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Most of the energy that sustains life on earth can be traced back to photosynthe-
sis, and so its importance is difficult to overstate. Our understanding of this crucial
process is still growing as we develop ever-advanced techniques to investigate the
world of proteins and their interactions with light. Single-molecule spectroscopy
(SMS) has emerged as a transformative technique for studying molecular systems
at the nanometre scale, offering unparalleled insights into dynamic processes and
heterogeneity at the individual molecule level. However, effective utilisation of
SMS data often requires sophisticated analytical tools and stable experimental se-
tups, which can pose significant challenges to researchers. This thesis addresses
these challenges through the development of Full SMS, a versatile analysis soft-
ware suite and a custom-designed sample cell holder, which together provide an

integrated framework to advance SMS-based studies.

Full SMS is a comprehensive graphical user interface (GUI)-driven software pack-

age for processing and analysing multiparameter SMS datasets. These datasets
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typically include fluorescence intensity and lifetime, as well as spectral properties
of single dye molecules, quantum dots, or fluorescent active biomolecules. The
software enables detailed analysis through tools for statistical evaluation of fluo-
rescence intensity, clustering, and level identification; lifetime decay fitting; and
second-order correlation function calculations. Visualisation features include the
display of fluorescence intensity and spectral traces, as well as raster-scan images,
with robust filtering options to tailor data processing. A custom HDF5-based file
structure ensures efficient storage, while flexible export capabilities facilitate inte-
gration into broader research work flows. Written in Python, Full SMS is open
source and accessible to users without programming expertise, leveraging a multi-
process architecture for enhanced computational performance. Full SMS is used to

analyse three sample types as case studies to showcase its utility and ease-of-use.

Complementing the software, this thesis also presents a custom-designed sample
cell holder, which extends the capabilities of the SMS experimental setup designed
and assembled in-house at the University of Pretoria. This hardware innovation
enhances stability and versatility, allowing for more robust and reproducible single-
molecule measurements under a wider range of experimental conditions. Together,
these advancements provide a powerful platform for SMS, bridging the gap between
complex experimental data and resulting insights, and significantly contributing to

the field of single-molecule biophysics.

© University of Pretoria
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Chapter 1

Introduction

This chapter establishes the foundational context required to understand the re-
search presented in this thesis. It is divided into two main sections. The first gives a
broad introduction to the research area of this work: photosynthetic energy dynam-
ics. The second addresses the interaction between light and matter in the context of

photosynthesis, with emphasis on the fundamentals of fluorescence.

The nature of light and its interaction with matter has intrigued scientists since
the mid-16th century [1, 2]. In 1865, Maxwell’s equations unified the concepts
of electricity and magnetism, providing a comprehensive mathematical framework
for understanding light as an interplay of electromagnetic waves [3]. Five years
earlier, Kirchhoff and Bunsen demonstrated that elements could be identified by
their unique spectral properties [4]. Einstein’s introduction of stimulated emission
in 1916 [5] ultimately enabled Maiman’s construction of the first laser in 1960,

revolutionising the field of spectroscopy [6].

Three decades later, the first single molecules were measured—in what are now
known as single-molecule spectroscopy (SMS) experiments—by Moerner and Kador
(based on absorption) [7] and Orrit and Bernard (based on fluorescence) [8], both
working at ultra-cold temperatures. Shortly thereafter, room temperature detection
of single chromophores was pioneered by the Keller group [9-11], after demon-

strating the same approach to a single multichromophoric light-harvesting protein

© University of Pretoria
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Chapter 1. Introduction 2

complex in 1987 [12]. Often referred to as “single-particle spectroscopy” when not
strictly limited to a single molecule, SMS is applicable to nanoscale systems com-
prising one or a limited number of quantum emitters. The level of selectivity and
sensitivity of SMS techniques provides access to numerous properties of nanoscale
emitters that are usually masked in conventional ensemble averaging techniques,
offering a wide range of applications in physics, chemistry, and biology [13]. For
example, time-dependent SMS measurements provide information about the dy-
namics and kinetics of nanoscale systems and can resolve time-dependent processes
without the need to synchronise these processes in a large collection of identical
molecules. Today, SMS techniques are broadly applied across fields of biophysics,
chemistry, and materials science, enabling detailed studies of processes like protein
folding, enzyme function, and photosynthesis at the single-molecule scale. Tech-
niques like real-time single particle tracking [14] and single-molecule Forster reso-
nance energy transfer [15] have become essential tools for real-time investigations

of molecular dynamics, conformational changes, and molecular interactions.

The biological applications of SMS are particularly vast and include observations
of protein conformational dynamics [16], enzyme reactions [17, 18], transcrip-
tion in single DNA molecules [19, 20], light-harvesting complexes switching be-
tween different functional states [21-24], changes in the oligomeric states of macro-
molecules [25], and changes in the diffusive states of nanoparticles [26]. Real-time
3D tracking of biological (macro)molecules allows SMS to be performed with high

spatio-temporal resolution in live cells [27].

Applications in non-biological settings include the use of quantum dots [28], single
organic molecules [29], and nitrogen vacancy centres in diamond [30] in photonic

quantum technologies and quantum sensing.

Two typical features exhibited in the photon emission from individual nanoscale
emitters are photon antibunching and fluorescence intermittency. These phenom-

ena have been used to verify the presence of a single quantum emitter but have

© University of Pretoria
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Chapter 1. Introduction 3

also found interesting applications. Photon antibunching can be used to count the
number of fluorescent labels in confocal microscopy, investigate multiple coupled
emitters (by analysing higher-order photon correlations), and quantify photophysi-
cal processes through the width of the antibunching dip [31]. Although fluorescence
intermittency (often called ‘blinking’) tends to be a hindrance in most applications,
it provides a source of information to improve spatial resolution beyond the diffrac-
tion limit [32, 33] and—for light-harvesting complexes—is a useful means to study

photoprotection [34, 35].

1.1 Photosynthesis

Photosynthesis occurs in plant cells within organelles known as chloroplasts (see
Figure 1.1), which are characterised by their complex internal membrane structures.
The chloroplast stroma is a fluid matrix that houses thylakoids, which are organised
as bilayered lipid membrane structures enclosing the thylakoid lumen. Advanced
imaging techniques, such as electron microscopy, have shown that thylakoid mem-
branes form two distinct structural domains: grana (stacked thylakoid membranes)

and stroma lamellae (unstacked thylakoid membranes connecting the grana) [36].

Photosynthesis involves two major phases: the light-dependent and light-independent
reactions. During the light-dependent phase, photons are absorbed by approxi-
mately 200 pigment molecules within each photosystem, photosystem I (PSI) and
photosystem II (PSII). Upon light absorption by PSII, photon energy is transferred
between pigments via excitation energy transfer (EET) until it reaches the reaction
centre (RC), where a specialised pair of pigments becomes excited and releases a
free electron. This electron is subsequently transported across the membrane, re-
sulting in charge separation that prevents recombination. The vacancy created by
the electron is filled through a series of redox reactions involving the oxidation of
the oxygen-evolving complex (OEC). With each successful photon absorption, an

electron is extracted from the OEC. After four successful electron extractions, the

© University of Pretoria
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Stroma

Cytochrome

(© light harvesting complex

. reaction center

®© electron
@® hydrogen ion
% water molecule

FIGURE 1.1: The journey from the macroscopic to the heart
of photosynthesis: beginning with a) a photo of a leaf, to b) a
plant cell, to c) an illustration of a chloroplast, to d) a 12000x
and e) a 30000x transmission electron microscope image of a
chloroplast, to f) an illustration of a thylakoid, and finally to g)
an illustration of a thylakoid membrane. Sections of the stroma
lamellae in f) have been cut out to reveal the manner in which
they connect to the grana stacks. Illustration g) includes mem-
brane proteins involved in the light-dependent steps in photo-
synthesis, such as photosystem I & II that contain light har-
vesting complexes and reaction centres. Note that the illus-
tration does not hold true to the actual stoichiometric factors.
Image b) was adapted from Kristian Peters, images d) and e)
were adapted from ‘and3k’ and ‘caper437’, and c) and f) were
adapted from Kelvinsong, all under CC BY-SA 3.0.

© University of Pretoria
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Chapter 1. Introduction 5

OEC catalyses the reaction of two water molecules to yield four hydrogen ions and

an oxygen molecule, represented as follows:

photon + OEC —— e~ + OEC™
photon + OECt —— e~ + OEC™?
photon + OEC*? —— e~ + OEC™3
photon+ OEC*® — e~ + OECH*

followed by,

+4
2H,0 2L 4t 10,

or, in short,

4 photons + H,0 OFC AHT 4205+ 4e™

In the light-independent phase, the adenosine triphosphate (ATP) and nicotinamide
adenine dinucleotide phosphate (NADPH) generated in the stroma are used to fix
carbon and create carbon-carbon bonds in carbohydrates through the Calvin-Benson
cycle. This means that the energy captured by photosynthesis is temporarily stored
in the form of sugars and then ultimately stored as starches, which are subsequently

transported and used throughout the plant.

Given that photosynthetic organisms are optimised for survival, they are, in most
cases geared towards low-light conditions, during which the photoelectron quan-
tum efficiency approaches nearly 100%. Consequently, in high-light conditions, the
rate of photon absorption may exceed the rate of energy utilisation, leading to the
formation of highly reactive chlorophyll triplet states that react with molecular oxy-
gen to produce toxic reactive oxygen species (ROS) [37]. To prevent damage from

ROS, oxygenic photosynthetic organisms are equipped with processes, collectively

© University of Pretoria
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Chapter 1. Introduction 6

termed photoprotection, which occur over various timescales—ranging from sec-
onds to hours or even years—to mitigate the formation of these harmful radicals.
One of the key mechanisms of photoprotection is non-photochemical quenching
(NPQ), specifically the energy-dependent component known as gE, which dissi-

pates excess excitation energy on ultrafast timescales after absorption [38].

1.2 Light-Harvesting Complex I1

Light-Harvesting Complex II (LHCII) serves as the principal light-harvesting com-
ponent in the photosynthetic systems of green plants, algae, and cyanobacteria. This
complex is pivotal in capturing solar energy and facilitating the transfer of the sub-
sequent excitation energy within PSII. As the Earth’s most prevalent membrane
protein assembly, LHCII is vital for the conversion of solar energy into chemically
utilisable forms, making it a significant subject of study within biophysics, struc-

tural biology, and bioenergetics.

LHCII comprises a trimeric pigment—protein structure—illustrated in Figure 1.2—
embedded in the chloroplast thylakoid membrane [39], where each monomeric sub-
unit features a polypeptide backbone tethered with non-covalently bound pigments:
8 chlorophyll a pigments, 6 chlorophyll b pigments and 4 carotenoid pigments.
The chlorophylls are mostly responsible for light absorption across a wide visible
spectrum, whereas carotenoids enhance light capture and provide photoprotection.
These pigments collaboratively enable LHCII to effectively capture and direct en-

ergy towards the PSII reaction centre via neighbouring light-harvesting complexes.

Energy transfer takes place within and between neighbouring LHCII via Forster
resonance energy transfer and eventually reaches the PSII reaction centre. The
chlorophyll and carotenoid molecules are carefully positioned within LHCII to form
energy delocalisation states, referred to as excitons [40], which contribute signifi-

cantly to highly efficient energy transfer [41]. Beyond energy transfer, LHCII is

© University of Pretoria
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FIGURE 1.2: Light harvesting complex II as resolved by
[39]—available on the Protein Data Bank under ID IRWT—
and rendered by JMol. Each colour ribbon represents a
monomeric protein scaffold. The remaining ball-and-stick
molecules represent the chlorophyll and carotenoid pigments.

critically involved in the gE component of NPQ, and is thus responsible for the
dissipation of surplus energy as heat under intense light conditions. The reversible
transition of LHCII from a light-harvesting to an energy-dissipating state under-
scores its dual role in energy transfer and photoprotection, allowing plants to adjust

rapidly to varying light conditions.

1.3 Photophysical Processes

Absorption and fluorescence represent two fundamental optical phenomena that
manifest when molecules interact with light. These processes underpin numerous
spectroscopic methodologies employed to examine molecular architecture, motion,
and interactions across diverse disciplines, encompassing physics, chemistry, biol-

ogy, and materials science. Notably, fluorescence spectroscopy has emerged as an

© University of Pretoria
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invaluable tool in biophysical research, facilitating the exploration of molecular en-
vironments, conformational shifts, and interactions at both the collective ensemble

and individual single-molecule scales.

Absorption occurs when a molecule residing in its ground electronic state absorbs
a photon whose energy precisely corresponds to the energy difference between the
ground state and an excited electronic state. The vibrational state of ground and
excited states also contributes to the energy differences that are available for ab-
sorption, as explained by the Franck-Condon principle. Some electronic transitions,
however, are not allowed; the spin selection rule only allows transitions in which
the total spin state is conserved. Additionally, the Laporte’s rule prohibits transi-
tions between states with the same parity in systems that have a centre of symmetry.
Absorption spectra, depicting the probability of absorption as a function of the pho-
ton’s energy (often expressed in units of wavelength), reveal information such as

electronic energy levels, chemical compositions, and molecular conformations.

After the excitation of a molecule, it may revert to the ground state by the sponta-
neous emission of a photon, which is known as fluorescence. If N molecules are
excited at the same time, the rate at which the number of molecules in the excited

state, S1, move into the ground state, Sp, due to spontaneous emission is given by,

ON(r)
ot

= _ASIﬁSON(Z)'

Ag, s, 1s known as the rate of spontaneous emission and is governed by the elec-
tronic configuration of the excited molecule and the interaction of the excited elec-
trons with the molecule’s nuclear motions as well as vibrations of the molecule and
its environment. In cases where this process is the only radiative process, Ag, s, 18
the same as the radiative emission rate kg (see Figure 1.3). Assuming N(0) to be the

initial number of excited molecules, the above equation can be solved to give the

© University of Pretoria
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FIGURE 1.3: This figure, which is called a Jablonski diagram,
illustrates the potential pathways for the relaxation processes
of excited states within LHCII. In this context Sy, S; and S, de-
note the electronic ground state, the first and the second elec-
tronically excited state, respectively. Each electronic state has
vibrational states associated to it, as denoted by Vy,Vi,...,Vx
and illustrated by the grey lines. The parameter k, refers to
the rate of excitation introduction into the system. kjc refers
to the energy relaxation process known as internal conversion
from one state into another, and ky refers to the rate at which
vibrational relaxation occurs. kg refers to the radiative emis-
sion rate, manifesting as fluorescence, and k;sc describes the
rate of energy-induced electron spin flips, known as triplets
and denoted by state 77. The decay of triplet states occurs at a
rate specified by kr; this rate influences the repopulation rate
of Sp rather than affecting the depopulation rate of S;. Further-
more, k, represents the rate of quenching of excitations due to
gE, and kg refers to the rate at which energy transfer occurs
to a neighbouring system which eventually results in the en-
ergy being transferred to the reaction centre of a photosystem
complex.

following equation:

N(t) = N(0)e ™" = N(0)e /%, (1.1)
where 77 is known as the fluorescence lifetime and is defined as 77 = 1/kg.

In most molecules, fluorescence competes with several nonradiative mechanisms,
such as internal conversion and intersystem crossing. Internal conversion is the pro-

cess in which a system undergoes excitation relaxation from a low vibrational state

© University of Pretoria
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Chapter 1. Introduction 10

in a high electronic state, to a high vibrational state in a low electronic state, cul-
minating in vibrational relaxation to the lowest vibrational state. Intersystem cross-
ing involves transitioning to a triplet state, potentially leading to phosphorescence
rather than fluorescence. These processes have been shown to be sensitive to envi-
ronmental conditions, such as solvent polarity, pH, temperature, and any competing
process, making fluorescence a keen probe for the local environment surrounding

the fluorophore.

When a photon is absorbed by one of the pigments in LHCII, the excitation quickly
relaxes to the site possessing the lowest energy and remains there until it undergoes

one of several potential de-excitation pathways.

The mean rate at which excitations reach a particular fate (illustrated in Figure 1.3)

is described by the following rate equation:

Coupled to neighbouring complexes
kp = kg +kisc + kic + kg +krc

Isolated

where 1, = 1/k; denotes the lifetime of excitations. The rate kg describes how
quickly excitations are dissipated via radiative processes. Intersystem crossing,
which involves the spin flip of electrons leading to an electronic triplet state, occurs
at a rate denoted by k;5c. Additionally, the rate of non-radiative de-excitation via
vibrational levels, while maintaining spin, is represented by k;c. These three intrin-
sic processes—kg, kisc, and kjc—are inherently tied to the structural constitution of
the complex, rendering their average rates effectively constant. The quenching rate
associated with the gE process, if present in the system, is represented by k,. The
transfer of energy to the reaction centre occurs at a rate known as kgc. Moreover,
in isolated LHCII complexes where kgc is absent, indirect quantification of the sys-
tem’s quenching rate (k;) can be resolved by measuring the effective fluorescence
lifetime (7). This can be done through the use of time-correlated single photon

counting (TCSPC), where the distribution of the relative time between excitation
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by, and re-emission of, photons is measured for multiple events. This resulting

decay curve can then be fit to determine fluorescence lifetime.

Notably, the quenching channel linked to gFE in the system is frequently toggled on
and off. This reversible quenching is a phenomenon known as fluorescence inter-
mittency [34], which manifests itself as abrupt and significant changes in the flu-
orescence intensity of isolated LHCII complexes during continuous illumination.
Originally documented in single dye molecules [42], fluorescence intermittency,
also termed blinking, was subsequently observed in quantum dots [43]. Multiple
mechanisms have been discovered and suggested in various systems [44—47] In-
triguingly, more intricate systems such as pigment-protein complexes—LHCII as

an example—exhibit similar behaviour [48].

1.4 This Thesis

This thesis describes how I expanded the capabilities of SMS by designing and
prototyping a Sample Cell Holder, a novel physical component that enhances the
experimental setup by allowing precise control and manipulation of the environ-
ment in which the samples are measured. This development enables an enriched
range of measurements that were unattainable with the previous configuration. The
enhanced control provided by the Sample Cell Holder not only extends the scope of
observable phenomena in SMS but also opens avenues for more nuanced investiga-

tions into photosynthetic complexes at the single-molecule level.

