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Abstract
Fluorescent molecules commonly shift to transient dark states, induced by 
light or triggered by chemical reactions. The transient dark states can be 
used as probes of the local environment surrounding the fluorescent mol-
ecules, and are therefore attractive for use in biomolecular applications. This 
thesis explores the use and development of novel fluorescence spectroscopic 
techniques for monitoring transient dark states.

This work demonstrates that kinetic information regarding photoin-
duced transient dark states of fluorescent molecules can be obtained from 
the time-averaged fluorescence intensity of fluorescent molecules subject to 
temporally modulated illumination. Methods based on this approach have 
the advantage that the light detectors can have a low time resolution, which 
allows for parallelization and screening of biomolecular interactions with 
high throughput. Transient state images are presented displaying local envi-
ronmental differences such as those in oxygen concentration and quencher 
accessibility.

Analysis of the fluorescence intensity fluctuations resulting from the 
transitions to and from transient dark states can be used to obtain infor-
mation regarding the transition rates and occupancy of the transient dark 
states. Fluorescence fluctuation analysis was used to reveal rates of proton 
binding and debinding to single fluorescent molecules located close to bio-
logical membranes and protein surfaces. The results from these studies show 
that the proton exchange rate increases dramatically when the fluorescent 
molecule is close to the membrane.

Keywords: fluorescence correlation spectroscopy, proton transfer, cyto-
chrome c oxidase, transient state imaging, modulated excitation
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Chapter 1

Introduction
The ability to detect, analyze and image single molecules can help us ob-
tain unique information about life on the nanometer scale. By avoiding 
ensemble averaging and capturing heterogeneous behavior, single molecule 
techniques have proven powerful in elucidating the function of molecular 
machines, exploring enzymology, and understanding cellular signaling and 
traffick. These and subsequent findings spur the development and level of 
sophistication of single molecule methods. Fluorescence-based techniques 
are among the most commonly used for the detection of single molecules 
in biological applications due to the high sensitivity and specificity of fluo-
rescence. 

The pioneering works of B. Rotman [1] and T. Hirschfeld [2] in the 
1960s and 1970s led to the first detection of single dye molecules in 1989 
by W. E. Moerner and L. Kador [3], performed in a solid at liquid-helium 
temperatures. This study triggered a range of studies on single fluorescent 
molecules [4-7] that laid the foundation for the field of single molecule 
detection. At about the same time as the birth of the field of single mol-
ecule detection, fluorescence correlation spectroscopy (FCS) experienced its 
breakthrough [5, 8]. 

FCS is a technique by which fluorescence intensity fluctuations from 
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fluorescent molecules in a microscopic observation volume are detected 
and analyzed under equilibrium conditions. Through FCS measurements, 
information regarding the time-averaged number and motion of the fluo-
rescent molecules in the observation volume can be obtained. However, 
FCS is not limited to the study of motion and concentration of fluorescent 
molecules. In principle any kinetics originating from a molecular process 
that is manifested as a change in the fluorescence intensity signal can be 
accessed with FCS.

The work presented in this thesis concerns the use and development 
of novel fluorescence spectroscopic techniques for the study of proton ex-
change and photoinduced transient dark states, targeted towards biologi-
cal applications. In papers I and II, concepts are presented for how kinetic 
information of photoinduced transient states can be obtained from the 
time-averaged fluorescence intensity from fluorescent molecules subjected 
to modulated excitation. Photoinduced transient states are often long-lived 
compared to the fluorescence lifetime which makes them relatively sensitive 
to local environmental changes. These states can therefore be used as envi-
ronmental sensors for oxygen, pH or viscosity, possibly also in the interior 
of cells. In paper III-V FCS was used to study proton transfer at the biologi-
cal membrane-water interface. The rationale for these studies was the sig-
nificance of proton transfer reactions for the maintenance of the transmem-
brane proton electrochemical gradient involved in cellular bioenergetics. It 
has long been debated whether or not there is a coupling of protons along 
the surface between certain membrane-spanning proteins in the respiratory 
chain (for review see [9]). In this respect, the diffusion properties of protons 
on membranes surfaces and rate of equilibration with the bulk solution is 
crucial. Although extensively studied using a range of different methods, 
these are to a large extent unknown. In paper III-IV, liposomes were labeled 
with single pH-sensitive fluorescent molecules in order to study the local 
proton exchange at the membrane surface. Using FCS, the unperturbed 
proton exchange under equilibrium conditions could be studied under vari-
ous conditions. In paper V, the same technique was used to study the proton 
exchange of a pH-sensitive fluorescent molecule attached to a membrane-
incorporated protein. The proton exchange can in some cases be masked in 
the FCS data by processes of other kinds. To circumvent this problem, and 
make it easier to identify the protonation process, a wavelength ratiometric 
pH-sensitive fluorophore was used in combination with dual-color alternat-
ing excitation in paper VI.
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This thesis starts with an introduction to fluorescence and photophysics 
followed by a description of confocal microscopy and FCS. The introduc-
tory chapters precede a presentation of how photoinduced transient dark 
states can be monitored, and a chapter concerning proton exchange in the 
proximity of membrane and protein surfaces. In the last chapter the work is 
summarized and concluded.
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Chapter 2

Photophysical aspects of 
fluorescence
Fluorescence

Fluorescence is a photophysical process that involves emission of light re-
sulting from an electronic excitation of a molecule or system of molecules 
by non-ionizing electromagnetic radiation. The term fluorescence is derived 
from the mineral fluorspar1, which is known to fluoresce upon excitation of 
ultraviolet light [10]. The oldest documented observation of fluorescence is 
from 1565 when the Spanish physician Nicolás Monardes made an aque-
ous extract of a Mexican wood, Lignum Nephriticum, and found that it 
glowed blue when he exposed it to sunlight. Many years later in 1852, the 
British mathematician and physicist George Stokes noticed that a solution 
containing quinine sulphate exposed to a flash of ultraviolet light gave off 
a brief blue glow. Shortly thereafter he introduced the name fluorescence for 
the observed phenomenon. Stokes also noted, from measurements on the 
same substance, that the wavelength of the emitted light was longer than 

1  also known as fluorite, a mineral composed of CaF2. The word fluorite is 
derived from Latin fluere = flow, for its use as a flux in smelting. 
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that of the illumination light. Today the difference between the excitation 
and emission wavelengths is known as the Stokes shift.

In the excitation process of a fluorescent molecule (hereinafter referred 
to as fluorophore) there is a transition of an electron from the highest oc-
cupied molecular orbital (HOMO) to the lowest unoccupied molecular or-
bital (LUMO) driven by the absorption of a photon. If the excited electron 
relaxes back to the ground state without change of spin by emission of a 
photon the molecule is said to fluoresce [11]. In the ground state electronic 
configuration for common organic fluorophores there are usually two elec-
trons in HOMO (see figure 1). The spins of the electrons in the same orbital 
must be paired, i.e. the electrons have antiparallel spins (↑↓), according to 
the Pauli exclusion principle. This type of electronic configuration is re-
ferred to as a singlet state, singlet spin configuration, since the total spin 
quantum number is S = 0 (cancellation of spins, ↑ and ↓) yielding a spin 
multiplicity of M = 2S + 1 = 1 (singlet) [12]. For an excited fluorophore 
when one electron is in each of the two then half-filled orbitals HOMO 
and LUMO it is not required by the Pauli exclusion principle that the two 
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Figure 1: A state energy diagram of a typical fluorophore. (1) Spin-allowed 
absorption of photons: S0 + hυ → S1 (where hυ signifies the energy of the 
photons), (2) Spin-allowed emission of photons, fluorescence: S0 → S1 + hυ, (3) 
Radiationless transition between the singlet states: S0 → S1 + heat, referred to 
as internal conversion, (4) Spin-forbidden absorption of a photon:  S0 + hυ → 
T1, (5) Spin-forbidden emission of photons, phosphorescence: T1 → S0 + hυ, (6) 
Radiationless transition between the triplet and singlet ground state: T1 → S0 
+ heat, (7) Radiationless transition between the singlet excited state and triplet 
state: S1 → T1 + heat.
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electrons are paired. The two key electrons can therefore be paired (↑↓) or 
unpaired (↑↑). The latter electronic configuration is referred to as a triplet 
state, triplet spin configuration, because of a total spin quantum number 
of S = 1 (addition of the two 1/2 spins, ↑ and ↑) and a spin multiplicity 
M = 2S + 1 = 3 (triplet) [12]. An excited electron residing in a singlet state 
normally quickly relaxes to the lowest vibrational energy level of the excited 
state before relaxing back to the ground state. However, the excited electron 
can also flip spin so that the two key electrons become unpaired, yielding a 
triplet state configuration (see figure 1). The radiationless transitions from 
the excited singlet state to the triplet state and from the triplet state to the 
ground state is often referred to as intersystem crossing.

The energy required, i.e. that of the absorbed photon, for an excitation 
from the ground state, denoted S0, to the first excited state, denoted S1, de-
pends on the energy difference between the two states. In addition, absorp-
tion of a photon by a fluorophore typically also result in transitions between 
the vibrational levels of S0 and those of S1. At thermodynamic equilibrium 
the vibrational levels of S0 are populated according to the Boltzmann distri-
bution meaning that most molecules are in the lowest vibration energy level 
of S0 at room temperature. Likewise, transitions from S1 to S0 frequently 
occur from the lowest vibrational level of S1, due to the fast relaxation from 
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Figure 2: Absorption (black line) and emission spectra (red line) of 
Fluorescein in an aqueous solution at pH 9.
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the higher vibrational energy levels of S1 (in the order of picoseconds) to the 
lowest level. The fast internal conversion from higher vibrational energy lev-
els in S1 to lower vibrational states combined with the predominant excita-
tion from the lowest vibrational state of S0 often results in a lower energy of 
the emitted fluorescence photons compared to the absorbed photons. This 
was the energy difference that G. Stokes observed, and which was termed 
the Stokes shift. A common way of visualizing how efficient absorption of a 
photon is for different photon energies is by an absorption spectrum, which 
shows the efficiency of absorption of a molecule at different wavelengths 
(see figure 2). However, absorption spectra of fluorophores measured at 
room temperature rarely shows the distinct vibrational levels, that maybe 
would be expected from the discussion above, but are rather smoothed due 
to broadening of the absorption lines. 

Fluorophores very often contain cyclic or linear conjugated hydrocarbon 
chains with unsaturated bonds (see figure 3b). A double bond consists of 
one so called σ-bond and one π-bond [13]. The π-bonds are formed by two 
p atomic orbitals overlapping laterally and the corresponding electrons are 
called π-electrons. The σ-bond is rotationally symmetric around the bond 
axis and is stronger than the π-bond. In conjugated systems the overlap 
of the π-orbitals delocalizes the π-electrons over the whole system, creat-
ing a π-electron system. The 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 
[11]. As a general guideline, the absorption and emission wavelength of a 
fluorophore is proportional to the length of the conjugated system.

a b

Figure 3: a) Chemical structure of benzene, the simplest cyclic conju-
gated hydrocarbon. b) Chemical structure of Fluorescein.
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Following excitation, the fluorescence process normally occurs in the or-
der of ns and is primarily limited by the spin-allowed transition of the elec-
tron from the excited singlet state to the ground singlet state. The associated 
fluorescence lifetime is the time constant of the fluorescence emission decay 
after excitation. In the absence of non-radiative decay from the excited state 
the fluorescence lifetime is given by the inverse of the relaxation rate from S1 
to S0, 1/k10, and is commonly called the intrinsic fluorescence lifetime. One 
and the same molecule can have different fluorescence lifetimes depending 
on the local environment of the molecule, since the local environment may 
affect the transition rates between the various electronic states. By taking 
advantage of the local environmental sensitivity of the fluorescence lifetime 
methods have been developed to map local variations of the environment in 
biological samples [14].

