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Abstract

This thesis describes the development of sensitive and high-resolution fluorescence
spectroscopic and microscopic techniques and their application to probe biomolecules
and their interactions in solution, lipid membrane model systems and in cells. Pa-
per I-IV are largely focused on methodological developments. In paper I, a new
fluorescence method based on fluorescence correlation spectroscopy (FCS) for de-
tecting single particles was realized, requiring no fluorescent labeling of the par-
ticles. The method can yield information both about the diffusion properties of
the particles as well as about their volumes. In paper II, a modified fluorescence
cross correlation spectroscopy procedure with well characterized instrumental cali-
bration was developed and applied to study cis interactions between an inhibitory
receptor and its Major Histocompatibility Complex class I ligand molecule, both
within the same cellular membranes. The quantitative analysis brought new in-
sights into the Nature killer cell’s self-regulating of tolerance and aggressiveness for
immune responses. Paper III describes a multi-color STED (STimulated Emis-
sion Depletion) microscopy procedure, capable of imaging four different targets in
the same cells at ∼40nm optical resolution, which was developed and successfully
demonstrated on platelets. In paper IV, a modified co-localization algorithm for
fluorescence images analysis was proposed, which is essentially insensitive to res-
olutions and molecule densities. Further, the performance of this algorithm and
of using STED microscopy for co-localization analysis was evaluated using both
simulated and experimentally acquired images.

Papers V-VII have their main emphasis on the application side. In paper V,
transient state imaging was demonstrated on live cells to image intra-cellular oxy-
gen concentration and successfully differentiated different breast cancer cell lines
and the different metabolic pathways they adopted to under different culturing con-
ditions. Paper VI describes a FCS-based study of proton exchange at biological
membranes, the size-dependence of the membrane proton collecting antenna effect
as well as effects of external buffer solutions on the proton exchange, in a nanodisc
lipid membrane model system. These findings provide insights for understanding
proton transport at and across membranes of live cells, which has a central bio-
logical relevance. In paper VII, STED imaging and co-localization analysis was
applied to analyze cell adhesion related protein interactions, which are believed to
have an important modulating role for the proliferation, differentiation, survival
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and motility of the cells. The outcome of efforts taken to develop means for early
cancer diagnosis are also presented. It is based on single cells extracted by fine
needle aspiration and the use of multi-parameter fluorescence detection and STED
imaging to detect protein interactions in the clinical samples.

Taken together, detailed studies at a molecular level are critical to understand
complex systems such as living organisms. It is the hope that the methodologies
developed and applied in this thesis can contribute not only to the development of
fundamental science, but also that they can be of benefit to mankind in the field
of biomedicine, especially with an ultimate goal of developing novel techniques for
cancer diagnosis.



Sammanfattning

Denna avhandling beskriver utveckling av känsliga och högupplösande tekniker för
fluorescens-spektroskopi och mikroskopi, samt deras användning för att undersöka
biomolekyler i lösning, i modellsystem av lipidmembraner och i celler.

Arbetena I-IV fokuserar huvudsakligen på metodologisk utveckling. I arbete I,
realiserades en ny fluorescensmetod baserad på fluorescens-korrelations-spektroskopi
(FCS) för detektion av enstaka partiklar, som inte kräver att partiklarna själva är
inmärkta. Metoden kan ge information om såväl diffusionsegenskaper hos partik-
larna, som om volumen på partiklarna. I arbete II utvecklades en modifierad pro-
cedur för fluorescens-kors-korrelations-spektroskopi (FCCS) med väl karakteriserad
instrument-kalibrering, vilken sedan applicerades för att studera cis interaktioner
mellan en inhibitorisk receptor och dess MHC (Major Histocompatibility Complex)
klass I ligand, båda lokaliserade i samma cellmembran. Den kvantitativa analysen
ledde till nya insikter om NK (Natural Killer) cellers själv-reglering av tolerans och
av grad av agressivitet i deras immunreaktioner. Arbete III beskriver en proce-
dur för multi-färgs STED (STimulated Emission Depletion) mikroskopi, som kan
avbilda fyra olika målmolekyler i en och samma cell, och med en optisk upplösning
på ∼40nm, och som efter utveckling framgångsrikt kunde demonstreras för att av-
bilda blodplättar. I arbete IV, föreslås en modifierad algoritm för att analysera
co-lokalisering i fluorescens-bilder. Algoritmen är väsentligen opåverkad av upplös-
ning och molekylär densitet i bilderna. Algoritmens prestanda och användandet av
STED mikroskopi för co-lokaliseringsanalys undersöktes vidare utifrån både simu-
lerade och experimentella bilder.

Arbetena V-VII är huvudsaklingen applikationsinriktade. I arbete V visas hur
TRAST (Transient State) imaging framgångsrikt kan användas för att avbilda
intra-cellulär syrgaskoncentration och för att särskilja olika bröstcancer-celllinjer
och de olika metaboliseringsvägar de använder sig av under olika cellodlingsbeting-
elser. Arbete VI beskriver en FCS-baserad studie av proton-utbyte vid biologiska
membraner genomförd i ett lipidmodellsystem bestående av nanodiskar, av hur
protoninsamlingsförmågan beror på storleken på membranen, samt av hur proton-
utbytet påverkas av externa buffertlösningar. Resultaten kan bidra till ökad insikt
om hur protontransporten sker längs med och genom biologiska membran, vilket
har en central biologisk relevans. I arbete VII, användes STED mikroskopi och
co-lokalisationsanalys för att undersöka växelverkningar mellan adhesionsproteiner
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i celler, vilka antas ha en viktig roll för att styra cellernas proliferation, differenti-
ering, överlevnad och mobilitet. I avhandlingen presenteras även utveckling av nya
förfaranden för tidig cancerdiagnostik. Diagnostiken baseras på enstaka celler, ex-
traherade med finnålsaspiration, och på använding av multi-parameter fluorescens-
detektion och STED mikroskopi för att detektera protein-interaktioner i de kliniska
proverna.

Sammanfattningsvis, detaljerade studier på molekylär nivå är avgörande för att
kunna förstå komplexa system såsom levande organismer. Förhoppningen är att
metoderna som utvecklats och tillämpats i denna avhandling kan bidra till ut-
vecklingen av grundläggande forskning, och även vara till allmän nytta inom det
biomedicinska området, inte minst att de i förlängningen kan leda till nya tekniker
för cancerdiagnostik.
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Chapter 1

Introduction

1.1 Reductionism and holism in biology

Living organisms, which can autonomously grow, develop, proliferate and respond
to external stimuli, as well as maintain homeostasis as a whole, constitute an inspir-
ing and fascinating type of objects for scientists who make inquiries to decipher the
mystery of nature. Owing to the emergent higher-order features, living organisms
are remarkably different from other physical matters in nature or artificially manu-
factured despite sharing common reservoir of atomic elements. The self-organizing
and governing capabilities of organisms or their biological functions stem from the
highly interactive and complex reaction networks within the organisms themselves
and with their surrounding environments.

The way of tackling complex problems by dissecting the individual components
of the whole and scrutinizing them separately while overlooking the integrative
nature of biology dubbed “naïve reductionism” [1] has lead to failures in bringing
simplicity in understanding complex diseases such as cancer [2]. While there is the
ongoing debate of whether the emergence and development of system biology rep-
resents a paradigm shift in conducting modern life science, it is generally accepted
that methodological reductionism is of great importance in understanding complex
phenomena [3]. The methodological reductionism can to great extent be summa-
rized by Einstein’s remark that “. . . the supreme goal of all theory is to make the
irreducible basic elements as simple and as few as possible without having to sur-
render the adequate representation of a single datum of experience” [4] or the more
widely spread variant “Everything should be made as simple as possible, but no
simpler” [5]. The problem with practicing the “naïve reductionism” is the oversim-
plification of overlooking the vital interactions between the parts which constitute
the whole.

1



2 CHAPTER 1. INTRODUCTION

1.2 Significance of Single Molecule Detection (SMD)

Though it might sound ironical, to understand biology at a system-level in fact
requires quantitative data input from molecular level so as to construct a model
that can be tested experimentally [6]. Fluorescence based Single Molecule Detec-
tion (SMD), which offers unprecedented signal sensitivity and molecular specificity,
allows quantitative determination of molecular concentrations and dynamics, bio-
chemical reaction kinetics as well as molecular distribution and organization in
cells [7].

Most biomolecular interactions within the cells can be recognized as reaction-
diffusion systems, given by the fact that many biochemical events depend primarily
on thermal diffusion and random collision in three dimensional space or two dimen-
sional biological membranes. Precise measurements of the mobility of molecules
can provide information on the local environment where the interactions are taking
place as well as the modes of interactions and molecular structures via, for instance,
Fluorescence Correlation Spectroscopy (FCS) based approach [8] [9] [10]. One es-
pecially interesting potential application of FCS, which is also highly relevant in
biology, is the study of non-equilibrium steady states in cells where net fluxes of
biomolecules are maintained [11] [12].

To elucidate the biological functions of biomolecules, despite the importance of
knowing their static crystal structures, it is critical to determine their conforma-
tional fluctuations and transitions which can be probed by single molecule Förster
Resonance Energy Transfer (FRET)1 [13]. Besides, owing to its ultra-high distance
sensitivity in the nanometer (nm) range and temporal resolution up to or even
beyond nanoseconds, this technique is a powerful tool to study physical binding
between different molecules in vitro spectroscopically [14] and in cells with imaging
mode2 [15] as well as to inquire about molecular heterogeneity which is also linked
to biomolecular functions [16].

Apart from the heterogeneity at molecular level, it is also intriguing to study
the phenotype heterogeneity of cells sharing the same genome, which is a puzzling
question in biology. Interestingly, as recently recognized, this phenomenon can at
least partially be attributed to the stochastic nature of single molecule events which
fluctuate spatial-temporally in cells [17] [18]. Findings as such can not be possible
without the new light brought by single molecule techniques to unravel the intrica-
cies of self-regulations and organizations of living organisms.

It is also of vital value to be able to visualize the spatial and temporal distribu-
tions of molecules in cells, in order to reveal the delicate and dynamic architecture
of cells to understand the processes of molecular interactions in an environmental
context. The development of super-resolution fluorescence microscopy with sin-

1In honor of Theodor Förster who introduced the correct theory for nonradiative resonance
energy transfer, though it is also widely used in the scientific community to refer FRET as Fluo-
rescence Resonance Energy Transfer to denote specifically the mostly widely recognized subset of
energy transfer between fluorescent molecules.

2In combination with Fluorescence Lifetime Imaging (FLIM).
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gle molecule sensitivity and optical spatial resolution close to molecular dimensions
enables scientists to visualize molecular compositions of cells specifically in unprece-
dentedly fine details at biologically relevant conditions [19].

1.3 History of SMD and the scope of the thesis

Motivated by the benefits of fluorescence based SMD, this thesis is dedicated to
development of new biophysical tools for studying molecular interactions and ap-
plying them to some biological problems. The following part of the introduction
attempts to put the methodological development part of the thesis in the perspec-
tive of the historic advancement of SMD.

The pioneering work in detecting single molecules came in 1976 with the patch-
clamp technique for monitoring single ion channel conductance [20]. The endeavor
to detect single molecules optically, which is the primary foundation of the thesis,
began with fluorescence detection of single antibody molecules each of which how-
ever was heavily labeled by fluorescent molecules [21]. The genuine accomplishment
of detecting single molecules was done however in the late 1980s via absorption [22]
and fluorescence excitation of chromophores [23] in solids at low temperatures. The
first experiment demonstrating the capability of detecting single fluorophores at bi-
ologically relevant conditions in solution followed almost immediately [24]. In the
same time period, single molecule detection and manipulation via other means like
scanning tunneling microscopy, atomic force microscopy and optical tweezers also
appeared and the references regarding these developments can be found in a com-
prehensive review paper on single molecule biophysics [25]. In 1993, a significant
improvement to achieve routinely detection of single fluorescent molecules was re-
alized, by introducing a confocal configuration3 to the FCS technique [26] which
was briefed above. This realization triggered then tremendous interests for imple-
menting single molecule fluorescence detection. Later, a dual-color variant of FCS
termed as Fluorescence Cross-Correlation Spectroscopy (FCCS) was introduced to
specifically monitor binding between different fluorescently labeled species [27].

To be able to image individual molecules separately however turned out to be
a much more difficult task. Abbe’s discovery of resolution limit in focusing light
by diffraction [28] in 1873 set the resolution to be no better than approximately
half of the light wavelength. The diffraction barrier which is necessary to sur-
pass in order to allow noninvasive observation of biological samples under ambient
conditions with visible light has never deterred scientists from attempts. Without
breaking this barrier, it would never be possible as with visible light to image single
molecules in the nm dimension. The first proposal to combat diffraction limit was
to use near field optical imaging by Synge in 1928 [29], and it took almost 60 years
to realize this idea [30] for achieving sub-diffraction optical resolution. Unfortu-
nately, because of the necessary use of tiny aperture or ultra-sharp tip for imaging,
this method does not allow noninvasive imaging of live cells except cell surface.

3A short introduction of confocal microscopy is found in Chapter 3 of this thesis.



4 CHAPTER 1. INTRODUCTION

A different route had to be taken. In 1994, the ground for approaching visualiz-
ing individual molecules optically was laid upon the concept of controlling state
transitions of fluorescent molecules by stimulated emission referred as Stimulated
Emission Depletion Microscopy (STED) [31]. A different mechanism for switching
the states of fluorophores was soon proposed by the same group [32]. It took al-
most 10 years after the proposal of the first idea that 28nm lateral optical resolution
approaching to molecular dimension was demonstrated [33]. In 2006, three indepen-
dent groups achieved similar resolutions using photo-activated stochastic switching
of fluorophores in combination of point localization [34] [35] [36], of which the origi-
nal idea can be traced back to Heisenberg’s discussion on electron localization with
photons in 1930. Currently, the highest resolution achieved optically is 2.4nm with
localization precision of 3.3Å obtained by illuminating nano-diamond which carries
single fluorescent nitrogen vacancy center, which however is not very compatible
for cellular studies so far.

In the thesis, efforts have been directed to both technological development of
FCS related techniques and super-resolution STED microscopy as well as appli-
cations of these techniques to selected biological problems. More specifically, a
variant of FCS without necessity of fluorescent labeling by detecting nonfluores-
cent molecules diffusing through a focal volume of high fluorescent background was
developed. A modified procedure to improve the accuracy of binding fraction de-
termination in FCCS measurement was introduced and applied to the study of
binding between a receptor and transmembrane protein on the immune cell sur-
face. Detailed introduction of FCS and FCCS can be found in chapter 2 while the
results from research projects that used these methods are presented in chapter 4
and 5. One new technique inspired by FCS and developed in our group to sensitize
oxygen named Transient State (TRAST) imaging was applied to differentiate cells
undergoing different metabolic states, for which the introduction of the technique
is found in chapter 2 and results are presented in chapter 5. As for the part of
super-resolution STED microscopy, a four-color4 STED microscopy was developed
to allow four different target proteins to be imaged in the same sample without
introducing additional technical complexity to a two-color STED microscope. Ef-
forts were also dedicated to improve existing co-localization algorithms to surpass
density and resolution dependence of co-localization determination and applied to
STED microscopy for cellular imaging. The introduction of STED microscopy and
principles for aforementioned improvements are found in chapter 2 while the re-
sults are found chapter 4. In addition, dedicated efforts using FCS and STED for
biological studies are presented in chapter 4, and 5.

