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Abstract

Th e focus of this thesis is to explore and use the benefi ts of time-varying excita-
tion in fl uorescence spectroscopy for studies of biomolecular dynamics. Two new 
techniques taking advantage of modulated excitation are presented. Also described 
are the fi rst eff orts in a project where single molecule FRET and multi-parameter 
fl uorescence detection are used for characterization of the conformational dynam-
ics of the retinoid X receptor (RXR). 

RXR is one of the most important proteins in the group of nuclear receptors. It is 
believed to be involved in many diseases and is hence most interesting as a potential 
drug target. Our study is at present at a very early stage and some sample issues are 
still to be resolved. However, single molecule measurements should give insights 
not attainable by previously applied ensemble methods and help explaining how 
RXR can regulate so many diff erent processes.

Long-lived transient states of fl uorescent molecules can, because of their long life-
times, be used to detect subtle changes in the microenvironment of the molecule. 
A method for determining the kinetic rates for transitions to and from such states 
by registration of changes in the average fl uorescence intensity related to diff erent 
modulation of the excitation source is introduced. It combines the sensitivity of 
fl uorescence with the environmental sensitivity of the long-lived transient states 
and allows the use of slow detectors such as CCD cameras, making parallelization 
and imaging possible developments. Th e approach was experimentally verifi ed by 
measurements of the triplet kinetics of rhodamine 6G (Rh6G) in aqueous solution 
and compared with fl uorescence correlation spectroscopy (FCS). It should also be 
applicable to any other photoinduced transient states aff ecting the fl uorescence 
intensity.

A strategy to combine FCS with modulated excitation, in a way that allows extrac-
tion of correlation data for all correlation times, is presented. Th is enables the 
use of modulation to optimize the measurement conditions with respect to the 
photophysical properties of the dyes used. Measurements were made on Rh6G to 
verify the method. To illustrate its usefulness, it was applied to measurements of 
protonation kinetics of fl uorescein at diff erent pH. FCS with modulated excitation 
will most probably prove very useful in many future studies involving multiple 
kinetic processes occurring in overlapping time ranges.
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1 Introduction

1 Introduction

Th e excellent sensitivity of fl uorescence detection has lead to a fast and very wide 
spread of fl uorescence techniques. In 1976 Hirschfeld demonstrated with total 
internal refl ection microscopy that fl uorescence off ers the sensitivity needed for 
observation of single antibodies in solution labeled with between eighty and hun-
dred fl uorescein molecules each [1]. A decade later fl uorescence detection of single 
B-phycoerythrin molecules, containing 34 bilin chromophores, in aqueous solu-
tion using hydrodynamically focused fl ow and confocal microscopy was reported 
[2, 3]. In 1989 the fi rst single fl uorophores were detected, but this time in a cryo-
genic solid. Th e samples studied were pentacene molecules in p-terphenyl crystals 
at liquid helium temperatures [4, 5]. Shera et al. reported the fi rst detection of 
single fl uorophores in aqueous solution in a fl ow cell using pulsed excitation and 
time-gated detection in 1990 [6]. Th e same year Rigler et al. demonstrated detec-
tion sensitivity suffi  cient for freely diff using single fl uorophores with continuous 
wave (CW) excitation and an epi-illuminated confocal microcope setup [7]. In 
the last decades the fi eld has expanded rapidly, and today fl uorescence is used on 
a daily basis for diagnostic purposes in hospitals, for screening and analysis in the 
pharmaceutical industry and for fundamental research in life sciences.

Th e focus of this thesis is to explore and use the benefi ts of time-varying excitation 
in fl uorescence spectroscopy for studies of biomolecular dynamics. Two papers are 
included, each presenting a new experimental approach.

One chapter is dedicated to describing the fi rst eff orts in a project making use of a 
recently developed method for single molecule measurements, that takes advantage 
of pulsed excitation, to characterize the conformational dynamics of the retinoid X 
receptor (RXR). RXR is one of the most important proteins in the group of nuclear 
receptors. It is believed to be involved in many diseases and is hence most interest-
ing as a potential drug target [8]. Conformational data on the single molecule level 
should help explaining how RXR can regulate so many diff erent processes.

Th e method presented in paper I utilizes modulated excitation and the changes in 
average fl uorescence intensity, following variation of pulse widths or modulation 
periods, for determination of the rate constants for transitions to and from long-
lived transient states of a fl uorescent molecule. Th e rationale for this is the very 
high sensitivity of these states to changes in the microenvironment and the lack 
of existing methods to characterize them without requiring detection with high 
time resolution. Th e presented method requires no detection time resolution and 
constitutes a good starting point for parallelization and multiplexing.
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In paper II a strategy was proposed to combine fl uorescence correlation spectroscopy 
(FCS) [9] with modulated excitation in a way that allows extraction of correlation 
data for all correlation times, irrespective of the length of the modulation period. 
Th is provides a complement to existing approaches to decrease photobleaching or 
facilitate the distinction of diff erent processes in FCS measurements.

Th e intention of this licentiate thesis is to summarize my work, performed in co-
operation with my coworkers in the group for Experimental Biomolecular Physics 
at the Royal Institute of Technology (KTH) in Stockholm, and put it into context. 
Th e thesis begins with a background chapter on fl uorescence in general and the 
spectroscopic techniques on which the work was based. Next comes the chapter 
on the study of the retinoid X receptor. Th e presented papers are summarized in 
a chapter each. A separate chapter provides a short presentation of the strategy 
for data collection and modulation control employed in the studies leading to the 
papers. Th is is followed by the conclusions and future outlook. Th e two papers, 
paper I and paper II, constitute the fi nal part of this thesis.
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2 Background

2 Background

2.1 Fluorescence and photophysics
Light emitted when electrons decay from an excited state is referred to as lumi-
nescence. Th e term luminescence was fi rst introduced by Eilhardt Wiedemann in 
1888 and comes from the Latin word lumen, which means light. Photolumines-
cence is a form of luminescence where the decaying electron was initially excited 
through the absorption of a photon, i.e. light induced luminescence. Th is in turn 
comprises two distinct phenomena: fl uorescence and phosphorescence [10, 11].

Th e fi rst reported observation of fl uorescence was made by the Spanish physician 
Nicolas Monardes. Th e year was 1565 and he described blue light from an infu-
sion of the tropical hardwood called narra or Pterocarpus indicus, which was then 
known as Lignum nephriticum. Th e word fl uorescence was fi rst used by Sir George 
Gabriel Stokes, physicist and professor of mathematics at Cambridge, in his de-
scription of an experiment conducted in 1852 where he used the ultraviolet part of 
a spectrum of sunlight to excite fl uorescence of quinine sulphate [12]. He derived 
the word from the mineral fl uorspar (fl uor- from fl uere, which in Latin means to 
fl ow, because the mineral was easily melted), which contains calcium fl uoride and 
commonly exhibits fl uorescent behaviour. In this paper he also stated that the light 
emitted as fl uorescence is always of longer wavelength than the exciting light. Th is 
statement is now called Stokes’ law.

Ten years earlier the French physicist Edmond Becquerel had studied light emit-
ted from calcium sulphide deposited on paper and also concluded that this was 
red-shifted in respect to the exciting light [13]. In this case, however, the studied 
phenomenon was phosphorescence. Th is term comes from the Greek words φος 
(“fos”) and φορειν (“forein”), which mean light and to bear, respectively. Th e term 
phosphor has been used since the Middle Ages for materials glowing in the dark 
after exposure to light. In the nineteenth century this property was still used to 
distinguish between phosphorescence and fl uorescence: in phosphorescence the 
light emission persisted after the excitation was stopped, whereas in fl uorescence 
it stopped instantly. Now the distinction is made based on the diff erent molecular 
electronic states involved. Th e fi rst theoretical distinction approaching the current 
view was made by Francis Perrin in 1929 [14].

2.1.1 Electronic states
Excitation of a fl uorescent molecule normally means promotion of an electron 
from the highest occupied molecular orbital (HOMO) to the lowest unoccupied 
molecular orbital (LUMO), referring to the electron confi guration in the ground 
state of the molecule (fi gure 2.1A). In most fl uorescent dyes the ground state is a 
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singlet state, i.e., each electron is paired with another one with opposite spin. Th us 
all spins cancel out, yielding a total spin quantum number S = 0, and multiplicity 
M = 2S + 1 = 1 (hence singlet). Th e ground state is denoted S0. When excited, the 
electron keeps its spin, meaning that the excited state is also a singlet state, S1. For 
each electronic state, a molecule has a large number of possible vibrational energy 
levels. Th e electronic transitions are much faster than the molecular vibrations, 
and hence the atomic nuclei in a molecule do not have time to move signifi cantly 
during a transition. Th is is referred to as the Franck-Condon principle and implies 
that an electronic transition is most likely to occur in conjunction with a vibra-
tional transition between levels with overlapping vibrational wavefunctions. When 
excited, the molecule most often ends up on a higher vibrational level of S1 but 
quickly relaxes to the lowest vibrational level of S1 through internal conversion, 
which means that the molecule dissipates vibrational energy through collisions 
with solvent molecules. Th is occurs within a few picoseconds. From S1, there are 
several possibilities for the molecule to relax back to its ground state. If the molecule 
relaxes from S1 to S0 by emitting a photon, the emission is called fl uorescence. In 
some cases, fl uorescence may also occur from higher excited singlet states like S2. 
Relaxation by internal conversion to S0 is another possibility, but is less likely than 
to S1 from higher states, because of the larger energy gap between S1 and S0. A third 
possibility is what is called intersystem crossing, which refers to the molecule cross-
ing from the system of singlet electronic states to the system of triplet states. Th e 
spin of the promoted electron is reversed, yielding a total spin quantum number 
of 1 and a multiplicity of 3.

