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Abstract
Fluorescence spectroscopy and imaging have a very broad spectrum of applications within the life sciences, in particular for detection and characterization of
biomolecular dynamics and interactions in different environments. This thesis comprises projects that strive to further expand the information content extracted from
the detected fluorescence, leading to sensitive readout parameters for studies of
biomolecular dynamics and interactions. Two major strategies are presented to
achieve this aim. The first strategy is based on the expansion of the available
readout parameters beyond the "traditional" fluorescence parameters: intensity,
wavelength, polarization and fluorescence lifetime. The additional parameters are
based on blinking properties of fluorescent labels. In particular on transitions between singlet and triplet states, and transitions between the trans- and cis-isomers
of fluorophores. Two publications in the thesis are based on this strategy (paper
I and IV). The second strategy is based on the utilization of fluorescence intensity fluctuations in order to detect the oligomerization mechanisms of fluorescently
labeled peptides and proteins. This strategy combines the intensity fluctuation
analysis and the readout of distance dependent energy transfer between fluorescent
molecules together with the correlation analysis of fluorescence from two labeled
proteins emitting at different wavelengths. Another two publications presented in
the thesis are based on the second comprehensive strategy (papers II and III).
In the paper I, Fluorescence Correlation Spectroscopy (FCS) and Transient
State (TRAST) imaging were applied to follow the isomerization kinetics of the
Merocyanine 540 fluorophore incorporated into lipid membranes. It’s isomerization
kinetics is highly depend on the local viscosity, and thus could be used to characterize the membrane fluidity of lipid vesicles and live cell membranes. Paper II
presents a new FCS-based approach of ultra high sensitivity to detect binding of
proteins in the presence of a high fraction of proteins that do not bind to each other.
The method combines FCS with Förster Resonance Energy Transfer (FRET). The
study analyzed peptides that are believed to cause Alzheimer’s disease. Peptides,
labeled with a fluorophore, are excited by a focused laser beam and can transfer this
excitation energy by FRET to peptides labeled with another type of fluorophore
if the peptides are bound to each other. The FCS analysis of fluorescence fluctuations from the fluorophore accepting the energy can reveal the oligomerization of
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peptides with a very high sensitivity. Paper III is a comprehensive investigation
of a spider silk protein oligomerization process. It proposes a novel 3-steps mechanism to explain the formation of spider silk filaments. The study is based on a
range of biophysical methods. Fluorescence cross-correlation spectroscopy (FCCS)
measurements added an important contribution by monitoring the covariance in
fluorescence fluctuations from the two different labels, attached to spider’s web proteins, providing a direct demonstration of the pH-dependent dimerization process.
This dimerization underlies the entire formation mechanism of the spider threads.
Paper IV shows how blinking kinetics caused by singlet-triplet transitions in 7nitro benz-2-oxa-1,3-diazole-4-yl (NBD) can be used to obtain information about
interactions of lipids in a biological membrane. Blinking kinetics is capable to offer
a more sensitive readout than conventional fluorescence-based methods, and also
indicates a folding behavior of the aliphatic chains of examined lipids, which has
not been detected in previous studies.
In summary, the work presented in this thesis shows that the blinking kinetics
of fluorescent labels contain significant information that can be exploited by a combination of fluctuations analysis with distance dependent excitation energy transfer
between the fluorescent molecules, or by analysis of fluorescence covariance between
molecules that emit at different wavelengths. These fluorescence-based methods
have a significant potential for molecular interaction studies in the biomedical field.

Sammanfattning
Fluorescens-spektroskopi och imaging har en mycket bred användning inom livsvetenskaperna, inte minst för att detektera och karakterisera biomolekylers dynamik och interaktioner i olika miljöer. I denna avhandling presenteras arbeten som
strävar efter att ytterligare utöka informationsinnehållet i det detekterade fluorescensljuset, och göra avläsningar av biomolekylers dynamik och växelverkningar
ännu känsligare. Två huvudsakliga strategier presenteras för att uppnå detta. Den
första strategin baseras på att utöka de tillgängliga avläsningsparametrarna bortom de ”traditionella” fluorescensparametrarna: intensitet, våglängd, polarisation
och fluorescenslivstid. De ytterligare parametrar som undersökts baseras på fluorescenta ämnens blinkningsegenskaper, framförallt orsakade av övergångar mellan
singlett och triplett-tillstånd, samt övergångar mellan trans- och cis- isomerer hos
fluoroforer. Två arbeten i avhandlingen bygger på denna startegi (arbete I och IV).
Den andra strategin grundar sig på utnyttjande av fluorescensintensitetsfluktuationer för att detektera när fluorescensmärkta peptider och proteiner binder till
varandra. I denna stategi kombineras intensitetsfluktuationsanalys med avläsning
av avståndsberoende excitationsenergiöverföring mellan fluorescenta molekyler, respektive analys av hur fluorescensen från två olika proteiner som emitterar i olika
våglängdsområden samvarierar. Två arbeten i avhandlingen bygger på denna andra
övergripande strategi (arbete II och III).
I arbete I användes Fluorescence Correlation Spectroscopy (FCS) och Transient
State (TRAST) monitorering för att följa isomeriserings-kinetiken hos färgämnet
Merocyanine 540 i lipidmembraner. Då isomeriseringkinetiken kraftigt beror på den
lokala viskositeten kunde den användas för att karakterisera membranfluiditeten i
såväl artificiella lipidvesiklar liksom i cellulära membraner i levande celler. Arbete
II presenterar en ny FCS-baserad metod för att med mycket hög känslighet detektera binding av proteiner, i närvaro av en hög andel proteiner som inte binder till
varandra. Metoden kombinerar FCS med s.k. Förster Resonance Energy Transfer
(FRET). I studien analyseras peptider som tros orsaka Alzheimers sjukdom. Peptider märkta med en fluorofor exicteras av en fokuserad laserstråle och kan överföra
sin excitationsenergi via FRET till peptider märkta med en annan typ av fluorofor,
om peptiderna är bundna till varandra. Genom FCS-analys av fluorescensfluktuationer från den fluorofor som mottagit excitationsenergi kan oligomerisering av
v
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peptiderna detekteras med mycket hög känslighet. Arbete III är en omfattande studie av hur ett spindelvävsprotein kan bilda trådar genom oligomerisering.
Studien baseras på en rad olika biofysikaliska undersökningar. Ett viktigt bidrag
utgjordes av fluorescence cross-correlation spectrosopy (FCCS) mätningar, där samvariationen av fluktuationerna av fluorescensen från två olika markörer, märkta till
enstaka spindelvävsproteiner, direkt kunde påvisa en pH-beroende dimerisering av
proteinet. Denna dimerisering ligger till grund för hela verkningsmekanismen för
hur spindeltrådarna bildas. I arbete IV presenteras hur blinkningskinetik orsakad av singlett-triplett övergångar hos färgämnet 7-nitrobenz-2-oxa-1,3-diazole-4-yl
(NBD) kan utnyttjas för att få information om hur lipider i biologiska membran
kan växelverka med varandra. Blinkningskinetiken visas kunna erbjuda en känsligare avläsning än gängse fluorescensbaserade avläsningsförfaranden, och indikerar
även ett veckningsmönster hos kedjorna i de undersökta lipiderna, som inte kunnat
påvisas i tidigare studier.
Sammanfattningsvis, de arbeten som presenteras i denna avhandling visar att
det finns ett betydande informationsinnehåll att utnyttja, dels i de blinkningsmönster som fluorescensmarkörer uppvisar, dels genom att kombinera fluktuationsanalys
med avståndsberoende excitaitonsenergiöverföring mellan fluorescenta molekyler,
eller genom analys av samvariation hos fluorescensen från molekyler som emitterar
i olika våglängdsområden. Dessa fluorescensbaserade förfaranden har en betydande
potential för molekylära interaktionsstudier inom det biomedicinska området.
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Chapter 1

Introduction to the theory of
fluorescence
1.1

History of Fluorescence

Emission of light by a substance as consequence of non-thermal energy absorption
is called luminescence. In other worlds, luminescence is a form of cold body radiation. The origin of the energy that is absorbed by a molecule defines the type of
luminescence, for example: chemiluminescence (when energy is a result of chemical reaction), mechanoluminescence (when energy is a result of mechanical action),
electroluminescence (when energy is a result of electrical current passed thought
the molecule). Fluorescence is a form of photoluminescence (PL), which is a phenomena of light emission by a molecule that absorbed the energy of an incoming
photon. There are two types of PL: fluorescence and phosphorescence. They have
the same mechanism of energy accumulation but have differences in photophysical properties. Fluorescence occurs as a result of a molecule’s radiative relaxation
from an excited paired spin state to the ground state [1], while phosphorescence
stems from a radiative relaxation from a state of higher spin multiplicity. These
two phenomena occur at different time scales. Fluorescence is a very fast process,
it takes place on timescale around 10 −9 s. It can be observed by eye only during
excitation. Phosphorescence occupies a much broader time range. Therefore, it can
be observed by eye for minutes or even hours after the excitation ended.
Because it can be easily observed, the term phosphorescence appeared early,
even before scientifically documented observations. During the Middle Ages, the
materials which glowed in the dark after light exposure were called “phosphor”
(from Greek “ϕωσϕoρoς” – “light caring”) [1]. However, the first documented
scientific observation of glowing in a response to the light exposure came from fluorescence. In 1560 Bernardino de Sahagún and in 1565 Nicolás Monardes reported a
1
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fluorescence-like behavior, observed from Lignum nephriticum1 . Nevertheless, the
reported phenomena did not get its own name until the 19th century when it was
described for fluorites (in 1819 by Edward Clarke and in 1822 by René Just Haüy)
after which it was named by Sir George Gabriel Stokes in 1852 [2].
Sir George Stokes was a professor of mathematics in Cambridge. He left a remarkable legacy in several disciplines. In 1852, he published an article where he
described fluorescence of fluorspar, uranium glass and a solution of coumarin. His
experiments were done with a simple setup. He used sun light, passed through a
blue window (thus filtered to less than 400 nm), as an excitation source. A yellow
glass of white wine (which has transmission above 400 nm) was used (as an emission filter) to filter out the incident light. He observed a light-blue glow arising
from a thin layer of the sample solution under light exposure. The experiments
with coumarin allowed Sir George Stokes to make several important remarks that
reflect the main principles of fluorescence and light absorption by a substance. He
noted that the emitted light is shifted toward longer wavelengths2 , and that the excitation light has a limited penetration depth (inner filter effect). He also reported
the specificity of excitation and emission spectra: coumarin was excitable only by
UV light and its fluorescence was detectable only in the blue region of the visible
spectrum.
In the following chapters, an explanation of fluorescence phenomenon and its
photophysics will be given in details.