4A more correct term is channel instead of color, as color specifies the spectral range while
the method developed does not aim at separating targets by spectra but by specially designed
detection scheme, taking advantages of differentiate photo-stabilities of dyes. The output image
however uses false-color for presentation. For the purpose of simplicity, color is used throughout
the thesis.



Chapter 2

Photophysics of fluorophores

2.1 Fluorescence and phosphorescence

All phenomena of light emission by an atom or a molecule but not in thermal
equilibrium with its environment, i.e. black body radiation, can be collectively re-
ferred as luminescence. Luminescence always involves the relaxation of the atom or
molecule from the excited state A* to a state with lower energy A. Luminescence
can be further divided into different categories depending on how the excited state
A* is created, for instance, chemiluminescence if created by chemical reactions and
photoluminescence by absorption of photons. The latter can be further subdivided
into fluorescence and phosphorescence, with only the difference in the electron spin
state of the excited molecule from which a photon is emitted while the molecule
is relaxing back to its ground state. Though the whole thesis relies on fluores-
cence, it’s worthy to dwell some time on the distinction between fluorescence and
phosphorescence. Historically, before the discovery of quantum mechanics, distinc-
tion between the two photoluminescence phenomena was made by the observation
that fluorescent materials stop light emitting simultaneously once the light source
is removed while phosphorescent materials continue to glow in the dark after the
removal of the excitation source [37]. Generally speaking, the emission rates of
fluorescence are usually in the range of 108 − 109s−1, so that a typical fluorescence
lifetime is in the range of 1− 10ns, while phosphorescence lifetime typically lies in
the range of ms - s and even longer. Bulk phosphorescent substances can glow for
minutes even hours before excited phosphors return to the ground state. However,
this distinction is not always correct in differentiating fluorescence from phospho-
rescence because there are long-lived fluorescence and short-lived phosphorescence.

In the middle of 19th century, it was discovered independently by two scientists
Edmond Becquerel (1842) and Sir George Gabriel Stokes (1853) that emitted pho-
tons from photoluminescence always have longer wavelengths than the excitation
light, which is nowadays referred as Stokes shift. It is also in Stokes’s original paper,
the term fluorescence was introduced for the first time. However, Stokes viewed

5
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fluorescence as an instantaneous inelastic scattering phenomenon while Becquerel
viewed fluorescence to be the same phenomenon as phosphorescence as a two-step
process with finite waiting time between absorption and emission though with a
shorter lifetime [37]. Insightful understanding of fluorescence and phosphorescence
is mainly laid down decades later by the Perrins, i.e. Jean Perrin (1870-1942) and
Francis Perrin (1901-1992). Jean Perrin, a physics Nobel laureate for his studies of
Brownian motion of minute particles in suspension which confirmed the atomic na-
ture of matter, is considered by many the first one to use an energy level diagram1

in connection with absorption and emission of light by molecules and supposed to
account for the explanation of phosphorescence. Francis Perrin instead worked out
quantum yield and lifetime theory of fluorescence polarization and experimentally
determined fluorescence lifetime in solution. They pioneered in the devising dipole-
dipole interaction theory for resonance energy transfer as well, though not entirely
correct [38] [39]. The correct theory of FRET laid down by Förster is briefed in the
section dedicated to FRET below.

2.2 Energy states of fluorophores

Figure 2.1: A typical Jablonski energy diagram representation a fluorophore. Upon
excitation (k01), the molecule is prompted from the ground state S0 to the first
excited singlet state S1 where it undergoes fast vibrational relaxation denoted by the
curved arrow before relaxes back to the ground state through fluorescence emission
(kf ) or nonradiative decay (knr) denoted by the dashed lines. From the excited S1
state, inter-system crossing (kisc) can occur which requires flipping of an electron
spin and make a transition to the triplet state T1. Depopulation of T1 state can
occur through phosphorescence emission (kp) or again by nonradiative decay kT .

1Nowadays commonly referred as Jablonski energy diagram in honor of Polish physicist Alek-
sander Jabłónski.
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The process of absorption and emission of a photon by a molecule is usually
graphically presented by a Jablonski energy diagram as in figure 2.1 where excita-
tion into higher electronic states which is extremely rare is neglected. For ordinary
organic molecules, like fluorophores, their ground state2 S0 is generally a singlet
state in which the spins of two electrons are paired or anti-parallel in the same elec-
tron orbital symbolized as ↑↓, according to the Pauli exclusion principle [40]. It is
called a singlet state, because there is only one possible spin state (↑↓ − ↓↑)/

√
2 for

the anti-parallel spin configuration with the total spin angular momentum S = 0,3
resulting in a spin multiplicity M = 2S + 1 = 1 which accounts for the spin de-
generacy (state with the same energy upon measurement). Upon excitation of a
fluorophore, there occurs a transition of an electron from the Highest Occupied
Molecular Orbital (HOMO) to the Lowest Unoccupied Molecular Orbital (LUMO)
driven by energy due to photon absorption. If the excited electron relaxes back
from the first excited state S1 without changing its spin, the photon emission dur-
ing the relaxation process is called fluorescence. The wavelength shift known as
Stokes shift as mentioned above for the fluorescence and excitation photon comes
from the fact that there is generally an excess energy beyond what is necessary to
excite the electron to jump from HOMO to LUMO, which is however quickly spent
by molecular vibrations (which has a time scale of 10−12− 10−10s) before emitting
a fluorescence photon as required by Kasha’s rule [41]. This process is commonly
referred as an internal conversion.

Though of minuscule probability in “violating” conservation laws according to
the quantum selection rules4, it is possible for the electron to undergo an inter-
system crossing from the S1 state to T1 state by flipping one electron spin which
results in a parallel electron spin configuration with a total spin S = 1 as the Pauli
exclusion principle does not disallow for half-filled HOMO and LUMO to have the
same spin orientation. The T1 state is commonly referred as a triplet state as there
are three possible spin states (spin multiplicity M = 2S + 1 = 3) with S = 1,
being ↑↑, ↓↓ and the superposition state of (↑↓ + ↓↑)/

√
2. For the electron to

relax back to the ground state S0, the fluorophore at T1 state has to restore its
anti-parallel spin configuration by flipping one electron spin again as required by
the Pauli exclusion principle. During this relaxation process, one photon can be
emitted which leads to phosphorescence. Because of the requirement to change the
spin multiplicity twice, each of which is of low probability, phosphorescence is a
much slower process than the fluorescence, hence long-lived.

In the Jablonski diagram for an organic fluorophore as in figure 2.1, the S1
singlet state always has higher energy than the T1 triplet state. This energy gap
can be explained solely by the Pauli exclusion principle which instructs the elec-

2The least energetic state without any excitation energy.
3Each electron has a spin angular momentum S = 1

2 . For anti-parallel spin configuration,the
sum S = 1

2 − 1
2 = 0.

4It is only forbidden for isolated system and in absence of spin-orbit coupling caused by
electromagnetic interaction between the electron’s spin and the magnetic field generated by the
electron’s orbit around the nucleus.
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trons with the same spin orientation at triplet state to not approach each other
and therefore the electron repulsion is minimized, hence lower energy in compari-
son with the singlet state. Apart from the radiative decays from S1 to S0 and from
T1 to S0, transitions between these states can involve nonradiative decays as well
which are competing against the radiative decays, by heat dissipation for instance.
The relaxation of the S1 state to the S0 is a random process, and it can be de-
scribed by a first order differential equation taking into account the neighboring
state transitions as followed:

dS1

dt
= k01S0 − (knr + kf + kisc)S1. (2.1)

Considering a very short pulsed excitation such that S1 is populated to a certain
fraction of S1(0) and assuming k01 = 0 (the pulse is so short that the laser is
considered to be off), the time evolution of S1(t) takes the form as following:

S1(t) = S1(0) exp
(
− t

τf

)
, (2.2)

where τf is the fluorescence lifetime which is the characteristic decay time of the
S1 state of the fluorescent molecules and it is defined by τf = (knr + kf + kisc)−1 =
(k10 + kisc)−1. The concept of fluorescence lifetime is also related to another im-
portant parameter named fluorescence quantum yield, Φ = kfτf , which accounts
for the efficiency of fluorescence emission. For typical fluorophores, kisc is orders of
magnitude smaller than other rates, with time scale of 10−4 − 102s, and therefore
can be omitted.

As it comes to fluorescence radiation, like any other forms of electromagnetic
radiation, radiations are generated by a pair of positive and negative charges (an
electric dipole) that oscillate with time. As a consequence of dipole oscillations, the
generated wave propagates perpendicular to the dipole oscillation axis, as one can
see in figure 2.2.

For non-rotating oscillating dipoles, polarized radiation can arise. For a typical
case of fast rotating small molecules like fluorophores in solution, isotropic radiation
is resulted. Though it is not the focus of this thesis, it is of no harm to mention
that measurements of the degrees of emitted fluorescence polarization referred as
fluorescence anisotropy, if linearly polarized light source is used, can yield infor-
mation on the rotational motions of fluorescent molecules or biomolecules labeled
by fluorophores. The fluorescence anisotropy is given by the ratio of fluorescence
with polarization parrallel (I‖) or perpendicular (I⊥) to the laser polarization as
the formula below:

r =
I‖ − I⊥
I‖ + 2I⊥

(2.3)
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Figure 2.2: Electromagnetic radiation generated by an oscillating electric dipole in
two- and three-dimensional presentations, figure adopted from universe-review.ca.

2.3 Mathematical model for electronic transitions

The electronic transitions between the three states depicted in figure 2.1 can be
described by the following linear differential equations in matrix form:

d

dt

−→
P (t) = M−→P (t), (2.4)

where −→P (t) describes the population of different electronic states and M provides
information regarding the transition rates between different states are given by:

−→
P (t) =

 S0(t)
S1(t)
T1(t)

 , M =

−k01 k10 kT
k01 −(kisc + k10) 0
0 kisc −kT

 , ∀t,∑−→
P (t) = 1, (2.5)

with the initial condition of S0(0) = 1 at t = 0 before excitation. Solving the linear
differential equations involves calculating the eigenvalues and eigenvectors of the
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Figure 2.3: Simulation of time evolution of S1 state according to equation 2.6 after
excitation at time 0. In the simulation, k01, k10, kisc and kT were set to 8×106s−1,

2.5× 108s−1, 8× 106s−1, 5× 105s−1, respectively.

matrix M. The time evolution of different state population takes the form as:

S0(t) = k10kT
k01(kisckT ) + k10kT

eλ1t + k01

k01 + k10
eλ2t

+ k01k10kisc
(k01 + k10)[k01(kisc + kT ) + k10kT ]e

λ3t,

S1(t) = k01kT
k01(kisckT ) + k10kT

eλ1t − k01

k01 + k10
eλ2t

+ k2
01kisc

(k01 + k10)[k01(kisc + kT ) + k10kT ]e
λ3t,

(2.6)

T1(t) = k01kisc
k01(kisckT ) + k10kT

eλ1t − k01kisc
k01(kisc + kT ) + k10kT

eλ3t

The eigenvalues λi, i = 1, 2, 3 which are related to the relaxation kinetics of the
three states are given by:

λ1 = 0,
λ2 = −(k10 + k01), (2.7)

λ3 = −
(
kT + k01kisc

k01 + k10

)
The first eigenvalue λ1 is zero which indicates that the state populations will ap-
proach a steady state as t→∞ as can be expected from a close system which the
total population should be conserved if no photobleaching is present. The second
eigenvalue λ2 is related to the time it takes until the populations of singlet S0 and
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Figure 2.4: Dependence of donor fluorescence lifetime on the occurrence of FRET
(A) and FRET efficiency on inter-dye distance RDA (B). In A, τ0

D is set to be
4ns (dashed black line) and FRET efficiency is set to be 50% which results in a
reduction of lifetime by half (gray line). The insert shows the same graph but in
log scale. In B, the Förster radius is set to be 5nm.

S1 (τAB = 1/λ2) reach an equilibrium following excitation after t = 0, and com-
monly recognized as an antibunching term due to single quantum emitters can emit
only one photon at a time. The third eigenvalue λ3 is related to the rate of building
up the the triplet state population. Its inverse is known as the triplet relaxation
time τT which can be easily monitored by FCS technique (see chapter 3).

As an example for time evolution of the electronic states described by equations
in 2.6, the build-up of excited singlet S1 state is shown in figure 2.3. It can be seen
that the population of S1 state first increases due to excitation and then decreases
and eventually reaches a steady state due to the build-up of T1 at slower rate, in this
state transition model. This inspires the invention of Transient State Microscopy
for monitoring dark states which are sensitive to the dye environment due to their
longer lifetimes than the fluorescence lifetime. The introduction of this technique
is found in chapter 3.
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2.4 Förster resonance energy transfer

FRET, as previously touched upon in the introduction, is a distance dependent
energy transfer phenomenon through dipole-dipole coupling of a donor at excited
state to an acceptor with overlapping spectra in proximity (in the nm range) at
ground state, is widely used to probe intra- or inter-molecular distances in biology.
The efficiency of energy transfer is given by:

EFRET = kFRET
k10 + kFRET

= 1− τAD
τ0
D

= 1− FD
F 0
D

= 1

1 +
(
RDA

R0

)6 , (2.8)

where RDA is the inter-dye distance between the donor (D) and the acceptor (A), R0
is the Förster radius5 which characterizes the inter-dye distance where the FRET
efficiency reaches 1

2 , and τ0
D as well as F 0

D represents the fluorescent lifetime or
brightness of the donor in absence of the acceptor. And τAD is the donor lifetime
when FRET occurs in presence of the acceptor.
The dependence of donor fluorescence lifetime on whether FRET occurs with an
acceptor in vicinity or not as well as the dependence of FRET efficiency on inter-dye
distance is shown in simulated curves in figure 2.4.
For a more detailed and comprehensive introduction of FRET theory, readers are
recommended to refer to an excellent review paper [14]. Because of this relation
in eq. 2.8, measurements of the changes of the donor brightness and fluorescence
lifetime can provide information on the inter-dye distance RDA. In the cancer
diagnosis FLUODIAMON project which will be covered in chapter 5, we used the
fluorescence lifetime imaging to study molecule-molecule interactions with the scope
of identifying interaction patterns unique to breast cancer cells.

5It is a function of orientation factor accounting for the angle misalignment of the donor
and acceptor electric dipole moments as well as the overlap of the donor emission and acceptor
excitation spectra.