In a pure spin system, intersystem crossing is quantum mechanically forbidden. 
However, due to interaction between orbital and spin angular momenta, so called 
spin–orbit coupling, the wave functions of the singlet states contain small fractions 
of triplet state wave functions and vice versa. Th is makes the singlet–triplet tran-
sition possible, although normally with very low probability. Upon intersystem 
crossing from S1 the molecule enters the fi rst excited triplet state, T1. A triplet 
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Figure 2.1: A. Population of the highest energy orbitals of a typical fl uorescent molecule 
in diff erent states. Th e arrows represent electrons with spins in the indicated directions. B. 
Jablonski diagram of a fl uorophore, schematically showing three electronic states and some 
of the corresponding vibrational levels.
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state always has a lower energy than the corresponding singlet state. Emission 
of a photon due to relaxation from this state is referred to as phosphorescence. 
Because relaxation requires another intersystem crossing, which is a rather improb-
able event, the triplet state is very long-lived compared to the excited singlet state. 
Th is explains why phosphorescence may persist for minutes or even hours at low 
temperatures or in solid phase, where collisions with surrounding molecules are 
infrequent. In solution however, the long life-time of the triplet state leads to a 
higher probability of a collision with another molecule while in this state and a 
correspondingly higher probability of relaxation through vibrational relaxation. 
Th e relaxation from the triplet state is effi  ciently enhanced by molecular oxygen, 
O2, which is normally ubiquitous in aqueous solutions. Finally, the molecule may 
also, via electronic or vibrational excitation, go back to the S1 state. A subsequent 
emission of a photon is referred to as delayed fl uorescence.

In many cases, a three state model including the states S0, S1 and T1 is both con-
venient and adequate to describe the photophysics behind a fl uorescence experi-
ment, as long as the excitation intensity is kept suffi  ciently low [15]. Such a model 
is often illustrated by an energy level diagram called a Jablonski diagram (fi gure 
2.1B). Each transition between two states is characterized by a transition rate. In 
this thesis k01, k10, kISC and kT will be used to denote the rate constants for excita-
tion from S0 to S1, relaxation from S1 to S0, intersystem crossing from S1 to T1 and 
relaxation from T1 to S0, respectively.

2.1.2 Absorption and emission spectra
At thermodynamic equilibrium the vibrational levels of the ground state are popu-
lated according to the Boltzmann distribution. Hence, at room temperature most 
molecules are in the lowest vibrational energy level of S0 and excitation normally 
takes place from there. Depending on the energy, or wavelength, of the exciting 
photon the molecule may end up on diff erent vibrational levels of S1. Absorption 
of a higher energy photon, i.e. a photon with shorter wavelength, will put the mol-
ecule on a higher vibrational level. Th e lowest energy, or longest wavelength, of a 
photon that will lead to electronic excitation of the molecule is given by the energy 
diff erence of the lowest vibrational level of S1 and the highest populated level of S0. 
Th e absorption spectrum is a curve showing how effi  cient absorption is for photons 
of diff erent wavelengths. At low temperatures or in solid phase the spectrum might 
be highly structured with distinct absorption lines corresponding to transitions 
between diff erent vibrational levels, but in solution at room temperature most dyes 
exhibit a smooth absorption spectrum due to broadening of the absorption lines. 
Th e broadening is of two types: homogeneous broadening due to tightly spaced 
vibrational levels, giving rise to a near-continous spectrum, and inhomogeneous 
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broadening originating in the distribution of diff erent solute–solvent confi gura-
tions. Mostly, the inhomogeneous broadening is dominant. A typical absorption 
spectrum of a fl uorescent dye in solution is shown in fi gure 2.2A. As stated above, 
fl uorescence emission predominantly occurs from the lowest vibrational level of 
S1, due to the fast internal conversion from higher levels. Since the spacing of the 
vibrational levels in the diff erent electronic states is similar, the emission spectrum 
often resembles a mirror image of the absorption spectrum (fi gure 2.2A).
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Figure 2.2: A. Normalized absorption (black) and emission (grey) spectra of rhodamine 
6G. B. Structure formulae for the two fl uorescent dyes most frequently used in the work 
presented in this thesis.

Most fl uorescent molecules are organic compounds containing chains or rings of 
carbon with alternating single and double bonds, so called conjugated systems. 
Figure 2.2B shows the structure of the two dyes most extensively used in the work 
presented in this thesis: rhodamine 6G (Rh6G) and fl uorescein. A double bond 
consists of one pair of electrons in a σ-orbital and one pair in a π-orbital. An s-or-
bital can be formed either from two atomic s-orbitals, one s- and one p-orbital, or 
from from two atomic p-orbitals with symmetry axes along the bond. A σ-orbital 
is rotationally symmetric around the bond. A π-orbital is formed by two atomic 
p-orbitals overlapping laterally. In fl uorescent dyes the highest occupied molecular 
orbital (HOMO) is often a bonding π-orbital and the lowest unoccupied molecular 
orbital (LUMO) is often an antibonding π*-orbital (see fi gure 2.1A). Absorption of 
a photon with appropriate energy can induce a π → π* transition. In a conjugated 
system the π-orbitals of the double bonds overlap and allow the π-electrons to be 
delocalized over the whole system. As a rule of thumb, the larger the conjugated 
system, the lower the energy needed for the π → π* transition. Consequently, a 
molecule containing a long chain of carbons with alternating single and double 
bonds has its absorption maximum at a longer wavelength than a molecule with a 
shorter carbon chain. Absorption spectra of the common dyes Cy5 and Cy3 may 
serve as an example here (fi gure 2.3).
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2.1.3 Fluorescence lifetime and quantum yield
Th e fl uorescence lifetime is the time constant of the fl uorescence decay after excita-
tion is turned off . Since the fl uorescence intensity is proportional to the population 
of the S1 state this is equivalent to defi ning the fl uorescence lifetime as the average 
time a molecule spends in the excited state. Th e lifetime of a fl uorophore in the 
absence of any nonradiative processes is called the intrinsic (or natural) lifetime 
and is equal to the inverse of the radiative rate. In principle, the intrinsic lifetime 
can be calculated from the absorption spectrum, the extinction coeffi  cient and 
emission spectrum of a fl uorophore using the Strickler-Berg relation [16]:

 (1)

Here F(ν) and ε(ν) are the fl uorescence and absorption spectra plotted on the 
wavenumber (cm-1) scale and n is the refractive index of the medium. Th is works 
well in many cases but assumes no interaction with the solvent, no diff erence in 
refractive index between the absorption and emission wavelengths and no change 
in the excited state geometry. If the fl uorescence emission competes with nonradia-
tive processes the observed lifetime becomes shorter than the intrinsic one.

Th e fl uorescence quantum yield of a fl uorophore is defi ned as the ratio of the 
number of emitted photons and the number of absorbed photons. Th e fractions 
of molecules that decay through fl uorescence emission, i.e. the quantum yield, is 
given by:

 (2)

where kr is the radiative rate and knr is the sum of the rates for all competing non-
radiative processes. Th e observed lifetime becomes:
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Figure 2.3: A. Structure formulae for the cyanine dyes Cy5 and Cy3 showing the diff erence 
in extent of conjugated systems, i.e. the carbon chains with alternating single and double 
bonds. B. Normalized absorption spectra of the same dyes illustrating how the extent of the 
conjugated system aff ects the energy needed for excitation.
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 (3)

2.1.4 Fluorescence polarization and anisotropy
Th e transition of an electron from one orbital to another induces a transient 
displacement of charges in the molecule. Th e transition moment represents the 
resulting transient dipole. For a π → π* transition in an aromatic hydrocarbon 
the transition moment lies in the plane of the molecule. A transition can only be 
induced by an electromagnetic fi eld with a non-zero electric component along the 
transition moment. Th e absorption effi  ciency is proportional to the square of the 
scalar product of the electric fi eld vector and the transition moment, i.e. propor-
tional to the square of the cosine of the angle between the two. Th e absorption is 
most effi  cient for photons polarized parallel to the transition moment. Photons 
polarized perpendicular to the transition moment cannot be absorbed. Th e selec-
tive absorption of photons of diff erent polarization is known as photoselection. A 
photon emitted as fl uorescence is polarized along the transition moment. It should 
be noted that transition moments of a molecule usually have diff erent directions 
for diff erent transitions. If excitation and emission occur through diff erent transi-
tions, for instance if the molecule is excited to a higher electronic state than the one 
from which the emission occurs, the excitation and emission transition moments 
are not necessarily parallel.

For anisotropy measurement the fl uorescence is split into two polarization com-
ponents, one parallel to the polarization of the excitation and one perpendicular. 
Th e anisotropy r is defi ned as the diff erence between the two detected intensities, 
normalized by the total intensity:

 (4)

Th e factor two in the denominator comes from the fact that there are two equiva-
lent polarization components, perpendicular to the excitation and to each other, 
contributing to the total emission.

Assuming molecules with random orientation the photoselection gives a theo-
retically maximal anisotropy of 0.4. Th is is called the fundamental anisotropy r0, 
and is what would be expected from molecules in a dilute solution immediately 
following excitation by a Dirac pulse. Fluorescence depolarizes and the anisotropy 
decays with time due to rotational diff usion or torsional motion of the molecules. 
Assuming depolarization only due to rotational diff usion the anisotropy decays 
according to the Perrin equation:
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 (5)

where τ is the time after excitation and θ is the rotational correlation time.

2.1.5 Triplet kinetics
It has already been mentioned that the triplet state is long-lived due to the low 
probability of the spin-forbidden intersystem crossing. Th e transitions are possible 
thanks to spin–orbit coupling. Th e coupling gets stronger with increasing atomic 
number. In fl urophores consisting of aromatic hydrocarbons the spin–orbit cou-
pling is normally weak due to the relatively light atoms they consist of. Th e strength 
of the spin–orbit coupling may be increased by substitution of some constituents 
with heavier atoms, and thus the intersystem rates may be increased. Th is is known 
as the internal heavy atom eff ect and increases triplet yield and makes triplet re-
laxation faster [17]. Dyes containing halogens, such as Eosin and Erythrosin have 
proven useful in phosphorescence spectroscopy thanks to their high triplet yields 
[18]. Heavy atoms in the surrounding solution have a similar eff ect, the external 
heavy atom eff ect [19].