Second, I have developed specialised software tailored to analyse data generated by
SMS experiments, called Full SMS. This software incorporates multiple advanced
analytical methods, including change point analysis, level grouping, fluorescence
lifetime fitting, and antibunching correlation studies. It provides an efficient and
streamlined solution for organising and processing SMS data, significantly improv-

ing both the speed and accuracy of the analysis.
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To validate its efficacy, I applied this software to three different fluorescent systems,
with a particular focus on LHCII. Through a secondary analysis, I demonstrate
the utility of the software’s grouping algorithm, showcasing its capability to reveal

intricate patterns within these systems.

In summary, this thesis contributes both a physical enhancement in the form of
the Sample Cell Holder to the SMS setup, as well as a robust analytical software
suite called Full SMS, thereby advancing both experimental and computational ap-
proaches in the study of photosynthetic mechanisms. The integration of the Sample
Cell Holder and the specialised software marks a significant step forward in en-
abling more comprehensive investigations into the complex dynamics of photosyn-

thetic systems at the single-molecule level.
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Chapter 2

Single Molecule Spectroscopy

Throughout the years, significant strides have been made in elucidating the mecha-
nisms of photosynthesis, prompting the development of more sophisticated method-
ologies. Traditionally, ensemble measurements yield aggregate data, potentially
masking the intricacies of the processes involved and the diversity in the dynamics
of the system being studied. However, single molecule spectroscopy (SMS) stands
out as a powerful tool, permitting the examination of individual systems which has
led to the discovery of many observations that would otherwise not have been pos-
sible [16-20, 22-27]. This technique can therefore highlight the variations and
patterns in the behaviour of single molecules, which are pivotal in comprehending
the quenching phenomena within of Light-Harvesting Complex II (LHCII). SMS
facilitates the observation of unique molecular attributes, which may differ greatly
from one another and offer indispensable insights into their specific functional con-
tributions. This chapter delves into a brief review of the foundational theoretical
concepts, the inherent challenges faced, and the detailed experimental methodolo-

gies pertinent to SMS.

Additionally, I introduce and discuss my contribution of a newly designed and pro-
totyped Sample Cell Holder, which provides precise control and manipulation of

the environment in which the samples are measured.
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2.1 Theory

In order to fully comprehend the principles underlying SMS, it is essential to exam-
ine the restrictions presented by the intrinsic properties of light; hence, this section
begins with the exploration of the diffraction limit as a fundamental challenge to
achieving high spatial resolution. Subsequently, it delves into descriptions of con-
focal microscopy and its significant contribution toward enhancing the quality of the
signal as a methodology for minimising noise within measurement processes. Ad-
ditionally, the discussion extends to cover various crucial methods for further signal
optimisation and strategies for reducing background noise. All of these considera-
tions are vital to ensure the precise detection of single-molecule events, especially

within increasingly complex environments.

2.1.1 Diffraction Limit

The Abbe diffraction limit, first introduced by Ernst Abbe in the year 1873 [49],
delineates the theoretical limitation on the degree to which a light beam can be
focused. In the field of microscopy, this limitation results in the formation of a
diffraction pattern rather than an infinitesimally small point, with the smallest dis-
cernible feature of a circular aperture being known as the Airy disk. The size of the

Airy disk is determined by its radius', which can be calculated using the equation

A A

—122 -
’ 2-n-sin® 2NA’

2.1

where A represents the wavelength of the light, n is the refractive index of the
medium, 6 is the semi-aperture angle of the lens system, and the term nsin(0)
is known as the numerical aperture (NA). Contemporary oil-immersion microscope

objectives often achieve NA in the range of 1.4 to 1.6. For a light wavelength

!The radius definition used here is the distance from the point of maximum brightness to the first
minima. There are however other definitions, one being the distance from the point of maximum
power to half power, in which case the factor of 1.22 is then 1.02.
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of 630 nm, the smallest radius of the Airy disk that can be practically attained is
approximately 260 nm. Given that proteins generally measure only a few nanome-
tres across, they must be spaced apart by at least several hundred nanometres to
be effectively resolved using traditional spectroscopic methods that rely on visi-
ble light. This intrinsic limitation holds particular significance in SMS, where it
dictates the ability to distinguish individual molecular entities, thus necessitating
the employment of advanced techniques to transcend these inherent physical barri-
ers. Numerous super-resolution methodologies, including techniques such as STED
(Stimulated Emission Depletion) microscopy and PALM/STORM (Photoactivated
Localisation Microscopy, and Stochastic Optical Reconstruction Microscopy), have
been innovatively designed to circumvent these constraints, thereby achieving res-
olutions that surpass the diffraction limit. As such, these advanced methods enable
the detailed observation of single molecules at an enhanced spatial resolution, which

is pivotal for certain cutting-edge applications in the realm of microscopy.

2.1.2 Confocal Microscopy

The process of observing the fluorescence from a single protein encounters specific
hurdles primarily due to the inherently low light intensity it emits in comparison
to the surrounding background noise. In order to enhance the signal-to-noise ratio
(SNR), confocal microscopy is applied, which involves directing excitation light
through a pinhole aperture, permitting only light emanating from the focal volume
to pass through (see Figure 2.1). This meticulous focusing facilitates the distinction
of fluorescence signals from a single molecule against the background, which is a
critical requirement in SMS. By effectively eliminating out-of-focus light, confocal
microscopy markedly diminishes background noise, thereby improving the sensitiv-
ity of detection for individual fluorophores. Moreover, the technique plays a pivotal
role in minimising photobleaching by confining the volume of light exposure, which

is vital for generating accurate and reliable time-resolved measurements in SMS. By

© University of Pretoria



Oyt

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

@ YUNIBESITHI YA PRETORIA

Chapter 2. Single Molecule Spectroscopy

16

Dichroic

Confocail Pinhole beam splitter Objective
5 "
————— A A
,,,,,,, i NS
. .- RN
] :><:’ >
\ P \\\\ v 2
\\\\\\\\\ S~ ‘/' ’
iy - = ”
T I ==
Detector |
Confocal Focal
plane plane

FIGURE 2.1: An illustration of confocal microscopy and how
it prohibits light from being detected that does not originate on
the focal plane of the objective.

restricting excitation to a smaller region, the likelihood of fluorophores transition-
ing into a non-fluorescent state is significantly minimised, resulting in more stable

and consistent fluorescence readings.

A further notable benefit of utilising confocal microscopy lies in its capacity for
optical sectioning, allowing for the reconstruction of three-dimensional structures
through the acquisition of images across a series of focal planes. This capability
proves particularly advantageous when examining biological samples where indi-

vidual molecules may be located within larger constructs.

In the context of SMS, the application of confocal microscopy can be further inte-
grated with time-correlated single-photon counting (TCSPC) to assess fluorescence
lifetimes, thereby offering enhanced insights into the local environmental conditions

and the dynamics of energy transfer.

2.2 Experimental Setup

The SMS experimental setup has been meticulously designed and built—which
started during my MSc and has continued on during my PhD—to conduct a thor-
ough examination of isolated LHCII complexes. This sophisticated setup comprises

several critical components, each playing a pivotal role in ensuring the attainment
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FIGURE 2.2: A diagram of the single molecule spectroscopy
setup.

of measurements with high sensitivity, precision, and accuracy. The setup incorpo-
rates the following elements, each contributing to the detection and measurement of

single molecule fluorescence, achieving high spatial and temporal resolution.

2.2.1 Light Source

The system employs a Fianium Supercontinuum laser (C400-4-PP), which is ca-
pable of emitting light across a broad spectrum ranging from 420 nm to 2200 nm,
with a pulse width of 6 ps. It offers a selectable pulse repetition rate varying be-
tween 0.1 MHz and 40 MHz. This supercontinuum laser provides an extensive
range of excitation wavelengths, facilitating the selective excitation of diverse flu-
orophores within LHCII. By offering the capacity to fine-tune the pulse repetition
rate, it allows for the optimisation of excitation conditions tailored to specific exper-
imental objectives, thereby significantly augmenting its versatility for SMS applica-
tions. Furthermore, utilising a pulsed laser source permits precise timing of photon

emission events, an aspect critical for accurate fluorescence lifetime measurements,
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and the elucidation of the dynamic behaviour of single molecules. The versatility
offered by the supercontinuum laser renders it highly suitable for a spectrum of

applications ranging from spectral characterisation to lifetime measurement.

2.2.2 Acousto-Optic Tunable Filter

The Acousto-Optic Tunable Filter (AOTF) serves as a key device for selecting spe-
cific excitation wavelengths from a broadband laser source by leveraging the Bragg
diffraction principle intrinsic to an acousto-optic crystal. This component grants
precise control over the diffraction angle, thus facilitating the simultaneous manip-
ulation of up to eight wavelengths within the spectral range extending from 400
nm to beyond 650 nm. Such meticulous control is critical for the selective exci-
tation of distinct chromophoric entities, thereby significantly reducing undesired
background noise. The AOTF’s capability for rapid wavelength switching is advan-
tageous in multi-wavelength experimental setups and is instrumental in conducting

spectral characterisations of LHCII.

This capability is critical for probing energy transfer pathways within LHCII, as the
various pigments within the complex display absorption and emission at different
wavelengths. Targeted excitation of these pigments allows for a deeper understand-
ing of the energetic dynamics inherent to the photosynthetic machinery. Further-
more, the AOTF not only permits wavelength selection but also the modulation of
the intensity of each chosen wavelength, facilitating carefully controlled excitation

conditions.

An alternative—albeit less convient and flexible—option is to make use of bandpass

filters, which filters out all but a narrow band of the excitation light.

2.2.3 Spatial Filter

To achieve a spatially uniform Gaussian intensity profile, a spatial filter (SF) is em-

ployed to eliminate an optical aberrations, as well as higher-order components of the
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laser light. By focusing the laser beam through a pinhole, the spatial filter effectively
removes higher-order modes, purifying the beam’s spatial profile. This ensures that
the excitation efficiency is maximised, while minimising intensity fluctuations that
can detract from the precision of fluorescence measurements. Enhancing the unifor-
mity of the excitation beam, the spatial filter is instrumental in securing reliable and
consistent data during SMS experiments. Spectral artefacts can introduce extrane-
ous noise into measurements and complicate the accurate quantification of fluores-
cence signals at the single-molecule level. By effectively mitigating these artefacts,
the spatial filter contributes to a cleaner excitation beam, enhancing the reliability

and precision of the resulting fluorescence measurements.

2.2.4 Dichroic Beam Splitter

The dichroic mirror, which often serves the role of a beam splitter, is designed
to reflect wavelengths of shorter nature while allowing longer wavelengths to pass
through unimpeded. The selection of a suitable cutoff wavelength for the dichroic
mirror is crucial, as it ensures a clear differentiation between the excitation and
emission light, thereby significantly reducing any potential interference or over-
lap. This effective separation is critical for achieving high sensitivity in detect-
ing fluorescence from individual molecules, as it aids in isolating the weak fluo-
rescence signal from the substantially stronger excitation light. The efficiency of
the dichroic mirror has a direct influence on the sensitivity of the entire system,;
even a minimal amount of leakage from the excitation light can overshadow the
fluorescence signal. Beyond merely separating excitation and emission light, the
dichroic mirror also plays a role in guiding the emitted fluorescence to the ap-
propriate detectors. Depending on the particular experimental requirements, this
emitted light may be routed towards a spectral detector for wavelength analysis
or a time-correlated single-photon counting (TCSPC) detector aimed at enabling

lifetime measurements. The adaptability of the dichroic mirror facilitates diverse
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detection methodologies, enabling an extensive investigation of the photophysical

properties of single molecules.

2.2.5 Objective Lens

The Nikon CFI Plan Apochromat Lambda 100 x oil immersion objective lens, pos-
sessing a numerical aperture (NA) of 1.45, is proficient in concentrating the light
beam to a diffraction-limited focal point with an approximate radius of 220 nm
at a wavelength of 630 nm. This substantial NA is essential for maximising the
effectiveness of light collection and achieving a minimal focal volume, thereby im-
proving the spatial resolution of the SMS setup. The use of oil immersion further
optimises the objective’s NA by aligning the refractive index between the sample
and the objective, consequently reducing light refraction and thus enhancing reso-

lution.

Furthermore, objective lens can introduce optical aberrations into the laser beam.
By employing an apochromatic design the objective ensures that minimal chromatic
and spherical aberrations are caused, thereby guaranteeing that the excitation light is
sharply focused and that the resultant emitted fluorescence is effectively captured.
This aspect is particularly significant within the field of SMS, where even slight
deviations in the focal volume can lead to substantial variations in the detected

fluorescence signal.

2.2.6 Translation Stage

The sample is loaded into a sample cell holder (see Section 2.3) that is affixed to
a Mad City Labs Nano-LPS200 nanopositioning stage, which facilitates movement
with a precision of 0.4 nm in the X, Y, and Z axes. Control over the positioning
stage 1s accomplished through USB communication, thereby enabling the precise
placement of the sample within the focal volume. The stage’s high precision is cru-

cial for the accurate localisation and measurement of individual LHCII complexes
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while preventing interference from neighbouring molecular entities. Such capabil-
ity proves to be particularly advantageous during time-resolved measurements or
when delineating the spatial distribution of complexes over a surface. Additionally,
the 3D positioning stage supports automated scanning of the focal plane, thus al-
lowing for the identification of the positions of measurable sample particles. Mea-
suring multiple particles is crucial to accumulate sufficient statistical information
regarding the behaviour of individual LHCII complexes, as data can be gathered
from a substantial number of molecules. The capacity to scan the sample in a three-
dimensional manner also assists in the development of high-resolution spatial maps
of fluorescence intensity, yielding insights into the organisation and diversity of

LHCII complexes present on a surface.

2.2.7 Fluorescence Filter

Subsequent to the emission of fluorescence, the light is collimated by the objec-
tive and transmitted through the optical system. The light is then focused by the
tube lens onto a confocal pinhole (see Section 2.1.2), after which another lens is
used to collimate the light once more. The collimated beam is then passed through
one or a combination of several fluorescence filters, which are optical components
meant to absorb any remaining excitation light while transmitting light emitted due
to fluorescence. The cutoff wavelength of the filters are chosen to be as close to
the excitation wavelength as possible. The effectiveness of these filters directly
influences the SNR of measurements, since even minor leakage can introduce con-
siderable noise. By utilising superior quality fluorescence filters, the experimental
setup ensures that the detected signal predominantly originates from the targeted

fluorophores, resulting in more precise and dependable data outcomes.
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2.2.8 Detectors

In the study of emitted fluorescence, several types of detectors are used. For the
SMS setup built at the University of Pretoria, the Single Photon Avalanche Diode
(SPAD) and the CCD Camera are used due to their high sensitivity. The SPAD is
used to measure fluorescence intensity and—when coupled with a TCSPC module—
fluorescence lifetime, which provides insight into the energy dynamics of the sys-
tem. The CCD Camera, on the other hand, is used to measure the spectra of the
fluorescence emitted after it has been spatially separated as a function of wave-
length through the use of a diffraction grating. Spectral measurements can unveil
any shifts in peak wavelengths or variations in spectral profiles, which may indicate
fluctuations in energy transfer routes, or reveal changes within the chromophores’

immediate surroundings.

2.2.9 Single Photon Avalanche Diode

The Single Photon Avalanche Diode (SPAD) is designed for high-sensitivity pho-
ton counting. Utilising a Micro Photon Device SPAD (PD-050-CTE), which is
Peltier-cooled and maintains a dark count rate of 10.5 counts per second, this de-
tector has a time resolution of 128 ps—as measured by the instrument response
function—which is sensitive enough to study a wide range of molecular dynamics.
Such capability supports TCSPC measurements, which are essential for evaluating
the fluorescence lifetime and dynamic behaviour of LHCII complexes. This life-
time analysis reveals behaviour relevant to the rates of radiative and non-radiative
decay mechanisms (as discussed in Section 1.3), which underpin the understand-
ing of energy transfer efficiency and the occurrence of quenching phenomena in

photosynthetic complexes.
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2.2.10 Diffraction grating

The emitted fluorescence is also dispersed into varying wavelengths by implement-
ing a diffraction grating. Using the Optometrics 3-8880 grating—which is fine-
tuned for 800 nm and features 830 grooves per millimetre with a diffraction effi-
ciency nearing 70% across the 700 nm to 900 nm region—facilitates spectral sep-
aration of the fluorescence. This allows for concurrent measurements across multi-
ple emission wavelengths. Such capability is particularly beneficial for examining
spectral variance among individual LHCII complexes, yielding insights into their

inherent energy transfer mechanisms.

2.2.11 Electron Multiplying CCD

The Andor iXon3 897 EMCCD camera is used for the detection of diffracted light
and leverages electron multiplication technology to enhance sensitivity to single
photons. The device is equipped with a sensor array measuring 512 by 512 pixels,
each pixel having a size of 16 um, and operates with reduced background noise by
cooling the sensor to a temperature of -100°C. This is achieved by a combination of
a Peltier cooler and a water cooling system and is critical for reducing dark noise, an
essential factor in SMS measurements, where the fluorescence signals emitted by
individual molecules are typically very weak. The EMCCD is particularly suited
for capturing weak fluorescence signals owing to its electron multiplication pro-
cess, which boosts the signal before it is read out, which minimises the effect of
readout noise. This feature is crucial in SMS, where single molecules may emit
very few photons. By enhancing the signal, the EMCCD camera guarantees that
even dim fluorescence events are detected accurately, allowing for the examination
of individual molecules under conditions of low excitation intensity. Besides its
exceptional sensitivity, the EMCCD camera also boasts a rapid readout speed com-
pared to other CCD cameras, which is advantageous for obtaining time-resolved

fluorescence data. Moreover, the ability to capture time-resolved data facilitates the
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exploration of fluorescence intermittency, a phenomenon where a single molecule’s

fluorescence toggles between on and off states.

Utilising both the CCD Camera and SPAD allows a complementary approach to
analysing the fluorescence characteristics of LHCII complexes. While the CCD
Camera offers detailed spectral insight, the SPAD contributes precise temporal data,
together enabling a holistic analysis of the complexes’ photophysical properties.
This dual detection methodology is advantageous for investigating the dynamic
processes within single molecules, as it integrates spatial and temporal resolution

facets.