1.2

Electronic states model

The photophysical process behind luminescence is well described by the energy diagram proposed in 1933 by Alexander Jablonski3 [3]. In Figure 1.1, a variation of
the Jablonski energy diagram is shown. Electronic states are grouped vertically: by
energetic level (with E0 being the lowest energy), and horizontally: by spin multiplicity. In this particular diagram, the timescale of the processes is also depicted.
The vibrational modes are represented as thin lines within the electronic states
(S0 , S1 , T ). Under normal conditions, all electrons of the fluorophore are in the
ground state due to the large separation between the energetics states. For example, separation between the vibration modes is typically around 0.19 eV. It means
1 Lignum

nephriticum, is a diuretic derived from the wood of Narra and Mexican Kidneywood.
Upon a contact with the wood of those trees, water changes its color into opalescent hues that
also can change depending on the light color and an incidence angle.
2 French physicist Edmond Becquerel also noted this fact, but for phosphorescence, ten years
before Stokes. However, the wavelength shift between the absorbed and emitted light was named
after Sir George Stokes.
3 Aleksander Jablonski (1898-1980) was a Polish scientist of Ukrainian origin. Nowadays,
Aleksander Jablonski is regarded as the father of fluorescence spectroscopy for his remarkable
contribution to the field, particularly for the description of concentration depolarization, the term
“anisotropy” and many more.
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that at the room temperature (T = 293.3 K) the thermal energy (kB T = 0.025
eV) is not sufficient to populate the higher vibrational modes thus a fortiori the
higher energetic states. The energy states of a molecule can be also characterized
by electrons occupancy of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO). Since the thermal energy is insufficient to cross the energy barrier in the resting state, a fluorescent molecule is at
the ground state S0 and all the electrons occupy HOMO. Upon absorption of an
incoming photon with an energy sufficient to cross the S0 →S1 energy barrier, the
electron can be promoted to LUMO and the molecule reaches the first excited state
S1 . Some fluorophores are able to adopt higher energetic states. If the energy of
the absorbed photon is high, higher energetic states can be reached (S2 , S3 , ...).
The energy states are also divided by spin multiplicity. At the S0 state, the
electrons are paired due to the covalent bonds between the fluorophore’s atoms.
According to the Pauli’s exclusion principle, the electron pairs that occupy one
molecular orbital (HOMO in the S0 case) cannot have the same set of quantum
numbers [4]. Therefore, the electrons in the pair must have anti-parallel spins. This
requirement leads to the state spin multiplicity of 1. It is defined as M = 2S + 1
where S is a superposition of spins, for S0 S = 1/2 + (−1/2) = 0, so M = 1. Thus,
the ground state S0 is a singlet state [1, 5]. Upon excitation, the electrons preserve
their spins. If the molecule is promoted to the higher electronic state (S1 , S2 , . . . ),
then this state is also singlet. Hence, the excitation process is a singlet-singlet state
transition. Absorption of a photon and promotion to a higher state occurs in the
femtosecond time range. Given that the electron’s mass is typically several (at least
three) orders of magnitude lower than the mass of nuclei, this results in a transition
that occurs without any displacement of the nuclei (Franck-Cordon principle) [6].
The other electronic state depicted in Figure 1.1 is called a triplet state T .
Transitions to the triplet state are forbidden in quantum mechanics as mixing of
states is not allowed. However spin-orbit coupling makes a singlet→triplet transition possible since in this case the change of spin is accompanied by a change in
the orbital angular momentum. The total molecule’s angular momentum is conserved. The prohibition comes from a fact that the transition to the triplet state
can violate the conservation of the angular momentum since it involves a spin flipping. Nevertheless, for many organic fluorophores, there are vibrational modes of
S1 and T that overlap and, thus, have the same angular momentum. The Pauli’s
exclusion principle does not exclude the same spin orientation for half-populated
orbitals. All above results in a non-zero probability for the electron to flip its spin
after a transition to a higher orbital. In this case, intersystem crossing occurs and
the molecule goes to the triplet state T with a spin multiplicity M = 3 [5]. The
higher spin multiplicity leads to a lower energy of the triplet state compared to
the initial excited singlet state. In the case of a radiative relaxation to the ground
singlet state S0 , the emitted photon has a lower energy, thus a longer wavelength.
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Figure 1.1: Jablonski diagram. X-axis represents the timescale of the processes,
Y-axis is the energetic levels for the singlet states (S0 , S1 ) and the triplet state (T ).
Thick and thin horizontal lines correspond to the lowest and the higher vibrational
modes of the energetic states respectively. Possible excitation and relaxation pathways are displayed by the dashed arrows with the appropriate rates: the absorption
rate k01 , the internal conversion rate kIC , the non-radiative relaxation rate knr , the
fluorescence emission rate k10 , the intersystem crossing rate kISC and the triplet
relaxation rate kT . HOMO and LUMO refers to the highest occupied molecular
orbital and the lowest unoccupied molecular orbital respectively.
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Direct relaxation from the triplet to the ground singlet state (T →S0 ) is forbidden because it requires an additional spin flip. Therefore, the molecule stays in
the triplet state significantly longer than in the first excited singlet state. Typical triplet relaxation time range is from microseconds (common for liquid samples)
to hours (for solid samples) [3]. This is at least three orders of magnitude longer
than the typical fluorescence lifetimes1 , which are within the nanosecond range for
organic fluorophores. A molecule in the triplet state is significantly more exposed
to molecular interactions with solvent molecules in comparison to the molecule
in S1 . For example, molecular oxygen (O2 ) is generally present in aqueous solutions. It is known for its triplet state quenching ability [4, 7]. Unlike most of
the other molecules, O2 is in a triplet state 3 O2 at rest. It can readily interact
with a fluorophore in the triplet state by a triplet→triplet energy transfer, leading to a reduction in the triplet state populations and relaxation time. Dynamic
quenching by oxygen is one of the main reasons why phosphorescence is weaker
in liquid (aqueous) samples than in solid ones. Moreover, O2 in singlet states can
completely bleach surrounding fluorophores or induce formation of further reactive
oxygen species [8–11].
The intersystem crossing rate (kISC ) is strongly influenced by the presence of
heavy atoms (like bromine) in the molecule’s structure (internal heavy atom effect)
or in the medium (external heavy atom effect)2 [12, 13]. The heavy atom effect is
not the same for all fluorophores. For example, it was shown that the presence
of millimolar concentration of potassium iodide in the solvent can influence the
intersystem crossing. It increases the triplet state population of fluorophores which
absorb light below 560 nm, while it acts as a triplet state quencher for those which
absorb above 560 nm [14].
A whole cycle from the absorption of a photon by the fluorescent molecule to its
relaxation to the initial resting ground singlet state S0 can be well summarized on a
time line. Excitation of the fluorescent molecule occurs in a femtosecond time range.
If the molecule has absorbed a photon of an energy that is higher than needed for
a transition to the first exited state (S0 →S1 ) but still within the energy band of
S1 , then the excited molecule adopts a high vibrational mode of S1 . According to
the Kasha’s rule [15], the molecule must relax to the lowest vibrational mode of
the excited state. This process is known as an internal conversion and takes place
in the picosecond time range. There are two possible relaxation pathways from
S1 to S0 : direct, by radiative (fluorescence) or non-radiative (internal conversion)
1 Lifetime is an essential parameter for all fluorophores. It is defined as an average time
the molecule spends in S1 before it relaxes back to S0 . The fluorophore brightness depends on
the lifetime (τf ) as F (t) = F0 et/τf , where F0 denotes the initial intensity immediately after
an excitation pulse, and the lifetime is defined as the inverse of the sum of radiative (k10 ) and
non-radiative (knr ) relaxation pathways.
2 The intersystem crossing is increased due to a larger magnitude of the spin-orbit coupling in
atoms with a higher atomic number.
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Figure 1.2: Excitation (dotted lines) and emission (solid lines) spectra of Quinine
and Rhodamine-B. For Quinine the excitation and emission peaks are marked with
the corresponding electronic states transitions. For Rhodamine-B, the transitions
between S0 and S1 are dominant, thus the transitions to the higher excited states
are not directly visible in the excitation spectrum.

relaxation, both occurs in nano or sub-nano seconds, and indirect, via states of
lower energies (like T ). The relaxation time of states with lower energies than
S1 frequently depends on molecular and environmental properties. It varies from
microseconds to hours [3].

1.3

Absorption and emission spectra

As it is shown in the Jablonski diagram, the electronic states of a molecule are
discrete and well separated. The discretization holds for the vibrational modes of
each energy state as well. Thus, one could expect the set of energies required for
states transitions to be a set of sharp thin lines. While it is true for a single atom,
a typical fluorescent molecule is composed of many atoms. This results in hundreds
of normal vibrations in the molecular skeleton. Moreover, processes like collisional
interactions with solvent molecules and electrostatic perturbations broaden the individual lines of the vibrational states. Spectral broadening can be of two types:
homogeneous, due to tightly spaced vibrational levels, or inhomogeneous, caused
by collisions between molecules (for molecules in solution the rate is higher than
10 12 collisions per second). Therefore, the typical absorption and emission spectra
of an organic fluorophore are continuous and cover several tens of nanometers [1].
Figure 1.2 shows the excitation and emission spectra of two fluorophores (Rhodamine-B and Quinine). For the two molecules, the emission spectrum is virtually a
mirror image of the excitation spectrum. This is true for many organic fluorophores.
It results from the same transitions involved in the absorption and emission processes and a similar vibrational levels energy spacing between S1 and S0 . In a
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similar way, as the molecule can be promoted to a higher vibrational mode of the
first excited singlet state S1 , it can relax to any vibrational mode of the ground
singlet state S0 . Since all the transitions occur without any displacement of the
nuclei according to the Franck-Condon principle (vertical transitions), the transition probability from S0 to S1 is identical to the transition probability from S1 to
S0 , leading to similarity in shapes of the two spectra. Nevertheless, as it is shown
for quinine in Figure 1.2, the excitation and emission spectra of some fluorophores
can still be different. This is due to a higher probability to excite the higher energy
states (S2 , S3 , ...), while the radiative emission occurs only from the lowest vibrational mode of S1 , according to the Kasha’s rule. After a direct excitation of the
fluorophore to S2 , it rapidly relaxes to S1 (internal conversion) and only then to S0 .
Thus, the excitation spectra may have peaks that stem from transitions to higher
excited states while the emission spectrum only represents the transition from S1
to S0 , which is independent from the absorbed photon energy.
In addition, the internal conversion process is responsible for a shift of the emission spectrum to lower energies (relatively to the excitation spectrum). This effect
is known as Stokes shift. It is caused by the energy dissipation in a vibrational relaxation to the lowest mode of the excited singlet state. In 1927, Vavilov reported
the independency of the fluorescence quantum yield1 of a molecule from the excitation wavelength [16].
Due to a high collisional frequency with the solvent molecules, the excitation
and emission spectra depend on the local environment. Solvent’s pH or polarity
may influence the shape of the spectra and the extent of the Stokes shift [3]. The
emission spectrum is more sensitive to solvent’s properties due to the relatively
long lifetime, i.e if the excitation occurs in femtoseconds, the excited state exists
for several nanoseconds. Hence it is more exposed to perturbations. For example, for HTPS, pH-sensitive fluorophore, the dissociation constant of the hydroxyl
groups may change in the excited state and thus the emission will already occur
from a different (ionized) molecule. Molecules in the excited state may also form
charge-transfer complexes with the solvent molecules or even with themselves. If
the fluorescent molecule is charged, it can be sensitive to the solvent’s polarity,
which may cause an increase of the Stokes shift, transition to a lower, long-lived,
energetic state (with a higher polarity) or even completely quench2 fluorescence.
1A

quantum yield is another (together with a lifetime) essential property of fluorophores.
It represents the probability of the radiative relaxation from S1 to S0 . In other words, it is the
probability that the absorption of a photon will lead to fluorescence. The quantum yield is defined
S
S
S
as Φ = krS/(krS + knr
), where kr is the rate constant for radiative relaxation S1 →S0 and knr is the
sum of all non-radiative rate constants (kISC , kIC , etc.)
2 Fluorescence quenching is a process that decreases a total brightness of fluorophores. There
are two main types of quenching: static, when quencher binds to the fluorophore and thus prevents
photon absorption (shielding), and dynamic, when quencher induces a non radiative relaxation
(decreases a fluorescence quantum yield) via a collisional interaction. Combined quenching (quasistatic) is also possible. Quenching monitoring is a widely used method for interactions sensing in
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Figure 1.3: Chemical structures and excitation/emission spectra of A Cyanine
fluorophore family: Cy3 and Cy5; and B Coumarin fluorophores family: Coumarin1
and Coumarin6. In both cases, the excitation spectra are displayed as dotted lines
and the emission spectra as solid lines.

The shape of a spectrum and the separation of the electronic levels of the fluorophore are determined by its chemical structure. A typical organic fluorophore
consists of several benzene rings coupled together (like rhodamines), connected by
single, double or triple carbon bonds (like cyanines), or a combination of both. One
double or triple carbon bond absorbs a photon with wavelength of 170 nm while
two double bonds being separated by one single bond (conjugated) absorb at 260
nm [17]. By increasing the number of the conjugated bonds (either by increasing
the number of benzene rings or the length of the carbon chains), the absorption
spectrum of a fluorophore can be shifted to either direction of the electromagnetic
spectrum. In Figure 1.3, chemical structures of four fluorophores (two coumarines
and two cyanines) are shown together with their excitation and emission spectra.
the fluorescence spectroscopy and microscopy.
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Figure 1.4: Chemical structures of the trans- and cis-isomers of Merocyanine 540.

