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Abstract 
 

 
 

Abstract 
 

Transient state (TRAST) imaging has been successfully used with the fluorophore Eosin-Y by 

T. Spielmann [2] to map sub-cellular oxygen concentration in cells, differentiating regular 

cells from cancer cells of the same cell type. This thesis builds on that work in trying to 

evolve the wide-field TRAST technique to image cells using flavin adenine dinucleotide (FAD) 

autofluorescence. The work was mostly explorative and aimed at investigating some of the 

limits of the technique and fine tuning the measurement procedure. This included how to 

minimize the bleaching of the cells and extracting the maximum amount of information 

gained from single measurements. The focus of wide-field autofluorescence TRAST was 

shifted to study intracellular redox processes on a full cell level and a statistical approach 

was successfully attempted to differentiate between different cell lines using only their 

photo-reduction rates. Differences between similar cells from the same cell line was 

observed so care must be taken with direct comparisons. Measurements using different 

substrates such as 2,4-Dinitrophenol (DNP), H2O2 and ascorbic acid were conducted and a 

large effect observed for DNP. The most successful experiment involved the measurement 

and statistical comparison of multiple cells from several different lines.  

It appears after a first attempt at autofluorescence TRAST imaging that large scale 

measurements utilizing a statistical approach might be the way forward for this technique, 

at least until further improvements and optimizations can be made. Wide-field TRAST using 

added high triplet yield fluorophores have already been proven [2] to excellently map local 

oxygen concentrations and is likely the way forward in that area.  
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Sammanfattning 
 

Transient state (TRAST) imaging har använts på ett framgångsrikt sätt tillsammans med 

fluoroforen Eosin-Y i en studie av T. Spielmann [2] där man har lyckads skapa en karta på 

sub-cellulär nivå av den lokala syrekoncentrationen i celler. Därigenom har man kunnat skilja 

på cancer och icke-cancer varianter av en typ av celler. Den här uppsatsen bygger vidare på 

det arbetet genom att försöka utveckla wide-field TRAST tekniken till att avbilda celler med 

hjälp av det autofluorescenta ämnet flavin adenin dinukleotid (FAD). Fokus med 

autofluorescensbaserad wide-field TRAST lades på att studera intracellulära redox processer 

istället genom att studera förändringar i 𝑘𝑜𝑓𝑓 raten. Arbetet i den här uppsatsen var primärt 

ett experimentellt undersökande inriktat på att identifiera några av begränsningarna med 

tekniken samt att utveckla ett standardförfarande för att studera celler med denna. Detta 

inkluderade att minimera externa påverkan på cellen så som blekning, och att undersöka hur 

man kunde extrahera så mycket information som möjligt medan man utsatte cellen för 

lägsta möjliga stråldos, eller utan att ge den för mycket tid på sig att röra sig. Skillnader 

kunde ses mellan enskilda celler av samma celltyp vilket innebär att tolkandet av mätdata 

måste göras med detta i baktanke. Mätningar på celler under påverkan av olika substrat 

såsom DNP, H2O2 och askorbinsyra utfördes och experimentet med DNP visade på en 

påtaglig effekt. Det mest lyckade experimentet involverade mätningar av många celler från 

flera olika cellinjer och att statistiskt jämföra dessa. 

Det verkar nu efter ett första studie av autofluorescensbaserad TRAST imaging att mätningar 

av och jämförelser mellan många celler med hjälp av statistiska tekniker kan vara en lämplig 

riktning att utforska för den här metoden, åtminstone tills ytterligare förbättringar av 

metoden kan utarbetas och man fått mer erfarenhet. Då det redan är visat i [2] att wide-field 

TRAST medhjälp av fluoroforer med hög triplett yield fungerar mycket bra för sub-cellulära 

undersökningar av t.ex. syrekoncentration så verkar det vara vägen framåt på det området. 
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2. INTRODUCTION 

 

Transient state (TRAST) imaging is an up and coming technique that is being pioneered by 

prof. J. Widengren and his group at KTH. In an attempt to extract more information from the 

fluorescent light the excitation is pulsed and relative changes in the fluorescence amplitude 

for varying pulse lengths is recorded. These variations are used to extract information of the 

fluorophores local environment such as the O2 concentration or redox conditions. The work 

done in this thesis builds on earlier work done by the group on the TRAST method, in an 

attempt to further develop TRAST imaging on live cells using wide field microscopy and 

autofluorescence from intrinsic flavin. 

 The earlier work was done developing the theoretical background and solution 

measurements on fluorophores. From there with the basic understanding of the principles 

live cells were imaged successfully using marking by high triplet yield fluorophores, yielding 

for instance rate maps representative of the local oxygen concentration. The ability to 

directly access the rate constants is what makes TRAST such a powerful technique since it 

can directly be related to physical process in the cell. For example, using a rate constant that 

can be directly related to the oxygen concentration can be used to study the cellular 

metabolism. The stage was now set to proceed and try to replicate these live cell 

measurements using autofluorescence, allowing for fast and non-invasive measurements on 

the cultured cells. Here the chosen autofluorescent molecule is flavin adenine dinucleotide 

(FAD) which is useful since it may be excited with blue-green light, mainly avoiding 

simultaneous excitation of other fluorescent compounds (which are excited at shorter 

wavelengths) at the same time.  

 Possible applications of the technique are fast and/or multiplexed TRAST measurements of 

cells for instance using a flow cytometer or to investigate large number of cells in culture. 

The aspiration was to evaluate the viability of the technique to answer questions about 

altered metabolic state of cells, indicating for example cancer or the presence of harmful 

substances. Several experiments were done to gain insight into what kind of information is 

available from cells using this technique. The influence on signal quality by background 

fluorescence from the cell medium and the laser intensity distribution were investigated. 

Other factors contributing to a weak signal is that the fluorescence quantum yield and triplet 

yield of flavin adenine dinucleotide are low, accentuating the need to develop the 

experimental method. 

 The experiments performed are presented more in detail in section 6 Results. They involved 

solution measurements to confirm the viability of the setup and method, power series (a 

series of measurements where only the excitation power is changed), oxygen concentration 

series (where the O2 concentration is varied) and the investigation of the effect on the TRAST 

curves by addition of different chemicals such as ascorbic acid or 2,4-dinitrophenol. Finally, a 

statistical approach to wide field TRAST is applied to four different cell lines to see if the 

method can differentiate between them in a meaningful way. The cells used in this work are 

immortalized human lung carcinoma cells, providing easy to grow and maintain samples. 

Minimizing the light dose received by the cell is very important both to reduce photo toxicity 
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and even more importantly at this stage in the development, to avoid unnecessary loss of 

signal due to permanent damage (photo-bleaching) of the fluorophores. The key to 

developing this technique is at an early stage to optimize the experimental measurement 

parameters such as illumination time, number of data points and bleaching corrections to 

record as well as comparisons of results between different cells of the same cell line, as well 

as multiple measurements on the same cell.  

Quantifying results in terms of accurate transitional rates in the state model outlined in 

chapter 3 is proven difficult due to complicated and yet unknown processes involved with 

the intracellular flavin as well as the poor SNR. 
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3. THEORY 

 

3.1. Fluorescence 
 

Fluorescence is the most commonly studied and utilized part of a larger phenomenon known 

as luminescence. Luminescence is the emission of light from an atom or molecule through 

the relaxation of excited electronic states. Fluorescence is the emission of a photon when an 

excited electron relaxes from a normal excited state with its spin in the same spin 

configuration as in the relaxed state, called a singlet state. The second part of luminescence, 

known as phosphorescence, occurs when the excited electron relaxes from a so called triplet 

to a singlet state, again with the emission of a photon. The phenomenon of fluorescence was 

first studied by Sir John Frederick William Herschel in 1845, where he reported in a beautiful 

example that the molecule quinine in a thin layer of tonic water absorbed ultra violet light 

and emitted blue light. Within this example are the basic principles of fluorescence 

contained.  

 

A ground state (𝑆0 - see figure 1) de-localized electron (involved in bonds of more than two 

atoms) in the quinine molecule absorbs the energy of a photon with a wavelength within the 

molecules absorption spectrum (See figure 4 a) below). The electron enters an excited state 

(𝑆1, solid line) with the molecule at some higher state of vibrational energy (thin line above 

𝑆1). When excited to a high energy vibrational 𝑆1 state the molecule relaxes very rapidly to 

the ground vibrational state of 𝑆1 through thermalisation. This relaxation time is in the 

picosecond domain. At the lowest vibrational state of 𝑆1 the electron decays to the ground 

state 𝑆0, emitting a photon (fluorescence) with the molecule usually ending up in a high 

vibrational state. This process is random and governed by Poisson statistics but has a 

characteristic time, the lifetime of the fluorophore (𝜏) which is usually in the range 1-10 ns, 

much longer than the thermal relaxation times. Since the decay is random, the number of 

photons per unit time is proportional to the number of excited molecules, meaning that 

after an excitation pulse the fluorescent intensity decays exponentially:  

𝐼 = 𝐼0 exp(− 𝑡 𝜏⁄ )     (3.1) 

where 𝜏 is the characteristic lifetime of the fluorophore, where the intensity has decayed to 

1/𝑒 of its original (𝐼0) value.  