FIGURE 2.3: An isometric view of the sample cell holder
model. The top panel shows the full model, whereas the bot-
tom panel shows a half-section view of the model.
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2.3 Sample Cell Holder

One of the important parts of an SMS setup is the housing in which the sample is
loaded. Depending on the requirements of the study being done, it needs to fulfil
many roles, stability being first and foremost. Another important consideration has
to do with the environment the sample needs to be kept in. If the sample’s nature
is dry (i.e. spin coating, non-aqueous thin films, etc.) most of the requirements
are simpler. However, if the sample is to be kept in an aqueous medium and if
the environment is not to be static and needs to be changed before or during the
measurement, the sample cell holder (SCH) needs to be able to facilitate this. The
device provided with the stage was very limited in its ability to meet requirements

of the latter kind (which will be expanded on below). For this reason, a new SCH

Inlet pipe

 — Thumb screw
———

- Chamber plug

= h_‘ =

Top lid
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D
M

FIGURE 2.4: Exploded view of the sample cell holder and all
the parts it consists of.
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FIGURE 2.5: A bottom view of the 1 mm chamber which
shows the shape of the volume that it creates, the inlets and
the o-ring slot.

was designed and prototyped.
The primary requirements and limitations of the new SCH were as follows:

* The SCH needed to provide structural stability to avoid translational move-

ments during measurements.

* It needed to allow the introduction of new—and consequently the ejection of
the previous—chemical environment, and had to do so in a manner that would

prevent the samples from being washed away.

* With the previous item in mind, it needed to provide a controlled and iso-
lated environment that would prevent contamination or introduce unwanted

external factors.

It had to have a sufficiently large thermal reservoir to combat temperature

changes due to the introduction of new chemical environments.

« It had to allow the flow of a nitrogen gas” over the aqueous medium from

before or during the whole measurement.

* It had to facilitate as many kinds of studies and future expansions as possible,

and for that reason, would be well suited to a modular design.

2The introduction of nitrogen into the SCH chamber, either for an incubation period or for the
duration of the measurement, was to achieve an oxygen-scarce environment.
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e It had to remain within the confines of what the in-house machinists could
achieve given the time and tools at their disposal, as well as the inherent

limitations provided by the materials used.
* The SCH also needed to be easy to use.

* The major limitation that these requirements had to adhere to was size-related:
the stage provided length and breadth limitations, and the distance to the ob-

ject provided depth limitations.

Given these requirements, during the course of my studies I developed the prototype

that will be shown below.

The SCH was modelled with Autodesk Fusion 360 which, at the time, provided a
reasonable free academic licence. An isometric view of the model can be found
in Figure 2.3. The figure also shows a half-section of the model to provide some

insight into how the model achieves the design requirements.

The SCH design consists of the following parts, as illustrated in Figure 2.4, and

their primary functions:
* Bottom lid: To seat the coverslip and align it with the rest of the SCH.
* Glass coverslip: To provide optical access to the sample.
* Chamber screw(s): To affix the chamber to the top lid.

e Chamber: Together with the coverslip, it defines the volume in which the

sample will be housed.

Top lid: Aligns with and fastens to the stage.
* Thumb screw(s): Aligns with, and screws into the bottom lid.

Due to the design, when the thumb screws are tightened, they exert a compression
force between the chamber and the glass coverslip. This design ensures that the

compression is localised between the coverslip and the chamber, rather than causing
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FIGURE 2.6: Two modular chambers that have been designed

and prototyped. The top chamber has a sample volume defined

by a height of only 1mm, which is intended to be used in cases

where no gases are being used during measurement. The bot-

tom has a large sample volume, specifically for cases where a
gas flow is to be introduced.

FIGURE 2.7: A series of photos, starting with the top left and

progressing to the right and from top to bottom, that shows the

chamber being filled with liquid. This serves to show that the

shape of the chamber ensures that the liquid fills it evenly and
without air pockets.
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the top lid to press directly against the bottom lid. Together with the o-ring housed
in the chamber, shown in Figure 2.5, a stable and sealed interface is created at the
coverslip, allowing for effective isolation of the chamber contents without requiring

excessive force between the top and bottom lids.

¥ ¢
o 58

FIGURE 2.8: Photo of the sample cell holder as the gas cham-
ber was filled with gas. The photo on the left was taken be-
fore the gas was introduced, and the photo on the right was
taken while a constant flow of gas was being introduced into
the sample volume. The presence of gas is indicated by the
slight lightening of the coloured fluid. This shows that the gas
flows into and out of the chamber without displacing all the
liquid.

There are multiple ways in which the chemical environment can be replaced, but
the primary way is to make use of the two inlet pipes that slot into the chamber,
as seen in Figure 2.6. Fluid is introduced into one of the inlets and exits the other.
The shape of the chamber prevents the formation of bubbles as the fluid fills the
volume. Figure 2.7 illustrates how, in the built prototype, the chamber is filled

without trapped air pockets, and is a successful outcome of the prototype.

In the case where a gas needs to be introduced into the chamber, the gas is intro-
duced into the top of the chamber by removing a chamber plug. An adapter, not
shown here, is used to form a seal with the gas tubing and the chamber to prevent
leakage. After the chamber has been filled using the inlets, as in the case described
above, a positive pressure is applied. By closing one of the inlets with a plug and
leaving the other open, the gas pushes out an initial volume of the fluid in the cham-
ber, but due to the size of the gas chamber and the positions of the inlet, a viable

amount of fluid is left to cover the sample. The gas can be left to flow for as long
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as needed, even for the duration of the measurement, or the gas flow can be stopped
after some time. Figure 2.8 shows that this process can be successfully performed

without removing all the fluid.

The design is shown in Appendix C as series of Computer Aided Design (CAD)
drawings. Additionally, an exploded view animation of the SCH can be watched on

YouTube with the following link: https://youtu.be/AkC5tpZXx9U.
In conclusion, the SCH design meets the requirements in the following ways:

* As the SCH is mostly made out of a single body the structural rigidity ensures

that the sample is held in place during measurements.

* The chamber design allows for effective and gentle introduction of a new

chemical environment and/or the flow of a gas over the sample.

* Once assembled, the SCH is a closed system, which prevents contamination

and allows for careful control of the environment the sample is exposed to.

* The weight of the SCH is roughly ten times more than the previous solution

which improves the thermal stability considerably.

* Due to the modular design of the SCH it is relatively easy to add additional

chambers, which allow for various future studies.

* The design was able to be prototyped successfully by the in-house machinist

given the limitations of time, tools and materials at their disposal.

* While the complexity of the SCH is greater than that of the alternative, it

remains easy to assemble and utilise.

* Lastly, the SCH achieves the above while remaining compact enough to fit

into the stage and microscope housing.
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2.4 Materials

In Chapter 5 three samples are analysed as case studies. What follows is a descrip-

tion of how each sample was prepared.

2.4.1 Quantum Dots

Qdot 605 (carboxylic acid conjugate) (Thermo Fisher Scientific) was diluted to
~80 pM in 10 mM MES buffer (pH 7) containing 0.2 mM MgCl, and 0.05% (w/v)
Tween-20. A small droplet was applied to a poly-L-lysine (PLL)-treated coverslip,
and another coverslip was placed on top. The excitation power and wavelength
were 140 nW and 488 nm, respectively, which corresponds to approximately 26
W/cm?. The dichroic mirror and fluorescence filter were 605dcxt (Chroma Tech-

nology Corp.) and 600LPF (Edmund Optics), respectively.

2.4.2 Alexa

Alexa Fluor 647 carboxylic acid (Thermo Fisher Scientific) was diluted to ~25 pM
in 6 mM 2-(N-morpholino)ethanesulfonic acid (MES) buffer (pH 7) containing 4%
(w/w) PLL, and spin-coated onto a glass coverslip. The excitation power and wave-
length were 200 nW and 633 nm, respectively, which corresponds to approximately
36 W/cm?. The dichroic mirror and fluorescence filter were FF650-Di01-25x36

(Semrock) and FELHO0650 (Thorlabs), respectively.

2.4.3 Light Harvesting Complex II

LHCII from spinach, isolated using the protocol in Ref. [50], was diluted to ~3 pM
in 20 mM buffer of 4- (2-hydroxyethyl) - 1-piperazineethanesulfonic acid (HEPES)
(pH 8) containing 0.03% (w/v) n-dodecyl-¢-D-maltoside (a-DM) and 1 mM MgCl,.

A small droplet was applied to a PLL-treated coverlip, and the coverlip was placed
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in a custom sample chamber filled with an additional buffer-detergent-salt solu-
tion. To remove oxygen and prolong measurement times, a glucose/glucose oxi-
dase/catalase mixture was used along with flushing of the sample chamber with N,
gas. The excitation power and wavelength were 119 nW and 633 nm, respectively,
which corresponds to approximately 22 W/cm?. The dichroic mirror and fluores-
cence filter were TX660 and ET6651p, respectively (both from Chroma Technology

Corp.).
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Chapter 3

Analysis: Theory

This chapter discusses the theoretical basis for the analysis and application of single-
molecule spectroscopy (SMS) data. Although the methods used to analyse the data
are not novel, the framework that facilitates, organises, and streamlines the analysis
is of considerable importance. Chapters 3-5 are significant expansions on the work

presented in Joshua et al., (2024) [51].

3.1 Introduction

The first part of this chapter addresses the analysis of SMS data. It delves into the
complexities of data capture and the types of data involved in SMS. In addition, the

methods used to analyse SMS in this setup are discussed.

A key aspect of understanding the theoretical analysis of SMS involves recognising

the phenomena that hinder and facilitate the analysis of SMS data.

Fluorescence intensity can be measured by counting the number of photons detected
in a predefined bin size over a series of bins for the duration of the measurement,
which is stored for analysis. However, measuring intensity in this manner involves
averaging over a period of time, which limits the ability to detect transient events
shorter than the bin size. Alternatively, the series of photon arrival times during

the measurement can be stored by using a Time Correlated Single Photon Counting
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module, from which the intensity can be inferred, either by binning or by measur-
ing the inter-photon duration, the inverse of which is intensity. While the binning
method is simpler than measuring photon arrival times, the strengths of measuring
photon arrival times far outweigh this simplicity, as they are highly beneficial for
detecting and understanding special phenomena. Analysing single photon arrival

times is a more complex task than intensity measurements.

In either case, a critical step in analysing SMS data is resolving the discrete intensity
states present within fluorescence intensity measurements. A common approach
involves hidden Markov models [52] (HMMs), where multiple underlying models
are proposed and evaluated using the Bayesian information criterion. However, a
major limitation of HMMs is their reliance on a priori knowledge about the system,
which can significantly impact their effectiveness in cases where the number or

nature of states is uncertain.

To mitigate this limitation, alternative methods have been explored that still require
some insight into the underlying system but to a lesser extent. For instance, the ag-
gregated Markov model [53] reduces the complexity of state-space representations
by grouping microstates into metastable macrostates, preserving essential dynami-

cal behaviour while reducing the need for detailed prior knowledge.

Another class of approaches involves non-Markovian memory kernel models [54],
which attempt to bypass explicit state-space representations altogether. Instead of
assuming memoryless transitions between predefined states, these models incorpo-
rate history-dependent effects, dynamically accounting for past states. This makes
them particularly useful for analysing systems with hidden or slow degrees of free-
dom, where conventional Markov models may struggle to capture long-lived corre-

lations.

The method developed by Watkins and Yang (2005) [55] provides a strong theo-
retical foundation for analysing intensity-driven dynamics in experiments like SMS

which does not require a priori knowledge of the underlying system. This was one
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of the primary considerations for its choice as the method used in this study and
forms the foundational basis of the analysis, providing a rigorous framework for

detecting intensity changes with high temporal resolution.

An important phenomenon that can occur during SMS measurements is fluores-
cence intermittency. Fluorescence intermittency occurs within single-photon-emitting
systems where the emission of photons switches radically between an ‘on’ state,
where photons are being emitted, and an ‘off” state, where photon emission ceases.

This phenomenon can be problematic in SMS, as it adds complexity to the analysis.

Resolving this behaviour is crucial to gaining insight into the fluorescence system.
An example of the utility of understanding fluorescence intermittency can be found
in photosynthetic compounds, where non-photochemical quenching has been linked
to photoprotective mechanisms [56]. In such cases, understanding fluorescence in-

termittency can shed light on photoprotection processes.

3.2 Change Point Analysis

The method developed by Watkins and Yang (2005) [55] uses a log likelihood test to
identify discrete changes in intensity based on photon arrival times. This approach
has significant advantages over traditional binning methods and allows for model-

free analysis of molecular transitions.

Change points refer to specific moments in the data where a significant shift occurs
in the observed signal, indicating a transition from one state to another. In SMS,
detecting these points is crucial, as they often signify important molecular events or

changes in the system’s dynamics.

Identifying these change points provides a detailed understanding of the underly-
ing processes, helping to distinguish between different molecular states and their
transitions. This approach improves the accuracy of the analysis, revealing intricate

details that traditional methods may not.
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3.2.1 Photon-by-Photon Log Likelihood Test

As detailed in Watkins and Yang (2005) [55], the photon-by-photon log likelihood
test provides a robust mechanism to identify intensity change points by evaluating
individual photon arrival events. This method offers several benefits in terms of
temporal resolution and resilience against noise, particularly in time-resolved SMS
experiments. This is because the method makes use of the Poisson distribution,
which is an inherent aspect in photon counting, and therefore can elucidate dynam-

ics within noisy measurements.

Consider a measurement in which the state of the sample does not change and is
being excited by a constant light source. It follows that the resulting fluorescence
will take place at a constant mean rate—see Equation (1.1) in Section 1.3—and
therefore the measured intensity will be constant. Considering the fact that each
fluorescence event is independent of previous events, this means that the measure-
ment of photons emitted by a single system undergoing fluorescence will follow a

Poisson distribution.

With the expected number of events denoted by A we can calculate the probability

of n events using the probability density function of a Poisson distribution given by

Ale=*

Pois(A) =

n!

In a fluorescence measurement with a period 7 and an average intensity' of I the
expected number of detected photons is given by A = IT. We can therefore use
the following equation to calculate the probability of detecting n photons given an
intensity / in a period 7" with

(IT)" e T

3.1

'During spectroscopic measurements the absorption cross section usually remains constant. Fur-
thermore, in the case of fluorescent studies, where the emission spectra also remains constant, the
definition of intensity is simplified from power per unit area—or energy per unit time per unit area—
to photon per unit time.
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Consider a series of N detected photons, where the state of the fluorescent system
changes from state o to state 3 before photon 7. In the generalised likelihood ratio
test, as proposed by Ref. [55], we construct two hypotheses: the null hypothesis
Hj that no state change took place before photon n;, and the positive hypothesis Hp
that a state change took place before photon n;. To relate these hypotheses with the
intensity of the states, we can say that the intensity remains constant during the null
hypothesis, whereas for the positive hypothesis, the intensity before and after ny is

not the same. Or, stated mathematically:

Hp: I(tl):-”:I(l‘k): Ia?’élﬁ :I(Zk+1):--~:I(IN) and (3.2)

Hy: I(l‘l):---:I(l‘k): Iy :I(tk+1):--~:I(lN). 3.3)

where Iy is the average intensity before the state change, /g is the average intensity

after the state change, and [ is the average intensity if no state change occurs.

To calculate the likelihood of Hp in Equation (3.2) we need to calculate the proba-
bility of detecting nq photons before the state change and ng photons after the state

change. Using Equation (3.1) we find

N—k _
O L A

k! (N—k)! G4

Lp = g(na:la; Ti)g(ng:1p, In—k) =

where ny = k and ng =N — k. The same can be done for the likelihood of Hj in

Equation (3.3) using Equation (3.1) with

(IoTy)* e 1otk (IgTy_i )N * e 18T+

k! (N—k)! (35)

Lo = g(na:lo, Ti)g(ng: lo, Tn—) =
Using Equations (3.5) and (3.7) we can then calculate the log likelihood that a state

change occurred after photon n; by calculating the ratio of Lp over Ly with

_ —k _
Lp (IaT)k e 1Tk (15T )~ e 8T

Lo (IT)* e~ loTic (IgTy_ )N * e T8 TN-x
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Finally, given that I, = k/Ty, Ig = (N —k)/Tq, and Iy = N/T the above can be

simplified to

k N—k
ZP = 2kIn 72 (N—k)In —2NInN, (3.6)
k —Vk

where V;, = T;/T.

To prevent errors when k approaches the boundaries of the segment, two improve-
ments are made to Equation (3.6). A weighting W, is added, called the Henderson
weighting [57], given by

w1, 4KV k)
k=h N2

Secondly, a standardised log likelihood ratio is calculated using

7= LEL)
Ok

where E(,Zko) is the expectation value of Equation (3.6) and oy is the standard de-

viation of Equation (3.6). Given the following

Vk:Tk/T,
N*ll
e =E(InV) = — Z ot
j=k J
N—1 1
pn—x = E(In (1 —Vy)) Z ~
Nwd

= 5 (3.7
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the final equation for the calculation of the weighted standardised log likelihood

ratio is given by

LY —ER
= Tk Tk ( k ) + Wi
Ok

_ —2kInVi+ 2k —2(N —k)In (1 — Vi) +2(N — k) uy n lln 4k (N — k)

B 4k22 +4(N — k)23, —8k(N —k)& 2 N2
(3.8)

The null hypothesis is rejected when

max {%} > 11_q, 3.9)

1<k<N

where 7|_q is calculated with Noé’s algorithm [58] and « is the probability of
identifying a change point erroneously. In practical terms, this means that the higher
the value of 7%, the more confidence there is in a change point at that position in the
data. This statistical interpretation ensures that the detected change points are not
merely artefacts of random fluctuations or noise, but are indeed indicative of true

changes in the molecular state.

A key advantage of the photon-by-photon approach is its ability to achieve far
greater time resolution by analysing individual photon arrival times. This level of
detail enables the detection of rapid state transitions that might otherwise be missed
when using traditional binning techniques, where averaging effects can result in the
loss of critical information. Additionally, the method is model-free, which means
it does not rely on assumptions about the underlying kinetic models. This makes
it broadly applicable to various molecular systems without imposing constraints on
the data. Furthermore, it is robust against the Poisson noise that inherently accom-
panies photon detection, allowing for accurate identification of change points even
in conditions with low signal-to-noise ratios. These strengths make the photon-
by-photon approach a powerful tool for understanding the dynamics of molecular

transitions.
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3.2.2 Recursive Segmentation

Recursive segmentation is a crucial step in the CPA process that enables the detec-
tion of multiple change points within a single emission trajectory. Additionally, the
effectiveness of the CPA method is highest when the number of data points consid-
ered is 1000 or less. Once a change point is identified, Equation (3.9) is applied
recursively to the segments of the data that lie before and after the detected change
point. This approach systematically divides the data into smaller intervals, con-
tinuously searching for additional transitions that may occur at different points in

time.

