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Abstract  20 
 21 
We monitor early stages of beta-amyloid (A1–40) aggregation, one of key processes leading to 22 

Alzheimer’s disease (AD), in the presence of high glucose concentrations by measuring A1– 40 intrinsic 23 

fluorescence. The multiple peaks and their shifts observed in the time-resolved emission spectra (TRES) 24 

reveal the impact of glycation on Aβ1– 40 oligomerisation. The results show that formation of the 25 

advanced glycation end products (AGEs) alters the aggregation pathway. These changes are highly 26 

relevant to our understanding of the pathophysiology of AD and the implication of AGE and diabetes 27 

in these pathways.  28 
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 1 

Introduction 2 

Alzheimer’s disease (AD) is the most common cause of dementia. Currently there is no general 3 

agreement on what activates the progression of AD, multiple triggering events in the early stages of AD 4 

have been suggested. They all appear to converge to a few final pathways in the late stages, which lead 5 

to the inflammation and neurodegeneration that characterise the condition. The triggering compounds 6 

investigated included metal ions (e.g. Cu, Zn and Fe ions)1,2 and glycation factors (e.g. glucose3 and 7 

fructose4 ). 8 

In this paper we are mostly concerned with the involvement of advanced glycation end products (AGEs) 9 

in AD pathogenesis. AGEs relation with brain aging and AD was first proposed in the mid-1990s5 . 10 

AGEs accumulate in cells and tissues and their accumulation is accelerated in the case of AD. Several 11 

studies have demonstrated that patients with diabetes show a greater deposition of AGEs in the brain 12 

and receptors for AGEs (RAGE)5,6. Therefore, it is widely accepted that AGEs are active participants 13 

in the progression of AD7–10. More importantly, recent studies have demonstrated that glycated beta-14 

amyloids (Aβ), a naturally occurring peptide capable of binding to sugars and resulting in the formation 15 

of AGEs, are more toxic than non-glycated Aβ amyloids11,12, i.e. it was found that Aβ-AGE were more 16 

active than Aβ in decreasing cell viability (e.g. 8-DIV embryonic hippocampal neurons), increasing cell 17 

apoptosis, inducing tau hyperphosphorylation, and reducing synaptic proteins11. In vivo studies 18 

performed on rats12 show that Aβ-AGE exacerbates Aβ-mediated cognitive impairment and 19 

neuropathology.  20 

 21 

Detecting the aggregation of glycated and non-glycated Aβ amyloids can be challenging particularly at 22 

the early stages of this process. Most techniques that have been used to study Aβ glycation such as 23 

atomic force microscopy (AFM)13–15, electron microscopy16, dynamic light scattering (DLS)15, circular 24 

dichroism (CD)11,15 and Thioflavin T (ThT)-based fluorometry17 are evidently sensitive to fibril 25 

formation (i.e. the formation of Aβ beta-sheets). However, they lack the specificity to detect Aβ 26 

oligomerization. This drawback hinders the progress in understanding of what triggers the progression 27 

of AD and how the symptoms associated with the disease can be prevented. 28 

The accepted model describing the aggregation of the most abundant form Aβ1–40 is the nucleation-29 

dependent polymerization model, which is characterized by two distinct stages: a lag phase, followed 30 

by a rapid elongation phase. It is believed, that the initial monomers gradually form dimers, trimers and 31 

larger oligomers (a lag phase), and, at later stages, beta-sheets, protofibrils and fibrils. Conventional 32 

methods typically used to study this reaction (i.e. ThT-based fluorimetry) are reporting fibril formation 33 

but are not sensitive to events taking place early in the lag phase, promoting the assumption that only 34 

Aβ monomers and large oligomers exist at early stages and that the lag time is defined by the primary 35 
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nucleation rate only. However, the existence of oligomer intermediates prior to fibril formation has been 1 

confirmed by AFM, electron microscopy and dynamic DLS 3,5,10,12,15,18–20. Although the oligomers are 2 

considered to be more toxic than mature insoluble fibrils20,21,there are only few attempts to quantify the 3 

extent of oligomer formation, determine whether they are kinetically competent to form amyloid fibrils 4 

or to identify the mechanism by which oligomers trigger neurodegeneration. Here we attempt to address 5 

these tasks by using sensing potential of the intrinsic Tyrosine fluorescence.  6 

