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Abstract 

The use of fluorescence in microscopy has introduced unprecedented specificity and contrast, 

paving the way for highly specialized techniques and applications such as correlation mapping or super 

resolution microscopy for single molecular resolution. However, this powerful tool is curtailed by light 

damage. Photobleaching of dye molecules causes a gradual loss of signal emission, while phototoxicity 

causes cell wide disturbances to biological systems and physiological functions. This study introduces 

novel imaging techniques and recommendations that address these two problems. Chinese Hamster 

Ovary (CHO-K1) cells complemented with different fluorophores were used to demonstrate the efficiency 

of the techniques. Phototoxicity levels were evaluated by using the migration and protrusion assays, 

which measure the speeds of motility and protrusion formation, respectively. The photobleaching assay 

was used to measure the halftime of signal intensity decay, which provides the speed of photobleaching. 

This study shows that using low incident light power coupled with long exposure times causes reduced 

levels of photobleaching and phototoxicity. It also demonstrates that this technique is more efficient at 

minimizing photodamage than the commercial antifade agent ProLong LiveTM. Finally, this study shows 

that pulsing incident light significantly reduces photobleaching. Modulations including the decrease of 

pulse width, the increase of rest time between pulses, and the decrease of pulse amplitude amplify this 

effect. This project resulted in the development of several novel imaging techniques that not only 

considerably reduce light-induced damage but are simple and generally applicable on any fluorescence 

microscope. 
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Abrégé 

L’utilisation de la fluorescence en microscopie a introduit un niveau de spécificité en détection et 

un contraste jamais vue auparavant. Cela a permis le développement de techniques hautement 

spécialisées, tels que l’imagerie corrélative ou la microscopie à super-résolution. Cependant, l’utilisation 

de cet outil engendre des effets endommageant depuis les ondes utilisées pour l’activation des 

fluorochromes. Premièrement, le photo-blanchissement des fluorochromes cause une perte graduelle de 

la fluorescence d’un spécimen. Deuxièmement, la phototoxicité perturbe les systèmes biologiques et les 

fonctions physiologiques dans une cellule. Cette étude introduit des nouvelles techniques d’imagerie et 

des recommandations pour minimiser ces méfaits. Des cellules ovariennes de hamster chinois (CHO-K1) 

supplémentées avec des fluorochromes variés ont étés utilisé pour démontrer l’efficacité de ces 

techniques. Les mesures des vitesses de motilité, aussi bien que les vitesses auxquelles se forment des 

saillies sur les membranes cellulaires ont été utilisées pour tester le niveau de phototoxicité durant 

l’imagerie de cellules vivantes. Le mi-temps de la perte d’intensité de fluorescence a été la mesure du taux 

de photo-blanchissement dans des cellule fixés. Pour la première technique, cette étude démontre que 

l’utilisation de puissances de lumière faible accouplée avec des longues périodes d’exposition lumineuse 

réduit les niveaux de phototoxicités et de photo-blanchissements. De plus, cette technique est plus 

efficace que l’utilisation d’un produit commerciale, ProLong LiveTM, à cet effet. Finalement, cette étude 

démontre que pulser la lumière incidente réduit ses effets endommageant. Cette amélioration est 

amplifié lorsque la largeur des pulse est réduites, lorsque le temps entre chaque pulse est augmenté, et 

lorsque l’amplitude (intensité lumineuse) des pulse est réduite. Le résultat de ce projet a été le 

développement de plusieurs nouvelles techniques d’imagerie qui non seulement réduit les dommages de 

la lumière, mais qui sont à la fois simple et applicable  sur n’importe quel microscope a fluorescence. 

 

 

 

 

 

 

 



v 
 

Table of Contents 

Acknowledgements ...................................................................................................................................... ii 

Abstract ....................................................................................................................................................... iii 

Abrégé .......................................................................................................................................................... iv 

Table of Contents ......................................................................................................................................... v 

List of Figures .............................................................................................................................................. vii 

List of Tables .............................................................................................................................................. viii 

Chapter 1 ...................................................................................................................................................... 1 

1.1 – Fluorescence microscopy ................................................................................................................ 1 

1.2 – Fluorophores and their photophysical framework ........................................................................ 2 

1.2.1 – Photophysics of fluorescence .................................................................................................. 2 

1.2.2 – Fluorophores ............................................................................................................................ 5 

1.3– Photobleaching ................................................................................................................................. 6 

1.3.1– Dark state reactions .................................................................................................................. 6 

1.3.2– Autofluorescence and radical by-products .............................................................................. 8 

1.4 – Phototoxicity ................................................................................................................................... 9 

1.4.1 – General light toxicity ................................................................................................................ 9 

1.4.2 – Radical by-products of fluorescence ........................................................................................ 9 

1.5 – Limiting photodamage .................................................................................................................. 11 

1.5.1 – Quenching of the dark states ................................................................................................. 11 

1.5.2 – Scavenging of oxygen in solution........................................................................................... 12 

1.5.3 – Choice of imaging dye ............................................................................................................ 13 

1.6 – Objective, hypothesis and rational ............................................................................................... 14 

Chapter 2 .................................................................................................................................................... 17 

2.1 – Cell culture techniques .................................................................................................................. 17 

2.1.1 – Cell growth and transfection ................................................................................................. 17 

2.1.2 – Imaging plate preparation ..................................................................................................... 17 

2.1.3 – Reagents, dyes and staining ................................................................................................... 18 

2.2 – Microscopy .................................................................................................................................... 18 

2.2.1 – Imaging ................................................................................................................................... 18 

2.2.2 – Analysis ................................................................................................................................... 21 

2.2.3 – Calculations ............................................................................................................................ 22 

Chapter 3 .................................................................................................................................................... 27 



vi 
 

3.1 – Low incident light power and long camera exposure times decrease photobleaching ............. 27 

3.2–Comparison to other techniques typically used to reduce photobleaching and phototoxicity ... 34 

3.3 – Low laser powers and longer pixel dwell times decrease photobleaching and phototoxicity of 

laser scanning confocal microscopy ...................................................................................................... 36 

Chapter 4 .................................................................................................................................................... 38 

4.1 – Small pulse widths, and long rest times between pulses decrease photobleaching .................. 38 

4.2 – Small pulse widths, and long rest times between pulses decrease phototoxicity ..................... 43 

4.3 – Combination of low light power and light pulsing ....................................................................... 45 

Chapter 5 .................................................................................................................................................... 48 

5.1 - Low light power technique ............................................................................................................ 48 

5.2 - Light pulsing technique .................................................................................................................. 49 

5.3 - Future Directions ............................................................................................................................ 50 

5.3.1 - Validation of photophysical properties .................................................................................. 50 

5.3.2 – Investigating the effect of light power on toxicity ................................................................ 51 

5.3.3 - Improvements in phototoxicity assays .................................................................................. 52 

5.3.4 – Mathematical modeling of light pulsing ................................................................................ 53 

5.3.5 - Validation of techniques in non-organic fluorescent probes ................................................ 53 

5.3.6 - Exploring alternative pulsing patterns ................................................................................... 54 

5.3.7 - Validation of the efficiency of these techniques in current applications ............................. 54 

Bibliography................................................................................................................................................ 56 

 

 

 

 

 

  

 

 

  



vii 
 

List of Figures 

Figure 1.1: Photophysical process of the fluorescence cycle ...................................................................... 4 

Figure 2.1: Spectral profile of LED light sources and filter cubes used throughout the study ................ 20 

Figure 2.2: Diagram of equivalency between continuous illumination and pulsed illumination ........... 23 

Figure 2.3: Graphical representation of the difference between a theoretical (solid blue line) and a 

practical square pulse (dotted yellow line). .............................................................................................. 24 

Figure 2.4: Sample oscilloscope measurement of a pulse from the pE-4000 light source, set with a 

width of 100 µs and a rest time of 100 µs (provided by CoolLEDTM) ........................................................ 25 

Figure 3.1: Decreasing excitation light power reduces photobleaching of fluorophores ....................... 28 

Figure 3.2: Decreasing excitation light powers reduces phototoxicity from fluorophores ..................... 31 

Figure 3.3: Decreasing excitation light powers is more efficient at reducing phototoxicity and 

photobleaching than removing reactive mounting media components .................................................. 33 

Figure 3.4: Decreasing excitation light power is more efficient at reducing phototoxicity and 

photobleaching than the single oxygen species scavenger ProLong LiveTM ............................................. 35 

Figure 3.5: Decreasing excitation laser power reduces phototoxicity and photobleaching from 

fluorophores in confocal microscopy ........................................................................................................ 37 

Figure 4.1: Decreasing exciting light pulses reduces photobleaching of fluorophores ........................... 40 

Figure 4.2: Increasing rest time between excitation light pulses reduces photobleaching of EGFP ....... 42 

Figure 4.3: Decreasing excitation light pulses and increasing rest time between light pulses 

reduces phototoxicity from fluorophores ................................................................................................. 44 

Figure 4.4: Decreasing exciting light pulses and decreasing excitation light power additively reduces 

photobleaching of EGFP ............................................................................................................................. 46 

Figure 4.5: Montage of image frames from photobleaching time series in Fig. 4.4B .............................. 47 

 

 

 

 

 

 

 

 

 

 

 



viii 
 

List of Tables 

Table 2.1: LED function settings for square pulses ................................................................................... 21 

Table 3.1: Illumination conditions with scaled light powers  ................................................................... 28 

Table 3.2: Illumination conditions with scaled laser light powers  .......................................................... 37 

Table 4.1: Illumination conditions with pulsing settings with scaled pulse duration ............................. 38 

Table 4.2: Illumination conditions with pulsing settings with scaled rest time between pulses ............ 41 

Table 4.3: Illumination conditions with scaled light powers in addition to pulsing settings with scaled 

pulse duration ............................................................................................................................................ 45 



1 
 

 

Chapter 1 

Introduction 

1.1 – Fluorescence microscopy 

Since its invention, microscopy has been an invaluable tool that has revolutionised many fields of 

science. This technology does justice to the ancient adage of “seeing is believing,” whereby the human 

eye can see beyond the macroscopic scale and peer inside the mysteries of the microscopic world. In the 

late 17th century, Antonie Van Leeuwenhoek designed the first microscope and described the creatures 

he observed as “animalcules,” which we now refer to as microbes1. This created a whole new field of study 

in microbiology, which has exponentially expanded since then. The first and most simple microscopy 

technique that was developed was brightfield, where light from an incandescent bulb is transmitted 

through the instrumentation and passes through a sample. Some of this light is partially absorbed by 

cellular components in the sample, which results in regions of the sample appearing dark against a bright 

background because the surrounding medium does not contain anything to absorb the illumination. 

Transmitted light techniques have since considerably evolved to improve sample contrast with several 

techniques such as darkfield illumination, phase contrast, and differential interference contrast optics2. 

Proceeding these advancements, microscopy revolutionised the field once more at the turn of the 20th 

century with the dawn of a new, reflected light technique known as fluorescence microscopy3. 

 Fluorescence microscopy utilizes a phenomenon known as fluorescence, where specific 

wavelengths of light are used to visualize molecules of interest, such as proteins. Fluorescence is a form 

of luminescence, which exploits molecules that can absorb light of a given wavelength and subsequently 

emit excess energy at a lower energy and longer wavelength of light. This shift in energy causes a 

difference in what colour of light is used to excite the fluorescent molecule, or fluorophore, and what 

colour of light is emitted from that molecule. Fluorescence microscopy manipulates this photophysical 

process to reflect the emitted light from fluorophores within samples to either a set of eyepieces or a 

camera that is integrated with the microscope to produce an image. High specificity is achieved by 

coupling different fluorophores to specific molecules of interest, then those will be imaged separately, 

allowing many different molecules of interest to be resolved within a single sample with high contrast1. 

Widefield fluorescence microscopy is a common application for fluorescence imaging that is 

affordable, straightforward to use and useful for applications across the physical and life sciences4. This 
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platform of microscopy illuminates a whole field of view at once and employs a camera to collect 

emitted photons from fluorophores within that field, which allows it to quickly reconstruct a digital 

image of the fluorescent sample. The downside of this technique is that a large amount of out of focus 

light is emitted and makes it challenging to resolve fine structures. This is because excitation light passes 

through the entire sample during illumination and is not limited to the focal plane being imaged. 

Therefore, fluorophores located in out-of-focus planes also emit light that is detected and integrated by 

the camera which results in a high background and reduced contrast. One way to circumvent this 

problem is to use a deconvolution function which employs a mathematical algorithm to subtract light 

coming from out-of-focus planes from the final image5. However, when samples are of more than 20-30 

µm in thickness, the amount of out of focus light becomes excessive and a new method of acquisition 

becomes necessary. Confocal microscopy is fundamentally different from the widefield platform in that 

it uses a highly focused beam of light, usually a laser, to scan across a sample and sequentially excite 

fluorophores in the field of view as it passes over them1. Light emission then passes through a pinhole 

aperture which blocks all light coming from out of the focal point of the laser beam. The accepted light is 

collected by a photomultiplier tube which constructs an image pixel by pixel. A photomultiplier tube can 

amplify the number of photons as it receives them which confers it an advantage over cameras used in 

widefield microscopy in that it can electronically enhance weakly fluorescent samples. As such, confocal 

microscopy can considerably enhance resolution and contrast which is particularly useful in 3D 

applications, though it does lower sensitivity due to the rejection of a large amount of light coming from 

out of focus planes.  

