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Abstract 

Since its inception, fluorescence microscopy has been a key source of discoveries in cell 

biology. Advancements in fluorophores, labeling techniques and instrumentation have made 

fluorescence microscopy a versatile quantitative tool for studying dynamic processes and 

interactions both in vitro and in live-cells. In this thesis, I apply quantitative fluorescence 

microscopy techniques in live-cell environments to investigate several biological processes. To 

study Gag processing in HIV-1 particles, fluorescence lifetime imaging microscopy and single 

particle tracking are combined to follow nascent HIV-1 virus particles during assembly and 

release on the plasma membrane of living cells. Proteolytic release of eCFP embedded in the 

Gag lattice of immature HIV-1 virus particles results in a characteristic increase in its 

fluorescence lifetime. Gag processing and rearrangement can be detected in individual virus 

particles using this approach. In another project, a robust method for quantifying Förster 

resonance energy transfer in live-cells is developed to allow direct comparison of live-cell 

FRET experiments between laboratories. Finally, I apply image fluctuation spectroscopy to 

study protein behavior in a variety of cellular environments. Image cross-correlation 

spectroscopy is used to study the oligomerization of CXCR4, a G-protein coupled receptor on 

the plasma membrane. With raster image correlation spectroscopy, I measure the diffusion of 

histones in the nucleoplasm and heterochromatin domains of the nuclei of early mouse embryos. 

The lower diffusion coefficient of histones in the heterochromatin domain supports the 

conclusion that heterochromatin forms a liquid phase-separated domain. The wide range of 

topics covered in this thesis demonstrate that fluorescence microscopy is more than just an 

imaging tool but also a powerful instrument for the quantification and elucidation of dynamic 

cellular processes. 
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1. Introduction 

The use of microscopy is instrumental to our modern understanding of the structure and 

organization of cells. The development of the light microscope opened up a new world on the 

cellular and sub-cellular level, making possible the discovery and observation of cells by 

Robert Hook [1] and Antoni Van Leeuwenhoek in the 17th century [2]. This eventually led to 

the formulation of cell theory, the idea that cells formed the basic unit of structure and 

organization in all living organisms, by Schwann and Schleiden in 1838 [3, 4]. This remains a 

central concept in cell biology. Since then, advances in microscopy has continually enabled the 

observation of previously unobservable structures and phenomena in cells and microorganisms, 

whether it is by staining otherwise transparent structures or improving the resolving power of 

the microscope. More recently, the application of computational analysis has even allowed us 

to overcome the optical resolution limit or extract information that is not readily apparent in 

the raw image. 

The advent of fluorescence microscopy marked a change in how light microscopy is performed, 

as it involved a switch from observing transmitted light to measuring photon emission from 

fluorescent molecules. Although fluorescence is an ubiquitous phenomenon, most molecules 

in the cell have very low absorption and emission efficiencies in the visible spectrum. The 

emission from fluorophores - compounds with high fluorescence quantum yields - appear very 

‘bright’ in comparison. Fluorescently-labeled structures can therefore be imaged with much 

higher contrast than what is possible with traditional light microscopy. Over the years, the 

concurrent development of new fluorophores, labeling techniques and instrumentation mean 

that we now have access to a wide repertoire of tools for visualizing proteins and other 

biomolecules with high specificity and sensitivity. Many of these methods can also be 

performed in living cells or organisms, allowing for the visualization of dynamic biological 

processes with high spatial and temporal resolution. 
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In this work, I apply several advanced fluorescence microscopy techniques in live-cells, with 

a focus on the observation and quantification of dynamic biological processes. In Chapter 2, I 

start with a short introduction to fluorescence and the types of fluorescence microscopy used 

in this work. In Chapter 3, I introduce several methods used to analyze fluorescence emission, 

with an emphasis on the methods used in this work, such as fluorescence fluctuation 

spectroscopy, image fluctuation spectroscopy, fluorescence lifetime analysis and single 

particle tracking. The subsequent chapters describe the application of these methods in live-

cell environments, with a focus on the observation and quantification of dynamic processes. 

The measurement of fluorescence emission is not limited to that of the signal intensity alone. 

Other intrinsic parameters of fluorescence such as the fluorescence polarization and the 

fluorescence lifetime can be measured with specialized instruments. In particular, the 

fluorescence lifetime of certain fluorophores is sensitive to the local microenvironment 

including pH, charge and its proximity to other molecules. One such fluorophore is the 

fluorescent protein eCFP, whose fluorescence lifetime decreases when in close proximity to 

other eCFPs or proteins. In Chapter 4, this is used to follow the dynamics of Gag processing in 

nascent HIV-1 particles through a combination of fluorescence lifetime imaging (FLIM) and 

single particle tracking (SPT). 

The fluorescence intensity can also encode additional information that is not immediately 

apparent in an image. The analysis of fluorescence intensity can be used to measure Förster 

resonance energy transfer (FRET), in which, instead of emitting a photon, an excited donor 

fluorophore transfers its energy to a nearby acceptor fluorophore, resulting in fluorescence 

emission from the acceptor instead. Because of the sensitivity of FRET to the donor-acceptor 

proximity, it is frequently used as a tool for detecting protein-protein interactions and 

measuring distances on the nanometer scale. In Chapter 5, a new, robust method for 
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quantitative FRET in live-cell imaging is described based on concepts first developed in single-

molecule FRET analysis. 

Fluctuations in fluorescence intensity, both temporally and spatially, can also be used to extract 

information about the labeled species including its concentration, diffusion and interaction with 

other labeled molecules. Unlike traditional biochemical methods, fluorescence fluctuation 

spectroscopy and its imaging derivatives can be performed directly in living cells, without the 

need to lyse or fix the cells. This is demonstrated in Chapters 6 and 7, where I apply image 

fluctuation spectroscopy to study the behavior and interaction of proteins in various cellular 

compartments. In Chapter 6, I look at the oligomerization of a G-protein coupled receptor 

(GPCR) on the plasma membrane with image cross-correlation spectroscopy (ICCS) and FLIM. 

Finally, in Chapter 7, the diffusion of histones in the nuclei of mouse embryos is measured by 

raster image correlation spectroscopy (RICS), revealing the liquid-liquid phase separation that 

accompanies heterochromatin formation in early mouse embryonic development. The wide-

ranging nature of these projects demonstrate the power and flexibility of fluorescence 

microscopy for quantitative biological experiments. 
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2. Fluorescence Microscopy 

Advances in fluorescence microscopy have enabled the detection of weak fluorescence signals 

with single molecule sensitivity. The development of a wide range of organic fluorescent dyes 

and fluorescent proteins, in combination with highly specific methods of labelling 

biomolecules, has led to the widespread application of fluorescence as a sensitive, selective 

and accessible readout for biological and medical measurements. In this chapter, I will begin 

by giving a brief introduction to the phenomenon of fluorescence, followed by a description of 

the microscopy techniques and some of the more advanced technologies relevant to the 

quantitative imaging carried out in this work. 

2.1. Introduction to Fluorescence 

Fluorescence is the emission of light from a substance after excitation by light or other 

electromagnetic radiation. When a molecule absorbs light, it can enter a short-lived excited 

electronic singlet state, which has a chance to emit a photon when returning to the ground state. 

Molecules with high probability of photon emission are known as fluorophores. 

 

Figure 2.1. Jablonski diagram showing the common excitation and relaxation pathways of a fluorophore. 
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The process of fluorescence is often described by the Jablonski diagram (Figure 2.1). S0, S1 and 

S2 are the singlet ground state and the first and second electronic excited states respectively. 

Within each electronic state, the fluorophore can also exist in one of a number of vibrational 

energy levels, denoted as 0, 1, 2, etc. Furthermore, every vibrational sublevel has a number of 

rotational states, creating a quasi-continuum of states within every electronic state. Upon 

absorbing a photon of a specific wavelength (or energy), the fluorophore undergoes a transition 

from ground state S0 to an excited state S1 or S2. The transition occurs on the femtosecond 

timescale and therefore the nuclear coordinates remain unchanged. As a result, the transition 

probabilities from the vibronic ground state of S0 to the different vibronic states of S1 or S2 are 

determined by the overlap of the vibronic wave functions (Franck-Condon principle) [5-7]. The 

excited fluorophore quickly (10-12 s or less) relaxes to the vibronic ground state of S1 in a 

process called internal conversion. The transition back to S0 occurs from the vibronic ground 

state of S1 and therefore the fluorescence emission spectrum is independent of the excitation 

wavelength (Kasha’s rule) [8]. As the vibronic wave functions of S1 and S0 are similar, the 

fluorophore transitions back to excited vibronic states of S0 (10-9 to 10-8 s) with similar 

transition probabilities as for absorption. As a result of the above transitions, the fluorescence 

emission spectrum is mostly symmetrical to the absorption spectrum, and the energy of the 

emitted photon is reduced leading to a shift of the emission spectrum to longer wavelengths 

(Stokes shift, Figure 2.2) [9]. This property is exploited in fluorescence microscopy to separate 

excitation light from fluorescence emission by using special filters and polychroic mirrors, 

which transmit certain wavelengths but reflect or absorb others. 
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Figure 2.2. The absorption (blue) and emission (green) spectra of Atto 488 with ~20 nm Stokes shift. 

Several additional pathways exist for the transition from S1 to S0. Non-radiative pathways 

include, for example, internal conversion followed by vibrational relaxation to the ground state, 

dynamic quenching by collision with another molecule (the quencher), as well as static 

quenching by the formation of a non-fluorescent complex. Additionally, molecules in S1 can 

also undergo an intersystem conversion to the triplet state T1, from which decay to the ground 

state can occur with emission at longer wavelengths (lower energy). This conversion requires 

the inversion of the spin of the excited state electron and is theoretically forbidden, but becomes 

more likely if the vibrational levels of the two states overlap. As both the S1-T1 and T1-S0 

transitions are spin forbidden, emission via this pathway, known as phosphorescence, occurs 

at much slower rates (103 to 100 s-1) compared to fluorescence. 

Two additional characteristics of a fluorophore are of particular interest in fluorescence 

microscopy: the fluorescence quantum yield and the fluorescence lifetime. The fluorescence 

quantum yield is the ratio of the number of photons emitted to the number of photons absorbed. 

The fluorescence lifetime is the average time a fluorophore spends in the excited state before 

decaying to the ground state. As the internal conversions take place on a much faster timescale 

(10-12 s or less) than the S1 to S0 transition (10-9 to 10-8 s), fluorescent decay can be simplified 



7 

 

into a first-order process, where the quantum yield Q and fluorescence lifetime τ are defined 

as: 

 
𝑄 =

Γ

Γ + 𝑘𝑛𝑟
  (1) 

 
𝜏 =

1

Γ + 𝑘𝑛𝑟
 (2) 

where Γ is the radiative decay rate and 𝑘𝑛𝑟 is the sum of the non-radiative decay rates. The 

measurement of fluorescence lifetime is discussed further in Chapter 3.4. 

One phenomenon of particular importance to the application of fluorescence as a quantitative 

tool is Förster resonance energy transfer (FRET) [10]. It is a mechanism of energy transfer 

between two light-sensitive molecules, a donor and an acceptor, through non-radiative dipole-

dipole interactions (Figure 2.3). The efficiency of this process depends on the distance 

separating the donor and acceptor, the spectral overlap of the donor emission spectrum and the 

acceptor absorption spectrum and the relative orientation of the donor and acceptor dipole 

moments. 

 

Figure 2.3. Jablonski diagram of the FRET process. When an excited donor fluorophore is in close 

proximity to an acceptor, there is a probability that, instead of emitting a photon, the energy released 

from the relaxation of the donor is transferred to the acceptor through dipole-dipole interactions. The 

acceptor becomes excited and can subsequently emit a photon. 
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FRET efficiency, E, can be expressed as the ratio of the FRET rate and the total decay rate 

(radiative, FRET and other non-radiative processes): 

 
𝐸 =

𝑘𝐹𝑅𝐸𝑇

𝑘𝐹𝑅𝐸𝑇 + Γ + ∑ 𝑘𝑜𝑡ℎ𝑒𝑟𝑠
 (3) 

E also shows a power of six dependence on the separation distance, r, between the donor and 

acceptor: 

 
𝐸 =

𝑅0
6

𝑅0
6 + 𝑟6

 (4) 

where R0 is the Förster radius, which is the distance at which the probability of FRET is 50%. 

The Förster radius is specific to each donor-acceptor pair and is given by: 

 

𝑅0 = (
9000(ln 10)𝜅2𝜙𝐷

128𝜋5𝑁𝐴𝑛4
𝐽(𝜆))

1
6

 
(5) 

where κ2 is an orientation factor that depends on the relative orientation of the donor and 

acceptor transition dipoles, ϕD is the quantum yield of the donor, NA is Avogadro’s number, n 

is the refractive index of the medium, and J(λ) is the overlap integral of the donor emission and 

acceptor absorption spectra. The orientation factor, κ2, is defined as: 

 𝜅2 = (cos 𝜃𝑇 − 3 cos 𝜃𝐷 cos 𝜃𝐴)2 (6) 

where θT is the angle between the donor emission dipole moment and the acceptor absorption 

dipole moment, and θD and θA are the angles between the respective dipoles and the vector 

joining the donor and acceptor. For freely rotating dyes with rotation times below 1 ns and 

lifetimes of around 4 ns, κ2 is usually averaged over all possible values to 2/3. 

J(λ) depends on the normalized emission spectrum of the donor ∫ 𝐹𝐷(𝜆)𝑑𝜆
∞

0
= 1  and the 

absorption spectrum of the acceptor expressed in terms of the extinction coefficient 𝜖𝐴(𝜆): 
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𝐽(𝜆) = ∫ 𝐹𝐷(𝜆)𝜖𝐴(𝜆)𝜆4𝑑𝜆

∞

0

 (7) 

A dye pair with a known Förster radius can be used as a molecular ruler as we can determine 

the distance separation between the donor and acceptor by measuring its FRET efficiency in a 

sample. This can be done through two main approaches: one based on measuring the donor 

fluorescence lifetime (see Chapter 3.3) and the other based on measuring changes in donor and 

acceptor fluorescence intensity (see Chapter 5.1). 

The measurement of fluorescence emissions is frequently carried out on a microscope. In the 

following sections, I will give an overview of the microscopy techniques used in this work. 

2.2. Widefield Fluorescence Microscopy 

One of the most common and basic forms of fluorescence microscopy is widefield fluorescence 

microscopy, in which the entire field of view is illuminated by the light source. The resulting 

image could be viewed through the eyepiece or captured on a camera. Most widefield 

fluorescence microscopes are built so that the excitation light travels through the objective lens 

to illuminate the sample, and the fluorescence emission is collected by the same objective. This 

type of microscopy is known as epifluorescence microscopy (Figure 2.4). Typically, the 

excitation beam is focused at the back focal plane of the objective to produce a large collimated 

beam with a gaussian intensity profile. For quantitative analyses that require even illumination, 

the usable field of view is restricted to around 40 µm in diameter around the center of the 

illumination beam. This is sufficient for typical applications but newer methods have been 

developed to meet the demands of cameras and quantitative imaging applications with larger 

fields of view [11]. 
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Figure 2.4. Principle of a widefield epifluorescence microscope. A collimated excitation beam (cyan) 

is focused onto the back focal plane of the objective, which results a collimated beam exiting the 

objective lens to illuminate the sample. Fluorescence emission (green) is collected by the same 

objective, passes through the beam splitter and is projected onto a camera to collect the image. 

One important drawback of widefield fluorescence is the illumination of out-of-focus planes, 

resulting in high background, obfuscation of in-focus features, and low axial resolution. The 

microscopy methods in the following sections, as well as methods outside the scope of this 

work (such as light sheet microscopy [12-14]), primarily address the problem of out-of-focus 

illumination, either by restricting illumination to a certain plane, or by filtering out the out-of-

focus emission. 

2.3. Total internal reflection fluorescence microscopy 

Total internal reflection fluorescence microscopy (TIRFM) uses the phenomenon of total 

internal fluorescence to illuminate only the fluorophores close to the surface of the coverslip 

[15, 16]. When light travels from a medium with high refractive index (𝑛1) to a medium of low 

refractive index (𝑛2), it is either refracted in the second medium or reflected at the interface 
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depending on the incidence angle (Figure 2.5). For refraction, the relationship between the 

refractive indices and angles is given by Snell’s law: 

 𝑛1 sin 𝜃1 = 𝑛2 sin 𝜃2 (8) 

When the incidence angle is equal to the critical angle θc, the refracted beam travels parallel to 

the interface between the two media (θ2 = 90°). The critical angle can be calculated from Snell’s 

law: 

 𝜃𝑐 = sin−1
𝑛2

𝑛1
 (9) 

For incidence angles above θc, Snell’s law cannot be fulfilled and the beam is completely 

reflected at the interface. This phenomenon is known as total internal reflection. However, a 

portion of the energy of the incident light is converted into an evanescent wave that penetrates 

into the second medium perpendicular to the interface. The evanescent wave has the same 

frequency as the incident light and its amplitude I decays exponentially with distance z from 

the interface: 

 𝐼(𝑧) = 𝐼0 exp (−
𝑧

𝑑
) (10) 

where I0 is the intensity of the wave at the interface (z = 0) and the penetration depth d is defined 

by 

 𝑑 =
𝜆0

4𝜋√𝑛1
2 sin 𝜃1 − 𝑛2

2
 (11) 

where λ0 is the wavelength of the incident beam in vacuum. The penetration depth of this 

evanescent wave is typically in the range of ~100-200 nm [16]. 
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Figure 2.5. Behaviour of light at the interface of two media with different refractive indices n1 and n2. 

In both cases, n1 > n2. Refraction (left) occurs when the incidence angle θ1 is smaller than the critical 

angle θc, and total internal reflection (right) occurs when θ1 is larger than θc. 

Therefore, by illuminating the sample such that the incidence angle of the excitation beam at 

the coverslip-sample boundary, TIRFM restricts illumination to the sample surface 

immediately adjacent to the coverslip. There are two main microscopy configurations to 

achieve total internal reflection: prism-type and objective-type TIRFM [17, 18]. For prism-

type TIRFM (Figure 2.6A), the excitation beam is directed into a quartz prism so that it strikes 

the prism-sample interface at an incidence angle above the critical angle. The total internal 

reflection of the beam generates an evanescent field below the prism where the sample is 

located. The fluorescence emission is collected by an objective placed on the opposite side of 

the coverslip with respect to the prism. For objective-type TIRFM (Figure 2.6B), the excitation 

beam is focused off-axis on the back focal plane of a high numerical aperture objective (NA 

1.4 or higher). The beam exits the objective at an angle sufficient for total internal reflection to 

occur at the coverslip-sample interface. The evanescent wave is generated above the coverslip 

and the same objective collects the fluorescence emission. In this work, objective-type TIRFM 

is used as it allows easy access and manipulation of the live-cell samples. Additionally, with 

the use of a translational stage, one can also switch between TIRF and widefield illumination 

modalities. 
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Figure 2.6. TIRFM excitation modes. (A) A schematic of prism-type TIRFM. The excitation beam is 

reflected at the prism-sample interface. (B) A schematic of objective-type TIRFM. The excitation beam 

is focused off-axis on the back focal plane of the objective, creating a collimated beam that exits the 

objective at an angle. The beam is then reflected at the coverslip-sample interface. 

TIRFM is therefore suitable for experiments where the focal plane of interest lies close to the 

reflection interface, such as when the fluorophores are immobilized on the surface [19, 20], or 

when imaging the plasma membrane of cells attached to the surface of the coverslip [21]. It is 

highly effective at minimizing the background signal from out-of-focus planes as they are 

simply not illuminated. This also greatly reduces phototoxicity in the case of live-cell imaging. 

However, the shallow penetration depth of the evanescent wave also means TIRFM cannot be 

used to image objects further away from the coverslip surface. 

A Nikon Eclipse Ti microscope with homebuilt excitation and detection pathways [22] was 

used for the widefield and TIRF imaging in this work. The setup features 6 continuous wave 

laser diodes (445 nm, 488 nm, 514 nm, 561 nm, 594 nm, 642 nm) and 3 EMCCD cameras 

(DU-897, Andor). The lasers are coupled to an acousto-optic tunable filter (AOTF, PCAOM 

LFVIS5, Gooch & Housego) controlled by a field programmable gate array (FPGA, cRIO-

9074, National Instruments). This enabled laser switching on the millisecond timescale and 
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also allowed camera exposure to be synchronized to the laser excitation. The image acquisition 

parameters for each project are explained in the respective chapters and publications. 

2.4. Confocal Microscopy 

Another microscopy method aimed at reducing out-of-focus signal is confocal microscopy, 

invented in 1957 by Marvin Minsky [23]. Instead of illuminating the entire sample as in wide-

field microscopy, a confocal microscope focuses light to a small spot in the focal plane. In the 

original prototype, Minsky achieved this by placing a pinhole in the path of the light source. 

Modern confocal microscopes generally use a collimated light beam for excitation. A second 

pinhole is placed in the conjugate focal plane (hence the term ‘confocal’) in front of the detector 

to eliminate out-of-focus signal, which arises from illumination of the sample by light cones 

before and after the focal plane (Figure 2.7). The result is that a small observation volume is 

achieved. This confocal observation volume is often described as a point spread function (PSF), 

which describes how a point emitter is seen in an imaging system. The confocal PSF is the 

product of the excitation and detection PSFs and is commonly approximated as a 3D Gaussian 

function: 

 
𝑃𝑆𝐹(𝑥, 𝑦, 𝑧) ∝ 𝑒𝑥𝑝 [−2 (

𝑥2 + 𝑦2

𝜔𝑟
2

+
𝑧2

𝜔𝑧
2

)] (12) 

where ωr and ωz are respectively defined as the lateral and axial distances from the center at 

which the intensity decreases to 1 𝑒2⁄  of the maximum. 

The diffraction image of a point emitter is described by the Airy disk [24]. The lateral resolution 

limit r according to the Rayleigh criterion can be given as: 

 
𝑟 =

0.61𝜆

𝑁𝐴
 (13) 

 𝑁𝐴 = 𝑛 sin 𝛼 (14) 



15 

 

where λ is the excitation wavelength and NA is the numerical aperture of the objective, which 

is in turn defined by the refractive index n and the maximum half-opening angle of the objective 

α. The resolution limit given here describes the minimum distance at which two point emitters 

can be distinguished by the microscope. The Rayleigh criterion [25] defines this as the distance 

where the maximum of the Airy disk of the first emitter overlaps with the first minimum of 

that of the second emitter. 