The triplet state

Transitions between the singlet state and the triplet states are spin-forbidden, 
since the total quantum spin number for the two key electrons in HOMO 
and LUMO changes from 0 to 1 or from 1 to 0. Nonetheless, transitions 
can occur if the spin-orbit coupling, i.e. interaction between the orbital and 
the spin magnetic moment, is strong enough [10, 15]. However, the prob-
ability of this intersystem crossing to occur is very low. The corresponding 
rates, kISC and kT, are therefore generally low compared to the relaxation rate 
from S1 to S0 (typically ~106 s-1 for fluorophores in an air-saturated water 
solution, compared to ~109 s-1 for the S0 to S1 relaxation rates). Because of 
the slow relaxation from the triplet entity the molecule has a long time to 
interact with solvent molecules surrounding the molecule, which favours 
non-radiative intersystem crossing to the ground state. In solid phase where 
interactions with solvent molecules are infrequent the molecule can stay up 
to minutes or hours in the triplet state. However, in aqueous solutions the 
intersystem crossing rates, kISC and kT, are efficiently enhanced in presence 
of molecular oxygen, O2 (by spin-orbit coupling or energy transfer) [12, 
16]. Dynamic quenching by oxygen of molecules in air-saturated aqueous 
solutions usually makes the yield for radiative transition, phosphorescence, 
from the triplet state to the ground state very low. 

The magnitude of the spin-orbit coupling in an atom is known to in-
crease with the atomic number. In fluorophores consisting of aromatic hy-
drocarbons the spin orbit coupling is small due to the light atoms that they 
consist of. The probability of a triplet to singlet state transition can be in-
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creased by substitution of atoms with higher atomic numbers, which is re-
ferred to as the internal heavy atom effect [17]. Fluorophores containing the 
heavy halogens, for example Erythrosin and Eosin, have proven to be useful 
for achieving high triplet state yields in phosphorescence spectroscopy [18]. 
Heavy atoms in the surrounding solvent can also enhance intersystem cross-
ing rates and is referred to as the external heavy atom effect [19].

Excitation to higher triplet states from the lowest triplet state can occur 
if the molecule absorbs another photon while remaining in the triplet state. 
While in a higher triplet state, transition from this triplet state to a higher 
singlet state is more likely than for the lowest triplet state to its correspond-
ing singlet state [20]. This is due to a stronger overlap in energy bands [21, 
22].

An electronic state model

In most fluorescence spectroscopic measurements, excitation to higher sin-
glet states or higher triplet states is improbable, especially excitation from 
S1 since the lifetime in this state is very short. A simplified electronic state 
model consisting of only the three of the electronic states of a fluorophore, 
namely S0, S1 and T1, is therefore normally sufficient at most excitation ir-
radiances relavant for fluorescence spectroscopy. Given the transition rates 
shown in figure 1, the probabilities that a fluorophore occupies one of these 
states at a time t and located at a position r is described by the following 
differential equations:

. (1) 
0 01 10 T 0

1 01 ISC 10 1

1 ISC T 1

S ( , ) ( , ) S ( , )
S ( , ) ( , ) - 0 S ( , )
T ( , ) 0 T ( , )

r t k r t k k r t
d r t k r t k k r t
dt

r t k k r t

     
           
          

The excitation rate k01 is given by k01(r,t)= σexcI(r,t), where I is the excita-
tion intensity and σexc the excitation cross-section, and the probability that 
the molecule is any of the three states is unity [S0(r,t)+S1(r,t)+T1(r,t)]=1.

At t = 0, before subject to excitation, all molecules can be regarded to be 
in the singlet ground state formulating the initial condition:
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0

1

1

S ( ,0) 1
S ( ,0) 0
T ( ,0) 0

r
r
r

   
      
      

. (2)

This initial condition applies to the situation within a fluorophore fol-
lowing a fluorescence photon emission at time t = 0, where the fluorophore 
molecule has entered into S0. It evidently also applies to fluorophores that 
have not been subject to excitation for a long enough time before t = 0, thus 
fully relaxed from S1, or from T1, back to S0. Applying the boundary condi-
tion of (eq. (2)) to the system of differential equations of eq. (1), and assum-
ing the excitation rate to be constant in time at location r, the probabilities 
of occupation of the different electronic states of a fluorophore located at r 
as a function of time, t, are given by:

(3)
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where the decay of the singlet state by fluorescence or internal conver-
sion is assumed to be much faster than either of the processes of intersystem 
crossing or triplet state decay, in other words k10>> kISC,kT . The eigenvalues 
λ1, λ2, and λ3 in eq. (3) are related to the relaxation modes of the population 
kinetics of the three states and are given by:
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1

2 10 01

01 ISC
3

01 10

0(r)

(r) (r)

(r)
(r) T

(r)

(k k )                                                     

k kk            
k k


  

 
    

. (4)

The first eigenvalue, λ1, is zero indicating that the populations in the 
three states will approach a steady state as t → ∞. This follows from the 
fact that the three state model constitutes a closed system assuming a con-
stant total population and no photobleaching (loss in fluorescent property). 
The second eigenvalue , λ2 , will be of high magnitude and represents the 
so called “antibunching” term [23] with the corresponding antibunching 
relaxation time τAB = 1/λ2. It is related to the time it takes until the popula-
tion of the two singlet states have equilibrated following onset of excitation 
after t = 0. The magnitude of the third eigenvalue, λ3, is related to the rate 
at which the build-up of the triplet state population takes place. Its inverse 
is normally referred to as the triplet relaxation time τT [24]. When k01 → 
∞, and at steady state then S0 → 0, S1→ kT/(kISC + kT) and T1 → kISC/(kISC + 
kT). The maximum achievable T1 is therefore set by the ratio between kISC 
and kT. 

For cases when not all molecules are in the singlet ground state at excita-
tion onset the expression in eq. (3) becomes more complex. The solution to 
eq. (1) for arbitrary starting populations is shown in paper I, where the case 
for modulated excitation is also demonstrated.
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Chapter 3

Confocal microscopy
Confocal scanning microscopy has become an invaluable tool in the life 
sciences for its ability to eliminate out-of-focus light and scattering, mak-
ing three-dimensional imaging of biological specimen readily available. The 
first confocal microscope is said to have been built in 1956 by Marvin Min-
sky, also known as the founder of artificial intelligence, when as a young 
researcher he wanted to improve the quality of optical brain images [25]. 
Although he never published his invention in a scientific journal he luck-
ily filed a patent for it in 1957 because of a persistent relative [25, 26]. 
However, there was little interest in his idea at the time and it would take 
20 years before the first use of the term confocal microscope appeared in a 
journal article [27]; by that time the patent was outdated.

The use of fluorescence as optical readout mode in biological confo-
cal scanning microscopy has become popular because of the specificity and 
sensitivity that fluorescence can offer. The high specificity of fluorescence 
techniques largely originates from the many different parameters, e.g., flu-
orescence spectra, fluorescence lifetime and anisotropy, which can be ex-
tracted from fluorescent molecules. In fluorescence measurements the back-
ground signal can be effectively suppressed since fluorescent molecules can 
be excited and emission detected at separate wavelengths (due to the Stokes 
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shift) very controlled. Th is makes fl uorescent techniques sensitive and low 
concentration measurements possible. Also, recent development in the fi eld 
of high-resolution fl uorescence microscopy [28-32] has made it possible 
to image objects with a close to molecular resolution using visible light, 
opening for new paths of biological studies. Th e wide range of fl uorescent 
marker molecules available for labeling biological specimens can be selected 
to target, e.g, specifi c organelles or membranes of cells. In addition, by the 
use of genetically encodable fl uorescent markers such as green fl uorescent 
protein (GFP) [33] or site-specifi c labeling techniques [34-36] it is now 
possible to label specifi c proteins inside cells, for protein localization and 
expression studies. 

objective lens

dichroic mirror

focal plane

excitation
source

tube lens

pinhole

detector

Figure 4: Illustration of the principles of a confocal fl uorescence micro-
scope. Th e excitation light is expanded by a telescope, refl ected by dich-
roic mirror, and focused by the objective into the sample. Th e fl uores-
cence from the sample is collected by the objective lens, passes through 
the dichroic mirror, is focused by a  tube lens into a pinhole, and subse-
quently focused onto the detector (adapted from [38]). Th e out-of-focus 
light is eff ectively restricted by the pinhole (see dashed lines).
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In a typical confocal fluorescence microscope, the light of a laser is fo-
cused by an objective lens to a very small spot in the plane of focus and used 
for excitation of fluorophores (see figure 4). The size of the focused laser 
beam normally depends on the wavelength of the light, the width of the 
light beam and how collimated it is before the objective lens, as well as on 
the properties of the lens. The very smallest focus achievable is called a dif-

objective
lens

sample plane

tube
lens

scan
lens

y-scanner

x-scanner

dichroic
device

detector

filter

beam expander

laser

Figure 5: Simplified drawing of the principles of a typical confocal 
laser scanning microscope. By tilting the scan mirrors the position 
of the beam after the objective is moved, making it possible to 
cover the sample with excitation. Since the scan mirror affect the 
excitation and emission beam equally the pinhole can be in a fixed 
postion (adapted from [38]).
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fraction limited focus, which has a beam waist diameter, d, given by:

1.22d
NA


 (5)

where λ is the wavelength of the excitation light and NA the numerical 
aperture of the objective lens. The distribution of the light in the image 
plane from a point source in the focal plane is called the point spread func-
tion (PSF). Since the light has to travel to and from the focal plane, the 
illumination is not limited to a single plane in the sample and the detector 
may therefore detect emitted light from all parts of the sample that are il-
luminated. To discriminate the detection to a region close to the focal plane, 
a pinhole is placed in the plane that is conjugate to the in-focus plane. This 
effectively restricts out-of-focus light [37], as shown in figure 4.