Th e long lifetime of the triplet state gives the molecule a lot of time to interact with 
its surrounding while in this state. Th is makes the triplet state an excellent probe 
for changes in the local environment.

Given the three-state model illustrated in fi gure 2.1B the probabilities S0, S1 and T1  
of a fl uorophore, located at a point r at time t, occupying the corresponding states 
can be calculated by solving the diff erential equation system [20]:

 (6)

Th e solution will have one zero eigenvalue meaning that for constant illumination 
the system will converge towards a steady-state solution. Th e inverses of the two 
non-zero eigenvalues are the fl uorescence anti-bunching time [21] and the time 
constant for the triplet population build-up, often referred to as the bunching 
time. For a detailed description see paper I.

2.1.6 Fluorescence resonance energy transfer
Fluorescence resonance energy transfer (FRET) is a long range coulombic di-
pole–dipole interaction allowing transfer of excitation energy from one molecule, 
the donor, to another, the acceptor. Transfer can occur if the donor is luminescent, 
the emission spectrum of the donor overlaps with the absorption spectrum of the 
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acceptor and the distance between the molecules is short enough. Th e theory of 
FRET was developed by Th eodor Förster [22] and hence the mechanism is often 
called Förster resonance energy transfer. Förster derived the expression for the 
transfer rate constant using a combination of classical and quantum mechanical 
approaches:

 (7)

where τD is the lifetime of the donor fl uorophore in the absence of energy trans-
fer, r is the distance between the centers of the two dipoles and R0 is the critical 
distance or the Förster radius. R0 is defi ned as the donor-to-acceptor distance for 
which energy transfer to the acceptor and spontaneous relaxation of the donor are 
equally probable (kFRET = τD

-1) and it can be calculated from spectroscopic data:

 (8)

where J is the spectral overlap integral:

 (9)

NA is Avogadro’s number, ΦD is the fl uorescence quantum yield of the donor in 
absence of energy transfer, n is the refractive index of the medium, FD(λ) is the 
emission spectrum of the donor in arbitrary units and εA(λ) is the absorption 
spectrum of the acceptor. κ is an orientational factor depending on the relative 
orientations of the donor and the acceptor. It can be calculated as:

 (10)

where θDA is the angle between the donor and acceptor dipoles and θD and θA are 
the angles between each dipole and the line joining their centers. Th e square of κ 
can vary between 0 for perpendicular dipoles and 4 for collinear dipoles. Assuming 
a static but random distribution of orientations the average κ2 becomes 0.476. 
Th is is called the static isotropic average. When the molecules are free to rotate 
at a rate much faster than the donor deexcitation the average value of κ2 is 2/3 
(isotropic dynamic average) [23]. Th e latter is the most common assumption for 
FRET experiments in solution.

Th e very strong distance dependence of the transfer rate makes FRET a very sensi-
tive method for measurements of distances in the range 10-100 Å. It is often 
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referred to as a spectroscopic ruler [24]. Th e dynamic range for a given dye pair 
is approximately 0.5-1.5 times R0 corresponding to transfer effi  ciencies between 
98% and 8%. Th e transfer effi  ciency can be calculated in a number of ways:

 (11)

Here, τDA and FDA are the lifetime and the emitted fl uorescence intensity of the 
donor in presence of the acceptor. FD is the emitted fl uorescence intensity of the 
donor in absence of the acceptor. FA and ΦA are the emitted fl uorescence and the 
quantum yield of the acceptor. Hence both lifetime and intensity measurements 
are useful for determining the FRET effi  ciency. Given the FRET effi  ciency, the 
second expression above provides a simple way of calculating the distance between 
the dyes:

 (12)

Single-molecule FRET measurements can be used to study conformations of bio-
molecules [25]. Th is reveals population heterogeneities, distributions and confor-
mational dynamics not accessible with ensemble techniques.

2.2 Spectroscopic techniques
Fluorescence based read-out typically off ers high specifi city and outstanding sen-
sitivity. Th anks to the sensitivity fl uorescence spectroscopy has developed into one 
of the major means for single molecule measurements and fundamental biomo-
lecular studies. A lot of the work described in this thesis was done based on two 
diff erent established spectroscopic techniques giving access to information on the 
single-molecule level. Th e fi rst, fl uorescence correlation spectroscopy (FCS), is tra-
ditionally used with continuous wave (CW) excitation, whereas the second, single-
molecule multi-parameter fl uorescence detection (smMFD), relies on picosecond 
excitation pulses of linearly polarized light for extraction of as many observation 
parameters as possible.

2.2.1 Fluorescence correlation spectroscopy
FCS is a technique that makes use of thermal noise to gain information of the 
dynamics of a system at thermodynamic equilibrium (see [26-31] for reviews). 
Two of its greatest virtues are its non-invasiveness, i.e. the possibility to study the 
fl uctuations of a system around its true unperturbed equilibrium, and its high 
sensitivity. Virtually any dynamic process aff ecting the fl uorescence intensity can 
be studied by FCS. Fluctuations in the detected fl uorescence intensity may arise 
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from the diff usion of molecules in and out of the detection volume or by changes 
in fl uorescence characteristics due to reaction kinetics or conformational changes.

Other techniques for studies of relaxation processes in molecular systems, such 
as the temperature-jump technique [32] and FRAP (fl uorescence recovery after 
photobleaching) [33] rely on perturbation of the system. Quasi-elastic light scat-
tering (QELS) [34, 35] is another non-invasive technique for studying fl uctuations 
manifested by a change in refractive index. Th is, however, lacks the sensitivity of 
fl uorescence to changes in the molecular structure or local environment.

FCS was invented in 1972 by Magde et al [9] who used it to extract the binding 
and dissociation rates of ethidium bromide binding to double stranded DNA. 
Ehrenberg and Rigler presented the theory for FCS applied to Brownian rota-
tional motion in 1974 [36]. An epi-illuminated confocal microscope setup for 
FCS was fi rst introduced by Koppel et al. in 1976 [37] to suppress background 
noise. However, the real breakthough did not come until Rigler et al. combined 
this with modern optics to reduce the detection volume and a high quantum yield 
single photon capable avalanche photodiode for detection in the beginning of the 
1990’s [7, 38]. Since then the technique has found numerous applications in life 
sciences and many further developments have been presented, e.g. for improved 
time resolution [39], further reduction of the observation volume [40] and paral-
lelization [41, 42].

A typical modern setup for a conventional FCS experiment consists of an epi-
illuminated confocal microscope and a pair of detectors in a so called Hanbury 
Brown and Twiss arrangement [43] to circumvent eff ects of detector dead-time 
and after-pulsing (fi gure 2.4). Th e laser beam is expanded to fi ll the back aperture 
of the objective to create a diff raction limited focus. A dichroic mirror refl ects the 
excitation light into the objective but transmits the collected fl uorescence, which is 
focused onto the confocal pinhole in the image plane of the microscope. Th e fl uo-
rescence is then divided onto the two detectors by a beam splitter. In front of each 
detector there is a band-pass interference fi lter to block refl ected as well as Rayleigh 
and Raman scattered excitation light. Th e signals from the two detectors are then 
cross-correlated, either in a hardware correlator or by software in a computer, for 
generation of the FCS curve.

Th e FCS curve is calculated as the normalized auto-covariance of the detected 
fl uorescence intensity

 (13)
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Figure 2.5: A setup for smMFD is 
very similar to an FCS setup, but the 
fl uorescence is split with respect to 
polarization and wavelength, excitation 
is achieved by a laser yielding pulses 
with duration in the 100-ps range and 
the detection is done with picosecond 
resolution. For the RXR-experiments 
conducted at KTH (data for measure-
ments in Düsseldorf within parenthe-
ses) we used a PicoQuant LDH-P-C-
470 pulsed diode laser with 40 MHz 
repetition rate (Coherent Sabre Ar ion 
laser, modelocked at 476.5 nm and 73 
MHz), a 40×, NA 1.15 Olympus water 
immersion objective (60×, NA 1.2), a 
z488RDC dichroic mirror in the mi-
croscope (Q485LP), a 30 μm pinhole 
(100 μm), two 585DCXR dichroics 
splitting the fl uorescence (595DCXR), 
two HQ515/70m (HQ520/66m) 
fi lters for Alexa 488 emission and 
HQ675/135m (HQ658/105m) for 
Alexa 594.
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Figure 2.4: Sketch of a typical confocal FCS setup 
and illustration of how molecules diff using into and 
out of the focus introduce fl uctuations in the fl uo-
rescence signal. Th e setup used for the FCS measure-
ments presented in this thesis used an Ar ion laser 
(Carl Zeiss, Jena Germany, rebuilt by Lasos Laser-
Fertigung GmbH) for excitation, a 60×, NA 1.2, 
UPlanApo Olympus objective, a 30 μm pinhole and 
two avalanche photodiodes (SPCM-AQR-14/16, 
Perkin-Elmer Optoelectronics, Fremont, CA, USA) 
for detection. For measurements on Rh6G we used 
Z514/10x excitation and HQ565/75m emission 

fi lters. For fl uorescein we used Z488/10x excitation and HQ532/70m emission fi lters. All fi lters were 
manufactured by Chroma Technology Corp., Rockingham, VT, USA.
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or as the cross-correlation of two signals

 (14)

Here, the brackets indicate temporal averages over the time t with τ being the lag 
time or correlation time.

