nm (B).

6.2.2 Fluorescence Measurements
Absorption spectra were measured on using PerkinElmer Lambda 2 UV-Vis spectrometer,

with a resolution of 1 nm. Corrected fluorescence emission spectra were obtained on a
Fluorolog (Horiba Scientific) using a resolution of 1 nm, with both the excitation and emission
monochromators set to a slit width of 5 nm. The fluorescence intensity decay measurements,
and therefore also the TRES, were obtained using a DeltaFlex fluorescence lifetime system
(Horiba Jobin Yvon IBH Ltd, Glasgow), which uses time-correlated single photon counting
(TCSPC) to record fluorescence decay. Two NanoLEDs with repetition rate 1MHz and the peak
excitation wavelengths at 280 nm (pulse duration <1ns) and 295 nm (pulse duration <1ns)
were used to study fluorescence from the different amino acids in HSA. TRES were
determined at the beginning and end of the experiment to see fully the impact of glucose
over time: the fluorescence decays were recorded between 310 and 400 nm in increments
of 10 nm. Details of how TRES were constructed was discussed in Chapter 2 (equations 2.30

and 2.31), and so will not be repeated here.
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The first measurements were carried out on day 0, within ~10 minutes of sample preparation,
and then repeated on subsequent days in order to see the impact of glucose on HSA

fluorescence.

6.3. Results and Discussion
Figure 6.3 shows the absorption spectra for HSA and HSA-glucose over 49 days. In both

samples the absorption peak is approximately 280 nm, corresponding to tyrosine peak
absorbance, although it is likely Trp absorbance is also contributing to this peak. There is no
significant change in the spectra over time in the free HSA sample, however in the sample
containing glucose, there is a very slight increase in 280 nm absorbance as the sample ages,
which is in keeping with the study?’ discussed earlier, where an increase in 280 nm
absorption due to glycation was observed. There is also a slight increase in absorption at

longer wavelengths, which we attribute to increased aggregation in the presence of glucose.
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Figure 6.3. Absorption spectra at days 0, 8, 14, 21, 28, 35, 42, and 49 for free HSA (A) and
HSA-glucose (B)

Fluorescence emission spectra for excitation 280 nm are then shown in Figure 6.4. Excitation
at this wavelength will cause excitation of both Tyr and Trp in HSA. The change over time for
both samples is shown in part A, and in all spectra fluorescence from both of these amino
acids can be seen by the presence of a double peak, at 305 and 335 nm. In both samples the
fluorescence intensity decreases over time, however this decrease is greater in the glucose
containing sample. Figure 6.4B then shows a direct comparison of the normalised spectra
from the two samples at various days, and although there is no shift in the peak wavelength,
at later days (days 35 and 49) the HSA-glucose sample shows a decrease in the Trp
246

fluorescence compared with that of HSA. This has been observed in a previous study

Glucose binding in HSA may affect the conformation of the protein, and thus the
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microenvironment of Trp. In turn, this could impact not only its direct fluorescence, but also

affect the transfer of energy from Tyr to Trp to cause fluorescence, which often occurs in

proteins?,
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Figure 6.4. Fluorescence emission spectra for free HSA and HSA-glucose when excited at
280 nm. (A) shows fluorescence changes over time for HSA and HSA-glucose, and (B)
shows HSA (black) and HSA-glucose (red) on days 0, 14, 21, 28, 35, and 49, with both
samples spectra normalised to their peak fluorescence.

Excitation at 295 nm was also considered, and in this instance only Trp in HSA would be

excited. The resultant spectra for the two samples are shown in Figure 6.5. Again, part A

shows the change over time, and there is a decrease in fluorescence intensity as both samples

age, however this decrease is greater in the HSA-glucose sample, in keeping with the previous

result that suggests glycation causes a reduction in Trp fluorescence. A direct comparison of

the normalised spectra on different days are shown in Figure 6.5B, and these plots show that
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there is no shift in the peak emission wavelength over time, however a slight broadening of

the spectrum can be seen on day 49 in the glucose-containing sample.
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Figure 6.5. Fluorescence emission spectra for free HSA and HSA-glucose when excited at
295 nm. (A) shows fluorescence changes over time for HSA and HSA-glucose, and (B)
shows HSA (black) and HSA-glucose (red) on days 0, 14, 21, 28, 35, and 49, with both
samples spectra normalised to their peak fluorescence.

The steady state spectrum show that glucose accelerates the reduction in fluorescence
intensity of HSA. This was confirmed in a repeat experiment, and so this outcome is not likely
to be due to any instrumental or random errors. To more fully investigate the effect of
glucose, time resolved measurements were carried out, in the first instance studying the

fluorescence intensity decays.

First, the excitation wavelength 280 nm was used, and fluorescence decays were recorded at
340 nm, corresponding to peak Trp fluorescence®. The decays for both samples recorded on

day 0, 28, and 49 are shown in Figure 6.6.
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Figure 6.6. Fluorescence intensity decays detected at 340 nm, for excitation 280 nm, for
HSA (black) and HSA-glucose (red) alongside the instrument response function (grey).

From inspection of the plots, there appears to be no discernible difference between samples,
however to quantify this, the decays were fit to models of fluorescence decay (equation
2.29). For I(t) both the classical multi-exponential model (equation 2.23) and the non-Debye

model (equation 2.25) were used.

The fluorescence lifetime in HSA originates from Trp, as tyrosine fluorescence in native
proteins is known to be effectively quenched?*. A 1999 study?*® effectively fitted HSA decay
to a 2-exponential model, however, more recent works®%%>! have determined that in HSA
Trp has 3 lifetimes, two of which are thought to originate from the structure itself, and the
third being the result of Trp interaction with the environment?*2, Interpreting fluorescence
decay whereby a physical meaning is attributed to each exponential component however
may be naive. This may be true in some instances, but it is not always the case. In this
research, after fitting to both a 2-exponential and 3-exponential model (eq. 2.23), a 2-
exponential model (N=2) was found to be sufficient to describe all fluorescence decays on
the basis of the goodness-of-fit criterion (x?) and the distributions of residuals (see examples
of 2- and 3-exponential fitting in Appendix E1, Figures E1.1 and E1.2). Although the 3-
exponential model does give slightly lower y? values, the difference is not significant enough

to justify the use of a 3-exponential model, which requires an additional 2 parameters.

The resultant parameters for fitting these decays to the 2-exponential model are shown in
Figure 6.7. The t plot shows a short lifetime component at ~3.6 ns and a long lifetime
component at ~6.9 ns. Up until day 10, these values are very similar between samples, and
relatively stable. After day 10, the value of the second lifetime component shortens gradually
in the HSA-glucose sample, reaching 2.9 ns by the end of the experiment, while there is no

change observed in the glucose-free sample. The contribution of each component remains
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stable throughout the experiment, with the long and short lifetime contributing ~70% and

30% respectively in both samples.
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Figure 6.7. The resultant parameters from fitting the decays (excitation 280 nm) to the 2-
exponential model for HSA (closed symbols), HSA-glucose (open symbols). The
contribution of the scattered light to each decay has been left out for clarity.

The non-Debye model (equation 2.25) was also used to fit the decays in Figure 6.6, to
determine if the fluorescence was decaying non exponentially, and if the impact of glucose
could be seen more clearly. For all days for both samples, this model gave a good fit based
on the y? goodness-of-fit criterion and the distributions of residuals (see examples in
Appendix E1, Figures E1.3 and E1.4). The %? values were very similar to those obtained for

the 2-exponential model.

Figure 6.8 shows the evolution of the three fitted parameters (@, k, T) for both samples as
the experiment progresses. It should be noted that « is significantly less than 1 throughout
the experiment, which does indicate non-exponential kinetics. In general, if a plot contains
the exact same a and T values, but different k values neither of which exceed ~0.1, these
plots are almost the same, and so changes in kappa below this value are not significant. This

is the case in this fitting, where the small changes seen in k are negligible.
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Figure 6.8. The resultant parameters from fitting the decays (excitation 280 nm) to the
non-Debye model for HSA (closed symbols), HSA-glucose (open symbols).

Similarly to when fitting to the 2-exponential model, all parameters are similar between
samples for the first 10 days. Differences begin to appear from day 14, which can be seen
clearly in the a and t plots. The & value remains relatively stable in the free HSA sample,
while it decreases from ~0.86 to 0.83 in the HSA-glucose sample. A similar pattern can be
seen in the lifetime value, where this decreases slightly from 4.6 ns to 4.5 ns in the free HSA,

while the drop in the HSA-glucose sample is greater, reaching 4.1 ns by day 52.

Using this model, the impact of glucose on the fluorescence of HSA can be seen more clearly
than when using the traditional multi-exponential model. However, we do note that there is
some scatter in the data points, for example there appears to be an anomaly on day 14, which
can be seen most clearly in the 7 plot. As this drop in T appears in both samples on the same
day, we are inclined to discount this value, and simply consider it to be an error that occurred
on this day, which could be due to a human error when carrying out the measurement or
data processing, or a calibration error in the instrument. We do not consider it to be a result
of any underlying process in the HSA or HSA-glucose samples. We do however accept the
differences demonstrated in these plots over time, as there is consistency over the rest of

the experimental time period. As such, and because the non-Debye model has a smaller
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number of parameters, we would consider this an appropriate model to use to model the

fluorescence intensity decays of HSA and HSA-glucose.

Fluorescence intensity decays were also measured for both samples on various days after
preparation for the excitation wavelength 295 nm, where detected fluorescence is purely
originating from Trp. These are presented in Figure 6.9. Again, no visible differences can be
seen between samples from direct examination of the plots, and so these decays were fitted
to the 2 models (multi-exponential and non-Debye) to determine if there was an impact of

glucose.

20 4 60 8 100 120 20 40 60 8 100 120 20 40 60 80 100 120
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Figure 6.9. Fluorescence intensity decays detected at 340 nm, for excitation 295 nm, for
HSA (black) and HSA-glucose (red) alongside the instrument response function (grey).

Firstly, the multi-exponential model was considered, and again a 2-exponential was found to
be sufficient to describe the decays for both samples at all days (examples of the raw decays
alongside the fitted parameters and plots of residuals for both a 2- and 3-exponential model
are shown in Appendix E, Figures E1.5 and E1.6). The 3-exponential model appears to over
parameterise the decay in some cases, shown by negative pre-exponential components
(Appendix E, Figure 1.5), and adding an additional component did not significantly reduce the

x? values.
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The evolution of the parameters of fitting to a 2-exponential model are shown in Figure 6.10.
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Figure 6.10. The resultant parameters from fitting the decays (excitation 295 nm) to the
2-exponential model for HSA (closed symbols), HSA-glucose (open symbols). The
contribution of the scattered light to each decay has been left out for clarity.

This follows the same trend as was observed at excitation 280 nm, where there is one short
lifetime component (~3.6 ns) and one long lifetime component (~7 ns), and these remain
stable and equal between samples during the first 10-14 days. After 14 days, the short
lifetime component decreases gradually in the sample containing glucose, while there is no
change in the free HSA sample. This contradicts what was observed previously in a 1999
study?*®, where a 2-exponential model was used, and glycation was found to increase both
the short and long lifetime components. There is no difference between samples, or change
over time in the contribution of each component, with the long and short component

contributing ~70% and ~30% respectively.

The similarity in lifetime values and behaviour between these results and those observed for
excitation at 280 nm, strengthens previous conclusions that Trp is the dominating

fluorescence in HSA, and that Tyr has little influence.

Next, the non-Debye model was fit to the fluorescence decays, and the evolution of the three
fitted parameters are shown in Figure 6.11 (see Appendix E1, Figures E1.7 and E1.8 for

examples of raw decays, fitted values, and plots of residuals).
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Figure 6.11. The resultant parameters from fitting the decays (excitation 295 nm) to the
non-Debye model for HSA (closed symbols), HSA-glucose (open symbols), and HSA-
fructose (dashed line).

All y?values were less than 1.20, with the residuals randomly distributed around 0, indicating
a good fit. Again, the a value is significantly less than 1 for both samples, suggesting that Trp
is decaying non exponentially. The k values are less than 0.1, and so the differences in this
parameter between samples and over time are negligible, and do not signify any changes in
the sample. This result follows the same pattern as excitation 280 nm, where both the a and
T value begin to decrease gradually in the HSA-glucose sample after 10-14 days, while they
remain stable in the free HSA sample. The fitted parameters for a HSA-fructose sample are
also included in these plots, and here the effect of sugar is even more pronounced, illustrated
by a greater decrease in both of these values. Fructose is known to cause glycation at a faster

253 which explains why the changes in the fitted values manifest earlier.

rate than glucose
When compared to the non-Debye fitting for decays at excitation 280 nm, fitting for decays
at excitation 295 show a more stable trend, which we expect is due to the more simple
kinetics involved, i.e. there is no Tyr which may influence the fluorescence at this excitation

wavelength.
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This analysis on the fluorescence intensity decays show that the impact of glucose on HSA
can be detected using Trp fluorescence, and its influence is more clearly seen when a non-

Debye model is used to fit the decays.