By scanning the illumination over the sample or vice versa an image of 
the sample can be formed. It is often advantageous to scan the illumination 
if a biological specimen is under study, because of the risk of the sample 
shaking if it is scanned with a stationary illumination beam. The most com-
mon method for illumination scanning is based on using two oscillating 
mirrors to deflect the angle of the light beam going into the specimen; this 
is the basic principle of a laser scanning microscope (see figure 5) [39]. One 
of the mirrors scans the illumination and detection along the fast axis (ei-
ther the horizontal or vertical direction), and the other mirror does so along 
the slow axis until the complete two-dimensional image is collected. For a 
three-dimensional image stack the focus is stepped up or down vertically 
after each acquired two-dimensional image. The speed of the scanning is 
highly limited by how fast the mirrors can move. However, it is not always 
advantageous to scan fast. Fast scanning means that a short time is spent 
in every point and thus the number of photons emitted and detected from 
each point will be small. 
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Chapter 4

Fluorescence correlation 
spectroscopy
Background

Fluctuations of different origins are present at all times on the macroscopic 
and microscopic level. However, the microscopic fluctuations, like those of 
the number of molecules in an observation volume in an aqueous solution 
where molecules are diffusing into and out of the volume, tend to cancel 
out in macroscopic systems in equilibrium because of the high number of 
molecules present. Now, if the observation volume is kept small enough, or 
if the concentration of molecules is very low then these fluctuations will also 
become significant. Thus, the fluctuations can yield information about the 
parameters causing the fluctuations, in this case the number of molecules 
in the observation volume. The history of fluctuation analysis dates back to 
the beginning of the 20th century when Svedberg and Inouye studied the 
number fluctuations of gold colloidal particles in an observation volume 
using light scattering and the ultra-microscope1 [40]. Theoretical models 

1  The ultra-microscope was developed by Richard Adolph Zsigmondy in 1903 
and was used to illuminate colloidal particles with an intense beam of light ori-
ented perpendicular to the microscope’s optical axis.
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based on work done by von Smoluchowski were used for the analysis [41]. 
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 
different times. The data were fitted to the expected Poissonian distribu-
tion

( )
!

N NN e
f N

N



 (6)

, where f is the probability of finding N particles in the volume, and <N> 
is the time-average of the number of particles in the volume. Using this ap-
proach they were able to determine the average number of colloidal particles 
in the volume. Since then, an increasing number of measurement tech-
niques using fluctuation analysis to determine different properties has been 
developed. In the beginning of the 1970s, fluorescence correlation spectros-
copy (FCS) [42-45] started being used to analyze the fluorescence intensity 
fluctuations originating from fluorophores in an observation volume. Even 
though FCS was further developed in following years, it remained relatively 
unpopular due to low signal-to-noise ratios. The poor signal-to-noise ratios 
mainly derived from large observation volumes, which led to many mol-
ecules being studied simultaneously and small relative fluctuations. When 
R. Rigler et al. introduced the confocal FCS setup in the beginning of the 
1990s the observation volume could be  drastically decreased, increasing 
the signal-to-noise significantly and making FCS a effective tool in the life 
science [5, 8]. Today, the FCS technique continues to develop, e.g., with 
higher time resolution [46], higher optical resolution by reduction of the 
observation volume [47, 48], total internal reflection FCS (TIR-FCS) [49, 
50], dual-focus FCS [51, 52], parallelized FCS [53], and FCS in living cells 
[54]. 

The FCS setup

A typical confocal FCS setup consists of a confocal microscope with a pair 
of highly sensitive detectors with high time resolution, normally avalanche 
photo-diodes (APDs) or photomultiplier tubes (PMTs) (see figure 6). The 
pair of detectors circumvents effects of afterpulsing and detector dead-time 
by cross-correlation of the signals (see page 26). A laser is used for illumina-
tion of the sample and expanded to different degrees before the microscope 
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objective in order to get the desired size of focus. Th e fl uorescence from the 
excited molecules in the excitation volume is collected by the same micro-
scope objective, subsequently transmitted through a dichroic mirror and 
focused through a pinhole. Th e size of the observation volume is defi ned 
by the size of the pinhole and excitation focus. Th is volume can be in the 
range of femtoliters if the excitation beam is focused to a diff raction limited 
spot in the sample plane with a high numerical aperture objective lens and 
using a small pinhole. After the pinhole the fl uorescence is split and focused 
on the two detectors. In order to minimize background from Rayleigh scat-
tered light and Raman scattering resulting from the excitation light, emis-
sion fi lters are normally placed in the beam path between the detectors and 
the dichroic mirror. Th e signals from the detectors are commonly analyzed 
using specialized correlator hardware or collected by data-collection cards. 
Th e latter allows post-processing of the photon traces and the freedom to 
manipulate the data.

objective lens

dichroic mirror

beam splitter

focal plane

laser

tube lens

pinhole

detector

detector

correlator

Figure 6: Sketch of a typical confocal FCS setup.
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The auto correlation function for translational 

diffusion

In FCS the analysis of the fluorescence fluctuations is performed by calcu-
lation of the normalized auto correlation function, or more explicitly the 
normalized auto-covariance of the fluorescence intensity [55]:

(7)
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where I(t) is the detected fluorescence intensity at time t, τ the correla-
tion time the brackets denote the time average so that:

(8)
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and δI = I(t)-<I(t)> is the intensity deviation from the time average of 
the intensity <I(t)>. The correlation function, G(τ) reflects the probability 
to detect a new photon from the same molecule after a photon has been 
emitted at τ = 0. 

Practically any dynamic process that is reflected in the fluorescence in-
tensity can be studied by FCS. The most obvious fluctuations in fluores-
cence intensity are caused by changes in molecular concentration within 
the observation volume. Typically, they result from diffusion of molecules 
through the observation volume. Fluctuations in the fluorescence intensity 
can also arise from fluorophores undergoing chemical reactions while pass-
ing through the observation volume, singlet-triplet transitions, association-
dissociation processes, and rotational dynamics of the fluorophores.

If the fluorescence fluctuations originate from changes in local con-
centration within an open observation volume V and the emitted fluores-
cence from the fluorophores is proportional to the excitation intensity it is 
straightforward to derive an analytical expression for eq. (7). A brief deriva-
tion is presented in the following paragraphs (for a complete derivation see 
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[55]-[56]).

The detected fluorescence intensity by the detectors can be described 
by:

V

I(t) Q p(r)C(r,t)dV  . (9)

Here p is the product of the collection efficiency function (CEF), which 
describes how efficiently fluorescence at a point in the sample is detect-
ed, and the excitation intensity, Iexc(x,y), and C(r,t) is the concentration of 
fluorophores. Q is a factor that equals σexcqΦf, where σexc is the excitation 
cross section, Φf the fluorescence quantum yield of the fluorophores and q 
the efficiency of detection of fluorescence emitted from the center of the 
laser focus. The excitation illumination profile is approximated by a three-
dimensional Gaussian distribution:

(10)
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where the peak intensity is I0 in the center of the focus, and ω1 and ω2 
denote lateral and axial radius where I0 has dropped by a factor of 1/e2, 
respectively. If the fluorescence intensity in eq. (9) is inserted into eq. (7) 
then:

(11) 
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where δC(r,t)=C(r,t)-C is the fluctuation of the concentration around 
the equilibrium mean concentration C. r’ and V’ corresponds to the posi-
tion in space and volume at time t + τ. Since only diffusion of molecules 
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into and out of the open volume is considered here (see above) the fluctua-
tion in the concentration is governed by Fick’s second law of diffusion:

2( , ) ( , )d C r t D C r t
dt

   (12)

where D is the diffusion coefficient of the fluorophore. 

If it is assumed that there is no interaction between the molecules and 
that the concentration of molecules obeys Poissonian statistics (eq. (6)) then 
the expression for the auto correlation function for a single species of fluoro-
phores can be derived [43, 57]:

 1 1 2

2 2
1 2

1 1 1) 1 1
4 41 1

D/G( G
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. (13)

In eq. (13) D is the diffusion coefficient of the molecules and N is the 
average number molecules in the observation volume over time. The diffu-
sion time is defined as the average time it takes for a molecule to laterally 
diffuse through the focus:

2
1

4D D
  . (14)

Chemical kinetics with FCS

Fluctuation processes other than concentration fluctuations, for example 
caused by a chemical reaction of the fluorophore with another molecule 
so that the fluorophore turns in a transient dark state, will overlay those 
caused by molecules diffusing into and out of the observation volume. In 
the beginning of the 1970s, D. Madge, E. Elson and W.W. Webb presented 
the theory and basic concepts for the study of chemical kinetics using FCS 
[42-44]. The concept was more generally treated by A.G. Palmer and N.L. 
Thompson in the late 1980s [58]. With the introduction of the confocal 
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FCS setup, dramatically increasing signal-to-noise levels, it became easier 
to analyze fluorescence fluctuations arising from processes other than dif-
fusion. This has led to a large range of studies, e.g., on triplet state kinetics, 
charge transfer reactions and protonation kinetics using FCS [24, 59, 111]. 
In order to be able to gain information about a chemical reaction in FCS 
either the diffusion properties has to be changed or there must be a change 
in the fluorescence quantum yield or excitation cross-section of the fluores-
cent species in the reaction. 

A unimolecular reversible reaction where a molecule can be in a state A 
and a state B is described by:

A

B

k

k
A B (15)

where kA and kB is the forward and backward rate constant in the reac-
tion. It can be shown that the full auto correlation function for a fluorescent 
species undergoing the reaction in eq. (15), of which is faster than the trans-
lational diffusion through an observation volume, is [55, 58]:

         AA BB AB BA 1G G G G G         (16)

Here,

G(τ)

I(t1+τ)I(t1)

<I>

τD

τ

I(t
)

time(t)

a b c

Figure 7:  a) Illustration of fluorophores diffusing through the observation 
volume. b) Detected fluorescence intensity from fluorophores passing the ob-
servation volume. <I> indicates the average fluorescence intensity. c) Simu-
lated FCS curve.
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where GD(τ) is defined in eq. (13) and it is assumed that the diffusion 
coefficients of the two species is the same, CA and CB are average concentra-
tions of species A and B in the observation volume with effective size V, QA 
and QB the fluorescence brightness (see eq. (9)) of species A and B, and Nm 
apparent number of molecules in the observation volume:

2
A BA B

m 2 2
A BA B

C Q C Q
N V

C Q C Q

  


. (20)

Eq. (20) describes how the apparent number of molecules in the ob-
servation volume depends on the brightness and concentration of the two 
species.

Suppose one of the species is fluorescent and the other not so that QA > 
0 and QB = 0, then eq. (16) simplifies to:
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. (21)

The fractions FA and FB denote the relative concentrations of the respec-
tive species, NA the average number of molecules of species A in the observa-
tion volume and kA+kB the relaxation time of the reaction. 
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The reversible transition to the triplet state from the singlet entity can be 
regarded unimolecular reaction where the singlet entity, S, is fluorescent and 
the triplet entity, T, completely non-fluorescent:

'
ISC

T

k

k
S T (22)

where kISC’ is the apparent intersystem crossing rate which depends on 
the excitation rate k01 and relaxation rate k01 according to:

ISC
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(23)

For a fluorophore diffusing through the observation volume and un-
dergoing transition to and from the triplet state according to eq. (22) the 
normalized auto correlation function becomes [24]:

 1) 1 1
1

T/
DG( G ( T Te )

N( T)
   


(24)

where T is the mean fraction of the molecules in the triplet state,τT 
= 1/(kISC’+kT) the triplet state relaxation time given by eq. (4), N the to-
tal number of molecules in the observation volume and thus N(1-T) the 
number of molecules in the singlet states (S0 or S1).

For a fluorophore that is reversibly protonated, assuming that the proto-
nated state is completely non-fluorescent, the normalized auto correlation 
function takes the form [60]:

  /1( ) (1 ) 1
(1 )

p
DG G P Pe

N P
      


(25)

where P describes the mean fraction of molecules in the protonated state 
and τp the protonation relaxation time of the protonation reaction.