Assuming that the fl uorescence intensity is proportional to the excitation intensity, 
the fl uorescence detection effi  ciency function of the described setup is defi ned by 
the excitation illumination profi le, the point spread function of the objective and 
the transmission function of the confocal pinhole [38]. Th is function describes the 
spatial distribution of the average detected fl uorescence intensity and determines 
the eff ective sample volume. It can be approximated by 3-dimensional Gaussian 
distribution, which in a Cartesian coordinate system with the origin in the center 
of the focus and the z-direction along the excitation beam can be written:

 (15)

where ω0 and ωz defi ne the lateral and axial extent of the volume, respectively. 
Th e implications of this approximation have been studied extensively [44, 45]. 
For a single species of fl uorescent molecules diff using through such a volume the 
analytical expression for the auto correlation function was derived by Aragón and 
Pecora [46]:

 (16)

Here N is the average number of fl uorescent molecules in the sample volume and 
D is their diff usion coeffi  cient.

For studies of chemical or photophysical processes leading to fl uorescence fl uctua-
tions on a time scale much faster than the diff usion Palmer and Th ompson [47] 
showed that the correlation function can be written separated into two factors, one 
for the diff usion and one for the faster process:

 (17)

For fl uctuations due to singlet–triplet transitions [20] the expression becomes

 (18)

where T is the average fraction of molecules in the dark triplet state and τT is the 
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relaxation time of the singlet–triplet fl uctuations, i.e., the inverse of the lowest 
non-zero eigenvalue of equation 6. Triplet state build-up increases with higher ex-
citation intensity and brings with it fl uorescence intensity saturation. One should 
keep in mind that this saturation makes the spatial fl uorescence intensity distribu-
tion fl atter and increases the apparent detection volume [20, 48].

Protonation-deprotonation dynamics can be treated in the same way as the triplet 
transitions, assuming that the protonated (or deprotonated) state is non-fl uores-
cent [49]. Taking into consideration both singlet–triplet and protonation–deprot-
onation dynamics the auto-correlation function becomes

 (19)

provided that the two processes take place independently of each other. Here P 
denotes the average fraction of molecules in the dark protonated state, and τP is 
the relaxation time of the corresponding fl uctuations.

2.2.2 Single-molecule multi-parameter fl uorescence detection
Single molecule fl uorescence spectroscopy is fascinating, especially because it 
provides a more direct approach to many problems. It enables direct comparison 
between models based on individual molecular systems and experimental data. 
Single molecule measurements provide information on heterogeneities, subpopu-
lations, distributions and temporal changes of molecular properties that vanish in 
the averaging of ensemble techniques [50, 51].

smMFD [52, 53] is a method developed to extract as much information as pos-
sible from each detected fl uorescence photon. Th e experimental setup is very 
similar to the one used in FCS. It started as a combination of the burst integrated 
fl uorescence lifetime (BIFL) technique [54-56] and confocal detection, which 
enabled simultaneous extraction of intensity, lifetime and anisotropy data for in-
dividual molecules diff using through the focus. In its present form smMFD uses 
at least four detectors to detect fl uorescence split by a polarizing beamsplitter into 
polarization parallel and perpendicular to the polarization of the excitation and 
thereafter by dichroic mirrors into diff erent wavelength bands (fi gure 2.5). One or 
two pulsed lasers serve as excitation sources. Pulse widths are on the order of 100 
ps to allow resolution of small changes in fl uorescence lifetimes due to quenching 
or energy transfer. Repetition rates are on the order of 50 MHz and represent a 
tradeoff  between fl uorescence relaxation between pulses and suffi  cient fl uorescence 
emission per molecule passage.
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Th e data collection is done by electronics initially intended for time correlated 
single photon counting (TCSPC), a technique used for bulk measurements of 
fl uorescence lifetimes or time resolved anisotropy. Each detected photon serves as 
a start pulse for a time to amplitude converter (TAC). Th is starts a voltage ramp 
generator, which generates a voltage increasing with time. Laser pulses from the 
excitation source, detected by a photo diode, or sync pulses from the laser driver or 
mode locker are used to stop the TAC. At the stop pulse, the voltage is converted 
by an analog to digital converter (ADC) into a time stamp for the detected photon 
with picosecond resolution relative to the following sync pulse. Sync pulses are 
counted, and the number of the sync pulse is stored with each photon time stamp 
to provide macroscopic time (fi gure 2.6A). Th e number of the detection channel 
is also stored, carrying wavelength and polarization information. To ensure high 
time resolution and to minimize jitter each input of the data collection cards is 
a constant fraction discriminator (CFD), which instead of triggering at a certain 
voltage or current threshold divides the incoming signal in two unequal parts in-
verts and delays one of them, adds the two parts again and triggers at a threshold 
value on the fl ank connecting the two components (fi gure 2.6B).

Th e architecture of the TCSPC electronics has a few drawbacks. Each TAC can 
only handle one event at the time and its voltage ramp generator must be reset 
after each detection. Th is results in a rather long dead-time. To provide high time 
resolution data for FCS, two parallel synchronized data collection cards may be 
used. Another issue is the relatively poor linearity of the voltage ramp. Th is prob-
lem should be minimized by proper settings and corrected for by calibration. 

After collection of the fl uorescence photon traces comes the identifi cation and 
separation of bursts of increased fl uorescence intensity corresponding to single 
molecules passing through the detection volume. Th is is normally done by setting 
a threshold value for the time between photons. Additionally, bursts containing 
too few photons are rejected. For each burst and each detection channel a BIFL 
or TCSPC histogram is generated and lifetimes are fi t by reconvolution with data 
from a scatter measurement on buff er or water (fi gure 2.6C). Anisotropies and in-
tensity ratios between the diff erent wavelength bands are also calculated. Based on 
the calculated parameters the fl uorescence bursts from molecule passages through 
the focus can be sorted into cumulative histograms for visualization. Populations 
of bursts corresponding to molecules with similar properties can be selected and 
extracted for more detailed analysis. Wavelength band intensity ratios and lifetimes 
are useful for determining FRET-effi  ciencies (fi gure 2.6D). Anisotropies provide 
a tool for discrimination between large and small molecules based on rotational 
diff usion, for instance clearing a data set from contributions of free dyes in the 
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Figure 2.6: A. Time-tagged time-resolved data collection. A time to amplitude converter (TAC) is used 
for measuring the time between a detected photon and the next sync pulse originating from the laser or 
laser driver. Th e photon detection starts the TAC voltage ramp generator which is then stopped by the 
following sync pulse. Th e voltage is converted into a time stamp by an analog to digital converter (ADC). 
Th en the TAC has to be reset and given some time to settle before the next photon can be detected. 
Th e eff ective dead time is the sum of the measured time, the readout time for the ADC and the time 
it takes for the TAC to be reset and settle. Th e sync pulses are counted and the number of the pulse in 
combination with the TAC time provides a means to time stamp each detected photon with picosecond 
resolution for hours of continuous measurement. B. Using a simple voltage threshold for detecting pulses 
makes the timing of the system very sensitive to variations in pulse height. Th e two left graphs show two 
pulses with identical rise and fall times, but the amplitude of the lower pulse is half that of the upper 
one. Δt denotes the diff erence in detection time between the two. A constant fraction discriminator 
(CFD) divides the pulse into two fractions, inverts the smaller one, delays the other, adds them up again 
and uses a threshold close to zero on the fl ank joining the two. Correctly applied, this heavily reduces 
the sensitivity of the system timing to pulse height variations. Th is is illustrated for the same two pulses 
in the graphs on the right. C. Histogram from a TCSPC measurement. Th e fl uorescence lifetime can 
be directly estimated from the inclination of the decay (black curve) or determined with high precision 
using a nonlinear least-squares fi tting routine and reconvolution with the instrument response function 
(grey curve) generated by a measurement of light scattered by the sample buff er. In smMFD this type of 
histogram is generated for each fl uorescence burst to determine the fl uorescence lifetime for each single 
molecule passing through the detection volume. In this case the number of photons contributing to 
each histogram is naturally much lower. D. Example of a two-dimensional cumulative histogram that 
can be generated from smMFD data. Th e ratio of fl uorescence intensities emitted from the two dyes of 
a FRET pair is shown on the vertical axis and the donor lifetime is shown on the horizontal axis. Two 
imaginary populations of molecules with FRET-effi  ciencies of 25% and 75% are shown. Any change in 
interdye distance would make the populations shift along the curve connecting them, which is calculated 
using equation 11 assuming a donor-only lifetime of 4 ns, 40% acceptor quantum yield, equal detection 
quantum yield and no crosstalk or background fl uorescence. Th e use of two separate parameters makes 
it possible to distinguish changes in FRET effi  ciency from other processes.
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sample. Additional selectivity in this respect may be achieved by introduction of 
alternating excitation of the donor and the acceptor, known as ALEX (alternating 
excitation) [57] or PIE (pulsed interleaved excitation) [58]. Th e alternating excita-
tion scheme combined with time resolved detection enables temporal separation 
of FRET-signal or crosstalk and emission originating from direct acceptor excita-
tion (fi gure 2.7). Th is provides information on labeling stoichiometry and allows 
separation of single- and double-labeled sample molecules.