Finally, TRES were obtained for HSA and HSA-glucose samples on day 0 and day 52, and these

spectra are illustrated in Figure 6.12.
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Figure 6.12. TRES spectra of free HSA (black) and HSA-glucose (red) on day 0 and day 52
(A) for excitation 295 nm. (B) shows the same spectra after normalisation.

At day 0, where no effect of glycation is yet expected, the TRES for both samples is extremely
similar, with the fluorescence intensity decaying gradually within nanoseconds. The
corresponding normalisation plot (Figure 6.12B) shows no change in the shape of the spectra
during the decay for either sample, indicating that there are no ns time scale processes
occurring. Both samples show a peak at ~30300 cm™ (~330 nm), which corresponds to Trp
peak emission®. The TRES for day 52 then shows clear differences between the 2 samples:
the fluorescent peak in the free HSA sample flattens, stretching from 330 to 340 nm, while

the peak wavelength remains unchanged in the glucose containing sample. The HSA-glucose
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sample also shows a reduction in fluorescence at higher energies compared to that of free

HSA, which is most clear in the related normalisation plot (Figure 6.12B).

6.4. Conclusion
In this chapter, the response of HSA to glucose has been studied using various fluorescence

spectroscopy techniques. Tryptophan is the dominating fluorophore in this protein, and
changes to its intrinsic fluorescence can be detected using both steady state and time-
resolved fluorescence techniques. We believe that the time-resolved measurements such as
fluorescence intensity decays and TRES are of more relevance, as more information can be
obtained, and results are independent of concentration, which could affect fluorescence

intensity in steady state measurements.

Our fluorescence intensity decay analysis indicates that glycation can be detected through a
decrease in the short lifetime component when decays are fitted to a 2-exponential model.
Fitting to a non-Debye model, however, more clearly highlights the impact of glucose, shown
by a significant reduction in both the a and 7 value. The ability of the non-Debye model to fit
these decays with a a value significantly lower than 1, may also indicate that in HSA, Trp
decays non exponentially. A non-Debye model may be more suitable in this type of molecular
system, as it is able to represent a stable distribution of fluorescence lifetimes, rather than
simply the presence of 2 or 3 distinct lifetimes, which is the case with the multi-exponential

model.

To conclude, the intrinsic fluorescence of HSA is sensitive to glycation in an in vitro
experiment set up. This could potentially pave the way for developing a non-invasive method
to detect glycated HSA in blood via a fluorescence-based sensor, as a method for monitoring

long term glycaemic control in patients with diabetes.
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7. In-vivo Fluorescence: Fluorescence of Skin

7.1. Summary of In Vitro Findings
It is useful at this stage to summarise the in-vitro findings already discussed, to provide some

clarity on where to look for the impact of glucose in in-vivo measurements. A table

summarising this information is presented in Table 7.1.

Table 7.1. The effects of glucose on the intrinsic fluorescence characteristics of Collagen,
NADH (in Trizma), Keratin, and HSA. The Aex(nm), Aem(nm) and ‘time-resolved
fluorescence parameters’ columns show the values obtained from the sample without
glucose at day O (or in the case of collagen over time). The two ‘effect of glucose’ columns
contain values obtained at the last day of the experiment in the glucose-containing
sample. Contributions of scattered light to decay parameters and standard deviations
have been omitted for clarity.

Aex(nm) Aem(nm) Effect of Glucose on Time-resolved Fluorescence Effect of Glucose on Time-
Fluorescence Emission Parameters Resolved Fluorescence

Reduced spectral shifts

Narrows emission spectra, | TRES show systematic red

280 (Tyr) 305 (Tyr) oo . . shown in TRES, due to
due to glucose limiting spectral shift over time. L
collagen agaregation glucose limiting collagen
8 Bereg ) aggregation
Increases fluorescence
Collagen intensity. TRES models show: TRES models show:
340 (pepsin-digestible 495 (p'epsm- Shifts peak wavelength: e monotonic red shift in e red shift in first 2ns
. digestible cross- Aem at day 0: 425 nm v(t) parameters. for v(t) parameters
cross-links) ) . X R .
links) Due to glucose causing e No discernible e decreasing decay
formation of a single type pattern in decay rates rates over time.

of collagen cross-link.

Multi-exponential model:
NADH | 350 460 NA 7, =0.38 (63.34%) NA
7, =0.76 (16.21)

Increases intensity at 305

nm and 460 nm due to T
Increases contribution of

faster formation of new Multi-exponential model: longer lifetime components:
Keratin 295 (Trp) 305 (Trp) cross-links. 71=0.54 (11.5%) T 7g1 05 (3.66%) P !
350 — 370 (cross-links) | 460 (cross-links) Causes formation of T,=2.81(25.33%) o 00
) ) T,= 5.41 (40.39%)
fluorescent residues with T3=8.75(19.20%) 3= 12.4 (47.49%)
peak wavelengths at 525 37 Bt
nm and 575 nm
Non Debye model: ([;efrgagsgs 7 and a values:
280 (Tyr) 305 (Tyr) . ) a =088 Y
HSA 205(Trp) 340 (Trp) Decreases intensity =461 T =4.05

As outlined in this table, while our in vitro results show that NADH cannot be used to monitor
glycation, there is potential for the other three molecules studied. Firstly in collagen, a
narrower steady state emission spectra, or a shift in the peak fluorescence emission from
405 nm to 425 nm could indicate glycation. TRES measurements and TRES modelling would
more clearly highlight any impacts of glucose, for example if the expected spectral shifts
aren’t present when exciting at 280 nm (indicating glucose inhibiting collagen aggregation).
When exciting at 295 nm, a stable trend of decreasing decay rates over time alongside a red

shift in the first 2ns following excitation for the peak wavelength may also indicate glycation.
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For keratin, formation of new fluorescent peaks at 525 nm or 575 nm, and an increase in the
fluorescence lifetime (in particular an increased contribution of the two long-lifetime
components when the fluorescence intensity decay is fit to a multi-exponential model) could

indicate glycation.

Finally, for HSA, glycation may be inducated by a decrease in the fluorescence lifetime, shown
by a decrease in T and a values when the fluorescence intensity decay is fit to a non-Debye

model.

In the following studies, the changes described above would indicate that glycation is taking
place, and would thus suggest that fluorescence spectroscopy can indeed monitor this

process.
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7.2 Introduction
Skin is the largest organ in the body, responsible for over 10% of the body mass in an average

person. Its primary function is to protect the internal organs from the external environment,
providing a barrier against radiation, chemicals, allergens, and bacteria. It also has an
important role in maintaining heat regulation and blood pressure control, in addition to its
sensory function: through the skin a person can feel heat, pain, and pressure among many
other sensations. The skin is therefore essential to survival, and it is in a constant state of

regeneration and repair.

7.2.1 Skin Structure

7.2.1.1 Human Skin Structure
The skin consists of 4 primary layers: the stratum corneum, the viable epidermis, the dermis,

and the subcutaneous tissue. Total skin thickness varies greatly depending on location, with
the skin at its thinnest in the upper medial eyelid®*, and thickest in regions such as the soles

of the feet.

A diagram of the skin structure is shown in Figure 7.1. The stratum corneum, or non-viable
epidermis, is the outermost layer of the skin, and is the main protective barrier between the
body and the external environment. Various studies have shown it to be approximately 10—
30 um thick®?®, consisting of flattened, stacked, hexagonal, and cornified cells embedded in
a mortar of intercellular lipid?®®. The cell thickness across the stratum corneum can vary, with
cells in areas of the body with substantial physical contact with the environment, for example
the soles of the feet, being significantly thicker. At the volar side of the forearm, which is
where we envision any fluorescence measurements occurring, this skin layer is
approximately 65 - 100 pm?’. The stratum corneum consistently renews, with a total

258

turnover occurring every 20 days®®°, which helps it to function as a barrier layer.
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Figure 7.1 Schematic of human skin, showing the 4 structural layers (the stratum
corneum, the epidermis, the dermis, and the subcutaneous tissue), alongside
fluorophores of interest keratin and collagen.

The next outermost layer underneath the stratum corneum is the viable epidermis, and one
of the most important functions of this layer is to generate the stratum corneum. The viable
epidermis is multi-layered, consisting of (from outermost to innermost layer) the stratum
lucidum, the stratum granulosum, the stratum spinosum and the stratum basale. The viable

epidermis consists primarily of keratinocytes?>®

, alongside Merkel cells, Langerhans cells, and
melanocytes. Its thickness can vary, with the thickest part being on the soles of the feet

where is can be up to ~1.3 mm thick?®.

The dermis of the skin is below the epidermis and is 0.6 — 3 mm?®! thick depending on
location. It consists of collagen fibres which provide support, and elastin connective tissue
that provides flexibility*>°. These are embedded within a matrix, which itself has a sparse
population of cells including mast cells, fibroblasts, and melanocytes. The dermis also has a
vast vascular system, which is used to help regulate body temperature, and to transport
oxygen and nutrients to, and remove waste products from tissues. The vasculature also helps
to enable wound healing and the immune response. The dermis also contains nerve endings,

hair follicles and sweat glands.

The final innermost layer of the skin is the subcutaneous tissue, or the hypodermis.
Essentially this is a layer of fat cells connected by collagen and elastin fibres. The primary

function of this layer is for insulation, and protection from physical shock.

Various fluorophores can be found in the skin, and in this work we have studied three in

detail in vitro: collagen, NADH, and keratin. These can be seen in Figure 7.1, and their location
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and depth within the skin is important to note, as it gives an approximate depth that any
excitation light must penetrate to excite these fluorophores. Collagen can be found in the
dermis and in the subcutaneous tissue, NADH can be found in practically all cells®?, (in the
mitochondria, cell cytosol, and nucleus?®3) and so is present in all four layers of the skin, and

keratin can be found in the epidermis?.

Considering skin thickness at the volar side of the forearm, as this is the site that would most
likely be used for any in-vivo fluorescence measurements on humans, a paper from 20162%’
lists various studies that measured the epidermal thickness of this site. The thickness ranged
from 65.1 um?% in a study by Trojahn et al. in 2015, to 102.4 um?®in 2011 by Jose et al. We
therefore assume light must penetrate deeper than 100 um to excite and detect fluorescence
from collagen, and the penetration depth can be less when looking to detect NADH or keratin

fluorescence.

The penetration depth of light is limited due to absorption and scattering, and it is highly
dependent on wavelength and skin site?®’. Infrared light can travel furthest into the skin, with

the depth reducing as the wavelength of light decreases?®®

. When incident light is less than
290 nm, it’s penetration depth is approximately 20 um?®’ (at the volar side of the forearm),
and thus effectively limited to the epidermis®. It is therefore able to excite NADH and keratin.
Incident light at higher wavelengths can penetrate deeper, and indeed previous studies have
shown the ability to detect fluorescence of dermal origin®. Collagen, which is present in the
dermis, can therefore be detected when the incident light is at higher wavelengths, for

269

example, light at 330 nm can reach 65 um*’ into the skin with an intensity equal to 37% of

the original intensity.

7.2.1.2 Mouse Skin Structure

Briefly, it is appropriate to touch on the differences between human and mouse skin, as
mouse models are often used to study skin fluorescence in-vivo. While the two skin types are
very similar, and have the same four layers mentioned previously, there are some anatomical

and physiological differences.

One of the primary differences is skin thickness: humans have much thicker skin, while in
mice total skin thickness is less than 25 um. In the epidermis for example, human skin consists
of 5-10 keratinocyte layers, while in mice this is only 2 or 327, The lower number of cell layers
in mouse skin decreases its barrier functionality, but enhances its ability for percutaneous

absorption. Previous work has shown that excitation light at 295, 335, and 370 nm has been
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used to detect fluorescence from both the epidermis and the dermis in mice®, showing that

the thickness is within an appropriate range for fluorescence applications.

A further major difference between mouse skin and human skin is that mouse skin is covered
in dense hair. Subsequently, there are a much greater number of hair follicles in mouse
271

skin®’!, and mouse hair has a much faster hair cycle than human hair (2-3 weeks vs several

)¥”2. Mouse skin also lacks the apocrine sweat glands and dermal papillae (protrusions

years
of dermal tissue into the epidermal layer) that are found in human skin. Finally mouse skin
contains a thin layer of muscle known as the panniculus carnosus, which is only found in the

neck of humans. This allows much more rapid wound healing following injury.

Despite these differences, there are enough similarities between human and mouse skin that
mouse models are appropriate for studies of skin fluorescence. Previous work has shown
that excitation spectra from mice and human skin are almost identical for excitation
wavelengths less than 400 nm®®, and so this strengthens the reasoning behind using mice for

this application.