Chapter 3

Fluorescence based techniques

3.1 Confocal microscopy

Confocal microscopy is the backbone of some optical techniques that are used in
the thesis and also the standard technique that super-resolution microscopy (whose
development is also part of the thesis) is usually compared with, in order to demon-
strate the improvement in the optical resolution. Therefore it is worth to give a
short introduction of the technique before all the other techniques.

In confocal microscopy, a small pinhole is placed in the conjugate focal plane of
the microscope objective to restrain out-of-focus light from being detected, making
it possible to do three-dimensional imaging of biological specimens without physical
cutting. This idea is perceived already in 1956 by Marvin Minsky who is recog-
nized mainly as a leading expert in artificial intelligence when he as a young research
intended to improve the optical imaging of brains tissues without fluorescence stain-
ing [42]. It was not documented in any scientific publications and yet a patent was
filed in 1957 [43] before the invention of laser which is crucial for its practical use
to create strongly focused light as well as the invention of integrated circuit based
computer to store and process the large amount of data. Not surprisingly in ret-
rospective, this invention did not catch much attention or commercial interests at
that time. It was until 30 years later that laser scanning confocal microscope was
demonstrated to image fluorescently-labeled biological specimen with optical slicing
capability [44]. The principle of a confocal microscope is illustrated in figure 3.1. A
critical characteristic measure for an imaging system is the Point Spread Function
(PSF) which describes the response of the system to a point source and determines
the resolution of the microscope. Any light point source will be diffracted by an
objective aperture and forms a diffraction pattern in the image plane, which has
a central bright spot surrounded by alternating dark and bright fringes, known as
Airy pattern. The intensity distribution of this Airy pattern for a circular aperture

13



14 CHAPTER 3. FLUORESCENCE BASED TECHNIQUES

Figure 3.1: Simplified illustration of the working principle of a confocal fluorescence
microscope. The laser light (black arrows) for excitation is reflected by a dichroic
mirror and focused by the objective into the sample. The fluorescence (gray arrows)
emitted from the sample is then collected by the same objective, passes through
the dichroic mirror and pinhole placed in the conjugate focal plane of the objective
and finally registers intensity counts on the detector. Off-focus fluorescence light
denoted by dash arrows is however blocked by the pinhole.

is described by the formula given below [45]:

PSF (r) =
(

2J1(ν)
ν

)2
, (3.1)

where J1(ν) denotes the Bessel function of the first kind of order one and ν is
given by ν = 2πr

λ
n sinα
M in which r represents the radial space coordinate, λ is

the wavelength of light, n sinα is known as the Numerical Aperture (NA) of the
objective which characterizes the ability of the objective lens in focusing light, n is
the refraction index of the medium in contact with the lens and M is the objective
magnification.

According to the Rayleigh criterion, an empirical diffraction limit that regards
two imaged points adjacent to each other just as resolved if the principal diffraction
maximum of one Airy disc coincides with the first minimum of the other, the lateral
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resolution for conventional wide-field microscopy is defined as:

∆rwidefield = 0.61λ
NA

. (3.2)

In the axial direction, the PSF of the objective is given by:

PSF (z) =
(

sin( ζ4 )
ζ
4

)2

, ζ = 2πz
nλ

NA2. (3.3)

Similarly, for wide-field, the axial resolution according to the Rayleigh criterion is
given by:

∆zwidefield = 2nλ
NA2 . (3.4)

For confocal microscope, because of the introduction of an additional pinhole which
will also cause diffraction, the PSF in this case becomes the square of the PSF for
the conventional wide-field microscopy, thus:

PSFconf (r) =
(

2J1(ν)
ν

)4
. (3.5)

As a result, according to the Rayleigh criterion, the lateral and axial resolution
limit for a confocal microscope are given by:

∆rconf = 0.44λ
NA

, ∆zconf = 1.41nλ
NA2 . (3.6)

The laser confocal volume can be well approximated by a 3D Gaussian function,
as a result, the fluorescence collected from a single point-like fluorescence emitter
is given by:

I ≈ I0 exp
(
−2(x2 + y2)

ω2
0

− 2z2

ω2
z

)
(3.7)

in which ω0 and ωz are the widths of the laser focus in the lateral and axial direction
and I0 is the fluorescence intensity at the center spot.
As it can be seen from equations 3.2,3.4 and 3.6, the increase of resolution by
introducing the confocal configuration is more prominent in the axial direction
than the radial direction, making confocal microscopy better to suppress off-focus
light from being detected and this is very beneficiary in reducing background and
enhance the image contrast compared with conventional wide-field microscopy. For
the same reason, this advantage is also utilized in SMD.

3.2 Fluorescence correlation spectroscopy

FCS is a fluctuation based technique that uses the temporal fluorescence intensity
fluctuations typically under equilibrium conditions to retrieve information about
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processes giving rise to these fluctuations, be it molecular diffusion (translational
[46] or rotational diffusion [47]), photo-induced transitions into transient dark states
including for instance, inter-system crossing from excited singlet to triplet state [48],
isomerization transitions between trans- and cis-isomers of dyes which contain long
conjugated hydrocarbon chains [49], charge transfer [50], quenching [51], oxidation
and reduction [52], FRET [53] and so forth. As the name implies, FCS relies on
calculation of a correlation function to provide information about the characteristic
times and the relative weights of different processes contributing to the fluorescence
intensity fluctuations. Regarding the historic development of this technique, a short
note can be found in the introduction part of this thesis in the scope of SMD

FCS is closely related to another optical fluctuation method, i.e. Dynamic
Light Scattering (DLS), which is also known as quasi-elastic light scattering. The
difference between FCS and DLS is that the latter measures the scattered coherent
laser light by diffusing particles in the solution, developed by Pecora a decade
earlier [54]. DLS is excellent in detecting at relatively high concentration of purified
molecules or particles in solutions or species which is dominant in scattering in a
mixture. However, because it relies on detecting scattering signals, it is limited
in the range of information that can be extracted from such analysis about the
studied particles, i.e. diffusion properties, sizes and geometries of particles, making
the technique unsuitable to probe chemical reactions as what FCS can offer. It
shall also be noted that its correlation amplitude scales with the sixth power of the
particle radius [55], such that scattering signals from small particles in presence of
large particles could be hard to detect and analyze.

Principle of FCS
In FCS, a normalized correlation function operated upon the fluctuating fluores-
cence intensity is used to extract all the relevant information of the stochastic
processes of interests, which exhibit both stationarity and ergodicity. A station-
ary ergodic process implies that the random process does not change its statistical
properties with time (such as the averages and variances) and these statistical
properties can be deduced from one single and sufficiently long realization of this
process. The statistical time invariant properties can be retrieved by calculating
a correlation function of which the amplitude depends only on the time difference
(or time lag) τ rather than the absolute time t:

G(τ) = 〈I(t)I(t+ τ)〉
〈I(t)〉2

= 〈δI(t)δI(t+ τ)〉
〈I(t)〉2

+ 1, (3.8)

in which 〈I〉 is the detected mean fluorescence intensity and δI(t) = I(t) − 〈I〉
denotes the deviation of the intensity from its mean.
Assuming the spatial distribution of the brightness of fluorescent molecules follows
the confocal volume with a Gaussian profile (as in equation 3.7 ), the concentration
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of molecules obeys Poisson statistics and the molecules are diffusing independently
of each other, the correlation function can take the form as:

G(τ) = 1
N

(
1 + τ

τD

)−1(
1 + τ

τD(ωz/ω0)2

)− 1
2

+ 1 = 1
N
GD(τ) + 1, (3.9)

where τD = ω2
1

4D is the average diffusion time of molecules with diffusion coefficient
D passing through the detection volume, ω0 and ωz are the widths of the laser focus
in the lateral and axial direction, GD(τ) is the normalized correlation function for
the translational diffusion and N is the average number of fluorescent molecules in
the focal volume. The inverse relation of the correlation amplitude to the number
of molecules means that FCS is a very sensitive molecule detection technique such
that the lower molecular concentration, the higher correlation amplitude it will be.
And thus, it has the single molecule detection sensitivity. However, it also means
detecting molecules of high abundance is problematic because the relative fluo-
rescence intensity fluctuation due to concentration fluctuation caused by diffusion
becomes very small and eventually approaches noise level at very high concentra-
tion. A typical concentration range for feasible FCS measurement is in the sub-nM
to some µM range. However, this detection limit for high concentration can also be
circumvented by shrinking the detection volume via different methods [56] [57] or
by measuring fluorescently labeled species in presence of excess unlabeled ones [58].
In the equation above, only one purified molecular species is concerned. For the
case of n different diffusing species each with a different molecular brightness of
Bi, diffusion coefficient of Di and concentration of Ci (i = 1, . . . , n),the correlation
function due to diffusion of these species is generalized to:

G(τ) = 1
(
∑
BiCi)2

∑
(BiCi)2GD,i(τ) + 1, (3.10)

in which the correlation function due to each diffusing species is given by equation
3.9.
If singlet-triplet transition is considered which is typical for fluorophores, the cor-
relation function for single diffusing species is transformed into:

G(τ) = 1
N(1− T )GD(τ)

(
1− T + T exp(− τ

τT
)
)

+ 1, (3.11)

where τT is the triplet relaxation time and T is the mean triplet state population.
Considering the Jablonski diagram in Figure 2.1, the triplet state population and
the singlet-triplet transition relaxation time are related to the excitation rate k01,
the triplet relaxation rate kT , the intersystem crossing rate kisc and the total rate
k10 of the de-excitation from S1 to S0 as below:

T = k01kisc
k01(kisc + kT ) + k10kT

(3.12)
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Figure 3.2: Simplified illustration of a typical FCS setup and simulated correlation
curves with (solid gray curve) and without triplet state (dashed black curve) for
a single diffusing species with diffusion time of τD = 50µs. The ratio of the axial
width to the lateral width of the laser focus ωz/ω0 is set to be 5. Triplet parameters
are set as τT = 3µs and T = 30%.

τT =
(
kT + k01kisc

k01 + k10

)−1
. (3.13)

A typical FCS setup and correlation curve is shown in figure 3.2.

Chemical kinetics with FCS
As previously mentioned, FCS is also suitable to study chemical reactions as long
as the reaction can cause detectable changes for the fluorescence parameters. One
interesting example that is specifically studied in this thesis is protonation, which
will be specifically explained in chapter 4. This is feasible to be monitored by FCS
if protonation of fluorophores changes their fluorescent properties, for instance,
fluorescence intensity which is perhaps among the easiest to be measured. For
a fluorophore that can be protonated reversibly, assuming it is protonated state
is completely non-fluorescent and there exist no other transient dark states, the
normalized correlation function becomes:

G(τ) = 1
N(1− P )GD(τ)

(
1− P + P exp(− τ

τp
)
)

+ 1, (3.14)

where P denotes the mean population of fluorophores in the protonated form and
τp is the protonation relaxation time of this state.
However, it is common that other transient dark states can co-exist with the proto-
nated state, e.g. fluorophores can undergo inter-system crossing to the triplet state
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at the excited singlet state. If the two processes have distinct rates such that they
can be separated in time, then the normalized correlation function becomes:

G(τ) = 1
N(1− T − P )GD(τ)

(
1− T − P + T exp(− τ

τt
)

+P exp(− τ

τp
)
)

+ 1.
(3.15)

If there are in total n transient dark states and each with a separate decay time
τki

and population fraction of αi (i = 1, . . . , n), the auto-correlation function is
generalized to:

G(τ) = 1
N(1−

∑
αi)

GD(τ)
(

1−
∑

αi +
∑

αi exp(− τ

τki

)
)

+ 1. (3.16)

Cross correlation
If two detectors are used in FCS measurements, one can compute cross-correlation
function for the two different channels, according to:

G(τ) = 〈I1(t)I2(t+ τ)〉
〈I1(t)〉 〈I2(t+ τ)〉 , (3.17)

in which I1(t) and I2(t) denote fluorescence intensity detected from two different
detectors. The major benefits of performing cross-correlation include suppression of
the effect of dead-time of detectors within which detectors fail to generate currents
in response to photon’s striking and also the known after-pulsing effect which gen-
erates false delayed signals1. This is because only if the problems mentioned above
occur simultaneously which is of very small probability, can a false cross correlation
amplitude arise.

Another special benefit of performing cross-correlation is that it allows for in-
stance monitoring of the binding of two different fluorescent species or FCCS as
briefly mentioned in the introduction. In such a case, the sample is typically illumi-
nated by two different lasers with overlapping foci which selectively excite the two
different fluorescent species, for instance one green and one red fluorescence emit-
ting species. The fluorescence emission is then detected by two separate detectors.
The diffusion time for dual-labeled species due to binding of green (g) and red (r)
fluorescing species is given by:

τD,gr =
ω2

0,g + ω2
0,r

8Dgr
(3.18)

1This is due to defects in photodiode lattice which can trap the charge carriers created when
photons strike on the photodiode and cause a delay in electron-hole pair recombination necessary
to generate a current
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where DGR is the diffusion coefficient of dual-labeled species.
The degree of binding with respect to all green fluorescing molecules (θg) is given
by the ratio of the cross-correlation amplitude (GD,gr) to the red auto-correlation
amplitude (GD,r and vice versa for the green fluorescing molecules) [59], in the case
of 1:1 binding:

θg = cgr
ct,g

= GD,gr
GD,r

, (3.19)

where cgr denotes the concentration of the molecular complex which is capable of
fluorescing both in the green and red channel and ct,g represents the total concen-
tration of green fluorescing molecules both in the free and bound form.

This technique is used in a research project where we aimed to detect cis-
interaction between an inhibitory receptor and its ligand on immune cells called
natural killer cells which is crucial for regulating their balance in tolerance and
aggressiveness and this project will be detailedly explained in chapter 5. Readers
interested in knowing more about FCS and related techniques are recommended to
read a comprehensive review on this topic [60], though not entirely up-to-date now.
For knowing more details about the FCCS technique specifically, a review paper
dedicated to this shall be appreciated [59].

3.3 Transient state microscopy

Photo-induced transitions into transient dark states of fluorophores like the triplet
state is accumulated at much slower rate than the excited singlet state. Given the
total population is conserved, under continuous excitation, the population of S1
first increases, then decreases and finally reaches a plateau once new equilibrium
with more slowly populated T1 state is established. This forms the basis for the
development of TRAST microscopy which by modulating the duration of excita-
tion pulses can systematically vary the population of triplet state which in return
results in the a systematic change in the average fluorescence intensity during the
laser pulses, as can be expected from figure 2.3.

