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Abstract

A central question in structural biology concerns the speed of protein folding and
the associated speed limit. According to Kramers’ theory, this limit for fast-folding
proteins is determined by the di!usive motion of the polypeptide chains [1–3].
Therefore, the study of unfolded proteins, as well as intrinsically disordered pro-
teins (IDPs), is of great importance, as the unfolded state forms the starting point
of the folding reaction. By combining Förster resonance energy transfer (FRET) and
nanosecond fluorescence correlation spectroscopy (nsFCS), proteins can be studied
at the single-molecule level. nsFRET-FCS experiments not only provide informa-
tion about individual protein populations but also allow for the investigation of
chain dynamics in unfolded proteins or IDPs. While the influence of temperature
and chemical denaturants has already been well-studied, the influence of hydrostatic
pressure, e.g., via the hydration shell around the protein, on chain dynamics remains
unknown.

The aim of this work is to conduct nsFRET-FCS experiments under high pressure.
For this, the experimental setup for high-pressure experiments developed by Sven
Schneider [4,5] was extensively modified to create the technical prerequisites for the
temporal analysis of fluorescence signals down to the sub-nanosecond range. A new,
dead-time-free measuring electronics system and two additional detectors were inte-
grated into the experimental setup. The functionality of the modified experimental
setup and the developed LabVIEW VI was verified through fluorescence measure-
ments of freely di!using fluorophores. Additionally, the reliability and reproducibil-
ity of spectroscopic experiments were improved by optimizing the sample connection
technique to the experimental setup. The new sample stage allowed for more precise
and safe adjustment of the capillary position, reducing potential damage. This is
because the height of the capillary above the objective can be continuously adjusted
with the new holder. Furthermore, the lateral position can be adjusted without
shifting the two capillary ends relative to each other, thereby reducing the risk of
damage. For optimal alignment of the capillary over the objective, the capillary can
be rotated with the new setup without significantly changing its lateral position.

To evaluate the experimental setup, initial coverslip measurements were made at
ambient pressure. Due to their stability, DNA samples served as negative controls
and showed no chain movements in the correlation functions. For the detection
of chain dynamics, chemically denatured cold shock protein CspA and the native
unfolded IDP prothymosin alpha (ProTω), which has been shown to exhibit chain
movements in the time range of less than 100 ns [6,7], were used. Chain dynamics are
also expected for denatured CspA, as it is comparable in structure and composition
to cold shock protein CspTM, for which dynamics have already been experimentally
demonstrated [8].

In the first successful nsFRET-FCS experiments under high pressure, DNA hybrids
were used as negative controls, as well as the IDP prothymosin alpha. The DNA



experiments showed no significant changes under pressure, ensuring that potential
pressure artifacts could be excluded from the measurements of the IDP. The analysis
of the ProTω experiments indicates a pressure-induced expansion of the polypeptide
chain, which is qualitatively reflected in the time constants of the fluorescence anti-
bunching of the donor fluorophore. Consistent with this is the apparently shortened
reconfiguration time of the chain with increasing pressure. Reduced internal friction
leads to a more flexible chain and, thus, a shorter reconfiguration time.

The experiments demonstrate that nsFRET-FCS measurements under high hydro-
static pressure with a su"ciently high signal-to-noise ratio (SNR) are possible with
the experimental setup, even though the SNR is lower than under standard condi-
tions with coverslips. Fluorescence fluctuations can still be analyzed over the entire
time range, from fluorescence antibunching (sub-ns) to di!usion (ms) through the
focus.



Zusammenfassung

Eine zentrale Fragestellung der Strukturbiologie betri!t die Geschwindigkeit der
Proteinfaltung und das damit verbundene Geschwindigkeitslimit. Nach Kramers
Theorie wird dieses Limit bei schnell faltenden Proteinen durch die di!usive Be-
wegung der Polypeptidketten bestimmt [1–3]. Daher ist die Untersuchung entfal-
teter Proteine, aber auch intrinsisch ungefalteter Proteine (IDPs) von großer Bedeu-
tung, da der ungefaltete Zustand den Ausgangspunkt der Faltungsreaktion bildet.
Mittels der Kombination des Förster-Resonanz-Energie-Transfers (FRET) und der
Nanosekunden-Fluoreszenz-Korrelations-Spektroskopie (nsFCS) können Proteine auf
Einzelmolekülebene untersucht werden. nsFRET-FCS-Experimente liefern dabei
nicht nur Informationen über einzelne Proteinpopulationen, sondern erlauben es gle-
ichzeitig Kettendynamiken entfalteter Proteine bzw. IDPs zu untersuchen. Während
der Einfluss der Temperatur und von chemischen Denaturierungsmitteln bereits gut
erforscht ist, ist der Einfluss des hydrostatischen Drucks, z.B. über die Hydrathülle
um das Protein auf die Kettendynamik noch unbekannt.

Ziel dieser Arbeit ist die Realisierung von nsFRET-FCS Experimenten unter ho-
hem Druck. Dazu wurde der von Sven Schneider entwickelte Versuchsaufbau für
Hochdruck-Experimente [4, 5] weiter modifiziert, um die technischen Voraussetzun-
gen für die zeitliche Analyse des Fluoreszenzsignals bis in den sub-ns Bereich zu
scha!en. Dafür wurden eine neue, totzeitfreie Messelektronik sowie zwei zusätzliche
Detektoren in den Versuchsaufbau integriert. Die Funktionsfähigkeit des modi-
fizierten Versuchsaufbaus und der entwickelten LabVIEW VI wurde durch Fluo-
reszenzmessungen frei di!undierender Fluorophore verifiziert. Zudem wurde die
Zuverlässigkeit und Reproduzierbarkeit spektroskopischer Untersuchungen durch
eine Verbesserung der Probenanschlusstechnik an den Versuchsaufbau optimiert.
Der neue Probentisch ermöglichte dabei eine präzisere und risikoärmere Justierung
der Kapillarenposition, wodurch Beschädigungen reduziert werden. Das ist darauf
zurückzuführen, dass die Höhe der Kapillare über dem Objektiv mit der neuen
Halterung stufenlos justiert werden kann. Des Weiteren kann die laterale Position
eingestellt werden, ohne die beiden Kapillarenden relativ zueinander zu verschieben
und damit potentiell zu beschädigen. Für eine ideale Ausrichtung der Kapillare über
dem Objektiv kann die Kapillare mir dem neuen Aufbau rotiert werden, ohne, dass
sich ihre laterale Position signifikant ändert.

Zur Evaluation des Versuchsaufbaus wurden zunächst Deckglasmessungen bei Umge-
bungsdruck durchgeführt. DNA-Proben dienen aufgrund ihrer Stabilität als Ne-
gativkontrollen und zeigen keine Kettenbewegungen in den Korrelationen. Für den
Nachweis von Kettendynamiken wurden das chemisch denaturierte Kälteschockpro-
tein CspA und das nativ entfaltete IDP Prothymosin Alpha (ProTω) verwendet,
welches Kettenbewegungen im Zeitbereich von unter 100 ns aufweist [6, 7]. Auch



für das denaturierte CspA ist Kettendynamik zu erwarten, da es strukturell mit
dem Kälteschockprotein CspTM sehr ähnlich ist, für das bereits Dynamiken exper-
imentell nachgewiesen wurden [8].

In den ersten erfolgreichen nsFRET-FCS-Experimenten unter hohem Druck wurden
DNA-Hybride als Negativkontrolle sowie das IDP Prothymosin Alpha verwendet.
Die DNA Experimente zeigen dabei keine signifikanten Änderungen unter Druck,
sodass potentielle Druckartefakte auch bei den Messungen des IDPs ausgeschlossen
werden können. Die Analyse der Prothymosin-Alpha-Experimente deutet auf eine
druckinduzierte Expansion der Polypeptidkette hin, was sich qualitativ in den Zeitkon-
stanten des Fluoreszenz-Antibunching des Donorfluorophors widerspiegelt. In Übere-
instimmung damit ist die mit steigendem Druck scheinbar verkürzte Rekonfigura-
tionszeit der Kette. Eine verringerte interne Reibung führt zu einer flexibleren Kette
und damit kürzeren Rekonfigurationszeit.

Die Experimente zeigen, dass mit dem experimentellen Aufbau nsFRET-FCS Mes-
sungen unter hohem hydrostatischen Druck mit einem ausreichend hohen Signal-zu-
Rausch-Verhältnis (SNR) möglich sind, auch wenn dieses geringer ist als bei Stan-
dardbedingungen mit Deckgläsern. Fluoreszenzfluktuationen können dennoch über
den gesamten Zeitbereich analysiert werden, der von Fluoreszenz-Antibunching (sub-
ns) bis hin zur Di!usion (ms) durch den Fokus reicht.
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Chapter 1

Introduction

The central paradigm of structural biology states that the folded, native three-
dimensional structure of a protein is directly responsible for its function [9]. This
paradigm is supported by the models of Pauling and Fischer [10, 11]. It raises
a very fundamental question: how do proteins achieve their native state? The
basis for the answer to the question is Anfinsen’s work in the 1960s, particularly
with experiments on the enzyme bovine pancreatic ribonuclease (RNase A). These
studies proved that proteins can fold reversibly, suggesting that the information for
folding must be encoded in the amino acid sequence [12–14]. Nonetheless, Anfinsen’s
results could not explain the high speed of the folding process. If a protein were
to randomly sample all possible configurations, the process would take longer than
the age of the universe [15]. This is known as the Levinthal paradox [15–17]. New
calculations, which incorporated a slight energy bias, reduced the timescale to a few
seconds [18].

A crucial and essential question arising from this is the speed at which proteins
can fold and the resulting speed limit of protein folding. The investigation of fast-
folding proteins, which exhibit two-state kinetics, provides an opportunity to gain
insight into the entire folding process and mechanism [1,19–22]. In this case, accord-
ing to Kramer’s theory [2, 3], the speed limit is constrained by intrachain di!usion,
which becomes the dominant factor [23, 24]. Furthermore, proteins that fold in the
shortest possible time frame are suitable for comparing experimental results with
computationally intensive simulations [1,25–29]. Hence, the analysis of the unfolded
polypeptide chain is of significant interest. The dynamics of the chain determine the
timeframe in which distinct residues along the amino acid sequence can approach
each other and enable interactions between them [30]. Additionally, the denatured
state serves as the starting point for the protein folding process [30–32]. In this
context, proteins of interest include intrinsically disordered proteins (IDPs). Due to
the observation of IDPs the central paradigm has been challenged in recent years
as more and more proteins have been discovered to possess either highly flexible,
unstructured regions [33–35] or being completely unfolded [36, 37]. Despite their
unstructured conformation, IDPs are functional [38–40]. Since experiments with
unfolded proteins often involve chemical denaturants, IDPs o!er a promising oppor-
tunity to investigate polypeptide chain dynamics under physiological conditions.
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Single-molecule fluorescence spectroscopy is a well-suited method to examine such
dynamics [30, 31] and was first conducted at room temperature by Shera et al. in
1990 [41]. One of the significant strengths of single-molecule spectroscopic methods
is overcoming ensemble averaging and analyzing conformational heterogeneities and
their dynamics [42–44]. One of these methods is Förster resonance energy transfer
(FRET) at the single molecule (sm) level. FRET is a strongly distant dependent pro-
cess where an excited fluorophore, called donor, transfers its energy non-radiatively
to another fluorophore called acceptor [45–47]. The discovery of FRET dates back to
1948 and Theodor Förster [48], but Stryer and Haugland recognized that the distance
dependence of FRET can be utilized for distance determinations in the nanometer
range [49]. First experiments at the single molecule level (smFRET) were realized by
Ha et al. in 1996 [50]. A major advantage and strength of smFRET experiments is
the ability to distinguish and separately analyze di!erent populations, such as folded
and unfolded proteins [51, 52]. Consequently, populations with a low contribution
to the overall signal can still be investigated, which would otherwise be dominated
by the signal of other populations [53]. Single-molecule FRET has been extensively
used to study various biological systems, including DNA [54,55], RNA [56–59], DNA-
protein interactions [60], conformational changes of proteins [61, 62], and protein-
protein interactions [63]. In particular, protein unfolding due to temperature [64],
chemical denaturants [51, 52, 65], and most recently, due to pressure has been ana-
lyzed [4,5]. By combining FRET with FCS, molecular dynamics in the microsecond
range can be examined [66–70].

An excellent complement to FRET is fluorescence correlation spectroscopy (FCS).
First introduced in 1970, FCS allows for the investigation of biological and bio-
physical processes leading to fluctuations in the fluorescence signal [45,46,71–73]. By
accessing a broad time range from di!usion in the millisecond to second time regime
to fluorescence antibunching in the nanosecond range, nanosecond FCS (nsFCS) in
combination with FRET (nsFRET-FCS) is a useful tool, which o!ers a versatile
approach for analyzing chain dynamics of unfolded proteins and IDPs [31, 53, 74,
75].

This method is based on the analysis of fluctuations in the donor-acceptor dis-
tance due to the di!usion of the unfolded polypeptide chain, leading to fluctuations
in the fluorescence signal [53]. These fluctuations result in a characteristic anti-
correlation in the cross-correlation functions of both fluorophores and a correlated
signal in the respective auto-correlation functions, allowing for the determination of
the relaxation time as a shared fit parameter in a global fit of all correlation func-
tions [7,31,66,76–78]. Several studies using nsFRET-FCS have been conducted with
unfolded proteins and IDPs. Nettels et al. probed the dynamics of the unfolded cold
shock protein CspTM, a small ε→barrel protein, exhibiting two-state kinetics [79].
Like mentioned above, for small two-state folders, the pre-exponential factor of fold-
ing is in approximation solely dependent on the di!usion of the polypeptide chain.
Thus, a limit for the folding time of the protein could be estimated based on the
determined reconfiguration time. Furthermore, the study showed the strength of
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single molecule analysis with an individual distance and correlation analysis of the
unfolded population. Other investigations, for example, analyzed the viscosity de-
pendent dynamics of chain movements and internal friction processes [7,8,78]. These
studies indicate that chain dynamics of intrinsically disordered proteins (IDPs) and
unfolded proteins can be well elucidated within the framework of simple polymer
models such as the Rouse or Zimm model [80]. Consequently, the strong agreement
between theoretical polymer concepts and experimental observations is an impor-
tant basis for the physical understanding of the structural and dynamic behavior of
IDPs and unfolded proteins [53].
In contrast to temperature changes or chemical denaturants, high pressure single
molecule nsFRET-FCS experiments examining their influence on the behavior of
unfolded polypeptide chains have not been performed yet.
Experiments on protein denaturation using high pressure trace back to the pioneer-
ing work of Bridgman, who in 1914 described the coagulation of egg white under
pressure [81]. However, the first fluorescence measurements under high pressure were
demonstrated in 1981 by Paladini et al., showing the pressure-induced dissociation
of Enolase [82]. Nonetheless, the experimental setup and the characteristics of the
pressure cell were not suitable for single molecule experiments. The realization of
high pressure fluorescence measurements at single molecule concentration was first
presented by Gratton et al. [83]. The used pressure cell was a cylindrical fused silica
capillary with an outer diameter of 360µm and an inner diameter of 50µm. The
thin wall thickness of the capillary makes it suitable for the use with microscope
objectives with high numerical aperture and small working distance. Tekmen and
Müller utilized the same pressure cell for fluorescence correlation spectroscopy (FCS)
measurements and reported a pressure resistance of at least 4 kbar for the round
capillary [84]. They also tested a fused silica capillary with a square cross section as
an alternative to the cylindrical shape, which leads to severe aberrations. But the
square capillary showed a significant reduced pressure stability of about 2 kbar, as
reported by Schneider [5]. Nevertheless, a recent study by Sung and Nesbitt reported
a pressure stability of the square capillary of up to nearly 5 kbar without any signs
of fracturing, achieved by an improved sealing procedure for the capillary end [85].
To reduce aberrations when using fused silica capillaries, Schneider developed an
assembly consisting of the capillary, an index-matching gel and a fused silica cover-
slip [4, 5]. Although this new arrangement does not match the imaging properties
of a standard borosilicate coverslip, improved results can be achieved compared to
using a bare capillary.
However, like mentioned above, despite the realization of single molecule high pres-
sure fluorescence experiments and the recent studies of protein unfolding due to pres-
sure [4, 5] and of e!ects of high pressure on DNA and RNA [85–88], nsFRET-FCS
experiments under high pressure have not been carried out until present. The dis-
tinct unfolding mechanism induced by pressure compared to temperature or chemical
denaturants could provide additional insights into the folding process, as di!erent
perturbation e!ects on the energy landscape are observed [89]. Pressure also influ-
ences the kinetics of folding and unfolding and has the potential to stabilize folding
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intermediates [90, 91]. Therefore, the analysis of dynamics and chain movements of
unfolded proteins and IDPs under high pressure conditions using nsFRET-FCS is
of great interest, as the unfolded chain represents the starting point of the folding
reaction, and its dynamics represent a limit for the speed of protein folding. Ad-
ditionally, potential influences of folding intermediates or transition states on chain
movements could be investigated.

Consequently, the aim of this work was to further extend the experimental setup
developed by Schneider [4] to enable single molecule nsFRET-FCS measurements
under high hydrostatic pressure. Additionally, the reliability of high pressure mea-
surements and the entire handling process of the capillary were to be improved to
streamline the execution of experiments using high pressure. For this purpose, the
experimental setup was initially equipped with improved measurement electronics
without technical dead time limitations. Furthermore, the connection procedure of
the fused silica capillary to the experimental setup and the alignment for measure-
ments were simplified using a completely newly developed sample stage.
After the evaluation of the new sample stage and the implementation of the new mea-
surement electronics, nsFRET-FCS measurements were made. First, nsFRET-FCS
measurements at ambient pressure were performed with DNA samples, serving as a
reference for potential pressure artifacts and dynamics. Further nsFRET-FCS ex-
periments were performed with GdmCl denatured cold shock protein CspA and the
IDP prothymosin alpha (ProTω). Finally, single molecule high pressure nsFRET-
FCS experiments were made, with DNA as a reference and ProTω as a model system
for unfolded proteins.
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Chapter 2

Fundamentals

2.1 Photoluminescence

Photoluminescence is one kind of luminescence and describes the emission of light by
a substance that is in an electronically excited state due to the absorption of photons
[46,47]. It is further divided into fluorescence and phosphorescence depending on the
electronic state from which the photon emission occurs. Organic compounds with
the ability to fluoresce are called fluorophores. In the following, the photophysical
properties of fluorophores suitable for single molecule studies will be outlined. As
photophysical dynamics can occur on similar time scales as protein chain dynamics,
there will be an emphasis on this dynamics. On the other hand, the photophysical
dynamics can also be used to quantitatively characterize the instrument.

Excluding radicals, electrons occupying the ground state of organic fluorophores
are always paired [46, 92]. For solely paired electrons with opposite spin and a
magnetic spin quantum number ms of 1

2
and →1

2
, respectively, the total spin quantum

number
S =

∑
ms (2.1)

equals zero, which results in a multiplicity M of one:

M = 2S + 1. (2.2)

States with a multiplicity of one are called singlet states. By absorbing photons of a
suitable wavelength, an electron of the singlet ground state S0 of a fluorophore can
be promoted to an excited singlet state Sn (n = 1, 2, 3, ...). Requirement for this is
that the energy of the absorbed photon Eph is at least as large as the energy gap
between S1 and S0. The energy of the photon is given by

Eph = hϑph = hc

ϖph

, (2.3)

where h is Planck’s constant, c the speed of light, ϑph the frequency and ϖph the
wavelength of the photon. The excitation rate kex is given by the intensity of the
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absorbed light I, the energy of the photon Eph and the absorption cross section ϱ of
the fluorophore [93]:

kex = Iϱ

Eph

, (2.4)

with
ϱ = ln(10)

NA

ς, (2.5)

where ς is the molar absorption coe"cient and NA is the Avogadro constant. With
the photon flux

φex = I

hϑ
(2.6)

Eq. 2.4 becomes
kex = φexϱ. (2.7)

The absorbed energy brings the fluorophore to the vibrational ground state or a
higher vibrational level of an excited singlet state (see subsection 2.1.1), usually S1

or S2 [45,46]. Following excitation to S1, the excited fluorophore drops to the lowest
vibrational state of S1 by vibrational relaxation, caused by collision with solvent
molecules. If the excitation goes to a state Sn>1, the fluorophore reaches the lowest
vibrational state of the respective electronic state by vibrational relaxation, following
internal conversion (IC) to a higher vibrational state of the next lower electronically
excited state Sn→1. Internal conversion refers to a non-radiative, isoenergetic tran-
sition between two electronic states of equal multiplicity [47]. This process repeats
itself in every electronic state until the lowest vibrational level of S1 is reached.

From S1, there are several depopulation pathways to the electronic ground state S0.
Once again, a non-radiative transition via internal conversion is possible, followed
by vibrational relaxation to the lowest vibrational level of S0. Due to the larger
energy gap between S1 and S0 than between two neighbouring electronically excited
singlet states, internal conversion is less e"cient [46, 47]. The here most relevant
transition to return to the ground state is via the emission of a fluorescence photon,
where the fluorophore may also decay to a higher vibrational level of S0 [45]. The
wavelength of the fluorescence photon

ϖf = hc

!E
(2.8)

results from the energy gap !E of the two states involved.
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Tab. 2.1: Overview of possible depopulation pathways of excited fluorophores. Sn

and Tn represent singlet and triplet states, respectively, whereas ω symbolizes their
vibrational levels [46].

Description Transition type Transition time in s
Singlet-singlet absorption S0 ↑ Sn ↓ 10→15

Internal conversion Sn ↑ S1, Tn ↑ T1 10→10 → 10→14

S1 ↑ S0 10→6 → 10→7

Vibrational relaxation S1,ω=n ↑ S1,ω=0 10→10 → 10→12

S0,ω=n ↑ S0,ω=0 10→12

Fluorescence emission S1 ↑ S0 10→7 → 10→9

Intersystem crossing Sn ↑ Tn, Tn ↑ Sn 10→5 → 10→8

Phosphorescence T1 ↑ S0 10→3 → 102

Since vibrational relaxation and internal conversion occur on a picosecond timescale
and the average lifetime of fluorophores is in the nanosecond range, fluorescence
emission occurs always from the lowest vibrational level of S1 (see Tab. 2.1). This
is known as Kasha’s rule [45, 46], which states the e!ect that the wavelength of
fluorescence photons is usually independent of the excitation wavelength.

Intersystem crossing (ISC) to the triplet state T1 represents another depopulation
pathway. This transition is associated with a spin flip of the excited electron and
is actually spin forbidden, but possible due to spin-orbit coupling [46]. Accord-
ing to Eq. 2.1, the spin change leads to a total spin quantum number of one and
therefore a multiplicity of three (see Eq. 2.2), which is why these states are called
triplet states [45–47]. In principle, ISC is an ine"cient process in most organic flu-
orophores, because of weak spin orbit coupling, despite the fact that triplet states
have lower energy than their corresponding singlet states [46,94]. After the transi-
tion to an excited vibrational level of T1, vibrational relaxation leads to a decay to
the lowest vibrational level of T1. In order to return from T1 to the singlet ground
state S0, a change of electron spin and thus the multiplicity is necessary, again. This
makes the lifetime of T1, with times of up to 100 s, long in comparison to the average
fluorescence lifetime (see subsection 2.1.2) of 10→7 s→10→9 s (see Tab. 2.1). One way
to return to the ground state is the emission of a phosphorescence photon, followed
by vibrational relaxation to the lowest level of S0. Due to the lower energy of T1

in comparison to S1, in general phosphorescence photons have a longer wavelength
than fluorescence photons. Given the long lifetime of the state, non-radiative inter-
nal conversion with subsequent vibrational relaxation is more likely to happen, than
the emission of a phosphorescence photon [45–47]. The specified transitions between
the several electronic and vibrational singlet and triplet states are illustrated in a
Jablonski diagram [95] in Fig. 2.1. The characteristic times of the transitions are
listed in Tab. 2.1.

By only considering the electronic ground state S0 and the first excited singlet state
and triplet state S1 and T1, respectively, and neglecting coherent terms, the popu-
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Fig. 2.1: Jablonski diagram showing possible excitation and depopulation pathways
within a fluorophore. Thick black lines represent electronic states of fluorophores, both
singlet and triplet states, respectively (Sn, Tn). Thinner grey lines are the associated
vibrational states of the respective electronic state. Dashed arrows showing radiative
decays of fluorescence (green) and phosphorescence (dark red), whereas non-radiative
transitions are shown as solid arrows, with blue for excitation, purple for vibrational
relaxations (VR) and black for internal conversion (IC) as well as intersystem crossing
(ISC).

lation of these states can be described by the following rate equations [96,97]:

[Ṡ0] = →kex[S0] + kf[S1] + kIC[S1] + krISC[T1], (2.9a)
[Ṡ1] = kex[S0] → kf[S1] → kIC[S1] → kISC[S1], (2.9b)
[Ṫ1] = kISC[S1] → krISC[T1]. (2.9c)

In Eq. 2.9a to Eq. 2.9c, [S0], [S1] and [T1] denote the population of the respective
state, and kex, kf, kIC, kISC and krISC are the corresponding transition rates for
absorption, fluorescence emission, internal conversion, intersystem crossing and re-
verse intersystem crossing. For stationary conditions, the emission rate R is given
by [96]

R = [S1]kf = kf

1 + kISC
krISC

+ kf+kIC+kISC
kex

. (2.10)

Assuming an infinitely high excitation rate kex, the emission rate R becomes

lim
kex↑↓

R = R↓ = kf

1 + kISC
krISC

. (2.11)
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R can then be expressed by

R = R↓
1

1 + ksat
kex

, (2.12)

with the saturation rate

ksat = (kIC + kISC + kf) krISC

kISC + krISC

. (2.13)

The saturation of the fluorescence emission at high laser excitation powers is shown
in Fig. 2.16. Like the fluorescence emission, the triplet state T1 can be saturated as
well. Since the rate of intersystem crossing kISC is much lower than the fluorescence
emission rate kf, the triplet state can be saturated with less laser power. Due to
this, the triplet state saturation can be used to quantify the excitation quality of a
microscope, with the e!ective transition rate to the triplet state ke!

ISC
, which is given

by [93,97]

ke!

ISC
= kex

kex + kf

kISC. (2.14)

The triplet rate kT is given by

kT = ke!

ISC
+ krISC. (2.15)

With Eq. 2.15, it follows for the triplet relaxation time ↼T

↼T = 1
ke!

ISC
+ krISC

. (2.16)

The fraction of fluorophores in the triplet state T is given by

T

1 → T
= ke!

ISC

krISC

. (2.17)

It follows

ke!

ISC
= T

↼T

, (2.18)

showing that the e!ective intersystem crossing rate is directly accessible with a
FCS experiment (see section 2.5). The triplet state is called saturated, if ke!

ISC
equals

9



Fig. 2.2: E!ective intersystem crossing rate ke!

ISC
in dependence on the laser

power Plas. The laser power P sat

las
required to saturate the triplet state can be de-

termined with multiple FCS experiments at di!erent excitation powers. For each
laser power, ke!

ISC
is calculated with Eq. 2.18 (blue dots). Finally, P sat

las
is determined

by a fit according to Eq. 2.19 (blue line).

kISC/2. Therefore, the laser power necessary to saturate the triplet state, the satura-
tion power P sat

las
, can be determined by measuring the e!ective intersystem crossing

rate at di!erent laser powers Plas and a fit according to

ke!

ISC
(Plas) = kISC

1 + P sat
las

Plas

. (2.19)

This is shown in Fig. 2.2. A lower saturation power indicates a higher photon
flux density and thus more e"cient excitation of the fluorophores, which might
be due to a smaller focal volume (see subsection 2.2.3). For this reason, saturation
measurements of the triplet state can be utilized to evaluate and compare di!erent
optical setups or excitation paths of a setup.

2.1.1 Franck-Condon principle and Stoke’s shift

The probability of electronic transitions within a molecule can be described by the
Franck-Condon principle. According to this principle, the transition of an elec-
tron to an excited state occurs nearly without a change in the nuclear coordi-
nates of the molecule, because the transitions occur on a timescale of about 10→15 s,
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while characteristic times for vibrational motions are in the picosecond regime (see
Tab. 2.1) [46, 94,98].

This is due to the fact that the mass of an electron is roughly 1870 times smaller
than the mass of the nucleotides [46, 98]. Fig. 2.3 illustrates the Franck-condon
principle with potential energy curves expressed by morse functions representing two
electronic states of a molecule with their various vibrational states, dependent on
the nuclear coordinates. The upper potential is shifted to a greater equilibrium bond
length due to more antibonding character of electronically excited states [98,99]. For
organic fluorophores in the visible range, characterized by delocalized ↽-electron
systems, this shift is rather small. At room temperature the fluorophore usually
exists at the lowest vibrational level of the electronical ground state S0 [46]. Since
the transition to the electronically excited state S1 is much faster than the movement
of the nuclei, the transition occurs without a change in the nuclear coordinates of
the molecule. Therefore, the excitation process is illustrated with a vertical arrow
and this transition is called a vertical transition. The probability of a transition to a
certain vibrational level is given by the Franck-Condon factor. The Franck-Condon
factor,

⇀FC = |↔⇀f|⇀i↗|2 , (2.20)

Fig. 2.3: Illustration of the Franck-condon principle [5]. Solid black lines are two
electronic states represented by morse functions. Each state contains multiple vibra-
tional states (red). After excitation (blue arrow) the fluorophore is most likely excited
to a state, where the wave functions of the initial and excited state have the largest
overlap. The same holds for the return to the ground state (green arrow).
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is the square of the overlap integral of the vibrational (nuclear) wave functions of
the initial ⇀i and final state ⇀f. This means that a transition is most likely to hap-
pen to an excited state, which vibrational wave function has the largest overlap
with the vibrational wave function of the initial state [98]. Following excitation,
the fluorophore rapidly decays to the lowest vibrational level of the electronically
excited state [46]. Like described in section 2.1, the rapid decay to the lowest vibra-
tional state in combination with a comparatively long lifetime of S1 is the reason
for Kasha’s rule that fluorescence emission will occur from the vibrational ground
state of S1 [45,100]. Since the Franck-Condon principle applies to both, absorption
and emission (see Fig. 2.3), most dyes show a mirror symmetry of the S0 ↑ S1 ab-
sorption and emission [45, 46]. As a result of the energy losses due to vibrational
relaxations in both, the electronically excited state as well as the electronic ground
state, the wavelength of fluorescence photons is larger than the wavelength of the
absorbed photons. This phenomenon is called Stokes shift (see Fig. 2.4). The Stokes
shift is defined as the energy di!erence !ϑ̄s between the maximum of the first ab-
sorption band ϑ̄a

max and the maximum of the fluorescence spectrum ϑ̄f
max, given in

wavenumbers [47, 101]

!ϑ̄s := ϑ̄a
max → ϑ̄f

max (2.21)

or wavelengths of maximum absorption ϖmax

a
and fluorescence emission ϖmax

f

!ϖs = ϖmax

f
→ ϖmax

a
. (2.22)

Fig. 2.4: Illustration of the Stokes shift of the fluorophore Alexa Fluor 488. The
Stokes shift represents the shift between the maximum of the absorption (cyan) and
emission spectrum (green). The small shoulder visible in the absorption spectrum
corresponds to the S0 ↑ S2 transition, being less intense due to a smaller Franck-
Condon factor.
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In solution, solvent relaxation is the most important mechanism leading to the Stokes
shift.

2.1.2 Fluorescence lifetime

One important characteristic of fluorophores is the fluorescence lifetime ↼f. It de-
scribes the average time the molecule stays in the excited state prior to fluorescence
emission [45,46]. It is given by

↼f = 1
kf + knr

, (2.23)

where kf describes the rate of fluorescence emission. The rate knr consists of the rates
of all processes that can cause a non-radiative depopulation of the first excited singlet
state S1. These include on the one hand intersystem crossing (ISC) and internal
conversion (IC), discussed in section 2.1, with their respective rates kISC and kIC,
and on the other hand possible quenching processes explained in subsection 2.1.4,
with the quenching rate kq. Consequently, the rate of the non-radiative processes
knr is the sum of all individual rates:

knr = kISC + kIC + kq. (2.24)

For commonly used fluorophores, the lifetimes are usually in the range of nanosec-
onds. When knr equals zero and there are thus no non-radiative processes, one gets
the natural lifetime ↼n, sometimes also called radiative lifetime

↼n = 1
kf

. (2.25)

Since the fluorescence lifetime ↼f indicates the average lifetime that a dye spends in
the excited state S1, one can consider an ensemble of fluorophores. After excitation
with an infinitely small pulse (⇁-pulse), a certain number of fluorophores is in the
excited state S1. The number of excited molecules then decreases with the rate

d[S1]
dt

= → 1
↼f

[S1], (2.26)

where [S1] is the concentration of excited fluorophores in S1. Integration from t = 0
to t gives the exponential decay

[S1](t) = [S1]0e→ t
ωf , (2.27)
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where [S1]0 describes the concentration of fluorophores in the excited state direct
after the excitation with the ⇁-pulse. As the intensity of fluorescence is proportional
to the number of excited fluorophores, the fluorescence lifetime is the time, where
the intensity of fluorescence emission dropped to approximately 37 % of the initial
emission intensity at t = 0 (see Fig. 2.5a). This simple relation only holds for one
existing fluorescence lifetime in the sample. For a mixture of fluorophores or the
case of dynamic quenching for a portion of the fluorophores, one has to consider a
multi-exponential decay (see Fig. 2.5b):

I(t) =
n∑

i=1

ωie
→ t

ωi (2.28)

with the condition

n∑

i=1

ωi = 1. (2.29)

In the equations above, I(t) is the fluorescence intensity at time t, ↼i the various fluo-
rescence lifetimes and ωi the respective relative amplitudes of these lifetimes [46].

(a) (b)

Fig. 2.5: Exponential decay of the fluorescence intensity (red) after excitation with a
ω-pulse (blue) at time t = 0. The green curves show the logarithmic representation of
fluorescence intensity. (a) In the simplest case, the decrease of fluorescence intensity
can be described with a single exponential decay (Eq. 2.27). (b) For more complex
decays a multi-exponential model has to be used to describe the fluorescence decay
properly (Eq. 2.28).
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2.1.3 Fluorescence quantum yield

Another attribute that plays an important role in the selection of dyes for fluores-
cence spectroscopic applications is the fluorescence quantum yield ”f. It is a measure
of the e"ciency of a fluorophore and is determined by the ratio of all emitted photons
to all absorbed fluorescence photons:

”f = number of emitted photons
number of absorbed photons = kf

kex

. (2.30)

In Eq. 2.30, kex describes the rate of absorbed photons and kf the rate of emitted
fluorescence photons, respectively. Since there are multiple non-radiative depopula-
tion pathways, it is possible to express the fluorescence quantum yield with both,
the rates of the non-radiative processes knr and the rate of fluorescence kf:

”f = kf

kf + knr

. (2.31)

By using Eq. 2.23 and Eq. 2.25, the fluorescence quantum yield can be expressed in
terms of the fluorescence lifetime and natural fluorescence lifetime ↼n with

”f = ↼f

↼n

. (2.32)

2.1.4 Fluorescence quenching

Like described in subsection 2.1.2, the non-radiative depopulation rate of the excited
state knr contains the rate of fluorescence quenching kq. Fluorescence quenching is a
term for processes, where interactions between fluorophores and other molecules lead
to a reduction of the fluorescence intensity. The reduction of fluorescence intensity
is described by the Stern-Volmer equation [46,47]

I0

I
= 1 + KSV[Q], (2.33)

where I0 and I are the fluorescence intensities without and with quenching, respec-
tively. KSV denotes the Stern-Volmer quenching constant and [Q] the concentration
of the quenching molecules. This relationship is shown in Fig. 2.6. Depending on
the quenching mechanism one distinguishes between static and dynamic quench-
ing [45,47].
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Fig. 2.6: Illustration of the Stern-Volmer relation, with the fluorescence intensity
I0/I → 1 in dependence on the concentration of quenching molecules [Q]. If the
fluorescence intensity I is measured for di!erent [Q] (black dots), the Stern-Volmer
constant KSV can be determined by the slope of a linear regression (red). I0 is the
fluorescence intensity for [Q] = 0.

Static quenching

In the case of static quenching, complexes form between fluorophores and quencher
molecules. These complexes are non fluorescent and lead to an immediate return
to the ground state upon excitation, without emission of fluorescence photons. The
Stern-Volmer constant for static quenching Kst

SV
is then just the equilibrium constant

according to the law of mass action:

Kst

SV
= [FQ]

[F ][Q] , (2.34)

where [FQ] is the concentration of the formed complex and [F ] and [Q] are the
concentrations of the uncomplexed fluorophore and the quencher molecule, respec-
tively [45]. In a mixture of fluorophores and quencher molecules, the observed
fluorescence lifetime and quantum yield of the fluorophores remain unchanged, be-
cause the photo physical properties of the photon emitting molecules are not af-
fected (see Fig. 2.7a).
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(a) (b)

Fig. 2.7: Dependence of the fluorescence intensity I and lifetime εf on the concen-
tration of quencher molecules [Q] for (a) static (b) and dynamic quenching.

Dynamic quenching

In contrast to static quenching, dynamic quenching does not lead to formation of
non-fluorescent complexes. Dynamic quenching occurs, when an excited fluorophore
returns to the ground state without the emission of a photon due to the contact with
a quencher [45, 102]. Referring to the underlying mechanism, dynamic quenching
is also called collisional quenching [45]. The Stern-Volmer constant of dynamic
quenching

Kdyn

SV
= ↼↔qKQ (2.35)

is the product of the fluorescence lifetime in absence of quenching molecules

↼ ↔q = 1
kf + kISC + kIC

. (2.36)

and the bimolecular quenching constant

KQ = 1
[Q]

(
1
↼f

→ 1
↼ ↔q

)

. (2.37)

Dynamic quenching is an additional possibility to depopulate the excited state with
the corresponding quenching rate

kq = Kdyn

SV
[Q] = ↼ ↔q KQ. (2.38)
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Therefore, according to Eq. 2.23 and Eq. 2.31, this additional rate results in a
reduced fluorescence lifetime and quantum yield. This is illustrated in Fig. 2.7b.
Förster resonance energy transfer (FRET) (see section 2.4) can also be regarded as
a dynamic quenching process, however, not mediated by collisions but by non ra-
diative excitation transfer.