7.2.2 Auto-fluorescence of Skin
The skin has many endogenous fluorophores that have been reviewed in earlier sections, and

so will not be discussed in great detail here. Briefly, some fluorophores that are found in the
skin include collagen, elastin, NADH, FAD, porphyrins, flavins, pheomelanin and eumelanin,
tryptophan, and keratin, which are all auto-fluorescent. The excitation and emission peak
wavelengths of the principal skin fluorophores of interest in this thesis were outlined in

Chapter 1, Table 1.1. Various studies have measured the fluorescence of these fluorophores

69, 218, 273 275

in-vivo , ex-vivo® 218273, 274 and clinical settings?’®.

There are some difficulties that arise when measuring intensity of skin fluorescence, due to
interference from other components. Melanin absorbs light, and so can suppress
fluorescence intensity from other sources. This means that changes in skin colour due to
sunburns, or even differences in race can affect analysis. For example, a preliminary study
showed that the fluorescence intensity in the forearm was inversely correlated with melanin

content?’®

. Another component that can interfere with fluorescence intensity measurements
in skin are pigments in the blood such as haemoglobin, and a preliminary study by Yamanaka
in 2016%7® showed that the presence or absence of veins at the measurement site influenced
results. The intensity at skin with veins approximately 1.5 times greater than the intensity at

skin without veins.

134



7.2.3 Relationship Between Skin fluorescence and Other Biomarkers of Diabetes
As discussed in the introduction of this thesis, there is a significant amount of evidence

showing the relationship between skin fluorescence, AGE levels, and diabetes
complications”” 148, The 2 devices validated for skin AF measurements have shown that AF
levels are comparable to the classical HbAlc test in detecting abnormal glucose levels*’®, and
there is also evidence that shows skin AF is correlated to HbAlc. Studies have shown skin AF
to correlate with mean HbA1c of the previous year’’, with mean HbAlc over the last 5-10

277 and have shown log(SIF) to be significantly associated with mean HbAlc over

years
time?’®. In 2013, Sugisawa et al also showed a correlation between skin fluorescence and
HbA1c, however in this instance skin AF correlated with the area under the HbA1lc curve over

the past 15 years?’®.

These studies show that skin AF can be correlated with HbAlc over time, but there is no
significant relationship with the most recent HbAlc level. This is most likely due to the
difference in the turnover time of the two tissue types. AGEs in the skin form on proteins
such as collagen that have a very slow turnover time (up to 10 years®!), and so the
fluorescent AGEs found there capture glycaemic levels over the past decade. HbAlc however
is found in blood, which has a very fast turnover rate, and therefore this marker only reflects
a period of 12-16 weeks®®, Skin AF therefore has potential as a long-term marker of
glycaemic control, that is comparable to HbAlc, and can take into account a longer time

period.

There is also a relationship between skin autofluorescence and complications of diabetes.
For example, multiple studies have shown a correlation between skin AF and diabetic
retinopathy, nephropathy, and/or neuropathy?’”- 2 29 Fyrthermore, a study from 2018
showed that higher baseline skin AF was significantly associated with an increased risk of a
major adverse cardiovascular event in patients with TIDM?%, and in 2019 a study that had
measured skin AF 4 years prior to a follow up showed that the baseline skin AF was higher in
those who developed T2DM, compared to those who did not develop the disease®?. This
suggests that skin AF can be used to predict the development of T2DM, as well as the onset

of complications of the disease.

Skin AF has potential as a biomarker for diabetes control and could be used to predict the
onset of diabetes or its associated complications. In this section we carry out initial studies

on animal and human tissues using various spectroscopy techniques, in order to more fully
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understand the glycation process, and how fluorescence could be used to best detect the

AGEs.

7.3 Initial Pilot Study (Steady State Only)

7.3.1 Methodology
An initial pilot study was carried out to determine if fluorescence could be detected and

matched to the expected emission peaks that are of interest for monitoring glycation (for
example, those corresponding to collagen’s pepsin-digestible cross-links, NADH, or keratin).

We also used this opportunity to optimise the experimental parameters.

We recorded the steady state fluorescence emission from mouse skin in vivo, and for this
pilot study, four mice were included. The mice were dosed with Streptozotocin (STZ), which
is an antibiotic that produces pancreatic islet B-cell destruction, and so produces a model of

T1DM.

Hypoglycaemia was expected 8 to 24 hours after the mouse was dosed with STZ, and so the
mice were given 10% sucrose water to drink. This is important as the initial -cell destruction
causes an excess release of insulin into the bloodstream, and so the sucrose water prevents
potentially fatal hypoglycaemia. After 48 hours the blood glucose level of each mouse was
measured, and if the mouse was hyerglycaemic, the sucrose water was discontinued and the
mouse was returned to normal drinking water. Blood glucose was measured daily for each
mouse in order to monitor the severity of diabetes and so that any deterioration in health

could be addressed immediately.

Corrected fluorescence emission spectra were recorded on a SkinSkan (Horiba Scientific),
using an excitation wavelength of 340 nm, with fluorescence emission measured between
360 and 480 nm. These parameters were chosen to excite and measure the fluorescence
from pepsin-digestible collagen cross-links, as our in vitro protein studies showed that their
fluorescence changes significantly through interaction with glucose. The slit width of the
monochromators was set to 5 mm, and the integration time was 0.5 ns. The spectra had a
resolution of 2mm, which was chosen to speed up the data acquisition time. This was
important as the mice remained awake during the fluorescence measurements, and we did

not want to cause them stress.
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The SkinSkan was calibrated directly before each measurement was taken, in order to ensure
no instrumental errors were present in the results. Directly before the measurement was
taken, a small patch of fur on the back of the mouse was shaved, the approximate position
of which is shown in Figure 7.2. The mouse was held still, and the SkinSkan probe was held
directly onto the exposed skin. The measurement was recorded three times and the result
averaged, in order to reduce any random errors in the measurement process due to the
mouse moving. All the lights in the room were turned off during the measurements to reduce
any light from other sources. The first measurement was taken 90 days after the mice had
first been dosed with STZ, with subsequent measurements on various days over the following

month.

excitation light
from skinskan

fluorescent signal t

skinskan detector probe

shaved area

Figure 7.2 Diagram showing the excitation/emission probe
placement on the mouse skin for fluorescence measurements.
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7.3.2 Results and Discussion
Figure 7.3 shows the fluorescence emission spectra obtained from the skin at day 90, when

the excitation wavelength was 340 nm. Part A shows 3 separate spectra from one mouse,
that were then averaged, and in most cases each spectra show 3 peaks. The consistency in
these peaks shows that there is a robustness and repeatability in the experimental
procedure, which gives confidence that the results are scientifically sound. Figure 7.3B then
shows the spectra on day 90 for 4 different mice: the spectra are reasonably similar, and 3
peaks can be seen in the majority of spectra measured. Again, this demonstrates the

robustness of the experimental techniques used in this study.
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Figure 7.3 Fluorescence emission spectra from mouse skin for excitation 340 nm. Part A
shows the 3 spectra recorded from one mouse, and Part B shows the average spectra
from 4 different mice, all on day 90.

The first of these occurs at 390 nm, and this is within the range of expected fluorescence
from pepsin-digestible collagen cross-links®®. The second peak in the spectra can be seen at
approximately 430 nm, and this may originate from collagenase-digestible cross-links in skin
collagen, although their peak wavelength is known to be 440 nm%, The final peak seen in
Figure 7.3 occurs at 460 nm. There are multiple skin fluorophores that fluoresce at this
wavelength, for example NADH and keratin crosslinks. The keratin crosslinks however require
a slightly higher excitation wavelength (370 nm), and so we hypothesise that this

fluorescence is from NADH.
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To monitor how the skin fluorescence changed over time, we measured the fluorescence

again at day 97, day 100, and day 107. This result for each individual mouse is shown in Figure

7.4A, B, C, and D.

—~035 —~ 035
2

< 0.30 < 0.30-
< <
2025 2 0251
[72] (2]
c C
& 0201 - & 0.201
£ £

0.15 ) 0.15-
& 0.10 /o g 0104 PNt
@ A/ 7] o
O 0054 7 o 005{ _
= =4 / o
= 000 . . . . . . . . = 0.00 =
L "7340 360 380 400 420 440 460 480 500 w

Wavelength (nm)

0354
o)

< 030+

e o o

SN

o o o
L 1 L

©

S

I=)
L

J

/

o

o

a
"

Fluorescence Intensity
o

Wavelength (nm)

00 . . ‘ . ‘ — .
340 360 380 400 420 440 460 480 500

Fluorescence Intensity (A.U.)

340 360 380 400 420 440 460 480
Wavelength (nm)

0.35-
0.30
0.251
0.20 1 P Ny
0.151
0.10+

V4

0054 7

500

.00 T T T T T T T
340 360 380 400 420 440 460 480
Wavelength (nm)

500

Mouse D

Mouse C

Mouse B

Figure 7.4 Part A shows fluorescence emission spectra from mouse skin for excitation 340
nm, with plots A, B, C, and D showing the result from mouse A, B, C, and D respectively..
The result on day 90 is shown in black, day 97 in red, day 100 in blue, and day 107 in green.
Part B shows a photograph of each mouse, with the shaved patch of fur.

In most of the spectra, the 3 peaks can still be seen clearly, showing reliability in the
experimental protocol. In addition, the fluorescence intensity seems to be consistent across
3 mice, excluding mouse B. The reason for the, on average, lower fluorescence intensity from
this mouse may be explained in Figure 7.4E, which shows photographs of each mouse. Mouse

B has dark pigmentation that can be seen in this exposed area of skin, which may be
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absorbing the excitation light. This would decrease the intensity used to excite the

fluorophores of interest, resulting in a lower fluorescence intensity in this range.

In terms of a trend over time, no clear pattern is observed, with the intensity of the spectra
fluctuating over the 4 days of measurements. The shape however remains consistent, with
the peaks staying in position. The reason for not seeing a change over time in these steady
state spectra may be due to start point of the study: at 90 days, glucose may have already
influenced the intrinsic fluorescence of the skin proteins of interest (keratin, collagen, NADH),
and so we were not able to capture the change in fluorescence that would have occurred
earlier. Fluorescence measurements from day 0 will be essential to accurately monitor any
changes in the intrinsic skin fluorescence due to glucose and diabetes. We would expect,
from previous studies® %, that the fluorescence intensity increases (fromskin collagen and
skin keratin) as the experiment progresses and the diabetes becomes more severe.
Additionally, from our in vitro work we may expect to see new peaks forming at 525 nm and

575 nm, as keratin reacts with glucose to form new fluorescent residues.

Analysis was then carried out to determine if there was a relationship between skin
fluorescence and blood glucose levels, which we considered an indicator of severity of
diabetes. From literature, as discussed in Section 7.2.3, skin fluorescence is known to
correlate with various measures of diabetes severity, such as mean HbAlc over the previous
year, and duration of diabetes. As with this experiment blood glucose was used to monitor
disease severity, we considered this an appropriate relationship to investigate. Figure 7.5
shows the plot of this relationship. The area under the curve for blood glucose from day 0 to
day 107 was calculated, and plotted against the skin fluorescence at 390 nm (fluorescent
peak which we believe corresponds to pepsin-digestible collagen cross-links) on day 107.
With only 4 data points it is difficult to see a clear trend, however if point B is discounted (as
this is the mouse with the highly pigmented skin which affected the result) the plot shows
that as the area under the blood glucose curve increases, skin auto-fluorescence increases.
However, the error bars, illustrating the standard deviation of the fluorescence intensity,
indicate that this relationship may not be true, and many more samples are required in order
to prove this relationship. Nevertheless, this is a promising result, and a finding which we

hope can be strengthened in the subsequent study.
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Figure 7.5. Plot showing the relationship between blood glucose (area under blood
glucose curve from day 0 to day 107) and the final skin fluorescence intensity (day 107)
at 390 nm for four mice. The skin fluorescence values are the mean of three
measurements, and the error bars show the standard deviations.

This initial study allowed us to optimise the experimental parameters for the steady state
measurements. These results were used to plan a longer-term study, which incorporates
fluorescence measurements from day 0, and uses other methods of glycaemic control such

as HbA1c for to try and establish a relationship.

7.4 Long Term Study (With Time-Resolved Measurements)
A long-term study was planned to determine if the fluorescence emission spectrum from

mice with diabetes evolved as their disease became more severe. Alongside the steady state
measurements, time-resolved measurements were to be carried out on tissue samples from

these same mice, to obtain further information of the glycation process in the skin proteins.

7.4.1 Methodology

7.4.1.1 Study Overview
A total of 18 (n=18) CD1 mice were included in this study. This breed is albino, and therefore

this will negate the problem of any dark skin pigmentation potentially affecting the
fluorescence results. A total of 18 mice were included in this study, and were split into 3
groups: a control group (n=6), a low dose group (n=6), and a normal dose group (n=6). This

will give a range of disease severity, and will help to establish any correlations.