 

Figure 2.7. Principle of a confocal microscope. A diffraction-limited collimated laser beam is focused 

onto the sample by the microscope objective. Fluorescence emission from the focal point passes through 

the pinhole in the conjugate focal plane. Out-of-focus light is blocked by the pinhole. 

As a confocal microscope collects fluorescence from only one focal point at a time, either the 

sample or the focus needs to be moved to generate an image. Moving the sample can be 

implemented via a motorized stage, such as a piezoelectric scanning stage, but this results in 

relatively slow scan speeds. Alternatively, the focus can be moved by using scanning mirrors 

to change the incident angle at the back focal plane, as is done in confocal laser scanning 

microscopes (CLSM). To avoid changing the position of the beam at the objective during the 

scan, a relay system, such as telescope lenses, is set up between the scanning mirror and the 

objective (Figure 2.8). If the focal planes of the lenses coincide, tilting the scanning mirror only 
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changes the angle but not the position of the incident beam at the back focal plane of the 

objective. Additionally, the scanning mirror and relay system are placed after the excitation-

emission dichroic, such that the fluorescence emission collected from the sample travels in the 

same path as the excitation beam to reach the dichroic mirror in a process known as descanning. 

The emission will always reach the pinhole in the same position regardless of the position of 

the scanning mirror. 

 

Figure 2.8. Schematic of confocal laser scanning. The scanner mirror and a telescope relay system are 

setup so that the focal planes of the lenses coincide with the mirror and the back focal plane of the 

objective. When the scanner mirror is tilted, the focus is translated only along the image plane. 

The mechanism by which the mirrors are tilted largely determines the maximum scanning 

speed. Piezoelectric mirrors can tilt in both axes, but are quite slow and do not significantly 

improve scanning speed compared to piezoelectric stages. Instead, most CLSMs use a pair of 

galvanometric mirrors positioned very close to each other, with each mirror controlling tilt in 

one axis [26, 27]. Such systems can achieve line scan frequencies of around 1kHz, 

corresponding to a maximum frame rate of 1-10 frames per second, depending on the number 

of lines scanned per image. 

2.5. Time correlated single photon counting 

The measurement of photon arrival time with high temporal resolution is essential for many of 

the methods described in this work, such as pulsed interleaved excitation (Chapter 2.6) and the 
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measurement of fluorescence lifetime (Chapter 3.3). This can be achieved with time correlated 

single photon counting (TCSPC), a detection method that enables the measurement of the 

arrival time of single photons with picosecond accuracy [28]. The method measures the time 

between a synchronization signal, which is used to drive the lasers, and a photon detection 

event, which is an electronic pulse from counting detectors such as photomultiplier tubes 

(PMTs) or avalanche photodiodes (APDs). It is commonly paired with confocal microscopy, 

where the small observation volume facilitates the detection of single photon events even at 

relatively high fluorophore concentrations, and where the use of counting detectors is also 

common. 

The TCSPC timing information is split into two parts, the macro-time and micro-time. The 

macro-time is measured as the number of synchronization periods that have passed since the 

start of the measurement, whereas the micro-time is the delay between the last synchronization 

signal and photon detection event. The sum of the macro- and micro-time gives the exact arrival 

time of the photon. The micro-time is measured to picosecond accuracy by the time-to-

amplitude converter (TAC). The TAC is a linear voltage ramp generator that can be started by 

one signal and stopped by another. In most cases, the photon signal is used as the start signal 

and the synchronization signal is used as the termination signal, as photon events are generally 

much rarer than synchronization ticks and this setup reduces the effects of the dead time of 

TACs thereby allowing for higher measurement frequencies. The arrival time of the signals is 

measured using a constant-fraction discriminator (CFD) that provides an intensity-independent 

timing of the detected pulse. The voltage from the TAC is digitized by an analog-to-digital 

converter (ADC) that determines the maximum obtainable timing resolution. 
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Figure 2.9. TCSPC detection scheme. The TCSPC card is synchronized with the pulsed laser via the 

synchronization pulses. The timing between the laser pulse and detected photon is measured with 

picosecond resolution, referred to as the micro-time. The precise photon arrival time is the sum of the 

macro-time and micro-time. 

2.6. Pulsed interleaved excitation 

An application of TCSPC in multi-color fluorescence microscopy is pulsed interleaved 

excitation (PIE), in which laser excitation pulses are interleaved within a single TCSPC 

synchronization period [29-31]. Two or more pulsed lasers, usually of different colors, are 

triggered at an identical frequency by the synchronization signal. However, one or more lasers 

are delayed with respect to the first one, such that the fluorescence emission generated by each 

pulse is complete before the next excitation pulse arrives. In this way, in addition to sorting the 

photons by the detection channel (using dichroic mirrors and filters to direct them to a specific 

detector), one can use the micro-time information to assign photons to their excitation source 

(Figure 2.10). 

In a two-color PIE experiment, three PIE channels can be defined based on the detection 

channel and the micro-time information: green emission after green excitation (GG), red 

emission after green excitation (GR) and red emission after red excitation (RR). Usually, no 

signal is detected in the green channel after red excitation as the emission spectrum of the red 

fluorophore generally has negligible overlap with the emission filter of the green detector. 

Hence the PIE channel RG can be omitted. The PIE channels GG and RR contain the 



19 

 

fluorescence of the green and red fluorophores after direct excitation by their respective lasers. 

GR, on the other hand, contains signal from the spectral crosstalk of the green dye, direct 

excitation of the red dye by the green laser, as well as FRET-sensitized acceptor emission from 

the red dye. 

The use of PIE greatly increases the sensitivity of fluorescence cross-correlation methods 

(described in Chapter 3.1.2) [32]. Separation of the emissions in GR from those in RR makes 

fluorescence cross-correlation spectroscopy (FCCS) and its imaging derivatives more sensitive 

to weaker interactions and allows quantitative cross-correlation analysis of complexes that 

undergo FRET. 
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Figure 2.10. Pulsed interleaved excitation (PIE). (A) The excitation and detection scheme of two-color 

PIE. In each synchronization period, two lasers (green and red) are triggered with a delay with respect 

to the synchronization signal. The delay for the red laser is longer compared to that for the green laser, 

so that the emission after green excitation is complete before the red excitation pulse arrives. The 

emissions are detected by two detectors. Three types of detection events are illustrated: green emission 

after green excitation (GG), red emission after green excitation (GR) and red emission after red 

excitation (RR). (B) Micro-time histograms of a two-color PIE measurement showing the fluorescence 

decays in the PIE channels GG, GR and RR. 

PIE is conceptually related to a method known as alternating laser excitation (ALEX) [33], 

which achieves alternating excitation on the microsecond to millisecond timescales using 

continuous wave lasers. The method was initially developed for single-molecule FRET 

analysis [33-35] and involves the rapid switching between two excitation lasers using fast 



21 

 

shutters and capturing the resulting emission in both channels after each laser is triggered (for 

an example see Chapter 6.2.1 and Figure 6.2A, top panel). This produces four emission 

channels that are equivalent to the PIE channels described earlier. PIE allows the calculation 

of fluorescence correlation functions down to the sub-microsecond regime, whereas in ALEX 

this would be limited to the timescale of the alternation period. Like ALEX, PIE can also be 

applied to single molecule FRET experiments [30], where, by virtue of being an extension of 

TCSPC, it is also able to provide fluorescence lifetime information not available using ALEX. 

However, the pulsed excitation of PIE results in higher peak power densities of the lasers and 

therefore higher photostress and bleaching rates compared to ALEX. 

A home-built CLSM with PIE and TCSPC was used for the FLIM and RICS experiments in 

this work. The setup has been previously described [31, 36] and has been recently rebuilt with 

newer optical and electronic components [37]. The confocal excitation pathway features 5 

pulsed diode lasers (LDH series, Picoquant) driven by a laser driver (PDL 828 Sepia II, 

Picoquant). Up to 3 lasers can be simultaneously driven at up to 80 MHz in a synchronized 

manner for PIE. However, a synchronization frequency of 40 MHz or lower is normally used 

for dual-color PIE so that there is sufficient temporal range to separate the fluorescence decay 

from each excitation pulse on the photon arrival microtimes. The fluorescence emission is 

focused on a 80 μm pinhole and recollimated with an identical achromatic lens (AC254-100-

A, Thorlabs) before being spectrally separated by beamsplitters for detection on single photon 

avalanche diodes (PDM series, PicoQuant) or APDs (Count® Blue and Count® Series, Laser 

Components). Each detector is connected to a separate TCSPC card (SPC-140, Becker & 

Hickel). Detailed image acquisition parameters for FLIM (Chapter 4) and RICS (Chapter 7) 

are explained in the respective publications of each project (Appendices I and III respectively). 
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3. Fluorescence Microscopy and Spectroscopy Methods 

With the development of highly sensitive and accurate electronic equipment and advanced data 

analysis techniques, fluorescence microscopy has developed into a versatile tool for 

investigating a wide variety of physical and chemical properties.  In this chapter, I introduce 

the techniques used in this work for the analysis of live-cell fluorescence data, including 

fluorescence fluctuation spectroscopy, fluorescence lifetime imaging, and single particle 

tracking. 

3.1. Fluorescence Fluctuation Spectroscopy 

Fluorescence fluctuation spectroscopy (FFS) is a collection of techniques that analyzes the 

intensity fluctuations of a fluorescence signal [38, 39]. By measuring the fluorescence signal 

from a sufficiently small volume containing only a few molecules, one can extract information 

about the distribution and kinetic parameters of the species present. In experiments with much 

larger observation volumes (such as in a cuvette), the fluctuations are averaged out and this 

information is lost. Therefore, confocal and two-photon microscopy are ideal signal acquisition 

methods for FFS, as they can achieve the small observation volumes below 1 µm3. In the 

following section, I will focus on fluorescence correlation spectroscopy, which analyzes the 

temporal aspects of the fluctuations. 

3.1.1. Fluorescence Correlation Spectroscopy 

Fluorescence correlation spectroscopy (FCS) is an analysis of the temporal fluctuations of 

fluorescence intensity [40-42]. The temporal self-similarity of the fluorescence signal as a 

function of the time lag, τ, can be accessed by calculating the auto-correlation function (ACF). 

From the ACF, information regarding the photophysics, diffusion and binding kinetics of a 

fluorescent species in solution can then be extracted. 
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The temporal ACF can be expressed as: 

 𝐺(𝜏) =
〈𝐼(𝑡) ∙ 𝐼(𝑡 + 𝜏)〉

〈𝐼(𝑡)〉2
− 1 =

〈𝛿𝐼(𝑡) ∙ 𝛿𝐼(𝑡 + 𝜏)〉

〈𝐼(𝑡)〉2
 (15) 

where G(τ) is the correlation amplitude at time lag τ, I(t) and I(t + τ) is the fluorescence intensity 

at a certain time point t or t + τ respectively, and the angled brackets represent the average over 

all possible time points t. Alternatively, the equation can be expressed as a function of intensity 

fluctuations (𝑑𝐼(𝑡) = 𝐼(𝑡) − 〈𝐼(𝑡)〉). 

Fluctuations in fluorescence intensity can occur due to a combination of factors. At extremely 

short timescales (10-10 to 10-8 s), we observe antibunching (I in Figure 3.1) [43, 44], where the 

emission of a second photon is delayed due to fluorescence lifetime, which is 1-4 ns for most 

fluorophores. This results in sub-Poissonian statistics and thus decreases the auto-correlation 

amplitude. A second fast process observable in FCS is molecular rotation (II in Figure 3.1) [45, 

46], which can range from a few hundred picoseconds for small fluorophores [47] to about 50 

ns for fluorescent proteins [48]. The rotation of the fluorophore results in intensity fluctuations 

because the probability of excitation depends on the alignment of the polarization of the 

excitation light with the fluorophore’s dipole moment. At timescales of 10-7 to 10-6 s, 

photophysical effects, such as blinking from intersystem crossing to a triplet state, dominate as 

the cause of intensity fluctuations (III in Figure 3.1) [49-52]. 

At slower timescales of 10-5 to 10-1 s, fluorophores diffusing in and out of the observation 

volume are mainly responsible for the intensity fluctuations (IV in Figure 3.1) [40]. At these 

timescales, FCS is sensitive to the fluctuations in the number of fluorescent particles within the 

observation volume. As the time lag, τ, increases, it becomes more and more likely that 

molecules would diffuse into or out of the observation volume, resulting in fluctuations in the 

fluorescence signal relative to the original time point (τ = 0) and thus a decrease in the ACF 

amplitude. Eventually, enough time passes that the intensity fluctuations relative to the original 
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time point become essentially random and the correlation amplitude decays to zero. The faster 

the molecule diffuses, the more quickly the ACF decays. 

 

Figure 3.1. Sketch of an autocorrelation curve depicting the fluctuation sources at different timescales. 

I: antibunching. II: molecular rotation. III: photophysical effects. IV: translational fluctuations. 

The decay of the ACF at the microsecond and slower timescales can be modeled as a function 

of the diffusion coefficient of the fluorescent species and the size of the observation volume 

(Figure 3.2). For free diffusion through a 3D Gaussian volume (which approximates the 

confocal detection volume), the ACF can be modelled as [40]: 

 𝐺(𝜏) =
𝛾

𝑁
∙ (

1

1 +
4𝐷𝜏
𝜔𝑟

2

) ∙ (
1

1 +
4𝐷𝜏
𝜔𝑧

2

)

1
2

 
(16) 

where N is the average number of particles in the detection volume, D is the diffusion 

coefficient and ωr and ωz respectively define the lateral and axial sizes of the Gaussian volume 

(see Chapter 2.4). The shape factor, γ, accounts for the fact that the Gaussian volume is not a 
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step function with clear borders, but gradually decreases in intensity from the center. For a 3D 

Gaussian, γ is equal to 2−
3

2. 

 

Figure 3.2. An FCS curve of Atto488-COOH at 23 °C acquired on a confocal microscope with a 60x 

water-immersion objective. Pluses (blue) represent the calculated ACF using the measured data and the 

solid line (black) is a fit using equation (16). The weighted residuals are shown in the upper plot. 

FCS has been widely applied to measure diffusion changes as a result of structural and size 

changes of the labeled molecule, both in vitro [53-55] and in live-cell experiments [56, 57]. 

However, this approach has limited sensitivity for detecting changes in molecular weight. The 

diffusion coefficient for spherical particles is directly proportional to the hydrodynamic radius, 

which in turn scales with the cube root of molecular mass. Therefore, a doubling of molecular 

mass (such as when binding to an interaction partner) would only result in a 26% change in 

diffusion time. While such a change can still be detected by FCS, it would be harder to quantify 

interactions that result in a mixture of bound and unbound species, or interactions that produce 

even smaller changes in molecular mass. Fluorescence cross-correlation spectroscopy (FCCS), 



26 

 

introduced in the next section, can be very helpful in overcoming the limitations of FCS when 

measuring interactions between two species. 

3.1.2. Fluorescence Cross-Correlation Spectroscopy 

Fluorescence cross-correlation spectroscopy (FCCS) is an extension of FCS from correlating a 

signal with itself to the correlation of two different signals. The temporal cross-correlation 

function (CCF) for two signals i and j can be written as: 

 
𝐺𝑖𝑗(𝜏) =

〈𝛿𝐼𝑖(𝑡) ∙ 𝛿𝐼𝑗(𝑡 + 𝜏)〉

〈𝐼𝑖(𝑡)〉 ∙ 〈𝐼𝑗(𝑡)〉
 (17) 

The fluorescence signal from a sample could be separated in a variety of ways to obtain the 

two fluorescence signals used for FCCS. One can discriminate the signal based on parameters 

such as fluorescence lifetime [58] or polarization [59, 60]. Most commonly, the fluorescence 

signal is spectrally separated in what is known as dual-color FCCS [61-63]. 

Dual-color FCCS is useful for detecting interactions between two differently labeled species. 

When correlating the fluorescence signals of two spectrally-separated fluorescent dyes, the 

CCF will only show a non-vanishing amplitude in the case of conjoined movement of both 

dyes, i.e. interaction between the two species. It is important that there is little to no spectral 

crosstalk between the two signals, as such crosstalk would be correlated. With conventional 

excitation methods, it can be difficult to completely eliminate spectral crosstalk for dyes with 

significant spectral overlap. However, when measuring fluorescence with PIE (Chapter 2.6), 

spectral crosstalk and the primary fluorescence emissions can be separated into different 

channels based on photon arrival time. With PIE, one can obtain fluorescence signals 

containing only the emissions after direct excitation by the respective laser. The CCF of such 

fluorescence signals gives an unambiguous and quantifiable readout for interaction. The CCF 

amplitude at 𝜏 = 0 is directly proportional to the concentration of dual-color species, but is 
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inversely proportional to the average particle concentration in each individual channel. We can 

extract the fraction of dual-color species by taking the ratio of the cross-correlation to auto-

correlation amplitude [64]. 

 
𝐺𝑖𝑗,𝐶𝐶𝐹(0) = 𝛾 ∙

𝑁𝑖𝑗

(𝑁𝑖 + 𝑁𝑖𝑗) ∙ (𝑁𝑗 + 𝑁𝑖𝑗)
 (18) 

 𝐺𝑖,𝐴𝐶𝐹(0) =
𝛾

𝑁𝑖 + 𝑁𝑖𝑗
 (19) 

 𝐺𝑖𝑗,𝐶𝐶𝐹(0)

𝐺𝑖,𝐴𝐶𝐹(0)
=

𝑁𝑖𝑗

𝑁𝑗 + 𝑁𝑖𝑗
 (20) 

where Ni and Nj are the average number of particles in the detection volume for the non-

interacting fractions of the species i and j, and Nij is the average number of interacting 

molecules. Note that this is also applicable to the spatial correlation methods discussed later.  
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3.2. Image Fluctuation Spectroscopy 

The techniques discussed so far in this chapter use temporal correlations to extract information 

from fluorescence signals. Similar correlation techniques can be applied to images, which 

consist of fluctuations of the fluorescence signal in space, giving rise to image correlation 

spectroscopy and its derivative methods. By correlating the signal spatially, we can extract 

information about the spatial distribution of the fluorescent species and thereby infer its 

concentration within the sample. 

3.2.1. Image Correlation Spectroscopy 

Image correlation spectroscopy (ICS) [65-68] is the spatial equivalent to FCS. Instead of 

correlating the signal temporally, the correlation is performed in the two spatial dimensions of 

the image: 

 
𝐺(𝜉, 𝜓) =

〈𝐼𝑖(𝑥, 𝑦) ∙ 𝐼𝑗(𝑥 + 𝜉, 𝑦 + 𝜓)〉

〈𝐼𝑖(𝑥, 𝑦)〉 ∙ 〈𝐼𝑗(𝑥, 𝑦)〉
− 1 =

〈𝛿𝐼𝑖(𝑥, 𝑦) ∙ 𝛿𝐼𝑗(𝑥 + 𝜉, 𝑦 + 𝜓)〉

〈𝐼𝑖(𝑥, 𝑦)〉 ∙ 〈𝐼𝑗(𝑥, 𝑦)〉
 (21) 

, where x and y are the dimensional coordinates of the image, and ξ and ψ are the corresponding 

spatial lags in pixels. I denotes the intensity of the signal at the corresponding pixel coordinate. 

The angled brackets indicate an average over all spatial position of the image. 

For images that contain randomly distributed particles that are significantly smaller than the 

size of the focus, the spatial ACF can be fit by a 2D Gaussian function: 

 
𝐺(𝜉, 𝜓) =

𝛾

𝑁
∙ exp (−

𝛿𝑟2 ∙ (𝜉2 + 𝜓2)

𝜔𝑟
2

) (22) 

where ωr is the distance at which the PSF amplitude decays to e-2 of the maximum value, N is 

the average number of particles in the focus, γ is the shape factor (2-3/2 for 3D and 2-1 for 2D 

Gaussian focus profile) and δr is the pixel size. Figure 3.3 shows an example of a spatial ACF 

and the fitted Gaussian function.  
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Figure 3.3. ICS of palmitoylated-GFP-mCherry in HEK293T cells. On-axis (left) and surface 

(middle) of the spatial ACF for GFP, as well as the surface plot of the fit to the ACF (right) using 

equation (22), colored according to the weighted residuals of the fit. 

The spatial autocorrelation function represents the average size and concentration of the 

observed particles. Thus, sufficient sampling is necessary to obtain a correlation function that 

is representative of the underlying distributions. In a single image, the number of pixels 

available for correlation is limited by the pixel density of the cameras as well as the size of the 

sample. This would often result in under-sampling of the statistics and therefore introduce noise 

or artefacts in the spatial correlation function. To overcome this problem, multiple frames of 

the same sample would be taken and their individual spatial correlation functions are averaged 

to produce the final correlation function. 

As the correlation amplitude is inversely proportional to the average number of fluorophores 

in the focus, we can extract the density or concentration of particles from the spatial ACF 

(SACF). In addition, using the average intensity 〈𝐼〉, we can determine the molecular brightness 

ϵ: 

 
𝜖 =

〈𝐼〉

𝑁
 (23) 

When the shape factor γ is accounted for and when all emitters are of the same brightness, ϵ 

represents the intensity of a single emitter at the center of the focus. We can then use the 

molecular brightness to determine the fluorophore stoichiometry and by extension the 

oligomerization state of the sample. 
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When the particle size exceeds that of the focus, ωr becomes the convolution of the focus and 

particle dimensions. This, in turn, enables the measurement of particle size through ICS. 

Similar to FCS and FCCS, ICS can be extended to two different images in image cross-

correlation spectroscopy [69]. The resulting spatial CCF (SCCF) has a non-vanishing 

amplitude when there are similarities in the spatial fluctuations of the two images. Most 

commonly this can be applied to images of differently labeled species, where a cross-

correlation would only occur when they colocalize. 

3.2.2. Raster Image Correlation Spectroscopy 

Raster image correlation spectroscopy (RICS) is an extension of ICS that is specifically applied 

to images recorded with a confocal laser scanning microscope [70-73]. Unlike widefield 

microscopy images recorded with a camera, the confocal microscope generates an image by 

performing a raster scan to create the image. In such a scan, the focus is moved along the x-

axis (continuously or stepwise for each pixel) until the end of the line, upon which the focus is 

retracted to the starting position, shifted one pixel in the y-direction, and a new line is scanned. 

This is repeated until a complete image is formed. This method of imaging introduces a time 

delay in the acquisition of each pixel, which encodes temporal information in the resulting 

spatial correlation. Additionally, the time delay differs depending on the direction of the spatial 

pixel lag – the pixel-to-pixel time lag in the x-axis is determined by the pixel dwell time τp and 

is several orders of magnitude smaller than the corresponding time lag for the y-axis, which is 

determined by the line time τl. RICS extracts information from this temporal component to 

investigate processes that occur on the timescale of image acquisition. 