 7 

Most researchers track amyloid-β aggregation reactions using extrinsic fluorophores mostly because 8 

such a fluorescence capability is available in most laboratories. ThT fluorescence is commonly used to 9 

detect Aβ aggregation even though it cannot detect early oligomer formation22–24. Recent reports suggest 10 

the usefulness of the fluorophore 1,1'-bis(anilino)-4-,4'-bis(naphthalene)-8,8'-disulfonate (bis-ANS) for 11 

the detection of Aβ aggregation, however, there is no agreement on whether bis-ANS binds most 12 

strongly with oligomers25 or fibrils26. Another disadvantage of using extrinsic fluorophores in amyloid 13 

aggregation studies is the fact that the ratio of  fluorophore to A can significantly influence the obtained 14 

results26. Moreover, it has been reported that some extrinsic fluorophores such as bis-ANS26 and ThT27 15 

might affect the nucleation rate in some cases, or even prevent aggregation28.  16 

 17 

To avoid these complications, we have adopted an approach that exploits the intrinsic fluorescence of 18 

Aβ. The peptide Aβ1-40 contains a single tyrosine residue (Tyr10) in addition to two phenylalanine 19 

residues (Phe19, Phe20). Upon excitation at 280 nm, the intrinsic fluorescence of the peptide represents 20 

the fluorescence of the sole tyrosine residue. Time resolved spectroscopy studies of Tyr in Aβ1-40 show 21 

that its fluorescence intensity decay at detection wavelength 315 nm is sensitive to peptide aggregation 22 

especially at its earliest stage22,29,30. To better understand the underlying kinetics of this complicated 23 

molecular system, we have measured a collection of a series of decay curves across the Tyr spectrum31 24 

for the purpose of constructing the time resolved emission spectra (TRES). The analysis of TRES has 25 

demonstrated that dielectric relaxation affects substantially the fluorescence decays of Tyr in Aβ, which 26 

helped to better understand the evolution of underlying fluorescence kinetics, thus better explaining the 27 

development of oligomerisation.   28 

Note that we investigate the fluorescence of Tyr in Aβ1-40 in the presence of high glucose concentrations. 29 

Our objective was to investigate fluorescence changes caused by both peptide glycation and aggregation 30 

to reveal the impact of glycation on Aβ1-40 oligomerisation. In order to cause aggregation and glycation 31 

occurring in the similar time scales, we have chosen higher than physiological concentration of glucose 32 

(50 mM). 33 

 34 
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 1 

Results and discussion 2 

Steady-state fluorescence spectra were obtained for Aβ1-40 with and without high glucose (Fig. 1). The 3 

samples were measured using different excitation wavelengths and at different stages of aggregation. 4 

The spectra observed at excitation 279 nm (Fig.1a) for both samples is the typical spectrum of Tyr. As 5 

the samples age, the fluorescence intensity decreases and the spectrum of the sample with glucose 6 

exhibits a considerable change in its shape. 7 

                     8 

  9 

Figure 1:Fluorescence spectrum of 50 µM Aβ1-40  in PBS buffer (10 mM, pH 7.4) measured in the absence (left) 10 
and presence (right) of 50 mM glucose at excitation wavelengths 279 nm (a, b), 290 nm (c, d), 300 nm (e, f), 320 11 
nm (g, h), 350 nm (i, j) and 380 nm (k, l) and after incubation for 1 hr (solid), 24 hr (long-dash), 168 hr (short-12 
dash) and 384 hr (dotted). The arrow shows direction of the flow of time (measurements taken at 1 hr, 24hrs, 168 13 
hrs and 386 hrs after sample preparation). Normalised emission spectra of both samples at excitation wavelength 14 
279 nm are shown in a and b insets.  15 
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Although Tyr doesn’t absorb light at wavelengths above 300 nm, when Tyr in Aβ1-40 is excited at 1 

wavelengths ≥ 300 nm fluorescence peaks are observed at higher wavelengths. Fig. 2 shows the 2 

emission of Aβ1-40 in the absence and presence of glucose. In general, the emission is time and 3 

excitation-wavelength dependent. At the excitation wavelengths ≥ 300 nm the position of the emission 4 

peak increases with the excitation wavelength and the spectrum peak position moves towards red with 5 

time. These observations suggest that Aβ’s monomers aggregate and form at least one fluorescent 6 

complex within few hours and a variety of complexes of the broad distribution of sizes, as evidenced 7 

by the excitation wavelength - emission peaks correlation, within few days. The spectroscopic origin 8 

for the spectral shift is not known.  9 

 10 

Figure 2. Steady-state measurements of 50 µM Aβ1-40  in PBS buffer (10 mM, pH 7.4) in the absence (left) and 11 
presence (right) of 50 mM glucose at excitation wavelengths 279 nm (solid black), 290 nm (solid grey), 300 nm 12 
(dotted), 320 nm (short-dash), 350 nm (long-dash) and 380 nm (dash-dot-dot) after incubation for 1 hr (top) and 13 
384 hr (bottom). Insets show the normalised emission spectra.  14 