All mice were dosed with Streptozotocin (STZ) on day 7 of the study. A control group of

completely healthy mice was not approved for this study, and so an extremely low dose
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group was used instead. The dose given (50 mg/kg) was not expected to cause pancreatic
islet B-cell destruction and thus lead to diabetes, providing an almost perfect control group
for the study. The second group, the low dose group, received 50 mg/kg of STZ on three
consecutive days (150 mg/kg total). This was likely to cause diabetes, however would result
in a less severe form of the disease than was expected in the normal dose group, who

received 140 mg/kg of STZ once.

The overview of the experiment is shown in Figure 7.6. Steady state fluorescence
measurements were carried out on day 0, before the mice had been dosed with STZ. The
mice were dosed with STZ as described above on Day 7, (and on Days 8 and 9 for the low
dose group), in order to create models of TIDM in the mice. At 7 day intervals (Day 0, Day 7,
Day 14 etc) steady state fluorescence measurements and , blood samples were taken from
each mouse and frozen for later analysis of HbAlc content. This would allow us to establish
if there was a correlation between skin fluorescence and a long-term marker of glycaemic
control. Like in the initial study, blood glucose measurements were taken daily for the
duration of the experiment in order to monitor the severity of diabetes, and also the health

of the mice.

0 7 14 21 28 35 42 49 56 63

Measure blood glucose in vivo

Mice dosed with STZ :

* Control (n=6) = 50mg/kg once

* Low dose(n=6) = 50mg/kg in 3 doses
* Normal dose (n=6) = 140mg/kg once

Cull animals:

* HbAlc measurements

*  Take skin and buccal mucosa tissue for
lifetime analysis

Figure 7.6. Study overview for the long term study looking at in vivo skin
fluorescence in mouse skin, showing the time point where the mice are dosed
with STZ (day 7), when fluorescence measurements and blood samples are taken
(green symbols), when blood glucose is measured, and the end point of the
experiment. .
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At the completion of the in vivo stage of the study (63 days), the animals were culled and a
final HbA1lc reading was carried out. Tissue from the skin and the buccal mucosa were also

then taken for fluorescence lifetime analysis.

7.4.1.2 Fluorescence Measurements
Corrected fluorescence emission spectra were recorded weekly from day 0, using a SkinSkan

(Horiba Scientific) with an excitation wavelength of 340 nm, and a measurement range of
360 - 440 nm. All instrumental parameters (slit width, integration time, and resolution)
remained the same as for the initial pilot study. Prior to each measurement, a patch of fur on

the mice’s back (see Figure 7.2) was shaven to expose the skin.

Fluorescence intensity decay measurements were carried out at the end of the study on the
skin and buccal muccosa tissue samples. These were performed using liquid light guide-based
fluorescence lifetime system, which was developed from a Horiba TemPro system. The
equipment is illustrated in Figure 7.7. The working principle of this system is the same as the
Horiba Deltaflex System described earlier in this thesis, in that is uses TCSPC to measure

fluorescence decay.

excitation
source

start

o sample
TAC |oe@ chamber

stop

filter holder
detector

Figure 7.7 Schematic of the modified Horiba TemPro system used to measure
fluorescence intensity decays from the mouse tissue samples using TCSPC.
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The liquid light guides are used to transmit both the excitation light to the sample, and the
fluorescence signal back to the detector. The couplings of the light guides to the excitation
source and the detector have space to hold filters as required, and the couplings were made
as light tight as possible to minimise any interference from any background light. The benefit
of this equipment for this application is that it is a smaller system, and so can be moved
between laboratories more easily (which was a requirement for this study), and it enables a

much more flexible setup for measuring samples.

To measure fluorescence intensity decays from the animal tissue samples, 3 different
excitation/emission pairs were used: 295/340 nm, 340/390 nm, and 370/460 nm. These
correspond to the fluorescence maxima of Trp, pepsin-digestible collagen cross-links, and

keratin/NADH, all of which have been studied in vitro.

The resultant decays were then fitted to the model of fluorescence decay (equation 2.29),
and fitted parameters between samples could be compared. We would expect, in line with
the in vitro results, that there would be an increase in the two longer lifetime components
(where in equation 2.29 I(t) is equation 2.23) for the 370/460 nm excitation emission pair
(corresponding to keratin), and decreased 7 and « values (where in equation 2.29 I(t) is

equation 2.25) for the 295/340 nm excitation/emission pair (corresponding to Trp).

7.4.2 Results and Discussion
The first steady state spectrum for the 12 mice was carried out on day 0, before diabetes had

been induced. This result is shown in Figure 7.8. The spectra from each mouse are
comparable, and as was the case for the initial pilot study, three peaks can be seen at 390,
430, and 460 nm. Again, we believe these correspond to pepsin-digestible collagen cross-
links, collagenase-digestible collagen cross-links, and keratin cross-links or NADH. Monitoring
the position and intensities of these peaks as diabetes is induced and becomes more severe
will allow us to determine the effect the glycation of these skin proteins has on their
fluorescence in vivo. For example, literature and our own in vitro work has shown that
collagen-linked fluorescence and keratin-linked fluorescence increases with AGE

60, 148

accumulation , and we expect AGEs to accumulate as this study progresses.
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Figure 7.8 Fluorescence emission spectra from mice skin on
day O for excitation 340 nm. Each colour represents an
emission spectra from a different mouse.

Unfortunately, a few days after this first measurement, the UK entered lockdown due to
Covid-19 resulting in the complete shutdown of universities and the animal unit where this
study was taking place. These mice had to be culled, and the study was ended. There was no
possibility of this study restarting due to very tight restrictions present in universities and the
animal unit for a long period of time. This was unfortunate, as we believe there was real

promise of a significant result.

7.5 Conclusion and next steps (Covid stopped the next study from taking place)
The initial pilot study showed some evidence that the 3 fluorophores that change in response

to glucose in vitro could be detected from a skin AF measurement, and that there may be a
relationship between skin AF and blood glucose. The long-term study would have allowed us
to confirm this relationship, and investigate if there was a correlation between skin AF and
HbA1c, a long-term marker of glycaemic control. In addition, the time-resolved fluorescence
measurements of animal tissue would have allowed us to gain greater insight into the

glycation process occurring in the skin proteins.
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8. Ex Vivo Fluorescence: Fluorescence of Fingernails

8.1 Introduction
Nails and hair are accessory organs to the skin, and both serve a protective purpose. Nails

are characteristic to all primates, and are essentially modified claws found on the distal ends
of fingers and toes. They have various roles such as protection, enabling sensation, improving
grip, and helping to manage smaller objects?®. The primary component of nails is keratin,

which provides the nail with both hardness and flexibility.

8.1.1 Nail Structure
The nail is made up of 4 primary components: the nail plate, the nail matrix, the nail bed, and

the surrounding soft tissue. A diagram of the structure of the nail is shown in Figure 8.1. Part
A shows the structure of the nail matrix, nail bed, and nail plate, and Part B shows the

structure of the nail plate in more detail.

A B

Nail plate Nail matrix
Hyponychium
Nail bed

Proximal fold Eponychium

W Nail bed

Figure 8.1. Diagram of the structure of the nail showing an overview of the different
components (A) and the detailed structure of the nail plate (B)3

Distal phalanx

The nail plate is a modified form of the stratum corneum and lies on the nail bed and the nail
matrix’®. The nail matrix is a thick epithelium that produces the cells that will become the
nail plate?®®: new cells are produced continuously by the matrix, and as new cells are
produced, older cells are keratinised, compacted, and forced down the nail bed. In this way,

the nail plate forms, with a growth rate of approximately 1 mm per week?3,

The lunulais the visible part of the matrix, and is where the nail bed begins. The nail bed itself
extends from the lunula to the hyponychium, and is composed of capillary containing

epidermal and dermal cells. It’s primary function is to keep the nail plate attached?®®.

The hyponychium and the eponychium are 2 further components of the nail that have a
similar role. The hyponychium is at the tip of the nail bed, and seals the gap between the nail
and finger. The eponychium, or the cuticle, is found at the base of the nail and acts as a
protective barrier to the nail matrix. Both of these prevent bacteria and infections from

entering the nail tissue?”.
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The keratin-containing nail plate
The nail plate is of most interest to this research, as it is composed of keratin, which
undergoes glycation in response to high glucose levels. Therefore, a more detailed

description of its structure is included.

The nail plate is composed of keratin tissue, and contains both hair-type (hard) keratin and
epithelial (soft) keratin. Hair-type keratin is the most dominant tissue type, making up 80-
90% of the nail plate, with epithelial-type contributing approximately 10-20% of the keratin

cells?®,

The nail plate has three different histological layers®®: the dorsal layer, the intermediate
layer, and the ventral layer. Each layer is characterised by a different orientation and/or type
of keratin molecule. The dorsal layer is the outermost layer of the nail plate, and is a plate
like structure composed of epithelial-type keratin molecules, which are orientated parallel to
the nail growth axis. Epithelial-type keratin also makes up the innermost layer, the ventral
layer, and in this case the molecules are oriented perpendicular to the nail growth axis.
Sandwiched between these two layers is the intermediate layer. This is the thickest, and thus
most dominant layer of the nail plate®” and it is comprised of hair-like alpha-keratin fibres2%,

These are orientated perpendicular to the growth axis.

8.1.2. Nail Glycation
As discussed in Chapter 5, keratin undergoes glycation, and as the dominant component in

nails, it follows that glycation occurs in nails. Different forms of epithelial keratins are
expressed in the nail plate®. These keratins contain a significant number of lysine
residues®®®, and so nail plate keratins are a potential target for glycation. However, as human
nails do not contain blood vessels, and are metabolically inactive, glycation is more difficult

to understand.

A study?® that attempted to explain this determined that nail keratin glycation occurs in the
deep layers of the nail: their findings showed a higher concentration of fructosamine, and a
higher concentration of glycated keratin in the deep layers compared to the more superficial
layers. Thus, this study determined that nail proteins are exposed to blood and extracellular
fluid glucose through the nail bed (which is a membrane containing blood vessels), which
over time results in glycation. The diffusion of glucose to the more superficial nail layers is

very slow, and so these layers contain a lower concentration of glycated keratin.
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The process of nail protein glycation can take 6-9 months, as this is the time for a complete
human nail replacement?®. This means that the glycation level in nails is subject to

oscillations as the nail is continually replaced.

It has been established that the amount of glycated nail proteins is increased in those with
diabetes?%208:291 Thys, nail protein glycation could be used as a marker for diabetes or long-
term glycaemic control. This offers advantages as fingernails are readily available, and the

assessment of the glycated proteins could be done non-invasively.

8.1.3 Nail Auto-fluorescence and Diabetes
Various methods have been used for the assessment of glycated nail proteins. In 2014, a

291

study~’* used a modified photometric nitroblue tetrazolium-based assay to measure the

amount of glycated protein in nails, in 2018 a study?*°

used NIR spectroscopy on nail clippings
to distinguish patients with diabetes from healthy patients, and in 2020 absorption of nail
proteins was measured using ATR-FTIR spectroscopy, and absorption was found to be

increased in those with diabetes and diabetic retinopathy?!! .

In this work we exploit keratins auto-fluorescent (AF) property as a means of detecting nail
glycation. As discussed in Chapter 5, keratin is auto-fluorescent, with two emission peaks at
340 - 350 nm (corresponding to Trp) and 440 — 460 nm (corresponding to keratin
crosslinks)?321868 Keratin is the dominant protein in nails, and indeed these fluorescent

218 We therefore aim to determine if nail

bands have been detected in vivo on human nails
AF could be a marker for long term glycaemic control using various fluorescence

spectroscopy techniques.

8.2 Methodology

8.2.1. Ethical Approvals
For this work to take place, full ethical approval was required. The study was approved by

the Leeds East Research Ethics Committee, and was carried out at the diabetes clinic at the

Royal Infirmary of Edinburgh, and at the physics department at the University of Strathclyde.

8.2.2. Collection and Preparation of Nail Samples
A total of 14 patients with diabetes were recruited for this study. 2 control participants were

also included, however they were not properly screened for diabetes (using HbAlc), and so
we simply had to assume that they did not have the disease. In healthy individuals, under 42
mmol/mol is considered normal HbAlc, and in patients with diabetes, the higher this

number, the more severe the disease.
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The patient group consisted of individuals with diabetes mellitus type 1 and 2 who were
under treatment, and were recruited at the Edinburgh Centre for Endocrinology and Diabetes
at the Royal Infirmary of Edinburgh. On the day of their visit to the clinic, the patients HbAlc

(the measure of the severity of the disease) was measured via a blood sample and recorded.

The preparation of the samples in both groups followed the protocol outlined by Monteyne
et. al.2%% Nail clippings (free of nail polish) were collected in Eppendorf tubes from patients
with diabetes mellitus and healthy controls. The clippings were washed using 1 ml distilled
water in a sonication bath at 37°C for 60 mins. The nails were removed from the tubes, dried
using tissues, and then placed in an incubator at 37°C for 24 hours to fully dry the nails. Each
clipping was then pulverized using an electric nail drill with a steel head, and suspended in
3.5 ml PBS. The sample was then transferred to a 4x1x1 cm plastic cuvette, and sealed with
parafilm, ready for measurements. The measurements took place within ~10 mins of sample

preparation.