It is common that fluorophores display a range of fluorescence fluctua-
tions of different origin at the same time in different time regimes. A pH 
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sensitive fluorophore can for example undergo singlet-triplet transitions and 
be reversibly protonated while diffusing through the observation volume. 
This complicates the analysis, especially if the processes overlap in relaxation 
time. However, if the two processes are enough separated in time then the 
auto correlation function can be written [20]:

  //1( ) (1 ) 1
(1 )

pT
DG G T P Te Pe

N T P
         

 
. (26)

Cross-correlation

If two detectors are used in a FCS measurement then the photocurrents 
from two detectors can be cross-correlated according to:
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Figure 8: Simulated FCS curve for a solute undergoing three-dimen-
sional diffusion through an observation volume with a diffusion time 
τD. The fluorescence flicker due to the singlet-triplet process, with the 
relaxation time τT, is visible as an additional component in the FCS 
curve. For short times, τ << τT, the correlation decreases compared to 
the maximum amplitude due to antibunching (see eq. 6).
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where I1(t) and I2(t) describes the detected fluorescence intensities from 
the first and second detector. There are a few important advantages that 
come with cross-correlation of two signals in FCS. The dead-time of the de-
tectors can be circumvented, which makes it possible to study processes in 
the sub-microsecond time range, as well as afterpulsing in detectors inher-
ent from the detection of a photon. By cross-correlation of the signals from 
two detectors set to detect two different wavelength regions, it is possible to 
study namely the binding of two different fluorescent species, or dual-color 
FCS [61]. In such an arrangement the sample is illuminated by two over-
lapping foci of the two lasers selectively exciting the two different species. 
The fluorescence from the two species is then detected by two separate de-
tectors. A variant of dual-color cross-correlation FCS is presented in paper 
VI, where a dual excitation and detection scheme was used for the study of 
proton exchange of a ratiometric pH-sensitive fluorophore. 
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Chapter 5

Monitoring photoinduced 
transient dark states
Photoinduced transient dark states are exhibited by almost all common 
fluorophores. These states can, e.g., be a triplet state or a trans/cis state 
of a fluorophore. The lifetimes of photoinduced transient dark states of 
fluorophores are usually ~10-6-10-3 s, which is ~103-106 times longer than 
the lifetime of a singlet excited state of a fluorophore. The long lifetime of 
these states often make them very sensitive to their local environment, since 
they have a long time to interact with solvent molecules and the immediate 
environment surrounding the fluorophore. Their kinetics can thus change 
considerably due to small changes in accessibility of quencher molecules 
or microviscosities, reflecting for example, a biomolecular interaction. In 
paper I and II, concepts are presented for how triplet state kinetics, and 
kinetics of other photoinduced transient dark states, can be obtained from 
the time-averaged fluorescence intensity of fluorescent molecules subjected 
to temporally modulated illumination. These techniques are not limited by 
concentration or fluorescence brightness of the fluorophores, still the tech-
niques benefit from the single molecule sensitivity of the fluorescence.
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Methods for obtaining triplet state kinetics

Traditionally, monitoring of triplet state kinetics has been performed by 
phosphorescence spectroscopy, transient absorption spectroscopy and FCS. 

Transient absorption spectroscopy is a well-established technique [62], 
where various states are monitored via their absorption by a separate prob-
ing light beam, following a pulsed excitation. However, for many com-
pounds, the absorption spectra of the transient states can often overlap with 
other photoinduced states, making it difficult to separate them from one 
another.

In phosphorescence spectroscopy, the emission originating directly from 
the long-lived first excited triplet state (phosphorescence) is used for de-
termining the triplet state kinetics [63, 64]. The probes of choice in phos-
phorescence spectroscopy are often Fluorescein derivates substituted with 
heavy atoms since they display a considerable yield for intersystem crossing. 
However, tryptophan phosphorescence has also been used to obtain both 
structural and dynamical information on biological macromolecules [65]. 
By virtue of its long decay time, phosphorescence is well suited for monitor-
ing slow rotational motions and to probe subtle changes in environmental 
conditions (viscosities, accessibilities of quenchers, polarities etc.).  How-
ever, coupled with the long-lived emission is also the susceptibility of the 
triplet state to dynamic quenching by oxygen and trace impurities, which 
can be circumvented only after elaborate and careful sample preparation. 
This artefactual quenching not only shortens the triplet lifetime, but makes 
the phosphorescence almost un-detectable. Therefore, monitoring of phos-
phorescence is largely restricted to deoxygenized, carefully prepared sam-
ples, and has been exploited only to a rather minor extent.

Fluorescence fluctuation analysis with FCS has been shown to be fea-
sible for studying the triplet state kinetics by analyzing the fluorescence 
fluctuations caused by the singlet-triplet transitions [24, 66], and also a 
range of other photoinduced transient dark states [59, 67, 111]. Among the 
advantages with FCS are the high sensitivity in the measurements, due to 
the fluorescence read-out, and the simplicity and the relatively cheap setup 
needed. The point detectors (avalanche photodiodes and photo-multipliers) 
that are mostly used in FCS for detection offer the high time-resolution 
needed for the study of photoinduced transient state processes but makes 
it difficult to parallelize the approach. Parallelized monitoring of, e.g., the 
triplet state kinetics would offer new opportunities for screening of biomol-
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ecules, by utilizing the environmental sensitivity of the triplet state kinetics 
in an automized fashion.

Temporal modulation and triplet state kinetics

The fluorescence emission, F, from a group of fluorophores is directly pro-
portional to the fraction of fluorophores in the excited singlet state, S1:

10 f 1F k S  (28)

where k10 is the relaxation rate from the excited singlet state and Φf is 
the fluorescence quantum yield. If the electronic states of a fluorophore are 
described by simply a singlet excited state and a singlet ground state with 
respective steady state fractions S1 and (1-S1) then at steady state k01(1-S1) = 
k10S1,  where k01 is the excitation rate. This equation yields a steady state frac-
tion S1 = k01/(k01+k10). The fraction of S1 is therefore set by the ratio between 
k01 and k10, and approaches 1 for very high excitation rates. However, since 
many fluorophore have a tendency of intersystem crossing from the singlet 
excited state to the triplet state the fraction of molecules in excited state is 
highly dependent on the transition rates to and from the triplet state, kISC 
and kT, and a saturation of S1 can thus be reached at much lower excitation 
rates than if no intersystem crossing can occur. The relationship between the 
singlet excited state fraction and the transition rates as a function of time for 
a three-level electronic state system is described by eq. (3). A simulation of 
S1(t) after onset of excitation at time 0 is shown in figure 9. 

In figure 9 it can be seen that the singlet excited state fraction quickly in-
creases after excitation onset followed by a gradual decrease due to build-up 
of a population of molecules in the triplet state. If the excitation is stopped 
before a large fraction of molecules has entered into the triplet state it is 
clear that the time-averaged fraction of molecules in S1 during excitation is 
higher compared to cases when the excitation is stopped if a large fraction 
of molecules already reside in the triplet state. The time-averaged fraction 
of molecules in the excited state, or equivalently the average fluorescence 
intensity during the excitation, is therefore highly dependent on the time 
that the excitation occurs. In paper I this dependence was exploited for the 
determination of the triplet state rates, kISC and kT, of the fluorophore rhod-
amine 6G (see figure 10 for a schematic representation of the approach). 
The excitation light was modulated with varying pulse durations and pulse 
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periods in the range of the triplet relaxation time and the time-averaged 
fluorescence intensity from the sample was detected for each pulse train, 
with a given pulse duration and pulse period. Using a recursive analytical 
expression for how the fluorescence intensity depends on the pulse duration 
and pulse period it was possible to extract the kinetic information of the 
triplet state. However, in order to determine the triplet state rates it was im-
portant to know the k01 and k10 rates. These were obtained in paper I from 
measurements of the excitation power after the objective and size of focus 
(yielding k01), and measurement of the fluorescence lifetime (yielding k10), 
respectively. It is important to note that the expression in eq. (3) assumes 
that all molecules reside in the ground state when the excitation starts. This 
is not fully valid when the separation between excitation pulses approaches 
the time range of the triplet state relaxation, τT.

An illustration of how the fluorescence emission from a group of fluoro-
phores depends on the pulse width for a train of excitation pulses is shown 
in figure 11. The average fluorescence emission is lower for a pulse train 
with short pulses compared to a pulse train with longer pulses. However, 
the emission during the pulses is higher for the pulse train with shorter puls-
es due to lower time-averaged triplet state populations. As discussed, not 
only the pulse width affects the fluorescence emission when the excitation is 
on but also the separation between the excitation pulses. If the separation is 
long enough then all molecules have time to relax to the singlet ground state 

10-10 10-8 10-6 10-4 10-2
0
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time(s)

Figure 9: Simulation of the development of the fraction of molecules in 
the excited singlet state, S1, after excitation onset at time 0, indicating 
the build-up of a fraction of molecules in the triplet state (rate param-
eters in the simulation: k01 = 7.9 × 106 s-1, k10 = 2.6 × 108 s-1, kISC = 8.0 × 
10-6 s-1, and kT = 0.5 × 106 s-1). The dashed lines indicate examples where 
the excitation is stopped.
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before the next excitation pulse arrives, with higher fluorescence intensity 
during excitation as a result. The steady-state fraction of molecules in the 
triplet state, T, for a constant excitation rate is given by:

,max

,min
1 exc

exc

FT
F

  (29)

where Fexc,max is the average fluorescence intensity during the long (>> τT) 
excitation pulse and Fexc,min  the corresponding intensity for the short  (<< 
τT) excitation pulse.

Since the time-averaged fluorescence intensity is detected in a measure-
ment with the modulation approach the detectors can be of relatively sim-
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Figure 10: Schematic representation of the concept presented in paper 
I. The excitation light from a laser, modulated by an acousto-optic mod-
ulator (AOM), excites a sample containing fluorophores. Fluorescence 
emission is detected by either an APD detector or a CCD camera.
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ple design and with a low time resolution. Th e possibility of using detectors 
with low time resolution was shown in paper I by the use of a charge cou-
pled device (CCD) instead of an avalanche photo diode (APD), as com-
monly used in FCS measurements. In FCS measurements a high detection 
time resolution is needed for the determination of fast triplet state kinetics, 
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Figure 11: a) and b) displays the relationship between pulse duration, w, 
and pulse period, T, and the time-averaged fl uorescence, F. Th e normalized 
fl uorescence intensity and the triplet state fraction is shown in c) with respect 
to the width of the excitation pulses.

Figure 12: Overlaid measurements on rhodamine 6G in 
an aqueous solution with 5 mM KI using APDs and a 
CCD. Th e lines show a fi t to the APD measurements 
using the model presented in paper I. Th ree fl uorescence 
intensity images, as seen by the CCD, is shown in false 
colour scale.
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which excludes the possibility of using CCD cameras for detection. The 
advantages of CCD detectors are that they are reasonably cheap, highly sen-
sitive, and that they allow parallelized detection, since they consist of a ma-
trix of detector elements. In figure 12 measurements with the modulation 
approach using a CCD and an APD are compared. These measurements 
shows no significant differences in normalized fluorescence. 