Measuring average fluorescence intensity allows to use photo-detectors with
lower time resolution than what are necessary for FCS technique such that a Charge-
Coupled Device (CCD) camera can be used as the photo-detector. In addition
and perhaps more importantly, since confocal based FCS technique is essentially
a point detection technique, parallel detection to simultaneously monitor transient
dark states which contain lots of information about the fluorophores and their en-
vironment in a large area will be more demanding2 as one can expect from FCS
based techniques [62] [63] [64] [65] [66], which however can be easily implemented

2Different techniques have different strengths and weaknesses to achieve paralleled detection.
To summarize in a short sentence, the common disadvantages for listed FCS-based approaches
include complexities on the illumination and detection side and higher demands for data stor-
age and processing as well as relatively lower speed which leads to difficulty in monitoring fast
photophysical or photochemical transitions
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Figure 3.3: Simplified electronic state diagram (A) of a typical fluorophore with
an additional photo-ionized dark state R (compare with fig. 2.1) and schematic
drawing for a TRAST setup (B). In (A), R can represent either a photo-oxidized,
a photo-reduced state, or a mixture of both, depending on the environmental con-
ditions and also the fluorophore. koff is the rate going into R and kon is the rate of
turning the fluorophore back to ground state S0 to be excited again. In (B), pulse
excitation with increasing pulse widths but constant duty cycle η (see eq. 3.25) is
generated by acousto-optic modulator (AOM) from a continuous wave laser with
wide-field illumination and focused on the back focal plane of the objective into cells
maintained in a cell-incubation system. A series of fluorescence images acquired at
different excitation pulse widths are recorded by a standard CCD camera. Scheme
of the setup is modified from a previously published figure in [61].

with TRAST technique even with a wide-field configuration.
The TRAST microscopy was developed in our group and the first application of

this technique was used for probing internal environment of fluorophore-containing
liposomes by monitoring triplet state which is susceptible to triplet quencher in-
cluding oxygen3 [67]. And later it was extended to monitor oxygen in living
cells [68] [69]4 and trans-cis isomerization of lipophilic dyes in lipid membranes
as a readout for microviscosity [70].

TRAST microscopy so far has been commonly used to monitor triplet and
reduction-oxidation (Redox) state of fluorophores. In this case, a three-state model
is not sufficient to describe the state transitions of fluorophores and thus an addi-
tional photo-ionized dark R is introduced as in figure 3.3. As a result, the −→P (t)

3The molecular oxygen has a ground state in the triplet state, making it an efficient quencher
of fluorophores’ triplet state by triplet-triplet energy transfer [51].

4It is also a publication included in this thesis as paper V.
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and M in equation 2.4 becomes:

−→
P (t) =


S0(t)
S1(t)
T1(t)
R(t)

 , M =


−k01 k10 kT kon
k01 −(kisc + k10) 0 0
0 kisc −(kT + koff) 0
0 0 koff −kon

 , (3.20)

in which ∀t,
∑−→

P (t) = 1. The eigenvalues of the coupling matrix M can be ap-
proximated as:

λ1 = −(k01 + k10 + kisc),

λ2 = −(k
′

isc + kT ),

λ3 = −(k
′

off + kon),
λ4 = 0,

(3.21)

where k′isc = kisc
k01

k01+k10
and k′off = koff

kics′

kics′+kT
. TRAST imaging typically operates

well below the singlet saturation such that k01 < k10 and thus |λ1| ≈ k10 and
|λ2| ≈ k

′

isc = kisc
k01

k01+k10
. For the dyes with low triplet yield, the above conditions

lead to |λ1| � |λ2| meaning different processes can be easily separated. For dyes
with high triplet yield, though kisc ≈ k10, a much lower excitation power is needed
which means k01 � k10 and thus |λ1| � |λ2| is still fulfilled.

For TRAST measurement, since it is the average fluorescence intensity that
is measured, the electronic state of relevance is the S1 state of which the time
evolution is given by:

S1(t) = k01

k01 + k10 + kisc

[
− exp(λ1t) + k

′

isc
k
′
isc + kT

exp(λ2t)

+ kT
k
′
isc + kT

(
k
′

off
k
′
off + kon

exp(λ3t) + kon
k
′
off + kon

)] (3.22)

The fluorescence intensity is proportional to the S1 population with an expression
as below:

I(t) = kfS1(t) = Φk10S1(t), (3.23)

in which Φ is the fluorescence quantum yield as mentioned previously, which is
associated with equation 2.2.
The mean fluorescence intensity during one single pulse with a width of tp, 〈Ip〉tp ,
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is then calculated by integrating the fluorescence intensity over one pulse width as:

〈Ip〉tp(tp) = 1
tp

∫ tp

0
Φk10S1(t)dt

= Φ
tp

k01k10

k01 + k10

[
1
λ1

(1− exp(λ1t)) + k
′

isc
λ2

2
(1− exp(λ2t))

−kT
λ2

(
k
′

off
λ2

3
(1− exp(λ3t))− tp

kon
λ3

)] (3.24)

For a pulse train with low duty cycle, the ratio between the pulse width and the
pulse period, designated as η = tp

Tp
, all fluorophores are assumed to have relaxed

to the ground state at the onset of the next pulse. If all pulses in a pulse train
are assumed to be identical, the average fluorescence intensity during the whole
exposure time (texp) of the CCD is then given by:

〈Ip〉texp = tp
Tp
〈Ip〉tp = η〈Ip〉tp (3.25)

In this thesis, we applied this technique to live cancer cells with an ultimate goal
of performing cancer diagnosis based on differences of cancer cells in oxygen con-
sumption than normal cells. Detailed description about this project is found in
chapter 5 and paper V. The readers interested in knowing more about the theory
concerning TRAST are referred to the thesis [70].

3.4 Stimulated emission depletion microscopy

As already touched upon in the introduction part of this thesis, the incentive of
developing STED microscopy is to circumvent the imaging resolution limit im-
posed by diffraction so as to resolve individual molecules in cells non-invasively
with visible light. The Rayleigh resolution limit mentioned above suggests that the
key lies in separating one molecule from its neighborhood. And this can be done
by controlling the electronic state of fluorescent molecules to have them reside in
distinguishable states, for instance fluorescing and non-fluorescing dark states. In
STED microscopy, this is achieved by using a stimulation laser beam to act directly
on the populated S1 state, due to excitation by another laser beam of a different
wavelength, to trigger downward transition from the S1 to S0 state rather than
allowing spontaneous fluorescence emission to occur. The more intense the stim-
ulation beam is, the more dominant the stimulated emission becomes among the
relaxation pathways. This allows active control of state transitions of fluorophores.

One peculiar feature of stimulated emission which can also be exploited is the
coherence of stimulation emitted photons with the incident photons, such that
they share the same wavelength, phase, polarization, and direction of propaga-
tion [71]. However maintaining a satisfactory coherent state is non-trivial [72],
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Figure 3.4: Illustration of the working principle of STED microscopy. Figure cour-
tesy of Leica Microsystems, Germany.

otherwise no additional component is needed to separate stimulated emission from
almost isotropically radiated spontaneous fluorescence emission as long as the latter
can be recollected via the same objective used for focusing the excitation light5.
In this case, a bandpass filter which rejects the stimulated emission with a longer
wavelength, as long as the stimulation beam with a longer wavelength than the
spontaneous emission is chosen, is a convenient solution for separating sponta-
neously emitted fluorescence from stimulated emission.

As noted above, obtaining optical resolution beyond the diffraction limit relies
on separating molecules in vicinity. Switching all molecules in the illuminated area
simultaneously from spontaneous emission to stimulated emission or vice versa or
whatever transitions which might be of concern as long as the same transition is
applied to all, the goal of distinguishing one from the other can not be achieved.
This is why in practice a stimulation beam with a doughnut transverse mode de-
noted as TEM01∗ , instead of commonly used Gaussian mode (TEM00), is used to
deplete spontaneous emission at its periphery while keeping the fluorescence at the
center. The working principle of STED microscopy is summarized in the figure 3.4.
The lateral resolution of STED microscopy is given by:

∆r = λ

2NA
√

1 + I
Isat

(3.26)

where Isat denotes the saturation intensity at which the probability of spontaneous
fluorescence emission is reduced by half [73]. To know more about the STED tech-
nique, readers are recommended to read an excellent review paper [74].

In the thesis, efforts were taken to develop a four-color STED microscopy which
does not require instrument modification to a two-color STED setup by harnessing

5Stimulated emission in principle will propagate along the same direction as the stimulation
beam and thus shoot away from the objective.
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dye photo-stability as an extra factor to distinguish fluorophores of similar spectral
range as well as applying STED microscopy for protein co-localization study. De-
tails about these projects are found in chapter 4 and 5, as well as paper III, IV and
VII included in this thesis.

3.5 Multiparameter fluorescence detection

As previously mentioned, there are a number of fluorescence parameters that can
provide information of the fluorophores and the molecules bearing the fluorescent
label as well as the environment. Therefore integrating measurement of fluorescence
intensity, the anisotropy, the fluorescence lifetime, the spetral properties and so
forth into one unit is methodologically attractive to get as much information as
possible about the system under study. This is the fundamental concept of single
molecule Multi-parameter Fluorescence Detection (MFD), which is illustrated in
figure 3.5. It combines a confocal detection with an epi-illuminated microscope
and also makes uses of the time information which is essential for all the dynamic
processes to be unraveled by a technique Time Correlated Single Photon Counting
(TCSPC). This setup has also integrated the capacity to monitor FRET both in
the single-spot spectroscopic and image scanning mode.

The main optical pathway of this setup resembles a FCS or more specifically
a FCCS setup because it involves two separate lasers for illumination. However,
instead of using continuous wave lasers, it emloys linearly polarized and pulsed
lasers. On the detection side, the output signals from fluorescence photon detection
by APDs are connected via a router to a TCSPC card where data are registered.
The TCSPC module assigns tags on each detected photon, namely the channel
number, the micro-and macro-time. The channel number provides information
regarding the spectral range information as well as the photon polarization. The
micro-time ti corresponds to the time interval between the excitation pulse and
photon arrival time. The macro-time Ni instead corresponds to the number of
excitation pulses generated by the laser since the start of the measurement until a
fluorescence photon is detected. Since the time interval between pulses is known as
∆t, the exact time of the detecting a photon since the start of the experiment can
be reconstructed from the micro- and macro-time information by ti,exp = Ni∆t+ti.
The time information is then combined with the number of detected photons in each
channel to generate the complete time traces of the fluorescence intensity for each
channel. For each selected fluorescence burst, one can construct the fluorescence
decay histograms to extract information about the the fluorescence lifetimes for
the donor (D) and acceptor (A) as well as fluorescence anisotropies. To monitor
FRET, we usually use parameters like the ratio of donor to acceptor fluorescence
(FD

FA
) together with the donor lifetime both in absence (τ0

D) and presence of an
acceptor (τAD). These parameters are also related to each other by the equation
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Figure 3.5: The experimental setup and data registration of MFD, with figure
adopted from [13]. (A): It has a typical four-channel confocal configuration with
however linearly polarized pulsed lasers. (B-D): Principle about the time lag detec-
tion. The experimental time axis is reconstructed from the micro- and macro-time
as explained in the text. (E): Each detected photon is uniquely assigned by three
tags, namely the micro-, macro-time and the channel number. (F-H): Intensity
burst based multi-parameter analysis. (F) shows the reconstructed intensity traces,
including the total intensity in all four channels. Fluorescence intensity trace for
the acceptor (red) is retrieved from channel 1 and 3 while channel 2 and 4 for the
donor (green) fluorescence intensity. (H):Information about FRET is given by both
the fluorescence intensity and lifetime.
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below:
FD
FA

= ΦFD
ΦFA

τAD
τ0
D − τAD

(3.27)

One can also perform other types of processing for the reconstructed time traces
if needed, like correlation analysis as in FCS, Fluorescence Intensity Distribution
Analysis (FIDA) [75], or Photon Counting Histogram (PCH) [76] analysis and so
forth, just to name a few. In this thesis, efforts were taken to perform MFD in
the FLIM mode6 termed Multi-parameter Fluorescence Detection Imaging (MFDI)
to analyze interactions between chosen fluorscently labeled protein pairs in clinical
samples aiming at early cancer diagnosis. Details about this project are described
in chapter 5. For more detailed descriptions on the MFD technique, a book chapter
focusing on this is highly recommended [13].

6Fluorescence decay histograms can be obtained from each individual pixel and fitted just as
in the spectroscopic mode.



Chapter 4

Application oriented method
developments

4.1 Inverse-FCS

As previously mentioned in the introduction of the FCS technique, standard FCS
monitors the intensity fluctuations given by diffusion and photo-induced processes
of fluorescent molecules. Conversely, non-fluorescent particles diffusing into a focal
volume with very high fluorescence background, which itself has a vanishing cor-
relation amplitude due to high concentration of fluorophores in the medium, can
cause transient dips in the fluorescence intensity trace, which can also be analyzed
by the correlation function to get out the diffusion properties of the non-fluorescent
particles. The depth of the dips of fluorescent intensity correspond to the volume
of the particles and therefore the Inverse-FCS (iFCS) approach one can not only
get out the diffusion time of these particles, but also have a direct measure of their
volumes from the same measurement. Paper I [77] included in this thesis is a pilot
study, served as the proof of principle.

Theory of iFCS

Taking into account the concentration of the non-fluorescent particles as well as the
volume of the particles Vp relative to the focal detection volume Vd, Vf = Vp

Vd
, the

correlation function equation at zero time-lag (τ = 0) can be written as:

G(0)− 1 = (
√
NVfId)2

(Id −NVfId)2 = N(
1
Vf
−N

)2 . (4.1)

28
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Figure 4.1: Amplitude, G(0) − 1, of the auto-correlation function in iFCS as a
function of number of particles N , calculated from eq. 4.1 and plotted for different
sizes (100, 200, 400, and 800 nm in diameter). For smaller particles, the linear
relationship between N and G(0)− 1 holds for much larger values of N compared
to the case for larger particles as what can be expected.

The standard deviation of N (δN) equals
√
N because N is Poisson distributed,

with N related to the correlation amplitude by:

N =
1

G(0)−1 + 2
Vf

2 ±

√√√√( 1
G(0)−1 + 2

Vf

2

)2

− 1
V 2
f

, (4.2)

where the relevant particle number N is given by the minus sign. The time de-
pendent correlation function can be fitted using the same model as in equation 3.9
except that the term 1

N needs to be replaced by the right hand side expression in
equation 4.1.

Results and discussion
The dependence (eq. 4.1) of G(0)-1 on non-fluorescent particle number in iFCS
can be approximated by a linear relationship as long as the combined volume of
all particles in the detection volume is less than ≈ 20% of the detection volume,
as shown in figure 4.1. To experimentally verify the iFCS concept, measurements
were performed on spherical polystyrene beads with diameters of 100, 200, 400,
and 800 nm. As expected, the diffusion time τD,p increases with particle size for
the measured beads as shown in Figure 4.2. However, while τD,p increases linearly
with particle radius for particles of small sizes, a non-linear dependence of τD,p
on particles radius rp is expected when the latter exceeds ≈ 20% of the beam ra-
dius ω0 [78] [79]. Our measured values of τD,p = 20ms for the 200 nm beads and
τD,p = 60ms for the 400 nm beads agree fairly well with the predictions (Figure
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Figure 4.2: Normalized iFCS curves recorded on beads with diameters of 100, 200,
400, and 800 nm in 400 µM Alexa 488. The diffusion time was 8 ms for the 100
nm beads, 20 ms for the 200 nm beads, 60 ms for the 400 nm beads, and 160 ms
for the 800 nm beads.