8.2.3 Fluorescence Measurements
Excitation/emission matrices and corrected fluorescence emission spectra were obtained on

a Fluorolog (Horiba Scientific), with both the excitation and emission monochromators set to
a slit width of 5 nm. For the matrix measurements, the excitation wavelength spanned from
280 — 400 nm in increments of 5 nm, while fluorescence was collected from 300 — 550 nm in
increments of 2 nm. For the fluorescence spectra 2 excitation wavelengths were used: 280
nm (to excite Trp in keratin) and 370 nm (to excite keratin cross-links). The resolution of the

spectra was 1 nm. Each sample was measured three times, and the spectra averaged.

The fluorescence intensity decay measurements were obtained using a DeltaFlex
fluorescence lifetime system (Horiba Jobin Yvon IBH Ltd, Glasgow), which uses time-
correlated single photon counting (TCSPC) to record fluorescence decay. A NanoLED with
repetition rate 1IMHz and peak excitation wavelength 370 nm (pulse duration <1ns) was used

to excite the sample.

8.3. Results and Discussion
Figure 8.2 presents several excitation/emission matrices obtained from nail clippings from

patients with diabetes. All samples show the greatest fluorescence intensity at 280/340 nm,
which corresponds to Trp fluorescence, a fluorescent band in keratin which is the dominant
nail protein. Most samples (excluding E, |, L, M) also show an increased intensity between

~450 and 460 nm: this fluorescence originates from keratin crosslinks.
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Figure 8.2. 3D spectra of nail clippings from various participants with diabetes. Each plot
(A-N) shows the result from a nail clipping of a different patient, alongside the HbAlc
value measured on the day the nail clipping was collected.

The excitation/emission matrices included show that keratin protein in nails can be detected
using fluorescence spectroscopy. However, it appears there is no relationship between
fluorescence intensity and severity of diabetes, determined by HbAlc. For example, from 2
participants with HbAlc of 55 mmol/mol (samples M and F), the excitation/emission matrices
are significantly different. The variation in the samples could be due to a number of factors,
for example mass of nail clipping, age of participant, type of diabetes and so forth, and so
many more samples would be required in order to determine if there is a relationship
between fluorescence intensity and HbA1lc, which has not yet been proven in any previous

studies.

To explore this further, steady state fluorescence emission spectra were obtained using two
excitation wavelengths: 280 nm and 370 nm, which correspond to the excitation wavelengths
of Trp and keratin crosslinks respectively. The result for excitation at 280 nm is shown in
Figure 8.3, with part A showing the emission spectra from the participants with diabetes

(black solid line) and the healthy controls (red dashed line). It should be noted that there is
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no HbAlc measurement for the control samples, as the Covid 19 restrictions prevented non-
patients from entering the hospital to provide a blood sample. The fluorescence results from

these control samples are included purely for comparison purposes.

>

U
[}
a
(=]

controls

N
o
o

-

o

o
!

patients with diabetes

-

o

(=]
'

5]
o
!

Fluorescence Intensity (A.U.)

250 300 350 400 450 500
Wavelength (nm)

o

350

300 F=-S=-C-C-CC-C-CC-C-C-C-C-C-C-C-C-IZC-ZIZZZZZZZZZZZZZZZZctt

% 10000000

200 .
150 .

100 -

50 b3 .

Fluorescence at 340 /Mass (A.U.) w0

40 60 80 100 120
HbA1lc

% 10000000
N W
w o
*

N
o

[
(%3]

fury
o

Fluorescence at 460 /Mass (A.U.) o

40 60 80 100 120
HbAlc
Figure 8.3. Part A. Fluorescence emission spectra from nails of patients with diabetes
(black solid line) and healthy controls (red dashed line) when excited at 280 nm. Parts B
and C show the relationship between peak fluorescence intensity at 2 wavelengths (340
nm and 460 nm respectively) and HbA1lc. Patients with diabetes are given by closed
symbols and healthy controls are given by red dashed lines as no HbAlc value was
available. The best fit line of the relationship between fluorescence and HbAlc for
samples from patients with diabetes is given by the blue dashed lines..
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In Figure 8.3A, there is a difference between the 2 groups. All spectra show a peak at 310 nm,
the Raman shift for excitation at 280 nm. In the patient group, the peak fluorescence
wavelength is ~330 nm, and this is red shifted to ~340 nm in the control group. A peak at 340
nm nm was expected, as this would originate from Trp in nail keratins, however, the peak at
the slightly shorter wavelength in the patient group is difficult to interpret. A peak at 460 nm
would also be expected in the patient group, as was observed in our study on glycated keratin
(Chapter 5, Figure 5.4). This does not seem to be present in the nail clipping samples when

excited at 280 nm.

The fluorescence intensity is greater in the control group, which was unexpected considering
our results for keratin in vitro (Chapter 5, Figure 5.4). This difference in the spectra illustrated
in Figure 8.3A may however be caused by other factors such as mass of clipping. Therefore,
plots of fluorescence intensity, corrected for mass, at the 2 key wavelengths (340 nm and
460 nm) against HbAlc are shown in Figure 8.3B,C. Considering first the fluorescence
intensity at 340 nm (Figure 8.3B), it is clear that the fluorescence intensity is indeed much
higher in control samples than in the samples of patients with diabetes. This contradicts what
was observed in Chapter 5 which analysed keratin glycation in vitro: Figure 5.4A showed free
keratin to have a lower fluorescence intensity than keratin-glucose. Furthermore, there
seems to be no relationship between the fluorescence intensity and HbAlc, which is
confirmed by the R? value. This is also the result when considering the fluorescence intensity
at 460 nm (Figure 8.3C): the R? value confirms there is no relationship between fluorescence
intensity and HbA1lc. The control samples (red dashed line) also appear random, and show

no significant difference to the result of the samples with diabetes (black diamonds).

It should be noted that error bars representing the standard deviations of the fluorescence
intensity for each sample have been omitted from Figure 8.3B,C (and also from Figure 8.4B)
for clarity, but these simply confirm what can be seen from the plots: that there is no
statistically significant difference between the two groups, and there is no relationship

between the fluorescence intensity and HbA1lc.

Fluorescence emission spectra were also recorded at excitation 370 nm (Figure 8.4A). All
spectra show a peak at 424 nm (Raman shift for excitation 370 nm) and most then show a
broad peak between 450-460 nm, which corresponds to keratin crosslinks. Some samples
show no evidence of this peak, and have low fluorescence intensity. This could be due to the

very low weight sample obtained, resulting in a low concentration.
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Figure 8.4. Part A. Fluorescence emission spectra from nails of patients with diabetes
(black solid line) and healthy controls (red dashed line) when excited at 370nm. Part B
shows the relationship between peak fluorescence intensity at 460 nm and HbAlc. The
patients with diabetes are given by closed symbols and healthy controls are given by the
red dashed line, as no HbAlc value available. A best fit line of the relationship between
fluorescence and HbA1lc for samples from patients with diabetes is given by the blue
dashed line.

Figure 8.4B then shows the relationship between fluorescence intensity at 460 nm and
HbA1c. Again, there is no evidence of a relationship, confirmed by the very low R? value. In
addition, there is no significant difference (error bars showing standard deviations have been
omitted for clarity, but confirm this observation) between the intensity in the control

samples, and the samples from patients.
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The steady state data appears to show no significant difference in the fluorescence from nail
clippings of those with diabetes and those without. There is also no evidence of a correlation
between fluorescence and severity of the disease. This was unexpected, as our in vitro
experiments show a significant difference in the fluorescence properties of glycated keratin
and free keratin. Previous studies?** have also confirmed that there is a higher concentration
of glycated keratin in nails of those with diabetes, and that glycated keratin in nails correlates
with glycated haemoglobin (HbA1lc). This result could not be realised from the fluorescence
emission spectra. The data presented (Figures 7.3 and 7.4) indicate that a much larger
number of samples are needed to properly demonstrate a correlation between fluorescence
intensity and HbA1c, but unfortunately availability of samples was seriously limited by Covid

19 restrictions.

There is a broad range of nail properties that may influence the steady state results. For
example, the structure and chemical content will impact its fluorescence emission spectra.
Thus, measured fluorescence intensities are unlikely to represent glycation only.
Fluorescence intensity decay measurements were therefore carried out. Fluorescence
intensity decays can reveal fluorescence lifetimes, which are intrinsic to a molecule, and thus
we can be sure we are considering solely keratin fluorescence. These measurements were
used to obtain more information on the system, and to attempt to establish if there was a

relationship between fluorescence decay and diabetes severity.

The decays, detected at 460 nm (using excitation 370 nm), of the samples from patients with
diabetes and the healthy controls are illustrated in Figure 8.5. From direct inspection of the
plot, it appears that there are differences in the fluorescence decay between samples, and

that the decays from the healthy controls (open triangles) seem shorter.
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Figure 8.5 . Fluorescence intensity decay at excitation wavelength 370 nm and
detection wavelength 460 nm from patients with diabetes (solid diamonds)
and healthy controls (open triangles).

To quantify these differences, and to determine if there was a relationship between any
parameter and severity of diabetes, the fluorescence intensity decays were fit to various
models, following equation 2.29. First, the classical exponential model was used (equation
2.23 describes I, (t)), and for all decays a 3-exponential model was required (based on y’

goodness of fit criterion and plots of residuals, see Appendix F, Figure F1.1). As before, and
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contrary to the common approach, we do not claim that this indicates 3-exponential kinetics,
but rather that the 3-exponential function is a good mathematical representation of the
observed decays. Figure 8.6 shows the resultant parameters (t4, 75, T3, alongside their pre-
exponential factors) plotted against HbAlc, to determine if any of these could be used as a

marker for long term diabetes control or severity.
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Figure 8.6. The 3 lifetimes obtained when the decays are fitted to the 3-exponential model
for patients with diabetes (closed symbols) and healthy controls (red dashed line, as no
HbA1c value available). The percentage contribution of each component to the decay for
each sample is also shown. The blue dashed lines in (C) show the best fit lines of the
relationship between HbAlc and the respective fluorescent parameter for the samples of
patients with diabetes. The contribution of the scattered light to each decay has been left
out for clarity.
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First, it should be noted that the three lifetimes have values of ~0.4-0.8 ns, ~2.5-4 ns, and
~11-15 ns. These broadly match the 3 values obtained for the decays of keratin and keratin-
glucose samples in vitro (see Figure 5.8, Chapter 5). This suggests that the fluorescence
recorded is indeed from keratin proteins in the nail samples. The main difference in the
decays of the keratin and keratin-glucose samples in vitro, was that the contribution of the
second and third component to the decay was much greater in the keratin-glucose sample.
By the end of the experiment, these were approximately 40% and 50% respectively, while in
free keratin these remained at approximately 25% and 30%. In the nail samples from the
diabetic patients, the contribution of 7, fluctuates between 38% and 44%, and for 3, this
has a contribution of less than 45% in most samples. This seems to be between the values
for keratin and keratin-glucose samples in vitro. In addition, there seems to be no difference

between the values obtained for diabetic patients and healthy controls in any plots.

In terms of a relationship between any resultant fitted value and HbAlc, from direct
inspection of the plots (Figure 8.6A,B) it is clear that there is no relationship between 74, 75,
A; or A; and HbAlc. The parameter that looked to show a slight correlation was the third
longer lifetime component (Figure 8.6C). However, when a linear best fit line was added, the

R? value is very low, indicating no correlation.

The final analysis carried out on the decays using this model was calculating the mean lifetime

T

X q(eyT)?
T = L T;I_( L L) [81]
i=1 &iT;

The T for each fluorescence intensity decay are shown in Figure 8.7, plotted against HbAlc
values. Firstly, an unpaired t-test was carried out to determine if there was a significant
statistical difference between the two participant groups. The calculation is outlined in
Appendix F2. The p value equals 0.2119, and so by conventional criteria (p<0.05 indicates
statistically significant difference), this difference is not statistically significant. This is not the
most robust statistical analysis, since there were only 14 participants in one group, and 2 in
the other. This result does however support the previous results looking at individual

parameters, in that there is no discernible difference between the fluorescence from healthy
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individuals and those with diabetes. This plot also shows no correlation between mean

lifetime and HbA1c.
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Figure 8.7. Mean lifetime obtained for patient samples
(solid symbols) and healthy controls (dashed lines, as
no HbA1c value available).

This multi-exponential analysis shows no difference between decays of patients with
diabetes and healthy controls. This could be because fluorescence intensity decays cannot
accurately detect glycated keratin in an in vivo environment. However, there is also the
possibility that the multi-exponential model is not the best model to describe these decays,
and is in fact hiding potential relationships or differences between groups. For this reason,
the non-Debye model (equation 2.25) was also considered, and the resultant parameters
from this model, plotted against HbAlc, are presented in Figure 8.8 (Examples of raw decays
alongside fitted parameters and plots of the residuals are shown in Appendix F1, Figure F1.2).
It should be noted that the y?values for this model were not ideal, reaching as high as 3.28
in one case. However, this model was still considered to determine if it revealed any

differences between groups, or trends with HbAlc.

