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Abstract

Single molecule fluorescence spectroscopy has attracted considerable attention
over the past two decades. Measurement on a single entity provides an oppor-
tunity to avoid ensemble averaging which is always present in conventional bulk
fluorescence measurements. This makes single molecule spectroscopy particu-
larly interesting for biophysics and biochemistry where heterogeneous systems
are often encountered.

The general interest of this thesis is in studies of single immobilised molecules
carried out at room temperature. One of the major issues of single molecule
spectroscopy is finding a suitable immobilising medium. Inorganic silica matri-
ces prepared by the sol–gel method have a great potential to provide a close-
to-natural immobilising environment even for sensitive biomolecules and thus
allow investigation of their natural behaviour on the most fundamental level.
In order to be able to tailor both physical and chemical properties of the final
gel, it is of great importance to develop reliable methods to control each stage
of polymerisation. In one part of this thesis, applications of fluorescent probes
to investigation of sol–gels properties, as well as monitoring the gel assembly
process, are discussed.

The thesis further presents studies of the genetically engineered glucose bind-
ing protein labelled with the environmentally sensitive dye badan. This system
was developed in a search for an appropriate recognition–reporter unit to serve
as a part of fluorescence-based sensor for continuous blood glucose monitoring.
This labelled biomolecule represents an interesting subject for a single molecule
study. Due to technical reasons however, single molecule spectroscopy could
not be applied in this case. Therefore, conventional ensemble fluorescence spec-
troscopy methods were used to characterise behaviour of the labelled protein at
different glucose concentrations.

The last part of the thesis deals with instrumental aspects of single molecule
imaging and spectroscopy. The aim of the work was to assess the applicability
of a freshly installed commercial microscope α-SNOM (WITec GmbH) in single
molecule fluorescence studies and at the same time to adopt the technique for
future experiments in our research group.
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Glossary of abbreviations

and mathematical symbols

A absorbance
α, αi pre-exponential factor
AFM atomic force microscopy
APC allophycocyanin
APD avalanche photodiode
badan 6-bromoacetyl-2-(dimethylamino)naphthalene
badan-GBP152C badan-labelled H152C mutant of glucose binding pro-

tein
β angle between transition dipole moments
βi pre-exponential factor of multi-exponential fluores-

cence anisotropy decay
CCD charge coupled device
d diameter or density
D coefficient of diffusion
DDEM donor–donor energy migration
E energy
ǫ molar absorption coefficient, extinction coefficient
ǫ0 permitivity of vacuum
η viscosity
FRET Förster resonance energy transfer
FWHM full width at half maximum
GBP glucose binding protein
Γ radiative decay rate
h Planck constant
k transition rate
kB Boltzmann constant
I, I(t), I0 light intensity
IRF instrument response function
J overlap integral
kB Boltzmann constant
Kq bimolecular quenching constant
κ2 orientation factor
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L litre, dm3

λ light wavelength
µ transition dipole moment or micro- (×10−6)
n index of refraction
N̄ ratio of dye and particle concentrations
NA Avogadro constant
N.A. numerical aperture
Nd:YAG neodymium-doped yttrium aluminium garnet
[NP] silica particle concentration
ν light frequency
prodan 6-propionyl-2-(dimethylamino)naphthalene
PBS phosphate buffered saline
ψ atomic or molecular state wavefunction
Φ quantum yield
r0 fluorescence anisotropy in time zero
rSS , r(t) steady-state and time-resolved fluorescence

anisotropy
R radius
R0 Förster radius
RET resonance energy transfer
RhB rhodamine B
Rh6G rhodamine 6G
S0, S1, S2 singlet states
SNOM scanning near-field optical microscopy
SNR signal-to-noise ratio
SX:Y stoichiometric ratio of components X and Y
σ collision radius
t time
T temperature
T1 triplet state
TAC time-to-amplitude converter
TCSPC time-correlated single photon counting
TMOS tetramethyl orthosilicate
Trp tryptophan
τ , τi lifetime, i-th lifetime component
θ rotational correlation time
[Q] quencher concentration
V volume
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Chapter 1

Introduction

Photophysical properties of a fluorophore are strongly influenced by interactions
with its immediate environment. A fluorophore probes its surroundings with a
volume of possibly a few cubic nanometers. Fluorescence thus provides a valu-
able interface between the microscopic and macroscopic world. This makes flu-
orescence spectroscopy an important analytical tool in medicine, biochemistry,
biophysics, and material sciences. The recent progress in optical microscopy
instrumentation made it possible to detect emission from a single fluorophore.
Spectroscopic experiments on a single entity give an unprecedented opportu-
nity to observe behavior which cannot be distinguished when classical ensemble
spectroscopic methods are used. For instance, if a fluorophore can transfer be-
tween fluorescent and nonfluorescent states in both directions, the measurement
of a single molecule fluorescence intensity reveals blinking of fluorescence. By
analysis of traces of single molecule emission intensity, lifetimes of the two states
can be directly measured and the heterogeneity of the ensemble can be assessed.
When a large number of molecules is observed, their blinking is out of phase
and one can measure only intensity that is averaged in both time and molecular
ensemble.

Various techniques have been successfully employed for single molecule de-
tection. These techniques include atomic force microscopy, electron microscopy,
light absorption, fluorescence, and surface-enhanced Raman scattering. First
spectroscopy experiments on single dopant molecules in condensed phase were
performed in 1989 by Kador and Moerner. They used frequency modulation
spectroscopy combined with either Stark or ultrasonic modulation of the ab-
sorption line to detect single pentacene in para-terphenyl crystal at 1.5 K in the
far wings of the inhomogeneously broadened absorption spectrum [1, 2]. Or-
rit and Bernard demonstrated also on pentacene in para-terphenyl that much
higher signal-to-noise ratio can be achieved when fluorescence excitation spec-
troscopy is used instead of doubly modulated absorption [3]. Since then, the
number of publications on single molecule fluorescence spectroscopy has been
rapidly growing, especially after it was demonstrated that single molecule de-
tection is possible using confocal microscopy, which is relatively inexpensive and
easy to implement.

Single molecule fluorescence detection is possible only when the background
signal and detection noise are adequately suppressed so that the signal exceeds
fluctuations [4, 5]. Modern semiconductor detectors have high efficiency and

1
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low dark current. The dominant source of fluctuation are therefore stray light,
scattered light, both elastically (Rayleigh) and inelastically (Raman), and aut-
ofluorescence1. Many single molecule detection techniques therefore utilise var-
ious optical microscopy techniques to reduce the observed volume of the sam-
ple. At room temperature, single molecule fluorescence has been studied by
scanning near-field optical microscopy, confocal microscopy, wide field epifluo-
rescence, two-photon microscopy, total internal reflection microscopy, and using
zero-mode waveguides [1, 4, 6–10].

There are two main approaches of single molecule fluorescence studies at
room temperature – measurements on diffusing molecules and on immobilised
molecules [7]. In the first method, fluorescence from a small volume (typically
< 0.1 fL) of a diluted solution of a dye is monitored as a function of time. As
fluorophores diffuse in and out, bursts of single molecule emission are observed.
In this method, the time available for observation of a single molecule is limited
by the time it takes for the molecule to diffuse through the volume. The obser-
vation time can be extended by using an appropriate immobilisation method.
Thus, kinetic processes, such as enzyme catalysis and protein folding, can be ob-
served for several seconds and longer. In order to prevent translational diffusion
of a fluorophore, it can be tethered to a surface, covalently or non-covalently, or
it can be entrapped in a transparent solid such as a polymer film or a gel.

Single molecule fluorescence spectroscopy is of particular interest for studies
of biomolecular systems because they exhibit both single-molecule operations
and heterogeneity [20–23]. To study processes such as protein folding or inter-
action between biomolecules on single molecule level, it is necessary to develop
suitable immobilising aqueous environments that would preserve the nature of
the investigated biomolecule. Entrapment can be achieved in water-filled organic
gels like agarose or poly(acrylamide) gels. Inorganic silica matrices prepared by
sol–gel method can also be used for biomolecule encapsulation with some unique
advantages.

Although many useful information have been obtained from single molecule
experiments, most of the articles, that were published before the work on this
thesis started, were on proof-of-principle experiments that were carried out in
order to establish and systematize the new methodology. The true expansion of
applications of the technique was still expected to come. It is only recently that
a notable commercial application of single molecule fluorescence spectroscopy
was introduced by Pacific Biosciences – single molecule real time DNA sequenc-
ing [24, 25].

About this thesis

This thesis generally focuses on methods of single molecule imaging and spec-
troscopy of immobilised fluorophores carried out at room temperature. Par-
ticular attention is given to fluorescence methods of characterising material
properties of inorganic silica sol–gel matrices as these can provide a suitable
immobilising environment even for sensitive biomolecules.

1“It is not difficult to detect the fluorescence of a single molecule but not to detect anything
else” – R. A. Keller
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Chapter 2 gives an overview of theoretical fundamentals of interaction be-
tween photons and molecules with an emphasis on phenomena and concepts
that are encountered in the following chapters. Main measurement and data
analysis techniques are summarised in chapter 3 together with a description of
instruments used in experiments.

The general topic of experimental projects presented in chapter 4 is the
characterisation of inorganic silica matrices using absorption and fluorescence
spectroscopy. Silica sol–gels are built from spherical particles, typically 2−5 nm
in diameter, that are fused together into clusters. These clusters form a three-
dimensional highly porous structure of almost fractal-like chains, resulting in
a macroscopically solid, jelly-like material. The structure can be used for en-
capsulation of sensitive biomolecules such as proteins. In this case, a hydrated
silica matrix is formed around individual protein molecules, which keeps them
immobilised in a close-to-natural environment. Thus, sol–gels can be used as
a host material for biomolecules in single molecule imaging and spectroscopy.
Material properties of sol–gels are strongly dependent on the size distribution
and the spatial arrangement of the nanoparticles in space. Fluorescence spec-
troscopy techniques are well suited for monitoring the assembly process as well
as the resulting host matrix properties.

Section 4.1 deals with some aspects of a method of silica nanoparticle size
measurement using fluorescence anisotropy decay analysis. When multiple flu-
orophores are attached to a surface of a small spherical particle, excitation
energy migration between the fluorophores may occur, leading to depolarisation
of fluorescence. Since the efficiency of the transfer is strongly dependent on the
distance between the fluorophores, the phenomenon of energy migration can, in
principle, be used to measure the size of a nanoparticle. Experiments presented
in section 4.1 were carried out in order to test the possibility of using silica
nanoparticles in a stabilised colloidal solution labelled by laser dye rhodamine
6G as a reference system to study donor-donor energy migration on a spherical
surface.

Section 4.2 describes how structural changes during the sol–gel process in-
fluence dynamic quenching of perylene fluorescence by Co2+ ions. The aim was
to extend previous study on possibility of using the perylene - Co2+ pair for
characterisation of silica gel morphology based on recovering a donor-acceptor
distance distribution function from a recorded fluorescence decay [26]. For such
application, it is necessary to know the mechanism of fluorophore and quencher
interaction through all stages of the sol–gel process.

In section 4.3 it is demonstrated how the environment-sensitive fluorescent
probe prodan can be utilised for optimisation of protocols for protein encapsula-
tion in silica sol–gels. The biocompatibility of a tetramethyl orthosilicate sol–gel
monolith was demonstrated by preserving the trimer protein allophycocyanin
in its native form for up to 500 h.

Chapter 5 presents photophysical properties of a genetically engineered glu-
cose/galactose binding protein labelled with the environmentally sensitive dye
badan. The labelled protein was designed by the group of professor John Pickup
(King’s College London) in an effort to develop a low-cost sensor for continu-
ous monitoring of blood glucose via fluorescence [27]. The system exhibits an
impressive glucose-induced change in fluorescence intensity which makes it a
good candidate for clinical use. In conjunction with a suitable immobilisation
method, the labelled protein could provide the ultimate single glucose molecule
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sensitivity. Unfortunately, single molecule spectroscopy could not be applied
to study this particular system due to technical reasons. Therefore, conven-
tional ensemble fluorescence spectroscopy methods were used in this instance
to characterise behaviour of the labelled protein at different concentrations of
glucose.

Chapter 6 discusses practical aspects of single molecule imaging and spec-
troscopy. Although single molecule fluorescence spectroscopy is fast becoming
a routine technique, its implementation is far from straightforward. One can
expect that extensive experiments on a reference sample may be necessary in
order to adopt the technique before it can be used to investigate a system of in-
terest. Chapter 6 presents such introductory experiments on a freshly installed
commercial microscope α-SNOM (WITec GmbH). The aim of the work was to
become familiar with procedures of preparing samples for single molecule imag-
ing and assess the applicability of the microscope in single molecule fluorescence
spectroscopy.



Chapter 2

Theory

Visible absorption and emission spectra of atoms consist of distinct spectral
lines which originate in transitions between discrete atomic energy levels. Light
interacts with atoms by essentially three processes – absorption, spontaneous
emission and stimulated emission [28].

If an atom in the ground state described by a wavefunction ψg is placed
in electromagnetic field, it can undergo a transition to the excited state ψe by
absorbing a quantum of the field with energy equal to the difference between
the ground state and the excited state energy,

hν = Ee − Eg (2.1)

The probability per unit time of transition from the ground to the excited state
ψg → ψe is proportional to the spectral field energy density ρ(ν) (energy of
electromagnetic field per unit volume and unit frequency interval),

wge = Bgeρ(ν)

where the constant of proportionality Bge is called the Einstein coefficient for
absorption. It can be shown that it is equal [29]

Bge =
2π2|µeg|2

3ǫ0h2
,

where h = 6.626 × 10−34 J s is the Planck constant and ǫ0 = 8.854 × 10−12

F m−1 is the permittivity of vacuum. The transition dipole moment µeg of the
transition from the ground to the excited state with wavefunctions ψg and ψe

respectively, is defined as

µeg =

∫

ψ∗
e µ̂ψgdr (2.2)

where dr = dxdydz and

µ̂ = e

(

∑

i

xi,
∑

i

yi,
∑

i

zi

)

is the dipole moment operator. The integration in 2.2 goes over all space. The
size of the transition dipole moment can be regarded as the measure of the
charge redistribution that accompanies the transition.

5
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When the atom is found in the excited state, it can undergo a transition to
the ground state while a photon of the energy given by 2.1 is released. This can
happen either by stimulated emission or spontaneous emission. In the case of
stimulated emission, the transition probability per unit time is given by

wst
eg = Begρ(ν)

where Beg = Bge is the Einstein coefficient for stimulated emission. The prob-
ability rates for both absorption stimulated emission are proportional to the
intensity of the electromagnetic field. Spontaneous emission, on the other hand,
is independent of the presence of the field. Its probability per second is

wsp
eg = Aeg =

16π3ν3

3ǫ0hc3
|µeg |2 =

8πhν3

c3
Beg. (2.3)

Aeg is called the Einstein coefficient for spontaneous emission.
In the case of polyatomic molecules, in addition to electronic transitions

discussed above, transitions between rotational and vibrational states also occur.
This leads to closely spaced groups of spectral lines [30, 31]. In liquids and solids,
spectral lines are broadened due to collisions with surrounding molecules [32].
When the broadening is larger than the separation of different spectral lines, a
spectral continuum arises.

Transitions between two different molecular states are constrained by selec-
tion rules [30, 31]. The rules are derived through the transition dipole integral

∫ ∞

−∞

ψ∗
2µ̂ψ1dr, (2.4)

where the overall wavefunction ψj , j = 1, 2 can be in the Born-Oppenheimer
approximation written as the product of individual vibrational, electronic, and
spin wavefunctions, ψj = ψj,el × ψj,vib × ψj,sp [30, 31]. The rotational con-
tribution to the selection rules can be neglected in liquids and solids. If the
integral in 2.4 is non-zero, the transition is allowed. If it is zero, the transition
is forbidden. The selection rule for vibronic transitions (i.e. transitions with
simultaneous change in electronic and vibrational energy levels), is called the
Franck-Condon principle . It states that the probability of a vibronic transition
is proportional to an overlap integral between vibrational wavefunctions of the
two states that are involved in the transition,

∫

ψ∗
2,vibψ1,vibdr,

the so-called Franck-Condon factor.
Figure 2.1 shows a diagram named after Polish physicist Aleksander Jab loński

[5, 31]. It is used to illustrate energy states of a molecule and transitions be-
tween them. The energy states are arranged vertically. The vibrational ground
states of each electronic state are indicated by thick horizontal lines, higher
(excited) vibrational states with thinner lines. There are many various versions
of the Jab loński diagram. In this particular diagram, radiative transitions, i.e.
excitation and relaxation transitions accompanied by absorption or emission of
a photon, are indicated by solid arrows pointing to the final state. Non-radiative
processes are indicated by wavy arrows. A fluorophore is usually excited to a
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hν
A

hν
F

hν
P

intersystem

crossing

fluorescenceabsorption phosphorescence

vibrational

relaxation

0
1
2
3

S0

S1

S2

T1

Figure 2.1: Jab loński diagram

higher vibrational state of S1 or S2. In a condensed phase environment, ab-
sorption is followed by rapid (picosecond) vibrational relaxation to the lowest
vibrational state of S1. The vibrational energy is dissipated through interaction
of the molecule with its surrounding. Therefore it cannot occur in an isolated
molecule. The molecule can then undergo a transition to the ground state, S1

→ S0, which is accompanied by emission of a photon. This process is called flu-
orescence. Because of the speed of vibrational relaxation, fluorescence generally
occurs from the lowest vibrational state of S1. Therefore, the emitted fluores-
cence photon has lower energy than the absorbed photon - the fluorescence band
is red-shifted in respected to the absorption. This phenomenon is called Stokes
shift. Alternatively to fluorescence, the molecule can undergo intersystem cross-
ing – a conversion to the triplet state, S1 → T1. The radiative transition from
T1 to the ground state is known as phosphorescence (T1 → S0) and for large
organic molecules typically has a lifetime of the order of milliseconds to seconds.
A molecule in S1 can also directly transfer to a higher vibrational level of the
ground state by non-radiative internal conversion, which can happen even in an
isolated molecule in gas-phase.

In condensed phase media, the molecular photophysics is strongly affected
by interaction of the fluorophore with its environment. A fluorophore dissolved
in a liquid solvent is close to equilibrium with surrounding solvent molecules. If
it is electronically excited by absorption of a photon, the charge redistribution
accompanying the transition causes that solvent molecules interacting with the
fluorophore start to reorient in order to establish new equilibrium with the ex-
cited molecule. This rearrangement is known as solvent relaxation. The energy
difference between the non-relaxed (so-called the Franck-Condon state) and the
relaxed state is larger for more polar solvent. Therefore, the position of the
emission band is shifted to longer wavelengths with increasing polarity of the
solvent. In general, fluorophores that are polar themselves (such as badan or
prodan) are more sensitive to solvent polarity than non-polar dyes (perylene,
pyrene).