2.1.5 Fluorescence and pressure

There are several parameters in spectroscopic experiments that can influence the
fluorescence characteristics of the dyes attached to the molecules being investigated.
One of these parameters, which is highly relevant for the present thesis, is pressure,
which can influence the fluorescence lifetime of the fluorophores. This dependence
between high pressures with up to several thousand bar and the fluorescence lifetime
can be described by a relatively simple model [84]. Like described in subsection 2.1.2,
the lifetime of a fluorophore can be expressed with the radiative and non-radiative
decay rates. Therefore, for a certain pressure p, the lifetime is given by

↼f(p) = 1
knr(p) + kf(p) . (2.39)

By using fluorophores with a high fluorescence quantum yield (”f > 0.9), the ap-
proximation of ”f ↘ 1 is assumed and the corresponding lifetime is dominated by
the rate of fluorescence kf [84]:

↼f(p) !f↗1= ↼n(p) = 1
kf(p) . (2.40)

According to the Strickler-Berg equation, the rate of fluorescence emission is given
by [96,103]

kf = 1
↼n

= 2.88 · 10→9n2

∫
F (ϑ̄)dϑ̄

∫
F (ϑ̄)dϑ̄/ϑ̄3

∫ ς(ϑ̄)
ϑ̄

dϑ̄, (2.41)

where F describes the intensity of fluorescence emission, ϑ̄ the wavenumber in cm→1,
ς the absorption coe"cient of the dye and n the refractive index. As the refractive
index of water changes with pressure, one can describe the pressure dependence of
fluorescence emission in the simplest model by the change of the refractive index of
the solvent [84,104]:

kf(p) = n2(p)
n2(1 bar)kf(1 bar). (2.42)
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Fig. 2.8: Changes of the refractive index !n of water with increasing pressure p at
a wavelength ϑ of 546.1 nm. Data taken from [105].

With Eq. 2.40, one can rewrite Eq. 2.42 to

↼f(p) = n2(1 bar)
n2(p) ↼f(1 bar) (2.43)

to obtain the pressure dependence of the fluorescence lifetime. The pressure depen-
dence of the refractive index of water was studied by Vedam and Limsuwan and is
shown in Fig. 2.8.

2.2 Confocal microscopy

Confocal microscopy was developed in the 1950s by Marvin Minsky as a postdoctral
student at Harvard University [106–108]. His goal was the investigation or rather
imaging of neural networks of brain tissue in vivo [108]. The basic idea of this
microscopy technique is the suppression of out of focus light, originating from within
the sample, by using two pinholes, one in the excitation path and one in the detection
path of the microscope [109]. This is shown in Fig. 2.9 with a schematic of Minsky’s
confocal microscope. The first pinhole is placed in front of the lamp and generates
a point light source, which is focussed into the sample via an objective lens and
creates a small excitation volume. Light passing through the sample, or originating
from within the sample, is collected in the same point and focussed on a second
pinhole, which is positioned in front of the detector. This pinhole ensures that out
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Fig. 2.9: Illustration of a simple confocal microscope invented by Marvin Minsky in
the 1950s [106].

of focus light is mostly surpressed and light originating from the focal plane is mostly
detected. Because the excitation pinhole and the detection pinhole share the same
foci in the sample they are called confocal to each other, thus the term confocal
microscopy. Nowadays, confocal microscopes are mainly used for fluorescence and
are based on epi-illumination and with a laser as the light source (see Fig. 2.10)
[109,110]. The laser light passes a pinhole and is reflected by a dichroic mirror to the
objective, which focusses the laser light into the sample. The emitted fluorescence
photons are collected by the same objective and directed to the dichroic mirror.
Due to the Stokes shift and thus longer wavelength of the fluorescence photons
in comparison to the wavelength of the laser (see subsection 2.1.1), they pass the
mirror and are focussed onto the detection pinhole, which is placed in front of the
detector [108, 111]. A consequence of the punctual illumination and detection is,
that the entire sample must be scanned to acquire an image, since only the signal

Fig. 2.10: Illustration of an epi-illumination confocal microscope. The light of a
point light source is focussed into the sample. The light originating from the focal
plane (red) is focussed onto a detection pinhole, before being detected. Light, which
is emitted from below or above the focal plane is mostly blocked by the detection
pinhole and not reaching the detector (dashed lines).
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from a small section can be detected at once. Basically, there are two di!erent
approaches for scanning. Either the laser focus is fixed and the sample is moved
by a piezo-driven scanning stage or the laser beam is moved over the sample with
a galvanometer mirror scanner [96,108]. The confocal principle can also be applied
in parallel with many pinholes and a camera as the detector, which is the principle
behind spinning-disc confocal scan units, similar to Minsky’s original idea [112,113].
For single molecule methods, the background suppression of the confocal principle
is the most important advantage over conventional epi-fluorescence microscopy.

2.2.1 Excitation

As described in section 2.2, a laser is typically used to excite the fluorophores in a
confocal microscope. The radial intensity distribution of a laser in the mode TEM00

is described by the Gaussian function expressed with

Ilas(r) = Ilas,0e
→ 2r2

w2 , (2.44)

with the laser intensity Ilas at a certain distance r to the optical axis. The beam
radius w denotes the distance to the optical axis, where the maximum intensity Ilas,0

dropped to 1/e2 [114–116]. Along the optical axis, the intensity of a focused laser
beam is Lorentzian [73]. Therefore, the whole intensity profile of the laser beam can
be written as

Ilas(r, z) = Ilas,0(z)e→ 2r2
w(z)2 (2.45)

with

Ilas,0(z) = 2Plas

↽w2(z) . (2.46)

The radius of the laser beam along the optical axis w(z) is given by

w2(z) = w2

0
+ z2 tan2 ⇁ (2.47)

with

w0 = ϖ

n↽ tan ⇁
. (2.48)
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In the equations above, z is the position along the optical axis, with the beam waist
radius w0, positioned at z = 0. Plas is the laser power, n the refractive index of the
sample, ϖ the wavelength and ⇁ the angle of the focussed laser beam [73, 115, 117].
With the Rayleigh length zr given by

zr = ↽w2

0
n

ϖ
, (2.49)

the dependence of the beam radius can be expressed as

w(z) = w0

√

1 +
(

z

zr

)
2

. (2.50)

Thus, the Rayleigh length marks the position along the optical axis, at which the
beam radius w(z) expanded to

≃
2w0, due to which it is called focal length or

confocal parameter [115]. For distances with z ⇐ zr, the beam radius increases
approximately linearly with z [115,117]:

w(z) = w0

z

zr

, (2.51)

which leads to

⇁ = lim
z↑↓

= w(z)
z

= ϖ

↽w0n
. (2.52)

Fig. 2.11: Illustration of a Gaussian beam with the change of its beam radius w
along the optical axis z. The beam radius is defined in such a way that it marks
the distance to the optical axis, where the intensity has dropped to I(0, z)/e2 (blue).
w0 is the beam waist radius at z = 0, which increases to

≃
2w0 at a distance of the

Rayleigh length zr. For z ⇐ zr, the beam radius increases linearly with the angle ω.
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For illustration purposes, Fig. 2.11 shows the propagation of a Gaussian beam with
the discussed parameters used in Eq. 2.44 to Eq. 2.52.

2.2.2 Detection

The detection of a confocal setup can be described by the collection e"ciency func-
tion CEF(r, z) [45]. It takes the e!ect of the pinhole in the image plane of the
microscope into account and determines the fraction of light emitted at point (r, z)
in the sample passing the detection pinhole [73,118]. The CEF(r, z) is given by

CEF(r, z) = 1
!Tph(r)PSF(r, r↘, z)dr, (2.53)

where the PSF(r, r↘, z) is the point spread function (PSF), describing the image of
light emitted at point (r, z) in the sample space [73,118]. Tph(r) is the transmission
function of the pinhole and given by the disk function [73]

Tph(r) = circ
(

r

s0

)
⇒





1 if |r| ↓ s0

0 if |r| > s0

, (2.54)

where r is the projection of the radial coordinate to the image plane and s0 represents
the radius of the pinhole projected into the sample plane. ! is a normalization factor
given by

! =
∫

circ
(

r

s0

)
PSF(r, 0, 0)dr. (2.55)

2.2.3 Observation Volume

The e!ective observation volume of a confocal microscope is described by the mole-
cule detection e"ciency (MDE). It takes the excitation characteristics of a focussed
Gaussian laser beam (see subsection 2.2.1) into account and considers the detec-
tion e"ciency of the confocal setup, including the influence of the detection pin-
hole (see subsection 2.2.2) as well. Therefore, the MDE can be written as the prod-
uct of the CEF(r, z) and the intensity distribution of the laser beam [45,73]:

MDE(r, z) = Ilas(r, z)CEF(r, z). (2.56)
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Fig. 2.12: The observation volume in confocal microscopy is often approximated with
a three-dimensional Gaussian, with the axial radius wz and lateral radius wxy.

In confocal microscopy, the brightness profile of the MDE is usually approximated
with a three-dimensional Gaussian (see Fig. 2.12) [119]. This leads to

MDE(r, z) = I0e
→ 2r2

w2
0 e

→ z2
z2

0 , (2.57)

with the radii in the radial and axial direction, denoted with w0 and z0, respectively.
They mark the distance at which the maximum laser intensity I0 has dropped to
1/e2.

2.2.4 Resolution

In conventional light microscopy as well as in confocal microscopy the resolution
is limited by di!raction. Thus, even an infinitely small point is not imaged as
an infinitely small point in the image plane, like in geometrical optics, but as a
di!raction image [120]. The size and shape of the di!raction pattern is described
by the point spread function (PSF). For a circular aperture the di!raction image is
described by the Fraunhofer di!raction at a circular aperture [114, 120]. The PSF
can be expressed by using reduced variables
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ζ(z) = 2↽

nϖ
NA2z (2.58)

and

ρ(r) = 2↽

ϖ
NA r (2.59)

for the description of the PSF along the optical axis z or transverse to the optical
axis r, respectively [116,120]. In Eq. 2.58 and Eq. 2.59, NA is the numerical aperture
of the objective, which is given by

NA = n · sin ω, (2.60)

where n is the refractive index of the medium and ω is the half angle of the aperture.
At the focal plane ζ = 0, the PSF is rotationally symmetric and given by

PSF(0, ρ) = 2J2

1
(ρ)

ρ2
, (2.61)

with the first-order Bessel function J1 [114, 116]. The resulting di!raction pattern,
called Airy Pattern, is shown in Fig. 2.13. The central maximum of this pattern
is called Airy disk. Both are named after the astronomer Sir George Bidell [114].
Along the optical axis at ρ = 0 the PSF yields

(a) (b)

Fig. 2.13: (a) Fraunhofer di!raction pattern of a circular aperture [117] and (b) its
radial intensity distribution. The central maximum of the pattern is called an Airy
disk.
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PSF(ζ, 0) =
(

sin (ζ/4)
ζ/4

)
2

. (2.62)

The resolution of an optical system depends on how far apart two points in the object
plane have to be, in order to still be able to di!erentiate their point spread functions
in the image plane. According to the Rayleigh criterion, two equally bright spots
can be resolved, if the center of one Airy disk lies in the first minimum of the other
Airy pattern [111,114,116]. This is illustrated in Fig. 2.14. Therefore, the radius of
the Airy disk rAiry is given by the first zero of the Bessel function J1(ρ) = 0, which
is at ρ ↘ 3.83. With Eq. 2.59 one gets

rAiry = 0.61ϖ

NA (2.63)

for the radius of the Airy disk for wide field microscopy [114]. The axial resolution
along the optical axis is lower than the radial resolution. The minimum distance
which is distinguishable in the axial direction is given by [111,120]

z = 2ϖn

NA2
. (2.64)

In the case of confocal microscopy the PSFconf is the product of both PSFs, of
excitation (PSFexc) and detection (PSFdet):

PSFconf = PSFexc ⇑ PSFdet. (2.65)

(a) (b)

Fig. 2.14: (a) Di!raction pattern of two light sources at a distance according to the
Rayleigh criterion [117]. (b) shows a graph of the corresponding intensity distribu-
tions. The distance is the radius of the Airy disk. The maximum of one Airy disk
has the position of the first minimum of the other Airy pattern.
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This leads to an improved resolution in the radial as well as axial direction, due
to a sharper-peaked PSF in the confocal case, in contrast to wide field illumina-
tion (see Fig. 2.15). The resolvable distances for confocal optics are given in Eq. 2.66
for the lateral direction and in Eq. 2.67 for the axial direction, respectively:

rconf = 0.61≃
2

ϖ

NA , (2.66)

zconf = 1.5ϖn

NA2
. (2.67)

Notably, Fig. 2.15 shows the suppression of the side peaks of the PSFs. The con-
sequence is a reduction of background light from bright objects [116]. It has to be
noted that the expressions from Eq. 2.66 and Eq. 2.67 are only valid for an infinitely
small pinhole. Since one could detect no photons with an infinitely small pinhole,
one has to choose the size of the pinhole in compromise between resolution and
signal strength. In many cases a pinhole diameter equal to the diameter of the Airy
disk is used, which transmits approximately 80 % of the light originating at the focal
plane with a resolution gain of about 10 % [111,121]. In single molecule applications,
however, the detection e"ciency is of utmost importance. Therefore, the pinhole is
chosen in such a way that the transmission is close to unity.

(a) (b)

Fig. 2.15: PSFs of a (a) conventional and (b) confocal microscope as a function of
the reduced variables ϖ (Eq. 2.58) and ϱ (Eq. 2.59). Image taken from [116].
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2.3 Single molecule spectroscopy

In 1976, Hirschfeld reported experiments with single molecule sensitivity by investi-
gating individual antibody molecules [122]. However, these antibodies were labeled
with about 80 - 100 fluorophores [122, 123]. In 1989, Moerner and Kador demon-
strated with their experiments the optical detection and spectroscopy of a single flu-
orophore molecule (sm) in a solid at low temperatures [42,124,125]. One year later,
Orrit and Bernard measured the fluorescence signal of single fluorophores [125,126].
Since then, the use of single molecule spectroscopic methods has rapidly grown [123].
Briefly after these first experiments at low temperatures, sm-experiments at room
temperature were realized [41, 127, 128]. Due to the improvement of confocal mi-
croscopes in the late 1980s and early 1990s and their capability to perform sm-
experiments, the field of single molecule spectroscopy experienced another boost.
The strong interest in the fields of chemistry, physics and biophysics and the further
improvement of the procedures and techniques is the reason why there are numerous
single molecule methods are available and used today [125].

One of these methods is fluorescence correlation spectroscopy (FCS), which inves-
tigates the time dependent fluctuations of fluorophores (see section 2.5). Another
example is single molecule Förster resonance energy transfer (smFRET), discussed
in section 2.4. Both, FCS and FRET experiments were carried out within the scope
of this work. The motivation to study single molecules is founded in the inherent
heterogeneity of biological macromolecules [71]. These characteristics of individual
molecules are lost in experiments of molecule ensembles, since all properties are
being averaged. For this reason single molecule studies are of great interest and
provide the highest level of sensitivity [123]. The investigation of single molecules
ensures that only one configuration can be assumed at any given time. This allows
for the analysis of multiple folding states of a protein and eventually the study of
rare and short lived intermediate states not visible in the ensemble regime [71]. One
can, e.g., study kinetic pathways between multiple internal states of a molecule or
binding rates [42,129]. This monitoring of kinetic pathways can be achieved without
the need for synchronization, necessary in ensemble experiments [45,123]. The time
range of dynamics accessible in experiments with freely di!using molecules is de-
fined by the time they spend in the focal volume. All dynamics on a timescale larger
than their di!usion time can not be determined. According to the ergodic principle,
the ensemble average of a physical quantity at a given time should give the same
information like the time average over the same quantity for one specific particle.
It follows that without artifacts, a single molecule experiment should additionally
provide the information an ensemble experiment gives [71,102]. In order to perform
single molecule experiments successfully, two prerequisites must be met. First, one
has to ensure that only one molecule is probed at a given time. Second, a high
signal-to-noise ratio is needed (see subsection 2.3.1). Therefore, for experiments of
freely di!using molecules at room temperature, a confocal microscope can be used
to satisfy these conditions (see section 2.2). It enables a small observation volume
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Tab. 2.2: Probabilities p of having a number of n fluorophores in the focal volume,
when the average number of fluorophores in the focal volume is ↔N↗. Values calculated
using Eq. 2.68.

↔N↗ p(n = 0) p(n = 1) p(n > 1)
1.00 0.368 0.368 0.264
0.50 0.607 0.303 0.090
0.10 0.905 0.090 0.005
0.05 0.951 0.048 0.001

down to 10→15 l and a high suppression of background signals. To assure that only
signals of a single molecule are detected at a time, a highly diluted sample is manda-
tory [45, 71]. Due to the underlying Poisson statistics, the probability for a certain
number of fluorophores in the focal volume n can be determined by using

P (n, ↔N↗) = ↔N↗n

n! e→≃N⇐, (2.68)

with ↔N↗ being the average number of fluorophores in the focal volume during the
experiment [45]. Tab. 2.2 shows example values for the probability of having no,
one or more than one fluorophore in the focal volume at a time for multiple values
of ↔N↗. It follows that a low sample concentration associated with a low ↔N↗ can
lead to negligibly small probabilities for having more than one fluorophore in the
focus at the same time. Nevertheless, already at ↔N↗ = 0.5, it is most likely to have
no fluorophore in the focal volume. Since the probability is further growing with
decreasing sample concentration, it is not practical to make the concentration too
low, due to a prolonged measurement time.

Rather than analyze freely di!using molecules, there is the possibility to immobilize
the molecules of interest. To this end, they can be, e.g., immobilized in a gel, in
liposomes or even directly tethered to the coverslip via hydrogen bonds. However,
these methods will not be discussed in detail, as they were not being used in this
thesis.

2.3.1 Signal-to-noise ratio

One of the most important requirements for single molecule fluorescence measure-
ments is a high signal-to-noise ratio (SNR). It describes the ratio between the signal,
for example the fluorescence emission, and noise [96,111]:

SNR = fluorescence signal
noise . (2.69)
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Typically, the fluorescence signal in single molecule experiments is the number of
detected photons in a given time interval [96]. Since this number of emitted and
detected fluorescence photons obeys a Poisson distribution with an average number
of detected photons ↔N↗, the standard deviation !↔N↗ of this distribution is given
by

!↔N↗ =
√

↔N↗. (2.70)

Thus, random fluctuations of the fluorescence signal itself, the number of photons,
lead to noise, which is called shot noise [111]. Furthermore, background signals
are contributing to the total number of detected photons as well. This background
originates from laser excitation and induced elastic Rayleigh and inelastic Raman
scattering and is linearly dependent on the laser intensity [96]. Another contribution
is the dark count rate of the detector, which is independent from the laser excitation
power and therefore a constant in the signal. Taking the sources of noise into
account, the SNR can be expressed by

SNR = ▷detR≃
▷detR + CbIlas + Nd

√
Tint, (2.71)

with the detection e"ciency of the detector ▷det, the emission rate of fluorescence R,
the laser intensity Ilas, the dark count rate of the detector Ndet and the integration
time Tint. Cb is the constant of proportionality between laser intensity and laser-
induced background photon rate (see Fig. 2.16).

Fig. 2.16: Signal-to-noise ratio (SNR) as a function of the laser excitation rate ac-
cording to Eq. 2.71. Besides the SNR (green), the fluorescence intensity of a single
molecule (blue), laser-induced background (red) and the dark count rate of the de-
tector (gray) are illustrated as well. Image taken and modified from [96].
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Although, the laser intensity where the SNR is at maximum seems to be the natural
choice, the experiments are typically run at laser intensities close to the maximum
as an increase of the laser intensity does not lead to a significant increase of the
SNR, but to an increase of the photobleaching probability.

2.4 Förster resonance energy transfer

Förster resonance energy transfer (FRET) refers to a non-radiative energy transfer
between two fluorophores called donor and acceptor [45–47]. After the absorption
of a photon, the excited donor can transfer its energy to the acceptor via dipol-
dipol interactions. As a result of this process, the acceptor is excited from the
ground state to an excited singlet state and the donor returns to the ground state
without the emission of a photon. This is illustrated in Fig. 2.17 in a simplified
Jablonski diagram. The first theoretical description of FRET was made by Theodor
Förster in 1948 for chemical identical donor and acceptor fluorophores, named homo
transfer [48]. Then, in 1967, Stryer and Haugland showed for chemical distinct
fluorophores (hetero transfer) that the strong distance dependence of the transfer
makes it suitable for distance determinations in the range of a few nanometers [49].
Thus, by labeling molecules, proteins or specific domains of proteins with donor and
acceptor fluorophores, one can investigate inter- and intramolecular distances or
distance changes. The rate of the energy transfer kT is derived from Fermi’s golden
rule [130] and can be formulated as follows:

kT = 1
r6

da

”d

↼d

◁29000 ln(10)
128↽5n4NA

J. (2.72)

In this equation, rda refers to the distance between the donor and acceptor fluo-
rophore. ”d and ↼d are the fluorescence quantum yield and fluorescence lifetime of
the donor fluorophore without the existence of an acceptor fluorophore, hence with-
out FRET. The orientation factor ◁2 accounts for the relative orientation between
donor and acceptor (see subsection 2.4.2). NA and n are the Avogadro constant
and the refractive index of the solvent, respectively. Lastly, J represents the overlap
integral between the emission spectrum of the donor and the absorption spectrum of
the acceptor fluorophore (see subsection 2.4.1). A characteristic quantity of FRET
is the Förster radius R0, which specifies the distance of donor and acceptor, at which
the rate of the energy transfer equals the sum of all other possible relaxation rates
of the excited donor. Therefore,

kT = 1
↼d

(2.73)
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Fig. 2.17: Simplified Jablonski diagram to illustrate FRET. Shown are two singlet
states S0 and S1 from both, the donor and acceptor fluorophore. Thick lines represent
electronic and thinner lines vibrational states. Possible excitation and depopulation
pathways are discussed in section 2.1. FRET provides an additional depopulation
pathway for the donor, which can transfer its energy in a non-radiative manner to
the acceptor (↑), followed by a non-radiative transition to its ground state (⇓). The
acceptor is excited to a higher electronic state (⇔) and can emit a fluorescence photon
of its own. VR: vibrational relaxation, IC: internal conversion.

applies and Eq. 2.72 yields

R0 = 6

√
◁2”d9000 ln(10)

128↽5n4NA

J. (2.74)

For common fluorophores, the Förster radius is in the range of approximately 15 Å
to 60 Å [47]. Substituting Eq. 2.74 in Eq. 2.72 gives

kT = 1
↼d

(
R0

rda

)6

(2.75)

for the transfer rate kT. As it is not trivial to experimentally access the transfer
rate, one usually determines the transfer e"ciency. The transfer e"ciency of the
process ET is defined as the ratio of the number of energy transfers to the acceptor
to the number of total absorbed photons of the donor fluorophore [131]:

ET := number of energy transfers
number of absorbed photons . (2.76)

By using the rates of the underlying radiative and non-radiative processes, the trans-
fer e"ciency can be expressed with
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ET = kT

kT + kISC + kIC + kq + kf

= kT

kT + ↼→1

d

. (2.77)

On the other hand, by using Eq. 2.75, the transfer e"ciency can be related to the
distance of the fluorophores and the Förster radius:

ET = R6

0

R6
0 + r6

da

= 1
1 + r6

da
/R6

0

. (2.78)

This equation shows that the Förster radius of a donor acceptor pair corresponds
to their distance where the FRET e"ciency is 0.5. Eq. 2.78 highlights the strong
distance dependence of FRET due to the underlying dipole-dipole interactions and
thus dependence on the inverse sixth power of the distance between the fluorophores.
Substantiating the reference to a spectroscopic ruler, this distance dependence is
shown in Fig. 2.18 for multiple ratios of the donor acceptor distance and the Förster
radius.

To obtain the e"ciency of the transfer experimentally, there are several possibilities.
The most common approach is based on the determination of fluorescence intensities
of the donor emission Id and acceptor emission Ia, respectively:

ET = Ia

Ia + Id

. (2.79)

As mentioned above, in single molecule experiments, photons are counted instead of
intensities measured. Since the fluorescence intensity is proportional to the number
of emitted and thus detected photons of the donor and the acceptor, Eq. 2.79 still
holds for the number of detected donor and acceptor photons, Fd and Fa and is
mostly used in single molecule FRET experiments (see subsection 2.4.3):

ET = Fa

Fa + Fd

. (2.80)

Both equations, Eq. 2.79 and Eq. 2.80, are only valid for fluorescence quantum yields
and detection e"ciencies of the detectors of one. Since this is not the case for real
experiments, one can account for this deviation with the correction factor

0FRET

cor
= ”a▷a

”d▷d

, (2.81)

which includes the quantum yields of the acceptor and donor dyes (”a, ”d) and their
detection e"ciencies with the detection system being used (▷a, ▷d) [46]. With the
correction factor from Eq. 2.81, the transfer e"ciency results in
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Fig. 2.18: Transfer e"ciency ET as a function of the donor acceptor distance ex-
pressed as the ratio of fluorophore distance rda and their respective Förster radius R0.
It marks the distance, where ET = 0.5. Since small changes in the fluorophore dis-
tance have highest e!ects between ↘ 0.5 R0 and 1.7 R0 (gray area), that range is
favorable for FRET experiments.

ET = Fa

Fa + 0FRET
cor

Fd

. (2.82)

FRET can be considered as a dynamic quenching process (see subsection 2.1.4) that
lowers the fluorescence emission of the donor in the presence of the acceptor. By
determining the number of emitted donor photons in a certain time interval with and
without the existence of the acceptor, denoted with F a

d
and with Fd, respectively,

ET can be expressed as

ET = 1 → F a

d

Fd

. (2.83)

Since dynamic quenching processes reduce the fluorescence lifetime as well, one can
obtain the FRET e"ciency via the fluorescence lifetime of the donor with ↼ a

d
and ↼d

without the presence of the acceptor dye:

ET = 1 → ↼ a

d

↼d

. (2.84)
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From the experimentally determined FRET e"ciency, eventually the donor and
acceptor distance rda can be calculated with

rda = R0

6

√
1 → ET

ET

. (2.85)

Depending on the type of experiment and the sample to be analyzed, it is impor-
tant to choose suitable fluorophores. Besides their fluorescence characteristics like
the fluorescence lifetime, quantum yield as well as their absorption and emission
characteristics, one has to take their Förster radius into account, which is an im-
portant quantity for donor acceptor pairs. For distance measurements, the optimal
choice for the Förster radius would be in the centre of the donor acceptor distance
range. This is evident by looking at Fig. 2.18, again. For distances of donor and
acceptor in a range of approximately 0.5R0 < rda < 1.7R0, small changes in their
distance have a significant e!ect on the transfer e"ciency, whereas distance changes
outside this interval lead to almost no measurable changes.

2.4.1 Overlap integral

One requirement for the energy transfer is the spectral overlap between the donor
and acceptor fluorophore reflecting the resonance condition. More precisely, there
has to be an overlap between the emission spectrum of the donor and the excitation
spectrum of the acceptor. This is shown in Fig. 2.19. The overlap integral is given
by

J =
∫ ↓

0

Id(ϖ)ςa(ϖ)ϖ4dϖ (2.86)

with the normalized donor fluorescence spectrum

∫ ↓

0

Id(ϖ)dϖ = 1, (2.87)

where Id is the intensity of the donor, ϖ the wavelength and ςa (ϖ) the extinction
spectrum of the acceptor. The overlap integral is shown in Fig. 2.19 as well.
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Fig. 2.19: Overlap integral (green) and spectral overlap (green lines) between Alexa
Fluor 488 and Alexa Fluor 594 as an example. The spectral overlap between the
emission spectrum of the donor (blue) and the absorption spectrum of the acceptor
(red) is a prerequisite for FRET. The overlap integral results according to Eq. 2.86.

2.4.2 Orientation factor

Another factor, which influences the FRET e"ciency is the relative orientation
and location of the transition dipoles of the donor and acceptor fluorophores to
each other. This is accounted by the orientation factor ◁2 (Eq. 2.72) according
to [45,47]

◁2 = (cos 1t → 3 cos 1d cos 1a)2 (2.88)

or

◁2 = (sin 1d sin 1a cos φ → 2 cos 1d cos 1a)2 , (2.89)

respectively. The di!erent angles are illustrated in Fig. 2.20, where 1t denotes the
angle between the transition moments of donor and acceptor. The angles 1a and 1d

are the angles between the connection vector r and the transition dipole of acceptor
and donor, respectively. φ is the angle between the planes of the dipoles [45, 47,
131]. It follows that depending on the orientation, ◁2 takes values between 0 for
perpendicular and 4 for collinear transition dipoles. For experiments, where the
fluorophores can rotate freely in solution one assumes the isotropic dynamic average
with a value of ◁2 = 2

3
. This dynamic average is valid if the rotational correlation
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(a) (b)

Fig. 2.20: (a) shows the relative orientation of the transition dipoles of the
donor (green arrow) and acceptor (red arrow) to each other. The green and red
areas represent the dipole planes of donor (green) and acceptor (red). ςt denotes the
angle between the transition dipoles of donor and acceptor and ςd and ςa are the
angles between these transition dipoles and the separation vector r. φ is the angle
between the planes of the dipoles. (b) Specific orientations, where ↼2 yields 4, 1 or 0.

time is much faster than the fluorescence lifetime of the donor [47]. It has to be
emphasized that the FRET shortened fluorescence lifetime of the donor has to be
considered here.

2.4.3 Single molecule FRET

Single molecule FRET (smFRET) is a powerful and versatile tool to investigate
conformational states of (bio-)macro molecules in the process of protein folding and
unfolding. As described in section 2.3, single molecule techniques enable the in-
vestigation of one molecule at a time, rather than collecting the signal of a whole
molecule ensemble at once. This is illustrated in Fig. 2.21 for FRET experiments. In
the case of smFRET one can distinguish di!erent folding states with varying trans-
fer e"ciencies in one measurement. By using a confocal microscope (see section 2.2)
in conjunction with a highly diluted sample, it is assured that only single labelled
molecules are detected. According to Poissonian statistics, this implies that most of
the time the detection volume is empty (see Tab. 2.2). When proteins di!use into
the observation volume, the attached donor fluorophore is excited with subsequent
fluorescence emission of either the donor or the acceptor (see section 2.4). Due to
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the low sample concentration the transient intensities in smFRET experiments fluc-

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 2.21: Comparison of ensemble FRET (left) and smFRET (right). (a) Ensemble
FRET observes many sample molecules at once. (b) Due to a reduced sample con-
centration as well as focal volume in smFRET, there is a low probability to observe
more than one sample molecule at a time. (c) and (d) show the number of detected
fluorescence photons in time bins of 100 ms for the donor (green) and acceptor (red).
(e) and (f) show the respective transfer e"ciency histograms. Since all histograms
in smFRET experiments are broadened due to shot noise, peaks are fitted with a
Gaussian (solid lines), to obtain each transfer e"ciency (dashed lines). (g) and (h)
show the fractions of the e"ciency peaks.
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tuate between background and bursts of fluorescence photons as the proteins enter
and leave the focal volume (see Fig. 2.21d). In comparison, the fluorescence emission
of ensemble FRET (enFRET) shows a relatively constant signal in both, the donor
and acceptor channel as there are many proteins within the observation volume at
any time (see Fig. 2.21c). As a consequence, only a mean transfer e"ciency of all
proteins can be determined (see Fig. 2.21e). Using smFRET on the other hand, one
can distinguish and resolve multiple FRET states (see Fig. 2.21f) [51, 52]. This is
done by either analyze each burst individually or by dividing the time trace of the
experiment in time bins of appropriate length, e.g. 1 ms. Fluorescence bursts are as-
signed if the sum of the donor and acceptor signals exceeds a certain threshold T da

sum
.

For the bursts, the FRET e"ciency is calculated, using Eq. 2.79 or Eq. 2.82. Subse-
quently, the transfer e"ciencies are summed up in a transfer e"ciency histogram.

Fig. 2.21f shows another characteristic of the detected FRET e"ciencies. Even
when all proteins would have an identical donor acceptor distance and thus the
same FRET e"ciency, the histogram is broadened. This is due to shot noise of the
measured fluorescence signal (see subsection 2.3.1). Therefore, for a certain confor-
mation having a specific donor-acceptor distance a Gaussian-shaped peak appears
in the FRET e"ciency histogram, which is fitted with a Gaussian fit function to
obtain the mean FRET e"ciency of the broadened peak.

2.5 Fluorescence correlation spectropscopy

Fluorescence correlation spectroscopy (FCS) is a method based on the analysis of
time-dependent fluctuations of the fluorescence intensity from a small observation
volume and was first introduced in the early 1970s [45, 46, 71–73]. The fundamen-
tal principle is based on the fact that certain physical processes are causing these
intensity fluctuations, which are then analyzed in such a way that the correspond-
ing parameters of those processes can be determined [46]. Potential reasons for the
fluctuations are for example di!usion, photo physical processes like transitions to
the triplet state or interactions of di!erent molecules. In principle, every process
that leads to fluorescence fluctuations on a characteristic timescale can be investi-
gated, given a measurement duration significantly longer than the fluctuation time
scale. The observation volume in FCS experiments is usually realized by a confo-
cal setup (see section 2.2) with a focussed laser beam for excitation [45–47]. With
a su"ciently low sample concentration, the signal of few or even single molecules
are detected at a certain time (see section 2.3). The fluctuations of the fluorescence
intensity ⇁I(t) are described by the deviation of the fluorescence intensity signal I(t)
from the mean fluorescence intensity ↔I(t)↗ [132]:
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⇁I(t) = I(t) → ↔I(t)↗, (2.90)

↔I(t)↗ = 1
T

∫ T

0

I(t)dt. (2.91)

Accordingly, using low concentrations will result in larger fluorescence fluctuations,
when molecules are di!using through the focal volume for example (see Fig. 2.22).
Basis of the analysis of these fluctuations is the auto-correlation function of the
measured signal

G(↼) = 1
T

∫ T

0

I(t)I(t + ↼)dt = ↔I(t)I(t + ↼)↗ (2.92)

with the delay or lag time ↼ . The auto-correlation function describes the self-
similarity of the measured signal and is a measure of probability to detect a photon
at time t + ↼ , if a photon has already been detected at time t. Typically, the auto-
correlation function is normalized by the square of the average intensity [45,47]:

G(↼) = ↔I(t)I(t + ↼)↗
↔I(t)↗2

. (2.93)

Inserting Eq. 2.90 yields

(a) (b)

Fig. 2.22: E!ect of di!erent sample concentrations on the fluorescence fluctuations.
(a) shows absolute fluorescence intensity traces for three di!erent sample concentra-
tions (blue > green > red). (b) shows the fluctuations of the traces from (a) around
their mean fluorescence count rate ↔F ↗, demonstrating that the relative fluctuations
of the signal are larger for lower concentrations.
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G(↼) = 1 + ↔⇁I(t)⇁I(t + ↼)↗
↔I↗2

. (2.94)

In order to determine the parameters of the underlying processes the experimentally
obtained auto-correlation function of the signal is fitted to a theoretical model,
which is able to take these processes into account (see subsection 2.5.1 and subsec-
tion 2.5.2).

2.5.1 Brownian motion

The Brownian motion of fluorophores or molecules with attached fluorophores, will
lead to changes in the distribution of the fluorophores within the observation vol-
ume. These fluctuations of the local fluorophore concentration at point 2r at a certain
time t in the sample can be described by ⇁C(2r, t). The excitation of the fluorophores
and the detection of their emitted photons depend on their position within the obser-
vation volume. Excitation und detection e"ciencies are combined to the molecule
detection e"ciency MDE(2r) (see section 2.2). As a result, the fluctuations of the
fluorescence intensity can be expressed as

⇁I(t) =
∫

V

MDE(2r)⇁C(2r, t)dV, (2.95)

where V is the observed volume [45, 123]. Are di!usion processes the only cause
leading to concentration and thus fluorescence fluctuations, the concentration cor-
relation function for three dimensional di!usion is given by [45]

↔⇁C(r, 0)⇁C(r↘, ↼)↗ = ↔C↗ 1
(4↽D↼)→ 3

2
e→ (r→r↑

)
2

4Dω , (2.96)

where r is the position at t = 0, r↘ is the position at lag time ↼ and D is the
di!usion coe"cient. The MDE of a confocal setup is often approximated with a
three dimensional Gaussian (see Eq. 2.56 and Fig. 2.12). Using Eq. 2.96 and the
Gaussian profile (Eq. 2.56) results in [123]

1 + 1
↔N↗ = GDif(0)

(

1 + 4D↼

w2
xy

)→1
(

1 + 4D↼

w2
z

)→ 1
2

(2.97)

with the average number of molecules in the focal volume ↔N↗ and the axial and
lateral radii of the Gaussian observation volume, denoted by wxy and wz, respectively.
It is convenient to combine both radii to an aspect ratio of
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Sar = wxy

wz

. (2.98)

The di!usion time ↼Dif is related to the di!usion coe"cient and the lateral radius
as:

↼Dif =
w2

xy

4D
(2.99)

and is the time, at which the amplitude of the correlation function dropped to half
of the start value (see Fig. 2.23). By inserting Eq. 2.98 and Eq. 2.99 in Eq. 2.97, the
auto-correlation function results in

GDif(↼) = 1 + 1
↔N↗

(
1 + ↼

↼Dif

)→1
(

1 + S2

ar

↼

↼Dif

)→ 1
2

. (2.100)

The amplitude of the correlation function for a lag time of ↼ = 0

G(0) = 1 + 1
↔N↗ (2.101)

Fig. 2.23: Example of an auto-correlation curve GDif(ε) as a function of lag-
time ε (blue). The average number of fluorescence molecules in the focal volume
↔N↗ can be determined via the amplitude at GDif(0). The di!usion time εDif marks
the time, where the correlation function dropped to 1

2
(GDif(0) + 1).
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is solely dependent on the average number of molecules in the focal volume (see
Fig. 2.23). If the focal volume Vf is known, one can use

↔C↗ = ↔N↗
Vf

(2.102)

to calculate the mean of the concentration ↔C↗.