The correlation algorithm for RICS is the same as for ICS, but the fit function has to be adjusted 

to account for the temporal component. For free diffusion in a 3D Gaussian focus, the spatial 

correlation function can be written as: 
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𝐺(𝜉, 𝜓) =
𝛾

𝑁
∙ (1 +

4𝐷 ∙ (𝜏𝑝𝜉 + 𝜏𝑙𝜓)

𝜔𝑟
2

)

−1

∙ (1 +
4𝐷 ∙ (𝜏𝑝𝜉 + 𝜏𝑙𝜓)

𝜔𝑧
2

)

−
1
2

∙ exp (−
𝛿𝑟2 ∙ (𝜉2 + 𝜓2)

𝜔𝑟
2 + (4𝐷 ∙ (𝜏𝑝𝜉 + 𝜏𝑙𝜓))

) 

(24) 

where N is the average number of particles in the focal volume, D is the diffusion coefficient 

and γ is the shape factor, ωr and ωz define the size of the focus in the lateral and axial 

dimensions respectively (see Chapter 2.4, equation (12)), δr is the pixel size, τp and τl represent 

the pixel and line times respectively. 

 

Figure 3.4. EGFP diffusion in a HEK293T cell as measured by RICS. Slices along the ξ and ψ spatial 

lag axes (left) and surface plot (middle) of the SACF. Surface plot of the fit to the SACF using 

equation (24) is shown on the right, colored according to the weighted residuals of the fit. 

Cross correlation experiments can be performed using RICS based on the same principles to 

FCCS and ICCS [73, 74]. An amplitude for the SCCF is only observed when the two measured 

species show concerted movement, such as when they bind to each other. This enables the 

detection and quantification of molecular interactions by simply imaging a sample in which 

each potential interaction partner is tagged by a different fluorophore. An example of cross-

correlation RICS performed on samples where EGFP and mCherry are in a tandem construct 

(palmitoylated-EGFP-mCherry) or diffusing separately (CD86-EGFP/CD86-mCherry) is 

shown in Figure 3.5. 
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Figure 3.5. 2-color RICS on HEK293T cells expressing palmitoylated-EGFP-mCherry tandem 

construct (top row) and CD86-EGFP/CD86-mCherry (bottom row), which is a monomeric membrane 

associated protein. The data was averaged over 150 frames. 

Wavelength dependent lateral focus shift, which is noticeable in the SCCF of the EGFP-

mCherry tandem construct, can be accounted for by adapting the fit equation. The addition of 

shift parameters δx and δy accounts for the spatial shift of the observation volume while leaving 

the temporal correlation untouched: 

 

𝐺(𝜉, 𝜓) =
𝛾

𝑁
∙ (1 +

4𝐷 ∙ (𝜏𝑝𝜉 + 𝜏𝑙𝜓)

𝜔𝑟
2

)

−1

∙ (1 +
4𝐷 ∙ (𝜏𝑝𝜉 + 𝜏𝑙𝜓)

𝜔𝑧
2

)

−
1
2

∙ exp (−
𝛿𝑟2 ∙ ((𝜉 − 𝛿𝑥)2 + (𝜓 − 𝛿𝑦)2)

𝜔𝑟
2 + (4𝐷 ∙ (𝜏𝑝𝜉 + 𝜏𝑙𝜓))

) 

(25) 

Note that the use of achromatic lenses can largely correct this focus shift. For the CLSM used 

in this work, this was implemented in a recent upgrade of the setup [37]. 

3.2.3. Arbitrary Region RICS 

The classical algorithm used for RICS and ICS analyses as discussed up to this point requires 

a square region-of-interest (ROI) and only performs well when there is a relatively high 

homogeneity within the ROI. These requirements pose significant limitations when dealing 
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with images from live-cell imaging experiments, as living cells contain many complex and 

inhomogeneous structures. While one could decrease the size of the ROI and position it over a 

relatively homogenous area, it can be difficult to find such an area while still having a 

sufficiently large ROI for an accurate spatial correlation analysis, as limited statistics reduce 

the accuracy of the spatial correlation analysis below n ≈ 64 [75]. Moreover, many cellular 

structures, such as the endoplasmic reticulum (ER) or mitochrondria, have complex and 

dynamic shapes that are not satisfactorily handled by a square ROI. 

An adapted version of the RICS algorithm, known as arbitrary-region RICS (ARICS), has been 

developed so that ROIs of any shape can be accepted for the spatial correlation analysis [75]. 

An arbitrarily shaped binary mask, R(x, y), is generated, for which pixels inside the ROI have 

a value of 1 and those outside have a values of 0: 

 
𝑅(𝑥, 𝑦) = {

1 (𝑖𝑛𝑠𝑖𝑑𝑒)

   0 (𝑜𝑢𝑡𝑠𝑖𝑑𝑒)
  (26) 

The image is then masked by an elementwise multiplication with R: 

 𝐼𝑅(𝑥, 𝑦) =  𝑅(𝑥, 𝑦)𝐼(𝑥, 𝑦) (27) 

The fluctuation image is then defined as: 

 𝛿𝐼𝑅(𝑥, 𝑦) = 𝑅(𝑥, 𝑦){𝐼𝑅(𝑥, 𝑦) − 〈𝐼𝑅(𝑥, 𝑦)〉𝑅𝑂𝐼} (28) 

where 〈𝐼𝑅(𝑥, 𝑦)〉𝑅𝑂𝐼  is the mean intensity of all pixels included in the ROI. Then the 

unnormalized SACF can be written as: 

 
𝐺(𝜉, 𝜓) =  

〈𝛿𝐼𝑅(𝑥, 𝑦) ∙ 𝛿𝐼𝑅(𝑥 + 𝜉, 𝑦 + 𝜓)〉

〈𝑅(𝑥, 𝑦) ∙ 𝑅(𝑥 + 𝜉, 𝑦 + 𝜓)〉
 (29) 

where the correlation in the denominator represents the number of times a particular spatial lag 

has been sampled, so that each pixel lag in the SACF is averaged by the number of times it was 
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observed in the ROI. The SACF is then normalized by the averaged intensity of all pixels in 

the ROI, 〈𝐼𝑅(𝑥, 𝑦)〉2 and averaged over all frames. 

The ROI can be generated in several ways. It can be generated by manually drawing over the 

image to specify an area to be included or excluded. Alternatively, certain pixel characteristics 

can be used for defining the ROI, such as the absolute or relative intensity or intensity variance. 

By setting a threshold for such parameters, one could for example filter out large bright 

aggregates or dark vesicles moving through the imaged area. In addition, the ROI could also 

be generated from another color channel of the same image series, where a particular structure 

could be labelled. Overall, there is a lot of flexibility in the generation of the ROI and this could 

be adapted according to the needs of the experiment. 

For live-cells, it is often necessary to remove slow fluctuations and spatial inhomogeneities 

from the raw image data before performing a RICS analysis. This can be achieved by 

subtracting a moving average of the pixel intensities: 

 𝐼𝑅𝐼𝐶𝑆(𝑥, 𝑦, 𝑓) = 𝐼(𝑥, 𝑦, 𝑓) − 〈𝐼(𝑥, 𝑦, 𝑓)〉∆𝐹 + 〈𝐼(𝑥, 𝑦, 𝑓)〉 (30) 

Here, I(x, y, f) is the intensity of pixel (x, y) in frame f, 〈𝐼(𝑥, 𝑦, 𝑓)〉∆𝐹 is a moving average of 

the pixel intensities from frames (𝑓 − ∆𝐹) to (𝑓 + ∆𝐹). 〈𝐼(𝑥, 𝑦, 𝑓)〉 is the mean intensity of all 

pixels in all frames. For images acquired on a CLSM, a value of 1 is usually used for ΔF to 

generate a moving average over 3 frames. Additionally, when performing the temporal average, 

pixels that were excluded from the ROI in the time window (𝑓 ± ∆𝐹) must also be excluded 

from the ROI of frame f. The moving average decreases the amplitude of fluctuations in the 

original image, as this image itself is also included in the moving average and subtracted from 

the original data. This decreases the amplitude of the resulting SACF. It is therefore necessary 

to correct the SACF by rescaling it: 
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𝐺𝑐𝑜𝑟𝑟(𝜉, 𝜓) =

2∆𝐹 + 1

2∆𝐹
𝐺(𝜉, 𝜓) (31) 

 

3.3. Fluorescence Lifetime Analysis 

The signal intensity is not the only parameter that can be measured in a fluorescence experiment. 

The fluorescence lifetime can provide information about the fluorophore or its surroundings 

that are unavailable from intensity measurements alone. Fluorescence lifetime is not only 

determined by the intrinsic properties of the fluorophore but also dependent on its local 

microenvironment and can be affected by factors such as pH, charge, FRET, and so on. 

Additionally, we can perform spatially resolved fluorescence lifetime measurements. In 

fluorescence lifetime imaging microscopy (FLIM), the lifetime of each individual pixel of an 

image is determined, revealing the spatial distribution of parameters affecting the fluorescence 

lifetime [76-80]. 

As described in Chapter 2.1, fluorescence is a first-order process. This in turn means that the 

fluorescence decay of a single fluorescent species is a single exponential. Multiple exponentials 

are observed only when the sample contains multiple fluorescent species. This could be caused 

by different fractions of the sample being quenched to a different degree, which is a parameter 

of interest in many measurements such as FRET measurements. Some fluorophores, such as 

EGFP, may also naturally exhibit and transition between multiple states with different 

fluorescent properties. These fluorophores will always exhibit a multi-exponential decay. 

From Equation (2), we know that the fluorescence lifetime depends on the radiative and non-

radiative decay rates. For a given fluorophore and solvent, the radiative decay rate Γ is 

relatively stable and depends on the excitation and emission spectra. The local 

microenvironment, however, can heavily influence the non-radiative decay rates. A common 

example of this is Förster resonance energy transfer (FRET), which is a form of quenching in 
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a donor-acceptor system. In FRET, energy can be transferred from a donor fluorophore to an 

acceptor via dipole-dipole interactions. This creates a non-radiative decay pathway and reduces 

the fluorescence lifetime by increasing k𝑛𝑟 . As FRET requires the acceptor to be in close 

proximity to the donor (within 10 nm), when the donor and acceptor are placed on different 

molecules or different parts of a larger molecule, we can resolve interactions or conformational 

changes using the donor lifetime as a readout for the distance between the donor and acceptor. 

The distance dependence of the efficiency of energy transfer in FRET can be used to accurately 

measure the distance between a donor-acceptor fluorophore pair. From Equations (2) and (3) 

we can derive FRET efficiency, E, as an expression of donor fluorescence lifetime: 

 𝐸 = 1 −
𝜏𝐹𝑅𝐸𝑇

𝜏0
 (32) 

where 𝜏0  is the native fluorescence lifetime of the donor in the absence of the acceptor and  

𝜏𝐹𝑅𝐸𝑇 is the lifetime measured in the presence of the acceptor. 

3.3.1. Fluorescence lifetime measurements 

Two approaches for measuring fluorescence lifetime are in widespread use: time-domain 

measurements and frequency-domain measurements. 

In time-domain measurements, the sample is excited with a pulse of light, whose width is made 

as short as possible and ideally much shorter than the fluorescence lifetime τ of the sample. 

The time dependent intensity I(t) is measured following the excitation pulse, and the 

fluorescence lifetime of the sample can be extracted by fitting the intensity decay (Figure 3.6). 

The intensity decays are often measured through a polarizer oriented at the magic angle of 54.7° 

from the vertical axis in order to avoid the effects of rotational diffusion and anisotropy on the 

intensity decay. 
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In a confocal microscope, a single pulse is not enough to measure the fluorescence lifetime. 

The small focal volume includes only a few fluorophores that could be excited at a time. Since 

each fluorophore only emits a maximum of one photon per excitation pulse, the number of 

photons detectable per pulse is too low for an accurate determination of the fluorescence 

lifetime. To overcome this problem, TCSPC detection is used in modern confocal microscopes 

(Chapter 2.5). By synchronizing the detectors to the excitation pulse and registering the precise 

arrival time (down to a few picoseconds) of each photon relative to the pulse, we can 

reconstruct the fluorescence decay by building a histogram of the photon arrival times over 

many excitation cycles. 

Accurate analysis of the fluorescence decay data recorded by TCSPC detection must also 

consider the instrument response function (IRF). Ideally, the sample is excited by an 

instantaneous laser pulse resulting in a sharp increase in emitted photons followed by a gradual 

decay (Figure 3.6, cyan dashed line). However, in practice, laser pulses have a non-vanishing 

pulse width, and the electronics involved in photon detection and timing exhibit a small amount 

of temporal jitter. These cause even infinitely short signals to be detected with some temporal 

width, known as the instrument response function (IRF, Figure 3.6, magenta dotted line). The 

measured photon signal (Figure 3.6, blue solid line) is therefore always a convolution of the 

actual decay by the IRF. 
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Figure 3.6. Simulated TCSPC data for the fluorescence decay of a fluorophore with a 4 ns lifetime. 

The simulated decay (blue solid line) with an IRF of 250 ps full-width half maximum (magenta dotted 

line) are shown normalized to their individual maximums. The theoretical decay for an instantaneous 

IRF (cyan dashed line) is scaled so that the tail matches the simulated decay. 

Alternatively, fluorescence lifetime can be measured using the frequency-domain or phase-

modulation method. Here, the sample is excited with intensity-modulated light, typically with 

a sine-wave. The intensity of the excitation light is modulated at high frequency (typically near 

100 MHz) so its reciprocal frequency is comparable to the fluorescence lifetime. When a 

fluorophore is excited in this way, the emission responds with the same modulation frequency. 

The lifetime of the fluorophore causes the emission to be delayed with a decrease in amplitude 

compared to the excitation modulation (Figure 3.7). 
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Figure 3.7. Schematic illustration of a frequency-domain fluorescence lifetime measurement. The 

definitions of phase shift and modulation are shown. The modulation frequency is 80 MHz and the 

simulated lifetime of the fluorophore is 4 ns. 

The phase shift Φω and modulation Mω depend on the circular modulation frequency ω and the 

fluorescence lifetime τ: 

 tan Φ𝜔 = 𝜔𝜏Φ (33) 

 
𝑀𝜔 = (1 + 𝜔2𝜏𝑚

2 )−
1
2 

(34) 

From the phase shift and demodulation, two apparent lifetimes τΦ and τm can be calculated. In 

the case of a mono-exponential decay, the two values will be equal. When the signal contains 

more than one exponential decay, the phase- and modulation-lifetimes will differ depending 

on the modulation frequency, the lifetimes of the fluorescent species and their fractional 

intensities. 

3.3.2. Phasor FLIM 

A phasor plot is a graphical way of analyzing fluorescence lifetime decays [81, 82]. For 

frequency-domain lifetime measurements, each lifetime measurement can be represented as a 
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vector whose angle to the abscissa corresponds to the phase shift Φω and whose length 

corresponds to the modulation Mω. The Cartesian coordinates s and g of the phasor (a 

contraction of the term phase vector) represent, respectively, the first sine and cosine Fourier 

coefficients of the signal: 

 

𝑠𝜔 = 𝑀𝜔 ∙ sin Φ𝜔 = ∫ 𝐼(𝑡) ∙ sin(𝜔𝑡)𝑑𝑡

∞

0

∫ 𝐼(𝑡)𝑑𝑡

∞

0

⁄  (35) 

 

𝑔𝜔 = 𝑀𝜔 ∙ cos Φ𝜔 = ∫ 𝐼(𝑡) ∙ cos(𝜔𝑡)𝑑𝑡

∞

0

∫ 𝐼(𝑡)𝑑𝑡

∞

0

⁄  (36) 

where I(t) represents the fluorescence intensity at time t and ω is the angular modulation 

frequency. Each phasor is specific to the frequency at which it was measured. 

The shift to Fourier space simplifies the analysis and representation of lifetime data as certain 

complicated mathematical relationships in regular time space are simplified in Fourier space. 

Most importantly, phasors show the following behavior: 

1. Mono-exponential decays lie on the universal circle centered at (0.5, 0) with radius 0.5. 

2. The phasor of a mixture is the sum of the phasors of the components of the pure species, 

weighted by their fluorescence fraction in the mixture. 

3. A convolution in time space leads to a change of base in Fourier space. This results in 

a rotation and rescaling of the coordinate system. 
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Figure 3.8. Behavior of fluorescence lifetime decays on the phasor plot. (A) The lifetimes of the species 

A and B with mono-exponential decays lie on the universal circle indicated by the dotted line. The 

lifetime of a mixture of A and B, MAB, is the fractional sum of the phasors for A and B and therefore 

lie on the line connecting the phasors. (B) To account for the IRF, a new reference base (sref, gref) is 

chosen for the measured phasor Pref such that it is at the expected position in the new base. 

Although the phasor approach is based on principles rooted in frequency-domain analysis, it 

can also be applied to time-domain data using pulsed excitation, as repeated excitation pulses 

at a specific frequency is also a form of (non-sinusoidal) modulation. The only difference is 

that the IRF needs to be corrected for. As the IRF is a convolution of the time-domain signal 

in time space, it essentially results in a change of base or axes in Fourier space. The measured 

phase shift and demodulation can be expressed as: 

 𝑀𝜔 = Φ𝐼𝑅𝐹 ∙ Φ𝑠𝑎𝑚𝑝𝑙𝑒 (37) 

 Φ𝜔 = Φ𝐼𝑅𝐹 + Φ𝑠𝑎𝑚𝑝𝑙𝑒 (38) 

Therefore, accounting for the IRF becomes simple as long as the phase shift ΦIRF and 

demodulation MIRF caused by the instrument is known: 

𝑠𝑠𝑎𝑚𝑝𝑙𝑒 =
𝑀𝜔

𝑀𝐼𝑅𝐹
∙ sin(Φ𝜔 − Φ𝐼𝑅𝐹) =

1

𝑀𝐼𝑅𝐹
∙ ∫ 𝐼(𝑡) ∙ sin(𝜔𝑡 − Φ𝐼𝑅𝐹)𝑑𝑡

∞

0

∫ 𝐼(𝑡)𝑑𝑡

∞

0

⁄  (39) 

𝑔𝑠𝑎𝑚𝑝𝑙𝑒 =
𝑀𝜔

𝑀𝐼𝑅𝐹
∙ cos(Φ𝜔 − Φ𝐼𝑅𝐹) =

1

𝑀𝐼𝑅𝐹
∙ ∫ 𝐼(𝑡) ∙ cos(𝜔𝑡 − Φ𝐼𝑅𝐹)𝑑𝑡

∞

0

∫ 𝐼(𝑡)𝑑𝑡

∞

0

⁄  (40) 

For TCSPC data, which is not continuous but binned, the above equations need to be adjusted 

for the calculations at each pixel: 
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𝑠𝑠𝑎𝑚𝑝𝑙𝑒 =
1

𝑀𝐼𝑅𝐹
∙ ∑ sin (

2𝜋𝑛

𝑁
− Φ𝐼𝑅𝐹)

𝑁

𝑛=1

 (41) 

 

𝑔𝑠𝑎𝑚𝑝𝑙𝑒 =
1

𝑀𝐼𝑅𝐹
∙ ∑ cos (

2𝜋𝑛

𝑁
− Φ𝐼𝑅𝐹)

𝑁

𝑛=1

 (42) 

In practice, the base change induced by the IRF can be mapped by measuring a sample with 

known lifetime and choosing a new base such that the measured phasor is mapped onto its 

expected position in the new coordinate system (Figure 3.8B). 

Compared to fitting the fluorescence decay with a model decay function, the phasor analysis 

has several advantages, particularly for live-cell imaging experiments. First, the phasor analysis 

does not require prior knowledge or assumptions regarding the decay characteristics (e.g. single 

or double exponential decay) of the sample. It is common for fluorescent proteins used in live-

cell experiments to exhibit complex decay behavior. This may also change depending on the 

cellular microenvironment around the protein. In such situations, choosing the appropriate fit 

function without over-fitting the data can be difficult. Additionally, relatively few photons 

(~1000 or less) are collected per-pixel, making it difficult to even distinguish a single 

exponential decay from a double exponential decay by fitting. Second, fitting each pixel of an 

image is computationally taxing, as there are 105~106 pixels in one frame and potentially 

hundreds or even thousands of frames. Comparatively, the requirements for computing a 

phasor plot is much lower per pixel as it is directly calculated from the data and does not require 

iterative regression fitting. Therefore, the phasor analysis is well-suited for large FLIM datasets. 

3.4. Particle tracking methods 

Advances in fluorescence microscopy has made it possible to observe a wide range of dynamic 

processes at the cellular and molecular level. The imaging of living organisms and cells 

generates a wealth of spatial and temporal information. The increase in the amount and 

complexity of image data has necessitated the development of automated object tracking 
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methods as it is practically impossible to manually follow hundreds to thousands of cells or 

particles through hundreds to thousands of frames. These methods generally involve two steps: 

1) the identification and separation of objects of interest from the background (the detection 

step) and 2) the association of detected objects in a series of image frames to form tracks (the 

linking step). 

3.4.1. Particle detection 

Particle tracking focuses on tracking objects that are much smaller than the resolution of optical 

microscopy (typically 200 nm or higher). These objects would appear as diffraction-limited 

spots (foci) in the images. When there is sufficient contrast between these foci and the 

background, they can be detected simply by intensity thresholding and their position can be 

localized to nanometer precision by computing the centroid position of the spot or by fitting it 

to a model of the point spread function. However, in live-cell imaging, the contrast is often 

poor and the background often non-uniform, necessitating the use of more sophisticated 

methods for accurate particle detection. 

The particle detection framework can be divided into three general steps: 1) noise reduction, 2) 

signal enhancement, and 3) signal thresholding [83]. In practice some of the steps are optional 

or can be combined. In the first step, the input image is pre-processed by noise reduction 

techniques such as Gaussian smoothing to increase the signal-to-noise ratio (SNR) and improve 

image quality and object visibility. Subsequently, signal processing techniques are used to 

enhance the denoised fluorescence signal only in the regions where the actual particles are, as 

well as simultaneously suppress the signal from background structures. Lastly, the filtered and 

enhanced image is thresholded on signal magnitude to obtain a binary map of disjoint clusters 

of connected pixels, which corresponds to the detected objects and can be mapped to pixels in 
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the original image for subsequent analysis. A second threshold may also be applied to the size 

and/or shape of the clusters to further filter the detected objects. 