1.4

Isomerization

Although the triplet state de-excitation pathway is common for fluorophores it is
by far not the only possible [4]. As mentioned previously, properties of the fluorophores come from their structure. If a molecule contains a polymethinic chain
between any of its parts, then another de-excitation mechanism is possible: isomerization [18]. Isomerization is a process by which one molecule is transformed to
another with the identical set of atoms but with a different arrangement. The isomerization can occur through a 180° twist around a double bond1 between carbons
of the polymethinic chain2 (Figure 1.4). The twist leads to a formation of an isomer
that has different photophysical properties than the initial molecule. Historically,
these isomers are named "trans" and "cis". The terms come from Latin and simply
mean "on the same side" and "on the other side" respectively. The trans-isomer is
the resting form (in the absence of excitation) of the molecule and all fluorescent
properties of the molecule are referred to this state. Due to the conformational
change, the photophysical properties of the cis-isomer are different. Cis-isomers
can have different absorption/emission spectra and have generally a lower quantum yield [18–20]. Therefore, cis-isomers are considered as non-fluorescent and the
isomerization process is considered as a non-radiative de-activation pathway of the
fluorophore.
The Jablonski diagram for the isomerization process [21] is shown in Figure
1.5. The isomerized state is photo-induced, thus occurs after the excitation of the
molecule to a higher energy singlet state N1 . In the case of isomerized molecules,
the excitation take place within the same isomer due to the almost instantaneous
absorption process. Several de-activation pathways are possible: relaxation to the
ground singlet state of the same isomer N0 (radiative or thermal) or conversion
1 The double-bound between carbons is rigid and does not allow any random rotations around
it, however 180° twist is still possible.
2 A polymethinic chain is a set of carbon atoms connected by conjugated bonds in a linear-like
configuration.
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into a partially twisted state T (not to be mixed with the triplet state T ), which is
de-activated on a pico/nanosecond timescale to either N0 or P0 . Back isomerization
occurs in the similar manner: P0 →P1 →P0 ∨ T →P0 ∨ N0 .

Internal conversion is the dominant de-activation mechanism for the excited singlet state P1 . This is due to a larger flexibility of the conjugated chain: straighter
confirmation (as in the trans-isomer) leads to stronger hydrogen intramolecular
forces that reduce the possibility of vibrations, thus limiting the nonradiative deactivation. Therefore, the quantum yield of the cis-isomer is very low. Fluorescence
from P1 can be neglected and the cis-isomer can be considered as a dark or "dim"
state of the fluorophore. Moreover, the cis-isomer has a red-shifted absorption
spectrum. This results in different excitation rates for the different photoisomers.
The triplet state population, via intersystem crossing, is rather insignificant under
normal conditions due to a competition with the effective de-activation via photoisomerization [22, 23]. For the cis-isomer, the triplet state formation is even further
limited due to a dominant deactivation through internal conversion. Therefore, the
triplet state is neglected in this model. In order to reveal formation of the triplet
state, the molecule has to be exposed to environmental conditions that either prevent or limit photoisomerization, or strongly enhance the triplet state population
(e.g. removing oxygen from the solvent).

In the absence of photoexcitation, the ground state of the cis-isomer P0 is thermally deactivated to N0 . The thermal deactivation rate constant kP N0 is relatively
small so the thermal deactivation typically takes place on a millisecond time range.
Upon photoexcitation, kP N0 can be neglected because of the much faster (microseconds) photoinduced back-isomerization from P1 . Transition from N0 to P0 is not
possible due to the more rigid molecular conformation and thus the energy barrier
for N0 →P0 is larger than it is for P0 →N0 . Therefore, without photoexcitation and
under normal conditions, all molecules are in the ground state of the trans-isomer.

Given the above assumptions, the electronic state model of Figure 1.5A can be
simplified to a kinetic scheme shown in Figure 1.5B, which contains the fluorescent
and the non-fluorescent forms as N and P . The effective transition rate constants
0
0
(kISO
and kBISO
) from N and P will be the same as those from the excited states
N1 and P1 , except a scaling factor corresponding to the fractions of molecules in
the N and P forms that are in their excited singlet states

(n)

0
kISO
= kISO

k01
(n)
k01

+

(n)
k10

= kISO

σN Iexc
(n)

σN Iexc + k10

,

(1.1)
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Figure 1.5: A Jablonski diagram of an isomerization process. The horizontal axis is
a torsion angle around the double bond of the polymethine chain (Θ). The vertical
axis represents the energetic levels of the singlet states N0 , N1 and P0 , P1 for the
trans- and the cis-isomer respectively. The arrows show the available excitation and
(n)
(n)
(p)
(p)
relaxation pathways with their rates. k01 and k10 , k01 and k10 are the absorption
and emission rates of the trans- and the cis-isomers respectively. T represents the
partially twisted intermediate state that is prior to the isomer formation. kN T ,
kP T , kT N and kT P are the rate constants for transitions to the T state from the
trans- and the cis-excited singlet states and from T down to the ground singlet
states of the trans- and the cis-isomers respectively. kP N0 is the rate constant for
a thermal back-isomerization. B A simplified model of the isomerization process.
0
N and P represent the trans- ans the cis-isomers with their transition rates kISO
0
and kBISO .
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(p)

0
kBISO
= kBISO

k01
(p)
k01

+

(p)
k10

n
(p)
= k10

σP Iexc

+ kP N0 =
(p)
σP Iexc + k10
o
 σP Iexc = σBISO Iexc + kP N0 ,

+ kP N0 = kBISO

(1.2)

where Iexc is the excitation intensity, σN and σP are the excitation cross sections
σP
is the effective cross section for
of the N0 and P0 states, and σBISO = kBISO
(p)
k10
n
o
(p)
the back-isomerization of the cis-state. The expression k10  σP Iexc denotes
that the relaxation rate from the excited singlet state P1 is much slower ([10 −6 s])
than the excitation rate of the ground state P01 (kP 01 = σP Iexc [10 −15 s]) thus
the fluctuations in excitation rate can be neglected. The new parameter σBISO =
σP kBISO/k(p) represents the effective cross section of the back-isomerization.
P 10
In order to obtain the population of the cis-isomer and the rate of back-isomerization to the trans-state (under the excitation at time t and located at position ~r),
the following system of coupled first order linear differential equations in a matrix
form is set up from the simplified kinetic scheme depicted in Figure 1.5B
d~
~ r, t) ,
S(~r, t) = M S(~
dt

~ r, t) =
S(~




 0
0
N (~r, t)
−kISO kBISO
⇒
,M=
0
0
−kBISO
kISO
P (~r, t)

  0


0
d N (t)
−kISO kBISO
N (~r, t)
⇒
=
,
0
0
−kBISO
P (~r, t)
kISO
dt P (t)

(1.3)

(1.4)

~ r, t) is the population vector of the trans (N ) and the cis (P ) states and
Here, S(~
M is the coupling matrix. Before the photoexcitation all molecules reside only in
the fluorescent trans-state; the boundary condition can be written as

  
N (~r, 0)
1
=
.
(1.5)
P (~r, 0)
0
The solution to Equation 1.4 with the boundary conditions of Equation 1.5 is
expressed as

 X

2 
N (~r, t)
Ai νi (1)eλi t
=
,
(1.6)
P (~r, t)
Ai νi (2)eλi t
i=1

where νi = (νi (1), νi (2)) denotes the ith eigenvector, λi is the ith eigenvalue of the
matrix M , and Ai = (A1 , A2 ) is a constant of the ith eigenvector determined by
the boundary conditions of Equation 1.5. The eigenvalues are given by
λ1 = 0,

0
0
λ2 = −kBISO
− kISO
,

(1.7)
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Figure 1.6: The Jablonsky diagram of the triplet state process.

and the corresponding pair of orthogonal eigenvectors by
!
0
 
kBISO
−1
0
k
ISO
~ν1 =
,
~ν2 =
.
1
1

(1.8)

The constants A1 and A2 can be calculated from the boundary condition as A1 =
0
0
0
0
kISO
/kBISO
and A2 = −kISO
/kBISO
. By substituting all of the above into Equation
1.6, the populations of the trans- (N ) and the cis- (P ) states at excitation time t
is defined as:

 0

0
0
0
kBISO


kISO
(−kISO
−kBISO
)t
+
e
0
0
0
N (~r, t)
k
+k
k
ISO
 .
=  ISO kBISO
(1.9)
0
0
0
(−kISO
−kBISO
)t
ISO
P (~r, t)
1
−
e
0
0
k
+k
ISO

1.5

BISO

Triplet state

The quantum mechanical processes behind the formation of the triplet state have
been discussed before, therefore this section will mainly concern the derivation of
the electronic state model [24] shown in Figure 1.6. Using a similar logic as for
the isomerization process, the population of states at position ~r and time t for the
~ and M
system shown in Figure 1.6 can be described by Equation 1.3, where S(t)
are redefined as




S0 (~r, t)
−k01
k10
kt
~ r, t) = S1 (~r, t) , M =  k01 −(kISC + k10 )
0 .
S(~
(1.10)
T (~r, t)
0
kISC
−kT
The excitation rate is equal to k01 (~r, t) = σexc I(~r, t), where σexc is the excitation
cross section and I(~r, t) the excitation intensity. Since a closed system is considered,
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the sum of all involved states at any time t will be equal to 1 (S0 (~r, t) + S1 (~r, t) +
T (~r, t) = 1, ∀t). Therefore, at time t = 0, when the excited singlet state S1 and,
consequently, the triplet state T are not yet populated at all, the system can be
described as

  
S0 (~r, 0)
1
S1 (~r, 0) = 0 .
(1.11)
T (~r, 0)
0
Applying this as a boundary condition to Equation 1.3 and assuming the excitation
rate to be constant at time t and location ~r, the relative populations of states are
given by
k01
k10 kt
eλ1 t +
eλ2 t +
k01 (kISC + kT ) + k10 kT
k01 + k10
k01 k10 kISC
eλ3 t , (1.12)
+
(k01 + k10 )(k01 + (kISC + kT ) + k10 kT )

S0 (~r, t) =

k10 kt
k01
eλ1 t +
eλ2 t +
k01 (kISC + kT ) + k10 kT
k01 + k10
2
k01
kISC
eλ3 t , (1.13)
+
(k01 + k10 )(k01 (kISC + kT ) + k10 kT )

S1 (~r, t) =

T (~r, t) =

k10 kISC
k01 kISC
eλ1 t +
eλ3 t .
k01 (kISC + kT ) + k10 kT
k01 (kISC + kt ) + k10 kT

(1.14)

As previously, λ1 , λ2 , λ3 are eigenvalues of the matrix M . When M is given as in
Equation 1.10, the corresponding eigenvalues are
λ1 = 0,

1.6

λ2 = −(k10 + k01 ),

λ3 = −(kT +

k01 kISC
).
k01 + k10

(1.15)

Förster resonance energy transfer

The energy absorbed by a fluorescent molecule may not only be dissipated within
the same molecule (by processes like fluorescence, intersystem crossing or internal
conversion) but, instead, it can be transfered to another molecule within a certain distance and with certain prerequisites [25]. Such energy transfer from the
excited singlet state is frequently associated with a non-radiative de-excitation of
the fluorophore and known as a quenching process. If the energy transfer occurs
between two fluorophores which have an overlap between the emission spectrum of
the initially excited fluorophore (donor) and the absorption spectrum of the energy
accepting fluorophore (acceptor) i.e. several vibrionic transitions in the donor are
in resonance (coupled) with corresponding transitions in the acceptor, then the radiative relaxation from the fluorophore which accepted the energy is possible. This
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inter-molecular energy transfer is known as the Förster resonance energy transfer
(FRET1 ).
In general, there is a wide category of non-radiative energy transfers from the
donor to the acceptor molecules. It results from different interaction mechanisms
which can be divided into Coulombic interactions and intramolecular overlaps, or
even more generally into long and short range interactions [1]. The Förster mechanism represents the long range dipole-dipole interactions. It means that the coupling between the donor and the acceptor is purely electrostatic, and thus the energy
transfer is linked to the phenomenon of two oscillators (dipoles) being in resonance.
FRET is usually characterized by the energy transfer rate kF RET and the efficiency E. kF RET is given by
kF RET

1
= 0
τD



R0
rDA

6
.

(1.16)

0
denotes the lifetime of donor (D) in the absence of acceptor (A), rDA is
Here, τD
the distance between donor and acceptor fluorophores, and R0 is the Förster radius
(specific characteristic for dye pair). R0 can be determined from the spectroscopic
data as

 61
9000 ln 10 Φ0D κ2
R0 =
·
·
J
,
(1.17)
128πNA
n4

where n is the refractive index of the medium, NA is the Avogadro number, Φ0D is
the quantum yield of D in the absence of A, J is the spectral overlap integral and
κ2 is an orientation factor [26] which is given by
κ2 = cos θDA − 3 cos θD cos θA = sin θD sin θA cos φ − 2 cos θD cos θA .