Figure 1. Jablonski diagram depicting excitation and some of the relaxation pathways.  
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Again energy is lost (illustrated in figure 1 by shorter solid arrows at more red-shifted 

colours) through thermalisation and within a relaxation time in the picosecond domain the 

molecule is back to its ground state. In both vibrational relaxation steps energy is lost from 

the electron without contributing to the energy of the emitted photon. This means that the 

emitted light is of lower energy (longer wavelength) than the absorbed light, giving rise to a 

Stokes shift. The Stokes shift is essential to fluorescence spectroscopy since it allows the 

filtering out of the fluorescent signal from the excitation light (which is orders of magnitudes 

larger, and would drown the weaker fluorescence signal completely) without the use of 

extreme high speed components.   

The 𝑆0 or 𝑆1 electron can be excited to a second (even higher energy) excited state (𝑆2), 

however the probability for this transition is usually very low at an excitation wavelength 

well suited for the  𝑆0 → 𝑆1 transition so this population will be small. This is especially true 

for the low excitation intensities ( < 10 𝑘𝑊 𝑐𝑚2⁄ ) used in this project so this state will be 

neglected.  

Absorption of light is governed by the Beer-Lambert law: 

𝑑𝐼

𝑑𝑥
= −𝐼𝑛𝜎     (3.2) 

The rate of change of intensity is proportional to the negative of the intensity (𝐼), the 

number of molecules per cubic centimetre (𝑛) and the effective absorption cross section 

(𝜎 [𝑐𝑚2]). Where 𝜎 = 𝜎(𝜆) is dependent of the excitation wavelength. This implies that the 

intensity of the excitation light decays exponentially in the absorbing material, and explains 

why fluorescence was only seen from a thin sheet of tonic water in the example above. This 

is known as the inner filter effect.  

Another important concept in fluorescence is what is known as quantum yield, defined as 

the fraction of absorbed photons that lead to fluorescence emission, or stated in another 

way, the probability that a fluorophore emits a photon after absorbing a photon and 

entering an excited singlet state.  

Mathematically this can be written in terms of rate constants as 

𝜙𝑓 =
𝑘𝑓

𝑘𝑓 + 𝑘𝑛𝑟
     (3.3) 

Where 𝜙𝑓 is the fluorescence quantum yield, 𝑘𝑓 is the fluorescence rate, the rate at which 

photons are generated from the excited singlet sate, and 𝑘𝑛𝑟 is the non-radiative rate which 

is the rate of internal conversion (relaxation by heat dissipation) from the excited to the 

ground state, not generating a photon. The intersystem crossing rate can be omitted from 

(3.3) for fluorophores with low triplet yield since it is much smaller than the other rates in 

this case.    
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Transient dark states 

A dark state may be defined as a state in which the fluorophore is prohibited from emitting 

fluorescence for a long (relative to its life time, see below) time. In the 𝑆1 state, the excited 

electron may undergo a spin-flip (known as intersystem crossing) and the fluorophore may 

end up in a so called triplet state (𝑇1). As shown in figure 1 this is an excited state of slightly 

lower energy, but here the electron is trapped. Relaxation to 𝑆0 is quantum mechanically 

forbidden (by the Pauli exclusion principle) since that same state is already occupied by 

another electron, and return to the ground state by emission of a photon takes as long as 

microseconds or longer. The triplet state is readily quenched by molecular oxygen (O2) 

dissolved in the solution, due to spin orbit coupling with the oxygen, naturally having its 

ground state electrons in a triplet configuration. This returns the fluorophore to its ground 

singlet state without the emission of a photon.  In addition to the states shown in figure 1, a 

fluorescent molecule, or fluorophore, may have several additional dark states (will be 

referred to as 𝑅) such as photo ionized, oxidized, reduced and radical states. Depending on 

the fluorophore, it may enter these additional dark states from either the singlet or the 

triplet states, or both. The rate constants for this transitions are in the per millisecond range. 

On this timescale the 𝑆1 and 𝑇1 populations have equilibrated and a single rate constant 

(𝑘𝑜𝑓𝑓) will suffice, usually drawn from 𝑇1 to 𝑅, but this may also vary between fluorophores.  

Photobleaching 

Every time a fluorophore is excited it runs the risk of entering a permanent dark state 

through various chemical reactions, effectively destroying it for the purposes of imaging 

studies. The rate at which photobleaching occurs is dependent on the excitation intensity, 

the local environment and the fluorophore itself. Commonly used fluorophores used for 

example as protein markers are usually chosen to be resistant to photobleaching, whereas 

intrinsic fluorophores don’t have this property. This makes studies using intrinsic 

fluorophores quite sensitive to bleaching, the effect is enhanced by the fact that protein 

bound FAD is not free to diffuse into and out of the cell and is only very slowly replenished 

when bleached. Reproducibility of results is a key component of reliable experiments and 

due to rapid diffusion of fluorophores in solutions it is simple to measure any given solution 

many times achieving the same result every time. When it comes to cells the fluorophores 

are far more or immobile as they are usually bound to lipids or proteins with limited mobility 

and the cell reacts to the exposure of light by changing its chemistry, which may change the 

fluorescent response to subsequent measurements. In section 6.2 a measurement done to 

evaluate how single cells react to repeated exposures, an effect is clearly visible on the off 

rates, when fixing all other rates using a global fit.  

 

[1]  
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3.2. Transient state (TRAST) imaging 
 

By modulating the excitation source with a square wave with increasing on-period lengths 

(𝑡𝑝), transient state kinetics can be monitored using the time averaged fluorescence as 

readout signal. Here the theoretical derivation of the analytical model will be sketched and 

explained, for the complete derivation see [2] Chapter 3, from which this is taken. In figure 2 

below the modulated excitation referred to as pulse trains is illustrated for two arbitrary 

pulse trains.  

The main idea behind TRAST is that the longer the on-periods of the modulation of the 

excitation is, the higher the probability that first the triplet (µs regime) and then the radical 

(ms regime) states are populated. Since these are stable long lived states, the fluorophores 

in these states are effectively dark. The higher the population of these states the more 

attenuated the fluorescence signal will be. So when pulses reach the µs timescale, a dip 

should be noticeable in the average fluorescence intensity, and then a second dip shows 

when the pulses reach lengths in the ms regimes. The magnitude of the attenuation at these 

bumps when the fluorescence intensity is normalized is the extent to which these long lived 

states are populated. This can then be related to, for instance the local oxygen concentration 

(via the Stern-Volmer relation) or the local redox environment. The fluorescence response to 

the pulse trains are recorded with increasing on-durations from about 100 ns up to 10 ms 

and is plotted on a logarithmic timescale, usually with fluorescence intensity normalized so 

that the first point has the value 1.  

Figure 3. Jablonski diagram representing the 𝑺𝟎𝟏𝑻𝑹  model 

depicting the state transitions and their respective rates 𝒌𝒙 . 

Adopted from [2]. 

Figure 2. Illustration of the modulated excitation, called 

pulse trains in the text. y-axis is laser intensity, x-axis is 

time.  𝒕𝒑/𝑻𝒑  = 𝜼, duty cycle taken as 1% here.  
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Using an electronic state model as explained in the previous part, consisting of the 𝑆0, 𝑆1, 𝑇1 

and 𝑅 states, from now on abbreviated as 𝑆01𝑇𝑅 shown as a Jablonski diagram in figure 3, 

the model is derived below. This model is used to fit the free parameters of the experimental 

data recorded during image acquisition.  

Indicated in figure 3 are also the transitional rates 𝑘𝑥, where 𝑘01(𝒓) = 𝜎(𝜆)𝐼(𝒓) is the 

excitation rate, 𝑘10 is the relaxation rate, both the radiative and non-radiative parts (no 

photon is emitted), 𝑘𝑖𝑠𝑐 is the intersystem crossing rate, 𝑘𝑡 the triplet decay rate, 𝑘𝑜𝑓𝑓 and 

𝑘𝑜𝑛  the respective photo activation/deactivation rates. 𝐼(𝒓) is the spatially dependent 

excitation irradiance given in 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 (𝑠 ∗ 𝑐𝑚2)⁄ . 

 

Table 1 gives the timescales of these processes, to 

emphasize that these processes occur at vastly 

different rates. To simplify the notation, the spatial 

dependence of the rates is omitted and the resulting 

equations then represent a single voxel where the 

laser intensity is assumed uniform.  

 

Figure 3 represents a linear system of coupled differential equations for the populations of 

the different states, where the rate of change of the state population equals the rates to the 

state minus the rates from the state. Since the fluorophores are confined or bound to 

proteins resulting in very large diffusion times, the diffusion term is neglected. In solutions 

the 𝑘𝑜𝑛 rate sees the largest effect of diffusion so this calculated rate becomes more 

uncertain if diffusion is not taken into account.   