Figure 8.8A shows «a for the participants with diabetes and the healthy controls. Like with the
exponential model, the values appear to be random, with no difference between the 2

groups, and no obvious correlation with HbA1c (confirmed by the low R? value).
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Figure 8.8. Resultant parameters from fitting fluorescence intensity decays to the non-
Debye model, including results from patients with diabetes (black symbols) and healthy
controls (red dashed line, as no HbA1c value available). The contribution of scattered light
to the decay has been left out for clarity. In (A), the blue dashed line shows the best fit
line for the relationship between HbAlc and a for the samples from patients with
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The 7 values (Figure 8.8C) gave a similar result, with no difference between the two groups,
and no discernible relationship with HbA1lc. Finally, all k values (Figure 8.8B) were very low,

which indicates that these decays are likely to follow a stretched exponential model.

Figure 8.8D then shows a plotted against 7 for all samples. A clear correlation between these

two parameters is observed, and although these non-Debye parameters do not seem to

relate to HbA1lc, the non-Debye kinetics do seem to be relevant to nail auto-fluorescence.

To try and improve the fit, a second component was added to the non-Debye model. Both

components had the same a and k values, but 7; and 7, were different. For this model, the

plots of the residuals and x? values indicated a good fit (see Appendix F Figure F1.3). The

resultant parameters from fitting to this model are shown in Figure 8.9. From inspection,
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none of the parameters show any differences between the 2 participant groups. In addition,
there does not appear to be a correlation between any of the parameters and severity of

diabetes (indicated by HbAlc).
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Figure 8.9. Resultant parameters from fitting fluorescence intensity decays to the 2
component non Debye model, including results from patients with diabetes (black
symbols) and healthy controls (dashed line as no HbAlc value was available). The
contribution of scattered light to the decay has been left out for clarity.

8.4. Conclusions and Future Work
Despite promising results in our in vitro keratin glycation experiments, the results presented

in this chapter show no significant finding. Indeed, both the peak emission wavelengths, and
the fitted exponential parameters indicate that we are detecting keratin fluorescence
however there is no evidence that glycated keratin can be sensed through a nail clipping.
Although small variations between the two participant groups are observed, there are no
significant differences in either the steady state spectra or fluorescence intensity decays.
Furthermore, our analysis does not reveal a correlation between any of the extracted

fluorescence parameters and HbAlc.
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There could be several reasons why increased amounts of glycated keratin could not be
detected in those with diabetes, or why no correlation with HbAlc was found. As discussed
in the introduction, nail glycation occurs in the deep layers of the nail plate, and diffusion of
glycated keratin to the superficial layer is very slow. Our clippings may have been from the

superficial nail layer, where there will be a reduced amount of glycated keratin.

The number of participants included in this study was also very small, and so it was difficult
to establish any type of relationship. If further studies were to be carried out, a higher
number of samples should be included, and additional information from participants should
be taken, for example age and duration of diabetes, to see if any of these factors correlate

with glycated haemoglobin.
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9. Conclusions and Future Work
In this thesis, the impact of glucose on various biological fluorophores has been investigated

in both in vitro, in vivo and ex vivo settings using various fluorescence spectroscopy
techniques. The fluorophores studied in vitro included collagen, NADH, keratin, and HSA, and
changes to these molecules due to glucose was detected via changes in their auto-

fluorescence.

From our in vitro studies, NADH showed the least potential as a marker for long term
glycaemic control, as our results showed no evidence of glycation. The studies on collagen,

keratin, and HSA however were much more promising.

In collagen, the impact of glucose on both Tyr and collagen cross-links was investigated. Tyr
in collagen does not seem to be affected by glucose, but glucose does affect the formation
of pepsin-digestible collagen cross-links. These changes in collagen were detected using
steady state fluorescence spectra and time-resolved emission spectra, which could reveal

more detail.

Similarly, glucose has a great impact on the intrinsic fluorescence of keratin in vitro. While
keratin has intrinsic fluorescence at 340 nm and 460 nm due to Trp and crosslinks
respectively, the addition of glucose caused the formation of 2 new fluorescent complexes
that emit at longer wavelengths. Again, this was detected via steady state and time-resolved

fluorescence measurements.

The final fluorophore studied in vitro was human serum albumin (HSA). The dominating
fluorophore in this protein is Trp, and our work has shown that Trp fluorescence is sensitive
to glucose in its microenvironment. Glycated albumin has been used in clinical settings as a
marker for long term glycaemic control, and this result may pave the way for a new

fluorescent-based sensor that can detect glycated HSA non-invasively.

Work was also carried out in environments where the auto-fluorescence of mouse skin and
human nails was investigated. The purpose of these studies was to determine if the results
obtained in vitro translated to in vivo and ex vivo environments, and determine if any

parameter of fluorescence correlated with long term glycaemic control.

The initial pilot mouse study showed potential, as fluorescent spectra from the mouse skin

showed peaks corresponding to skin fluorophores of interest: collagen, NADH, and keratin.
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There also seemed to be a correlation between skin AF and blood glucose, however further

studies would be needed to confirm this.

The ex vivo study was carried out with the aim of determining if nail AF could be a marker
for long term glycaemic control. Although results indicated that keratin in nail samples was
indeed being detected (via steady state and fluorescence intensity decay measurements), no
significant difference was observed between the samples from the patients with diabetes
and the healthy controls. Furthermore, there seemed to be no correlation between any
extracted fluorescent parameter and HbAlc, the gold standard for determining long term
glycaemic control. This study however was very small, with only 14 participants in the group
with diabetes, and so if studies were to be carried out in future, a higher number of

participants should be included.

This thesis also focused on alternative methods of describing fluorescence decays. In several
cases (HSA, nail samples), the non-Debye model was equally or more effective at describing
the fluorescence decays as the traditional multi-exponential model. A non-Debye model may
be more suitable in certain molecular systems, as it can represent a stable distribution of
fluorescence lifetimes, rather than simply the presence of 2 or 3 distinct lifetimes. It must be
noted however that a stable distribution is not stable in the traditional sense, where it does
not change, rather that it is a broad class of distribution functions. This may have use in

complex biological environments where the decay is non-exponential.

The focus on fluorescence intensity decays was important, as these provide more
information than steady state spectra. This thesis has demonstrated that the choice of model
used to fit the fluorescence intensity decays is extremely important. For example, the impact
of glucose was hidden when the decays of the HSA-glucose samples were fit to the multi-

exponential model, but revealed when fit to the non-Debye model.

In this work, in all cases the most suitable model for fluorescence decay was determined via
manually fitting each decay multiple times to different models, and determining the most
appropriate based on the %? goodness of fit criterion and plot of the residuals. This is highly
time consuming and based on human choices. Future work in this area could therefore
involve this becoming automated, where artificial intelligence and big data are used to
quickly choose the most appropriate model, and then quickly fit multiple fluorescence
decays. This would speed up the process and remove the possibility of human error. Indeed,

recent work has used deep learning to fit complex fluorescence decays in fluorescence
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lifetime imaging microscopy (FLIM)***, and used artificial neural networks to estimate the

lifetimes in decay data from FLIM images®®.

Overall, this thesis has investigated the process of glycation, where the molecular processes
involved have been studied using various fluorescence spectroscopy techniques. Our most
significant findings show that the impact of glucose on collagen, keratin, and HSA in vitro can
be detected via their autofluorescence. An attempt to explain the kinetics and process

involved in the glycation of these fluorophores has been attempted.

This is very early-stage research, but from this we expect that that fluorescence spectroscopy
may be a valuable tool that can detect long term glycaemic control. The next steps would
therefore be to translate these studies to in vivo environments, in studies more
comprehensive than the ones included here. The aim should be to determine if similar
results can be obtained from, for example, skin, hair, and nails. There were of course
limitations on our work, which would lead to obstacles when translating to in vivo, as our
results were obtained in a well-defined in vitro environment, where there was no outside
influence on the result. To effectively translate these results in vivo, more thorough studies

will be required.

We hope that these results will inspire researchers in the medical field, and may in the future
lead to the development of a fluorescent based sensor that can detect glycated proteins, for
example in skin or nails, and be used to monitor long term glycaemic control in patients with

diabetes.
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10.1 Appendix A
10.1.1 Appendix Al: Comparison of Fitting Methods for the Multi-Exponential Model

100000
N
10000 —t
Xp | ——
T7;(4)
< 1000
=
)
=
b=
O
Y 100
10 2
1 = S e Fra I |
500 1000 1500 2000
Channels
Residuals
=
o
S0
o
n
500 1000 1500 2000
§ Prompt profile
N o1 Tg3=2.21291 © Experimental Data
—— Model regression
A;#$0.07§5368(17.48 %) A;=0.0140907(40.06 %)

1000
L

£ o Az 40 31%)
8 © 7 coasases(e15 My,
450.0115047 - - —
2+ x%1d27e3 NG Iexp (t) - C/’l (t) + 1/1 (t)
-4 : o : e
0 20 40 60 80 100
Time/ns
Y " T T T T T T
0 20 40 60 80 100
Time/ns
T,(ns) |ALl /% [T,(ns) |A2 /% |t4(ns) |A3 /% Typs) A4 /% |C (%) |X?
3+1- 0.84 |0.0173 [2.25 |0.0139 |5.30 |0.00382 (13.67 |2.96 1.10
exponential (13.63) (29.41) (19.02) (37.94)
3 - exponential + [0.81 |0.0165 |2.22 |0.0141 (5.28 |0.00389 16.15 |1.13
scatter function (17.48) (40.06) (26.31)

Figure Al.1. Result of fitting of the fluorescence intensity decay of the sample collagen-
glucose, day 0. Excitation wavelength 280 nm, detection wavelength 330 nm.
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Figure Al1.2. Result of fitting of the fluorescence intensity decay of the sample free collagen, day
14. Excitation wavelength 280 nm, detection wavelength 360 nm.
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Figure A1.3. Result of fitting of the fluorescence intensity decay of the sample collagen-

glucose, day 28.  Excitation wavelength 280 nm, detection wavelength 390 nm.
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Figure Al1.4. Result of fitting of the fluorescence intensity decay of the sample free collagen,
day 0. Excitation wavelength 340 nm, detection wavelength 440 nm.
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Figure A1.5. Result of fitting of the fluorescence intensity decay of the sample collagen-

glucose, day 14. Excitation wavelength 340 nm, detection wavelength 400 nm.
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Figure A1.6. Result of fitting of the fluorescence intensity decay of the sample collagen-
glucose, day 35. Excitation wavelength 340nm, detection wavelength 480 nm.
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10.2 Appendix B: Collagen
10.2.1 Appendix B1: Raw TCSPC Data Analysis
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Figure B1.1. Result of fitting of the fluorescence intensity decay of the sample collagen-
glucose, day 0. Excitation wavelength 280 nm, detection wavelength 330 nm.
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10.2.2 Appendix B2: Calculated TRES Values vs TRES Model (eq. 2.35) curves
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Figure B2.1.Examples of the model and experimental TRES for excitation 280 nm. TRES
calculated from experimental data are shown as black markers, while the model is shown
as a blue line. Part A shows an example from collagen-glucose at day 0, while part B shows
an example from collagen at day 56.
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Figure B2.2. Examples of the model and experimental TRES for excitation 340 nm. TRES
calculated from experimental data are shown as black markers, while the model is shown
as a blue line. Part A shows an example from collagen at day 0, while part B shows an
example from collagen-glucose at day 21.



10.2.3 Appendix B3: Akaike’s Information Criterion Values for Collagen Samples

Table B3.1. Examples of AlCc values for the one-and two-component Toptygin model of
the TRES for free collagen and collagen glucose when exciting at 280 nm. The smaller AlCc
value indicates a more adequate model. A small selection of TRES spectra at different
days and times after excitation have been included.

TRES Spectra Single Double
Toptygin AIC_ | Toptygin AIC_
Collagen 1ns 49.25 47.67
Day 0 ans 7.14 9.15
8ns -34.57 -27.59
Collagen — 1ns 40.24 33.59
S!if(z’ie 4ns -4.86 431
8ns -42.71 -36.27
Collagen 1ns 40.96 42.72
Day 56 ans -3.61 6.32
8ns -40.68 -28.10
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Table B3.2. Examples of AlCc values for the one-and two-component Toptygin model of
the TRES for free collagen and collagen glucose when exciting at 340 nm. The smaller AlCc
value indicates a more adequate model. A small selection of TRES spectra at different days
and times after excitation have been included.