(1.18)

The components of κ2 are shown in Figure 1.7D. θDA is the angle between the
transition momentums D and A, θD and θA are the angles between those momentums, respectively. φ is the angle between projections of the transition moments on
the plane perpendicular to the line centers. In solution, molecules continuously rotate (rotational diffusion), it is impossible to identify κ2 without a priori knowledge
about the symmetry of the dipole moments rotation. In addition, the rotational diffusion is unconstrained and thus isotropic. Therefore, the average value of κ2 = 2/3
is usually used in the literature (unless it is stated differently). For most FRET
applications, only the relative change of rDA is important, thus R0 determined with
κ2 = 2/3 is generally accepted. The spectral overlap integral J between the emission
1 Sometimes the acronym FRET is read as "fluorescence energy transfer", however such interpretation is not fully correct since it is not the fluorescence (radiative emission) energy being
transfered. Nevertheless usage of the "fluorescence" term is more or less accepted in the wide
community.
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Figure 1.7: A Typical excitation and emission spectra for a FRET pair. The gray
area is the overlap used to calculate J. This overlap influences the value of the
Förster radius R0 . B A schematic representation of the two most common FRET
applications. Green refers to the donor fluorophore and red to the acceptor, the
halo shows the occurrence of emission. C FRET efficiency, E, diagram plotted
versus the distance between the dyes. D Angles and panes of the transition dipole
moments (MD , MA for the donor and the acceptor respectively) involved in the
definition of the orientation factor, κ2 (left) and examples of κ2 (fight).
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spectrum of D and the excitation spectrum of A is given by
Z ∞
ID (λ)A (λ)λ4 dλ ,
J=
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(1.19)

0

R∞
where ID (λ) is the normalized ( 0 ID (λ)dλ = 1) fluorescence of D and A is the
molar absorption coefficient of A. R0 is usually calculated in Å as

1
R0 = 0.2108 κ2 Φ0D n−4 J 6 .

(1.20)

The proportion of the transfered energy to A over the total energy absorbed by D
is the FRET efficiency E which is given by
E=

A
0
IA
τD
Φ0D
ID
kF RET
=
1
−
=
,
=1− D
·
0
0
k10 + kF RET
ID
τD
ΦA I A + Φ0D IA
D
ΦA

where k10 is the rate of radiative emission k10 =

1
0 ,
τD

(1.21)

A
τD
is the lifetime of D in

0
A
presence of A, ΦA is the fluorescence quantum yield of A, ID
and ID
are the
fluorescence intensities of D in the presence and absence of A respectively, and IA
denotes the fluorescence intensity of A. Using Equation 1.16, FRET efficiency can
be rewritten as
1
(1.22)
E=

6 .
1 + rRDA
0

R0 is constant for certain dye pairs, in this case E is only proportional to the distance between D and A. E is most sensitive to the inter dye distance when rDA is
comprised between 10 and 100 Å or 0.5 · R0 and 2·R0 . For many FRET pairs R0 is
close to 50 [Å] [27].
Due to its good sensitivity to the distance and its relatively simple detection,
FRET is a widely used method in protein conformation and aggregation studies.
The possibility to assess the FRET readout "on the fly" is highly appreciated as it
allows to follow dynamic processes. In this thesis, FRET was used in an amyloidβ
peptide aggregation studies. In combination with the fluorescence correlation spectroscopy (FCS), it showed its superiority on previously used methods (FCCS, PCH,
etc.) in the detection of small aggregates. A detailed description and the results
obtained from FRET-FCS, will be given in the following chapters.

Chapter 2

Instrumentation
2.1

Introduction to Fluorescence Correlation Spectroscopy

Fluorescence and Microscopy
All advantages that fluorescence can provide for studies at cellular and molecular
level would be unattainable without appropriate techniques, methods, and instrumentation. Optical microscopy is a fundamental technique to apply the fluorescence
phenomenon. A combination of those two elements has led to development of fluorescence microscopy, one of the most widely used technique for biological studies
nowadays.
The history of a modern-like microscopy is out of the scope of this thesis, but
some key moments have to be mentioned. Optical microscopy started in XVII century when the Dutch spectacle-maker Zacharias Janssen and the Italian scientist,
"father of the modern physics", Galileo Galilei independently invented compound
microscopes. In 1893, August Köhler developed a technique that creates especially
even illumination of a sample. Ernst Abbe, Otto Schott and Carl Zeiss made their
remarkable contributions to the foundation of modern optics in the XIX century by
developing a fundamental optical theory and manufacturing of high quality lenses.
In 1957, Marvin Lee Minsky patented confocal microscopy, a technique that made
possible high resolution 3D microscopy. Development of lenses, illumination sources
and detectors was going in parallel. All mentioned above developments have been
combined in the modern fluorescence microscopy, which opened a door to a nanometer resolution, limited only by properties of fluorophores rather than optics.
The fluorescence correlation spectroscopy (FCS) is a single molecule sensitive
spectroscopic technique that is based on correlation analysis. When a fluorescent
molecule passes through a detection volume, it creates fluctuations of the detected
signal. When the intensity fluctuations are auto-correlated in time, it is possible
to extract information about diffusion, concentration and brightness of the dif18

2.1. INTRODUCTION TO FLUORESCENCE CORRELATION
SPECTROSCOPY

19

fusing molecule from the correlation curve. While passing the detection volume,
the molecule might experience transitions to various long-lived electronic states.
Those fast, in comparison to the diffusion time, on-off cycles are visible on the
correlation curve as fast components. Modern photo-detectors allow FCS to detect sub-microsecond on-off events. However, such sensitivity was not accessible
when the technique was introduced for a first time. FCS started in 1970’s by
Magde, Elson and Webb [28, 29] but did not became widespread due to technical
impracticalities. During that time, FCS was a very time-consuming technique, a
single measurement could last about 24 hours. It was primarily used to study the
free diffusion (translational and rotational) and binding processes of the fluorescent
species while the dark states photophysics was beyond the detection possibilities.
Complications and limitations of the technique originated from the "mechanical"
part, namely, the microscope. In the 1990s, after the establishment of the confocal
microscopy and the development of ultra sensitive detectors, Rigler and Widengren
relaunched FCS [30,31] with a modern "hardware". It resulted in the establishment
of a self-sufficient branch of spectroscopy with many flourishing applications and
variations.
The fluorescence confocal microscope is a cornerstone for FCS. It differs from
the ordinary microscope only by the presence of a pinhole in the light detection
pathway. Such relatively simple difference allows to block all the light coming from
regions out of focus. This reduces the field of view and the collected intensity but
significantly increases resolution1 in all planes. A schematic view of a typical confocal microscope is shown in Figure 2.1. In modern microscopes, lasers or arc lamps
are used as light sources. The desired excitation wavelength is selected (refined) by
an excitation filter. Then, the beam shape and collimation are adjusted by a set of
lenses (the beam expander in Figure 2.1). Usually the beam diameter is chosen to
match the size of the back aperture of the used objective. If the beam is smaller,
then objective creates a larger detection volume in the sample plane, thus decreasing the resolution. If the beam is larger, then a fraction of the excitation light is
lost, meaning that the laser power is not efficiently used. The beam is then directed
to the objective through a dichroic beam splitter2 . The objective focuses the beam
to a volume, which is called the detection volume. A size of the detection volume is
determined by the objective numerical aperture (NA) and the wavelength of light.
The maximum optical resolution3 of an ideal (no aberrations) microscope is limited
1 Resolution

is an essential, key parameter for any kind of microscopy. It indicates how apart
two objects have to be in order to be detected as separate. It should not be confused with magnification, the process of enlarging an image, but not really the minimum distance to discriminate
two objects.
2 A dichroic beam splitter is an optical element that reflects light only of certain wavelength
range, while the rest of the spectrum is transmitted.
3 The word "optical" is mentioned intendedly since by exploiting of fluorophore’s photophysical
properties it is possible to overcame the diffraction limit. In 2014, Nobel Price in chemistry was
given to E. Betzig, S. Hell and W. Moerner for beating the diffraction limit and for a creation and
development of super-resolution fluorescence microscopy [32–35].
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Figure 2.1: General scheme of a confocal microscope. Dotted arrow line shows the
position where an acousto-optic modulator is supposed to be inserted for TRAST
measurements. Directions of propagation of the excitation light and fluorescence
are shown with dashed arrows marked Exc. and Fl. respectively. The insert shows
examples of possible detectors that can be used: a CCD camera (for imaging or
image analysis based techniques), APD or PMT detectors (for FCS, imaging or
lifetime based techniques).

2.2. ANALYSIS OF MOLECULAR DIFFUSION BY FCS

21

by diffraction and was identified by Ernst Abbe to be d = 1.22λ
N A . The fluorescence
is collected by the same objective. Due to its longer wavelength (the Stokes shift)
it can pass through the beam splitter, while the scattered excitation light coming
from the sample will be reflected again. The filtered light is focused by a lens onto
a pinhole. Light that arises from a region outside of the excitation focus is blocked
by the pinhole. The resulting light is collimated by a set of lenses and spectrally
cleaned-up by an emission filter.1 The pinhole significantly limits off-z-axis light
as well as opens a possibility for axial slicing of the sample (3D imaging). At last,
the fluorescence that passes though the pinhole is focused on the detector. Cameras, avalanche photodiodes (APD) or photomultiplier tubes (PMT) can be used
as detectors. Will it be a conventional imaging, FCS, a fluorescence lifetime or a
polarization based technique, all that is mainly defined by a type of the detector
and a data processing analysis (specific excitation light properties e.g. pulsing are
important for some methods). The confocal microscope is a fundamental core for
many modern imaging and spectroscopic techniques.

2.2

Analysis of molecular diffusion by FCS

As mentioned before, FCS relies on the analysis of the correlation function G(τ ). It
is calculated from fluctuations in the fluorescence intensity δI caused by the passage
of fluorescent molecules through the detection volume [31]. In a general case, it is
defined as
hδI(t)δI(t + τ )i
hI(t)I(t + τ )i
=
,
(2.1)
G(τ ) =
2
2
hI(t)i
hI(t)i
where I(t) and I(t + τ ) are detected fluorescence intensities at time t and t + τ , τ is
the correlation time and angular brackets denote a time average as hδI(t)δI(t + τ )i =
R
1 T
T 0 I(t)I(t + τ )dt. The detected fluorescence intensity depends on the following
setup-specific parameters: the collection efficiency function CEF (~r), the excitation
intensity Iexc (~r) and the detection efficiency of fluorescence emitted from the center
of the laser focus q. From the fluorophore’s side, the intensity I(t) depends on the
concentration of the fluorescent species C(r, t), the excitation cross section σexc ,
and the fluorescence quantum yield Φ. To simplify the equation, it is common to
introduce the parameters Q = σexc · q · Φ and p(~r) = CEF (~r) · Iexc (~r). Then, the
detected fluorescence intensity from the volume V can be rewritten as
Z
I(t) = Q

p(~r)C(~r, t)dV .

(2.2)

V
1 Reflectivity of the dichroic beam splitter is at best around 95%; thus at least 5% of the
scattered excitation light still passes through. Since the excitation irradiance is much higher than
the generated fluorescence, even a small fraction of the excitation light might completely overcome
the signal of interest and could damage the detector (camera, photodiode, etc.)
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Using Equation 2.2, Equation 2.1 can be rewritten as
D
E
RR
Q2
p(~r)p(r~0 ) δC(~r, t)δC(r~0 , r + τ ) dV dV 0
+ 1,
G(τ ) =
R
~ p(~r)dV )2
(QC

(2.3)

where r0 and V 0 denote the position in space and volume at time t + τ . δC(~r, t) =
~ corresponds to the fluctuations in concentration around the equilibrium
C(~r, t) − C
~ The samples used in FCS are generally not subject to
(mean) concentration C.
external concentration perturbations (e.g. flow) and thus the molecular diffusion in
and out of the detection volume is considered as the only source of concentration
fluctuations. Therefore, using the Fick’s second law of diffusion and introducing
D as the diffusion coefficient of the fluorescent molecule, the fluctuations over the
time dt can be written as
dδC(~r, t)
= D∇2 δC(~r, t) .
dt

(2.4)

Summarizing all the above and assuming that concentration of the molecules obeys
N −hN i
Poisson statistics as f (N ) = hN i Ne!
, where f (N ) is the probability of finding
N molecules in the volume and hN i is the time-averaged number of the molecules
in the volume, the expression of the auto-correlation function for diffusion driven
fluctuations of the fluorescence intensity is
G(t) =

1
·
N (1 +

1
4Dτ
2 )(1
ωxy

+

4Dτ − 21
ωz2 )

+ 1,

(2.5)

where ωxy and ωz represent lateral and axial radii (distances from the center of
the excitation focus where the fluorescence intensity I drops by a factor 1/e2 of its
peak value). By defining the diffusion time of the molecule as the time it takes
ω2

xy
to laterally diffuse thought the detection volume V as τD = 4D
and the axial to
ω
z
radial aspect fraction of the sampling volume as ω = /ωxy , Equation 2.5 become

G(t) =

1
·
N (1 +

1
+

τ
τD )(1

τ
− 21
ω 2 τD )

+1=

1
· GD (τ ) + 1 .
N

(2.6)

In Equation 2.6, GD (τ ) (or some times called G0 (τ )) is used to emphasize the
fact that fluorescence intensity fluctuations are caused only by the diffusion. Full
derivation can be found in fundamental works [29, 30].