1.2 – Fluorophores and their photophysical framework 

1.2.1 – Photophysics of fluorescence 

 Fluorescence is part of a complex series of reactions that have yet to be fully understood. For 

simplified referencing in this text, the photophysical reactions have been numbered in Figure 1.1 which 

summarizes fluorescence as it is understood today6-12. This photophysical process begins with a 

fluorescent molecule in its relaxed ground energy state absorbing a photon of light with the appropriate 

quantum energy (Fig. 1.1, Step 1). This excites the molecule and displaces its outermost electron to a 

higher energetic orbital, and the molecule is then said to be in its singlet excited state. It is important to 

note, however, that molecules are not necessarily excitable by photons of the same energy level. To excite 

a molecule, a photon must have an energy amount roughly equivalent to the energy of the transition 

between the ground state and one of the higher-level excited state orbitals. Evidently, the energy required 

for this transition is different for different molecules. For instance, the fluorescein isothiocyanate (FITC) 
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dye is excited with higher energy blue light, whereas the tetramethyl rhodamine (TRITC) dye is excited by 

lower energy green light. An electron in an excited state orbital is unstable and the molecule will readily 

release excess energy to return to the ground state through processes such as internal conversion and 

vibrational relaxation (Fig. 1.1, Step 2). Alternatively, the excited molecule can relax down to the ground 

state by releasing excess energy in the form of a photon of light. There is partial energy loss in the excited 

state through molecular vibrations and heat, therefore the wavelength of the emitted photon is always 

shifted to a lower energy and longer wavelength of light. This phenomenon is termed Stokes shift, and it 

is harnessed in the design of fluorescence microscopes. The distinction of the excitation light from the 

emission light is crucial which makes dyes with larger Stokes shifts more desirable. Other than the 

radiative and non-radiative relaxation pathways to the ground state, a molecule can also undergo the 

process of intersystem crossing (ISC) into the triplet excited state (Fig. 1.1, Step 3). This is a rare event due 

to the requirement of a forbidden flip in the spin of the excited electron. Probabilities for these transitions 

are orders of magnitude smaller than other decay pathways13. The lifetime of the triplet excited state is 

considerably longer than the excited singlet state because the electron requires another rare forbidden 

flip in its spin to exit the triplet state and relax. Therefore, reactions that can lead to photobleaching and 

phototoxicity mainly occur from the long-lived triplet state, which will be discussed later in this chapter. 

The long lifetime of the triplet state also increases the probability of absorption of additional photons 

when high light powers are applied to a sample.  This excess energy can further excite electrons to higher 

excited state or triplet state orbitals and increase their reactivity. The resulting molecules are highly 

reactive and have a high probability of secondary reactions with other molecules in the system. Similar to 

the singlet state, the triplet state can return to the ground state following processes such as vibrational 

relaxation or emission of light of a much lower energy (i.e. longer wavelength) and slower time scales 

(~10-3s) through the process of phosphorescence (Fig. 1.1, Step 4). 
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Figure 1.1: Photophysical process of the fluorescence cycle. Schematic of the current understanding of the photophysical process 
of fluorescence. Phototoxicity is thought to mainly be mediated by reactive oxygen species from this process. 
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1.2.2 – Fluorophores 

 A fluorophore is the general term given to any molecule that can absorb light energy and emit 

that energy in the form of a photon with a longer wavelength and lower energy. In the life sciences, there 

are two major classes of fluorophores: organic dye molecules and fluorescent proteins. Each of these 

classes have different properties giving them inherent advantages or disadvantages for certain 

applications of fluorescent microscopy. However, they are both subjected to the same principles of the 

photophysical process of fluorescence described in the previous section. Organic fluorescent molecules 

have a structure built around a conjugated chromophore base that can be conjugated to different 

molecules or modified with different side chains to confer specificity to certain protein targets or cellular 

compartments14. For example, dyes conjugated to long hydrocarbon chains spontaneously insert 

themselves into the cellular membrane. Organic fluorophores can usually bind directly on cysteine and 

amino groups, however, this means they lack strong affinity and specificity to bind a single protein at a 

time. Organic fluorophores are useful when staining a purified population of proteins, but in whole cell 

labeling, they need to be coupled with a guiding agent to their specific target. This can be done by 

attaching dye molecules to highly specific antibodies, but other strategies also make use of synthetic 

peptide targeting, lipid targeting, or biotinylation. As an exogenous stain, a large portion of organic dye 

molecules do not bind to their target. Therefore, their staining requires extensive washing steps to remove 

free dye molecules, reduce nonspecific binding and avoid high background signals. Nevertheless, these 

small molecules have attractive properties such as their wide spectral range, small size (1 kD), high 

photostability, brightness and high quantum yield that often make them an ideal choice.  

Fluorescent proteins are another class of fluorophores, which were first isolated from living 

organisms15. As genetically encoded vectors, these probes can be directly coupled to a protein or gene of 

interest and engineered into the genome of a living sample16. This gives them an unrivalled specificity 

compared to other fluorophores, and their 1:1 expression ratio with their tagged gene or protein of 

interest allows for accurate quantification. Genetic probes don’t require exogenous agents or stressful 

staining procedures, which makes them the probe most suited for live imaging. These fluorescent proteins 

have a rather large size of 25-30 kD which may sometimes be larger than tagged proteins themselves. 

Therefore, proper controls must be carried out to ensure tagged proteins retain their biological function 

and aren’t significantly affected by steric hindrance from their associated fluorescent proteins14. 

Nonetheless, genetic probes provide excellent simplicity in experimental applications, and their 

unparalleled specificity and good contrast makes them a very successful and popular option.   
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1.3– Photobleaching 

1.3.1– Dark state reactions 

The dark states of a dye refer to its various reversible conformations during which it cannot emit 

fluorescence. Dark states are typically undesired because they decrease the fluorescence signal. 

Interestingly, some applications have harnessed their reversible nature to their advantage. Such is the 

case in the super resolution Stochastic Optical Reconstruction Microscopy (STORM) technique17. In the 

vast majority of other techniques, however, dark states are dreaded as the precursors to the permanent 

photobleaching reactions that cause the eventual loss of fluorescence from a specimen through the 

course of an imaging session. Fluorophores enter the triplet state, the first major dark state, following 

intersystem crossing from the excited singlet state (Fig. 1.1, Step 3). The triplet state of a fluorophore is 

temporary, but it is orders of magnitude longer lived (us to ms) than the singlet state (ns) which can result 

in the buildup of a triplet state population as excitation cycles continue. Since molecules in the triplet 

state cannot emit fluorescence, they form a bottleneck that can deplete dye molecules from the ground 

state pool. Consequentially, a lower number of molecules are capable of undergoing the fluorescence 

excitation-emission cycle which results in an overall considerably reduced florescence emission. This 

process is particularly problematic with dyes that have a high intersystem crossing quantum yield, as they 

quickly reach emission saturation where many molecules are trapped in the triplet state.  

Furthermore, chemical reactions with neighbouring molecules can proceed from the highly 

energetic singlet and triplet excited states, though these are only significant from the triplet state because 

the lifetime of the singlet state is too short (ns) to allow subsequent interactions. Dissolved atmospheric 

oxygen is a very powerful and ubiquitous oxidiser which tends to be the major reactant and will be 

considered in this study. The excited triplet state can react with oxygen and harmlessly return to the 

ground state via two pathways (Fig. 1.1, Step 5). The first pathway is a physical quenching wherein oxygen 

enhances intersystem crossing, with the end-products being both oxygen and the dye in their respective 

ground electronic states: T* + O2 ⇌ S + O2 (where T* is the excited triplet state and S is the ground state). 

The second reaction leads to the quenching of the triplet state as well, however, the end products of that 

reaction are the ground state and oxygen in its excited singlet state: T* + O2 ⇌ S + O2
-. Oxygen in its singlet 

state is extremely reactive. This will be discussed in more detail in Section 1.4.2. Singlet oxygen, along 

with other Reactive Oxygen Species (ROS) can react with dye molecules in their ground and excited states 

and result in the breakdown of chemical bonds (Fig. 1.1, Step 6) leading to destruction of the molecule 

and permanent photobleaching18-20. Aside from oxygen, another major reactant with the excited triplet 

state is second fluorophore molecule in the excited state (Fig. 1.1, Step 7 and 8). Dye-Dye reactions can 
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become dominant in conditions where the concentration of fluorophores is high. Triplet-Triplet, and 

Triplet-Singlet interactions can yield semi-oxidised and semi-reduced molecular forms, which will be 

termed radicals or ions hereafter: T* + T* ⇌ X + R and T* + S* ⇌ X (where R is the reduced form, and X is 

the oxidised form). Radicals are another dark state of dye molecules, as they generally cannot emit 

fluorescence. The fluorophore’s lifetime in the dark state depends on its stability, but further reactions 

will eventually occur returning the dye to its ground state, or to a permanently bleached yet stable 

form21,22. Another layer of complexity is added to the photophysical processes when multiphoton 

absorption is considered. Under high incident light power, all molecules can be excited to the single state 

leading to a situation termed ground state saturation. Under these conditions, the probability of an 

excited dye molecule absorbing a second or potentially third photon of energy becomes highly favored. 

This can occur from either the singlet or triplet excited states, which would excite the molecules to higher 

electronic excited state levels. This is a very problematic occurrence for dye molecules because the higher 

level excited states are significantly more reactive and more likely to undergo destructive photochemical 

reactions. These reactions can also open the door to direct ionisation of molecules, as well as higher order 

reactions and atom rearrangements 23-27.  

In summary, two reactions can lead to the bleaching of a fluorophore: (1) ROS attack, and (2) 

further modification of the radical forms. In principle, there exists an equilibrium between the two 

mechanisms at a given time depending on the fluorophore, fluorophore concentrations and 

environmental parameters such as oxygen concentration. However, different mechanisms can dominate 

depending on experimental conditions. For example, there is strong evidence that at low incident light 

power, photobleaching from ROS attack is predominant, whereas at high incident light power pathways 

involving radical forms are more important18,20,28,29. For instance, the inefficiency of anoxia at reducing 

photobleaching at high light powers is likely due to radical forms dominating photobleaching reactions. 

Dye concentration also plays a strong role in the balance between the two mechanisms. A high dye 

concentration favors dye-dye reactions in excited forms over diffusion dependent dye-oxygen reactions. 

As such, dye-dye reactions would be expected to be the main concern when fluorophores are localised 

and densely associated with their target, whereas the dye-oxygen ROS reactions would be most 

problematic with diffusing or sparsely localised fluorophore that have little to no contact with 

neighbouring dye molecules. Overall, these processes are complex as other factors, such as temperature 

or pH can also influence the equilibrium.  
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1.3.2– Autofluorescence and radical by-products 

 The first and most popular fluorescent protein known as green fluorescent protein (GFP), was 

discovered and first isolated from the Aequorea victoria jellyfish by Osamu Shimomura in the early 1960s. 

GFP has since become the foundation for an entire field of protein engineering that has led to proteins of 

various colours that are used as exogenous fluorescent markers in thousands of applications30. A plethora 

of other molecules endogenous to cells can also undergo the cycle of fluorescence in addition to external 

probes and this process is known as autofluorescence. Most of these molecules are not readily detected 

during fluorescence microscopy imaging because they have low light absorption and dim fluorescence 

emissions that are insignificant relative to the emission of fluorescent dyes. Nevertheless, autofluorescent 

molecules can undergo the same photophysical cycle and emit the same by-products as other 

fluorophores, which can contribute to the overall toxicity exerted during fluorescence microscopy 

applications. Using conditions that reflect typical widefield fluorescence microscopy, Gorgidze et al. 

imaged pig kidney embryo cells lacking any fluorescent proteins with blue light (467 nm) and found that 

cells underwent mitotic arrest after a mere 15 second exposure time31. This indicated the presence of 

phototoxic reactions from native molecules within the cells, which they attributed to autofluorescent 

granules that were localised on the mitotic spindle. A greater understanding of a variety of specific 

molecules that can be autofluorescent in nature is being gained. Flavin adenine dinucleotide (FAD) and 

nicotinamide adenine dinucleotide (NADH) for instance are key molecules in the metabolic machinery of 

cells, and they each have a chromophore domain that can absorb light at wavelengths of 515 nm and 365 

nm, respectively32. Autofluorescent molecules can also be found in the live cell imaging media, such as 

riboflavin (vitamin B2), which has been shown to induce phototoxic effects when present in Dulbecco’s 

Modified Eagle Media (DMEM) cell culture media. Removing riboflavin from the imaging media has been 

shown to significantly reduce toxic effects seen in oligodendrocyte progenitor cells, which had been 

attributed to riboflavin autofluorescence induced ROS33,34. In light of these studies, it is important to be 

mindful that molecules other than the intended fluorescent dye can absorb incident light during 

fluorescence microscopy and contribute to the overall phototoxicity and photobleaching.  
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1.4 – Phototoxicity 

1.4.1 – General light toxicity 

 Light excitation in fluorescence microscopy exposes a sample to an innumerable quantity of 

photons. Unfortunately, most photons do not come into contact with a fluorophore molecule, and those 

energy vectors can result in unintended reaction pathways within a sample. Perhaps the best-known 

example of light induced toxicity is the mutagenic properties of UV light, that causes tissue damaging 

sunburns. UV light produces the most energetic type of photons used in fluorescence microscopy, and 

this high energy light is the most hazardous to cellular health. UV absorption can facilitate photochemical 

reactions that can result in harmful changes within a cell. In the case of DNA for example, this can lead to 

mutagenic pyrimidine dimerization35. UV light also contains enough energy that can cause direct 

ionisation of molecules. H2O molecules, which make up a big portion of cellular content, can be ionised 

and split to produce hydroxyl (OH-) radicals that constitute a major toxicity agent when imaging with such 

wavelengths36. Light in the visible wavelengths can also induce cellular damage. For instance, violet and 

blue light (400-490 nm) have been shown to stimulate H2O2 production in peroxisomes and mitochondria 

which induce cellular stress37. Similarly, human primary retinal epithelial cells exposed to visible light (390-

550 nm) displayed mitochondrial DNA damage in addition to stimulated singlet oxygen, superoxide anion 

and hydroxyl radical production38. Interestingly, photodamage can also arise from a purely physical 

source, such as localised heating from focused infrared incident light in the field of view being imaged. 

Blay and Price showed that cellular function, assayed through mitochondrial activity and DNA 

fragmentation and synthesis, was inhibited when the temperature moderately rose to 42   ֯ ֯  C from the 

standard 37   ֯ ֯  C usually implemented during live cell imaging39. These problematic events can be 

expected to arise whenever a sample is exposed to light, in addition to the other toxicities that come into 

play when fluorophores are present.  