TRES Spectra Single Double
Toptygin AlCc | Toptygin AlCc
Collagen 1ns -71.71 -68.21
Day 0 ans -108.57 -101.68
8ns -132.53 -119.44
Collagen — 1ns -32.26 -28.97
gg;c;ie ans -59.25 -50.79
8ns -81.12 -82.58
Collagen 1ns -53.64 -46.18
Day 3556 ans -86.15 -79.81
8ns -106.51 -96.47
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10.3 Appendix C: NADH

10.3.1 Appendix C1: Experimental vs Toptygin Model of Emission Spectrum of NADH
and NADH-glucose samples in PBS
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Figure C1.1 Examples of fitting the fluorescence emission spectra for NADH and NADH
glucose in PBS to a Toptygin model. Plots A, B, and C show NADH, and plots D, E, and
F show NADH-glucose. The experimental emission spectra is shown by the black
markers, and the model is shown as the blue line. For Days 14 and 25 for NADH-
glucose, the green and yellow lines show the first and second components of the
model respectively. Days 4, 14, and 25 are shown as examples.



10.3.2 Appendix C2: Raw TCSPC Analysis for NADH and NADH-Glucose Samples

NADH NADH-glucose
= To1 = 0.66/1487 o3 = 0.303953 = 10, = 0.34J7595 93 =2.51731
§ | A1=0.02D1B4(38.38 %) Ag=0.0541868(48.49 %) S | A;=0.0540007(54.8 %) A;=4.39849¢-05(0.31 %)
- Toz = 1.9457. ® T02=0.7308{4
2 A, =0.000118707(0.67 %) £ o A= 0.01372B9(28.64 %)
é S 7 C=0.161833({12.46 %) é S C=0.213941{16.25 %)
A=-0.082038 A=-0.0§3078
e 19 x*=1.14817 21 x°=09 0097
T T — T — T T fw T T —
0 20 40 0 20 40
g %1 g 71
T T T T 7 T T T
0 20 40 0 20 40
T, (ns) | A/% T (ns) | A/% T (ns) | Ay/% C(%) | x°
NADH 0.30 0.0542/ 0.66 0.0202/ 1.99 1.19E-4/ 12.46 1.12
48.49 38.38 0.67
NADH+ 0.35 0.0541/ 0.73 0.0137/ 2.52 4.40E-5/ 16.25 0.92
glucose 54.8 28.64 0.31

Figure C2.1. Result of fitting of the fluorescence intensity decay of the samples NADH
and NADH-glucose in PBS at day 2. Excitation wavelength 340 nm, detection wavelength
525 nm.
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NADH NADH-glucose

(=]
g g |
e =]
01 =0.856p18 T3 =0.37827 To1 = 03524189 To3=8.75458
S A;=0.0084B275(20.46 %) Aq = 0.0566879(61.64 %) S Ay =0.0648692(56.47 %) A, =0.000811945(16.92 %)
o 7 S
- 02 = 4.5484 =3
- Az =3.06682b-05(0.39 %) x
S g S 8
8 27 c=023pos(ty519 3 °
8 ° =0.23094(17 51 %) 3 ®
A=0.043774
2 4 x?=1.17459 e
T T ¥ T T T T
0 20 40 0 20 40 60
Time/ns
N A o~ :
L] — 2 -
I 1 ® -
e 94 & 9
< : < ]
4§ T T T ! T T T T
0 20 40 0 20 40 60
T, (ns) | A/% T (ns) | A% T (ns) | Ay/% C(%) | X2

NADH 0.38 0.0567/ 0.86 0.00848/ | 4.55 3.07E-5/ 17.51 | 1.18

61.64 20.46 0.39
NADH+ 0.35 0.0649/ 2.48 0.00191/ 8.75 8.12E-4/ 15.32 1.23
glucose 56.47 11.29 16.92

Figure C2.2. Result of fitting of the fluorescence intensity decay of the samples NADH and
NADH-glucose in PBS at day 23. Excitation wavelength 340 nm, detection wavelength 525
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NADH NADH-glucose

10000
|

10000
|

1000
|
1000

g 7 g 7
T T T T - T T
0 20 0 20
T, (ns) | A/% T (ns) | A% T (ns) | Ay/% C(%) | X2
NADH 0.45 0.0520/ 3.22 0.000848/ 25.17 1.15
67.3 7.52
NADH+ 0.39 0.0559/ 0.77 0.00616/ 20.11 0.99
glucose 65.97 13.93

Figure C2.3. Result of fitting of the fluorescence intensity decay of the samples NADH and
NADH-glucose in Trizma at day 2. Excitation wavelength 340 nm, detection wavelength
525 nm.
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NADH NADH-glucose

- - 701 =0.380615
g | g | A=00586520(63.18 %)
- = 192 = 0.894P96
£ o = Az=0.0055p547(14.47 %)
é = é 27  c=02B5354(22.35 %)
A=-03785¢3
o | 2 q4 x?=1Dp2076 ¥.
- — -1 —
0 20
% N i 3 T
o [ [id -
T T I T T
0 20 0 20
T, (ns) | A/% T, (ns) | A/% T (ns) | Ay/% C(%) | X2
NADH 0.47 0.0478/ 1.97 0.000869/ 29.47 1.20
65.68 4.85
NADH+ 0.38 0.0557/ 0.89 0.00557/ 22.35 1.02
glucose 63.18 14.47

Figure C2.4. Result of fitting of the fluorescence intensity decay of the samples NADH and
NADH-glucose in Trizma at day 24. Excitation wavelength 340 nm, detection wavelength
525 nm.

S6



NADH NADH-glucose

- 141 = 0.363602 43 = 1.93746 = 01085005 a=0.362003
S |  A1=005p5078(55.86 %) A;=0.000108248(0.58 %) o A;=0.000804(23.97 %) A;=0.0579272(61.5 %)
- Toz = 0.7965 ] 02 = 6.6077
E o A2=0.0114572(25.64 %) - A, =853883k-06(0.16 %)
8 27 c=o023p2r3k17.92%) 8 4 c-o1sboss 14.36 %)
A=0.0154648 A=0.0350567
29  x’-109702 e 4 w_1062s
Bl ——— L T —
0 20 40 0 20 40
g 7 g 7
o ﬁ b |
? D+
T T T T T T
0 20 40 0 20 40
T, (ns) A /% 1, (ns) A,/% 1; (ns) As/% C(%) | x?
NADH 0.36 0.0536/ 0.80 0.0115/ 1.94 1.08E-4/ 17.92 1.10
55.86 25.64 0.58
NADH+ 0.36 0.0579/ 0.85 0.00982/ 6.61 8.54E-6/ 14.36 1.06
glucose 61.5 23.97 0.16

Figure C2.. Result of fitting of the fluorescence intensity decay of the samples NADH
and NADH-glucose in PBS at day 4. Excitation wavelength 340 nm, detection
wavelength 470 nm.
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NADH NADH-glucose

2 2
g €1
191 =0.306B15 Toy =2.05832
g Ar=0.0548041(48.77 %) Ag=0.000441476(2.54 %) 2
=2 (=T
= 102=0.644319 =
— A =0.0211344(39.15 %) _
5 2 S o
3 87 c=012p79500.54 %) g 27
5] =0 : o
A=0.0730363
2+ x?=1.18349 2 1
T T T |—— T T - _-—-—-I——
0 20 40 0 20 40 60
Time/ns
-
o~ -
B w ™
:;g < é o -
8 2
[ [ & -
T +
T T T T T T T
0 2 40 0 20 40 60
T, (ns) A% T, (ns) Ay/% T3 (ns) Ay/% C(%) | x?

NADH 0.31 0.0548/ 0.65 0.0211/ 2.06 4.41E-4/ 9.54 1.15

48.77 39.15 2.54
NADH+ 0.36 0.0673/ 2.50 0.00221/ 8.77 0.00145/ 10.06 1.21
glucose 51.95 11.52 26.47

Figure C2 Result of fitting of the fluorescence intensity decay of the samples NADH
and NADH-glucose in PBS at day 23. Excitation wavelength 340 nm, detection
wavelength 470 nm.
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NADH NADH-glucose
(=]
e 2 -
] P
& 7 § T
T T T il :
0 20 2
T, (ns) | A/% (ns) | A% u(ns) | Ay/% C(%) | X2
NADH 0.38 0.0556/ 0.76 0.0072/ 20.45 0.91
63.34 16.21
NADH+ 0.36 0.0562/ 0.69 0.0113/ 16.78 | 0.99
glucose 60.28 22.94

Figure C2.7. Result of fitting of the fluorescence intensity decay of the samples NADH
and NADH-glucose in Tris at day 2. Excitation wavelength 340 nm, detection
wavelength 470 nm.
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NADH NADH-glucose

8 g
- Tp1 = 0. = 101 = 0.435424
g | Ai=0.0p547676(14.25 %) 3 Aq = 0.0498013(62.54 %)
- T02=04 = Toa =1
_— A, =0.0538028(62.33 %) = Ay =0.0030571(9.07 %)
8 27 c=03pr52h@3.42%) & 27 c-o3peraleason)
A=0.0: A=0.0
24 w1 SIS
-1 — i :
0 20 0 20
& T : ! :
o , | T - T T
o " 0 20
T, (ns) A% T, (ns) Ay/% 15 (ns) As/% C(%) | x*
NADH 0.40 0.0538/ 0.92 0.00548/ 23.42 1.01
62.33 14.25
NADH+ 0.43 0.0498/ 1.05 0.00305/ 28.39 1.11
glucose 62.54 9.07

Figure C2.8. Result of fitting of the fluorescence intensity decay of the samples NADH
and NADH-glucose in Tris at day 21. Excitation wavelength 340 nm, detection
wavelength 470 nm.

S6



NADH NADH-glucose
= o1 =0.3401144 03 =0.715922 - 701 =0.712p87 153=4.16698
S | Ai=0045d74(49.45%) Ag=0.00794113(17.27 %) S | A=000810223(17.56 %) A; = 6.53692e-05(0.82 %)
2 10y =4.325 €
2 A, =2.88267-05(0.37 %) =
8 27  c=o040pesn(32.92%) 3 27
A=-0.10975
2 4 x2=1.18451 2
T T — T T T — — — T
0 20 40 0 20 40
¢ 7] g
? T
T T T T T T
0 20 40 0 20 40
T, (ns) A% T, (ns) Ay/% T3 (ns) Ay/% C(%) | x?
NADH 0.34 0.0469/ 0.72 0.00794/ 4.33 2.88E-5/ 32.92 1.18
49.45 17.27 0.37
NADH+ 0.35 0.0437/ 0.71 0.00810/ 4.17 6.54E-5/ 34.01 1.14
glucose 47.61 17.56 0.82

Figure C2.9. Result of fitting of the fluorescence intensity decay of the samples NADH
and NADH-glucose in PBS at day 0. Excitation wavelength 340 nm, detection
wavelength 390 nm.
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NADH NADH-glucose

- T5:= 0370699 Tos=1.20495 - =29 Toa=7.54917
g | h7884(47.36 %) Aq = 0.00448978(13.81 %) g | 19 %) Ag = 0.00831158(63.96 %)
o 2
T T T “I o \m T T _1-_”_”"
0 20 40 0 20 40 60
Timeins
g & v
7 v
T T T T T T T
0 20 40 0 20 40 60
T, (ns) A% T, (ns) Ay/% T, (ns) As/% C(%) | X2
NADH 0.37 0.0488/ 1.20 0.00449/ 6.77 7.42E-4/ 26.11 1.10
47.36 13.81 12.71
NADH+ 0.45 0.0183/ 2.96 0.00436/ 7.55 0.00831/ 14.31 1.16
glucose 8.55 13.19 63.96

Figure C2.10. Result of fitting of the fluorescence intensity decay of the samples NADH
and NADH-glucose in PBS at day 23. Excitation wavelength 340 nm, detection
wavelength 390 nm.
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NADH-glucose

T T T T ('I’ T T T
0 20 40 0 20 40
1, (ns) A% T, (ns) Ay/% 15 (ns) As/% C(%) | X2
NADH 0.32 0.0510/ 0.69 0.00972/ 3.43 6.54E-5/ 27.60 1.08
51.14 20.58 0.68
NADH+ 0.35 0.0420/ 0.66 0.00969/ 3.01 0.00119/ 34.27 1.13
glucose 45.28 19.39 1.07

Figure C2.11. Result of fitting of the fluorescence intensity decay of the samples NADH
and NADH-glucose in Trizma at day 2. Excitation wavelength 340 nm, detection
wavelength 390 nm.