Until new equilibrium between the solvent and the excited molecule is es-
tablished, fluorescence occurs from partially relaxed energy states. This can be
monitored by time-resolved spectroscopy as the dynamic Stokes shift of fluores-
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cence spectra. The rate of solvent relaxation depends on the solvent viscosity.
For small solvent molecules (water, methanol) at room temperature, it happens
on much faster time scale than nanosecond fluorescence and femtosecond spec-
troscopy techniques, such as fluorescence up-conversion, must be used to resolve
the solvation dynamics [33]. If the time scale of solvent relaxation is comparable
to the lifetime of the excited state (e.g., in the hydrophobic backbone region of
a phospholipid bilayer [34]), the process can be resolved with time-correlated
single photon counting technique described in chapter 3.

2.1 Absorption

Light passing through a media containing a dye is attenuated due to the process
of light absorption. The intensity I of the light transmitted through the sample
is given by the Lambert-Beer law,

I = I010−ǫcL, (2.5)

where I0 is the intensity of the incident light, ǫ is the (decadic) molar absorp-
tion coefficient (usually given in units M−1cm−1), c the dye concentration (in
mol×litre−1 = M) and L is the light path length through the sample (given in
cm). The molar absorption coefficient ǫ, also called the extinction coefficient,
describes the ability of a chromophore to absorb light - it is directly propor-
tional to the cross-section for absorption. Absorbance (or optical density) of the
sample is defined as

A = − log10
I

I0
= ǫcL. (2.6)

2.2 Fluorescence

Inspection of fluorescence properties – spontaneous photoemission following af-
ter absorption of light – can yield various information about the fluorophore
and its environment. Several concepts and phenomena related to fluorescence,
that are relevant in the context of this thesis, are introduced in this section.

2.2.1 Fluorescence lifetime

Suppose we have an ensemble of molecules that are excited at the same time
t = 0 by an infinitesimally short pulse of light (so-called δ-function) from the
ground state S0 to the excited state S1. The excited state is depopulated by
radiative transitions with the rate Γ (fluorescence) and non-radiative transitions
with the rate knr. The change of the excited state population N1 in the time t
after excitation is given by

dN1

dt
= −(Γ + knr)N1. (2.7)

Reciprocal of the radiative decay rate, τr = 1

Γ
, is called the radiative lifetime,

or sometimes the natural lifetime. It is the lifetime of an excited molecule in
the absence of non-radiative transitions. In some cases (e.g. perylene), the
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radiative decay rate can be calculated from absorption and emission spectra
corresponding to S0 ↔ S1 transitions, using

Γ ≃ 2.88 × 109n2

∫

I(ν)dν
∫

ν−3I(ν)

∫

ν−1ǫ(ν)dν, (2.8)

where n is the index of refraction, I(ν) is the fluorescence emission density (as
a function of wavenumber ν), ǫ(ν) is the molar absorption coefficient. This
formula does not account for an interaction with the solvent or a change of
geometry of the excited state.

Integration of 2.7 gives

ln(N1) =

∫

dN1

N1

=

∫

−(Γ + knr)dt = −(Γ + knr)t+ const. (2.9)

so, the excited state population develops in time according to

N1(t) = N1(0) exp[−(Γ + knr)t] = N1(0)e−
t
τ , (2.10)

where

τ =
1

Γ + knr
(2.11)

is the excited state lifetime. Equation 2.10 can be interpreted in terms of ob-
served fluorescence intensity, i.e.

I(t) = I0e
− t

τ (2.12)

The fluorescence quantum yield is a measure of the efficiency with which the
absorbed light produces fluorescence. It is defined as the number of photons
emitted due to radiative transitions from S1 to S0 per one absorbed photon,

ΦF =
number of photons emitted

number of photons absorbed
. (2.13)

By definition, the fluorescence quantum yield is the ratio of the radiative decay
rate to the overall rate of de-excitation processes, thus

ΦF =
Γ

Γ + knr
=

τ

τr
. (2.14)

2.2.2 Quenching of fluorescence

Any process which leads to a decrease of fluorescence intensity is called flu-
orescence quenching. Apart from trivial effects, such as a change in optical
properties of the sample or irreversible destruction of the fluorophore molecular
structure, it can be caused, for instance, by a long-range energy transfer to an
acceptor molecule, complex formation, and collisions. If the quencher interacts
with the fluorophore in the excited state, the process is referred to as dynamic
quenching. When the interaction inhibits excitation to occur, for example by
the formation of a ground state complex, it is referred to as static quenching.
A convenient way to distinguish whether the decrease of the fluorescence in-
tensity is caused by static or dynamic quenching is to study the lifetime of
the fluorophore in presence and absence of the quencher. In the case of static
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quenching, the number of fluorophore molecules able to emit a photon after
photoexcitation decreases, while the photophysics of unquenched fluorophores
remains unaltered. On contrary, dynamic quenching increases the non-radiative
decay rate, thus the fluorescence lifetime decreases.

Static quenching is caused by the formation of a non-fluorescent ground
state complex between the fluorophore and the quencher. Immediately after
such a complex absorbs light, it returns to the ground state by radiationless de-
excitation. The complex has unique photophysical properties - it often exhibits
an absorption spectrum that is different from the fluorophore and the quencher
spectrum. Even in the absence of a quencher, self-quenching of fluorescence may
occur due to the formation of non-fluorescent dye aggregates.

An important case of dynamic quenching is collisional quenching which is
caused by diffusive encounters. This type of quenching requires molecular con-
tact of the excited fluorophore and the quencher within the van der Waals
radii. Therefore, the quenching is sensitive to factors influencing the rate of
collisions. There are several de-excitation mechanisms upon contact between
the fluorophore and the quencher, for example photo-induced electron transfer,
Dexter energy exchange and heavy atom effect. It is often difficult to determine
which effect is responsible for quenching. In addition, quenching can be caused
by a combination of different mechanisms.

The frequency of collisions between the fluorophore and the quencher is
proportional to the quencher concentration, ∼ K0[Q]. The proportionality con-
stant, K0, is the bimolecular rate constant. It can be calculated from the Smolu-
chowski equation

K0 = 4πNA(σf + σq)(Df +Dq) = 4πNAσD

where NA = 6.022×1023 is the Avogadro constant, σ is the collision radius, and
D is the sum of diffusion coefficients of the fluorophore and the quencher. Since
not all collisions result in quenching of the excited fluorophore, a quenching
efficiency fq is included in the equation for the quenching rate

kq = Kq[Q] = fqK0[Q], (2.15)

where Kq = fqK0 is the bimolecular quenching constant which reflects the
quenching efficiency or accessibility of the fluorophore by the quencher.

Quenching due to collisions introduces an additional non-radiative de-exci-
tation mechanism which depopulates the fluorophore excited state. Equation
2.7 is then modified to

dN1

dt
= −

(

1

τ0
+Kq[Q]

)

N1, (2.16)

where τ0 is the fluorescence lifetime of the fluorophore in absence of the quencher.
The fluorescence intensity then decays as

I(t) = I0 exp

[

−t
(

1

τ0
+Kq[Q]

)]

= I0e
− t

τ .

Fluorescence decays exponentially with the lifetime τ that is reduced compared
to τ0 due to collisions of the fluorophore with the quencher according to

1

τ
=

1

τ0
+Kq[Q] (2.17)
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Transient effects in quenching

In reality, a fluorescence decay in some cases becomes non-exponential in pres-
ence of a quencher due to transient effects [36–38]. Due to the evolution of the
ensemble of fluorophores, the rate of collisions between the fluorophore and the
quencher is time-dependent (assuming fq = 1),

Kq(t) = 4πNAσD
[

1 + σ(πDt)−1/2
]

.

The time dependence originates in a random distribution of distances between
fluorophores and quenchers. Excited fluorophores located closer to quenchers
are quenched more rapidly. The excited state population then decays as

dN1

dt
= −

(

1

τ0
+Kq(t)[Q]

)

N1. (2.18)

The decay law for the fluorescence intensity is then

I(t) = I0 exp
[

−at− 2b
√
t
]

, (2.19)

where

a =
1

τ0
+ 4πDσNA[Q],

b = 4σ2NA

√
πD[Q].

(2.20)

Stern-Volmer plot

Equation 2.17 can be re-written for the steady-state fluorescence intensity,

τ0
τ

=
I0
I

= 1 +Kqτ0[Q] (2.21)

which is referred to as the Stern-Volmer equation. Plot of I0/I dependence on
the quencher concentration, [Q], is called the Stern-Volmer plot, which is used to
inspect the quenching process. According to 2.21, the dependence is expected
to be linear, intercepting one on y-axis. The slope of the dependence – the
Stern-Volmer constant – is equal to Kqτ0 in the case of exclusively collisional
quenching. Static quenching also results in linear Stern-Volmer plot, but, unlike
in the case of collisional quenching, τ0/τ does not depend on the quencher con-
centration. A Stern-Volmer plot can deviate from linearity for various reasons.

2.2.3 Resonance energy transfer

Another mechanism of dynamic fluorescence quenching is resonance energy
transfer (RET), also called Förster resonance energy transfer (FRET), or, in-
appropriately, fluorescence resonance energy transfer. It is a long-range radi-
ationless transfer of excitation energy from a fluorescent donor to an acceptor
which happens through Coulombic interaction often called a dipole-dipole cou-
pling. RET can also occur between two entities of the same species, i.e. two
fluorophores. The rate of RET depends on the donor-acceptor distance, an over-
lap of the donor emission and the acceptor absorption spectra, and the relative
orientation of transition dipole moments of the donor and the acceptor.
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The rate constant of RET depends on the distance R between the donor and
the acceptor as

kT (t) =
1

τD

(

R0

R

)6

, (2.22)

where τD is the excited state lifetime of the donor in absence of the acceptor and
R0 is so-called Förster distance. By definition, the efficiency of energy transfer
at R = R0 is 50%. Förster distance can be calculated from

R6
0 =

9 × 10−3(ln 10)κ2ΦD

128π5NAn4

∫ ∞

0

λ4ID(λ)ǫ(λ)dλ, (2.23)

(λ is in m and the result is in m6), where κ2 is the factor describing the relative
orientation in space of transition dipoles of the donor and the acceptor, ΦD is
the donor quantum yield, NA is the Avogadro constant, n the refractive index,
λ the wavelength, ID(λ) the spectral radiant intensity of the donor, and ǫA is
the molar decadic extinction coefficient of the acceptor. The term

J =

∫ ∞

0

λ4ID(λ)ǫ(λ)dλ

is called the overlap integral. The extinction coefficient is given in units of
M−1cm−1 and the wavelength is in nanometers. The Förster distance can be
calculated using the simplified formula

R0 = 9.78 × 103
(

κ2n−4ΦDJ
)1/6

(Å)

where the result is in angstroms (1 Å= 10−10 m).
The orientation factor κ2 can in principle take values from 0 (perpendicular

transition moments) to 4 (collinear and in line). For randomly oriented dipole
moments (e.g. in fluid solutions), κ2 = 2

3
. The donor fluorescence intensity

decays as

I(t) = I0 exp

[

− t

τD
− 2γ

√

t

τD

]

, (2.24)

The parameter γ is given by

γ =
2π3/2NAR

3
0[A]

3
=

[A]

[A0]
,

where [A] is the acceptor concentration given in mol m−3 and [A0] = 3

2π3/2NAR3
0

is the critical concentration.

2.2.4 Fluorescence anisotropy

Polarised light is preferentially absorbed by fluorophores with their transition
moments aligned parallel to the direction of the excitation light polarization.
This results in a partially oriented population of excited fluorophores and in
partially polarised fluorescence emission. Fluorescence anisotropy is defined as

r =
I‖ − I⊥

I‖ + 2I⊥
(2.25)
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Figure 2.2: To the definition of fluorescence anisotropy

where I‖ is the intensity of fluorescence polarized vertically (i.e. in parallel to
the vertically polarized excitation light) and I⊥ is the intensity of fluorescence
polarized horizontally (see figure 2.2). There are several phenomena that can
lower the anisotropy value. In a homogeneous solution of fluorophores, the
fluorescence is depolarized by rotational diffusion. For a non-spherical molecule,
the anisotropy decays with up to five correlation times

r(t) =

5
∑

i=1

r0ie
− t

θi ,

where θi are correlation times and r0i are fractional anisotropies. The anisotropy
r =

∑

i r0i at t = 0 is equal to

r0 =
3 cosβ2 − 1

5
,

where β is the angle between the absorption and emission dipole moments of
the fluorophore. Therefore, r0 takes value between −0.2 (perpendicular dipole
moments) and 0.4 (parallel). At β = 54.7◦, so-called magic angle, r0 = 0.

The anisotropy decay function depends on the geometry of the fluorophore,
the orientation of transition dipole moments within the dye molecule, and in-
teraction with surrounding solvent molecules. Since some correlation times can
be very close in magnitude, the number of anisotropy decay parameters can
decrease. In practice, no more than three correlations times are expected. For
an isotropically rotating molecule, all correlation times equal in magnitude, and
the decay of anisotropy is single-exponential

r(t) = r0e
− t

θ , (2.26)

with the rotational correlation time1

θ =
ηV

kBT
, (2.27)

where η is the viscosity, V = 4/3πr3 is the volume of the rotating sphere,
kB = 1.38×10−23 J·K−1 is the Boltzmann constant, and T is the temperature in

1The correlation time is related to the rotational diffusion coefficient Dr by θ = (6Dr)−1.

For a sphere, Dr = kBT

8πr3η
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kelvin, K. Thus, the measurement of anisotropy decays can be used for example
to estimate the size and the shape of a rotating object labelled with a fluorescent
probe.

The molecule of Rhodamine 6G is an example of a spherical rotor with
single-exponential anisotropy decay. The anisotropy decay of perylene, on the
other hand, is two-exponential.

The value of steady-state fluorescence anisotropy can be calculated according

rss =

∫∞

0
r(t)I(t)dt

∫∞

0
I(t)dt

. (2.28)

In the general case, when both fluorescence and anisotropy decay multi-expo-
nentially, 2.28 becomes

rss =

∑

i

∑

j
τiαiθjr0j
τi+θj

∑

k τkθk

2.3 Phosphorescence

Photoemission due to the transition from the first triplet state T1 to the ground
state S0 is called phosphorescence. Triplet states have a different spin multi-
plicity than singlet states. The molecule can transfer to a triplet state from
a photo-excited singlet state by so-called intersystem crossing. The transition
from T1 to the ground state S0, is “forbidden” because it must be accompanied
by the change of the spin multiplicity. Phosphorescence still occurs, it happens
however on a significantly longer time scale than fluorescence, typically millisec-
onds. Some compounds have triplet state lifetimes of the order of minutes or
even several hours. In liquid solutions at room temperature, phosphorescence is
kinetically unfavoured and most molecules in the triplet state return to ground
state by non-radiative paths prior to emission. This results in a low quantum
yield of phosphorescence.

If fluorescence from a single fluorophore is observed, a transition to a triplet
state leads to decrease of fluorescence signal - the fluorophore image disappears.
When the fluorophore returns to the ground state from the triplet state within
the observation period, fluorescence switching on and off (blinking) is observed.

2.4 Raman scattering

Most of the light scattered by a sample has the same wavelength as the excitation
light, i.e. it is scattered elastically (Rayleigh scattering). A small fraction of the
scattered light has the wavelength different from that of the excitation light.
This is caused by inelastic Raman scattering. Unlike in the case of Rayleigh
scattering, Raman scattering is accompanied by a change in rotational, vibra-
tional, or electronic energies of interacting molecules. In the case of liquids and
solid materials, transitions occur between different vibrational levels. An inci-
dent photon is absorbed and emitted by the molecule of the scattering medium
via a virtual electronic state. The energy difference between the incident and
the scattered light is equal to the difference between the energy levels of the
molecule. The scattered light can have either lower or higher energy than the
incident light. If the molecule ends up in a higher energy state, the scattered
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light is red-shifted, we talk about Stokes shift. Anti-Stokes (blue) shift occurs,
when the molecule loses its energy in the scattering process. The shape of
the Raman spectrum is given by selection rules and the occupation of different
rotational-vibrational energy states. Stokes and anti-Stokes bands are sym-
metrically distributed around the Rayleigh band. In thermal equilibrium, the
population of lower energy states is higher (given by Boltzmann distribution),
which means that Stokes bands have higher intensities than anti-Stokes.

When studying fluorescence of dye molecules dissolved in a liquid solvent
or doped in a solid media (such as glass), the spectrum of the light inelasti-
cally scattered by the host material may overlay with the dye fluorescence and
significantly distort recorded spectra. The presence of a Raman peak is often
observed when working with dilute solutions or a dye with low-quantum yield.
The energy difference between the excitation and the scattered light is inde-
pendent on the wavelength of the excitation light. It is given by the difference
between vibrational energy levels of the solvent. Therefore, Raman bands can
be identified by changing the excitation wavelength and evaluating the shift of
bands in the spectrum.

In single molecule fluorescence imaging, the scattered and the reflected exci-
tation light significantly contributes to the background signal, which limits the
signal-to-noise ratio. Unlike the reflected and the elastically scattered light, Ra-
man bands overlaying with the monitored fluorescence band cannot be filtered
out by the use of cut-off filters. The necessity of reducing the background signal
is the reason why techniques such as near-field, total reflection, and confocal
microscopy are used in order to minimize the observed volume and thus reduce
Raman scattering.
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Experimental methods

In this chapter, main experimental techniques used in this thesis are introduced
together with a brief description of measuring devices. Principles of measuring
methods are presented with emphasis on time-resolved fluorescence measure-
ment and fluorescence confocal microscopy. Methods used for statistical analysis
of recorded fluorescence decays and spectra are also explained here.