1.4.2 – Radical by-products of fluorescence 

A radical species can be defined as any molecule that can exist for a given period of time 

containing one or more unpaired electrons. In fact, atmospheric oxygen (O2) in its most stable form is a 

free radical, as it has 2 unpaired electrons making it a powerful oxidant. However, it does not interact 

readily with stable molecules because both its single electrons have the same electronic spin.  Therefore, 

it would require 2 other electrons with the same spin opposite to its own to fill the vacant positions it has. 

A pair of electrons in an atomic orbital of a stable molecule cannot satisfy this requirement as they have 

opposing spins (+ 
1

2
 and - 

1

2
 ), which inhibits oxidation by oxygen. However, this is not the case with radical 
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molecules, such as ionic forms or radicals with which O2 reacts swiftly through single electron transfer 

reactions. Energy absorption by an O2 molecule can reverse the spin of one of its reactive electrons which 

transfers the molecule into its singlet electronic conformation. This dramatically increases its reactivity as 

it removes the spin restriction and enables the radical to directly oxidise stable molecules such as proteins, 

DNA and lipids. If the singlet oxygen acquires an electron into one of its two vacant positions, it becomes 

the superoxide radical anion. Left with only 1 empty electron orbital, this radical remains largely reactive. 

A variety of other reactions can yield yet more forms of radical oxygen species which encompasses a 

plethora of additional oxygen construct including reactive chlorine species, reactive bromine species, and 

reactive nitrogen species36. 

ROS involved in the bleaching of dye molecules can be equally associated with the phototoxicity 

observed in fluorescence microscopy. While the exact mechanisms have yet to be described, it is thought 

that the singlet oxygen species is the main ROS product of the fluorescence process7. But as described 

before, singlet oxygen radicals can lead to the formation of an array of further radicals. One of the ways 

in which radicals can exert their toxicity is by (1) combining with other molecules36. For instance, addition 

of the hydroxyl radical (OH) to the 8th ring position of the guanine nucleic acid base can prime the base 

for mutagenic oxidation reactions. Radicals can act as (2) oxidising or (3) reducing agents, catalysing the 

formation of more complex radicals and reactive ions of otherwise stable molecules. Radicals may also (4) 

cleave hydrogen atoms from other molecules. An example is seen in the hydrocarbon side chains of 

polyunsaturated fatty acid residues in cellular and organelle membranes, where removing a hydrogen 

atom opens the negatively charged carbon to react with O2, forming peroxyl radicals. These go on to 

oxidize membrane proteins and take hydrogen atoms from neighbouring hydrocarbon side chains, leading 

to the formation of new peroxyl radicals and themselves becoming peroxide molecules. Evidently, this 

triggers a chain reaction that propagates from one hydrocarbon to another. This peroxidation is further 

aggravated by the ability of singlet oxygen to directly react with hydrocarbon side chains on different 

carbon positions leading to the formation of a variety of peroxide species. Eventually, peroxidation of the 

lipid bilayer decreases its fluidity and increases its permeability. Consequently, the leaky membrane allows 

substances that are usually blocked or controlled through channels to pass, while membrane associated 

proteins, enzymes and channels become non-functional. Eventually, membrane integrity is lost and 

organelles, such as lysosomes, can rupture and release their own toxic reactants which ultimately lead to 

cellular death.  
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An example of ROS toxicity is seen in Dixit and Cyr’s study where they showed that tobacco BY-2 

cells underwent increased mitotic arrest when subjected to high levels of excitation light40. This increase 

was correlated to the increased concentration of ROS within cells. Another example of ROS mediated 

phototoxicity can be seen with the autofluorescent molecules NADH and FAD, which are commonly used 

as indicators in oxidative energy metabolism studies32. As FAD undergoes the fluorescence cycle it can 

generate ROS, and the FAD population consequentially undergoes decomposition. FAD depletion can 

severely affect cellular viability as this molecule is intricately involved in the metabolic system. Breakdown 

of NADH in a similar manner is even more problematic as the molecule is also involved in a multitude of 

cytosolic and mitochondrial reactions and compromising the NADH population or even it’s redox balance 

can hold a wide range of consequences across a cell. ROS originating from exogenous fluorophores can 

also disturb FAD and NADH populations and inhibit their crucial biological function, therefore it is 

necessary to implement solutions to limit phototoxicity in fluorescence microscopy.  

 

1.5 – Limiting photodamage 

1.5.1 – Quenching of the dark states 

The study the fluorescence process and its photophysical apparatus can lead to understanding 

key steps that can be targeted to limit harmful interactions. Perhaps the most obvious step is to quench 

the triplet state, being the precursor of most light induced toxicity. Although toxic reactions can 

theoretically proceed from the singlet excited state of a dye, the lifetime of this state is physically too 

short for any significant chemical reaction to proceed. Triplet states on the other hand have relatively 

long lifetimes and removing them would, in principle, remove much of the phototoxicity and 

photobleaching. An elegant parallel of such a manipulation can be drawn from the process of 

photosynthesis in plants36. Insufficient energy dissipation during photosynthesis can lead to the 

formation of a significant population of chlorophyll molecules in the triplet state. The reactive triplet 

state chlorophyll molecules can then transfer their energy to neighbouring O2 molecules and produce 

singlet oxygen radicals that can in turn oxidise chloroplast molecules and trigger phototoxicity in cells. 

To counter this, plants use pigment molecules called carotenoids to directly quench both the triplet 

chlorophyll and the singlet oxygen molecular states. In fluorescence imaging, other problematic states 

are the radical forms of the dye that are important precursors to photodamaging reactions7,11. 

Photodamage is generally generated through a variety of reactions incurred from the triplet, oxidised 
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and reduced forms of a fluorophore. Therefore, while the triplet state should be the main target of 

quenching, a better solution would rely on the quenching of all the dark states.  

Mercaptoethylamine (MEA) is an example of a reagent that has been shown to not only be an 

effective triplet state quencher, but also an ionic form quencher41. In their study, Song et al. flushed out 

oxygen from an imaging plate using argon, an inert noble gas. They then added MEA in successive 

concentrations, and found that increasing concentrations effectively reduced the triplet, semi-oxidised 

and semi-reduced forms of the fluorescein and eosin dyes. Due to the fact that oxygen was absent in the 

system, the reduction was attributed to quenching mediated by MEA. One limitation of this reagent is 

that oxygen can act as a reducing agent, meaning that in typical imaging settings with oxygen present 

MEA can readily react with it. This results in an interesting dynamic of competing reactions between 

Dye-Oxygen, Dye-MEA, and Oxygen-MEA. However, oxygen levels generally subside after some time 

from MEA addition. Given adequate MEA concentrations, the main reactions then become between the 

dark states and MEA which results in their efficient quenching. 

Moreover, elaborate solutions can be developed if redox chemistry is exploited. For instance, 

the triplet state population can be induced to react with a reducing agent to transfer it into the reduced 

form of the dye. The reduced form can subsequently react with an oxidising agent to return to the 

ground state. The reverse reaction where an oxidising agent is first used followed by a reducing agent is 

also true. Evidently, this would require both the oxidising and reducing agents not to be excessively 

reactive so as not to react with each other instead of the triplet state dye. The combination of ascorbic 

acid and methyl viologen has been shown to work well in this manner10. Another reagent that fulfills this 

need is Trolox (Hoffmann-La Roche Inc.) which is unique in that it fulfills the role of both the reducing 

and oxidising agents at the same time. This is because some of the Trolox population will degrade as it is 

dissolved in solution, forming a quinone derivative. This Trolox-quinone product is an oxidant, whereas 

the original Trolox molecule is a reductant, making Trolox a convenient reagent to apply42. 

1.5.2 – Scavenging of oxygen in solution 

 Oxygen is ubiquitous within the imaging media and a sample. One method of preventing oxygen 

from reacting with the triplet state and the ionic forms of a dye is to simply remove it from the imaging 

environment. A commonly used system is the combination of glucose oxidase and catalase enzymes, 

which oxidise glucose and thus deplete it from solution. The issue with this method is that the by-

product is gluconic acid, which results in considerable acidification of the cellular environment43. 

Another oxygen scavenging system is the protocatechuic acid (PCA)/protocatechute-3,4-dioxygenase 
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(PCD) enzyme combination. The PCD enzyme catalyses the conversion of PCA to β-carboxy-cis, cis-

muconic acid, which consumes oxygen in the process44. However, a significant issue arises in the 

depletion of oxygen: unless an anaerobic organism is being imaged, the sample needs oxygen for 

physiological functions. From a purely metabolic approach, cells can rely on glycolysis for energy 

production, relinquishing the need for oxygen for a period of time, which seems to be the case in culture 

conditions where glucose is readily available45. However, removing oxygen from solution would 

effectively shut down oxidative phosphorylation, as well as all other processes using oxygen which may 

in itself stress the cell or result in serious misrepresentation of physiological conditions.  

 Another valuable approach would be to eliminate ROS as they are produced which would 

prevent their damaging reactions. In fact, most cell types already have intrinsic mechanisms to quench 

ROS, however, inducing ROS production quickly overwhelms cellular mechanisms and causes extensive 

toxicity. Unfortunately, there are complications associated with selectively quenching ROS. These 

molecules are extremely reactive and tend to react with molecules in their immediate environment. This 

means any product that would target them needs to be present in high concentrations within a cell, 

which in itself may be problematic to cellular health. Additionally, there is not a single product that can 

target all ROS at the same time, meaning there would need to be many exogenous agents in the cellular 

environment to efficiently reduce toxicity, and compensating for their subsequent reactions would be 

difficult. Nevertheless, such reagents include sodium pyruvate supplements which can target hydrogen 

peroxide, mannitol which targets hydroxyl radicals, and sodium azide that targets singlet oxygen. 

Alternatively, antioxidants can be supplemented into the growth media to enrich cellular environments 

and provide them with an innate level of protection again ROS46.  

1.5.3 – Choice of imaging dye 

 There is a vast selection of fluorophores in both organic dyes and proteins that are available in a 

diverse assortment of excitation-emission spectrums. There are many dyes on the market that are 

considered popular in fluorescence microscopy, however researchers should consistently explore their 

range of options in a field that is constantly evolving. There are key characteristics that constitute an 

ideal fluorophore in regard to their vulnerability to photodamage47. The extinction coefficient of a dye is 

a measure of how efficiently it absorbs light. A good extinction coefficient indicates a smaller number of 

photon input is needed to excite a given number of molecules. Another important characteristic is the 

quantum yield, which is the ratio of the number of photons released versus photons absorbed. The 

closer that ratio is to 1, the better, as it indicates radiation efficiency, and again less light is required to 
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achieve the same amount of signal output. Brightness of a dye is therefore a combination of these two 

metrics. Photostability of a dye should also be considered, which is a measure of the number of 

excitation/emissions cycles a molecule can undergo before photobleaching. Some molecules are 

intrinsically more resistant to photo- and environment-induced bleaching, making them a more suitable 

choice for long term imaging.  

Finally, the excitation spectrum of a fluorophore should also be seriously considered. As was 

discussed in Section 1.4.1, light can inflict collateral damage on biological functions. Studies have 

consistently shown that the color of light being delivered to the sample can make a difference as to the 

generated phototoxicity31,46,48-50. Waldchen et al. for example, imaged cells using a 488 nm laser with a 

given light intensity and noted they all died. They then imaged another set of cells with the same light 

intensity but using the less energetic 514 nm laser and observed that all cells had survived. In a 

subsequent experiment, they used a light intensity at which all cells died using the 514 nm laser and 

imaged another set of cells with the same light intensity but with the 558 nm and 640 nm laser 

wavelengths. Cells survived at rates of 85% and 100% with the 558 nm and 640 nm wavelengths, 

respectively. This demonstrates how sensitive cells can be to the energy level of the light illuminating 

them, and how important it is to choose red shifted dyes whenever possible when doing fluorescence 

imaging. While implementation of these dyes is valuable, the major limitation when using red dyes is the 

reduced resolution red wavelengths provide compared to shorter wavelength alternatives. However, 

many applications will not require high enough resolution for this to be an issue48.  

 

1.6 – Objective, hypothesis and rational 

 Photodamage is a common issue encountered in fluorescence microscopy-based techniques, 

unfortunately, this issue has been consistently overlooked by researchers. Too often are proper controls 

not applied to detect phototoxicity, and this could possibly lead to erroneous or clouded conclusions51,52. 

The methods summarised in Section 1.5 are potential solutions, however they can considerably alter the 

physiological environment of a sample, which in itself may induce stress and affect experimental results. 

Furthermore, these alternative systems may also be incompatible or perturb biological systems53. Many 

of these reagents, including the oxygen scavenger PCA and the dark state scavenger Trolox, have been 

shown to modify the cellular membrane bilayer properties to varying degrees54. Therefore, there is still a 

need to find less invasive solutions to reduce phototoxicity, which has been the objective of this thesis.  
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It is common knowledge amongst microscopy users that exposing a fluorescent sample to light 

for an extended period of time could result in unfavorable conditions, particularly photobleaching the 

dyes. This issue is rationally addressed by minimizing the exposure of a sample to light which effectively 

reduces the excitation/emission cycles a fluorophore undergoes and therefore reduces the downstream 

probabilities of unwanted reactions from occurring. However, using a low exposure time results in a 

poor signal yield, and poor experimental data. This compels users to accordingly increase the excitation 

light power to generate acceptable fluorescence images. This study argues that this is not the best 

approach to maximise the lifetime of an imaging specimen, both in terms of its physiological health and 

the rate of bleaching it undergoes. The hypothesis is that in order to increase signal yield, the light 

power should be kept at a low intensity, and the exposure time of a sample should be increased until an 

acceptable signal is reached. This counterintuitive approach is justified based on the current 

understanding of the photophysical apparatus of the fluorescence process. Fluorescence signal yield is 

dependent on the amount of productive excitation-emission cycles a given population of fluorophores 

collectively undergo. Higher light powers, or a higher flux of photons increase the population of excited 

fluorophores in a given time and consequently the fluorescence signal is increased. Alternatively, a low 

light power coupled with a long exposure time can yield the same number of excitation-emission cycles. 