The particle tracking implementation in PAM uses wavelet decomposition for particle 

detection [84, 85]. In this method, the image is first denoised using an isotropic undecimated 

wavelet transform (IUWT). Specifically, the B3-spline version of an à trous algorithm is 

applied [84, 86]. The algorithm decomposes the original image into K wavelet planes (also 

known as detail images) and a smoothed image, all with the same size as the original image. In 

the first step (k = 1), the original image I0(i, j) is convolved row by row and then column by 

column with the kernel [1/16, 1/4, 3/8, 1/4, 1/16] to produce the smoothed image I1(i, j). The 

wavelet plane W1(i, j) (also termed detail image) is computed as 𝑊1(𝑖, 𝑗) =  𝐼0(𝑖, 𝑗) − 𝐼1(𝑖, 𝑗). 

The same process is repeated recursively from the smoothed images at each scale k by inserting 

2k-1-1 zeros between every two taps of the convolution kernel. For example, at k = 2, the 

convolution kernel becomes [1/16, 0, 1/4, 0, 3/8, 0, 1/4, 0, 1/16]. We thus generate a set of K 

wavelet planes, W = W1, …, WK, and the final smoothed image IK. The general decomposition 

formula can thus be written as: 

 𝑊𝑘(𝑖, 𝑗) = 𝐼𝑘(𝑖, 𝑗) − 𝐼𝑘−1(𝑖, 𝑗)     0 < 𝑘 ≤ 𝐾 (43) 

The reconstruction can be performed by summing the wavelet planes and the smoothed image: 

 

𝐼0(𝑖, 𝑗) = 𝐼𝑗(𝑖, 𝑗) + ∑ 𝑊𝑘(𝑖, 𝑗)

𝐾

𝑘=1

 (44) 

The wavelet decomposition allows separation of the components of an image according to their 

size. The wavelet planes correspond to objects and structures at larger values of k (k ≥ 3, with 

larger values corresponding to larger structures) while at small values of k they correspond to 

noise. A denoising step can be performed by applying a threshold Td to each wavelet plane and 

using the modified images 𝑊̃𝑘(𝑖, 𝑗) = 𝑇𝑑(𝑊𝑘) in the reconstruction. 
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In the original wavelet multiscale product algorithm [84], a signal enhancement step can be 

performed after image decomposition. Instead of summing the images, the detail images are 

multiplied to produce the multiscale product image: 

 

𝑃𝐾(𝑖, 𝑗) = ∏ 𝑊𝑘(𝑖, 𝑗)

𝐾

𝑘=1

 (45) 

This exploits the fact that real objects are represented by wavelet coefficients that are correlated 

across multiple resolution levels (scales), whereas the wavelet coefficients of noise do not 

correlate. To improve detection performance, the algorithm also applies a threshold to each 

detail image before multiplication: 

 
𝑇𝑑(𝑊𝑘(𝑖, 𝑗)) = {

0, 𝑊𝑘(𝑖, 𝑗) < 𝑘𝑑𝜎𝑘

𝑊𝑘(𝑖, 𝑗), 𝑊𝑘(𝑖, 𝑗) ≥ 𝑘𝑑𝜎𝑘
 (46) 

where σk is the standard deviation of the wavelet coefficients in the detail image and kd is a 

multiplication factor set to 3 by default. A separate, user-defined threshold is then applied to 

the product image PK to produce a binary image, where connected pixels are considered to be 

detected objects.  

The detection approach implemented in PAM is a modified version of the wavelet multiscale 

product algorithm. Instead of computing the product of the wavelet planes, the user selects one 

of the wavelet planes and the binary image is directly computed from this plane by applying a 

user-defined threshold [85]. The appropriate wavelet plane depends on the size of the tracked 

objects on the image. This detection approach is able to efficiently detect objects with a 

consistent size. The detected objects can be further filtered based on properties such as size or 

eccentricity. 
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3.4.2. Particle linking 

After objects are detected in each frame, the particle tracking algorithm must establish the 

correspondence between particles in consecutive frames to generate complete tracks. The 

simplest approach to link particles to each other is the nearest-neighbor approach [87]. Every 

detected particle in a given frame is linked to the nearest particle in the next frame. Although 

‘nearest’ usually refers to spatial distance, other parameters such as differences in intensity, 

size, shape and other features may also be included in the calculation of assignment cost. The 

source particle is assigned to the particle with the lowest assignment cost in the next frame, and 

the target particle is then removed from the pool of potential assignments for all subsequent 

assignments. Thresholds may be applied to reject assignments that are considered too far apart 

to be correct. The procedure is then repeated for every detected particle in every frame. While 

the nearest neighbor approach is sufficient at low particle densities and uncomplicated tracking 

conditions, it has difficulties dealing with high particle densities, particle disappearance 

(caused by detection failure or particles moving out of focus), as well as track merging and 

splitting (due to the separation distance between two or more particles being below the 

resolution limit of the instrument). These are conditions that commonly occur in biological 

imaging. Therefore, the nearest neighbor approach often produces unreliable results and require 

additional input or manual intervention [88, 89]. 

Many algorithms have been developed to deal with high particle density and the issues of 

particle merging or splitting. A global solution to the tracking problem can be achieved through 

the multiple-hypothesis tracking (MHT) approach [90, 91]. In MHT, all particle positions for 

every frame are considered at the same time, constructing all possible particle paths that 

conform to the expected particle behavior. The optimal solution is the largest non-conflicting 

set of paths, i.e. no paths share the image of the same particle in any frame. This solution is 

globally optimal in both space and time. However, it is computationally prohibitive even for 
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problems involving tens of particles in tens of frames. Therefore, most tracking algorithms 

attempt to approximate the MHT solution by taking a greedy approach, that is, they take a 

series of locally optimal solutions to reduce computational complexity [92-96]. particles in 

consecutive frames are linked step-by-step before seeking a globally optimal solution to the 

linking of the resulting track fragments. 

The algorithm used in this work, developed by Jaqaman, et al [97], employs the mathematical 

framework of the linear assignment problem (LAP). The approach was shown to provide robust 

tracking when applied to live-cell time-lapse images with high particle density while remaining 

computationally feasible. In this framework, a cost matrix C is computed, where c(i, j) is the 

cost of assigning the detected particle i in a given frame to the particle j in the subsequent frame: 

 

𝐶 = [

𝑐1,1 … 𝑐1,𝑞

⋮ ⋮ ⋮
𝑐𝑝,1 … 𝑐𝑝,𝑞

] (47) 

The cost of linking may depend not just on spatial distance but also other parameters such as 

differences in intensity, size, shape and other features. The optimal solution to the assignment 

problem is one in which the total cost of the assignments is minimized and is computed with 

the Hungarian algorithm [98]. In this way, the particles in consecutive frames are first linked 

step-by-step in a locally optimal, but temporally greedy manner. Gap closing, track merging 

and track splitting are not considered in the first step. A second pass links the ends of the 

resulting track fragments by generating a similar cost matrix containing the costs of assigning 

the end of each fragment to the start of another. Here, gap closing, merging, splitting and track 

termination events all have associated costs and are in competition with one another. Therefore, 

while the first assignment pass is temporally greedy, the second pass linking track fragments 

takes a globally optimal approach, but remains computationally feasible as it only considers 

the start and end of each fragment.  
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4. Dynamics of Gag Processing during HIV-1 Maturation 

The polyprotein Gag is the primary structural protein of the human immunodeficiency virus 

(HIV-1). Proteolytic processing of Gag by the HIV protease triggers structural rearrangements 

within the virus particle that mark the transition from immature virions to mature, infectious 

viruses. This project uses the sensitivity of the fluorescence lifetime of eCFP to the 

environment along with single virus tracing to observe Gag processing in HIV-1 virus-like 

particles (VLPs). We established the fluorescence lifetime of eCFP as a marker for Gag 

processing and were able to directly observe and measure the kinetics of Gag rearrangements 

in individual HIV-1 particles during maturation. The published paper is included in Appendix 

I. 

Dynamics of HIV-1 Gag Processing as Revealed by Fluorescence Lifetime Imaging 

Microscopy and Single Virus Tracking by Chen Qian, Annica Flemming, Barbara Müller 

and Don C. Lamb. Viruses 14(2), 340 (2022). 

4.1. Motivation 

Assembly, release and maturation are critical steps in the late phase of the HIV-1 replication 

cycle. The viral structural polyprotein Gag plays an important role throughout the entire 

process. The various domains of Gag are required for membrane targeting (matrix, MA), 

protein-protein interactions (capsid, CA), packaging of the viral RNA genome (nucleocapsid, 

NC), and recruitment of ESCRT machinery components that facilitate virion release (p6) [99-

101]. Gag also recruits the GagProPol polyprotein, which is expressed by ribosomal 

frameshifting and comprises the viral protease (PR), reverse transcriptase (RT) and integrase 

(IN) into the nascent particle. During or shortly after virus release, PR mediates proteolytic 

cleavage of GagProPol and Gag, triggering the morphological rearrangements that yields the 

characteristic conical capsid core of the mature virus (Figure 4.1) [102]. 
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Figure 4.1 Schematic of immature and mature HIV-1. Proteolytic cleavage by PR triggers a 

rearrangement of Gag components leading to the formation of the conical capsid encapsulating the viral 

genetic material. 

Productive maturation of HIV-1 relies on the coordination of Gag proteolysis and assembly 

and on the sequential cleavage of specific sites within Gag and GagProPol in an ordered 

processing cascade. The timing and kinetics of this process are not fully understood. 

Experiments involving in vitro processing of Gag or VLPs by purified PR identified the order 

of proteolytic events [103-105], but does not faithfully recapitulate processing by the 

endogenous viral PR in situ. Protease inhibitor (PI) wash out or the use of a photodestructible 

PI has been employed to synchronize Gag processing within the context of virus-like particles 

(VLPs) [106-108]. However, these  approaches uncouple proteolytic maturation from assembly. 

Here, I applied a combination of FLIM and single virus tracing (introduced in Chapters 3.3 and 

3.4) to analyze the assembly and maturation of HIV-1. Using CLSM with TCSPC detection, I 

imaged eCFP-tagged HIV-1 VLPs both in vitro and in cells producing the VLPs. Individual 

virus particles were then tracked using a combination of approaches and the average lifetime 

of each tracked particle was extracted using the phasor approach. Proteolytic release of eCFP 

from the Gag lattice of the immature virion resulted in a change in its fluorescence lifetime, as 

the eCFP fluorescence lifetime is sensitive to the close proximity of other eCFP molecules 

[109-112]. This enabled the observation of asynchronous Gag processing in relation to the 

assembly process with high time resolution. 
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4.2. Key results 

4.2.1. The fluorescent lifetime of eCFP as a marker for the maturation of HIV 

We first established that the fluorescence lifetime of eCFP can be used as a marker for HIV-1 

maturation. For this, I performed FLIM on HIV-1 derivatives (HIVeCFP [113] and HIVieCFP) 

carrying an eCFP moiety between the MA and CA domains. In HIVeCFP, the fluorophore has a 

single PR cleavage site (amino acid sequence SQNY↓PIV) at its C-terminus, so it will remain 

attached to the envelope-bound MA domain post PR processing. HIVieCFP carries an additional 

cleavage site at the N-terminus of the fluorophore, allowing for release of the free fluorophore 

after PR processing (Figure 4.2A). In both cases, proteolytic processing results in a change of 

the environment of the fluorophore from its packed arrangement within the immature shell. 

Since mature MA remains associated with the viral membrane and was recently observed to 

retain a modified lattice arrangement [114], the change in the local microenvironment of eCFP 

is expected to be less pronounced for HIVeCFP compared to HIVieCFP, where the released 

fluorophore would be able to distribute within the particle volume. eCFP-labelled VLPs were 

produced in the presence or absence of the PI lopinavir (LPV), the addition of which would 

block viral maturation by inhibiting PR activity. The VLPs were purified from the supernatant 

of transfected HEK293T cells and imaged at room temperature. Fluorescence lifetimes were 

extracted using the phasor approach [81] (see Chapter 3.3.2). 

Two distinct populations were observed in the eCFP fluorescence lifetime distribution, 

corresponding to the mature and immature populations (Figure 4.2C-E). Immature particles 

showed comparable eCFP fluorescence lifetimes for both virus derivatives (2.21 ns for HIVeCFP 

and 2.18 ns for HIVieCFP). Mature HIVieCFP particles in which the eCFP moiety should be 

completely released from Gag showed an average increase of 0.45 ns to 2.63 ns compared to 

immature particles. For the HIVeCFP variant, where the eCFP moiety remains associated with 
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the MA layer, the difference between immature and mature particles was smaller (0.20 ns), 

with an average lifetime of 2.43 ns for mature particles (Figure 4.2F). The lifetime of eCFP in 

the HIVieCFP particles is still lower than that of free eCFP (3.34 ns, Figure 4.2C), suggesting 

that the lifetime of eCFP is sensitive to the high density of protein within the mature virus 

(based on an average number of 2,400 Gag molecules per virion [115], the estimated 

concentration of eCFP is in the range of ~0.5 mM for an equimolar ratio of Gag and Gag.eCFP). 

 

Figure 4.2. Fluorescence lifetime of eCFP in purified HIV-1 particles.  (A) Scheme of the HIV-1 Gag 

polyprotein, with eCFP inserted between the MA and CA domains and flanked by one (Gag.eCFP, top) 

or two (Gag.ieCFP, bottom) PR cleavage sites. Arrows indicate PR cleavage sites flanking the eCFP 

domain. Schematic drawing of immature and mature HIVeCFP and HIVieCFP particles. (B) Confocal 

images and (C) phasor plots of immature and mature HIVeCFP or HIVieCFP particles. A red ‘+’ 

indicates the lifetime of free ECFP measured on the same setup. VLPs were produced in transfected 

HEK293T cells grown in the presence (immature) or absence (mature) of 2 µM LPV. Particles were 

adhered to borosilicate coverslips and imaged by CLSM using TCSPC detection. Measurements were 

conducted at 23°C. The lifetime determined for individual VLPs is represented according to the 

indicated color scale. Scale bar 5 µm. (D-E) Histograms of fluorescence lifetimes of the immature (cyan) 

and mature (magenta) particle populations extracted from the phasor analysis. Solid lines show the 

fitted Gaussian distribution function (sum of 2 Gaussians). The mean of each Gaussian component is 

shared between the corresponding pair of LPV-treated and untreated virus particles. n=500 particles 

each. (F) Mean and SD of the fluorescence lifetime distribution peak from three independent 

experiments. 
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To investigate why we have less contrast with Gag.eCFP, we measured the lifetime of eCFP 

alone and attached to MA in the cytosol of live cells at 37°C. Cytosolic MA-eCFP showed a 

lower lifetime (2.51 ± 0.04 ns) compared to cytosolic eCFP (2.70 ± 0.13 ns), suggesting that 

the presence of the MA domain influences the lifetime of eCFP. As the HIVieCFP provided 

higher contrast in the lifetime changes between immature and mature virions, we proceeded to 

focus on this variant in subsequent live-cell experiments, where we followed Gag assembly 

and processing in individual HIV-1 particles. HeLa Kyoto cells were transfected with 

equimolar ratios of pCHIV/pCHIVieCFP and imaged on the same CLSM setup at 37°C. 

 

Figure 4.3. Measurements of the fluorescence lifetime of eCFP in HeLa Kyoto cells expressing 

HIVieCFP and grown in the presence or absence of 2 µm LPV. Cells were imaged 24 hpt at 37°C by 

CSLM. (A) Fluorescence lifetime images of assembly sites and trapped particles of HIVieCFP (top 

panels) and released HIVieCFP particles detected adjacent to transfected cells (lower panels). 

Measurements were performed in the absence or presence of LPV. Scale bar 5 µm. (B) Histogram of 

fluorescence lifetime of patches of trapped or cell-associated HIVieCFP particles and a fit to a single 

Gaussian distribution (solid lines). n=3196 particles from 7 cells treated with LPV and n=2999 particles 

from 9 non-treated cells. (C) Histogram of the fluorescence lifetime of cell-free HIVieCFP particles, 

fitted to a sum of two Gaussians (solid lines), where the mean of each Gaussian is shared between both 

fits. n=250 particles each from LPV-treated and non-treated cells. 

We tracked individual VLPs and determined the fluorescence lifetime of the individual 

particles, as well as released VLPs adhered to the coverslip in the vicinity of these cells (Figure 
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4.3). The distribution of lifetimes of membrane localized assemblies in cells grown in the 

absence of LPV was not notably different from the LPV+ condition (Figure 4.3A, top panels 

and B). In contrast, cell-free particles observed in the vicinity of the particle producing cells 

did display the difference in average lifetime as expected for immature vs. mature VLPs (Figure 

4.3A, bottom panels and C). This observation suggests that maturation occurs relatively late in 

the assembly process such that potential signals corresponding to maturing VLPs at the plasma 

membrane is obscured by the immature background of newly assembled immature VLPs. We 

therefore could not look at the population as a whole but rather have to analyze individual 

traces to look for assembly and maturation events. 

4.2.2. Observation of Gag assembly and processing in individual HIV-1 particles 

We then proceeded to analyze the intensity and lifetime changes of individual VLP traces as 

extracted by SPT from the FLIM images. Both incorporation of eCFP into the Gag lattice 

during assembly and its subsequent cleavage from the lattice during maturation resulted in 

measurable changes in the fluorescence lifetime of the fluorophore. 
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Figure 4.4. Gag assembly kinetics at the plasma membrane of HeLa Kyoto cells producing HIVieCFP at 

16 hpt. Plots of (A) fluorescence intensity and (B) fluorescence lifetime measured at individual 

assembly sites in cells grown in the absence of LPV. Mean values and SD are shown (n=170 sites from 

4 cells). Plot of (C) fluorescence intensity and (D) fluorescence lifetime measured at individual 

assembly sites in cells grown in the presence of LPV. Mean values and SD are shown (n=51 sites from 

2 cells). Black lines represent fits to single exponential equations. 

From a set of 489 traces with a minimum length of 60 frames (corresponding to 10 min), 354 

traces showed an increase in fluorescence intensity over time (Figure 4.4A), as expected for 

nascent assembly sites [22]. As the number of eCFP incorporated in a VLP increases, we 

anticipated a decrease in the fluorescence lifetime as observed for immature particles. Indeed, 

170 out of the 354 traces displayed a decrease in fluorescence lifetime within the time window 

of observation (Figure 4.4B). To extract the rate of assembly, I aligned the traces to the onset 

of intensity increase and averaged the fluorescence intensities and lifetimes. The resulting 

averages could be fitted with a saturating exponential function. The same analysis procedure 
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was applied to 105 traces from cells grown in the presence of LPV, of which 86 showed an 

intensity increase indicative of assembly (Figure 4.4C) and 51 showed an additional 

concomitant decrease in fluorescence lifetime (Figure 4.4D). The assembly kinetics measured 

here are consistent with previously reported values recorded using other microscopy techniques 

[22, 116, 117]. 

 

Figure 4.5. Particles showing eCFP lifetime changes indicative of maturation. (A) Lifetime, intensity, 

and velocity plots of an individual particle showing lifetime changes indicative of maturation following 

assembly. The lifetime plot is colored according to the state of the particle (red: assembly, yellow: 

plateau phase, blue: maturation). Images of the corresponding particle recorded at the indicated times 

are shown with an overlay of the particle trajectory up to that time point. (B) Mean and SD of 

fluorescence lifetime of maturing particles in pCHIVieCFP transfected HeLa Kyoto cells. The lifetime of 

each particle was aligned at the start point of maturation (Time = 0 s) for each trace before averaging. 

Dotted lines indicate the apparent time range over which the lifetime change occurs. n=11 traces from 

4 cells. 

Among the 170 traces used for the analysis of assembly kinetics in cells grown in the absence 

of LPV, 11 traces (6.5%) showed an increase of ~0.4 ns after assembly was complete. This 

change was similar to the mean shift in lifetime observed between purified mature and 

immature HIVieCFP particles. An exemplary trace is shown in Figure 4.5A. No such increase in 

fluorescence lifetime after assembly was observed for traces from cells grown in the presence 

of LPV (n=51). The same held true when we ignored assembly and looked at the full set of 105 

LPV+ traces. 

To estimate the timescale of Gag processing, the lifetime data for the 11 identified traces were 

aligned to the starting point of the lifetime increase and averaged (Figure 4.5B). On average, 
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the lifetime increase indicative of Gag processing occurred over a period of ~100 s in an 

approximately sigmoidal fashion. The mean delay between the start of assembly and 

maturation as detected by FLIM was 837 (±542) s. However, it is likely that, for the majority 

of VLPs, Gag processing is further delayed with respect to viral assembly. The lifetime 

measurements on VLPs isolated from the tissue culture supernatant (Figure 4.2E) and recently 

released VLPs detected in the vicinity of particle producing cells (Figure 4.3C) indicated that 

the vast majority of VLPs produced eventually underwent Gag processing under the conditions 

of our experiments. Nevertheless, a distinct shift in lifetime indicative of processing was 

observed only for a minority of nascent assembly traces during the observation period in the 

live-cell measurements. Based on this, we can infer that, for most VLPs, Gag processing is 

delayed with respect to viral assembly and occurred beyond the period of observation in our 

SPT experiments. 

4.3. Additional information: the particle tracking approach 

Two particle tracking approaches were adopted in this study: a wavelet tracking approach 

developed in-house [85] (described in Chapter 3.4.1), and the Autoregressive Motion algorithm 

in the spot detection module of Imaris (Bitplane AG, Zurich, Switzerland). The wavelet 

tracking approach was initially applied to tracking virus particles in vitro. The Imaris algorithm 

was used to identify traces for the analysis of assembly and maturation kinetics, as it could 

apply a semi-automatic filter for traces that showed the appropriate intensity characteristics of 

nascent assembly sites. However, the overall Imaris tracking process was relatively time 

consuming and there was a possibility that the small number of control traces (LPV+) caused 

us to miss potential Gag processing events. We therefore applied the wavelet tracking approach 

to the live-cell data to generate additional traces to confirm the lack of maturation traces in 

LPV-treated cells. 
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The wavelet tracking algorithm performs an à trous wavelet decomposition on each image to 

denoise the fluorescence signal before detection of the VLPs by thresholding. The 3rd wavelet 

plane (K = 3) was used for particle detection as the spot size corresponded well to the size of 

the VLPs. The thresholded binary image was passed to the MATLAB function regionprops to 

extract information about the spot, including its intensity, eccentricity, and centroid. A filter 

was then applied to remove spots that do not fall under the specified intensity or eccentricity 

thresholds. 