𝑑𝒔(𝑡)

𝑑𝑡
= 𝑴𝒔(𝑡)     (3.4) 

 

Where a boldface lowercase character represents a vector and a boldface uppercase 

character represents a matrix. 𝒔(𝑡) is the population vector and 𝑴 represents a closed 

system since it is assumed that 𝑆0(𝑡) + 𝑆1(𝑡) + 𝑇1(𝑡) + 𝑅(𝑡) = 1, ∀𝑡. Written in matrix form 

this is:  

 

𝑑

𝑑𝑡
(

𝑆0(𝑡)

𝑆1(𝑡)

𝑇1(𝑡)

𝑅(𝑡)

) =

[
 
 
 
−𝑘01 𝑘10 𝑘𝑡 𝑘𝑜𝑛

𝑘01 −𝑘10 − 𝑘𝑖𝑠𝑐 0 0
0 𝑘𝑖𝑠𝑐 −𝑘𝑡 − 𝑘𝑜𝑓𝑓 0

0 0 𝑘𝑜𝑓𝑓 −𝑘𝑜𝑛]
 
 
 

(

𝑆0(𝑡)

𝑆1(𝑡)

𝑇1(𝑡)

𝑅(𝑡)

)     (3.5) 

 

Since the system is assumed to be closed, meaning that the total population is assumed to 

be constant, corrections for bleaching of the fluorophores will have to be made. In the case 

of a solution measurement a concentration gradient of bleached molecules is built up and 

RATE SIZE [𝒔−𝟏] 

𝒌𝟎𝟏  107 
𝒌𝟏𝟎  109 
𝒌𝒊𝒔𝒄  106 
𝒌𝒕  106 
𝒌𝒐𝒇𝒇  103 

𝒌𝒐𝒏  103 

Table 1. Decay rate timescales. 
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must be corrected for in the same way. This correction is applied to the raw data and not 

shown here. To solve the system an initial condition is set to 𝑆𝑇 = [1,0,0,0] assuming the 

system completely in the relaxed ground state. With this initial condition, and if the 

eigenvectors are linearly independent and the eigenvalues clearly separate the system is 

solvable with the approximate eigenvalues  

 

𝜆1

𝜆2

𝜆3

𝜆4

=
=
=
=

−𝑘01 − 𝑘10 − 𝑘𝑖𝑠𝑐

−𝑘𝑖𝑠𝑐
′ − 𝑘𝑡

−𝑘𝑜𝑓𝑓
′ − 𝑘𝑜𝑛

0

    (3.6) 

Where 𝑘𝑖𝑠𝑐
′ = 𝑘𝑖𝑠𝑐 𝑘01 (𝑘01 + 𝑘10)⁄  and 𝑘𝑜𝑓𝑓

′ = 𝑘𝑜𝑓𝑓 𝑘𝑖𝑠𝑐
′ (𝑘𝑖𝑠𝑐

′ + 𝑘𝑡)⁄  are known as the 

equivalent intersystem crossing rate and off rate, and it is further shown that they indeed 

are clearly separated.  

The solution as always for a coupled first order system has the form 

𝒔(𝑡) = ∑𝑐𝑖𝒗𝑖exp (𝜆𝑖𝑡)

4

𝑖=1

     (3.7) 

And the analytical solution is given for 𝑆1 as: 

𝑆1(𝑡) =
𝑘01

−𝜆1  
[− exp(𝜆1𝑡) +

𝑘𝑖𝑠𝑐
′

−𝜆2
exp(𝜆2𝑡) −

𝑘𝑡

𝜆2
(
𝑘𝑜𝑓𝑓

′

−𝜆3
exp(𝜆3𝑡) +

𝑘𝑜𝑛

−𝜆3
)]    (3.8) 

 

The instantaneous fluorescence, 𝐹𝑠(𝑡) is proportional to the population of 𝑆1(𝑡) at that 

instant, given by 

𝐹𝑠(𝑡) = 𝜙𝑓𝑘10𝑆1(𝑡)     (3.9) 

From the instantaneous fluorescence we get the average fluorescence generated by a single 

excitation pulse 𝑡𝑝 by integrating 𝐹𝑠(𝑡) over the pulse duration. 

〈𝐹𝐷〉𝑡𝑝(𝑡𝑝) =
1

𝑡𝑝
 ∫ 𝜙𝑓𝑘10𝑆1(𝑡)𝑑𝑡

𝑡𝑝

0

=
𝜙𝑓

𝑡𝑝 

𝑘10𝑘01

𝑘10 + 𝑘01
[
1

𝜆1
(1 − exp(𝜆1𝑡𝑝)) +

𝑘𝑖𝑠𝑐
′

𝜆2
2 (1 − exp(𝜆2𝑡𝑝))

−
𝑘𝑡

𝜆2
(
𝑘𝑜𝑓𝑓

′

𝜆3
2 (1 − exp(𝜆3𝑡𝑝)) −

𝑘𝑜𝑛

𝜆3
𝑡𝑝)]     (3.10) 

In [2] it is shown that this approximated analytical solution agrees very well with the 

numerical solution to (3.3).  

 

 If a low duty cycle (𝜂 = 𝑡𝑝 𝑇𝑝⁄ , pulse width divided by pulse period ≅ 1%, see figure 2) is 

used the fluorophores can be regarded as completely relaxed to the ground state 𝑆0 prior to 
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the onset of the next excitation pulse. The average fluorescence for an excitation pulse over 

the duration of a full camera exposure 𝑡𝑒𝑥𝑝 = 𝑁𝑇𝑝 where  𝑁 is the total number of pulses 

and 𝑇𝑝 is the pulse period can then be calculated as  

〈𝐹𝐷〉𝑡𝑒𝑥𝑝
=

1

𝑡𝑒𝑥𝑝
∫ 𝜙𝑓𝑘10𝑆1(𝑡)𝑑𝑡 =

𝑡𝑒𝑥𝑝

0

1

𝑁𝑇𝑝
∑ ∫ 𝜙𝑓𝑘10𝑆1(𝑡)𝑑𝑡

𝑖𝑇𝑝+𝑡𝑝

𝑖𝑇𝑝

𝑁−1

𝑖=0

 

= 𝜂
𝜙𝑓

𝑡𝑝

𝑘10𝑘01

𝑘10 + 𝑘01
[
1

𝜆1
(1 − exp(𝜆1𝑡𝑝)) +

𝑘𝑖𝑠𝑐
′

𝜆2
2 (1 − exp(𝜆2𝑡𝑝))

−
𝑘𝑡

𝜆2
(
𝑘𝑜𝑓𝑓

′

𝜆3
2 (1 − exp(𝜆3𝑡𝑝)) −

𝑘𝑜𝑛

𝜆3
𝑡𝑝)]   (3.11) 

[2] 

 

3.3. Flavin adenine dinucleotide and redox processes 
 

Flavin adenine dinucleotide 

This work focuses on cellular autofluorescence, specifically from endogenous Flavin adenine 

dinucleotide (FAD) molecules present in cells. FAD is a molecule containing a flavin moiety 

and an adenine nucleotide as shown in Figure 4 (b), present both in free form and bound to 

proteins as prosthetic groups or coenzymes. A prosthetic group is an organic molecule that 

binds covalently to an enzyme enabling it to get the correct conformation and function. 

Where the prosthetic group is covalently linked, the coenzyme is bound by weaker means. 

Only a small amount, about 5-10% of protein bound FAD are prosthetic groups, however 

enzymes linked covalently have a stronger redox power [9]. Proteins with FAD as prosthetic 

groups are known as Flavoproteins and are mainly used in cells for their strong oxidative 

properties granted by the molecule, the most famous examples are the flavoproteins 

constituting a crucial part in the mitochondrial electron transport chain (ETC) in the 

generation of adenosine triphosphate [6]. This is done by the reduction of FAD to FADH2 

through the half-reaction 

𝐹𝐴𝐷 + 2𝑒− + 2𝐻+ → 𝐹𝐴𝐷𝐻2     (3.12) 

by the addition of two electrons generated in earlier steps by the tricarboxylic acid (TCA) 

cycle, as well as two hydrogen ions. This reaction is reversed when the electrons are 

released to the next part of the ETC and the cycle can start over again. More details of the 

ETC are out of the scope of this thesis and the interested reader is referred to more detailed 

texts on cell respiration.  
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There are several other enzymes with FAD cofactors throughout the cell, for instance filling 

the role of defence against reactive oxygen species (ROS) generated largely by metabolism. 

Ionizing radiation is another source of ROS generation, in all cases the strong oxidative 

properties of FAD bound to specialized proteins can be utilized by cells to neutralize the ROS. 

However, flavins that are connected to the ETC contribute the most to autofluorescence 

generated by intracellular FAD [7]. Figure 4 (a) shows the absorption and excitation 

spectrum of FAD together with the coenzyme Nicotinamide adenine dinucleotide (NADH) 

and the amino acid Tryptophan (Trp), two other major sources of cellular autofluorescence. 