In practice, cameras integrate signal over a given exposure time and therefore the final images obtained 

using either methods would be essentially equivalent. However, this study argues that increasing the 

exposure time, rather than power results in a significant reduction of photodamage because there are 

fewer dye molecules in the triplet state at all times. This reduced triplet population, along with the 

reduced photon density in low light powers dramatically reduces undesired multiphoton excitation 

events25,55.  

Furthermore, light emission has traditionally been implemented as a constant, steady release of 

photons from a light source. Common incandescent lamps function by passing electricity through their 

metallic filament, which increases the temperature and subsequently emits light from the filament. The 

more intense mercury arc lamps used in fluorescent microscopy emit a constant stream of photons in a 

spectrum spanning the UV to the IR as mercury droplets are vaporised and ionised. The onset of the 

new, more efficient and competitive light sources called light emitting diodes (LED) have changed the 

dynamics of how light is delivered as they can quickly be turned on and off. This was instrumental at 

saving lamp usage time and energy consumption, however, this also revealed an entirely new 

application for light sources: pulsed illumination. The light can be rapidly shuttered off and on using 

electronics allowing for light to be delivered in discrete intervals. During this time the camera collects 
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the light over an extended exposure time that encompasses these small emissions of light from the 

excitation cycles in the sample. This study hypothesised that given the same total number of photons 

per image, delivering the light using square wave pulses would result in reduced levels of photodamage. 

This is rationalised by the fact that during the rest times between each pulse cycle, much of the dark 

state population will have time to relax back to the ground state before the next pulse. This results in 

controlling the overall population of dark state molecules which decreases their availability to react with 

oxygen and ROS, as well as the probability of double photon absorption events from occurring. Similarly, 

because only a small population of fluorophores are excited during each pulse, the frequency of 

transition into the triplet state is dramatically reduced compared to non-pulsed illumination. This in turn 

reduces the probability of harmful downstream reactions from materialising.  
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Chapter 2 

Materials and Methods 

 

2.1 – Cell culture techniques 

2.1.1 – Cell growth and transfection 

 Chinese hamster ovary K1 (CHO-K1) cells (Cat. no.: 85050302, Sigma Aldrich) were grown in low 

glucose (1.0 g/L) Dulbecco’s Modified Eagle Medium containing L-glutamine, 110 mg/L sodium pyruvate 

and pyridoxine hydrochloride (Cat. no.: 11885-084; Thermo Fisher Scientific). The media was 

supplemented with 10% vol/vol fetal bovine serum (Cat. no.: 10082-147, Thermo Fisher Scientific), 1% 

vol/vol 100x non-essential amino acids (Cat. no.: 11140-050, Thermo Fisher Scientific), 25 mM of 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (Cat. no.: 15630-080, Thermo Fisher Scientific), and 10000 

units per mL penicillin-streptomycin (Cat. no.: 10378-016, Thermo Fisher Scientific). CHO-K1 cells stably 

expressing paxillin-EGFP were obtained from the lab of Dr. Rick Horwitz (University of Virginia, 

Charlottesville, VA), and they were maintained with an addition of 0.5 mg/mL of geneticin (Cat. no.: 10-

131-027, Thermo Fisher Scientific) antibiotic for selection of paxillin-EGFP expressing cells. 

 Transient transfections were performed using the manufacturer protocol for the Lipofectamine 

2000 transfection reagent (Cat. no.: 11668-027, Thermo Fisher Scientific). Cells were grown to 70-85% 

confluence in 6 well tissue culture plates. Aliquots of 1 µg of DNA construct and 2.5 µL of Lipofectamine 

2000 were diluted into separate Eppendorf tubes in phenol red free optiMEM media (Cat. no.: 11058-021, 

Thermo Fisher Scientific) to a total volume of 150 µL. The solutions were left for 5 minutes at room 

temperature, after which they were combined into 1 tube, then mixed and incubated at room 

temperature for 20 minutes to allow DNA-liposome encapsulation. The DNA-Lipofectamine solution was 

then diluted with 1.7 mL optiMEM to a final volume of 2 mL and added to designated wells containing 

cells in the 6-well plate. Finally, cells were incubated with the transfection solution for 5-6 hours, after 

which it was replaced with full growth media with antibiotic selection. The DNA plasmid construct used, 

mCherry-paxillin, and cells stably expressing Paxillin-EGFP were a gift from the lab of Dr. Rick Horwitz 

(University of Virginia, Charlottesville, VA). 

2.1.2 – Imaging plate preparation 

 Imaging was performed in 35-mm glass bottom plates (Cat. no.: FD-35, World Precision 

Instruments). Plates were coated with 2 mL of a 2 µg/mL solution of fibronectin (Cat. no.: F-0895, Sigma 

Aldrich) in warm Phosphate Buffered Saline (PBS) at 37oC under 5% CO2 for 1 hour. Surfaces were 
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subsequently washed with PBS twice, then either immediately used or stored at 4oC while immersed in 

1mL PBS for up to a week.  

 Prior to plating, cells were grown to 70-85% confluence. Growth media was aspirated and 1 PBS 

wash was performed. Cells were then lifted by incubating them at 37oC for 4 minutes in trypsin/EDTA 

solution (Cat. no.: 25200-056, Thermo Fisher Scientific). Cells were resuspended in growth media, then 

plated to ~15% confluency onto fibronectin coated plates. Cells were incubated overnight before imaging.  

Imaging sample plates intended for the photobleaching assay were fixed by washing cells with PBS three 

times, followed by application of a 4% Paraformaldehyde solution (Cat. no.: 50-00-0, Polysciences) for 15 

minutes. Finally, plates were washed 2 times with PBS, then mounted in 1 mL of PBS.  

2.1.3 – Reagents, dyes and staining 

Staining of cellular components using organic dyes were performed using the manufacturer 

protocols. Imaging plates were prepared as before. For Mitotracker RedTM CMXRos (Cat. no.: M7512, 

Thermo Fisher Scientific), the stock reagent was diluted from 1 mM to 150 µM into 2 mL of warm 

growth media. The solution was then gently vortexed for 10 seconds. Growth media was removed and 

the staining solution was added and cells were incubated at 37oC for 1 hour. The dye solution was 

discarded and replaced with fresh growth media and plates were ready for live cell imaging. Lysotracker 

RedTM DND-99 (Cat. no.: L7528, Thermo Fisher Scientific) staining was done using a similar procedure, 

though the working concentration was 50 nM. For the photobleaching assay, fixation was done as 

above. However, Mitotracker RedTM samples had to be left for at least 5h at 37oC to enhance retention 

of the dye to the mitochondria.  

 ProLong LiveTM (Cat. no.: P36974, Thermo Fisher Scientific) was a singlet oxygen scavenger system 

used in this study. Stock reagent was diluted 1:100 by adding 20 µL to 2 mL of warm growth media. The 

solution was mixed then added to the imaging plate. Cells were incubated at 37oC for at least 15 minutes 

before imaging, and the reagent was kept in solution throughout experiments.  

2.2 – Microscopy 

2.2.1 – Imaging 

Light Power Variation Experiments. Widefield microscopy experiments were performed on a 

Zeiss AxioObserver fully automated inverted microscope (Carl Zeiss, Jena, Germany). Cell migration and 

protrusion assays were conducted with a 20x Plan-Apochromat/0.8 NA objective lens and photobleaching 

experiments with a 63x Plan-Apochromat/1.4 NA oil immersion objective lens. Fluorescence incident light 
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was provided by an X-cite 120LED (Fig. 2.1A) white light source (Excelitas, Waltham, MA). Power intensity 

was measured at the beginning of each experiment with a 10x Plan Neofluar/0.3 NA objective lens using 

an X-cite optical power measurement meter (Excelitas, Waltham, MA). Filter cubes were selected to 

match the excitation-emission spectra of each dye: filter set 10 (Fig. 2.1B)  for EGFP, and filter set 71 (Fig. 

2.1C)  for mCherry and MitoTracker RedTM (Carl Zeiss). Experiments were performed using the LED light 

source TTL electronic shutter directly coupled to the system’s Hamamatsu Orca ER camera (Hamamatsu, 

Hamamatsu, Japan) to control the exposure time at a high level of accuracy. Confocal microscopy 

experiments were performed on a Nikon A1R fully automated inverted microscope (Nikon, Tokyo, Japan). 

Cell protrusion assays were performed with a 20x Plan-Apochromat/0.75 NA objective lens and 

photobleaching experiment with a 60x Apochromat/1.4 NA oil immersion objective lens. Laser power was 

measured from a 10x plan-Apochromat/0.45 NA objective lens. For the photobleaching experiments, fixed 

cells were stored at 4oC and used over a period of 4-6 weeks with no visible signs of deterioration. Images 

were sequentially acquired on the microscope until fluorescence intensity decreased to a plateau and 

photobleaching ceased.  For live cell experiments, cells were mounted in 2 mL of growth media, with 

additional reagents when appropriate. They were kept at physiological environmental conditions using a 

top-stage incubator system (Live Cell Instrument, Seoul, Korea). Cells were imaged for every 2 minutes for 

4-6 hours for cell migration assays and every 20 seconds for 30 minutes for the cell protrusion assay. In 

all cases, light power and exposure time were set according to the settings listed in tables 3.1 and 3.2. 

 

Light Pulsing Technique. Experiments were performed on a Zeiss AxioObserver fully automated 

inverted microscope coupled with a Hamamatsu Orca-ER camera (Hamamatsu). Cell protrusion assays 

were performed with a 20x LD Plan/0.35 NA objective lens and photobleaching experiments with a 63x 

Plan-Apochromat/1.4 NA oil immersion objective lens. Fluorescence incident light was from  a pE-4000 

light source (CoolLED, Andover, UK). The unit combines a set of 16 different colored LEDs to produce light 

across the visible spectrum (Fig. 2.1A). The option to activate single LEDs one at a time was used in this 

study. The 470 nm LED was used to excite EGFP and the 580 nm LED for mCherry and MitoTracker RedTM. 

LED output power was measured at the beginning of each experiment with a 10x EC-Plan-Neofluar/0.3 

NA objective lens using an X-cite optical power measurement meter (Excelitas). Filter cubes were selected 

to match the excitation-emission spectra of each dye: filter set 49011 (Fig. 2.1D) for EGFP (Chroma 

Technologies Inc., Bellows Falls, VT), and filter set 71 (Fig. 2.1C) for mCherry and MitoTracker RedTM (Carl 

Zeiss). Pulsing functions were triggered using the light source’s integrated function generator, which 
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enabled various customisation options including the pulse amplitude, period and duty cycle. 

Photobleaching and protrusion assays were performed as described above. The light power, exposure 

time, and pulsing settings used in each experimental set are listed in Tables 4.1, 4.2, and 4.3. 

 
Figure 2.1: Spectral profile of LED light sources and filter cubes used throughout the study.  (A) Relative intensity of the Xcite 
LED120 LED in the ultra violet-visible-infrared wavelength spectrum. (B) Relative intensity of the CoolLED pE-4000 LED in the ultra 
violet-visible-infrared wavelength spectrum. (C) Transmission % of the Zeiss filter set 10. The blue outline highlights the excitation 
spectrum, the red outline highlights the emission spectrum, and the gray outline highlights the dichroic. (D) Transmission % of 
the Zeiss filter set 71. (E) Transmission % of the Chroma filter set 49011. 
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Setting Pulsing Function in Light Source Generator. Several customisations are available in the 

LED function generator of the pE-4000 light source. In this study, the pulse amplitude, period duration 

and duty cycle were used. The amplitude corresponds to the light power, which varied according to 

experimental conditions. Pulse period is the duration of a pulse, in addition to its associated down time 

(off, or rest period). The duty cycle dictates the percent (%) of the pulse period duration during which light 

output is turned on. For example, given a period of 125 µs with a duty cycle of 20%, the corresponding 

pulse width would then be 25 µs with 100 µs rest time. All duty cycles used in Chapter 4 are listed below.  

 

Table 2.1: LED function settings for square pulses. Orange are settings corresponding to Table 4.1; blue 
are for Table 4.2; yellow are for Table 4.3. 

 1 2 3 4 5 6 7 8 9 10 11 12 

PULSE 

WIDTH 

(µS) 
34 59 109 109 109 109 109 109 109 59 109 159 

REST 

TIME 

(µS) 
100 100 100 25 50 100 150 200 300 50 100 150 

PERIOD 

(µS) 
134 159 209 134 159 209 259 309 409 109 209 309 

DUTY 

CYCLE 

(%) 
25 37 52 81 69 52 42 35 27 54 52 52 

2.2.2 – Analysis 

Analysis of cell migration. Cells were manually tracked in MetaXpress analysis software 

(Molecular Devices). X, Y position data for each cell track were then exported to MATLAB (v. 8.6, Rel. 

R2015b; The MathWorks). Rose plots of cell movement were created by superimposing the starting 

position of each track on the origin (0,0). The average speed of each 10-minute segment was then 

calculated by determining the mean distance travelled between each time point over the imaging interval. 

The average speed of each cell was calculated in a similar fashion. The data shown represents the mean 

± standard error of the mean (s.e.m.) for all cells analyzed from three independent experiments. The 

MatLab script for this was written by Alexander Kiepas (Claire Brown Lab, McGill, Qc). 

Analysis of cell protrusion assays. CHO-K1 cells were seeded onto 35-mm dishes and imaged 

every 20 seconds for 30 minutes, as described above. Incident light powers of 23 mW, 12 mW, 6.7 mW 

and 1.6 mW were coupled to exposure times of 24 ms, 47 ms, 84 ms, and 350 ms, respectively. Image 
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stacks were analyzed in MetaXpress using the kymograph function. The kymograph generates a graph of 

membrane displacement versus time, in which the slope represents the speed of protrusion. The data 

shown represents the mean ± s.e.m. for all cells analyzed from three independent experiments. 

Analysis of cell photobleaching assay. The fluorescence intensity was measured within multiple 

100x100 pixel regions of cells over the image stack, and the data for each region was fit to a single 

exponential decay using Origin (Pro) 9.3 software (OriginLab Corporation, Northampton, MA) with the 

following equation: 

     y = y0 + Ae
−x/t

                                                                           (1) 

Where y0 is the offset value, A is the amplitude and t is the time constant. The halftime of exponential 

decay (tau) is given by the following equation: 

tau = t1 ∗ ln (2)                                                                         (2) 

Each imaging setting was repeated three times with three different experimental preparations of fixed 

cells. Seven regions of interest (ROI) were selected from at least 3 cells per trial, amounting to 21 ROI per 

setting. 

