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Abstract

Th e overall focus of this thesis is on fl uorescence fl icker processes of fl uorescent 

molecules, e.g. protonation-deprotonation or singlet-triplet electronic state transitions, 

intrinsic or generated by their interaction with their environment, monitored by fl uo-

rescence spectroscopy.

Understanding proton migration along membranes and membrane proteins in cells is 

essential for understanding energy metabolism. It has been seen that certain membrane-

spanning proton-transporter proteins in the respiratory chain in the mitochondrial in-

ner membrane take up protons faster than the rate limited by diff usion. To explain these 

observations it has been suggested that there is a proton-collecting antenna, consisting 

of negatively and protonatable residues on the surface of these proteins, which increases 

the rate of uptake. Using fl uorescence correlation spectroscopy and artifi cial biological 

membranes the proton collecting antenna eff ect is verifi ed, as well as the proton migra-

tion properties on these membranes at various surface buff er concentrations.

Fluorescence fl icker due to singlet-triplet electronic state transitions in a fl uorescent 

molecule is interesting because of the long transition time between the two states. Th is 

means that the molecule has a long time to interact with the local environment, and 

can therefore be used as a microenvironmental sensor. A novel method for monitoring 

photo-induced, transient, long-lived, non- or weakly fl uorescent states, e.g. the triplet 

state, was developed. With this method, only the time averaged intensity is detected 

and used for determining the triplet state kinetics. Th is method has several advantages, 

in particular it lends itself well for parallelization, over traditional methods including 

fl uorescence correlation spectroscopy.

Keywords: fl uorescence fl icker, transient state, proton transport, proton collecting an-

tenna, microenvironmental sensor, fl uorescence correlation spectroscopy.
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1 Introduction

Chapter 1

Introduction
Today fl uorescence techniques are used in almost all fi elds in the area of life science, 

in the pharmaceutical industry and for diagnostic purposes in hospitals. Th e continuous 

development in the fi eld of fl uorescence makes the technologies more and more refi ned, 

taking advantage of the plentiful information contained in the fl uorescence emission.

Fluorescence spectroscopy
Fluorescence belongs to the group of luminescence1, consisting of both fl uorescence 

and phosphorescence. Luminescence is the emission of light from electronically excited 

states. Th e diff erence between fl uorescence and phosphorescence is that fl uorescence 

occurs when the electron in the excited orbital has opposite spin orientation compared 

to the electron left in the ground state orbital. For phosphorescence the spin orientation 

is the same for the electron in the excited orbital and the electron left in the ground state 

orbital. Spectroscopy is the study of the interaction between electromagnetic radiation 

and matter. Fluorescence spectroscopy is thus spectroscopy based on fl uorescence emis-

sion as a read-out. Th e acronyms of the existing fl uorescence spectroscopic techniques 

are many and sometimes confusing with names like HTS, FCS, FRET, STED, FRAP 

etc., and new techniques are appearing every year as a result from the strong develop-

ment in the fi eld. Th e diff erent techniques have the emission of fl uorescence in common 

and it is the way to use and analyse the fl uorescence that distinguishes them. 

Th ere are numerous reasons to the recent success of fl uorescence spectroscopy in life 

sciences. Among the most important factors are the specifi city and high sensitivity of 

the fl uorescence. Th e specifi city largely originates from the many diff erent fl uorescence 

parameters (e.g. fl uorescence spectra, fl uorescence lifetime and anisotropy) extractable 

from the fl uorescent molecules, enhancing e.g. the possibility to identify single molecules 

or their interactions. Th e high temporal (sub-ns) and spatial resolution also increases 

the specifi city of fl uorescence [1]. Th e possibility to excite the fl uorescent molecules 

and detect the fl uorescence in a very controlled fashion makes fl uorescent techniques 

specifi c and leads to a high sensitivity, since the background signal can be suppressed. 

Comparable non-fl uorescence methods, like nuclear magnetic resonance (NMR) or 

traditional raman spectroscopy, normally have a lower sensitivity which often leads to 

restrictions in terms of the concentrations of the samples that can be studied. Th e high 

sensitivity of fl uorescence has triggered the development of fl uorescence-based high 

throughput screening (HTS) techniques, which allow rapid, automated screening of 

for example biomolecular samples. HTS has been found to be particularly useful for 

the pharmaceutical industry, where it is now used as a primary tool in lead discovery [2, 

3]. 

Also part of the success of fl uorescence techniques is the environmental sensitivity 

of fl uorescence, meaning that one or several fl uorescence parameters are often altered 

with a change in the polarity of solvent, temperature, pH, pressure and viscosity [4]. Th e 

environmental sensitivity together with the possibility to label biomolecules such as 

proteins and DNAs with small fl uorescent probes (in the order of 10 Å) has greatly in-

creased the knowledge of how these biomolecules function. By using fl uorescence spec-

troscopy, these probes can refl ect properties of the labelled biomolecules or interactions 
1  From Latin lumen = light
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occurring with their environment that are diffi  cult to access with other techniques. But 

of course, labeling is also one of the major drawbacks with fl uorescence spectroscopy, 

since a fl uorescent label is usually needed in order to be able to study the sample. 

With the sensitivity of fl uorescence it is possible to detect and study single mole-

cules, revealing heterogeneities and subpopulations at thermodynamic equilibrium that 

are lost in ensemble measurements [5]. Th e possibility of studying single molecules has 

opened up a completely new fi eld, single molecule detection and spectroscopy (SMD), 

which started in the 1970s with the work of Hirschfeld on detection of single antibod-

ies in solution [6]. In this work antibodies were labelled with multiple fl uorescent mol-

ecules (80-100), which made it possible for Hirschfeld to detect single molecule events. 

In the following years until the 1990s the methodology was improved and in the 1990s 

single molecules could be detected in solution [7]. Th is was also the time when fl uores-

cence correlation spectroscopy (FCS) got its big breakthrough [8, 9]. 

In FCS, spontaneous fl uorescence intensity fl uctuations are measured at equilibrium 

conditions in a microscopic observation volume defi ned by a laser beam and by the col-

lection effi  ciency function of the microscope instrument. Th e necessary spontaneous 

fl uctuations require that there are few fl uorescent molecules in the observation volume. 

Th erefore, it is important to use sensitive detectors and highly fl uorescent molecules. 