 15 

TRES measurements were performed for A1-40 (50 μM) at several stages of aggregation, namely 1, 5, 16 

24, 48, 72, 96 and 168 hrs after sample preparation (the number indicates the age of the sample when 17 

each series of measurements is started). Fig. 3 shows an example of TRES at two stages of aggregation: 18 

1 and 168 hours from sample preparation in the absence and presence of glucose (50 mM). Experimental 19 

data were fitted to a model based on the Toptygin and Brand32 approach, which assumes that the 20 

fluorescence spectrum It () of a single fluorescent residue can be expressed as ∼3g(), where g() is 21 
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the Gaussian distribution function. Consequently, the spectrum of a sample with N fluorescent residues 1 

would be described by the sum of N normalized functions of the type ~3g(). 2 

𝐼𝑡(𝜈) = ∑
𝐶𝑖(𝑡)𝜈3𝑒𝑥𝑝[−(𝜈−𝜈𝑖(𝑡))

2
/(2𝜎𝑖

2(𝑡))]

√2𝜋 𝜈𝑖(𝑡) 𝜎𝑖(𝑡) (𝜈𝑖
2(𝑡)+3𝜎𝑖

2(𝑡))
𝑁
𝑖=1                     (1) 3 

where t is the time after excitation in ns, 𝜈 is wavenumber in cm-1, σi(t) is the standard deviation of each 4 

component, νi(t) is its peak position and Ci(t) - the fluorescence intensity contribution of the i-th 5 

component at the time t, i.e. the fluorescence intensity decay of this component.  6 

 7 

Figure 3 : Time-resolved emission spectra (TRES) obtained for 50 μM  Aβ1-40  in HEPES buffer (0.1 μM, pH 7.4) 8 
after 1hr of incubation (a) and 168 hr of incubation (e). TRES obtained for 50 μM  Aβ1-40  in the presence of 9 
50mM glucose after 1 hr of incubation (b) and 168 hr of incubation (f). Normalised TRES for Aβ1-40   in the 10 
absence and presence of  glucose after 1hr of incubation (c,d) and 168 hr of incubation (g,h) The solid lines 11 
represent the two-Toptygin type functions fits. 12 
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In our previous work31 we have demonstrated that the spectra of free A1-40 can be sufficiently described 1 

by two peaks. The presence of non-aggregating monomers and aggregating oligomers in the sample 2 

explains this double-peak structure of the spectra. Note that we only study the fluorescence decays of 3 

the Tyr residues excited at 279 nm, not the fluorescent products of oligomerisation, which require longer 4 

excitation wavelengths and their fluorescence intensities are too low for detecting fluorescence intensity 5 

decays using traditional time-correlated single photon counting (TCSPC) instrumentation.  The red  6 

Figure 4: Peaks position ν1 (t) and ν2 (t), obtained from fitting A1-40 TRES to equation (1), plotted against time 7 
in nanoseconds at different stages of aggregation (1 hr, 5 hr, 24 hr, 48 hr, 72 hr, 96 hr and 168 hr)  for sample with 8 
and without glucose. 9 

 10 

shifts observed for each peak individually31 represent two different rates of dielectric relaxation. The 11 

TRES of A1-40 with glucose also demonstrated the presence of two components (N=2). For the purpose 12 

of understanding the underlying fluorescence kinetics of A1-40 in the presence of 50 mM of glucose, 13 

we compared the parameters obtained from fitting the model TRES (equation (1) for N=2) to the 14 

experimental data of A1-40 with glucose with those recovered from the sample without glucose. 15 