2.5.2 Internal two-state dynamics

In addition to di!usion of the fluorophores in and out of the focal volume, other
processes can lead to fluctuations of the fluorescence intensity as well. One example
of such a process is the transition of the fluorophores to the triplet state. They
can not emit fluorescence photons from that state and therefore appear dark for a
characteristic time [45]. This leads to additional fluctuations, such that Eq. 2.100
is no longer su"cient to describe the experimentally obtained correlation curve.
The model has to be extended to take transition to the triplet state into account
as well. Usually, triplet dynamics of commonly used fluorophores are faster than
their di!usion time [45,123]. In this case, the correlation function can be factorized
as a product of the di!usion auto-correlation function GDif(↼) (Eq. 2.100) and an
additional term describing the triplet dynamics GT(↼) [123,133]:

GDif,T(↼) = GDif(↼)GT(↼). (2.103)

This approximation only holds for processes that are on a di!erent timescale than
the di!usion of the molecules and in addition do not alter the di!usion coe"cient
itself. Triplet dynamics can be described by an exponential term [45,133]

GT(↼) =
[
1 + ATe

→ ω
ωT

]
, (2.104)

where AT is the triplet amplitude

AT = T

1 → T
(2.105)

with the fraction of molecules in the triplet state T [134, 135]. ↼T is the relaxation
time due to triplet cycling. Both, AT and ↼T can be described with the rates of the
transitions involved (see Fig. 2.24):

↼T = 1
krISC

+ kex + kf

kexkISC

, (2.106)
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AT = T

1 → T
= kexkISC

kex(kISC + krISC) + krISC(kISC + kf)
. (2.107)

Insertion of Eq. 2.100 and Eq. 2.104 in Eq. 2.103 gives

GDif,T(↼) = 1 + 1
↔N↗

Brownian motion︷  
(

1 + ↼

↼Dif

)→1
(

1 + S2

ar

↼

↼Dif

)→ 1
2

Triplet blinking︷  [
1 + ATe

→ ω
ωT

]
. (2.108)

Fig. 2.25 illustrates the e!ect on the correlation curve due to triplet dynamics, which
lead to an additional exponential increase at lag times shorter than the characteristic
di!usion time. Despite transitions to the triplet state, other processes like chemi-
cal reactions or conformational changes can lead to fluctuations of the fluorescence
emission as well and could be described with an additional exponential term like
in Eq. 2.104. If several of these processes are present, each two-state process will
cause an own exponential increase of the correlation curve and can be taken into
account by adding an exponential term like Eq. 2.104 to Eq. 2.108. This simple
treatment, however, only holds if additional processes have clearly separated char-
acteristic relaxation times. Otherwise the signals overlap and more complex theory
is needed [45].

Fig. 2.24: Simplified Jablonski diagram, showing the rates used to describe the
singlet-triplet relaxation time εT (Eq. 2.106) and triplet amplitude AT (Eq. 2.107).
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Fig. 2.25: Correlation function with triplet blinking (blue). If fluorescence
fluctuations are not solely caused by Brownian motion (green), but faster pro-
cesses like triplet blinking as well, the correlation function is given by the prod-
uct of the correlation functions of di!usion GDif(ε) (Eq. 2.100) and triplet blink-
ing GT(ε) (Eq. 2.104): G(ε) = GDif,T(ε) = GDif(ε) GT(ε).

2.5.3 nsFCS

In subsection 2.5.2, the e!ects on the correlation curve due to processes faster than
the di!usion of the molecules are discussed. When treating dynamics leading to fluc-
tuations in the nanosecond time regime, the term nanosecond fluorescence correla-
tion spectroscopy or nsFCS is used. For example, nsFCS enables the investigation of
chain dynamics and chain reconfiguration times for unfolded or intrinsically unfolded
proteins (IDPs) with characteristic reconfiguration times of ↘ 10 ns → 200 ns for 30-
to 100-residue chain segments [7, 8, 53, 77–79, 136]. As described before, processes
which lead to blinking on a characteristic timescale besides di!usion result in an
additional increase and exponential term in the correlation curve [74]. In Eq. 2.109,
chain dynamics (CD) are considered exemplarily with ACD for the amplitude and
↼CD for their reconfiguration time. With further decreasing lag times ↼ another phe-
nomenon is visible, which is called fluorescence antibunching (AB). The correlation
curve begins to drop in a range of a few nanoseconds. When a fluorophore is excited,
it needs a certain amount of time to return to the singlet ground state. Only then it
is able to be excited again [45,137–140]. Due to this, there is always some time delay
between two emitted fluorescence photons of the same fluorophore. To account for
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Fig. 2.26: Exemplarily correlation function of a nsFCS measurement (blue). Di!u-
sion processes, triplet and chain dynamics as well as fluorescence antibunching are
causing fluorescence fluctuations, at a characteristic time, denoted with εDif, εT, εCD

and εAB, respectively.

antibunching in the correlation function, another exponential term is added, but
with a negative amplitude, where ↼AB is the characteristic antibunching time con-
stant and AAB is the amplitude of the fluorescence antibunching term, respectively.
Fig. 2.26 shows a correlation curve with all described processes.

GDif,T,CD,AB(↼) = 1 + 1
↔N↗

Brownian motion︷  
(

1 + ↼

↼Dif

)→1
(

1 + S2

ar

↼

↼Dif

)→ 1
2

...

...

Triplet blinking︷  [
1 + ATe

→ ω
ωT

]
Chain dynamics︷  [

1 + ACDe
→ ω

ωCD
]

Antibunching︷  [
1 → AABe

→ ω
ωAB

]
.

(2.109)
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2.6 FRET-FCS

As introduced in section 2.4 and section 2.5, FRET and FCS are both spectroscopic
methods to analyze inter- and intramolecular dynamics, distances or distance chan-
ges, also on a single molecule level. By combining fluorescence resonance energy
transfer with fluorescence correlation spectroscopy to FRET-FCS measurements,
one is capable of investigating intramolecular dynamics of proteins on the microsec-
ond timescale [66–70]. In addition to the analysis of the auto-correlation functions of
the donor and acceptor channel, the cross-correlation functions of both channels are
additionally calculated and analyzed. Based on Eq. 2.94, the resulting correlation
curve can be described by

Gij(↼) = 1 + ↔⇁Ii(t)⇁Ij(t + ↼)↗
↔Ii↗↔Ij↗

, (2.110)

where the indices i, j represent two di!erent detection channels for the donor and
acceptor, respectively. For a typical FRET-FCS experiment it follows that at least
four di!erent correlations can be analyzed, two auto-correlation functions for i = j
and two cross-correlation functions Gij(↼), Gji(↼) with i ↖= j, respectively. Due to
potentially present intermolecular dynamics, the resulting fluctuations are expected
to lead to an additional decay component in the auto-correlations and a rise com-
ponent in the cross-correlations [66,68]. Furthermore, when combining FRET with
nsFCS, it is possible to characterize chain dynamics and chain reconfiguration times
of unfolded proteins or intrinsically disordered proteins (IDPs) [7, 30]. Because the
underlying dynamics of the processes involved are the same for both, cross- and
auto-correlation functions, the relaxation time of the processes can be determined
by a global fit based on Eq. 2.109 for example, with the relaxation time of the chain
dynamics ↼CD as a shared parameter, since it is the same for all correlation func-
tions (see subsection 3.7.1) [53, 77]. For the early steps of protein folding processes
↼CD can be used for an estimate of the minimum folding time of a protein since the
pre-exponential factor of protein folding (see Eq. 2.120) is solely dependent on the
reconfiguration time of a polypeptide chain for small proteins with downhill folding
characteristics (see subsection 2.7.6) [1, 79,141].

2.7 Proteins

Proteins are complex macromolecules, which consist of chains of 20 di!erent pro-
teinogenic amino acids [142]. Proteins are key players in almost all biological pro-
cesses, like for example in the catalysis of metabolic processes, gene expression,
cellular communication or molecular recognition [143–145].
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2.7.1 Protein structures

The structure of proteins can be divided into four main levels. These are called
primary, secondary, tertiary and quaternary structures and will be briefly described
in the following paragraphs.

Primary structure

The primary structure of proteins describes the lowest structural level and represents
the specific linear sequence of the amino acids. The general structure of amino acids
is shown in Fig. 2.27 and an example of a primary structure is given in Fig. 2.28.
Amino acids contain a central carbon atom, which is called ε-carbon Cε. Attached
to this carbon atom are an amino group, a hydrogen atom, a carboxyl group and a
characteristic side chain R. Since, without the exception of proline, the only part
that varies between di!erent amino acids is the side chain, it is convenient to divide
amino acids into two parts. One part is called the backbone and includes all non
side chain atoms of the respective amino acid, thus the hydrogen atom, the amino
group and the carboxyl group. This backbone is identical among all amino acids
whereas the second part, the side chain is what varies between amino acids [143].
The individual amino acids in a protein are connected by peptide bonds where the
carboxyl group of one amino acid is linked with the amino group of the next amino
acid [142]. A series of amino acids linked by peptide bonds form a polypeptide
chain, the individual amino acids of which are called residues. The peptide bond is
partially a double bond, so that OCNH are in a plane. Only the single bonds at the
Cω can rotate, characterized by the dihedral angles. The primary structure is unique
for every protein and essential, since it determines the final structure of the protein
and thus the function as well [12, 143]. A polypeptide chain is charged due to their

CωN

H

H

C

O

OH

R

H

Side Chain

Amino Group Carboxyl Group

Fig. 2.27: Basic structure of all amino acids with proline as an exception, where the
nitrogen atom of the amino group and the Cε are involved in a hetero cycle. The
central carbon atom Cε is bonded to a hydrogen atom, a carboxyl group (orange),
an amino group (green) and a characteristic side chain (red), which is di!erent for all
amino acids.
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1 MRGK VKWF DSKK GYGF ITKD EGGD VFVH WSAI EMEG FKTL KEGQ
45 VVEF EIQE GKKG PQAA HVKV VE

Fig. 2.28: Primary structure or amino acid sequence of the cold shock protein from
the hyperthermophilic bacterium Thermotoga Maritima [146,147].

di!erent ends with an amino group on one side and a carboxyl group on the other
side, respectively. Additionally, the charged side chains contribute to the charge
distribution within the chain. This distribution can lead to regions of localized
positive or negative charges. The sum of all positive and negative charges along the
chain results in the net charge of the chain, which is strongly pH-dependent. The
end with the amino group is by convention taken as the start of the amino acid
sequence [144].

Secondary structure

The secondary structure of proteins refers to local, regular, simple arrangements of
amino acids within the polypeptide chain. The most common secondary structure
elements are alpha-helices and beta-sheets, both of which play important roles in
determining the overall three-dimensional shape and function of a protein. Both,
alpha-helices and beta-sheets are formed by hydrogen bonds between the CO- and
NH- groups of the backbone. Both elements are illustrated in Fig. 2.29.

(a) (b)

Fig. 2.29: Secondary structure elements of proteins with (a) alpha-helices and (b)
beta sheets [144].

Tertiary structure

The tertiary structure of a protein refers to its overall three-dimensional shape [144].
It is determined by interactions between its secondary structure elements and the
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rest of the polypeptide chain, as well as by non-covalent interactions such as hy-
drophobic forces, ionic bonds, and hydrogen bonds. According to the central dogma
of structural biology the three-dimensional structure is prerequisite to the protein’s
function [143,144]. It determines the spatial relationships between the various func-
tional regions, such as active sites and binding sites. Fig. 2.30 shows the solution
NMR structure of the cold shock protein of the hyperthermophilic bacterium Ther-
motoga Maritima [147,148].

Anomalous tertiary structures, e.g. amyloids, can lead to protein malfunction and
disease due to transitions of alpha helices to beta sheets. This leads to misfolding
and an abnormal tertiary structure of the protein, which additionally alters the
quaternary structure since it promotes protein aggregation.

However, proteins that are naturally disordered or have disordered regions, called
intrinsically disordered proteins (IDPs) (see subsection 2.7.2) are an exception to
the paradigm mentioned above.

Fig. 2.30: Structure of the cold shock protein Thermotoga Maritima as an example
of a tertiary structure of a protein [147,148].

Quaternary structure

The quaternary structure of proteins represents the highest structural level and de-
fines the spatial arrangement and interaction between multiple polypeptide chains.
Many proteins consists of multiple polypeptide chains, called subunits [143,144]. If
these subunits are identical, they are homomers, and when they are di!erent, het-
eromers. The quaternary structure is essential for the protein’s overall function and
can greatly influence its biological activity [149]. The simplest case of a quaternary
structure of a protein is a dimer consisting of two subunits, shown in Fig. 2.31 with
the Cro-protein. Another example is the hetero-tetramer hemoglobin with four non-
identical subunits. The driving force of the quaternary structure formation is the
hydrophobic e!ect [150]. The structure itself is primarily stabilized by non covalent
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Fig. 2.31: Cro-protein as an example of a homodimer consisting of two identical
subunits shown in purple and green, respectively [144,151].

interactions, which allow a dynamic equilibrium between di!erent states of the same
protein.

2.7.2 Intrinsically disordered proteins

Intrinsically disordered proteins (IDPs) are proteins that lack a stable, defined three-
dimensional structure under physiological conditions and do not adopt a fixed con-
formation [143]. This structural flexibility is a defining characteristic. Most IDPs
contain highly flexible, unstructured regions known as intrinsically disordered re-
gions (IDRs) that can vary in size [33–35]. Some IDPs are even entirely unstruc-
tured [36,152–155]. Fig. 2.32 shows the sequence [156–158] and AlphaFold structure
prediction of the sperm histone protein from the organism gallus gallus [159–161]
as an example of an entirely unstructured IDP. Despite the correlation between
protein structure and its function [143], many IDPs serve an important role in a
variety of biological processes and facilitate them due to their lack of structural
constraints [153,154] including movement to narrow pores [162] or alternative splic-
ing [163]. They also play a role in the regulation of gene expression, cellular signal
transduction, protein phosphorylation and protein-protein interactions [36,37,164].
IDPs show a variety of complexes due to interactions with other proteins [165].
IDPs can adopt well-defined three-dimensional structures upon binding to their
targets, while, in other complexes, specific protein regions retain their disordered
nature [166, 167]. Binding to macromolecular binding partners can lead to a gain
of structure or, on the contrary, structured domains can become IDPs, e.g. [168].
IDPs, which have a significant net charge, are typically more expanded with the
degree of extension depending on the magnitude of the net charge [154, 169, 170].
Bioinformatic methods suggest a correlation between the occurrence of IDPs in the
genome of an organism and its complexity [173]. For mammals it is estimated that
approximately 50 % of the proteins contain long disordered regions [143,174], which
are about 75 % of all signaling proteins [175]. For human protein coding genes the

51



1 MARYR RSRTR SRSPR SRRRR RRSGR RRSPR RRRRY GSARR SRRSV
46 GGRRR RYGSR RRRRR RY

(a)

(b)

Fig. 2.32: (a) Sequence of the sperm histone protein [156, 157] and (b) the corre-
sponding AlphaFold structure prediction [159–161] as an example of an intrinsically
disordered protein without a native three-dimensional structure.

fraction of proteins containing disordered regions with a length of at least 30 amino
acids is approximately 44 % [174,176]. About 5 % of all proteins are predicted to be
completely disordered, with a fraction of disordered residues of over 95 % [177,178].
These numbers show the importance of IDPs and proteins with IDRs and the sig-
nificance of further investigating their roles and functions. The growing interest in
IDPs is evident by looking at the number of publications, related to them on both,
PubMed [171] and Google Scholar [172] (see Fig. 2.33).
Despite their importance, the study of IDPs has been challenging due to their lack
of a well-defined structure. However, recent advances in computational and exper-
imental techniques have led to an increased understanding of these proteins and
their functions. Single molecule fluorescence resonance energy transfer (smFRET)

Fig. 2.33: Number of new publications related to intrinsically disordered pro-
teins (IDPs) with numbers obtained from PubMed (blue) and Google Scholar (purple)
and the use of the search phrase "intrinsically disordered proteins" [171,172].
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in combination with nanosecond fluorescence correlation spectroscopy (nsFCS) for
example is a versatile experimental technique to investigate global chain dynamics
of unfolded proteins or IDPs [53,74,75,79]. These long range chain dynamics have a
characteristic reconfiguration time, which corresponds to the relaxation time of the
distance correlation function of two residues of a polymer [152]. Furthermore, one
can examine multiple di!erent states of IDPs in an unbound ensemble or folding
intermediates during binding of IDPs to other proteins.

The concepts of polymer physics are a useful and powerful tool for the interpretation
of the results of experiments with IDPs and describe their behavior [32,53,179–182].
Simple polymer models like the Gaussian chain [52,76,170,183], an excluded volume
chain [184, 185] or a worm-like chain [170, 186, 187] can be used to analyze under-
lying chain statistics and obtained distance distributions. In addition, the develop-
ment and optimization of force fields for atomistic molecular dynamic simulations of
intrinsically disordered proteins [188–193] enable to complement the experimental
data [6, 7, 77, 194, 195] and potentially access deviations from the chosen polymer
models as well [53,181,186].

Prothymosin alpha

Prothymosin alpha (ProTω) is an intrinsically disordered protein (IDP). It was dis-
covered in 1984 and its sequence consists of 111 amino acids [197–200]. The se-
quence is shown in Fig. 2.34 alongside its AlphaFold structure prediction [160,161].

1 SDAAV DTSSE ITTKD LKEKK EVVEE AENGR DAPAN GNAEN EENGE
46 QEADN EVDEE EEEGG EEEEE EEEGD GEEED GDEDE EAESA TGKRA
91 AEDDE DDDVD TKKQK TDEDD

(a)

(b)

Fig. 2.34: (a) Sequence of the protein prothymosin alpha [156, 157] and (b) the
corresponding AlphaFold structure prediction [159–161,196].
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ProTω is entirely unstructured without any regular secondary structure [201] and
an IDP with one of the largest identified fraction of charged amino acids [170]. It
is highly negatively charged, with a net charge z = →44. Therefore, it is compar-
atively expanded [6, 170, 202, 203]. Despite lacking a distinct folded structure and
regular secondary structure it performs an essential role in many biological pro-
cesses [6, 170, 204]. For example it is involved in chromatin remodeling [205] or
cellular proliferation and oncogenesis [206]. Furthermore, it binds to the intrinsi-
cally disordered protein H1 with high a"nity, proven in vivo [207] and in vitro [208],
respectively. It acts as a linker histone chaperone, which increases the H1 mobility
in the nucleus [207], but maintain their structural disorder, long-range flexibility,
and highly dynamic nature entirely [6].

2.7.3 Folding

The basis for the present understanding of the protein folding process dates back
to Anfinsen [9]. With experiments of the enzyme bovine pancreatic ribonucle-
ase (RNase A), which disintegrates single-stranded RNA, Anfinsen and his labo-
ratory discovered that proteins are capable of folding reversibly. All required infor-
mation must be contained in the amino acid sequence to form the correct four out of
105 possible disulfide bonds [12–14]. Consequently, the structure of the native state
is essentially dependent on the amino acid sequence and not on the folding process
itself [13, 143]. Anfinsen proposed the thermodynamic hypothesis, which states that
the three-dimensional structure of the native state of a protein in its normal physio-
logical milieu is the state with the lowest Gibbs free energy [12,13,40]. However, the
thermodynamic hypothesis alone could not explain the speed and e"ciency of protein
folding. If a protein had to randomly sample all possible unfolded conformations
until the native one is found, the folding time would be longer than the life of the
universe [9, 15, 16], known as the Levinthal Paradox [15–17]. Therefore, a reasoned
conclusion from Levinthal’s calculation was the existence of intermediate states and
pathways [17, 209, 210]. Studies in the 1980s showed that the folding process in-
volves the formation of residue-residue interactions as well as compact secondary
structures, which limits the number of available configurations for the protein dur-
ing folding [211,212]. In 1992, Levinthal’s calculation was repeated with an included
small energy bias as the driving force for folding, which reduced the duration of the
search process to a few seconds [9, 18]. The energy landscapes according to the
Levinthal paradox and pathway solution are illustrated in Fig. 2.35a and Fig. 2.35b,
respectively. However, this raised the question of whether the folding process is
under thermodynamic or kinetic control [9,213]. Both approaches can be integrated
within the widely accepted energy landscape model [19, 214–217], with its theory
based on an energetic bias towards the native state [9, 218]. The folding process is
described as an energy-entropy funnel, where each point on the surface represents
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(a) (b) (c) (d)

Fig. 2.35: Visualization of di!erent energy landscape concepts with N and A de-
noting the native and denatured confirmation, respectively: (a) Levinthal landscape,
(b) landscape with pathway solution, (c) idealized funnel landscape and (d) rugged
energy landscape with hills, traps and energy barriers [16,209].

the Gibbs energy of one protein conformation [143]. Hills and valleys within the en-
ergy landscape account for energetically unfavored or more favored conformations,
respectively (see Fig. 2.35d) [16, 209]. The protein folding process can be described
as a downhill process on the energy landscape with multiple possible parallel path-
ways [209]. Along the path to the native state, various conformational states, e.g.,
molten globule, transition state, and intermediates, can be occupied [9, 16].

2.7.4 Denaturation

Proteins can be unfolded or denatured in multiple ways. Unfolding leads to the loss
of the three-dimensional structure of their native state, which is essential for their
function. The most commonly used methods for denaturation include the addition
of chemical denaturants, changes in temperature or pH or high pressure [219]. In
the following, denaturation due to chemical denaturants as well as unfolding under
pressure is briefly discussed.

Urea and Guanidinium chloride Urea and Guanidinium chloride (GdmCl) are
the most commonly used denaturants to unfold proteins. Both have low molecular
weights and are highly soluble in water [9,220]. They destabilize the native state by
altering the solvation properties of the protein [219]. By forming hydrogen bonds
with the protein backbone and weakening hydrophobic interactions in the core, na-
tive contacts are disrupted, favoring more extended conformations [220,221]. Weak-
ening the hydrophobic e!ect promotes unfolding since it is responsible for protein
stability [143]. One challenge in analyzing protein unfolding with chemical denatu-
rants is that the thermodynamic parameters are influenced as well, which shifts the
chemical potential of the proteins [222].
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Pressure The response of a system to changes in temperature or pressure is de-
termined by Le Chatelier’s principle [89,223]. Consequently, an increase in pressure
biases the accessible states towards those with a smaller volume [9]. If the volume
of a denatured state of a protein is smaller than the volume of its native state, an
increase in pressure leads to unfolding. The total volume of a protein in solution is
additive and given by [222–224]:

Vtotal = Vatoms + Vcavities + Vhydration. (2.111)

The volume di!erence !Vtotal is due to the di!erence in volume between the dena-
tured VD and native state VN:

Vtotal = VD → VN =!!!!!"0!Vatoms + !Vcavities + !Vhydration. (2.112)

!Vhydration describes the volume change of the hydration shell, and !Vcavities the
volume change of the cavities. Since the volume of the atoms is not a!ected by
pressure, !Vatoms does not contribute to the volume change upon unfolding. With
increasing pressure, the hydration shell increases as well due to the more solvent-
exposed amino acid residues. However, this e!ect is more than balanced by the
negative contribution from the disruption of electrostatic and hydrophobic inter-
actions [222]. The most significant negative contribution to volume change during
protein unfolding comes from the elimination of internal cavities within the folded
protein structure [89,225], even though the change is comparatively small, about 1 %
of the total volume of the protein [226]. In contrast, a correlation between protein
size and volume change could not be observed [227]. Since voids within proteins
are not evenly distributed, proteins of the same or similar size and structure can
exhibit distinct volumetric properties [89]. However, a recent study on the role of
bound water indicates that for smaller peptides like Trp-cage, the solvent accessi-
bility upon unfolding and subsequent increase of bound water molecules might be
the major contributor for pressure denaturation [228].

2.7.5 Denatured state

The denatured state of proteins does not correspond to a certain structure but rather
an ensemble of di!erent structures. These states have all similar energy and are in
rapid equilibrium with each other [32,209,219,229]. The unfolded state is as impor-
tant as the native state since the denatured state builds the starting point of the
protein folding reaction [31, 32] (see subsection 2.7.3). Additionally, the stability of
a protein arises from the di!erence in free energy between the native and denatured
state, respectively. Furthermore, the denatured and native states are in dynamic
equilibrium in vivo [230–232], and some proteins undergo a transition to an un-
folded or partially unfolded configuration to cross lipid bilayers [233–235]. However,
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a challenge in studying denatured proteins is that they typically exist in the native
state under physiological conditions. Therefore, studies are often conducted under
non-physiological conditions, e.g. high chemical denaturant concentrations. Hence,
intrinsically disordered proteins (IDPs) (see subsection 2.7.2) provide a promising
complement for studying the dynamics of unfolded polypeptide chains since they
exist in an unfolded state even under physiological conditions. Experiments under
high pressure can also provide a di!erent insight since pressure is assumed to have a
weaker e!ect on the unfolded state [225,236]. Like IDPs, denatured proteins can be
described and analyzed using the framework of polymer physics in order to support
the analysis and understanding of experimental observations [53].

2.7.6 Folding kinetics

In the simplest case protein folding and unfolding can be described by a two-state
model [229, 237, 238]. Even though two-state kinetics could be observed for many
small proteins without detectable intermediates [237], two-state behavior does not
prove that no intermediates are present [219]. However, two-state folding kinetics are
a good start for the basic principles of protein folding. For a protein that populates
either the unfolded state U or the native state N, the process can be described by

U kf→34→
ku

N, (2.113)

where kf and ku are the rates for folding and unfolding, respectively, combined to
the apparent or observed rate [9]

kapp = kobs = kf + ku. (2.114)

The equilibrium constant for folding Keq is given by

Keq =
[N]

eq

[U]
eq

= kf

ku

, (2.115)

with the concentration of proteins in the native [N] and unfolded state [U], leading
to

kf [U]
eq

= ku [N]
eq

. (2.116)

The free energy for folding !G⇒ is connected with the equilibrium constant by
[9, 142]

!G⇒ = →RT ln(Keq) = →RT ln
( [N]

eq

[U]
eq

)

= →RT ln
(

kf

ku

)

. (2.117)
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2.7.7 Speed limit of protein folding

A crucial aspect in studying protein folding and unfolding processes is the speed at
which they occur and determining a speed limit for protein folding. The investigation
of fast folding proteins has the advantage that the outcome of experiments can be
directly compared with the results of computer simulations [25–29]. Another aspect
is that at the speed limit no transition states are present and energy barriers are very
small or non-existent. This kind of folding process is known as ’downhill folding’ and
provides an opportunity to gain more information about the entire folding process
for fast folding proteins [1,19–22]. Small proteins with fewer than 100 residues often
exhibit two-state folding kinetics (see subsection 2.7.6), where no intermediates can
be observed. Accordingly, they are either in the folded or unfolded state and are
suitable candidates for fast folding kinetics [1, 237].
A theoretical approach for estimating the speed limit of protein folding is Kramer’s
theory, which is based on Brownian motion and the overcoming of energy barriers by
thermal fluctuations. Dynamics are described as a one-dimensional di!usion process
along a reaction coordinate [1, 2]. The folding time ↼folding according to Kramer’s
theory is given by [2,3, 21, 239]

↼folding = 1
kfolding

= ↼0e


!G↓
kBT



(2.118)

with the pre-exponential factor

↼0 = 2↽kBT

Dmax5⇒5u

. (2.119)

In Eq. 2.118 and Eq. 2.119, kfolding is the folding rate, !G⇒ is the free activation
energy barrier height, Dmax the di!usion coe"cient at the barrier top and 5u and
5⇒ are frequencies which characterize the curvatures of the free energy surface at
the bottom of the unfolded well and at the top of the free energy barrier, respec-
tively (see Fig. 2.36). With the simplified assumptions of a similar di!usion coef-
ficient and curvature of the unfolded well and on top of the barrier, ↼0 can be
approximated by

↼0 ↘ 2↽↼CD, (2.120)

where the reconfiguration time of the chain ↼CD within the unfolded state is directly
related to the inverse attempt frequency [1, 79]. Consequently, the pre-exponential
factor in the absence of a free energy barrier approximates the speed limit of protein
folding [1, 79, 141]. It follows that in the absence of a thermodynamic barrier, the
folding speed is limited by intrachain di!usion [23]. Therefore, the contact formation
of two residues, which are distant along the amino acid sequence of the polypeptide
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Fig. 2.36: Free energy surface of protein folding. According to Kramer protein folding
can be described as a di!usion process on a one dimensional surface along a reaction
coordinate. G⇒ is the free energy, !G⇒ the free energy barrier height and (↽u)2 and
(↽⇒)2 describe the curvatures at the bottom of the unfolded and at the top of the
barrier, respectively. U and F represent the unfolded and folded state.

chain, is assumed to be an important and elementary step in the protein folding
process of many proteins, especially in the early steps of folding [240–244]. As an
increasing number of proteins are found to fold within the microsecond time range,
interest in their study continues to grow. Since the free energy barrier in this time
range is expected to be low or non-existent, di!usive chain dynamics are the dom-
inant factor [24]. Since in this case, the pre-exponential factor ↼0 is approximated
by Eq. 2.120, single molecule nsFRET-FCS measurements are a promising measure-
ment technique (see section 2.6). The reconfiguration time is obtained from the cor-
relation analysis of donor-acceptor fluorescence fluctuations and gives a lower limit
to the folding time. An example is the work of Nettels et al. with their investigation
of the cold shock protein CspTM [79]. The determined reconfiguration time of the
unfolded CspTM of ↼CD = 65 ns sets a limit of the folding time of ↼folding ↙ 0.4µs.
The denaturation of proteins due to high hydrostatic pressures in nsFRET-FCS
experiments can give an additional inside to other techniques like temperature or
chemical denaturation. All methods have a di!erent perturbation mechanism lead-
ing to di!erent e!ects on the folding landscape [89]. Unfolding by pressure leads
to proteins with characteristics of a molten globule state, which are regarded as a
folding intermediate [222,245]. The increased roughness of the energy landscape due
to pressure leads to an increased folding time. [90, 91]. With the potential of sta-
bilizing folding intermediates, measurements with high pressures have the potential
to enable the investigation of their dynamics and characteristics as well [91].
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Chapter 3

Material and Methods

3.1 Experimental setup

The experimental setup, which is used to perform FRET and FCS measurements,
is a custom built confocal microscope as illustrated in Fig. 3.1. For the excitation of
the sample, three continuous wave (cw) lasers with di!erent excitation wavelengths
are available. The lasers have excitation wavelengths of 488 nm (PC13589, Spectra
Physic Cyan), 588 nm (Sapphire, Coherent) and 640 nm (OBIS LX, Coherent). The
640 nm OBIS laser is a diode laser that can be digitally modulated with a bandwidth
of up to 150 MHz (2 ns rise/fall time), controlled by TTL pulses. This modulation
is not possible for the 488 nm and 588 nm solid state lasers. Therefore, an accusto-
optical modulator was used, which can be controlled by TTL pulses as well. The
repetition rate of the laser pulses is controlled via the signal applied either to the laser
controller or the controller of the acousto-optical modulator, respectively. The laser
power is adjusted by blocking the laser beams partially with a sphere at the tip of a
threaded screw. All lasers are combined with a long pass beam splitter (570DCXR,
Chroma®), where the alignment was enabled by mirrors with small apertures for
guiding. Subsequently, the lasers are coupled into a single mode fiber (SMC-469,
Schäfter und Kirchho! GmbH). The polarization of the light exiting the birefringent
fiber is controlled with a quarter and a half waveplate (Melles Griot), respectively,
in the laser beam before coupling into the fiber. The divergent light exiting the fiber
is collimated by an achromatic microscope objective (Uplan-Apo 4x 0.16, Olympus)
to a parallel beam. The width of the laser beam can be adjusted by an aperture
placed next to the objective in the parallel beam path. Next, the light is reflected
by a dichroic mirror and propagates through a system of two telecentric lenses
(200 mm tube lens, Nikon). A removable pinhole with a diameter of 50µm is placed
in their shared focal point. Via a mirror, the light is reflected upwards to the
microscope objective (CFI Plan Apochromat 60x 1.2 WI, Nikon), which works with
water immersion and has a numerical aperture of NA = 1.2. To adapt to varying
thicknesses of coverslips, the objective has a correction collar to properly adjust the
objective for borosilicate coverslips with thicknesses between 130µm and 190µm.
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Fig. 3.1: Scheme of the confocal setup used for FCS and FRET experiments. M:
mirror, OM: optional mirror with magnetic mount, AOM: acousto-optical modulator,
AS: adjustment screw, LS: laser shutter, FC: fiber coupling, SMF: single mode fiber,
CO: collimation objective, AP: aperture, DM: dichroic mirror, TL: telecentric lens
system, PH: pinhole, PM: power meter, OBJ: objective, CS: coverslip, BS1-3: beam
splitter position 1-3, AL: achromatic lenses, APD1-4: avalanche photo diodes 1-4,
488 nm/588 nm/640 nm: laser sources with their emission wavelengths.

Above the objective is the sample stage, where the coverslip or capillary containing
the sample is placed for the experiments.

Pressure measurements can be realized by connecting the capillary to a high-pressure
screw piston pump (37-5.75-60, PTG pressure technology) (see section 3.2). Piezo
actuators (P-733.2CL, ! x = 0.3 nm, Physik-Instrumente) enable a lateral position-
ing of the sample stage in a range of (100 x 100)µm2. For focussing, the microscope
objective is placed on a piezo actuator (PiFoc P-721.CLQ, !x = 0.7 nm, Physik-
Instrumente), enabling the movement within a range of 100µm along the optical
axis of the microscope. To measure the laser power, a power meter can be flipped
into the beam path directly in front of the back aperture of the objective. Emitted
fluorescence is collected with the same objective and follows the beam path in reverse
order until it reaches the dichroic mirror, where it gets transmitted due to its longer
wavelength with respect to the excitation wavelength. The further exact arrange-
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ment of the detection path of the microscope depends on the specific experiment and
related requirements. Using four detectors, there are in principle three positions,
where light can be split, named BS1, BS2 and BS3 in Fig. 3.1. For FRET exper-
iments for example, a dichroic beam splitter is placed at position 1 (BS1), which
reflects the fluorescence photons of the donor and transmits the photons of the ac-
ceptor. Subsequently, the donor as well as the acceptor photons each are split by a
50/50 beam splitter (BS2 and BS3). Finally, all photons are focussed onto avalanche
photo diodes (APDs), two for the donor channel (SPCM-AQRH-14, PerkinElmer
Optoelectronics) and two for the acceptor channel (C11202-100, Hamamatsu). The
signal of the APDs is fed either to newly implemented single-photon counting elec-
tronics (USB2.0TDC CS, TP: 01-04-82, Surface Concept) or to a TCSPC mod-
ule (Timeharp200 (Picoquant) and SPC-134 TCSPC (Becker & Hickl GmbH)) to
record the arrival times of the detected photons. The properties of both single-
photon counting electronics are discussed in section 3.3. The piezo actuators and
the laser shutter are controlled using a custom written LabVIEW virtual instrument
(VI) [246, 247]. This VI enables lateral scans perpendicular to the optical axis or
axial scans along the optical axis of the sample within an area of 100µm2. Further-
more, the APDs can be gated to start a measurement. The recorded photons are
shown as a time trace containing the number of photons per 100 ms time bins, which
can be used to adjust the achromatic lenses in front of the detectors. The real-time
control of the components, e.g. piezo actuators, laser shutter and start/stop of a
data acquisition of the PerkinElmer detectors, is performed by an ADwin Gold real
time data acquisition system (Jäger Computergesteuerte Messtechnik GmbH).

3.1.1 Four detector configuration

As described in section 3.1, the experimental setup is equipped with a total of four
APDs in order to be able to record all required correlations in nsFCS-FRET mea-
surements at once and to overcome afterpulsing and dead time limitations (see sub-
section 3.3.2). The previous detection path of the microscope consisted of two
SPCM-AQR-14 APDs from PerkinElmer Optoelectronics. This model features a
high detection e"ciency with a peak sensitivity of about 70 % at a wavelength of
650 nm (see Fig. 3.2). Further properties are a dark count rate of about 100 counts
per second (cps), a dead time of 50 ns and an active circular detection area with a
diameter of 175µm [248]. To extend the detection capabilities of the setup, two sin-
gle photon counting modules (SPCM) CS11202-100 from Hamamatsu were added.
Their characteristic properties as provided by the manufacturer are a low dark count
rate of typically 30 cps, a dead time of 30 ns, and a photosensitive area with a diam-
eter of 100µm [249]. The peak sensitivity is about 70 % as well, but at a shorter
wavelength of 450 nm (see Fig. 3.2), better matching the donor emission. Inspect-
ing the spectra in Fig. 3.2, it becomes obvious that the e"ciency spectrum of the
PerkinElmer APD is much broader than for the Hamamatsu APD. In order to ac-
count for the di!erent sizes of the active areas of both detector models, achromatic
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Fig. 3.2: Detection e"ciencies ⇀det as a function of the wavelength ϑ of both APD
types, PerkinElmer SPCM-AQR-14 (red) and Hamamatsu C11202-100 (blue). The
peak detection e"ciencies are at wavelengths of approximately 450 nm and 650 nm,
respectively.

lenses with di!erent focal lengths are used. The size of the pinhole imaged onto the
detector dPH,APD can be calculated using

dPH,APD = dPH

fal

ftl

, (3.1)

where dPH is the actual diameter of the pinhole and fal and ftl are the focal lengths
of the achromatic lens and tube lens, respectively. With a pinhole diameter of
50µm, ftl = 200 mm and fal = 500 mm for the PerkinElmer APDs, it follows a
dPH,APD of 125µm. With respect to the diameter of the active area of 175µm, the
ratio of the imaged pinhole and the active area is ↘ 0.71. The focal length of the
achromatic lens in front of the Hamamatsu APDs was chosen in such a way, that a
similar ratio between the imaged pinhole and the size of the active area is achieved,
accommodating the smaller active area of the APD. The focal length necessary to
obtain the same ratio as with the PerkinElmer APDs is given by approximately
285.6 mm. Thus a focal length of 300 mm was chosen for the achromatic lenses in
front of the Hamamatsu APDs, leading to a fill factor of 0.75.

3.2 Pressure setup

The high-pressure setup was first implemented in the confocal microscope by Sven
Schneider in order to be able to perform high-pressure fluorescence spectroscopic
experiments [5]. The general arrangement is shown in Fig. 3.3. It consists of a
high-pressure screw piston pump (37-5.75-60, PTG pressure technology), which can
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generate hydrostatic pressures of up to 4 kbar. The pump is connected to a manome-
ter (0 → 4 kbar, ⊋ 100 mm, PTG pressure technology) and a liquid reservoir through
a system of tubes and valves. The manometer enables the monitoring of the applied
hydrostatic pressure, generated by the pump, while the liquid reservoir contains the
pressuring liquid, which is water for the experiments performed in the context of
this thesis. At a third connection, a 50 cm long tube leads to the optical table of
the microscope. The sample containing capillary (see subsection 3.2.1) is connected
at the other end of this tube and is placed above the objective. This is realized by
glueing the capillary in a custom made pressure plug. Subsequently, the pressure
plug with the capillary is inserted into a gland, which is screwed to the pump. A
more detailed description of the whole procedure and necessary steps for a pressure
experiment is given in subsection 3.2.2.