Th e detected fl uorescence intensity fl uctuations are analysed in terms of an autocorrela-

tion function, which gives information about how the intensity at a time t is related to 

the intensity at a later time t+τ. 

Outline
During the course of the work leading to this thesis, the overall focus has been on 

fl uorescence fl icker of fl uorescent molecules generated by their interaction with their 

environment using fl uorescence spectroscopy. Th e thesis can be divided up into two 

separate studies, one on proton transport on biological membranes and the other one on 

a new concept for how the kinetics of photo-induced transient, long-lived, fl uorescent 

states can be determined, or expressed more briefl y, two studies on two diff erent types 

of fl uorescence fl icker. 

Th e project leading to the fi rst paper, paper I, was initiated with the goal to under-

stand the role of the membrane in ion-translocation in the respiratory chain located in 

the mitochondrial inner membrane. To reach this goal we decided on using artifi cial 

membranes as a model system for native membranes. With these we had the possibility 

to modulate the composition of lipids. More specifi cally, we initially wanted to study 

the proton-collecting antenna eff ect. Th e background to this eff ect is that it has been 

seen that certain membrane-spanning proton-transporter proteins in the respiratory 

chain in the mitochondrial inner membrane take up protons faster than the rate limited 

by diff usion. To explain these observations it has been suggested that there is a proton-

collecting antenna, consisting of negatively and protonatable residues on the surface 

of these proteins, which increases the rate of uptake. Th e initial study is the fi rst step 

towards studying the proton-transporter proteins directly. Traditionally perturbative 

methods (using proton-pulse techniques [10]) have been extensively used for studying 

proton transfer on these systems. FCS is a versatile method for studying dynamic proc-

esses like protonation-deprotonation kinetics [11], and because the measurements are 

done at low concentrations no disturbance from the measurement probe is present. We 

therefore applied FCS to be able to study the proton-collecting antenna eff ect under 
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equilibrium conditions, with no external perturbation, and at the immediate membrane 

surface. 

Apart from probing protonation kinetics, it is also possible to monitor other long-

lived transient states, like the triplet state of fl uorescent molecules or trans-cis isomeri-

zation with FCS [12-14]. Th ese states are interesting because they have a long lifetime, 

which makes them sensitive to local environmental changes. A novel method for study-

ing long-lived photo-induced transient states was developed and is presented in paper 
II. With this method, only the time averaged intensity is detected and used for deter-

mining the triplet state kinetics. Th is has several advantages over traditional methods 

including FCS.

Th is licentiate thesis is written with the intention to connect the articles that I have 

written together with my colleagues. Th e thesis starts with a general description on 

photophysics and fl uorescence correlation spectroscopy. Th e following two chapters de-

scribe the background and summarize the main fi ndings. In the last part of the thesis 

the two articles are presented, paper I and paper II.
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Chapter 2

Photophysics
In the following chapter some general photophysical concepts for fl uorescent mol-

ecules are described. 

Fluorescence of molecules
Fluorescence is a photophysical process resulting from an electronic excitation of a 

molecule or system of molecules by non-ionizing electromagnetic radiation (see fi gure 

1). In the excitation process there is a transition of an electron from an occupied ground 

state orbital of a molecule to a higher, unoccupied orbital, driven by the absorption of 

a photon [15]. If the electron relaxes back to the ground state orbital by emission of a 

photon, without change of spin, the molecule is said to fl uoresce. Th e excited state of the 

molecule from which the fl uorescence occurs is called a singlet state. When a molecule 

has been excited to one of the singlet states (see fi gure 1) it can either relax to a lower 

electronic state, undergo a non-radiative transition to a so-called triplet electronic state 

or experience other type of transitions as shown in fi gure 1.

S0

S1

Sn

T1

Tn

kISC

kT

k10 = σexc·I k10

Figure 1: Jablonski diagram of a typical fl uorescent molecule. Th e excitation rate from the ground singlet 

state (S
0
) to the fi rst singlet state (S

1
) is k

10
 = σ

exc
I, where σεxc

 is the excitation cross section of the molecule 

and I the intensity. k
10

 is the decay rate from S
1
 to S

0
, k

ISC
 is the intersystem crossing from S

1
 to the fi rst 

triplet state (T
1
) and k

T
 is the relaxation rate from T

1
 to S

0
. Th e two latter transitions are spin-forbidden 

transitions (dashed lines).

Fluorescent molecules very often consist of cyclic or linear conjugated systems with 

unsaturated bonds (see fi gure 2 for examples). Th ese molecules have alternating single 

and double carbon-carbon bonds. A double bond consists of one so called σ-bond and 

one π-bond [16]. Th e π-bonds are formed by two p atomic orbitals overlapping later-

ally and the corresponding electrons are called π-electrons. Th e σ-bond is symmetrical 
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with respect to rotation about the bond axis and is stronger than the π-bond. In conju-

gated systems the overlap of the π-orbitals delocalizes the π-electrons over the whole 

system, creating a π-electron system. Th e greater the extent of the conjugated system 

(π-electron system), the lower energy (longer wavelength) is required for the promotion 

of a π-electron in a ground state orbital to an excited orbital [15]. As an approximation, 

the absorption and emission wavelength of a fl uorescent molecule is proportional to the 

length of the conjugated system. 

Th e fl uorescence process normally occurs in the order of ns (fl uorescence lifetime) 

due to the spin-allowed transition of the electron from the excited state to the ground 

state. Relaxation to the ground state (given by the rate k
10

 in fi gure 1) from the excited 

state is normally the rate limiting step for the fl uorescence lifetime, because the absorp-

tion of a photon is very fast (in the order of 10-15 s). One and the same molecule can 

have diff erent fl uorescence lifetimes depending on the local environment of these mol-

ecules. By taking advantage of the lifetime sensitivity to the environment, fl uorescence 

lifetime imaging microscopy (FLIM) has been successful in mapping local variations of 

the environment in biological samples [17].

O-

NO O

O O

O

C

A B

O-

Figure 2: In A the structure of benzene is shown, which is the simplest cyclic conjugated hydrocarbon. B 

shows the structure of Fluorescein, a common fl uorescent dye. 