Statistical analyses. Statistical significance values (P-values) for cell migration, protrusion and 

photobleaching rates were obtained by performing a two tailed t-test.  

2.2.3 – Calculations 

Calculation of the estimated photon count per frame to equalize all power settings. Different imaging 

conditions can be comparable only if an equivalent amount of light is delivered to the samples during the 

acquisition of one image. This was achieved by maintaining an equal number of photons delivered per 

image collected for the different settings. Light power was used to determine the density of photons, 

which was then used to calculate the appropriate exposure time to equalize settings with different light 

powers. An example of this calculation is shown below for setting #2 in Table 3.1: 

 

The energy (e) of one photon is given by the equation:  

e =
hc

λ
                                                                      (3) 
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where h is Planck’s constant (6.626 x 10-34 J  s), c is the speed of light (3 x 108 m/s) and  is the wavelength 

of the photon, which is 488 nm for EGFP excitation. It should be noted that with white LED light sources, 

filter cubes are used to restrict incident light to a range of photon wavelengths. However, using 488 nm 

as an estimate across all settings should provide a relative measure of photons for each setting. 

Power can be defined as the amount of energy delivered per second and can also be defined as: 

       W= (number of photons delivered per second (n)) * (energy of 1 photon (e))             (4) 

In the above equation, W is the power in watts and n is the number of photons delivered per second. In 

this example, power was set to be 0.023 W and as such, the number of photons delivered per second was 

determined to be 5.6473 x 1016 Photons/s.  

Finally, the number of photons per second was scaled to determine the number of photons per image for 

each exposure time: 

     N= n∗ exposure time             (5)  

Where N is the number of photons per image. With an exposure time of 0.02435 seconds, the number of 

photons was determined to be 1.37512 x 1015. This calculation was then applied to each setting in Tables 

3.1 and 3.2.  

 

Equalizing illumination conditions with different pulsing settings by equalizing the total time under 

illumination. 

An exposure time is defined as the time period during which a sample is exposed to a constant 

stream of light. Introducing pulsing cycles into a light stream essentially breaks it down to small packets. 

Therefore, if these small packets are added back together, then they should be equivalent in time and 

they should be equal to the original, non-pulsed exposure time for 2 settings to be equivalent (Figure 2.2).                    

 

Figure 2.2: Diagram of equivalency between continuous illumination and pulsed illumination. 
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With this approach, the total number of pulsing cycles by which the original exposure time is broken down 

into can be determined: 

Number of cycles = Original exposure/pulse width      (6) 

The exposure time of one cycle is composed of an ON pulse width time and an OFF rest time before the 

commencement of the next cycle. The total exposure time for the acquisition period is then as follows: 

Total exposure time = number of cycles x exposure time one cycle                   (7) 

For example, a setting from Figure 4.1 with a power of 22 mW, a non-pulsed exposure time of 25.57 ms, 

pulse width of 25 µs and a rest time of 100 µs between each pulse will then have a total of 1022. 8 pulsing 

cycles from equation 6 and a total exposure time of 127. 9 ms from equation 7. 

 

It should be noted that the pulse generator feature is not perfect and inherent delays in electronic signal 

delivery is present. This has to be accounted for in order to minimize error and increase experimental 

accuracy. Figure 2.3 shows a graphical representation of the assigned pulsed function (solid blue line) 

compared to the output from the LED (doted yellow line). Figure 2.4 shows an example of a measurement 

of a pulse from the 470 nm LED from the pE-4000 light source using an oscilloscope.  

          

Figure 2.3: Graphical representation of the difference between a theoretical (solid blue line) and a 
practical square pulse (dotted yellow line).  
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Figure 2.4: Sample oscilloscope measurement of a pulse from the pE-4000 light source, set with a 
width of 100 µs and a rest time of 100 µs (provided by CoolLEDTM). 
 

CoolLED (manufacturer) provided the LED response time for electronic delay in triggering the LED to 

turn on as 14.2 µs. Once initiated, the LED requires a rise time of 1.9 µs to reach its intended power 

output level. An electronic delay of 5 µs then follow the triggering of the LED to shut down, after which 

the LED dims with a fall time of 3.5 µs before shutting down. From this information, corrections were 

determined: 

 The electronic delay time in triggering the LED on and off results in a net loss of 9.2 µs to 

the pulse width time. This lost time is additive. The rest time between pulses and likewise 

the period of one pulse cycle was thus increased.  

 The rise and fall time of the LED resulted in a net gain of 1.6 µs in pulse width. However, 

the actual loss in light output was much lower than 1.6 µs as light is not at peak power 

during the rise and fall time.  

 Taken together, an estimated 9 µs of LED pulse width needed to be added to each pulse 

to account for lost light output due to electronic delay and LED response time. 

In the previous example shown from Figure 4.1 with an original pulse width of 25 µs and rest time of 100 

µs, these values are corrected to 34 µs and 109 µs, respectfully. Given 1022. 8 pulsing cycles obtained 

from equation 6, and an updated period of 143 µs per pulse cycle, the exposure time for one image was 

determined to be 146 ms from Equation 7. This calculation was applied to each setting in Tables 4.1, 4.2, 

and 4.3.  
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Calculation of estimated photon count per frame light exposure to confirm equivalency between 

pulsing settings. 

Another approach to verify equivalency between light pulsing settings is by maintaining an equal number 

of photons delivered per image. The number of photons delivered per second (n) can be calculated from 

Equations 3, 4, and then 5. This number can then be scaled down to determine the photon count per pulse 

cycle (C) as follows: 

    C= n∗ time of 1 pulse            (8) 

 

The total number of pulsing cycles can be determined using Equation 6. Therefore, the total photon count 

per image (N) for a pulsing setting can be determined as follows: 

N= C∗ number of pulsing cycles per image          (9) 

 

Given the same example from Figure 4.1 as before, with a power of 22 mW, a non-pulsed exposure time 

of 26 ms, pulse width of 25 µs and a rest time of 100 µs between each pulse will then have a total photon 

count of 1.3 x 1012 per pulse from Equation 8 and 1.3 x 1015 per image from Equation 9. This calculation 

has been applied to each setting in Tables 4.1, 4.2, and 4.3 to ensure they all deliver an equivalent number 

of photons. 
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Chapter 3 

Results: Light Power and Phototoxicity 

3.1 – Low incident light power and long camera exposure times decrease photobleaching 

The hypothesis investigated in this section was that light power is the primary factor affecting the 

level of photobleaching a specimen undergoes. Four fluorescence microscopy imaging conditions were 

designed to test this hypothesis and were compared to brightfield imaging (Table 3.1). The first two 

settings reflected typical imaging conditions employed in fluorescence microscopy experiments with 

higher light powers of 23 mW (20% light source output) and 12 mW (10% light source output) coupled 

with shorter exposure times of 24 ms and 47 ms, respectively. In contrast, the other two settings featured 

lower light powers of 6.7 (5% light source output) mW and 1.6 mW (1% light source output) coupled with 

longer exposure times of 84 ms and 350 ms, respectively. These settings all delivered a comparable 

number of photons to the sample during each image acquisition (see Methods Section 2.2.3, Table 3.1). 

Since the total amount of light per image was kept constant, the image quality was essentially identical 

with all of these settings (Fig. 3.1A). The photobleaching curves produced when samples of these cells 

were successively imaged using a 63X/1.4 NA oil immersion objective lens on the other hand were very 

different. The photobleaching curves of the higher power settings demonstrated a fast, exponential 

intensity decay as opposed to the slower intensity decay observed when low light powers were used (Fig 

3.1B). The photobleaching rates were quantified by fitting to a single exponential decay and taking the 

frame number and time for photobleaching of half-time of the initial fluorescence intensity. The halftime 

of photobleaching increased from 620 image frames (1.5 minutes) with the 23 mW power setting to 2376 

frames (21 minutes) with the 1.6 mW light setting. This represented a nearly 4-fold reduction in the rate 

of photobleaching (Fig. 3.1C). Intermediate settings of 12 mW and 6.7 mW fit the same trend with halftime 

photobleaching rates of 1054 (3 minutes) and 1546 frames (6.5 minutes), respectively. The general 

applicability of this concept to other fluorophores was tested with CHO-K1-paxillin-mCherry expressing 

cells. As with EGFP, using lower light powers greatly reduced photobleaching rates compared with higher 

powers (Fig. 3.1D). These findings suggest that some higher order photobleaching reactions might only 

occur at elevated light powers and accelerate the overall photobleaching rates. These reactions are likely 

insignificant (i.e. have very low probability) at low light powers.  
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Table 3.1: Illumination conditions with scaled light powers. Illumination conditions were designed with different light powers, 
and exposure times were scaled for all settings to deliver a set number of 1.38 x 1015 photons per image for cells expressing EGFP, 
and 1.63 x 1015 for cells expressing mCherry (see Chapter 2.2.3). Epi-fluorescence illumination were non-applicable to setting #1 
since it is a control with transmitted illumination (brightfield). 

                        
Figure 3.1: Decreasing excitation light power reduces photobleaching of fluorophores. Halftime of the photobleaching decay of 
fixed CHO-K1 cells with different fluorescent labels measured under illumination conditions described in Table 3.1. (A) 
Representative images for fixed CHO-K1 cells expressing paxillin-EGFP under imaging settings in Table 3.1. (B) Photobleaching 
decay curves for fixed CHO-K1 cells expressing paxillin-EGFP. (C) Halftime photobleaching decay in images and time for fixed CHO-
K1 cells expressing paxillin-EGFP. (D) Halftime photobleaching decay in images and time for fixed CHO-K1 cells expressing 
mCherry-paxillin. Experiments are in triplicate with n=21 regions of interest analysed per setting.  Error bars are the standard 
error of the mean. Statistical significance is based on a two-tailed, t-test (P-values). * represents P<0.05, ** represents P<0.01 
and *** represents P<0.001. 
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This study was expanded to investigate if reduced photobleaching would translate into reduced 

phototoxicity in living cellular samples when low light powers were used. The brightfield transmitted light 

imaging technique was used as a complementary control for comparison with the same four settings 

previously described (Table 3.1). Brightfield illumination is a useful control as it does not induce the 

fluorescence process nor its undesired phototoxic reactions. Therefore, it was used as a reference in live 

cellular assays to determine the level of physiological stress endured under various fluorescence imaging 

conditions. The live cell migration assay was performed by imaging cells at intervals of 2 minutes for a 

total time of at least 4 hours using a 20x/0.8 NA objective lens. CHO-K1 cells expressing no fluorescent 

dye or protein imaged in brightfield illumination migrated at a speed of 21 µm/hr (Fig.3.2A). CHO-K1 cells 

expressing the paxillin-EGFP protein construct imaged using brightfield illumination also migrated with an 

average speed of 21 µm/hr, which indicated that the presence of the fluorescent protein tagged paxillin-

EGFP itself  had no notable effect on the process of cell migration. Phototoxicity was detectable when 

cells were imaged using higher fluorescence light powers of 12 mW and 23 mW at which cells had speeds 

of 10 µm/hr (Fig. 3.2A). Fluorescence imaging using the intermediate light power of 6.7 mW showed 

migration speeds that were closer to brightfield control speeds at 15.8 µm/hr (Fig. 3.2A). However, using 

the lowest light power of 1.6 mW completely restored normal migration speeds of 22 µm/hr (Fig. 3.2A). 

Rose plots depicting individual cell migration tracks all beginning at the origin point (0,0) showed that cells 

imaged with brightfield and the low light power setting of 1.6 mW had longer net displacements and 

moved faster than cells imaged with the higher power 12 mW fluorescence illumination setting (Fig. 3.2B). 

These findings indicate that low light power fluorescence imaging shows no apparent detrimental effects 

on cell migration, as opposed to some phototoxicity leading to slower migration speeds with the use of 

higher light powers.  

To complement the results from the migration experiments, another live cell assay was 

performed. The physiological process of cellular protrusion is known to be sensitive to fluorescence 

imaging, as cells exposed to excessive illumination form unusually slow and infrequent protrusions56. 

Artifacts of phototoxicity can be seen in protrusion speeds within 30 minutes of imaging, therefore cells 

were imaged with that time duration at an interval of 20 s using a 20x/0.8 NA objective lens. The imaging 

conditions used for the cell migration experiments were used here as well (Table 3.1), and protrusion 

speeds were measured using a kymograph analysis. CHO-K1 cells expressing no fluorescent dye or protein 

imaged in brightfield illumination formed protrusions at an average speed of 2.0 µm/min and as with the 

cell migration experiments the presence of the paxillin-EGFP protein construct did not affect migration 

speeds (Fig. 3.2C). Although cell protrusion was not as sensitive to the light power as cell migration 
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phototoxicity became evident with the highest light power fluorescence imaging condition of 23 mW. In 

this case, cells formed protrusions with an average speed of only 1.6 µm/min. Cells imaged with the lower 

light settings of 12 mw, 6.7 mW and 1.6 mW had similar protrusion speeds to those imaged with 

brightfield illumination. Intriguingly, cells imaged with the 1.6 mW light setting displayed slightly faster 

protrusions speeds with an average of 2.3 µm/min. This is likely due to the high variability of protrusion 

rates from cell-to-cell and event-to-event. The difference in sensitivity between assays highlights the 

importance of performing multiple tests to determine potential phototoxic effects. The general 

applicability of light power dependent reduced phototoxicity was verified with CHO-K1-paxillin-mCherry 

expressing cells. As with EGFP, cells expressing paxillin-mCherry imaged with low light levels protruded 

with faster speeds than those imaged using higher light powers (Fig. 3.2D). In line with results seen from 

migration experiments, these results support the hypothesis wherein low light powers coupled to high 

exposure times are less harmful to cells than high light powers with short exposure times. 
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Figure 3.2: Decreasing excitation light powers reduces phototoxicity from fluorophores. Migration and protrusion speed of live 
CHO-K1 cells with different fluorescent labels measured under illumination conditions described in Table 3.1. (A) Migration speed 
of live CHO-K1 cells expressing paxillin-EGFP. (B) Rose Plots depicting migration tracks of CHO-K1 paxillin-EGFP cells measured in 
A. Each line presents the path of a single cell over 2-6 hours. All starting points were superimposed on the origin (0,0). (C) 
Protrusion speed of live CHO-K1 cells expressing paxillin-EGFP. (D) Protrusion speed of live CHO-K1 cells expressing mCherry-
paxillin. Experiments are in triplicate with n >30 cells analysed per setting.  Error bars are the standard error of the mean. 
Statistical significance is based on a two-tailed, t-test (P-values). * represents P<0.05, ** represents P<0.01 and *** represents 
P<0.001. 
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Organic molecules in cells or in tissue culture media other than fluorophores can also absorb light 

and release toxic by-products that can contribute to overall phototoxicity in a sample. This was observed 

when imaging CHO-K1 cells expressing no fluorescent dye or protein using the 12 mW higher light setting. 