2.3

Analysis of dark state transition in fluorophores by FCS

In the previous section, the equation of the auto-correlation function was derived
from the intensity fluctuations caused by the diffusion of fluorescent molecules in
and out of the detection volume. Photo-excitation driven transitions to various
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dark states (triplet, isomerization, oxidation etc.) also result in intensity fluctuations. In simple words, a fluorescent molecule can blink while being inside the
detection volume. This section will present a modification to the FCS correlation
function that accounts for the dark state transitions.
A function used to fit FCS correlation curve can be modified depending on the
used electronic state model of the fluorophore, for example to reflect the triplet or
the isomerized state formation. Here, the effect of the previously described isomerization process will be presented in short. A full derivation of the auto-correlation
function for tans-cis isomerization can be found in [36].
A simplified derivation is based on the model shown in Figure 1.5B. Since
photoinduced transitions occur much faster then the diffusion, it was shown [37,38]
that the autocorrelation function can be rewritten in a form
G(τ ) = GN (τ ) + GP (τ ) + GN P (τ ) + GP N (τ ) + 1 ,

(2.7)

where the "constituting" auto-correlation functions are
C~N Q2N
1
GD (τ )
GN (τ ) =
Nb
C~N Q2N + C~P Q2P

0
0
C~N + C~P e(−kISO −kBISO )τ
C~N + C~P

!

1
C~P Q2P
GP (τ ) =
GD (τ )
Nb
C~P Q2P + C~N Q2N

0
0
C~P + C~N e(−kISO −kBISO )τ
C~P + C~N

!

1
C~N Q2N C~P Q2P
GN P (τ ) = GP N (τ ) =
GD (τ )
Nb
C~N Q2N + C~P Q2P

0

0

,

(2.8)

,

(2.9)

1 − e(−kISO −kBISO )τ
C~N + C~P

!
,

(2.10)
~
~
where CN , CP and QN , QP are the concentrations and brightnesses of the transstate N (here, N used only in subscripts and should not to be confused with N
which is the total number of molecules in the detection volume) and the cis-state P
respectively. Since the cis-state P is assumed to be a non-fluorescent, no signal can
be recorded from it. Thus QP = 0 and only the signal coming from the fluorescent
trans-state N is counted for the auto-correlation. Hence, Equation 2.7 simplifies to
Equation 2.8 and further as
1
G(τ ) = GN (τ ) + 1 =
GD (τ )
Nb

0
0
C~N + C~P e(−kISO −kBISO )τ
C~N + C~P

!
+ 1.

(2.11)

If molecules undergo transition to the dark state within the excitation volume,
it will affect the total number of observed molecules. Given that the total concen~ = C~N + C~P , the fraction of the fluorescent molecules will be
tration is constant C
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defined as FN = C~N /C~ . Similarly, for the molecules in the non-fluorescent P state,
their fraction is FP = C~P /C~ and of course FN + FP = 1. The number of observed
bright molecules Nb has to be redefined given that some molecules are in the dark
state and thus "invisible". Therefore, Nb = N (1 − FP ), where the term 1 − FP denotes the fraction of the fluorescent molecules which did not experience transitions
to the dark state and N is the total number of molecules in the excitation volume
(as the one was used in Equation 2.6). Equation 2.11 can be simplified to
G(τ ) =



0
0
1
GD (τ ) 1 − FP + FP e(−kISO −kBISO )τ + 1 .
N (1 − FP )

(2.12)

Here, FP is defined based on concentrations, but this approach is difficult in a real
experiment, since it refers to the concentration of undetectable, dark molecules.
0
0
Previously, using the transition rate constants kISO
and kBISO
, relative population
of the cis-state P (which, due to normalization, is identical to FP ) was derived in
Equation 1.9. At the steady state (t → ∞), the population of the cis-state P takes
form
0
0

kISO
kISO
1 − e−∞ ' 0
.
(2.13)
P (t) = 0
0
0
kISO + kBISO
kISO + kBISO
0
0
The term −kISO
− kBISO
was previously obtained as an eigenvalue of the matrix
M from Equation 1.3. In general, eigenvalues characterize the studied reaction.
For M , λ1 = 0 indicates that populations of states will approach the steady state
at t → ∞, if the system is closed, i.e. the total population of states is constant and
no photobleaching is present. The second eigenvalue λ2 relates to the rate at which
the build up of the state P takes place. Inverse of it refers to the transition time
between the states N and P .1 The isomerization relaxation time can be written as

τP =

1
1
.
=
0
0
λ2
(−kBISO
− kISO
)

(2.14)

Summarizing all the above, Equation 2.12 takes the following form
G(τ ) =

2.4



1
GD (τ ) 1 − P + P e−τ /τP + 1 .
N (1 − P )

(2.15)

Fluorescence cross correlation spectroscopy

Sometimes it is important to simultaneous monitor species that are labeled with
different fluorophores (typically 2 fluorophores are used). In such cases, two lasers
1 In the general case a model that accounts for the transition N → N should be studied.
0
1
Such general model will give one more eigenvalue referred to a build up of the excited singlet
fluorescent state N1 (so-called "antibunching"). However, as mentioned before, a simplified model
0
0
is used and the rates kISO
and kBISO
are chosen to overcome that simplification. Moreover,
since a transition N0 → N1 occurs at a very high rate, it is invisible at time resolution of FCS
instrument.
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are focused onto a same spot and two detection pathways set to appropriate spectral bands are used. The recorded signal can be cross correlated. Within the FCS
approach, such a technique is called a fluorescence cross correlation spectroscopy
(FCCS) [39]. In general, analysis of cross-correlation curve is similar to the autocorrelation one. The key difference lies in the estimation of the number of molecules
in the detection volume. The detection of binding process (oligomerization, aggregation) is a typical application of FCCS. When one object, labeled with a green
fluorophore, binds to another, labeled with a red fluorophore, the signal recorded
from green-red complex can be cross-correlated according to
G(τ ) =

hIg (t)Ir (t + τ )i
,
hIg (t)i hIr (t)i

(2.16)

where Ig (t) and Ir (t) refer to the detected fluorescent intensities from the green and
red labeled species respectively. The fractions of bound and unbound molecules can
be extracted from FCCS measurement. The amplitude of cross-correlation function
depends on the number of complex molecules (Nrg ) and on unbound green (Ng )
and red (Nr ) ones
Ngr
G(0) ∝
.
(2.17)
(Ng + Ngr )(Nr + Ngr )

Nowadays, conventional, single color FCS is commonly performed in the FCCS
manner, when detected mono-fluorescent signal is splitted onto two detectors in
order to increase the time resolution of the instrument. The time resolution is limited by the detector’s dead-time (the minimum time it takes for the detector to be
prepared for detection of the next photon). APDs have a dead-time in the range
of several hundreds of nanoseconds, which prevents detection of two consecutive
events during this time. Using two APDs overcomes this limitation, because when
the first APD is in dead-time mode, there is a high probability that the second
detector is active. Such configuration makes detection of two consecutive photons
possible. The FCCS arrangement is crucial for monitoring the dark-states of fluorophores. Since kinetics of the dark-states is the main focus of this thesis, all FCS
measurements were done using cross-correlation.

2.5

Transient state microscopy

Although FCS allows to analyze the fluorophore’s dark state kinetics, it also has
certain limitations. First of all, FCS requires a relatively low concentration of the
fluorescent species. For typical experimental conditions, the concentration of fluorophores should be lower than 100 nM. Such prerequisite eliminates a simultaneous
usage of cell imaging and FCS, since nano-molar concentrations of the fluorophores
are not sufficient to image cells by microscopy. FCS is also very sensitive to aggregates: the correlation curve scales by the square of intensity, thus species with
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several fluorophores will dominate in the curve, and even a relatively small fraction
of aggregates will make the recorded data unreliable. For the dark-states monitoring, the presence of several fluorophores on one diffusing object (like several
labels on one liposome) will lead to an underestimation of the dark state population. Transitions to the dark states are weakly correlated with each other. If one
molecule transits to the dark state, another might stay bright. Therefore, for the
detector, the object will still be fluorescent, and no blinking will be detected. For
a long time, those limitations were the bottleneck of FCS, strongly limiting the
applicability of the technique for cellular measurements, and leaving it appropriate
mostly for measurements in solution or liposomes.
Transient state microscopy (TRAST) is a relatively recent technique introduced
in 2008 by Widengren, Sanden and Persson [40]. It is based on the monitoring of the
fluorescence intensity coming from a sample while varying the excitation duration.
Variation of the excitation time allows to track the evolution of the fluorescence
intensity, which directly reflects the population of the excited singlet state S1 . Typical fluorophores have a fluorescence lifetime in a range of few nanoseconds and a
transition rate to the dark state in the microsecond range. It means that a few
microseconds after onset of the illumination, the population of states becomes constant and the system reaches its steady state. Variation of the excitation time allows
screening of the system at different evolutionary moments, making the detection
of partially populated states possible. The total fluorescence intensity evolves together with the rise of the dark state populations1 therefore its monitoring gives
information about the states present in the system.
Since FCS relies on the "blinking" effect, in the case of multi labeling, the nonsimultaneous blinking of the fluorophores within one labeled sample results in unreliable information regarding the dark state. TRAST overcomes this limitation
by the monitoring not "blinking" but an average fluorescence intensity. Therefore,
even in the case of non-simultaneous blinking, its result is based on the relative
intensity of the total signal. For that purpose, instead of relying on detectors,
the excitation light in TRAST is modulated using a fast acoustic optic modulator
(AOM). An AOM is capable of generating pulses of a few nanoseconds long. Within
one short pulse, the system is not equilibrated and only reaches some intermediate stage, meaning that the system’s evolution can be screened by the variation of
pulse width. The position where AOM should be inserted in conventional confocal
microscope setup is indicated by the curved dotted arrow in Figure 2.1.
Quantitatively, the fluorescence which is instantaneously emitted in the response
to the excitation light pulse, will be proportional to the population of S1 state with
1 Detected fluorescence is proportional to the population of the excited singlet state (or more
specifically to radiative de-excitations from the excited to the ground singlet state). Transitions to
the long lived dark state will depopulate the singlet excited state and thus decrease the detected
signal.
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a proportionality rate krS
If (t) = krS S1 (t) = Φk01 S1 (t) .

(2.18)

Here, for the sake of simplicity, the previously used S1 (~r, t) is substituted by S1 (t)
assuming a homogeneous rectangular excitation profile at each location ~r.
Average fluorescence during the one pulse of width tp is the integral of Equation
2.18 over the width of one pulse
1
hFD itp (tp ) =
tp

Z
0

tp

1
If (t)dt =
tp

Z

tp

Φk01 S1 (t)dt .

(2.19)

0

In presence of the triplet state (e.g. Figure 1.6), the expression for S1 was
previously obtained in Equation 1.13. Equation 2.19 can be rewritten as
hFD itp (tp ) =

Φk01
tp
+

Z

tp

k01
e−(k10 +k01 )t +
k01 + k01

0

2
k01 kISC
k01
kISC
e−(kT + k01 +k10 )t dt . (2.20)
(k01 + k10 )(k01 (kISC + kT ) + k10 kT )

Since the fluorescence generated in response to a single pulse is often too weak,
sets of pulses, called pulse trains, are used to accumulate enough signal. The pulse
width is varied between the pulse trains but remains constant within. The pulse
period is designated as Tp and the number of pulses in the pulse train as Np . Thus,
the total excitation time of the sample is defined as texp = Np Tp . The fluorescence,
emitted during the time when excitation is off, is assumed to be negligible due to
rapid relaxation from S1 and tp  τf
hFD itexp

Φk01
=
texp

Z
0

texp

Np −1 Z
Φk01 X iTp +tp
S1 (t)dt =
S1 (t)dt .
Np tp i=0 iTp

(2.21)

It is important to notice that populations of states have to relax before the onset
of the next pulse. Therefore, a duty cycle is introduced as a ratio between the pulse
width and the pulse period η = tp/Tp . Furthermore, all pulses in the pulse train are
treated as equal, it is sufficient to consider the average over the first excitation pulse
to describe the average fluorescence collected during the whole excitation time
hFD itexp = η FD,tp (tp ) .