Th e non-radiative transition to a triplet state from a singlet state and vice-versa is 

called intersystem crossing. Transitions between the singlet and the triplet states are 

spin-forbidden because the total quantum spin number for the two paired electrons in 

the orbital changes from 0 to 1 or vice-versa. Nonetheless, transitions can occur if the 

spin-orbit coupling, i.e. coupling of the orbital magnetic moment and the spin magnetic 

moment, is strong enough [4]. As for the singlet to triplet transition, the transition from 

a triplet state to a singlet state is spin-forbidden. Due to the fact that intersystem cross-

ing transitions are forbidden processes (low probability) they are normally slow, in the 

order of 10-6 s or slower.

Phosphorescence is electro-magnetic radiation that is emitted as a result of decay of 

a triplet state to the ground singlet state. Because of the slow relaxation rate of this proc-

ess, the molecule has time to interact with the solvent molecules. Th is favours non-ra-

diative intersystem crossing and vibrational relaxation back to the ground singlet state. 

Due to the slow triplet state decay rates environmental changes, e.g. solvent changes, 
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in the vicinity of a fl uorescent molecule will aff ect the rates of the intersystem crossing 

process and relaxation from the triplet state to ground singlet state to a large extent. 

Th ese eff ects can be utilized for environmental sensing. Measurement of the population 

of molecules in the triplet state and its kinetic rates can be monitored via a probe and 

can report changes in environmental conditions. 

Excitation to higher triplet states can occur if the molecule absorbs another photon 

while remaining in the triplet state (see fi gure 1). Since this process is spin-allowed this 

transition is usually fast, but so is also the relaxation back to the fi rst triplet state. For 

the higher triplet states, transitions between the triplet and singlet state can occur [18], 

due to the overlap in energy bands, meaning that a molecule can be excited from the 

triplet state to a higher triplet state and then relax back to the ground singlet state giv-

ing fl uorescence. 

As mentioned, triplet to singlet transitions are spin-forbidden but occur due to spin 

orbit coupling between the singlet and triplet states [15]. Th e magnitude of the spin 

orbit coupling in an atom increases with the atomic number. In fl uorescent molecules, 

consisting of aromatic hydrocarbons, the spin orbit coupling is small due to the light 

atoms that they consist of. Th erefore the rate of the triplet to singlet transitions in 

dye molecules is mostly slow. Th e probability of a triplet to singlet transition can be 

increased by substitution of atoms with higher atomic numbers. Th is is referred to as 

the internal heavy atom eff ect [19]. Fluorescent dyes containing halogens, for example 

Erythrosin and Eosin, have proven to be useful for achieving high triplet state yields in 

phosphorescence spectroscopy [20]. Instead of substituting heavier atoms into the dye 

molecule in order to increase the triplet to singlet transition rate, one can also modify 

the surrounding solvent by adding heavy atoms. Th is eff ect is called the external heavy 

atom eff ect and was fi rst studied by Kasha [21].

The electronic state model 
A simplifi ed electronic state model consisting of only the three of the electronic 

states namely S
0
, S

1
 and T

1
 in fi gure 1, can be used to describe the electronic state system 

for many fl uorescent dyes, if the excitation intensity is kept suffi  ciently low. Th is implies 

that the populations S
0
, S

1
 and T

1
 of the corresponding electronic states of a fl uorescent 

dye, located at a point r at a time t can be derived from the system of diff erential equa-

tions:

(1)

Here, the excitation rate is given by:

. (3)

where ( )trI ,  under our experimental conditions typically can be described by a 

Gauss-Lorentzian (see chapter 3) distribution in space and which can vary in time due 

to modulation of the excitation source (paper II). Regarding the populations as prob-
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abilities, with the total probability of any of the states to be populated being equal to 

unity:

. (3)

Before the molecule is subject to excitation at time t = 0, all molecules can be regarded 

to be in the ground singlet state formulating the initial condition:

. (4)

 

Th is initial condition applies to the situation within a fl uorophore following a fl uo-

rescence photon emission at time t=0, where the fl uorophore molecule has entered into 

its ground singlet state. It evidently also applies to fl uorophores that have not been sub-

ject to excitation for a long enough time before t=0, thus fully relaxed from S
1
, or from 

T
1
, back to S

0
. 

Applying the boundary condition of (eq. 4) to the system of diff erential equations of 

eq. 1, and assuming the excitation rate to be constant in time at location r , the prob-

abilities of occupation of the diff erent electronic states of a fl uorophore located at r  as 

a function of time, t, are given by:

, (5)

where the decay of the singlet state by fl uorescence or internal conversion is assumed 

to be much faster than either of the processes of intersystem crossing or triplet state 

decay, in other words.:

  Th e eigenvalues λ
1
, λ

2
, and λ

3
 in eq. 5 are related to the relaxation modes of the 
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population kinetics of the three states and are given by:

. (6)

Th e fi rst eigenvalue, λ
1
, is zero indicating that the populations in the three states 

will approach a steady state as t → ∞. Th is follows from the fact that the three state 

model constitutes a closed system assuming a constant total population and no photob-

leaching. Th e second eigenvalue , λ
2
 , will be of high magnitude and represents the so 

called “antibunching” term  [22] with the corresponding antibunching relaxation time 

τ
AB

=1/λ
2
. It is related to the time it takes until the population of the two singlet states 

have equilibrated following onset of excitation after t=0. Th e magnitude of the third 

eigenvalue, λ
3
, is related to the rate at which the build-up of the triplet state population 

takes place. Its inverse is equal to the triplet relaxation time τ
T
 [13].

Fluorescence fl icker
A fl uorescent molecule alternating between a fl uorescent and a non- or weakly fl uo-

rescent state can be said to fl icker. Th e non- or weakly fl uorescent state can be any state 

that causes the molecule not to fl uoresce, or to emit fl uorescence with a reduced quan-

tum yield. Fluorescence fl icker can for example be caused by a molecule entering and 

leaving the triplet state, by trans-cis isomerization, or as a result of chemical reactions 

(association-dissociation) or other types of reversible fl uorescence quenching processes. 

A reversible quenching process we here defi ne as a process where the molecule is alter-

nating between a non- or weakly fl uorescent state, where the molecule is quenched, and 

a fl uorescent state. Th is can for example be a fl uorescent dye that alternates between two 

diff erent e.g. conformational states being quenched in one of them. 

For the case of triplet state fl icker the molecule enters the non-fl uorescent triplet 

state and then relaxes back to the singlet ground state, see eq. 7. Triplet state kinetic 

rates can be determined using a variety of methods, further described in chapter 4.