Even though no fluorophore was present, toxicity was detected as cells moved at a lower speed of 16 

µm/hr (Fig. 3.3A). Similarly, photobleaching of fluorophores can be accelerated by toxic by-products from 

light absorption and emission of other components in the sample media. This was observed in fixed CHO-

K1-paxillin-EGFP expressing cells where serum and phenol red in the media contributed to enhanced EGFP 

photobleaching (Fig. 3.3B). Serum-free media mounting yielded a 40% increase in the halftime of 

photobleaching (from 427 to 597 image frames, or from 2 to 2.4 minutes) with full growth media (Fig. 

3.3B). This indicates one or several components in the serum can contribute to overall photobleaching 

and likely also phototoxicity during fluorescence imaging. Similarly, phenol red-free media mounting 

yielded a 75% increase in the halftime photobleaching from 427 to 750 image frames (or from 2 to  

minutes) which indicated that phenol red is a specific component that can enhance photobleaching of 

EGFP (Fig. 3.3B). Moving on, this study investigated whether using the low light technique was also 

effective at reducing photodamage resulting from sample components other than fluorophores. 

Photobleaching experiments were performed with cells mounted in regular growth media, serum-free 

media and phenol-red free media with various incident light powers (Table 3.1). Using lower light powers 

decreased photobleaching rates in all the mountings used, which indicates that this technique has a 

general effect of reducing the number of toxic by-products from all sources in a sample (Fig. 3.3C). 

Furthermore, results indicate that reducing light power is more effective than removing specific 

components in the sample to reduce their phototoxicity contribution. For instance, removing phenol red 

from the mounting media decreased photobleaching by 75% compared to full growth media when the 6.7 

mW power setting was used, but simply using the lower light setting of 1.6 mW with full growth media 

decreased photobleaching by 130%, counting image frames (Fig. 3.3C). The better efficiency of using low 

light power becomes more pronounced when high light powers are used. For example, removing phenol 

red decreased photobleaching by 24 % (from 176 to 218 image frames) compared to full growth media 

when the 23 mW light power setting was used, but using the lower light setting of 1.6 mW with full growth 

media decreased it by 457% (from 176 to 979 image frames, or from 0.6 to 9.3 minutes). The full panel of 

results comparing all mounting media options used, including PBS is shown in Figure 3.3D. Using PBS as a 

mounting media yielded the slowest photobleaching rates, which is expected as this buffer does not 

contain readily available light absorbing molecules that could contribute to phototoxicity (Fig. 3.3C). 

Although mounting samples in PBS shows the most significant reduction in photobleaching, it is not a 
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viable option for live cell imaging due to the lack of essential nutrients. Overall, these results show that it 

is important to evaluate how different components in the cell media contribute to photobleaching and 

phototoxicity. However, if significantly low light powers are used these secondary toxicity effects from the 

mounting media components become less relevant.  

 

Figure 3.3: Decreasing excitation light powers is more efficient at reducing phototoxicity and photobleaching than removing 
reactive mounting media components. Migration speed of live CHO-K1 cells and halftime of the photobleaching decay of fixed 
cells measured under illumination conditions described in Table 3.1 when mounted either in PBS, full growth media, serum free 
media or phenol red free media. (A) Migration speed of live CHO-K1 cells expressing no fluorescent probe or paxillin-EGFP. (B) 
Halftime photobleaching decay in images for fixed CHO-K1 cells expressing paxillin-EGFP measured under illumination condition 
#4 in Table 3.1. (C) Halftime photobleaching decay in images and time for fixed CHO-K1 cells expressing paxillin-EGFP under all 
illumination conditions in Table 3.1. Experiments are in triplicate with n >30 cells analysed for migration experiments and n=21 
regions of interest analysed per setting for photobleaching experiments.  Error bars are the standard error of the mean. Statistical 
significance is based on a two-tailed, t-test (P-values). * represents P<0.05, ** represents P<0.01 and *** represents P<0.001. 
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3.2–Comparison to other techniques typically used to reduce photobleaching and phototoxicity 

In general, it is better to reduce light levels and not add extraneous chemicals to living biological 

systems under study. However, experiments were performed to compare the techniques presented here 

with other commercially available solutions. The technique was compared to the use of the ProLong LiveTM 

reagent that functions by metabolising singlet oxygen radicals in the media to prevent their reaction with 

cellular components or molecules in the media leading to photobleaching and phototoxicity. 

Photobleaching experiments were replicated with fixed CHO-K1-paxillin-EGFP expressing cells mounted 

either in regular media or in media supplemented with the ProLong LiveTM reagent using the 4 widefield 

fluorescence imaging light settings (Table 3.1). Photobleaching rates were modestly decreased across all 

light settings in the presence of ProLong LiveTM although the reduction with 6.7 mW light was not 

significant (Fig. 3.4A). This data would argue that for these modest reductions in photobleaching it would 

be better to simply reduce the light power. However, if speed is needed requiring higher light power then 

the ProLong LiveTM reagent would make sense to add. The migration and protrusion assays were replicated 

to investigate the efficiency of the ProLong LiveTM reagent as compared to reducing light power at 

decreasing phototoxicity. The average migration speed of live CHO-K1-paxillin-EGFP expressing cells 

slightly increased from 11 µm/hr to 14 µm/hr in the presence of ProLong LiveTM with the 12 mW light 

power setting (Fig. 3.4B). An important implication of this observation is that ProLong LiveTM does not lead 

to complete suppression of phototoxicity, likely because factors other than singlet oxygen radicals 

contribute towards sample phototoxicity. The presence of ProLong LiveTM did not result in any recovery 

of cell protrusion speeds to comparable levels as the brightfield imaging condition controls (Fig. 3.4C). The 

inefficiency of ProLong LiveTM to recover cell protrusion speeds could be explained by the diverse 

photophysical processes that fluorophores can undergo. Overall, these results show that using ProLong 

LiveTM to reduce photodamage is not as effective as using an all-encompassing solution such as low light 

power.  
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Figure 3.4: Decreasing excitation light power is more efficient at reducing phototoxicity and photobleaching than the single 
oxygen species scavenger ProLong LiveTM. Migration and protrusion speed of live CHO-K1 cells and halftime of the 
photobleaching decay of fixed cells measured under illumination conditions described in Table 3.1 with and without the singlet 
oxygen scavenger ProLong LiveTM. (A) Halftime photobleaching decay in images and time for fixed CHO-K1 cells expressing paxillin-
EGFP. (B) Migration speed of live CHO-K1 cells expressing paxillin-EGFP. (C) Protrusion speed of live CHO-K1 cells expressing 
paxillin-EGFP. Experiments are in triplicate with n >25 cells analysed for migration and protrusion experiments and n=21 regions 
of interest analysed per setting for photobleaching experiments.  Error bars are the standard error of the mean. Statistical 
significance is based on a two-tailed, t-test (P-values). * represents P<0.05, ** represents P<0.01 and *** represents P<0.001. 
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3.3 – Low laser powers and longer pixel dwell times decrease photobleaching and phototoxicity of 

laser scanning confocal microscopy 

 Results shown in Section 3.1 were collected using widefield fluorescence microscopy. However, 

photobleaching and phototoxicity can be even more prevalent in confocal microscopy where the focused 

laser beams have a very high photon density. Each pixel is collected one at a time and fluorophores are 

excited with a high photon flux in a volume of approximately one femtoliter. This study was expanded to 

investigate the efficiency of using the principle of lower laser powers and longer exposure times to 

decrease photobleaching. Three different laser scanning confocal imaging settings were used (Table 3.2). 

The settings moved from a high laser power of 237 µW to moderate 44 µW and low power 20 µW as 

measured with a 10x/0.3 NA microscope lens. The pixel times were set to provide a comparable number 

of photons delivered per pixel (see Section 2.2.3). The pixel dwell times were 4.4 µs 24 µs and 53 µs, 

respectively. These imaging conditions resulted in nearly identical quality of image and signal-to-noise for 

the same field of view of fixed CHO-K1-paxillin-EGFP expressing cells (Fig. 3.5A). Photobleaching 

experiments were performed using samples of these cells imaged with a 60x/1.4 NA oil immersion 

objective lens under these laser power conditions. Halftime for photobleaching of 27, 63 and 84 image 

frames were observed for laser powers of 237 µW, 44 µW and 20 µW, respectively (Fig. 3.5B). In line with 

previous results, using the lowest laser power resulted in the slowest photobleaching rate with a 2-fold 

improvement from the highest laser power with no compromise in image quality. Further testing was 

done to investigate if using lower laser power also reduced phototoxicity in live cells. The protrusion assay 

was performed on CHO-K1 paxillin-EGFP expressing cells imaged every 20 s for 30 minute using a 20x/0.75 

NA objective lens. Cells protruded with an average speed of 1.51 µm/min when imaged with the 237 µW 

laser setting (Fig. 3.5C). Cells protruded with a significantly higher speed of 2.2 µm/min 44 or 20 µW 

powers were used. This shows the efficiency of this approach at reducing phototoxicity in addition to 

photobleaching. The photobleaching assay was repeated with 3 additional fluorophores to verify the 

general applicability of the technique. CHO-K1-mCherry-paxillin expressing cells, CHO-K1 cells stained with 

MitoTracker RedTM, or CHO-K1 cells stained with the LysoTracker RedTM dye showed a similar trend with 

reduced photobleaching with lower laser powers. The photobleaching was reduced by 94%, 45% and 13% 

when compared between the lowest and highest laser power for EGFP, MitoTracker RedTM, or LysoTracker 

RedTM, respectively (Fig. 3.5D-E). In general, the technique is effective but the inefficiency of this technique 

with the LysoTracker RedTM dye could be explained by its inherently low photostability.  Overall, this is a 

viable method to reduce photobleaching and phototoxicity to samples however it is not as practical as the 
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widefield technique because the reductions are not as significant and the image acquisition times can be 

long.  

                                          
Table 3.2: Illumination conditions with scaled laser light powers. Illumination conditions were designed with different laser light 
powers, and pixel dwell times (light exposure) were scaled for all settings to deliver a set number of 2.56 x 109 photons per image 
for EGFP, and 2.94 x 109 for mCherry, MitoTracker RedTM and LysoTracker RedTM (see Chapter 2.2.3). 

 

Figure 3.5: Decreasing excitation laser power reduces phototoxicity and photobleaching from fluorophores in confocal 
microscopy. Halftime of the photobleaching decay of fixed CHO-K1 cells and protrusion speed of live cells with different 
fluorescent labels measured under illumination conditions described in Table 3.2. (A) Representative images for fixed CHO-K1 
cells expressing paxillin-EGFP. (B) Halftime photobleaching decay in images for fixed CHO-K1 cells expressing paxillin-EGFP. (C) 
Protrusion speed of live CHO-K1 cells expressing paxillin-EGFP. (D) Halftime photobleaching decay in images for fixed CHO-K1 
cells expressing paxillin-EGFP, mCherry-paxillin, MitoTracker RedTM and LysoTracker RedTM. (E) Representative images of 
fluorescent probes used in D. Experiments are in triplicate with n >30 cells analysed for protrusion experiments and n=21 regions 
of interest analysed per setting for photobleaching experiments.  Error bars are the standard error of the mean. Statistical 
significance is based on a two-tailed, t-test (P-values). * represents P<0.05, ** represents P<0.01 and *** represents P<0.001. 
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Chapter 4 

Results: Pulsed Illumination and Phototoxicity 

4.1 – Small pulse widths, and long rest times between pulses decrease photobleaching 

  The hypothesis that was tested in this section was that millisecond scale pulsing of light during 

image acquisition can reduce photobleaching and phototoxicity of fluorophores or fluorescent proteins. 

To investigate this idea, four settings for fluorescence imaging were designed (Table 4.1). The first setting 

reflected typical illumination with no light pulsing within a designated light exposure time during image 

acquisition. The remaining three settings exhibited a periodic wave function, known as a square pulse, 

which was introduced using a pulse generator that was pre-built into the light source. The pulse width 

was set to 100 µs, 50 µs or 25 µs with an “off/rest time”, or dark period of 100 µs between each pulse. 

Therefore, one pulsing cycle consisted of 25, 50 or 100 µs with the light on, and 100 µs with the light off, 

and this pulsing was maintained during the image exposure time. A schematic of these illumination 

settings is shown in Fig. 4.1A. Regardless of the objective lens used for imaging, the incident light power 

was set to 22 mW as measured with a 10x/0.3 NA objective lens. Due to the fact that the pulse width was 

varied between settings, the image exposure time was adjusted for each image acquisition setting so that 

the sample was exposed to the same total amount of light. This allowed for an accurate comparison of 

photobleaching rates. For example, if the light was pulsed for 100 μs with an off time of 100 μs then the 

light was on 50% of the time. However, if the light was on for 25 μs with an off time of 100 μs then the 

light was only on 20% of the time. In this case, the exposure time would have to be 2.5 times longer to 

maintain the same number of photons hitting the sample during one image acquisition (Methods, Section 

2.2.3).  