(2.22)
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For some dark states (e.g. isomerization), back-relaxation from the dark states,
after the end of the excitation pulse, requires a significantly longer time than for the
triplet state. Therefore, even with extra low duty cycles, when η  1%, meaning
that more than 99% of total measurement time is spent waiting for molecule to relax to the ground state, there is a possibility that the system is not "reset" and some
fluorophores are still in the dark states. Decrease of the duty cycles significantly
increases the total experiment duration and thus is not practical and, moreover,
is not possible for some samples. A method to account for possible remainders of
the dark state population was introduced by Thiemo Spielmann. It can be found
in details (as well as a more detailed explanation of the TRAST method) in his
doctoral thesis [41] and in the supplementary material of Paper I [42] in this thesis.

2.6

Methods to study the properties of biomembranes

Biomembranes are essential for cell function. They are involved in regulation of
protein distribution and signaling, provide physical barriers between inner cell environment and surrounding medium and serve as catalytic surfaces for many reactions. Therefore, monitoring the biomembrane’s physical properties has a high
importance in modern bio-science. Historically, studies on biomembranes were done
mostly to extract lipids diffusion properties. Methods like electron spin resonance
(ESR), nuclear magnetic resonance spectroscopy (NMR) and fluorescence recovery
after photobleaching (FRAP) are extensively used.
ESR relies on paramagnetic probes and follows the electron’s spin rotational correlation time to identify the restrictions imposed on the probe by the membrane.
Biomolecules, apart from some metalloproteins, do not contain unpaired electrons,
thus the use of spin label probes is necessary. A variety of probes applicable for
ESR provides good specificity of labeling but ESR suffers from low sensitivity. To
overcome this problem, very high concentration of labels must be used, but high
concentration of the probes may cause a risk of structural perturbations in the
model membrane by probes. Another solution to increase the sensitivity, is to decrease the temperature at which the samples are measured. However, that induces
large uncertainties on the diffusion coefficients and makes ESR inapplicable to live
cell samples [43].
In recent years, the extreme versatility of NMR was used extensively to study
processes like lipid-cholesterol phase behavior, lipid microdomains (rafts) or membrane protein folding [44]. NMR relies on the spin mobility of the certain nuclei
(1 H, 2 H, 13 C, 31 P) with respect to the externally applied magnetic field. Inter and
intramolecular interactions effect the mobility of the spins, providing NMR a spe-
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cific readout. Studied nuclei can be naturally present in lipids (e.g. 14 N and 31 P) or
added as labels (e.g. 2 H, 13 C) at defined position of the lipid’s carbon chain. The
high specificity and the possibility to work with label-free samples are among the
advantages of NMR, while a main drawback of NMR is its inherent low sensitivity,
that requires usage of large amounts of samples. [43]
FRAP is a purely diffusion driven technique, developed predominantly for biomembrane studies. In contrast to ESR and NMR, it is difficult to apply in studies of
structural changes and bio-reactions at the lipid-lipid and lipid-protein level. It uses
fluorescence photobleaching phenomenon to selectively bleach a defined area of the
membrane and then monitors the diffusion dependent recovery of fluorescence intensity in the bleached area. Since it relies on fluorophores, FRAP has good selectivity
and allows to study the diffusion of specific membrane components. Quantitative
FRAP measurements require prior knowledge about the membrane’s geometry and
also have a restriction on uniformity of the membrane’s environment over an area
considerably larger than the area of the bleach. FRAP is limited by the optical
resolution [45].
Fluorescence-based techniques are highly popular to study biomembranes. The
large variety of fluorophores, their high labeling affinity and specificity, and the
possibility of multi-parameter readouts (i.e. lifetime, dark states, ...) make fluorescence the number one phenomenon to exploit. As mentioned in Chapter I, the
fluorophores in the excited state are highly sensitive to the surrounding medium.
For example, some fluorophores are sensitive to the environmental polarity; e.g.
Laurdan shows a large red shift in the emission maximum when exposed to polar solvents, and virtually no fluorescence in water. This property makes it useful
for detection of phase change or formation of microdomains in the membrane [46].
Examination of excimer formation (e.g. pyren) and fluorescence quenching (either
self-quenching or interaction with the quencher) were the methods of choice to study
membrane fluidity. But fluorescence is limited by its lifetime. Since the typical fluorophore’s lifetime is in the nanosecond range, a molecule can sense interaction only
within that short time range. This imposes high label concentrations, which can
be harmful for the sample or result in biased outcome. It is possible to overcome
the problem of short time window for interaction, by exploiting the dark states
of the fluorophores. As they have a significantly longer lifetime, they leave more
time for the molecule to interact. For example, FCS allows to identify changes in
the dark states kinetics, and is proven to be useful for diffusion, protein oligomerization, protein-lipid and lipid-lipid interaction studies in biomembranes [47–49]
of liposomes and live cells. The possibility to explore properties of different dark
states (triplet state, isomerization, photo-oxidation, etc.) increases the number of
readouts and applications. Unfortunately, FCS is limited by the low concentration of fluorophores and the small detection volume. In contrast, TRAST can be
considered as an imaging-based technique. It does not require a single molecule
suitable detection volume (TRAST is applicable with a wide-field detection) and is
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independent from the fluorophore concentration. Due to its easy technical implementation, TRAST can complement fluorescence imaging with information about
the fluorophore’s dark state kinetics. For example, Paper I of this thesis proposes
the application of TRAST to follow the trans-cis isomerization of Merocyanine 540
to determine of the membrane viscosity in the live cells.

Chapter 3

Monitoring of membrane fluidity
using the isomerization kinetics of
Merocyanine 540
Fluidity is an important physical property of all biological membranes. Changes
in the membrane’s fluidity are found to be a part of pathogenesis for a wide range
of diseases [50, 51]. A method that allows monitoring of the membrane properties
simultaneously with imaging is beneficial for the biological research. In the first
article of this thesis, the isomerization kinetics of the lipophilic fluorophore Merocyanine 540 (MC540) is proposed as a readout parameter for determination of the
membrane’s viscosity. MC540 is known to bind superficially to the outer leaflets of
the membranes [52]. Its emission spectrum and quantum yield are sensitive to lipid
packing. Commonly used brightness based readouts are frequently not reliable because of the strong dependence on concentration of the fluorophores. Therefore, we
proposed a concentration independent method to study membrane microviscosity,
which is based on the trans-cis isomerization kinetics of MC540.
The trans-cis isomerization kinetics of MC540 was at first studied by FCS and
with a spectrophotometer in solvents of different polarities. The results for MC540
dissolved in ethanol, methanol, butanol and propanol are shown in Figure 3.1. The
absorption and emission spectra showed a red-shift when a solvent was exchanged
from a more polar methanol to a less polar butanol (Figure 3.1 A). The brightness
of the samples of equal concentrations also demonstrated a strong dependence on
the polarity with a plateau for low polar solvents (Figure 3.1 B). Despite the clear
differences recorded with the spectrophotometer, FCS analysis of the isomerization
kinetics did not reveal any changes. Both the fraction and the relaxation time of
the isomerization showed the same behavior independently from the used solvents
(Figure 3.1 C).
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Figure 3.1: Merocyanine 540 in solvents of different polarities. A Excitation and
emission spectra. The red shift in spectra follows a decrease in the solvent polarity.
B Total intensity recorded from the samples of equal concentration in the different
solvents. The brightness increases with the solvent polarity. C The isomerization
kinetics recorded with FCS. A typical isomerization behavior is observed: the fraction of the molecules that are in the isomerized state stay independent from the
excitation irradiance, while the isomerization relaxation time increases (for simplicity, the inverse of the relaxation time is shown in the figure). It is clear that the
isomerization kinetics is independent from the solvent polarity in contrast to the
brightness and spectra.
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Figure 3.2: A: FCS correlation curves (solid and empty circles) recorded from
Merocyanine 540 dissolved in Ethanol and bound to the DOPC liposomes. Applied
fits shown as solid and dashed lines. B and G: Fits residuals. C: The isomerization
fraction (black) and the isomerization relaxation time (red), calculated from the fit
(solid) and simulated (empty) for MC540 dissolved in Ethanol and bound to the
liposomes (D). E: The correlation curves recorded from the liposomes with different
concentration of cholesterol. F: The corresponding isomerization rate kISO and the
back-relaxation cross section σBISO .

Further investigation was done using liposomes labeled with MC540. Comparison of correlation curves (Figure 3.2 A) confirmed the binding of MC540 to the lipid
membranes. The diffusion part of the correlation curve recorded from the liposome
sample shows a clear shift to a slower time range (from 80 µs for MC540 in ethanol
to 7 ms for the MC540 labeled liposomes). The mono-exponential behavior points
to the presence of similarly sized species1 meaning that only the labeled liposomes
were detected and not the free fluorophores present in the medium. In addition
the isomerization kinetics was found to be different. A decrease in the fraction and
the prolongation of the isomerization relaxation time were clearly observed. Such
changes are linked to a response of the fluorophore to a more crowded and viscous
environment in the membranes.
1 FCS is a sensitive technique for diffusion studies. It would show several differently sized
species present in the detection volume. The recorded correlation curve shows clear monoexponential behavior in the diffusion part (slow time scale).
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Figure 3.3: A Averaged over the cell normalized fluorescence intensity and applied
global fit to the data. The cells were exposed to the different excitation irradiances.
The arrow shows a direction of the irradiance increase from 45 W /cm2 to 240 W /cm2 .
B Averaged over the cell normalized fluorescence and the global fit of the data.
The measurements were done at different temperatures. The arrow shows the
temperature increase: blue – 24◦ C, green – 30◦ C, red – 37◦ C.

Similarly to the result obtained for the solvents of different polarity, the isomerization kinetic stayed unchanged for the liposomes made with negatively charged
DOPG and zwitterionic DOPC lipids. The vesicle diameter could potentially
change the isomerization kinetics since for smaller liposomes a higher degree of
lipid packing is expected. However, a titration of the liposome’s diameters from
30 nm to 200 nm showed no effect on the isomerization, while an increase of 20%
in the brightness was detected for 30 nm liposomes. Since neither the fraction nor
the relaxation time of the isomerization changed, observed differences in brightness
(data not shown) cannot be attributed to the isomerization process. As a next
step, liposomes were prepared with different concentrations of cholesterol (0-50%),
which is known to effect the membrane fluidity. In contrast to the all previous
measurements, the isomerization kinetics was highly dependent on the cholesterol
concentration (Figure 3.2 E). The presence of 10% cholesterol resulted in about
40% decrease of the isomerization rates kISO and kBISO (Figure 3.2 F), reflecting
the higher stiffness of the membrane. Further increase of the cholesterol content did
not show as high impact on the isomerization kinetics but was sufficient to reflect
the differences.
Since FCS allowed to identify the correlation between the membrane fluidity
and the isomerization kinetics, live MCF7 cancer cells were used as the next studied system. TRAST was previously successfully used to identify the triplet state
rate constants based on the live cell oxygen consumption [53]. Here the potential
of TRAST technique to resolve the membrane fluidity was tested by following the
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isomerization kinetics. MCF7 cells were labeled with MC540 and as a first test
wide-field TRAST experiments were performed with the different excitation irradiances. A fit was applied pixel-wise for each cellular region at five irradiances. Figure
3.3 A shows the mean fluorescence intensity over the imaged region of interest. A
typical isomerization behavior is observed (constant fraction and a decrease of the
back-isomerization relaxation time with an increase of the excitation irradiance).
This reveals the capability of TRAST to detect isomerization dynamics. To test
the sensitivity of the isomerization based TRAST measurements, the temperature,
at which the cells were measured, was varied in three steps from 24◦ C to 37◦ C.
The average fluorescence was recorded in the same way as in the previous test and
the intensity is shown in Figure 3.3 B. The temperature increase is followed by a
net increase in the isomerization fraction and rate. Such behavior is expected since
the membrane fluidity and the fluorophore free energy increase with higher temperature, leading to a more frequent twist in a conjugated carbon chain of MC540.
Topological maps of kISO and σBISO were created by pixel-wise fitting of the
fluorescence intensity profile in the cellular region. Figure 3.4 shows the corresponding images of the cellular regions recorded at three different temperatures
and the conventional fluorescence images. The isomerization parameters reflect
the temperature changes. At the same temperature, differences in rates reflect the
perturbations of the cell membrane’s viscosity that could be connected to protein
distribution or lipid packing. A slight overall reduction of the fluorescence intensity
can be explained by a decrease of the fluorophore quantum yield at high temperatures, or by dissociation of the fluorophores from the cell membrane (since higher
temperatures have been measured last). However, TRAST relies on the relative
fluorescence intensity changes, thus the obtained isomerization parameters are not
biased by the total intensity decrease.
The detected changes in the isomerization kinetics were summarized in 2-D histograms shown in Figure 3.4 B. The histograms comprise every pixel of 3 images.
For a temperature increase from 24◦ C to 37◦ C, the average kISO increases from
∼ 60 × 106 s−1 to ∼ 80 × 106 s−1 , while the change in σBISO is relatively insignificant. A more complete explanation of the sample preparation, setup, analysis and
conclusions can be found in paper I.
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Figure 3.4: A Phase contrast, fluorescence, kISO and σBISO images recorded from
the live MCF7 cells at different temperatures. First row: 24◦ C; second: 30◦ C; third:
37◦ C. B kISO and σBISO 2-D histograms of the cells measured at 24◦ C, 30◦ C and
37◦ C respectively.