 (7)

Protonation or depronation of a molecule may alter the fl uorescence quantum yield 

or shift the excitation and/or the emission spectrum for the molecule. For a reversible 

protonation/deprotonation process such a change in the property of the molecule will 

be observed as fl icker in the fl uorescence intensity, see eq. 8. Fluorescent molecules that 

are sensitive to protonation/depronation have been used for measuring pH in solution 

and for studying protonation migration on membranes, taking two examples. 

 (8)
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Chapter 3

Fluorescence correlation spectroscopy
Th e following chapter is devoted to the methodology that was used in paper I. Th e 

history of fl uorescence correlation spectroscopy is fi rst presented and then the theory 

behind the technique is described.

Background
Fluctuations of diff erent origins are all the time present on the macroscopic and mi-

croscopic level. But the microscopic fl uctuations, like those of the number of molecules 

in an observation volume, where molecules are diff using into and out of the volume, 

tend to cancel out in macroscopic systems in equilibrium, because of the high number 

of molecules present. However, if the observation volume is kept small enough, or if the 

concentration of molecules is very low, then these fl uctuations will become signifi cant. 

Th us, the fl uctuations give us information about the parameters causing the fl uctua-

tions, in this case the number of molecules in the observation volume. Th e history of 

fl uctuation analysis dates back to the beginning of the 20th century when Svedberg 

and Inouye [23] studied the number fl uctuations of gold colloidal particles in a fi xed 

volume using light scattering and the ultra-microscope2. Th eoretical models based on 

work done by von Smoluchowski [24] were used for the analysis. In this analysis, the 

measurement data was plotted in a histogram, showing the frequency of the number 

of particles that was found in the volume at diff erent times. Th e data were fi tted to the 

expected poissonian distribution

, (9)

where f is the probability of fi nding N particles in the volume, and <N> is the time-

average of the number of particles in the volume. By this approach they were able to 

determine the average number of colloidal particles in the volume. From this day and 

on, an increasing number of measurement techniques using fl uctuation analysis to de-

termine diff erent properties has appeared. But it was not until the beginning of the 70s 

that the turn came to fl uorescence with the birth of fl uorescence correlation spectros-

copy (FCS) [25-27]. 

Th e FCS technique was developed further during the following years, but due to low 

signal-to-noise ratios the technique remained relatively unpopular. When Rigler et al. 

in the beginning of the 1990s introduced the confocal FCS setup [8, 9] (see fi gure 3) the 

observation volume was constrained, which increased the signal-to-noise signifi cantly 

and made FCS a useful tool in life science. Today the development is continuing with 

e.g. better time resolution [28], higher optical resolution by reduction of the observation 

volume [29] and parallelized FCS [30].

2 Th e ultra-microscope was invented by Richard Adolph Zsigmondy in 1903 and was used to illumi-

nate colloidal particles with an intense beam of light oriented perpendicular to the microscope’s optical 

axis.
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La
se

r
Pinhole

Dichroic mirror

Lens

Beam splitter

Objective

Sample

APD

A
PD

Moving molecule

Figure 3: Illustration of a typical FCS setup, which is essentially a confocal microscope setup with 2 

APD detectors, applied in order to avoid afterpulsing eff ects in the detectors. Th e APDs are normally 

connected to a correlator or a computer for the correlation of the signals. 

Theory
In fl uorescence correlation spectroscopy (FCS) the fl uorescence intensity fl uctua-

tions of fl uorescent molecules are analysed, which makes it possible to determine how 

fast the molecules are diff using in a media or for example if the environment around 

the molecule is changing. Th e analysis is done by auto-correlation of the fl uorescence 

intensity fl uctuations, assuming a stationary system [7]

, (10)

where the brackets denote the time averages

, (11)

and I(t) describes the fl uorescent intensity at time t, τ the correlation time, and δI the 

intensity deviation from the time average. 

Intensity fl uctuations can be caused by many processes. In the most obvious one, 
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molecular concentrations change due to molecules diff using into and out of an observa-

tion volume. Other processes causing spontaneous fl uctuations in the intensity can be 

chemical reactions, singlet-triplet, association-dissociation, aggregation and rotational 

dynamics. 

In the case that fl uorescence fl uctuations arise from changes in local concentration 

within an open observation volume V  (see fi gure 4) and that the emitted fl uorescence 

from the fl uorescent molecules is proportional to the excitiation intensity, an analytical 

expression for (eq. 10) can be derived. Th is will be done in the following paragraphs. Th e 

detected fl uorescence intensity can be described by the following expression

. (12)

In eq. 12 P is product of the collection effi  ency function (CEF), the excitation inten-

sity (I) and the concentration C. Q=σ
exc

qΦ
f
, where σ

exc
 is the excitation cross section, Φ

f
 

the fl uorescence quantum yield of the fl uorescent molecules and q is the effi  ciency of 

detection of fl uorescence, when emitted from the center of the laser focus.

Inserting the fl uorescence intensity (eq. 12) into (eq. 10) yields

, (13)

where  is the fl uctuation of the concentration around the equi-

librium mean concentration. Since only diff usion of molecules into and out of the open 

volume is considered here, the fl uctuation of the concentration is described by the dif-

fusion equation:

, (14)

where D is the diff usion coeffi  cient of the molecule. 

Th e intensity distribution created by the laser beam used for excitation is assumed to 

be Gaussian distributed

, (15)

where the peak intensity is I
0
 in the center of the focus, and where ω

1
 and ω

2
 denote 

the lateral respectively axial radius of the focus. Assuming that there is no interaction 
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between the molecules and that the concentration of molecules obeys poissonian statis-

tics (eq. 9) the expression for the auto-correlation becomes [26]:

. (16)

Here D is the diff usion coeffi  cient of the molecules and N is the average number 

molecules in the observation volume. 

G(τ)

I(t
1
+τ)I(t

1
)

<I>

τ

τ
D

1/N I(
t)

t

ω2

ω1

A B C

t
1 t

1
+τ

Figure 4:  A: Schematic view of the observation volume, with the lateral radius ω
1
 and axial radius ω2, 

defi ned by the laser focus and the collection effi  ciency function. B: Intensity trace showing the intensity 

fl uctuations due to molecules diff using into and out of the observation volume, and the intensity time 

average <I>. C: Simulated FCS curve for a solute freely diff using in three dimensions into and out of an 

observation volume. Th e average time for the solute molecules to pass through the observation volume is 

given by τ
D
 and with the average number of molecules in the volume by N. 