 

Table 4.1: Illumination conditions with pulsing settings with scaled pulse duration. Illumination conditions were designed to 
maintain the same rest time between pulses but vary the pulse durations. Power was set to 22 mW in all settings, and the total 
illumination time excluding rest time between pulses was 25.5 ms. Exposure times were scaled for all settings to deliver a set 
number of 1.33 x 1015 photons per image for cells expressing EGFP, and 1.63 x 1015 for cells expressing mCherry and MitoTracker 
RedTM (see Chapter 2.2.3). 
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 The photobleaching assay was performed with a 63x/1.4 NA oil immersion objective lens on fixed 
CHO-K1-paxillin-EGFP expressing cells using the four settings described (Table 4.1). The halftime of 
photobleaching was 117 image frames (0.7 minutes) with no pulsing or continuous illumination. However, 
the half time of photobleaching decreased by 81% to 212 image frames (1.3 minutes) with light pulses of 
100 µs, 277 frames (1.8 minutes) with 50 µs pulses and 345 frames (2.5 minutes) with 25 µs pulses (Fig. 
4.1B). Experiments in this study only went up to 25 µs pulse widths as this was the fastest possible setting 
with the light source. These results demonstrate that pulsing fluorescence excitation light is a powerful 
way to reduce EGFP fluorescence photobleaching in widefield microscopy (Fig. 4.1C). In general, the 
results show that the faster the light pulse width the slower the photobleaching of EGFP. Perhaps the rate 
could be even further reduced with short pulse widths. The general applicability of light pulsing to reduce 
photobleaching was tested with CHO-K1 cells stained with MitoTracker RedTM dye or cells expressing 
mCherry-paxillin (Fig. 4.1D). As with the EGFP, briefer pulse durations resulted in slower photobleaching 
rates for both fluorescent molecules (Fig. 4.1D). 
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Figure 4.1: Decreasing exciting light pulses reduces photobleaching of fluorophores. Halftime of the photobleaching decay of 
fixed CHO-K1 cells with different fluorescent labels measured under illumination conditions described in Table 4.1. (A) Schematic 
representation of the light pulsing cycles used. (B) Halftime photobleaching decay in images and time for fixed CHO-K1 cells 
expressing paxillin-EGFP. (C) Montage of image frames from selected photobleaching time series with non-pulsed illumination 
and 25 µs pulses. Images were collected with a 63x/1.4 NA objective lens. (D) Halftime of photobleaching decay in images and 
time for paxillin-mCherry and MitoTracker RedTM (fluorescent mitochondrial marker). Experiments are in triplicate with n=21 
regions of interest analysed per setting.  Error bars are the standard error of the mean. Statistical significance is based on a two-
tailed, t-test (P-values). * represents P<0.05, ** represents P<0.01 and *** represents P<0.001. 
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Modulation of the rest time between pulses was also tested as a possible factor to reduce 

photobleaching and phototoxicity. Seven different imaging settings were used (Table 4.2): The first was 

no pulse or continuous illumination, followed by 6 other settings with pulsing cycles of 100 µs on time 

with off times ranging from 25 µs to 300 µs (Table 4.2, Fig. 4.2A). Because more settings were tested, 

power was set to 17 mW in this experimental series with a longer exposure time to increase the photon 

count per image and produce faster photobleaching. In this case, increasing the off time between pulses 

further reduced the photobleaching rates (Fig. 4.2B). For instance, increasing the rest time between pulses 

from 100 µs to 300 µs doubled the half time of photobleaching of EGFP (Fig. 4.2B-C). Taken together, 

these results indicate that rapid pulses followed by long rest periods are ideal for minimizing 

photobleaching of EGFP.  

                 

Table 4.2: Illumination conditions with pulsing settings with scaled rest time between pulses. Illumination conditions were 
designed to maintain the same pulse duration but vary the rest times between each pulse. Power was set to 17 mW in all settings, 
and the total illumination time excluding rest time between pulses was 46 ms. Exposure times were scaled for all settings to 
deliver a set number of 1.84 x 1015 photons per image (see Chapter 2.2.3). 
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Figure 4.2: Increasing rest time between excitation light pulses reduces photobleaching of EGFP. Halftime of the 
photobleaching decay of fixed CHO-K1 cells with paxillin-EGFP measured under illumination conditions described in Table 4.2. 
(A) Schematic representation of the light pulsing cycles used. (B) Halftime photobleaching decay in images and time for fixed 
CHO-K1 cells expressing paxillin-EGFP. (C) Montage of image frames from selected photobleaching time series with non-pulsed 
illumination, 150 µs and 300 µs rest time pulsing settings. Experiments are in triplicate with n=21 regions of interest analysed 
per setting.  Error bars are the standard error of the mean. Statistical significance is based on a two-tailed, t-test (P-values). * 
represents P<0.05, ** represents P<0.01 and *** represents P<0.001. 
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4.2 – Small pulse widths, and long rest times between pulses decrease phototoxicity 

After investigating reduced photobleaching rates with pulsed illumination, the study was 

expanded to determine if reduced photobleaching would translate into reduced phototoxicity in live cells. 

The live cell protrusion assay was conducted with a 20x/0.8 NA objective lens using highly protrusive CHO-

K1-paxillin-EGFP expressing cells. The assay was performed with the same pulse width modulation settings 

described in section 4.1 with a peak power of 22 mW measured with a 10x/0.3 NA objective lens. As shown 

in Figure 4.3A, kymographs were used to determine the protrusion speed of cells at any point during 

image acquisition. The protrusion assay demonstrated that cells imaged every 20 seconds with an 

exposure time of 46 ms without pulsing the light (i.e. continuous illumination) formed protrusions with 

an average speed of 1.94 µm/hr (Fig. 4.3C). Introducing pulses of 20, 50 or 100 µs with 100 µs rest times 

between pulses resulted in a 40% increase in the protrusion speed relative to continuous illumination. 

Unlike in the photobleaching assay, decreasing the pulse width did not show any sign of decreasing 

phototoxicity or increasing protrusion speeds. It is possible that with the 20 second interval cells are able 

to recover from any phototoxic effects generated by the fluorescence process or that cell protrusion is 

not highly sensitive to photobleaching by-products. Other more sensitive live cell phototoxicity assays 

such as ROS sensors or mitochondrial potential probes could be explored in future studies to measure 

more subtle cell stress responses.  

The effect of changing the rest time between pulses while maintaining the pulse width was also 

tested with the protrusion assay (Fig. 4.3D). In a similar way, adding a rest time of 150 µs between 100 μs 

pulses resulted in an increases in protrusion rates (Fig. 4.3E). Pulsed Illumination with a 300 µs rest time 

between pulses resulted in even faster protrusion speeds. Therefore, increasing rest times between pulses 

results in less phototoxicity.  

Taken together, these results demonstrated that phototoxicity can be reduced by pulsing incident 

light. Shorter pulses and longer rest times between pulses result in less photobleaching and faster 

protrusion rates likely due to reduced phototoxicity.  
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Figure 4.3: Decreasing excitation light pulses and increasing rest time between light pulses reduces phototoxicity from 
fluorophores. Protrusion speed of live CHO-K1 cells with paxillin-EGFP measured under conditions described in Tables 4.1 and 
4.2. (A) Montage of a representative cellular protrusion, with its associated Kymograph showing displacement of the membrane 
in function of time. (B) Schematic representation of the light pulsing cycles used in C. (C) Protrusion speed of live CHO-K1 cells 
expressing paxillin-EGFP imaged using light conditions in Table 4.1. (D) Schematic representation of the light pulsing cycles used 
in E. (E) Protrusion speed of live CHO-K1 cells expressing paxillin-EGFP imaged using light conditions in Table 4.2. Experiments are 
in triplicate with n >30 cells analysed per setting.  Error bars are the standard error of the mean. Statistical significance is based 
on a two-tailed, t-test (P-values). * represents P<0.05, ** represents P<0.01 and *** represents P<0.001. 
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4.3 – Combination of low light power and light pulsing 

 Lastly, the amplitude of a pulse, or its peak power, was investigated in combination with pulsed 

light. The light power was set at between 2 mW and 22 mW with pulses of 25 – 100 μs with 100 μs off 

times. All settings are summarized in Table 4.3. The photobleaching rate of fixed CHO-K1-paxillin-EGFP 

expressing cells indicated that the effect of reducing light power and pulsing was additive (Fig. 4.4A). For 

instance, imaging the cells using non-pulsed illumination set at 22 mW power had a halftime 

photobleaching decay of 311 frames, or 1.8 minutes (Fig. 4.4B). Applying a lower power of 12 mW 

without pulsing decreased photobleaching further with a halftime of 527 frames (3.2 minutes). When 

this light power of 12 mW was implemented with the addition of light pulsing at 50 µs width and 100 µs 

rest time it yielded a much longer halftime photobleaching of 1212 image frames (9.5 minutes). This 

indicated the effects of these two light modulations were additive with the decrease of power resulting 

in a 70% improvement but combining that with light pulsing resulting in nearly 3-fold improvement. 

Additionally, decreasing the power to 6.7 mW whilst maintaining 50 µs pulse width and 100 μs rest 

times decreased photobleaching with a halftime of 1671 frames (16.3 minutes), and further decreasing 

of the pulse width to 25 µs extended the halftime of photobleaching decay even more so to 2170 frames 

(27.8 minutes). Representative montages of the bleaching timeseries for each of these settings are 

presented in Figure 4.5. In conclusion, using minimal light power and light pulsing is ideal for reduced 

photobleaching in living samples. A combination of pulsing and low light levels could depend on the time 

resolution required for experiments. For example, if time is not an issue very low light levels can be 

applied. However, if a high time resolution is needed a higher power combined with light pulsing may be 

required to get rapid high signal-to-noise images while minimizing phototoxic effects. 

                            
Table 4.3: Illumination conditions with scaled light powers in addition to pulsing settings with scaled pulse duration. 
Illumination conditions were designed to maintain the same rest time between pulses but vary the pulse durations. 
Experiments were replicated at light powers of 2 mW, 6.7 mW, 12 mW and 22 mW. Exposure times were scaled for all settings 
to deliver a set number of 1.33 x 1015 photons per image (see Chapter 2.2.3). 
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Figure 4.4: Decreasing exciting light pulses and decreasing excitation light power additively reduces photobleaching of EGFP. 
Halftime of the photobleaching decay of fixed CHO-K1 cells with paxillin-EGFP measured under illumination conditions 
described in Table 4.3. (A) Halftime photobleaching decay in images and time for fixed CHO-K1 cells expressing paxillin-EGFP. 
(B) Selected results from A showing the additive effect of the pulsing and low light power techniques. Experiments are in 
triplicate with n=21 regions of interest analysed per setting.  Error bars are the standard error of the mean. Statistical 
significance is based on a two-tailed, t-test (P-values). * represents P<0.05, ** represents P<0.01 and *** represents P<0.001. 
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Figure 4.5: Montage of image frames from photobleaching time series in Fig. 4.4B. 
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Chapter 5 

Synthesis and Discussion 

5.1 - Low light power technique 

Fluorescence microscopy has become an indispensable tool in laboratories, but its use is 

associated with many challenges due to photobleaching and phototoxicity in imaged samples. Many 

protocols and techniques attempt to address these shortcomings either through exogenous reagents or 

instrumental optimisation46,48,57,58. However, these solutions can often be incompatible with biological 

systems or difficult to implement. This study aimed to develop reasonable and non-invasive techniques 

which could minimize photobleaching and phototoxicity and be broadly applicable across different 

fluorescence imaging modalities.  

The technique developed in Chapter 3 involved the use of low light powers during imaging of CHO-

K1-paxillin-EGFP expressing cells to minimize or eliminate damaging photochemical reactions. Results 

demonstrated that amongst incident light power illumination settings, all of which are comparable in 

terms of the total number of photons delivered to a sample per image acquisition, those with a low light 

power and long sample exposure time reduced photobleaching and were less harmful to living systems. 

The photobleaching reduction was additionally demonstrated for several different fluorescent dyes which 

shows the general applicability of the technique. In line with a study by Dixit et al. (2003), it was 

rationalised that imaging samples with low light power would result in a low density of incident photons 

which would result in a small population of excited fluorophores. Consequentially, the population of more 

rare dark state molecules would be small, which would result in fewer ROS being produced from 

downstream reactions. Another factor to consider with live imaging is that cells can up-regulate anti-ROS 

mechanisms to counter the modestly increased ROS level40.  

Addition of the anti-ROS reagent ProLong LiveTM did show some reduction in photobleaching and 

phototoxicity. This suggests that other ROS-independent photophysical processes are also at play. 

However, the magnitude of this reduction was not nearly as high as the one seen with the low light 

technique. The minimal effect of anti-ROS reagents can be explained by the fact that the EGFP 

chromophore is located on an α-helix protein structure and is completely enclosed within a β-barrel 

protein structure. This structural feature restricts the mobility of the chromophore and limits accessibility 

to the solvent and minimizes interactions with neighbouring substrates, including oxygen and ROS11. Since 

photobleaching is still observed in the presence of anti-ROS reagents, the photobleaching of EGFP is likely 

caused by multiple mechanisms, some that are independent from the production of ROS59 and the 
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presence of singlet oxygen. Similar shielding, although probably of different effectiveness depending on 

the protein structures, is also expected in other fluorescent proteins60. The studies here affirmed that 

using low light power is a generally more effective method to reduce phototoxicity in live samples because 

it can target ROS-dependent and ROS-independent processes. It also circumvents any potential off-target 

effects that can ensue from photophysical processes from addition exogenous reagents in the biological 

system (e.g. media, serum proteins).  