The recursive nature of this method is essential because SMS data often contain a
series of rapid transitions between different states. By iteratively segmenting the
data, the analysis does not limit itself to a single change point but rather maps out a
complete sequence of state changes, revealing the dynamic behaviour of the molec-
ular system in fine detail. This iterative process stops when no further statistically
significant change points are detected within the segmented intervals, ensuring that

all relevant state transitions are accurately captured.

3.3 Intensity Level Grouping

Intensity level grouping is a crucial step in the analysis of SMS data. Watkins and
Yang [55] outlined a sophisticated approach for grouping intensity levels based on
photon arrival times, which allows for accurate identification of molecular states
and the transitions between them. This approach has been particularly valuable in
identifying discrete intensity levels in a model-free manner, which avoids many of
the pitfalls of traditional clustering methods that rely on binning or arbitrary thresh-
olds. One major advantage of this grouping method is its ability to handle states

where very few data points were measured. By grouping such sparsely represented
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states with others that share similar characteristics, the analysis can effectively re-
duce noise and improve the statistical robustness of the identified states, ensuring

that rare but meaningful transitions are not overlooked.

3.3.1 Agglomerative Hierarchical Clustering

Agglomerative Hierarchical Clustering (AHC) is a widely used unsupervised ma-
chine learning algorithm designed to group data points into clusters based on their
similarity. It is a bottom-up approach, which means that it starts by treating each
data point as an individual cluster and then progressively merges the most similar
clusters until all points belong to a single cluster. Unlike partition-based meth-
ods such as K-means, which require the number of clusters to be predefined, AHC
generates a hierarchical structure that allows for flexible cluster selection at differ-
ent levels of granularity. This method is particularly useful in high-dimensional
datasets, where complex relationships between data points exist. Because AHC
captures nested relationships, it is especially beneficial when data exhibit natural

hierarchical organisation.

For a series of measured photons with times {f,1,,,3,-- } there is a correspond-

ing series of inter-photon durations {dt,dt,,dts,--- } so that

{to+dt =titi+diy =trstr +dtz =145 }.

It follows from Equation (1.1) that the probability density function of measuring an

inter-photon duration of dt in a fluorescence state with an intensity / is given by

flde; 1) = Te "4, (3.10)

Consider a fluorescent measurement where there are J number of distinguishable
intensity levels as resolved by the method discussed above so that J; represents the

set of measured photons that belong to level j. The classification log likelihood for
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G number of groups can be calculated using the following expression:

G G
Zel{any: {1} = L, Yo fldril) =} Y In n (L), (3.11)
j=liel; j=lieJ;

where there are J number of distinguishable intensity levels as resolved by the CPA
analysis. The AHC algorithm iteratively evaluates the above while merging two
groups, and does so for each possible pair of grouping. Suppose that two groups,
group j and group i, are to be merged, a log likelihood merge-merit function can be

calculated by using Equation (3.11)

My = Le({dtiy (- I }) — Le({dty s {, -  Lmys-  do -1 })-

This finally simplifies to

ng,+n; n ni;
M, = NIn[ —— ) —nypIn( =) —n;In | =L ). 3.12
<],m> (nm‘l‘l’l]) n(Tm+Tj> nmn(Tm) an(Tj> ( )

The group pair that results in the greatest log-likelihood merge-merit value is then

the most likely to belong to the same group and is merged. One way that this can

be denoted is to construct a matrix of p,,; elements such that

1 if I; belongs to the group m
Pmj = (3.13)
0 if not

This can be performed iteratively until all groups are merged into a single group.

The most likely state is then decided on, as explained in Section 3.3.3.

3.3.2 Expectation Maximisation Clustering

AHC suffers a high sensitivity to the initial conditions, as well as an inability to

regress. For this reason, the authors suggest the implementation of an expectation
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maximisation clustering (EMC) that uses the results of AHC as an initial state. To
this end, beginning with p,,; from Equation (3.13) and using Equation (3.1), the

probability density of measuring /; is given by

G
I ()3, TP
m=1

From this follows that the total likelihood function is

J+1 G '
LLj; P P I Tj) = H T [pmg(ny; I, T))] "™ .

=1lm=1

~

Calculating the log-likelihood of the above—which is maximised by EMC—gives

J+1 G
Lol Pmjs P Iy Tj) = Y Y. pmjIn [ ping(nji I, T5)]. (3.14)

j=1m=1
The EMC cycles over two steps until p,,; converges: a maximisation step (M-step),
and an expectation step (E-step). The M-step consists of calculating the following

maximum likelihood estimate parameters”:

U4l
Ty = Z ﬁijja
j=1
J+1
Am = Z Pmjnj,
j=1
T
Pm = ?m, and
J+1 =
~ in;
i, =Yy Pmii (3.15)
=

Pmj = G’" pAm 1) = Ellf U (3.16)
Y ngnilnTj) L pur—e
m= m—

20On the first iteration M-step the value of p,,, ; 18 given by the resulting p,,; of the preceding AHC
step.
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Once the EMC has converged, the grouping state is given by p,,;. Iterating over

multiple AHC-EMC steps ultimately provides the most accurate grouping sequence.

3.3.3 Number of States

Determining the appropriate number of intensity states is a critical part of the anal-
ysis. This is achieved by using the Bayesian Information Criterion (BIC) to assess
model complexity against data fit quality. The BIC helps to prevent overfitting by
penalising models with too many parameters, ensuring that only meaningful states

are identified. The approximate BIC value is calculated with

where %, is the resulting AHC-EMC log-likelihood in Equation (3.14), Ng is the
number of groups, and N, is the number of detected change points. This value can
be interpreted as an indication of the amount of information the solution manages
to represent, and therefore the solution with the highest BIC value is taken to be the

best representative of the grouping achieved.

3.3.4 Global Grouping

Global grouping refers to the process of analysing multiple trajectories or datasets
collectively to identify common intensity levels across different molecules. In SMS,
data is often obtained from numerous molecules, each with its unique trajectory.
These differences can arise from various factors, such as variations in the focus
point, differences in the intensity of the laser power, or the orientation of the mea-
sured particle. Such factors can lead to variability in the measured intensity, making

consistent identification of intensity levels challenging.

Global grouping involves analysing all these trajectories together to find common
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intensity levels, thus ensuring that molecular states are consistently defined through-
out the entire dataset. This approach is especially critical when comparing multiple
experimental conditions or combining data from various molecules to enhance sta-

tistical power.

Global grouping can potentially resolve the actual number of states that the system
comprises. By considering data from multiple molecules collectively, global group-
ing can identify subtle but consistent states that might not be evident from individ-
ual trajectories, providing a more comprehensive understanding of the molecular
system’s complexity. However, for global grouping to be applied successfully, the
systematic variation in the maximum intensity of the unquenched states between
measurements needs to be acceptably small. In the cases where this variability can-
not be prevented global grouping could still be applied if a method can be found
to normalise the intensities. In the case of light-harvesting complex II (LHCII) this
can be successfully achieved due to the linear relationship between the intensity of

the state and its fluorescence lifetime.
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Chapter 4

Analysis: Software

4.1 Overview of Full SMS

SMS is a powerful investigation technique, as the measured data contain a wealth
of information. Numerous approaches have been developed during the past three
decades to provide access to diverse types of dynamic information about various
kinds of nanoscaled systems. However, since the developments have been made
across different research groups, each measurement type often requires a different
data analysis programme, which necessitates the analysis of each measurement type
to take place typically in isolation from the rest. In addition, different software
packages usually require different file formats and often lack versatility, having
been designed for a particular application. As a result, it usually takes a significant
amount of effort to obtain a multiparameter SMS data set through the combination

of different existing software packages.

Although numerous open-source programmes provide access to their scripts, it is
cumbersome to adapt those scripts to enable other applications, and it is only a
viable solution for experienced programmers. Commercial software is also limited

in its application, incompatible with other types of hardware, and expensive.

Therefore, there is a need for generalised open-access analysis suites to facilitate
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and standardise the analysis of multiparameter SMS data. Some work in develop-
ing such software has been done, and examples include the Multiparameter Flu-
orescence Detection (MFD) software of the group of Seidel [59], PAM from the
group of Lamb [60], Globals from the group of Gratton [61], iSMS from the group
of Birkedal [62], and a change-point analysis toolbox from the group of Koen-
derink [63]. A general-purpose file format for SMS and other photon-by-photon

data has also been developed, namely Photon-HDF5 [64].

Here, we present Full SMS, a single workspace where data from multiple concur-
rent measurements of the same subject can be viewed and analysed. Unlike the
MEFD, PAM, Globals, and iSMS software mentioned above, our software is largely
based on the analysis of intensity time traces using a statistically robust change
point analysis (CPA). CPA, along with subsequent clustering of the intensity levels
and fluorescence lifetime fitting, is a powerful approach to analysing fluorescence
intermittency and identifying the different emissive states of nanoscale emitters.
Full SMS has also been open-sourced to the community. It was furthermore entirely
written in Python which is known for its ease-of-use and open-source community,
separating it from MFD and Globals, which are closed source, while PAM and iSMS
are open source but written in MATLAB, which is proprietary software. Unlike the
toolbox developed by Palstra and Koenderink, our software uses a graphical user
interface (GUI). This has several advantages over simple scripts or command-line
programmes, the main ones being that easy visual exploration of the data is en-
abled and that users need very little technical knowledge to get started using the
software. In this regard, our software is similar to Glotaran [65, 66], a widely used
tool to analyse time-resolved spectra. Additional advantages of Full SMS over the
Palstra and Koenderink toolbox are the display of raster scan images and spectral
time traces, automated trimming of traces, and built-in data filtering based on inten-
sity or lifetime distributions. We also developed a custom file format based on the

HDF5' format and similar to Photon-HDFS5, but which includes specific additional

I"The choice of HDF?5 as the file format used for SMS measurements is motivated in Section 4.4.5.
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measurement capabilities suitable to measurements of single immobilised particles.

Full SMS is available at http://github. com/BioPhysicsUP/Full_SMS.

4.2 Analysis

We first give a summary of the analyses and tools that the software provides and
follow this with a discussion of the main features, using mainly the data from one
measured particle as a stepwise illustration of the analysis capabilities. For detailed
information, including practical usage instructions, see the user guide at https:
//up-biophysics-sms.readthedocs.io/en/latest/. As the primary use case
of the software involves point measurements on individual particles, each individual
measurement set is called a ‘particle’ in our software, as well as in the discussion

below (this is also reflected in the name Full SMS).

Many kinds of analysis can be performed on SMS data, depending on the type(s)
of measurements made. A predominant SMS measurement modality is fluores-
cence intensity (also called ‘brightness’), either directly by measuring the photon
flux within predetermined time windows or indirectly by measuring photon arrival
times and then calculating the intensity in time bins (see Section 4.2.1). The latter,
called time-correlated single-photon counting (TCSPC), typically provides a statis-
tical distribution of photon arrival times relative to the moment of excitation of the
sample by a pulsed light source, a method commonly known as TTTR data collec-
tion. Further analysis allows the resolved intensity levels to be grouped by employ-
ing a clustering algorithm, and the statistically most probable number of states to
be determined (see Section 4.2.2). Full SMS additionally enables global grouping
of resolved intensity levels from multiple measurements to resolve the underlying
states with greater confidence (see Section 4.2.2). Full SMS can analyse TCSPC
data to extract fluorescence lifetimes for the whole measurement, but also for each
resolved intensity level or intensity group (see Section 4.2.3). It can also calculate

the second-order photon correlation function g(% (7)(see Section 4.2.4).
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Additional features, available in separate tabs, are data filtering options (see Sec-
tion 4.2.5), the display of measured fluorescence spectral sequences and raster scan
images, and options for exporting the analysed data (see Section 4.2.6, Section 4.2.7,
and Section 4.5). Raster scan images are useful for spatial mapping of measured
particles in concurrent imaging modalities, or simply to locate individual particles

before measurement.

The software also provides several other features (see Section 4.3), such as data
format conversion, photon burst detection, and the ability to define regions of in-
terest (i.e., trimming of intensity traces) for each measurement individually, either

manually or procedurally, by defining intensity and temporal thresholds.

4.2.1 Intensity Level Resolution

Analysis of an emitter’s intensity trace is useful not only for assessing its intrinsic
brightness but also for investigating time-dependent processes that give rise to fluo-
rescence intensity fluctuations, which may result from static or dynamic quenching,
photobleaching, or other photophysical changes. Among these, fluorescence inter-
mittency, a tell-tale sign of a single emitter, is evidenced by abrupt and reversible
decreases in the photon emission rate for periods anywhere between submillisec-
onds and tens of minutes [67, 68]. To correctly analyse intensity fluctuations, the
points at which the intensity changes occur must be identified. An additional bene-
fit of such a capability is the ability to filter out unwanted segments of the intensity

trace, for example, those corresponding to photobleaching.

Identifying the points at which a change in the photon statistics occurs is typically
done using change-point analysis (CPA)—an approach to locate abrupt changes in a
time-dependent variable such as emission intensity [55, 69]. This is commonly used
to analyse fluorescence intermittency, as in the present work, but it can also be used,
for example, to detect changes in the diffusion behaviour of a single particle [70].

CPA can be done using time-binned intensity traces or directly using the photon
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FIGURE 4.1: Flowchart depicting the recursive algorithm for
change-point detection. The process begins by identifying
potential change points in the data sequence and proceeds
through several decision nodes. After defining the initial seg-
ment indices, the algorithm checks if the segment is valid. If
valid, it searches for a change point within the segment; if no
change point is detected, the algorithm recurses to the next
segment. If a change point is identified, the algorithm splits
the data at that point and recursively analyses the left and right
sub-segments. This process continues until the end of the data
sequence is reached, concluding the analysis. The important
code for this can be seen in Sections A.1, A.2 and A 4.

arrival times. Working in the intensity regime (the first approach) is often done
to simplify the analysis work flow, and suitable CPA algorithms have been devel-
oped [56, 71, 72]. The choice of bin size is crucial in this case, as it determines the
temporal resolution with which dynamics can be resolved. However, data binning
inevitably introduces bias in the analysis [55, 69, 73, 74]. This bias is especially
relevant when the dynamics of the intensity fluctuations occur at a rate comparable

to the chosen bin size.

Change-point detection in the temporal regime avoids the bias introduced by data

© University of Pretoria



Chapter 4.

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

%
g

Analysis: Software

51

Segment Indexes

change
point in prev
seg?

right

1

cpt,

END

SEG °

FIGURE 4.2: Segmentation is critical for the effective use of
the change-point detection algorithm (see Section 3.2.2). This
figure illustrates the decision tree for determining segment in-
dexes. Starting with the segment index decision, the flow splits
based on whether it is the first segment and various condi-
tions on segment length N, overlap, and presence of previous
change points. For the first segment, the decision branches
based on whether N > 1000, with adjustments made to the
segment range accordingly. For subsequent segments, the flow
depends on whether a change point was detected in the pre-
ceding segment and on specific overlap conditions (e.g., A200
overlap). Conditions like the presence of overlap with change
points or availability of points on the left (> 800) guide index
adjustments for overlapping regions. The code for this can be
seen in Section A.3.
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binning by working with the individual photon arrival times. This enables the op-

timal amount of information to be retrieved from a photon stream, limited only by

the shot noise. We opt for the CPA method introduced in Ref. [55] because of the

independence of a physical model underlying the photon statistics. This method

compares the duration between each pair of consecutive photon detections to the

durations between neighbouring pairs of photon detections and assigns a change
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FIGURE 4.3: Screenshot of a resolved fluorescence brightness

trace of a single Alexa Fluor 647 dye molecule with trimmed

region of interest (ROI) shown in green. See text as well as the
user guide for details.

point to the instant when a sustained abrupt change in these durations occurs. A
chosen confidence value determines a statistical criterion for each potential change
point that must be met before acceptance. The higher the confidence value, the
more stringent the criteria that need to be met and the less sensitive the detection of
the change point. In addition, each change point has an associated temporal error
region, defined by the first and last detected photons that pass the statistical test.

The resulting change points separate the measurement into segments.

After loading a measured data set, an intensity trace is displayed in the first tab of
Full SMS with a corresponding intensity histogram on the right (see Figure B.1).
In this tab, CPA can be performed on the data. The screenshot in Figure 4.3 is an
example of a measurement of individual Alexa Fluor 647 (hereafter called Alexa)
dye molecules—a common dye used for microscopic chromophore labelling—that

was subjected to CPA. The green trace represents the binned intensities calculated
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FIGURE 4.4: Illustration of the change point analysis process
applied to our SMS data, which is the initial step in our mea-
surement pipeline.

from the measured time series, whereas the black trace represents the resolved lev-
els. Note that the CPA intensity level resolution is independent of the bin size used
for the intensity representation since the CPA operates on the underlying time se-
ries. An additional functionality is the display of two-channel data (Figure B.2).
Currently, the two channels are analysed separately, except for the second-order

correlation analysis (see Section 4.2.4).

The general algorithm for CPA is illustrated in the flow diagram in Figure 4.1, and
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the important code sections can be seen in Appendix A. As explained in Section 3.2,
the CPA algorithm is most effective in segments of 1000 data points or less. Fig-
ure 4.2 illustrates the algorithm used to achieve proper segmentation during the

CPA.

Figure 4.4 acts as an example of the CPA process. The analysis aims to identify sta-
tistical changes in the intensity signal, which are subsequently grouped into defined
levels, forming the foundation for further analysis. Panel A) (top) presents the final
result of this change point analysis. The black line represents the raw, binned trace
of intensity counts over time, while the red segments denote the resolved levels.
These levels are statistically defined based on detected change points in the inten-
sity signal, highlighting the transitions between different states. Panel B) (middle)
demonstrates the segmentation process. Here, the analysis starts by searching for
change points within an initial segment (bottom left of the panel) and progresses
sequentially. If no change point is identified within a segment, the analysis shifts
to the right by some predefined amount, currently 200 data points, and repeats the
search with an overlapping window. Once a change point is detected, marked by a
red dot on the solid line, the segment is divided into left and right sections, which are
independently analysed for further change points. This segmentation and iterative
search continues, producing a stepwise trace that corresponds to the detected change
points. Panels C)-E) (bottom) provide examples of the weighted log-likelihood ra-
tio test calculated with Equation (3.8) for each data point in three segments. The
y-axis represents the weighted log-likelihood ratio value and the x-axis represents
the data point indexes. The three examples of these tests are marked by symbols
consistent across all the panels (black inverted triangle, yellow star, and blue tri-
angle). These tests assess the statistical likelihood of a change point within each
segment. In Panel C), the test does not exceed the red threshold line, indicated
by 7y (indicating a 5% false positive rate), meaning no change point was detected.