Applied on FRET-active samples smMFD is a very powerful tool, e.g., for stud-
ies on conformational dynamics [59] or separation and identifi cation of diff erent 
species [60].
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Figure 2.7: Setup for smMFD combined with PIE. PIE means that two lasers of diff er-
ent wavelengths are used to alternately excite the donor and acceptor of a FRET pair or 
two diff erent dyes used for cross-correlation. For the PIE-experiments on RXR two pulsed 
PicoQuant lasers with wavelengths 470 and 635 nm and a repetition frequency of 50 MHz 
were used. A z470/637 dichroic was mounted in the microscope. Th e pinhole had a 100-μm 
diameter and a 595DCXR dichroic was used to split the fl uorescence. HQ520/35m and 
HQ720/150m emission fi lters were used for Alexa 488 and Alexa 647 emission, respec-
tively. Th e inset shows the idea behind PIE and how it can be used to distinguish between 
crosstalk and FRET or cross-correlation. If blue excitation yields fl uorescence in both green 
and red detection channels, this may be due to crosstalk or FRET. Red excitation reveals 
if the acceptor is present. Please note that in reality far from every excitation pulse yields a 
fl uorescence photon. Th us the distinction has to be made on a burst-wise basis or by time-
gated cross-correlation. 
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3 A study of the retinoid X receptor by smMFD

Th is chapter is an introduction to and an overview of the current stand of an ongo-
ing project concerned with conformational changes of nuclear receptors related to 
ligand binding. Th e project has two primary goals based on the vast number of 
functions regulated by the family of nuclear receptors. First, detection of popula-
tion heterogeneities or conformational dynamics should shed some new light on 
the mechanisms behind the ability of the retinoid X receptor (RXR) to regulate 
many diff erent processes. Second, a detectable change of conformation upon ligand 
binding could be used as readout for screening for ligands. Th e nuclear receptor 
family has a large number of members for which the ligands are still unknown, so 
called orphan receptors. Using a single molecule method for this screening has the 
additional advantage that it would enable determination of dissociation constants 
without imposing a lower limit on the measurable values, in contrast to ensemble 
measurement methods that require a minimum concentration of the sample.

3.1 RXR – a nuclear receptor
Th e nuclear receptors are a family of proteins acting as ligand-activated transcrip-
tion factors regulating the expression of genes involved in many diff erent pro-
cesses, for instance general metabolism, reproduction and development [61]. It 
includes classic endocrine receptors mediating the actions of steroid hormones, 
thyroid hormones and vitamins A and D. Other members are activated by dietary 
nutrients or even toxic foreign substances, regulating metabolism and detoxifi ca-
tion. For a number of these proteins, the so called orphan receptors, the ligands 
are still unknown.

Th e fi rst orphan receptor for which a ligand was found was the retinoic acid recep-
tor (RAR), which naturally has got its name from that ligand, all-trans retinoic 
acid. It was soon found that another receptor could be activated by, but could 
not bind to, all-trans retinoic acid. Th is started a search for the true ligand, which 
was referred to as retinoid X [62]. Th e receptor was called the retinoid X receptor 
(RXR). It soon turned out that what had activated the ligand was a stereoisomer of 
the retinoic acid, 9-cis-retinoic acid (9cRA), which is a high affi  nity RXR ligand. 
Whether 9cRA is a natural ligand or not has been debated since it has been dif-
fi cult to detect in vivo. Recently, it has been shown that polyunsaturated fatty 
acids can bind to and activate RXR [63, 64]. Docosahexaenoic acid (DHA) is an 
example of such a ligand.

RXR is special in the sense that it serves as a master regulator for many of the 
processes mediated by other nuclear receptors. It acts as a heterodimerization 
partner for other receptors, forming an active transcription factor that can bind 
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to a response element in the DNA and activate gene transcription. Th e response 
element is usually a pair of AGGTCA motifs separated by one to fi ve base pairs, a 
so called direct repeat [8]. RXR can also form an active homodimer.

Th e structures of diff erent nuclear receptors are very similar. Most nuclear recep-
tors consist of an N-terminal region with a ligand independent transcriptional 
activation function, a DNA-binding domain (DBD), a hinge region and the li-
gand binding domain (LBD) with a dimerization interface and a ligand dependent 
activation function at the C-terminal end. Studies have shown that the LBD of 
RXR is capable of autonomous ligand binding [62].

Th ere are three diff erent types of RXR (α, β and γ) coded by diff erent genes. Th eir 
functionality is similar but not identical and they are present in diff erent tissue 
types. Th e LBDs of the three are nearly identical.

Th e diversity of the processes regulated by RXR makes it a very interesting mol-
ecule from a medical point of view. It is believed to be involved in many diff erent 
diseases and presents a possible drug target for their treatments. Cancer, obesity 
and type 2 diabetes are important examples. Its many eff ects stem from its ability to 
form dimers with a variety of diff erent other nuclear receptors. Th e synthetic RXR 
ligand LG100268 (LG268) has shown benefi cial eff ects on insulin resistance and 
type 2 diabetes in rats. Although it is a full RXR agonist in vitro it has shown more 
selective eff ects in the animals than the similar LGD1069 which is currently used 
in therapy.  Th is indicates that diff erent ligands may induce diff erent biological 
eff ects, by favoring dimerization with diff erent partner receptors. Single molecule 
measurements may help elucidate the mechanisms behind this selectivity.

Figure 3.1: Structure of the human retinoid 
X receptor α ligand binding domain bound 
to the ligand 9-cis-retinoic acid. Shown are 
residues S224 to P458 from structure 1FBY 
in the Protein Data Bank.
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3.2 First measurements on RXRα LBD
Th e RXRα LBD was chosen as a fi rst candidate system for this study. Figure 3.1 
shows the structure of the peptide with its ligand 9cRA [65]. Th e peptide was 
expressed in E. coli with 7 amino acids long recognition sequences (PKPQQFM) 
for the guinea pig liver enzyme transglutaminase (Tgase) at both ends [66, 67]. 
Expression vector constructs were verifi ed by PCR and DNA-sequencing.

For labelling Tgase was used to randomly attach cadaverine conjugated Alexa 488 
or Alexa 594 (Invitrogen, Carlsbad, CA, USA) by a covalent bond to one of the 
glutamines of each recognition sequence. Th ree labelling reactions were performed, 
one with equal amounts of the two dyes, and two with tenfold excess of each 
fl uorophore respectively. Th e resulting samples were purifi ed using Micro Bio-Spin 
6 columns (Bio-Rad Laboratories, Hercules, CA, USA) followed by multi-step 
centrifugation microfi ltration with 10 kD micromembranes (Pall Corporation, 
East Hills, NY, USA).

smMFD measurements were performed on the purifi ed samples diluted in 10 mM 
Tris, pH 7.5 (see fi gure 2.5 for details on the experimental setup). Th e FRET spe-
cies was most prominent in the case with tenfold excess of acceptor, most likely due 
to a smaller amount of molecules doubly labelled with donor. Th ese measurements 
looked promising and showed that the labeling had worked (see fi gure 3.2). As-
suming a Förster radius for the FRET pair of 60 Å, as stated by the manufacturer, 
and extracting donor and acceptor fl uorescence lifetimes from the measurements 
(3.5 and 2.1 ns respectively) gives an estimate of the average end-to-end distance 
of 64 Å, which is reasonable considering existing crystal structures [68].
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Figure 3.2: Two-dimensional cumulative 
histogram from our fi rst measurement on 
RXR labelled with Alexa 488 and Alexa 594. 
On the vertical axis the ratio of fl uorescence 
intensities detected in the green and the red 
channels is shown on a logarithmic scale. 
Th e horizontal axis shows donor (Alexa 488) 
fl uorescence lifetime. Only the 3300 fl uores-
cence bursts with anisotropy above 0.087 are 
shown to minimize the infl uence of free dyes 
in the sample.

Further measurements were made adding the ligands 9cRA, LG268 and DHA. 
Th ese, however, showed no obvious change from the measurements without li-
gand. One possible reason for this could be photo-degradation of the ligands. To 
exclude this we acquired absorption spectra for the ligands before and after strong 
laser illumination with diff erent duration. Eff ects were seen, but for illumination 
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doses corresponding to experimental smMFD conditions they were negligible. All 
measurements performed with the setup at KTH were repeated in the laboratory of 
Professor Claus Seidel at the Heinrich-Heine-Universität in Düsseldorf, Germany, 
and showed the same results. Th ere, measurements were also made with diff erent 
laser powers and addition of antioxidants excluding eff ects related to photobleach-
ing.

To investigate the degree of labeling, a PIE approach (see fi gure 2.7 for experimen-
tal details) was tried using Alexa 647 (Invitrogen, Carlsbad, CA, USA) instead of 
Alexa594. Th is dye pair has a Förster radius of approximately 56 Å. Th e sample 
used was labeled with equal amounts of the two dyes. Th e PIE data indicated 
that a part of what we initially thought was bursts from donor only molecules 
were actually fully labeled molecules showing no FRET, indicating that the inter-
dye distances are considerably longer than our fi rst estimates. Unlabeled RXRα 
LBDs were added to the samples to allow the peptides to form dimers or tetramers 
and possibly adapt a conformation closer to the crystal structures. No substantial 
changes were observed.

Th e next step will be to redesign the expression vector and express samples where 
the dyes can be positioned in a better defi ned manner in relation to the crystal 
structures. In the present samples the dyes are spaced around 40 amino acids far-
ther apart than the end points of the available structures, making the interdye 
distance uncertain.

Th e absence of change between measurements with and without ligands could 
be seen as supporting recent results indicating only minute or no eff ects of ligand 
binding on conformational mobility [69]. Th is stands in contrast to earlier reports 
of rigidization and compaction of the structure [70, 71]. Given the uncertainty re-
garding our samples, it would however be premature to draw such a conclusion.
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4 Transient state characterization by modulated excitation 
and registration of average fl uorescence intensity 
(paper I)

Fluorescent dyes exhibiting photoinduced long lived transient states can be used as 
excellent probes for microenvironmental changes. Such states can be generated by, 
e.g., trans–cis isomerization, intersystem crossing or photoinduced charge transfer. 
While the fl uorescence lifetime of a fl uorophore is normally in the nanosecond 
range, these transient states have lifetimes on the order of microseconds or even 
milliseconds. Consequently, there is much more time for environmental interac-
tions to aff ect the relaxation of a molecule in such a state than one in the fi rst 
excited singlet state. In this project we have developed a technique for charac-
terizing the kinetics of long-lived nonfl uorescent or weakly fl uorescent transient 
states by measurements with modulated excitation and time-averaged fl uorescence 
intensity recording. Th is technique benefi ts from the single-molecule sensitivity 
of fl uorescence without imposing any constraints on the concentration or fl uo-
rescence brightness of the molecules under study. Additionally, it requires no time 
resolution on the detection side, which makes it ideal for use with relatively slow 
detectors such as CCD-cameras and opens for massively parallel detection.