The second red peak in the absorption spectrum is due to the isoalloxazine-ring in the flavin 

part of FAD and is clearly separate from the absorption spectra of NADH and Trp, allowing 

for selective excitation of only FAD. For protein bound FAD the fluorescence spectrum is 

shifted towards both slightly shorter wavelengths and shorter lifetime than shown for free 

flavin. [7] Fluorescence lifetime of FAD changes from 0.5 − 2 𝑛𝑠 for protein bound flavin, to 

2 − 3 𝑛𝑠 for free flavin in solution. [5] The quantum yield of FAD is about 3% in solution, 

which is about 10% of the yield of flavin mononucleotide. This difference is due to the 

adenine isoalloxazine ring in FAD which creates a very efficient non radiative pathway for 

FAD to decay from the 𝑆1 state. [15] 

The mononucleotide form, Flavin mononucleotide (FMN) is also fluorescent and available in 

the cell bound to flavoproteins however 84% of the human flavoproteins bind FAD and only 

16% bind FMN. [10] 

Figure 4. (a) Excitation (--) and emission (-) spectra of FAD together with 

those of NADH and the amino acid Tryptophan in water. (b) The molecular 

structure of FAD with the Flavin moiety on the left, and the nucleotide 

adenine on the right. Adapted from pH Dependence of the Fluorescence 

Lifetime of FAD in Solutions and in Cells, Md. Serajul Islam et al, Int. J. Mol. 

Sci. 2013, 14, 1952-1963. 
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In its oxidised forms (FADH and FADH2) FAD is non-fluorescent (as opposed to many other 

fluorophores, like NADH, where the reverse is true) [1] so investigating the ratio of 

fluorescent/non-fluorescent can give insights into the local redox environment in cells. FAD 

is stable in its oxidised form under aerobic conditions, but is susceptible to photon induced 

reduction (photo reduction) through intersystem crossing to 𝑇1 from 𝑆1 [8]. 

Redox reactions 

Equation 3.10 represents a half-reaction, that is half of a redox reaction, and in this case 

specifically a reduction half-reaction. This is only half of the story, as the name implies, and 

there is also a part where oxidation takes place at the same time yielding the full total 

reaction. In redox reactions electrons change owners from one molecule to another, the 

name comes from the reaction with oxygen. Oxygen receives electrons and is reduced, 

whereas the other party in the reaction lose electrons and is oxidised. The same reaction 

occurs even without oxygen, between other kinds of molecules but the name of the reaction 

does not change. The oxidised and reduced form of a molecule form a redox pair: 

FAD/FADH2 (Ox/Red) and the reducing (or oxidative) power of this pair can be compared to 

other such pairs (Like H+/H, which is used for the hydrogen electrode for instance). For FAD 

two hydrogen atoms bind to the flavin moiety when it is reduced, as show in Figure 5 below. 

This is assumed not to change during the reduction of FAD to FADH2 even if bound to 

proteins. [3] 

  

Figure 5. The most reduced state of FAD on the left, the most oxidised 

state on the right. R indicates the long bottom chain with the adenine 

nucleotide as shown in the FADH2. 
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3.4.  A short Introduction to cell biology 
 

Cells are the building blocks of all higher forms of life, from the simplest single cell amoebas 

to trees and humans. The human body is built up of over 1014 cells, of many different sizes 

shapes and functions, from platelets to neurons and epithelial cells. In spite of their 

diversities, they stem from the same single original cell, which divided and diversified to fill 

all the many necessary roles of keeping the body safe and functional. So even though there 

are many different kinds of cells, they all share the same basic features and building blocks, 

the most important and prominent ones will be explained briefly for an animal cell in this 

section. A simplified illustration is given in figure 6 below. [4] 

The plasma membrane 

Arguably the most important feature of any cell, the ability to confine, control and shield the 

inside (cytosol) from whatever is outside of the cell. This is done by a lipid membrane, made 

out of a dual layer of lipids consisting of a hydrophobic (nonpolar) tail and a hydrophilic 

(polar) head. These lipids are forced into a dual layer with the polar heads facing outwards 

towards the cytosol and cell exterior by hydrophobic forces, creating a semipermeable shell. 

In this membrane many different proteins are located that perform a multitude of functions. 

Primarily as anchors for external or internal proteins connecting to the membrane, such as 

the cytoskeleton, or as signal transducers between the cell exterior and the cytosol, or as 

transport channels to regulate salt concentrations, osmolarity, nutrient intake and waste 

excretions. [4] 

  

Figure 6. Sketch of an eukaryotic animal cell naming most individual parts of the cell, the size, 

number and location of these parts may vary. Adapted from [4]. 
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The nucleus 

The most prominent feature of a cell when looking at it through a microscope is usually the 

nucleus. It is the largest organelle (membrane covered specialized compartment) of the cell, 

storing and granting access to the genetic material, the DNA (DeoxyriboNucleic Acid, a sugar 

phosphate connected to a nucleotide). DNA holds the code that defines every part of the cell 

and hence the multicellular organism that all the cells combined comprise. The DNA is read 

and copied, known as transcription, to mRNA (messenger-RiboNucleic Acid. RNA is similar to 

DNA, except without the removed oxygen and one nucleotide exchanged.) which is an 

intermediate for the genetic code. mRNA is then translated from its genetic nucleotide code 

by a ribosome (a large protein complex) into a protein which conducts a specific function. 

This is the defining feature of the so called animal cell, the eukaryote as opposed to 

prokaryotes like bacteria which lacks the nucleus, and allows it to protect its genetic 

material. [4] 

Endoplasmic Reticulum (ER) 

A large organelle with a huge membrane surface area primarily used for protein production 

and folding. Some proteins, made for the cytosol or made for excretion are made in the 

cytosol itself, but many other proteins are designed to be attached to some membrane, 

either the outer membrane or some organelle membrane, and they are made in the 

membrane of the ER. Some proteins also need help to fold into their correct conformation 

(chaperoning) and this is done inside the ER. This organelle can in some cases where the cell 

excrete a large amount of protein take up a large part of the cytosol.  

Golgi apparatus (Golgi) 

When a protein is completed, for instance in the ER, it is sent to the Golgi for assignment of 

its final destination. This is done by adding or removing sugars to the protein, acting as an 

identification for the intracellular transport mechanics. The Golgi is in effect the cells 

logistics centre. [4] 

Mitochondria 

A double membrane enclosed organelle with its own genetic material, believed to be 

bacteria absorbed by the ancient cell that has since existed in symbiosis with it. Here acetyl 

coenzyme A enters the tricarboxylic acid (TCA) cycle where it in several steps is oxidised 

yielding high energy electrons for the ETC, generating the essential high energy intermediary 

adenine triphosphate (ATP). This is made possible by the creation of a hydrogen ion (H+) 

gradient by the ejection of H+ by pumps driven by the high energy electrons in the ETC. The 

H+ gradient is then used to generate the ATP.  This is known as oxidative phosphorylation 

and is the major source of energy for the cell, vastly increasing the ATP output from glucose 

following glycolysis. The number, size and location of mitochondria within the cell is subject 

to the cells current needs and its general purpose, and can be transported, generated or 

degraded at need. Mitochondria are usually localized close to sites of high activity; this is 

especially obvious in some polarized cells. [4] Due to the many oxidative reactions carried 

out in the mitochondria, and the usage of flavoproteins in the ETC, high concentration of 

protein bound FAD is expected to be found in the mitochondria, contributing to a large part 

of flavin autofluorescence.  
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Cancer and metabolism 

Through alteration of the level of expression of proteins related to cellular metabolism, 

cancer cells can alter their metabolism to suite the available substrates and oxygen levels. 

Known as the Warburg effect after Otto Warburg who discovered the phenomenon, cancer 

cells can downregulate oxidative phosphorylation in favour of glycolysis to better suite 

metabolic needs and substrate availability. This has been shown in studies where the 

metabolic substrate glucose was exchanged for glutamine both by Rossignol, and more 

recently using TRAST by Spielmann.  

[11-15]
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4. EXPERIMENTAL SETUP 

 

4.1.  Overview 
The setup is partly custom built with a modular epifluorescence microscope and was 

assembled by my supervisor prior to the start of this project. It consists of a laser with 

excitation filter focused on an AOM from which the light is guided through a beam expander 

consisting of a magnifying and a collimating lens, from there the beam is guided through two 

adjustable mirrors into the microscope through a dichroic beam splitter and focused by the 

objective on the sample stage. The stage is movable in 2D by screws allowing for fine but not 

exact motions on the µm scale, on it a liquid sample is put either directly on the stage or in a 

sample chamber which can be heated and where the atmosphere can be controlled by an 

atmospheric control unit.  Fluorescence and backscattered excitation light is collected by the 

objective, led back to the dichroic and through a filter wheel containing the barrier filter and 

is then passed to the CCD camera or they eyepiece. The laser, AOM and the sCMOS camera 

are all controlled by a PC, the laser directly by software accompanying it from the 

manufacturer, the AOM and CCD are connected to a timing card controlling their on/off 

status for generation of the excitation modulation as well as the recording of the data. 

sCMOS output is also sent to the PC for storage. The software controlling the data 

acquisition, including the timing instructions to the timing card as well as reading and storing 

the acquired data in a proper way, is an in house made application for Matlab 2013a, mainly 

developed by my supervisor and named TriIm. Figure 6 below shows a schematic of the 

setup.  