3.1 Instrumentation and data collection

3.1.1 Steady-state spectra

Absorption

Absorption spectra were recorded with Lambda 2 UV/Vis (PerkinElmer) spec-
trophotometer or UV 1601 (Schimadzu). Both instruments work on the same
principle. Two light sources are used – a halogen lamp for measurements in
the visible region, 350 - 900 nm, and a deuterium lamp to cover the UV re-
gion down to 190 nm. A single-grating monochromator is used to select the
required wavelength from the continuous spectrum produced by the appropri-
ate lamp. The quasi-monochromatic light is routed to the sample compartment.
The light transmitted through a sample (usually contained in a square cuvette
with 1 cm path length) is then monitored by a detector. The detector signal is
recorded while the wavelength of the light is scanned. Most spectrometers al-
low to correct for the background by measurement in double-beam geometry, in
which the difference between two signals is recorded – one light beam is passing
through the studied sample, second through a “blank” sample, containing the
host medium only. However, it turned out that for the experiments presented
here, the most reliable method was to record the sample absorption spectrum
and the background spectrum separately and subtract them afterwards. This
approach allows for better control over various influences affecting the measure-
ment. The background originates in the absorption of light by the solvent itself,
scattering, and reflections from the cuvette walls. Because the material and the
geometry of each cuvette may differ slightly, when possible, the background and
sample absorption were recorded using the same cuvette.

16
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Fluorescence

Steady state fluorescence spectra were recorded with FluoroMax-2 (ISA/Jobin
Yvon/Spex) spectrofluorometer. It comprises of a xenon (Xe) lamp for exci-
tation, two monochromators (one for selecting excitation wavelength and sec-
ond for emission) with adjustable slits for selecting the bandwidth and a R928
(Hamamatsu) photomultiplier. The excitation and emission spectra were re-
corded by scanning the respective monochromator, while keeping the other
wavelength fixed. Fluorescence emission spectra presented in this thesis have
not been corrected for the wavelength dependency of the detector quantum
efficiency.

For recording steady state anisotropy spectra with FluoroMax-2, a manually
controlled, home-built polariser holder was used. Grating monochromators are
usually polarising the transmitted light to some extent, which results in different
detection sensitivity for vertically and horizontally polarised light. Therefore, a
scaling factor must be also recorded for each wavelength – so-called G-factor.
It is defined as

G(λ) =
SV (λ)

SH(λ)
,

where SV and SH are the detection sensitivities for vertically and horizontally
polarised emission. G-factor can be calculated using

G(λ) =
IHV (λ)

IHH (λ)
, (3.1)

where IHV (λ) is the intensity recorded with the excitation polariser in horizontal
position (i.e., blocking the vertically polarized light) and the emission polariser
in the vertical position. IHH(λ) is defined accordingly. The anisotropy is then

r =
IV V −G× IV H

IV V + 2G× IV H
. (3.2)

3.1.2 Time-resolved fluorescence

Decays of fluorescence were measured by time correlated single photon count-
ing (TCSPC) which is a well established method in time-resolved fluorescence
spectroscopy. A modular system based on FluoroCube (HORIBA Jobin Yvon)
lifetime spectrofluorometer was used for recording of fluorescence decays. For
fluorescence excitation, a set of pulsed light emitting diodes and laser diodes
(IBH NanoLED) was available. The full width at half maximum (FWHM) of
pulses is . 300 ps for diode lasers and ∼ 1 ns for light emitting diodes. Depend-
ing on the experimental set-up, monochromators or sheet polarisers could be
included in the excitation and emission path. An IBH TBX-04 photomultiplier
module was used as a detector. To recover fluorescence kinetics from recorded
decay data by reconvolution (see 3.2.1), Decay Analysis Software v6.1 (DAS6,
IBH) was used [39].

Time Correlated Single Photon Counting is one of the most common tech-
niques for measuring fluorescence lifetimes. The principle of the method is
repetitive measurement of the relative interval between the moment of excita-
tion and photon emission [40]. The higher number of photon detection event is
accumulated, the higher is the statistical precision. TCSPC can be employed in
both ensemble and single-molecule measurements.
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Figure 3.1: Principle layout of a TCSPC experiment

Principle of TCSPC operation

The diagram of the TCSPC principal set up is shown in figure 3.1. A pulsed light
source repetitively excites the sample. A signal that is synchronous with the
excitation source is fed to the START input of the time-to-amplitude converter
(TAC). The synchronisation signal may be derived from the excitation source
using a photo-diode, photomultiplier, or the drive circuit of the power supply.
Upon detection of an electrical pulse on the START input, a condenser built in
the TAC starts to charge up by a constant current. The signal from the detector
of fluorescence is connected to the STOP input of the TAC. Charging of the
condenser is stopped when a fluorescence photon is detected and a pulse with
an amplitude proportional to the capacitor voltage is generated on the output
of the TAC. The amplitude of the pulse is proportional to the time interval
between START and STOP pulses arrival. In the case that no STOP pulse is
detected during an interval called the TAC range, the capacitor is discharged
and no output is generated. The TAC output is analysed by a multichannel
analyser (MCA) which is usually accomplished by a specialized computer card.
The electrical pulse amplitude is converted by a calibrated digital-to-analog
converter to a time channel and stored in the computer memory. A histogram
of the number of photon detection in each time channel is then constructed.
The histogram resembles a fluorescence decay of the sample convoluted with
the response of the instrument.

Pile-up effect

Multiple detection during a single excitation cycle leads to the so-called “pile-
up problem”. The principle of TAC operation described above allows only the
first detection event to be recorded. If there is a probability of detecting more
than one photon during a single excitation cycle, the resulting histogram seem-
ingly indicates a higher probability of photon detection in shorter times after
excitation. To avoid this histogram distortion, the intensity upon the fluores-
cence detector must be controlled to ensure that no more than a single photon
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Figure 3.2: Principle set up of a confocal microscope

is detected during one excitation cycle. In practice, the number of fluorescence
photon detection per second is kept smaller than 2% of the excitation pulse rate.

Reverse mode of operation

The TCSPC diagram depicted in figure 3.1 is the set up in so-called forward
mode of operation. A START signal has the same frequency as the excitation
source. During the majority of TAC cycles, STOP pulses do not arrive within
the TAC range interval and the TAC is kept busy much more than needed. Since
the photon detection per second must be limited due to the pile-up problem, it
is advantageous to excite the sample with highest possible frequency that allows
depopulation of all fluorophores during the excitation cycle. At higher repetition
rates, the forward mode of operation has a clear disadvantage. The proportion
of the STOP pulse rate and the TAC output rate significantly increases. This is
because the number of operation cycles of the TAC is limited by the length of a
reset period (the dead time) during which the TAC does not accept any input.
The probability of the STOP pulse arriving during the reset cycle increases
and many detection events are lost. In order to utilize full potential of the
TAC, TCSPC can be operated in the reverse mode in which the fluorescence
detector is connected to the START input of the TAC and excitation source
synchronisation signal is connected to the STOP input. In the reverse mode,
the STOP pulse should be delayed to ensure that it arrives at the TAC input
later than the START pulse.

3.1.3 Fluorescence microscopy

The principal set up of a confocal microscope is shown in figure 3.2. A point-
like light source is focused by an objective onto a sample. The reflected light or
fluorescence is then focused by the same objective into a pinhole placed in front
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of a detector. The pinhole transmits only the central part of the focused beam.
Rays that do not come from the objective focal plane (indicated by grey lines
in figure 3.2) can not reach the detector, which enhances the contrast strongly.
Alternatively, the transmitted excitation light or fluorescence from the sample
can be collected by a second objective. The image is formed by line-by-line
scanning across the sample and recording the detector signal from each point
of the scanned area. This can be accomplished either by scanning the sample
placed on a piezoelectric stage or by scanning the beam by a pair of mirrors. The
beam-scanning method can be used in reflection set up, where both excitation
and reflected beams are scanned by x and y scanning mirrors. This ensures
that the excitation spot is always focused on the detector pinhole. When stage
scanning is used, the beams remain stationary with respect to the optics, which
means that objective aberrations do not influence the resulting image and good
images can be recorded even when using cheaper optics. Scanning the stage also
makes optics alignment much easier, if the transmitted light is detected.

The resolution of the image depends on the size of the excitation light spot
in the object focal plane of the objective, as well as the size of the detector
pinhole [41]. The parameter describing resolution of a microscope objective is
numerical aperture

N.A. = n sin Θ, (3.3)

where n is the refractive index of the medium between the objective and the
sample and Θ is the angle under which the light from the sample is collected
by the objective lens. Since the refractive index of air is n = 1, the numerical
aperture of an objective working in air is always smaller than 1. Higher res-
olution can be achieved with oil immersion objectives with N.A. reaching 1.4.
According to the Rayleigh criterion, the diffraction limited resolution at optimal
conditions is [42]

∆ = 0.61
λ

N.A.
, (3.4)

where λ is the light wavelength.

Fluorescence images were recorded using the α-SNOM (WITec GmbH, Ger-
many) microscope [43]. The layout of the microscope is shown in figure 3.3. The
instrument has a versatile design allowing various applications. It can be used
for scanning confocal microscopy, atomic force microscopy (AFM), or scanning
near-field optical microscopy (SNOM) using a special silicon cantilever with an
aluminium coated pyramidal tip [44] on its end. In the SNOM mode, a sub-
wavelength sized aperture in the aluminium coating on the tip apex serves as
a point-like near-field source. In the confocal microscopy mode, the microscope
can be operated in the reflection or transmission mode. For imaging of single
molecule fluorescence, the confocal microscopy in reflection was found to be the
most convenient arrangement.

A compact continuous Nd:YAG laser is used as an excitation source for
SNOM and confocal microscopy. The maximal available output power is 100 mW
at 532 nm (second harmonic). The excitation intensity is regulated manually
by a shutter driven by a micrometer screw. The excitation light is delivered
to the microscope body by a single-mode polarisation-preserving optical fibre.
The light is collimated in the microscope body and focused onto a sample by
the infinity corrected microscope objective. In the reflection set up, fluorescence
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together with the reflected excitation light is collected by the same objective.
The reflected light is filtered out by a bandpass filter and fluorescence is focused
into a multi-mode fibre which delivers fluorescence to a detector. The sample
is placed on a high-precision, piezoelectrically driven scanning stage. A two-
dimensional image is acquired by scanning the stage line by line and plotting a
signal from the detector. The cores of the single-mode and multi-mode fibres
serve as the pinholes for confocal microscopy.

For imaging purposes, the light collected from the sample is coupled through
the multi-mode fibre to a SPCM-AQR (Perkin-Elmer) avalanche photodiode
(APD) module with over 65% photon detection efficiency at 650 nm. The mod-
ule gives a standard pulsed output (TTL) synchronised with detection events.
Alternatively, the multi-mode fibre can be connected to a spectrograph. An Ac-
ton SP2300i (Princeton Instruments) monochromator with 300 mm focal length
is used. It has a triple turret with 150, 600 and 1200 g/mm gratings mounted, so
the monochromator dispersion can be chosen depending on the application and
the required spectral resolution. The monochromator has two detector ports.
One is equipped with a DV401A-BV (Andor) back-illuminated CCD camera
allowing the spectrum of the collected light to be recorded. The second port is
equipped with an additional APD module for imaging at a single wavelength
(e.g., when performing Raman microscopy).
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3.2 Data analysis

3.2.1 Fluorescence decay reconvolution

Pulse techniques, such as TCSPC described in section 3.1.2, are used to measure
fluorescence kinetics of a sample, i.e., the response of the sample to an infinitely
short excitation pulse, so-called δ-function. For example, in the case of mono-
exponential fluorescence decay, the fluorescence response to the δ-pulse at t = 0
is

I(t) =

{

0 for t < 0,

I0e
− t

τ for t ≥ 0.

However, due to the limited response speed of the detection system and non-
zero duration of the excitation light pulses, the influence of the instrument on
recorded data cannot be neglected.

Under linear conditions (i.e., the sample is far below saturation), the recorded
decay Y (t) is given by the convolution of the fluorescence kinetics I(t) and the
instrument response function P (t),

Y (t) = P ⊗ I =

∫ +∞

−∞

P (t− τ)I(τ)dτ = I ⊗ P,

where P itself is given by the convolution of the excitation pulse shape E(t) and
the response of the detection system D(t),

P (t) = D ⊗ E.

In order to recover fluorescence decay free of instrumental influence, reconvolu-
tion of recorded decay data with instrument response function is used [39]. The
instrument response function (also called the prompt), is usually recorded under
the same conditions as the fluorescence decay, with the sample replaced by a
light scatter. Using a scatter for recording the prompt causes that the prompt
is recorded at different wavelength than the fluorescence decay. However, the
wavelength dependency of the detector response is often negligible.

The fluorescence decay is not recorded as a continuous function Y (t) of
time, but as a number of counts in discrete time intervals - channels, Y (i). The
convolution of two discrete functions must be used instead of integral.

In the process of reconvolution, a proper theoretical model function I(t) for
the fluorescence decay is chosen, for example the single- or multi-exponential
model, or the function given by 2.24 or 2.19. This function is then convoluted
with the recorded prompt, which yields fit data points,

F (i) =

+∞
∑

n=−∞

P (i− n)I(n).

These fit points are then compared to recorded data points Y (i) by the least
squares method. Parameters of the fluorescence model functions are optimized
by iteration to minimize the sum of weighted residuals

χ2 =

N
∑

i=1

[

Y (i) − F (i)

σ(i)

]2

(3.5)
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Figure 3.4: Top: An example of a bad fit - synthetic data generated with a two-
decay-time kinetic model (grey dots) fitted by the mono-exponential function
(black solid line). Residuals plotted in the inserted box are clearly correlated.
Bottom: A good fit - the same data fitted with the two-exponential function.
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where σ(i) is the expected standard deviation. For the Poisson distributed noise,
σ(i) =

√

I(i) ≈
√

Y (i). For a good fit, χ2 ≈ N − ν, where N is the number
of channels and ν is the number of fit parameters. In practice, the normalized

χ2
N = χ2

N−ν value is used, which should be close to 1 for a good fit. The goodness
of the fit should be further verified by inspecting the weighted residuals

R(i) =
Y (i) − F (i)

σ(i)
,

which should be randomly distributed around zero, showing no correlation (see
the example in figure 3.4).

3.2.2 Fitting of electronic spectra

It is often desired to reduce a large set of data representing a fluorescence or ab-
sorption spectral band of a studied dye to a few parameters describing the bands
positions and shape. Smooth electronic spectra of complex organic molecules
can be often well described by the analytical four-parameter log-normal function
defined as [45–50]

ILN (λ) =

{

Imax exp
[

− ln 2

ln2 ρ
ln α−λ

α−λmax

]

for λ < α,

0 for λ ≥ α,
(3.6)

where ρ = λmax−λ
−

λ+−λmax
is the asymmetry parameter, α = λmax + wρ

ρ2−1
is the

function limiting point, and w = λ+ − λ− is the bandwidth. It is obvious that
Imax = I(λmax) and I(λ−) = I(λ+) = Imax exp [− ln 2] = Imax

2
. The log-normal

function is limiting to Gaussian function for ρ→ 1,

IG(λ) = Imax exp

[

−4 ln 2
(λ− λmax)2

w2

]

In the fitting procedure, recorded spectrum points are compared to the log-
normal function by the method of least squares, similarly to the fitting method
described in the previous section. Optimal parameters λmax, Imax, w and ρ
are found, minimizing the difference between the analytical and recorded data
points. As it is demonstrated in figure 3.5 on the example of badan dissolved
in two different solvents, the log-normal function sometimes fits excellently the
recorded spectrum and sometimes not so well - especially when the vibrational
structure of the band is significantly manifested. In some cases, a suitable choice
of data weights can ensure better affinity of the fitted function in the region of
interest.

A custom written script was used for fitting electronic spectra by Matlab
R2009b (Mathworks) software.
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Host matrix studies

The sol–gel process is a wet-chemical technique in which a liquid solution (col-
loidal sol) is gradually evolving towards a gel – network containing both liquid
and interconnected solid particles [51]. Various sol–gel protocols are used for
preparation of monolithic glasses, ceramics, anorganic membranes, protective
thin-film coatings, and other materials. Precursors in the sol–gel process consist
of metal or metalloid element surrounded by various ligands. Typical examples
are semi-metal alkoxides tetramethyl orthosilicate (TMOS) and tetraethyl or-
thosilicate (TEOS) that are both widely used in sol–gel research. They undergo
hydrolysis and polycondensation reactions to form a sol – a colloidal suspen-
sion of solid particles in a liquid. Particle sizes are typically 1 − 1000 nm, i.e.,
they are small enough to exhibit Brownian motion. As the sol evolves, particles
can eventually aggregate and form three-dimensional microporous network. An
example of gel formation from TMOS as a precursor is depicted in figure 4.11
(section 4.2, page 46).

Water-filled inorganic silica matrices prepared by the sol–gel method provide
an excellent host material for fluorophore immobilisation. They are of partic-
ular importance for single biomolecule studies and fluorescence-based sensing
using analyte-sensitive biomolecules [52]. Fluorescent macromolecules (such as
the fluorophore-labelled protein described in chapter 5) are entrapped in the
microporous matrix whereas smaller analyte molecules may diffuse through the
structure and interact.

Both physical and chemical properties of the resulting gel can be tailored
through a variety of parameters of sol–gel processing, such as the sol com-
position, temperature, pH, etc. Despite the numerous studies focused on the
synthesis of silica matrices by the sol–gel method, there are still some points
open to questions. In order to be able to optimise properties of the final product
for an intended application, it is of great importance to develop reliable meth-
ods to control each stage of polymerisation. It has been shown that fluorescent
molecular probes can be used to monitor the sol–gel process in situ without
interfering in its natural course [53–59]. Application of fluorescent probes in
investigation of inorganic silica matrix properties on the microscopic scale is the
general subject of this chapter. Due to the variety of phenomena discussed here,
each section is provided with a more specific introduction.

26
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4.1 Interaction of Rhodamine 6G and colloidal

silica

4.1.1 Introduction

It has been shown that fluorescence spectroscopy techniques can be used for
nanoparticle size measurement in colloidal solution [53–56]. When a fluorescent
dye is attached to a spherical particle, the recorded fluorescence depolarization
reports on Brownian rotation of the particle. The rotational correlation time
obtained by the time-resolved anisotropy measurement can be used to calculate
the size of the nanoparticle through relationship 2.27, page 13. Using this tech-
nique, particle sizes of ∼ 1 − 10 nm can be measured with several advantages
compared to other conventional methods such as small angle X-ray scattering,
small angle neutron scattering, transmission electron microscopy and light scat-
tering.