If other fl uctuation processes than diff usion are considered one can extend the above 

expression further. Th ese fl uctuations will overlay the fl uctuations caused by the mol-

ecules diff using into and out of the observation volume. It was in the beginning of the 

1970s that Madge, Elson and Webb presented the theory and the basic concepts [25-

27] for the study of chemical kinetics using FCS. Th e theory was more generally treated 

by Palmer and Th ompson in the late 1980s [31]. With the introduction of the confocal 

FCS setup, leading to increased signal to noise levels, fl uorescence fl icker of diff erent 

kinds could more easily be analysed. If the relaxation time of the fl uctuation of a chemi-

cal reaction causing fl uorescence fl icker is much faster than the diff usion time (i.e. time 

for the molecule to pass through the observation volume) and if all molecules have the 

same diff usion coeffi  cient, it has been shown that [31]: 

. (17)

Th us, the diff usion process and the chemical reaction process can be separated into 

two factors. Th is expression can be applied to a variety of fl uctuation processes, for ex-

ample fl uorescence fl icker in the form of singlet-triplet dynamics [13] (see fi gure 5) or 

protonation-deprotonation [11, 13]. For the singlet-triplet (see eq. 7) case the auto-cor-

relation expression becomes: 
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, (18)

where T is the mean population of the molecules in the triplet state and τ
T
 the triplet 

state relaxation time given by eq. 6.
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Figure 5: Simulated FCS curve for a solute undergoing three-dimensional diff usion through an 

observation volume with a diff usion time τ
D
. Th e fl uorescence fl icker due to the singlet-triplet process, 

with the relaxation time τ
T
, is visible as an additional component in the FCS curve. For short times, τ <<

τ
T
, the correlation decreases compared to the maximum amplitude due to antibunching (see eq. 6).

 

For protonation-deprotonation dynamics (see eq. 8), assuming that the protonated 

state is completely non-fl uorescent, the expression takes the form:

. (19)
 

Here P describes the mean population of molecules in the protonated state and τ
p
 

the observed protonation time. If both singlet-triplet and protonation-deprotonation 

dynamics are present at the same time independently of each other, the following ex-

pression for the auto-correlation function is valid:

. (20)
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Chapter 4

Monitoring long-lived transient states 
Transient means passing by or away with time. Th us, a long-lived transient state is a 

temporary state. Th ese states can for example be, as already mentioned, a triplet state or 

a trans/cis state of a molecule. Th e long lifetime of these states can make them very sen-

sitive to their local environment, which also renders them attractive as environmental 

sensors. Th e lifetime of transient states are usually ~10-6-10-3 s which is ~103-106 times 

longer than the fl uorescence lifetime of a singlet excited state of a fl uorescent molecule. 

Other interesting features with transient states are that they can be utilized in a pho-

toswitchable manner [32, 33] [34] which has been shown to be of interest for research 

concerning high resolution imaging [35]. In the work presented here only the triplet 

state will be considered.

Determining triplet state kinetics
Traditionally, monitoring of triplet state kinetics has been performed by phosphores-

cence spectroscopy, transient absorption spectroscopy and FCS. 

Transient absorption spectroscopy is a well established technique [36], where vari-

ous states are monitored via their absorption by a separate probing light beam, follow-

ing a pulsed excitation. However, for many compounds, the absorption spectra of the 

transient states can often overlap with other photo-induced states, making it diffi  cult to 

separate them from each-other.  

In phosphorescence spectroscopy, the emission originating directly (phosphores-

cence) from the long-lived fi rst excited triplet state is used for determining the triplet 

state kinetics [37, 38]. Th e probes of choice in phosphorescence spectroscopy are often 

fl uorescein derivates substituted with heavy atoms (see chapter 2) since they display a 

considerable yield for intersystem crossing. However, also tryptophan has been used to 

obtain both structural and dynamical information on biological macromolecules [39]. 

By virtue of its long decay time, phosphorescence is well suited for monitoring slow 

rotational motions and to probe subtle changes in environmental conditions (viscosi-

ties, accessibilities of quenchers, polarities etc.).  However, coupled to the long-lived 

emission is also the susceptibility of the triplet state to dynamic quenching by oxygen 

and trace impurities (as discussed in chapter 2), which can be circumvented only after 

elaborate and careful sample preparation. Th is artefactual quenching not only shortens 

the triplet lifetime, but practically makes the phosphorescence undetectable. Th erefore, 

monitoring of phosphorescence is largely restricted to deoxygenized, carefully prepared 

samples, and has therefore been exploited only to a rather minor extent.

Fluorescence fl uctuation analysis with FCS has been shown to be feasible for study-

ing the triplet state kinetics, by analysing the fl uorescence fl icker caused by singlet-tri-

plet transitions [13, 40]. Measurements with FCS show many advantages, for example 

the high sensitivity due to the fl uorescence read-out, and the simplicity and the relatively 

cheap setup needed. Th e point detectors (avalanche photodiodes and photo-multipliers) 

that are mostly used in FCS for detection off er the high time-resolution needed for the 

study of transient state processes, but makes it diffi  cult to parallelize the approach. 

Parallelized monitoring of for example the triplet state kinetics would off er new 

opportunities for HTS on biomolecules, because multiple samples could be analysed 
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simultaneously in an automized fashion utilizing the environmental sensitivity of the 

triplet state kinetics. We have developed a novel method for monitoring long-lived 

photo-induced transient states (paper II), and have also shown the future possibility to 

parallelize the approach, maintaining the high detection sensitivity of the fl uorescence 

emission. By utilizing the infl uence of the triplet state population on the time depend-

ence of the singlet excited state population, it was possible to constrain the time resolu-

tion to the excitation of the molecules with no need of time resolution of the detection 

of the fl uorescence. Th is was done by modulation of the excitation light in the range 

of the relaxation time of the triplet state of a fl uorescent dye, while detecting the time 

averaged fl uorescence intensity. Th e triplet state is then populated to diff erent degrees 

depending on the repetition rate and duration of the pulses due to modulation, see fi g-

ure 6 for setup.

Figure 6: Schematic representation of the modulation approach. Th e excitation light from a laser is 

modulated by an acousto-optic modulator (AOM), controlled by a PCI-6602 card (National Instruments) 

which then excites the sample. Fluorescence is detected, either by two APDs or a CCD connected to the 

PCI-6602 card and a PCI-1410 card (National Instruments) (not shown), respectively.