The centroid positions of the detected spots were used for the next step, particle linking. This 

was done over two stages. The first pass linked detected spots on each frame with those on the 

subsequent frame using the Hungarian algorithm [97, 98]. The second pass performed end-to-

end joining for tracks generated by the first pass, where the end of each track was linked to the 

start of another track, provided the two ends were within the user-defined distance (< 5 pixels) 

and frame-skip (< 5 frames) thresholds. The tracks were then filtered so that only those of a 

sufficient length (≥ 30 frames) were selected for further analysis. The pixel positions of the 

generated tracks were used to extract the particle-wise phasor information using an intensity-

weighted average. 

Outlook 

In this project, we showed that the fluorescence lifetime of eCFP can be used in conjunction 

with SPT to detect Gag processing in an asynchronous virus population in a live-cell 

environment. Our approach can potentially be combined with other imaging and cell culture 

techniques. It is possible that FLIM in a microfluidic system can give a better picture of the 

overall kinetics of Gag processing post-release. Imaging particles at different distances from 

the cells in a microfluidic chamber where there is constant flow of the buffer in one direction 

would, in theory, provide a snapshot of their maturation status at the corresponding time-lags 

after release. Alternatively, a spheroid cell culture system could be used to trap the released 
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particles and thus allow the tracking algorithm to follow them over a longer period of time. As 

fluorescence lifetime is sensitive to a wide range of physical properties, our approach of 

combining SPT with FLIM also has the potential for broader applications in studying other 

viral processes in addition to protease cascades. 
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5. Quantitative FRET measurements in live-cells 

This project aims to adapt the analytical methods of single molecule FRET studies to live-cell 

imaging to facilitate the comparison of FRET efficiency values from datasets generated by 

different instruments in different laboratories. It defines the necessary correction factors for 

quantitative FRET imaging and establishes a single-step calibration method for obtaining these 

correction factors. To prove that the obtained FRET efficiencies are comparable between 

different setups, I performed quantitative live-cell imaging with widefield microscopy to 

provide independently acquired data for comparison against the data from the primary authors. 

The published paper is included in Appendix II. 

QuanTI-FRET: a framework for quantitative FRET measurements in living cells by 

Alexis Coullomb, Cécile M. Bidan, Chen Qian, Fabian Wehnekamp, Christiane Oddou, 

Corinne Albigès-Rizo, Don. C. Lamb and Aurélie Dupont. Sci Rep 10, 6504 (2020). 

5.1. Motivation and Key Results 

The development of FRET-based biosensors, along with advances in optics, has enabled the 

observation of biochemical activity in living cells with high spatial and temporal resolution. 

Two main approaches exist for measuring FRET in biological specimens. The first is based on 

measuring fluorescence intensity and the second is based on measuring the donor fluorescence 

lifetime. While fluorescence lifetime measurements are generally quantitative and relatively 

straightforward to calibrate, they require sophisticated instrumentation and analysis [118]. 

Among intensity-based methods for measuring FRET, the most widely applied strategy for 

quantitative FRET imaging in live-cells is sensitized acceptor emission, in which the 

fluorescence of the acceptor is measured after donor excitation and the FRET efficiency is 

calculated as the ratio of acceptor emission as a result of FRET to the sum of donor and acceptor 

emissions after donor excitation. However, the collected fluorescence intensity is heavily 
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affected by instrumentation – the excitation wavelength and power, the filters used, the camera 

sensitivity, and so on can all affect the detected fluorescence intensity and therefore the 

calculated FRET efficiency. Numerous approaches have been developed to correct for them 

[119, 120]. In particular, the 3-cube strategy [119] was widely adopted to allow the correction 

for spectral crosstalk in the form of donor emission bleedthrough in the acceptor channel and 

direct excitation of the acceptor by the donor excitation light source. Despite this, the apparent 

FRET index varies with fluorophore concentration and direct comparison of independently 

obtained FRET values remains difficult even after normalization [121]. A number of other 

factors make FRET particularly challenging for fluorescent protein pairs, which are commonly 

used for live-cell FRET measurements. For example, some fluorescent proteins, such as 

mCherry, exhibit inefficient protein maturation leading to dark states [122, 123]. Fluorescent 

proteins also have inherently low FRET efficiency due to their relatively large size - the 

minimum center-to-center distance is ~5 nm for two fluorescent proteins, which is on par with 

the Förster radius of most fluorescent protein pairs used for FRET measurements. Fluorescent 

proteins also generally have much poorer brightness and photostability compared to organic 

dyes. Experimental determination of the correction factors pose further challenges as existing 

methods require known FRET efficiency [124], known concentration [125], or additional 

experiments using acceptor photobleaching [120]. 

In this work, the theory of single-molecule FRET studies [34] was adapted to live-cell imaging. 

The method, known as Quantitative Three-Image FRET (QuanTI-FRET), can determine all 

necessary correction factors after measuring at least 2 samples with known stoichiometry and 

varying FRET efficiencies. This can be achieved directly on the sample of interest or through 

the use of FRET standards. The stoichiometry additionally acts as an indicator for data quality, 

where pixels that deviate from the expected stoichiometry can be discarded. Two sets of 

independently acquired live-cell imaging data were analyzed using QuanTI-FRET and the 
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results were compared to confirm the quantitative, instrument-independent nature of the 

method. I generated a second dataset (dataset [B]) for comparison against the primary dataset 

(dataset [A]) using independently acquired expression plasmids and separately cultured cell 

lines and imaging on a microscope with different instrumentation compared to the one used for 

dataset [A].  

In the three-cube imaging approach, the sample sequentially illuminated at the donor and 

acceptor excitation wavelengths and the emission is split into two camera channels (Figure 

5.1A). This results in the collection of four images: 

IDD: intensity in the donor channel after excitation at the donor wavelength. 

IDA: intensity in acceptor channel after excitation at the donor wavelength. 

IAA: intensity in acceptor channel after excitation at the acceptor wavelength. 

IAD: intensity in donor channel after excitation at the acceptor wavelength. 

IAD is discarded as it generally contains no relevant information. IDA contains the FRET signal 

but it must be corrected for contributions from bleedthrough (or spectral crosstalk) and direct 

excitation: 

 𝐼𝐷𝐴
𝑐𝑜𝑟𝑟 =  𝐼𝐷𝐴 − 𝛼𝐵𝑇𝐼𝐷𝐷 − 𝛿𝐷𝐸𝐼𝐴𝐴 (48) 

The correction factors for bleedthrough αBT and direct excitation δDE can be determined by 

measuring donor-only and acceptor-only cells. 

The corrected FRET efficiency, E, and stoichiometry, S, can be written as: 

 
𝐸 =

𝐼𝐷𝐴
𝑐𝑜𝑟𝑟

𝐼𝐷𝐴
𝑐𝑜𝑟𝑟 + 𝛾𝑀𝐼𝐷𝐷

 (49) 
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𝑆 =

𝐼𝐷𝐴
𝑐𝑜𝑟𝑟 + 𝛾𝑀𝐼𝐷𝐷

𝐼𝐷𝐴
𝑐𝑜𝑟𝑟 + 𝛾𝑀𝐼𝐷𝐷 +

𝐼𝐴𝐴
𝛽𝑋⁄

 (50) 

where γM is the correction factor for the differences in detection efficiencies and βX is correction 

factor for the excitation efficiencies. 

To determine γM and βX, Equation (50) can be rewritten as 

 
𝛽𝑋𝛾𝑀𝐼𝐷𝐷 + 𝛽𝑋𝐼𝐷𝐴

𝑐𝑜𝑟𝑟 =
𝑆

1 − 𝑆
𝐼𝐴𝐴 (51) 

which is the equation of a plane in the 3D space with IDD, 𝐼𝐷𝐴
𝑐𝑜𝑟𝑟and IAA as the principle axes. 

Therefore, one could obtain γM and βX by fitting experimental data with known stoichiometry 

(Figure 5.1B). A sample with one FRET efficiency E will form a straight line in the 3D space, 

so a minimum of two samples with sufficiently different FRET efficiencies are required to 

determine the correction factors. For this work, three FRET standards consisting of a pair of 

fluorescent proteins Cerulean (donor) and Venus (acceptor) separated by an amino acid linker 

sequence of varying length were used for calibration. The standard samples used were C5V, 

C17V and C32V [125, 126], which contained a linker of 5, 17 and 32 amino acids respectively, 

were used. FRET efficiency was expected to decrease as the linker length increases. 
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Figure 5.1. The QuanTI-FRET approach. (A) Schematic illustration of the widefield fluorescence 

microscopy setup used for image acquisition. A set of three images are acquired: donor emission after 

donor excitation (IDD), acceptor emission after donor excitation (IDA), acceptor emission after acceptor 

excitation (IDD). The fourth channel, donor emission after acceptor excitation (IAD) is discarded as it 

contains no relevant information. (B)  A scatter plot of all pixel values from all cells imaged in dataset 

[A]. The three FRET standards form three distinct lines parallel to the plane defined by γM and βX (grey) 

Inset: in-plane view of the same plot. 

The FRET efficiencies obtained from the two independently acquired datasets, one from the 

primary authors of the paper (dataset [A]) and the other from the author of this thesis (dataset 

[B]), were in good agreement (Table 5.1). The crosstalk correction factors are close and reflect 

the same fluorophore pair and similar filter sets used. The difference between βX and γM are 

larger, which are expected given the different illumination intensities and detection efficiencies 

of the two different setups.  

Table 5.1. Comparison of correction factors and FRET efficiencies (in percentages) obtained by 

QuanTI-FRET method in two independently acquired datasets. For dataset [A], n = 10 cells for αBT, 

12 cells for δDE, 26 cells for C5V, 25 cells for C17V, 27 cells for C32V. For dataset [B], n = 12 cells 

for αBT, 12 cells for δDE, 10 cells for C5V, 12 cells for C17V and 12 cells for C32V. 

 αBT
 δDE

 βX γM C5V C17V C32V 

Dataset [A] 0.421 ± 0.002 0.1100 ± 0.0008 1.167 ± 0.008 2.10 ± 0.02 50.3 ± 0.4 41.7 ± 0.8 35.1 ± 0.8 

Dataset [B] 0.467 ± 0.001 0.101 ± 0.003 2.03 ± 0.07 1.35 ± 0.07 50.2 ± 1.7 43.0 ± 1.6 32.9 ± 1.5 
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The definitions of FRET efficiency and stoichiometry used here are mathematically equivalent 

to those previously introduced by Chen et al. [127] (𝛾𝑀 ≡ 𝐺 and 𝛽𝑋 ≡ 1 (𝐺 ∙ 𝑘)⁄ ) and Lee et 

al. [34] (𝛾𝑀 ≡ 𝛾 and 𝛽𝑋 ≡ 𝛽). Therefore, the robustness of QuanTI-FRET was compared to 

these two methods. In Chen et al., γM (or G) was determined from two constructs with defined 

and well-separated FRET efficiencies. The second parameter k was calculated from a FRET 

standard with known stoichiometry in combination with G determined in the first step. For Lee 

et al., the raw FRET efficiency Eraw and stoichiometry Sraw are calculated with only spectral 

crosstalk corrections. The linear relationship between 1/ Sraw and Eraw was fitted to obtain γ and 

β. When analyzing dataset [A], both methods yielded similar results to QuanTI-FRET. Chen et 

al. produced similar correction factors and FRET efficiencies to QuanTI-FRET. Lee et al., on 

the other hand, produced similar correction factors but the resulting FRET efficiencies were 

systematically lower than those produced by QuanTI-FRET by 3%. However, analysis of 

dataset [B] saw Chen et al. producing different correction factors from QuanTI-FRET: G = 

3.63 ± 1 compared to γM = 1.35 ± 0.07 and 1/(G⋅k) = 1.02 ± 7 compared to βX = 2.03 ± 0.07. 

This yielded FRET probabilities that deviated from the expected values by 30%, 24% and 16% 

for C5V, C17V, and C32V respectively. The two-step calibration approach of Chen et al. 

appeared to be less robust when dealing with the smaller and less homogenous dataset [B], 

which had less cell-containing pixels for the calibration. Analysis of dataset [B] with the Lee 

et al. method also yielded FRET values that are lower by 8% compared to those obtained from 

QuanTI-FRET. Overall, it appears that the three methods can produce quantitative FRET 

efficiencies that are in good agreement with each other when dealing with ideal, homogenous 

data but only QuanTI-FRET produced consistent results when presented with a smaller and 

less homogenous dataset.  
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5.2. Outlook 

QuanTI-FRET establishes a new framework for quantitative FRET imaging in live-cells that 

produces consistent results across two independently collected datasets in different microscopy 

systems. Although the microscopes used to produce the datasets seen here are relatively 

sophisticated, the imaging requirements can in principle be fulfilled on a simple multi-channel 

epifluorescence microscope. The calibration requirements are relatively simple, requiring 

measurements of donor-only, acceptor-only, and a minimum of two FRET samples with known 

stoichiometry and well-separated FRET efficiencies. The approach of obtaining correction 

factors by fitting a plane through the plotted pixel intensities is also straightforward and 

remains consistent even when dealing with inhomogeneous and limited calibration data. 

Overall, the method promises a widely applicable, robust and quantitative approach to 

performing live-cell FRET analysis. 
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6. Detection of CXCR4 and US28 heteromerization with Image 

Cross-Correlation Spectroscopy 

Oligomerization of G-protein coupled receptors (GPCRs) have been reported to regulate ligand 

binding, signaling and receptor trafficking. The human cytomegalovirus (HCMV) encode viral 

GPCRs that interfere with cell signaling to facilitate the spread of the virus. Here, I determined 

the oligomerization between the human cytokine receptor CXCR4 and the HCMV-encoded 

GPCR US28 with image cross-correlation spectroscopy (ICCS). 

6.1. Motivation and Introduction 

GPCRs are the largest group of membrane receptors in eukaryotic cells and are involved in a 

diverse range of cellular functions. Structurally, they consist of 7 transmembrane α-helices 

(Figure 6.1). As the name implies, GPCRs interact with G proteins in the plasma membrane. 

Ligand binding to the receptor triggers a conformational change which subsequently activates 

the associated G protein. The activated G protein can then activate further downstream 

signaling pathways. 

  

Figure 6.1. X-ray crystal structure of the human chemokine receptor CXCR4, a member of the GPCR 

family (PDB ID: 3ODU) [128]. The protein exists as a homodimer. (A) Side view showing the 

transmembrane helixes 1 to 7 colored red, orange, yellow, green, cyan, blue and magenta in that order. 

(B) Top view with labels indicating the position of each helix. Helices 4 and 5 form the dimerization 

interface. 
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Certain herpesviruses, such as HCMV, Epstein-Barr virus (EBV) and Kaposi’s sarcoma 

associated herpesvirus (KSHV) express viral GPCRs [129, 130]. These GPCRs resemble 

human GPCRs in structure and function and are likely to have been derived from homologues 

within the human genome. Having acquired certain unique properties, such as constitutive 

activity and the ability to bind a wide range of human chemokines, these viral GPCRs are able 

to interfere with host cell signaling for the benefit of the virus, aiding in immune evasion and 

viral dissemination [131]. HCMV-encodes four GPCRs US28, US27, UL33 and UL78, of 

which US28 is the best characterized. US28 is constitutively active and binds a wide range of 

chemokines [132]. By doing so, it competes with human chemokine receptors for chemokine 

binding and potentially reduces immune responses at the site of inflammation [133]. The 

constitutive activity of US28 may also modulate intracellular signaling to aid in virus 

replication. One of its downstream effects is the activation of the HCMV immediate-early 

promoter/enhancer [134]. Additionally, US28 can act as a HIV coreceptor in certain cell types 

[135-138]. 

The human chemokine receptor CXCR4 is a promising target for manipulation by HCMV-

encoded GPCRs as it is expressed on the target cells of HCMV infection [139]. CXCR4 

activation is associated with cell migration and proliferation of non-hematopoietic cells [140]. 

It is also the principal HIV-1 entry coreceptor [141-144]. CXCR4 has been shown to form 

homodimers (Figure 6.1) [128, 145, 146] as well as various heterodimers [147, 148]. A study 

of US28 and CXCR4 by Frank et al. [149] showed that US28 attenuated CXCR4 receptor 

function and surface expression, but failed to conclusively show heteromerization between the 

two GPCRs using bioluminescence complementation (BiLC) and bioluminescence energy 

transfer (BRET) assays. These assays involved the use of Renilla luciferase to detect protein-

protein interactions. In BiLC, the proteins-of-interest are tagged with split fragments of 

luciferase. Upon interaction of the tagged proteins, the luciferase fragments combine to form a 
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functional luciferase, whose chemiluminescence can be measured [150, 151]. BRET involves 

a process similar to FRET, except the donor molecule is luciferase, a chemiluminescent 

molecule, rather than fluorophore. The acceptor is a fluorescent protein (YFP or GFP) [152]. 

Emission in the acceptor channel upon luciferase activation indicates binding between the two 

labeled species. For Frank et al., BiLC suggested a weak interaction between US28 and 

CXCR4, but BRET did not detect an interaction [149]. However, it remains unclear if these 

assays are sensitive enough to detect an interaction between US28 and CXCR4, especially 

when it is in competition with the homodimerization of CXCR4. 

Here, I measured the interaction between CXCR4 and US28 using ICCS. I optimized the 

exposure scheme for ICCS on a home-built TIRF microscope. Using this exposure scheme, I 

imaged the ventral plasma membrane of HEK293T cells expressing various combinations of 

GFP- or mCherry tagged CXCR4 and US28. ICCS analysis confirmed the homo-dimerization 

of CXCR4 as well as the heteromerization of US28 and CXCR4. 

6.2. Key results 

6.2.1. Optimization of exposure scheme for ICCS 

In ICCS, images from two fluorescence channels are spatially cross-correlated. Interaction 

between two differently labeled species results in a non-vanishing cross-correlation amplitude. 

To avoid cross-correlation of the signals due to spectral crosstalk, the laser excitations must be 

alternated to obtain crosstalk-free images in both channels. This is achieved through ALEX on 

the millisecond timescale and a typical excitation/exposure scheme is shown in Figure 6.2A 

(top panel). However, ALEX was initially created for single-molecule FRET studies [33-35] 

and consequently both cameras are triggered together each time either one of the lasers are 

activated. This introduces a delay between the green and red exposures due to the time it takes 

for i) the exposure in a channel to complete and ii) the camera to readout the image recorded 
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on its sensor. This delay decreases the spatial cross-correlation amplitude as the labeled species 

would move during this period. This was undesirable, especially since there were already other 

factors at play which would limit the potential cross-correlation amplitude, such as the 

potentially weak interaction between US28 and CXCR4, competition from CXCR4 

homodimerization, as well as incomplete maturation of mCherry leading to a fraction of the 

labeled species existing in a dark state [123]. Therefore, to improve the sensitivity of ICCS, the 

time delay between the exposures in each color channel must be minimized. 

To avoid crosstalk, the exposure in each channel to be completed before the exposure in the 

other channel can begin, so the green-red delay due to the exposure time of each frame is 

unavoidable. However, the delay introduced by the camera readout can be reduced. The Andor 

EMCCD cameras used in this project (see Section 6.4.3) feature a frame-transfer mode [153] 

in which, instead of directly reading out the charge from the sensor area, the accumulated 

charge on the sensor is rapidly shifted to a masked storage region that is then read out by the 

camera. This masked region therefore acts as a buffer, allowing the sensor to be cleared of 

accumulated charges and readied for the next exposure in a few milliseconds instead of having 

to wait for the readout to complete, which takes ~30 ms for a full-sized 512-by-512 pixel image. 

However, in this mode the minimum exposure time or repetition rate is still limited to the 

readout rate, as the camera must wait for the readout of the buffer region (the previous frame) 

to complete before transferring charges from the sensor region (the current frame). 

We therefore created a modified ALEX scheme specifically optimized for ICCS. Unlike typical 

ALEX, the green and red cameras are not simultaneously exposed when either laser is triggered. 

Rather, the exposure of each camera was synchronized to its respective laser, so that the red 

laser and camera was triggered immediately after the green camera exposure was complete 

(Figure 6.2A). An additional delay was introduced between frames to allow for camera readout 

to be completed. This scheme allowed an arbitrarily low delay (as low as the green exposure 
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time) between the green and red exposures to be achieved. Unlike ALEX with frame-transfer 

mode, arbitrarily low exposure times can be used regardless of the image size. The reduction 

in green-red delay improves the normalized cross-correlation amplitude (Figure 6.2B). 

 

Figure 6.2. Optimization of the excitation scheme for ICCS. (A) Excitation and exposure schemes for 

typical ALEX (top) and the modified exposure scheme (bottom). For ALEX, the minimum delay 

between green and red exposures is the sum of the exposure time and readout time. In the modified 

scheme, red exposure begins immediately after green exposure is finished, without waiting for the 

readout of the green camera to finish. (B) Mean and SEM of the normalized spatial cross-correlation 

amplitude of HEK293T cells transfected with palm-GFP-mCherry at different exposure times using the 

modified excitation scheme.  The spatial cross-correlation amplitude (GCCF) was normalized against the 

spatial auto-correlation amplitudes in green (Gg,ACF) or red (Gr,ACF). n = 4 cells. 

6.2.2. Detection of CXCR4 homo- and heteromerization using ICCS 

To detect CXCR4 homo- and heteromerization, I performed ICCS on TIRF images of 

HEK293T cells co-expressing various combinations of CXCR4-GFP, CXCR4-mCherry US28-

GFP and US28 mCherry fusion proteins. The cells were imaged at 37°C in Fluorobrite DMEM 

(Invitrogen). The cells co-transfected with CD86-GFP and CD86-mCherry were used as the 

negative control, as the protein is known to exist as a monomer [154, 155]. Cells transfected 

with palm-GFP-mCherry were used as the positive control. An example of each type of 

transfected cell is shown in Figure 6.3A. The fraction of the red and green fluorescent species 
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involved in cross-correlation was calculated by normalizing the SCCF amplitude (GCCF) 

against the SACF amplitude in green (Gg,ACF, Figure 6.3B) and red (Gr,ACF, Figure 6.3C) 

respectively (see equation (20), Chapter 3.1.2). Note that this was only done to account for 

variations in the expression levels of the GFP- and mCherry-tagged species across different 

cells and repeats. Quantification of the actual fraction of bound species would require knowing 

the relative fractions of the fluorescent and dark states of the fluorescent proteins [64], 

particularly that of mCherry, which is known to exhibit a dark state due inefficient maturation 

[123]. Determination of the fraction of the dark state was not feasible with our experimental 

setup, but the normalizations nevertheless facilitate comparisons across the different 

combinations of proteins. 