This section presents studies of the interaction between Rhodamine 6G
(Rh6G) and silica nanoparticles in colloidal solution Ludox (W. R. Grace &
Co.). The topic is related to experiments carried out previously in the Pho-
tophysics group in order to establish fluorescence depolarisation measurements
as a standard nanometrology technique to measure size of spherical nanoparti-
cles [53]. Due to electrostatic attraction, a cationic Rh6G fluorophore is non-
covalently bound to a negatively charged surface of a silica nanoparticle. The
fluorophore is participating in the particle’s rotation, thus the decay of the flu-
orescence anisotropy reports on the speed of rotation and therefore the size
of the particle. However, if the probability of occurrence of more than one
fluorophore bound to a single particle is increased, energy transfer from one
fluorophore to another can happen. This process, known as donor-donor energy
migration (DDEM), contributes to the fluorescence depolarisation. Because the
probability of energy transfer depends strongly on the distance between the two
fluorophores, analysis of the fluorescence anisotropy decay can, in principle, be
used to extract information on the particle size. The development of particle
size measurement method utilising analysis of fluorescence depolarisation mea-
surements in terms of DDEM would expand the variety of available fluorescence
spectroscopy technique in nanometrology. The primary aim of experiments pre-
sented in this section was to examine Rh6G/Ludox solutions as a reference
system to study DDEM on the surface of well defined spherical particles. Pre-
liminary experiments indeed showed decrease of fluorescence anisotropy with
increasing number of fluorophores per particle. However, more detailed study,
that is to be presented here, leads to a conclusion that the anisotropy decrease
is governed by formation of dye aggregates, rather than DDEM.

Ludox

Ludox R© is a registered trademark currently owned by W. R. Grace & Co.,
who acquired Ludox colloidal silica business from E. I. du Pont de Nemours
& Co. in 2000. Colloidal silica is used in a wide range of applications in
material research and industry. For example, it is often used as an additive for
modifying surface properties of solid materials. Ludox is a stabilised aqueous
dispersion of silicon dioxide particles with a well defined spherical shape and
uniform size. Although negatively charged particles in Ludox repel each other,
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SM30 AM30 AS40
stabilising counter ion Sodium Sodium Ammonium
particle charge Negative Negative Negative
aver. particle diameter (nm) 7 12 22
specific surface area (m2g−1) 345 230 135
silica (as SiO2), (wt%) 30 30 40
pH (at 25◦ C) 10.2 8.9 9.1
titratable alkali, (wt%) 0.58 (Na2O) 0.24 (Na2O) 0.16 (NH3),

0.08 (Na2O)
SiO2/Na2O (by wt) 52 125 255
chlorides (as NaCl), (wt%) 0.010 0.007 0.002
sulfates (as Na2SO4), (wt%) 0.030 0.006 0.005
density (25◦ C) (g mL−1) 1.22 1.21 1.30
concentration (mol L1) 1.35 × 10−3 2.81 × 10−4 6.63 × 10−5

Table 4.1: Ludox properties

when the colloid is exposed to atmosphere for a sufficiently long time, silica
particles start to fuse together into clusters and eventually form a gel. There
are several Ludox products available with different composition and particle
size. Colloids used in this thesis, Ludox AS40, AM30, and SM30, have particle
diameter 22, 12, and 7 nm, respectively. Properties of these colloidal solutions
are listed in table 4.1. All, except the silica particle concentration, are taken
from the data sheets [60]. The manufacturer does not provide any data on
heterogeneity in the particle size distribution. Scanning electron microscopy
measurements on dried AS40 confirmed a relatively narrow size distribution
with a standard deviation of 2.5 nm [53]. However, there might be batch-to-
batch variations of the average particle size [53].

The molar concentration of silica particles in Ludox colloidal solution was
estimated from the specifications given by manufacturer in [60]. The number
of particles in a certain volume of the colloid can be calculated by dividing the
mass of silica in this volume by the mass of one nano-particle (spherical shape is
assumed). The resulting formula for molar concentration of silica nanoparticle
is then

[NP] =
pdcolloid

dsilica4/3πR3NA
,

where p is weight percentage of silica in the colloid, dcolloid is the total density
of the colloid, dsilica is the silica density, R is the particle radius, and NA =
6.022 × 1023 mol−1 is the Avogadro constant.1 The density of silica in the
colloid, can be estimated using

dsilica = p×
(

1

dcolloid
− 1 − p

dwater

)−1

,

when assuming that the content of substances other than water and silica can
be neglected. Then

[NP] =
1

4/3πR3NA

(

1 − dcolloid
dwater

(1 − p)

)

(4.1)

1Avogadro’s number is the number of “elementary entities”, usually atoms, molecules or
particles, in one mole.
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nominal bias ∆[NP]/[NP]
R 11 nm 1 nm (9.1%) -0.230

dcolloid 1.295 g/mL 0.05 g/mL (3.9%) -0.135
p 0.40 0.05 (12.5%) 0.290

Table 4.2: Error of the estimation of the silica particle concentration. Example
of AS40

Ludox m1 (g) m2 (g) % p
SM30 5.3740 1.7345 32.3 0.3
AM30 6.4621 1.9801 30.6 0.3
AS40 7.5158 3.1489 41.9 0.4

Table 4.3: Measurement of silica content in Ludox: the weight of the sample
before (m1) and after (m2) water evaporation, the percentage of m2/m2 and
the silica content p as stated by the manufacturer

It may be useful to show how large is the error of the silica nanoparticle
concentration estimated using the equation 4.1. Since the data sheets do not
provide any precision of the experimentally measured parameters, the formula
for error propagation can not be applied. Instead, we can try to vary param-
eters by certain amounts and see what effect this would have on the resulting
concentration value. This is a form of sensitivity analysis, that can give insight,
what the systematic error can be. When the value of variable x is biased by
∆x ≪ x, the relative change in the value of function f(x) is f(x+ ∆x)/f(x).
Thus

∆[NP]

[NP]
=

[NP](R+ ∆R, dcolloid + ∆dcolloid, p+ ∆p) − [NP](R, dcolloid, p)

[NP](R, dcolloid, p)
.

This means, that if, for example, the real proportion of silica in AS40 would
be overestimated by 0.05 (which is approx 13%), the resulting value would be
overestimated by 30%. From the values in the last column in table 4.2, one can
conclude that there can be a large error in the particle concentration calculated
using 4.1. As was already noticed, the actual variations of nominal values of R,
dcolloid and p are not known, so the bias values in table 4.2 are based on a mere
guess. They are, however, quite realistic. For example, the actual content p of
silica in colloidal Ludox can be checked simply by weighting a Ludox sample
before and after liquid phase evaporation. The result of such experiment is
shown in table 4.3. Samples were left in oven for 24 hours at ∼ 60◦ C. After
that samples gelled and cracked. The silica content in Ludox is the ratio of the
dry sample to the wet sample weight, m2/m1. As can be seen, the actual value
of p may differ by few percent from the nominal value.

Rhodamine 6G

Rhodamine 6G (Rh6G) is a water soluble fluorescent dye from the xanthene fam-
ily of dyes. It is a cationic dye which makes it suitable for non-covalent labelling
of Ludox silica particles with negatively charged surface. Rh6G has absorption
maximum at 529 nm with molar absorption coefficient 116,000 M−1cm−1, the
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emission band has maximum at 550 nm (measured in ethanol), and quantum
yield 0.95 in ethanol and 0.9 in water [61]). The fluoresce decay of Rh6G is
mono-exponential with ≈ 4 ns lifetime. Rh6G is often used as a laser dye,
thanks to its high photostability and the fact that it can be excited by the
second harmonic of a Nd:YAG laser (at 532 nm) – one of the most common
solid-state lasers. Another advantage of using Rh6G as a probe in colloidal
silicas is its chemical stability over a wide range of pH.

4.1.2 Experimental results

Ludox colloidal solutions as well as Rhodamine 6G chloride were purchased from
Sigma-Aldrich and used without further purification. Several sample prepara-
tion procedures were tested, such as successive addition of silica or the dye,
mixing two separate solutions of the dye and Ludox, etc. It can be concluded
that the photophysical properties of resulting sample were quite independent
of the way the additives were mixed. In most experiments presented here, a
sample of Rh6G dissolved in distilled water was prepared from a stock solution
with a known concentration. The dye concentration was verified by absorbance
measurement. Silica was then added to the sample, either directly or from a
diluted solution, by a volumetric pipette, typically by ∼ 10 µL volume. The
dilution effect of the addition on the particle and dye concentrations was ac-
counted for in calculations, although it was quite small.

Let N̄ be the ratio of the dye concentration and the particle concentration,
N̄ = [Rh6G]/[NP]. At higher dye concentrations, particles occur with different
numbers of dye molecules attached to their surface. It is reasonable to suppose
that the population of particles labelled by a given number of fluorophores
follows Poisson distribution with N̄ as the mean number of fluorophores per
particle.

Absorption spectra

Colloidal silica is a scattering medium. In fact, it is an advantageous material for
preparing light scatter for TSCPC measurements (section 3.1.2). Therefore, the
background absorption was always recorded using a “blank” sample containing
Ludox of the same concentration and no dye. Of all three Ludox solutions stud-
ied, AS40 (largest particle diameter) scatters light most effectively and SM30
least. The most reproducible way to record absorption was to prepare aqueous
solution of Rh6G and successively increase the Ludox concentration. This, how-
ever, prevents to record background with exactly the same sample – a different
blank sample had to be prepared – which reduces somewhat the precision of the
measurement.

At sufficiently low dye concentration, N̄ ≪ 1, the absorption spectrum of
Rh6G in Ludox resembles the spectrum in aqueous solution in both position
and amplitude (comparison not shown). The shape of the spectrum also over-
laps with fluorescence excitation spectrum. As follows from the fluorescence
anisotropy measurements (presented below), most of fluorophores are attached
to silica particles at N̄ ≪ 1. This means that binding has no effect on absorp-
tion spectrum. However, when the ratio of dye concentration is increased, the
absorption spectrum is distorted. A second peak around 500 nm appears, which
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is an indication of dye aggregation (see the discussion in 4.1.3). The peak at
500 nm is more pronounced with higher N̄ . Moreover, at similar values of N̄ ,
the aggregation is stronger when the particle radius is smaller, i.e., it is most
noticeable with SM30.

Figure 4.1 shows the absorption spectra of Rh6G in Ludox solution recorded
at different nanoparticle concentrations. At a certain concentration range, it
appears that spectra intersect at a single wavelength, 508.00 ± 1.35 nm - an
isosbestic point (figure 4.1, top). The presence of the isosbestic point indicates
that strictly two species are present in the solution – in this case monomers and
dimers of Rh6G. The values of the molar absorption coefficient of monomer and
dimer are equal at the isosbestic point. At higher N̄ , absorption spectra do not
cross at a single point (figure 4.1, bottom), probably due to formation of higher
aggregates (trimers, tetrameres, etc.).

As was mentioned above, samples for absorption measurements were pre-
pared from a solution of Rh6G in water (zero nanoparticle concentration) by
gradual increase of the silica nanoparticle concentration between each scan by
addition of ∼ 10−5 L of Ludox solution with a known silica concentration.
The dye concentration is best estimated from the absorption spectrum of the
sample in absence of silica and known extinction coefficient of Rh6G in water.
When the silica concentration is increased, some dimers dissociate to monomers
which results in increase of absorbance at 529 nm (monomer peak absorption)
and decrease at 500 nm (dimer peak). The change of the spectral shape was
instantaneous with respect to the measurement speed (the entire scan of the
absorption spectrum takes ∼ 2 minutes).

Fluorescence

The fluorescence emission of Rh6G in Ludox at N̄ ≪ 1 is shifted to shorter
wavelengths by ≈ 4 nm with respect to the emission band of Rh6G in neat
water (figure 4.2). A bathochromic shift towards the emission in water was
observed, when N̄ was increased. A significant decrease of fluorescence intensity
with increasing N̄ was observed. This decrease was reversible in a sense that
by adding more silica to the sample (i.e. by allowing more surface to form
monomers) the intensity increased.

The overlap between Rh6G absorption and emission spectra gives an oppor-
tunity for energy transfer to occur between to fluorophores located on a surface
of one nanoparticle. This might lead to depolarisation of fluorescence by donor-
donor energy migration. It is instructive to compare the particle sizes listed
in table 4.1 with Förster radius (see section 2.2.3) which gives the distance of
50% probability for non-radiative energy transfer. An overlap integral (for dis-
crete data points a summation) was calculated from measured absorption and
fluorescence emission spectra according to

J =

∑

i I(λi)ǫ(λi)λ
4
i

∑

j I(λj)
,

where I(λi) is the recorded fluorescence intensity at wavelength λi, and ǫ(λi) is
the extinction coefficient at λi. The Förster radius is then

R0 = 9.78 × 103 6
√

κ2n−4ΦDJ (Å)
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Figure 4.1: Absorption spectra of Rh6G in diluted Ludox SM30. The ra-
tios of the dye and nanoparticle concentrations were N̄ ([Rh6G]:[NP] in
µM) = 0.08 (0.70:8.78), 0.11 (0.70:6.16), 0.20 (0.71:3.55), 0.27 (0.71:2.67), 0.40
(0.71:1.79), 0.80 (0.72:0.90), 1.59 (0.72:0.44) (top), and 0.19 (2.82:15.00), 0.31
(2.95:9.42), 0.47 (3.02:6.43), 0.94 (3.10:3.29), 1.56 (3.13:2.00), 2.34 (3.14:1.34),
4.71 (3.16:0.67), 9.31 (3.17:0.34) (bottom). The dashed lines represent absorp-
tion spectra of Rh6G in water.
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Figure 4.2: Left: The comparison of the normalised fluorescence emission spec-
tra of Rh6G in water and in diluted Ludox AS40. The inserted graph shows the
dependency of the wavelength λmax of the fluorescence emission maximum on
the ratio of the dye and particle concentrations (recorded with SM30). Right:
Fluorescence emission spectra of Rh6G in diluted Ludox SM30 recorded at dif-
ferent particle concentrations. Fitted spectra are represented by solid lines.

where κ2 = 2/3 is the orientation factor, n = 1.34 refractive index of water,
and ΦD = 0.9 is the quantum yield of Rhodamine 6G in water. The resulting
values of Förster radius for donor-donor energy transfer are R0 = 53 Å for Rh6G
in water and R0 = 56 Å for spectra of 1.4 × 10−7 M Rh6G in diluted AS40,
[NP] = 1.9 × 10−6 M, N̄ = 0.07.

Fluorescence decays were recorded using a laser diode emitting at 405 nm
as excitation source. A polariser at magic angle (54.7◦) was inserted in the
detection path. Fluorescence lifetime of Rh6G in colloidal Ludox at N̄ ≪ 1 is
the same as lifetime recorded in neat water. The rate of fluorescence decay is
very similar even at higher N̄ , however, a second lifetime component must be
included to obtain a good fit. The minor change of fluorescence lifetime does
not correspond to the extent of fluorescence steady state intensity decrease. As
was described in section 2.2.2, this is an indication of static quenching.

A dependence of fluorescence anisotropy on N̄ was studied. For each value of
N̄ , steady-state fluorescence spectra of Rh6G in Ludox solutions were recorded
with parallel and crossed excitation and emission polarisers. Fluorescence ani-
sotropy spectra were then calculated according to equation 3.2. An example
of recorded steady-state fluorescence anisotropy spectrum is shown in figure
4.3. While the emission anisotropy is constant across the fluorescence band, the
excitation anisotropy is slightly lower at shorter excitation wavelengths.

Fluorescence anisotropy measurements as well as fitted fluorescence decay
parameters are summarised in table 4.6 on page 44. The anisotropy values were
calculated by averaging the anisotropy spectra over the emission band (530 –
580 nm). The standard deviation from the mean value is expressed as the
precision of the anisotropy measurement in the table.

Plots constructed from fluorescence anisotropy data in table 4.6 are shown
in figure 4.4. Steady-state anisotropy decreases monotonically with increasing
N̄ for all Ludox types. Error bars in both plots represent the standard deviation
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Figure 4.3: Fluorescence excitation and emission anisotropy spectrum of Rh6G
in diluted Ludox SM30, dye concentration 0.3 µM, nanoparticle concentration
1.4 µM, N̄ = 0.21. Fluorescence excitation and emission intensity is also shown
(dashed). Excitation wavelength for the emission scan was 490 nm, emission
wavelength for the excitation scan was 570 nm.

from the mean value.
Figure 4.5 shows fluorescence anisotropy decays of Rh6G in a solution of

AS40. For comparison, the anisotropy decay of Rh6G in neat water is also
shown. The measured rotational correlation time of Rhodamine 6G in water is
190 ps which is in quite good agreement with previously reported values mea-
sured by various techniques (180 ps [62], 150 ps [63] and 210 ps [64]). Two
components can be clearly recognised from the recorded anisotropy decay of
Rh6G in AS40 solution. The fast component is of the same order as the correla-
tion time of unbound Rh6G. The longer component, on the other hand, is much
longer than the fluorescence lifetime. Therefore, the fluorescence anisotropy
appears to be constant after & 2 ns – it reaches “plateau” value. The long
component can be assigned to Rh6G molecules residing on the surface of slow
rotating silica nanoparticles.

Figure 4.6 shows the comparison of fluorescence anisotropy decays of Rh6G
in diluted SM30, recorded for different silica nanoparticle concentration. It
appears that the short correlation time remains constant and only its rela-
tive contribution to the fluorescence depolarisation is decreasing with increasing
nanoparticle concentration. Recorded fluorescence anisotropy decays were fitted
by reconvolution with DAS6 software (IBH) using two-exponential anisotropy
decay model,

r(t) = β1 exp

(

− t

θ1

)

+ β2 exp

(

− t

θ2

)

.