 For a pulse train with short excitation pulse durations the probability for the fl uores-

cent molecule to enter into the triplet state within the pulses is smaller than for longer 

pulses with the same repetition rate. Th is in turn means that the fl uorescence during the 

pulse will be higher for the shorter pulses. An illustration of this is shown in fi gure 7. 

By acquiring the average fl uorescence intensity for diff erent pulse durations and apply-

ing a model describing the populations in the electronic states for pulsed excitation, the 

triplet state kinetic parameters (k
ISC

 and k
T
) can be determined.

 

Triplet state kinetics determined by time-modulated excitation
Th e eff ect on the triplet state kinetics with addition of potassium chloride (KI), i.e. 
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the heavy atom eff ect, was used as an evaluation tool for the new approach. Th e triplet 

state parameters were compared to those obtained by FCS. Utilizing the heavy atom 

eff ect (see chapter 2) it is possible to vary the triplet kinetic rates in a controlled man-

ner over a wide range. Th e triplet state rate parameters increase linearly with the KI 

concentration:

, (21)

where [k
ISC

]
0
 and [k

T
]

0
 are the triplet state rate parameters without presence of KI. 

K
QISC

 and K
QT

 are the quenching constants for the S
1
-T

1
 and T

1
-S

0
 transitions, respec-

tively.

In fi gure 8 the KI dependence of the k
ISC

 rate is shown for fi ve diff erent KI concen-

trations ranging from 0 mM to 5 mM, measured by the modulation approach and FCS. 

Th e linear dependence is clearly visible.

 FCS measurements need a high detection time resolution for detecting triplet state 

kinetics, which excludes the possibility of using standard charge coupled device (CCD) 

cameras for detection, since they have a low time resolution compared to APDs. Th e 

advantages of these detectors is that they are reasonable cheap, highly sensitive, and that 

they allow parallelized detection since they consist of a matrix of detector elements. 

With the developed modulation approach it is possible to measure triplet kinetic 

rates at a lower time resolution and at a larger range of concentrations than for FCS 

measurements. Since this method is not based on relative fl uctuations or in any way on 

properties of individual fl uorescing molecules, the concentration range of the fl uores-

cent molecules is in principle unlimited, but in practice only set by the detector sensitiv-

ity and quenching eff ects between individual molecules. Th ese properties of the method 

make it ideal for use in connection with array detectors like CCD cameras.  Th e inset in 

fi gure 9 shows that the measured k
ISC

 is not dependent on the fl uorescent dye concen-

tration for a wide range of concentrations. For very high concentrations, above 100 μM, 

quenching between the fl uorescing molecules can occur [41].

One of the advantages with using a high dye concentration is that the background 

from ambient and scattered light is relatively small compared to the fl uorescent signal, 

which gives a higher signal to noise ratio. On the other hand, using high concentrations, 
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much more sample is needed, which may be disadvantageous for biomolecular studies 

since often sparse amounts are available. 
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Lines are only connecting data points. Inset shows the triplet rates from a concentration series ranging 

from 10 nM to 10 μM.

By having the possibility to vary the concentration over a wide range, the new meth-

od can be applied to many diff erent types of samples, from very low concentrations, 

in the single molecule range, to higher concentrations. Th e option to parallelize the 

concept has a high potential for e.g. HTS applications. As a fi rst step towards in this 

direction we introduced a standard CCD camera as a detector instead of the APD point 
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detectors. In fi gure 10 a CCD measurement is shown together with a corresponding 

APD measurement.
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APD measurements. Th ree fl uorescence intensity images, as seen by the CCD, in false colour scale.
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Chapter 5

Biological membranes and proton transfer
In this chapter the basic features of a biological membrane and its proton conduct-

ance are presented. It is also described how proton transport on these membranes can 

be determined.

Membrane as a barrier and proton conductor
Th e plasma membrane consists of a lipid bilayer and acts as the barrier between the 

inside and outside of cells. It is the membrane that defi nes each cell and protects it from 

the outside world. Compartments in the cell, for example the cell nucleus, also have 

lipid bilayers as borders to the surrounding. Apart from being a barrier, membranes 

also limit the transport of nutrients and waste products into and out of the cell and its 

compartments, as well as ion transport across and along the surface of the cells, and 

a multitude of other functions. Th e cellular membrane contains membrane proteins 

which aid to this transport. 

Th e lipid bilayer is about 5 nm thick and consists of a two-ply sheet of lipid mol-

ecules, see fi gure 11 [42]. Lipid molecules have one hydrophilic head and hydrophobic 

tails and when put in a water solution the hydrophobic tails of the lipid molecules will 

stick to the hydrophobic tail of other lipid molecules, thus forming clusters of lipid 

molecules. In lipid bilayers the hydrophilic head of the lipid molecules are facing the   

aqueous phase and the hydrophobic tails are facing each other. Spherical bilayers or 

liposomes can form in a water solution and are responsible for transport of molecules 

of diff erent kinds in cells.
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Figure 11: Illustration of a lipid bilayer and its components. 

In living organisms the energy metabolism involves translocation of protons across 

biological membranes, through specifi c membrane-spanning proteins, thereby generat-

ing a proton-motive force (Δp):

, (22)
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Here, ΔΨ is the electrical potential, R is the gas constant ( J K-1 mol-1), T is the abso-

lute temperature (K), F is the Faraday constant (C mol-1) and ΔpH is the pH diff erence-

between the two bulk solutions on either side of the membrane. Th e pH gradient and 

thus the proton-motive force is used by e.g. ATP synthase for the production of ATP, 

which in turn is then used as a source of energy [43]. 

Th e traditional model for membranes of cells describes the membranes as a pas-

sive barrier between the interior and exterior, not aff ecting the proton-motive force 

[44]. However, lately evidence has accumulated, indicating that the scenario is more 

complicated and that both the membrane surface and the water layer near the surface 

play major roles in the process. One interesting fi nding in this respect is the alkaliphilic 

bacteria, such as Bacillus fi rmus, which live in environments having up to 3 units higher 

pH than that of the bacterial cytosol. As the electrical potential ΔΨ in those bacteria’s 

hardly increase over 200 mV [45] the proton-motive force gets a value of around zero, 

meaning that production of ATP is not possible. Th erefore, the energetics of the alka-

liphilic bacteria cannot be explained by assuming a passive role of the membrane. Vari-

ous models have been put forward in order to explain this and other fi ndings, involving 

proton transport along the surface of the membrane and slow equilibration with the 

bulk solution. Several studies have also shown that the proton transfer along membrane 

surfaces is indeed faster than the equilibration between the membrane surface and the 

bulk solution [46].  