4.2). However according to references [78] [79], when rp/ω0 > 1.2 no valid predic-
tion is available for the 800 nm beads.

The ability of iFCS to resolve different particle sizes was tested by measuring
a mixture of 200 nm beads and 800 nm beads, shown in figure 4.3. A model with
two diffusion components (n = 2 in eq. 3.10) was required to give a satisfactory
fit(figure 4.3a). The same measurement analyzed with the CONTIN algorithm [80]
also showed two distinct particle size distributions, as seen in figure 4.3b. As for
control purpose, unmixed samples of 200 nm beads and 800 nm beads are shown
in figure 4.3c and d.

The noise for the iFCS approach which limits the resolving power includes
mainly two sources1: one is the molecular noise due to diffusion of fluorophores
generating the fluorescence background while the other is the fluctuation of photon
numbers caused by passages of non-fluorescent particles. In our case, where 400µM
of dye was used, corresponding to about 70,000 dye molecules in the detection vol-
ume, the molecular noise was limited and the dominant noise came from the photon
noise. To improve the detection limit of iFCS, tenable solutions include either to
shrink the observation volume either by using STED microscopy [57] or zero-mode
waveguide [56] or to use photodetectors which can tolerate much higher photon
fluxes such that the molecular noise or the photon noise can be reduced. iFCS
could also be used in combination with standard FCS for simultaneous analysis
of labeled and unlabeled particles or biomolecules by calculating cross-correlation
function as a new mode for the FCCS method. A even more tempting scenario is
to extend this reverse detection idea to other types of signals for instance by using
Raman scattering from water.

1To some extent, they are also coupled.
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Figure 4.3: (a) An iFCS curve recorded from a mixture of 200 and 800 nm beads,
which was fitted (solid line) to a model including two diffusing species, yielding
two diffusion times of 12 and 170 ms with comparable amplitudes. (b) CONTIN
analysis of the measurement in (a). Control cases with CONTIN analysis of a
measurement of 200 nm (c) and 800 nm beads (d) are also shown.

4.2 Precision-improved FCCS for immune cell study

In a standard FCCS setup, it is typically assumed that there is a perfect overlap
of foci for the two lasers used to excite molecules fluorescing in different spectral
ranges, say green and red. In addition, green fluorescence photons can undesirably
leak into the red fluorescence detection channel and introduce a false positive for
the binding fraction estimation. To reliably characterize these effects is essential
for performing quantitative molecular binding analysis using FCCS. One solution
proposed by us is to use both positive and negative controls for which complete and
zero binding between two different fluorescently-labeled molecules can be assumed
for each respective case. For the negative control sample, the major contributing
factors to the cross-correlation amplitude include the cross-talk and direct excita-
tion of the red dye by the laser designated for the green dye (if the excitation spectra
for the green and red dyes are close). These artifacts however can be characterized.
Once this is done, characterization of the foci displacement becomes possible since
it is the only source which undermines the binding fraction determination for FCCS
measurement.
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Theoretical model for precision improvement
Assuming the brightness of the red and green fluorescing molecules don not change
upon binding, if there is negligible background fluorescence for both detection chan-
nels which is valid for the case in paper II, and taking into account the cross-talk
and foci displacement, the auto-correlation functions for each channel and the cross-
correlation function take the form as:

Gg(τ)− 1 =
cgG

G
D,g(τ) + cgrG

G
D,gr(τ)

AG(cg + cgr)2 ,

Gr(τ)− 1 =
AR(crGRD,r(τ) + cgrG

R
D,gr(τ))

[AR(cr + cgr) +AGk(cg + cgr)]2

+
AGk

2(cgGGD,g(τ) + cgrG
G
D,gr(τ)) + 2AGAR

AGR
kcgrG

GR
D,gr(τ)f(r0)

[AR(cr + cgr) +AGk(cg + cgr)]2
,

(4.3)

Ggr(τ)− 1 =
AGk(cgGGD,g(τ) + cgrG

G
D,gr(τ)) + AGAR

AGR
GGRD,gr(τ)f(r0)

AG(cr + cgr) [AR(Cr + Cgr) +AGk(cg + cgr)]
,

f(r0) = exp
(
− 2r2

0
ω2

0,G + ω2
0,R + 8Dgrτ

)
.

Among the notations, k denotes the ratio of brightness of the green fluorescing
molecules to that of the red fluorescing molecules. AG, AR and AGR represent the
effective detection areas of the green and red laser foci and the green-red detection
area when the foci are perfectly overlapped, while cg, cr and cgr are the concen-
trations of the free green, red fluorescing molecules and their complexes. GD(τ)
denotes the auto- or cross- correlation amplitude due to diffusion of each species. A
more general case in which non-negligible background intensities are also included
in the theoretical model as well as the full derivation of model can be found in
paper II.

Targeted problem: immuno-regulation at cell membrane
Natural Killer (NK) cells belong to the innate immune system and are able to
kill cancerogenic or virally infected cells rapidly. They express a spectrum of acti-
vating and inhibitory receptors that collectively regulate their activation [81] [82].
One group of inhibitory receptors is specific for Major Histocompatibility Com-
plex (MHC) class I molecules and they can present peptides of all intracellular
proteins to T cells that can kill infected cells when viral peptides are presented.
To avoid T cell attack, the expression of MHC class I is often down-regulated by
viruses or cancerogenic cells. However, NK cells can kill the target cells through
so-called “missing self” mechanism [83] such that upon interaction with such MHC
class I deficient cells, the inhibitory receptors of NK cells are not engaged to cease
killing. MHC class I specific receptors belong to the Ly49 receptor family in mice
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while in humans their counterparts are the Killer Immunoglobulin-Like Receptor
(KIR) family. Though Ly49 and KIR receptors are structurally different,they are
functionally equivalent, including e.g. their expression characteristics and signaling
pathways [84]. It is known that Ly49 receptors can interact with MHC class I in-
teract in two different modes, commonly referred as trans and cis interactions [85].
Ly49 receptors on the NK cell interact with MHC class I on the target cell in trans
mode. They can also interact with MHC class I on the NK cell itself via so-called
cis-interaction [86] [87]. Unlike trans binding, cis binding does not trigger inhibitory
signaling in NK cells, instead it “sequesters” Ly49 receptors through occupying the
MHC class I prohibiting their potential trans binding to target cells [87] [88] [89].
Given the importance of inhibitory regulation of NK cell activity, it is of great in-
terest to apply the FCCS technique to study this cis interaction in detail, especially
in the plasma membrane of a living cell.

Results and discussion
The study the cis interaction between the inhibitory receptor Ly49A of NK cells
and its ligand, the MHC class I allele H-2Dd within the plasma membrane of a single
cell2, an antibody coupled with red fluorescing Alexa647(referred as Al647 in the
following text) against Ly49A was used and the MHC class I allele H-2Dd molecules
are labeled by green fluorescing Enhanced Green Fluorescent Protein (EGFP) via
transfection. For the positive control, an antibody labeled with the same red dye
against H-2Dd itself was used. In this situation, all antibodies detected on the
cell membrane were expected to be bound to Dd-EGFP, giving rise to the maxi-
mum cross-correlation amplitude that can be detected by the FCCS instrument.
For the negative control, an antibody against the MHC class I allele H-2Kb natu-
rally expressed by the used cell line was used and it is known to not interact with
Dd molecules. Therefore a minimal cross-correlation amplitude is expected. The
representative auto- and cross-correlations curves from individual cells for the test
sample, negative and positive control are shown in figure 4.4. The results showed
strong cell-to-cell variation in the expression level of Dd-EGFP and staining densi-
ties of Al647-labelled antibodies. In Fig. 4.4, each row represents a certain surface
density ratio of Dd-EGFP and the corresponding Al647-antibody. Different sam-
ples of similar molecular density ratios are chosen to be displayed to demonstrate
the influence of the density ratios on the auto- and cross-correlation amplitudes,
hence on the binding fractions obtained. For both the case of the positive con-
trol and the Ly49A-Dd-EGFP (cis interaction) sample, the relative amplitudes of
the cross-correlation versus the auto-correlation of the green channel, reflecting the
binding fraction of Al647-antibody to its binding partner (see eq.3.19) increased
with the surface densities of Dd-EGFP. For the the negative control sample, only
a very limited cross-correlation could be observed under these conditions (fig. 4.4,
middle column), indicating a very small cross talk. Thus, specific cis interaction

2A mouse lymphoma cell line named EL-4 is used as a model cell.
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Figure 4.4: Typical auto- and cross-correlation curves of Dd-EGFP with: Dd-ab
(left column), Kb-ab (middle column), and Ly49A-ab (right column). Green squares
represent auto-correlation curves from Dd-EGFPs. Red circles denote autocorre-
lation curves from Al647-labeled antibodies against: H-2Dd (left), H-2Kb (mid-
dle), and Ly49A (right). Orange triangles show the corresponding cross-correlation
curves of Dd-EGFP with these three species. Black thin lines instead represent the
corresponding fits, according to eq. 4.3.

between H-2Dd and Ly49A can be indeed detected. The extent of cis-interaction
however varied with the local surface density of the Dd-EGFP. This variation was
analyzed quantitatively and shown in figure 4.5. As is shown, the surface density of
the Ly49A-Al647 correlates strongly with that of the Dd-EGFP (fig. 4.5B) and the
degree of cis binding between Ly49A-Al647 and Dd-EGFP has strong dependence
on the surface density of Dd-EGFP (fig. 4.5B and C), as could be expected for
diffusion-limited biomolecular reaction. The diffusion coefficients of each species
engaged in cis interaction is plotted in figure 4.5D against the total surface den-
sity of Dd-EGFP and Ly49A-Al647. Though those data points are quite scattered,
there is a visible tendency of decreasing diffusion coefficients with increase surface
density of proteins in the membrane, suggesting the existence of molecular crowding
effect or protein aggregation. If it is due to protein aggregation or oligomerization,
it should be reflected by a decrease of correlation amplitude in the fluorophore dark
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Figure 4.5: (A) Illustration of two laser foci positioned on a cell membrane, with
displacement r0 between the focal points. The focal radii of the green and red
excitation lasers (ωG and ωR), and r0, was determined from the cell surface mea-
surements. (B) Degree of cis-interaction between the total Ly49A and Dd-EGFP
in relation to their surface densities (molecules per µm2) in the cellular membrane.
The degree of cis interaction is color-coded as shown in the figure legend. (C) The
same data set showing the dependence of the degree of cis binding on the sur-
face density of Dd-EGFP.(D) Dependence of the diffusion coefficients of Dd-EGFP
(green squares), Ly49A-Al647 (red circles), and their complex (orange triangles) on
the surface density of the total Ly49A-Al647 and Dd-EGFP on cells.

states with increase of the number of fluorophores in the protein complexes, which
however was not observed, thereby supporting the interpretation of the molecular
crowding effect as the dominant cause for the apparent decrease of protein mobility
as in [90].

4.3 Development of multi-color STED for bio-imaging

Being able to resolve multiple targets at the same time with ultra-high resolutions
is beneficial for unravelling the molecular spatial organization and interaction net-
works in biological organisms. In paper III, we aimed at extending the capacity of
a two-color STED microscope to image four different target proteins in the same
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Figure 4.6: Idealized scheme for acquiring multi-color STED images. (a) An image
of two targets (A+B) with similar spectra but sharp contrast in photo-stabilities
is captured simultaneously at first imaging step. However, the photo-unstable dye
targeting protein A is bleached away by a laser, while leaving B unaffected for a sec-
ond image acquisition. The image of (A) then can be reconstructed by subtracting
the second image from the first as A = (A+B)-B. Finally, separated image of target
A and B can be merged to make a false dual-color image. (b) For a microscope
capable of separating two different targets, for instance by difference in emission
wavelengths or fluorescence lifetimes), this bleaching method can be applied to cre-
ate an image separating four different targets. At first all four targets (A1+B1,
A2+B2) are captured in an image simultaneously. After the second image acquisi-
tion step, only the stable dyes (B1, B2) remain. The images of the bleached dyes
(A1) and (A2) can then be reconstructed from the two captured images, (A1+B1,
A2+B2) and (B1, B2) by performing simple algebraic operation as A1 = (A1+B1)-
B1 and A2 = (A2+B2)-B2. A merged four-target image can then be made (A1,
B1, A2, B2).

cell without introducing extra complexity to equipment by harnessing the differ-
ential photo-stabilities of fluorophores of similar spectral ranges upon strong laser
illumination.

The principle of multi-color STED
The proposed working principle of our multi-color STED microscopy is shown in
a schematic drawing in figure 4.6. In the procedure, two targets (referred to as A
and B) are labelled with fluorescent dyes with similar spectral range but different
photo-stability. At the first step, a single excitation and emission pathway is used
to acquire a combined image of the two targets (A + B), as shown in figure 4.6a.
Thereafter the unstable target (A) is bleached by a laser while the other target (B)
remains largely unaffected and can be imaged again. By subtracting the image of
(B) from that of the combined targets (A + B) as A = (A+B) – B, an image of
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the target labeled by unstable dye can be reconstructed. Further, if the microscope
already can distinguish two different targets spectrally, this method can be applied
to produce a four-color image as depicted in figure 4.6b. In principle, this approach
should also be possible to use together with other methods for separating targets,
for instance via fluorescence lifetime discrimination, thereby increasing the total
number of targets by another factor of two.

Targeted problem: specific protein storage in platelets
In mammals, platelets or thrombocytes are anucleate cells whose primary phys-
iological function is to sense damaged blood vessel endothelium and accumulate
at the site of injury to initiate blood clotting so as to block the blood leakage.
Once a damaged vessel wall is encountered, platelets are activated and undergo a
dramatic morphological change from disc shape to spheres with spiky protrusions
which are important for sealing blood leakage. During the activation processes,
a plethora of specific proteins can be released or up-taken causing different ef-
fects [91] [92] [93] [94]. It is also known that platelet activation is amplified in many
types of cancers and can be found within the tumour vasculature [95]. A number
of angiogenesis factors are also found to be selectively taken up by platelets in the
presence of cancer [96] [97]. Being able to detect various proteins at the same time
at a resolution close to molecular dimension would be very helpful in understanding
the specific protein storage, uptake and release of platelets under various conditions
and hopefully bringing new ways for diagnosing cancers.

Results and discussion
The procedure described above for four-color STED imaging was applied to char-
acterize spatial organization of proteins in platelets from healthy donors, shown
in figure 4.7. We chose three proteins, Fibrinogen, Platelet Factor 4 (PF-4) and
Vascular Endothelial Growth Factor (VEGF), that were mostly studied in platelet
biology to demonstrate the potential of this technique for resolving problems re-
lated to the specific uptake and release of proteins in platelets and Filamentous
actin (F-actin). We used on our home-built STED microscopy which can already
differentiate two spectra ranges for multi-color imaging. In the same cells, Fib-
rinogen, VEGF and PF-4 were targeted by using the fluorescent dyes ATTO-647N,
Alexa-594 and Dylight650 coupled antibodies respectively and F-actin by Alexa594
conjugated phalloidin.