In order to obtain rational results of the fitting, the value of the long component
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Figure 4.4: Fluorescence steady-state anisotropy as function of dye / particle
(top) and as a function of particle per unit area (bottom)
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Figure 4.5: Recorded fluorescence anisotropy decay of Rh6G in water and in
diluted Ludox AS40 colloidal silica solution.
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Figure 4.6: Fluorescence anisotropy of Rh6G in SM30 colloidal solution. Dye
concentration 0.41 µM, nanoparticle concentration 0 (black), 2.69 µM (red,
N̄ = 0.15) and 0.27 µM (green, N̄ = 1.52)
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[Rh6G] [NP] N̄ r0 θ1 β1 θ2 β2 χ2

(µM) (µM) (ns) (ns)
0.41 0 – 0.41 0.19 0.41 - 0∗ 1.15
0.41 2.69 0.15 0.39 0.20 0.26 45.0∗ 0.13 1.20
0.41 0.27 1.52 0.40 0.19 0.35 45.0∗ 0.05 0.99

Table 4.4: Fitted parameter of anisotropy decay, values of parameters labelled
with ∗ were fixed; r0 = β1 + β2.

was fixed during the fitting. A rotational correlation time can be best recov-
ered by reconvolution of anisotropy decay recorded by TCSPC, if it is of the
same order as the fluorescence lifetime value. If the correlation time is much
longer than the fluorescence lifetime, the anisotropy does not decrease before
most fluorophores are de-excited, i.e., the recorded anisotropy appears to be
flat in the time “window” provided by fluorescence. In the other extreme, if the
correlation time is too short, it simply cannot be resolved by the instrument.
To reach higher precision when recording rotational correlation times of larger
particles, it is advantageous to use fluorescent dyes with longer fluorescence
lifetime, as was shown on measuring the size of silica particles in Ludox with
6-methoxyquinolinium dye [53]. The correlation time corresponding to the slow
Brownian rotation of silica nanoparticles (with radius 3.5 nm for SM30) can be
estimated by

θ2 =
ηV

kBT
≈ 45 ns,

where V is particle volume, η = 1.003 × 10−3 Pa s is the viscosity of water at
20◦ C (rather than bulk viscosity of the colloidal solution [53]), kB Boltzmann
constant, and T = 293.15 K is the sample temperature. Considering the lifetime
of Rh6G, ∼ 4 ns, we can not expect to reliably recover the correlation time of
approx. 45 ns. By leaving this parameter free in the fitting, we might risk to
obtain a rather arbitrary result. Therefore, it is more reasonable to fix θ2 to the
(however crudely) estimated value. Indeed, the effect of changing the estimate
of θ2 by ±5 ns on the goodness of the fit was negligible.

The fitted parameters of the anisotropy fits are listed in table 4.4. As was
hinted above, the shorter rotational correlation time is more or less constant
and only the relative contribution of the fast component to the fluorescence
depolarisation is changing with different silica concentration. The fitted values
of θ1 are remarkably similar to that recorded for Rh6G in neat water.

Figure 4.7 shows a comparison of fluorescence anisotropy decays of one sam-
ple recorded at two different temperatures, T1 = 1◦C = 274 K and T2 = 25◦C =
298 K. The Brownian rotation of particles depends on the sample tempera-
ture and microviscosity (equation 2.27) which is itself temperature dependent.
As can be expected, the change of the temperature has a little effect on the
slow anisotropy decay component corresponding to the particle rotation. The
shorter component, on the other hand, is clearly faster at 298 K. The change
of the shorter decay component is comparable to the change of the rotational
correlation time of Rh6G in water (the decay is also shown in 4.7).

The result of the following experiment illustrates the temporal stability of
samples, as well as the reproducibility of sample preparation. Two samples
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Figure 4.7: Fluorescence anisotropy decays of Rh6G in SM30 solution recorded
at two different temperatures. The dye concentration was [Rh6G] = 0.36 µM
and the concentration of silica particles was [NP] = 0.45 µM, N̄ = 0.80.
Anisotropy decays of Rh6G in neat water at the two temperatures are also
shown.
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Figure 4.8: Fluorescence intensity and anisotropy dynamics following a step
change of the silica nanoparticle concentration. Circles correspond to sample a

and triangles to sample b. Filled markers with error bars represent anisotropy
with its standard deviation, fluorescence intensity is represented by empty mark-
ers.
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were prepared with the same Rh6G concentration [Rh6G] = 0.50 µM, but
different concentration of Ludox AS40. Concentration of silica particles was
[NP]a = 0.53 µM in sample a and [NP]b = 4.92 µM in sample b. Correspond-
ing ratios were N̄a = 0.94 and N̄b = 0.10. Steady-state fluorescence anisotropy
and intensity were then continuously monitored. As expected, both anisotropy
and intensity of sample a (higher N̄) were significantly lower. After approx. 2
hours, the concentration of silica particles in sample a was increased to match
that of sample b, [NP]a = [NP]b = 4.92 µM, N̄a = N̄b = 0.10. The recorded
time dependencies of steady-state fluorescence anisotropy and relative fluores-
cence intensity are shown in figure 4.8. Both monitored quantities matched
immediately after silica was added to sample a. It means that the two dif-
ferent samples with the same final composition, however, prepared in different
steps, yielded the same result. Based on this experiment, it can be stated that
reproducibility of sample preparation, as well as the sample stability (sample
b was monitored for over 3 hours without substantial change), is fairly good.
Furthermore, similar to the conclusion from the absorption measurements, the
new equilibrium of the sample after changing [NP] is established within a few
minutes.

Estimation of the free dye content

An experimental estimation of the content of the unbound dye in a sample was
attempted. The higher density of silica gives the opportunity to separate the
liquid phase of the colloid from the solid phase – nanoparticles – by centrifuga-
tion. The liquid phase should then contain dye of the same concentration as the
liquid phase of the colloid before the centrifugation (assuming that the centrifu-
gation itself does not alter the unbound dye concentration). Samples containing
Rh6G and silica of known concentrations were left overnight at room tempera-
ture to stabilise and then centrifuged at 14 krpm (103 rounds per minute) for
2 hours. Two phases were clearly recognisable visually – silica at the bottom
of the eppendorf test tube, judging by its hue, contained dye of higher con-
centration than the faint-coloured liquid phase. A sufficient part of the liquid
phase could by easily removed with a pipette. The time-resolved fluorescence
anisotropy measurement was performed on the removed liquid phase in order
to confirm successful separation. The dye concentration in the liquid phase
could be estimated by measuring its absorbance. It was found that labelled
silica nanoparticles can be well precipitated by centrifugation with AS40 – the
recorded fluorescence anisotropy decay of the liquid phase was identical with
that of Rh6G in neat water. However, time-resolved anisotropy measurement
proved that the complete separation cannot be accomplish using this method
with SM30 (the colloid with the smallest particle diameter) and still a substan-
tial amount of labelled particles was present in the seemingly “neat” phase after
centrifugation. Therefore, further experiments were proceeded only with AS40.

In order to exclude unexpected effects of centrifugation a test was performed
using anionic fluorescein instead of Rh6G. No indication of interaction between
fluorescein and silica nanoparticles was observed and the dye concentration in
the liquid phase after the procedure described above was found to be the same
as in the colloid at the start of the experiment.

Six samples of Rh6G in diluted AS40 solution with different dye and nanopar-
ticle concentrations were prepared. The composition of the samples is listed in
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Figure 4.9: Absorption spectra of the samples before (left) and after (right)
the silica particles were removed by centrifugation.

[Rh6G] [NP] [Rh6G]/[NP] Amax [Rh6G]free f
(µM) (µM) (nM)
0.35 1.08 0.32 0.003 32 0.093
1.72 1.07 1.6 0.014 160 0.093
3.38 1.05 3.21 0.029 319 0.094

0.69 2.14 0.32 0.005 59 0.086
3.38 2.11 1.6 0.027 296 0.088
6.65 2.08 3.21 0.050 560 0.084

Table 4.5: Centrifugation data, recorded using Ludox AS40. [NP] - initial
nanoparticle concentration, [Rh6G] - initial dye concentration, Amax - maximal
absorbance of the neat phase after centrifugation, [Rh6G]free - dye concentration
corresponding to Amax, f = [Rh6G]free/[Rh6G] - fraction of the unbound dye.
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table 4.5. The labelled silica particles were precipitated by the centrifugation
procedure described above. The dye concentration in the neat solvent was then
calculated from the measured absorbance. The recorded absorption spectra of
samples before and after removing labelled particles are shown in figure 4.9. The
absorption spectrum of the sample with highest dye concentration recorded be-
fore centrifugation clearly indicate dye aggregation. The fraction f of the free
dye (also listed in table 4.5) was calculated as the ratio of the dye concentration
in the separated neat solvent to the initial dye concentration in the prepared
sample,

f =
[Rh6G]free

[Rh6G]
=

Amax

ǫmax[Rh6G]

The dye concentration in the separated neat solvent was calculated from the
recorded absorbance Amax and the maximal molar absorption coefficient of
Rh6G, ǫmax = 116, 000 M−1cm−1.

Resulting values of f listed in table 4.5 indicate that at constant concentra-
tion of silica particles, the fraction of unbound dye is independent of the absolute
dye concentration. However, there might be a slight dependency on the par-
ticle concentration. The mean value of the free dye fraction is 9.33 ± 0.06%
at [NP] ≈ 1 µM and 8.60 ± 0.20% at [NP] ≈ 2 µM. It should be pointed out
that during the centrifugation, the concentration of silica particles is extremely
non-homogeneous – it is very high at the bottom of the test tube and very low
in the “neat” phase – which might influence the result of the experiment. In
other words, the resulting values are correct only if we can presume that the
centrifugation itself does not affect the equilibrium between bound and unbound
fluorophores. Nevertheless, it can be estimated that the fraction of unbound dye
is . 10% of the total dye concentration in the sample.

4.1.3 Discussion

From the experimental observations, a hypothesis can be proposed. Positively
charged Rh6G fluorophores reside on the surface of negatively charged silica
nanoparticles and they participate in their slow Brownian rotation which leads
(at sufficiently low N̄) to increased fluorescence anisotropy compared to Rh6G
in neat water. The size of the nanoparticles has a negligible effect on the steady-
state anisotropy because for all colloidal solutions used here, the depolarisation
due to particle Brownian rotation happens on much larger scale than the fluo-
rescence decay, θ2 ≫ τ . If the number of fluorophores per particle is increased,
either by increasing the dye concentration or decreasing the silica concentra-
tion, dye aggregates are formed on the surface of silica nanoparticles which is
manifested by the occurrence of additional peaks in absorption spectra. The
aggregate formation is best noticeable with SM30 Ludox solution which has
the smallest particle diameter. Most aggregates are probably non-fluorescent,
or have low quantum yield, which would explain the decrease of fluorescence
intensity with increasing N̄ . This would lead to preferential decrease of the
relative contribution from fluorophores located on the surface of nanoparticle
to overall fluorescence. In that case, the more significant contribution from
freely rotating fluorophores (i.e., not attached to the silica surface) would result
in a lower anisotropy. In other words, the observed relationship between the
steady-state fluorescence anisotropy and N̄ indirectly reports on the amount of
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aggregation in the sample. This conjecture is further supported by the outcome
of the time-resolved anisotropy measurements. The two-exponential character
of the anisotropy decay does not change with changing N̄ , only relative con-
tributions of the two components. Also, the temperature dependence of the
shorter rotational correlation time (figure 4.7) indicates that the fast anisotropy
decay component originates in fluorescence depolarisation due to fast Brownian
rotation of the unbound fluorophores.

According to the proposed mechanism – preferential static quenching of the
bound fluorophores – the decrease of steady state fluorescence anisotropy with
N̄ (shown in figure 4.4 on page 35) is a result of increasing number of dye
aggregates in the sample. It can be noticed that the steady-state anisotropy
values plotted as a function of the specific surface of silica in the sample (the
plot on bottom) follow the same trend, independently of the particle size and
absolute concentrations of the dye and nanoparticles. This indicates that the
surface available for a fluorophore to reside on is determining the probability of
dye aggregation.

No evidence of donor-donor energy migration was observed. In the presence
of DDEM as the exclusive process responsible for fluorescence depolarisation,
the fluorescence kinetics, as well as the quantum yield, would remain unaltered.
Though it is possible that it occurs between fluorophores located on the sur-
face of one nanoparticle, the depolarisation of the overall fluorescence during
the excited state lifetime is dominated by the contribution from the unbound
fluorophores.

The tendency of rhodamine dyes to form aggregates in a solution at high
concentrations is a well-known and extensively studied phenomenon [65]. Pres-
ence of Rh6G dimers can be observed in aqueous solutions at concentrations
of ∼ 10−4 M at room temperature [66]. However, at ∼ 10−6 M concentration,
the vast majority (> 99%) of Rh6G fluorophores exists in monomeric form [66].
Experiments presented in this section demonstrated that adding a small amount
of colloidal silica into a low concentrated solution of Rh6G in water will lead to
a massive dye aggregation on the surface of silica particles. If the silica particle
concentration is increased, a new equilibrium is immediately established which
favours more fluorophores as monomers. This indicates that the dimer forma-
tion and dissociation is quite dynamic which allows fluorophores to distribute
themselves among the particles shortly after the addition. Rh6G dimers in
colloidal silica are mostly non-fluorescent because their formation is associated
with quenching of fluorescence.

Aggregation of xanthene-derived dyes has been observed in solvents [65–67]
as well as in adsorbed state [68–70]. Rh6G, especially, is a very popular dye
and there has been interest in incorporating in various host materials. From
the context of this thesis, studies of aggregation of rhodamines in silica sol–gels
is important [71–75]. The formation of both fluorescent and non-fluorescent
dimers has been observed and conditions leading to preferential formation of
either of them have been experimentally studied. Photophysical properties of
a dimer are determined by the transition dipole moment of a monomer and
mutual spatial arrangement of monomer units forming the dimer. The geometry
of the aggregate is given by electrostatic interaction of the dye molecule with the
surface and with the other monomer unit. According to single exciton theory
[76], the important parameter determining the fluorescent or non-fluorescent
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Figure 4.10: Dimer geometry: parallel – non-fluorescent (a), head-to-tail – flu-
orescent (b), parallel inclined (c) and oblique (d).

character of a dimer is the inclination angle ϕ between the dipole moments of
the monomers and the line connecting their centres (figure 4.10) [68, 71, 75].
For ϕ > 54.7◦ (magic angle), the dimer is non-fluorescent and its absorption
is blue shifted with respect to the monomer band. The dimer exhibits red
shifted fluorescence for ϕ < 54.7◦. The fluorescent dimers are called J-dimers
and non-fluorescent H-dimers2. A single red shifted absorption band can be
observed for J-dimers in parallel inclined or head-to-tail configuration. For
oblique geometry, the band splits into two – red and blue shifted with respect
to the monomer absorption. In low viscosity solvents at room temperature, only
non-fluorescent H-dimers in parallel “sandwich” configuration can be observed
[68, 75]. Absorption spectra of Rh6G monomer, dimer and trimer in water have
been resolved by applying the law of mass action in analysis of spectra recorded
at wide range of concentrations [66]. Adsorption to a surface, on the other hand,
gives an opportunity for all possible arrangements to occur [68]. Formation of
both H- and J-dimers has been reported for Rh6G in silica sol–gels [71, 73, 74].
Often more dimer configurations coexists in one sample.

There is no experimental evidence of presence of fluorescent J-dimers forma-
tion of Rh6G in colloidal silica. No red-shifted fluorescence band or band “shoul-
der” have been observed at any value of N̄ . Not even the recorded lifetimes of
Rh6G in Ludox show sufficient change that would indicate dimer fluorescence
(J-dimers have longer lifetime than monomer). The small hypsochromic shift
of the fluorescence maximum, with respect to the fluorescence band in water,
recorded at low N̄ can be identified as an effect of monomer binding to the sur-
face of a silica particle. The red shift of emission band maximum with increasing
N̄ “back” towards that of Rh6G in water (see figure 4.2 on page 33) only sup-
ports the increasing dominance of contribution from unbound monomer to the
total fluorescence emission. The presence of the isosbestic point in absorption
spectra recorded within a certain range of dye and silica concentrations indicate
exclusive presence of monomers and dimers. However, formation of higher ag-
gregates (trimers, possibly tetramers), that have spectra different from monomer
and dimer, leads to disappearance of the isosbestic point at higher N̄ , similar
to what was reported for aqueous solutions at high dye concentrations [66].

2J- named after E. E. Jelley and H- as hypsochromic.
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Ludox [NP] [Rh6G] N̄ [Rh6G]/A rSS I/Imax τ1 (%) τ2 (%)
(µM) (µM) (µm−2) (ns) (ns)

SM30 0.27 0.52 1.91 12439 0.058 ± 0.008 0.64 0.75 (3.21) 3.83 (96.79)
0.54 0.51 0.96 6219 0.138 ± 0.006 0.57 1.19 (4.89) 3.82 (95.11)
1.07 0.51 0.48 3110 0.207 ± 0.007 0.71 1.07 (4.49) 3.87 (95.51)
2.65 0.51 0.19 1244 0.249 ± 0.006 0.92 2.02 (5.8) 4.02 (94.2)
5.19 0.50 0.10 622 0.279 ± 0.005 1.00 - 3.95 (100)

SM30 0.27 0.41 1.52 9891 0.075 ± 0.010 0.83
0.54 0.41 0.76 4946 0.138 ± 0.005 0.77
1.07 0.41 0.38 2473 0.200 ± 0.004 0.91
5.19 0.40 0.08 495 0.280 ± 0.005 1.00

AM30 0.25 0.41 1.65 3638 0.185 ± 0.004 0.58 1.99 (6.38) 4.01 (93.62)
0.50 0.41 0.82 1819 0.229 ± 0.003 0.69 2.03 (5.12) 4.04 (94.88)
0.99 0.41 0.41 910 0.265 ± 0.003 0.84 2.06 (4.43) 4.08 (95.57)
4.74 0.39 0.08 182 0.298 ± 0.004 1.00 2.09 (2.79) 4.09 (97.21)

AS40 0.31 0.59 1.92 1263 0.282 ± 0.004 0.73 2.01 (5.45) 4.03 (94.55)
0.61 0.59 0.96 631 0.291 ± 0.004 0.85 2.04 (3.98) 4.04 (96.02)
1.22 0.58 0.48 316 0.308 ± 0.004 0.93 2.06 (3.65) 4.04 (96.35)
2.96 0.57 0.19 126 0.319 ± 0.005 0.99 - 3.99 (100)
5.67 0.54 0.10 63 0.319 ± 0.005 1.00 - 3.99 (100)

AS40 0.24 0.41 1.69 1111 0.263 ± 0.004 0.80
0.48 0.41 0.84 555 0.278 ± 0.004 0.90
0.96 0.41 0.42 278 0.305 ± 0.004 0.97
4.54 0.38 0.08 56 0.318 ± 0.005 1.00

Table 4.6: Summary of Ludox measurements
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4.2 Perylene fluorescence quenched by cobalt ions

in sol–gels

4.2.1 Introduction

In this section, an experimental study of interaction of a fluorescent dye pery-
lene and cobalt ions, Co2+, in silica sol–gels is presented. This topic continues a
previous study conducted in the Photophysics group. Salthammer et. al. [77] in-
vestigated quenching of perylene by [Co(H2O)6]2+ in liquid solutions of different
viscosity. They showed that in a high-viscosity solvent (glycerol), the quench-
ing mechanism can be identified as energy transfer from perylene to cobalt by
long-range dipole-dipole interaction (Förster resonance energy transfer - FRET),
while in a mid- and low-viscosity solvent (ethylene glycol and methanol), the
quenching is probably collisional, via short-range exchange (Dexter) interac-
tion. Therefore, under certain conditions, perylene and Co2+ can form a FRET
donor-acceptor pair [78–80].