Determination of triplet state kinetics or kinetics of other photoinduced 
transient states by time-modulated excitation has several advantages over 
corresponding measurements by FCS, in particular the simplicity and possi-
bility for parallelization. However, the method also has disadvantages. Since 
only the average fluorescence intensity is detected the measurements and 
analysis are very prone to changes in the concentration and photobleach-
ing of fluorophores during the measurement. These effects can be corrected 
for to some extent by acquiring reference measurements in-between each 
pulse train but events occurring during the excitation are more difficult to 
correct for. In FCS changes in concentration and photobleaching of fluoro-
phores during the measurement do not normally affect the analysis of the 
triplet state kinetics, since the fluctuations due to singlet-triplet transitions 
are faster than the time-scale of concentration changes and photobleaching. 
However, if the concentration of fluorophores during the measurement can 
be kept constant, the absolute concentration in a measurement with the 
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Figure 13: Comparison between 10 nM (open symbols) 
and 10 μM (filled symbols) rhodamine 6G with 2 mM 
KI. Lines are only connecting data points. Inset shows the 
triplet rates from a concentration series ranging from 10 
nM to 10 μM.
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modulation approach does not affect the determination of the triplet state 
kinetics. The concentration range of fluorophores that can be used is in 
principle unlimited, but in practice limited by the detector sensitivity and 
quenching effects between individual molecules [68]. One advantage in us-
ing a high dye concentration is that the background from ambient and scat-
tered light is relatively small compared to the fluorescent signal, which gives 
a higher signal to noise ratio. On the other hand, using high concentrations 
also means that much more sample is needed, which may be disadvanta-
geous for biomolecular studies where often sparse amounts are available. In 
figure 13 a comparison between measurements with high and low concen-
tration is shown. The obtained rate constants from the concentration series 
shows no dependence on the fluorophore concentration.

In figure 14 the potassium iodide (KI) dependence of kISC is shown for 
five different KI concentrations ranging from 0 mM to 5 mM, determined 
by the time-modulated excitation approach in paper I and by FCS. The 
intersystem crossing rates for a fluorophore in an aqueous solution are ex-
pected to increase with addition of potassium iodide (KI) due to collisional 
interaction between the fluorophore and the heavy ion iodide, i.e. the heavy 
atom effect (see Chapter 2). The linear dependence between the intersystem 
crossing rates and concentration of KI can be written:
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Figure 14: The intersystem crossing rates, kISC, for rhod-
amine 6G at different KI concentrations measured by 
FCS (squares) and by the modulation method (circles).
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where kISC
0 and kISC

0 are the intersystem crossing rates without presence 
of KI, KQISC and KQT are the quenching constants of KI for the S1→T1 and 
T1→S0 transitions, respectively.

Transient state imaging by laser scanning 

microscopy

It has recently been observed and pointed out that fast scanning can yield 
higher fluorescence intensities in confocal scanning microscopy [69-71]. 
The increase in fluorescence intensity has been attributed to a lower degree 
of photobleaching of fluorophores and lower triplet population buildup for 
fast scanning of the illumination. However, this effect has not been used in 
a quantitative manner as a contrast mechanism in microscopy. In paper II, 

Figure 15: Scanning of a laser beam over a sample exposes fluorophores in 
the sample to a pulse, the duration of which is proportional to the width of 
the beam and inversely proportional to the scan speed. A high scan speed 
(dashed line) yields a shorter effective excitation time than a low scan speed 
(solid line).
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a method for monitoring local environmental differences of fluorophores 
through the contrast between fast and slow scanning is presented. 

The time-averaged fluorescence intensity from a group of fluorophores 
during constant excitation only depends on the effective experienced ex-
citation time by the molecules. Evidently, the time-modulated excitation 
experienced by a stationary sample (cf. paper I) can also be generated by 
translation of the sample with respect to the excitation, or vice versa (see 
figure 15). In this way, the excitation need not be idle, and in particular for 
low duty cycle excitation a larger sample volume can be interrogated within 
the same period of time.

In a typical fluorescence confocal microscope a laser is used for excita-
tion of fluorophores (see Chapter 3). The light from the laser is focused by 
an objective into the sample and fluorescence collected by the same objec-
tive (epi-illumination). A pinhole in the fluorescence emission beam-path 
restricts detection of light to a small point in the sample (detection volume), 
which depends on the size of the pinhole and the spatial distribution of the 
excitation light (see figure 4). In paper I this type microscope was used and 
the excitation was modulated by use of an AOM. The fluorophores conse-
quently experienced the modulated excitation while diffusing through the 
detection volume. An alternative to temporally modulating the excitation is 
to translate the excitation over the sample at different speeds, as in a confo-
cal laser scanning microscope (see figure 5). This was exploited in paper II 
and used for triplet state imaging of immobilized liposomes with different 
internal environments. In this way, environmental differences inside the li-
posomes, not clearly distinguished by traditional fluorescence parameters 
(for example fluorescence intensity), were clearly reflected in the triplet state 
population of the fluorophores and in the images thereof.

Scanning an excitation beam over a sample is for an individual fluoro-
phore equivalent to temporally modulating the excitation:

px
exc

xy xytt
v x
 

 


(31)

where texc is the effective excitation time, ωxy the radius of the excitation 
beam, and v the scan speed. v can be expressed in terms of the pixel dwell 
time, tpx, and the pixel width, Δx. The pixel dwell time is the characteris-
tic time spent within each pixel during scanning. Faster scanning is thus 
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comparable to shorter pulse duration (cf. paper I) and yields higher average 
fluorescence intensity than slow scanning. In an LSM, the scanning mirrors 
affect excitation and detection pathways equally and fluorescence is always 
detected from the excited volume (see figure 5). Hence, in contrast to the 
temporally modulated case no periods without excitation need to be taken 
into account when calculating the average fluorescence intensity during ex-
citation. For a sample imaged at maximal scan speed, with the shortest pixel 
dwell time tpx,min, and at slower speed, with a longer pixel dwell time tpx, the 
ratio of the fluorescence intensities in each point is given by:
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where F(t) is the fluorescence intensity and F  is the time-average of the 
fluorescence intensity for the pixel dwell time. If tpx,min yields an effective ex-
citation time much shorter than τT and tpx an effective excitation time much 
longer than τT, R(tpx) will reflect the steady state triplet population, T:

     
 exc px T exc px, min

px

eq. 1 11
eq. 5 ( )

t t t t T
R t


      
  

. (33)

In figure 16 transient state images reflecting the triplet state popula-
tions of immobilized liposomes enclosing the fluorophore rhodamine 110 is 
shown. The series of images in figure 16 illustrates the effect of the removal 
of oxygen on the triplet state lifetime. The images were acquired as series 
with alternating fast and slow scanning (tpx,min = 0.8 μs and tpx = 12.8 μs, 
respectively), started and ended by an image acquired with fast scanning. 
In the non-composite images in figure 16 the ratio R(12.8 μs) was formed 
by dividing the intensities in each pixel of the image acquired from the fast 
scans with the corresponding intensities from the slow scan. In the com-
posite image the colors represents the values as in the non-composite image 
and the brightness set to be proportional to the square of the inverse rela-
tive error of the calculated intensity ratios. Figure 17 displays a histogram 
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with the intensity ratios, R(12.8 
μs), for the sample in fi gure 16. 
In conclusion, the clear diff er-
ence in intensity ratios in fi gure 
16 and 17 depending on the 
time of deoxygenation shows 
the possibility to monitor local 
oxygen concentration.
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Figure 16:  Transient state images 
in the left column and their cor-
responding com posite images on 
the right. From top to bottom: 
Sample of immobilized liposomes 
containing rhodamine 110 sur-
rounded by air and after 10, 30 
and 60 minutes in argon atmos-
phere. Th e triplet population 
clearly increases with decreasing 
oxygen concentration. 

Figure 17:  Histogram of 
intensity ratios, R(12.8 μs), 
for liposomes containing 
rhodamine 110 in air at-
mosphere and after diff erent 
amount of time of deoxy-
genation with argon.
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Chapter 6

Proton transfer at the 
membrane-water interface
Proton transfer reactions play a central role in many biochemical reactions 
and in the maintenance of the transmembrane proton electrochemical gra-
dient involved in cellular bioenergetics. Understanding how protons (hy-
dronium, H3O

+) move and are transferred in a biological environment, e.g., 
within proton pumping proteins or along biological membranes, is there-
fore of great importance. 

In living organisms the energy metabolism commonly involves translo-
cation of protons across biological membranes through specific membrane-
spanning proteins, thereby generating a proton-motive force (Δp):

( ) (2.3 / ) pHp mV RT F     (34)

where ΔΨ is the electrical potential, R is the gas constant (JK-1mol-1), 
T is the absolute temperature (K), F is the Faraday constant (Cmol-1) and 
ΔpH is the pH difference between the two bulk solutions on either side of 
the membrane. The pH gradient and thus the proton-motive force is used 
by, e.g., the membrane-protein ATP-synthase for the production of ATP, 
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which in turn is used as a source of energy in cells [72]. 

The traditional model for membranes of cells describes the membranes 
as a passive barrier between the interior and exterior of the cell not affecting 
the proton-motive force (delocalized coupling) [73]. However, evidence in-
dicates that the scenario is more complex and that both the membrane sur-
face and the water layer near the surface play major roles in the process [74, 
75].  One interesting finding in this respect is that alkaliphilic bacteria, such 
as Bacillus firmus, live in environments having up to 3 units higher pH than 
that of the bacterial cytosol. As the electrical potential ΔΨ in those bacteria 
hardly increases over 200 mV [76], the proton-motive force has a value of 
around zero, meaning that production of ATP is not possible. Therefore, 
the energetics of the alkaliphilic bacteria cannot be explained through the 
assumption of a passive role of the membrane. Various models have been 
put forward to clarify this as well as other findings involving proton transfer 
along the surface of the membrane and slow equilibration with the bulk 
solution. Accordingly, proton-consuming membrane-proteins would expe-
rience a higher proton concentration than that in the bulk solution. 

In membrane-spanning proton transporters, such as bacteriorhodopsin 
and cytochrome c oxidase, it has been observed that the rates by which these 
transporters take up protons are faster than that limited by proton diffu-
sion in water [77]. Based on these observations, it has been hypothesized 
that these proteins have a proton collecting antenna on the surface of the 
protein, consisting of negative and buffering groups, aiding the uptake of 
protons [78-80]. Moreover, evidence has been presented indicating that the 
membrane itself also can contribute to the proton collecting antenna. These 
ideas have been further theoretically developed in several publications [81, 
82]. More recently, by use of FCS, increased protonation exchange rates 
could be directly observed at membrane interfaces for single fluorophores 
conjugated to small uni-laminar vesicles (SUVs) (paper III and paper IV) 
and for single fluorophores conjugated to membrane reconstituted cyto-
chrome c oxidase (paper V). In paper III and paper IV it was observed that 
even though the diffusion coefficient of protons on the membrane surface 
was lower than the diffusion coefficient in the pure water, an enhanced 
protonation exchange rate was possible. In water protons are known to dif-
fuse with a diffusion coefficient of DH

+ = 9.3 × 10-5 cm2s-1 [83]. This is 
much faster than any other ion of comparable size. However, the actual 
mechanism behind the diffusion of protons in water has been and is still 
debated. The traditional way of describing proton diffusion in water is by 
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the so called Grotthuss mechanism1 where protons are transferred by alter-
natingly forming and breaking the hydrogen bonds in liquid water [84, 85]. 
Thus, the proton is not transferred bodily from one point in space to the 
other but is rather continuously exchanged along the path. Proton diffusion 
on membrane surfaces has been studied extensively in order to conclude 
whether   the diffusion coefficient differs at the membrane-water interface 
compared to within a water solution. Interestingly, the range of determined 
values for the diffusion coefficients for protons at membrane-water inter-
faces ranges between ~10-5 – ~10-7 cm2/s [86-89]. It is important to note 
is that these studies were carried out using very different techniques and 
membrane compositions. 