 

 

Figure 7. Simplified schematic of the experimental setup. Blue line going from the laser to the sample is the excitation light, 

the green line from the sample to the camera is the fluorescent light. The interrupts in the blue and green line represents 

time modulation of the excitation and the emission light.  
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Atmospheric control 

For atmospheric control a heated chamber with inlets for gas and an exchangeable holder 

for eight-wells or small petri dishes is connected to atmospheric control units Live Cell 

Instruments FC-7 and CV109, keeping the sample in the right atmosphere and at the correct 

temperature. The chosen temperature is 37 °𝐶 and the atmosphere is a mixture of N2, O2 

and CO2 as desired. The gas is passed through a heated humidifier so that the samples do 

not dry out. As well as heating the sample chamber and the gas mixture, there is also 

heating for the objective as to avoid generating a large thermal gradient at the measured 

location.  

 

The laser  

The laser is a Cobolt 06-MLD 488 continuous wave (CW) solid state 488 𝑛𝑚 diode laser with 

a maximum output of 210 mW, mode locked to 0th mode, TEM00. The laser can be pulsed 

directly but due to inadequate temporal resolution for short pulses, an acousto-optic 

modulator (AOM, see next subsection) is used instead. 

 

4.2. The AOM  
 

The AOM is a MQ180-A0.25-VIS, aperture 1*0.25 mm2 made for high speed high power 

modulation and is used to modulate the CW laser light into pulses with high temporal 

resolution where the rise and fall exhibits approximately exponential behaviour, which is to 

be expected. This means that the square pulses illustrated in figure 2 have a more rounded 

appearance in reality, and a small difference between rise and fall times means a deviation 

from the approximated square area. This is compensated by introducing an experimentally 

determined compensation parameter named 𝑡𝑝𝑐𝑜𝑟𝑟
which corrects for the experienced 

change in pulse-on length (𝑡𝑝𝑡𝑟𝑢𝑒
= 𝑡𝑝 + 𝑡𝑝𝑐𝑜𝑟𝑟

). The AOM is basically a crystal connected to 

a piezoelectric transducer (effectively a loudspeaker), a pulse generator sends electrical 

pulses to the input of the speaker which then generates a soundwave that propagates 

through the crystal and is absorbed at the opposite end. The soundwaves generate a 

propagating pressure difference in the crystal, inducing a periodic change in its index of 

refraction. This periodic change in index of refraction changes the path of the light through 

the crystal through diffraction, the lowest order diffraction maxima is guided toward the 

optical axis of the microscope; the light is directed towards the next lens in the microscope 

setup and into the microscope. Once the signal to the transducer reaches zero, the refractive 

index of the crystal changes back and the laser light is once again propagated away from the 

optical axis and hits an absorbing wall. When the AOM is in the active mode letting the beam 

through, only about 70% is directed towards the beamline and 30% is scattered into the 

absorber, as validated by measuring the laser power after it passes through the AOM, 

compared to the indicated laser power of the source. Even in the diffraction mode about 

0.05% is still transmitted, which considering a 1% duty cycle during measurements, fast 

builds up the radiation dose on a cell even when measurements are not made so care must 

be taken by for instance using a shutter.  
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4.3. The Microscope 
 

The microscope is an Olympus XI73, an inverted modular microscope with the specifics of 

the major components are listed below.  

Objective 

The objective is an Olympus UPLSAPO 60XW 1.2 N.A. water immersion objective with a 

working distance of 0.28 𝑚𝑚 optimized for the visual spectrum which is slightly overfilled by 

the laser beam. It transmits approximately 78% of the incident 488 𝑛𝑚 light. 

Filters 

The rather wide spectrum of the diode laser is narrowed by an excitation filter, in this case a 

488/10 BrightLine Bandpass Filter 25 mm by Semrock. Light transmitted by the dichroic 

passes through a barrier filter, here a 535/50 BrightLine Bandpass Filter, 25 mm, Semrock 

USA.  

Dichroic beamsplitter 

The beamsplitter used is a 506 BrightLine Dichroic Beamsplitter 25.2, by Semrock, reflecting 

the excitation light through the objective to the sample and transmitting the fluorescence 

from the sample. Backscattered excitation light is reflected back along the beamline.   

Camera and data readout 

After the fluorescent light passes through the dichroic it reaches the sCMOS camera used for 

image acquisition, the camera is an ORCA-FLASH 4.0 V2 with a Thorlabs MVL75M1 objective. 

Data is read out after each pulse and stored in the computer memory until the entire 

acquisition sequence is complete, then the data is saved from the memory to a custom file 

format storing each pulse data as a matrix of intensity values, representing each pixel. Data 

to decode this matrix is also stored relating to the acquisition parameters, pulse length 

illumination time etc.  
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5. METHOD 

 

5.1. Sample preparation 
 

Two different kinds of samples were studied in this project, the main focus was the study of 

live cells in vitro but for control and as references some measurements were also done in 

liquid solutions. The latter was the simplest as it only involved the process of diluting the 

sample to the desired concentration with ultrapure water (18.3 MΩcm−1) for the Rh110 

samples and phosphate buffer (PH 7.3) for the FAD (FAD disodium salt hydrate ≥ 95% HPLC 

powder #F6625 stored at −80° 𝐶, Sigma) solutions. 

Preparation of the cell samples proceeded as follows. A vial of immortalized A549 Human 

lung carcinoma was thawed from a liquid N2 freezer and allowed to grow in Ham’s F12K cell 

culture medium (Sigma-Aldrich) with 10% (later 2%) fetal bovine serum (FBS) and 1X 

penicillin/streptomycin. The cells were incubated in an incubator at 37 °𝐶 in humid air 

atmosphere with 5% CO2, grown until approximately (without counting cells) 80% confluency 

before transferred to new growth medium and culture flask.  

The protocol for transferring cells to a new culture flask was the following, work done within 

a ventilated and sterile fume hood with glass window, suitable for managing cells. The old 

growth medium is discarded and the cells are rinsed with 10 𝑚𝑙 37 °𝐶 phosphate buffered 

saline (PBS) lacking both calcium and magnesium (PBS--) to remove any extracellular 

proteins that might interfere with the next step. In the next step the PBS-- is discarded and 

3 𝑚𝑙 𝑜𝑓 37 °𝐶 Trypsin-EDTA (an enzyme which cleaves protein, to disconnect the cell from 

the proteins allowing it to adhere to the culture flask and other cells) is added to the culture 

flask, and the flask placed in the incubator for 10 minutes. After 10 minutes the cells are 

checked in a simple 40𝑥  microscope to confirm that the majority of the cells had 

disconnected from the culture flask and were flowing freely. To this cell plus trypsin mixture 

10 𝑚𝑙 room temperature PBS-- is added and pipetted up and down about 10 times to 

release as many cells as possible from the culture flask, 10 𝑚𝑙 of this mixture of 13 𝑚𝑙 is 

transferred to an 15 𝑚𝑙 Eppendorf tube. The tube and a counterweight is centrifuged at 

4 °𝐶, 1800 𝑟𝑝𝑚 for 5 𝑚𝑖𝑛 to separate the cells from the liquid and to form a small pellet. 

The liquid is removed from the tube using a pipette leaving only the pellet and a tiny fraction 

of liquid, 5 ml of Ham’s F-12K (as specified above) is added and then pipetted up and down 

strongly 10 times to distribute the cells into the solution, from which 0.5 to 1.0 𝑚𝑙 is taken 

and added to 9.0 to 9.5 𝑚𝑙 of F-12K in a new cell culture flask (for a total of 10 𝑚𝑙) and 

placed back in the incubator. 

 From the remaining cell mixture in the 15 ml tube, samples for investigation is prepared by 

taking 0.5 𝑚𝑙 solution after 20x dilution through addition of F12-K to an eight-well with 

150 µ𝑚 glass bottom suitable for visible light imaging. The compartments of the eight-well 

are approximately 1 𝑐𝑚3 cubes and holds about 1ml liquid.  The cells are allowed to stabilize 

and grow for about 48 hours prior to being investigated. In our case this meant that there 

were plenty of cells, both single cells, small and large clusters, where single cells were the 

most desirable for most experiments. Directly prior to measurement the cell culture medium 
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was removed, the cells rinsed with 0.5 𝑚𝑙 room temperature PBS with magnesium and 

calcium (PBS++) so the cells do not stop lose adhesive qualities. The PBS++ is discarded and 

another 0.5 ml PBS++ is added as imaging solution. The cells are allowed to equilibrate in the 

new medium for at least 10 minutes before imaging. 

If an additional substrate is to be added to induce an effect on the cells, the cell is first 

located and imaged prior to addition of the substrate as a reference. The substance is added 

to the well and an appropriate amount of time for the specific experiment passes before 

imaging continues. 

 

5.2. System initiation 
 

To initiate the imaging system and atmospheric control units’ power is first enabled for the 

controlling PC, the laser, acousto-optic modulator (AOM), camera and atmospheric (gas 

concentration and temperature manipulators). The entire system is allowed to warm up and 

equilibrate for approximately an hour. During this time the temperature control unit is set to 

37 °𝐶 and gas pressures (O2, N2 and CO2) are equilibrated to 20, 75 and 5% respectively.  