My former colleague Gillian Macnaught discussed in her thesis [26] both
theoretical and experimental aspects of donor–acceptor distance distribution
from fluorescence decays – a concept called fluorescence nanotomography [81,
82]. As one part of her thesis, she tested the possibility of using perylene and
Co2+ as a FRET pair to characterise the structure of a TMOS-derived sol–gel.
FRET is very sensitive to the distance between the donor and the acceptor –
the rate of the transfer is proportional to R−6, see section 2.2.3. The main idea
of fluorescence nanotomography is to utilise the great sensitivity of resonance
energy transfer to recover the donor–acceptor distance distribution in the host
material of interest by analysing a single fluorescence decay using the maximum
entropy method.

Macnaught studied the temporal development of fluorescence decays of pery-
lene in sol–gels containing [Co(H2O)6]2+. She observed a shortening of pery-
lene fluorescence lifetime with polymerisation time and applied different kinetic
models to analyse the recorded decays in order to comparatively find the best
explanation for the observed effect. The best fits were achieved when using
a decay model with resonance energy transfer (equation 2.24) accounting for
the presence of collisional quenching by adding a single-exponential decay com-
ponent. Based on this model, Macnaught concluded that until the gel point,
collisional quenching is dominant and the dominance decreases due to the in-
creasing viscosity. On the other hand, the influence of FRET is becoming more
dominant up to the gel point.

Although the recovery of the donor–acceptor distance from fluorescence de-
cays by the intended method is (at least) complicated by the presence of diffu-
sion controlled quenching, the effect of perylene fluorescence lifetime shortening
is related to the change of the sol–gel structure during polymerisation, and
the fluorescence decay analysis might give valuable information about micro-
environment in complicated porous medium. The primary aim of this section
was to reproduce and extend Macnaught’s spectroscopic experiments with pery-
lene and [Co(H2O)6]2+ in sol–gels and to propose an alternative kinetic model
and possible interpretation of recorded fluorescence and absorption data.
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Figure 4.11: The sol–gel process starting by hydrolysis of TMOS

SW :T TMOS (g) CH3OH (g) H2O (g)
2 5 4 1.18
6 5 4 3.55

Table 4.7: Composition of sol–gels

4.2.2 Experimental results

Sample preparation

Sol–gels were prepared by mixing TMOS, methanol, and water. The process of
gel formation starting with tetramethyl orthosilicate (TMOS) as a precursor is
depicted in figure 4.11. It starts by hydrolysis of TMOS to silicic acid. Con-
densation reactions then result in siloxane bonds (Si-O-Si) and methanol as a
by-product. Later, particles are formed that fuse into clusters and chains that
eventually link to a porous network. When the network extends through its
entire volume, the sample loses its fluidity (gel point).

Methanol is added in order to allow mixing of water and TMOS. Methanol
is also released during the hydrolysis of TMOS to silicic acid, therefore using
methanol as a mixing agent leads to the simplest possible chemical composition
of the resulting gel. Sol–gels with two different water contents were prepared.
The compositions of the prepared sol–gels are listed in table 4.7. SW:T denotes
the mole (stoichiometric) ratio of water and TMOS. In the sol–gel with SW:T =
2, all water is consumed by the hydrolysis, the resulting material is formed by a
silica porous network filled mainly by methanol. In the case case of the sol–gel
with SW:T = 6, pores of the resulting gel are filled by a mixture of methanol
and water. The hydrolysis and gel formation is faster with increasing SW:T. Gel
point was ∼ 184 hours for SW:T = 2 and ∼ 23 h for SW:T = 6 sol–gel. Addition
of cobalt chloride hexahydrate in the solution speeds up the polymerisation
process. Gel point of SW:T = 2 sol–gel containing 20 mM CoCl·6H2O was
∼ 118 hours and ∼ 10 hours for SW:T = 6.
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H2O mole fraction λmax (nm) ǫmax (M−1cm−1)
0 529 11.2

0.64 512 5.7
0.99 511 5.1

Table 4.8: Absorption of [Co(H2O)6]2+ in water/methanol mixtures

Perylene and cobalt chloride hexahydrate (CoCl·6H2O) were purchased from
Sigma-Aldrich and were used as received. Perylene and cobalt were added from
stock solutions in methanol of known concentration prior to addition of water
which initiates the hydrolysis.

Absorption spectra

Due to the formation of silica particles and clusters, absorption spectra of sol–
gels are affected by light scattering. Because the efficiency of Rayleigh scat-
tering is proportional to λ4, it is manifested by stronger “tilt” of absorption
with increasing polymerisation time with higher apparent absorbance at shorter
wavelengths. To eliminate this effect, absorption of a “blank” sol–gel sample,
with no perylene and no [Co(H2O)6]2+ added, was also recorded at different
polymerisation times to provide data for background subtraction.

The absorption spectrum of perylene in a sol–gel remains unaltered with
polymerisation time (data not shown). Figures 4.12 and 4.13 show the ab-
sorption spectra of perylene and cobalt in SW:T = 2 and SW:T = 6 sol–gel,
respectively, recorded at different polymerisation times. It is obvious that for
both sol–gel compositions, the absorption of [Co(H2O)6]2+ changes in the early
polymerisation times. This change is due to decrease of the water content in
the sample during the polymerisation process. As can be seen in figure 4.15,
both the absorption peak position and the maximal extinction coefficient of
[Co(H2O)6]2+ is different in water and in methanol. The measured maximal
extinction coefficient of [Co(H2O)6]2+ is 11.2 M−1cm−1 in methanol and 5.1
M−1cm−1 in water.

Fig 4.14 shows the comparison of absorption of perylene and [Co(H2O)6]2+

in SW:T = 2 and SW:T = 6 sol–gel recorded after the gel point. The maximum
and position of cobalt absorption in the SW:T = 2 sol–gel corresponds to the
much smaller water content in the sol–gel (8.3 M−1cm−1 and 527 nm). The ab-
sorption spectrum of cobalt in the SW:T = 2 sol–gel with the maximal extinction
coefficient 5.6 M−1cm−1 at 512 nm indicates more water-like environment.
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Figure 4.12: Absorption spectra of perylene and cobalt in SW:T = 2 sol–
gel recorded at different times after sample preparation. Concentration of
[Co(H2O)6]2+ is 20 mM. The maximum absorbance corresponds to molar ex-
tinction of 8 M−1cm−1. Concentration of perylene is 0.4 µM.
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Figure 4.13: Absorption spectra of perylene and cobalt in SW:T = 6 gel recorded
at different times after sol–gel preparation. Concentration of [Co(H2O)6]2+ was
20 mM. The maximum measured absorbance corresponds to molar extinction
coefficient of 5.5 M−1cm−1. Concentration of perylene is 0.4 µM.
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Figure 4.14: Comparison of absorption spectra of [Co(H2O)6]2+ in two sol–gels
of different compositions after the gel point. Concentration of [Co(H2O)6]2+

in both samples was 20 mM and perylene 0.4 uM. The absorption spectrum of
the sample with SW:T = 2 was measured 140:35 h after sample preparation,
absorption spectrum of the sample with SW:T = 6 was measured 29:44 h after
preparation.
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Figure 4.15: Absorption spectra of [Co(H2O)6]2+ in methanol and wa-
ter/methanol mixture. The concentration of [Co(H2O)6]2+ was 20 mM in all
three samples.
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Figure 4.16: Fluorescence lifetime of perylene in water/methanol mixture.

Time-resolved fluorescence

A pulsed diode laser emitting at 405 nm was used as excitation source in all
time-resolved studies with perylene. No emission monochromator was used, an
absorption filter with 435 nm cut-off wavelength was inserted in the detection
path to remove scattered excitation light.

The fluorescence lifetime of perylene in water/methanol mixture depends
strongly on the content of water. As can be seen in figure 4.16, the lifetime of
perylene increases with increasing water mole fraction3 in the sample. A decay
of perylene in neat water was not recorded due to very low solubility. The
perylene solubility in methanol, on the other hand, is high.

In neat methanol, perylene is strongly quenched in the presence of cobalt.
The Stern-Volmer plot (figure 4.17) shows a linear dependence of τ0/τ on the
quencher concentration, as is expected for diffusion-controlled quenching. A
slight deviation of recorded fluorescence decays from the single-exponential law
was observed. This is believed to be due to the transient effect in quenching
[77]. However, the deviation is minute in methanol.

Due to the perylene lifetime dependence on the solvent composition, it is
necessary to verify that the perylene lifetime in a sol–gel does not change and
all observed changes of the fluorescence decay are caused by interaction with
quencher. The recorded decays of perylene in SW:T = 2 and SW:T = 6 sol–gels

3The mole fraction of ith component in a mixture is defined as the amount of the substance
divided by the total amount of all substances in the system,

xi =
ni

∑
j nj
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Figure 4.17: Stern-Volmer plot of perylene quenched by cobalt based on average
perylene fluorescence lifetimes.

time (hours) τ (ns) χ2

SW:T = 2 26.9 4.64 1.14
44.6 4.43 1.07
72.9 4.61 1.15
120.1 4.55 1.10
139.5 4.54 1.05
144.4 4.51 1.20
191.7 4.53 1.10
194.5 4.52 1.05

SW:T = 6 0.4 4.93 1.17
0.9 4.94 1.01
2.9 4.95 1.06
5.7 4.95 1.12
23.0 4.91 1.12

Table 4.9: Fluorescence lifetime of perylene in SW:T = 2 and SW:T = 6 gel
without presence of quencher. Decay data fitted by single exponential model.
The mean lifetime value is 4.54 ± 0.07 ns for SW:T = 2 and 4.93 ± 0.02 ns for
SW:T = 6
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Figure 4.18: Fluorescence decays of perylene in SW:T = 2 gel recorded at dif-
ferent times after sample preparation. Concentration of perylene 0.4 µM.

do not indicate any fluorescence lifetime changes induced by changing compo-
sition of liquid-phase of the sol–gels. The lifetimes of recorded decays as well
as the values of χ2 are listed in table 4.9. For all decays, the single-exponential
model yielded sufficiently good fits. Neither the perylene fluorescence lifetime
nor χ2 show any trend with polymerisation time. The mean fluorescence life-
time is 4.54 ns with standard deviation 0.07 ns for the sol–gel with SW:T = 2
and 4.93± 0.02 ns for SW:T = 6. The longer lifetime of perylene fluorescence in
the sol–gel with the higher water content (SW:T = 6) is consistent with lifetime
dependency on water mole fraction in the water/methanol mixture (figure 4.16).
The recorded decay curves for the SW:T = 2 sol–gel are shown in figure 4.18.

As can be seen in figure 4.19, the fluorescence lifetime of perylene in the
sample containing [Co(H2O)6]2+ is clearly decreasing with increasing polymeri-
sation time. In other words, quenching of perylene by [Co(H2O)6]2+ gets more
effective with ageing of the sol–gel.

In order to visualise the development of perylene quenching by [Co(H2O)6]2+,
the average fluorescence lifetime was plotted as a function of polymerisation
time in figure 4.20. The average lifetime of a multi-exponential fluorescence

decay I(t) =
∑

i αie
− t

τi is defined as

τavg =

∑

i αiτi
∑

j αj
. (4.2)

This parameter is equal to the normalised area under the decay curve,

∫ ∞

0

I(t)dt =

∫ ∞

0

∑

i

αie
− t

τi dt =
∑

i

αiτi = τavg
∑

i

αi
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Figure 4.19: Decays of fluorescence of perylene and cobalt in SW:T = 2 gel
recorded at different times after sample preparation. Perylene concentration
0.4 µM, [Co(H2O)6]2+ 20 mM.

and thus it is proportional to the quantum yield. The average fluorescence
lifetime is therefore useful if one wants to express the quenching effect as a
temporal dependency of a single parameter. The average fluorescence lifetime
values plotted in figure 4.20 are calculated from the parameters yielded from
the fit using the two-exponential model function, which gave reasonably good
fits with χ2 not exceeding 1.2 for both sol–gel compositions.

As can be seen from figure 4.20, the main change of the lifetime occurs
prior to the gel point, which was ∼ 118 hours for the SW:T = 2 sol–gel and
∼ 10 hours for the SW:T = 6 sol–gel. In agreement with faster polymerisation
with increasing SW:T, the perylene lifetime change is faster for the SW:T =
6 sol–gel. Because a similar behaviour of perylene fluorescence kinetics was
observed on two different time scales, we can rule out the trivial explanation of
lifetime shortening by an increase of the quencher concentration due to solvent
evaporation.

The recorded decays of Perylene in the sol–gels containing [Co(H2O)6]2+

were fitted by reconvolution to the model function

I(t) = I0 exp
[

−at− 2b
√
t
]

.

The results of the fitting are listed in table 4.10. The trend of a and b parame-
ters are visualised in figure 4.21. The legitimacy of using this model is discussed
in the next section. Both parameters show an increase with polymerisation time
for both sol–gel compositions. The largest change occurs at the beginning of
the sol–gel process and the parameters stabilise at about the gel point which is
also indicated in the figure. Dependencies of a and b are noticeably smoother
for SW:T = 6 sol–gel. This is probably caused by the fact that measurements
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Figure 4.20: Time dependence of average fluorescence decay time of perylene
in SW:T = 2 (top) and SW:T = 6 (bottom) sol–gel. Both sol–gels con-
tained 20 mM [Co(H2O)6]2+. The average lifetime was calculated from two-
exponential fit parameters.
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Figure 4.21: The trend in parameters a (•) and b (N) for SW:T = 2 (top) and
SW:T = 6 (bottom) sol–gels containing 20 mM [Co(H2O)6]2+. Based on data
from table 4.10. The gel points are indicated by vertical dashed lines.
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time (hours) a (×109 s−1) b (s−1/2) χ2

SW:T = 2 2.2 0.28 778 1.17
27.3 0.31 1258 1.08
44.9 0.31 1690 1.08
73.3 0.32 1991 1.08
120.7 0.31 2303 0.98
140.2 0.32 2093 1.11
193.8 0.31 2097 1.33

SW:T = 6 0.6 0.25 641 1.08
1.0 0.25 941 1.18
3.0 0.27 1396 1.17
5.8 0.28 1570 1.11
23.1 0.28 1826 1.07
72.6 0.28 1991 1.11
171.1 0.29 1866 1.12

Table 4.10: Parameters of Perylene fluorescence decay in SW:T = 2 and SW:T =
6 sol–gels containing 20 mM [Co(H2O)6]2+. Fitted to the decay model given by
equation 2.19.

with SW:T = 2 sol–gel spanned over a considerably larger period (over a week)
and the measuring device was several times switched on and off and even re-
aligned for other measurements during this period, which can cause unbalanced
performance of the instrument. With the SW:T = 6 sol–gel, on the other hand,
the apparatus was continuously running.

The measurement of a perylene fluorescence anisotropy decay can help to
verify the localisation of the fluorophore, which is expected to be in the liquid
phase filling the pores of the resulting gel structure. The anisotropy decay
shown in figure 4.22 was recorded with the SW:T = 6 sol–gel approximately 190
hours after sol–gel mixing – i.e. several days after the gel point. Sample was
cooled to −27 ◦C (246 K). Anisotropy of perylene fluorescence decays to zero
within less than 1 ns, which indicates fast fluorescence depolarisation due to
Brownian rotation of the fluorophore. Therefore, we can assume that perylene
is indeed localised in the liquid phase of the gel. Slightly lower value of the initial
anisotropy4 can be caused by the limited temporal resolution of the measuring
instrument as well as light depolarisation due to light scattering.

The effect of temperature on the quenching efficiency was studied with the
sol–gel SW:M = 6. The sample was left to gel (gel point was ∼ 10 hours) and
several days were allowed for the structure to strengthen. Fluorescence decays
recorded at −27, −13, 1 and 15 ◦C are shown in figure 4.23. The average
fluorescence lifetime is clearly shorter with increasing temperature which is a
sign of collisional quenching.

4Initial anisotropy r0 = 0.34 was recorded for perylene dissolved in glycerol at 20.3 ◦C
using the same lifetime spectrophotometer.
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Figure 4.22: Fluorescence anisotropy of perylene in SW:T = 6 sol–gel. Perylene
0.4 µM, no [Co(H2O)6]2+ present, polymerisation time ∼ 190 hours (i.e. several
days after the gel point)
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Figure 4.23: Fluorescence decays of perylene in SW:M = 6 sol–gel containing
20 mM [Co(H2O)6]2+ recorded at different temperatures. Inserted: temperature
dependence of the average fluorescence lifetime (based on two-exponential fits
of the recorded decays).
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4.2.3 Discussion

In the case of resonance energy transfer from a fluorescent donor to an accep-
tor with a random orientation (κ2 = 2/3), fluorescence of the donor decays
according to equation,

I(t) = I0 exp

[

− t

τD
− 2γ

√

t

τD

]

(4.3)

where τD is the lifetime of the donor in absence of an acceptor (see section
2.2.3). When this model is applied to the perylene fluorescence decays recorded
in sol–gel containing [Co(H2O)6]2+, the fit generally gives an acceptable χ2, but
the parameter τD does not recover the value of perylene fluorescence lifetime in
sol–gel in absence of [Co(H2O)6]2+. In addition, when the τD parameter is fixed
during the fitting process, equal to the value of perylene fluorescence lifetime
recorded without [Co(H2O)6]2+, the model does not give satisfactory fits. In
most cases, the minimum of the χ2 even could not be found, i.e., the fitting
routine failed. This strongly indicates that the model 4.3 is not appropriate.

The possible explanation is that before the energy from perylene is trans-
ferred to cobalt by the long-range dipole-dipole interaction, perylene is de-
excited by collision with cobalt, as it was shown for low-viscosity solvent (metha-
nol), where the diffusion length of perylene during the excited state lifetime is
much larger than Förster radius for perylene–cobalt pair,

√
2DτD = ldiff ≫ R0,

where D is the sum of diffusion coefficients of the donor and the acceptor. Mac-
naught suggested to account for the effect of collisional quenching by adding a
single-exponential decay component to 4.3, i.e.,

I(t) = I0 exp

[

− t

τD
− 2γ

√

t

τD

]

+ I1 exp

[

− t

τ1

]

(4.4)

with τD fixed to the value of donor (perylene) fluorescence lifetime in absence
of the acceptor [26]. This model supposes combination of two quenching mech-
anisms – FRET and collisional quenching. The parameter τ1 would then reflect
the frequency of collisions with the quencher. The application of decay model
function 4.4 in the studied case, however, is not entirely correct because flu-
orescence of perylene quenched by cobalt in water/methanol mixtures showed
slight deviation from the single-exponential behaviour, thus, purely collisional
quenching would not result in a single-exponential decay which is supposed in
4.4. Despite that, using the model function 4.4 yields satisfactory fits. The
contrary would be rather surprising since the recorded decay data can be fit-
ted well with two-exponential model (with four independent parameters) and
4.4 contains five parameters - I0, I1, τD, τ1 and γ. From trends of relative
amplitudes I0 and I1 yielded by fitting recorded decays using 4.4, Macnaught
concludes that the importance of collisional quenching decreases with increasing
polymerisation time while the contribution of the FRET component increases,
probably due to increasing viscosity of the sol–gel mixture.