In Panel D), the likelihood ratio exceeds the threshold at two peaks, indicating the
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presence of a change point. The maximum peak defines the change point, and sub-
sequent searches are conducted on both sides of this segment. Panel E) shows a
scenario where only one additional change point is found to the right of the initial
detected change point. This figure thus provides a comprehensive overview of the
change point detection process, from initial signal segmentation to statistical verifi-
cation of detected points, which is essential for accurately defining state transitions

in our data.

4.2.2 Intensity-Level Grouping

The information gained from CPA can be significantly increased by statistically as-
sociating the resolved intensity levels with each other. A grouping or clustering
of this kind has multiple uses. In the first place, it serves as a tool to resolve the
underlying states in the system being studied [55]. An added advantage is perform-
ing fluorescence decay fitting of levels with low numbers of detected photons. The
efficacy of fluorescence decay fitting (discussed in Section 4.2.3) depends, among
other factors, on the number of data points used. Investigating states that emit very
few photons, therefore, often proves to be problematic. By grouping several of these
dark or dim states, a successful fit is possible where it would otherwise involve a

large uncertainty.

The clustering method implemented in Full SMS is a mixed model of an agglomera-
tive hierarchical clustering (AHC) method and expectation maximisation clustering
(EMC) method [55, 72, 75]. Figure 4.5 illustrates the algorithm used for the group-
ing analysis. AHC starts by considering each intensity level as a group of its own.
It then merges the pairs of groups that maximise a log-likelihood ratio merit func-
tion calculated using the number of photons within and the total duration of the
two candidate groups (see Equation (3.12)). In other words, pairs of groups with
the smallest intensity difference will be combined. This merging of group pairs is

repeated until all groups have merged into a single group comprising all levels.
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FIGURE 4.5: Flowchart illustrating the clustering process fol-
lowed by the application of Bayesian Information Criterion
(BIC) to identify the most representative grouping solution.
The process begins with grouping, where each level is ini-
tialised as a separate group. A check is performed to determine
if there is only a single group. If there is, the solution with the
largest BIC is identified as the optimal grouping. If multiple
groups remain, the algorithm proceeds to Agglomerative Hier-
archical Clustering and then Expectation Maximisation Clus-
tering to refine groupings. The BIC value is then calculated for
each solution, guiding the decision toward the grouping con-
figuration that maximises the BIC score. The code for this can
be seen in Sections A.5 and A.8.

One of the limitations of AHC is that the outcome is highly dependent on the initial

state and outliers, and once two groups have merged, the decision is not challenged.

For this reason, the outcome of the AHC—the combined levels corresponding to

each number of possible groups—is used as an initial state for more advanced EMC,

which serves to optimise the intensity-level groupings. In the EMC algorithm, the

log-likelihood that each group would have a certain resulting intensity is calculated

given the number of photons in the group and the group’s total duration, as defined

by the Poisson probability density function. After the total probability is calculated,

new probabilities for each level related to each group are calculated. Figure 4.6 is a

detailed flow diagram of the AHC-EMC algorithm.
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FIGURE 4.6: Flowchart of the Agglomerative Hierarchical Clustering and Expecta-
tion Maximisation Clustering integration process for constructing the final grouping
matrix. The algorithm begins with the initialisation of an N, x N, matrix, where N,
is the number of groups. The merit value M|; ,, is calculated for each group pair
(j,m) with Equation (3.12), based on the difference in log-likelihood .Z, between
scenarios with and without merging groups j and m. The group-pair with the largest
merit value is merged, and a new set is constructed with the merged group along-
side all non-merged groups. The process proceeds to Expectation Maximisation
Clustering (EMC), where a new matrix is initialised. In this step, the parameters
Tns Pm, and I, are iteratively estimated, based on the expressions provided (see
Equation (3.15)), to optimise the groupings. Specifically, p,,; is calculated by itera-
tively adjusting the probability weights o, ; for each group m relative to all possible
groups G, considering the likelihood and observed metrics n;, T}, and others (see
Equation (3.14)). The convergence criterion is then assessed: if the parameters con-
verge, the final grouping matrix is constructed; if not, the algorithm loops back to
further iterations in EMC with updated parameters. The code for the AHC can be
seen in Section A.6, and the code for the EMC can be seen in Section A.7.
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Neither the AHC nor the EMC method predicts the most likely number of groups.
The latter is done using the Bayesian Information Criterion (BIC) [55]. Full SMS
provides an interactive tool to visualise the groups identified in each AHC-EMC

grouping scheme along with the corresponding BIC value.

The screenshot in Figure 4.7 is an example of the intensity-level grouping of data
from an Alexa measurement. The upper pane shows the group intensity as dotted
lines and the group boundaries as yellow lines. The resulting intensity ‘“bands"
are indicated by alternating light-blue and white bands. The BIC values for each
grouping scheme are shown in the bottom panel where the best grouping scheme
is indicated as a green circle, representing the statistically most likely number of
states, which corresponds to the largest BIC value. The option that is currently
applied is indicated by the red outline, but the user can apply alternative solutions by
clicking on any of the other circles. In this example, the best solution is also applied.
After performing the grouping, the groups can also be viewed in the Infensity tab

(Figure B.4).

To demonstrate the advantage of grouping levels when fitting fluorescence lifetimes,
the fitting results of three data sets are compared, as shown in Figure 5.3. (Note that
this figure is not a direct output from Full SMS but was created by using exported
data). The three samples for this case study are Alexa (see above), Qdot 605, and
the light-harvesting complex II (LHCII). Qdot 605 is a commercially available type
of CdSe/ZnS core-shell quantum dot and LHCII is the main light-harvesting com-
plex of plants, a pigment-protein complex containing several energetically strongly
connected chromophores that are responsible for absorbing photons that provide the
necessary energy to drive the initial photochemical processes in the photosynthetic
apparatus of higher plants. The first column of these panels (A, D, and G) shows the
distributions of the numbers of photons used in each fitted level for both the non-
grouped and grouped cases. As the total number of levels between the non-grouped

and grouped cases differs, the Y-axis was normalised to facilitate comparison. The
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FIGURE 4.7: Screenshot of an intensity-level grouping of the
Alexa intensity trace in Figure 4.3. See text and user guide for
details.

second and third columns show two-dimensional distributions of the weighted av-
erage of the fitted lifetimes and the level intensity for each level, with the second
column showing non-grouped levels and the third column showing grouped levels.
It is clear from panels A, D, and G that the number of photons used to fit the life-
times in the grouped levels is significantly larger than that when no grouping was
done. The advantage of performing lifetime fitting on grouped levels is particularly
evident for the Qdot 605 and LHCII data, which show the expected predominantly
linear relationships between lifetime and intensity (panels F and I). A linear relation-
ship is expected when the change in intensity is due to a change in the non-radiative
decay rate [47, 76, 77]. This linear relationship is significantly broadened in the
Alexa data (panel C), which can be explained by the heterogeneous distribution of
the molecular orientations relative to the elliptically polarised excitation light re-

sulting in varying absorption cross sections and, consequently, altered fluorescence
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intensities.

Although this grouping method already offers several advantages, the resolved in-
tensity levels of each trace are grouped in isolation from other traces, which could
hamper the successful resolution of the underlying states. For example, not all states
are likely to be accessed in each measurement. In Full SMS, a global analysis can
be performed where the region of interest (ROI) (i.e., trimmed trace—see below)
is added to a single data set and then grouped, as shown in Figure B.4. System-
atic intensity variations that may have resulted, for example, from focal drift during
measurements will negatively affect the efficacy of a global grouping analysis. In a
case where the lifetime and intensity are linearly correlated (like for Qdot 605 and
LHCII in Figure 5.3) the user has the option to perform an intensity normalisation,
which will greatly improve the result of such an analysis. A sufficiently large data
set is likely to resolve the true states, but this operation is computationally expen-

sive.

4.2.3 Fluorescence Decay Fitting

To extract fluorescence lifetime information, the photon arrival times relative to
the excitation laser pulse are histogrammed and fitted in an iterative reconvolution
minimisation procedure, which is based on either the least-squares (LS) [78] or
maximum likelihood (ML) [79] approaches. The approaches give identical results
for high photon counts, and in such cases LS is preferred since it is more compu-
tationally efficient and robust. For low photon counts, ML should be used since
it correctly accounts for Poisson noise [79]. Lifetime fitting is performed within
the Lifetime tab of the software (Figure 4.8). A fit can be performed on an en-
tire experimental trace or individual resolved levels using only the photons from
the level. After the grouping has been performed, a fit can also be done for each
level group, as each intensity state is typically associated with a specific lifetime.

This is especially powerful for dim levels or data with very fast switching, where
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the individually fitted levels do not contain many photons from which to extract a

lifetime.
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FIGURE 4.8: Screenshot of an example lifetime fit corre-

sponding to a single resolved brightness level of the Alexa

trace shown in Figure 4.3. Fitting residuals are shown in the

lowest pane and fitting results are on the right. See text and
user guide for details.

An interactive dialog is used to choose the parameters for the fitting (Figure 4.9).
Multi-exponential fitting with up to three components is supported, and either a
measured or simulated Gaussian IRF can be used, and decay and IRF background
can be manually specified or determined automatically. After fitting(s), the results
are shown in the Lifetime tab (Figure 4.8). The fits are shown along with the residu-
als, if enabled, and the fitting parameters and goodness-of-fit statistics are shown in
the right pane. To evaluate the goodness-of-fit, we use the reduced x2 value (only
for LS) and the Durbin—Watson (DW) parameter [80] (for both LS and ML). The
latter measures autocorrelation in the residuals, which is more sensitive to minor fit-

ting errors than x2. Our code also provides tools to automatically identify suitable
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boundaries for curve fitting, which is important for evaluating the fit using the DW

parameter.

4.2.4 Second-Order Correlation Function

Single quantum emitters exhibit so-called antibunching of photons, as seen in the

second-order correlation function (g(z)(’c)) of photon arrival times [81]. This is

calculated as a cross-correlation between two individual photon channels from de-

tectors in a Hanbury Brown—Twiss (HBT) configuration, since the dead time of

a detector precludes the measurement of coincident photons by a single detector.
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FIGURE 4.9: Screenshot of the user-definable parameters for
the lifetime fitting, showing the decay histogram for the Alexa
trace in Figure 4.3. At the top left is the number of lifetime
exponents that should be fit. Below that, initial values and
boundaries for the lifetimes can be provided. On the bottom
left, the initial value and boundaries for the IRF shift can be
defined. The user has the option for an IRF to be simulated,
which can often result in better fits. Additional parameters can
be defined on the top right, namely background values for the
decay and IRF and the start and end times of the fit window
to be used. These values can also be set automatically by the
software. Lastly, at the top right are options to use maximum-
likelihood fitting and to normalise the lifetime amplitudes.
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The HBT configuration consists of a beam splitter dividing a stream of photons
between two detectors connected to a coincidence unit and was its original appli-
cation to measure the sizes of stars [82] before finding use in quantum optics. A
perfect single emitter will never emit two photons at the same time, giving a value
of g (0) = 0. The number of independent emitters, 1/(1 — g(®(0)), is the recip-
rocal of the value of the “antibunching dip”, 1 — g (0). Full SMS can calculate

g (7)for two-channel data with an adjustable time window and bin size.

We demonstrate the analysis of photon antibunching using simulated data obtained
from the code of Palstra and Koenderink [63] and converted to the Full SMS HDF5
format (Figure 4.10). In the Antibunching tab of the software, g(?) (t)can be calcu-
lated over an adjustable time window and bin size. The sum of all selected particles’

g? (7)is shown in the top pane, which is useful in the case of low-intensity or short
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FIGURE 4.10: Antibunching analysis using second-order pho-

ton correlation histogram (g(z)(’c)). The bottom pane shows

the current particle’s correlation histogram, while the top pane

shows the sum of correlations over all the selected particles,

indicating clear evidence of photon antibunching through the
absence of a zero-delay peak.
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measurements where antibunching is not easily apparent in a single particle’s corre-
lation histogram. Note that while the demonstration shows a simulation for pulsed
excitation, the calculation of g(?)(7)following continuous-wave excitation is identi-

cal and can, therefore, also be done by Full SMS.

4.2.5 Data Filtering

In the Filtering tab of the software (Figure 4.11), the data can be filtered after level
resolution, grouping, and lifetime fitting. The parameters used for filtering are the
number of photons, the intensity, the average fitted lifetime, the DW parameter of
the fit, 2 of the fit, and the fitted IRF shift for each level or group. A histogram
of each parameter or a 2D scatter plot of two filter values can be plotted to aid in
determining the appropriate filter parameters (as shown in Figure 4.11). Examples
include filtering out levels with less than a certain number of photons (e.g. 100)
or with lifetime or intensity values that are outliers. Filtering can be performed for

individual particles, a selection, or the entire data set.

4.2.6 Display of Spectra

In the Spectra tab of the software (Figure 4.12), spectral time traces can be viewed,
which are displayed as a 2D colour map of the photon counts (intensity) as a func-
tion of the bin time and wavelength on the X and Y axes, respectively. The colour
scale can be adjusted for optimal contrast by setting the upper and lower thresh-
olds, as well as the relative intensities of set colours along the scale. A histogram
of pixel intensities is shown to aid in this regard. An ROI (separate from the ‘trace
ROI’—see below) can be defined, allowing a plot of intensity as a function of time

or wavelength to be displayed.
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FIGURE 4.11: Data filtering example for Alexa, showing a
scatter plot of intensity and lifetime values for grouped levels.
The data is filtered to include only groups with more than 100
photons. The various filtering criteria are mentioned in the
main text. The number of histogram bins is set automatically
but can also be set manually under #Bins by first unselecting
Auto, and options for intensity—lifetime normalisation. If Only
Drift is checked, only intensities below the regression line will
be normalised, else all intensities are normalised. Selecting
All applies the normalisation to all levels and groups instead of
only the currently displayed data.

4.2.7 Display of Raster Scan Images

The Raster Scan tab of the software (Figure B.5) displays raster-scan images. In
SMS experiments, these images are mostly used to locate particles to be measured.
Therefore, the functionality of this tab is currently limited to displaying images and
indicating the position of the currently selected particle. However, the images can

be easily exported if further image analysis or processing is required.
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FIGURE 4.12: Example of a spectral measurement of a single

LHCII pigment-protein complex, showing a full spectral time

trace (top) and temporally summed spectrum of the selected
ROI (bottom).

4.3 Additional Tools

In addition to the previously mentioned advantages of Full SMS, some additional
tools have been developed. These tools add significant functionality to the analysis

or enhance the user experience by automating common tasks.

4.3.1 Measurement Data Conversion

The native format of measurement data for which this software suite has been de-
signed (HDF5) is custom, in that the particular structure and naming used were
arbitrary choices that needed to be made. As mentioned above, Full SMS uses a
custom HDFS file format—custom in the sense that the specific grouping and nam-
ing of data inside the hierarchical format are customised. Therefore, if measure-
ments are made in a format that differs from this, either in file format or structure, it

will be necessary to convert the original data to the format that Full SMS can read.
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This can be done ad hoc or built into the software. As an example of the latter,
the software includes built-in conversion tools to convert measurements (with the
appropriate structure) in either PicoQuant’s ‘.pt3’ format or plain text ‘.csv’ format
to the required ‘.h5’ format. As an example of the former, we include two scripts to
convert publicly available data from the Koenderink and Schlau-Cohen groups [83,
84], available on the GitHub repository under src/conversion scripts. These also
act as examples for future contributors of how such a conversion can be done. Our

software can also be easily extended to allow the analysis of Photon-HDFS5 data.

4.3.2 Trace Region of Interest (ROI)

When SMS measurements are performed, depending on the nature of the sample
being studied, it is almost certain that a single particle cannot be measured for an
indefinitely long time. This is usually due to photodamage, as the excitation in-
tensities are typically large. Particles often bleach during a measurement run and
therefore it is often valuable to select a subsection of the measurement for analysis,
excluding the data originating from a bleached particle (i.e. trimming the end of
the intensity trace). However, in cases where data sets contain many measurements,
applying some user-defined criteria to determine the ROI for each measurement in-
dividually is often a tedious task. To aid in this task, a tool has been included to
automate the application of an ROI over the entire dataset (Figure B.6). The user
defines a lower intensity threshold and a lower duration threshold. Resolved levels
are considered until the last one that satisfies both thresholds. Each data set is anal-
ysed from back to front, and the point (if any) at which both of these thresholds are
broken is set to be the end of the ROI. An example is shown in Figure 4.3, where the
ROI is shown by the green shaded area, excluding the presumably bleached state at

the end of the trace.
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4.3.3 Photon Burst Detection

In certain types of SMS measurements, very short-lived spikes in intensity are
recorded, a phenomenon that may be caused by cosmic rays or unwanted fluores-
cent particles diffusing through the focal volume. In most cases, such spikes skew
the analysis and are therefore better to remove. Full SMS provides the user with
two methods of identifying and removing photon bursts (Figure B.7). The first is
based on the standard deviation (o) of the mean intensity of each resolved level. A
multiple of o, as chosen by the user, above the mean intensity is used as a threshold
definition. Alternatively, the user can define a manual intensity threshold. In either
case, if any levels exceed the threshold, they are identified as potential photon bursts

and can be removed.

4.4 Application Architecture

4.4.1 General Architecture

The program was written entirely in Python, using a package called PyQtS5 to in-
terface with the Qt GUI framework. The Qt GUI framework was chosen because
it has rich features, works on most platforms (Windows/Mac/Linux), and allows
rapid development of GUI windows using a GUI builder (Qt Designer). However,
the primary complexity of adding a GUI is not in the design of the windows, but in

the underlying framework that supports it.