In membrane-spanning proton transporters, such as bacteriorhodopsin and cyto-

chrome c oxidase, observations show that the rates by which these transporters take up 

protons are faster than that limited by proton diff usion in water [47]. To explain these 

observations, it has been proposed that these proteins have a proton-collecting antenna 

that would facilitate the proton uptake from the bulk solution. Th is antenna would be 

composed of the negatively charged, aspartate and glutamate residues, and protonatable 

groups, histidine residues, which can be found around the entry-points of the proton-

conducting pathways, leading to the interior of these proteins. 

Protonation kinetics
Fluorescent techniques are commonly used for determining proton transfer in bio-

logical systems. For a pH sensitive fl uorescent probe (see 8) in an aqueous solution the 

total protonation (as also observed in FCS) rate is given by:

. (23)

Th e dissociation rate constant is not dependent on the pH since it concerns the 

breaking of a bond, but the association rate constant on the other hand is linearly de-

pendent on the proton concentration. Th e pK
a
 of the pH sensitive probe is obtained 

from –log(k
-1

/k
+1

). For the case of buff er molecules (B) interacting with the pH sensitive 

probe (F), the system becomes more complex:
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(24)

(25)

(26)

 . (27)

Here K
a
 is the equilibrium constant for the buff er and [B

tot
] is the total buff er con-

centration. If it is assumed that the donation and acceptance of protons between the 

buff er molecules and the fl uorescent probe just adds to the proton exchange. Th e total 

protonation rate is given by [48]:

, (28)

How can the protonation kinetics be determined?
Understanding proton migration along membranes and membrane proteins in cells 

is essential for understanding energy metabolism. Th erefore, several techniques have 

been developed in order to study these processes. Detection of protons via a pH sensi-

tive fl uorescent dye after injection of acid was used by Teissie and Prats et al [49, 50], 

to monitor proton conduction on a polar lipid monolayer. Th e spreading of the protons 

were measured at a certain distance from the injection point, which yielded diff usion 

properties of the protons on the membrane. Measurement of the surface potential, also 

after acidic injection, has also gained insight in proton transfer on biological mem-

branes [51]. Th e proton-pulse technique, developed by Gutman et al [10], is a method 

that has been used extensively for proton transfer studies (see [46] for examples). As 

a proton detector, a pH sensitive fl uorsecent dye is used, traditionally fl uorescein. Th is 

proton detector is placed on the site where the probing is to be done. Th e protonation 

kinetics can then be monitored by creating a pulse of protons from a proton emitter, 

normally pyranine (8-hydroxy-pyrene 1,3,6-trisulfonate), which upon a short UV-laser 

pulse releases a proton, see fi gure 5. In this way, it is possible to probe the association/

dissociation reaction of the proton detector as a function of time, thereby obtaining 

kinetic information. It is a straightforward method, but perturbates the system due to 

the proton pulse. Th e eff ect of the buff ering groups in the system has to be taken into 

account when analysing the measurement, which makes the analysis rather complex.
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Figure 12: Schematic representation showing the diff erent steps in a pyranine containing protein sample 

when it is exposed to a short UV-laser fl ash. (1) Sample is exposed to the laser fl ash (2). Th e protonated 

pyranine is excited by the laser fl ash, resulting in a release of protons (3) to the solution, which are able to 

react with all protonatable groups in the sample, including the fl uorophores (F). Finally the system relaxes 

back to the state before the laser fl ash in a number of proton transfer reactions (4,5). 

Quite recent studies have been made using scanning electrochemical microscopy 

proton feedback for measuring lateral proton diff usion on phospholipid membranes 

[52-55]. As a probe a disk-shaped ultramicroelectrode was used and by applying a po-

tential to the ultramicroelectrode, they depleted protons in the vicinity of the electrode. 

Th is then drives protons back by diff usion to the gap between the electrode and mem-

brane layer, which was then probed by the electrode making it possible to determine the 

diff usion properties. But as for the other techniques, this is a perturbation method. 

Protonation kinetics is also possible to determine using FCS. Widengren et al ap-

plied this theory and introduced FCS for the study of protonation kinetics [11, 56]. 

Here the association and dissociation rate for the pH sensitive fl uorescent molecule 

Fluorescein was determined as well as the protonation kinetics for GFP. Th ey treated 

the protonation kinetics as a unimolecular reaction:

, (29)

where B is the fl uorescent molecule with a proton bound to it and A is the disassoci-

ated form (non-fl uorescent). To determine the protonation kinetics for a fl uorescent dye 

in a water solution with FCS a pH titration is done, where the FCS curve is acquired for 

each pH. After fi tting eq. 20 to the FCS data, the protonation amplitude and observed 

protonation time (τ
prot

) is extracted. From the linear dependence of the inverse protona-

tion time (protonation rate, k
prot

) on the proton concentration, eq. 23, the protonation 
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rate parameters (the association rate (on-rate), k
+1

 and dissociation rate (off -rate), k
-1

) 

is extracted, see fi gure 13 for an example with the pH sensitive fl uorescent dye Fluo-

rescein. Th e on-rate is determined by the diff usion of protons in water, which together 

with the off -rate gives a pK
a
 of 6.3 for Fluorescein in water.
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Figure 13: Linear dependence on the protonation rate with the proton concentration for Fluorescein.

Proton transfer on artifi cial membranes
In paper I the proton-collecting antenna eff ect was studied by FCS using artifi cial 

liposomes as a model system, see fi gure 5. FCS has the advantage that it is possible to 

study local, unperturbed proton exchange on the membrane surface, not possible by 

conventional relaxation techniques. 

Th e surface of the model system could be modulated by changing the constitution 

of the liposomes. To mimic the proton-collecting antenna, negatively charged DOPG3 

lipids and zwitter-ionic DOPC4 lipids, with a low pK
a
 (~2) were chosen as an analog 

for the aspartate and glutamate residues. Protonatable lipids, DOPA5, with a pK
a
 (~7.4) 

close to the bulk pH were chosen as an analog for the glutamate residues. Fluorescein 

molecules were incorporated in the lipid bilayer of the liposomes by using a fl uorescein 

conjugated lipid molecule, DHPE-FLU6.