The strong temperature dependency of the quenching efficiency suggests
that collisional quenching might be a dominant effect in the studied case. It has
been shown that perylene is located in the liquid filling the pores of the resulting
gel structure and that the sol-to-gel transition does not affect its photophysics.
Collisional quenching would require the presence of diffusing cobalt in the liquid
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as well. Positive cobalt ions are attracted to the negatively charged silica surface
through an electrostatic force [51]. Thus, it can be expected that some fraction
becomes adsorbed on silica. A simple experiment showed that the coupling to
the silica is pretty weak: if the monolith was fragmented into small pieces – in
order to increase the interface area – and immersed in methanol, some fraction
of cobalt would diffuse out of the gel fragments. This could be observed as a
colouring of methanol. In other words, cobalt could be easily “washed out”
of the solidified gel structure. Therefore, it can be assumed that a substantial
fraction of cobalt ions can be located in the liquid phase and collisionally quench
perylene fluorescence.

In order to test the possibility of interpretation of recorded data in terms
of collisional quenching, the decay model function suggested by Ware et. al.
[36–38] was applied in the data analysis,

I(t) = I0 exp
[

−at− 2b
√
t
]

. (4.5)

The equation 4.5 has a similar form to 4.3 – it can be obtained from 4.3 by substi-

tuting a = τ−1

D and b = γ ×
(√
τD
)−1

. However, the two decay model functions
originate in distinctive phenomena and the parameters are interpreted differ-
ently. The model 4.5 assumes diffusive character of quenching with a deviation
from the single-exponential law caused by the transient effect (see section 2.2.2).
Parameter

a =
1

τ
=

1

τ0
+ 4πDσNA[Q],

is an inverted value of a single fluorescence lifetime which is reduced compared
to the unquenched lifetime τ0 due to collisions with a quencher at rate given by
Smoluchowski equation. The value of parameter

b = 4σ2NA

√
πD[Q].

determines how much the decay deviates from single-exponential. The transient
effect is usually negligible for small amounts of quenching and low viscosity sol-
vents. It becomes more substantial in moderately viscous solvents and larger
amounts of quenching. Recorded decays of perylene fluorescence quenched by
[Co(H2O)6]2+ in neat methanol were slightly (but clearly) non-exponential and
the deviation from the mono-exponential function was significant in sol–gels.
This, together with the results of the fluorescence anisotropy experiment, sug-
gests that the environment where the quenching happens has low to medium
(micro-) viscosity. The increase of a and b with polymerisation time indicates
that the rate of collisions increases and the deviation from single-exponential
decay is stronger. Both a and b depend on σ, D and [Q]. The radius5 σ can be
expected to be constant during the sol–gel process. The sum of fluorophore and
quencher diffusion coefficients D is expected to decrease with polymerisation
time due to increasing viscosity in the sample (although the micro-viscosity in
the liquid phase is much smaller than the macroscopic viscosity and the change
in D can be quite small). This leaves a conclusion that the quencher concentra-
tion [Q], i.e., the concentration of Co2+ interacting with perylene, is increasing

5The kinetic model 4.5 supposes that the fluorophore is instantly de-excited upon contact
with the quencher, i.e., when their mutual distance is smaller than σ – so-called action sphere

radius. The value of σ for perylene quenched by [Co(H2O)6]2+ was determined to be ≈

12 Å.[77]
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with polymerisation time and thus the quenching of perylene gets more effective,
despite slightly slower diffusion. That is, if the proposed kinetic model 4.5 is ap-
plicable. The amount of adsorbed Co2+ depends on the available silica surface.
The structure of the resulting gel depends strongly on the water content in the
pre-gel mixture. Sol–gels with higher water content are known to have more
fractal-like structure and thus larger silica surface. This is consistent with the
stronger quenching observed in the SW:M = 2 gel compared to SW:M = 6 at the
same concentration of [Co(H2O)6]2+ – the average fluorescence lifetime recorded
after the gel point was ≈ 2.7 ns for SW:M = 2, and ≈ 3.0 ns for SW:M = 6, both
with 20 mM [Co(H2O)6]2+ (figure 4.20). Formation of clusters in the sol can
considerably reduce the silica surface and lead to an increase of freely diffusing
Co2+.

No contradictory information was found that would reject the use of the flu-
orescence kinetic model 4.5 in the analysis of the recorded decays. Therefore one
of the possible interpretations of the experimental observations is that quench-
ing of perylene fluorescence by Co2+ is governed by diffusion of both fluorophore
and the quencher. The actual mechanism of the de-excitation remains unclear
– it can be collision-induced short-range Dexter exchange or dipole-dipole in-
teraction or their combination. It should be noticed here that interpretation of
non-exponential decays is a rather delicate problem. Several effects can result in
a complicated fluorescence decay. Silica sol–gel is a complex environment offer-
ing many opportunities for inhomogeneous fluorophore-quencher interactions.
For example, the viscosity, as well as the Co2+ concentration, can vary on the
microscopic scale in a formed gel.
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4.3 Improved biocompatibility of silica sol–gels

4.3.1 Introduction

In recent years the encapsulation of protein within silica has been demonstrated
using the sol–gel process [86]. During gelation a hydrated biocompatible silica
matrix containing pores of typically ∼ 10 nm are formed around individual pro-
tein molecules, matching their size whilst connecting to the network by smaller
pores of ∼ 1 nm; the latter acting as a conduit for analytes of interest while ex-
cluding potentially interfering macromolecules. These features are ready-made
for sensing applications and could potentially be used to simulate natural con-
ditions in single protein research with a view to answering such fundamental
questions as – do all proteins of a given type fold by the same pathway and
how does protein aggregate? However, a well known problem when preparing
silica sol–gels using orthosilicate precursors is the release of alcohol during the
reaction, which denatures protein through an alteration of the native structure
[87, 88]. The degree to which protein is altered by alcohol varies with each
protein and protocols based on other than orthosilicate precursors have been
shown to introduce new problems (e.g., sodium ions from water soluble sili-
cate). Evaporation of alcohol from the sol prior to addition of protein is widely
used, typically for 25 min as described for horseradish peroxidase [89].

In the work presented in this section, the polarity sensitive fluorescent probe
prodan was used to monitor methanol and thereby define a protocol with en-
hanced bio-compatibility which uses a hydrolysis period of at least 24 h at +5◦C
followed by a vacuum distillation. This improved bio-compatibility was demon-
strated on the environment-sensitive protein allophycocyanin (APC) which ex-
ists as a trimer in its native form, but readily dissociates into monomers in the
presence of alcohol. The recorded fluorescence emission of encapsulated APC
corresponds to the stable trimeric form in an aqueous environment, for an ageing
period of up to approximately 500 h, which provides an opportunity for exten-
sive investigation of the native form rather than distorting the native structure
by having to covalently bind the monomer units into the trimeric form as was
previously required. Most protein of interest to biology is extremely difficult
to study at the single-molecule limit in natural form and this difficulty is exac-
erbated in sol–gel pores. However, a few studies have been reported on stable
single proteins such as green fluorescent protein entrapped in a sol–gel matrix
[16]. Consequently, the higher stability afforded by the protocol described here
could open-up single molecule applications of wider bearing such as protein
folding and aggregation.

APC belongs to the phycobiliprotein family present as aggregates in phy-
cobilisomes that lie near chlorophyll reaction centers in Cyanobacteria and
Rhodophyta (blue, green and red algae, respectively). In its trimeric form APC
shows a fluorescence peak centered at 660 nm associated with exciton splitting
between closely-spaced pairs of phycocyanobilin chromophores [90]. If the pro-
tein is exposed to organic solvents, e.g., methanol, the trimer is disaggregated
into monomers and the chromophore–chromophore coupling falls off resulting in
a blue shift of the phycocyanobilin peak emission to ∼ 640 nm. Until the present
work APC was difficult to study in the native form as covalent cross-linking was
needed to preserve the trimeric form down to the single-molecule level [90]. Pre-
vious attempts at preserving the trimeric structure of APC in a sol–gel matrix
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have been unsuccessful, even when maintaining neutral pH either before or after
gelation [91], presumably due to the extreme sensitivity of the protein (through
such mechanisms as disrupted hydrogen bonding) to the vicinal solvents and
pH changes generated, resulting in dissociation to the monomeric form [92].

The ability to entrap a protein, as is demonstrated here with APC, illus-
trates the potential of single molecule fluorescence confined within nano-pores
for studying the protein aggregation that underpins diseases such as the fatal
prion disorders of protein folding (BSE, Creutzfeld-Jacob disease and possibly
Alzheimer’s and Parkinson’s diseases) at their most fundamental level, with
potentially step-change implications for generic understanding not only disease
pathology but also therapeutics. The latter is facilitated because the connec-
tivity of the conduit network to the protein in silica provides an ideal platform
for studying toxicity, drug intervention therapies, etc., at the single molecule
level. Also, the encapsulation of APC in silica sol–gel nano-pores demonstrates
further progress towards metabolic sensing in protein based assays in general.
APC is a naturally fluorescent protein in the visible region of the spectra and
it has attracted considerable interest in various bio-assays. For example, APC
labeling of the glucose-binding lectin, concanavalin A (Con A) has been used to
detect glucose through a time-resolved fluorescence resonance energy transfer
sensing scheme [93–95]. The problem of Con A agglomeration can in principle
be overcome by means of a nano-porous structure and having a biocompati-
ble and optically transparent matrix such as silica opens-up the possibility of
achieving a practicable implant with which to detect blood glucose via optical
interrogation. Similarly porous silica sol–gel materials may provide a platform
for integration within “lab-on-a-chip” sensors which are capable of bringing to
bear the whole panoply of fluorescence techniques and technology to the point-
of-care. This includes for example, intrinsic protein fluorescence excited with
ultra-violet light emitting diodes [96], microfluidics [97], fluorescence resonance
energy transfer to detect metal ions either directly [98] or indirectly using a
chelate [99] and anisotropy [100].

4.3.2 Experimental

Porous silica sol–gels were synthesized by acid-catalysed hydrolysis of tetram-
ethyl orthosilicate (TMOS) with methanol as a side product. The simplified
reaction mechanism was described in section 4.2.2. TMOS sol–gel was prepared
by sonicating together, for 30 min, 4.5 mL TMOS, 5 mL distilled water and
0.1 mL hydrochloric acid (0.1 N); giving a molar ratio H2O/TMOS = 9.4 where
the excess water ensures complete hydrolysis of the orthosilicate. APC was not
added at this point (as commonly done), but instead the sol was kept at +4◦C
for 5 days, allowing the hydrolysis step to effectively reach completion without
promoting gelling through the condensation steps, and only then vacuum dis-
tilled at 50◦C for ∼ 3−5 min at 300 mbar to remove methanol. Distilling for any
longer than this led to gelation before the APC could be added. Finally, the sol
was neutralized by the addition of a mixture of 15 mL PBS (phosphate buffered
saline, pH 7.4) and 15 mL borate buffer (pH 9.2). It would be preferable to
only add PBS but this was found to induce a rapid transition into the gel state
preventing a homogeneous dispersion of the protein. The addition of borate
buffer was found to increase the sol phase lifetime to about 5 min allowing time
for efficient mixing.
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Figure 4.24: Comparison of absorption and fluorescence spectra of prodan in
cyclohexane and methanol. Structure of prodan also shown.

The optimum times for the protocol were obtained using prodan (Sigma-
Aldrich) in parallel measurements on equivalent sols used for protein encapsu-
lation. Prodan was used at a concentration of 2.2 µM.

APC (Sigma-Aldrich Ltd) was used without further purification. Stock so-
lution was prepared in PBS (pH 7.4) and diluted into the vacuum distilled and
neutralized sol at a concentration of 1.28 × 10−7 mol dm−3, the sol then being
left to gel. Steady-state fluorescence spectra were recorded on a Jobin-Yvon Flu-
oromax 2 spectrometer and time-resolved decays were obtained from a Horiba
Jobin Yvon IBH FluoroCube system using a NanoLED diode laser centered at
634 nm as excitation source.

4.3.3 Results and discussion

The optimum timings for hydrolysis and distillation of the silica sol were deter-
mined by investigating a separate and parallel series of samples without protein
but containing fluorophore 6-propionyl-2-(dimethylamino)naphthalene (prodan)
[101]. Prodan is a well-known polarity sensitive fluorescent probe (figure 4.24).
The emission maximum shifts from 410 nm in cyclohexane to ∼ 520 nm in
water. The high sensitivity to polarity is caused by a large transition dipole
moment due to photo-induced charge transfer from the amino group (electron
donor) to carbonyl group (acceptor). Prodan and its derivatives (acrylodan,
laurdan, patman, etc.) have become widely used in bio-medical research, e.g.,
studies of cell membranes.

In sol–gel, prodan is exposed to water/methanol mixture environment with
increasing proportion of methanol released during the reaction. The response
of prodan fluorescence to increasing methanol concentration is two-fold. Firstly



Chapter 4. Host matrix studies 64

0 0.2 0.4 0.6 0.8 1
0.4

0.5

0.6

0.7

0.8

0.9

1

H
2
O mole fraction

re
la

tiv
e 

flu
or

es
ce

nc
e 

qu
an

tu
m

 y
ie

ld

495

500

505

510

515

520

em
is

si
on

 p
ea

k 
w

av
el

en
gt

h 
(n

m
)

Figure 4.25: The recorded dependency of prodan quantum yield (•) and emis-
sion maximum position (N) on water mole fraction in water/methanol solution.
The concentration of prodan was 3 µM in all samples.

a hypsochromic shift can be observed in the peak wavelength, as compared to
water (in H2O the spectrum peaked at 521 nm and in methanol at 498 nm) and
secondly an increase in fluorescence intensity, i.e., quantum yield, occurs. In
figure 4.25, the dependency of prodan fluorescence quantum yield and emission
peak position is plotted as a function of water mole fraction in water/methanol
solution.

In figure 4.26 it is shown that the fluorescence intensity of prodan dissolved
in the silica sol increases for up to 24 h after initial mixing, reflecting an in-
creased methanol concentration in the sol. After 24 h there was no change in the
fluorescence intensity. Five days sol ageing was cautiously and arbitrarily cho-
sen as a safe-period to allow hydrolysis to effectively complete. The methanol
was then removed by vacuum distillation for a time as indicated by the pro-
dan fluorescence on the same sample. The difficulty is if methanol removal is
inadequate the protein denatures and if it is completely removed the gel sets
before the protein is added. Figure 4.27 shows how the prodan peak fluores-
cence wavelength after 3 min of distillation is ∼ 521 nm suggesting an aqueous
environment to which protein can then be added safely. The distillation time
can be extended to 5 min, beyond which the gel is formed too early for achieving
a homogeneous protein dispersion.

APC dispersed in silica sol–gel monolith prepared according to the protocol
presented in this report remained in a trimeric form for up to 500 h before
dissociating. This is evident from the fluorescence emission spectra where a
band can be seen centered at 660 nm corresponding to the exciton coupling of
phycocyanin chromophores localized in different subunits of APC [92], see figure
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Figure 4.26: Fluorescence intensity recorded on prodan in a sol reflecting an
initial increase of ∼50% within 24 h due to methanol formation, and then sta-
bilising. The excitation wavelength was 365 nm and the peak emission centred
at 505 nm.

0 50 100 150 200
500

505

510

515

520

525

vacuum distillation time (s)

pe
ak

 e
m

is
si

on
 w

av
el

en
gt

h 
(n

m
)

0

0.2

0.4

0.6

0.8

1

no
rm

al
is

ed
 in

te
ns

ity

Figure 4.27: Peak emission wavelength (•) and intensity (�) observed for prodan
as function of vacuum distillation time at 50◦ C and 300 mbar. After ∼180 s
the spectra resembles that observed for prodan in water
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Figure 4.28: The APC fluorescence peak wavelength as function of sol–gel aging
when excited at 550 nm

4.28. After ∼ 500 h there is a sudden shift towards 638 nm associated with APC
in the monomeric form. During this time solvent is also expelled from the silica
monolith and accumulates to a ∼ 1 mm thick liquid layer on the top of the
sample. The change in protein is tentatively interpreted to pore shrinkage and
increased exposure to silanol groups.

To illustrate the importance of complete hydrolysis on the stability of APC,
the result is compared with a preparation method reported by Ferrer et. al.
[89]. As can be seen from figure 4.29, the emission spectra recorded on APC dis-
solved in a sample without complete hydrolysis is consistent with the monomeric
form, i.e., a blue shift in the peak wavelength and an increase in full width half
maximum as compared to the spectra recorded on APC in the trimeric form.
A monomer fluorescence spectrum, APC in aqueous solution at pH 4, is also
shown in figure 4.29 for comparison.

Further evidence of preserving the trimeric form of APC by encapsulation
can be found in ensemble fluorescence decay data. The fluorescence decay times
of APC in a silica sol–gel monolith, prepared according to the protocol pre-
sented here, are shown in table 4.11 for two different polymerization times and
compared to results in PBS buffer with and without methanol. The trimer de-
cay times of 0.16 ns and 1.76 ns in PBS, as well as their relative intensities, are
replicated in the sol–gel by the data taken after 24 h, indicating preservation
of the trimeric form of APC. After 720 h, the value of the shorter decay com-
ponent (τ1) significantly increases and also its relative contribution increases,
which indicates the presence of APC in the monomeric form.
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Figure 4.29: Fluorescence spectra of APC (excitation at 550 nm) encapsulated in
a sol–gel monolith prepared according to the new protocol (– –) and according to
previous protocols (– · –). FWHM are indicated. For comparison the emission
spectra of APC in its monomer form (––) is also shown (recorded for APC
dissolved in water at pH 4)

APC system a1 (%) τ1 (ns) a2 (%) τ2 (ns) χ2

trimeric 2 0.16 ± 0.06 98 1.76 ± 0.01 0.97
(in PBS)

monomeric 15 0.72 ± 0.09 85 1.94 ± 0.02 1.24
(PBS:MeOH, 1:1)

sol–gel monolith 3 0.12 ± 0.02 97 1.73 ± 0.01 0.97
24 h

sol–gel monolith 19 0.72 ± 0.06 81 1.73 ± 0.01 1.07
720 h

Table 4.11: Fluorescence decay times recorded for APC. The uncertainties of
the decay parameters are represented by the asymptotic standard errors ([5],
page 134).