NADH-glucose

- 791 = 0.348862 Tps = 3.75966 - 151 =0.466425 195 =4.78858
g | A/=00485832(50.7 %) A;=0.000115583(1.25 %) S | AI=0007A07146(18.1%) Ay=0.000102541(1.43 %)
= Toz = 0.838611 = Tz = 0.p49041
= Az =0.007508349(18.48 %) z o A2 =0.047024(49.68 %)
3 27 c-o 8 27 c-o3bes2h3079%)
A=-0.p3530 A=-0D1574
2 9  x*=0p9s64s 2 14  x®=1p94a1s
T T — T T T |m - T T
0 20 40 0 20 40
i L
T T T ke T T T
0 20 40 0 20 40
T, (ns) A% T, (ns) Ay/% T, (ns) Ay/% C(%) | x?
NADH 0.35 0.0486/ 0.84 0.00753/ 3.76 1.16E-4/ 29.57 | 0.99
50.07 18.48 1.25
NADH+ 0.35 0.0470/ 0.87 0.00707/ 4.79 1.03E-4/ 30.79 | 1.09
glucose 49.68 18.10 1.43

Figure C2.12. Result of fitting of the fluorescence intensity decay of the samples NADH
and NADH-glucose in Trizma at day 24. Excitation wavelength 340 nm, detection
wavelength 390 nm.
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10.4 Appendix D: Keratin

10.4.1 Appendix D1: Experimental vs Model of Fluorescence Emission of Keratin and
Keratin-glucose Samples

Fluorescence (A.U.)
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Figure D1.1. Examples of fitting the fluorescence emission spectra for keratin to a
Gaussian model. The experimental emission spectra is shown by the black markers,
and the model is shown as the blue line. The component that was fixed to account for
Raman scattering is shown by the yellow line, and the one model component required
is shown by the red line.
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Figure D1.2. Examples of fitting the fluorescence emission spectra for keratin-glucose
to a Gaussian model. The experimental emission spectra is shown by the black
markers, and the model is shown as the blue line. The component that was fixed to
account for Raman scattering is shown by the yellow line. The first model component
is shown by the red line, the second component (required from day 10) and the third
component (required from day 24) are shown by the green and purple lines
respectively.
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10..4.2 Appendix D2: Raw TCSPC Analysis for Keratin and Keratin-Glucose Samples

Keratin Keratin-Glucose

T,(ns) | A% T, (ns) | A% T, (ns) | Ay/% C(%) | X2

Keratin 0.47 0.0386/ 2.70 0.0147/ 8.76 0.00347/ 37.22 | 1.24

12.96 28.24 21.58
Keratin- 0.75 0.0237/ 2.94 0.0140/ 8.81 0.00377/ 37.98 1.13
glucose 12.01 27.62 2.38

Figure D2.1. Result of fitting of the fluorescence intensity decay of the samples
keratin and keratin-glucose at day 0. Excitation wavelength 370 nm, detection
wavelength 460 nm.
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Keratin Keratin-Glucose

T, (ns) A /% T, (ns) A, /% 75 (ns) As/% C(%) | X?

Keratin 0.84 0.0196/ 3.79 0.0117/ 12.94 0.00408/ 33.69 | 1.19

9.47 25.95 30.85
Keratin- 1.05 0.0132/ 5.41 0.0283/ 12.44 0.0145/ 8.47 1.09
glucose 3.66 40.38 47.50

Figure D2.2. Result of fitting of the fluorescence intensity decay of the samples keratin
and keratin-glucose at day 44. Excitation wavelength 370 nm, detection wavelength
460 nm.

S6



10. 5 Appendix E: Human Serum Albumin
10. 5.1Appendix E1: Raw TCSPC Analysis for HSA and HSA-Glucose Samples

HSA HSA- glucose
i 1
§ :I‘ oo 12032 . § 4 »!"‘700' 5147(335 0 .
i :::D il z-exponentlal - i :_-:*::::‘?‘“15399*# 2-exp0nentla|
§ ER c—n.ii:t(an'ﬂ 5 € A [= D\TLEIH?GI!L]
i I ___ o . ...—_ e
q “ -
i i
1 B :
g | ::gu :::oooauervvlz 12%) g 0. Ay =0.0136344(53.94 %)
- e d TS . . Toy =4.24993 .
! S, 3-exponential | NS . - 3-exponential
E g € = 0.0859634(1.49 %) g g4 C=0.1 =
o :;_—:J 0::29 . ‘\‘r -? 25503
i
0 20 “U 5'0 9'0 . CIP 20 40 60
Timeins Timeins
T, (ns) | A/% . (ns) | Ay/% T, (ns) | Ay/% C(%) | x2
HSA (2 exp) 6.90 0.0169/ | 3.58 0.0161/ 2.21 1.11
65.41 32.39
HSA- glucose 6.94 0.0167/ | 3.68 0.0165/ 2.1 1.11
(2 exp) 63.89 335
HSA (3 exp) 7.16 0.0137/ | 4.18 0.0176/ | 1.17 0.00319/ | 1.49 1.07
55.06 41.34 2.12

HSA-glucose | 7.19 | 0.0136/ | 4.25 | 0.0178/ | 1.45 | 0.00296/ | 2.3 1.09
(3 exp) 53.94 41.00 2.16

Figure E1.1. Result of fitting of the fluorescence intensity decay to a 2-exponential and
3- exponential model for HSA and HSA-glucose at day 3. Excitation wavelength 280 nm,
detection wavelength 340 nm.
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Ay =00
C=02M2T1(338 %)
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g A.:G..O g = 0.00363005(2.03 %) g | :—ou ::—0.0112422[49.57%}
- :::z: ::zr[samm 3-exp0nentla| » ZI:.::::sau.rm 3_exp0nentla|
g8 C - 0.0838578(1.46 %) g8 Ca 014048238 %)
7 h T T T T ? T T T T
T, (ns) | A/% B (ns) | A/% 3 (ns) | A% C(%) | x2
HSA (2 exp) 6.84 0.0169/ | 3.47 0.0161/ 1.97 1.10
66.04 31.98
HSA- glucose | 6.79 0.0162/ | 3.07 0.0161/ 3.38 1.18
(2 exp) 66.63 30.00
HSA (3 exp) 7.17 0.0123/ | 4.23 0.0177/ | 1.40 0.00364/ | 1.46 1.06
53.02 42.60 2.93
HSA-glucose 7.28 0.0112/ | 4.12 0.0172/ | 1.25 0.00616/ | 2.39 1.07
(3 exp) 49.57 43.35 4.7
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Figure E1.2. Result of fitting of the fluorescence intensity decay to 2-exponential and
3-exponential model for HSA and HSA-glucose at day 49. Excitation wavelength 280

nm, detection wavelength 340 nm.



HSA HSA- glucose
£ g
g = g
T P o e
1- i°
a K T (ns) C (%) X?
HSA 0.88 8.57E-4 4.61 1.26 1.12
HSA- glucose 0.87 2.44E-117 4.62 1.35 1.09

S6

Figure E1.3. Result of fitting of the fluorescence intensity decay to a non-Debye model

for HSA and HSA-glucose at day 0. Excitation wavelength 280 nm, detection
wavelength 340 nm.




HSA HSA- glucose
g £
§’ <:ooe g ]
- :::0‘]-5&95(939' %) P
3 & c:ooéssasuonm § g
A= -0.0855096
e X* - 105886 e
a K T (ns) C (%) X2
HSA 0.86 3.35E-4 4.46 1.09 1.06
HSA- glucose 0.83 3.55E-3 4.05 2.45 1.14

Figure E1.4. Result of fitting of the fluorescence intensity decay to a non-Debye model
for HSA and HSA-glucose at day 52. Excitation wavelength 280 nm, detection

wavelength 340 nm.

S6




HSA HSA- glucose
£ g
to1 = 3,808
g g A =0.0220551(32.08 I
g L — 2-exponential
= - A, =0.0251403(65.69 %)
3 g 3 81 coonednnzmw
A=00B4]798
2 24 F=ta28
N 1.
L i
Y T T T T 7 T T T T
] 20 40 80 0 0 40 &0
£ £
oy 7134 Ta3 = 0.601867 =350 4y =7.27012
g | m=oox =0.00276244(0 63 %) g A - 0.0225854(61.6 %)
| ek 3-exponential = 3-exponential
g E C=0(0 % e g §_ C=0124396(1.27 %)
= : p ; B : W
E ¥ ] ) E ¥ )
i . . . T . \ -
T, (ns) | A/% T, (ns) | A% 5 (ns) | Ay/% C(%) | X2
HSA (2 exp) 7.09 0.0258/ | 3.73 0.0223/ 0.92 1.09
67.89 31.19
HSA- glucose | 7.08 0.021/ 3.81 0.0225/ 1.23 1.13
(2 exp) 66.69 32.08
HSA (3 exp) 7.13 0.0244/ | 3.93 0.0233/ | 0.60 0.00276/ 0 1.08
65.05 34.32 0.63
HSA-glucose 7.27 0.0226/ | 4.00 0.0249/ | 350 -2.53E-6/ | 1.27 1.11
(3 exp) 61.6 37.36 024
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Figure E1.5. Result of fitting of the fluorescence intensity decay to a 2-exponential and
3-exponential model for HSA and HSA-glucose at day 1. Excitation wavelength 295 nm,
detection wavelength 340 nm.
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HSA (2 exp) 6.79 0.0273/ | 3.38 0.0210/ 1.42 1.06
71.24 27.34
HSA- glucose | 6.74 0.0265/ | 2.85 0.0215/ 1.21 1.17
(2 exp) 72.79 25.00
HSA (3 exp) 6.98 0.0234/ | 3.97 0.0226/ | 1.10 0.00411/ | 0.99 1.03
62.75 34,51 1.76
HSA-glucose 6.98 0.0223/ | 3.26 0.0220/ | 0.81 0.00784/ | 1.33 1.06
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Figure E1.6. Result of fitting of the fluorescence intensity decay to a 2-exponential and
3-exponential model for HSA and HSA-glucose at day 49. Excitation wavelength 295
nm, detection wavelength 340 nm.
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a K T (ns) C (%) X?
HSA 0.88 0.00397 4.87 0 1.10
HSA- glucose | 0.88 0.00345 4.90 0.2 1.15

Figure E1.7. Result of fitting of the fluorescence intensity decay to a non-Debye model
for HSA and HSA-glucose at day 3. Excitation wavelength 295 nm, detection
wavelength 340 nm.
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HSA 0.87 7.8E-5 4.69 0.48 1.07
HSA- glucose | 0.84 1.52E-33 4.30 1.99 1.14

Figure E1.8. Result of fitting of the fluorescence intensity decay to a non-Debye model
for HSA and HSA-glucose at day 52. Excitation wavelength 295 nm, detection
wavelength 340 nm.
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10.6 Appendix F: Nail Glycation

10.6.1 Appendix F1: Raw TCSPC Analysis for Fluorescence Intensity Decays from Nail

Samples
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7 (ns) | A/% T, (ns) | A% 15 (ns) | Ay/% X2
Sample A | 0.68 0.628/15.31 | 3.90 0.291/40.31 15.45 | 0.0808/44.38 | 1.22
Sample C | 0.91 0.568/ 15.66 | 4.37 0.335/44.59 | 13.44 | 0.0972/39.75 | 1.11
Control 1 | 0.63 0.655/19.8 3.16 0.270/40.70 | 11.04 | 0.0750/39.50 | 1.15

Figure F1.1. Result of fitting of the fluorescence intensity decay from 3 nail samples to
a 3-exponential model. Excitation wavelength 370 nm, detection wavelength 460 nm.
A 4th component set equal to 0.5 channel width was added to account for scatter. This
was then manually removed and the A parameters were recalculated.
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Sample D 0.38 0.00153 0.39 7.34 1.45
Sample | 0.40 0.00324 0.50 12.07 1.92
Control 2 0.37 0.000430 0.18 26 1.54
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Figure F1.2. Result of fitting of the fluorescence intensity decay from 3 nail samples to
a non-Debye model. Excitation wavelength 370 nm, detection wavelength 460 nm
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71.67 21.68
Sample | 0.53 4.18E-4 2.11/ 0.19/ 8.51 1.2
73.75 17.74
Control 2 0.52 0.0735 1.28/ 0.12/ 23.08 1.29
58.25 18.67

Figure F1.3. Result of fitting of the fluorescence intensity decay from 3 nail samples to
a 2 component non-Debye model. Excitation wavelength 370 nm, detection
wavelength 460 nm
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10.6.2 Appendix F2: Unpaired T-Test for Mean Lifetime of Nail Samples from Patients
with Diabetes and Heathy Controls

Table F1.1 Summarised data from the 2 participant
groups, where x is the mean, S is the standard
deviation, and n is the number of samples included

Patients (p) | Control (c)

X 2.3429 1.7350
S 0. 6216 0.5162
n 14 2

T-Test Calculation

To determine if there was a statistically significant difference between the mean lifetimes
of the two participant groups, the following calculation was used.

1. Difference in means:
Xp -%. =0.6079

2. Pooled Standard Deviation:

2
\/(n" Usp®+(eDse? _ ) 014673

Ny+nc-2

3. Standard Error:

o 1 1
SE(x, -x.) =S, |—+— = 0.464648
p p n, n,

4, T Statistic:

%,-%,  0.6079
t= = = 1.3083
SE 0.464648

5. Degrees of Freedom DF:
DF =ny+n.-2 =14

For t=1.3083 and DF =14, the critical p value p = 0.2119

By conventional criteria, the difference between the two sample groups is not statistically
significant, and there is no difference in the mean fluorescence lifetime between the two
sample groups.
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