(a)

(b)

Fig. 3.3: (a) Schematic drawing [5] and (b) 3D rendering of the high-pressure setup.
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3.2.1 Fused silica capillary

The used pressure cell is a fused silica capillary (WWP050375, Polymicro Technolo-
gies) with a square cross section (see Fig. 3.4). The capillary has an inner diameter
of (50 ± 5)µm, an outer glass diameter of (300 ± 15)µm and a polyimide coating
of ↘ 30µm [250]. Fig. 3.4 shows the cross section of the capillary. The refractive
index of fused silica has a value of nfs ↘ 1.46 (see Fig. 3.5) [251]. The capillary
has a length of several meters and is stored on a spool. In order to use it as a
sample container for fluorescence spectroscopic measurements, a piece with a length
of several centimeters is cut o! and further prepared (see subsection 3.2.2).

Fig. 3.4: Schematic cross section of the fused silica capillary with a polyimide pro-
tection layer (to scale).

Fig. 3.5: Refractive index n of a fused silica matching liquid (blue squares) (see
subsection 3.2.3), fused silica (cyan circles) and borosilicate glass (green triangles).
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3.2.2 Capillary preparation and handling

As already mentioned in section 3.2, various steps are necessary to perform a high-
pressure experiment using the fused silica capillary. The following steps are based
on the capillary handling protocol described in [5, 83, 84] with some modifications
enabling more reproducible conditions. First, an approximately 15 cm long piece of
the capillary is cut from the spool and cleaned with acetone. The two component
epoxy resin (301-2, EPO-TEK) adhesive is prepared as well. 100 parts of component
A and 35 parts of component B of the epoxy resin are mixed in an Eppendorf
tube, which equals 2.85 g and 1.00 g for component A and B, respectively. It is
important to take caution while mixing to prevent air entrapment. Next, the mixture
is centrifuged for one minute at 13000 revolutions per minute (rpm) to remove air
bubbles. In order to glue the capillary into the pressure plug, the plug is placed in
a capillary holder. Then the capillary is inserted in such a way that it protrudes
about 1 cm at the top. The adhesive is applied by first dipping a single-use injection
cannula (Sterican 0.40 x 20 mm BL/LB, Braun) into the reaction tube containing
the adhesive. The droplet on the cannula is wiped o! onto the protruding end of
the capillary, allowing the droplet to subsequently flow along the capillary into the
pressure plug. This process is repeated until the pressure plug is filled. Slight axial
and angular motion of the capillary improves the distribution of the adhesive in
the pressure plug. A uniform distribution is necessary to achieve a high pressure
resistance of the adhesion. Next, the capillary is placed in the oven for 3.5 h -
4 h at a temperature of 80 ℃ to cure the epoxy resin. In the next step, about
2 cm of the polyimide protection layer is removed with a propane flame to form an
observation window, which can be positioned above the objective. Additionally, an
approximately 1 cm long area is removed at the end of the capillary. Afterwards, the
observation window is cleaned with acetone and the end of the capillary with a dry
tissue, respectively. The prepared capillary is dipped with its end into the sample

(a) (b)

Fig. 3.6: Pictures of a fused silica capillary. The capillary is placed under a micro-
scope to check the filling level of the sample solution. Two menisci should be visible,
(a) one at the tip and (b) one in the rear of the capillary.
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solution. Capillary forces soak the sample solution into the capillary. As a next step,
the capillary is placed in a holder (see Fig. 4.16) and under a microscope to check
the filling in order to ensure that the capillary is su"ciently filled with the sample
solution (see Fig. 3.6). Two menisci should be identifiable. A propane-oxygen flame,
capable of melting fused silica, is used to seal the capillary at the end. The other

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

(k) (l) (m) (n)

Fig. 3.7: Capillary preparation and handling protocol. (a) A piece of ↘ 15 cm is cut
from the spool, (b) inserted in the pressure plug and put onto the capillary holder.
(c) The two component adhesive is mixed in a 100:35 ratio and (d) centrifuged for
a minute at 13000 rpm. (e, f) A cannula is inserted in the tube and the adhesive
is applied by wiping it o! onto the protruding end of the capillary. Additionally,
repeated slight axial and angular motion ensures a uniform distribution. (g) To cure
the adhesive it is baked for ↘ 4 h at 80 ℃. (h) In the next step, an ↘ 2 cm wide optical
window is created by burning of the protection layer. The protection layer at the tip is
removed as well (blue lines). Subsequently, the window and the tip are cleaned. After
inserting the sample solution by capillary forces, (i) the filling level is checked with a
microscope. (j) The capillary is sealed with a propane-oxygen flame. (k) The other
end is dipped into silicon oil. (l) Finally, the capillary is inserted into the pressure
gland and (m, n) connected to the screw piston pump [252].
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end is dipped into silicon oil (Silicone oil M3, 3 cSt, ROTH) in order to prevent a
mixture of the hydraulic water and the sample solution. Finally, the pressure plug
with the capillary is inserted into the pressure gland which is then connected with
the screw piston pump. The entire capillary preparation and handling protocol is
illustrated in Fig. 3.7.

3.2.3 Optical multi layer

A major disadvantage of using capillaries made of fused silica is that microscope ob-
jectives, such as the one in the experimental setup, are usually designed for coverslips
made of borosilicate glass. The lower refractive index of fused silica with nfs ↘ 1.46 in
contrast to borosilicate glass with nbk7 ↘ 1.53 (see Fig. 3.5) results in optical aber-
rations and thus in a reduced signal-to-noise ratio in single molecule fluorescence
detection. Moreover, the light enters the sample volume through the side walls
of the capillaries, which leads to even more pronounced aberrations (see Fig. 3.8).
However, it is possible to reduce such aberrations by increasing the apparent thick-
ness of the capillary wall [4,5]. The optimal thickness of a fused silica coverslip topt

for di!erent angles of incidence ω, when the objective is corrected for a borosilicate
coverslip with a thickness of tbk7, can be calculated with

topt = tbs + tbs cos(ω) cos(ζ)tan(ζ) → tan(6)
sin(ω → ζ) , (3.2)

ζ = arcsin
(

n1

n2

sin(ω)
)

, (3.3)

Fig. 3.8: Schematic optical paths when focusing into the square capillary made of
fused silica using water immersion. The index mismatch and reduced wall thickness
lead to aberrations. Due to light entering the capillary to its side walls, the e!ective
NA of the objective is reduced since these rays are not reaching the sample volume.
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6 = arcsin
(

n1

n3

sin(ω)
)

, (3.4)

with the condition

n1 < n2, n3,

where n1 is the refractive index of water nw ↘ 1.33, n2 the refractive index of fused
silica nfs ↘ 1.46 and n3 the refractive index of borosilicate nbk7 ↘ 1.52 [4, 5]. The
dependence is additionally illustrated in Fig. 3.9. However, Eq. 3.2 - Eq. 3.4 and
Fig. 3.9 show that it is not possible to correct for all angles of incidence ω with the
same thickness of a fused silica coverslip. In order to preserve a high e!ective numer-
ical aperture of the objective, being the determinant of the light collection e"ciency,
it is preferable to get an optimal correction of the highest angle of incidence, which
is ωmax ↘ 64.6⇑ for a NA of 1.2. Based on Fig. 3.9, it can be inferred, that the ideal
thickness of a fused silica coverslip is within the range of approximately 160µm to
240µm for the correction of the highest angle of incidence. Given the wall thickness
of the capillary itself of 125µm (see Fig. 3.4), a ↘ 35µm → 115µm thick fused silica
coverslip is required with the respective correction collar setting of the objective to
correct the beam path of the highest angle. Since fused silica coverslips are brittle,
it is advisable to choose a rather thick coverslip. Therefore, and due to their avail-
ability, 100µm thick coverslips are used (Hellma Optik GmbH Jena), leading to an

Fig. 3.9: Dependence of the optimal thickness topt of a fused silica coverslip on the an-
gle of incidence ⇁ of an objective corrected for borosilicate coverslips with a thickness
of 130µm, 140µm, 150µm, 160µm, 170µm, 180µm and 190µm (from bottom up).
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(a) (b)

Fig. 3.10: Schematic drawing (not to scale) of the optical multi layer (OML). It
consists of a square fused silica capillary positioned on top of a fused silica coverslip.
A circle of rubber cement serves as a barrier for an index matching liquid, placed
between the capillary and coverslip to prevent severe aberrations. This arrangement
results in an e!ective fused silica glass thickness of ↘ 225µm. (a) side and (b) top
view of the OML.

e!ective glass thickness of 225µm. To prevent the light passing interfaces between
media with di!ering refractive indices, an optical gel (Fused Silica Matching Liquid
Code 50350, Cargille Laboratories) is used, which has almost the same refractive
index as fused silica [253]. Thus, there is no refraction of light between the fused
silica coverslip and the capillary. The optical gel is held in place by a circle of rub-
ber cement (Fixogum, Marabu) on top of the capillary and coverslip. The rubber
cement also serves the purpose of fixing the capillary. The described assembly of
this optical multi layer (OML) is shown in Fig. 3.10.

3.2.4 Capillary PMMA multi layer

The optical multi layer (see subsection 3.2.3) reduces aberrations in contrast to the
bare capillary. However, a major disadvantage of using these fused silica coverslips is
that they are very fragile and very expensive as well. Therefore, as an alternative, the
fused silica coverslip was replaced by a PMMA film (LS496283 S J P, GoodFellow).
The PMMA film has a refractive index of nPMMA ↘ 1.49 and a thickness of 50µm.
Since a 100µm thick PMMA film was not at hand, two layers of the film were
stacked on top of each other to mimic a PMMA film thickness of 100µm and an
overall thickness of 225µm. In order to prevent optical transitions from the PMMA
film to air, a thin film of water was put between both layers of PMMA. Water was
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chosen here for simplicity of handling.

3.2.5 Reuse of pressure plugs

Up to present, it was intended that the pressure plugs into which the capillaries are
glued prior to the connection to the screw piston pump are used just once. Since it
is not practical to have to machine a new pressure plug for each experiment using
high pressure, a procedure for the reuse of the pressure plugs has been established.
First of all the used pressure plugs with the capillaries are put into an oven for
about 3 hours at 400 ℃ to disintegrate the epoxy resin adhesive. Afterwards, the
capillaries can be removed from the plug. Next, the pressure plugs are cleaned
with a copper brass cleaning paste (Kupfer-Messing-Bronze, Elsterglanz). In the
following step, the plugs are washed with water. In order to clean the inside of the
pressure plugs as well small syringes (Injekt®-F, Braun) are used. They are used
with cannulas (Sterican 0.40 x 20 mm BL/LB, Braun), which have a diameter of
just 0.40 mm and are therefore thin enough to get inside the plugs clearance hole
with a minimal diameter of 0.50 mm. The inside of the plugs is then cleaned by
flushing it several times with water and a parallel movement of the cannula inside
the clearance hole. Finally, the pressure plugs are air-dried before reuse for a new
experiment. The individual steps are illustrated in Fig. 3.11.

(a) (b) (c) (d) (e) (f)

Fig. 3.11: Procedure for the reuse of pressure plugs. After an experiment (a) the
used capillary is (b) heated for about 3 h at 400 ℃ to disintegrate the adhesive. (c)
Afterwards the capillary can be removed from the plug. (d) Then it is cleaned with
a cooper brass cleaning paste and (e) next with water. (f) In order to clean the inner
channel of the capillary, a cannula is used to flush the interior several times. Finally,
the pressure plug air dries before it is usable for another experiment.
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3.3 Counting electronics

3.3.1 Routed TCSPC

Two already implemented counting electronics useable for experiments are the time
correlated single photon counting (TCSPC) boards Timeharp200 [254] from Pico-
quant and SPC-134 TCSPC from Becker & Hickl GmbH. Both feature classical
TCSPC electronics (TDC and TAC based), leading to a characteristic dead time
after receiving a photon signal from a detector. The dead time is the time the elec-
tronic needs to process an applied signal before it is ready to process the following
one. In the case of photon detection it implies that the detected arrival times of two
photons have a minimum time di!erence of the dead time, assuming the dead time
is the limiting factor. The dead times of both TCSPC modules are about 350 ns
for the Timeharp200 [255] and 100 ns for the SPC-134 [256]. Since the signals of
all detectors are sharing the timing electronics through a router, this also applies
to signals from di!erent detectors. As a consequence, no photon correlations on
timescales shorter than the dead time are available, as can be seen in Fig. 3.12.

(a) (b)

Fig. 3.12: Auto-correlations of the fluorescence signal of Alexa Fluor 488 in solution,
exemplifying the e!ect of the dead time on the correlation functions of both TCSPC
modules, (a) Timeharp200 from Picoquant and (b) SPC-134 from Becker & Hickl.
Since their respective dead times of 350 ns and 100 ns determine the minimum time
di!erence between two recorded photons, no dynamics can be analyzed at a shorter
time scale.

3.3.2 Parallel time tagger

Since the existing single photon counting electronics have characteristic dead times of
350 ns and 100 ns, respectively, they are not suitable for nsFCS or nsFCS-FRET ex-
periments and the investigation of chain dynamics in the nanosecond time regime (see
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subsection 2.5.3). To overcome this limitation, alternative counting electronics were
implemented. The new counting electronic is the USB2.0-TDC CS - TP 01-04-82
time-to-digital Converter (TDC) from Surface Concept (GPX-TDC). The described
properties of the GPX-TDC are taken from the manual of the manufacturer [257]
and the most important specifications are described below. The TDC consists of 4
stop input channels with a pulse-pair resolution of 5.5 ns for each channel and 0 ns
between two di!erent channels. It runs with a GPX TDC chip (ACAM GmbH)
in conjunction with a conventional counter/timer and has a time bin resolution of
rbin = 82.304 ps. Due to one common start input channel, one is able to measure the
photon arrival times with respect to an external signal. The frequency of the trigger
signal ftrigger has to be in a range between 100 kHz and 7 MHz and is further divided
down by a frequency divider of 2, 4, 8, or 16. This function can be used for pulsed
excitation of the sample and a measurement of the photon times with respect to the
laser pulse. If no external trigger is connected, the GPX-TDC measures the times
with respect to an internal clock. Each event is saved as a 32 bit structure shown in
Fig. 3.13. The 3 most significant bits (MSB) are not in use. Bits 28 - 26 represent
the channel number in which the event was detected. Bits 25 - 18 contain the interval
number for the macro time ninterval, and the 17 least significant bits (LSB) contain
the bin number of the corresponding micro time nbin of an event. Bit 17 is not used
as well. The actual arrival time of a photon tphoton is then calculated by

tphoton = ninterval · tinterval + nbin · rbin (3.5)

with tinterval given either by the length set in the software for the use of the interval
trigger or by

tinterval = 1
ftrigger

(3.6)

when using an external trigger signal. A calculation of an example arrival time of
a detected photon is shown in Fig. 3.14. According to the data structure of the
GPX-TDC it follows that the counter of the micro time has an overflow at least
after 217 · 82.304 ps ↘ 10.788µs. Since the system does not have an overflow flag it
is not practical to have an tinterval > 10.788µs since one has no information whether
an overflow occurred or not. Due to the fact that the counter of the macro time
consists of only 8 bits it follows that this counter has an overflow at least every
256 · 10.788µs ↘ 2.76 ms. A crucial advantage of the new implemented count-
ing electronics is that no dead time between two di!erent input channels exists,
in contrast to the Timeharp200 and SPC-134. This enables the detection of two

012345678910111213141516171819202122232425262728293031

stop
channel interval of macro time bin of micro time

Fig. 3.13: 32 bit data structure of each event recorded by the GPX-TDC. The 3
most significant bits (MSB) and bit 17 are not used (gray).
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012345678910111213141516171819202122232425262728293031

0 0 0 0 1 0 0 0 1 0 1 1 0 1 0 0 1 0 0 1 1 1 0 1 0 1 0 0 0 1 1 1
⇓ ⇓ ⇓

0102 = 210 001011012 = 4510 010011101010001112 = 4026310

detector: APD 2 tphoton = 45·10µs + 40263·82.304 ps ↘ 453.3µs

Fig. 3.14: Example of a measured event with its binary representation and corre-
sponding decimal values (top). The calculation of the related photon arrival time
according to Eq. 3.5 with an example tinterval = 10µs is shown at the bottom.

photons in two channels and hence the analysis of the correlation function in the
sub 100 ns regime as well. Even within one channel the dead time is only 5.5 ns and
thus significantly lower than with the existing TCSPC modules. With the detec-
tor dead times of ↘ 30 ns → 50 ns, however, this advantage cannot be utilized (see
below). Correlations resulting from measurements of free di!using fluorophores us-
ing the GPX-TDC are displayed in Fig. 3.15. The auto-correlation function of one
detector reveals a new limiting factor with respect to the smallest measurable time
di!erence between two photons (see Fig. 3.15a). The correlation drops at a lag-
time ↼ ↘ 50 ns which is due to the dead time of the used APD. A further artifact
is detector afterpulsing of the APD leading to a rise in the correlation function
towards shorter ↼ . Both, detector dead time and afterpulsing prevent nsFCS ex-
periments when using only one detector for one signal channel. Since afterpulsing
artifacts are uncorrelated between two detectors and the GPX-TDC has no inter
channel dead time one can avoid the discussed limitations by using two detectors

(a) (b)

Fig. 3.15: Auto-correlation and pseudo auto-correlation functions of freely di!using
dyes, measured with the GPX-TDC. (a) The auto-correlation function of the photon
signal with one detector is limited by the dead time of the detector as well as after-
pulsing artifacts. (b) By dividing the photons onto two detectors with a 50/50 beam
splitter, one can determine the pseudo auto-correlation function, which does not have
these limitations [258,259].
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for the measurement of the same signal and split the emitted photons with a 50/50
beam splitter. The signals are then cross-correlated according to Eq. 2.110. As one
records non distinguishable photons in each channel, this cross-correlation is called
pseudo auto-correlation (see Fig. 3.15b). As a consequence, nsFRET-FCS experi-
ments (see subsection 2.5.3 and section 2.6) are requiring four detectors, two for the
donor and two for the acceptor channel, respectively. For simplicity, in the following
all pseudo auto-correlation functions are called auto-correlation functions.

3.4 Pressure capillary sample stage

As described in subsection 3.2.2, the capillary is glued into a pressure plug, which is
inserted in a gland and finally connected to the high pressure piston pump. Due to
the not completely fixed moveable connections and tubes and additionally the lever-
age e!ect caused by the 50 cm long tube towards the optical stage, the capillary is
not always at the exact same position and has to be adjusted accordingly before each
measurement. The previous implementation had consisted of screwing the coupling
adapter between the tube and the capillary gland more or less provisional into a
holder (see Fig. 3.16). The holder itself consisted of a pedestal post (Thorlabs) and
a slip-on post clamp (Thorlabs) and was mounted to the optical table by a clamping
fork (Thorlabs). However, this approach has various disadvantages in terms of how
the capillary is positioned above the microscopes objective for a measurement. The

Fig. 3.16: 3D rendering of the previous used holder for the connection of the capillary.
In this implementation, the coupling adapter is placed in a slip-on post clamp and
tightened with screws. The clamp is mounted on a pedestal post and is fixed with a
clamping fork.
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height was only roughly adjustable by adding or removing various spacers (Thorlabs)
to the pedestal post. A disadvantage of this approach is that it is di"cult to adjust
the height with su"cient accuracy to ensure that the capillary is resting nearly flat
on the optical table. The flat contact of the capillary is necessary for the best pos-
sible optical conditions. The coarse adjustment capabilities of the capillary had as
consequence that the set height was too low or too high, resulting in strong optical
aberrations. When the capillary is fixed to the optical table to force it to lie flat,
there is a high risk that the capillary will get damaged due to the strain, in the
worst case it can break. But even if the capillary does not break immediately, there
is a high chance that tiny ruptures and damages lead to a greatly reduced pressure
resistance. In addition, the attachment to the coupling adapter in the oval shaped
post clamp is not entirely tight, but slightly unstable. Another significant disadvan-
tage and problem of the previous method is the fact, that the connected capillary
can no longer be rotated. As a consequence it is possible that the side wall of the
capillary lays slightly rotated above the objective leading to aberrations as well. To
correct a rotated capillary, one has to undergo a try and error routine consisting of
unscrewing the gland, slightly rotating the capillary and tightening the gland again
until the capillary has the intended orientation. To enable the capillary to be moved
smoothly and continuously along one lateral axis, an optical table could be installed
which can be shifted with a manual micrometer drive, allowing a precise shift along
one lateral axis. As the other lateral axis along the direction of the capillary is non
critical during adjustment, it is fairly easy to position the capillary in the lateral
direction over the objective. Nevertheless, this solution has a disadvantage as well.
Not the entire capillary is shifted laterally by the sample stage. The end close to the
pressure plug and the connection to the rest of the screw piston pump is not shifted
since the pedestal post where the tube is fastened is not attached to the moveable
stage and therefore fixed in place. The relative displacement of both capillary ends
can again lead to strain and thus a glass breakage or a reduced pressure resistance.

In order to enable an easier and more comfortable way of the whole capillary handling
process, a new sample stage was designed to address the described limitations and
weaknesses of the previous approach (see Fig. 3.17). To solve the issue of the relative
displacement of both capillary ends, both, the lateral piezo scanner with the sample
stage as well as the post where the capillary end is attached are mounted on top of
one adapter plate made of aluminum (see Fig. 3.17a). Slotted holes in the corners of
the plate allow for a lateral movement of the whole assembly along one lateral axis
by hand. Once the intended position of the capillary is reached, the adapter plate
is fixed to the optical table by four screws. To finely adjust the height above the
sample stage, the coupling adapter of the pump is fastened in a custom built clamp
which itself is attached to a travel translation stage (MS1S/M, Thorlabs). The stage
is connected with the adapter plate via an angle bracket (MS102, Thorlabs) and a
small aluminum block (see Fig. 3.17b and Fig. 3.17c). The aluminum block provides
two slotted holes along the axis of the capillary to enable small displacements along
this axis as well if needed. The last major drawback one has to account for is
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(a) (b) (c) (d) (e)

(f) (g)

Fig. 3.17: 3D models of the parts of the improved capillary connection point, with (a)
the base plate, (b) the small aluminum connection block, (c) the travel translation
stage from Thorlabs, (d) the clamp and (e) the adapter for the connection of the
capillary with one side being rounded o! to enable a rotation of the capillary. (f)
shows the assembled construction which is finally mounted to the optical breadboard
of the microscope. (g) Workflow of capillary rotation. (1) First, the gland connecting
the coupling adapter with the tube of the pump is loosened. (2) Afterwards, the screw
of the clamp is loosened as well. Now the coupling adapter with the connected gland
and capillary can be slightly rotated in order to adjust the position of the capillary
above the objective. After rotation, the clamp screw is tightened again (2) to keep
the capillary and its orientation in place. In the last step, the gland at the other end
of the coupling adapter is screwed in to connect the pump with the capillary (1).

the impossibility of the capillary to be rotated when connected to the screw piston
pump. Since an assembly which allows the whole screw piston pump to be rotated
or moved is not practical the idea was to be able to just rotate the coupling adapter
where the capillary is connected to the pump. To do so, the edges on one side of the
adapter were rounded o! (see Fig. 3.17e). This round side is placed in the custom
built clamp. In order to be able to rotate the tightened capillary, the gland, which
mounts the tube from the pump with the adapter, is loosened (see Fig. 3.17d). If
this gland is loose, one can slightly rotate the coupling adapter and consequently
the capillary can be rotated until the desired alignment is reached. Then, the screw
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of the clamp is tightened, keeping the adapter and capillary in place. Finally, the
gland of the tube is tightened to seal the pump. This process of capillary rotation
is shown in Fig. 3.17g.

3.5 Samples and bu!er

3.5.1 Fluorophores

A total of six di!erent fluorophores were used for spectroscopic measurements. These
were either experiments with free di!using fluorophores in fluorescence correlation
spectroscopy measurements or experiments, where the dyes were used as a pro-
tein or DNA label for FRET experiments. Two dyes are from ATTO-TEC, TTO
488 (AT488) and ATTO 647N (AT647N). Their spectra are shown in Fig. 3.18. Be-
sides the dyes from ATTO-TEC three dyes belong to the Alexa Fluor dye family
from ThermoFisher Scientific, Alexa Fluor 488 (AF488), Alexa Fluor 594 (AF594)
and Alexa Fluor 647 (AF647). Their spectra are shown in Fig. 3.19 with an addi-
tional fluorophore Cy5 from Cytiva. All dyes are characterized by a comparatively
high fluorescence quantum yield and photo stability. Furthermore, they are well
soluble in water and show pH-independent fluorescence to a great extent. Key char-
acteristics of the dyes, namely their fluorescence quantum yield, fluorescence lifetime
and extinction coe"cient as well as excitation and emission maxima are summarized
in Tab. 3.1.

(a) (b)

Fig. 3.18: Absorption and emission spectra (left/right) of (a) AT488 and (b) AT647N.
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(a) (b)

(c) (d)

Fig. 3.19: Absorption and emission spectra (left/right) of (a) Cy5 and the Alexa
Fluor dyes (b) AF488, (c) AF594 and (d) AF647.

Tab. 3.1: Wavelength of maximum excitation and emission, ϑexc and ϑem, extinction
coe"cient εmax as well as the fluorescence quantum yield ”f and lifetime εf of the used
dyes [260–263].

Dye ϖexc in nm ϖem in nm ςmax in cm→1M→1 ”f ↼f in ns
AF488 495 519 73000 0.92 4.1
AF594 590 617 92000 0.66 3.9
AF647 650 668 270000 0.33 1.0
AT488 500 520 90000 0.80 4.1
AT647N 646 664 150000 0.65 3.5
Cy5 649 667 250000 > 0.28 1.0

80



3.5.2 Fluorescent microspheres

TetraSpeck™ Microspheres (T7279, Invitrogen™) are latex beads with a diameter
of 0.1µm. They are stained with four di!erent dyes resulting in beads with four well-
separated excitation and emission peaks [264]. These excitation/emission peaks are
at (365/430) nm, (505/515) nm, (560/580) nm and (660/680) nm, respectively. The
corresponding spectra are shown in Fig. 3.20. Since the respective emission and
absorption spectra of the dyes overlap and due to the high dye concentration, the
dyes are undergoing FRET as well. Therefore, the Microspheres can be used as a
FRET reference and setup characterization sample.

Fig. 3.20: Normalized excitation (solid lines) and emission (dashed lines)
spectra of TetraSpeck blue, green, orange and dark red dye embedded in
TetraSpeck™ Microspheres T7279 (Invitrogen) [261].

3.5.3 DNA samples

Double stranded DNA

Double-stranded DNA (dsDNA) from metabion was used for the evaluation of the
best correction collar setting of the objective when using a fused silica capillary. It
consists of 23 base pairs (bp) and is labeled with AT488 and AT647N, as the donor
and acceptor fluorophore for FRET experiments (see Fig. 3.21). The donor-acceptor
distance is 9 bp.
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5’-TAA CAC AGG TCC CAT CTG AAT CG-3’
3’-ATT GTG TCC AGG GTA GAC TTA GC-5’

Fig. 3.21: Sequence of the double stranded DNA from metabion. The oligonucleotide
is FRET labeled with AT488 as the donor and AT647N as the acceptor. Dye positions
are indicated by a cyan and red base, respectively.

DNA hairpin

Another DNA sample is a DNA hairpin (hpDNA) consisting of 44 nucleotides (see
Fig. 3.22). It is labeled for FRET experiments with AT488 as the donor dye and
Cy5 as the acceptor dye, which have a distance of 10 bp along the sequence.

5’-ATTTAT GGATGTTCACTAGTGTC ︷ 
stem

TTCG ︷ 
loop

GACACTAGTGAACATCC ︷ 
stem

(a)

(b)

Fig. 3.22: (a) Sequence and (b) structure prediction of the DNA hairpin from
metabion. It is labeled with a FRET pair with AT488 as the donor dye (cyan)
and Cy5 as the acceptor dye (red), respectively.

3/4-stranded DNA hybrids

DNA hybrids consisting of 3 or 4 single DNA strands (ssDNA) (ThermoFisher Sci-
entific Inc.) were used as a FRET sample for nsFCS and high pressure measure-
ments (see Fig. 3.23). Due to their high pressure stability, they are a suitable nega-
tive control for high pressure experiments [265–268]. The 3/4-stranded hybrids con-
sist of two single-stranded DNAs (metabion), each 25 base pairs (bp) long, labeled
with the donor dye AT488 at the 5’-end and the acceptor dye AT647N at the 3’-end,
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(a)

(b)

5’-GTC AGC ATG TGA CAG CAG GAG CTG C

(c)
5’-CGC AGC CTG TGG CAG CCG GGG CGG C

(d)
5’-GAG TTA G

(e)
5’-GCAGCTCCTGCTGTCACATGCTGAC ︷ 

Donor complement

CTAACTC ︷ 
Spacer

complement

GCCGCCCCGGCTGCCACAGGCTGCG ︷ 
Acceptor complement

(f)

Fig. 3.23: 3/4-stranded DNA hybrids, consisting either of (a) 3 or (b) 4 single DNA
strands. Both have (c) a donor (green) and (d) an acceptor (red) strand, which are
labeled with the fluorophores AT488 or AT647N, respectively. Position of the dyes is
indicated by green or red bases in the sequences. The donor strand is complementary
to the 5’end and the acceptor strand to the 3’-end of the common strand, shown in
(f). The 4-stranded hybrid has an additional spacer (e) matching the gap between
the donor and acceptor strand. (a) and (b) show schematic representations of the
hybrids, whereas (c)-(f) show the respective sequences [252].

respectively (see Fig. 3.23c and Fig. 3.23d). Both hybrids share a common ssDNA
strand (see Fig. 3.23f), whose 5’end is complementary to the donor labeled strand
and the 3’-end to the acceptor labeled strand. The 4-stranded hybrid contains an
additional 7 bp spacer complement (see Fig. 3.23e), matching the gap between the
donor and acceptor labeled strands.
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3.5.4 Cold shock protein CspA

The cold shock protein CspA from Escherichia coli is a two state folding model
protein [269]. Its sequence contains 70 amino acids and has secondary structure
elements of alpha helices and beta-sheets (see Fig. 3.24) [270]. The protein is FRET
labeled with AF488 and AF647 as the donor and acceptor at positions 2 and 59,
respectively, where serin and alanin are cystein mutated.

1 MCGKM TGIVK WFNAD KGFGF ITPDD GSKDV FVHFS AIQND GYKSL
46 DEGQK VSFTI ESGCK GPAAG NVTSL

(a)

(b) (c)

Fig. 3.24: (a) Sequence of the cold shock protein CspA S2C/A59C of Escherichia
coli with labeling positions of both dyes, donor (green) and acceptor (red) at position
59 and 2, respectively. (b) shows its secondary structure elements in cyan for alpha
helix and magenta for beta-sheet [269, 271]. (c) illustrates the labeling positions of
the donor (green) and acceptor (red) dyes.

3.5.5 Prothymosin alpha

The intrinsically disordered protein prothymosin alpha (ProTω) was chosen as a
model nsFCS sample since it is known for chain reconfiguration dynamics in the
nanosecond time range. It consists of 110 amino acids and has a net charge of
z = →44 [6, 170,202,272]. The sequence of ProTω is shown in Fig. 3.25a with two
mutations E56C and D110C [6,272]. Fig. 3.25b shows the corresponding AlphaFold
structure prediction [160, 161, 273]. ProTω is labeled for FRET experiments with
AF488 and AF594 as the donor and acceptor fluorophore, respectively [7, 195,272].
The sample of ProTω was provided by Dr. Andrea Sottini from the research group
of Ben Schuler.
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1 SDAAV DTSSE ITTKD LKEKK EVVEE AENGR DAPAN GNAEN EENGE
46 QEADN EVDEE CEEGG EEEEE EEEGD GEEED GDEDE EAESA TGKRA
91 AEDDE DDDVD TKKQK TDEDC

(a)

(b)

Fig. 3.25: (a) Sequence of ProT⇁ E56C/D110C, labeled with AF488 as the donor
at position 56 (cyan) and AF594 as the acceptor at position 110 (orange) for FRET
experiments [195,272]. (b) AlphaFold structure prediction [160,161] for Prothymosin
Alpha with the sequence from (a) without the mutations E56C/D110C [196,273]. The
label position of the donor (cyan) and acceptor dye (orange) are shown as well.

3.5.6 Bu!ers

Tab. 3.2 lists the used bu!ers for all FCS and FRET experiments, dependent on the
sample being investigated (see subsection 3.5.1 - 3.5.5). The hybridization bu!er
was used for the preparation of the dsDNA as well as 3/4-stranded DNA hybrids.

Tab. 3.2: Components and pH of the bu!ers including sodium chloride (NaCl),
ethylenediaminetetraacetic acid (EDTA), 2-Amino-2-(hydroxymethyl)propane-
1,3-diol (TRIS), potassium chloride (KCl), β-mercaptoethanol (BME), Poly-
oxyethylene (20) sorbitan monolaurate (Tween 20), 3-(N-morpholino)propanesulfonic
acid (MOPS) and guanidine hydrochloride (GdmCl).

Bu!er Components pH
hybridization 500 mM NaCl, 1mM EDTA, 10 mM TRIS 7.75

TRIS 10 mM TRIS, 200 mM KCl, 0.1 % Tween 20, 140 mM BME 7.40
MOPS 20 mM MOPS, 0.1 % Tween 20, 7.20

MOPSGdmCl 20 mM MOPS, 0.1 % Tween 20, 4.5 M GdmCl 7.20
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3.6 LabVIEW and data editing

A measurement virtual instrument (VI) was developed in LabVIEW [246,247] in or-
der to enable data acquisitions with the USB2.0-TDC CS - TP 01-04-82 (GPX-TDC)
measurement electronics from Surface Concept (see subsection 3.3.2) with the exper-
imental setup. In the following, the basic principle and structure of the program is
explained, before going into a little bit more detail regarding some restrictions and
workarounds.

One requirement for a measurement VI is that seven di!erent subVIs have to be exe-
cuted in a specific order to successfully perform a data aquisition (see Fig. 3.26) [257].
These subVIs are provided by Surface Concept and are calling functions of the dy-
namic linked library (dll) of the GPX-TDC provided by the manufacturer. If the du-
ration of a data acquisition is not varied, the subVIs from TDC alloc to TDC gBlock
can be repeated in a loop without the need of rebooting and reinitializing the GPX-
TDC. One drawback is that the raw data from the subVI TDC gBlock is not accessi-
ble during a running data acquisition. Therefore, in order to avoid data loss and the
need of processing giant data blocks at once, the duration of a single measurement
is limited. To overcome this problem the LabVIEW measurement VI is designed in
such a way, that an experiment is split into multiple shorter submeasurements. By
using the same settings for each of those submeasurements, they can be executed
directly after one another in a loop without the need for a reboot or reinitialization
of the GPX-TDC (see Fig. 3.26). Nevertheless, the time required for a submeasure-
ment is not a fixed parameter. It varies between di!erent submeasurements. As a
consequence, the exact time information between photons of di!erent submeasure-
ments is lost. It is evident that the length of a submeasurement has to be longer
than the time scale of the processes to be observed. In the case of a freely di!using
sample where the observable timescale is limited by the di!usion time through the
focal volume, the duration should be at least two orders of magnitude larger than
the di!usion time. Furthermore, the time needed between submeasurements leads
to a certain experimental dead time, since all photons detected by an APD during
the restart are lost. Therefore, the real duration of an experiment is larger than the

Fig. 3.26: Defined sequence in which the single subVIs (boxes) must be called in
LabVIEW to run a data aquistion of the GPX-TDC. If there are no changes in the
initialization parameters or more specific in the measurement duration, all subVIs
from TDC alloc to TDC gBlock can be repeated in a loop without the need to reboot
and reinitialize the GPX-TDC.
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e!ective measurement time or, more precisely, the data acquisition time. A time
of tsm = 1 s was chosen as the length for the submeasurements, since for FCS ex-
periments with freely di!using molecules, the correlation curves drop to background
level well before a lag time of ↼ = 1 s. This is illustrated in Fig. 3.27 with correlation
functions of measurements of free di!using AF488, the 3-stranded DNA hybrid, the
DNA hairpin and ProTω as examples. If a longer submeasurement length is re-
quired, its time tsm can be adjusted by the user in the front panel of the VI. In
addition, the e!ective measurement time te!

m
is also set, resulting in

nsm = te!

m

tsm

(3.7)

number of submeasurements nsm.

At the start of the experiment, the subVIs TDC boot and TDC init are loaded. In
the second step the subVIs TDC alloc to TDC gBlock are repeated in a for-loop
nsm-times before the data acquisition is ended with the execution of TDC stop. The
entire raw photon data of one submeasurement is saved in one data array. This data
array builds a cluster with a variable containing the number of detected photons.
The cluster is put in a queue, where each element is individually removed for further
processing. The data editing is realized by another for-loop, which processes all
queue elements consecutively. In a first step, the raw data is divided into three
di!erent arrays. These contain the macro time, micro time and channel information,

Fig. 3.27: Correlation functions normalized by the average number of molecules in
the focal volume. The red curve is an auto-correlation function of AF488, whereas the
orange, green and blue curves are donor auto-correlation functions of the 3-stranded
DNA hybrid, DNA hairpin and ProT⇁, respectively.
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Fig. 3.28: Procession of raw data arrays. Each element of the raw data queue is
extracted from the queue. Afterwards all 32-bit photon data elements are divided
according the structure (see Fig. 3.13) into the channel as well as macro and micro
time information.

respectively (see Fig. 3.28). Since the last 64 entries of each raw data array do
not contain real photon data, they are not further considered. In the next step,
potential overflows of the macro time counter are analyzed (see subsection 3.6.1).
The overflow corrected photon data is then divided into four arrays, each containing
the photon data of one detection channel of the experimental setup. Subsequently,
the macro time and micro time data arrays are concatenated to create a single entry
for each photon, containing its complete time information. Before adding both time
values the macro times are shifted 17 bits to the left. This results in a 64 bit
structure (see Fig. 3.29). The 17 least significant bits (LSB) contain the micro time
information in form of the number of the corresponding time bin. The remaining
47 bits contain the macro time information in form of the interval number in which
the photon was detected. These times are finally saved into a HDF5-file.