Fig. 4 illustrates the position of the two peaks ν1(t) and ν2(t), recovered from fitting equation (1) to 16 

experimental TRES, in the presence and absence of glucose. Position of the first peak ν1(t) for samples 17 

with and without glucose is located at   ̴33000 cm-1 at t=0. 1(t) in both samples exhibit nearly no 18 

changes over 10 ns after excitation, which indicates that dielectric relaxation is very fast, thus nearly 19 

completed before fluorescence occurs. The location of the peak in the spectra and the fast dielectric 20 

relaxation is consistent with monomers being responsible of this emission. This also demonstrates the 21 

characteristic resemblance in the behaviour of this peak in the samples with and without glucose. 22 

The second peak ν2(t) is highly influenced by the presence of glucose as shown in Fig.4. Its position in 23 

a no-glucose sample is located at    ̴30500 cm-1 at t=0. The changes observed in the position of ν2(t) 24 

during 10 ns after excitation varies depending on the age of the sample. When the sample is 1 hr old we 25 

observe an exponential shift, caused by dielectric relaxation, from ν2(0) ≈30500 cm-1 to ν2(∞) 29000 26 

cm-1 with the dielectric relaxation time R = 6.7 ns. As the sample aggregation progresses the relaxation 27 

time R increases and the red shift decreases, which can be explained by gradual growth in the size of 28 

the aggregates. We attribute this component to oligomers because aggregation explains why the initial 29 
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position of the peak ν2(0) appears at a substantially lower energy value (30500 cm-1) and explains the 1 

red shift after excitation.   2 

In the presence of glucose, ν2(t) behaves in a different manner (Fig. 4). The initial position of the second 3 

peak ν2(0) ≈ 31500 cm-1 for a fresh sample and gradually decreases as the sample ages. The position of 4 

the second peak ν2(t) shifts towards lower energies within 10 ns but not exponentially as observed in 5 

free A1-40. This might indicate that this peak represents more than one component where each has its 6 

own intensity decay and dielectric relaxation rate. The initial position of the peak and its behaviour in 7 

the nano-second time scale might be a result of  A1-40 binding to glucose and/or alterations in the A1-8 

40  aggregation pathway caused by the presence of glucose.  9 

It is essential to mention, that because we detected the shifts in the transient emission spectra occurring 10 

in the same time scale as fluorescence, each of the measured experimental fluorescence intensity decays 11 

I(t) is a combination of the decay of the population of excited states and the effect of dielectric 12 

relaxation.29 Therefore we fitted multiexponential functions to the experimental decays and used them 13 

as mathematical representations of  these decays in TRES procedure, but no physical meaning can be 14 

attributed to the individual recovered time constants and pre-exponential factors.         15 

Further insights on the development of oligomerisation of both samples can be obtained from the 16 

analysis of other parameters extracted from fitting equation (1) to the data. The C1(t) and C2(t) functions 17 

represent the fluorescence intensity decay of each component individually (Fig. 5a and b). In the free 18 

A1-40 sample, C1(t) decays with a characteristic lifetime T1 regardless of the samples actual age (Fig. 19 

5d). This corresponds with our previous assumption that the C1(t) component is mostly monomers. The 20 

characteristic lifetime T2 of the decay C2(t), however, decreases with aggregation. The initial value of 21 

the ratio C1(0)/C2(0) indicates the dominance of monomer’s emission, which then slightly decreases 22 

with time, indicating that aggregates are being formed.  23 

 24 
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 1 

Fig.5 The fluorescence intensity decays of the two emitting specie; monomers   C1(t) (a) and oligomers C2(t) (b), 2 
obtained from fitting TRES to equation (1), and the  ratio of monomer to oligomer contribution C1(t)/C2(t) (c) in 3 
the absence (left) and presence (right) of glucose. The characteristic fluorescence lifetimes of monomers T1 and 4 
oligomers T2 (d) in the absence (left) and presence (right) of glucose. 5 
 6 

The ratio C1(0)/C2(0) cannot be associated directly with the concentration of monomers and oligomers 7 

in the sample because it is likely that the quantum yield of Tyr in a monomer is reduced to some extent 8 

when the monomers aggregate and form oligomers. Nevertheless, the C1(t)/C2(t) plot for free A1-40 , 9 

shown in Fig. 5c, is highly sensitive to the age of the sample and can be used to indicate the stage of 10 

A1-40  aggregation.  11 

In the presence of glucose, however, C1(t) and C2(t) decay with similar and constant rates at least during 12 

the first 168 hrs (Figs. 5a, b and d). However, when the sample is 816 hr old, C2(t) decays much faster. 13 