 

5.2 - Light pulsing technique 

 As elaborated in Chapter 4, another technique that was developed involved excitation of samples 

using pulsed illumination rather than a continuum of light energy. Previous studies have shown that 

pulsed laser excitation is effective at reducing photobleaching and phototoxicity27,61,62. Results showed 

that shorter pulses with longer rest times between pulses resulted in reduced photobleaching of 

fluorescence proteins and organic dyes. Similarly, phototoxicity assays showed that this reduced 

photobleaching translated to lower phototoxicity, i.e. faster cell migration and membrane protrusion. This 

is in line with the theoretical framework proposed by Sanden et al. (2007)63, wherein shorth illumination 

pulses generate a small population of excited fluorophores which consequently translates into a small 

population of dark state molecules per pulse cycle. This leads to a low population of excited dark state 

molecules that can be maintained at low basal levels because they can relax back to the ground state 

between pulses. Furthermore, allocating more rest time between illumination pulses ensures more of the 

longer lived dark state species relax back to the ground state and are ready for another round of excitation 

and fluorescence emission64. The magnitude of the impact of the findings of this study on fluorescence 

imaging became clear when the low light technique and the light pulsing technique were combined. These 

two techniques together had an additive effect in further reducing photobleaching. This showed that the 

two methods are likely targeting different photophysical processes. This emphasized the need to further 

study the individual pathways of photobleaching and phototoxicity to understand the effect of each 

method.  

Although combining both the light power modulation and the light pulsing techniques is highly 

recommended based on the results presented, this study recognizes the high exposure time limitation 

that comes with this application. Fortunately, microscopists need only apply 1 of the 2 techniques as the 

singular effect of either is enough to alleviate phototoxicity and photobleaching in samples. This leaves 

the question as to which of the two techniques should be prioritized. Naturally, it should always be a 
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priority to use lower light powers whenever possible as this would minimize the occurrence of the highly 

damaging multi-photon absorption events. However, this is not always possible. For example, using long 

exposure times per image acquisition is incompatible with fast, high frequency imaging. Consequentially, 

using low light power under such conditions would yield very little signal due to the short exposure times. 

Therefore, in this case the use of pulsed illumination is recommended as it is compatible with the high 

powers required to produce acceptable images with short exposure times. In all other cases where time 

resolution is not a limitation, the light power modulation technique is expected to be more beneficial. In 

fact, it would be pertinent to study the use of constant illumination when imaging by using the lowest 

light power possible to achieve a good signal to noise ratio with an exposure time matching the time 

interval between every image acquisition. This would be expected to maximize the effect of the light 

power modulation technique.    

 

5.3 - Future Directions 

5.3.1 - Validation of photophysical properties 

 Results from chapter 3 and chapter 4 indicate that light intensity plays an important role in 

promoting or suppressing the various reactions leading to photobleaching and phototoxicity. The next 

step is to determine which of these reactions are most affected by the light power. The triplet state 

population of fluorescent probes is the earliest common precursor of all reactions leading to harmful 

downstream processes including photo-oxidation and ion formation (Fig 1.1) and should therefore be 

investigated. An important inference from observations made in this study is that the triplet state 

population of fluorescent probes is considerably larger when light power is increased, given the same 

number of incident photons per exposure time. This could be verified by directly quantifying the size of 

this population after exposure to different light powers. The fluorescence correlation spectroscopy (FCS) 

microscopy technique can be used to investigate this experimentally. FCS uses correlative analysis of 

spatial and temporal fluctuation in fluorescence intensity to determine molecular properties of a given 

dye such as its concentration, its diffusion coefficient and the proportion of molecules in the triplet state65. 

The presence of a larger triplet population after application of high light powers would indicate a higher 

intersystem crossing frequency from the singlet excited state to the triplet state under this illumination 

condition. Consequently, a larger pool of precursor molecules would lead to a higher number of 

potentially harmful downstream reactions. Contrarily, a triplet population unaffected by light power 

would suggest that other photophysical pathways are causing the increased rate of photobleaching and 
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phototoxicity upon exposure to high light power. Candidates that are potentially involved in this process 

and that can be further investigated include other molecules or subcellular organelles that are sensitive 

to light. For example, mitochondria is an organelle that produces ROS for the purpose of cellular signaling 

and stress response66. It is conceivable that this organelle is producing and releasing excessive amount of 

ROS in response to radiative stress. 

Following the characterisation of the triplet population under different light powers, a more 

detailed study should investigate how specific downstream reaction pathways are affected.  For instance, 

it is well known that ROS-mediated oxidation of fluorophores is one of the main pathways of 

photobleaching. The effect of light power on this pathway can be studied by measuring the level of ROS 

accumulation in cells exposed to different light powers. To investigate this experimentally, several 

quantitative florescent probes for ROS could be used. For example, CellROXTM is a reagent that is non-

fluorescent in its ground state but becomes fluorescent once oxidized by ROS. The rate of increase in 

fluorescence of the CellROXTM reagent and its final fluorescence intensity could then be used to determine 

the rate of ROS production and ROS quantity within cells, respectively. Of course, imaging of the ROS 

probe itself could also generate further phototoxicity so carefully designed control experiments would be 

essential.  A linear or exponential increase of ROS as a function of light power would suggest that light 

power and fluorophore oxidation are directly linked processes. If ROS levels do not increase with light 

power or attain a plateau after a certain power level, then it would indicate that the oxygen-mediated 

oxidation mechanism of fluorophores can reach a saturation point after which it is no longer the process 

responsible for the observed increases in photobleaching and phototoxicity at high light powers. 

Evidently, all light settings should be designed to deliver the same number of incident photons per image 

in order to allow for true comparisons between different experiments, as was done in this study.   

5.3.2 – Investigating the effect of light power on toxicity 

In this study, the common variable used to equilibrate sets of different pulsing settings being 

compared was that the number of photons delivered per image frame was always equivalent. This was 

achieved by modulating the exposure time for a given light power whenever the pulse width or rest time 

was changed to account for the rest time added. The limitation of this method is that power is always 

constant, which uncouples its effect from the photobleaching and phototoxicity dynamics at play. 

Increasingly higher light powers are thought to unlock higher order photobleaching and toxic reactions, 

therefore. In order to further understand this phenomenon and working principle of the pulsing 

technique, an experimental approach must account for light power. One interesting experimental design 
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is to compare different illumination settings that are equivalent in the emission intensity per image 

frame, rather than the number of photons delivered per image frame. That is, the emission intensity and 

the exposure time between settings would always be constant, but the light power would increase as 

pulsing is introduced to compensate for the rest time incurred. The equivalent emission intensity would 

indicate that a similar number of fluorophores underwent the excitation/emission cycles per image 

frame.  As such, any fluctuation in the photobleaching rate would solely be attributed to the power 

intensity because the exposure time is constant in all cases. If for example the photobleaching rate is 

similar between a pulsing setting and a continuous light setting, then it can be concluded that the 

excited fluorophore population size is the main factor to consider in the process of photobleaching. If on 

the other hand the photobleaching rate is different, it could be suggested that even if a similar number 

of fluorophores are excited using a higher light power the photon density delivered at such instances 

adversely affects the fluorescence apparatus (Fig. 1.1). This could be a consequence of an increased 

intersystem crossing capacity that results in a bigger pool of harmful triplet state molecules. 

Alternatively, it could be hypothesised that higher order chemical reactions unlocked at higher light 

powers increase the toxic capacity of a given triplet population. Initial findings (unreported in this study) 

seem to support the first idea wherein photobleaching rate is identical between continuous and pulsing 

settings as long as the emission intensity is similar. This should be further studied to shed more light on 

the underlying photophysical apparatus of the fluorescence process and the workings of the pulsing 

technique.  

5.3.3 - Improvements in phototoxicity assays 

 Cell migration and protrusion assays were performed to indirectly assess the level of phototoxicity 

in cells. Results from this study have shown that each of these assays display different levels of toxicity for 

the same imaging condition. This highlights the importance of considering the sensitivity of tests before 

making broad conclusions as well as the significance of exploiting multiple assays to verify experimental 

results. Other assays that can potentially be used to probe phototoxicity levels include testing the viability 

of cells. For example, the live/dead cell assay involves assessment of a ratio of live to dead cells in an 

experimental sample in order to determine the health status cells. This viability analysis is easy to 

implement and allows for a large sampling size. Another method to assess phototoxicity can be the cell 

cycle analysis46. Healthy cells will undergo the cellular division cycle at regular time intervals. However, 

cells exposed to stress factors can have delayed and decreased division cycles, and some may even fail to 

divide properly to form multiple nuclei within a single cell. The frequency and regularity of cellular division 

can be used as a metric to assess the level of phototoxicity. However, it is our opinion that phototoxicity 
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that leads to effects on cell division would also be easy to measure with the highly sensitive migration and 

protrusion assays. Another potential test for surveying mild phototoxicity is the 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay67. The MTT salt is readily taken up by cells and 

reduced by mitochondrial dehydrogenase enzymes to yield a purple colored formazan product that is 

impermeable to the cellular membrane. Phototoxicity can disturb the cellular membrane and 

permeabilize it which would then allow the colored formazan to escape. Colorimetric analysis can 

therefore be used to measure the rate of liberation of the salt to determine the level of toxicity present 

inside the cell.  

5.3.4 – Mathematical modeling of light pulsing 

LED light pulsing has been shown to be effective at reducing photobleaching and phototoxicity in 

fluorescence microscopy. However, a major limitation of this technique is that it requires longer exposure 

times for optimal implementation. The pulse width would be expected to be most beneficial when kept 

short, ideally the same duration as the lifetime of the singlet state where no triplet state can absorb a 

second photon during the same pulse cycle68. On the other hand, the rest time would be most effective 

when it is as long as the longest-lived dark state in order to allow all harmful radicals to relax before the 

next pulse cycle68. In the case of EGFP, this would correspond to a pulse width that is dozens of 

nanoseconds in duration followed by a rest time as long as 5 milliseconds68,69. Therefore, the optimal 

parameter for pulsing light for this fluorophore would require very long exposure times for a single image, 

which is evidently not a suitable solution for imaging of many biological processes. However, the pulsing 

technique can still be effective when parameters are adjusted for individual experimental needs. Future 

studies should assay the importance of optimizing the pulse width and the rest time relative to each other 

for specific fluorophores. Mathematical modeling could then follow to show the best compromise for a 

pulsing setting with an acceptable exposure time to measure the dynamics of the biological process under 

study.  

5.3.5 - Validation of techniques in non-organic fluorescent probes 

 Apart from organic fluorescent probes, a new generation of synthetic probes are also available 

for use by microscopists. Nanoparticles, of which quantum dots (QD) are the most popular option, are 

semiconductor nanocrystals that can fluoresce. The synthetic nature of QD enables flexibility in 

customizing their design and colour which has yielded high photostability, quantum efficiency and 

brightness70. Quantum dots can be excited with either UV or near UV light and compared to organic dyes, 

they have narrow emission peaks, which minimizes emission cross-talk and is ideal for multi-color 
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imaging14. Their high photostability, which originates from the different photophysical properties of the 

fluorescence cycle that these molecules undergo, makes them ideal in high light applications. An 

interesting development of this study would be to investigate whether the techniques developed here 

can be applied to nanoparticles as well. If the low light technique has no impact on the bleaching 

properties of these probes, then it is possible that the strong photostability profile of nanoparticles 

protects these probes from phototoxicity and also suggests that the pathways targeted in the organic 

molecular cycle are different than those in these synthetic ones. Such a study would be particularly 

relevant in further characterizing nanoparticles and contrasting them to their organic counterparts.  

5.3.6 - Exploring alternative pulsing patterns 

 Different patterns of pulsing could be implemented in the light path to elicit a separate effect and 

efficiency in reducing photobleaching and phototoxicity. In this study, a square pulsating pattern was 

selected for initial assessment of its various components such as width, rest time and amplitude. Another 

light pattern that can be implemented is through a sinusoidal pattern during which light intensity would 

be constantly oscillating. The experiments described in Chapter 3 have demonstrated that using low light 

powers is very beneficial and it would be expected that a sinusoidal pattern would effectively make use 

of this as it delivers a big proportion of its light dose under low light power while the power is increasing 

or decreasing, as opposed to a square pattern’s pulse which remains at peak power for the duration of 

the pulse length. The temporal range of ramp up and down of power could be modified to determine the 

ideal conditions to minimize photobleaching and phototoxicity. To compare these two patterns, more 

complex mathematical calculations of the light dose and number of photons per image would be required. 

Other patterns could also be explored including bell curves or even hybrids of different functions.  

5.3.7 - Validation of the efficiency of these techniques in current applications 

 This study has demonstrated the efficiency of two techniques in reducing damage caused by 

exposure to fluorescence light through assays which measured the photobleaching rate of fluorophores 

or the migration speed of cells. An important next step is to investigate the applicability of these 

techniques on a wider selection of experiments. Adhesion dynamics is a subcellular process wherein 

adhesions undergo regulated assembly and disassembly to drive cellular motility. Acquiring images of 

focal adhesion dynamics using long interval time series, which reduces photobleaching and phototoxicity, 

has limitations as the entire temporal range of adhesion dynamics cannot be captured. This results in sub-

optimal quantification of assembly and disassembly rates and cannot account for events faster than the 

set interval. Further development of the low light power and light pulsing technique with smaller imaging 
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intervals could be useful for imaging such rapid biological processes as it would increase the temporal 

resolution of the acquisitions while minimizing the levels of phototoxicity and bleaching. Another 

biological process that is temporally limited by the length of acquisition is cellular division. Phototoxicity 

can drastically alter the very complex biological interactions occurring during division and can even bring 

it to a halt. Furthermore, it is challenging to simultaneously image multiple dyes and accurately track 

molecular interactions since for every dye, an additional image is required per acquisition, which would 

add to possible phototoxic effects. The techniques presented in this study are optimized to decrease the 

amount of phototoxicity generated during each image acquisition, which would then allow for more 

images to be acquired within a time series and for a higher number of dyes to be simultaneously imaged.  

 As discussed, this study acknowledges that a major limitation of these techniques is their 

requirement for long exposure times. Without further optimization, the techniques cannot be fully 

harnessed in applications that require a very fast time resolution. Calcium imaging applications are such 

an example where there is a need to capture images at a very high frequency to visualize the very transient 

calcium propagation events. The pulsing technique could still be applied at fast frequency in this case as 

the implementation of any type of pulsing in the light path should reduce photobleaching and 

phototoxicity. Therefore, the pulsing technique could still be used on the condition that pulsing 

frequencies are determined based on the longest possible exposure time for the biological processes 

being investigated.  
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