After loading of the HDF5-file into the analysis software Igor Pro, the photon arrival
times are further edited. This is realized with a custom written function in Igor
Pro (see Fig. A.2). To account for the structure of each photon timestamp they
are converted according to the length of the macro time intervals and the time bin
resolution of the micro time. Finally, the times are corrected regarding the time
delay between the di!erent APDs, discussed in subsection 4.1.3.

01663

interval of macro time bin number of micro time

Fig. 3.29: 64 bit data structure of each event processed in LabVIEW, which is saved
into a HDF5-file.

88



3.6.1 Overflows

The e!ective time range of the GPX-TDC is 217 · 82.304 ps ↘ 10.79µs due to 17 bits
representing the micro time (see section 3.3). Even though one can extend the mea-
surement range by using the 8 bit interval counter of the macro time (see Fig. 3.13),
it results in an actual measurement range of just 28 · 10.79µs ↘ 2.76 ms. As a
consequence, the interval counter of the macro time has an overflow when the time
di!erence between two successive events is larger than 2.76 ms and the correct time
information is lost.

Artifical signal For the case that a certain type of experiment needs to ensure that
no undetected overflows are present, a workaround had been developed. Unfortu-
nately this workaround includes the sacrifice of one input channel of the GPX-TDC.
This sacrificed stop channel is connected with a function generator which generates
artificial photon signals with a certain frequency which guarantees a measured signal
before an overflow happens. In the simplest case the frequency is chosen in such a
way that for every interval of the macro time at least one artificial photon is detected.
Then the implementation of the overflow detection in LabVIEW is straight forward
and is shown in Fig. 3.30. An overflow occured and is detected when the number of
the macro time interval of a detected photon is 0 and the number of the macro time
of the previous photon unequal to 0 or equal to 255, respectively. As mentioned in
section 3.6, a measurement is divided into multiple submeasurements with a length
of 1 s each. The specific time information between two submeasurements is lost.
Nevertheless, for the sake of clarity it is ensured, that the recorded time of a photon
tphoton,n is always larger than the time of the previous photon tphoton,n→1:

tphoton,n > tphoton,n→1. (3.8)

Therefore, the time stamp of the last photon of a submeasurement is compared with

Fig. 3.30: Realization of overflow detection in LabVIEW. An artificial photon sig-
nal in each interval of the macro time ensures no undetected overflows. To assure
ascending photon times, the last photon of a submeasurement is compared with the
first photon time of the next one and corrected if necessary.
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the time stamp of the first photon of the following submeasurement and corrected
if Eq. 3.8 is not valid. The evident disadvantage of this solution is the loss of one
input channel. As a consequence a maximum of 3 APDs can be used for photon
detection in this configuration.

3.6.2 Synchronization with the laser pulse

If data acquisition needs to be synchronized with a laser pulse, an external trigger
signal has to be applied to the start in input of the GPX-TDC. This input signal
is divided down by a frequency divider with a value of 2, 4, 8 or 16. The divider
is specified in the initialization file loaded, when the GPX-TDC is booted. The
frequency arising after the frequency divider has to be in a range between 100 kHz
and 7 MHz. A synchronization of the stop signals to a laser pulse can be used for
FRET experiments with pulsed overlayed/ interleaved excitation (POE/PIE) of the
acceptor fluorophore. In addition to the cw laser for donor excitation, the pulsed
laser is used to validate if sample molecules are lacking the acceptor fluorophore.
Only these molecules are subsequently included in the data analysis, for example,
in the calculation of FRET histograms. Fig. 3.31 shows exemplarily a histogram of
recorded micro times of freely di!using AF647, excited with a laser pulse frequency
of 200 kHz.

Fig. 3.31: Histogram of micro times of freely di!using Alexa Fluor 647 excited with a
pulsed laser. The frequency of the laser was 200kHz resulting in micro time intervals
of 5µs.
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3.7 Data processing

The entire data processing and analysis is carried out with the analysis software
Igor Pro (WaveMetrics, version 9.01) [274]. After loading the raw data of the respec-
tive channel, the photon arrival times of each APD are corrected for the di!erences
in the optical and electrical path lengths (see subsection 4.1.3). Iterative nonlinear
least square curve fitting in Igor Pro is based on the Levenberg-Marquardt algo-
rithm [275,276].

3.7.1 FCS

To obtain the auto- and cross-correlation functions of the measurements, raw data
of all used detection channels are correlated with a custom-written correlator, de-
veloped by Jan Pavlita, based on the algorithm in [277]. The correlation procedure
o!ers di!erent binning options: linear binning, logarithmic binning, and combined
binning option. The option linear binning is similar to the Multiple-Tau Photon
Correlation System [278] and was used for the correlation of the experiments. Ad-
justable parameters of this binning option are the number of steps before a register
shift, the starting correlation time and the largest correlation time, which is adapted
to the measurement. The starting correlation time was chosen in dependence on the
counting electronics as the shortest possible detectable time di!erence between two
subsequent photons. The largest correlation time was set to 1 s for all correlations,
independent of the used counting electronics.

The curve fitting to the experimental determined correlation functions is depen-
dent on the investigated sample and experiment. As described in section 2.5, the
correlation function is given by [45,123]

GDif(↼) = C + 1
↔N↗

(
1 + ↼

↼Dif

)→1
(

1 + S2

ar

↼

↼Dif

)→ 1
2

, (3.9)

when only di!usion of the fluorescent molecules is the reason for fluorescence inten-
sity fluctuations. To consider transitions to the triplet state of the fluorophores as
well, the fit function is expanded by an additional exponential factor: [45,123,133]

GDif,T(↼) = C + 1
↔N↗

(
1 + ↼

↼Dif

)→1
(

1 + S2

ar

↼

↼Dif

)→ 1
2



1 + T

1 → T
e

→ ω
ωT



. (3.10)

In Eq. 3.9 and Eq. 3.10, ↔N↗ is the average number of molecules in the focal volume
during the measurement, ↼Dif the di!usion time, T the triplet fraction and ↼T the
triplet relaxation time. The aspect ratio of the focal volume of the experimental
setup Sar is held constant to a value of Sar = 0.2 during the fit. This value was
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found in independent FCS experiments to best fit the focal shape of our instrument.
It has to be noted that Sar = 0.2 in fact has a very weak impact on the fitting
results. The constant C describes the o!set or background signal to which the
correlation function drops for longer lag times ↼ . It is expected to have a value
of C = 1. Values deviating from C = 1 are an indicator of a changing background
signal during the measurement. To include photon antibunching in nsFCS, a further
exponential term is added to the fit function, but with a negative amplitude AAB to
account for the decay of the correlation with the characteristic antibunching time
constant ↼AB [45, 123]:

GDif,T,AB(↼) = C + 1
↔N↗
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]
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(3.11)

For each of n additional processes leading to fluorescence fluctuations at a specific
and separated timescale, an exponential term is added to the fit function with the
respective fraction X and time ↼X :

GDif,T,AB,X(↼) = C + 1
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(3.12)

nsFRET-FCS

In a nsFRET-FCS experiment and especially in the case of chain dynamics of an
unfolded or intrinsically disordered protein for example, an additional term has to
be included to Eq. 3.11, which considers the fraction CD and relaxation time ↼CD of
these chain dynamics [195]:
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(3.13)
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As in Eq. 3.12, additional terms can be added if necessary for n additional processes
that lead to fluctuations of the fluorescence signal. Using the experimental setup
described in section 3.1, there are a total of 12 correlations to be analyzed, when
auto-correlations of individual channels are neglected. Accordingly, there are 8 cross-
correlations between donor and acceptor channels and 4 pseudo auto-correlations,
2 for both acceptor and 2 for both donor channels, respectively. They are given
by (see Eq. 2.110)

Gij(↼) = 1 + ↔⇁Ii(t)⇁Ij(t + ↼)↗
↔Ii↗↔Ij↗

, (3.14)

with i, j, representing the acceptor (A1, A2) and donor channels (D1, D2). In the fol-
lowing, the pseudo auto-correlations of both, donor and acceptor are denominated
by GA12 and GD12 for the forward and GA21, GD21 for the backward correlations,
respectively. Based on the assumption that all cross-correlation functions, corre-
lated in the same direction, share the same information, they are averaged before
curve fitting, resulting in one forward cross-correlation GAD and one backward cross-
correlation GDA:

GAD(↼) = ↔GA1D1(↼) + GA1D2(↼) + GA2D1(↼) + GA2D2(↼)↗, (3.15)

GDA(↼) = ↔GD1A1(↼) + GD1A2(↼) + GD2A1(↼) + GD2A2(↼)↗. (3.16)

Furthermore, as described in section 2.6, chain dynamics have an influence on both,
the auto-correlation and cross-correlation functions of the donor and acceptor chan-
nels, with the same characteristic relaxation time ↼CD. Thus, the resulting six cor-
relation functions are analyzed with a global fitting procedure, where fit parameters
like the aspect ratio of the focal volume Sar or the chain relaxation time ↼CD are
fitted as linked parameters. Additionally, the forward and backward pseudo auto-
correlations share information as well. Linked fit parameters between all correlation
functions are presented in Tab. 3.3.

For a filtered nsFRET-FCS analysis and the separate correlation analysis of distinct
FRET populations or e"ciency ranges, a custom written function in Igor Pro was
used, which is shown in Fig. A.3. The function needs a wave, which contains the
FRET e"ciencies per time bin and the start and end e"ciency value of the e"ciency
range to be extracted as input parameters. The created waves then contain just
the photon arrival times of photons belonging to FRET e"ciencies of the desired
range.
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Tab. 3.3: Overview of linked fit parameters of auto- and cross-correlation functions
during a global fit of nsFRET-FCS correlation curves. Same coloring of cells in a
column indicates a linked fit parameter between respective correlations. If additional
processes X are present, the fit function is expanded with an additional term de-
scribing this process with its fraction X and time εX . Gray boxes represent entirely
independent fit parameters.

Fit parameterCorrelation ↔N↗ ↼Dif Sar T ↼T CD ↼CD AAB ↼AB C X ↼X

GA12(↼)
GA21(↼)
GD12(↼)
GD21(↼)
GAD(↼)
GDA(↼)

3.7.2 E!ective triplet transition rate and molecular brightness

E!ective transition rate to the triplet state The triplet fraction T and triplet
time ↼T from the fit of the correlation functions can be used to determine the e!ective
transition rate to the triplet state [93]:

ke!

ISC
= T

↼T

. (3.17)

This is done for every laser power Plas of a benchmark experiment in order to
determine the laser excitation saturation power P sat

las
with the following fit func-

tion [93,279]:

ke!

ISC
(Plas) = kISC

1 + P sat
las

Plas

. (3.18)

P sat

las
is the laser power, which is needed to saturate the transition to the triplet

state. A lower laser power indicates a smaller laser focus, since for a given excita-
tion intensity the excitation of the fluorophores is more e"cient with smaller focus
dimensions due to a higher photon flux density.

Molecular brightness The molecular brightness ςmb of the molecules was deter-
mined by using the mean intensity of the signal ↔I↗ as well as average number of
particles in the focal volume ↔N↗ according to [132,280]
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ςmb = ↔I↗
↔N↗ . (3.19)

The mean intensity, in units of average number of photons per 1 ms, was directly
determined from the time traces of both APDs. The average number of particles was
obtained from the fit of the correlation curves. The laser power dependent molecular
brightness was fitted with a three-level system model according to [103]

ςmb (φe) = ▷dϱ”f

φe

1 + εe
εS1

+ ε2e
εS2

, (3.20)

with
ϱ = ln 10

NA

ςdet (3.21)

and
φe = 2Plas

hϑ↽w2
wy

. (3.22)

In Eq. 3.20 to Eq. 3.22, φe is the excitation photon flux density, ϱ the absorption
cross section of the fluorophore, ▷d the collection e"ciency of the microscope, ϑ
the frequency of the photons and wwy the lateral radius of the observation volume.
φS1 and φS2 are the photon fluxes required to saturate the singlet states S1 or S2,
respectively.

3.7.3 FRET

In order to analyze FRET measurements, the raw data or rather the number of
detected fluorescence photons were binned into time intervals with a width of 1 ms.
This was done for each detection channel individually. Afterwards, the transfer
e"ciency was calculated for each time bin with (see Eq. 2.80)

ET = FA

FA + FD

, (3.23)

where FA and FD are the number of photons in the respective time bins for the
acceptor or donor channel, respectively. The possible transfer e"ciency values
{ET | 0 ↓ ET ↓ 1} were split into a FRET e"ciency histogram containing 50
bins. Only those time intervals are considered for the creation of the histogram,
in which the sum of detected donor and acceptor photons exceeds a previously
defined threshold value T DA

sum
(see subsection 2.4.3), depending on the measurement

and was chosen in a range between 30 cts/ms and 50 cts/ms. Histograms were not
corrected for spectral properties of the dyes and characteristics of the experimental
setup since absolute distances are not in the focus of this work. Since the resulting
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FRET e"ciency histograms are always broadened due to shot noise, they were fitted
with a Gaussian fit function

nFRET(ET) = N0 + Ae
→


ET→↔ET↗

wG

2

(3.24)

to determine the mean FRET e"ciency ↔ET↗ (see Fig. 3.32). nFRET is the number
of FRET events for a certain transfer e"ciency. A is the amplitude, N0 the vertical
o!set and wG the width of the Gaussian peak, related with the standard deviation
of the peak ϱG as

wG =
≃

2 ϱG. (3.25)

If two overlapping FRET populations are present a fit function containing two Gaus-
sian peaks was used:

nFRET(ET) = N0 + A1e
→


ET→↔EET1↗

wG1

2

+ A2e
→


ET→↔EET2↗

wG2

2

. (3.26)

As in Eq. 3.24, N0 is the vertical o!set. ↔EET1↗ and ↔EET2↗ are the mean FRET
e"ciencies, wG1 and wG2 the widths and A1 and A2 the amplitudes of both peaks.
For even more FRET populations, the fit function was further expanded with addi-
tional Gaussian peaks. For further comparison of FRET-FCS experiments, a quality
indicator

QFRET = Fpeak

↔FD↗ · wG

, (3.27)

was used, which was introduced by Schneider [5]. ↔FD↗ is the mean number of donor
fluorophores in the focal volume and Fpeak are the counts at the peak position.

(a) (b)

Fig. 3.32: Example of FRET transfer e"ciency histograms with (a) one and (b) two
FRET populations (orange, red). Histograms are fitted with a Gaussian fit function
(solid lines) to determine the mean e"ciencies of the respective peaks. Dashed lines
indicate the determined mean transfer e"ciencies of the populations.
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Chapter 4

GPX-TDC implementation and
experimental setup improvements

This chapter focusses on the evaluation of the implementation of the parallel time
tagger GPX-TDC and its comparison with the present implemented counting elec-
tronics, Timeharp200 and SPC-134 TCSPC. The performance of di!erent correction
collar settings of the microscopes objective and di!erent optical assemblies using a
capillary as the sample container are tested as well, including a potential replace-
ment of the fused silica coverslip with a PMMA film. Furthermore, improvements of
the microscopes sample stage and changes of the capillary handling and preparation
protocol are discussed.

4.1 Implementation of GPX-TDC

To evaluate the implementation of the GPX-TDC, measurements were made and
compared with measurements of the existing Timeharp200. Furthermore, it is eval-
uated, if there is a di!erence in the outcome, depending on the fit function being
used (Eq. 3.10 and 3.11), regarding the inclusion or exclusion of fluorescence anti-
bunching. Free di!using AF488 diluted to 1 nM in water was used as the sample.
Photons were split with a 50/50 beam splitter onto two APDs. The duration of each
measurement was 20 minutes. Auto-correlation functions, fits and derived fit param-
eters are shown Fig. 4.1. Despite identical experimental conditions, the amplitudes
of the correlation functions and hence, the average number of detected photons di!er
between both electronics. They are slightly lower for the Timeharp200.

This results in a lower molecular brightness. Fitting the whole correlation curve
with an additional term for fluorescence antibunching has no significant e!ect on the
outcome of the experiments. Only the fitting error is increasing, which is due to more
fit parameters in the fit function. To further analyze the di!erent outcomes when
using the GPX-TDC or Timeharp200, FCS benchmark experiments were carried
out with both electronics (see subsection 4.1.1).
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(a)

(b) (c) (d) (e) (f) (g)

Fig. 4.1: (a) Auto-correlation functions of AF488 diluted in water, processed with
the Timeharp200 (red circles) and GPX-TDC (green rectangles). Solid lines repre-
sent fits including di!usion and transitions to the triplet state (red/orange) and with
an additional term for fluorescence antibunching (green), according to Eq. 3.10 and
Eq. 3.11, respectively. Fit parameters with coloring like in (a): (b) di!usion time εDif,
(c) average number of molecules ↔N↗, (d) triplet fraction T , (e) triplet relaxation time
εT, (f) average number of detected photons ↔F ↗, (g) molecular brightness εMB. (b-e,g)
Error bars represent ± one standard deviation of the fits and (f) ±


↔F ↗, respectively.

4.1.1 FCS benchmarks

In order to further compare the di!erent measurement electronics and evaluate the
newly implemented GPX-TDC, FCS benchmark experiments were made with the
existing Timeharp200 electronics as well as GPX-TDC. These benchmark exper-
iments consisted of multiple FCS measurements with increasing laser excitation
powers. AF488 diluted in water at a concentration of 1 nM was used as the sam-
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ple. The various laser excitation powers and measurement durations of the series of
FCS measurements for both electronics are listed in Tab. A.1. In order to evaluate
and compare characteristics of both electronics, auto-correlations were fitted with
Eq. 3.10 for the Timeharp200 and Eq. 3.11 for the GPX-TDC measurements. In
addition to the parameters, which are directly obtained from the fits, the excitation
and detection properties in terms of the transition rate to the triplet state and the
molecular brightness were analyzed as described in subsection 3.7.2. The amplitude
and the time constant of fluorescence antibunching obtained with the GPX-TDC
will not be discussed since it is not comparable between both electronics. Both can
be found in the appendix in Fig. A.1.

Excitation Fig. 4.2 shows the di!usion time, triplet fraction and triplet relax-
ation time obtained at each excitation power. As expected, the obtained di!u-
sion times are increasing with increasing laser power. This is due to optical satu-
ration e!ects in FCS. This results in a flattened MDF profile of the microscope,
which then leads to a seemingly larger observation volume and therefore di!u-
sion time [281–286]. The triplet fraction is increasing as well, whereas the triplet
relaxation time is decreasing with increasing excitation power [282]. The e!ec-
tive transition rate to the triplet state, calculated from the triplet fraction and
time, is shown as well (see Fig. 4.2d). They were fitted according to Eq. 2.19, giv-
ing P sat

las
= (391 ± 30)µW, kISC = (5.85 ± 0.18) · 105 s→1 for the GPX-TDC and

P sat

las
= (143±5)µW, kISC = (2.62±0.03) ·105 s→1 for the Timeharp200, respectively.

The lower saturation power of the Timeharp200 is a result of the reduced apparent
triplet fraction and increased triplet relaxation time compared to the GPX-TDC.
The di!usion time is larger when using the Timeharp200 than by the use of the
GPX-TDC. These findings can be explained with the saturation behavior of the
Timeharp200. To analyze if the di!erent results of both electronics are solely due to
their di!erent dead time characteristics, the FCS measurements using the GPX-TDC
were analyzed in an alternative way. An artificial dead time was simulated in such
a way, that all consecutive photons with a time di!erence smaller than 350 ns were
excluded from the analysis. The further analysis procedure was the same as for the
Timeharp200 measurements. The results of this benchmark (GPX-TDC350 ns) are
shown in Fig. 4.2 as well (blue triangles). All results show a good agreement between
the Timeharp200 experiments and the GPX-TDC350 ns. The calculated saturation
power and transition rate to the triplet state have values of P sat

las
= (152±9)µW and

kISC = (2.55 ± 0.04) · 105 s→1, respectively. Based on this outcome, the di!erences
of the results when using the Timeharp200 or GPX-TDC can be entirely explained
by the dead time of the Timeharp200. When a fluorophore is di!using through the
observation volume, bursts of fluorescence photons are detected by the APDs. Due
to the dead time of 350 ns, the Timeharp200 is not capable of detecting all photons,
which leads to a saturation at high count rates. Since statistically more photons
originating from the center of the observation volume are lost, the peak intensity
decreases and consequently causes a broadening of the MDF, similar to the satura-
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(a) (b)

(c) (d)

Fig. 4.2: Excitation benchmark results using the GPX-TDC (green rectangles) and
Timeharp200 (red circles). Blue triangles represent the GPX-TDC experiments as
well, but with an added artificial dead time of 350 ns, matching the dead time of
the Timeharp200. Solid lines in (d) represent fits of the e!ective transition rate to
the triplet state ke!

ISC
to determine the respective saturation power P electronic

las, sat
(dashed

lines) and transition rate to the triplet state kISC. Error bars represent ± one standard
deviation of the fit.

tion e!ects when using high laser excitation powers [282, 284]. The flattened MDF
results in an increased weighting of the periphery of the observation volume, which
then leads to reduced triplet fractions and increased triplet relaxation times when
using the Timeharp200.

Detection Furthermore, the mean fluorescence intensity, the average number of
molecules in the focus and the molecular brightness were analyzed (see Fig. 4.3) with
an additional analysis of the GPX-TDC experiments with an artificial dead time of
350 ns (GPX-TDC350 ns). Like expected, both, the mean intensity and the average
number of molecules are increasing with increasing laser intensity. Even though the
fluorophore concentration is not varying between the measurements, the seemingly
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(a) (b)

(c) (d)

Fig. 4.3: Detection characteristics of AF488 analyzed for the Timeharp200 (red cir-
cles), the GPX-TDC (green squares) as well as GPX-TDC data with an added artifi-
cial dead time of 350 ns (blue triangles), matching the dead time of the Timeharp200.
The molecular brightness εMB is shown in (c) in linear and (d) logarithmic form with
solid lines representing the fits according to Eq. 3.20 and dashed lines indicate εMB

at the respective laser saturation power P electronic
las, sat

. Error bars are representing ± one
standard deviation of the fits.

increasing number of molecules can be explained with a flattening of the MDF due
to a higher excitation power resulting in an apparently larger focal volume as for the
di!usion time discussed in the paragraph before. The di!erence between the Time-
harp200 and GPX-TDC could be due to the fact that the benchmark experiments
were made on di!erent days with new prepared samples resulting in a deviating
dye concentration for example. Therefore, due to the good agreement of the results
shown in Fig. 4.2, it is worth to compare the GPX-TDC with the GPX-TDC350 ns.
The results show less detected photons, but an increased number of molecules in
the focal volume for the GPX-TDC350 ns. Due to the artificial dead time the number
of detected fluorescence photons is saturated at high count rates. Nevertheless, the
number of molecules appears higher for the same reason as the saturation leads to
a reduction of the MDF peak. The molecular brightness ςMB shows a saturation
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behavior as well as it initially increases but decreases again at even higher laser ex-
citation powers. This can be explained with an absorption of another laser photon
while the fluorophore is still in an excited state [93,281]. Fits were applied according
to Eq. 3.20 and the results are summarized in Tab. 4.1. The fluorescence quantum
yield ”f = 0.92 and absorption cross section ϱ = 2.46 · 10→20 m2 [261] were treated
as fixed parameters during the fit. Furthermore, the molecular brightness at the re-
spective saturation power and at a laser power of 40µW, which is typically used for
cw excitation of fluorophores with this experimental setup, are listed. The molecular
brightness is consistently higher with the GPX-TDC than with the Timeharp200.
At saturation level of excitation ςMB is more than twice as high with the GPX-TDC
and almost 40 % higher at an excitation power of 40µW.
In summary, the results show, that the use of di!erent measurement electronics can
have a significant impact on the results, depending on the type of experiment. This
can be inferred from various parameters obtained from the correlation functions.
For example, the determined saturation powers for the saturation of the transition
to the triplet state as well as the molecular brightness di!er strongly from each other
depending on the electronics used. The evaluation of the GPX-TDC experiments
with an added artificial dead time of 350 ns show that the observed deviations can
be entirely attributed to the dead time of the Timeharp200. This dead time creates
an additional saturation factor, which flattens the MDF of the confocal microscope
leading to a reduced rate of detected photons and a seemingly enlarged focal vol-
ume. To ensure that the e!ects can be explained solely by the di!erent dead times
of the measurement electronics and to exclude artifacts on the result due to the
detector, the saturation behavior was directly addressed with ensemble fluorescence
measurements (see Fig. 4.4a). AF488 diluted in water at a concentration of 10µM
was excited at multiple excitation powers. The signal shows a strong saturation
behavior when using the Timeharp200, whereas using the GPX-TDC no saturation

Tab. 4.1: Fit results of the molecular brightness εMB of AF488 benchmark experi-
ments using di!erent measurement electronics. Fits were made according to Eq. 3.20
with fixed values for the following properties of AF488: fluorescence quantum yield
”f = 0.92 and absorption cross section ▷ = 2.46 · 10→20 m2. In addition, εMB at
the respective saturation power P sat

las
and at a typical cw laser excitation power of

the experimental setup of 40µW are listed as well. ⇀d is the detection e"ciency of
the experimental setup and φS1 and φS2 mark the excitation photon fluxes needed to
saturate the singlet states S1 or S2, respectively.

Electronics GPX-TDC Timeharp200 GPX-TDC350 ns

⇀d (3.31 ± 0.10) · 10→6 (3.33 ± 0.10) · 10→6 (3.50 ± 0.21) · 10→6

φS1 in cts

m2s
(2.90 ± 0.12) · 1027 (1.39 ± 0.06) · 1027 (1.62 ± 0.14) · 1027

φS2 in cts

m2s
(5.90 ± 0.37) · 1056 (1.18 ± 0.04) · 1056 (1.06 ± 0.07) · 1056

εMB (40µW) in cts
ms·mol 75.8 54.9 62.1

εMB (P sat
las ) in cts

ms·mol 171.7 79.9 94.0

102



(a) (b)

Fig. 4.4: (a) Detection behavior of both counting electronics, Timeharp200 (yellow)
and the GPX-TDC (blue), illustrated with the number of detected photons per ms ↔F ↗
for di!erent laser powers Plas of 10µM AF488, diluted in water. As detectors, two
PerkinElmer APDs (SPCM-AQRH-14) were used (circles, squares). (b) shows the
saturation curve of both Hamamatsu detectors (C11202-100) from the manufacturer
with the highest average count rate observed in the experiment marked with a blue
circle [249].

e!ect is visible. Accordingly, the detectors can be discarded as the cause for the
observed di!erences between both measurement electronics. Even though the sat-
uration behavior of the Hamamatsu APDs (C11202-100) were not evaluated, they
should have no influence either, since the count rates used in the experiments are
lower than the count rates where the detectors start to saturate according to the
data sheet of the manufacturer (see Fig. 4.4b).

4.1.2 Antibunching of free di!using AF488

The characteristic time of the fluorescence antibunching process is directly depen-
dent on the excitation power or rather excitation photon flux density φex or ex-
citation rate kex [287, 288]. In the case of an infinitely small excitation power the
time constant of fluorescence antibunching ↼AB equals the characteristic fluorescence
lifetime of the dye ↼f (see Eq. 2.23):

↼AB

kex,εex↑0= ↼f. (4.1)

Therefore, in order to evaluate the sensitivity and accuracy of the newly implemented
parallel time tagger GPX-TDC in this time range, several measurements of free dif-
fusing AF488 were made with a duration of 10 minutes each. The dye was diluted
in water at a concentration of 1 nM. In total, seven experiments were performed
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with laser excitation powers of 10µW, 40µW, 100µW, 300µW, 600µW, 800µW
and 1200µW, corresponding to photon flux densities between φex ↘ 2.5 · 1026 m→2s→1

and φex ↘ 3 · 1028 m→2s→1. The determined time constants of the respective anti-
bunching terms are presented in Fig. 4.5. As expected, the results show a decrease
of the antibunching time constant with increasing laser power [287, 288]. With the
condition

kex, krad, kIC ⇐ kISC, krISC (4.2)

the fluorescence antibunching decay can be fitted with the following fit function

↼AB(φe) = 1
kex + kf

= 1
φeϱ + ↼→1

f

(4.3)

in order to determine the fluorescence lifetime ↼f and absorption cross section ϱ of the
fluorophore [281]. The fit results give a fluorescence lifetime of ↼f = (3.85 ± 0.23) ns
and an absorption cross section of ϱ = (2.25 ± 0.42) · 10→20 m2. These results are
in good agreement with the values provided by the manufacturer (see Tab. 3.1),
confirming a high sensitivity and accuracy of the GPX-TDC in the nanosecond time
range. The fluorescence lifetime is specified with ↼f = 4.1 ns. The absorption cross
section of the dye corrected for the excitation wavelength of 488 nm is ϱ488nm ↘
2.46 ·10→20 m2. Since the fluorescence lifetime is dependent on the ambient pressure,

Fig. 4.5: Fluorescence antibunching time constants εAB of free di!using AF488 using
multiple excitation photon flux densities φe. Values were fitted with Eq. 4.3 in order
to determine the fluorescence lifetime and absorption cross section of the fluorophore.
Error bars represent ± one standard deviation of the fit.
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these kind of measurements at varying excitation powers could potentially be used
to determine the pressure in the capillary and compare it with the value from the
manometer of the screw piston pump. However, this approach has to be further
tested since measurements with the fused silica capillary su!er from a reduced signal-
to-noise ratio.

4.1.3 Time di!erences between detection channels

The GPX-TDC allows for the simultaneous determination of photon arrival times in
di!erent detection channels without any dead time issues. As a consequence, even
small di!erences in the optical path length or slightly deviating electronic paths
have an influence on the correlation curves. In the case that two fluorescence pho-
ton are emitted at the exact same time within the sample solution, the arrival time
determined by two distinct APDs and counting electronics is di!erent due to vary-
ing optical and electronic path lengths. The e!ect and influence on a correlation
function is shown in Fig. 4.6 with free di!using AF488 and a 50/50 beam splitter be-
tween two APDs being used. Even though forward and backward auto-correlations
are expected to have the same shape, they reveal a shift in the time range of fluo-
rescence antibunching.
To correct for this e!ect, an experiment was performed with the protein prothy-
mosin alpha, using all 4 APDs simultaneously in order to analyze the photon arrival
times with respect to their time di!erences to each other. Therefore, all time dif-
ferences !t were analyzed when subsequent arrived photons were detected by two
di!erent detectors. For a correction of the arrival times it is su"cient to analyze the
time di!erences between APD1 & APD2 (!t12), ADP2 & APD3 (!t23) and APD3

(a) (b)

Fig. 4.6: Forward (orange) and backward (red) auto-correlation functions of free
di!using AF488, (a) without and (b) with a correction of the photon arrival times of
APD2 with respect to APD1.
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& APD4 (!t34). As a control, the time di!erence between APD1 & APD4 (!t14)
was evaluated as well. Subsequently, histograms were created from the determined
time di!erences, shown in Fig. 4.7. Given that the arrival times of two consecutive
photons in di!erent channels are examined, time di!erences are displayed as both,
negative and positive values, depending on the channel in which a photon was de-
tected first. In the graph, negative time di!erences indicate that a photon was first
detected in the APD with the longer optical path length. In the range of up to a
few nanoseconds the time di!erence histograms are proportional to the actual corre-
lation function [74,79]. To determine the time lag between two detection channels,
all histograms were fitted with the following fit function:

f(t) = A + B

(

1 → e
→

 t→t0
ω0


)

. (4.4)

(a) (b)

(c) (d)

Fig. 4.7: Histograms of time di!erences !t of two consecutive photons (blue circles),
which were detected with di!erent APDs indicated by the indices of !t: (a) APD1
& APD2, (b) APD2 & APD3, (c) APD3 & APD4 and (d) APD1 & APD4. Negative
time di!erences have the meaning, that the first photon was detected in the detection
channel with the lower index, whereas positive values imply the opposite. Solid red
lines represent fits according to Eq. 4.4. Solid blue lines have no physical origin and
are for illustration purposes only.
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Tab. 4.2: Determined time di!erences !t between two subsequent photons, detected
by two distinct APDs, characterized by identifiers 1-4.

APDs !t ± ϱfit in ns
1 & 2 →0.96 ± 0.13
2 & 3 →0.69 ± 0.24
3 & 4 →0.60 ± 0.11
1 & 4 →2.05 ± 0.28

A describes the o!set at the lowest point of the histogram. B is the amplitude
and ↼0 the time constant of fluorescence antibunching. t0 is the time di!erence
between the channels, where the histogram has the least number of events. The
maximum antibunching of the photon signals, i.e. the lowest point of the histograms,
is expected to occur at a time di!erence of !t = 0 s. It follows that the arrival times
of the photons have to be corrected by the time di!erences determined by the fit
parameter t0. All obtained time di!erences are summarized in Tab. 4.2.

To correct the arrival times of the photons, the times of APD1 are used as the
reference value. Consequently, for the time correction of APD2, the determined
value of t0 = 0.96 ns is added to the time stamps of photons recorded by APD2.
Accordingly, times of t = (0.96+0.69) ns and t = (0.96+0.69+0.60) ns are added to
the times of APD3 and APD4, respectively. Furthermore, the control time di!erence
of t0 ↘ (2.05±0.28) ns between APD1 and APD4 is in good agreement with the sum
of the other three time di!erences as it is in the range of the fit errors. To illustrate
the e!ect of the correction, Fig. 4.6b shows the correlation functions of the same
measurement, which is shown in Fig. 4.6a, but with the correction of the arrival

(a) (b)

Fig. 4.8: (a) Forward and backward auto- and cross-correlation functions of a mea-
surement of the 3-stranded DNA hybrid. (a) shows the correlations without (dashed
lines) and with time correction (solid lines). (b) shows the di!erence between the
uncorrected and corrected correlations, respectively.
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times of APD2. Fig. 4.8 shows the correlations of a measurement of the 3-stranded
DNA hybrid with corrected time stamps. The di!erences between the correlation
functions calculated with uncorrected and corrected arrival times of the photons are
displayed as well, underlining the e!ect of the time correction in the nanosecond
time regime.

4.2 Avalanche photodiodes

The performance of the C11202-100 avalanche photo diodes (APDs) from Hama-
matsu were evaluated and compared with the SPCM-AQR-14 from PerkinElmer,
which are the most widely used detectors for confocal single molecule fluorescence
detection. Again, di!using, 1 nM solutions of AF488 were used, excited with a
laser power of 40µW at a wavelength of 488 nm. Photons were distributed onto
either both SPCM-AQR-14 or both C11202-100 APDs via a 50/50 beam splitter.
Finally, the photons were processed with the GPX-TDC or BeckerHickl measure-
ment electronics. The fit results of the correlation functions are shown in Fig. 4.9
with a comparable outcome regarding the APDs for both measurement electronics.
The di!erence between the GPX-TDC and BeckerHickl is expected to be caused by

(a) (b) (c) (d) (e) (f)

Fig. 4.9: FCS fit results of AF488 diluted in water. Photons were detected with
either two C11202-100 (blue) or two SPCM-AQR-14 (red) and were processed with
the GPX-TDC (circles) and BeckerHickl (squares). (a) shows the di!usion time εDif,
(b) the average number of molecules ↔N↗, (c) the triplet fraction T , (d) the triplet
relaxation time εT, (e) the mean number of detected photons ↔F ↗ and (f) the molecular
brightness εMB. (a-d,g) Error bars represent ± one standard deviation of the fit and
(e) ±


↔F ↗, respectively.
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similar saturation e!ects like for the Timeharp200, discussed in section 4.1. How-
ever, there is a significant di!erence depending on the detector model. The average
number of molecules in the focal volume is higher for the Hamamatsu detectors,
whereas the number of detected photons is higher for the PerkinElmer APDs. Con-
sequently, the largest di!erence can be observed for the molecular brightness due to
its dependence on both parameters. Initially, these results seem to contradict the
supposed properties of the detectors. Since the e!ective detection e"ciency is even
slightly higher for the Hamamatsu than for the PerkinElmer APDs (see Fig. 4.10a),
the number of detected photons should be higher for the Hamamatsu detector. Fur-
thermore, the APDs from Hamamatsu have a much more prominent afterpulsing
peak and an approximately 3.5 times larger number of detected afterpulsing sig-
nals (see Fig. 4.10b). Additionally the dead time of the detector is smaller as well
and should actually lead to a higher and not lower number of detected photons.
The di!erence in the average number of molecules is most likely due to e!ects of the
more pronounced afterpulsing of the Hamamatsu detector leading to an artificially
higher value. In contrast the triplet relaxation time shows no dependency on the
detector model. This is an indication that the di!erences observed for the other
parameters are due to di!erent detection characteristics. However, the di!erence
in the triplet portion does not fit this explanation, but one has to keep in mind
that the results are from separate experiments, so there may be small di!erences.
In addition, the deviation within the fit errors is very small. The di!usion time is
lower for the Hamamatsu detectors as well. A possible explanation for the lower

(a) (b)

Fig. 4.10: (a) E!ective detection e"ciency of AF488, calculated with the spectra of
the detection e"ciency of the APDs, the used bandpass filter and emission character-
istics of the dye. (b) Auto-correlation functions demonstrate the afterpulsing e!ect of
both detector types. Blue lines represent the C11202-100 APD from Hamamatsu and
red lines the SPCM-AQR-14 from PerkinElmer. Dashed lines represent the cut o! lag
time used to determine the number of photons within the afterpulse peak, ↘ 207000
and 60000 for the C11202-100 and SPCM-AQR-14, respectively.
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di!usion time along with a higher count rate of the C11202-100 from Hamamatsu,
despite the theoretically slightly higher detection e"ciency, could be a non constant
detection e"ciency over the whole detector area. Whereas for the SPCM-AQR-14
a tophat profile is specified, there is no information available from Hamamatsu re-
garding the detection profile. With a decreasing e"ciency towards the edge of the
active detection area the detection profile is more deviating from a tophat shape.