4.1 Traditional techniques
Th e traditional methods for monitoring triplet-state kinetics in biomolecular 
studies are transient absorption spectroscopy, phosphorescence spectroscopy and 
FCS.

Transient absorption spectroscopy is a well-established technique [72, 73], where 
various states are monitored via their absorption by a separate probing beam, fol-
lowing an excitation pulse. However, for many compounds, the absorption spectra 
of these transient states overlap with those of other photoinduced states, making 
it diffi  cult to separate them from each other. Moreover, this technique is relatively 
technically complicated and lacks the sensitivity for measurements at submicro-
molar concentrations [74].

Phosphorescence, i.e. the emission originating directly from the long-lived fi rst 
excited triplet state can also be used for biomolecular studies [75]. By virtue of its 
long decay time, phosphorescence is well suited for monitoring slow rotational 
motions and to probe subtle changes in environmental conditions (viscosities, ac-
cessibilities of quenchers, polarities, etc.), revealing both structural and dynamic 
information of biological macromolecules [76]. However, coupled to 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 
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careful sample preparation. Th is quenching not only shortens the triplet lifetime, 
but practically makes the phosphorescence undetectable. Th erefore, biomolecular 
monitoring by phosphorescence is largely restricted to deoxygenized, carefully pre-
pared samples and has only been exploited to a rather minor extent.

Th e population and kinetics of a triplet state of a fl uorescence marker can also be 
followed by fl uorescence fl uctuation analysis with FCS [20, 77]. Here fl uorescence 
is detected, rather than the faint, easily quenched, phosphorescence signal from 
the triplet state itself. Hence FCS provides a combination of high signal level and 
the outstanding environmental sensitivity given by the long lifetimes of the tran-
sient states. Furthermore, the experimental realization is rather simple. However, 
since the technique relies on the relative intensity fl uctuations generated by each 
single molecule it is limited to very low concentration samples and fl uorophores 
with high molecular brightness [78]. Th e time resolution needed on the detector 
side for triplet state characterization currently requires point detectors like APDs 
or photomultipliers, which makes parallelization complex. FCS with high time 
resolution has indeed been demonstrated with four laser foci and a two-by-two 
detector array [42], but making large arrays this way would be very diffi  cult from 
an alignment point of view and extremely expensive with currently available detec-
tion technology. Large arrays of single photon counting detectors, CMOS-APDs, 
are under development. Nonetheless, the presented approach circumvents the need 
for time resolved detection, which makes the transient state dynamics available for 
high throughput screening (HTS) or imaging applications by use of simple and 
relatively cheap detectors such as CCD-cameras.
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Figure 4.1: Schematic representation of the modulation approach. Th e light from a laser 
is modulated by an acousto-optic modulator, controlled by a PCI-6602 card (National 
Instruments), and then used to excite the sample. Th e fl uorescence is detected either by 
two APDs or a CCD camera connected to the PCI-6602 or a PCI-1410 card (National 
Instruments, not shown), respectively.



25

4 Transient state characterization by modulated excitation

4.2 Utilizing the effect of modulation on the fl uorescence intensity
Th e experimental setup we used is essentially a traditional confocal FCS setup with 
the addition of an acousto-optic modulator in the excitation beam path (see fi gure 
4.1). Th e approach is general and does not depend on objective based fl uorescence 
collection or diff raction limited excitation beam focusing. However, high enough 
excitation intensity to drive the fl uorophores into the transient states of interest to 
a signifi cant extent under continuous illumination is a prerequisite, and an esti-
mate of the spatial distribution of the excitation intensity and detection effi  ciency 
is needed for quantitative results.

By modulating the excitation source in the range of the relaxation time of the 
triplet state of a fl uorescent dye, the triplet state can be populated to signifi cantly 
diff erent degrees depending on the repetition rate and duration of the pulses. For 
pulse trains with short excitation pulse durations, the probability for the fl uo-
rescent molecule to enter into the triplet state within the pulses is smaller than 
for longer pulses with the same repetition rate. Th is in turn means that the fl uo-
rescence intensity is higher during the shorter pulses. Th is is illustrated in fi gure 
4.2. Also, for pulse trains with a larger temporal separation between the pulses, 
the probability for a fl uorophore to relax into the ground state before the onset 
of the next excitation pulse increases, with a higher fl uorescence intensity during 
the pulses as a result. By measuring the average fl uorescence intensity for a set of 
diff erent modulation parameters and applying a model deriving the fl uorescence 
intensity variations from the electronic state populations the kinetic parameters of 
the triplet-state (kISC and kT) can be determined. Th e model used in this study is 
based on the one presented in the chapter about fl uorescence in general (see fi gure 
2.1B and equation 6).
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Figure 4.2: A and B show the relationship between pulse duration, w, and time-averaged 
fl uorescence, F. Th e fl uorescence normalized with respect to the duty cycle of the pulse 
train and the relative triplet population are shown in C.

4.3 Results
To demonstrate and evaluate the approach we measured triplet state kinetic rates of 
the very well characterized laser dye Rh6G in aqueous solutions with diff erent po-
tassium iodide (KI) concentrations. Th e intersystem crossing and triplet relaxation 
rates increase linearly with KI concentration due to the external heavy atom eff ect. 
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Th e results were compared with traditional FCS-measurements [20]. Figure 4.3A 
shows the intersystem crossing rate, kISC, measured for KI concentrations from 0 
to 5 mM. Th e linear dependence is evident and the diff erences between the FCS 
results and the values achieved with modulated excitation are within experimental 
errors.

In contrast to FCS experiments, which normally require dye concentrations well 
below the micromolar range, the new modulation approach has no principal con-
centration limitation. To confi rm this and to demonstrate that the method does 
not require any sample concentration calibration, measurements were performed 
at dye concentrations ranging between 10 nM and 100 μM. In the measurements 
of the samples in the upper concentration range, the generated fl uorescence inten-
sity tended to saturate the sensitive APDs used. By inserting optical neutral density 
fi lters in the fl uorescence beam path, this saturation was avoided. Since the back-
ground signal from ambient and scattered excitation light is reduced to the same 
extent as the fl uorescence signal by the fi lters, the increase in signal-to-background 
ratio due to the higher sample concentration is not compromised.

In fi gure 4.3B, data from the 10 nM measurement and the 10 μM measurement 
are plotted in the same graph. Th e two measurements overlap, indicating that 
the triplet-state kinetics was indeed found to be the same for the two concentra-
tions, spanning a range of 3 orders of magnitude. In the inset, the triplet-state 
rate parameters, measured at two diff erent excitation powers, are plotted versus 
dye concentration. Th e kinetic rates display almost no concentration dependence. 
Th us, the proposed method does not reveal any obvious intrinsic upper limit for 
the concentrations of fl uorescent molecules. Th e limitations are instead set by the 
infl uence a high concentration may have on the fl uorescence properties of the mol-
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Figure 4.3: A. Rh6G intersystem crossing rates for diff erent KI concentrations. Values 
measured by FCS (black squares) compared to the presented approach (grey circles). B. 
Comparison of measurements of 10 nM (open symbols) and 10 μM (fi lled symbols) Rh6G 
with 2 mM KI. Lines are only connecting data points as guides for the eye. Inset shows 
intersystem crossing and triplet relaxation rates from a concentration series ranging from 
10 nM to 10 μM.
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ecules themselves. In our measurements, a distinct drop in the triplet-state kinetic 
rates could be observed for a sample containing 100 μM Rh6G. We attribute this 
drop to quenching of the fl uorophore molecules, eff ectuated by dye–dye interac-
tion. Th is is well in agreement with dimerization of the dye molecules, which has 
been reported to take place for Rh6G at similar concentrations in water [79]. 
Further, insertion of attenuation fi lters (with optical densities up to 4) to avoid 
APD saturation demonstrates that the approach is compatible with fl uorescence 
brightness attenuation of the Rh6G molecules by up to 4 orders of magnitude. 
Th us, unlike FCS and other fl uctuation spectroscopy approaches, it does not rely 
on a high fl uorescence brightness of the sample molecules.

FCS needs the high time resolution of the APDs but only the time-averaged fl uores-
cence intensity is used in our modulation approach. To demonstrate that detector 
time resolution is indeed not an issue, and as a fi rst step toward parallelization, we 
replaced the APDs in our instrumentation with a CCD camera. Figure 4.4 shows 
the result of a measurement with a CCD camera, together with a corresponding 
measurement with APDs. Th e data sets obtained were nearly identical.
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centration, fi lled symbols) and CCD camera (10 μM, open symbols). Lines show the model 
fi t to the APD measurement data. Th ree fl uorescence intensity images from the CCD.
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5 FCS with modulated excitation (paper II)

A common complication in FCS is that several processes take place in the same 
time regime, making them diffi  cult to separate. Many of the best fl uorescent 
markers, synthetic organic dyes as well as fl uorescent proteins, exhibit fl uorescence 
fl ickering due to e.g. triplet formation [20], trans-cis-isomerization [80], electron 
transfer [81] or protonation [49]. Whereas each of these processes may be exploited 
to probe the environment, sometimes they complicate the measurements or the 
data analysis by obscuring a process of interest falling within the same time range. 
We have already shown that the amount of triplet formation may be controlled by 
modulating the excitation with pulse widths and periods in the range of the transi-
tion times of the involved states (see paper I). Th is should also be true for other 
photo-induced processes, i.e. all of the processes mentioned above, except the con-
centration dependent protonation. Suppressing the triplet is also useful because 
it is a way of decreasing the photobleaching. It has been shown that modulated 
excitation may allow immobilized fl uorophores to emit 10-20 times more photons 
before they bleach [82]. However, modulating the excitation in FCS measurements 
induces ringing in the correlation curve, making a direct interpretation diffi  cult. 
In most cases the modulation even destroys the correlation information for certain 
time regimes. Here, we have introduced and experimentally verifi ed a method 
to retrieve the full correlation curves from FCS measurements with modulated 
excitation and arbitrarily low fraction of active excitation. We have shown, for 
Rh6G in water, that modulated excitation can be applied to FCS experiments to 
suppress the triplet build-up more effi  ciently than by reducing excitation power 
with CW excitation. We have also shown measurements done on fl uorescein at 
diff erent pH, where suppression of the triplet signifi cantly facilitates the analysis of 
the protonation kinetics generating fl uorescence blinking in the same time range 
as the triplet state kinetics. 