When the system is warmed up alignment is checked by setting the laser power to 50 𝑚𝑊, 

the AOM to the CW setting and measuring the radiated power with a power meter at several 

positions along the beam line. The first measurement is done just after the AOM yielding 

about 32 𝑚𝑊. The second measurement is done after an aperture between the beam 

expander and the mirrors guiding the beam inside the microscope, this usually yields values 

in the range 4 − 8 𝑚𝑊 depending on how tightly the iris is closed. The aperture is used to 

cut the Gaussian beam into an approximately square wave to make the next step of the 

alignment easier. The last step is measuring the power after a double pinhole which replaces 

the objective for the alignment procedure. Here double screws on the two mirrors 

mentioned previously is used to guide the beam through the double pinholes until a 

maximum is achieved of the measured power. The beams small size and sharp edges after 

the aperture provide a clear jump in measured power intensity indicating when the beam 

reaches the power meter and is correctly aligned. Here the measured values at this position 

are approximately 2 − 3 𝑚𝑊.  

The final check of the systems alignment is the measurement of a complete TRAST curve in a 

drop of rhodamine 110 (Rh110) 100 𝑛𝑀 to confirm that the beam shape and position are 

correct, and that the measured results correspond with established values for the fitting 

parameters. Setting the laser power to 1 𝑚𝑊, the microscope is focused manually to the 

coverslip/sample interface and then focus is moved a few hundred µm into the sample. 

Laser power is then set to 210 𝑚𝑊, where all TRAST imaging is made. A standard TRAST 

curve is recorded with 30 points spaced logarithmically between 10−7 𝑠 to 10−3 𝑠 with a 

constant illumination time of 1 𝑚𝑠 , a bleaching control after every 3 points and 

measurement is initiated with 5 pre-bleaching points to establish a steady state diffusion 

gradient for bleached fluorophores out of the laser spot (explained further in the next 

subsection). In the data analysis software (see further 4.4), the beam shape is fitted with the 

intensity profile recorded in the liquid sample to a 2D-Gaussian with a Levenberg-Marquard 
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algorithm. The peak intensity is close to 10 𝑘𝑊/𝑐𝑚2  which means that excited state 

populations are far from saturation which could distort the profile image. The profile is 

slightly elliptic with 1/𝑒2 radii in the range 24 − 26 µ𝑚 for the minor axis and 28 − 32 µ𝑚 

for the major axis. The maximum amplitude of the Gaussian fit ends up being 10% short of 

the actual intensity at the maximum, indicating that the intensity distribution isn’t a simple 

Gaussian near the centre, but somewhat more narrow. For the purposes of this thesis the 

approximated Gaussian intensity distribution is close enough since the extraction of absolute 

rates is not the goal at this early stage. The focus here was on relative differences.  

 

5.3.  Measurement process 
 

Once the reference measurement is confirmed to provide a proper result the experiment 

can start. In the case of a solution measurement, a drop of approximately 60 µ𝑀 of the 

sample is placed on a glass coverslip and imaged at 210 𝑚𝑊 laser power for the maximum 

illumination time that does not saturate the detector, but usually no more than 50 ms since 

this means unreasonable long acquisition times. Pulse widths are spaced from 10−7 s to 

between 10−3 to 10−2s. The pulses can be taken in ascending order, which was the case in 

the beginning of this work, but was later changed to be taken in a scrambled order to 

remove any bias induced by for example bleaching predominantly occurring for the early 

pulses. For solution measurements a bleaching correction image taken as an image 

sequence of the shortest pulse lengths after every third pulse train is adequate. The sample 

is pre-bleached 5 times as stated earlier to induce an equilibrium of bleached fluorophores. 

The measurement is performed in as dark an environment as possible since the microscope 

is custom built and some stray light may enter the setup, and brief pulses of light can be 

especially damaging. When a solution measurement is done in an eight-well in order to, for 

example control the atmosphere (oxygen concentration for example) the same procedure as 

described above is applied, except for allowing time for the gas concentrations to equilibrate 

between the atmosphere in the measurement chamber where the sample is held when a 

controlled atmosphere is required, and the liquid sample itself. 

This measurement is also done to set the correct value of 𝑡𝑝𝑐𝑜𝑟𝑟
 which is a correction factor 

for the width of the laser-on state pulses, the pulses are not perfectly square due to the 

characteristics of the AOM as described earlier in the AOM section. The pulses have 

exponential rise and decay characteristics which are not entirely symmetric, giving rise to an 

underestimation of the pulse widths, which is on the order of 2 𝑛𝑠 making a significant 

difference only for the very short pulses, meaning that this can be omitted when only slower 

events are studied. This parameter is adjusted so that the lifetime, which is left free for 

solution measurements, gets the correct value since it depends only on the initial rise of the 

curve. 

For cell measurements much of the same is applied as stated above. The microscope is 

focused inside the cells to be imaged, but prior to the TRAST data acquisition a differential 

interference contrast (DIC) image is taken with the microscope. When imaging cells photo 

toxicity and bleaching must be minimized by bringing the total light dose down, meaning 
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choosing fewer data points and shorter illumination times. This however comes at the cost 

of signal to noise ratio (SNR) which is a major issue when dealing with autofluorescence 

imaging of cells since quantum yields are low and photo bleaching of the fluorophores is 

rapid and almost completely non reversible. No set exposure parameters suit all occasions 

and they must be varied on a case by case basis, but one chose the range of pulse widths 

depending on if the triplet state is to be monitored or the radical states. If only the triplet 

state is of interest a narrower span of pulse widths is possible, and hence a denser set of 

data points can be collected, increasing the accuracy of the fit. The data is recorded by the 

camera and stored as a matrix of pixel values for each saved image, all the images are then 

saved as a 3D matrix in a custom format to be interpreted by the data analysis software. 

 

  

Figure 8. Example image of A549 FAD autofluorescence illustrating from left to right: Fluorescence image, Fluorescence 

image with DIC image overlain, Fluorescence image, DIC image and the selected ROI. 
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5.4. Data analysis 
 

Data analysis is done in an in house coded module to MATLAB 2013a, called TriFit, mainly 

designed by my supervisor. From the approximated laser spot distribution generated in the 

previous section the excitation intensity distribution 𝐼(𝒓) is simulated in a desired volume 

and with voxels of desired size, weighing accuracy versus computation time. This is done to 

take into account indirect excitation light, as well as from direct sources.  For a wide field 

beam 𝐼(𝒓) is approximated using a 2D-Gaussian in the xy-plane and a very broad Gaussian, 

almost constant, in the z-direction. A region of interest in the recorded data is selected and 

in this region all pixels are binned together and averaged out to yield the curve to be fitted. 

A single region is created, multiple separate ones or a region is selected and subdivided into 

a specified number of sub-regions, as desired. 

Now a data set is generated representing the average intensities for each pulse width, and 

from the dataset the background is subtracted as appropriate. The same total illumination 

time is used for each pulse width as far as can be accommodated using the pulse widths 

available, meaning that early data points contain the average of many pulses, whereas the 

later ones may only contain a few or even one, making them more prone to fluctuate. From 

this dataset all points or a subset of points can be selected to fit a TRAST curve (see eq. 3.11) 

and retrieve the desired parameter values such as 𝑘𝑡, 𝑘𝑖𝑠𝑐 and 𝑘𝑜𝑓𝑓.  

The selection of possible models is quite large, including models without a dark state, with 

two dark states and with an experimental attempt to fit the fluorophore lifetime to the 

initial rise in the 100 𝑛𝑠 region. In the end the 𝑆01𝑇𝑅 model described in chapter 3.2 was 

chosen as it best fit the data well without introducing an unnecessary number of free 

parameters. The goal was to leave only 𝑘𝑡 or 𝑘𝑜𝑓𝑓 rates free and either use fix values for the 

rest or have them global, while fitting multiple curves from the same cell or from multiple 

different cells at the same time. A Matlab built in Trust-Region reflective algorithm was used 

to fit the TRAST curves and as starting values, values close to the expected ones for free FAD 

in aqueous solution was used. If the fit converges the desired parameters can be extracted 

together with their standard deviations. Data can be extracted as the dataset alone, 

together with the TRAST curves and parameters plotted against each other or versus for 

example the oxygen concentration.  
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5.5. Error analysis 
 

A detailed analysis of the errors, quantifying them was out of the scope of this thesis so here 

they are only briefly discussed.  

Exact knowledge of the state of the studied fluorophores, mainly protein bound FAD, is still 

missing. The fluorophores sensitivity to the local environments is difficult to estimate in their 

different protein bound forms, and to compensate for the many different local 

environments is made even harder since every cell in itself is a little different. A good 

indication of this is the fact that the mathematical model used to describe the fluorophore 

fits excellent in solution measurements. The situation changes in cells where some parts of 

the curve, especially the beginning representing faster processes, leading to large standard 

deviations in the extracted parameters.  Investigation of the separate proteins fluorescent 

properties in vitro, and more detailed knowledge of the local redox environments will be of 

large benefit. 

Using intrinsic fluorescence usually means poor signal to noise ratios (SNR), even for a 

properly focused microscope and at long illumination times. Since the fluorophores are not 

rapidly exchanged with the environment data points gathered late in the sequence have 

significantly lower SNR than points in the beginning. Short illumination times and fewer data 

points is a good way to go to improve on this, but to accurately interpret a smaller dataset 

more beforehand knowledge is required.   