4.3 Experimental setup and capillary handling
improvements

4.3.1 Immersion water protection

Due to the low probability of two subsequent photons having a time di!erence in
the nanosecond time range, a large disadvantage of nsFCS and nsFCS-FRET exper-
iments is the requirement of long measurement times to enable su"cient statistics.
In this context one limiting factor is the immersion water being used, which, with-
out further e!ort evaporates before the measurement is complete. As illustrated
in Fig. 4.11, the count rate of fluorescence photons first begins to decrease before
dropping to dark counts due to a complete evaporation of the immersion water.
The exact length of time it takes for the immersion water to vanish depends on
various factors and cannot be specified precisely. In the time trace shown, it takes
about 180 minutes. Nevertheless, for a su"cient number of consecutive photons
with nano- and sub-nanosecond time di!erences, measurement durations of up to
16 hours or longer are typical for nsFRET-FCS experiments [8]. With the use of

Fig. 4.11: Example time trace of binned photon data of a measurement without the
usage of a immersion water protection device. Due to evaporation of the immersion
water, the number of detected photons decreases to background signals after a time
of approximately 12000 s.
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zero-mode waveguides the required data acquisition time could be successfully re-
duced by an order of magnitude [77], but this approach is not suitable for high
pressure nsFRET-FCS experiments and the use of a fused silica capillary.

Theoretically, one could repeat the experiment a couple of times and combine the
outcome of all experiments, but this approach has a few disadvantages and is
not practical. First of all one has to ensure, that all parameters of the experi-
ment remain unchanged after the restart of the measurement. Another problem is
present when dealing with pressure experiments and the usage of the optical multi
layer (see subsection 3.2.3) since it is not trivial and not always possible to lift the
whole assembly with the fused silica coverslip, the capillary and the index matching
gel in such a way that nothing is altered or moved. Therefore, a solution enabling
longer durations of single measurements is preferable. To achieve this, a small de-
vice consisting of two 3D-printed cylinders was designed (see Fig. 4.12). One of the

(a)

(b) (c)

(d)
(e)

Fig. 4.12: 3D drawing of the immersion water protection device. (a) Two overlaying
cylinders prevent an air flow, which would accelerate the evaporation of the immersion
water. (b) The bottom cylinder is placed onto the objective. In addition to the
immersion water, a little groove of the objective is filled with water to serve as a
water reservoir. (c) To create a little chamber, the upper ring is positioned above and
(d) is attached to the optical table by magnetic beads. (e) shows all components at
once.

111



Fig. 4.13: Example time trace of binned photon data of a measurement with the
usage of both protection cylinders for the immersion water, leading to a successful
data collection of over 120000 s.

cylinders is slightly expanded at the top, enabling an attachment with magnetic
beads to the bottom of the sample stage (see Fig. 4.12d). Since both cylinders have
a slightly di!erent diameter, the position of the objective along the optical axis can
be adjusted without the risk of damage due to its rigidity. Towards the sample, the
resulting little chamber containing the immersion water is sealed with the coverslip
placed on top of the sample stage. Even though both rings have a small gap between
each other in the lateral direction, they severely reduce air exchange or air flow. To
perform a long measurement, in addition to a large drop of immersion water a little
groove of the objective, which is inside both cylinders is filled with immersion water
as well to create a water reservoir inside the little chamber. A precise evaluation
or definitive statement of how long it takes for the immersion water to completely
evaporate is not possible, even with this solution. Various parameters, such as an
unevenly placed coverslip or a bad positioned ring may cause a faster evaporation
of the immersion water. Nevertheless, the presented assembly achieved a significant
improvement. Measurement times of at least 30 hours were obtained with great
reproducibility. Fig. 4.13 shows an example of a time trace of such a long measure-
ment. In this case the last time of a recorded photon is about 120000 s. This example
shows, that the solution enables constant, su"cient measurement conditions of at
least 30 hours, su"cient for a nsFRET-FCS experiment.

112



Bare capillary

When using a bare capillary instead of an assembly with a (fused silica) coverslip
like the optical multi layer (see subsection 3.2.3), the solution outlined in subsec-
tion 4.3.1 is not su"cient. This is due to the fact that the created little chamber
containing the immersion water is not sealed at the top with a coverslip, making
long measurement durations impossible. In contrast, the missing protection due to
the coverslip leads to an even further accelerated evaporation of the immersion water
and consequently even shorter measurement time. To enable long measurement du-
rations when using a bare capillary, an additional device has been constructed and
3D printed (see Fig. 4.14). It consists of two parts as well. The bottom part can be
placed on the sample stage above the capillary. It has two openings at the lower end
to allow the capillary to pass through. At the top is a grid, which serves as a tray
for wet tissues. These tissues are saturated with immersion water in order to create
a more humid environment. The top part is a cover placed onto the bottom part
to seal the tissues and immersion water from the surrounding. To achieve a sealing
even at the bottom of the construction, where the capillary passes through, rubber
cement (Fixogum) can be used to close the openings. In this way, in combination
with the device beneath the optical table (see Fig. 4.12), the immersion water can be
protected to the best possible extent. This allows for long measurement durations,
even when using a bare capillary, of at least 16 hours with great reproducibility and
reliability.

(a) (b)

Fig. 4.14: Rendering of the immersion water protection assembly when using a bare
capillary for (pressure) experiments. (a) shows the parts of the device and (b) its
installation onto the optical table.
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4.3.2 Sample stage

As described in section section 3.4, the entire sample stage and the capillary con-
nection to the screw piston pump were redesigned. This was necessary to enable a
robust handling and connection of the capillary to the pressure pump and reduce
potential damages to the capillary due to large movements or stress, which could
lead to glass breakages and a reduced pressure resistance. One potential problem
when using square capillaries is their orientation above the microscopes objective,
since the initial position of the capillary is random. To ensure best optical imaging
properties it is necessary to position the capillary centered above the microscope
objective. As pointed out earlier, the sample stage was designed to enable an easy
rotation of the capillary above the objective, while reducing other movements of
the capillary, especially lateral movements, to the greatest extend. Due to lateral
movements, the capillary could exit the scanning area, which would require a more
complex readjustment. The new sample stage shall enable a rotation of the capil-

(a) (b) (c)

(d) (e) (f)

Fig. 4.15: Cross section images of a square capillary (a) after its initial installation.
(b) shows the capillary after a first slight rotation and attempt to improve the ori-
entation and (c) the desired orientation of the capillary centered above the objective
after a second improvement step. Illumination is from top to bottom. (d-f) show
renderings, which illustrate the positions of the capillary within the optical multi
layer (OML) on the sample stage above the objective for each orientation from (a-c).
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lary while maintaining a fixed lateral position. Fig. 4.15 shows axial cross section
images of a square capillary connected to the experimental setup with di!erent ori-
entations alongside corresponding renderings of each orientation within the optical
multi layer OML. Fig. 4.15a shows the capillary with a rotation of the side walls to
the objective of ↘ 45 °. As described in section 3.4, to change the orientation of the
capillary, the gland of the connection tube and screw of the clamp is loosened in a
first step. Afterwards, the capillary is rotated, and the screw and gland are tight-
ened again, before checking the orientation with a new cross section image. This
workflow and improved design of the sample stage enables a simple and time e"-
cient way to change the orientation of the capillary. Fig. 4.15b shows an improved
position of the capillary after a first correction attempt and Fig. 4.15c the desired
final position after a second rotation step. As can be seen, the lateral position of
the capillary remains almost unchanged, but stays within the sampling range of the
scanner. Moreover, even when the whole rotation process leads to a larger lateral
movement of the capillary, it can be easily and precisely adjusted and corrected due
to the slotted holes in the base plate, which enables a steady movement of the whole
assembly at once.

4.3.3 Capillary preparation

As mentioned in subsection 3.2.2, after inserting the sample solution in the capillary,
it has to be verified if the capillary is filled with a su"cient amount of sample
solution in order to be able to successfully perform a single molecule high pressure
fluorescence measurement. Up to present, the capillary had to be held in hand or
the capillary was put under the microscope and was lying on the pressure plug. This
approach has several disadvantages. When holding the pressure plug with the glued
in capillary in hand, it is not trivial to keep the capillary steady enough to reach
an appropriate position above the objective of the microscope. The capillary easily
vibrates and makes it hard to bring it into focus under the microscope. Furthermore,
this approach increases the risk, that the capillary will hit against the microscope
or other objects and become dirty or, in the worst case, gets damaged and breaks.
To simplify the whole procedure and enable a more comfortable and secure way of
inspecting the sample filling, a capillary holder was designed and 3D printed. The
holder is shown in Fig. 4.16. It holds the capillary, which is glued into the pressure
plug in a horizontal position and enables an easy movement of the capillary under the
microscope without many vibrations. This greatly simplifies the process of finding
the sample solution inside the capillary and checking the filling level, because the
capillary stays permanently in the focus of the microscope. Furthermore, it reduces
the risk of the capillary getting damaged or dirty. This has the advantage that there
is no need for an additional intermediate step of cleaning the capillary again and
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(a) (b)

(c) (d)

Fig. 4.16: (a) Rendering of the 3D-printed capillary holder. (b,c) show the capillary
holder alongside the capillary glued into the pressure plug. The holder keeps the
capillary in a horizontal position and allows it to be moved with few vibrations to
check the filling level of the capillary prior to an experiment. (d) shows a picture of
the holder with the capillary inside the pressure plug.

one can proceed with the next step of the work flow immediately without further
delay.

4.4 Capillary PMMA multi layer

For the evaluation of the capillary PMMA multi layer (cap/PMMA) described
in subsection 3.2.4, FRET and FCS experiments were performed with both, free dif-
fusing fluorescent microspheres (subsection 4.4.1) and the free di!using fluorophore
AF488 (subsection 4.4.2), respectively. The measurements were made with dif-
ferent optical setups using a standard borosilicate coverslip (cs/BG) as a refer-
ence, the cap/PMMA and a bare square capillary (cap). Furthermore, a com-
bination of three stacked layers of the PMMA film were evaluated, mimicking a
150µm thick PMMA coverslip (cs/PMMA). Additionally, cross section images of
the cap/PMMA were taken to check for any shifts or displacements of the optical
assembly (see subsection 4.4.3).

4.4.1 Fluorescent microspheres as a test system

FRET and FCS measurements of the fluorescent microspheres were performed with
a bead concentration of approximately 30 pM. Every FRET transfer e"ciency his-
togram was calculated with a sum threshold for the donor and acceptor bins of
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T DA

sum
= 50 cts/ms and not corrected otherwise. FRET histograms and the cor-

responding number of recorded FRET events are shown in Fig. 4.17 for all four
optical assemblies described in section 4.4. As expected, most FRET events are
observed when using a borosilicate coverslip (cs/BG) for which the microscopes
objective is designed. Second most FRET events are obtained by using the cap/P-
MMA followed by the use of the bare capillary. The worst result is achieved with
the cs/PMMA. It should be noted, that the donor and the acceptor signal of the
cs/PMMA experiment drops to background signals after a time of about 550 s (see
Fig. 4.17c). This could indicate significantly worsened optics and one possible rea-
son for the reduced number of FRET events using the cs/PMMA. But even if the
events are roughly scaled to the experiment time of 1800 s (dashed histogram and
open square in Fig. 4.17a and Fig. 4.17b), they are still the lowest of all evalu-
ated configurations. The FRET e"ciency of the cs/PMMA is the lowest with
a value of ET = 0.502 ± 0.002, whereas the e"ciencies of the borosilicate cover-
slip (ET = 0.576 ± 0.001) and the cap/PMMA (ET = 0.580 ± 0.001) are in a similar
range. The transfer e"ciency of the bare capillary has a value of ET = 0.552±0.001.
Di!erences in the e"ciency can be explained with optical aberrations and di!erent
imaging properties of the used assembly when using a capillary or PMMA.

The correlation functions of the experiments were analyzed with a fitting model,
which only considers di!usion as the cause for intensity fluctuations of the fluores-
cence signal (see Eq. 3.9). Transitions to the triplet state were not taken into account

(a) (b) (c)

Fig. 4.17: (a) FRET histograms of fluorescent microsphere measurements made with
a borosilicate coverslip (cs/BG), the PMMA multi layer (cap/PMMA), a bare capil-
lary (cap) and the PMMA coverslip (cs/PMMA). (b) Integrals of all histograms and
optical assemblies. The open rectangle belongs to the dashed histogram. (c) Visu-
alization of the signal drop after about 550 s (blue rectangle) during the cs/PMMA
measurement. The dashed histogram in (a) and open square in (b) are an estimate
value for a cs/PMMA experiment without a signal loss during the measurement.
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since the beads are stained with a high number of dyes essentially averaging out
triplet fluctuations. The average number of molecules in the focal volume ↔N↗ shows
the lowest number of molecules for the experiment with the borosilicate coverslip,
and increasing numbers for the cap/PMMA and the bare capillary (see Fig. 4.18).
The cs/PMMA on the other hand shows a similar number of particles for the cross-
correlation curves resulting from an even larger ↔N↗ for the donor and a decreased
value in the acceptor channel in comparison to the bare capillary. These results
indicate an enlarged focal volume containing more beads for all arrangements in
comparison to the reference with the coverslip. The di!erent result between the
donor and acceptor channel in the cs/PMMA experiment could be due to a di!erent
dispersion and as a result a decreasing overlap between the donor and acceptor focus,
leading to the observed shift in the FRET histogram as well. Furthermore, these
results illustrate that the bare analysis of the FRET histograms and events are not
a fully appropriate indicator of optical properties since relatively small di!erences
in the number of events between the cap/PMMA and the coverslip is due to a larger
number of beads measured with a larger focal volume. Therefore, the quality indi-
cator QFRET and molecular brightness ςMB (see Fig. 4.18 b and Fig. 4.18 c) are more
suitable as they take the average number of molecules into account. They display the
same order as the number of FRET events but reveal a larger gap between the optical
assemblies, especially in comparison to the measurement with a borosilicate cover-
slip. Another observation can be made when looking at the molecular brightness.
In all assemblies, except for the cs/PMMA, ςMB of the cross-correlations is highest,
followed by the ones of the acceptor and the donor. However, when using the cs/P-
MMA, donor and acceptor are exchanged with each other, which again suggests the

(a) (b) (c)

Fig. 4.18: (a) Average number of molecules ↔N↗, (b) FRET quality indicator QFRET

and (c) molecular brightness εMB of fluorescent microsphere measurements with four
configurations: borosilicate coverslip (cs/BG), PMMA multi layer (cap/PMMA), bare
capillary (cap), PMMA coverslip (cs/PMMA). Parameters of donor-donor, acceptor-
acceptor and acceptor-donor correlation functions in (a) and (c) are shown in green,
red and blue, respectively.
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presence of dispersion e!ects. The di!usion time with each assembly (see Fig. 4.19)
shows a slightly di!erent behavior since the di!usion time determined with the
cap/PMMA is in the same range as with the borosilicate coverslip, even though the
average number of molecules in the focal volume is higher for the cap/PMMA and
the molecular brightness and quality factor are worse as well. This suggests mainly
an increase of the axial dimensions of the focal volume, whereas the lateral focus
dimensions demonstrating the di!usion time seem to remain almost unchanged.

To validate the outcome, the experiments with beads were repeated with all opti-
cal configurations except the cs/PMMA. The results are displayed in Fig. 4.20. In
contrast to the previous bead experiments described above, all analyzed quantities
indicate less aberrations for the bare square capillary than for the cap/PMMA. The
number of detected FRET events (see Fig. 4.20b) is highest for the borosilicate cov-
erslip, followed by the cap and the cap/PMMA. The average number of molecules as
well as the di!usion times show best results for the coverslip, indicating the smallest
focal volume and thus the shortest di!usion time (Fig. 4.20d) and average number of
molecules within (Fig. 4.20c). The FRET quality indicator (Fig. 4.20e) and molec-
ular brightness (Fig. 4.20f) show the same tendency as well, indicating worst optical
conditions for the cap/PMMA. In addition, FRET e"ciency histograms (Fig. 4.20a)
show a shift of the transfer e"ciency with respect to the e"ciency of the cs/BG mea-
surement with ET = 0.573 ± 0.001. This is for both, the cap and cap/PMMA, in
which the shift of the e"ciency of the cap is in the same range as before with a trans-
fer e"ciency of ET = 0.553 ± 0.002. In contrast to the results showed in Fig. 4.17a,
the e"ciency determined by using the cap/PMMA has a much greater shift towards
lower e"ciencies with ET = 0.480 ± 0.002, comparable to the one observed when

(a) (b)
Fig. 4.19: (a) Donor and acceptor channel cross-correlation functions of fluo-
rescent microspheres measurements with a borosilicate coverslip (cs/BG), a bare
capillary (cap), the PMMA multi layer (cap/PMMA) and the PMMA cover-
slip (cs/PMMA), normalized by the average number of molecules. (b) shows the
corresponding di!usion times εDif of the donor-donor (green), acceptor-acceptor (red)
and acceptor-donor (blue) correlation functions.
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(a) (b) (c)

(d) (e) (f)

Fig. 4.20: FCS and FRET results of experiments of fluorescent microspheres. Three
di!erent optical assemblies were used: a borosilicate coverslip (cs/BG), a bare cap-
illary (cap) and the PMMA multi layer (cap/PMMA). (a) shows the FRET e"-
ciency distributions, (b) the corresponding number of FRET events nFRET, (c) the
average number of molecules ↔N↗, (d) the di!usion time εDif, (e) the FRET quality
indicator QFRET and (f) the molecular brightness εMB for the donor-donor (green),
acceptor-acceptor (red) and acceptor-donor (blue) correlation functions.

using the cs/PMMA. Errors of the transfer e"ciencies are ± one standard deviation
of the fit.
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4.4.2 Alexa Fluor 488

Besides experiments with fluorescent beads, measurements with freely di!using
Alexa Fluor 488 (AF488) were made as well, using the same configurations as with
the bead measurements, a borosilicate coverslip (cs/BG), a square capillary (cap),
the capillary PMMA multi layer (cap/PMMA) and the PMMA coverslip consisting
of three PMMA films laid on top of each other (cs/PMMA). In contrast to the bead
measurements the correlation functions were fitted with a model taking into account
both, di!usion and triplet blinking (see Eq. 3.10). Fig. 4.21 shows the fit parameters
of all optical assemblies, the di!usion time, average number of molecules, number
of events, molecular brightness as well as the triplet fraction and time. Like with
the fluorescent beads, best results were achieved with the cs/BG followed by the
cs/PMMA, cap and the cap/PMMA. This is similar to the second series of bead

(a) (b) (c)

(d) (e) (f)

Fig. 4.21: FCS results of free di!using AF488 using four di!erent assemblies: borosil-
icate coverslip (cs/BG), PMMA multi layer (cap/PMMA), bare capillary (cap) and
PMMA coverslip (cs/PMMA). (a) shows the di!usion time εDif, (b) the average num-
ber of molecules ↔N↗, (c) molecular brightness εMB, (d) the triplet fraction T , (e)
triplet time constant εT and (f) number of detected photons nevents.
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experiments for the same reasons. An enlarged focal volume leads to a higher aver-
age number of molecules within and subsequently a larger di!usion time. This is in
good agreement with the triplet fraction. Since the excitation power is distributed
over a larger area, the photon flux density is reduced, leading to a less e"cient ex-
citation and thus lower triplet fraction and longer relaxation time. The decrease of
the molecular brightness and detected number of photons is an indicator for deteri-
orated optical conditions as well. However, the results for the cs/PMMA di!er with
respect to the bead measurements. This could be due to smaller dispersion e!ects
when measuring a single dye instead of a FRET pair with a relatively large spectral
gap between excitation and detection. In contrast the results of the cap/PMMA are
worse than for both, the cs/PMMA and the cap.

4.4.3 Cross section images

In order to evaluate possible deformations of the PMMA film, axial x-z-scans were
taken. x denotes one lateral direction and z the direction along the optical axis.
The PMMA film was positioned above the objective with water as the immersion
fluid. The film was fixed to the optical table with magnets like in the spectroscopic
experiments as well. Afterwards, two x-z-scans were made with a 5 minute interval
between them. The result is shown in Fig. 4.22a and Fig. 4.22d. At first, the whole
film with a thickness of 50µm can be identified and it lies almost flat atop the
objective. The second image, taken 5 minutes later, reveals a displacement of the
film of ↘ 30µm along the optical axis and additionally a slight tilt. This finding
might explain the inconsistent results of di!erent di!usion experiments with the
cap/PMMA system. A shift in the range of 30µm along the optical axis in combi-
nation with a tilt can lead to severe aberrations or even cause the excitation focus
of the laser not being in the sample volume of the capillary, rendering experiments
impossible with single molecule sensitivity. In order to better understand this e!ect,
several cross section images were made using the cap/PMMA (see Fig. 4.22). They
show the possibility to achieve a su"cient result when using the cap/PMMA with
a clearly visible square or round cross section of the sample volume of the respec-
tive capillary with an inner diameter of ↘ 50µm (see Fig. 4.22b and Fig. 4.22c). On
the other hand, cross section images shown in Fig. 4.22e and 4.22f show significantly
worsened results, with severe elongations along the optical axis. This could be either
due to bad optical conditions or due to a movement of the PMMA film and there-
fore the whole assembly of the cap/PMMA during the scan. This result indicates
a strong sensitivity of the assembly to weak vibrations. In addition, it makes the
use for high-pressure experiments questionable since a usage of the pressure pump
to generate hydrostatic pressure makes these vibrations inevitable. Moreover, scans
in advance of an experiment are necessary to adjust the whole assembly properly
above the objective and adjust the focus properly into the sample volume of the
capillary.
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(a) (b) (c)

(d) (e) (f)

Fig. 4.22: Axial cross section images of the PMMA film (a) right after positioning
and (d) after a time period of 5 minutes. (b) and (e) show images of the sample
volume of a square capillary using the PMMA multi layer. (c) and (f) show the same
kind of images, but of a round capillary. Whereas the experimental prerequisites were
equal, (b) and (c) show a clear visible square or round cross section with a diameter
of d ↘ 50µm, while (e) and (f) show a significant elongation along the optical axis.
Excitation/ detection from the top. Shadowing at the edges is due to light passing
through the side walls of the capillary.

4.4.4 Discussion

The results of measurements using a PMMA film are somewhat inconsistent. The
results of the bead measurements (see Fig. 4.17 and Fig. 4.18) indicate improved
results by using the cap/PMMA compared to measurements with the bare square
capillary. Although the measurements with AF488 (see subsection 4.4.2) show wors-
ened results with the cap/PMMA, results of the PMMA coverslip are comparable
to those of the borosilicate coverslip measurements. However, it should be noted
that any dispersion e!ects are potentially not as significant for measurements with
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just one dye as they are for FRET experiments with a larger spectral gap between
the donor and acceptor fluorophores. Nevertheless, the FCS experiments and the
cross section images suggest that the cs/PMMA with the PMMA film instead of the
fragile fused silica coverslip can be principally considered to improve the imaging
properties in comparison to bare capillaries. But to really serve as a reliable replace-
ment of fused silica coverslips some issues have to be solved. Besides comparable
or improved results in some of the discussed FCS experiments, the results showed
problems using the PMMA film as well. One of the biggest problems is the relia-
bility of the measurements when using a PMMA film. Even with the same sample
and experimental prerequisites the results are varying between experiments. This
seems to be caused by the fact that the PMMA film is not entirely fixed in place
and can move during measurements or scans (see subsection 4.4.3). This can lead
to a strong shift of the focus. The movement of the PMMA film can also lead to a
bending of the film, which could lead to lens e!ects and thus optical aberrations and
a subsequent deterioration of the optics. Additional dispersion e!ects can also re-
duce the performance, especially with FRET experiments and a large shift between
the excitation and detection focus of di!erent fluorophores.

4.5 Influence of the microscope objective correction
collar

4.5.1 Bare square capillary

The microscope objective is equipped with an adjustable correction collar and de-
signed for the usage of coverslips made of borosilicate glass with a refractive index of
1.53 and a thickness between 130µm and 190µm. Therefore, when using fused silica
capillaries or materials with other refractive indices, the setting of the correction col-
lar needs adjustment. To evaluate the best setting of the correction collar (cc) for the
use of a bare square capillary, measurements with double stranded DNA (dsDNA)
were performed for cc settings of 13, 15, 16, 17, 18 and 19. Each of the measurements
had a duration of 10 minutes. FRET e"ciency histograms were calculated with a
sum threshold for the donor and acceptor bins of T DA

sum
= 30 cts/ms (see Fig. 4.23).

As can be inferred from Eq. 3.2 to Eq. 3.4, the optimal correction collar setting for
the correction of the marginal rays for a 125µm fused silica wall thickness would be
like for a 100µm thick borosilicate coverslip, which is not possible with the micro-
scope objective being used. However, when evaluating the histograms they reveal
the highest number of recorded FRET events and the highest FRET peak for a cor-
rection collar setting of 13. The FRET quality indicator shows the same behavior
as well. The remaining results indicate worsening optical conditions with increasing
correction collar setting. Despite these results, the average number of molecules
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(a) (b) (c)

(d) (e) (f)

Fig. 4.23: Influence of the microscope objectives correction collar (cc) setting using
a bare capillary. The sample was dsDNA, with AT488 and A647N for FRET experi-
ments. (a) shows FRET e"ciency histograms with cc between 13 and 19. (b) shows
the corresponding number of FRET events, (c) the FRET quality indicator QFRET,
(d) the average number of molecules ↔N↗, (e) the di!usion time εDif and (f) the
molecular brightness εMB. In (d-f) results of the donor-donor, acceptor-acceptor and
acceptor-donor correlation functions are shown in green, red and blue, respectively.

as well as the di!usion times show no clear tendency and remain almost constant
with only slight deviations between the di!erent settings. The molecular brightness
on the other hand is showing a similar behavior like the FRET results. The reason
that the average number of molecules and the di!usion time show almost no changes
between di!erent settings is probably due to already much worse optical conditions
with a cc setting of 13, when compared to a borosilicate coverslip (see Fig. 4.23d
and Fig. 4.23e). Furthermore, it could indicate, that the worsening of the optical
conditions with increasing setting of the correction collar is due to an expansion of
the focal volume along the optical axis rather than in the lateral direction.
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4.5.2 Optical multi layer

The optimal correction collar setting for the use of the optical multi layer (OML)
with a square capillary was investigated. Like within the bare square capillary,
a dsDNA sample was diluted in water and measured for 10 minutes. FRET e"-
ciency histograms were calculated with a sum threshold of donor and acceptor bins
of T DA

sum
= 30 cts/ms and are shown in Fig. 4.24a with the corresponding number

of events in Fig. 4.24b. The histograms indicate best results for a correction collar
setting of 17, where the FRET peak in the histogram and the quality indicator
is the highest of all evaluated correction collar settings. Whereas a setting of 18
reveals comparable results, settings of ↓ 16 show significantly poorer results. The

(a) (b) (c)

(d) (e) (f)

Fig. 4.24: Influence of the objectives correction collar setting (cc) using the optical
multi layer (OML). (a) shows the FRET e"ciency histograms for cc between 13
and 19, (b) the corresponding number of FRET events nFRET, (c) the FRET quality
indicator QFRET, (d) the average number of molecules ↔N↗, (e) the di!usion times εDif

and (f) the molecular brightness εMB. In (d-f), results obtained from donor-donor,
acceptor-acceptor and acceptor-donor correlation functions are shown in green, red
and blue, respectively.
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measurement with a cc setting of 19 shows a number of FRET events, which is in
the same range as with setting 17 and 18 (see Fig. 4.24b), but the FRET histogram
shows a shift towards higher transfer e"ciencies with respect to the measurements
with other correction collar settings. More importantly, the FRET quality indi-
cator (see Fig. 4.24c) is much worse in comparison to settings of 17 and 18 and is
in the same range as setting 13. The average number of molecules (see Fig. 4.23d)
as well as di!usion times (see Fig. 4.23e) confirm the results with decreasing values
with increasing correction collar setting. The increased di!usion time visible in the
acceptor correlations and cross-correlations show a deterioration of the optics with
a cc setting of 19, whereas the di!usion time of the donor slightly further decreases.
This is an indication of dispersion e!ects and larger e!ect in the acceptor channel,
when choosing a cc setting of 19. The molecular brightness (see Fig. 4.24f) behaves
similarly to the average number of molecules with an increasing brightness for the
acceptor auto-correlations and cross-correlation. For the donor, ςMB increases even
more significantly with a setting of 19, but this is probably due to the strong increase
of the donor only peak and again indicates more pronounced dispersion e!ects when
measuring with this setting. In summary, best results were achieved with correction
collar settings of 17 and 18. Despite having comparable results regarding the total
number of recorded events or with the molecular brightness for example, no real
improvements regarding FRET experiments could be achieved with the correction
collar setting of 19. It yielded a much lower value of the FRET quality indicator,
which takes the average number of molecules and the width of the histograms into
account. Therefore, a setting of 19 is not recommended when using the OML for
FRET experiments, but rather a setting of 17 or 18. For FCS experiments with a
single dye and not a FRET pair it could be di!erent, since no compromise between
the foci of both spectral channels has to be made.

4.6 Focus position within the sample volume of the
capillary

In addition to the evaluation of the ideal correction collar setting, the focus position
within the sample volume of the fused silica capillary was evaluated as well. Three
di!erent axial positions of the focus were tested (see Fig. 4.25). One position is
close to the surface between the sample volume and the fused silica glass, one in the
center of the capillary with an axial distance to the surface of daxial, surface ↘ 25 µm
and the last approximately in the middle between the other two positions, with
daxial, surface ↘ 12.5 µm. Measurements were made with the 3-stranded DNA hybrid.
Durations of the measurements were 20 minutes. Auto-correlation functions of the
donor and acceptor dye as well as average number of molecules and di!usion times
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Fig. 4.25: Illustration of three focus positions inside the sample volume of the fused
silica capillary to evaluate, which is best for smFRET experiments under high pres-
sure. Positions were close to the surface (cyan), in the middle of the sample vol-
ume (purple) and centered in between those two positions (blue).

are shown in Fig. 4.26. The average number of molecules indicate a smaller focal
volume with decreasing distance to the glass surface. Since the concentration is
the same in all experiments, the smaller number of molecules is most likely due
to a smaller focus. The same holds for the di!usion times (see Fig. A.4d), which
are increasing with increasing axial distance to the fused silica surface, indicating
slightly larger focus dimensions in the center of the sample volume of the capillary
than near the surface. The number of fluorescence photons per 100 ms time bin is
not significantly changing between all focus positions. It follows a higher molecular
brightness for the focus position near the capillary wall due to a lower number of
average molecules within the observation volume. This is because of a higher photon
flux density and thus more e"cient excitation of the dye. These results are in good
agreement with the other findings and indicate a larger focal volume in the center
than closer to the fused silica glass surface. The reason for a larger focus volume in
the center of the capillary are probably more pronounced aberrations. Focussing into
the center could lead to more rays entering the sample volume through its side walls
instead of the bottom. This would e!ect the marginal rays and therefore reduce the
e!ective NA of the objective, leading to an enlarged focal volume. In the context of
another scientific project, measurements were made using the protein EsxF. In the
course of this, the same measurements were performed to examine and evaluate the
di!erent focus positions within the sample volume of the capillary. The results of
these measurements can be found in the appendix in section A.3. They are in good
agreement with those of the DNA measurements.
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(a) (b)

(c) (d) (e)

Fig. 4.26: FCS results of 20 minute experiments of the 3-stranded DNA hybrid.
Experiments were made with three di!erent focus positions within the sample volume,
with distances to the surface of daxial, surface ↘ 25µm (orange), 12.5µm (blue) and
0µm (pink), respectively. (a) and (b) show the auto-correlation functions of both,
acceptor and donor. Insets show the correlation functions, normalized to the average
number of molecules. (c-e) show the average number of molecules ↔N↗, di!usion
time εDif and average number of photons ↔nphotons↗ per 1 ms time bin for the donor
(green) and acceptor (red) channel, determined by fits of the correlation functions
according to Eq. 3.10.
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Chapter 5

nsFRET-FCS

5.1 Ambient pressure

5.1.1 3/4-stranded DNA hybrids

Due to the high pressure resistance of DNA, the 3- and 4-stranded DNA hybrids (3-
strand, 4-strand) were used as negative control samples i.e., showing no dynamics,
for high pressure fluorescence experiments [265–268]. Furthermore, they serve as a
control of the detection of fast dynamics as well since it is not expected that they
show any dynamics leading to fluctuations in the FRET signal in the sub-100 ns time
range. The duration of each measurement was 16 hours with an excitation power of
40µW at a wavelength of 488 nm. The FRET e"ciency histograms were calculated
with a sum threshold for donor and acceptor photons of T DA

sum
= 40 cts/ms. They

are shown in Fig. 5.1 with two populations for the 3-strand and three populations
for the 4-strand, respectively. Consequently, the histograms were fitted with fit
functions containing two and three Gaussians. The populations with the lowest

(a) (b)

Fig. 5.1: FRET e"ciency histograms of the (a) 3- and (b) 4-stranded DNA hybrid
including Gaussian fits (solid lines) for determining the mean transfer e"ciencies of
the donor only and FRET populations.

131



e"ciencies are assigned to DNA hybrids only labeled with a donor fluorophore (donor
only). The FRET peak of the 3-strand is centered at an e"ciency of ET = 0.725 ±
0.003. The population with the highest e"ciency of the 4-strand has an e"ciency of
ET = 0.700 ± 0.029, which is comparable with the FRET e"ciency of the 3-strand.
Therefore, this population is most likely due to 4-stranded DNA hybrids lacking
the spacer complement and being actually 3-strand samples. The most dominant
FRET population of the 4-strand has a lower e"ciency compared to the 3-strand
with ET = 0.366 ± 0.003. These e"ciencies suggest the 3-stranded DNA hybrid
being more flexible. This increased flexibility leads to a shorter mean distance of
the FRET pair in contrast to the 4-stranded hybrid, which is rigid since it is lacking
single stranded regions.

For further analysis, all photon arrival times belonging to time bins with FRET
e"ciencies above 0.4 were correlated for the 3-strand and FRET events with 0.2 <
ET < 0.6 were considered for the 4-strand. These filtered correlations are shown in
Fig. 5.2 and derived parameters obtained from global fits, according to Eq. 3.13, are

(a) (b)

(c) (d)

Fig. 5.2: Acceptor-acceptor (red), donor-donor (green), acceptor-donor (blue upward
triangles) and donor-acceptor (blue downward triangles) correlation functions of the
(a, b) 3- and (c, d) 4-stranded DNA hybrid. Positive and negative lag times in (b,d)
correspond to forward and backward correlations, respectively. Solid lines are global
fits according to Eq. 3.13.
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shown in Fig. 5.3. Both samples show the characteristic drop of the correlations to-
wards longer lag times due to di!usion of the sample through the focal volume. The
di!usion times are in the same range for all di!erent correlations, but are slightly
faster for the 4-strand than for the 3-strand. Additional processes are present as
well, evident by an additional increase towards lag times in a range of approxi-
mately 1 · 10→8 s < ↼ < 1 · 10→5 s. The drop of the correlation functions in a time
range of a few nanoseconds is due to fluorescence antibunching. The amplitude of
fluorescence antibunching AAB is strongly dependent on the SNR and background
signal [289]. The SNR is typically larger for the acceptor than the donor channel
and therefore, the acceptors amplitude of fluorescence antibunching is usually larger
in most experiments as well. In principle the correlation function should drop to
zero at ↼ = 0 since one dye cannot emit two photons at the same time [96,289,290].
However, this assumption only holds for single emitters. A too high sample con-

(a) (b)

(c)

Fig. 5.3: (a) Di!usion times εDif, (b) antibunching time constants εAB and (c)
relaxation times of involved processes ε with their respective fractions X of the
3-stranded (closed symbols) and 4-stranded (open symbols) DNA hybrid. Fit pa-
rameters of the donor-donor, acceptor-acceptor auto-correlation functions are shown
in green and red, parameters from the acceptor-donor and donor-acceptor cross-
correlation functions are shown as blue upward and downward triangles, respectively.
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centration for example increases the probability of more than one DNA molecule
within the focus at the same time. Consequently, for more than one dye the am-
plitude of fluorescence antibunching is reduced. The same holds for a low SNR
and high background signal since the probability of accidental pair correlations in-
creases [289]. For FRET experiments the fluorescence antibunching characteristics
of the acceptor-donor correlation functions are dependent on the background signals
of both channels. Regarding the donor-acceptor cross-correlation functions, there
is in principle the chance that the donor and the acceptor dyes emit fluorescence
photons at the same time. However, double excitations are typically depleted by
singlet-singlet annihilation (SSA) [291].

For the 4-stranded DNA hybrids, AAB of the donor-acceptor cross-correlation func-
tions is smaller for the 3-stranded hybrid due to the larger FRET e"ciency and thus
lower signal of the donor dye. Since there is no conformational dynamics expected
in the antibunching time regime, the correlation functions in this time window will
not be discussed. The same holds for the mean number of molecules in the focal
volume. The time constants of fluorescence antibunching ↼AB are dependent on the
excitation power of the laser and are thus only in the limit of extremely low exci-
tation rates corresponding to the actual fluorescence lifetime (see subsection 2.1.2).
Nevertheless, it can be seen that the antibunching time constant and therefore also
the fluorescence lifetime of the donor of the 3-stranded sample is shorter compared
to the 4-stranded sample. This can be rationalized by an increased FRET e"ciency
and thus more e"cient quenching of the donor in the 3-stranded DNA hybrid.

For curve fitting, a model had to be used, which includes three additional processes
besides translational di!usion and fluorescence antibunching. The corresponding
relaxation times with their amplitudes are illustrated in Fig. 5.3c. It has to be
noted, that the global fitting routine is very sensitive in determining the di!usion
times depending on the fitting model and the inclusion of exponential terms for one
or two additional processes leading to fluorescence intensity fluctuations. This can
be explained with the use of an inappropriate model of di!usion for this part of the
correlation function. If the observation volume deviates from the three-dimensional
Gaussian model, it can lead to signals from the di!usion process appearing at shorter
time scales, causing them to overlap with correlations of other processes. This, in
turn, can lead to fitting problems and could be an indication of problems with the
experimental setup. Because of this, the exponential with the longest relaxation
time of ↘ 500µs is rather related to di!usion, as the determined times align within
the error for both samples and all correlations. Additionally, the determined time
is atypical for triplet dynamics. However, it should be noted that a potentially
inappropriate model for the di!usion process should have no significant e!ect in
the determination and analysis of fluctuations due to processes like transitions to
the triplet state or chain dynamics, since these intensity fluctuations occur on a
di!erent, significantly shorter time scale. The component in the lower microsecond
range can be assigned to transitions to the triplet states, where the times for the
3-stranded sample are slightly lower than for the 4-stranded sample. In addition
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to triplet dynamics, both samples reveal an additional component with relaxation
times below 100 ns, which is a typical time range for protein dynamics. However,
the cross-correlation function shows no anti-correlated signal but is correlated like
the auto-correlation function of the donor and acceptor. Therefore, the underlying
process cannot be attributed to FRET distance dynamics. A possible explanation
could be movements of the dyes due to their flexible linker [292]. Even though
these movements do not significantly alter the mean donor-acceptor distance, the
flexibility of the dyes at the end of the linker enables interactions with the bases of
the DNA. These interactions can lead to blinking of the dyes at this short time scale
due to processes like photo-induced electron transfer [293, 294]. In order to further
investigate these processes, multiple measurements with increasing excitation power
could be realized in order to validate if they are power dependent, which would
rather indicate photo physical processes as the origin of these fluctuations. Since
these properties are not in the focus of this work these processes are not further
investigated in detail. However, the detection of fluorescence fluctuations on this
time scale proves the sensitivity of the experimental setup.