The images acquired were analyzed further to measure the number and size
of protein clusters of each protein. In addition, we also quantified their spatial
distribution of protein contents within computationally segmented zones of equal
area using F-actin to set the cell boundary. The corresponding results are shown in
Figure 4.7A and B. It can be seen a large fraction of fibrinogen was packed in bigger
protein clusters in diameters ranging from 200nm to 400nm, but some noticeable
fraction that lay in clusters of sizes below 200nm as VEGF and PF-4 (fig. 4.8A).
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Figure 4.7: Four-color STED imaging of platelets, accompanied by correspondent
confocal images (A1→E1). Sub-images A(1,2), B(1,2), C(1,2) and D(1,2) cor-
respond to fibrinogen, PF4, VEGF and F-actin, respectively. Merged confocal
(E1) and STED (E2) images as well as a zoomed-in STED image of a selected
platelet(E3) are shown. Scale bars: 1µm.

Figure 4.8: Analysis of multi-color STED images. The three proteins, VEGF, PF-4
and fibrinogen were analyzed to provide the number and size distribution of their
protein clusters (A), spatial distribution in computationally segmented areas (B)
and two-by-two co-localization ratios using Pearson correlation coefficient.
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In addition, fibrinogen and PF-4 had a more centralized distribution than VEGF
which was more evenly distributed (Fig. 4.8B). These results are consistent with
previous reported findings using a two-color STED microscopy [98], proving the re-
liability of our new method for achieving simultaneous four-color imaging at ∼40nm
resolution. In addition, a two-by-two co-localization analysis of the three platelet
related proteins using Pearson correlation coefficient [99] is shown in figure 4.8C.
The results suggest a co-storage of fibrinogen and PF-4 (∼60% of co-localization)but
significantly less co-localization between PF-4 and VEGF as well as between VEGF
and fibrinogen, suggesting a high probability for VEGF and PF-4 to be stored in
separate granules inside platelets. This is in-line with the common recognition of
PF-4 as an anti-angiogenic protein which has an opposite role to pro-angiogenic
VEGF.

4.4 Improved co-localization analysis for fluorescence
images

In the work of paper III described above, Pearson correlation coefficient was chosen
for analyzing co-localization between fluorescently imaged proteins. In fact, there
are a wide range of methods which all have their pros and cons for analyzing molec-
ular binding in cells [99] [100] [101] [102] [103] [104] [105]. However, the impact of
the resolution of the microscope on co-localization analysis has to a large extent
been overlooked. Inter-molecular distances comparable to molecular dimensions are
too small to discern by conventional widefield or confocal microscopy, which can
lead to overestimation the extent of protein interactions by co-localization analy-
sis. Overestimation can also occur if there is a high molecular density, where on
average several molecules are located within the microscope resolution, making the
fluorescence images of individual molecules to overlap. In paper IV, the effects of
resolution and molecular density on co-localization determination were evaluated by
commonly used computational tools on simulated images with pre-set parameters
of different optical resolutions and molecular densities. To suppress false posi-
tives introduced by these effects, on the analytical side, we modified an automatic
threshold-setting algorithm to discard pixels that do not contribute to a positive
co-localization, which was first tested on the simulated images and later applied to
experimental acquired images. At the same time, though STED microscopy has
been applied to co-localization studies [106] [107] [108] [109], but there are no re-
ports on using STED microscopy to systematically study the influences of optical
resolution and molecular density on the co-localization determination.

Modified algorithm
Our algorithm is modified from Costes method based on the use of Pearson cor-
relation coefficient [101] to set intensity thresholds to discard noises. The major
difference of our method to previous published one is that there is no need to as-
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Figure 4.9: Scheme for proposed automatic threshold searching. The intensity
threshold is set indirectly by using a percentile function. Green and red images are
set to have the same percentile threshold but the intensity thresholds for these two
images would differ depending on the intensity distribution of each color channel.
Intensity below a threshold is considered to be noise, rendering the Pearson corre-
lation coefficient to be zero and this threshold is what the algorithm is searching
for.

sume a linear intensity relationship between the two-color channel images for our
method. Instead, we used a percentile function to statistically set the intensity
thresholds simultaneously for the two images. Our algorithm is illustrated in a
scheme in figure 4.9.

Results and discussions
We chose two widely used methods, the Pearson correlation coefficient [99], Man-
ders M1 and M2 coefficients [100] (denoted as Mred and Mgreen in our text) and
one newly developed method named spatial Image Cross-Correlation Spectroscopy
(ICCS) M1ICCS and M2ICCS coefficients [102] (which are referred as ICCSred and
ICCSgreen here) to be evaluated in terms of the influences of the resolution, density
and binding fractions based on simulated images. The results are shown in 4.10.
It can be seen that the Manders M1 and M2 coefficients were poorly affected by
both density of particles and image resolutions (4.10B, E) while correlation based
methods, the Pearson correlation coefficient (4.10A, D) and the ICCS coefficients
((4.10C, F)) were much less affected. The original method [101] for setting thresh-
olds and our modified algorithm were also evaluated together, with results shown in
figure 4.11. It is apparent that the modified algorithm showed less deviations from
the pre-set binding fractions at all resolutions than the original Costes method. For
all above simulations, no distance was assumed for the fluorescent labels from the
targeted molecules. However in reality, because it is quite common to use primary
and secondary antibody staining. Therefore we evaluated how this dis-location of
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Figure 4.10: Comparison of the influences of the resolution, density and pre-set
binding fractions on different co-localization algorithms. (A-C): co-localization ra-
tios were plotted against different binding fractions with a set density of 16p/µm2
(red = 0 % bound, green = 20%, magenta = 40%, cyan = 60% and blue = 80%) at
different resolutions, calculated by using the Pearson correlation coefficient (Pcor
in A), Costes threshold M1 & M2 coefficients (Mred for the red channel in B), and
ICCS method (ICCSred in C). (D-E): similar as above but plotted against differ-
ent molecular densities. All dash lines represented the preset zero percent binding.
However, for better visualization, data points for different densities were plotted
to have an artificial co-localization ratio interval of 0.4. In (B, C, E, F), only the
red channel coefficients are shown for M1 & M2 and the ICCS coefficients. Each
data point corresponds to the average value based on 10 simulated images, with
the error bar given by the standard deviation.

label to targets can affect the co-localization determination. We used literature
reported value [110] for antibody size and assumed a simple rigid ball model for
binding without considering steric hinderence between proteins. The results of the
simulation, all with the percentile threshold applied, were shown in figure 4.12. It
can be seen that the considering label dislocation effect, false negative can indeed
be seen at very high resolutions(<50 nm) for the correlation methods, which how-
ever was not seen in the percentile-threshold applied M1 and M2 coefficients, due
to dominant false positives.

To test what is the maximum detectable co-localization using STED microscopy,
a positive control sample in which two different antibodies labeled by different flu-
orophores were allow to target the same primary antibody against a cell adhesion
related protein was used. In comparison, a non-relevant cytoskeleton protein was
also included as a negative control. The fluorescent images of confocal and STED
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Figure 4.11: Comparison of applying thresholds for the Pearson correlation coeffi-
cient. Co-localization ratios plotted against different preset binding fractions (A-B)
and densities (C-D) at different resolutions. Values were calculated using Pearson
correlation coefficient with a threshold set by Costes method (A, C) and by the
percentile based method (B, D).

resolutions as well as the determined molecular binding by co-localization analysis
using different methods were shown in figure 4.13. Clearly, our positive control
did not result in 100% but around 60% of binding as measured by both Pearson
or ICCS coefficients, which could be due to a number of factors. Except above
mentioned label dislocation effect, reasons can also include steric hindrance effect,
conformation and stoichiometry for the antigen-antibody complexes, labeling sites
of fluorescent probes and so forth. To reliably use ultra-high resolutions for quanti-
tative co-localization determination, it would be beneficial to include such control
samples.
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Figure 4.12: A simplified model of antigen-antibody complex for simulating im-
munofluorescence images. (A): A rigid ball model an antigen-antibody complex.
(B): Curve showing the distance from the antigen to the center of the secondary
antibody, giving an average distance of 18.5nm (C): Surface sphere depicting the
fluorescently labeled end point of the secondary antibody relative to the original
antigen anchoring point in a 3D Cartesian coordinate. The arrows illustrated the
random dislocation of fluorescently labeled secondary antibody in relation to the
antigen centroid point. (D): Simulated images with (D1, D3) and without (D2,
D4) label dislocation at 40nm (D1, D2) and 200nm (D3, D4) resolutions. (E):
The calculated co-localization ratios by different methods with percentile threshold
applied.

Figure 4.13: Representative two-color cell images as positive and negative controls
for co-localization analysis. (A, B): In the positive control, the cell-matrix adhesion
protein vinculin was stained by two different types of secondary antibodies labeled
by atto-594 (green) and atto-647N (red) targeting the same primary antibody. (C,
D): In the negative control, cytoskeletal intermediate filament protein vimentin
(green) together with vinculin (red) were stained. Images were acquired both STED
(A, C) and confocal microscopy (B, D) of resolutions of∼50 and∼250nm resolution,
respectively. (E): co-localization ratios determined for the control samples at two
different resolutions. Each data point was collected from a minimum of 5 images.



Chapter 5

Biological application of
fluorescence techniques

5.1 TRAST imaging of oxygen consumption in cancer cells

It is known that cancer cells consumes less oxygen in comparison with normal cells
that are terminally differentiated, and that a very efficient pathway through ox-
idative phosphorylation (oxphos) for ATP generation by normal cells is generally
down-regulated. Moreover, it has been found that, normal proliferating cells might
also adopt aerobic glycolysis as the primary metabolic pathway, though it is less
efficient in ATP production [111]. Apart from glucose, cells are able to metabolize
glutamine to support needs for energy [112] and can adapt their metabolism ac-
cording to external nutrients. It is also found that when exchanging the metabolite
glucose with galactose and glutamine, HeLa cells can upregulate the ATP produc-
tion through glutaminolysis and oxidative phosphorylation [113]. In paper V, we
aimed to measure the oxygen concentrations in living cells using TRAST technique
introduced in chapter 3 with the scope of discerning the metabolic pathways uti-
lized by cell cultured in different conditions as well as by cancer cell of different
types.

Results and discussion
Cells of a breast cancer cell line called MCF-7 were labeled with a dye referred as
CEDA-SE and the ambient oxygen partial pressure (pO2) was adjusted from 5% to
20%, shown in figure 5.1.

The phase contrast images of cells overlaid with fluorescence images are shown
in fig. 5.1A, while fig. 5.1B shows the kT maps. These kT maps were obtained
by fitting the TRAST curves (that represent the fluorescence intensity detected
at modulated wide-field excitation with different lengths of pulse duration) with
equation 3.23, and with kT and koff as free parameters. It can be seen that the
fluorescence images can hardly differentiate different pO2 conditions which however

44
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Figure 5.1: TRAST detection of varying pO2 in living MCF-7 cells. (A-B): Fluores-
cence images (A) and corresponding triplet relaxation rate kT (note the Jablonski
diagram in fig. 2.1) images (B) of a few MCF-7 cells exposed to varying pO2 (as in-
dicated). (C-E): Histograms of kT – koff (see fig. 3.3) parameter values, determined
in the individual pixels of the images shown in (B). (F): Experimental and fitted
TRAST curves averaged over the fluorescence images in (A). (G): Dependence of
the average kT value of the images in (B) on pO2 . Error bars represent the standard
deviation of the kT values.
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Figure 5.2: Influence of metabolites on the oxygen consumption of MCF-7 and
HCC1954 cells, either in normox media or oxphos media. (A-B) show phase con-
trast images overlaid with fluorescence images (A) and with kT images (B). The
corresponding histograms showing the kT and koff distributions obtained from 9-16
images grown either in normox or in oxphos medium are shown in (C-F).

can be easily detected using the TRAST technique. The kT maps can also be
transformed to a kT – koff 2D histogram as in fig. 5.1A-C. It was obvious from
these histograms that kT increased prominently with pO2 . koff on the other hand
exhibited a broader distribution with higher pO2 , but with the average value essen-
tially unchanged. In addition, the increase of kT rate seemed to be fairly linearly
dependent on pO2 .

We then extended this investigation to test if metabolic pathways chosen by
cells at different culturing conditions (with and without glucose) can be differen-
tiated by TRAST imaging. Compared to the standard (normox) medium, cells in
glucose-free medium, namely oxidative phosphorylation (oxphos) medium, rely on
the metabolism of the amino acid glutamine (glutaminolysis) through tricarboxylic
acid cycle (TCA) with high oxygen consumption in the oxidative phosphorylation
step [113]. Besides MCF-7 cell line, we chose two other breast cancer cell lines
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named HCC1954 and MDA-MB-468 as well. The kT maps of two different cell
lines, MCF-7 and HCC1954, using different culture media are shown in figure 5.2.

It is shown that MCF-7 cells consumed more oxygen when grown in oxphos
medium and when metabolizing glutamine through glutaminolysis and the TCA-
cycle (fig. 5.2). This confirms that MCF-7 cells can adapt their metabolism in
a similar way as for HeLa cells [113]. However, no such effect was observed for
HCC1954 cells. Instead, HCC1954 cells already showed higher oxygen consump-
tion rates than MCF-7 cells in glucose containing medium. This can due to different
intracellular environment that influenced the triplet state of the dye, or it may in-
dicate that the oxidative phosphorylation is already upregulated for the HCC1954
cells.

5.2 Membrane as proton collecting antenna

Lipid membranes are frequently encountered in cells, which do not merely act as
a passive interfacial barrier. Biochemical reactions can also be facilitated by the
2-D confinement of reactants on the membrane surfaces [114] [115] [116] [117],
and they may also actively engage in many biological processes and exert their
influences [118]. For living cells, proton electrochemical gradient is important for
transmembrane transport and synthesis of ATP by ATP synthase. Interestingly,
it is discovered that for some specific membrane-bound proton pumps, e.g. cy-
tochrome c oxidanse (CytcO) or bacterio-rhodopsin, the proton take-up rates are
higher than typical diffusion-limited cases [119] [120] [121] [119]. Explanations from
different perspectives are proposed, including e.g. that negative and buffer groups
on these proteins would work as a proton collecting antenna based on experimental
work [122] [123] [124], and also theoretical proposal that membrane itself would
also have an important role for fast proton uptake [125] [126]. The significance of
membrane-water interface for accelerating proton exchange was later also confirmed
by different experimental groups [127] [128] [129] [130] [131] [132].