5.1 Modulation fi lters
When fi rst approaching the problem of generating correlation curves from modu-
lated measurements we divided the task into two parts: correlation between ex-
citation pulses for long correlation times, and correlation within pulses for short 
times. Th e solution to the fi rst task was rather simple. Using multi-tau correlation 
with the shortest bin time corresponding to the modulation period gives a smooth 
correlation curve, but only gives access to information for correlation times longer 
than the period. After several tries to achieve correct normalization for the “in-
trapulse” correlations we realized that renormalization, according to the relative 
number of fl uorescence photon pairs provided for each lag time interval by the 
particular modulation settings, should enable the use of any common correlation 
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algorithm for the whole time span. Renormalization can be achieved by multiply-
ing or dividing the modulation distorted correlation curve with a suitable fi lter 
function.

In this work two approaches for generating fi lter functions for renormalization and 
retrieval of a correlation curve for a modulated measurement are introduced and 
evaluated. Th e fi rst has the advantage of being useful with conventional correla-
tors, whereas the second is more generally applicable. Here the basic assumptions 
and the fi nal expressions are presented. For the full derivations, see paper II.

If the detected intensity I is assumed linearly dependent on the modulation of 
the excitation (a situation analogous to modulation of the light emitted from the 
sample), it can be expressed as a product of two uncorrelated components, the 
modulation M and the fl uorescence F:

 (20)

In this case, for all τ where  the autocorrelation of F can be 
calculated by dividing the autocorrelation of the detected intensity with the one of 
the modulation:

 (21)

Th is method can easily be used with a hardware correlator, e.g., by measuring on 
refl ected excitation light to get the correlation function for the modulation.

In a more general case the intensity trace collected during a measurement with 
modulated excitation can be considered a product of three components:

 (22)

Here, M is the excitation modulation and F corresponds to the fl uorescence of the 
observed molecules, as if they where continuously illuminated, but with a molecu-
lar brightness determined by the average state population distribution during the 
excitation pulses. V is a factor taking care of the variations in fl uorescence intensity 
during the pulses due to the modulated excitation. Hence, V is to a fi rst approxi-
mation periodic, with the same period as the modulation. Th e periodic nature of 
the modulation allows generation of a fi lter function to remove the modulation 
artefacts by introducing a lag time shift which is a multiple of the modulation 
period Tp and much larger than the correlation time of any process other than 
the modulation contributing to the correlation. In the case of sample molecules 
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freely diff using through the detection volume this means that the shift has to be 
much larger than the diff usion time τD (NTp >> τD , please note that τD is not to be 
confused with the donor lifetime discussed in section 2.1.6):

 (23)

Th is operation can only be carried out for the lag-times where the fi lter function 
has a non-zero value.

A B

Figure 5.1: A. Design of lower duty cycle pulse trains, allowing extraction of complete 
correlation curves, by starting with a 50% duty cycle square wave and recursively removing 
the middle third of each pulse. Th e blue ribbon represents CW excitation, green is a 50% 
duty cycle square wave, yellow and red show the two fi rst recursion steps. B. Illustration of 
the more general approach, removing the n even 1/(2n+1)-parts. Here n = 2.

5.2 Pulse trains
An important issue when making FCS measurements with modulated excitation 
is to get useful correlation information for all time regimes. Th e excitation must 
be such that fl uorescence photons can occur in pairs separated by any time shorter 
than the measurement duration. For a regular pulse train, with one rectangular 
shaped pulse per modulation period, the pulse width must be at least half a period 
to fulfi ll this. Such a pulse train, with a pulse width that is exactly half the period, 
has a duty cycle of 50%. Th e duty cycle is normally defi ned as the ratio of the pulse 
width and the period, whereas here, for our more complex pulse trains, we choose 
to defi ne it analogously as the fraction of the total time the excitation is actually 
active. To achieve duty cycles smaller than 50% we designed pulse trains with mul-
tiple pulses per modulation period. Based on a rectangular pulse train with 50% 
duty cycle a pulse train with arbitrarily small duty cycle yet containing information 
on all time scales, limited only by the resolution of the detection system, can be 
generated by recursively removing the middle third of each pulse. Accordingly, the 
number of pulses per modulation period is doubled for each recursion. A more 
general realization of the same idea would be to recursively remove the n even 
1/(2n+1)-parts (n positive integer) of each pulse, changing the duty cycle by a 
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factor of (n+1)/(2n+1) for each recursion (fi gure 5.1).

5.3 Results
Measurements were made on Rh6G in water, with time-tagged photon trace collec-
tion, as well as with a hardware multi-tau correlator, to demonstrate the described 
approaches for generating correlation curves from measurements with modulated 
excitation. Excitation pulse trains were generated as described above, with n = 1.

Figure 5.2A shows two measurements with modulated excitation with diff erent 
pulse widths. Th e data was acquired using the ALV-5000 hardware correlator 
(ALV-GmbH, Germany) and the correlation curves were fi ltered by division by 
the correlation curves from corresponding measurements on refl ected light. Th e 
method works well for excitation with short pulses, because the fl uorescence inten-
sity does not change signifi cantly during each pulse. For longer excitation pulses 
the decrease in fl uorescence intensity due to triplet population build-up during a 
pulse gives rise to spikes in the correlation curve. Th ese spikes appear around lag 
times corresponding to odd multiples of the pulse width. In fi gure 5.2B similar 
measurements are shown, in this case data was collected as time-tagged photon 
traces and software-correlated. Th e fi ltering was done by division by time-shifted 
correlation of the same measurements, as described above (equation 23). Both of 
these curves are well-behaved, and the fl uorescence decay during the pulses is no 
longer a problem. An additional major advantage of this method is that it only 
requires one measurement to generate a fi ltered correlation curve. Th is makes it 

Figure 5.2: A. Measurements on Rh6G, acquired by an ALV-5000 correlator. Curves gener-
ated by dividing correlation curves for the Rh6G measurements with modulated excitation 
by curves from measurements on refl ected excitation light with corresponding modulation. 
Pulse widths in the excitation pulse trains were 1.8 μs (solid curve) and 16.2 μs (dashed 
curve). Th e modulation period was 32.4 μs for both measurements. B. Measurements cor-
responding to those in A but software correlated after collection of time-tagged photon 
traces. Th e fi lter functions used to generate these curves were generated by introducing a 
time shift of 0.3 s between the data channels before correlating. Insets of A and B show 
the unfi ltered correlation functions (solid curves) and the corresponding fi lter functions 
(dashed curves). Th e upper insets correspond to the measurements with the longer pulses.
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more robust and less sensitive to changes in the experimental setup. Th is method 
is used for all the following measurements presented here.

A series of measurements were made on Rh6G with diff erent modulation param-
eters and compared with a power series with CW excitation. A relatively high peak 
excitation intensity was chosen to clearly illustrate the eff ect of the modulation 
on the average triplet population. Figure 5.3A shows a CW measurement at the 
chosen peak excitation power compared with two modulated measurements. Th e 
reduction in triplet fraction is obvious. Figure 5.3B shows that modulated excita-
tion can be used to suppress triplet build-up more effi  ciently than by decreasing 
excitation power. Th e triplet fractions were determined by nonlinear least-squares 
fi ts of the model shown in the introduction (equation 18).  It can be seen that, 
as expected, the choice of modulation parameters is critical for optimal triplet 
suppression. Th e pulses must be short enough, that fl uorophores do not have the 
time to accumulate in the triplet state, and the times between pulses must be long 
enough to allow suffi  cient relaxation back to the singlet ground state (see paper 
I).

To show that the modulated FCS approach can be used to separate processes over-
lapping in time, measurements were made on fl uorescein at diff erent pH. At the 
relevant pH values, fl uorescein has two forms: one nonprotonated dianionic form, 
which is fl uorescent; and one protonated monoanionic form, which is very weakly 
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Figure 5.3: A. Th ree measurements on the same Rh6G sample and their corresponding fi ts. 
All correlation data are shown as solid thin curves. Th e solid thick curve is a fi t to the CW 
measurement, the thick dashed curve is a fi t to the modulated measurement with 5.4-μs 
period and 900-ns pulse width, and the dotted curve is a fi t to the modulated measurement 
with the same period and 100-ns pulse width. Th e average triplet population clearly de-
creases with shorter pulses. B. Average fraction of molecules in the triplet state as a function 
of average excitation power for a sample of Rh6G. Th e solid curve with fi lled squares shows 
data from a CW power series. Th e dashed curves with open symbols show measurement 
data from measurements with modulated excitation and constant peak power of 0.84 mW. 
Th e curve with circles represents a modulation series with 16.2-μs period and varying pulse 
widths, and hence duty cycles. Upward-pointing triangles signify 5.4-μs, downward-point-
ing triangles 1.8-μs and diamonds 600-ns periods.
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fl uorescent under the conditions of this study. Here we regard the latter form 
nonfl uorescent, the only implication of which is a slight underestimation of the 
fraction of protonated dye in the sample. With this assumption, the protonation 
kinetics aff ects the correlation curve in exactly the same way as the triplet transi-
tions. We used the model introduced as equation 19.