5.1.2 DNA hairpin

As another reference sample, a donor-acceptor labeled DNA hairpin (hpDNA) was
investigated. It was measured for a duration of 16 hours with continuous laser
excitation of 40µW at a wavelength of 488 nm. Two populations can be identified
in the FRET e"ciency histogram (see Fig. 5.4). One population with an apparent
e"ciency of ET = 0.110 ± 0.002 is originating from hairpins without an acceptor
dye (donor only). The FRET population has an e"ciency of ET = 0.418 ± 0.002.
Like for the DNA hybrids, the correlation functions of the high FRET population
are fitted with a function containing fluorescence antibunching, di!usion as well as
three exponentials (Eq. 3.13). The results are shown in Fig. 5.5. The slowest of these
processes has a relaxation time of ↼ = (10.3 ± 3.1 )µs. Like for the DNA hybrids
this slowest exponential is assigned to di!usion in conjunction with a potential non
Gaussian-shaped observation volume, which leads to an inappropriate modeling of
the di!usion process in the di!usion fit function.

A second exponential has a relaxation time of ↼ = (1.1 ± 0.5 )µs. This is probably
caused by transitions to the triplet state. Since the acceptor Cy5 is a carboxyl
cyanine fluorophore, it can switch between a cis and a trans isomeric form, where the
trans isomer can emit fluorescence photons and the cis isomer is not able to fluoresce
[295,296]. Switching between both isomer forms can lead to fluorescence fluctuations
as well. The time range of these fluctuations are similar to these of transitions to
the triplet state and may overlap [296]. For this reason, this exponential could also
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(a)

(b) (c)

Fig. 5.4: Results of a nsFRET-FCS experiment of the DNA hairpin. (a) FRET
e"ciency histogram including a Gaussian fit (solid line). (b,c) Donor-donor (green),
acceptor-acceptor (red), acceptor-donor (blue upward triangles) and donor-acceptor
(blue downward triangles) correlation functions with global fits (solid lines) according
to Eq. 3.13. Positive and negative lag times indicate forward and backward correlation
functions, respectively.

be due to switching of the acceptor dye between the cis and trans isomeric form or
a combination of both processes.

The third exponential has a relaxation time of ↼ = (10 ± 5) ns and leads to a cor-
related signal in both, the auto- and cross-correlation functions. Conformational
dynamics leading to changes in the donor-acceptor distance and thus in the FRET
e"ciency can therefore be excluded as its origin. As with the DNA hybrids, move-
ments of the fluorophores attached to a linker remain as an explanation. The move-
ments may cause the dye to come into contact with the DNA where processes like
photo induced electron transfer lead to interactions and blinking at this short time
scale due to base induced quenching of the fluorophore.
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(a) (b)

Fig. 5.5: Results of a nsFRET-FCS experiment of the DNA hairpin (hpDNA). (a)
shows the antibunching time constants εAB and (b) the amplitudes X of involved
processes leading to fluctuations at times ε . Fit parameters of the donor-donor,
acceptor-acceptor auto-correlation functions are shown in green and red, parameters
of the acceptor-donor and donor-acceptor cross-correlation functions are shown as
blue upward and downward triangles, respectively.

5.1.3 Cold shock protein CspA

The cold shock protein CspA is a simple two state folder and suitable as a model pro-
tein for protein unfolding FRET experiments. CspA has already been investigated
by single molecule FRET experiments using pressure as well as chemical denaturant
unfolding [4, 5]. However, these experiments were focussed on the comparison be-
tween di!erent folding mechanisms and transitions between the folded and unfolded
state and not on dynamics. Therefore, nsFRET-FCS experiments of CspA were per-
formed to check for dynamics of the unfolded protein chain and further investigate
and evaluate the experimental setup. A first measurement of 10 minutes was done
without denaturant to evaluate the condition of the sample. The excitation was set
to a power of 40µW at a wavelength of 488 nm. The FRET e"ciency histogram
as well as correlation functions are shown in Fig. 5.6. The histogram reveals two
peaks. The high e"ciency peak with an e"ciency of ET = 0.905 ± 0.003 can be as-
signed to the folded population of the protein, whereas the low e"ciency peak with
ET = 0.039 ± 0.005 is due to donor only molecules. The rather large donor only
population is also reflected in the correlation functions. The donor auto-correlation

137



(a) (b) (c)

Fig. 5.6: Results of a nsFRET-FCS experiment of the cold shock protein CspA.
(a) shows the FRET e"ciency histogram including a Gaussian fit (solid line). (b,c)
show the donor-donor (green), acceptor-acceptor (red), acceptor-donor (blue upward
triangles) and donor-acceptor (blue downward triangles) correlation functions.

presumably originates purely from the donor only fraction, and the donor-acceptor
cross-correlation functions from spectral cross talk into the acceptor channel. The
cold shock protein CspA is a ε-barrel protein with high stability. Due to the ε-
barrel structure and the labeling positions of the dyes (see Fig. 3.24) no changes of
the donor-acceptor distance and thus no dynamics are expected for the native state
of the protein. However, even if dynamics would be present it would barely be vis-
ible in the correlation functions. Due to the short distance between the donor and
the acceptor in the folded state, reflected in a FRET e"ciency close to unity, subtle
distance changes, if present, would not lead to a significant change in the transfer
rate (see Fig. 2.18) and thus not to fluctuations in the emission rates of both dyes
that were strong enough to become visible in the correlation functions. A di!erent
dye pair with a Förster radius similar to the mean donor-acceptor distance would
allow for detecting distance changes in the folded protein.

However, in order to investigate if there are any indications of protein dynamics in
the unfolded state of CspA, a second measurement was performed with an addition
of ↘ 4.5 M guanidinium chloride (GdmCl) to the bu!er. Due to the high donor only
population, the measurement duration was chosen with 30 hours in order to have
enough events with time di!erences in the low time regime for the analysis. The
laser excitation power and wavelength were 40µW and 488 nm, respectively. The
FRET e"ciency histogram is shown in Fig. 5.7 and reveals an increased number
of FRET events in the e"ciency range between the donor only and folded CspA
population in comparison to the experiment without the denaturant. This is due to
an unfolded population of CspA caused by GdmCl.

Despite the 4.5 M denaturant concentration in the bu!er, the protein is not com-
pletely unfolded and still contains a large fraction of folded CspA. Therefore, the ar-
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Fig. 5.7: (left column) FRET e"ciency histograms and (middle, right columns)
correlation functions of a measurement of CspA in MOPS bu!er containing 4.5 M
GdmCl. Di!erent rows correspond to a filtered correlation analysis of the low (blue),
middle (cyan) and high (purple) FRET population, respectively. Coloring of the
correlations functions: donor-donor (green), acceptor-acceptor (red), acceptor-donor
(blue upward triangle), donor-acceptor (blue downward triangle). Solid lines in the
middle row represent global fits according to Eq. 3.13.

rival times of photons with respect to the corresponding populations were correlated
and analyzed individually, similar to the work of Nettels et al. with the cold shock
protein CspTM [79]. The donor only population contains photon times of all events
with ET < 0.25, the folded population events with ET > 0.75 and the unfolded
population in the range in between, with 0.25 ↓ ET ↓ 0.75, indicated by di!erent
colors in the histograms. For donor only molecules, the acceptor’s auto-correlation
function is highly noisy as expected. The lower noise in the cross-correlation func-
tions is a result of the spectral crosstalk of the donor into the acceptor channel.
The same holds for the donor channel and the folded population since the donor
is heavily quenched due to the high e"ciency of FRET. The correlation functions
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of the unfolded population, however, show the usual characteristics of protein dy-
namics. The donor-acceptor cross-correlation functions are anti-correlated and the
auto-correlation functions of the acceptor and donor channel are correlated at an
identical time scale in a range below 100 ns. The global fit gives a time constant
of ↼CD = (42 ± 9) ns for the reconfiguration time of the chain of the unfolded cold
shock protein CspA.

Soranno et al. studied CspTM with nsFRET-FCS [8]. CspTM was labeled with the
same dye pair, but with a larger distance of the dyes along the chain. Its sequence
contains 68 amino acids instead of 70 for the cold shock protein CspA. However,
the general structure of both proteins is very similar and comparable. Soranno et
al. made di!erent experiments that included the investigation of the dependence
of the reconfiguration time on the segment length being probed. Generally, the
reconfiguration time is increasing with increasing segment length. For dye distances
of 57 and 66 amino acids corresponding to CspA and CspTM, respectively, the
increase in ↼CD is not expected to be significant. Soranno et al. found reconfiguration
times of ↼CD ↘ 45 ns - 50 ns with CspTM at 4 M and 5 M GdmCl. Even though
slightly di!erent proteins were examined with deviating dye distances, the outcome
of the experiments is in good agreement with each other. Considering the similar
structure of CspTM and CspA and the little impact of the di!erent segment lengths
probed, the reconfiguration times ↼CD ↘ (45 → 50) ns of CspTM agree well with
↼CD = (42 ± 9) ns obtained here for CspA at a GdmCl concentration of 4.5 M.

On the one hand these results show the capability and accuracy of the experimental
setup in the detection of chain dynamics in the nanosecond time regime of unfolded
proteins. Furthermore, the results show the great potential and strength of filtered
nsFRET-FCS analysis since it enables di!erent populations or protein conformations
and their characteristics to be analyzed individually. If FRET populations are well
separated from donor only molecules, no sophisticated excitation schemes like pulsed
overlaid excitation (POE) or alternate laser excitation (ALEX) are needed.
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5.1.4 Prothymosin alpha

The intrinsically disordered protein (IDP) prothymosin alpha (ProTω) was chosen
as a sample in order to further evaluate the functionality of the experimental setup
and the implemented GPX-TDC. Multiple experiments were made to validate the
capability of the experimental setup in measuring and detecting chain dynamics
within the nanosecond time range. ProTω is suited for this task since it has been
previously investigated and revealed relaxation times in the sub-100 ns time domain.
First, a measurement of ProTω was made with a borosilicate coverslip at ambient
pressure. The measurement had a duration of 33 hours with an excitation power of
40µW at a wavelength of 488 nm. The correlation functions are shown in Fig. 5.8.
The auto- and cross-correlation functions of the donor and acceptor channel exhibit
the expected and characteristic correlated and anti-correlated behavior in the sub-
100 ns time range expected for chain dynamics associated with frequent changes of
the donor-acceptor distance. The FRET e"ciency histogram is shown as well. It was
calculated with a sum threshold for the number of photons in the donor and accep-
tor bins of T DA

sum
= 40 cts/bin. However, the FRET e"ciency histogram reveals two

populations with e"ciencies of ET = 0.248±0.007 for the low and ET = 0.501±0.002
for the high FRET population, respectively. Since in [6, 272, 297], no second pop-
ulation has been reported besides a population of proteins lacking an acceptor dye
(donor only), the origin of this peak was further evaluated. First a filtered correla-
tion analysis were performed, where the arrival times for a smaller or larger cut o!
e"ciency of 0.3 were correlated separately (see Fig. 5.9). Correlations of the high
FRET population show the characteristic correlated and anticorrelated behavior for
the auto- and cross-correlation functions, respectively. In contrast, the low FRET

(a) (b) (c)

Fig. 5.8: nsFRET-FCS results of a 33 hour experiment of ProT⇁. (a) shows the
FRET e"ciency distribution revealing two populations. (b,c) show the results of the
donor-donor (green), acceptor-acceptor (red), acceptor-donor (blue upward triangles)
and donor-acceptor (blue downward triangles) correlation functions. (c) Positive and
negative lag times correspond to forward and backward correlations, respectively.
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(a) (b)

(c) (d)

Fig. 5.9: (a) shows the FRET e"ciency histogram of ProT⇁ with a cut o! e"-
ciency of ET = 0.3 for separated correlation analysis of populations. (b,d) show the
filtered nsFRET-FCS correlation functions of the low and high FRET population.
Donor-donor, acceptor-acceptor and acceptor-donor correlation functions are shown
in green, red and blue, where positive and negative lag times correspond to forward
and backward correlations, respectively. (d) Solid lines are global fits according to
Eq. 3.13 including three exponentials, shown in (c) with their respective fractions X
and relaxation times ε .

population shows almost no characteristics for dynamics on a nanosecond time scale.
Only the auto-correlation of the acceptor on the other hand shows a similar shape of
the correlation function like for the high FRET population. This is most likely due
to components of the high FRET population analyzed within the low FRET regime
due to overlapping peaks. Additionally, the experiment was divided into 3 hour
intervals, which were analyzed individually. The FRET e"ciency decreases with
increasing measurement duration for both peaks (see Fig. 5.10). Furthermore, the
relative fraction of the lower FRET population increases continuously with advanc-
ing measurement duration. The di!usion times of the acceptor and donor-acceptor
correlation functions are decreasing as well, whereas the donor and acceptor-donor
correlation functions show no significant change over time.
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Fig. 5.10: Interval analysis of a 33 hour ProT⇁ experiment realized by splitting the
measurement in consecutive intervals with a length of 3 hours each. (Top) FRET e"-
ciencies of both, the low and high FRET population. (Bottom right) Histograms nor-
malized by the average number of molecules for di!erent hours of the experiment hexp.
(Bottom left) Progression of the di!usion times εDif with increasing measurement du-
ration.

(a) (b) (c)

Fig. 5.11: Comparison of acceptor-donor cross-correlation functions (a) of the first
three and (b) last three hours of a 33 hour measurement of ProT⇁. Forward- and
backward correlation functions are shown in cyan and blue, respectively. In the last
three hours, a shift between both correlation curves is visible indicating acceptor
bleaching during the transit through the focal volume. (c) shows the correlation
functions of the first hour of a 33 hour experiment without BME in the bu!er, where
the shift is visible from the start of the measurement. All correlation functions are
normalized by the respective average number of molecules.
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A reduced acceptor di!usion time indicates a bleaching of the acceptor fluorophore
during the transit through the focal volume. Another indicator of acceptor photo-
bleaching is the di!erent di!usion time of the forward and backward correlations of
the acceptor and donor channel [298,299], that is directly visible as a shift between
both correlation functions in the time range of di!usion (see Fig. 5.11). The remain-
ing fit parameters of the 3 hour interval analysis, which are not discussed here, can
be found in the appendix in subsection A.4.1.
Binned photon counts of both, the acceptor and donor channel indicate the same
e!ect. The acceptor signal starts to decrease after a time of approximately 6-7
hours (see Fig. 5.12a). Nevertheless, the e!ect of photobleaching due to a high laser
excitation power alone does not explain why there is no change in the di!usion time
of the acceptor, acceptor-donor cross-correlation functions, FRET e"ciency or num-
ber of detected acceptor photons in the first hours of the experiment. Furthermore,
it does not explain the growing relative fraction of the low FRET population over
time.
In order to investigate the e!ect of BME in the bu!er, a measurement without its
addition was made as well. All remaining experimental parameters were equal. The
FRET e"ciency histogram is shown in Fig. 5.12b. This measurement shows a large
donor only population with ET < 0.1, alongside a smaller FRET population with
a higher e"ciency. Both populations are not clearly separated, which again can be
explained with acceptor bleaching during the di!usion through the focal volume,
resulting in intermediate FRET e"ciency values. Forward and backward cross-
correlation functions of the acceptor and donor channel show a shift in the time
range of di!usion. In contrast to the experiment performed with BME, the shift
is visible even from the beginning of the experiment. This is shown in Fig. 5.11c
with the correlation functions of the first hour already showing the di!erence in
the di!usion times. These results illustrate the e!ectiveness of the BME serving as

(a) (b)

Fig. 5.12: (a) Time traces of the donor and acceptor channels of a 33 hour measure-
ment of ProT⇁ with a BME containing bu!er. (b) FRET e"ciency histogram of a
33 hour experiment, but without BME in the bu!er showing a large donor only (pink)
and smaller FRET population (purple). Events between both peaks indicate photo-
bleaching of the acceptor dye while it is in the focus.

144



a protector for photobleaching [187, 300, 301]. However, BME hydrolyzes in water
resulting in the formation of hydrogen sulfide (SH) and a decreasing concentration
over time, with the protection e!ect decreasing as well.

Taking all results into account, the low FRET population of ProTω (Fig. 5.8) is
explained with a donor only population. The relative fraction of this population
grows over time since the BME, which serves as a bleaching protection agent [300],
vanishes due to hydrolysis and the formation of SH. As a consequence of the acceptor
bleaching, FRET e"ciencies shift slightly towards lower values and the apparent
di!usion time of the acceptor decreases. The assumption of a donor only population
is supported by the fact that the absence of a donor only component would be
uncommon for such labeled protein samples. Furthermore, it can be identified in
the experiment without BME as well and is also reported in other publications
[6,195,297]. The reason for the donor only population having a comparatively high
e"ciency is attributed to a missing histogram correction and its calculation solely
due to a sum threshold of the time bins of the acceptor and donor dye.

For further evaluation of the measurement the correlation functions were analyzed
as well. In order to achieve a satisfying fit result a global fit was used according to
Eq. 3.13 including three exponentials. The fit results are shown in Fig. 5.9c. The
slowest process has a relaxation time of ↼ = (65 ± 11)µs. Like for the DNA hair-
pin and DNA hybrids it is assigned to the di!usion process and a non ideal model
for the di!usion correlation function. The second exponential with a relaxation
time of ↼ = (2.7 ± 0.3)µs is due to transitions to the triplet state and is at the
expected time scale for the fluorophores [133]. The last exponential has a relax-
ation time of ↼ = (19 ± 3) ns and is in the time range of ↘ 10 ns - 200 ns that is
characteristic for chain movements of IDPs and segment lengths of approximately
30-200 amino acids [8, 74, 79, 152]. Furthermore, the correlation functions show the
expected correlated signal in the auto-correlation functions and anti-correlated sig-
nal in the cross-correlation functions of the donor and acceptor channel at this lag
time ↼ (see Fig. 5.9d). Therefore, this exponential is attributed to movements of the
chain of ProTω.
However, the wild type protein is highly negatively charged with a net charge of
z = →44 and the segment length probed of z56→110 = →27. As a consequence the
expansion of the chain as well as its reconfiguration times are highly dependent on
the conditions of the bu!er like the pH or ionic strength [170, 198, 201, 302–304].
This is reflected in a spectrum of determined reconfiguration times. In two studies
with varying bu!ers, but for the same segment probed and the same donor-acceptor
dye pair, reconfiguration times of ↼CD = (45 ± 9) ns and ↼CD = (29 ± 2) ns were
observed [6, 8].
Galvanetto et al. found a shorter reconfiguration time of ↼CD = (14 ± 2) ns for the
same segment but di!erent dyes and bu!er [195]. However, in principle the use of
di!erent dyes are not expected to cause any deviations in the chain reconfiguration
times in FCS analysis as long as their fluorescence emission is not a!ected by the
bu!er and salt concentration. For the same conditions but a di!erent segment (N-
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terminal segment) with a net charge of z = →15 the determined relaxation time
was ↼CD = (21 ± 2) ns. The probed segment has a comparable length and ProTω
is known to be entirely unstructured [170, 201], which excludes potential structure
di!erences between both segments. Again, this demonstrates the strong influence
and e!ect of charge interactions on the behavior of the chain of an IDP. König et al.
found a comparable relaxation time of ↼CD = (24 ± 4) ns for the N-terminal segment.
Considering the proven dependency of the chain reconfiguration times of IDPs
on bu!er conditions and salt concentration the observed reconfiguration time of
↼CD = (19 ± 2) ns agrees well with these previous findings.

In addition to the analysis of 3 hour intervals, di!erent durations of the experiment
were mimicked by not analyzing the whole photon data, but the first 3 hours, 6
hours, 9 hours and so on. The outcome indicates that durations of up to 33 hours
are not necessarily required to investigate chain dynamics in the nanosecond time
regime. A shorter duration can already be su"cient for a nsFCS analysis. This
is shown in the appendix in subsection A.4.2, with the determined reconfiguration
time of the chain not significantly altering with further increasing measurement
time. This is even the case after the first interval of three hours, proving the high
performance of the experimental setup with respect to the detection of fluorescence
fluctuations in this time regime.

Increased solvent viscosity

ProTω was also examined with an increased solvent viscosity ▷buf, which is expected
to cause a larger chain reconfiguration time due to an associated increase in solvent
friction [8, 78, 305, 306]. The increase in viscosity was achieved by the addition of
glycerol to the bu!er. The viscosity was calculated according to [307, 308] and was
▷buf ↘ 2.4 mPa s. The measurement duration was 16 hours, about half the time of
the experiment without glycerol and a viscosity of ▷buf ↘ 1 mPa s since these mea-
surements indicate that this duration should be su"cient to detect and evaluate
chain reconfiguration times of ProTω. The e"ciency histogram reveals two popula-
tions assigned to FRET with ET = 0.739 ± 0.002 and to a donor only population of
the protein with ET = 0.171 ± 0.018 (see Fig. 5.13a). Like in the experiment with-
out glycerol in the bu!er, FRET events in between both peaks indicate bleaching
of the acceptor dye during the di!usion through the focus. This again is supported
by a di!erence of the forward and backward correlations of the donor and acceptor
channel, which is more prominent than without glycerol and reaches into shorter
lag times (see Fig. 5.13b and Fig. 5.13c). This suggests a slower di!usion of the pro-
teins and thus more e"cient bleaching of the attached fluorophore. The correlation
functions of the measurement are shown in Fig. 5.14 with fitted model functions
according to the experiment without glycerol. The time constant of fluorescence
antibunching and the fractions and relaxation times of other processes involved are
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(a) (b) (c)

Fig. 5.13: (a) FRET e"ciency histogram of a ProT⇁ measurement with an in-
creased bu!er viscosity of ⇀buf ↘ 2.4 mPa s. (b) illustrates the shift between the
donor-acceptor forward (cyan) and backward (blue) correlation functions due to ac-
ceptor bleaching during the transit through the focal volume. (c) shows the di!usion
times from the auto-correlation functions of the donor (green) and acceptor (red) as
well as the forward and backward cross-correlation functions of both channels without
(closed symbols) and with glycerol (open symbols) in the bu!er.

(a) (b)

Fig. 5.14: (a, b) Donor-donor (green), acceptor-acceptor (red), acceptor-donor (blue
upward triangles) and donor-acceptor (blue downward triangles) correlation functions
of a 16 hour ProT⇁ measurement with an increased viscosity of the bu!er of ⇀buf ↘
2.4 mPa s. (b) Positive and negative lag times correspond to forward and backward
correlations, respectively. Solid lines represent global fits according to Eq. 3.13.

displayed in Fig. 5.15. The time constant of fluorescence antibunching shows a gen-
eral decrease with a higher viscosity. The di!usion times confirm a slower di!usion
due to the increased viscosity of the bu!er (see Fig. 5.13c). The approximately dou-
bled viscosity leads to a corresponding linear increase in the apparent di!usion time
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by a factor of approximately two. The slowest process described by the three expo-
nentials in the fit function has a relaxation time of ↼ = (151 ± 36)µs. Like for the
experiment without glycerol, it is assigned to the di!usion process, already discussed
in subsection 5.1.1. The hypothesis that this component is due to the di!usion pro-
cess is supported by the fact that the relaxation time is, like the apparent di!usion
time, increased compared to a viscosity of ▷buf ↘ 1 mPa s. The second exponential
has a relaxation time of ↼ = (2.7 ± 0.3)µs. It shows no change due to the addition
of glycerol and is due to transitions to the triplet state. This is in contrast to the
work of Pavlita [281], where an increase of the triplet fraction and relaxation time
could be observed, but for free di!using dyes and not a FRET pair attached to a
protein.
The third exponential is due to the movement of the polypeptide chain and has a
relaxation time of ↼CD = (72 ± 5) ns. It is nearly four times larger than without
glycerol in the bu!er ↼CD = (19 ± 3) ns. This principle increase of the chain recon-
figuration time with increasing viscosity of the solvent is in good agreement with
previous findings [7,8,195]. However, the reconfiguration time of the chain is nearly
four times larger than without glycerol and is therefore unlikely solely due to an
e!ect of the higher viscosity. A possible reason could be a reduction of repulsive
interactions due to the high glycerol concentration, which eventually lead to a com-
paction of the chain and more (internal) friction as well. The compaction could
explain the increased FRET e"ciency as well.

(a) (b)

Fig. 5.15: Fit results of nsFRET-FCS measurements of ProT⇁ in TRIS bu!er with-
out (closed symbols) and with glycerol (open symbols). (a) shows the fluorescence
antibunching time constants εAB and (b) the fractions X and time constants ε of
other processes involved. Results of the auto-correlation functions of the donor and
acceptor are shown in green and red, respectively. Results of the forward (upward
triangles) and backward (downward triangles) acceptor-donor correlation functions
are shown in blue.
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5.2 High-pressure experiments

5.2.1 3-stranded DNA hybrid

The 3-stranded DNA hybrid was used as a negative control in high pressure ex-
periments. Due to their high stability, the DNA sample should be comparatively
insensitive to high hydrostatic pressures. Therefore, it is suitable to verify, that the
applied high pressures have no significant influence on the measurements results,
e.g. refractive index changes or bending of the capillary, which both could result
in FRET e"ciency changes that could be misinterpreted. Experiments were made
with the optical multi layer (OML) at ambient pressure as well as with pressures of
500 bar, 1000 bar and 1500 bar, respectively. The sample concentration was 1 nM.
Each experiment had a duration of 900 s. The same capillary was used for all ex-
periments to ensure the same experimental conditions for each measurement and
a better comparability. After each measurement, the pressure was increased and
the position of the capillary and focus were checked by a cross-section image of the
sample volume. FRET e"ciency histograms were calculated with a sum thresh-
old of T DA

sum
= 40 cts/ms and normalized to their respective maximum value. They

Fig. 5.16: FRET e"ciency histograms of the 3-stranded DNA hybrid. Experiments
were made with the optical multi layer (OML) at ambient pressure (red) and hydro-
static pressures of 500 bar (green), 1000 bar (blue) and 1500 bar (purple). Solid lines
are Gaussian fits for the determination of the mean transfer e"ciency.
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Fig. 5.17: Di!usion times εDif of the 3-stranded DNA hybrid at di!erent pressures p.
Di!usion times of the auto-correlation functions of the donor and acceptor are shown
in green and red, respectively. Forward (upward triangles) and backward (downward
triangles) acceptor-donor correlation functions are shown in blue. Error bars represent
± one standard deviation of the fit.

are shown in Fig. 5.16 with e"ciencies ranging between ET = 0.667 ± 0.007 for
1500 bar and ET = 0.678±0.004 for 500 bar. In addition, Fig. 5.17 shows the appar-
ent di!usion times. Both, the FRET e"ciencies as well as di!usion times indicate
no significant pressure dependency. In accordance with this, it does not suggest
that increasing pressure has a significant influence on the focal volume or molecule
detection function of the experimental setup.

10 hour measurement In order to gain improved statistics even in the shorter
time regimes and to make a first nsFRET-FCS experiment under high pressure,
a 10 hour long measurement of the 3-stranded DNA hybrid was made at a pres-
sure of 1000 bar. The FRET e"ciency histogram as well as correlations for photon
times belonging to e"ciencies of 0.4 and larger are shown in Fig. 5.18. Like for
the short measurements, the histogram reveal a donor only and a FRET popula-
tion with an e"ciency of ET = 0.676 ± 0.004, which is in good agreement with
the other experiments. In contrast to measurements with a coverslip, the relative
fraction of the donor only population as well as events in between both e"ciency
peaks are increased due to more background signal and a lower signal-to-noise ra-
tio. Despite that, the correlations show a comparable shape including a visible
antibunching component in each correlation including the typical di!erence in the
antibunching time constant between the acceptor-donor forward and backward cor-
relation (compare Fig. 5.2). The di!usion time is slightly increased compared to the
measurement with the coverslip with a value of approximately 250µs, which is due
to the discussed optical aberrations when using the capillary. The triplet state life-
time of ↼T = (1.14 ± 0.08)µs is slightly larger than for the measurement with the
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(a)

(b) (c)

Fig. 5.18: Results of a 10 hour 1000 bar experiment of the 3-stranded DNA hair-
pin. (a) shows the FRET e"ciency distribution with a Gaussian fit (solid line)
for determining the mean fret e"ciency. (b) and (c) show the donor-donor (green),
acceptor-acceptor (red), acceptor-donor (blue upward triangles) and donor-acceptor
(blue downward triangles) correlation functions. (c) Positive and negative lag times
correspond to forward and backward correlation functions, respectively. Solid lines
represent global fits according to Eq. 3.13.

coverslip, which is most likely a result of the same e!ect as well, a less e"cient ex-
citation due to the refractive index mismatch of fused silica and thus enlarged focal
volume (see Fig. 5.19). The fastest component, assigned to movements of the dyes
at the end of the linker, are in a comparable range and have no significant di!erence
within the range of the fit error. Furthermore, the small di!erence could also be due
to the lower SNR and statistics within the capillary.

Like expected, the DNA hybrid shows no significant changes when a pressure of
1000 bar is applied, making it a suitable reference sample for high pressure spec-
troscopic experiments. Furthermore, a first nsFRET-FCS measurement at high
hydrostatic pressure could be achieved, showing the capability of the experimental
setup for this kind of experiments. Even though the SNR is worse than with a cover-
slip, fluorescence antibunching can clearly be identified in all auto-correlations and
cross-correlations. However, for the correlation functions of the experiment within
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(a) (b)

Fig. 5.19: Fit results of nsFRET-FCS measurements of the 3-stranded DNA hybrid.
Experiments were made with a coverslip at ambient pressure (open symbols) and
with a capillary at a pressure of 1000 bar (closed symbols). (a) shows the fluorescence
antibunching time constants εAB and (b) the fractions X and time constants ε of other
processes involved. Auto-correlation functions of the donor and acceptor are shown
in green and red, respectively. Forward (upward triangles) and backward (downward
triangles) acceptor-donor correlation functions are shown in blue. Error bars represent
± one standard deviation of the fit.

the capillary a good agreement between the model function and the experimental
data was achieved with one component less than for the coverslip measurement.
This could be a cause of the lower SNR and the inability to resolve more exponen-
tial components or due to a more Gaussian shaped MDF, which better corresponds
to the theory for the derivation of the di!usional correlation function.

5.2.2 Prothymosin alpha

Multiple high pressure nsFRET-FCS experiments were performed with the intrinsi-
cally disordered protein (IDP) prothymosin alpha (ProTω) in order to evaluate and
analyze potential pressure dependencies of its properties, e.g. FRET e"ciency and,
of particular interest, chain reconfiguration times and dynamics.

30 minute measurements First, multiple short measurements with a duration of
half an hour were made in the capillary with pressures of 1 bar, 500 bar, 1000 bar,
1500 bar and 2000 bar. A short reference measurement with a borosilicate cover-
slip (cs/BG) was made as well. All experiments were made with an excitation power
of 40µW at a wavelength of 488 nm. FRET histograms were calculated with a sum
threshold for donor and acceptor bins of T DA

sum
= 40 cts/ms. These short experiments
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Fig. 5.20: FRET e"ciency histograms of 30 minute measurements of ProT⇁ at
multiple pressures p made with the optical multi layer (OML) and at ambient pressure
with a borosilicate coverslip (cs/BG). Solid lines are Gaussian fits for determining the
the mean FRET e"ciency ET. The dashed line marks ET with the OML at 1 bar.

serve as a control for the results of longer nsFRET-FCS measurements, like the ones
made with the 3-stranded DNA hybrid. Longer measurements were performed on
di!erent days with a new optical multi layer (OML) and are thus more prone to
potential changes in the experimental setup and parameters. Therefore, short mea-
surements were made with the identical OML by simply increasing the pressure after
one experiment without the need for a new capillary or other changes of the experi-
mental setup. Only the focus position was checked with a cross section image of the
sample volume and was adjusted if necessary. The FRET e"ciency histograms in-
cluding Gaussian fits of both, the measurement with a coverslip and with the OML
at di!erent pressures are shown in Fig. 5.20. At ambient pressure the e"ciency
with the capillary is slightly shifted to ET = 0.566 ± 0.002 in comparison to the
measurement with a borosilicate coverslip and an e"ciency of ET = 0.546 ± 0.002.
This is most likely due to varying focus characteristics and spectral properties of
both assemblies. The same holds for a pressure of 500 bar with an e"ciency of 0.560.
Further increasing pressures lead to a drop in the e"ciency to ET = 0.509±0.002 for
1000 bar and 1500 bar and ET = 0.488 ± 0.003 for 2000 bar, respectively. A possible
explanation could be a measurement artifact due to a bulging of the capillaries with
increasing pressure. This would increase optical aberrations and lead to changed
imaging properties of the microscope and eventually a change between the focus of
the donor and acceptor channel. Another explanation could be a further expansion
of the protein with increasing pressure, which would lead to a larger donor-acceptor
distance.
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Fig. 5.21: Apparent di!usion times εDif of 30 minute measurements of ProT⇁ at
multiple pressures p made with the optical multi layer (OML) and at ambient pressure
with a borosilicate coverslip. Di!usion times of the auto-correlation functions of
the donor and acceptor are shown in green and red, respectively. Forward (upward
triangles) and backward (downward triangles) acceptor-donor correlation functions
are shown in blue. Error bars represent ± one standard deviation of the fit.

The apparent di!usion times at each pressure are shown in Fig. 5.21. They show a
light increase using the optical multi layer (OML) compared to a borosilicate cover-
slip. This is due to the refractive index mismatch and enlarged focal volume when
using fused silica and the OML. A pressure dependence of the di!usion time, on
the other hand, is not identifiable. The di!usion times slightly fluctuate but with
no evident tendency. Consequently, the results do not show a significant change
of the properties of the experimental setup with increasing pressure. The reference
experiments with the 3-stranded DNA hybrid do not indicate changes of the optical
properties within the capillaries either. Therefore, the shift of the transfer e"ciency
suggests a real distance change within the protein rather than an experimental mea-
surement artifact.

16 hour measurements To analyze and evaluate the observed shift in the trans-
fer e"ciencies further, longer experiments of ProTω with durations of 16 hour were
made. The excitation power was, like for the shorter measurements, 40µW at a
wavelength of 488 nm. The longer measurement duration additionally enable the
investigation of the chain dynamics of the protein even under high hydrostatic pres-
sures, a type of experiment, which was never realized until present. The pressures of
the measurements were 1000 bar, 1500 bar and 2000 bar, respectively. The outcome
is compared to the measurement at ambient pressure using a borosilicate cover-
slip (see subsection 5.1.4).
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Fig. 5.22: FRET e"ciency distributions of ProT⇁ experiments at multiple hydro-
static pressures. The measurement at a pressure of 1 bar was performed with a borosil-
icate coverslip (cs/BG), high pressure experiments with the optical multi layer (OML),
respectively. Solid lines are Gaussian fits for determining the respective mean transfer
e"ciency. The dashed lines indicate the mean transfer e"ciency of the measurement
at ambient pressure.

The transfer e"ciency histograms are shown in Fig. 5.22 with the corresponding
Gaussian fits. The histograms were calculated with a sum threshold for the donor
and acceptor time bins of T DA

sum
= 40 cts/ms. Like for the shorter measurements,

the FRET e"ciency seem to drop with increasing pressure. At ambient pressure
the e"ciency is ET = 0.502 ± 0.019. But in contrast to the shorter experiments
a pressure of 1000 bar has no signifiant e!ect on the transfer e"ciency, since it is
only marginally shifted to ET = 0.493±0.021, but still well within the experimental
uncertainty. With further increasing pressures of 1500 bar and 2000 bar, however,
the transfer e"ciency shows a significant drop as well to ET = 0.382 ± 0.021 and
ET = 0.400 ± 0.020, respectively.

The nsFRET-FCS correlation functions of all measurements are shown in Fig. 5.23
with the corresponding global fits. The correlation functions are much more noisy
compared to those with the borosilicate coverslip. This is due to the already dis-
cussed aberrations and the refractive index mismatch of fused silica and borosilicate
glass when using the optical multi layer (OML). The lower SNR within the capil-
lary particularly a!ects the low time range of a few nanoseconds and thus leads to
a lower amplitude of fluorescence antibunching. When using the coverslip, the fit
function contained three additional exponentials for processes causing fluorescence
fluctuations besides translational di!usion and fluorescence antibunching. With the
capillaries one process less is needed for a su"cient fitting of the experimental data.
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(a) (b)

(c) (d)

(e) (f)

Fig. 5.23: Correlation functions of 16 hour high pressure nsFRET-FCS measurements
of ProT⇁ at pressures of 1 bar (circles), 1000 bar (squares), 1500 bar (triangles) and
2000 bar (diamonds). (a,b) show the donor-donor, (c,d) the acceptor-acceptor and
(e,f) the acceptor-donor correlation functions, with (b,d,f) positive and negative lag
times ε belong to forward and backward correlations, respectively. Solid lines are cor-
responding global fits according to Eq. 3.13. The experiment at 1 bar was performed
with a borosilicate coverslip and the high pressure experiments with the optical multi
layer (OML).
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The inclusion of a third exponential leads to no further improvement of the fit result.
A possible explanation is a more Gaussian profile of the observation volume, when
using the capillaries since the slowest process when using a coverslip was potentially
assigned to di!usion. Another reason could be the worse SNR within the capillaries
and the inability to resolve and distinguish both processes. This would agree with
the observed fitting errors, which are much larger in the high pressure nsFRET-FCS
experiments as compared to the experiments using a borosilicate coverslip.

However, despite the worse SNR the correlation functions of all high pressure mea-
surements show the expected correlated behavior in the auto-correlation functions of
the donor and acceptor channel and an anti-correlation in the acceptor-donor cross-
correlation functions at the same time scale below 100 ns. This is characteristic for
chain dynamics and frequent changes of the donor-acceptor distance. It follows that
these results prove the capability of the experimental setup to detect chain dynamics
of proteins in the range of a few nanoseconds even under high hydrostatic pressures
with this first successful realization of high pressure nsFRET-FCS experiments.