The ratio C1(0)/C2(0) ≈1 indicating that, in the presence of glucose, monomers contribute to only 50% 14 

of the emission, which is considerably low compared with the free A1-40 . The ratio of C1(0)/C2(0) in 15 

sample with glucose remains constant for the first week then starts to decrease after 168 hrs (Fig. 5c). 16 

The intensity C1(0) and C2(0) both decrease as the sample ages (Figs. 5a and b). The decrease observed 17 
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in the C1(0) value is mostly because the number of monomers is reduced due to aggregation. The 1 

decrease in C2(0), on the other hand, might be a result of Tyr having a constantly changing quantum 2 

yield due to glucose-meditated aggregation. Unlike in the free A1-40, the C1(t)/C2(t) plot is not sensitive 3 

to the age of the sample especially during the first 96 hrs (Fig. 5c). 4 

 5 

To summarise, steady state spectra measurements reveal a variety of complexes formed during A1-40  6 

oligomerisation, which also appear in the presence of glucose but at a much faster rate. The decrease 7 

observed in the Tyr peak (λmax≈304 nm) when excited with 279 nm is most likely a result of the decrease 8 

in the concentration of A1-40  monomers over 384 hr. In contrast, the increase observed in peaks 9 

(λmax≈330-445 nm) excited with wavelengths ≥ 300 nm and their shift towards the red within 384 hr 10 

indicates the formation of aggregates which grow in number and size. The peak observed at 540 nm 11 

absorbs light between 279 and 320 nm and its location and intensity remain constant for both samples. 12 

We associate this peak with small complexes of A1-40. TRES measurements show that at excitation 13 

279 nm, free A1-40 exhibits two forms of fluorescent species; monomers and a single type of aggregates 14 

that grows gradually and undergoes dielectric relaxation with rates that are basically controlled by the 15 

size of the aggregate. In the presence of glucose we believe that there is more than two fluorescent 16 

species: the typical monomers observed in free A1-40, but at much lower concentrations, and more than 17 

one type of oligomers each with its own fluorescence intensity decay and dielectric relaxation rate. This 18 

demonstrates that glucose alters the aggregation pathway. These changes are highly relevant to our 19 

understanding of the pathophysiology of AD and the implication of AGE and diabetes in these 20 

pathways. Such an understanding and disease modelling may aid testing of interventions including 21 

pharmacotherapies that may ameliorate disease progression.  22 

 23 

Experimental Methods 24 

Sample preparation  25 

Re-suspending the lyophilised peptide (Aβ1-40; Anaspec Inc, USA) was achieved by the treatment in 26 

1,1,1,3,3,3- Hexafluoro-2-Propanol (HFIP; Sigma-Aldrich, UK). Aβ1-40 was diluted in 100% HFIP to 27 

0.1 mM and sonicated for 10 minutes. The clear solution containing the dissolved peptide was then 28 

aliquoted in Eppendorf microcentrifuge tubes and the HFIP was allowed to evaporate in a fume hood. 29 

The samples were then stored at -20 °C. 30 

For steady-state measurements the samples were diluted in 0.1 mM of 4-(2-hydroxyethyl)-1-31 

piperazineethanesulfonic acid (HEPES; Sigma-Aldrich, UK) and a Phosphate-Buffered Saline PBS 32 

(PBS; Sigma-Aldrich, USA) solution with a phosphate buffer concentration of 0.01 M, 0.0027 M 33 
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potassium chloride and 0.137 M sodium chloride. No differences in beta-amyloid spectra were observed 1 

for different buffers. HEPES–based samples were used in lifetime measurements.  The final 2 

concentration of Aβ1-40 was 50 µM and at pH 7.4. To study Aβ1-40 glycation, Glucose (D-(+)-glucose; 3 

(Sigma-Aldrich, USA) was added to the samples to a concentration of 50 mM. The amyloid suspensions 4 

were kept in a micro-cuvette with a volume of ∼140 μl and were not stirred during the experiment. The 5 

experiments were performed at 37°C and all components and solutions were in thermal equilibrium 6 

before use. 7 

Steady-state measurements 8 

Steady-state fluorescence spectral measurements of Aβ1-40 were obtained using a Fluorolog-3 9 

spectrofluorometer. The excitation and emission monochromators were set at 5-nm slit widths. 10 