A positive SCCF amplitude could be detected on cells co-transfected with CXCR4-

GFP/CXCR4-mCherry, which confirmed its existence as a homodimer (Figure 6.3B and C). 

The negative control CD86-GFP/CD86-mCherry showed no detectable cross-correlation, 

suggesting that the image post-processing prior to ICS analysis (see Chapter 6.4.4) were 

effective. The positive control palm-GFP-mCherry showed a much higher amplitude. This is 

not surprising, as the control consisted of a covalently linked GFP-mCherry pair, while the 

CXCR4-GFP/CXCR4-mCherry homodimerization would inevitably be in competition against 

same-color homodimers (CXCR4-GFP/CXCR4-GFP and CXCR4-mCherry/CXCR4-

mCherry). The calculation fraction of interacting species is much lower than 1 in all cases, 

including the positive control, which is expected due to incomplete maturation of mCherry and 

the green-red camera delay as discussed in the previous section. 
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Figure 6.3. CXCR4 homo- and heteromerization detected by ICCS. (A) Examples of HEK293T cells 

transfected with (from top to bottom) palm-GFP-mCherry, CD86-GFP/CD86-mCherry, CXCR4-

GFP/CXCR4-mCherry, CXCR4-GFP/US28-mCherry and US28-GFP/CXCR4-mCherry. For each 

example, (from left to right) the composite color image of the cell, the SACF in green (GFP), the SACF 
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in red (mCherry), and the SCCF are shown. (B) and (C) Plots of the mean and SEM of the spatial cross-

correlation amplitude (GCCF) normalized against the spatial auto-correlation amplitudes in (B) green 

(Gg,ACF) or (C) red (Gr,ACF). n = 16 for CD86-GFP/CD86-mCherry, 25 for palm-GFP-mCherry, 24 for 

CXCR4-GFP/CXCR4-mCherry, 25 for CXCR4-GFP/US28-mCherry, 21 for US28-GFP/CXCR4-

mCherry, 8 for CD86-GFP/US28-mCherry and 8 for US28-GFP/CD86-mCherry. Dunnett’s 

comparison test were performed between each protein pair involving at least one CXCR4 and the 

negative controls involving at least one CD86 (ns: p > 0.05; *: p < 0.05; **: p < 0.01; ***: p < 0.001; 

****: p < 0.0001). 

Cells co-transfected with US28-GFP/CXCR4-mCherry and CXCR4-GFP/US28-mCherry also 

showed an average normalized SCCF amplitude that was significantly higher than the negative 

control CD86-GFP/CD86-mCherry (p < 0.0001) as well as the additional controls pairing 

US28 with CD86 (p values range from p < 0.001 to p < 0.05 depending on the datasets 

compared). This suggests that US28 shows preferential binding to CXCR4 compared to the 

control partner CD86. The fraction of bound CXCR4 was comparable between US28-

GFP/CXCR4-mCherry and CXCR4-GFP/CXCR4-mCherry homodimerization pair (p > 0.05, 

Figure 6.3B). For the reciprocal case of CXCR4-GFP/US28-mCherry, the average fraction of 

bound CXCR4 exceeded that of the CXCR4-GFP/CXCR4-mCherry (p < 0.01, Figure 6.3C). 

These results suggest that US28 is acting in competition against CXCR4 homodimerization, 

and has equivalent or higher binding affinity to CXCR4 than the homodimerization reaction.  

6.3. Outlook 

In this study, ICCS was used to perform interaction studies for viral and human GPCRs in the 

membrane of living cells. Despite the inherent inhomogeneity in the image data of membrane 

proteins, the image correction methods adapted from ARICS proved effective in removing 

correlation artefacts while preserving real interactions, as seen in the consistency of the results 

for the negative and positive controls. We were also able to detect CXCR4 homodimerization, 

which is consistent with the established literature for this protein [128, 145, 146]. In addition, 

our results also show that the viral GPCR US28 binds to CXCR4 in competition against the 

homodimerization reaction of the human GPCR. These results contradict the previous 

conclusions by Frank et al. that US28 does not directly bind to CXCR4 based on BRET assays 
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[145]. However, as the remainder of our results are consistent with the available literature, we 

argue that our data, obtained by direct imaging of individual living cells, are more likely to 

reflect the actual behavior of US28 than the bulk measurements by Frank et al. Our results are 

also more consistent with the track record of US28 in its prolific binding with other human 

chemokines [132]. ICCS here proves itself to be a capable technique for detecting protein 

interactions in situ. The image acquisition and processing techniques developed here are also 

widely applicable to other interaction studies, particularly those involving membrane proteins. 

6.4. Methods 

6.4.1. Plasmids 

The palm-GFP-mCherry plasmid was created by subcloning the palmitoylation sequence of 

p63RhoGEF (coding sequence for amino acids 1-29) [156] into the AgeI site of the peGFP-

mCherry plasmid, which was previously reported [31] and based on peGFP-C1 (Clontech, 

France). The CXCR4-GFP, CXCR4-mCherry, CD86-GFP, CD86-mCherry, US28-GFP and 

US28-mCherry fusion protein expression plasmids were based on the pcDNA5 backbone and 

provided by Nuska Tschammer. 

6.4.2. Cell culture and transfection 

HEK 293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM GlutaMAX; 

Gibco) supplemented with 10 % fetal bovine serum (FCS; Thermo Fisher Scientific). Cells 

were seeded on Labtek II slides (Thermo Fisher Scientific) coated with poly-L-lysine at a 

density of 3 × 104 cells per well in 400 µl culture media 24 h prior to transfection. Xtreme-

Gene 9 transfection reagent (Roche) was used for transfection according to the manufacturer’s 

protocol. 20 ng of plasmid DNA was transfected for palm-GFP-mCherry and 100 ng for the 

CXCR4 constructs. For co-transfections a total of 200 ng of plasmid DNA was used per well 
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at a 1:1 ratio. At 20-24 hpt, the culture media was replaced with FluoroBrite DMEM and the 

slides were transferred to the microscope for imaging. 

6.4.3. Fluorescence imaging for ICCS 

Images were acquired on a Nikon Eclipse Ti microscope with home-built excitation and 

detection pathways. A 100x oil immersion objective (Apo-TIRF 100x Oil/NA 1.49, Nikon) 

was used for all measurements. Samples were excited with 488 nm (MLD, Cobolt) and 561 nm 

(Jive, Cobolt) diode lasers coupled to an AOTF (PCAOM LFVIS5, Gooch & Housego) 

controlled by a FPGA unit (cRIO-9074, National Instruments). The fluorescence emission was 

separated from excitation pathway with a triple line 488/561/642 beamsplitter. The donor and 

acceptor emission were separated using an additional 561 longpass beamsplitter and were then 

spectrally filtered using 525/50 and 630/69 bandpass filters respectively before being detected 

on separate EMCCD cameras (DU-897, Andor). The camera exposure was synchronized to 

laser excitation through the FPGA unit and a self-written Labview program. The samples were 

excited for 20 ms at 488 nm followed immediately by 20 ms at 594 nm. An additional 40 ms 

delay was introduced between frames to allow camera readout to be completed. 300 frames 

were acquired in each color for each cell. 

6.4.4. Image post-processing for ICCS 

Cell membranes contain inherent inhomogeneity, which create artefacts on correlation 

functions. To minimize artefacts introduced by cellular inhomogeneity in the image, I adapted 

the ARICS approach (Chapter 3.2.3) to ICS. A 20-frame moving average correction was 

applied to remove relatively static structures in the image. In addition, a per-frame intensity 

threshold was applied to exclude the background as well as particularly bright or dark spots in 

the image of the cell. The frame range of 20 used for the moving average was larger than that 

of ARICS (typically 3) as the frame rate in these experiments (60 ms per frame) are much faster 
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than that of typical CLSM frame rates (around 1 s per frame). In theory, what remains are the 

dynamic, fast fluctuations in the fluorescence signal as a result of diffusion or other dynamic 

processes (Figure 6.4). The post-processing and correlation spectroscopy was performed using 

the Microtime Image Analysis (MIA) module of the software package PIE analysis with 

MATLAB (PAM) [157]. 

 
Figure 6.4. Effect of corrections on the SACF of the mCherry channel in a cell transfected with palm-

GFP-mCherry. 
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7. Measuring histone diffusion in live mouse embryos using 

RICS 

This project studies the phase separation of mouse heterochromatin in the early stages of 

mammalian embryogenesis. Together with Manuel Guthmann and Irene Gialdini, I performed 

live-cell imaging on fertilized mouse embryos at the 2-cell stage. Using ARICS analysis, we 

extracted the diffusion coefficient and concentration of histone H3.1 inside and outside 

pericentromeric heterochromatin, which was identified by tagging and imaging in a second 

color channel simultaneously. A copy of the submitted manuscript is included in Appendix III. 

A phase transition accompanies heterochromatin formation in mouse embryos by Manuel 

Guthmann, Chen Qian, Irene Gialdini, Tsunetoshi Nakatani, Andreas Ettinger, Igor 

Kukhtevich, Robert Schneider, Don C. Lamb, Adam Burton & Maria-Elena Torres-Padilla. 

Manuscript submitted for publication. (2021) 

7.1. Motivation and Key Results 

The majority of eukaryotic genomes exist in the form of heterochromatin, a highly compacted 

structure that suppresses the expression and mutational potential of the genetic sequences 

within. In mammals, heterochromatin formation at pericentromeric regions of the 

chromosomes is accompanied by a spatial reorganization into domains containing multiple 

chromosomes, known as chromocenters. The major satellite repeats that constitute the 

pericentromeric heterochromatin in mice undergo a dramatic remodelling in their shape and 

nuclear positioning during the 2-cell stage, changing from a ring-like configuration around the 

nucleoli precursors into spherical chromocenters [158-160]. This organization persists 

subsequently throughout development and differentiation. 

While several molecular pathways are known to contribute to heterochromatin formation, the 

potential contributions of its biophysical properties to this process is unknown. In Drosophila 
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embryos, heterochromatin displays condensation behavior via liquid-liquid phase separation 

(LLPS) [161]. Whether mammalian heterochromatin displays similar properties has been 

debated [162-165]. In mouse embryos, the changes in the shape of heterochromatin during the 

formation of chromocenters result in the formation of spherical domains that are characteristic 

of LLPS. We thus sought to quantify the biophysical properties of pericentromeric chromatin 

after fertilization. 

As part of the study, RICS was employed to measure the concentration and diffusion 

coefficients of histone H3.1, which is a component of pericentromeric chromatin [166]. Phase 

separation of embryonic heterochromatin should result in a distinct change in H3.1 

concentration and diffusion coefficient within pericentromeric chromatin compared to the 

surrounding nucleoplasm [161, 167]. To distinguish pericentromeric chromatin from the 

surrounding nucleoplasm, TALE-MajSat-mClover was co-expressed with SNAP-H3.1 in 2-

cell stage mouse embryos. SNAP-Cell 647-SiR (NEB) was used to label SNAP-H3.1 prior to 

imaging with CLSM. TALE-MajSat-mClover bound to the major satellite repeats (MajSat) in 

heterochromatin and provided a means of delimiting the heterochromatin domains using an 

intensity threshold (Figure 7.1A). The resulting masks were then used for the ARICS analysis 

of SNAP-H3.1 in the respective regions. We found that the SNAP-H3.1 diffusion coefficient 

is lower in the heterochromatin domain compared to the nucleoplasm (Figure 7.1B) and its 

concentration was higher inside the heterochromatin domain (Figure 7.1C). These results 

support the idea of pericentromeric heterochromatin being a phase-separated domain. 
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Figure 7.1. RICS analysis of histone H3.1 in 2-cell mouse embryos. (A) An example of the RICS 

analysis procedure on images of a mouse embryo. An exclusion mask (red overlay) was generated by 

intensity thresholding in the mClover channel (left column) and applied to the H3.1 channel (right 

column) for arbitrary-region RICS. Plots of the corresponding SACFs in the respective image regions 

and the fitted free-diffusion function are shown on the right. Violin plots of (B) SNAP-H3.1 diffusion 

coefficient and (C) concentration in the nucleoplasm and pericentromeric heterochromatin (MajSat) 

regions at the 2-cell stage. Horizontal lines indicate the 25th, 50th and 75th percentiles in the violin plots. 

n = 54 cells. Statistical analysis was performed using the two-sided Mann–Whitney U-test (***: p < 

0.001). 

The RICS data is also consistent with fluorescence recovery after photobleaching (FRAP) 

experiments conducted by our collaboration partners. Here, H3.1 showed slower recovery 

kinetics inside the pericentromeric heterochromatin region compared to the nucleoplasm, 

despite there being a similar mobile fraction of H3.1 in both regions. In combination with the 

RICS data, this suggested that embryonic heterochromatin forms a liquid phase-separated 

domain in the early stages of embryonic development. 
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7.2. Outlook 

The study provided novel insights into chromatin organization in the early stages of 

embryogenesis. Arbitrary-region RICS provided a means to directly observe and quantify the 

diffusion and concentration of labelled histone H3.1 inside the nuclei of living mouse embryos, 

thereby giving information about the surrounding liquid environment with high spatial 

resolution. This observation would be otherwise difficult or impossible to achieve with other 

biochemical methods. 
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8. Summary and Conclusion 

The central theme of this thesis is the application of quantitative fluorescence microscopy to 

follow dynamic processes in living cells. Living cells present a significant challenge for 

quantitative imaging in general, as the noisy, inhomogeneous and highly variable cellular 

background often masks the objects and signals that one is interested in. In addition, to reduce 

the effects of phototoxicity and photobleaching, live-cell fluorescence imaging is often 

performed with lower laser powers compared to in vitro equivalents, especially when imaging 

the same sample over extended periods of time. This reduces the signal-to-noise and a fine 

balance must be achieved to meet the requirements of both the cells and the methodology. 

As a result of the complexities in live-cell imaging, we are often required to computationally 

process the images to extract the relevant regions for analysis. This is a common theme through 

all the projects in this thesis. In Chapter 4, I used a combination of FLIM and SPT to follow 

Gag processing and rearrangement in individual HIV-1 particles. It was necessary to track the 

HIV-1 assembly sites and nascent particles before extracting the fluorescence lifetime from the 

corresponding positions in the lifetime images. This gave us information about the behavior of 

individual particles as they journeyed through the various stages of assembly and release. 

Compared to the in vitro imaging of HIV-1 particles in the same project, where populations of 

mature and immature viruses were easily distinguishable, the live-cell experiments carried an 

additional layer of complexity. However, it was only through the live-cell experiments that we 

were able to obtain information regarding the timing and dynamics of Gag processing and 

rearrangement in an asynchronous virus population. 

In Chapter 5, I helped to develop a method for quantitative FRET measurements in live-cells. 

The plethora of processing and corrections necessary for FRET quantification, as well as the 

additional complexities introduced by imaging fluorescent proteins in live-cells, make the 
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comparison of results across different experiments, instruments, and laboratories difficult. A 

number of methods have been proposed to quantify FRET in live-cell imaging experiments, 

but there is no consensus on which method produces FRET efficiencies that are comparable 

across different instruments. By adapting the theory of single-molecule FRET studies, where a 

consensus exists on the method of correction, we introduced a FRET quantification method 

that has simple instrumentation and calibration requirements, is robust, and produces FRET 

efficiencies that are comparable across different setups. 

In Chapters 6 and 7, ICS and RICS were used respectively for the analysis of live-cell images. 

In Chapter 6, I adapted previously established correction methods for ARICS to ICS, applying 

a moving average subtraction to remove static structures in the images as well as intensity 

thresholds to restrict the analysis to only the regions of interest. With this, I was able to measure 

the homodimerization of the human GPCR CXCR4 as well as its interaction with the viral 

GPCR US28. In particular, previous bulk biochemical assays failed to detect any interaction 

between US28 and CXCR4, but ICCS provided unambiguous proof that such an interaction 

exists in a live-cell environment. In Chapter 7, ARICS was applied to study histone diffusion 

in mouse embryos. The ability to segment the image by applying intensity thresholds in one 

channel and performing RICS on the resulting arbitrarily-shaped regions in a second channel 

was particularly useful here. It allowed us to identify the different diffusion behaviors of 

histones in- and outside of the heterochromatin regions, supporting the conclusion that 

embryonic heterochromatin is in a liquid phase-separated domain. 

In summary, this thesis highlights the power of fluorescence microscopy in studying dynamic 

cellular processes and addresses some of the challenges posed by the complexities of a live-

cell environment. Advanced fluorescence microscopy methods such as FLIM and RICS are 

combined with computational image processing and segmentation to extract quantitative 

information about the dynamic behavior of viruses and proteins in a wide range of cellular 
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environments. As fluorescence technologies continue to develop alongside new biological and 

biochemical tools, fluorescence microscopy will no doubt continue to provide important and 