Fig. 5.24 shows the determined di!usion times. It is slightly increased within the
capillary in contrast to the coverslip. As for the shorter measurements this can be
explained with a larger focus and aberrations due to a di!erence of the refractive
index of the fused silica capillary and the borosilicate coverslip. With increasing
pressure no clear dependence of the di!usion time can be determined. Even though
one can see a slight potential increase, the di!usion times are within the errors of
the fit, which are much larger than for the coverslip. Since all experiments were

(a) (b)

Fig. 5.24: (a) Di!usion times εDif and (b) fluorescence antibunching time constants
εAB of ProT⇁ at multiple pressures p using the optical multi layer (OML) and a
borosilicate coverslip (1 bar). Results of the donor-donor, acceptor-acceptor and
acceptor-donor correlation functions are shown in green, red and blue, respectively.
Upward triangles represent acceptor-donor forward and downward triangles acceptor-
donor backward correlation functions. Error bars represent ± one standard deviation
of the fit.
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made at di!erent days, small fluctuations of the di!usion time are most likely due
to characteristics of the experimental setup, e.g. a slightly varying focal volume and
no pressure e!ect. Furthermore, the shorter experiments of the DNA hybrid as well
as ProTω, which were made directly one after each other show no e!ect as well.
The time constants of fluorescence antibunching are also shown in Fig. 5.24. The fit
errors of this parameter are very large due to the the low SNR and noisy data in this
time range. However, the antibunching time constant of the donor is increasing from
approximately 3 ns at 1 bar and 1000 bar to over 4 ns at pressures of 1500 bar and
2000 bar, respectively. Even though, the time constant of fluorescence antibunching
is dependent on the excitation power and does not reflect the actual fluorescence
lifetime, the relative increase indicates a reduced donor quenching by the acceptor
dye. A less e"cient quenching indicates a larger donor-acceptor distance and is in
good agreement with the observed decrease of the transfer e"ciency with increasing
pressure.
The remaining fit parameters are shown in Fig. 5.25. As explained above, the cor-
relation functions in the capillary were only fitted with two additional exponentials.
These two are assigned to transitions to the triplet state and to chain dynamics of
ProTω. The triplet fraction is highest for the coverslip and lower with the optical
multi layer (OML), but with no visible pressure e!ect. A higher triplet fraction with
the coverslip is expected since it indicates a more e"cient excitation and thus smaller
focal volume due to fewer optical aberrations. The same holds for the triplet relax-
ation time, which is lowest with the coverslip and higher with the OML. In contrast
to the triplet fraction the triplet relaxation time shows a potential increase with
higher pressures. However, the fitting error of the parameter is comparatively large
and the e!ect might be not that significant.

The fraction of the chain reconfiguration shows no dependency on pressure or the
optical assembly, which is also not expected for the movement of the chain and
the corresponding fluorescence fluctuations. The chain reconfiguration time on the
other hand shows, with the exception of the 1000 bar measurement, a decrease with
increasing pressure. This finding is in qualitative agreement with the observed fur-
ther expansion of the polypeptide chain. An expansion could potentially further
reduce the e!ect of internal friction processes and enable a faster chain movement.
A similar behavior has already been identified for several proteins with further ex-
pansion of the unfolded proteins due to increasing denaturant concentration [24].
For example it has been observed for the chymotrypsin inhibitor 2 [51, 309], the B
domain of protein A [310], protein L [7, 183, 311, 312] and RNase H [313, 314]. A
further expansion of the polypeptide chain with a correlated decreasing chain re-
configuration time has been observed by Nettels et al. in CspTM [8, 79]. Borgia et
al. made the same observations for the two domains R16 and R17 of spectrin [78].
However, experiments of Soranno et al. with ProTω showed almost no dependency
on the reconfiguration time of denaturant concentration. However, in the framework
of simple polymer models the chain reconfiguration time ↼CD can be divided into two
components, the reconfiguration time in the abscence of internal friction, which is
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(a) (b)

(c) (d)

Fig. 5.25: Determined fit parameters of 16 hour ProT⇁ nsFRET-FCS experiments
at di!erent pressures p using a borosilicate coverslip (1 bar) and the optical multi
layer (OML) (1000 bar, 1500 bar 2000 bar). (a) Triplet fraction T and (c) fraction
of chain dynamics CD with the corresponding (b) triplet relaxation times εT and
(d) chain reconfiguration times εCD. In (a,c), results of the donor-donor, acceptor-
acceptor and acceptor-donor correlation functions are shown in green, red and blue,
respectively. Upward triangles represent results of the acceptor-donor forward and
downward triangles acceptor-donor backward correlation functions. (a-d) Error bars
represent ± one standard deviation of the fit.

proportional to solvent viscosity ↼s and a time scale due to internal friction ↼i [7,8]:

↼CD = ↼s + ↼i. (5.1)

Even though Soranno et al. observed no significant change of ↼CD with increasing
denaturant concentration ↼s and ↼i showed a di!erent behavior. Due to the increas-
ing solvent viscosity with higher denaturant concentration the solvent dependent ↼s

is increasing as well [8, 78]. In contrast, the solvent independent relaxation time ↼i,
attributed to internal friction, is decreasing with increasing GdmCl concentration.
This is in good agreement with the observed decrease of ↼CD with increasing pres-
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sure. With increasing pressure, no significant influence is expected on the solvent
viscosity and thus for ↼s. Therefore, the decrease of the reconfiguration time of the
polypeptide chain of ProTω can be explained by a reduction of internal friction with
increasing pressure, like for an increasing denaturant concentration.
High pressure single molecule FRET experiments with Frataxin showed a similar
result and a slightly decreasing FRET e"ciency with increasing pressure [5]. In
contrast, high pressure measurements with the cold shock protein CspA showed no
further expansion of its unfolded state with further increasing pressure and thus
a di!erent behavior than the denaturant unfolded protein [4]. This could indicate
that the unfolded states due to pressure or denaturant unfolding are deviating even
though pressure has a similar e!ect on the IDPs. The fact that Frataxin shows a
di!erent behavior might be due to its rather unstable configuration at room tempera-
ture. To investigate possible di!erences regarding the characteristics of the unfolded
states of the cold shock protein CspA due to pressure or denaturant unfolding, ns-
FRET experiment of CspA have to be made at multiple pressures and denaturant
concentrations to analyze if there is a measurable di!erences in the FRET e"ciency
as well as reconfiguration time of the chain.

Summarizing the results from the nsFRET-FCS experiments of ProTω under high
hydrostatic pressures, there are two possible lines of their interpretation. On the
one hand, a possible explanation could be a bending of the capillary with increasing
pressure. A bending would cause more pronounced optical aberrations and conse-
quently a larger focal volume as well. As a consequence, the smaller photon flux
density would lead to a smaller triplet fraction and increase of the observed triplet
relaxation time. Additionally, stronger aberrations could lead to changes in the foci
of the donor and acceptor channel and be responsible for a shift of the FRET ef-
ficiency. With this explanation, no changes of the reconfiguration time would be
expected as well, since the dimensions of the focal volume are not expected to have
a strong influence. In this case, the observed changes would be a measurement ar-
tifact and may be caused by the large uncertainties of the global fits and the low
SNR within the capillary.

On the other hand, there are several indicators that the results are due to a pressure
e!ect that could cause a kind of phase transition on the protein. One reason is the
outcome of the control measurements with the 3-stranded DNA hybrid. These ex-
periments show no apparent pressure dependency of both, the transfer e"ciency and
di!usion time. A larger di!usion time would be expected for an increased focal vol-
ume due to additional aberrations. However, if the aberrations cause an elongation
primarily along the optical axis, the apparent di!usion time would be less a!ected.
Nevertheless, Schneider [5] and Schneider et al. [4] made reference measurements
using the optical multi layer as well, with double stranded DNA oligonucleotides as
sample, labeled with the same donor-acceptor pair and observed no pressure depen-
dency of the experimental setup. This supports the hypothesis of a real pressure
e!ect on the protein. Furthermore, the 30 minute experiments of ProTω show no
change in the di!usion time with increasing pressure despite a decrease in the trans-
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fer e"ciency. The decrease in the e"ciency is also in principle agreement with the
longer measurements of ProTω. The pressure could lead to a further expansion of
the IDP resulting in a larger mean donor-acceptor distance. This shows a similar
e!ect like for GdmCl and denaturant unfolded proteins, which further expand with
increasing denaturant concentration [7,24,51,183,311–314]. This agrees qualitatively
with an increase of the time constant of fluorescence antibunching of the donor flu-
orophore indicating a real distance change rather than an artifact. Consistent with
this interpretation is the decrease of the time constant of chain dynamics associated
with a more flexible polypeptide chain due to reduced internal friction. This is in
qualitative agreement with experiments of ProTω and a reduction of the time con-
stant of internal friction due to GdmCl [7]. However, in order to make more reliable
interpretations and to discuss the results with larger confidence, longer and more
nsFRET-FCS experiments have to be made under high hydrostatic pressure. Despite
the success of realizing, to our knowledge, the first nsFRET-FCS experiments under
high pressure and the analysis of chain reconfiguration times, measurements within
the capillary and the optical multi layer still su!er from a worse SNR compared to
a coverslip. The lower SNR leads to large uncertainties of the fit parameters, which
could be improved with longer and more measurements as well. To compare pos-
sible di!erences of the unfolded states of proteins due to temperature, denaturant
or pressure unfolding, nsFRET-FCS measurements have to be made with the same
protein under those conditions.
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Chapter 6

Conclusion, summary and outlook

Unfolded and intrinsically disordered proteins are of significant interest since they
serve as a starting point for the entire protein folding process [30–32]. Additionally,
intrachain di!usion and the rate of contact formation between distinct regions along
the polypeptide chain are the limiting parameters for the folding speed limit [23,24].
Due to the di!erent unfolding mechanism of pressure in contrast to temperature or
chemical denaturants, nsFRET-FCS experiments under high pressure can give ad-
ditional insights into the folding process and dynamics of unfolded proteins and
IDPs [89]. The aim of this work was the first realization of single molecule high
pressure nsFRET-FCS experiments using a fused silica capillary as the pressure
cell. Basis was the extension of the experimental setup with adequate measurement
electronics and the evaluation of its implementation. Furthermore, the capillary
handling procedure was improved and multiple measurement parameters regarding
the best imaging properties when using the optical multi layer (OML) were tested.
Section 6.1 summarizes the experiments and results regarding the measurement elec-
tronic implementation as well as characteristics of the experimental setup and the
measurement parameters. In section 6.2 the performed nsFRET-FCS experiments
at ambient and under high pressures are discussed. Section 6.3 gives a short conclu-
sion and outlook for future work.

6.1 GPX-TDC implementation and experimental
setup improvements

GPX-TDC and four detectors Requirement for nsFRET-FCS experiments was
the extension of the existing confocal microscope. Until present the measurement
electronics Timeharp200 from Picoquant and SPC-134 TCSPC from BeckerHickl
were used, which are classical TCSPC electronics. However, these systems su!er
from a characteristic dead time after a detected event. Thus, both measurement elec-
tronics are not suitable for the investigation of fast protein dynamics in the nanosec-
ond range. In order to perform nanosecond fluorescence correlation spectroscopy (ns-
FCS) measurements and, in combination with fluorescence resonance energy transfer
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(FRET), nsFRET-FCS measurements, the experimental setup was equipped with a
time-to-digital converter USB2.0-TDC CS-TP 01-04-82 (GPX-TDC) from Surface
Concept. The GPX-TDC operates with a conventional counter/timer principle and
has no limiting dead time between two di!erent input channels. That allows for the
detection of time intervals in the range of a few nanoseconds or even the detection
of two photons simultaneously. Due to technical limitations of the GPX-TDC, the
measurement VI in LabVIEW was designed in such a manner that a measurement is
divided into several shorter submeasurements that are executed consecutively. Ad-
ditionally, to overcome afterpulsing and dead time limitations of the detectors and
to be able to obtain all required correlation functions of nsFRET-FCS measurements
from one measurement at once, two additional detectors were implemented.

The correct functionality of the upgraded experimental setup with the GPX-TDC
and detectors was initially investigated by measurements with the freely di!using
fluorophore Alexa Fluor 488 (AF488) (section 4.1). The results were compared with
these of the previously used Timeharp200. Additionally, with the free fluorophore
and the GPX-TDC, measurements were first performed, where the entire time range
of fluctuations could be captured, from fluorescence antibunching in the range of a
few nanoseconds to the decay of the correlation function at longer lag times due
to the di!usion process. This was not possible with the previous measurement
technique. While there was a generally good agreement between both measurement
setups, a di!erence was observed in the number of detected photons as well as the av-
erage number of molecules in focus. The di!erence between both electronics was fur-
ther investigated with fluorescence benchmark experiments (subsection 4.1.1). Even
though the overall shape and progression of the analyzed benchmark parameters
are comparable, the absolute scale di!ers significantly between the GPX-TDC and
Timeharp200. An analysis of the GPX-TDC data with an artificially inserted dead
time of 350 ns shows that the saturation e!ects can be attributed to the dead time
of the Timeharp200. The dead time leads to an additional saturation factor, which
flattens the MDF of the experimental setup and thus causes the deviating results be-
tween the Timeharp200 and GPX-TDC. The GPX-TDC on the other hand does not
indicate any additional saturation factor. Performance-dependent measurements of
fluorescence antibunching also demonstrate the high accuracy of the new measure-
ment electronics in the range of a few nanoseconds. The determined fluorescence
lifetime as well as the absorption cross section of AF488 are in good agreement with
the manufacturer’s specifications of the fluorophore.

Long measurement durations In addition to the technical capabilities necessary
for nsFCS, which were successfully established by the implementation of the GPX-
TDC and two additional APDs, long data acquisition times are mandatory to ensure
su"cient statistics. Measurement times of at least 16 hours or longer are used for
this purpose. Although the required measurement time can in principle already be
reduced by an order of magnitude with the use of zero-mode waveguides [77], this
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approach is unsuitable for the intended experiments under high pressure with the
combination of a fused silica coverslip, the refractive index matching gel, and the
fused silica capillary. For very long measurements lasting several hours to days,
evaporation of the immersion water poses the limiting factor. Nevertheless, to
enable long measurements, a small device was designed and 3D-printed, which is
mounted between the objective and the sample stage and primarily reduces the
airflow, thereby significantly increasing the service life of the immersion water (sub-
section 4.3.1). With high reliability and reproducibility, measurement durations of
16-33 hours were achieved in approximately 90 % - 95 % of all measurements. For
the use of a bare capillary without a fused silica coverslip, a protection device was
developed and tested as well, which allows measurement times of 16 hours and more
(subsection 4.3.1).

Simplification of capillary connection, handling and measurements Another
goal of the work was the simplification of experiments under high pressure and to
overcome the error prone sample preparation. For this reason, a complete redesign
of the sample stage was done, which includes the junction point to the pressure
pump (section 3.4 and subsection 4.3.2). The new sample stage enables, on the one
hand, a secure lateral translation of the entire sample stage above the objective
without the risk of the end of the pressure pump being shifted against the end of
the capillary. This could potentially lead to a breakage or significantly lower pres-
sure resistance of the capillary. Furthermore, the height of the capillary above the
objective can be continuously adjusted with the help of a travel translation stage.
This allows the capillary to be precisely aligned, which also increases the durability
of the capillary. Another fundamental improvement is the simple rotation of the
capillary. This is important for square capillaries, as the initial orientation during
adjustment is not well defined. By being able to rotate the capillary without signif-
icantly a!ecting the lateral or axial position, the capillary can be positioned easily
as needed, and the focus for the measurement can be (re)adjusted without the re-
quirement of a complete realignment as before. The key features of the novel sample
stage described above, and the associated simplification of capillary installation for
high-pressure experiments, represent a fundamental improvement over the previous
implementation. It enables an easier execution of measurements with greater re-
liability and reproducibility, which is fundamental for nsFCS experiments at high
pressure.
To further simplify measurements with the fused silica capillary, PMMA was tested
as a possible substitute for the fused silica coverslip (section 4.4). It is significantly
more cost-e!ective and durable than the very brittle 100µm thick fused silica cov-
erslip. In some measurements, comparable results were achieved with the PMMA
film. However, these results could not be reproduced with great reliability, primar-
ily due to the high flexibility of the PMMA film and the use of two 50µm thick
PMMA films with water in between. A shift in FRET e"ciency also indicates pos-
sible dispersion e!ects, which could be due to a decreasing overlap of the donor and
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acceptor detection volumes. Therefore, these e!ects do not occur or only occur very
weakly in experiments with one fluorophore. Potentially, the reproducibility of the
measurements could be improved and tested in future measurements with a 100µm
thick PMMA film [315], which was not at hand during the experiments. This would
eliminate the need for water between the two PMMA layers and would make the
film more rigid. However, in the tested configuration, the solution with the PMMA
film is not suitable as a substitute for the fused silica coverslips.

Focus position and objective’s correction collar FRET experiments with dif-
ferent focus positions inside the sample volume of the capillary showed a potential
benefit with a focus position near the glass surface of the capillary (see section 4.6).
Furthermore, measurements with di!erent correction ring settings of the objective
showed the best results with settings between 17 and 18. The deviations are due to
the setup of the optical assemblies. Depending on the exact positioning of the capil-
lary above the fused silica coverslip and the amount of refractive index gel between
the capillary and coverslip, deviations in the ideal setting of the correction ring can
occur. In addition, microscope images show that the structure of the capillary wall is
not perfectly flat and accordingly can lead to deviations between di!erent measure-
ments as well [5]. To achieve the best possible measurement conditions, one possible
solution is to perform multiple short FRET/FCS measurements at varying focus
positions within the capillary and correction ring settings prior to a nsFRET-FCS
measurement of several hours.

6.2 nsFRET-FCS

DNA as a negative control Initial nsFRET-FCS experiments were carried out
with DNA samples, a 3- and 4-stranded DNA hybrid (subsection 5.1.1) as well as
a DNA hairpin (hpDNA) (subsection 5.1.2). The experiments were made with a
borosilicate coverslip at ambient pressure. Due to their high stability and rigid-
ity, no changes in the donor-acceptor distance due to DNA dynamics are expected.
Therefore, the DNA samples serve as a negative control for dynamics in the sub-
100 ns range. All auto- and cross-correlation functions reveal pronounced fluores-
cence antibunching with similar shape. Additionally, all correlation functions exhibit
an exponential decay below 100 ns with relaxation times of ↼CD = (44 ± 4) ns and
↼CD = (62 ± 13) ns for the 3- and 4-stranded hybrid, and ↼CD = (10 ± 5) ns for the
hpDNA, respectively.
However, this exponential decay shows a positive amplitude in all correlation func-
tions. Therefore, the fluctuations cannot be caused by changes in the donor-acceptor
distance due to dynamics of the DNA strands. A possible cause could be the flexi-
bility of the fluorophores attached at the end of a linker and potential interactions
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of the dyes with the DNA bases and processes such as photo-induced electron trans-
fer (PET). In future experiments, the power dependence of this process should be
investigated, to inspect if the fluctuations have photophysical origin. Irrespective of
the origin of these fast relaxation times, the detection of fluorescence fluctuations in
this time range highlights the sensitivity of the experimental setup here.

Filtered nsFRET-FCS analysis and chain dynamics The cold shock protein CspA
was also examined (subsection 5.1.3), as it has already been successfully unfolded
and studied with pressure and chemical denaturants [4, 5]. Additionally, the cold
shock protein from Thermotoga maritima (CspTM), which is similar to CspA,
showed dynamics of the unfolded polypeptide chain during unfolding with dena-
turing agents [8, 79]. Unfortunately, the sample showed a significant fraction of
CspA without a functioning acceptor fluorophore (donor only), but also a small
fraction of the unfolded protein in a measurement with 4.5 M GdmCl in the bu!er.
Despite the high concentration of GdmCl, the fraction of the folded protein was still
significantly higher, unlike in previous measurements [5]. Due to the high fractions
of donor only and folded protein, a filtered analysis of the di!erent populations was
made, similar to previous studies of CspTM [79]. In contrast to the negative con-
trol, the correlation functions of the unfolded protein (low FRET) exhibited typical
characteristics of protein dynamics. The donor-acceptor cross-correlation functions
showed an anti-correlation whereas the auto-correlations of both fluorophores ex-
hibited a correlation with a relaxation time of ↼CD = (42 ± 9) ns. This is within the
typical time range below 100 ns for dynamics of proteins with these segment lengths
and are in good agreement with previous studies by Soranno et al. [8]. These results
demonstrate the capability and accuracy of the experimental setup and the strength
of the filtered correlation analysis.

ProTω The last sample for nsFRET-FCS measurements was the intrinsically dis-
ordered protein (IDP) prothymosin alpha (ProTω). The protein is strongly nega-
tively charged (net charge z = →44) and lacks secondary structure elements [201].
It has already been studied with nsFCS and showed dynamics with chain recon-
figuration times below 100 ns. Although the performed measurements exhibited
typical characteristics of correlation and anti-correlation in the auto- and cross-
correlation functions, two FRET populations were observed in the histogram. The
origin of the low FRET population was initially investigated, as no second pop-
ulation had been reported in previous studies, except for a donor-only popula-
tion [6, 272, 297]. However, the transfer e"ciency of this population component
was ET = 0.248 ± 0.007. Through interval analysis, filtered correlation analysis,
and the comparison to a nsFRET-FCS measurement of ProTω without the addi-
tion of ε-mercaptoethanol (BME) to the bu!er, the low FRET population is most
likely due to donor only molecules. The comparatively high transfer e"ciency of
the donor only population can be explained by the lack of histogram correction.
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Due to the strongly negative charge of ProTω, the expansion of the chain as well
as its chain reconfiguration times are highly dependent on bu!er conditions such
as pH or ionic strength [170, 198, 201, 303, 304, 316]. Considering this dependency,
the observed reconfiguration time of ↼CD = (19 ± 2) ns agrees well with previous
findings [6, 8, 195]. To further assess the sensitivity of the setup, ProTω was also
examined with increased solvent viscosity, as increased solvent viscosity is expected
to slow down chain dynamics due to increased solvent friction, as shown in numerous
studies [7,8,30,78]. This observation was qualitatively confirmed with an increase in
relaxation time of ↼CD = (72±5) ns, although the increase was more pronounced than
in previous measurements by Soranno et al. [8]. However, in contrast to previous
observations, the FRET E"ciency of ProTω with glycerol in the bu!er experienced
a significant increase from ET = 0.501 ± 0.002 to ET = 0.739 ± 0.002, which could
indicate a compaction of the polypeptide chain. This compaction would lead to a
higher increase in the reconfiguration time, than expected for a higher viscosity of
the bu!er alone, due to an associated increase of internal friction.

High pressure experiments After the initial successful execution of nsFRET-FCS
measurements and the proven capability to detect chain reconfiguration times, high-
pressure nsFRET-FCS experiments were carried out (subsection 5.2.1). To exclude
potential pressure artifacts on the fluorescence measurements, the 3-stranded DNA
hybrid was investigated as negative control like at ambient pressure. Due to the high
stability of the DNA hybrid, no changes in the FRET e"ciency are expected with a
pressure increase, and shifts in e"ciency would be attributed to artifacts caused by
high pressure rather than actual changes in the donor-acceptor distance. Initially,
short high-pressure measurements were made. The advantage of short measure-
ments is the ability to use the identical capillary for each measurement at di!erent
pressures, thus minimizing influences of the experimental setup on the results. As
expected, both, the transfer histograms and di!usion times show no pressure depen-
dency, consistent with previous studies and double stranded DNA oligonucleotide
experiments at multiple pressures [4,5]. As a negative control for potential dynamics
under high pressure, a measurement with a duration of 10 hours and a pressure of
p = 1000 bar was made with the 3-stranded DNA hybrid. No significant changes
compared to the measurement of the sample at ambient pressure were observed.
Additionally, the correlation functions showed no signs of chain dynamics. In addi-
tion to demonstrating that DNA is suitable as a reference sample for nsFRET-FCS
under high pressure, this measurement also represents the first-ever nsFRET-FCS
measurement under high hydrostatic pressure. With this proof that high-pressure
nsFRET-FCS experiments are possible and provide adequate signal-to-noise ratios
(SNRs), measurements of the IDP ProTω under high pressure were finally made as
well (subsection 5.2.2).
Similar to the 3-stranded DNA hybrid, short measurements were made first. In con-
trast to the reference measurement with the DNA hybrid, a shift to lower e"ciencies
with increasing pressure was observed. While the transfer e"ciency at 1 bar was
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ET = 0.566 ± 0.002, it decreased to ET = 0.488 ± 0.003 at a pressure of 2000 bar.
Since the di!usion time shows no dependency on a pressure increase, and the con-
trol measurements with DNA show no pressure dependence either, the reduction in
e"ciency is likely due to an actual chain expansion with increasing pressure. An-
other possible explanation is that, despite the control measurements, it could be a
measurement artifact with bending of the capillary due to pressure leading to these
e!ects.

Since nsFRET-FCS analysis is not possible with the shorter measurements due
to a too low SNR, long measurements were were made at multiple high pres-
sures. The transfer e"ciencies are in principle agreement with the shorter mea-
surements, indicating a further expanding chain of the protein due to the applied
pressure. This leads to a larger donor-acceptor distance and subsequently lower
FRET e"ciency. This observation shows a similar e!ect as observed for unfolded
proteins, with chain expansion occurring with increasing denaturant concentra-
tion [7, 8, 24, 51, 79, 183, 309–314]. Furthermore, it qualitatively agrees with the
determined fluorescence antibunching time constants of the donor, which increase
with pressure. The apparent decrease in chain reconfiguration time with increas-
ing pressure is consistent with this argumentation. The faster reconfiguration time
is caused by a more flexible chain due to a reduction of internal friction. This is
in qualitative agreement with measurements of ProTω from Soranno et al. and a
reduction of the time constant of internal friction with increasing denaturant con-
centration [8,78]. These first measurements are the first high-pressure nsFRET-FCS
experiments, paving the way to an application of this methodology for a broad range
of folding model proteins. The results are promising and indicate the great potential
of this investigative method. Fluorescence fluctuations can also be detected in the
capillary and the optical multi layer (OML) over the entire time range accessible
with free di!using molecules in solution, from fluorescence antibunching to transla-
tional di!usion through the focus. The results with ProTω also suggest a pressure
sensitivity of the IDP with pressure-dependent chain dynamics due to a reduction
of internal friction and an expansion of the chain.

6.3 Conclusion and outlook

With the goal of realizing nsFCS and nsFRET-FCS measurements under high pres-
sure, new measurement electronics (GPX-TDC) and detectors were successfully
implemented into the existing experimental setup. The correct functioning and
high sensitivity of the new measurement electronics were evaluated and confirmed
through various spectroscopic measurements. Furthermore, the sample stage of the
experimental setup was significantly improved to simplify the execution of exper-
iments under high pressure while simultaneously increasing their reproducibility.
However, the attempt to replace the fragile and expensive fused silica coverslip of
the optical multi layer (OML) with a PMMA film was not successful in the tested
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version. To decrease the flexibility of the optical assembly and potentially reduce
aberrations, the approach could be repeated in the future with a PMMA film that
already has the desired thickness of 100µm. Additionally, the influence of the cor-
rection collar of the objective and the focus position within the sample volume of
the capillary were observed. To avoid the need to verify the best settings for each
measurement (as the exact thickness of the OML can vary), future work could focus
on achieving a more constant e!ective coverslip thickness.

Furthermore, this work presents the first-ever nsFRET-FCS measurements con-
ducted under high hydrostatic pressure. Despite compromises regarding the imag-
ing quality due to the use of the fused silica capillary and the OML, fluorescence
antibunching is evident in the pressure experiments, as well as the characteristic
correlation and anti-correlation in the auto- and cross-correlation functions in the
presence of chain dynamics, which could be investigated for the first time in a
pressure-dependent manner. Nevertheless, the SNR in the capillary measurements
is significantly lower than under standard conditions with a borosilicate coverslip.
Therefore, an ongoing potential avenue for future improvements is an increase of the
SNR in the capillary. As described by [5], the use of a custom-made square capillary
could be considered. However, this option is very expensive ($10,000), but it would
most likely improve the optical conditions and correspondingly the SNR. Another
possibility is to further increase the measurement duration. With more and longer
measurements, the statistics in the sub-nanosecond time range can be further im-
proved, thus significantly enhancing the interpretability of the derived results. This
approach is the simplest and could be realized immediately since the experimental
setup is capable of measurements of 30 hours or longer and the experiments showed
that the pressure in the capillary can be maintained many hours as well.
Furthermore, in future experiments, the same protein, such as the cold shock protein
CspA, should be unfolded with both, denaturants and pressure. Potential di!erences
in the chain reconfiguration time could provide new insights into the characteristics
of the unfolded states and the underlying unfolding mechanism. Since some intrinsi-
cally disordered proteins (IDPs) fold upon binding, it would also be of great interest
to investigate the folding behavior of such systems under high pressure.
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Appendix

A.1 FCS benchmarks

Tab. A.1: Laser excitation powers Plas at a wavelength of 488 nm and corresponding
measurement times texp of benchmark experiments made with AF488 and both mea-
surement electronics, GPX-TDC and Timeharp200.

Plas in µW texp in s
GPX-TDC Timeharp200

1 4500 3600
5 3600 2700
10 1800 1500
20 1200 900
40 900 900
60 600 600
80 600 600
120 300
150 300 300
180 300
200 300 300
250 300
300 300 300
400 300
500 300
600 180
700 180
900 180 180
1100 120
1200 120
1400 120 120
1650 60
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(a)

(b)

Fig. A.1: (a) Amplitude of fluorescence antibunching AAB and (b) time constant of
fluorescence antibunching εAB of AF488 from FCS benchmark measurements using
the GPX-TDC at di!erent laser excitation powers Plas (see Tab. A.1).
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A.2 Igor Pro procedures

A.2.1 Editing of raw data and time correction

function edit_waves(interval_length, resolution)
variable interval_length, res
//length of macro time interval and time bin resolution in seconds
wave APD1, APD2, APD3, APD4

Redimension/L/U APD1, APD2, APD3, APD4

duplicate APD1, APD1_mic, APD1_mac; duplicate APD2, APD2_mic, APD2_mac
duplicate APD3, APD3_mic, APD3_mac; duplicate APD4, APD4_mic, APD4_mac
//deleting bits containing the micro time 'mic'
APD1_mac = APD1>>17; APD2_mac = APD2>>17
APD3_mac = APD3>>17; APD4_mac = APD4>>17
//deleting bits containing the macro time 'mac'
APD1_mic = APD1_mic << 47; APD1_mic = APD1_mic >> 47
APD2_mic = APD2_mic << 47; APD2_mic = APD2_mic >> 47
APD3_mic = APD3_mic << 47; APD3_mic = APD3_mic >> 47
APD4_mic = APD4_mic << 47; APD4_mic = APD4_mic >> 47

Redimension/D APD1_mac, APD2_mac, APD3_mac, APD4_mac
//computation of macro time in seconds
APD1_mac *= interval_length; APD2_mac *= interval_length
APD3_mac *= interval_length; APD4_mac *= interval_length

Redimension/D APD1_mic, APD2_mic, APD3_mic, APD4_mic
//computation of micro time in seconds
APD1_mic *= res; APD2_mic *= res; APD3_mic *= res; APD4_mic *= res

Redimension/D APD1, APD2, APD3, APD4
//combining macro and micro time, correct the time delay and save the time information
//as a multiple of the time bin resolution (res) as required by the correlator
APD1 = APD1_mic + APD1_mac; APD1 /= res
APD2 = APD2_mic + APD2_mac + 0.9e-9; APD2 /= res
APD3 = APD3_mic + APD3_mac + 1.6e-9; APD3 /= res
APD4 = APD4_mic + APD4_mac + 2.1e-9; APD4 /= res
//tt: true time
rename APD1 tt_APD1; rename APD2 tt_APD2; rename APD3 tt_APD3; rename APD4 tt_APD4
//kill redundant waves
KillWaves APD1_mic, APD2_mic, APD3_mic, APD4_mic, APD1_mac, APD2_mac, APD3_mac, APD4_mac
end function

Fig. A.2: Custom function in Igor Pro, which processes the raw data and calculates
the photon arrival times according to Eq. 3.5 of each APD and corrects their time
delays due to optical or electronically path length di!erences.
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A.2.2 Filtered nsFRET-FCS analysis

function filtered_nsFRET_FCS(efficiency_range_start, efficiency_range_end)
variable efficiency_range_start, efficiency_range_end
//FRET contains FRET efficiencies per time bin
wave smartroute, FRET

//create wave with information which time bin meets condition
smartroute = FRET >= efficiency_range_start & FRET <= efficiency_range_end ? 1:NaN

variable i,j, counter
variable ch_counter = 0
variable sr_size = 0
variable min_time = 0
string wave_name

//get size of smartroute wave
wavestats/Q smartroute
sr_size = V_npnts + V_numNans + V_numINFs

//calculate for each APD
for(i=1; i < 5; i++)

counter = 0
wave_name = "tt_apd"+num2str(i)
wave tmp_wave = $wave_name
//conversion of times to seconds with time bin resolution
tmp_wave *=82.304e-12

string wave_name_bin = "tt_apd"+num2str(i)+"_bin"
wave tmp_bin = $wave_name_bin
string filtered_name = wave_name+"_filtered"
//get minimum time for time binning of 1ms
min_time = floor(tmp_wave[0]*1000)

MatrixOP/O copy_tmp = tmp_wave/tmp_wave - 1

for(j = min_time; j < sr_size; j++)
if(numtype(smartroute[j]) == 2)

counter += tmp_bin[j]
else
if(tmp_bin[j] == 0)
else

copy_tmp[counter, counter + tmp_bin[j]-1] = 1
counter += tmp_bin[j]

endif
endif

endfor

MatrixOP/O tmp_filtered = tmp_wave*copy_tmp
tmp_filtered = tmp_filtered[p]==0? Nan : tmp_filtered
Wavetransform ZapNans tmp_filtered
//conversion of original and filtered waves to multiples
//of time bin resolution for correlation
tmp_wave /= 82.304e-12
tmp_filtered /=82.304e-12
Matrixop $filtered_name = tmp_filtered

endfor
//Kill redundant waves
KillWaves copy_tmp, tmp_filtered
end

Fig. A.3: Custom function in Igor Pro, which extracts the time stamps of photons
belonging to certain FRET e"ciencies.
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A.3 Focus position within the capillary

Fig. A.4 shows the correlation functions and fit results of FCS measurements of
the protein EsxF, which was investigated in the scope of another scientific project.
For this work it was used as an additional sample for evaluating di!erent focus po-
sitions within the sample volume of the fused silica capillary in the optical multi
layer (OML). The protein is labeled with AF488 and AF647 as the donor and accep-
tor dye, respectively. As in section 4.6, three di!erent focus positions were investi-
gated, varying in the distance (daxial, surface) to the capillary wall. One approximately
close to the surface, with daxial, surface ↘ 0µm and two positions with distances of
daxial, surface ↘ 12.5µm and daxial, surface ↘ 25µm. The donor dye was excited with a
laser power of 40µW at a wavelength of 488 nm.

(a) (b)

(c) (d) (e)

Fig. A.4: FCS results of EsxF measurements at three di!erent focus positions within
the sample volume of the capillary. The positions di!er in their axial distances to
the surface of the capillary wall daxial, surface with distances of daxial, surface ↘ 25µm
(purple), daxial, surface ↘ 12.5µm and daxial, surface ↘ 0µm (cyan). (a,b) show the
auto-correlation functions of the acceptor and donor, respectively. Insets show the
correlation curves, normalized to the average number of molecules. (c-e) show the
average number of molecules ↔N↗, di!usion times εDif and average number of photons
↔F ↗ per 1 ms time bin of the donor (green) and acceptor (red) channel obtained from
fits according to Eq. 3.10.
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A.4 Prothymosin alpha

A.4.1 Interval analysis of prothymosin alpha

In order to evaluate if certain parameters are changing during the 33 hour long
measurement of ProTω (see subsection 5.1.4), consecutive intervals of the experi-
ment with a length of 3 hours are analyzed individually. The results are shown
in Fig. A.5 and Fig. A.6. Correlation functions were globally fitted with Eq. 3.13
including three exponentials. Despite the di!usion time ↼Dif and average number
of molecules in the focal volume ↔N↗, which were obtained from the whole photon
data, the other parameters were derived from filtered correlation functions. These
were calculated with all photons belonging to the high FRET peak with a cut o!
FRET e"ciency of ET = 0.3.

(a) (b)

(c) (d)

Fig. A.5: Results of interval analysis of di!erent hours of the experiment hexp of a
33 hour long measurement of ProT⇁: (a) di!usion time εDif, (b) average number of
molecules ↔N↗, (c) fraction of the process additionally assigned to di!usion X and
(d) relaxation time of process X εX.
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(a) (b)

(c) (d)

(e) (f)

Fig. A.6: Results of interval analysis of di!erent hours of the experiment hexp of
a 33 hour long measurement of ProT⇁: (a) triplet fraction T , (b) triplet relaxation
time εT, (c) fraction of chain dynamics CD, (d) chain reconfiguration time εCD, (e)
amplitude of fluorescence antibunching AAB and (f) the time constant of fluorescence
antibunching εAB.
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A.4.2 Influence of the measurement duration for prothymosin
alpha

In addition to the analysis of 3 hour intervals, di!erent durations of the experiment
were mimicked by not analyzing the whole photon data, but the first 3 hours, 6 hours
or 9 hours and so on. The results are shown in Fig. A.7 and Fig. A.8. Correlation
functions were globally fitted with Eq. 3.13 including three exponentials. Despite the
di!usion time ↼Dif and average number of molecules in the focal volume ↔N↗, which
were obtained from the whole photon data, the other parameters were derived from
filtered correlation functions. These were calculated with all photons belonging to
the high FRET peak with a cut o! FRET e"ciency of ET = 0.3.

(a) (b)

(c) (d)

Fig. A.7: Results of the analysis of intervals of a 33 hour nsFRET-FCS measurement
of ProT⇁ with di!erent lengths hexp:(a) di!usion time εDif, (b) average number of
molecules ↔N↗, (c) fraction of the process additionally assigned to di!usion X and
(d) relaxation time of process X εX.
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(a) (b)

(c) (d)

(e) (f)

Fig. A.8: Results of the analysis of intervals of a 33 hour nsFRET-FCS measurement
of ProT⇁ with di!erent lengths hexp: (a) fraction of chain dynamics CD, (b) relax-
ation time of chain dynamics εCD, (c) amplitude of fluorescence antibunching AAB

and (d) antibunching lifetime εAB.
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