Chapter 4

FRET-FCS – a sensitive method to
detect molecular binding
Fluorophores are the not only "light bulbs" which are used to highlight objects
(cells, proteins etc.). Nowadays, there are many examples of when exploitation of
the fluorophore’s photophysical properties leads not only to successful results but
even starts new branches in the scientific community. Techniques that rely on the
fluorophore’s photophysics can roughly be divided into those that adapt their detection/analysis part in order to monitor a specific de-excitation property of the
fluorophore, and those that modify their excitation part in order to gain a control
over some photophysical property. FCS and TRAST are typical examples of the
techniques that depend on de-excitation properties of the fluorophores. While FCS
can, for diffusion studies, rely only on the average fluorophore’s brightness, it is
still frequently connected to the photophysical phenomena (isomerization, triplet,
oxidation, quenching, etc.); TRAST is completely dependent on the fluorophore’s
de-excitation photophysics. The advantages from an excitation modification are not
less prominent. In the 2014, the Nobel prize in chemistry was given for the development of the super-resolution microscopy. One of the developed super-resolution
methods exploits the fluorophore’s stimulated emission phenomenon1 . In this chapter, an application of FCS based on FRET phenomenon for protein oligomerization
studies will be discussed.
Separately, FCS and FRET are well-developed methods. Each of them is the object of a whole self-sufficient branch in the biophysical community. Several attempts
to combine these methods were done previously [54–56]. In this work, for the first
time we proposed FRET-FCS as a tool for detection of the protein oligomerization
at low, physiologically relevant concentrations.
1 Stimulated emission is a process when fluorophores are forced to radiative relaxation from
an excited to a ground state by intensive radiation with photons of energy matching an energy
difference between the first excited and ground electronic levels of the fluorophore.
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Figure 4.1: Correlation curves recorded in FRET-FCS arrangement. Black curve
corresponds to the signal detected from a mixture of 200 nM HiLyte488 and 200
nM HiLyte647 without the FRET-active probe. Red curve corresponds to a sample consisting of 200 nM HiLyte488, 200 nM HiLyte647 and 1 nM of the FRETactive oligonucleotides. Green curve was recorded from HiLyte488 alone in order
to demonstrate the expected diffusion time from the free fluorophore.

The FRET-FCS experimental setup is identical to the one required for FCCS
experiments. It consists of two leaser lines focused into the same spot, and two
detectors (APD) adjusted to detect the expected fluorescence. Although, FRETFCS does not require a complete double color setup arrangement since only donorsuitable excitation and acceptor-suitable detection is sufficient and used in the
experiment, the described arrangement is needed for the alignment purposes and
allows a direct comparison between FRET-FCS and FCCS.
The theory behind FRET-FCS is basically identical to conventional FCS and
has the same type of analysis. The only difference is that instead of monitoring
the fluorescence fluctuations coming directly from the exited fluorophore, a FRET
suitable pair of fluorophores is used and the detection follows the fluorescence of
the acceptor while the donor is excited.
FRET-FCS1 was tested first with a specially designed 25 bp long FRET-active
oligonucleotide, with the fluorophores Atto 488 and Atto 647N bound to the same
strand at a distance of 3 bp. Upon excitation with a 488 nm laser, an equal
fluorescence intensity was detected in the green and red detection channel, and
FRET efficiency was estimated to be ≈ 50%. The sensitivity of FRET-FCS was
1 Component wise term FRET-FCS refers in this work to FCS measurements performed with an
excitation suitable for the donor molecule (488nm) and a detection band suitable for the acceptor’s
fluorescence (700/75nm). Terms "green-green" FCS and "red-red" FCS referred to cases when the
excitation and the emission were selected to be optimal for Hilyte488 or Hilyte647 respectively.

39

Figure 4.2: Detection of amyloid β-peptide FRET-active oligomers by FRET-FCS
(black curve). Blue and green curves were recorded by convectional FCS. All measurements were performed using the same sample.

tested by the addition of free red and green fluorophores (HiLyte488 and HiLyte647)
into the measured solution. While the concentration of the FRET-active probe was
kept constant (1 nM), the concentration of the added free fluorophores was increased
between 1 nM and 200 nM. At the highest (200 nM) concentration of the free
fluorophores, the fraction of FRET-active probe was 0.5% (mol /mol ). Experiments
were performed in three configurations: red-red FCS, green-green FCS and FRETFCS. In FRET-FCS experiments, the FRET-active oligonucleotides were clearly
distinguishable from the free fluorophores. The cross-talk (leakage of HiLyte488
fluorescence to the red detection channel or the fluorescence coming from HiLyte647
directly excited by 488 nm laser) was not a problem since the oligonucleotides were
clearly distinguishable by their longer diffusion time. An example of the sensitivity
test is presented in Figure 4.1. The black and green curves were recorded from
the samples containing only the free fluorophores: either a mixture of HiLyte488
and HiLyte647 (200 nm each) or HiLyte488 (10 nM), studied by FRET-FCS and
green-green FCS respectively. Both curves showed a similar diffusion time. The
red curve was recorded by FRET-FCS from the same solution as the black curve
but with 1nM of the FRET-active probe added (0.5% mol /mol ). The significantly
increased diffusion time clearly points to the presence of large molecules (FRETactive oligonucleotides). The quality of the recorded FCS curve shows that the
fraction of the FRET-active probes can be even more reduced. Similar tests were
performed using FCCS and PCH (photon counting histogram): both methods could
resolve the oligonucleotides only when their fraction exceeded 10%(mol /mol ). The
obtained results prove the significantly higher sensitivity of FRET-FCS when the
desired molecules can be distinguished from the "noise" molecules by the diffusion.
As a next step, FRET-FCS applicability was tested on a biologically relevant
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sample. Oligomers of the amyloid β-peptide are known to be key pathogens in
Alzheimer disease. Accumulation of knowledge about the oligomerization process
is crucial for the understanding and treatment of the disease. Unfortunately, commonly used methods like Thioflavine T (ThT) binding, SDS polyacrylamide gel
electrophoresis (PAGE) combined with western blot (WB) analysis, and size exclusion chromatography (SEC) are not capable to work at a physiologically relevant concentration of the amyloid β-peptide and thus might provide biased results.
From the previous tests, FRET-FCS seemed to be sensitive enough to detect the
oligomers present at small fraction. A large-aggregate free solution (preparation
details are provided in the supporting information of paper II) of the HiLyte488
and HiLyte647 labeled amyloid β-peptide (Aβ42-HiLyte488, Aβ42-HiLyte647) was
studied by FCCS, PCH and FRET-FCS. FCCS and PCH did not reveal the presence of the aggregates, and only monomeric peptides were detected. FRET-FCS
gave a much more promising result (Figure 4.2): the correlation curves appeared
with a diffusion time significantly longer than what was obtained for the greengreen and red-red FCS studies of the mono-colored peptides. This indicates the
presence of the FRET-active oligomers. The diffusion time analysis estimated that
on average the oligomers consisted of 11 monomers.
The application of FRET-FCS allowed to resolve the oligomerization of amyloid
β-peptide at a biologically relevant concentration for the first time. More information on the amyloid β-peptide studies is presented in paper II [57].

Chapter 5

FCCS for determining spider silk
protein dimerization
Many biological processes, from diseases to hair grow, involve the oligomerization
of proteins. Therefore, it is hard to underestimate how important are the studies
that reveal prerequisites, conditions, and mechanisms of the oligomerization process. The importance is also highlighted by a large variety of methods that have
been specifically developed to determine the binding of proteins. As mentioned in
Chapter II, FCCS is a spectroscopic technique that has been developed to detect
and monitor the binding process. It measures the correlated motion of a doublecolor-labeled objects. In contrast to previously discussed FRET-FCS, FCCS has
no specific requirements on label-label interactions except that they both have to
remain fluorescent within the detection volume. In Paper III of this thesis, FCCS
was involved in the determination of a three-step mechanism that enables the fast
formation of spider silk fibers.
The tensile strength of the spider dragline silk is comparable to that of a highgrade alloy steel (450 - 1970 MPa), making it one of the toughest biomaterials
known. It is produced though polymerization of large proteins (spidroins). The
mechanism that allows spiders to produce the spidroin polymers at high speed
without any stacking or undesired aggregation had not been fully understood. It is
known that the N-terminal domain changes its conformation and forms a homodimer when the pH is lowered from 7 to 6 [58], but the molecular details were not
determined.
The pH dependent monomer-dimer equilibrium of the wild-type N-terminal (wt
NT) was tested using FCCS. The NT monomers were labeled with either Atto488
(green) or Cy5 (red) fluorophores and mixed in buffers of different pH. The degree of binding (cross-correlation fraction) versus pH was determined by FCCS as
shown in Figure 5.1. The monomers were expected to dimerize independently of
41

42

CHAPTER 5. FCCS FOR DETERMINING SPIDER SILK PROTEIN
DIMERIZATION

Figure 5.1: The determined by FCCS degree of the dimer formation (crosscorrelation) versus pH. Blue curve corresponds to the wt NT in 20 mM HEPES/20
mM MES; pKa = 6.1. The stable dimers formation was observed after pH 5.5.
Upon addition of 154 mM of NaCl (red curve), pKa of the dimerization was shifted
to around pH 5.5, but a saturation was not established within the measured pH
range.

their labels. Therefore, the probabilities for the green-green, red-red, red-green and
green-red dimer formation are equal. In this case the 50% cross correlation (for
the blue curve detected at pH < 5.5) corresponds to full dimerization. The curves
follow the sigmoidal behavior, expected for a protonation dependent process. In
the absence of NaCl (blue curve), the pKa of dimerization is 6.1. Thus, the stable
monomers are expected at pH> 6.5 and the stable dimers at pH< 5.5. The found
region of full dimerization coincides with the highest stability measured with urea
denaturation (the details are presented in paper III). Since FCCS measures the
correlated motion of NT subunits independently of the conformational stages, it
reflects only the complete binding; i.e. in the case of weak or intermediate-stage
binding FCCS will give an average ratio. The divergence between the stability data
(urea denaturation measurements) and Tryptophan fluorescence studies, with the
expected average measured by FCCS, demonstrates the presence of two distinct
stages of the NT dimerization which are regulated by protonation.
The presented investigation of the spider silk dimerization is a comprehensive
study which combines results from 7 different techniques: Tryptophan fluorescence,
urea denaturation, electrospray ionization and hydrogen-deuterium mass spectrometry (ESI-MS, HDX-MS), NMR, circular dichroism spectroscopy (CD) and FCCS.
It suggests a novel mechanism of dimerization, that includes intermediate stages of
the weakly associated dimers (mediated by the protonation of E79 and E119 and
stabilized by the protonation of E84). First, NT monomers associate by electrostatic interactions, then at around pH 6.5 they pre-align by forming weakly associated dimers, and finally, the NT monomers form stable dimers that interconnect
the spidroins at low pH (5.5).