Proton diffusion on biological membranes

Understanding how protons migrate along biological membranes, as well 
as the functional mechanism of proton pumping proteins, has led to the 
development of several methods for studying protonation kinetics and dif-
fusion. Many of these methods have been and are based on fluorescence 
spectroscopy, because of the high sensitivity and specificity of fluorescence 
as optical readout. 

Detection of protons via a pH-sensitive fluorophore after injection of 
acid was used by Teissie and Prats et al. to monitor proton conduction on a 
polar lipid monolayer [90, 91]. The spreading of the protons was measured 
at a certain distance from the injection point, yielding the diffusion proper-
ties of the protons on the membrane. Measurement of the surface potential, 
also after acidic injection, has also provided insight into proton transfer on 
biological membranes [92]. The proton-pulse technique, developed by Gut-
man et al. [93], has been used extensively for proton transfer studies (see 
[87] for examples). Here, a pH-sensitive fluorophore is used for detecting 
a pulse of protons from a proton emitter, normally pyranine2, which upon 
a short ultraviolet laser pulse releases a proton (see figure 18). This makes it 
possible to probe the association/dissociation reaction of the pH-sensitive 
fluorophore as a function of time, thereby obtaining kinetic information. 
The proton-pulse approach is straightforward technically, but the analysis 
can at times be complicated by the need to take into account buffering 

1  named after Freiherr Christian J. Theodor von Grotthuss, who as a 20-year-
old was experimenting with a voltaic pile in Italy and suggested a mechanism of 
charge transfer in water in the presence of an electric field. 
2  8-hydroxy-pyrene 1,3,6-trisulfonate
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groups in the system. A similar approach for determinating the diffusion 
coefficient of protons on planar lipid bilayers has been presented by Serowy 
and Antonenko et al. [94, 95]. 

Relatively recent studies have been performed using scanning electro-
chemical microscopy proton feedback for measurements on lateral proton 
diffusion along phospholipid membranes [96-99]. By application of a po-
tential to a disk-shaped ultramicroelectrode, used as a probe for protons, a 
depletion of protons occur in the vicinity of the electrode. The generated 
proton gradient drives back protons by diffusion to the gap between the 
electrode and membrane layer, which then is probed by the electrode.

Protonation kinetics can also be studied by use of FCS. In principle any 
process causing a change in the fluorescence intensity or in the diffusion 
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Figure 18: Schematic representation showing the different steps 
in a pyranine containing protein sample when it is exposed to a 
short UV-laser flash. (1) Sample is exposed to the laser flash (2). 
The protonated pyranine is excited by the laser flash, resulting in a 
release of protons to the solution (3), which are able to react with 
all protonatable groups in the sample, including the fluorophores 
(F)(4). Finally the system relaxes back to the state before the laser 
flash in a number of proton transfer reactions (5).
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properties can be monitored with FCS. Widengren et al. applied FCS for 
the study of protonation kinetics of the fluorophore Fluorescein and green 
fluorescent protein (GFP) in aqueous solutions [60, 100]. In paper VI a 
novel approach is presented where Fluorescence Cross-Correlation Spec-
troscopy (FCCS) in combination with a pH-sensitive ratio-metric fluoro-
phore is used for the study of proton exchange.

Protonation kinetics

A molecule F- that is reversibly protonated to a state FH in a pure unbuff-
ered aqueous solution undergoes the reaction:

1

1

k

k

F H FH




  



(35)

where k+1[H
+] is the protonation rate and k-1 the deprotonation rate. The 

deprotonation rate is normally independent of the proton concentration 
in the aqueous solution since it involves breaking of the bond between the 
molecule and the hydrogen atom. However, change of solvent can radically 
alter the deprotonation rate. The protonation rate in a pure aqueous solu-
tion is normally limited by the diffusion of protons and the molecule in 
the solution and the concentration of molecules and protons. The diffusion 
limited reaction rate constant (in M-1s-1) for a bimolecular reaction between 
two molecules, A and B, was derived by Smoluchowski and is given by:

 0 A A B4
1000

R N D D
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 (36)

where R0 is the collision radius, DA and DB the diffusion coefficient (in 
units cm2s-1), and NA Avogadro’s number (in unit mol-1). For the case when 
the reaction is between protons and a molecule the diffusion of the mol-
ecule is typically much slower than the diffusion of protons, with diffusion 
coefficient DH+, and eq. (36) simplifies to:
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The time dependence of the concentrations of the protonated and de-
protonated form of the molecule in eq. (35) is described by the following 
differential equations:

1 1
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k kF Fd
dt FH FHk k

 
 


 

                  
(38)

If it is assumed that the concentration of protons close to the molecule 
is unaffected by the reaction in eq. (35) the eigenvalues of the reaction rate 
matrix becomes:
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The second eigenvalue, λ2, corresponds to the relaxation time of the bi-
molecular reaction, also referred to as the protonation relaxation rate kP:

P 1 1Hk k k
     . (40)

The equilibrium constant Ka of the molecule in eq. (35) reflects the pro-
ton concentration at which the protonation rate equals the deprotonation 
rate and is given by the ratio between the deprotonation rate constant and 
the protonation rate constant:
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In an aqueous solution containing buffer molecules with a total concen-
tration [Btot], F

- and FH will be able to interact with the acid and base form 
of the buffer according to:
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where BH is the acid form of the buffer, B- the base, k+3 and k-3 are 
the reaction protonation rate constant and deprotonation rate constant, re-
spectively. If the total concentration of protonatable molecules, F- + FH, is 
much lower than Btot, then the concentrations of the acid and base form of 
the buffer molecules is completely governed by the reaction:
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with the following equilibrium concentrations:
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Here, KaB is the equilibrium constant for the buffer molecule. The proto-
nation relaxation rate for the simultaneous reactions in equations (35) and 
(42) can be determined in a similar way as above from the eigenvalues of 
the reaction rate matrix assuming the concentrations of the buffer molecules 
to be independent of the concentration for the protonated molecules. This 
gives a protonation relaxation rate [101]:

 P 3 3 1 1Hk k BH k B k k 
             (46)

and by combining with eq. (44)-(45):
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From eq. (47) it is obvious that the protonation relaxation rate 
increases linearly both with the total buffer concentration and the proton 
concentration.

pH-sensitive fluorophores

Fluorescent ion indicators are frequently used to monitor ions such as Ca2+, 
Mg2+ and H+ in intracellular environments. The spectroscopic effect when 
an ion bind to a fluorophore is usually significant because of the high elec-
trostatic field in the inner coordination sphere of an ion, which renders 
the indicator fluorophore sensitive to small ion concentration changes. 
Fluorescent indicators for Ca2+ and Mg2+ are typically based on a chelator 
conjugated to a fluorophore [102]. However, in most fluorescent proton 
indicators the proton bind more directly to the fluorophore. Fluorescein 
for example has a hydroxygroup, OH, and a carboxyl group, COOH, at 
positions close to the conjugated system, where protons can bind and thus 
change the fluorescence properties of the molecule (see figure 3). The two 
binding sites for protons results in two pKas for Fluorescein at pH ~6.4 and 
~4.3. Protonation results in a blue shift in the absorption maximum for 
the anion form compared to the dianion, and an even larger blue shift for 
the neutral species. The shift in peak absorption wavelength together with 
a higher fluorescence quantum yield for the dianion (see figure 19) yields 
a strong reduction (contrast) in the detected fluorescence intensity when 
a proton bind to the dianion, when the molecule is excited close to the 
absorption peak of the dianion [103-106]. However, contrast in detected 
fluorescence intensity can also be achieved by exciting the anion and detect-

F2-

(F2-)*

FH-

(FH-)*

FH2
pKa = 6.4pKa = 4.3

Φf = 0.9
τl = 4.1 ns

Φf = 0.4
τl = 3.0 ns

Figure 19: Scheme of the ground and excited state reactions 
for fluorescein [104]. The excited states are denoted with a 
*. τl signify the fluorescence lifetime and Φf the fluorescence 
quantum yield.
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ing the slightly red shifted fluorescence of the anion. This is shown in figure 
20 for the Fluorescein derivative Oregon Green, which has similar spectral 
properties as Fluorescein but a pKa of 4.7 for the dianion. The lower pKa 
can be attributed to an electron withdrawing fluoride group close to the 
hydroxygroup.

FCS and FCCS for the study of proton exchange

In FCS the fluctuations in intensity due to protonation and deprotonation 
of a pH-sensitive fluorophore diffusing through a confocal observation vol-
ume directly reflects the protonation relaxation rate according to the nor-
malized auto correlation function in eq. (25) (see figure 21). Thus, based 
on the correlation curve, the protonation relaxation time, τP = 1/kP, can be 
extracted as well as the fraction of fluorophores residing in the protonated 
state.

The protonation and deprotonation rate coefficients for a pH-sensitive 
fluorophore in a pure water solution can be determined from the linear 
dependence of kP with the proton concentration (see eq. (40)). In a buffer 
solution the protonation relaxation rate will depend on the buffer concen-
tration, its properties, and the proton concentration (see eq. (47)). In figure 
22 the protonation relaxation rate is shown for Fluorescein in water at vari-
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Figure 20: pH-titration of Oregon Green in an aqueous so-
lution using a spectrofluorometer. Black squares: excitation 
with 405 nm and fluorescence emission detected between 
560 nm and 600 nm. Red squares:  excitation with 488 nm 
and fluorescence emission detected 512 nm.
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Figure 21: A correlation curve from a measurement on fluo-
rescein conjugated to a lipid in DOPG SUVs in 0.15 M NaCl 
at pH 6.2. The process in the fast time-regime reflects the pro-
tonation kinetics, with the characteristic time τP, correlation 
time shown in ms. 
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Figure 22: The dependence of the protonation relaxation rate 
on the proton concentration for Fluorescein in water, excited 
at 488 nm and fluorescence emission collected between 497 
nm and 567 nm. Line shows a linear fit to the data points.
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ous proton concentrations.