It would be interesting to know if the membrane proton-collecting antennae ef-
fect dependent on membrane area. In paper VI, we addressed this question using a
nearly emerged membrane model system of planar membrane structure, referred as
nanodiscs with defined sizes (9nm and 12nm in diameter) [133]. To further restrict
the number of lipids in the nanodiscs, fluorescein coupled CytcO was inserted into
non-labeled nanodiscs to expel the lipids. These CytcO containing nanodiscs of
different sizes were also compared with fluorescein labeled nanodiscs without pro-
tein inserted, monitored with FCS technique. We also investigated how external
buffers can modulate the protonation kinetics of fluorescein labeled on the nanodisc
membranes.

Results and discussion
Nanodics of diameter of 9nm and 12nm composed of DOPG lipids with and with-
out insertion of CytcO were measured at different pH values to evaluate how the
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Figure 5.3: pH titration of Fluorescein molecular brightness measured by FCS
experiments. The pH titration curves were fitted with an equation [134] including
two independent protonatable groups for fluorescein [135].

protonation rate of fluorescein could be influenced by the amount of lipids in the
membrane. For nanodics without CytcO, fluorescein was directly attached to the
nanodics. Nanodiscs with sizes of 9nm and 12nm are denoted as ND(9) and ND(12).
For samples that contained CytcO, only CytcO was labeled by fluorescein, noted
as CytcO-flu. pH titration was performed on all nanodisc samples mentioned above
as well as on CytcO-flu as a reference sample. The results are summarized in figure
5.3.

Fits to the data points in fig. 5.3 showed that CytcO-flu (black) had pKA(1)
= 5.0 with 3.5% of the total amplitude and pKA(2) = 6.6 with 96.5% of the total
amplitude. ND(9)-CytcO-flu (red) instead yielded pKA(1) = 6.0 with 14.5% of the
total amplitude and pKA(2) = 7.2 with 85.5% of the total amplitude. ND(9)-flu
(green) had a pKA(1) = 7.3 wih 10% of the total amplitude and pKA(2) = 8.1
with 90% of the total amplitude. For ND(12)-CytcO-flu (blue), it had pKA(1)
= 7.3 with 52% of the total amplitude and pKA(2) = 8.8 with 48% of the total
amplitude. And ND(12)-flu (cyan), fit yielded pKA(1) = 6.8 with 41% of the total
amplitude and pKA(2) = 8.7 with 59% of the total amplitude. Therefore the pKA

values of ND(9)-CytcO-flu were comparable to the case of CytcO-flu in absence
of lipid membranes, demonstrating a lack of membrane protein collecting antenna
effect for ND(9)-CytcO-flu. However pKA values of ND(9)-flu without insertion of
CytcO were more comparable to those of ND(12)-CytcO-flu and ND(12)-flu. This
observation is further supported by calculated protonation rates determined from
FCS curve fitting (including three dark states, triplet, protonated state and one
Redox state, according to eq. 3.16), shown in figure 5.4.

The protonation on-rates K+ obtained from the samples CytcO-flu and ND(9)-
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Figure 5.4: Protonation rate of fluorescein as a function of bulk [H+] concentra-
tion. The observed protonation rate kp is plotted against the proton concentration
for CytcO-flu (black in A), ND(9)-CytcO-flu (red in A), ND(9)-flu (green in B),
ND(12)-CytcO-flu (blue in B) and ND(12)-CytcO-flu (cyan in B).

Figure 5.5: Protonation rate of fluorescein as a function of bulk [H+] concentra-
tion. The observed protonation rate kp is plotted against the proton concentration
for CytcO-flu (black in A), ND(9)-CytcO-flu (red in A), ND(9)-flu (green in B),
ND(12)-CytcO-flu (blue in B) and ND(12)-CytcO-flu (cyan in B).
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Figure 5.6: Proton exchanges when lipid membranes are present, in which the dark
sphere represents membrane-bound fluorescein. (1): Proton exchange between the
lipid membrane and the bulk. (2): Proton exchange between the membrane and
the membrane-bound dye molecule. (3): Direct proton exchange between the dye
and the bulk.

CytcO-flu were (7.30 ± 1.16) × 1010s−1M−1, (1.44 ± 0.24 × 1011)s−1M−1, having
a difference of a factor of two. These values were significantly lower than val-
ues obtained from samples ND(9)-flu, ND(12)-CytcO-flu and ND(12)-flu. Their
K+ values were comparable to each other, being (7.54 ± 0.44) × 1012s−1M−1 ,
(7.71 ± 0.54) × 1012s−1M−1 and (7.35 ± 0.33) × 1012s−1M−1, respectively. As
the transmembrane domain of CytcO has a diameter about 6.5nm [136], one can
conclude that a drastic reduction of the membrane-water interfacial area due to
insertion of the protein into the 9nm nanodisc deteriorates the well-functioning of
membrane proton collecting antenna. However the size difference between ND(9)-
flu and ND(12)-flu is not large enough to cause a resolvable difference in the pro-
tonation on-rates.

We also investigated effects of external buffers, phosphate and HEPES (0.1-50
mM), on the protonation of fluorescein in the membrane of nanodisc with diameter
of 12nm. The results are summarized in figure 5.5. Two reference measurements
of free fluorescein in buffer solutions were also included. Note that the pH values
of buffers for reference and the nanodiscs measurements were different, i.e. 6.5 for
fluorescein in solution and 8.1 in 12nm nanodisc. This is because the pKA values of
fluorescein in presence and absence of lipid membranes are different and we chose
the pH values to be as close as possible to the corresponding pKA values and at
the same time still within the buffering range of chosen buffers.

The protonation of free fluorescein showed a clear linear dependence on buffer
concentrations, though the effect of phosphate buffer was stronger (Fig. 5.5A) com-
pared with HEPES buffer (Fig. 5.5B), being consistent with published results [137]
and [127] where internal buffer molecules were situated at the lipid membranes.
However, the buffer effects on the ND(12)-flu sample (Fig. 5.5C,D) were strikingly
different such that a more complex behavior of first increase and then decrease with
buffer concentrations was found, though the trend was more obscure for HEPES
buffer. This complex pH-dependence can be understood by considering proton ex-
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changes when lipid membranes are present, illustrated in figure 5.6. At low buffer
concentration in the bulk (<1mM in our case), increasing buffer concentrations pro-
mote the proton exchange between the membrane and bulk (process 1) competing
with the proton exchange between the membrane and the dye (process 2). Though
an increase of direct proton exchange between the buffer and the membrane-bound
dye (process 3) can be expected with increase the buffer concentration, as long as
the magnitude of this increase is overwhelmed by the decrease of proton exchange
in process 2, the overall protonation rate of the dye will decrease. At higher buffer
concentrations (>5mM in our case), direct proton exchange in process 1 becomes
increasingly dominant which results in the increase of overall protonation rate of
the dye. The reason that the buffer effects were less pronounced for HEPES than
phosphate is most probably due to larger size of HEPES molecules which on the
one hand decrease the collision rates underlying proton exchange and on the other
hand hinder the buffer molecules reaching the membrane-water interface.

5.3 Cell-matrix adhesion analysis at nano-scale

Cell adhesion to the surrounding extra-cellular environment controls an array of fun-
damental cellular behaviors, like proliferation, differentiation, survival and motil-
ity [138]. These functions are important for many physiological processes, for ex-
ample, morphogenesis, proper immune response and wound healing. Defects in cell
adhesion can also lead to various pathological problems, including tumor metasta-
sis. Organelles in focal adhesion link cells physically to extracellular environment
to mediate mechanical stimuli to the cytoskeleton and elicit biochemical signaling
that controls cell function and behavior [139]. The focal adhesion is considered
to be a complex multiprotein complex involving 150 protein components and 380
potential molecular binding interactions [140]. And mutations of the focal adhe-
sion components in diseases are often linked to defective cell migration and cancer
cell metastasis. Though focal adhesions have been extensively studied in terms of
mechanical and biochemical signaling, the spatial organization of focal adhesions
remains largely unclear, especially at resolution close to molecular dimensions. In
paper VII, we studied protein-protein interactions in the focal adhesion areas using
STED microscopy in combination with the co-localization analytical tool developed
in paper IV. Note that molecule A’s binding fraction to B doesn’t necessarily mean
that it has the same binding fraction for B to A. Because for molecule A and B,
either can have other binding partners or one simply has much larger quantity than
the other and its majority does not engage in any binding while the other does. In
such case, the ICCS approach which can offer perspective for both channels is more
useful than single valued Pearson coefficient. Therefore, the percentile threshold
applied ICCS coefficients were mainly used for this study.
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Figure 5.7: The cell focal adhesion areas and the non-adhesion area in a cell can
be isolated from each other using our home-written MATLAB function. This al-
lows separate analysis of molecule-molecule interactions inside and outside of the
adhesion zones within cell boundary

Results and discussion
To isolate the focal adhesion areas from the non-adhesion zones for separate analysis
as well as to be free from background staining in glass outside of cell boundary, an
automatic mask function was written in MATLAB for signal discrimination based
on differences in area density of fluorescence signals. One representative example
illustrating the success of achieving such signal discrimination is shown in figure
5.7. In this study, vinculin was included in all the samples, and typically stained by
antibodies coupled with Atto-647N. Other adhesion markers were stained by cor-
responding antibodies labeled by Atto-594. As a result, vinculin was mostly shown
in the red channel, while other adhesion makers were shown in the green channel.
The results processed by the co-localization analysis were shown in figure 5.8. The
positive and negative control here are identical to the samples mentioned in paper
IV. In the focal adhesion areas, vinculin showed a similar level of co-localization
to paxillin (∼30%) and integrin (∼30%), followed by talin (∼25%) and phospho-
tyrosine (∼20%) (Fig. 5.8A). While outside of the adhesion zones, these values
reduced to ∼15%, ∼10%, ∼7% and <5% respectively for co-localization of vinculin
to paxillin , integrin, talin and phosphotyrosine. For the case of phosphotyrosine,
it was in the same level of the negative control. Note that the maximum detectable
co-localization was only ∼60%. Therefore, the co-localization ratios were also nor-
malized by using both the positive and negative control, shown in Fig. 5.8B. The
same procedure was applied to analyze the co-localization of other adhesion mark-
ers to vinculin, shown in fig. 5.8C and D. As it can be seen from fig. 5.8C and
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Figure 5.8: The co-localization between different focal adhesion markers is signif-
icantly higher in areas of focal adhesions as compared to areas outside of focal
adhesions. (A), the co-localization of vinculin to paxillin (blue), integrin beta 3
(red), talin (green), phoshotyrosine (purple), in (FA) or outside of (non FA) focal
adhesions. (B), shows the co-localization of vinculin to other adhesion markers
after normalization using values from both the positive and negative control. C,
the overlap of paxillin (blue), integrin (red), talin (green), phoshotyrosine (pur-
ple) to vinculin in focal adhesions (FA) and outside of (non FA) focal adhesions
are shown. (D), shows the normalized results from (C). A positive (white) and
negative control(dark gray) were also included in both (A) and (C) Results were
obtained from 11-15 images for each sample, and each image typically contained
2-5 adhesion zones.

D, the co-localization was also significantly higher in the focal adhesion areas than
in the areas outside. It’s interesting to note that in the focal adhesion zones, the
sum of the fraction of vinculin engaged in binding to other adhesion makers, i.e.
the paxillin, integrin beta 3 and talin was already ∼100% (fig. 5.8A). Given that
antibody labeling can introduce false negative for co-localization determination, the
true numeric sum must be greater than 100%, though not necessarily ∼140% as
the normalized sum extracted from fig. 5.8B. This suggests the existence of protein
clusters in focal adhesion zones, within which at least three types of proteins could
be contained. Our results support earlier findings where adhesion marker proteins
in focal adhesions were suggested to be organized in 25nm small particles [141]



54
CHAPTER 5. BIOLOGICAL APPLICATION OF FLUORESCENCE

TECHNIQUES

which is under debate in the field.

5.4 Single cell based early cancer diagnosis

Breast cancer is the most common cancer diagnosed worldwide for women, and
one of the mostly widespread cancers for women and men combined, second only to
lung cancer [142]. In 2008 alone, there were about ∼ 460,000 women worldwide who
died from breast cancer. Early cancer diagnosis is very critical for the treatment
of the disease. To achieve a conclusive diagnosis regarding the malignancy of sus-
picious lesions, diagnostic needle biopsies or diagnostic surgery is widely practiced.
Though histological tissue sampling by using core needle biopsy procedures can
significantly facilitate morphology-based diagnostic decision making, for instance,
the important discrimination between in situ and invasive tumour growth, it can
however lead to malignant seeding resulting from needle biopsies of different tu-
mors [143] [144] [145] [146] [147]. A possible alternative is to use minimally invasive
Fine Needle Aspiration (FNA) with anti-seeding technology to extract single cells
from suspicious lesions [148].

The aim of our FLUODIAMON project is to compensate the low amount of
cell samples extracted by FNA with state of the art fluorescence microscopic tech-
niques (STED and MFDI microscopy, introduced in chapter 3) to analyze protein
contents not only in terms of their expression levels but also their spatial distribu-
tions and interactions. The work flow of this project is charted in figure 5.9. In this
project, we used both fluorescence techniques as STED and MFDI for imaging the
selected protein markers relevant for breast cancer. The proteins we chose for this
study were Human Epidermal growth factor Receptor (HER)1 and 2, and Insulin-
like Growth Factor 1 Receptor (IGF1R). They are all considered to be clinically
relevant to breast cancer progression [149] [150] [151] [152] and they are known to
interact with each other as well [153] [154]. The collaborators in Göttingen and
Düsseldorf focused on applying STED and MFDI respectively for different pro-
tein markers, which together with ours covered proteins from nuclear, cytoskeletal
proteins to membrane receptors.

Results and discussion

For STED imaging, HER1 and IGF1R were labeled by ATTO-594 coupled affi-
body [155] and ATTO-647N conjugated antibody in the FNA samples. A repre-
sentative STED image is found in figure 5.10. As it can be seen, for this particular
case, the expression level of HER1 was quite high and it was not only expressed at
cell membrane, but also in the cytosol and nucleus, as is known as the internaliza-
tion effect when abundant growth factors are present [156] [157]. They also formed
protein clusters considerably bigger than what one might expect from single HER1
dimers [158]. This is also consistent with a study of HER1 protein cluster size us-
ing near-field scanning microscope [159]. The IGF1R however showed distinctively



5.4. SINGLE CELL BASED EARLY CANCER DIAGNOSIS 55

Figure 5.9: Flowchart of the FLUODIAMON project. (A): Using FNA sampling
to reduce the risks of cancer cell dissemination as well as pain for patients. (B,C):
Use STED and MFDI for imaging protein contents. (D):Selection of biomarkers
relevant to breast cancer. (E)Optimization of affinity molecules and fluorophores
for corresponding technqiues. (F): Combine the techniques and integrate data
interpretation. (G): Clinical validation of results.
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Figure 5.10: Representative STED image for single cells aspirated by FNA and
stained for HER1 (green) and IGF1R (red). A zoomed-in image is shown in the
bottom-right panel from a selected area marked by white square. Scale bar: 1µm.

different distribution pattern such that they were much more isolated from each
other.