By comparing the proton exchange for the pH sensitive fl uorescent dye molecule 

in a water solution with the exchange when the fl uorescent molecule is located at the 

surface of a biological membrane, the diff erence in protonation kinetics between these 

two environments can be determined. Th erefore, the protonation kinetics in water was 

determined for water-solubilized DHPE-FLU followed by measurements with the li-

pid-dye incorporated in diff erent artifi cial liposomes consisting of DOPG, DOPC and 

DOPA. Since buff er molecules also can protonate the pH probe (eq. 24-28) it was im-

portant to have a completely buff er free solution in order to simplify the analysis. For 

water-solubilized DHPE-FLU we got approximately the same pK
a
 as for Fluorescein 

in water.

3  1,2-Dioleoyl-sn-Glycero-3-[Phospho-rac-(1-glycerol)]

4  1,2-Dioleoyl-sn-Glycero-3-Phosphocholine

5  1,2-Dioleoyl-sn-Glycero-3-Phosphate

6  N-(fl uorescein-5-thiocarbamoyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine
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We prepared liposomes consisting of DOPG, with each liposome containing only 

one DHPE-FLU lipid molecule. Th is was possible by preparing the liposomes using a 

DHPE-FLU to non-fl uorescent lipid ratio of 1:30000. Th e liposomes were estimated 

to contain ~2000 lipids, which meant that the majority of the liposomes were lacking 

fl uorescent molecules. Th is is not a problem for the FCS technique since only the fl uo-

rescent liposomes are probed. Th e inset in fi gure 14 shows the linear dependence of k
prot

 
with [H+] for measurements on DOPG liposomes. Th ese measurements showed that 

when Fluorescein was located at the surface of a biological membrane the on-rate is 

increased about 100 times, while the off -rate is practically unaltered. Th is pK
a
 shift was 

validated by a static pH-titration using a spectrofl uorometer. A relatively large increase 

in k
+1

 has also been observed in the case of membrane transporters [57], meaning that 

these results are qualitatively consistent with those obtained previously in time-resolved 

kinetic measurements.

Th eories have appeared postulating that the surface charge causes a formation of a 

proton gradient towards the biological membrane, thereby aff ecting the apparent pro-

tonation rate and pKa [51]. In order to investigate this, we repeated the measurements 

but with DOPC liposomes. Th e results showed a slight decrease in the apparent proton 

diff usion on-rate and off -rate constants k
+1

 and k
-1

, but it was still in the same order as 

for DOPG. Clearly, the increase in the proton diff usion on-rate constant cannot be 

explained only by a proton-gradient. It seems rather as if an increase in the eff ective 

proton collision cross-section of the anchored Fluorescein molecules and a rapid proton 

transfer between the membrane surface protonatable groups is the underlying reason. 

Th ese eff ects seem to be active irrespective of the surface charge.
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Figure 14: FCS curves obtained from measurements on fl uorescein-labeled DOPG liposomes at 4 

diff erent pH-values. Th e shape of each curve is determined by fl uctuations arising from diff usion of 

the liposome through the focal volume (τ
D
 ≈1.2 ms), the singlet-triplet state transitions within the 

fl uorescein molecules (τ
T
≈1.5 μs), both of which are independent of pH, as well as from fl uctuations due 

to protonation of the fl uorescein molecule, which are pH dependent. Th e amplitudes increase with [H+], 

due to an increase in the concentration of the protonated form of fl uorescein. Also, the parts of the curves 

that correspond to protonation are shifted to the left as τ
prot

=1/k
prot

 decreases with increasing [H+]. Th e 

inset shows k
prot

 as a function of [H+].



25

5 Biological membranes and proton transfer

In order to investigate the role of buff ering protonatable groups in a proton-col-

lecting antenna, we introduced DOPA lipids into the DOPG liposomes. Th e DOPA 

lipid head groups have a pK
a
 of 7.4, which was close to the pH of the bulk solution in 

our experiments as well as the pK
a
 of the Fluorescein dye molecules. In fi gure 15 the 

dependence on DOPA in DOPG liposomes are shown. Th e buff ering eff ect of DOPA 

has to be taken into account in the expression for the protonation rate, when introduced 

into the membrane. For DOPA molecules located on a membrane surface, the protona-

tion rate in eq. 28 together with eq. 26-27 can be rewritten:

, (30)

where [DOPA] is the number of DOPA lipids per liposome, k
s+
 and k

s-
 are the pro-

tonation on and off -rate constants of Fluorescein for its proton exchange with DOPA 

along the surface of the DOPG liposomes.
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Figure 15: Protonation kinetics of the surface-anchored fl uorescein in the presence of a surface buff er

(DOPA). Th e graph shows the protonation rate constant, k
prot

, of the fl uorescein molecule as a function 

of [H+] obtained from measurements on fl uorescein-labeled DOPG liposomes supplemented with 0, 3, 

7, and 10 % of DOPA lipids (i.e. 0, 60, 140 and 200 DOPA lipids out of the average number of 2000 

lipids/liposome). Th e solid lines are fi ts of the data with eq. 30. Th e inset shows k
prot

 as a function of the 

number of DOPA lipids per liposome ([DOPA]) at pH = 8.6. 
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Chapter 6

Conclusions and future outlook
In this thesis a new approach for measuring proton transport on biological mem-

branes is presented as well as a novel conept for determining the kinetics of photo-in-

duced, long-lived, transient states from the time-averaged fl uorescence. 

Th e development of the modulation concept indicate the future possibility of a par-

allelized approach, where triplet state kinetics or kinetics of any long-lived photo-in-

duced transient state from multiple samples can be determined from the time-averaged 

fl uorescence by using time-modulated excitation. Th is new tool can and will be further 

developed in many aspects, including parallelized transient state imaging applied to 

other transient states than the triplet state.

Th e protonation kinetics study on artifi cial biological membranes has provided a 

useful insight in the function of the proton collecting antenna eff ect as well as the pro-

ton transfer rate and its surface buff er dependence. Th is study is a fi rst step towards a 

direct study of proton transfer on the surface of proton-transporter proteins. However, 

it also gives an indication that a variety of other interesting measurements, not only 

concerning proton transport, can be performed. 
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