Chapter 6

Monitoring the location of NBD in
lipid membranes via its triplet
state parameters
Fundamental properties of fluorophores are the basis for many methods in fluorescent spectroscopy and microscopy. In the last decades FCS was extensively used
for identification of electronic states that a fluorescent molecule can adopt and for
characterization of sensitivity of those states to conditions that the molecule experiences. Nevertheless fluorophores are rarely used per se, for many application they
are attached to other molecules (lipid, protein, etc). Knowing the exact position
of the label is important for correct interpretation of possible results. For example, if an experimental design involves an interaction between the fluorophore and
quencher molecule, it is important that interacting molecules are spatially accessible to each other.
NBD (7-nitro-2-1,3-benzoxadiazol-4-yl) is a fluorophore that is widely used to
label lipids, mainly due to its relatively small size. A whole variety of lipids labeled
with NBD are commercially available, thus an extraction of maximum information
from the fluorophore are of a high interest. The fluorophore can be attached to a
head group or to an aliphatic chain of the lipid. For a long time it was believed
that if NBD is linked to the aliphatic chain of the lipid, then the labeled chain is
permanently looped up to the surface in model membranes [59–61]. Our research
does not completely change that statement but strongly questions it and introduces
situations when a mobility of the labeled aliphatic chain is highly reduced. Moreover
a possibility to use a transition to triplet state as a readout of interactions was
investigated, which was not previously reported for NBD in model membranes.
FCS experiments revealed a presence of transitions to a dark state in a POPC
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) liposome labeled with a single
43

44

CHAPTER 6. MONITORING THE LOCATION OF NBD IN LIPID
MEMBRANES VIA ITS TRIPLET STATE PARAMETERS

Figure 6.1: A power series of FCS curves recorded from NBD-POPC12 labeled
POPC liposomes. The arrow indicates the direction of shift due to an increase of
the excitation irradiance from 6 [kW /cm2 ] to 19 [kW /cm2 ].

Figure 6.2: A power series of TRAST curves recorded from NBD-PC12 labeled
POPC liposomes. The arrow indicates the direction of shift due to an increase
of the excitation irradiance from 6 [kW /cm2 ] to 63 [kW /cm2 ]. Dotted and solid lines
represent experimental data and fits respectively.
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Figure 6.3: TRAST curves recorded from (A) POPC (POPC only and POPC
with 10% of Cholesterol added) liposomes labeled with NBD-PC12 and (B) NBDNC with addition of TEMPO and 16-DOXYL quenchers. Dotted and solid lines
represent experimental data and fits respectively.

NBD-PC12 lipid (NBD is attached to the 12th carbon on one of the aliphatic
chains of the lipid). Variation of the excitation irradiance increased the population
of the dark state which is typical for a triplet state (Figure 6.1). Introduction of
a triplet state quencher (DOXYL) into the membrane, on the 16th carbon of a
steric acid, resulted in a prominent reduction of the triplet state population, and
increased the triplet state relaxation kinetics. As seen in Figure 6.1, correlation
curves were rather dispersed in the fast time region. This dispersion makes fitting
of the triplet state relaxation time difficult, leaving large error margins. Increasing the measurement time did not improve the quality of the curves, mainly due
to variability in the liposomes sizes and low overall brightness of the liposomes.
TRAST technique was used to overcome this problem. Being independent from
concentration, insensitive to size distribution and based on the average fluorescence
of a sample, in this case, allows TRAST to extract information about the triplet
state formation more accurately. In the Figure 6.2 a set of TRAST curves recorded
from the liposomes prepared with 5 times increased concentration of the labeled
lipids1 is shown. Similarly to observations in FCS curves, an increase in the fast
dark state buildup follows an increase of the excitation intensity, which is typical
for the triplet state. TRAST curves revealed the presence of a slow dark state that
could be referred to a photo-oxidative process. Since the photo-oxidation occurs on
a similar time scale as the diffusion time in the FCS curve, it’s definitive identification was not possible by FCS.
1 FCS requires a presence of not more than one fluorophore per vesicle. Transitions to dark
state are not correlated between fluorophores present in one liposome, therefore presence of several
(even two) fluorophores in one vesicle results in underestimation of the dark state characteristics.
Furthermore in FCS a correlation curve is proportional to intensity square. If some liposomes are
brighter than others, the amplitude of the curve gets disturbed (appeared higher). It results in
underestimation of the number of molecules passing through the detection volume.
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To test the hypothesis about the looping up of the labeled aliphatic chain, three
triplet state quenchers were used: 16-DOXYL and 5-DOXYL were attached to 16th
and 5th carbon in the aliphatic chain of a steric acid respectively, and TEMPO was
attached to the headgroup of POPC lipid. In all cases an effect on the triplet state
build-up was detected. In Figure 6.3 A TRAST curves recorded from liposomes
without quencher, with 16-DOXYL and TEMPO are shown. To test the probable
effect of cholesterol, a set of measurements was done using POPC liposomes with
10% of cholesterol. For both cases (pure POPC and POPC with 10% of cholesterol)
an influence of the quenchers on the triplet state was detected. Such observation
of a strong quenching by 16-DOXYL is already questioning the previous report
that the labeled aliphatic chain is permanently looped up to the outer leaflet of the
membrane. 16-DOXYL is buried deep inside the membrane [62] (at approximately
20 Å), thus no interaction with NBD should be expected. By fitting the curves to
a 3-state model [41, 63] the triplet state transition rate constants (kISO , kt ) were
determined, results are present in Table 6.1. A prominent change in the triplet state
transition rates between TEMPO and 16-DOXYL is observed: kISC is doubled for
the sample with 16-DOXYL comparing to the one with TEMPO and kt shows
smaller but similar behavior. This may indicate that the labeled aliphatic chain of
NBD-PC12 lipid can flip back and forth between a shallow and a deep position,
with the aliphatic chain either folded or extended, rather than being permanently
at the outer leaflet of the membrane. To further test this hypothesis NBD labeled
cholesterol (NBD-NC) was used. Due to the stiffness of the sterol rings, NBD probe
is expected to be strictly deep inside the membrane. TRAST curves were recorded
and fitted in the same manner as for NBD-PC12, with and without the triplet state
quenchers (Figure 6.3 B). It was found that all quenchers generate an increase in
kISO and kt , irrespectively of the quencher location in the lipid membrane with the
strongest increase of kISO and kt found for the 16-DOXYL as expected due to close
spatial positioning of the probe and quencher. Summarizing the results obtained
from NBD-PC12 and NBD-NC we conclude that it is difficult to identify the exact
position of the probe in the membrane from the triplet quenching data. However,
since for both the NBD-NC and NBD-PC12 the quenching was found to be the
most prominent for 16-DOXYL, it is likely that the aliphatic chain of NBD-PC12
is not permanently looped back as previously reported [59,61]. Moreover we report
the possibility to use the triplet state quenching as a sensitive readout parameter of
molecular interactions in the membrane independently of the fluorophore’s position
at far lower concentration of quencher than is common for regular quenching studies.
NBD is sensitive to the medium polarity, it is practically non-fluorescent in aqueous suspension and in highly nonpolar solvents [64]. It was reported previously that
quantum yields of NBD at the surface of a lipid membrane and in dimethyl sulfoxide (DMSO) are comparable: Φlipid = 0.39 and ΦDM SO = 0.39 [59, 64]. Polarity
of a lipid membrane was reported to be strongly connected to water permeability
and to highly decrease from the surface down to the center of the membrane [65].
Introduction of cholesterol into the lipid membrane decreases the water permeabil-
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Sample
NBD-PC12
NBD-PC12 + TEMPO
NBD-PC12 + 5-DOXYL
NBD-PC12 + 16-DOXYL
NBD-PC12 + 10% Chol.
NBD-PC12 + 10% Chol. + TEMPO
NBD-PC12 + 10% Chol. + 5-DOXYL
NBD-PC12 + 10% Chol. + 16-DOXYL
NBD-NC
NBD-NC + TEMPO
NBD-NC + 5-DOXYL
NBD-NC + 16-DOXYL

kISO [µs−1 ]
1.46
2.31
2.02
5.06
1.41
2.18
2.29
4.75
1.91
5.53
4.40
8.85

kt [µs−1 ]
0.081
0.465
0.246
0.763
0.083
0.270
0.241
0.710
0.075
0.530
0.249
0.625

Table 6.1: The triplet state transition rates.

Figure 6.4: CP M calculated for NBD-PC12 and NBD-NC labeled liposomes with
a different concentration of cholesterol.

ity and thus decreases the polarity of the inner membrane medium. Assuming that
the medium polarity is a dominant factor influencing the quantum yield of NBD,
the hypothesis about an oscillating behavior of the NBD labeled aliphatic chain of
the POPC lipid was tested in liposomes prepared with different concentrations of
cholesterol. FCS is as good technique for estimation of the brightness of objects
that diffuse though a detection volume. It allows to normalize the total intensity
by the number of the observed objects (counts per molecule (CP M )), making the
result corrected for the sample concentration. If the NBD labeled aliphatic chain
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of the POPC lipid is looped up to the surface it should not respond to the changes
in polarity occurred deep inside the membrane, since cholesterol is mainly effecting
the inner membrane medium. In Figure 6.4, CP M s determined from NBD-PC12
labeled liposomes with a different concentration of cholesterol is shown. As a control
of the expected brightness from NBD located deep inside the membrane, NBD-NC
labeled liposomes were also measured. For NBD-NC, the probe is positioned more
deeply inside the membrane than for NBD-PC12 and, as mentioned before, due to
the rigidity of sterol rings no looping up is possible [59, 60]. CP M s for the cholesterol labeled liposomes were significantly lower than for any measured in NBD-PC12
labeled liposomes (Figure 6.4). This supports the idea that in lowly polar environment, deep inside the membrane, the fluorophore shows a reduction of the quantum
yield and thus CP M . An even higher reduction of CP M is observed for increased
concentration of cholesterol in NC-NBD liposomes. This can be attributed to the
previously reported expectation of cholesterol to form micro-domains [66], which
will strongly decrease the polarity in a close vicinity of the fluorophore. For NBDPC12 labeled liposomes a reduction of CP M was observed when a relatively low
fraction of cholesterol (5%) was present. The drop in NBD-PC12 brightness can
be explained by a decrease of the aliphatic chain mobility leading to an increase of
the time the fluorophore spends deep in the membrane, in the low polar medium.
With a further increase of the cholesterol content CP M s reached a plateau. This
effect can be interpret by an alignment of aliphatic chains of POPC lipid occurring
with even small amount of cholesterol present and further insignificant changes in
membrane stiffness.
Results obtained from the TRAST measurements of the triplet state quenching
and FCS measurements of the brightness, indicate the presence of NBD-PC12 transitions between shallow and deep positions in the lipid membrane. The measurements of the triplet state quenching by TEMPO and 16-DOXYL, and the influence
of cholesterol on the probes brightness, indicate a possibly larger spatial efficiency
of TEMPO to quench the triplet state of NBD. Also the applicability of the triplet
state of NBD as a readout parameter for interaction studies in the lipid membrane
is reported using a low concentration of quenchers and independently (for TEMPO)
of a probe’s position in the membrane.

Chapter 7

Conclusion
During the last decades, fluorescence became a dominant phenomenon used as a
readout for identification of interaction processes on cellular and sub-cellular levels.
Transitions to dark states of the fluorophores have been proven to provide a valuable complementary source of information and they can also be used as standalone
ultra-sensitive parameters in a large variety of biological and biomedical studies.
The work presented in this thesis includes a development of novel methods and an
expansion of application spectrum of techniques based on fluorescence fluctuation
analysis.
Membrane fluidity screening method, based on isomerization of fluorescent probes incorporated into live cell membrane, was proposed. It can be used in fundamental cell biology and diagnostic applications. Possibility to image cells in the
form of topographical maps of their membrane viscosity can be potentially used to
distinguish cells experiencing different stress or to follow local perturbations in a
cell membrane.
As "two heads are better than one", a combination of two well developed methods, FRET and FCS were shown to provide a significantly increased sensitivity in
protein oligomerization studies. It has a high potential to reveal and characterize
an occurrence of a low efficient binding. In the presented biological application
of this approach, the oligomerization of amyloid β-peptide was detected under a
physiologically relevant concentration for the first time.
It was shown how the covariance analysis between the fluorescence emitted from
peptides labeled with spectrally different fluorophores can complement the information about mechanisms ongoing in the living organisms. FCCS is attracting
more attention for binding studies and in the work presented in this thesis it made
a valuable contribution to the establishment of a novel 3-steps model of spider silk
formation.
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Identification of fundamental properties of fluorophores is a key for introduction
of new readout parameters to study sub-cellular interactions. FCS and TRAST allowed not only to reveal a presence and a potential usage of previously not reported
transient state of NBD in lipid vesicles, but also gave an indication of its spatial
position inside the lipid membrane. Results will be used for diffusion studies inside
living cell membranes and determination of protein-lipid interactions.
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