Measurements were taken at Excitations 279, 290, 300, 320, 350 and 380 nm. Emission was monitored 11 

over a range of wavelengths in increments of 1 nm at different times: 1, 24, 168 and 384 hours after 12 

sample preparation (Supplementary Fig. 1). 13 

Time-correlated single photon counting (TCSPC) 14 

TCSPC measurements were conducted on a Horiba Scientific DeltaFlex fluorometer (HORIBA Jobin 15 

Yvon IBH Ltd,Glasgow,UK). The system was equipped with Seya-Namioka monochromators for 16 

excitation and emission. The excitation source used was a HORIBA NanoLED with a centre wavelength 17 

of 279 nm, pulse duration of 50 ps and a repetition rate of 1 MHz33.  18 

A series of 12 fluorescence decay curves were collected at the emission wavelengths between 294 and 19 

327 nm at 3 nm increments. Supplementary Fig. 2 shows an example of three fluorescence decays 20 

measured at different stages of aggregation (1, 48 and 168 hrs) for free Aβ and Aβ with glucose. 21 

Fluorescence decay curves were analysed by two alternative deconvolution programs. Both capable of 22 

coping with the expected scattered light but by different approaches. The first, DAS6 - the commercial 23 

HORIBA Scientific software, represents the scattered light as an additional component with a fixed 24 

short lifetime in the (n+1)-exponential model decay function (Supplementary Fig. 3). 25 

The second deconvolution software assumes n-exponential decay of fluorescence intensity and directly 26 

accounts for the presence of scattered excitation light in the Tyr decay (Supplementary Fig. 4) 27 

𝐹(𝑡) = 𝑎 + 𝑏𝐿(𝑡 + ∆) + 𝑐 ∫ 𝐿(𝑡 + ∆ − 𝑡′)𝐼(𝑡′)𝑑𝑡′
𝑡

0

                                       (2) 28 

where L(t) is the prompt excitation function, a, b, and c are the background level, contribution of the 29 

scattered light and the scaling parameter, respectively, and Δ is the time-shift between the prompt and 30 

decay curves due to the colour effect of the light detector. I(t) is the n-exponential model function. This 31 

approach was applied to obtain the parameters of the decays used in TRES analysis.  32 
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 1 

Calculating time resolved emission spectra (TRES) 2 

The reason why we decided to use the TRES approach, instead of applying the fluorescence intensity 3 

decay analysis based on measurements at a single wavelength, was expected complexity of the 4 

fluorescence kinetics of A1-40, where the decay of the population of excited molecules is disturbed by 5 

the shifts in the transient emission spectra. TRES approach allows resolving these processes. The 6 

fluorescence decays Iλ(t), measured at individual wavelengths  were fitted to multi-exponential 7 

functions and then used to calculate the TRES It(λ) from the equation 8 

                                                  𝐼𝑡(𝜆) = 𝐼𝜆(𝑡) ×
𝑆(𝜆)

∫  𝐼𝜆(𝑡)𝑑𝑡
∞

0

                       (3) 9 

where S(λ) is the steady-state fluorescence spectrum, and the integral is proportional to the total emitted 10 

photons in the lifetime experiment. The obtained spectra were then converted from the wavelength 𝐼𝑡(𝜆) 11 

to the wavenumber scale according to It(ν) = λ2It(λ).   12 

TRES were obtained for A1-40 at several stages of aggregation, namely 1, 5, 24, 48, 72, 96 and 168 hrs 13 

after sample preparation (the number indicates the age of the sample when the measurement at the first 14 

wavelength has been started). From the data obtained for each stage of aggregation, 14 TRES were 15 

calculated at different times after excitation. Supplementary Fig. 5 shows the TRES of samples in the 16 

absence and presence of 50 mM of glucose at different stages of aggregation (i.e. 1, 24, 48, 72, 96  and 17 

168 hours)  18 

According to Toptygin and Brand32  the fluorescence spectrum of a single fluorescent residue can be 19 

expressed as ~3g(), where g() is the Gaussian distribution function. Therefore, for the purpose of 20 

detailed analysis of the A1-40 TRES we modelled the recovered spectra It() at the time t as the sum of 21 

N components of the type ~3g() as described in equation (1) 22 

The obtained experimental TRES for the sample with and without glucose demonstrate the presence of 23 

two components (N=2). The parameters recovered from fitting the proposed model (equation (1) for 24 

N=2) to the experimental data were used to analyse and compare the fluorescence kinetics of both 25 

samples. 26 

 27 
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