unique insights into the internal working of cells and viruses. 
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.../012345/6789:6;502;<;645=742:.../012345/6789:6;502;<;645=742:9>?@AABCDEA	FGHIFJI	HKK@LHC?AMN	OP	MQF>C?FJI	@HKFRSP	EA>QAAJ	EL>?	ATCF>H>FLJ	MLD@CAMU	HJR	MKSF>>FJI	>?A	AGFMMFLJ	FJ>L	>QL	C?HJJASM	LJ	>?A	CHGA@HU	QA	HCVDF@A	FJ	>QL	MDCCAMMFWA	MJHKM?L>M	XLD@	FGHIAMYZ[[Y	>?A	RA>AC>AR	MFIJHS	FJ	>?A	RLJL@	C?HJJAS	H\A@	ATCF>H>FLJ	H>	>?A	RLJL@	QHWASAJI>?UZ[]Y	>?A	RA>AC>AR	MFIJHS	FJ	>?A	HCCAK>L@	C?HJJAS	H\A@	ATCF>H>FLJ	H>	>?A	RLJL@	QHWASAJI>?UZ]]Y	>?A	RA>AC>AR	MFIJHS	FJ	>?A	HCCAK>L@	C?HJJAS	H\A@	ATCF>H>FLJ	H>	>?A	HCCAK>L@	QHWASAJI>?N^A	XLD@>?	FGHIA	Z][	CLJ>HFJM	JL	FJXL@GH>FLJU	LJSP	JLFMAU	HJR	FM	RFMCH@RARN	_J	K@FJCFKSAU	LJSP	Z[[	HJR	Z[]	H@A	MD̀ CFAJ>	>L	CHSCDSH>A	>?A	>@HJMXA@	ÀCFAJCPN	̂H>	QLDSR	EA	>?A	CHMA	FX	>?A	K?L>LJM	CLGFJI	X@LG	>?A	RLJL@	HJR	>?A	HCCAK>L@	?HR	>?A	MHGA	RA>AC>FLJ	ÀCFAJCPN	_J	K@HC>FCAU	F>	FM	JL>	KLMMFESA	>L	?HWA	MDC?	HJ	FJM>@DGAJ>	HJRU	MAWA@HS	CL@@AC>FLJM	GDM>	EA	CLJMFRA@AR	>L	IA>	DJEFHMAR	VDHJ>F>H>FWA	abcd	ÀCFAJCFAMN	̂A	>?F@R	FGHIAU	Z]]U	FM	FJRAKAJRBAJ>	X@LG	>?A	abcd	ÀCFAJCP	ED>	FM	@AVDF@AR	>L	CHSCDSH>A	HSS	>?A	JACAMMH@P	CL@@AC>FLJ	XHC>L@MNeJA	CHJ	Q@F>A	>?A	FJ>AJMF>P	LX	>?A	>?@AA	>PKAM	LX	MFIJHSM	HM	H	XDJC>FLJ	LX	>?A	K?L>LK?PMFCHS	HJR	FJM>@DGAJ>HS	KH@HGA>A@MU	>?A	JDGEA@	LX	RLJL@U	f[U	HJR	HCCAK>L@U	f]U	gDL@LK?L@AM	FJ	>?A	CLJMFRA@AR	KFTAS	HJR	>?A	abcd	K@LEBHEFSF>PU	hY i jklZ fm nop]] ]] ]qr] ]]sqt]qui jkl vZ fm hno p nwp[[ [ [ [qr[ [ [sqt[qui jk i jk i jkl x v xZ fm h fm h fmno p nyp[] [ [ [qr[ ]]sqt]qu [ [ [qr[ []sqt[qu ] [ [qr] ]]sqt]quQ?A@A	mz	FM	>?A	ATCF>H>FLJ	FJ>AJMF>P	H>	>?A	QHWASAJI>?	C?LMAJ	XL@	ATCF>H>FLJ	LX	gDL@LK?L@A	zU	iz{	FM	>?A	HEML@K>FLJ	C@LMM	MAC>FLJ	LX	{	H>	>?A	ATCF>H>FLJ	QHWASAJI>?	LX	zU	jz	FM	>?A	VDHJ>DG	PFASR	LX	z	HJR	kz{	FM	>?A	RA>AC>FLJ	ÀCFAJCP	LX	K?L>LJM	AGF>>AR	EP	{	FJ	>?A	RA>AC>FLJ	C?HJJAS	zN	̂A	ATK@AMMFLJ	LX	Z]]	FM	>?A	MFGKSAM>	HM	F>	LJSP	RAKAJRM	LJ	MKACFAM	]	nHCCAK>L@pN	aL@	Z[[U	LJA	?HM	>L	>H|A	FJ>L	HCCLDJ>	>?A	K@LEHEFSF>P	>L	>@HJMXA@	AJA@IP	>L	>?A	HCCAK>L@U	hU	HM	HCCAK>L@	K?L>LJM	H@A	JL>	RA>AC>AR	FJ	>?FM	C?HJJASN	aFJHSSPU	>L	ATK@AMM	Z[]U	>?A	abcd	FGHIAU	JL>	LJSP	>?A	MFIJHS	CLGFJI	X@LG	abcd	AWAJ>M	GDM>	EA	>H|AJ	FJ>L	HCCLDJ>	ED>	HSML	>?A	>QL	C@LMM>HS|	>A@GMY	nFp	>?A	ESAAR>?@LDI?	LX	K?L>LJM	AGF>>AR	EP	>?A	RLJL@	FJ>L	>?A	HCCAK>L@	C?HJJAS	HJR	nFFp	>?A	RF@AC>	ATCF>H>FLJ	LX	HCCAK>L@	GLSACDSAM	QF>?	>?A	RLJL@	MKACF}C	QHWASAJI>?N	~LGA	LX	>?A	KH@HGA>A@M	FJ	>?A	HELWA	AVDH>FLJM	H@A	RF̀CDS>	>L	GAHMD@AN	�A	XLSSLQ	H	K@HIGH>FCHS	HKK@LHC?	HJR	HWLFR	>?A	MPM>AGH>FC	RA>A@GFJH>FLJ	LX	HSS	>QASWA	DJ|JLQJMN	aF@M>U	QA	CHJ	MFGKSFXP	>?A	ATK@AMMFLJM	EP	RA}JFJI	H	ESAAR>?@LDI?	CL@@AC>FLJ	XHC>L@	HM	���	HJR	H	RF@AC>	ATCF>H>FLJ	CL@@AC>FLJ	XHC>L@	HM	�[hN	�RRF>FLJHSSPU	H	CL@@AC>FLJ	XHC>L@	XL@	>?A	RF�A@AJ>	RA>AC>FLJ	ÀCFAJCFAM	FJ	EL>?	C?HJJASM	FM	RA}JAR	HM	��U	HJR	MFGFSH@SP	H	CL@@ACB>FLJ	XHC>L@	XL@	>?A	RF�A@AJ>	ATCF>H>FLJ	ÀCFAJCFAM	FJ	EL>?	C?HJJASM	FM	RA}JAR	HM	��� kk � ii � jkjk � iil l l lmm mmHJR n�p�� ]sqt[qu[sqt[qu [h [ [qr]] ]qr] � ]]sqt]qu[ [sqt[qu � ] ]qr][ [qr[�AJCAU	>?A	JL>H>FLJ	FM	MFGKSFXFAR	HJR	EP	FJWA@>FJI	>?A	K@AWFLDM	MA>	LX	AVDH>FLJM	nMAA	~DKKSAGAJ>H@P	_JXL@GH>FLJpU	QA	LE>HFJ	>?A	abcd	K@LEHEFSF>PY � �� � �l v vv v xh Z Z ZZ Z Z Z n�p[] ��[[ [h]][] ��[[ [h]] � [[_J	HRRF>FLJU	HM	FJ	�AA	qt	��Nw�U	QA	RA}JA	>?A	M>LFC?FLGA>@P	HM	>?A	@ASH>FWA	HGLDJ>	LX	RLJL@	GLSACDSAM	QF>?	@AMKAC>	>L	>?A	>L>HS	JDGEA@	LX	gDL@LK?L@AM	FJ	AHC?	KFTASYl x� ff f n�p[[ ]a@LG	cVMN	nop	HJR	nwpU	QA	RA@FWA	ATK@AMMFLJM	XL@	f[	HJR	f]	HJR	FJMA@>	>?AG	FJ>L	cVN	n�pN	OP	MFGKSFXPFJI	QF>?	>?A	ATCF>H>FLJ	CL@@AC>FLJ	XHC>L@	��	RA}JAR	FJ	cVN	n�pU	cVN	n�p	@ARDCAM	>LY� hoo no p n�pZZ o]][[ � �l x v��dL	RACLDKSA	M>LFC?FLGA>@P	HJR	abcd	K@LEHEFSF>PU	QA	@AKSHCA	h	EP	>?A	ATK@AMMFLJ	IFWAJ	FJ	cVN	n�pN	aFJHSSP	>?A	M>LFC?FLGA>@P	@AHRMY � � �� � � �l v v xv v x x� Z Z Z ZZ Z Z Z Z� n�p[] ��[[ [h]] � [[[] ��[[ [h]] � [[ ]] �OP	FJCSDRFJI	>?A	C@LMM>HS|	CL@@AC>FLJM	FJ>L	H	CL@@AC>AR	abcd	FGHIAU	 � �l v vZ Z Z Z[]���� [] ��[[ [h]]U	QA	LE>HFJ	>QL	GHM>A@	AVDH>FLJM	RA}JFJI	>?A	abcd	K@LEHEFSF>P	HJR	>?A	M>LFC?FLGA>@P	FJ	AHC?	KFTASY
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.../012345/6789:6;502;<;645=742:.../012345/6789:6;502;<;645=742:9 >? @A BB B CDEFGHIJJK FF FGHIJJ>> L? @@ @M B BB B BN COPEKFF FGHIJJK FF FGHIJJ GG QRSTU	V	WXY	Z	[WX	\]	[Ŵ[_̂WT]Y	̀aSb	TU]	TUa]]	]cd]aeb]XTŴ	ebWf]gh	B BhFF FG	WXY	BGGh	WXY	TU]	̀S_a	dWaWb]T]agh	i j >h hkl FA K	WXY	LQm	n̂ 	̂̀S_a	[Saa][TeSX	̀W[TSag	Wa]	Y]aeo]Y	̀aSb	TU]	Y]TWê]Y	]cda]ggeSXg	S̀	TU]	[Ŝ̂][T]Y	p_Sqa]g[]X[]	eXT]XgeTe]g	eX	TU]	TUa]]	Yer]a]XT	[UWXX]̂gm	s]	XSTWTeSXg	t]a]	[USg]X	W[[SaYeXf	TS	TU]	[SXg]Xg_g	eX	TU]	geXf̂]qbŜ][_̂]	u]̂Yvw	teTU	W	g_dd̂]b]XTŴ	g_d]ag[aedT	̀Sa	W	Yea][T	_XY]agTWXYeXf	S̀	TU]	aŜ]	S̀	]W[U	[Saa][TeSX	Ẁ[TSam	s]	[aSggTŴx	[Saa][TeSX	̀W[TSag	Wa]	Ŵa]WYy	teY]̂y	_g]Y	eX	TU]	zq[_\]	WddaSW[U]gvO	WXY	Wa]	gTaWefUT̀SatWaY	TS	[Ŵe\aWT]m	{bWfeXf	W	YSXSaqSX̂y	gWbd̂]h	eX	oeTaS	Sa	eX	[]̂̂_̂Sh	daSoeY]g	ikl|	gebêWâyh	ebWfeXf	WX	W[[]dTSaqSX̂y	gWbd̂]	daSoeY]g	jFAm	ikl	Y]d]XYg	SX̂y	SX	TU]	YSXSa	]beggeSX	gd][Ta_bh	TU]	ûT]a	g]T	WXY	TU]	gd][TaŴ	a]gdSXg]	S̀	TU]	[Wb]aWm	jFA	Y]d]XYg	SX	TU]	W[[]dTSa	]c[eTWTeSX	gd][Ta_b	\_T	ŴgS	SX	TU]	aWTeS	S̀	TU]	ê̂_beXWTeSX	dSt]a	eX	TU]	TtS	[UWXX]̂gm	}XY]a	TU]	gWb]	]cd]aeb]XTŴ	[SXYeTeSXg	CgWb]	p_SaSdUSa]gh	gWb]	ûT]a	g]T	WXY	ê̂_beXWTeSX	eXT]XgeTe]gEh	TU]	[aSggTŴx	[Saa][TeSXg	TS	\]	\aS_fUT	TS	BFG	Y]d]XY	SX̂y	SX	TU]	~_WXTeTy	S̀	\STU	p_SaSdUSa]gh	feo]X	\y	BFF	WXY	BGG	tUê]	ikl	WXY	jFA	Wa]	_X[UWXf]Yms]	TtS	STU]a	[Saa][TeSX	̀W[TSagh	>K	C���	̀Sa	VbeggeSXE	WXY	LQ	C���	̀Sa	Vc[eTWTeSXEh	Wa]	bSa]	Ye�[_̂T	TS	Y]T]abeX]m	>K	W[[S_XTg	̀Sa	TU]	Yer]a]X[]	eX	TU]	b]Wg_a]Y	p_Sa]g[]X[]	]beggeSX	tU]X	TU]	gWb]	X_b\]a	S̀	YSXSa	Sa	W[[]dTSa	bŜ][_̂]g	Wa]	]c[eT]Ym	�]X[]h	eT	eg	a]̂WT]Y	TS	TU]	~_WXT_b	ye]̂Y	WXY	TS	TU]	Y]T][TeSX	]�[e]X[y	S̀	TU]	g]T_d	eX	]W[U	[UWXX]̂m	LQ	W[[S_XTg	̀Sa	TU]	Yer]a]X[]	eX	]X]afy	W\gSadTeSX	̀Sa	]W[U	[UWXX]̂m	�]X[]h	eT	eg	a]̂WT]Y	TS	TU]	ê̂_beXWTeSX	eXT]XgeTy	WXY	TU]	W\gSadTeSX	[aSggqg][TeSX	S̀	]W[U	p_SaSdUSa]m	>K	UWg	Ŵa]WYy	\]]X	Y]g[ae\]Yh	eX	geXf̂]	bŜ][_̂]Ow	WXY	eX	̂eo]q[]̂̂	ebWfeXfvOm	Z]o]aŴ	eXYea][T	gTaWT]fe]g	UWo]	\]]X	Y]o]̂Sd]Y	TS	Y]T]aqbeX]	TU]	oŴ_]	S̀	>K�	W[[]dTSa	dUSTS\̂]W[UeXfvO�v�h	TU]	_g]	S̀	W	��V�	gWbd̂]	teTU	xXStX	��V�	]�[e]X[yvzh	WX	eXT]adŜWTeSX	̀aSb	TtS	[SXgTa_[TeSXg	teTU	o]ay	Yer]a]XT	��V�	oŴ_]gvD	Sa	W	uT	S̀	TU]	a]̂WTeSX	\]Tt]]X	MON	WXY		Av�m	LQ	UWg	\]]X	eXTaSY_[]Y	\y	�]]	��	��mv�	̀Sa	geXf̂]	bŜ][_̂]	]cd]aeb]XTg	WXY	W	gebêWa	dWaWb]T]a	UWg	ŴgS	\]]X	]bdeae[Ŵ̂y	eXTaSY_[]Y	\y	�U]X	��	��m	̀Sa	[]̂̂_̂Wa	]cd]aeb]XTgvDm	{̀	LQ	WXY	>K	Wa]	Y]T]abeX]Y	eXY]d]XY]XT̂yh	LQ	UWg	XS	]r][T	SX	TU]	��V�	]�[e]X[y	\_T	�_gT	SX	TU]	gTSe[UeSb]Tay	Cg]]	V~gm	CDE	WXY	COPEEm	ZeX[]	TU]	gTSe[UeSb]Tay	eX	geXf̂]	bŜ][_̂]	gT_Ye]g	eg	S�]X	̂ebeT]Y	TS	YSXSa	SX̂yh	W[[]dTSa	SX̂y	WXY	YSXSa�W[[]dTSa	[Sbd̂]c]gh	Z	YS]g	XST	X]]Y	TS	\]	xXStX	W[[_aWT]̂y	WXY	LQ	eg	XST	X][]ggWaym	�X	TU]	STU]a	UWXYh	t]	tê̂	gUSt	TUWT	M	[WX	\]	o]ay	_g]̀_̂	eX	êo]q[]̂̂	]cd]aeb]XTg	]o]X	tU]X	TU]	��V�	[SXgTa_[TeSX	UWg	W	t]̂̂qY]uX]Y	gTSe[UeSb]Taym�����������	��	���	 ���� ����	�� ���¡¢	�WoeXf	Y]g[ae\]Y	TU]	TU]Say	Yea][T̂y	̀aSb	TU]	dUyge[Ŵ	dWaWb]T]ag	S̀	TU]	p_SaSdUSa]g	WXY	S̀	TU]	]cd]aeb]XTŴ	g]T_dh	TU]	Ye�[_̂T	dWaT	TS	W[Ue]o]	TU]	[Ŵ[_̂WTeSX	S̀	~_WXTeTWTeo]	��V�	eg	TS	Y]T]abeX]	TU]	̀S_a	[Saa][TeSX	̀W[TSagm	ng	b]XTeSX]Y	da]oeS_ĝyh	TU]	[aSggTŴx	[Saa][TeSX	̀W[TSag	Wa]	b]Wg_a]Y	̀aSb	YSXSaqSX̂y	WXY	W[[]dTSaqSX̂y	[]̂̂gh	WXY	[Ŵ[_̂WT]Y	Wg	TU]	aWTeSgi j? ?££ ££BB BBWXY COOEkl FG¤I¥IJI¥�¦FF¤I¥IJI¥�¦ FA FG�HH�§�IJI¥�¦GG�HH�§�IJI¥�¦s]g]	aWTeSg	Wa]	[Ŵ[_̂WT]Y	eX	]W[U	dec]̂	S̀	Ŵ̂	TU]	ebWf]Y	[]̂̂g	WXY	TU]	b]YeWX	oŴ_]	eg	TWx]Xm	s]	[Saa][TeSX	Ẁ[TSag	>K	WXY	LQ	[WXXST	\]	Y]T]abeX]Y	̀aSb	TU]	YSXSaqSX̂y	Sa	W[[]dTSaqSX̂y	gWbd̂]g	tU]a]	TU]	��V�	daS\Wq\êeTy	eg	]~_Ŵ	TS	̈]aS	CSa	XST	Y]uX]YEm	nXSTU]a	de][]	S̀	eX̀SabWTeSX	eg	X][]ggWay	WXY	eg	̀S_XY	eX	TU]	gTSe[UeSb]qTaym	V~_WTeSX	COPE	[WX	\]	a]taeTT]X	WgL> L@ ? ©B B MMBO h COvEQ K FF QFGHIJJ GGtUe[U	eg	TU]	]~_WTeSX	S̀	W	d̂WX]	eX	TU]	zª	gdW[]	Y]uX]Y	\y	«B B Bh hFF FGHIJJ GG¬m	{̀	TU]	gTSe[UeSb]Tay	eg	xXStXh	TU]	gTaWT]fy	eg	TS	uT	TU]	]cd]aeb]XTŴ	YWTW	B B B« h h ¬FF FGHIJJ GG	TS	W	d̂WX]	WXY	TU]a]\y	Y]T]abeX]	L>Q K	WXY	LQm	{̀	TU]	��V�	gWbd̂]	S̀	eXT]a]gT	UWg	WX	_XxXStX	gTSe[UeSb]Tayh	WXSTU]a	[Ŵe\aWTeSX	]cd]aeb]XT	UWg	TS	\]	bWY]	teTU	W	Y]uX]Y	gTSe[UeSb]Tay	��V�	daS\]m	­aW[Te[Ŵ̂yh	TU]	dec]̂	oŴ_]g	S̀	W	tUŜ]	YWTWg]T	C®	[]̂̂gE	Wa]	fWTU]a]Y	eX	TU]	o][TSag	?Q B B¯ h °FF FGHIJJ	WXY	?± B̄°GG	WXY	TU]	bWTaec	 >L L?G ¯ h °K Q Q	eg	Y]T]abeX]Y	_geXf	 ?QG ±	\y	W	̂]WgTqg~_Wa]	uTTeXf	WddaSW[Um	{̀	TU]	gWbd̂]	gUStg	SX̂y	SX]	��V�	oŴ_]	A	teTU	Yer]a]XT	p_Sa]g[]X[]	eXT]XgeTe]g	Cem]m	p_SaSqdUSa]	[SX[]XTaWTeSXgEh	TU]	dec]̂	oŴ_]g	tê̂	̀Sab	W	gTaWefUT	̂eX]	eX	TU]	zª	gdW[]	B B B« h h ¬FF FGHIJJ GG	C�efm	vEm	ng	W	a]g_̂Th	WX	eXuXeT]	X_b\]a	S̀	d̂WX]g	[WX	uT	TU]	YWTWg]Tm	�Sa	W	fSSY	Y]T]abeXWTeSX	S̀	LQ	WXY	>Kh	eT	eg	TU]a]̀Sa]	X][]ggWay	TUWT	TU]	��V�	oŴ_]g	S̀	TU]	YWTWg]T	Wa]	g_�[e]XT̂y	gda]WYm	s]	oeg_ŴëWTeSX	WXY	TU]	[Ŵ[_̂WTeSX	S̀	TU]	[Saa][TeSX	Ẁ[TSag	eX	TU]	zª	gdW[]	B B B« h h ¬FF FGHIJJ GG	eg	TU]	SaefeXŴeTy	S̀	TUeg	tSaxm	²]	[SbdWa]	S_a	WddaSW[U	teTU	TU]	TtS	STU]a	a]̂WT]Y	b]TUSYg	eX	TU]	̂WgT	g][TeSXm
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>?@@A>BC?D	EFB	GCBH	IJ	KDL	MN	E?BH	OAB	APFKQ	B?	RS	TA	>?DOB@F>BO	UVW	KDL	UXYW	L?	D?B	QCA	?D	K	H?@CZ?DBKQ	QCDA	GHA@AKO	BHA[	OH?FQL	HK\A	BHA	OK]A	OB?C>HC?]AB@[S	̂D	BHA	>?DB@K@[_	GCBH	BHA	>?]̀ QABA	>KQCE@KBC?D	?a	IJ	KDL	MN	bcCdS	XUe_	BHA	BG?	>Q?FLO	QCA	?D	K	H?@CZ?DBKQ	QCDA	>?@@AÒ?DLCDd	B?	f gh iV	bj̀AK@]KDkO	>?@@AQKBC?D	>?Al>CADB	EABGAAD	m	KDL	jn	of g f pqiiY_ V Rir	a?@	UVWsURtWsUXYWeSD̂>A	BHA	O[OBA]	HKO	EAAD	>KQCE@KBAL	GCBH	cumv	̀@?EAO	GCBH	K	wD?GD	OB?C>HC?]AB@[_	BHA	OB?C>HC?]AB@[	EA>?]AO	KD	?FB̀FB	?a	BHA	xFKDvCscumv	KDKQ[OCOS	vG?	KLLCBC?DKQ	cumv	OBKDLK@LO	GA@A	C]KdAL	FDLA@	BHA	OK]A	>?DLCBC?DO	KO	EAa?@A_	UWU	bY	L?D?@OnR	K>>ÀB?@e	KDL	WUW	bR	L?D?@nY	K>>ÀB?@OeYyS	zO	BHAOA	BG?	>?DOB@F>BO	GA@A	D?B	FOAL	B?	LABA@]CDKBA	MN	KDL	IJ_	D?	KOOF]̀ BC?D	GKO	]KLA	GCBH	@AÒA>B	B?	BHAC@	OB?C>HC?]AB@[S	{?BH	>?DOB@F>BO	GA@A	EFCQB	GCBH	BHA	OK]A	|F?@?̀H?@A	̀KC@	KDL	C]KdAL	FOCDd	BHA	OK]A	>?DLCBC?DO	b}QBA@	OAB_	QKOA@	̀?GA@_	>K]A@Ke_	HAD>A_	BHA	>KQCE@KBC?D	GKO	OBCQQ	\KQCLS	~@K>BC>KQQ[_	BHA	A�̀A@C]ADBKQ	@AOFQBO	dK\A	f g� gh r�� iY	a?@	UWU	bYy	>AQQOe_	GCBH	KD	A�̀A>BAL	\KQFA	?a	rr�_	KDL	f g� gh XVR iY	a?@	WUW	b�	>AQQOe_	GCBH	KD	A�̀A>BAL	\KQFA	?a	XX�	