For FCS applications, contrast in fluorescence brightness between the 
protonated and deprotonated form of a pH-sensitive fluorophore is vital in 
order to be able to study the protonation kinetics. If the difference in fluo-
rescence brightness between the two species is too small then the amplitude 
associated with the protonation in the correlation curve will be negligible. 
Another important feature of the pH-sensitive fluorophore is the pKa. The 
pKa sets the range of proton concentrations that can be studied (see equa-
tions (44) and (45)). Also, since the pKa for a pH-sensitive fluorophore in 
water solution is (to a large extent) set by the deprotonation rate, k-1, (equa-
tions (37) and (41)), 1/k-1 has to be smaller than the diffusion time through 
the observation volume, τD, in order to observe the protonation process in 
the correlation curve.

Overlapping processes can be a big problem in the analysis of correla-
tion curves. When studying proton exchange at high proton concentrations 
using FCS, the protonation process may overlap with the singlet-triplet 
transition process in the correlation curve, making it impossible to distin-
guish the two processes. However, this problem can be circumvented by, for 
example, reducing the excitation irradiance (as in paper IV) or by the use 
of modulated excitation [107].  However, reduction of the excitation irradi-
ance often leads to a lower signal from the sample, which may require very 
long measurements in order to achieve sufficient statistics for determination 
of the protonation kinetics.

In paper VI a technique is presented, whereby the protonation compo-
nent in the correlation curve is turned into an anti-correlation by the use 
of dual-color Fluorescence Cross-Correlation Spectroscopy (FCCS) on a 
ratiometric pH-sensitive dye, for which both the excitation and emission 
spectra shift as a function of pH. Using this approach, the protonation com-
ponent is easier to separate from the diffusion component or from photo-
physical processes in the same time range. In the FCCS measurements, the 
fluorescence signal from the predominant emission wavelength range of the 
protonated form of the dye is cross-correlated with that of the deprotonated 
form (for cross-correlation see eq. (27)). In paper VI we used two lasers to 
alternately predominantly excite the protonated and the deprotonated form 
of the dye. The alternating excitation modulation scheme was combined 
with detection gating, and based on a concept that allows the extraction of 
correlation data for all correlation times regardless of the chosen modula-
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Figure 23: A sketch of the setup used in paper VI. Two lasers serve as excita-
tion sources and are modulated by acousto-optical modulators. Th e setup 
has two entirely separate detection pathways and in total four detection 
channels. Th e upper inset shows how the blue laser preferably excites the 
protonated species of the fl uorophore which is mainly detected in the green 
detection channels and the yellow laser almost exclusively excites the depro-
tonated species which is detected in the red detection channels. Th e lower 
inset shows examples of how the switching between the protonated and de-
protonated states contributes to the correlation in the case of autocorrelation 
(upper two curves) and gives rise to an anticorrelation when cross-correlating 
the signals from the two spectral detection ranges (black curve). Th e anticor-
relation arises because a molecule cannot reside in both states at once – after 
emitting a photon in one state it must switch to the other state before emit-
ting a photon contributing to the cross-correlation.
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tion period (see figure 23)[107].

By the combined discrimination based on both excitation and emis-
sion, spectral cross-talk was dramatically reduced and a very distinct and 
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Figure 24: Buffer concentration series. (a) Cross-correla-
tion curves from a series of measurements on RD in HEPES 
buffer with concentrations ranging from 250 μM to 4 mM. 
The solid lines show a global fit of the model in eq. (48) 
to all five curves with the contrast parameter C as common 
fitting parameter. (b) The total protonation relaxation rate, 
kP, as a function of buffer concentration. The open squares 
represent the values extracted from the fit shown in panel a. 
The solid line is a linear fit to these data. Solid circles show 
values from FCS measurements with CW excitation on the 
same samples.
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unambiguous anti-correlation could be recorded in the correlation curves 
as a consequence of the proton exchange. The correlation curve could be 
described by the following expression:
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G Ce
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(48)

where C is a contrast parameter in the range 0 to 1 depending on the 
achieved discrimination in detection of the two protonation species. Cross-
talk reduces the contrast and is reflected by a decrease in C. In figure 24a 
measurements at different buffer concentrations but at the same proton 
concentration are shown using this approach. The expected linear depend-
ence is shown in figure 24b.

Turning the protonation component in the correlation curve into an 
anti-correlation makes it substantially easier to separate from the diffusion 
component or photophysical processes in the same time range.

Two-step proton transfer to a membrane-bound 

proton acceptor

Proton exchange measurements using FCS can be performed under equilib-
rium conditions without perturbation of the sample at very low fluorophore 
concentrations, and the proton exchange rate is obtained locally at the site 
of the fluorophore. These are ideal properties for studies of ion transfer at 
membrane-water interfaces. 

In paper III we used FCS to study the proton exchange of a pH-sensitive 
fluorophore conjugated to a lipid in small uni-laminar vesicles (SUVs) with 
various lipid compositions. The aim of the study was to investigate if the 
membrane can act as a proton collecting antenna for a proton acceptor lo-
cated on the surface of the membrane. Measurements on Fluorescein conju-
gated to a lipid in DOPG3 SUVs in 0.15 M NaCl showed increase by more 
than 100 times in the protonation on-rate coefficient at pH > 8 (see figure 
25) compared to Fluorescein freely diffusing in a pure water solution.

Nearly the same enhancement in the protonation on-rate coefficient was 

3  1,2-Dioleoyl-sn-Glycero-3-[Phospho-rac-(1-glycerol)]
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observed for Fluorescein conjugated to a lipid in DOPC4 SUVs in 0.15 M 
NaCl. Both DOPG and DOPC membranes have pKas of ~2, but DOPG 
lipids are negatively charged and DOPC lipids zwitter-ionic at neutral pH. 
The enhancement in the protonation on-rate coefficient was concluded to 
be due to the whole surface of the SUV acting as a proton collecting an-
tenna for the fluorophore.  But since the study was performed at low pro-
ton concentrations (pH > 8) using a single fluorophore, Fluorescein, we 
were unable to monitor direct protonation of the fluorophore from the bulk 
aqueous solution, which is expected to occur at higher proton concentra-
tions. In paper IV we therefore extended the study to include two differ-
ent fluorophores, Fluorescein and Oregon Green, together covering a much 
wider proton concentration range (pH 6 to 10) than in the previous study. 
The measurements in paper IV showed two different regimes for the pro-
4  1,2-Dioleoyl-sn-Glycero-3-Phosphocholine
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Figure 25: FCS curves obtained from measurements on Fluorescein-labeled 
DOPG liposomes at 4 different pH-values. The shape of each curve is de-
termined by fluctuations arising from diffusion of the liposome through 
the observation volume (τD ≈ 1.2 ms), the singlet-triplet state transitions 
within the Fluorescein molecules (τT ≈ 1.5 µs), as well as from fluctuations 
due to protonation of the Fluorescein molecule. The amplitudes increase 
with [H+], due to an increase in the concentration of the protonated form 
of Fluorescein. Also, the parts of the curves that correspond to protonation 
are shifted to the left as τP = 1/kP decreases with increasing [H+]. The inset 
shows kP as a function of [H+].
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ton exchange. At low proton concentrations the proton exchange rate in-
creases rapidly with increasing proton concentration, and at the same rate as 
though the whole membrane was acting as a proton collecting antenna for 
the fluorophore. At high proton concentrations the increase in the proton 
exchange rate is slower and comparable to the theoretical value for direct 
protonation of the fluorophore from the bulk solution.

Charged surfaces and ion concentration
In paper IV we observed a strong difference in the protonation rates for the 
DOPG and DOPC samples at high proton concentrations. To investigate if 
this difference was due to a higher proton concentration close to the surface 
of the DOPG membranes as compared to the DOPC membranes, a series of 
measurements on Oregon Green-labeled DOPG SUVs with different NaCl 
concentration were performed (see Figure 26). High ion concentrations can 
be expected to screen the membrane charges of the DOPG vesicles, thereby 
reducing the possible electrostatic attraction of protons to the membrane 
surface. The protonation relaxation rate for a given proton concentration as 
well as the corresponding pKa, measured using a spectrofluorometer, were 
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Figure 26: Dependence of the protonation relaxation rate on the 
bulk ion concentration for Oregon Green-labeled DOPG SUVs. Up 
to down: Oregon Green-labeled DOPG SUVs in 37.5, 75, 150, 
300, 600, 900 mM NaCl. Oregon Green-labeled DOPC SUVs in 
150 mM NaCl shown for comparison. 
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found to clearly decrease with increasing NaCl concentrations. The higher 
protonation rates and pKas for Oregon Green-labeled DOPG SUVs at low 
NaCl concentrations compared to at high NaCl concentrations, suggest 
that the proton concentration is higher close to the membrane surface due 
to electrostatic attraction of protons to the negative lipids. pKa shifts for 
membrane- or protein-bound fluorophores have been observed in other 
studies [108, 109]. However, in these studies the proton exchange itself 
could not be measured. Taken together, the observed proton exchange rate 
of a probe, or group, on the membrane surface is highly dependent on the 
charge of the membrane and the bulk ion concentration.

Effect of buffering molecules in the membrane on 
proton transfer
The number of protons, m, bound to the surface of a SUV is determined by 
the pKa of the lipids and the pH according to:

pH p2 10 aK
nm 


(49)

where n is the number of lipids in the SUV. For DOPG and DOPC 
membranes (both with pKas around 2) this means that less than 1 proton is 
bound to the surface above pH 6. In paper III we introduced DOPA5 into 
DOPG membranes in order to study the effect of buffering groups in the 
membrane, or in other words how a large number of protons at the same 
time on the surface affects the proton exchange. DOPA lipids have a pKa 
of 7.4, which was close to the possible measurement range in the study. In 
figure 27 the dependence of the protonation relaxation rates on the concen-
tration of DOPA in DOPG liposomes is shown. The protonation relaxation 
rate for a given pH increases linearly with the concentration of DOPA in the 
membrane, in agreement with eq. (47). The time that a proton is bound to 
a lipid is set by the pKa of the lipid (see eq. (41), meaning that a proton will 
be bound much longer to a DOPA lipid than a DOPG lipid. Protons can 
therefore be expected to be impeded on the way over a membrane surface if 
the membrane contains lipids with high pKas. Still, in our measurements it 
was observed that the protonation relaxation rate increased with increasing 
DOPA concentration, indicating that the effect of the number of protons 
on the membrane was stronger than the impeding effect of DOPA lipids.

5  1,2-Dioleoyl-sn-Glycero-3-Phosphate
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Lateral proton transfer between a membrane-

protein and membrane

In paper V we studied the effect of the membrane on the protonation rate 
of Fluorescein attached at the n-side surface of the proton transporter cy-
tochrome c oxidase from Rhodobacter sphaeroides (see figure 28) [110]. The 
Fluorescein molecule was bound to subunit III, presumably at Cys223, 
which is located at a distance of ~30 Å from the nearest proton-input path-
way of the cytochrome c oxidase. We performed measurements using FCS 
on both cytochrom c oxidase labeled with fluorescein freely diffusing in a 
detergent solution and reconstituted into DOPG SUVs. The results showed 
that proton transfer to the Fluorescein molecule was slightly accelerated 
upon attachment at the protein surface, which is presumably due to the 
presence of acidic/His groups in the vicinity of the Fluorescein molecule. 
Upon incorporation of the protein into DOPG SUVs the protonation rate 
was increased by more than a factor of ~400, which indicates that the pro-
tein-attached probe is in rapid protonic contact with the membrane surface. 
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Figure 27: Protonation kinetics of Fluorescein-labeled DOPG 
SUVs in 150 mM NaCl containing 0, 3, 7, and 10 % of DOPA 
lipids. The solid lines are fits of the data with eq. (47) where the 
total buffer concentration was taken as the number of DOPA 
lipids per liposome. The inset shows kP as a function of the 
number of DOPA lipids per liposome ([DOPA]) at pH = 8.6.
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The increase in the protonation on-rate coefficient was correlated with a 
shift in the pKa, determined by static pH titrations. The results indicate that 
the membrane acts to accelerate proton uptake by the membrane-bound 
proton transporter, in a similar way to when the fluorophore is bound di-
rectly to the membrane. This study shows that it is likely that groups on 
surfaces such as that of a protein surface can sense a significantly higher 
proton concentration than that given by the bulk pH.