Full SMS was designed using object-orientated programming and makes use of a
controller architecture, in which several class instances are responsible for separate
aspects of the program. The interaction with the GUI, as well as the functional im-
plementations of the analysis, is handled by several different controller classes. For
example, the intensity controller is responsible for converting time series to binned
intensity traces and interacting with the GUI to display the selected intensity trace.

However, much of the advanced functionality that is used within the controllers is
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implemented in separate modules. For example, the CPA code is found within its
own module, but is called from within the intensity controller. In this manner, the

code is organised into logical sections.

4.4.2 Multiprocessing

One of the critical limitations of the Python language?, as implemented by CPython?,
is that it makes use of a global interpreter lock (GIL). The GIL is a necessary re-
striction that allows only one thread to execute code for a single Python process,
effectively limiting the CPU core usage to a single core. Multi-threading is still
possible by allowing a single process to switch between threads rapidly. In the case
of a GUI, this allows the interface to remain responsive to the user, even if a sep-
arate thread is running to, e.g., perform an analysis. However, the GIL prevents
effective usage of modern computing power when performing analyses that allow

for parallelisation and would benefit from multiple CPU cores.

Several methods have been developed to achieve multicore processing, which, in
most cases, involve starting multiple Python processes. The primary complexity

then is the communication between processes.

The approach that the Full SMS software uses is as follows. Once the user interacts
with the GUI, a thread is started to perform the analysis, while allowing the GUI to
remain reactive. The analysis thread then uses Python’s built-in multiprocessing
module to start several Python processes, which will be referred to as worker pro-
cesses. The number of worker processes created is automatically scaled to the num-
ber of CPU cores the system has available. The use of queues achieves communica-
tion between processes. Queues are populated by the analysis thread with pairings
of copies of a function with serialised versions of the data to which the function

should be applied. The functions and serialised data are loaded from the queue by

2This limitation is still the case as of Python version 3.12, but is planned to be removed in some
future release.
3CPython is the most common implementation of Python written in C.
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the worker processes and executed. Afterwards, the results are added to another
queue in the form of serialised objects. The unfortunate consequence is that the
parent process must consolidate the returned results into the original data struc-
tures. This can be done easily for simple objects, but for complex objects, as is the
case for most of the objects in this software, great care needs to be taken to integrate
all the relevant parts of the returned object. On completion of all the parts of the

analysis, the parent process terminates the worker processes and the thread finishes.

4.4.3 Distribution and Compatibility

The repository for Full SMS is publicly hosted on GitHub and can be accessed at
http://github.com/BioPhysicsUP/Full_SMS. The easiest way to run the soft-
ware is via a Windows installer that can be downloaded from the repository releases
page. This installer does not have any prerequisites, but is currently only available
for Windows. Instructions for running from source can be found in the GitHub
README. Detailed documentation of the software, including how to contribute, is
available athttps://up-biophysics-sms.readthedocs.io/en/latest/index.
html. The data used for this paper can be downloaded at https://doi.org/10.

5281/zenodo.12150465.

4.4.4 Measurement File Structure

Full SMS is designed to analyse data sets stored in HDF5 format, with a specific
custom structure. This means that any data not in this format has to be converted
before it can be opened. Currently, the software has built-in conversion tools for
converting PicoQuant’s ‘.pt3’ format, as well as plain text ‘.csv’ files, containing
time-tagged time-resolved (TTTR) photon data, along with plain text spectral time
traces. In principle, a wide range of data formats can be converted; however, a
fundamental requirement is that the intensity data consist of photon arrival times

and not pre-binned traces or traces obtained by gated detection (see Section 4.2.1).
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Currently, up to two photon channels are supported. Our software provides for the
display of raster scan images and spectra; however, these are not required to be

present in the dataset for Full SMS to open it.

HDF5 Format

HDFS5 (Hierarchical Data Format version 5) is a file format and set of tools designed
to store and manage complex data. It is widely used in scientific computing and
engineering due to its ability to efficiently handle large datasets, its flexibility to
organise different types of data, and its compatibility with multiple platforms and
programming languages. This format is particularly suitable for storing structured
data, including multidimensional arrays, images, and time series data, along with

the corresponding metadata.

One of the key strengths of HDFS is its ability to handle very large datasets, even
those that exceed the available memory of the system. This is achieved through
fragmentation and compression, which allows data to be stored in smaller and more
manageable pieces and reduces the overall file size. HDF5 also provides direct
access capabilities, which means that users can access a specific portion of the data
without having to load the entire dataset into memory. This feature is particularly

valuable in big data applications, where processing efficiency is crucial.

Another important aspect of HDF5 is its support for different types of data, in-
cluding integers, floating point numbers, and complex data structures. The flexibil-
ity to store a wide variety of data types, combined with the hierarchical organisa-
tion, makes HDFS an excellent choice for applications that involve multiple related
datasets. For example, in scientific experiments, HDF5 can be used to store raw
sensor data, processed data, and metadata that describe the conditions under which

the experiment was carried out, all within a single file.

HDFS is also designed with parallel processing in mind, which makes it suitable
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for high-performance computing environments. It provides mechanisms for multi-
ple processes to read and write to the same file concurrently, enabling efficient data
management in large-scale simulations and experiments. The HDF5 API is avail-
able in many programming languages, such as Python, C, and MATLAB, further

enhancing its versatility and ease of integration into existing workflows.

Groups in HDFS5 are essential for structuring data in a hierarchical way. They act as
containers that hold both datasets and other groups, allowing users to logically or-
ganise related data. This nested structure can be used to represent relationships be-
tween different parts of a dataset, making it easier to navigate and manage complex
data. For example, a group might represent an entire experiment, with subgroups for
individual trials, each containing relevant datasets. This approach helps maintain a
clear and organised representation of the data, facilitating both data management

and analysis.

Both groups and data sets in HDF5 can have attributes. Attributes are small pieces
of metadata that provide additional information about a group or dataset. They are
similar to annotations and can store descriptive information such as units of mea-
surement, experimental conditions, or any other relevant context. Attributes are
particularly useful because they allow users to attach meaningful metadata directly
to the data, ensuring that important contextual information is readily available. This
capability enhances the usability and interpretability of the data, especially in col-
laborative environments or when revisiting data sets after some time. Attributes in
HDFS5 can be of various data types, similar to datasets, including integers, floating-

point numbers, and strings, providing flexibility in how metadata are represented.

In general, HDFS is a powerful and flexible tool for managing complex data, of-
fering a combination of efficient storage, rich metadata support, and scalability. Its
design makes it ideal for use in data-intensive fields such as physics, astronomy,
bioinformatics, and engineering, where managing large, heterogeneous datasets is

a common requirement.
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4.4.5 HDFS for SMS

A common challenge faced by research groups that develop their own experimental
systems is that the choice of any non-standard file format used to store measure-
ments hampers sharing data between groups. Therefore, some time and effort was
spent trying to choose a format that exactly addresses this barrier. One of the other
formats that was considered, Photon-HDEFS5, is based on HDF5, and seems to have
been more readily adopted by research groups. However, the primary issue with
this format is that it was designed exclusively for time-based measurements. This
meant that we would not be able to use the same format to include measurements

of other kinds, such as raster scans (images), spectral measurements, etc.

Ultimately HDF5 was chosen for the following reasons: While it may not be that
well adopted, it is far more flexible, and accounts for most experimental measure-
ment types one could need. It also has better organisational features which are
beneficial when performing multi-modal measurements. Additionally, it is rela-
tively easy to understand and has SDKs for most programming languages, which
are open-sourced, and therefore does not lock the data into the format exclusively.
Lastly, it is not a custom in-house format but supported by a third-party group that

works to maintain and improve on the format.

The hierarchical structure of an HDFS5 file is used to organise the experimental data.
This structure provides an effective way to store complex data in a systematic and

easily navigable manner.

In this HDFS5 structure, the top-level group is labelled "Particle". This group con-
tains the Spectra dataset and a linked dataset called Raster Scans, which are associ-
ated with the Particle group. Each of these subgroups contains specific datasets and

attributes that describe different aspects of the experimental data.

The Spectra dataset is represented as a two-dimensional array, where one dimension
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is Wavelength and the other is Time Series. This data set stores the spectral mea-
surements over time. Additionally, there are attributes associated with the Spectra
dataset, namely Wavelengths and Time Series, which provide contextual informa-
tion such as the specific wavelengths measured and the timing of these measure-

ments.

The Raster Scans dataset is linked to the Particle group and is represented as a
two-dimensional array called Intensities, which represents measurements taken at
different spatial positions. Each particle is associated with a raster scan, but a raster
scan can be linked to multiple particles. By using linked datasets for raster scans,
the need for data duplication is eliminated, as the raster scan data do not need to be
replicated for each particle. This structure ensures efficient storage, reduces redun-
dancy, and maintains data consistency by allowing multiple particles to reference
the same raster scan dataset. The attributes for this data set are the X-axis values
and the Y-axis values, which define the spatial coordinates where the measurements

were recorded, enabling precise localisation within the raster scan.

The Particle group is more complex, containing multiple datasets that represent
pulse relative/micro-time series and absolute/micro-time series. These data sets cap-
ture different temporal aspects of the particle measurements, providing both time-
relative and absolute timing information. The attributes within the Particle group are
extensive, including Measurement Description, User, Date, and Position in Raster
Scan. These attributes provide critical contextual details, such as a description of
the measurements, the identity of the user who performed the experiment, the date
of the measurement, and the specific location within the raster scan where each par-
ticle was detected. Additionally, the relationship attribute links the particles to a
specific raster scan, providing further insight into the spatial context of the particle

data.
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This hierarchical structure, using groups, datasets, and attributes, allows for an or-
ganised and detailed representation of the experimental data. Groups help to logi-
cally separate different types of measurements, while datasets store the core mea-
surement data. Attributes enrich the datasets by providing additional contextual

information, ensuring that the data are well documented and easily interpretable.

4.5 Data Export

In the Export tab of the software (Figure 4.13), the analysed data can be exported for
further analysis. Binned intensity traces, resolved and grouped levels, and lifetime
fitting results can all be exported as plain text, or in the form of a parquet file (a com-
monly used open-source column-orientated binary data storage format maintained
by Apache), which enables more convenient downstream processing for users fa-
miliar with Pandas, a Python library for data manipulation and analysis, which can
easily read and load parquet files. Apart from this final export, it is also possible
to save the current state of the analysis to continue working on it at a later time.
This includes the binned intensity, resolved, grouped, and fitted levels, as well as

the current particle selection.

The data export functionality includes the ability to export both visual representa-
tions and raw data in multiple formats, facilitating further analysis and sharing of
results. The exported formats include images (in PNG format) for visual representa-
tion of plots, as well as data files in CSV and Parquet formats for detailed numerical
analysis. This flexibility in data export ensures compatibility with a wide range of

software tools and workflows.

Export features are structured around two main types of data outputs: Traces and
Decay Curves. Each type has multiple sub-options that define how the data can be

exported based on specific groupings or features.

© University of Pretoria



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

&

&

“ UNIVERSITEIT VAN PRETORIA
A 4

Chapter 4. Analysis: Software 76

@ FullsMs

- o x
File Edit Tools Analysis
Data '@‘ Intensity @ Lifetime @ Fitering Grouping m!\nhhunmmg £ spectra Eﬂashﬂ Scan m Expart
~ 0 Alexa 647 single 11-07-2023.5 Use ROI SelectAl | SelectAlPiots || Select AllDataFrames
O RILGEIT] Particle 1
[DEIEIT] particle 2 Intensity Grouping Lifetime Spectra Plots
s Particle 3 Pandas DataFrame
8 RILGICC]
LG Particle 4 Pandas DateFrame Group Info [0 Decay Histograms 2D Array [ Intensity ([ Lifetimes
O RILGEIE] Particle 5 8 Traces _ Takes very long
- () Fitting Results Raster Scan S
RIDGIEL] particle s Resolved Levels _ 9 el © 1mt. only O Hist only
O RIUGIEIT] Perticle 7 with Lifetimes BEepnT Antibunching ([ 20 Array O with Levels O with Fit
RILIGICI] pericte s Grouped Levets L Anlysis Resuts Corr. Histograms S L AT
O RIDGIEE paricies with Lifetimes - [J only Groups
D@ Particle 10
[LIGIEIE] Particte 11 Global Grouped Levels [ Grouping BICs | | Specira
[DGIEIT] Perticle 12
O [RIDGIEIC] Particle 13 O Binned Trace ([ Raster Scans Corr. Hists
O RILDCET] article 12 -
O [RIDGIEIC] Particle 15 [ Resolved Levels
Z Particle 16 .
8 RILIGIEIT] Partcte () Grouped Levels
DG Particle 17
DG Particle 18 Global Grouped Levels
[LGIEIE] article 19 _
[DGIEI] porticte 20 DataFrame format parquet (%.parquey ~  Tbesed fie format Excel fendly CSY. Pl fe formaz
DG Particle 21
DG Particle 22
Number Selected: 52
Description
Old sample
6]
4% PVA
MES 6mM pH 7
Spin coat
Nitrogen fiush
633nm
200 nw'
Laser 65%, FW 4
Slow APD 70:30 CCD
m Export Current %Expnrtselacmd %Expnrtﬂl\
TCSPC Card: 130 EMN {new) ~
Done

FIGURE 4.13: Exporting tab of the software. The needed data
can be selected, which can then be exported for the current,
selected, or all particles.

Traces Export
Traces can be exported with different levels of detail:
* With Levels: This option includes the trace data along with associated levels.

* With Groups: This option includes the definitions of the groups identified in

the trace.

For the Traces export, the output can be provided as a PNG image showing the plot
of the traces, which is useful for visual inspection and presentation. Additionally,
the trace data itself can be exported in CSV or Parquet format, which can then be

further processed or analysed using statistical or data analysis software.

Decay Curves Export

Decay Curves can also be exported in a variety of ways, each providing distinct

information:
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* For Traces: This option exports the decay curves for each whole trace.
* For Levels: This option exports the decay curves for each fitted level.
* For Groups: This option exports the decay curves for each fitted group.

» With Fitting: This option includes fitted decay curves alongside the raw de-

cay data.

* With Residuals: Exporting decay curves with residuals provides a means to
evaluate the differences between the fitted model and the actual data, provid-

ing insight into the accuracy of the fitting process.

Similarly to traces, decay curves can be exported both as PNG images for visual
inspection and as CSV or parquet format for numerical analysis. The inclusion of
fitted curves and residuals helps users assess the quality of their data models and

make informed decisions about the next steps in their analysis.

4.6 Conclusion

We have described a new GUI-based application for the advanced analysis of single-
molecule spectroscopic data. It uses a custom HDF5 file format that is uniquely
suited to multi-parameter measurements on single particles. The software is user-
friendly, requires no programming knowledge to use, while also being fully open
source and easily extendable. It allows analysis of photon-by-photon data to extract
fluorescence intensity change points and groups the resulting intensity levels using
hierarchical agglomeration. It also allows for fitting fluorescence lifetimes of indi-
vidual and grouped levels, the calculation of the second-order intensity correlation

function, data filtering options, and a few additional features.

Full SMS is suited for further extensions. An extension of multichannel func-
tionality to include multichannel change point detection [85] would be useful for

analysing smFRET data. The change-point analysis functionality could be further
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extended to allow for analysis of binned data. For the grouping analysis, the rel-
ative likelihood values can be added as calculated from the BIC [86], for easier
interpretation. The lifetime functionality could be extended to allow fitting with
more than three exponential components and with decay models other than a multi-
exponential, such as lifetime distributions. Functionality could be added to anal-
yse spectra (using fitting or phasors) and to analyse fluorescence correlation spec-
troscopy (FCS) and real-time feedback-driven single-particle tracking [27] data.
This will allow for correlation of lifetime, spectral, and diffusion properties. Adding
the ability to interface directly with other data formats, such as Photon-HDF5 [64],

would allow more groups to start using the software immediately.
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Chapter 5

Case Studies

What follows is a description of the samples used and then a series of comparative
case studies that are meant to serve as illustrations of the efficacy and benefits that
Full SMS offers as an analysis tool. It is important to note that the analyses here
are not direct outputs of the software, but are products of secondary analyses that
utilise the unique outputs of Full SMS. The experimental setup used for these case
studies is described in Section 2.2 and the preparation of the samples are discussed

in Section 2.4.

5.1 Analysis of Light Harvesting Complex II

The study of LHCII isolated from spinach provides further insights into the dy-
namics of fluorescence at different quenching states. In Figure 5.1, a histogram of
photon counts in lifetime fits is presented. The histogram compares resolved and
grouped data, showing the distribution of photon counts across various intensity
levels on a logarithmic scale. The comparison shows a clear improvement in the
number of photons that were used for the lifetime analysis; this serves as one of the

significant advantages that level grouping offers.

Further analysis of LHCII fluorescence lifetime and intensity distribution is shown
in Figure 5.2. Panel A shows the distribution of lifetime versus intensity for the

resolved data, where a wider spread across both axes suggests more variability in
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FIGURE 5.1: Histogram showing the distribution of photon

counts in lifetime fits, comparing resolved and grouped data.

The x-axis represents the number of photons on a logarithmic

scale, while the y-axis shows the count frequency. The re-

solved data (blue) and grouped data (green with hatches) indi-
cate distinct distributions across photon count levels.

emission. In panel B, the grouped data show a tighter distribution, with a regres-
sion line fit indicating a more constrained relationship between the lifetime and
intensity. This reduced spread upon grouping suggests that grouping may improve
consistency in observed emission characteristics. It also allows for a reasonable lin-
ear regression fitting of the relationship between lifetime and fluorescence intensity
in LHCII, the nature of which has already been shown to be linear when emulating

non-saturated conditions [87].

5.2 Comparative Study

To further demonstrate the advantage of grouping levels when fitting fluorescence
lifetimes, the fitting results of three datasets are compared, as shown in Figure 5.3.
The first column of these panels (A, D, and G) shows the distributions of the num-
bers of photons used in each fitted level for both the non-grouped and grouped cases.