������	��	TA	CD|FAD>A	?a	a@AA	L?D?@	?@	a@AA	K>>ÀB?@	CD	BHA	OK]̀ QAS	b�e	z	BHA?@ABC>KQ	jsm	HCOB?d@K]	GCBH	B@K�A>B?@CAO	>?@@AÒ?DLCDd	B?	BHA	KLLCBC?D	?a	a@AA	L?D?@	?@	a@AA	K>>ÀB?@	B?	K	>?DOB@F>B	GCBH	RnR	L?D?@	B?	K>>ÀB?@	@KBC?S	TA	EQFA	LCOw	@À@AOADBO	BHA	K@AK	GHA@A	̀F@A	L?D?@	OK]̀ QAO	G?FQL	K̀ ÀK@_	GHA@AKO	BHA	d@AAD	AQQC̀OA	CO	GHA@A	a@AA	K>>ÀB?@	OK]̀ QAO	G?FQL	K̀ ÀK@S	b�e	m�̀A@C]ADBKQ	HCOB?d@K]	?a	j	\A@OFO	m	a?@	>?DOB@F>BO	OH?GCDd	LC�A@ADB	cumv	\KQFAO	bUXYW	KDL	UVWe	?@	LC�A@ADB	OB?C>HC?]AB@CAO	bUWU	KDL	WUWe	KO	GAQQ	KO	̀F@A	L?D?@	bUA@FQAKDe	KDL	̀F@A	K>>ÀB?@	bWADFOeS	TCO	HCOB?d@K]	GKO	>KQ>FQKBAL	FOCDd	?DQ[	BHA	>@?OOBKQw	>?@@A>BC?D	aK>B?@O	KDL	>?D>KBADKBCDd	@AOFQBO	a@?]	LC�A@ADB	A�̀A@C]ADBOS	b�eS	TA	OK]A	A�̀A@C]ADBKQ	msj	HCOB?d@K]	GCBH	BHA	>?]̀ QABA	>KQCE@KBC?D	CD>QFLCDd	MN	KDL	IJS	�D	BHA	>?]̀ QABAQ[	>?@@A>BAL	Y�	HCOB?d@K]_	BHA	OB?C>HC?]AB@[	KDL	cumv	̀@?EKECQCB[	K@A	FD>?@@AQKBAL	b qiiY_ V Rirof g f p eS	b�e	zD	A�A]̀ QK@[	B@C̀QAB	?a	C]KdAO	OH?GCDd	K	>AQQ	A�̀@AOOCDd	UXYW	GCBH	K	Q?G	OCdDKQsB?sD?COA	@KBC?_	j>KQA	EK@	RV	�]S	b�e	TA	>?@@AÒ?DLCDd	uz�	m	KDL	j	]K̀O	KDL	BHA	cumv	]K̀	a?@	BHA	C]KdAO	CD	̀KDAQ	�	K�A@	}QBA@CDd	GCBH	K	GACdBHAL	dKFOOCKD	}QBA@S	b�e	TA	>?@@AÒ?DLCDd	OB?C>HC?]AB@[	HCOB?d@K]	KDL	BHA	GACdHBO	b�e	KO	K	aFD>BC?D	?a	BHA	OB?C>HC?]AB@[	bQCDAeS	c?@	BHA	GACdHBCDd	aFD>BC?D_	GA	FOAL	K	�KFOOCKD	GCBH	K	]AKD	OB?C>HC?]AB@[	?a	f gh iV	KDL	K	\K@CKD>A	�f giRh 	bmPS	RreS	TA	>?@@AÒ?DLCDd	]K̀	?a	GACdHBO	�	CO	OH?GD	CD	b�eS	b�e	�CDA	̀@?}QAO	>?@@AÒ?DLCDd	B?	BHA	BH@AA	]K̀O	OH?GD	CD	̀KDAQ	b�eS	�FA	B?	HCdH	CDBADOCB[	EK>wd@?FDL	CD	KD	ADL?O?]A_	BHA	cumv	Al>CAD>[	L@?̀O	bBHCD	d@A[	QCDAeS	TCO	KD?]KQ[	CO	KQO?	?EOA@\KEQA	CD	BHA	OB?C>HC?]AB@[	bEQFAeS	{[	GACdHBCDd	BHA	C]KdA	GCBH	BHA	]AKOF@AL	OB?C>HC?]AB@[_	OF>H	K@BCaK>BO	>KD	EA	@A>?dDCZAL	b]KdADBKeS
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.../012345/6789:6;502;<;645=742:.../012345/6789:6;502;<;645=742:9>?@AABCDCEFGHI	JKLM	?NOM	PDAQHFGEFBIR	STS	GEU	TST	CVACHKDCEFW	GHC	XCBB	YGBKZHGFCUR	GAACGHKEL	GW	[QHK\QEFGB	YBQ@UW	KE	F[C	]̂?	[KWFQLHGD	>JKLM	_SOM	̀E	F[C	WGDC	[KWFQLHGDR	F[C	GYYCAFQĤQEBI	>TCE@WO	AQA@BGFKQE	XGW	aQ@EU	GF	G	bCHI	BQX	WFQKY[KQDCFHI	bGB@C	>c de f gR	hi	YCBBWR	?@AABCDCEFGHI	JKLM	?NO	GW	CVACYFCU	GEU	F[C	UQEQĤQEBI	AQA@BGFKQE	KW	GBWQ	aQ@EU	X[CHC	KF	KW	CVACYFCU	XKF[	G	WFQKY[KQDCFHI	YBQWC	FQ	h	>c jd je klf iNR	hi	YCBBWR	?@AABCDCEFGHI	JKLM	?NOMPE	F[C	YGWC	Qa	G	mVCU	WFQKY[KQDCFHI	WGDABCR	GW	KW	F[C	YGWC	aQH	DQWF	Jn]ôZGWCU	ZKQWCEWQHWR	?	YGE	WFKBB	ZHKEL	GE	KDAQHFGEF	AKCYC	Qa	KEaQHDGFKQE	GZQ@F	F[C	YQEmUCEYCM	pC	@W@GB	XGI	FQ	UCFCHDKEC	F[C	@EYCHFGKEFI	GZQ@F	G	AKVCB	KW	FQ	HCBI	QE	F[C	A[QFQE	WFGFKWFKYWq	Ka	F[C	r@QHCWYCEYC	WKLEGB	KW	[KL[R	F[CE	G	[KL[	YQEmUCEYC	KW	GWW@DCUM	pKW	KW	YCĤFGKEBI	FH@C	aQH	A@HC	r@QHCWYCEYC	KDGLKEL	Z@FR	KE	F[C	YGWC	Qa	Jn]oR	F[CHC	GHC	YGWCW	X[CHC	G	[KL[	r@QHCWYCEYC	KEFCEWKFI	QYY@HW	KE	AKVCBW	X[CHC	F[C	Jn]o	KW	ZKGWCUM	JQH	KEWFGEYCR	Jn]o	YGE	ZC	GsCYFCU	ZI	F[C	BQYGB	Y[CDKYGB	CEbKHQEDCEF	>AtOR	F[C	BQYGB	YHQXUKEL	QH	ZI	GEI	@ECu@GB	CsCYF	QE	F[C	r@QHCWYCEYC	Qa	F[C	UQEQH	GEU	GYYCAFQHM	vE	CVGDABC	KW	W[QXE	QE	JKLM	_w	X[CHC	G	BQXCĤF[GÊCVACYFCU	Jn]o	CxYKCEYI	XGW	QZWCHbCU	KE	YCHFGKE	ZHKL[F	KEFHĜYCBB@BGH	bCWKYBCWM	pC	YQHHCWAQEUKEL	HGX	HCW@BFW	Qa	F[C	AKVCB̂ZGWCU	GEGBIWKW	KW	W[QXE	KE	JKLM	_]	>eyz{	GEU	|yz{O	GEU	BKEC	AHQmBCW	GHC	ABQFFCU	>JKLM	_tOM	JQH	F[KW	CVGDABCR	F[C	WAQF	AQKEFCU	FQ	ZI	F[C	GHHQX	[GW	G	[KL[	r@QHCWYCEYC	KEFCEWKFI	KE	F[C	F[HCC	Y[GEECBW	Z@F	F[C	WFQKY[KQDCFHI	UKsCHW	aHQD	F[C	CVACYFCU	}i~	>YBQWC	FQ	�}~OM	?KDKBGHBIR	UGH�R	Q@F̂QâYCBB	HCLKQEW	Qa	F[C	KDGLC	GBWQ	W[QX	UCbKGFKQEW	aHQD	F[C	CVACYFCU	WFQKY[KQDCFHIM	�C	UCmEC	G	YQEmUCEYC	KEUCV	�	GWq c �� �� � R >h�Oee> OgeiggX[CHC	ei	KW	F[C	CVACYFCU	?	GEU	�e	KW	G	AGHGDCFCH	FQ	F@EC	F[C	WCEWKFKbKFIM	�	HCEUCHW	F[C	UCbKGFKQE	aHQD	GE	CVACYFCU	WFQKY[KQDCFHI	GW	G	WYQHC	ZCFXCCE	i	GEU	h	>ce eiO	XKF[	G	LG@WWKGE	W[GAC	>JKLM	_JOM	pKW	YQEmUCEYC	KEUCV	YGE	ZC	@WCU	UKHCYFBI	FQ	UKWABGI	Jn]o	DGAW	XKF[	YQBQĤYQUCU	Jn]o	bGB@CW	GEU	ZHKLF[ECWŴYQUCU	�M	oQ	LQ	QEC	WFCA	a@ĤF[CHR	F[C	YQEmUCEYC	KEUCV	YGE	ZC	KEWCHFCU	KE	G	WAGFKGB	mBFCHM	PEUCCUR	Jn]o	DGAW	Q�CE	ECCU	FQ	ZC	WAGFKGBBI	GbCĤGLCUR	F[C	GYF@GB	HCWQB@FKQE	ZCKEL	BKDKFCU	ZI	F[C	UKs@WKQE	Qa	F[C	Jn]o	WACYKCW	GEU	KW	FIAKYGBBI	BGHLCH	F[GE	F[C	AKVCB	WK\CM	v	XCKL[FCU	LG@WWKGE	mBFCH	XGW	F[CHCaQHC	UCWKLECU	X[CHC	F[C	CsCYF	Qa	G	�G@WWKGE	�CHECBR	�	>FIAKYGBBI	f	�	f	AKVCBWgO	XGW	BQYGBBI	XCKLF[CU	XKF[	�	>JKLM	_�O	GW	aQBBQXWqc ���| � | �� �> O R >hfO����X[CHC	�	UCEQFCW	G	YQEbQB@FKQE	GEU	�	F[C	tGUGDGHU	AHQU@YFR	|	GEU	�	GHC	UCGBF	GW	DGFHKYCW	YQHHCWAQEUKEL	FQ	F[C	HGX	Jn]o	KDGLC	GEU	F[C	XCKL[FW	GW	UCmECU	KE	]uM	>h�OR	|����	ZCKEL	F[C	mBFCHCU	Jn]o	DGAM	vW	F[C	LG@WWKGE	UKWFHK̂Z@FKQE	ECbCH	HCGY[CW	\CHQR	GE	GUUKFKQEGB	F[HCW[QBU	XGW	GAABKCU	ZGWCU	QE	F[C	BQYGB	XCKL[F	Qa	F[C	YQEWKUCHCU	AKVCBM	vE	CVGDABC	KW	W[QXE	QE	JKLM	_]R	F[C	GAABKYGFKQE	Qa	F[C	XCKL[FCU	LG@WWKGE	mBFCH	>� �c j c jihR h}e �z��� 	GEU	F[HCW[̂QBU	QE	�R	 c j� i}�� O	FQFGBBI	CBKDKEGFCW	F[C	ZGY�LHQ@EU	GHQ@EU	F[C	YCBBW	GEU	GBWQ	bCHI	UKD	GHCGW	KEWKUC	YCBBW	GW	XCBB	GW	F[C	ZHKL[F	bCWKYBC	XKF[	GEQDGBQ@W	WFQKY[KQDCFHI	>JKLM	_tOM����������pC	UCmEKFKQEW	Qa	Jn]o	AHQZGZKBKFI	GEU	WFQKY[KQDCFHI	@WCU	KE	�@GEoP̂Jn]o	GHC	DGF[CDGFKYGBBI	Cu@KbGBCEF	FQ	X[GF	XGW	KEFHQU@YCU	AHCbKQ@WBI	ZI	S[CE	��	z�Mgi	>� ��� 	GEU	  � ¡� ¢h£> O¤ O	GEU	¥CC	��	z�Mg}	>� ��� 	GEU	   �¤ OM	pCHCaQHCR	XC	YQDAGHCU	F[C	ACHaQHDGEYCW	Qa	�@GEoP̂Jn]o	FQ	F[CWC	FXQ	AGHFKY@BGH	QF[CH	DCF[QUWM	PE	F[C	XQH�	ZI	S[CE	��	z�MgkR	F[C	A[IWKYGB	QHKLKE	Qa	F[C	AGHGDCFCHW	XGW	EQF	UCWYHKZCU	KE	UCFGKB	GW	��	XGW	GBHCGUI	KEFHQU@YCU	ZI	¦GB	GEU	�GWYQKLECgh	GEU	F[C	WCYQEU	AGHGDCFCHR	¢R	XGW	HGFKQEGBBI	UCmECU	aHQD	F[C	�� ŶQHHCYFCU	KEFCEWKFKCW	FQ	GYYQ@EF	aQH	F[C	WFQKY[KQDCFHIM	pC	AHQAQWCU	YGBKZHGFKQE	XGW	GY[KCbCU	KE	FXQ	WCAGHGFCU	WFCAWM	JKHWFR	FXQ	YQEWFH@YFW	XKF[	UCmECU	GEU	XCBB̂WCAGHGFCU	Jn]o	CxYKCEYKCW	XCHC	ECCUCU	FQ	UCFCHDKEC	��	>GM�MG	�OM	?CYQEUR	G	Jn]o	WFGEUGHU	XKF[	�EQXE	WFQKY[KQDCFHI	XGW	DCGW@HCU	FQ	YGBY@BGFC	F[C	QF[CH	AGHGDCFCHR	¢R	@WKEL	�	UCFCĤDKECU	KE	WFCA	hM	PE	S[CE§W	XQH�R	F[C	YGBKZHGFKQE	XGW	GY[KCbCU	ZI	KDGLKEL	F[C	Jn]o	WFGEUGHUW	S}T	GEU	SoTR	X[CHC	F[C	BKE�CH	̈	KW	F[C	ggk	GDKEQ̂GYKU	onvJ	UQDGKE	Qa	F[C	onvJg	AHQFCKEgNM	tQXCbCHR	F[C	QZWCHbGFKQE	Qa	F[C	_w	HCAHCWCEFGFKQE	Qa	GBB	F[C	WFGEUGHUWR	KEYB@UKEL	SoTR	KDGLCU	KE	F[C	AHCWCEF	XQH�R	W[QXW	F[GF	SoT	UQCW	EQF	BKC	QE	F[C	WGDC	ABGEC	GW	S}TR	ShfT	GEU	S_gT	>?@AABCDCEFGHI	JKLM	?}OM	pKW	KW	GBWQ	bKWKZBC	KE	F[C	]̂?	gw	[KWFQLHGD	X[CHC	F[C	SoT	YBQ@U	KW	FKBFCU	>?@AABCDCEFGHI	JKLM	?}OM	pCWC	QZWCHbGFKQEW	GHC	KE	GLHCCDCEF	XKF[	F[C	BGFCH	XQH�	Qa	©Q@W[K�	GEU	TQLCB_g	GEU	UCDQEWFHGFC	F[C	@FKBKFI	Qa	F[C	_w	HCAHCWCEFGFKQE	Qa	F[C	r@QHCWYCEYC	KEFCEWKFKCW	GW	XCBB	GW	F[C	]̂?	gw	[KWFQLHGD	FQ	AHQQaHCGU	F[C	u@GBKFI	Qa	F[C	CVACHKDCEFGB	UGFGM	pC	GEGBIWKW	Qa	F[C	CVACHKDCEFGB	UGFĜWCF	ªv«	XKF[	S[CE§W	DCF[QU	LGbC	HCW@BFW	YBQWC	FQ	F[C	�@GEoP̂Jn]o	DCF[QUq	c j d j� ghk iig	FQ	YQDAGHC	XKF[	� c j d jghi iig� 	GEU	 ¡ c j d j� ¢h£> O hh_} iii}	FQ	YQDAGHC	XKF[	  c j d jhh�f iiil¤ 	>WCC	oGZBC	hOM	tQXCbCHR	F[C	GEGBIWKW	Qa	F[C	WCYQEU	UGFGWCF	ª¬«	LGbC	UKsCHCEF	HCW@BFW	ZCFXCCE	F[C	FXQ	DCF[QUWq	c j d� _�_ h	FQ	YQDAGHC	XKF[	� c j d jh_} iif� 	GEU	 ¡ c j d� ¢h£> O hig f	FQ	YQDAGHC	XKF[	  c j d jgi_ iif¤ 	IKCBUKEL	BCWW	HCBKGZBC	Jn]o	AHQZGZKBKFKCW	>HCWACYFKbCBI	h�~R	gN~	GEU	_i~	aQH	S_gTR	ShfT	GEU	S}TOM	pKW	UKWYHCAGEYI	HCW@BFW	aHQD	F[C	UGFĜWCF	ZCKEL	BCWW	[QDQLCECQ@W	GEU	F[C	BKDKFCU	E@DZCH	Qa	YCBB̂YQEFGKEKEL	AKVCBW	X[CHC	F[C	FXQ̂WFCA	YGBKZHGFKQE	Qa	�	GEU	¢	KW	BCWW	HQZ@WF	F[GE	F[C	WKELBĈWFCA	mF	Qa	F[C	�@GEoK̂Jn]o	DCF[QUM	PE	F[C	XQH�	Qa	¥CC	��	z�Mg}R	F[C	YGBKZHGFKQE	YQEWKWFW	Qa	mHWF	YGBY@BGFKEL	|yz{	GEU	eyz{	XKF[	QEBI	WACYFHGB	YHQWWFGB�	YQHHCYFKQEW	GEU	F[CE	mFFKEL	F[C	BKECGH	HCBĜFKQE	ZCFXCCE	eh£yz{	GEU	|yz{R	X[KBC	GWW@DKEL	G	hqh	WFQKY[KQDCFHI	>WCC	?@AABCDCEFGHI	PEaQHDGFKQEOM	pKW	DCF[QU	IKCBUCU	bCHI	WKDKBGH	HCW@BFW	FQ	�@GEoP̂Jn]oq	�c j d jg_f ii}	FQ	YQDAGHC	XKF[	� c j d jghi iig� 	GEU	 c j d jhh_ iih	FQ	YQDAGHC	XKF[	  c j d jhh�f iiil¤ R	HCW@BFKEL	KE	Jn]o	bGB@CW	WBKL[FBI	BQXCH	aQH	F[C	Jn]o	WFGEUGHUW	>­ c| _~OM	pC	WCYQEU	UGFGWCF	>ª¬«O	XGW	GBWQ	@WCU	FQ	FCWF	¥CC§W	DCF[QU	BCGUKEL	FQ	G	UCYHCGWC	KE	F[C	
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�>���Ǹ&T�a*b*H�V���02200�/�4�2026���3��L��F�����_�������]��9��
�����������̂������!��8:LM�=�����
���!�������"�����=��!>

���>�����!�	��=��"����
�c���!���		��������!=����!����� ��
������	�"���
������ ��
��!���

�>���d*e*'&C+*bH�\.,��0321�030/�4�20E6���5��f������*H�I'J���g�h>	�����;L]0�=�����	!� �!�����[��������!����������"���
������"���>�����

�>���=� �����= ��
������?@$A�#�i-���02�15/�4�2�26���2��L��F�����_�������������̂������!��Y��W�""	�!G��� ��X��X������"��8:LM����
�

������� ���j_����
�	>���� �	�=�!�k8:;�!�!���!��������������= ��
�!�
���	�"�
��������
�����=�!����	����"���K���������
���� �!��ZZ�!��"��
��!����=>��!��d*e�$%&'�,l,��0�07�4�2276���0��:�����_���K
��������8	
������;�����	����	�G�=�
�	�<��>�!�����=�!��Y�>���"�	����!������������!�	�
�	��>������ �!��
� �������#�$%&'�()*+�,-.��/0�3�/0�1�4�2056���������[����"�*H�I'J��;�����	������
���!����Lj8�
�����"��������!������!!�����	�����
��	���"�!�
��=	��������!��=�	�!��#�(*''�$%&'�,\D��E�5�E�5�4�20E6������X��W��"�*H�I'J��8���	�=�	������

�����������"�� ��F�����"�_��=�!�����; �!����������������;�����	����Lj8�9�����"�;������!��(*''�\l.��133�155��101�4�2036���7��m�������������]����������Y��L�!����Z�����!�=�		>���!��������!�����=�!����
	��
���	������������������ �!��!����������� ���" ���!���
������>��!����
����!��#�$%&'�()*+�,-,��05002�050�2�4�20/6���E��:��X��j����*H�I'J��; �!������!�������������!�����������"����������"�������!��������
����		>���!���!����
�

����	�!!���"���		�!��@&'�(*''�nl��5�1�57/�4�20E6���1��]��W��;���*H�I'J��������=��F����
�����!����Z����=�		�	���; �!�������������
>�]�
�	�<�]��=��������������F�!��������;��������@&'�(*''�Vi��/��3E�4�2016���/��F��]	�����]������W��8���=�G�������]��X�
�!������= � ��8=����������������"����������������"����!��������!�
>�:��
�8G�>��QIH�NO&H&P�\i���075��0/E�4�2036���3�����_��9������*H�I'J��]�
��!������	�]�����	����; �!������������]�		�	���9����!��(*''�\VV��1E0�11��4�2016���5��m��M���*H�I'J��: ��8:LM�!>����
�������������
!���= ��
�������
���	��"�=�
�	�<�G�� �F�<<�����	�=�	�K�!�������
>�	�=>��=�	����
�����=	����
����!��NO&P�QIH'�RPIS�TP%�U�T�R�\DD��021�E�02172�4�22�6��72�������!���
����*H�I'J��]�

��������	������������ �!�����[��
�����=�����!�!��=����!�	�=�	�K���������8:LM���� �����= ��
������QIH�THOoPH�@&'�$%&'�\p��///�/3��4�2006��70�����ZG�!��*H�I'J��8:LM�8FF���
����	���!������>��=�	� �!�����
�� >	��������=�"�������
�= ���!
���� �
���
����	�������������!>����
���QIH�THOoPH�@&'�$%&'�\p��/15�//1�4�2006��7������9��!�!�*H�I'J������
��	�
����������=����!������!��
	�! ��������������� �����	>�
��!���

�>���QIHoO*�nV-��/�5�/���4�2056��7������f ��"�*H�I'J��L������	���!�"����������
���
���=�����
��" ��� ����=������
	���	����!=�����������!��QIH�@*H)&Sq�-��/�/�/�5�4�20�6��77��;��[�c�����*H�I'J������
��G���������"��

��"����� ��
��!��"��
�	���������	!�� ��
�!���<=�!�������������� G�>��TP%*bP*�i,-��/3�3��4�2026��



� ���

�����������	

��
�����������������������
����������
�������	���
�����������
�����
 	�����!"��#�������
�$���	��	%��&��
�'����#����&���	���(�
������)�)�����&��#	����		�"�������'
��#'�������	���#$
"	���*+,�-�./0�1234�56�����
�78�9:;;7<���7�����=�&��������/,�>4?��@�A�B����	'��
�	�
���'���%	
#�%	
�$�	�	C����
�#�C������"�����D>,�E/,F3GH�I��7J7
7K:�9:;8:<���J����� ��
���
��L����
M�&�

@���#���	����N�
����	��!��	����C�����C�='�����
�C#����*O>P/�QR3S/HH2+P�T+�U2+/�V��J�
W��9:;8:<���K��=��M��X�	����Y��L�������#���@���#���Z	������
��	����(�
����	��$������	����
�#	(�����C	
��&#���QF[H2S>�.\�D3+42+/>R�QF/+3O/+>�]6��:�W
:7K�98WW:<���W��L��!���&��
����������������C&�#	$����"�	%�'
	����������&��#�##��������������������D>,̂R/�_6_��7;�
7;W�9:;;;<���;�� �̀���"���
����������	

��
���������a	��
	��	%�C
	���
������'��
�'	����"�$"���������
�C�����	��	%�Z��	C��D>,̂R/�_bc���J;
�J)�9:;8:<���8���������
�d�/,�>4?��X�(�
�����	$��
(���	��	%��"�	�	�����YN
8�����#$�"�	�����
�(�����LZ�
����
�����C� �C�	��C	#�
���-�e/44�1234�Vf6��7:W
7�7�9:;8�<���:�������������
�������"�&��	(��a���
���&����!��a��X�#$�������������
���(����d������	���123gF[H�-�bI��)�;K
)�::�9:;;�<���)��h��=�&
�#'%�������
�&���������
�d��!��a��X�#$�����B���@
�#�i	
��%	
�Y���C
���������"����	%�Y#�C��C��=��C��
�	����������������#$���@��	
��������!�����123gF[H�-�ff_��8�8K
8�:K�9:;8K<������L��L�C��
��j�����������h����C
�������������@��	
��������a	

�����	��='���
	��	'"�i��&���C&�a	����L��������X	i
����C
	����
�����"����	%��
�������	����!�%%���	���k̂R�123gF[H�-�123gF[�VV��87W
8J��98WW)<�����������
�	��/,�>4?��=��C��
�����'
	%����C�	%��'�C�������#	��%��
��������%�����L!�8��������������
�	%������%��������&��#�##�������#$
"	��e/44�l/g�5��7KJ
J;8�9:;8)<���



��

�������	
 �

�
� �
�� �
�� �
��

���������� ����������� ��!
"
#

$

%&�'�(')�*'�+��,(-��.�/%01.2
3�4(�� 5*��''�.�)4�0)���6*��''�.�)4�78

9��(:(��;���.
<)�'��6*��''�.�)4�

=

> �

?@AB CDEFGHIJKLM�NOPQRSTUSGFVWXYZ[\ 0�]���:)4�;4�̂(��_65�
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