Lower pH means a higher concentration of protons available for reaction, which 
increases the fraction of protonated molecules and the rate of protonation. Th is 
leads to a shortening of the measured protonation relaxation time. Adding buff er 
speeds up the exchange and also shortens the protonation time, but leaves the 
protonation fraction unaff ected. As a reference, measurements with both CW and 
modulated excitation were made on fl uorescein at pH 9.4, where essentially all 
molecules are in the unprotonated state. Th e triplet parameters were extracted by 
fi tting equation 18 to the data (fi gure 5.4A)

Figure 5.4B shows corresponding measurements on a fl uorescein sample with 1 
mM phosphate buff er at pH 6.0. Th is pH gives prominent protonation, and the 
buff er concentration was chosen such that the protonation time is very close to the 
triplet time, making the two processes hard to separate. A global fi t of equation 19, 
with triplet parameters fi xed to the values achieved for the measurements at pH 
9.4 and protonation parameters as common variables, gave a fraction of proton-
ated species of 66% and a protonation time of 5.0 μs.

In fi gure 5.4C the same measurement with modulated excitation as in fi gure 5.4B 
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Figure 5.4: A. Measurements on fl uorescein in 10 mM phosphate buff er at pH 9.4 with 84 
μW excitation power (average power for CW, peak power for the modulated measurement). 
No protonation assumed due to the high pH. A global fi t with the triplet relaxation time 
as common variable is shown as a solid line for the CW measurement and as a dashed line 
for the modulated measurement with 5.4-μs period and 100-ns pulse width. Th e fi t gives 
a triplet relaxation time of 0.94 μs and triplet fractions of 48% and 18%, respectively. B. 
Measurements on fl uorescein in 1 mM phosphate buff er at pH 6.0 performed in the same 
manner as presented in A. A global fi t, with protonation time and fraction as common 
variables and triplet parameters fi xed to the results achieved in A, indicates 66% protonated 
dye with protonation time 5.0 μs. C. Th e same modulated measurement as in B but fi t with 
a model assuming no triplet. Th is gives a protonation fraction of 64% and a protonation 
time of 4.2 μs. 
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is depicted again, this time with a fi t assuming zero triplet population. Th is yields 
protonation fraction and time of 64% and 4.2 μs, which at least for the fraction 
compares well with the values from above. A lower excitation power would help 
reduce the triplet infl uence even further. Th is indicates that modulated excitation 
can suppress the triplet population to the extent that, for some applications, triplet 
kinetics need not be taken into account in the analysis anymore.

Th e introduction of excitation modulation in FCS provides a new set of parameters 
for optimizing the photophysical conditions for a measurement. Properly used it 
will give better signal to noise ratios thanks to higher fl uorescence intensity and 
reduced photobleaching. It adds the option of applying time gating to improve the 
signal to background ratio, which may be especially useful for measurements with 
low excitation duty cycle under conditions with stray light or high dark current. 
In this case time gating could not be used to remove scattered excitation light [52] 
because the excitation pulses were much longer than the fl uorescence lifetime. 
In addition, modulated FCS off ers more robust data analysis and interpretation 
thanks to the added possibilities to separate processes from each other.
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6 Data acquisition and modulation control

Th e projects introduced in the two previous chapters both rely on data acquisition 
synchronized with the modulation of the excitation laser light. Th is was achieved 
using two PCI-6602 counter/timer cards from National Instruments Corporation, 
USA, equipped with BNC-2121 connector blocks and interconnected over the 
built-in RTSI (real-time system integration) bus. A PCI-6602 card provides eight 
32-bit counters, up to 32 digital I/O lines (shared with the counters) and 3 DMA 
(direct memory access) channels for fast data transfer with a 32 sample FIFO 
(fi rst in fi rst out) buff er each. Th e acousto-optic modulator (AOM) (AA.MT.200/
A0,5-VIS, AA Opto-Electronic, France) and the avalanche photodiodes (APDs) 
(SPCM-AQR-14/16, PerkinElmer Optoelectronics) for fl uorescence detection 
were all connected to the connector block of the same counter/timer card. Th e 
internal 80 MHz clock of the same card was used both for data collection timing 
and to determine pulse widths and periods to eliminate problems with timing drift 
in the system. Th e software controlling the cards was written in LabView 8.20.

In the fi rst project, the main strategy was to measure average fl uorescence intensity 
during a few seconds while illuminating the sample with excitation light modu-
lated by a square wave pulse train with a certain pulse width wp and period Tp. Th is 
was repeated for a set of diff erent pulse train parameters. Th e implementation was 
rather straight forward. One counter per detection channel was set up to count 
pulses from an APD for a certain amount of time and one counter was set up to 
generate the pulse train. A program was written to automatize a complete measure-
ment series, correct for detector nonlinearity, subtract background and normalize 
the data.

Some reference measurements with time tagged photon traces were also needed. 
Here the goal was to time stamp each detected photon with the 12.5-ns resolu-
tion provided by the 80 MHz clock of the card. Th is was realized by letting one 
counter per detection channel continuously count clock pulses, and upon photon 
detection send its current value to the FIFO buff er. Th e buff ers were then read by 
the computer as often as possible. It turned out, however, that the shallow buff ers 
of the card presented a problem. Even though the average fl uorescence count rates 
were well below the cards highest sustainable data transfer rates, a fl uorescence 
burst might easily produce 32 photons fast enough to induce buff er overfl ow. Th is 
situation was further aggravated by detector afterpulsing. To circumvent this prob-
lem a second counter was introduced as a fi lter for each channel, confi gured to 
generate a pulse of certain length when triggered by a pulse from the APD (fi gure 
6.1A). Once back to idle, this counter could be retriggered, but for a well defi ned 
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time after detection of a photon it would be insensitive to consecutive pulses. Th e 
pulse generated by this counter was in turn used as input for the counter providing 
the time stamps. Th us photons arriving to close together were suppressed and the 
stability of the data collection was greatly improved. When introducing such a 
fi lter, care has to be taken not do introduce any unwanted artifacts in the data. If 
too many photons are suppressed this will for instance lead to pulse distortions in 
fl uorescence histograms or decreased correlation amplitudes if the data is used for 
FCS. Th ese artifacts are well known, since most detection systems used in the fi eld 
have a so called dead-time [83].

Th e same strategy was used to acquire the time-stamped photon traces needed 
for the second project. In this case the modulation pulse trains were more com-
plex. Generation of the pulse trains were achieved by letting several counters work 
together. To defi ne the period of the pulse train, one counter was confi gured to 
generate a simple square wave pulse train with 50% duty cycle (50% on, 50% 
off ). Th is pulse train, in turn, was used to trigger another counter to generate a 
certain number of pulses. In this confi guration an additional counter is occupied 
by keeping track of the number of pulses generated. Now, this pulse train could 
either be sent to the modulator or used to trigger another counter pair. Th is was 
done with the period-defi ning counter together with up to fi ve other counter pairs, 

A

B

APD

Filter
counter

dead time

Period
counter

1st counter
pair

2nd counter
pair

Tp

wp

Figure 6.1: A. Suppression of photon detection pulses arriving within a too short time 
span after the last registered one was achieved by letting the signal from the APD trigger a 
counter set up to generate a pulse of certain length. Th is generated pulse was then used to 
gate the readout of the counter providing the time stamps. Th e detection dead time is the 
sum of the defi ned high and low times of the pulse generating counter. After fi nishing the 
generation of one pulse, this counter is again idle and retriggerable. B. Strategy for generat-
ing complex excitation pulse trains. To achieve pulse trains with suffi  cient time resolution 
and stability they must be predefi ned on the hardware level. One counter was set up to 
generate a simple pulse train defi ning the period. A number of counter pairs were set up to 
generate a sequence of a fi nite number (in this case two) of pulses when triggered. Th e fi rst 
pair used the signal from the period defi ning counter as trigger and in turn triggered the 
next counter pair. Th e pulse widths and the times between pulses for each counter pair were 
chosen such that the time from the onset of the fi rst pulse of a sequence until the end of the 
last pulse corresponded to the pulse width of the triggering counter pair.
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6 Data acquisition and modulation control

i.e., in total up to eleven counters were used, just for the pulse generation (fi gure 
6.1B). Both cards had to be used and to make sure no timing drift problems would 
arise, the period-defi ning counter and the counter pair providing the pulses for the 
AOM should reside on the same card as the counters used for data acquisition. 
Hence, the trigger pulses had to be sent over the RTSI bus.
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7 Conclusions and future outlook

In this thesis two new techniques exploiting the benefi ts of modulated excitation 
in fl uorescence spectroscopy were introduced and evaluated. Additionally, the fi rst 
eff orts in a project making use of a recently developed method for single molecule 
measurements, taking advantage of pulsed excitation, to characterize the confor-
mational dynamics of the retinoid X receptor were presented.

Th e results of the retinoid X receptor studies are preliminary and the critical com-
ponent is the samples. When the sample issues are resolved, we soon expect inter-
esting results. Single molecule measurements should give insights not attainable by 
previously applied ensemble methods.

Th e modulation approach for determining kinetic parameters combines the sensi-
tivity of fl uorescence with the environmental sensitivity of the long-lived transient 
states without the need for high time resolution detection. Th is indicates an oppor-
tunity to parallelize the approach, which will be explored, along with a generalized 
application to transient states other than the fi rst excited triplet state. Transient 
state imaging, as a tool for imaging of microenvironmental characteristics, is one 
of the goals for the near future.

A strategy to circumvent the problems introduced by modulated excitation in FCS 
measurements is presented. Th is enables the use of modulation to optimize the 
measurement conditions with respect to the photophysical properties of the dyes 
used. Th is will probably prove very useful in many future studies. One possible 
development that would make the technique more accessible is the introduction 
of a real-time correlator for measurements with modulated excitation.
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