To avoid too much exposure of the cell, only one pulse in three or four are bleaching 

corrections, meaning that local fluctuations may occur for pulses without this showing up in 

the correction dataset. Bleaching is also only corrected in between pulses, for long 

illumination times (longer than a few ms) bleaching becomes significant during the 

acquisition of that pulse, but is not corrected for. Implementing a bleaching correction for 

the individual pulse trains might improve upon this. Adding extra bleaching correction 

controls is undesirable but may be necessary to improve the accuracy of data.  

Since background fluorescence is a large problem in wide field imaging in cell culture media 

containing for example riboflavin and components of the added FBS, the cells are moved to 

PBS++ during the imaging procedure. This induces osmotic and metabolic shocks on the 

cells, which may significantly distort the collected data and hence the results. Imaging in 

media supposed to be low-fluorescent or with lower concentrations of FBS was tried and 

gave some improvements but SNR was still low.   

Other possible sources of error include random errors in sample preparation, stray light in 

the microscope, cell movements during longer exposures and photo toxicity changing the 

cells metabolism through metabolic stress. 
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6. RESULTS 

 

Here the different experimental results are presented together with a short explanation.   

6.1.  Solution measurements 
 

As mentioned in section 4, a Rh110 solution is measured once every time the microscope is 

realigned as part of the confirmation that the alignment is correct and the system is 

operating correctly. A drop of 60 µ𝑙 100 𝑛𝑀 Rh110 is put on a glass coverslip and a TRAST 

image is recorded. A TRAST curve is fitted to the data points and the rate parameters read 

out and compared to known values. Figure 9 shows an example of such a curve, the only 

fixed parameter is 𝑘𝑜𝑛 which is set to 1 𝑚𝑠−1 (the same rate assumed in [2]) since there is 

not enough information in this region of the TRAST curve.  

Figure 10. Solution measurement of FAD 10 µM in PBS. Extracted parameters are within 

acceptable limits, 𝒌𝒕 is fixed due to very low triplet yield. The model used is the S01TR 

model with lifetime free to vary. 

Figure 9. A test measurement of Rh110 to confirm that the setup and model behaves as 

expected. Lifetime is allowed to vary as part of the calibration process and 𝒌𝒐𝒏is fixed 

due to low resolution in the ms regime. The model used is the S01TR model with the 

lifetime as a free parameter. 
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Figure 10 presents the results of FAD 10 µ𝑀 measured in phosphate buffer to investigate if 

we are able to extract the appropriate rate parameters of the fluorophore.  Here the triplet 

rate is fixed to a value extrapolated from [15] and the parameter values can then be 

compared to the other results found in [15]. From the Rh110 measurement the appropriate 

𝑡𝑝𝑐𝑜𝑟𝑟
 value is used which mostly influence the extracted lifetime.  

 

6.2.  Measuring the same cell multiple times  
 

In a first attempt to record the fluorescent response to multiple TRAST measurements, the 

same cell was exposed multiple times under identical conditions. The measurement is done 

over approximately one minute at 1% duty cycle, with another one minute in between 

measurements. Figure 11 shows the result of imaging the same cell five times and fitting 

TRAST curves to the acquired data points, while keeping all rates global except for the 𝑘𝑜𝑓𝑓 

rate that was varied freely for each fit to accentuate the behaviour in the slower part of the 

time spectrum. This gives a less than ideal fit as there are some fluctuations of the data 

points in the central regions of the graph, however they so far appear to be random.  

As can be seen in the figure, and is indicated by the black arrow, the normalized 

fluorescence decrease for longer pulse widths with increasing number of exposures. This 

might be interpreted as that the 𝑘𝑜𝑓𝑓 rate increase with increasing number of exposures, 

plots of the 𝑘𝑜𝑓𝑓 rate versus number of exposures suggest a slight trend but within the error 

margins so this is not presented here. The change in relative intensities depends on the total 

light dose received, but is usually a decrease with 30-50% of the original intensity between 

the first and second exposures, converging around third and fourth exposures to less than 

two thirds of the original intensity. The brighter the cell is, the more it appears to bleach.  

  

Figure 11. Multiple exposures of a single cell, showing increase in the 𝒌𝒐𝒇𝒇 rate, arrow 

indicating the order of the measurements with respect to their respective normalized 

fluorescence.  
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6.3. Power series 
A power series is measured on single cells to confirm that variations in power do not alter 

the overall shape of the TRAST curve away from the predictions of our S01TR model. This 

could indicate the presence of a phenomenon that has been neglected in our model, but 

should be included. It also confirms that the model is sound, since when only 𝑘01 is varied 𝑘𝑡 

and 𝑘𝑖𝑠𝑐 should remain constant (if the 𝑆2 population may be neglected). This agrees well 

with the result in figure 12; the fit is quite reasonable when only 𝑘𝑜𝑓𝑓 is allowed to vary. 

Since the triplet yield is too small to monitor for variations only the 𝑘𝑜𝑓𝑓 rate is allowed to 

vary, which it does in a slight linear fashion, 𝑘𝑜𝑓𝑓 decreases with increasing power, but well 

within margin of error, suggesting no other reason for the amplitude changes than the 

variation of the 𝑘01 rate. The black arrow indicates the direction of increasing power, and 

the inset indicates the scrambled order in which the power series was taken. 

 

6.4.  Hydrogen peroxide and ascorbic acid 
 

Following the studies in [2] and [15] the effects on intracellular FAD fluorescence by ascorbic 

acid (AA) and hydrogen peroxide (H2O2) was investigated. AA is a known reducing agent 

which is already present in the cells to begin with, and especially in the mitochondria [16] as 

substrates and to protect from harmful ROS, H2O2 is a known oxidizing agent readily 

available in small organelles known as peroxisomes [4] used to degrade toxic or otherwise 

unwanted substances. The expectation was to record differences in mainly the 𝑘𝑜𝑓𝑓 rate 

since it reflects the current redox environment in the cell, which should be altered by both 

these compounds. During the data analysis there were repeated observations of small 

effects by the addition of the substrates. However, no trend could be confirmed after 

multiple experiments with varying concentrations from µM to mM. 

  

Figure 12.  Power series measured on the same A549 cell with the indicated order, top to 

bottom in the legend. All parameters global except for the 𝒌𝒐𝒇𝒇 rate that varied within error 

margins. 
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6.5. Oxygen series 
 

This experiment focused on investigating the triplet-state response of cells to changes in the 

local environment by the use of wide-field microscopy utilizing FAD autofluorescence. The 

primary experiment for confirming the results of [2 - Paper IV] was an oxygen concentration 

study, where live cells are imaged under varying concentrations of atmospheric O2 in an 

incubating chamber with controlled atmosphere.  First the setup was confirmed to give the 

correct and expected results for Rh110 in aqueous solution where the O2 concentration was 

varied. Here the change in triplet is clearly visible even though the amplitude is relatively 

small, as seen in figure 13 below. The change of the incubation atmosphere (the O2 

concentration) is indicated by the inset, the different colours, as well as the arrow. For the 

same colours the arrow also includes the time progression, indicating the time it takes for O2 

to equilibrate between the measured solution and the gas atmosphere. This is 

complemented by the measurements on FAD in solution done using a confocal setup in [15], 

showing a clear triplet amplitude dependence on O2. 

When this experiment was repeated on cells (A549) multiple times, no net change in triplet 

or redox state could be confirmed, within the margin of error the recorded TRAST curves 

coincided with those of repeated measurements on the same cell, without any change in 

environment.  

 

  

Figure 13. Oxygen concentration test measurement on Rh110 in H2O with only 𝒌𝒕 as 

free parameter. Same colours indicate same gas mixture oxygen concentration, arrow 

indicating dissolved oxygen concentration change with time as well as decreasing 𝒌𝒕.   
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6.6. The effect of DNP 
 

2,4-Dinitrophenol is a known mitochondrial decoupler and is used for example to apply 

stress to cellular metabolism [5] by short-circuiting the ETC. DNP is lipophilic in its neutral 

form and can diffuse through the inner mitochondrial membrane to the matrix, where it is 

protonated. In the anionic form the extra charge is delocalized over the benzene ring 

allowing it to diffuse out through the mitochondrial membrane with help of the membrane 

potential gradient. Once on the other side of the membrane the proton is released and the 

cycle can repeat. [17] This short circuits the proton gradient used by the mitochondria to 

create ATP and the cell has to upregulate its metabolism, causing increased oxidative stress 

potentially changing the redox environment for the mitochondria-localized FAD that is 

interrogated in this thesis. As reported in [5] the flavin fluorescence is expected to diminish 

with the addition of DNP which is what is recorded here as well.  

Firstly, figure 14 shows the results of measurements done with FAD 10 µ𝑀 and DNP isolated 

in aqueous solution to investigate any direct effect on FAD by addition of DNP. For low (≤

50 µ𝑀) concentrations of DNP little or no effect is observed. For high concentrations of DNP 

(50 times the FAD concentration) a large effect is observed with slightly reduced (absolute) 

fluorescence intensity, however it was not further investigated in this work.  