Figure 28: Fluorescein-labeled cytochrome c oxidase in a membrane. 
The membrane is shown in yellow and red (O and P atoms). On the 
right-hand side (side view) the locations of lipid molecules found within 
the structure of the Rhodobacter. sphaeroides cytochrome c oxidase are 
indicated. The probe is found on the inside of the SUVs. The arrows 
indicate proton exchange with the probe (with the bulk solution and via 
the membrane, respectively).
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Chapter 7

Conclusions and future 
perspectives
This thesis presents two methods for triplet state monitoring followed by 
a series of studies concerning proton exchange of single molecules close to 
membrane and protein interfaces, and a novel method for obtaining pro-
tonation kinetics. The common denominator of these studies is the use of 
fluorescence applied to the study of transient dark states of fluorophores, 
specifically that of the triplet state and of pH-sensitive fluorophores.

We have shown that the triplet state kinetics can be obtained from the 
time-averaged fluorescence intensity of a group of fluorophores subjected to 
temporal or spatial modulation schemes of the excitation light. When the 
time-averaged fluorescence intensity is detected, it is possible to use detec-
tors with low time resolution. This allows for parallelization and screening 
of biomolecular interactions with high throughput, utilizing that the triplet 
states may significantly change its population kinetics upon interaction. 
The modulation approach is not limited to the study of the triplet state. It 
should therefore be possible to monitor other photoinduced processes of 
fluorophores, such as reversible photoisomerization and photoionization, 
by temporal modulation of the illumination in the range of the processes’ 
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relaxation times. To quantitatively asses the kinetics of the photoinduced 
transient states by temporal modulation it is critical to determine the ir-
radiance to which the fluorophores are subjected. This information can be 
obtained by measuring the size of the excitation volume and power.

By moving the excitation beam over a stationary sample at different 
speeds using a standard LSM we demonstrated that information can be 
obtained similarly to when the excitation is temporally modulated. This 
concept makes triplet states available for imaging with a standard LSM, pro-
viding LSM users with new dimensions of fluorescence-based information. 
However, imaging of photoinduced transient dark states would likely be 
possible by sample scanning with a stationary illumination beam, by wide-
field imaging (requiring a high power laser), or by combining total internal 
reflection microscopy with temporal modulation of the illumination. 

It is believed that the membrane plays a central role in the process of pro-
ton translocation, involving also certain membrane-bound proton pumps 
across the biological membranes. To investigate proton transfer along mem-
branes we measured the proton exchange rates using fluctuation analysis 
with FCS. This was done for the pH-sensitive fluorophores, Fluorescein and 
Oregon Green, conjugated to a lipid in SUVs, and for various bulk proton 
and ion concentrations. Fluorescein-labeled SUVs display two different re-
gimes for the proton exchange rate, depending on the proton concentration. 
At low proton concentrations, the proton exchange rate increases rapidly 
with increasing proton concentrations, and with the same rate as though the 
whole membrane were acting as a proton-collecting antenna for the fluoro-
phore. At high proton concentrations the proton exchange rate continues 
to increase but less pronouncedly. Based on the observed enhancement in 
the proton exchange rates at low proton concentrations, we concluded that 
the membrane can indeed act as a proton.collecting antenna for the fluoro-
phore in this pH range, sequestering protons and transferring them to the 
fluorophore, thereby yielding the proton exchange rate enhancement.

To investigate the effect of the membrane for the proton-pump cyto-
chrome c oxidase, we incorporated cytochrome c oxidase into a membrane 
and determined proton exchange rates of a pH-sensitive fluorophore at-
tached to the surface of the protein by FCS. The same effect could be ob-
served as when the fluorophore was attached directly to the membrane. 
This result indicates that the protein surface is in protonic contact with the 
membrane surface, which suggests that the membrane can provide a path-
way for proton transfer between proton transporters and proton consumers 
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in the living cell.

One major problem associated with proton exchange monitoring with 
FCS is overlapping protonation and triplet processes in the correlation 
curve. To circumvent this, we introduced a pH-sensitive ratiometric fluor-
ophore that shifted both absorption and emission spectra upon protona-
tion, in combination with alternating excitation and detection of the two 
fluorophore species. This procedure yielded a clearly visible anticorrelation 
component in the correlation curve facilitating the identification of the pro-
tonation component. 
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Summary of papers and 
author contribution

Paper I

Monitoring kinetics of highly environment sensitive states of fluorescent molecules 
by modulated excitation and time-averaged fluorescence intensity recording
Tor Sandén, Gustav Persson, Per Thyberg, Hans Blom and Jerker Widen-
gren Analytical Chemistry, 2007, 79, 3330-3341
Summary: A concept and its experimental realization is presented for 
how the kinetics of photoinduced, transient, long-lived, nonfluorescent or 
weakly fluorescent states of fluorophore marker molecules can be extracted 
from the time-averaged fluorescence by using time-modulated excitation. 
As a first experimental verification of the approach it is shown how the tri-
plet-state parameters of the fluorophore rhodamine 6G in different aqueous 
environments can be extracted. The concept opens for automated transient-
state monitoring or imaging on a parallel scale and for biomolecular screen-
ing as well as for more fundamental biomolecular studies.
Contribution by author: The author took the main responsibility for the 
design of the setup, measurements and analysis. The author worked out a 
large part of the theory. GP gave important contributions regarding data 
acquisition and processing.
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Paper II

Transient State Imaging for Microenvironmental Monitoring by Laser Scan-
ning Microscopy 
Tor Sandén, Gustav Persson, and Jerker Widengren
Analytical Chemistry, 2008, 80, 9589-9596
Summary: An approach based on spatio-temporal modulation of the ex-
citation intensity is presented that can image photoinduced transient dark 
states via their photodynamic fingerprints. With the use of a standard laser 
scanning microscope, it unites the high environmental sensitivity of the 
transient state parameters with the high sensitivity of the fluorescence read-
out and is easily implemented. For demonstration, triplet state images of li-
posomes with different internal environments were generated. These images 
provide an example of how local environmental differences can be resolved, 
which are not clearly distinguishable via other fluorescence parameters.
Contribution by author:  The author took the main responsibility for the 
design of experiments, sample preparation and characterization measure-
ments. GP took the main responsibility for the image processing.

Paper III

Localized Proton Microcircuits at the Biological Membrane-Water Interface 
Magnus Brändén, Tor Sandén, Peter Brzezinski and Jerker Widengren 
Proceedings of the National Academy of Sciences of the United States of 
America, 2006, 103, 19766-19770
Summary: The exchange of protons between the water phase and the 
membrane surface was investigated, as well as diffusion of protons along 
membrane surfaces, at a single-molecule level using fluorescence correlation 
spectroscopy. It is shown that the lipid head groups collectively act as a pro-
ton collecting antenna, dramatically accelerating proton uptake from water 
to a membrane anchored proton acceptor. The results show that proton 
transfer along the surface can be significantly faster than that between the 
lipid head groups and the surrounding water phase. 
Contribution by author: The author and MB conducted most of the meas-
urements together. MB took the main responsibility for the sample prepara-
tion and design. The author took the main responsibility for the design of 
the FCS instrument and analysis of data.
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Paper IV

Surface-coupled Proton Exchange of a Membrane-bound Proton Acceptor
Tor Sandén, Lina Salomonsson, Peter Brzezinski, and Jerker Widengren 
Manuscript
Summary: In this work we used fluorescence correlation spectroscopy to 
study the local proton exchange of single pH-sensitive fluorophores conju-
gated to liposome membranes of different lipid composition and at a range 
of bulk ion concentrations. Proton exchange rates were obtained over a wide 
proton concentration range by using two different pH-sensitive fluoro-
phores. The data exhibit two distinct regimes; At low proton concentrations 
the proton exchange rate increases rapidly with increasing proton concen-
tration and with a rate consistent with the whole membrane acting as a 
proton-collecting antenna for the fluorophore. At high proton concentra-
tions the increase in the proton exchange rate is slower and comparable to 
the theoretical value for direct protonation of the fluorophore from the bulk 
solution. From measurements on membranes of different surface charge 
and at different bulk ion concentrations, surface potentials and the distance 
between the surface and fluorophore is calculated. 
Contribution by author: The author performed all sample preparation, 
measurements and analysis. The author worked out a major part of the 
theoretical framework.

Paper V 

Lateral Proton Transfer between the Membrane and a Membrane Protein 
Linda Öjemyr, Tor Sandén, Jerker Widengren, and Peter Brzezinski
Biochemistry, 2009, 48, 2173–2179
Summary: In this study the effect of incorporation of a proton transporter, 
cytochrome c oxidase, into a membrane on the protonation kinetics of a flu-
orescent pH-sensitive probe attached at the surface of the protein is investi-
gated. The results show that proton transfer to the probe is slightly acceler-
ated upon attachment at the protein surface, and dramatically accelerated 
after incorporation into small unilaminar vesicles. The results indicate that 
the membrane acts to increase the proton uptake by the membrane-bound 
proton transporter.
Contribution by author:  LÖ was responsible for sample preparation. The 
author was responsible for the instrument design and data analysis. The 
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author and LÖ conducted the measurements together.

Paper VI

Fluorescence Cross-Correlation Spectroscopy of a pH-sensitive Ratiometric Dye 
for Molecular Proton Exchange Studies
Gustav Persson, Tor Sandén, AnnSofi Sandberg, and Jerker Widengren
Physical Chemistry Chemical Physics, 2009
Summary: In this work, dual-color Fluorescence Cross-Correlation Spec-
troscopy (FCCS) is demonstrated on a ratiometric pH-sensitive dye, for 
which both the excitation and emission spectra shift as a function of pH. 
In the FCCS measurements, the fluorescence signal from the predominant 
emission wavelength range of the protonated form of the dye is cross-corre-
lated with that of the deprotonated form. Two lasers are used to alternating-
ly predominantly excite the protonated and the deprotonated form of the 
dye. By combined discrimination on both excitation and emission, spectral 
cross-talk is dramatically reduced and a very distinct and unambiguous anti-
correlation can be recorded in the correlation curves as a consequence of the 
proton exchange. The strong discrimination power makes it easy to identify 
the protonation process in the correlation curve.
Contribution by author: GP took the main responsibility for data analysis 
and processing. The author took the main responsibility for the characteri-
zation of the dye. The author conducted the cross-correlation measurements 
together with GP. The author took an active part in design and building of 
the setup.
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