For MFDI, HER1 was labeled by ATTO-488 coupled affibody as the donor,
HER2 and IGF1R were labeled by correpsonding affibodies conjugated with ATTO-
647N as acceptors in separate samples. One representative image and typical data
outputs for FNA sample is shown in figure 5.11 where HER1 (green) and HER2
(red) were co-stained. From the MFDI image acquisition with only donor excita-
tion, we got the fluorescence lifetime image and the fluorescence intensities in both
channels, from which an intensity ration image between the green and red channel
can also be obtained as described in chapter 3. These images were then trans-
formed to 2D histograms to help with the interpretation of possible interactions
between the donor HER1 and acceptor HER2 in this case. Unstained and only
HER1 stained FNA samples were also kept as controls for checking endogenous flu-
orescence background and fluorescence lifetime. Direct excitation of the acceptor
was also done to verify the existence of acceptors.

Because of uneven distribution of FNA samples on each prepared glass coverslip,
different numbers of patient FNA samples were imaged by each microscopy modal-
ity. In total, 58 (29 cancer) and 36 (18 cancer) tumor samples were imaged by our
STED and MFDI, respectively. 47 (28 cancer) samples were imaged by STED in
Göttingen, and 55 (28 cancer) samples were imaged by MFDI in Düsseldorf. The
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Figure 5.11: Representative data output from MFDI. (A-C): Typical 2D histograms
according to the color map reflecting pixel number shown adjacent to the his-
tograms. Ig

Ir
is the fluorescence intensity of the green to the red channel and τD(A)

is the donor lifetime in presence of acceptor. (D-E): Color-coded images for inten-
sity (D), donor lifetime(E) and intensity ratio (F). (G,H): Donor lifetime images
without (G) and with (H) weighting using intensity information.
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total number of overlapping samples among all microscopy modalities was 20, out
from which 11 were cancer samples.

All output images and histograms were sent to Ville Rantannen in University of
Helsinki to construct two independent classifiers for benign and malignant tumors.
The predictions of each classifier were testified first with clinical diagnosis based on
Giemsa staining [160] on FNA samples extracted in parallel with samples prepared
for fluorescence imaging and finally by tissue biopsy based histopathology diagno-
sis. The accuracy of the classifiers done image by image, i.e. only one image was
taken away from the group and classified based on all remaining images including
those from the same patient, was about 80%. This is close to clinically applied
FNA diagnosis screening using Giemsa staining [160] which requires many years
of clinical training and experiences. However, if the classification was done on a
patient basis, i.e. all images from one patient were taken away from the group and
classification was done one patient by one patient against remaining images from
all the other patients, the accuracy dropped to 63% which is of no practical value
for reliable cancer diagnosis.

Possible reasons for the failure of achieving reliable cancer diagnosis could be
that 1) low number of overlapping patients for all the imaging modality; 2) big
patient-to-patient variations; 3) cell heterogeneity from the same patient and un-
even distribution of cells on each glass coverslip shipped to different groups; 3) cell
handling protocol was not optimized, e.g. auto-fluorescence from cells imaged by
laser in the blue spectral range was quite strong, though there was a significant
difference both in the intensity and fluorescence lifetime compared with stained
samples; 4) the choice of proteins for this study was probably not optimized for
tumor discrimination.

Nevertheless, we believe high content protein imaging with high specificity and
sensitivity in cells will benefit early cancer diagnosis in the future, as highlighted
by similar efforts in this direction [161] [162] [163].



Chapter 6

Conclusions and outlook

In the thesis, efforts were taken to develop and apply fluorescence based spectro-
scopic and microscopic techniques to detect interactions between molecules which
are crucial to understand the organization and functioning of living organisms.

The inverse FCS approach developed in paper I can give information on both
the diffusion property of non-fluorescent particles or molecules and their volume.
The concept can be naturally extended to two dimensional case to analyze the
size of unlabeled protein clusters in fluorescently labeled lipid membranes. Other
modes of particle or molecule interaction based on fluctuation analysis can also
be envisioned, as long as there is a detectable contrast between the analyte and
the molecules providing high background signals. In paper II, the modified FCCS
procedure takes advantage of positive and negative controls to characterize foci
displacement unavoidably introduce by using two independent excitation beams
which usually is necessary as well as cross-talk between detection channels and
background fluorescence. The procedure is expected to improve the accuracy of
FCCS measurements not only restricted to membrane binding studies. The bleach-
ing based multi-color STED approach we developed in paper III uses the intrinsic
differences of photostablities of dyes without adding complexity to the instrument
and therefore we expect it to be adopted by groups working with STED for simul-
taneous multiple protein imaging of fixed cells. In paper IV, the modified algorithm
for threshold determination does not need to assume any relationship between the
intensities in two detection channels, but dependent on the intensity distribution of
the signals. The method demonstrated on well-defined simulated situation shows
minimal influences by particle density and microscopic resolutions. The procedure
is simple to implement and involves only simple calculation of Pearson correlation
coefficient and the use of percentile function. We expect it to be used for a broad
community not only limited to STED microscopy but also conventional widefield
and confocal microscopy users.

Our successful demonstration of TRAST imaging on cancer cell lines to dis-
tinguish metabolic states of cells reflected by intracellular oxygen concentration in

59



60 CHAPTER 6. CONCLUSIONS AND OUTLOOK

paper V is a valid starting point for analyzing oxygen dependent metabolism of cells,
providing additional channel to approach systematic disease like cancer. In paper
VI, we observed a size dependence of membrane proton-collecting antenna effect
as well as a distinctively different buffer effect on protonation compared with free
dyes in solution, strengthening the significance of two dimensional lipid membranes
on protonation kinetics which is important for cell energy conservation. Colocal-
ization study of different adhesion related protein pairs in paper VII supported the
existence of adhesion related particles which are important for modulating mobil-
ity and mechanical properties as well as function and chemical signaling of cells in
response to the environment. Our efforts in the FLUODAIMON project, though
did not result in satisfactory discriminating power between benign and malignant
tumors using ultra-high resolution fluorescence microscopy and multi-parameter
fluorescence imaging based on fine needle aspirated clinical samples, lay a ground
for future exploration of specific and sensitive protein interaction imaging for min-
imally invasive early cancer diagnosis.



Summary of papers and author
contributions

Paper I Inverse-fluorescence correlation spectroscopy
Stefan Wennmalm, Per Thyberg, Lei Xu and Jerker Widengren
Analytical Chemistry, 2009, 81 (22), pp. 9209-9215

Summary: A new concept for doing FCS by monitoring negative spikes of non-
fluorescent particles diffusing through a highly fluorescent medium was proposed.
The strength of this technique is that one does not only obtain the diffusional prop-
erties of the particles but also the volume of the particles in relation to the focal
volume due to the fact that particles propel fluorophores out from the focal volume
and cause a decrease of the fluorescent intensity. It can be combined with standard
FCS for simultaneous analysis of labeled and unlabeled particles or biomolecules,
which could be helpful for better quantitative binding studies. The concept derived
from this technique can also be applied to other modes of particle detection, not
limited to fluorescence.
Author contribution: The author participated in measurements and discussions.

Paper II
A modified FCCS procedure applied to Ly49A-MHC class I cis-interaction studies
in cell membranes
Johan Strömqvist, Sofia Johansson, Lei Xu, Yu Ohsugi, Katja Andersson, Hideki
Muto, Masataka Kinjo, Petter Höglund and Jerker Widengren
Biophysical Journal, 2011, 5, pp. 1257-1269

Summary: Methodologically, a modified procedure for more accurate FCCS mea-
surement was proposed, which took into account focal displacement of two laser foci,
cross-talk as well as background fluorescence. Focal displacement and cross-talk can
be characterized by the use of positive and negative control which respectively can
be assumed to render complete and zero binding between different fluorescently la-
beled species. On the biological side, the developed FCCS procedure was applied to
study cis interactions of MHC class I molecules with an inhibitory receptor called
Ly49A on the same membrane of live murine cells. The results found that most
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inhibitory receptors are engaged in cis binding. It may suggest a possibility that
target cells would become more susceptible for NK cell killing due to inhibitory
receptors’ main engagement in cis interaction, though not quite clear due to lack of
data on native murine NK cells. Nontheless, the cis binding fraction increased with
the number of MHC class I ligand with a tendency more abrupt than 3D- diffusion
limited bio-molecule interaction suggesting 2D confinement of reactions.
Author contribution: The author participated in most of FCCS measurements,
did part of data analysis, and participated in discussions.

Paper III
Multicolor fluorescence nanoscopy by photobleaching – concept, verification and its
application to resolve selective storage of proteins in platelets
Daniel Rönnlund, Lei Xu, Anna Perols, Annica K. B. Gad, Amelie Eriksson Karl-
ström, Gert Auer, Jerker Widengren
ACS Nano accepted

Summary: A photobleaching based method was proposed to perform multi-color
super-resolution STED imaging by taking advantage of the differences of fluorescent
dyes in photostabilities. The technique was applied to platelets which are very small
but scientifically interesting due to their selective protein storage and release in re-
sponse to external stimuli as well as by interacting with cancer cells. The method
is expected to benefit the biological studies that require multiple biomolecules to
be resolved simultaneously with ultra-high resolution.
Author contribution: The author did all the sample preparations, did some
STED imaging of platelets, participated in the discussions and contributed to the
manuscript writing.

Paper IV
Effects of resolution, target density and labeling on co-localization estimates – nanoscopy
and modified algorithms to suppress false positives
Lei Xu*, Daniel Rönnlund*, Annica K. B. Gad, Laura J. Braun, Pontus Aspen-
ström, Jerker Widengren
*Authors of equal contributions
Manuscript

Summary: A number of commonly used co-localization analytically methods were
evaluated against among other parameters, the optical resolutions and molecular
densities and preset binding fractions using simulated images. A modified algorithm
to automatically set intensity threshold statistically without assuming any inten-
sity relationship between the two-channel images was proposed to suppress false
positives caused by low resolutions and high molecular densities. Super-resolution
STED microscopy was systemically evaluated for performing co-localization anal-
ysis both for simulated images and also for experimentally acquired images. The
modified threshold setting algorithm is expected to benefit the scientists interested
in applying co-localization analysis, not only to the super-resolution field but also
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to people who use conventional widefield or confocal fluorescence microscopy.
Author contribution: The author proposed the modified algorithm for co-localization
analysis using percentile function and the simplified model for calculating centroid
distance of an antigen-antibody complex, performed all STED imaging of cells,
wrote the major part of MATLAB programs for the image analysis and did all
corresponding calculations. The author participated in all discussions and took the
main responsibility in manuscript writing. Daniel Rönnlund initialed this project
and did all the image simulations as well as did all the STED imaging on beads.

Paper V
Transient state microscopy probes patterns of altered oxygen consumption in cancer
cells
Thiemo Spielmann, Lei Xu, Annica K. B. Gad, Sofia Johansson and Jerker Widen-
gren
FEBS Journal, 2014, 281(5), pp. 1317–1332

Summary: TRAST imaging was applied to evaluate intracelluar oxygen concen-
tration by taking advantage of dark states of fluorophores that are sensitive to
oxygen. Different breast cancer cell lines and different metabolic pathways adopted
by cell lines under different culturing conditions were successfully differentiated by
TRAST imaging. The technique opens new possibility for cancer diagnosis in the
future.
Author contribution: The author helped with cell culturing and performed fluo-
rescence lifetime imaging of cells to determine fluorescence lifetime and contributed
to the manuscript writing regarding cell culture.

Paper VI
The membrane proton collecting antenna effect studied by Fluorescence Correlation
Spectroscopy in a lipid-nanodisc model system – influence of the membrane area
and external buffers
Lei Xu, Linda Näsvik Öjemyr, Peter Brzezinski, Jerker Widengren
Manuscript

Summary: We investigated the membrane-size dependence of the proton collect-
ing antenna effect with and without insertion of a proton pump into different sizes
of nanodisc lipid model system. Our data confirms the significance of membrane-
water interface in facilitating proton uptake, which depends on the size of mem-
brane surrounding the pH-sensitive dye. In addition, external buffers effects on
protonation of dyes in the nanodisc lipid membrane were also studied. A devi-
ation from previously observed linear dependence of protonation uptake in pure
three-dimensional and two-dimensional systems was found. The tendency of first
decrease and then increase of protonation rate with buffer concentrations can be
explained by considering the proton exchange between the membrane surface and
the bulk which is also influenced at the different buffer concentrations. Our find-
ings reveal important aspects of how proton exchange is mediated at and across
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biological membranes and motivate further investigations into proton exchange in
more complex environments, such as in living cells.
Author contribution: The author performed all the FCS experiments and data
analysis based on samples supplied by Linda Näsvik Öjemyr. The author partici-
pated in all discussions and wrote the initial draft of the manuscript.

Paper VII
Nanoscale analysis of cell-matrix adhesions
Lei Xu, Laura Braun, Daniel Rönnlund, Jerker Widengren, Pontus Aspenström,
Annica K.B. Gad
Manuscript

Summary: Different cell adhesion markers, integrin, paxillin, talin and phospho-
tyrosine, were co-stained with another adhesion related protein called vinculin and
imaged by STED microscopy and analyzed by the percentile threshold applied co-
localization algorithm. The results support the existence of adhesion related parti-
cles within which multiple proteins are stored. This is of high relevance to cancer
biology, because cell adhesion is known to affect fundamental cellular behavior and
plays an important role also in cancer cell metastasis.
Author contribution: The author performed all two-color STED imaging (and
did partly three-color STED imaging) on cells supplied by Laura Braun and Annica
K.B. Gad and did all experimental data analysis. The author participated in all
discussions and wrote the manuscript together with Annica K.B. Gad.

The FLUODIAMON project
Summary: We performed STED and MFDI imaging on minimally invasive fine
needle aspirated samples from suspicious breast cancer patients, aiming at achiev-
ing single cell based cancer diagnosis. Though the discriminating power against
benign and malignant tumors of the finally results were not satisfactory, probably
due to big patient-to-patient, and cell-to-cell variation and small amount of cells
due to uneven distribution of samples sent to each imaging groups, and probably
improvements regarding our cell handling protocol and biomarkers for breast cancer
are needed. Nevertheless, we expect that high content protein imaging with high
specificity and sensitivity in cells will improve early cancer diagnosis in the future.
Author contribution: The author took the major responsibility for devising the
liquid based FNA sample preserving and staining protocol to make it compatible
for fluorescence imaging, prepared all the samples prior fluorescence staining and
summarized all the sample information for all groups involved in the project, was
responsible for all sample preparations for STED and MFDI imaging in our group.
The author imaged the samples for MFDI together with Evangelos Sisamakis and
developed MATLAB scripts for batch processing of part of the results. STED
imaging in our group was performed by Daniel Rönnlund.
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