As the total number of levels between the non-grouped and grouped cases differs,
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FIGURE 5.2: Comparison of LHCII Lifetime and Intensity
Distributions for Resolved and Grouped Levels. Panel A)
shows the distribution of lifetime (ns) versus intensity (cps)
for the resolved level, exhibiting a broader spread across both
axes. Panel B) displays the distribution for the resolved and
then grouped levels, with a fitted regression line (red) high-
lighting the relationship between intensity and lifetime. The
grouping reduces the distribution’s spread, indicating a more
constrained relationship between the two parameters at the
grouped level. The colour intensity in each panel represents
density, as indicated by the colour bar on the right.

the Y-axis was normalised to facilitate comparison. The second and third columns
show two-dimensional distributions of the weighted average of the fitted lifetimes
and the level intensity for each level, with the second column showing non-grouped
levels and the third column showing grouped levels. It is clear from panels A, D and
G that the number of photons used for fitting the lifetimes in the grouped levels is
significantly larger than when no grouping was done. The advantage of performing
lifetime fitting on grouped levels is particularly evident for the Qdot 605 and LHCII
data, which shows the expected predominantly linear relationships between lifetime
and intensity (panels F and I). This linear relationship is significantly broadened in
the Alexa data (panel C), which can be explained by the heterogeneous distribution
of the molecular orientations relative to the elliptically polarised excitation light re-
sulting in varying absorption cross sections and, consequently, altered fluorescence

intensities.
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FIGURE 5.3: Lifetime fitting results of three datasets: Alexa
Fluor 647 dye, Qdot 605 (CdSe/ZnS quantum dots), and
LHCII. The first column shows the normalised distributions
of the numbers of photons used in each fitted level for both
the non-grouped and grouped cases. The second and third
columns depict the relationship between the weighted average
of the fitted lifetimes for each level and the corresponding level
intensity, where the second column is for the non-grouped lev-
els and the third column is for the grouped levels. The red lines
denote linear fits through the origin.
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In all three samples, the combination of change point analysis with grouping pro-

vides a distinct advantage, predominantly in terms of lifetime fitting.

Furthermore, the results show that the lifetimes for Qdot 605 vary between ~ 4 ns
and ~ 14 ns. The quenched lifetime corresponds well with the literature, whereas
the unquenched lifetime is somewhat lower than the reported value, but in the same
order of magnitude [88]. This could indicate that the sample was quenched, which
would likely be due to environmental effects. Similarly, Ref. [89] reports a long life-
time of Alexa 647 to be ~1.2 ns, and a fast lifetime component of ~0.4 ns, which
corresponds with our results. Lastly, in the case of LHCII, both the linear relation-
ship between fluorescence and lifetime, as well as the lifetimes of the quenched and

unquenched states agree with literature [56].

5.3 Fluorescence Intermittency Models

To understand the transition dynamics between different quenching states, we com-
pared the distributions of intensity, dwell time, and photon counts in different states
(see Figure 5.4). Most previous studies investigate fluorescence intermittency in
LHCII with a two-state model: switching between an on and off state [34, 56, 90—
92]. In these studies, thresholds are used to define the on and off states, an example

of which can be seen in Figure 5.3A.

The grouping analysis, followed by intensity normalisation due to the linear rela-
tionship between fluorescence lifetime and intensity in LHCII, enabled us to per-
form a Gaussian fit of the on and off population distributions. In turn, we could
consequently define the on and off states with two thresholds given by a 20 de-
viation from the maximum—as indicated by the red long-dashed lines instead of
the black short-dashed line for the midpoint-based threshold in Figure 5.5C. This
resulted in the identification of an intermediate population between the on and off

states. This then allowed for a three-state model to be used: on, intermediate and
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FIGURE 5.4: Histogram distributions of approximately 100 LHCII fluo-
rescence intensity measurements, illustrating the effects of change-point
and grouping analyses on intensity distribution. Panel A) Distribution of
resolved levels obtained solely from change-point analysis, showing two
distinct peaks corresponding to different intensity states. Panel B) Distri-
bution of grouped levels after applying grouping analysis, which enhances
the resolution between the two primary states (on and off). Panel C) Dis-
tribution of normalised intensities, where normalisation is performed based
on a linear relationship between intensity and fluorescence lifetime (see
Figure 5.3) to correct for inconsistencies in measurement conditions affect-
ing the maximum measurable intensity. The progression from Panels A)
to C) demonstrates that grouping and normalisation improve the separa-
tion between the on and off states, revealing three distinct populations: on,
off, and intermediate levels. The green line represents Gaussian fits to the
peaks, the black dotted line indicates the midpoint between the peaks, and
the red dashed lines mark a 2-sigma deviation from each peak.
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off. Lastly, this can be compared with a multi-state model, in which switches to a
higher state and switches to lower states form two populations. Due to the relatively
low signal-to-noise ratio (SNR) of the measurement, it was necessary to perform
intensity normalisation to resolve the intermediate state. However, with a higher
SNR, the grouping alone should be able to improve the distribution sufficiently for

a three-state model to be used.

3 quenched
intermediate | ‘

A) B)
500 | 500 ‘
550 I I 550 l EZA unquenched
LTS e A T I
0 0

1000 2000 1000 2000

77777 7A
[ L7777/
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FIGURE 5.5: Distribution Analysis of LHCII Intensity, Dwell
Time, and Photon Counts for Different Quenching States. Panels
A and B display histograms of normalised intensity (in counts/s)
for quenched, intermediate, and unquenched states, illustrating dif-
ferences in intensity distributions across states. Panels C and D
show the distribution of dwell times (in seconds) for each quench-
ing state, highlighting variations in dwell time profiles. Panels E
and F present photon count distributions, with different quenching
states demonstrating unique patterns in photon accumulation. Each
histogram provides insight into the characteristics of the respective
quenching states across different parameters.

Figure 5.5 presents histograms that display the distribution of intensity, dwell time,

and photon counts across different quenching states. Panels A and B show the

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

%
g

Chapter 5. Case Studies 86

normalised intensity distributions, while Panels C and D reveal dwell time distribu-
tions across quenched, intermediate, and unquenched states. Finally, panels E and
F illustrate the patterns in photon accumulation, which vary significantly between
quenching states. This analysis helps to clarify the photophysical differences be-
tween states and highlights the effect of quenching on fluorescence behaviour. We
see that the dwell time and photon number distributions of the intermediate states
follow closely those of the off states. It is therefore possible that the intermediate

states are more related to the off states than the on states.

3 state 7
2 6
€ VAIEN 3.282 .
2 state o multi state
=
5
2.491 0.415 g 0.992 1.669 0.965  1.458 4
QtoU UtoQ c to U to Q 3
£ 0.880 2.405
) 2
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FIGURE 5.6: Transition Rates Between Quenching States in
Two-State, Three-State, and Multi-State Models. Heatmaps
display the estimated transition rates between quenching
states: quenched (Q), unquenched (U), and intermediate (I).
Each sub-panel represents a different model: the two-state
model (left) shows transitions between Q and U, the three-state
model (centre) includes an intermediate state (I) with transi-
tions among Q, U, and [; and the multi-state model (right) gen-
eralises transitions without explicit intermediate states. Colour
intensity reflects the magnitude of transition rates, as indicated
by the colour bar, with higher values shown in darker shades.

The transition rates between different quenching states are further analysed in Fig-
ure 5.6. The heat maps depict estimated transition rates in two-state, three-state,
and multi-state models. This comparative analysis across models provides insights

into the dynamic behaviour of fluorescence transitions.

We see from the three-state model that not only are the intermediate states more
often accessed from the unquenched state than the quenched state, but also the

switching from the unquenched state to the intermediate state is the most common
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switch by some margin. The high unquenched-to-intermediate switching rate could
be indicative of instability of the unquenched state. This could be due to slight sam-
ple degradation that results in pigments briefly decoupling from the excitonic bath,
and therefore effectively lowering the absorption cross-section, which would also

explain why this deviation from the expected two-state model occurs.

The three-state model does, however, show us that the more accurate quenched-to-
unquenched and unquenched-to-quenched rates differ considerably from the sim-
pler two-state model. We see, with the intermediate state being resolved, that
the quenched state is more often populated by the unquenched state than the un-
quenched state is populated by the quenched state, which is the opposite of what
the two-state model indicates. This is also more in line with the multi-state model,
which due to its design would provide a more reliable indication of the overall
switching direction, but tends to oversimplify the true dynamics. This shows that
unless it is incorporated in the analysis, the presence of the intermediate states could
lead to faulty interpretations, a result that ultimately would not have been possible

without level grouping and the improved lifetime fitting enabled.

Both the multi-state model and the preferential population of states observed here
have also been observed for bacterial antenna complexes (LH2) from purple bacteria

[93, 94].

5.4 Conclusion

What the case studies reveal is that the analysis results of Full SMS enable users to
derive insights from SMS measurements. What is more, a fraction of the time and
significantly less effort are required to analyse SMS data, due to the ease-of-use that
Full SMS provides. Additionally, the grouping analysis can lead to novel findings

by improving the lifetime fittings.
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Chapter 6

Summary

Most of the energy that sustains life on earth can be traced back to photosynthe-
sis, and so its importance is difficult to overstate. Our understanding of this crucial
process is still growing as we develop ever-advanced techniques to investigate the
world of proteins and their interactions with light. To this end, this thesis provides
a thorough introduction of the Full SMS software suite, which is the main contribu-
tion this work has made to the field through its utility in investigating photosynthetic
systems in single molecule spectroscopy studies. It presents the foundation that the
analysis is built on, as well as develops the technical solutions that the software had
to solve. These include the framework that organises and orchestrates the analy-
sis, the development of a multiprocess/parallel processing strategy, as well as data
filtering and other crucial tools. Essentially, this allows investigators to achieve
meaningful analyses in hours instead of days, and also lowers the technical ability
users require to analyse SMS measurements. The thesis also showcases how the
analysis is applied to two common single-photon-emission fluorescent molecules,
as well as a complex organic pigment complex that plays a critical role in photosyn-
thesis. In all case studies, the advantages gained from analysis are shown, and the
observed fluorescent properties broadly agree with literature. Lastly, the thesis also
demonstrates the development and prototyping of a novel experimental device used
to expand on the capabilities of the in-house single molecule spectroscopy setup. In

this way, this thesis makes a significant contribution to the field of single-molecule
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biophysics, presenting a tool to further the investigation of the light-dependent pro-

cesses in photosynthesis which take place at the nanometre scale.

The Full SMS suite, as of the time of writing, is in a constant state of improvement
as a code base which can be expanded to include additional features. The follow-
ing possible features have been identified, to name a few: an improved ability for
datasets measured on other setups to be converted or read natively—work on which
is currently ongoing; an expansion on the two time channels currently provisioned
for to allow any number of channels, thereby enabling multichannel measurements;
and an introduction of more change point analysis and grouping methods which can
be selected for use by the user. To this point, it is worth investigating Photon-HDF5
as an alternative or supplementary file format, due to its broad adoption. It would
also be useful to include an embedded Jupyter notebook platform to facilitate ad-hoc
analyses. There are also several optimisations that could be made to improve the
performance of analysis, such as just-in-time (JIT) compiler frameworks for Python
such as Numba or Python experimental support for JIT compilation. Finally, the
addition of other grouping analysis methods would provide the user with several

options.
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Appendix A

Code Sections

A.1 Run Change Point Analysis

F N

1 def run_cpa(self, all_sums: CPSums, confidence=None, end_time_s=None):

2 mnn

3 Runs the change point analysis.

4

5 If the ChangePointdnalysis wasn't initialised with a confidence interval, or if

6 the analystis s to be rerun with a new confidence interval, this method starts said
— analysis.

7

8 Parameters

9 @ emmmeee—--

10 end_time_s: float

11 Time at which to end analysis. If not provided the whole trace will be used.

12 confidence: float

13 Confidence interval. Valid values are 0.99, 0.95, 0.90 and 0.69.

14

15 Returns

oy @ -------

17 num_cpts: int

18 Number of change points detected

19 cpt_inds: ndarray

20 Indexzes of change points

21 conf_regions: list(tuple(int, int))

22 Index Tegion corresponding to confidence interval

23 dt_uncertainty: ndarray

24 Array of uncertainty in time corresonding to confidence interval

25 o

26 self.load_settings()

27 if confidence is not None:

28 assert confidence in [

29 0.99,

30 0.95,

31 0.90,

32 0.69,

33 ], "ChangePointAnalysis:\tConfidence value given not valid."

34 self.confidence = confidence

35 self._tau = TauData(confidence)

36 else:

37 assert (

38 self.confidence is not None

39 ), "ChangePointAnalysis:\tNo confidence value provided."

40
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41 if end_time_s is not None:

42 if self._abstimes.size != 0:

43 self.end_at_photon = np.argmax(self._abstimes[:] > (end_time_s * 1e9))
44 else:

45 self.end_at_photon = 0

46 if self.end_at_photon ==

47 self.end_at_photon = self.num_photons

48 self._find_all_cpts(all_sums=all_sums)

49 self .has_run = True

A.2 Find Change Points

1 def _find_all_cpts(

2 self,

3 all_sums: CPSums,

4 _seg_inds: Tuple[int, int] = None,
5 _side: str = None,

6 _prev_cpt: int = None,

7

8

9

mnn

Find all change points in particle.

10

11 Recursive function that finds all change points that meets the confidence criteria.

12

13 .. note::

14 The first call doesn't need to be called with any parameters.

15

16 .. note::

17 The top level assigns the number of detected change points to

18 the .num_cpts attribute of this instance of ChangePointdnalysis.

19

20 Parameters

g @ -

22 _prev_cpt : int, Optional

23 The index of the change point for the right leg (the next_seg_start if side =
= 'left’).

24 _seg_inds : (int, int), Optional

25 The indez of the segment that is to be searched. Calculated by _nezt_seg_ind
— method.

26 _side : str, Optional

27 Determines current segment is left or right of a previously

28 detected change point. Valid values are 'left' or 'right'.

29 o

30 is_top_level = False

31

32 if self._finding is False:

33 is_top_level = True

34 self._finding = True

35 assert _seg_inds is None, (

36 "ChangePointAnalysis:\tDo not provide seg_inds when calling, it's used for

oo

37 "recursive calling only. "

38 )

39

40 if is_top_level:

41 _seg_inds = self._next_seg_ind()

42 self._i =0

43 else:

44 _seg_inds = self._next_seg_ind(

45 prev_seg_inds=_seg_inds, prev_change_point=_prev_cpt, _side=_side

46 )
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48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

self._i += 1

if _seg_inds !'= (None, None):
cpt_found, cpt = self.__weighted_likelihood_ratio(all_sums, _seg_inds)

if cpt_found:
# Left side of change point
self._find_all_cpts(all_sums, _seg_inds, _side="left", _prev_cpt=cpt)
# Right side of change point
self._find_all_cpts(all_sums, _seg_inds, _side="right", _prev_cpt=cpt)
pass # Ezits i1f recursive

if self.end_at_photon is not None:
end_ind = self.end_at_photon
else:
end_ind = self.num_photons

if _seg_inds[1] + 9 <= end_ind and _side is None:
self._find_all_cpts(all_sums, _seg_inds, _prev_cpt=cpt)

A.3 Find Segment

® N o U A W

def _next_seg_ind(self, prev_seg_inds: Tuple[int, int] = None, prev_change_point=None,

e

_side=None):

nmnn

Determines the next segment indices for change point detection.

Parameters:

- prev_start (int, optional): Start indexz of the previous segment.

- prev_end (int, optional): End index of the previous segment.

- change_point (int, optional): Index of the detected change point inm the previous
— segment.

- _side (str, optional): Indicates where the change point was detected ('left’,

— 'right', or None).

- change_points (list, optional): List of all detected change points.

Returns:

- (int, int): Start and end indices of the next segment.
mnn

if prev_seg_inds is None:

# First call

start = 0

end = min(self.num_photons - 1, 999)

else:

prev_start, prev_end = prev_seg_inds

if _side == 'left':
# Change point detected on the left side
start = prev_start
end = prev_change_point - 1

elif _side == 'right':
# Change point detected on the right side
start = prev_change_point
end = prev_end

else:
# No change detected, overlap by 200 data points
start = prev_end - 200
# Adjust start if there's a change point in the overlap region
cpts_in_overlap = [cp for cp in self.cpt_inds if start <= cp <= prev_end]
if len(cpts_in_overlap) > O:

start = max(cpts_in_overlap)
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37
38

39
40
41

end = start + 1000
end = min(end, self.num_photons - 1) # Ensure end indez %is within dataset
— bounds

return start, end

return next_start_ind, next_end_ind

A.4 Weighted Likelihood Ratio Test

1

[V N N

40
41
42
43
44
45
46
47
48

def __weighted_likelihood_ratio(

self, all_sums: CPSums, seg_inds=None

) -> Tuple[bool, Optionall[int]]:

nmnn

Calculates the Weighted & Standardised Likelihood ratio and detects the possible
— change point.

Based on 'Detection of Intensity Change Points in Time-Resolwed Single-Molecule
— Measurements'

from Watkins nad Yang, J. Phys. Chem. B 2005, 109, 617-628

< (http://pudbs.acs.org/doi/abs/10.1021/5jp0467548)

If the possible change point is greater than the tau_a value for the corresponding
confidence interval and number of data points the detected change points, it's
confidence region (as defined by tau_b), and the corresponding uncertainty in time
s added to this instance of ChangePointdnalysts.

Parameters
seg_inds : (int, int), optional
Segment indezes (start, end).