  

Figure 14. Solution measurement of FAD 10 µ𝑀 and DNP for increasing concentrations 

of DNP. 
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Secondly in figure 15 above the effect of addition of DNP to A549 cells in PBS++ is shown. 

Here a large effect is visible after incubation with DNP showing almost a flat curve lacking 

triplet or redox state populations, as seen from the respective amplitudes. Notably the effect 

of DNP goes in the opposite direction from the effect of DNP on FAD in solution.  

  

Figure 15. Cells incubated for over 30 minutes with 50 µM DNP (RED) showing clear 

change in redox properties when compared to the reference cells (BLUE). 
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6.7. A comparison of four different cell lines 
 

The final experiment done in this project was to image cells from four different lung cancer 

cell lines: A549, H1573, H838 and H1503 [20]. The cells were imaged once in PBS++ at 37 °𝐶 

and the data fitted together in a global fit using the S01TR model explained earlier. All fit 

parameters except the 𝑘𝑜𝑓𝑓 rate were left global and the results are presented below in 

figure 16 as a boxplot.  

 

Here a statistical approach is adopted where four different cell lines are compared using 

their 𝑘𝑜𝑓𝑓 rates. They group up in categories possibly reflecting their metabolic behaviours. 

The main idea was to see if using wide field TRAST, different cell types may be told apart 

using statistical analysis. The different cell lines are grouped in what appears as two groups, 

A549 and H838 in one group with higher 𝑘𝑜𝑓𝑓 rates, and H1573 and H1563 in a second group 

with lower rates. The idea behind leaving only the 𝑘𝑜𝑓𝑓 rate free to vary was that the other 

rates were not expected to vary much except perhaps for 𝑘𝑡, which however was not readily 

studied using a wide field low power setup.  

Included on the next page are plots illustrating the differences between cells of the different 

lines, as well as a plot demonstrating differences of cells within the same cell line for 

comparison. 

 

  

Figure 16. Boxplot representing distribution of the 𝒌𝒐𝒇𝒇 rates between the different 

indicated cell lines. Blue horizontal lines indicate 25th and 75th percentiles, grey 

horizontal lines most extreme values. Red line represents median value. 
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Shown below are also plots of single curves from the four different cells measured in this 

experiment in figure 17. In addition, identical measurements but on different cells of the 

same line are indicated for contrast in figure 18.  

Figure 17. Single curves from the four different cell types where both the triplet and off rates 

were allowed to vary.  

Figure 18. Several measurements on different cells of the same cell type under the same 

conditions showing quite separated values. Both triplet and off rates were free to vary. 
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7. CONCLUSIONS AND PROSPECTS 

 

This thesis has focused on expanding the TRAST method to wide-field autofluorescence 

studies of live cells. Initially the hope was to image live cells in cell culture media and to 

create oxygen concentration maps similar to those done by Spielmann as referenced above. 

This has not been accomplished yet due to too poor SNR generated by high background 

fluorescence from the culture medium as well as both low quantum yield and low triplet 

yield of FAD. Lower FBS concentrations (down from 10% to 2% and finally 0%) in the 

culture medium was attempted and improved the situation somewhat. The standard 

medium described in section 5 was changed to Fluorobrite DMEM from Thermo Fisher 

Scientific (supposed to reduce background fluorescence), again with some improvements 

but most cells still presented a SNR of less than 1.5 with respect to the background 

fluorescence of the medium. In the end all cell measurements ended up done in PBS except 

for the DNP measurements. SNR in PBS was significantly improved but still not enough for 

sub-cellular resolution. The measurements done on cells here were only whole cell 

measurements where the signal from the entire cell was binned together and evaluated. 

The fact that results from the solution measurements agree well with previously known 

results is a good indicator that the setup works as intended. The low amplitudes of the 

calculated curves due to the lower peak intensity of the wide-field setup brings with it larger 

uncertainties in the extracted values, especially the triplet rate is problematic for low triplet 

yield fluorophores such as FAD, and slower processes might be more suited for study using 

this setup.  

The light dose the cells were subjected to were to a rough approximation 30 ∗ 1 𝑚𝑠 ∗

10 𝑘𝑊 𝑐𝑚2⁄ = 300 𝐽 𝑐𝑚2⁄  corresponding to 30 1 𝑚𝑠 pulses (including pre-bleaching and 

bleaching controls) with peak intensity of 10 𝑘𝑊/𝑐𝑚2. This is a light dose of several times 

the recommended value somewhere between 25 − 100 𝐽 /𝑐𝑚2 by [18] for the given 

excitation wavelength. This brings into light the necessity to further improve the process to 

lower the light dose received by the cells, for instance by measuring fewer points and for 

shorter times. The measurement times are however limited to the length of the longest 

pulse; only faster processes can be studied if the total illumination time is shortened. If the 

cells however are only supposed to be measured once and then discarded, perhaps this is 

not such big a problem.  

It is also worth mentioning that not all cells were available for measurements, due to being 

very flat or some other unknown circumstance many cells were only 10% as bright as the 

brightest cells in the same 8-well. This meant that naturally when measuring and choosing 

cells for high SNR, a selection is made. This will introduce a bias in the measurements that is 

hard to compensate for, or to evaluate the effects of in the results presented here.  
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The statistical approach 

The by far most promising results were achieved when a larger number of cells were 

investigated and treated statistically as seen in section 6.7. Here we were clearly able to 

distinguish between the different groups of cells. Here our reasoning is that the two groups 

of cells with higher metabolism also show higher 𝑘𝑜𝑓𝑓 rates, whereas the opposite is true 

with the cell lines with lower metabolism. This is drawn from our experience culturing the 

cells, where the higher 𝑘𝑜𝑓𝑓 rate cells are split usually twice per week, whereas the other 

two need only be split once per week. The experiment was done on the premise that we did 

not know on beforehand about any specific difference between the cell lines. All four are 

some kind of human lung cancer cells as mentioned before. The method clearly identifies 

the groups as separate in the box plot. This is further supported by the results in [20] where 

the metabolism of three of these cell lines are further investigated. The A549 cells were split 

many more times than the other three, and reached confluence at least once, which might 

to some extent explain the much larger spread in rates seen in the graph.  

 

Same cell measurements 

It is an important step to validate that measuring the same cell more than once gives 

approximately the same result, as is shown here. This means that if the cell after the 

addition of a substrate gives a totally different curve, this is due directly or indirectly to the 

substrate, and not an effect that could randomly be observed just by repeatedly measuring 

the same cell. The pattern seen by measuring the same cell repeats and to the largest extent 

effects the later part of the curve, so any deviation from this pattern may be considered as 

an observed measured effect. As is seen when comparing figure 11 with figure 18, the 

differences between individual cells is much larger than the differences when measuring the 

same cell multiple times. So comparisons between individual cells is hard to interpret.  

 

Oxygen, hydrogen peroxide and Ascorbic acid 

Following the experiments in [15] on FAD, the effects of Oxygen, hydrogen peroxide and 

ascorbic acid were investigated on the cell line A549. For oxygen a clear result was seen only 

in solution as seen in section 6.4. When this was attempted on cells no clear effect could be 

observed, largely due to very low triplet yields due to both the low excitation intensity and 

the low triplet yield of FAD, as well as speculated quenching of FAD triplet state due to the 

molecule being bound to proteins. For hydrogen peroxide and ascorbic acid effects were 

expected to be evident in the later parts of the TRAST curve due to changes in the 

intracellular redox environment. No visible reproducible effect was able to be found even 

using mM concentrations and long (up to 30 minutes) incubation times. According to [19] 

mitochondria may contain up to the low mM concentrations of AA which might mean that 

the cells were able to buffer these substrates for a short time. H2O2 is used by the cell in 

peroxisomes so it is likely that the cell is able to buffer large concentrations of this substrate 

as well for short times, again hiding or reducing any effect for the observed time intervals.  
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2,4-Dinitrophenol 

Inspired by [5] where DNP was used to probe cellular FAD fluorescence, experiments were 

done to investigate if TRAST is able to reveal any changes in cellular redox (specifically the 

𝑘𝑜𝑓𝑓 rate) environments induced by DNP’s decoupling of the TCA. Measurements were done 

both in solution with FAD and DNP and with A549 incubated for 30 min with 50 µM DNP. A 

large effect was observed on the cells, where we at first expected as in [5] that DNP would 

drastically decrease the fluorescence. However, in our case the average fluorescence 

intensity was similar with and without DNP but the TRAST curves showed a large difference, 

with the cells incubated in DNP displaying much flatter curves. An explanation could be that 

since the cells metabolism goes into overdrive to compensate the energy losses incurred 

when DNP decouples the TCA, the processes normally available to photo-reduce FAD are no 

longer somehow available. We have however not been able to further reason out exactly 

where this effect comes from. It did however appear that the cells had suffered damage 

from the exposure to the DNP and leaked some flavin into the surrounding media, as the 

background signal was significantly higher in the medium containing DNP than in the 

reference medium. DNP was confirmed by earlier measurements in this project to not 

induce fluorescence in the medium itself.  
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