Returns
cpt_found : bool
True ©2f a change point was detected.
cpt : int, Optional
The index of the change point, if one was detected.

mnn

# settings
min_num_photons = self.settings.cpa_min_num_photons
min_boundary_offset = self.settings.cpa_min_boundary_offset

assert (
type(seg_inds) is tuple
), "ChangePointAnalysis:\tSegment index's not given."
start_ind, end_ind = seg_inds
n = end_ind - start_ind
assert (
n <= 1000
), "ChangePointAnalysis:\tIndex's given result in more than a segment of more than
— 1000 points."
if n < min_num_photons:
cpt_found = False
return cpt_found, None
time_data = self._abstimes[start_ind:end_ind]

ini_time = time_datal[0]
period = time_datal[-1] - ini_time

wlr = np.zeros(n, float)
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49
50

52
S8
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108

# sig_e = np.pi1 ** 2 / 6 - sum(1 / j ** 2 for j in range(1l, (n - 1) + 1))
sig_e = all_sums.get_sig_e(n)

for k in range(2, (n - 2) + 1): # Remember!!!! range(1, N) = [1, ... , N-1]
sum_set = all_sums.get_set(n, k)

cap_v_k = (time_datalk] - ini_time) / period # Just after eq. 4

# uk = -sum(1 / j for j in range(k, (n - 1) + 1)) # Just after eq. 6
u_k = sum_set["u_k"]

# u_n_k = -sum(1 / j for j in range(n - k, (n - 1) + 1)) # Just after eq. 6
u_n_k = sum_set["u_n_k"]

10_minus_expec_10 = (
-2 * k * np.log(cap_v_k)
+ 2 % k *x uk
- 2% (n - k) * np.log(l - cap_v_k)
+ 2% (n - k) * unk
) # Just after eq. 6

# v_k2 = sum(1 / j *¥* 2 for j in range(k, (n - 1) + 1)) # Just before eq. 7

v2_k = sum_set["v2_k"]

# v2_n_k = sum(1 / j #* 2 for j in range(n - k, (n - 1) + 1)) # Just before
- eq. 7
v2_n_k = sum_set["v2_n_k"]

sigma_k = np.sqrt(
4 x (kx*2) * v2_k
+4 % ((n - k) *x 2) * v2_n_ k
- 8% k * (n - k) * sig_e
) # Just before eq. 7, and note errata
w.k =(1/2) * np.log((4 * k * (n - k)) / n**x2) # Just after eq. 6

wlr.itemset(
k, 10_minus_expec_10 / sigma_k + w_k
) # Eq. 6 and just after eq. 6

max_ind_local = int(wlr.argmax())

cpt = None

if (
max_ind_local >= min_boundary_offset
and n - max_ind_local >= min_boundary_offset
and wlr[max_ind_local] >= self._tau.get_tau_a(n)

):
cpt = max_ind_local + start_ind
self.cpt_inds = np.append(self.cpt_inds, max_ind_local + start_ind)
tau_b_inv = wlr.max() - self._tau.get_tau_b(n)
region_all_local = np.where(wlr >= tau_b_inv) [0]
region = (region_all_local[0] + start_ind, region_all_locall[-1] + start_ind)
dt = self._abstimes[region[1]] - self._abstimes[region[0]]
self.conf_regions.append(region) # list, not ndarray
# self.dt_uncertainty = np.append(self.dt_uncertainty, dt)
cpt_found = True

else:

cpt_found = False

return cpt_found, cpt
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A.5 Run Grouping

© ® N O L R W N

def run_grouping(self, feedback_queue: JoinableQueue = None):

nwun

Run grouping

mwun

try:
if self.has_groups:
self.clear_and_backup_results()
if self._particle.has_levels:
steps = []
if self._particle.num_levels ==
self.steps = [ClusteringStep(self._particle, single_level=True)]
self .num_steps = 1
self .best_step_ind = 0O
self.selected_step_ind = 0
self.has_groups = True
logger.info(f"{self._particle.name} has only one level")
logger.info(self.steps)
else:
c_step = ClusteringStep(self._particle, first=True)
if not self.use_roi_for_grouping:
current_num_groups = self._particle.num_levels
else:
current_num_groups = self._particle.num_levels_roi
if feedback_queue is not None:
feedback_queue. put (
ProcessProgressTask(
task_cmd=ProcessProgressCmd.Start,
args=(current_num_groups, ),

)
)
inital_num_groups = current_num_groups
while current_num_groups != 1:
c_step.ahc()

c_step.emc()
c_step.calc_bic()
c_step.group_2_levels()
# print ([lvl.int_p_s for lul in c_step.group_levels])
steps.append(c_step)
current_num_groups = c_step.num_groups
if current_num_groups != 1:
# print (current_num_groups)
c_step = c_step.setup_next_step()
if feedback_queue is not None:
feedback_queue.put (
ProcessProgressTask(
task_cmd=ProcessProgressCmd.SetValue,
args=(inital_num_groups - current_num_groups,),

if feedback_queue is not None:
feedback_queue.put (
ProcessProgressTask (task_cmd=ProcessProgressCmd.Complete)
)
self.steps = steps
self .num_steps = len(steps)
self.bics = [step.bic for step in steps]
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63
64
65
66
67
68
69
70
71
72
73
74
7
76

self .best_step_ind = np.argmax(self.bics)
self.selected_step_ind = self.best_step_ind
self.has_groups = True
self.grouped_with_roi = self.use_roi_for_grouping
if self.backup is not None:
self.backup = None
self .plots_need_to_be_updated = True
logger.info(f"{self._particle.name} levels grouped")
else:
logger.info(f"{self._particle.name} has no levels to group")
except Exception as e:
self .restore_and_delete_backup()
logger.error(e)
pass

A.6 Agglomerative Hierarchical Clustering

def ahc(self):
"""4gglomerative Hierarchical Clustering"""
# Calculate merge merit value for each possible merging situation
merge_merit = np.full(
shape=(self._num_prev_groups, self._num_prev_groups), fill_value=-np.inf
)
for j, group_j in enumerate(self._seed_groups): # Row
for m, group_m in enumerate(self._seed_groups): # Column
if j < m:
n_m = group_m.num_photons # Number of photons in group m
n_j = group_j.num_photons # Number of photons in group j
t_m = group_m.dwell_time_s # Dwell time of group m in seconds

t_j = group_j.dwell_time_s # Dwell time of group j in seconds

merge_merit[

j, m
] = ( # Log-Likelihood Merge merit function for joining groups j and
- m, eq. 11

(n_m + n_j)

* np.log(

(n_m + n_j) / (t_m + t_j)

) # (n.m - n_g)\ln[\frac{n.m + n_jHT_m + T_j}]

- n_m * np.log(n_m / t_m) # - n_m\in[\frac{n_m}{T_m}]

-n_j * np.log(n_j / t_j) # - n_jg\in[\frac{n_j}{T_j}]

max_j, max_m = max_jm(merge_merit) # Find most probably merge

# Perform merging of groups maz_j and maz_m
new_groups = []
p-mj = np.zeros(shape=(self._num_prev_groups - 1, self._num_levels))
group_num = -1
for i, group_i in enumerate(self._seed_groups):
if 1 != max_m:
group_num += 1
if i == max_j: # Then merge
merge_levels = group_i.lvls_inds.copy()
merge_levels.extend(self._seed_groups[max_m].lvls_inds.copy())
merge_levels.sort()
# New group made up of all the levels in groups maz_j and maz_m
new_groups . append (
Group(lvls_inds=merge_levels, particle=self._particle,
— group_ind=group_num)
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43 )
44 else:
45 new_groups . append (group_i)
46
47 # Set up new assignment matriz, to be as initial start for EM clustering
48 for ind in new_groups[-1].1lvls_inds:
49 p_mj [group_num, ind] = 1
50
51 self._ahc_p_mj = p_mj
52 self._ahc_groups = new_groups

A7

Expectation Maximisation

© ® N U A W N =

def

emc(self):

"""Expectation Mazimisation clustering"""

p_mj = self._ahc_p_mj.copy() # Initial state, as provided by AHC

prev_p_mj = p_mj.copy()
if not self._particle.use_roi_for_grouping:

levels
else:
levels

# M-Step

=6

=8

elf._particle.cpts.levels

elf._particle.levels_roi

EEEE TS EE TS E TS EETTSEETSEETTEEETEEEETEETISEETI ST SIS EEETEEETTE LT TEES

i=0
diff_p_mj
p_hat_g =

=1
None

while diff_p_mj > le-5 and i < 50:

i+=1

if not self._particle.use_roi_for_grouping:
cap_t = self._particle.dwell_time_s

else:

cap_t = self._particle.dwell_time_roi

t_hat
n_hat
p_hat
i_hat

p_hat_
denom

np

= np

g =
= np

np.
np.

.zeros (shape=(self._num_prev_groups - 1,))
zeros_like (t_hat)
zeros_like(t_hat)
.zeros_like(t_hat)

np.zeros (shape=(self._num_prev_groups - 1, self._num_levels))
.zeros (shape=(self._num_levels,))

for m, group in enumerate(self._ahc_groups): # 4s in Fig. 9
# \hat{T}_m = \sum\limits_{j=1}~{J+1}\bar{p}_{mj}T_j
t_hat[m] = np.sum(

[p

_mj[m, jl * 1l.dwell_time_s for j, 1 in enumerate(levels)]

# \hat{n}_m = \sum\limits_{j=1}~{J+1}\bar{p}_{mjin_j
n_hat[m] = np.sum(

[p

_mj[m, jl * 1.num_photons for j, 1 in enumerate(levels)]

# \hat{p}_m = \frac{\hat{T}_m}{T}
p-hat[m] = t_hat[m] / cap_t

# \hat{I}_m = \sum\limits_{j=1}~{J+1}\frac{\bar{p}_{mjin_j}{\hat{T}_m}
i_hat[m] = np.sum(

[
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49 p_mj[m, j] * 1.num_photons / t_hat[m]

50 for j, 1 in enumerate(levels)

51 ]

52 )

53

54 # Let \bar{p}_{mj} = \frac{\alpha_{mj}}{\sum_{m=1}"G\alpha_{mj}}

55 # where \alpha_{mj} = \hat{p}_mg(n_j;\hat{I}_m,T_7)

56 for j, 1 in enumerate(levels):

57 p_hat_g[m, j] = p_hat[m] * poisson.pmf (

58 # l.num_photons, i_hat[m] * l.dwell_time_s

59 n_hat[m], i_hat[m] * 1.dwell_time_s

60 ) # \alpha_{mj}

61

62 # \sum_{m=1}"G\alpha_{mj} = \sum_{m=1}"G\hat{p}_mg(n_j;\hat{I}_m,T_7)

63 for j in range(self._num_levels):

64 denom[j] = np.sum(p_hat_g[:, j1)

65

66 for m in range(self._num_prev_groups - 1):

67 try:

68 p_mjm, j1 = (

69 p_hat_g[m, jl / denoml[j]

70 ) # \bar{p}_{mj}=\frac{\alpha_{mj}}{\sum_{m=1}"G\alpha_{mj}}

71 except:

72 # print('here') # TODO: Fiz div by zero

73 pass

74

75 diff_p_mj = np.sum(np.abs(prev_p_mj - p_mj))

76 prev_p_mj = p_mj.copy()

77

78 level_p_max = np.argmax(p_mj, 0)

79 eff_p_mj = np.zeros_like(p_mj)

80 for j in range(self._num_levels):

81 eff_p_mj[level_p_max[jl, jl = 1

82 self._em_p_mj = eff_p_mj

83

84 # E-Step

85 HERBRRRRRRAAARAAARRRRBRRBRBRRRRRAAARAAARRBRBRRRRRRRRRRRARR AR RBRRRS

86 log_1 =0

87 for m in range(self._num_prev_groups - 1):

88 for j in range(self._num_levels):

89 if (

90 p-hat_g[m, j] > 1e-200 and eff_p_mj[m, jl != 0

91 ): # Close to smallest value that doesn't result in -inf

92 log_1 += eff_p_mj[m, j]l * np.log(p_hat_g[m, jI)

93 self._em_log_1 = log_1

94

95 new_groups = []

96 for m in range(self._num_prev_groups - 1):

97 g_m_levels = list(np.nonzero(self._em_p_mj[m, :1)[0])

98 if len(g_m_levels):

99 new_groups . append (Group(lvls_inds=g_m_levels, particle=self._particle,
— group_ind=m))

100 new_groups.sort (key=lambda group: group.int_p_s)

101 self.groups = new_groups

102 self.num_groups = len(new_groups)

103 if self.num_groups ==

104 self.last = True

105

106 level_group_ind = [None] * self._num_levels

107 for group_num, group in enumerate(self.groups):

108 for level in group.lvls_inds:

109 level_group_ind[level] = group_num

110 self.level_group_ind = level_group_ind
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A.8 BIC

def calc_bic(self):
num_cp = self._particle.cpts.num_cpts
num_g = self.num_groups

self.bic = (
2 * self._em_log_1
- (2 * num_g - 1) * np.log(num_cp)
- num_cp * np.log(self._particle.num_photons)

© ® N U A W N =
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@ Full SMS

File Edit Tools Analysis

Data

O EIEIETEE] particle 76
O COOCEID] Particle 77
O CILCIEIE] Particle 78
O COEEID] Particle 79
O COCIEE] perticle 50
O EOEEID] Particte 81
O COCOCEID] Particle 2
O CIOCIEIT] Particle 83
O COEEID] article 82
O CILCIEIE] Perticle 5
O CEEID] Particle 86
O COCCEID] Particle 87
O COEED] Particle 88
O B EEIE] particle 89
O CILCIEIE] Particle 90
O EEEEID] particle 91
O COCIEE] perticle 22
O COCEID] Particle 93
O COOCEID] Particle 4
O CIOCIEIT] Particle 95
O COEEID] Particle 96
O COCIEE] perticle 97
O EIOCIEIE] particle 98

Number Selected: 0

Description
0Old sample
7

MES 6 mM pH 7
5pin coat
Nitrogen fiush more

633nm
200 il

Laser 65%, FWl 4
Slow APD 70:30 CCD

TCSPC Card: | 130 EMN new)

Done

x
Ak mersty (‘B Ufetime {38 Fiterng

woms |2 @AuulmeSle @Aumvnan

Grouping M antbunching A2 spectra E Resterscan [ Export

@

E

S

=1

91

B

£

5

S 1

z

£

21

£

Relative Frequency
Time (s)
2nd Card (J |ExpTrace () showRor @ | show Groups Show Glabal Groups || | Select Groups () | Level Info () | Hist I8

Bin Size Confidence

9%9% @Resu\ve %Resu\veﬁ\e:b&d @Resu\vean

1 cuickror

FIGURE B.1: Intensity trace example of Alexa as shown in
the Intensity tab, showing a binned intensity trace before the
resolving of the intensity levels is actioned. The same trace is

shown in Fig. 4.3 with the levels resolved.
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Intensity (counts/10ms)

Relative Frequency
Time (s)

2nd Card ¥ | Exp Trace Show ROI | Select Groups. | Level Info | Hist v
FIGURE B.2: Two-channel intensity trace example, showing
the binned intensity traces from each channel as a separate
colour.

=
‘@‘ Intensity @ Lifetime M Filtering Grouping LU\ Antibunching & Spectra @ Raster Scan f’ Export

Intensity (counts/s) = 1.86e+03
Dwell Tme (s) = 12.3
# of Photons = 22878

Intensity (counts,/100ms)
— =

Time (s)
2nd Card (] | Exp Trace () showRoI @@ | Show Groups @ | Show Global Groups | select Groups @ |Level nfo @ | Hist (J

FIGURE B.3: Group selection example using the groups
shown in Fig. 4.7. The group’s intensity, dwell time, and num-
ber of photons are displayed.
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Intensity (counts/100ms)

Rolatve Frequency.
Time (5)

BIC Convergence 1 use RO
ol
o o
o . St e et e ., ,
. S e e

.
* e, .
LIS
. . .
o o .
o .

FIGURE B.4: Global grouping example of the data of 105
LHCII complexes. The bottom pane shows the progression of
the grouping of the appended data, which originally comprised
~ 10° individual intensity levels. The largest BIC value corre-
sponds to 27 distinct states (down from ~ 10° states), some of
which are not accessed in the intensity trace in the upper pane.

Full SMS _ 8 ox
File Edit Tools Analysis
Data g Intensity (3} Lifetime  [3#® Filtering | JU.Grouping 4| Antibunching ~ A®Spectra | [fdRasterScan | [} Export
COCED Partic.. ©| Raster Scan 9
COEEE Partic... -
OOEEE Partic.. Int time (ms/um) =
EOEEE Partic.. || 500
FEOEEE Partic... X Start (um) = 20.0
ODOED Partic... ¥ Start (um) = 30.0
LOOED Partic... | q) particle 17: x-
EOOEE Partic.. | 310 ye 39,1
OOOEE Partic... 2) Particle 18: x=

OOOEE partic... 22.3,y=342
CIOCIEE Partic...

[OEEE Partic...

COCEE partic... ~

Number Selected: 0

Description

LHCII [6.5]

633nm, ~40W.cmA-2 (119nW)
AOTF 289%, FW_AB 1-1

PH 8 buffer bath, flushing N2 @ 0.2
flow

DM - 660, FF-> 665, BS -> 70:30

TCSPC Card: ~d

Done

FIGURE B.5: Example of a raster-scan image of a few LHCII
complexes immobilised on a glass coverslip via poly-L-lysine,
indicating the position of the currently selected particle with a
green plus. The raster-scan details and coordinates of selected
particles are indicated on the left of the image.
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i
=\ )" Intensity @ Lifetime E Filtering Grouping Ll\l Antibunching & Spectra E Raster Scan | f') Export

B Full SMS Settings ? *

Trim Traces

© Manual

) Auto

Particles

(O current () Selected @ Al

Manual Threshhold |‘ ‘ II .
il
-
Minimum Level Time  5.00s ] 1 ||‘ |

Minimum Intensity 400 cfs

Intensity (courts,/100rms)

il o
Automatic

b
i develgpment...

Reset current ROT (]
Uncheck if not valid (C]

3
Reset Current | Reset Selected Reset Al

Cancel Apply
Relative Frequency
Time (s)
2nd Card [0 | ExpTrace () showror @ | show croups Show Global Groups || | Select Groups () [ Level Info [ | Hist
Bin Size Confidence

- y = ink
100 ms - @Apply Bin Size .@ Apply To Al 995 @ Resolve Resu\ve Selected @Resulva Al ﬂ_]“ Quick ROT
- =] & ]

FIGURE B.6: Trace trimming tool dialog with the Alexa inten-
sity trace shown in Fig. 4.3. The end of a trace is trimmed if it
is below the given minimum intensity and longer than the given
minimum dwell time. An automated choice of these parame-
ters is a future extension that is currently under development.
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'
‘@‘ Intensity @ Lifetime M Filtering Grouping Lu Antibunching ,é Spectra @ Raster Scan | f’ Export

€3 Photon bursts detected X

Would you like to remove the photon bursts?

(Removing photen bursts in 27 seconds)

Intensity (counts,/100ms)

Yes

LTk

No

L L L L
Relative Frequency
Time (s)

FIGURE B.7: photon burst dialog example with the Alexa in-
tensity trace shown in Fig. 4.3. This dialog is presented auto-
matically after resolving levels, if photon bursts are detected.
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Appendix C

Sample Cell Holder

The pages that follow contain CAD drawings the Sample Cell Holder design and
show some of the important dimensions. All the units are in mm, and the page scale
is indicated on each page.
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