Chapter 5

Glucose sensing with
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protein

5.1 Introduction

In this chapter, a photophysical study is presented of a D-glucose/D-galactose
binding-protein (GBP) labelled with the environmentally sensitive dye badan.
Badan-GBP152C (the structure is shown in figure 5.1) was developed at the
Diabetes Research Group, King’s College, London School of Medicine, in the ef-
fort to find a suitable system for monitoring blood glucose level via fluorescence.
This system exhibits a maximal ∼ 300% fluorescence intensity increase when
glucose is added. This range provides a sufficient dynamic range and badan-
GBP152C is therefore a good candidate for construction of a fluorescence-based
glucose sensor for clinical use.

Glucose sensing

Diabetic mellitus is a metabolic disease manifested by chronically elevated level
of glucose in the blood of the patient. It is caused either by failure of the
organism to produce enough insulin (type I diabetes) or defective responsiveness
of cells to insulin (type II). Insulin is a hormon produced by pancreas. It is a
peptide composed of 51 amino acids. Through the insulin production, a healthy
body regulates the glucose uptake by cells from the blood. The chronic insulin
deficiency causes hyperglycemia, i.e. high blood glucose, which can lead to a
wide variety of serious health complications.

Diabetes is difficult to cure. It is treated by dietary management and ap-
propriate medication. Depending on the severity of the disease, administration
of exogenous insulin may be required. A patient with type I diabetic mellitus
needs to take insulin several times throughout the day, most commonly by sub-
cutaneous injection. The required amount of external insulin must be carefully
estimated in order to ensure balanced glucose level. The excess of insulin to-
gether with insufficient nutrition income leads to acute hypoglycemia, i.e., low
blood glucose. This state which is particularly dangerous to the nervous system.

68
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Figure 5.1: Structure of badan-GBP152C. A modified structure from Protein
Data Bank repository (http://www.pdb.org) obtained by the X-ray diffraction
method [102]. The label is located close to binding region

Therefore, the blood glucose level must be accurately and reliably monitored,
so that an adequate amount of insulin can be administered. Most glucome-
ters used today operate on the electrochemical principle. They require a blood
sample obtained by pricking the skin (usually on a finger) by a small lancet.
Although the volume of the blood needed by modern glucometers for the test is
minimal, this method brings some discomfort to the patient, especially if more
frequent reading is necessary. There is a search for novel methods for continu-
ous and preferably non-invasive blood glucose monitoring which would improve
the safety and life quality of a diabetic patient. One of proposed approaches
for in vivo glucose monitoring is fluorescence-based sensing in which a sensor
would generate a well-defined glucose-induced response detectable by the means
of fluorescence spectroscopy, for example the change of fluorescence intensity or
lifetime. Such sensor implanted in the body and thus permanently exposed to
the blood, could be used together with an evaluation device in order to provide a
feedback to an insulin pump, which would continuously adjust the administered
dosage of exogenous insulin. Several systems based on glucose-sensitive bio-
receptors, such as glucose dehydrogenase, glucose oxidase, lectin concanavalin
A and bacterial glucose binding protein, have been studied [93, 94].

Engineered bacterial glucose binding protein

Protein is a linear chain of amino acids joined together by peptide bonds between
the carboxyl and amino group of adjacent amino acid residues. The end of the
chain with a free amino group is called the N-terminus and the end with a
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free carboxyl group the C-terminus. The sequence of amino acid residues in the
protein is defined by a sequence of a gene, which is encoded in a stretch of a DNA.
In its natural form, protein is folded to a three-dimensional structure (so-called
protein tertiary structure) which is determined by the amino acids sequence
and the environment in which the protein is synthesized and allowed to fold. A
globular protein is folded so that the exposure of non-polar (hydrophobic) amino
acids to the surrounding water is minimised whereas polar (hydrophilic) amino
acids are bound outwards, which makes the protein water soluble. Formation
of intramolecular hydrogen bonds within the protein’s hydrophobic core can
significantly contribute to the protein’s tertiary structure stability.

Some proteins may exhibit an intrinsic fluorescence (autofluorescence) due
to the presence of aromatic residues – tryptophan, tyrosine or phenylalanine.
In the interesting and important case of the green fluorescent protein (GFP)
found in jellyfish Aequorea victoria, green fluorescence upon blue light exposure
occurs due to a specific cyclization reaction within a tripeptide amino acid
sequence consisting of serine, tyrosine, and glycine at positions 65–67 [104].
The autofluorescence can be used as diagnostics of the protein’s conformation,
or the fluorescent protein itself can serve, for example, as a biomarker in a study
of cellular processes.

A protein can also be labelled by introduction of an extrinsic fluorescent
probe that provide a fluorescence response to a conformational rearrangement
of the protein which is often induced by the binding of a substrate molecule
to the protein’s active site. Thus, the natural behaviour of the protein can
be utilised for detecting non-fluorescent molecules via fluorescence. This is the
principle idea of detecting glucose using labelled D-glucose/D-galactose binding-
protein (GBP) from bacteria Escherichia coli [106, 107]. GBP binds glucose
with high affinity and galactose to a lesser degree. It is a globular protein
consisting of two main domains that are connected with a “hinge” region where
the active (sugar binding) site is located. When a glucose molecule is bound
to GBP, the protein undergoes a large conformational change. There are two
main strategies of detecting glucose using a sensor based on GBP [27]. One is to
label the protein with a FRET pair – a fluorescent donor and an acceptor – at
different sites on the protein. If the donor–acceptor distance differs substantially
in the two conformational states, glucose can be detected via monitoring FRET
rate. Other strategy is to label GBP with environment sensitive dye at suitable
position. Most of GBP-based sensors are reported to have < 30% change of
fluorescence signal and few up to ∼ 300%.

One of GBP-based systems developed by Khan et. al. exhibits a 300% max-
imal increase of fluorescence intensity with glucose [27]. It was prepared by a
site-specific labelling of the protein with environment sensitive 6-bromoacetyl-
2-(dimethylamino)naphthalene (badan) at position C1521. The procedure is
described in [27] but it might be useful to give a brief overview here. To target
the labelling position on the protein chain, a mutant of GBP was prepared by
replacing histidine at position 152 with cysteine with site-directed mutagenesis.
The cysteine residue in the resulting mutant, denoted as H152C (which means
histidine at position 152 was replaced by cysteine), contains a thiol group (–S–
H). The molecule of badan (structure shown in figure 5.2) contains a bromine

1The position is expressed as the number of the amino acid in the protein sequence, counted
from the N-terminus.
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which readily reacts with the thiol group in the cysteine residue. As a result,
badan is attached to the protein chain at the desired position through a thioether
bond. The labelling of H152C mutant of GBP was accomplished by incubating
a solution of the mutant in a buffer with excess of badan at room temperature.
The remaining free dye is removed by gel-filtration chromatography. The ab-
breviation “badan-GBP152C” specifies that GBP is labelled by badan through
cysteine at position 152.

5.2 Experimental

The solution of badan-labelled glucose binding protein in PBS was kindly sup-
plied by Dr. Faaizah Khan from the Diabetes Research Group, King’s College,
London School of Medicine, who performed the protein labelling and purifica-
tion. The protein mutagenesis and subsequent dye labelling is quite complex
and time consuming procedure. Thus, only limited amount of the protein was
available and careful planning of experiments was in place. Immediately after
it was delivered, the protein solution in PBS was aliquoted into plastic 1.5 mL
Eppendorf test tubes and stored at approx. −5◦C for later use. Entire dosage
from one test tube was then diluted by PBS to fill the entire volume of a micro-
cuvette.

Phosphate buffered saline and D-glucose powder were purchased from Sigma-
Aldrich. Typically, 10 µL of glucose stock-solution in PBS of known concen-
tration was successively added to the sample and sufficient time (at least 30
minutes) was allowed for the sample to stabilise before commencing measure-
ments.

All measurements presented here were performed at room temperature, 24±
1◦C. Absorption spectra were recorded with Lambda 2 UV/Vis (PerkinElmer)
spectrophotometer. Because the micro-cuvette was not suitable for absorption
measurement due to the light beam geometry, absorption spectrum of badan-
GBP152C was recorded using quartz w× l× h = 5× 5× 40 mm cuvette, which
was carefully aligned to the beam path.

Fluorescence steady-state spectra were recorded with a FluoroMax-2 (Jobin
Yvon) spectrofluorometer. The measurements on one sample spanned over a
quite long period of time (up to a few days). Therefore, for monitoring of fluo-
rescence intensity changes, a reference sample - perylene/cyclohexane solution
- was used, in order to eliminate the drift of the instrument.

A TCSPC lifetime spectrofluorometer based on FluoroCube (HORIBA Jobin
Yvon) was employed to record fluorescence decays. A diode laser emitting at
405 nm with . 200 ps FWHM of the pulse was used to excite badan. Coloured
glass long-pass filter with 415 nm cut-off wavelength was used to suppress the
scattered excitation light. Fluorescence decays of tryptophan were recorded
using a light emitting diode with emission maximum at ∼ 280 nm and ∼ 1 ns
FWHM.

In order to consume the smallest possible amount of sample, a quartz micro-
cuvette with cell dimensions w× l×h = 2×10×5 mm (100 µL volume) was used
for all fluorescence measurements. For recording both steady-state and time-
resolved fluorescence anisotropy, it is critical to avoid any light reflections and
scattering inside the sample that would lower the anisotropy value. Particularly,
it turned out that the solution surface can significantly influence the anisotropy
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Figure 5.2: Fluorescence emission spectra of badan in different solvents. Spectra
are normalised so that their area reflect relative quantum yield. The amplitude
of spectrum of badan in dioxane is divided by four.

value if it overlaps the excitation or emission light path. Thus, sufficient amount
of the sample had to be added into the micro-cuvette, ≥ 120 µL. The feasibility
of using the micro-cuvette for fluorescence anisotropy measurements was veri-
fied by measuring the anisotropy of a reference sample – perylene dissolved in
glycerol. It turned out that the masking on the micro-cuvette’s facets helps to
define the geometry of the arrangement and brings some advantage. However, it
was necessary to carefully align the position of the micro-cuvette in the sample
compartment, as well as prevent formation of air bubbles in the sample that
can also lower the anisotropy value.

5.3 Results and discussion

Badan (6-bromoacetyl-2-dimethylaminonaphthalene) is a polarity sensitive flu-
orescent dye with a molecular structure similar to prodan (compare structures
in figures 5.2 and 4.24). The only difference to prodan is the bromine atom on
place of methyl in the propionyl group, which makes badan very reactive and
thus allows to covalently bind badan to cystein residue in GBP by replacing
hydrogen in the thiol group. Badan exhibits a large bathochromic shift (i.e., a
shift to longer wavelengths) of fluorescence emission spectrum with increasing
solvent polarity (figure 5.2). Badan also has a strongly solvent-dependent quan-
tum yield. Fluorescence bandwidth, position, and decay parameters are listed
in table 5.1.
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DMF methanol cyclohexane dioxane
εr 38 33 2.02 2.3

λmax (nm) 475.57 517.72 406.13 437.47
∆ (nm) 71.87 86.48 52.88 59.26
λem (nm) 470 540 410 -
τ1 (%) (ns) 0.2 (3.4) 0.8 (36.9) 0.7 (21.6) -
τ2 (%) (ns) 1.4 (53.7) 2.5 (53.7) 2.8 (53.2) -
τ3 (%) (ns) 3.3 (42.9) 0.1 (9.4) 0.2 (25.2) -

χ2 1.40 0.99 1.17 -

Table 5.1: Photophysical properties of badan in different solvents: the solvent
relative permitivity εr, the position of the emission maximum λmax, the full
width at half maximum ∆, the relative contribution ai of the lifetime component
τi. DMF = dimethylformamide
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Figure 5.3: Absorption and fluorescence emission spectra of badan-GBP152C.
Fluorescence spectrum was recorded using 400 nm excitation wavelength



Chapter 5. Glucose sensing with engineered GBP 74

5.3.1 Steady-state spectra

The absorption and fluorescence emission spectra of badan-GBP152C in phos-
phate buffered saline (PBS), pH 7.3, is shown in figure 5.3. There are two
distinctive peaks in the absorption spectrum of badan-GBP152C. The peak at
400 nm is the first absorption peak of badan. The peak at 280 nm is assigned to
absorption of tryptophan which is an intrinsic fluorophore in the GBP. Although
the extinction coefficient of badan (∼ 15, 000 M−1cm−1) is higher than that of
tryptophan (∼ 5, 600 M−1cm−1), the absorption of badan-GBP152C at Trp
peak is clearly stronger than at badan peak. This is partly caused by the fact
that GBP intrinsically contains 5 Trp residues – at positions 127, 133, 183, 195
and 284. In addition, tryptophans from unlabelled GBP entities present in the
sample also contribute to the absorption at 280 nm. It is, in principle, possible
to estimate the labelling efficiency from the proportions of the two peaks and
known extinction coefficients of badan and tryptophan. However, one must have
on mind that badan fluorophors can also bind non-specifically to the protein,
i.e., they do not bind to the desired location but reside in other hydrophobic
part of the folded protein.

The fluorescence emission spectrum of badan-GBP152C excited at 400 nm
shows a peaks at 546 nm corresponding to badan emission (figure 5.3). When
exciting at 280 nm (Trp peak absorption), the spectrum contains both badan
and Trp (peak at 340 nm) fluorescence bands (data not shown). The chang-
ing amplitude proportion of the two emission peaks with changing excitation
wavelength confirms that two different fluorescent species are present in the
sample.

A strong increase of relative fluorescence emission intensity was observed
with successive glucose addition until it reaches ∼ 400% at saturation. Ap-
proximately 5 nm overall shift of the emission spectrum to shorter wavelengths
(hypsochromic shift) was recorded. This is consistent with less polar environ-
ment of the fluorescent probe upon substrate (glucose) binding by the protein.

Figure 5.4 shows the temporal evolution of badan-GBP152C fluorescence
intensity following after addition of glucose into the sample. The sample was
excited at 400 nm and the fluorescence was monitored at 540 nm. The speed
of the fluorescence intensity change reflects the time it takes for the new equi-
librium to establish. From measured curves, it can be concluded that ∼ 30 min
period is needed for the sample to stabilise.

Several observations indicated that badan-GBP152C is not very photostable.
If the sample was left in the dark for some time (∼ 0.5 h) and several subsequent
scans of fluorescence emission were performed, a decrease of the peak amplitude
was clearly noticeable between the first and the second scan. Each following
scan retraced the second scan, i.e., no further decrease was observed. Strangely,
the same behaviour could be reproduced, once the sample was again left in
the dark. This effect had to be considered during the fluorescence anisotropy
measurements in which several scans with different arrangements of polarisers
were recorded. The excitation light intensity was much higher when measuring
steady-state spectra. During the time-resolved measurements, no indication
of sample instability was observed – the recorded decays were verified to be
fairly reproducible. Often rather extensive measurements were performed on a
single sample (after each addition – measurements of absorption, fluorescence
anisotropy scans, fluorescence decays recorded at several emission wavelengths,
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Figure 5.4: Fluorescence intensity evolution following after adding glucose to
the sample. Concentration of glucose was successively increased from 0.04 to
0.41 µM (a), from 4.6 to 7.6 µM (b) and from 10.3 to 13.0 µM (c)

anisotropy decay measurements). The extended period during which the sample
was irradiated by excitation light might have caused somewhat reduced overall
increase of fluorescence intensity induced by glucose addition and therefore limit
the reproducibility of the intensity (and possibly other) measurements.

The steady-state spectrum of badan-GBP152C recorded at 4.7 µL glucose
concentration is shown in figure 5.5. The spectrum is quite constant in the
region of fluorescence emission maximum. The faint fluorescence anisotropy
peak around 450 nm is most probably caused by Raman scattering by water.
The shape of the badan-GBP152C fluorescence anisotropy is independent of the
glucose concentration. The anisotropy mean value shows a slight decrease with
increasing glucose concentration – see figure 5.6. A decrease of fluorescence
anisotropy would indicate that in the bound state i) either the rotation of the
protein is faster due to more compact form or ii) the motion of the fluores-
cent probe is more restricted. However, the recorded decrease compared to the
measurement precision is too small to be conclusive.

5.3.2 Time-resolved studies

Fluorescence intensity decay of badan-GBP152C was studied at different glucose
concentrations. After glucose was added to the sample, decays were recorded
at over 10 wavelength points covering the badan emission. The decay data were
analysed by reconvolution using DAS6 (IBH) software. The fitted parameters
of the recorded fluorescence decays are summarised in tables 5.3, 5.4, 5.5 and
5.6. Selected decay data are plotted in figure 5.7. The decay of fluorescence
of badan-GBP152C is clearly wavelength-dependent. The multi-exponential
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Figure 5.5: Spectrum of badan-GBP152C fluorescence anisotropy (emission
scan). Excitation wavelength 400 nm, glucose concentration 4.7 µM.
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Figure 5.6: Dependence of mean fluorescence anisotropy on glucose concentra-
tion in the sample. The excitation wavelength was 400 nm emission fluorescence
anisotropy was averaged over the range from 510 to 580 nm. Error bars indicate
standard deviations from the mean value.
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Figure 5.7: Recorded fluorescence decays of badan-GBP152C at different glucose
concentration in the sample. The decays were recorded using a diode laser
emitting at 400 nm. The monochromator bandwidth was set to 12 nm.
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Figure 5.8: Comparison of badan-GBP152C fluorescence decays recorded at
emission wavelength 550 nm at different concentration of glucose in the sample.
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model function had to be used to obtain a good fit. With no glucose added to
the sample, fluorescence decays longer at shorter emission wavelengths (top-left,
figure 5.7), whereas at 8.2 µM glucose concentration, the decay times increases
with wavelength (bottom-right). A kind of intermediate state can be recognised
at 0.8 µM glucose concentration, where the decays recorded at all wavelengths
are similar (top-right).

Recorded decays were fitted by reconvolution with DAS6 (IBH) software
using multi-exponential kinetic model

I(t) =
∑

i

αie
− t

τi .

Two- or three-exponential models were used, depending on which provided
the best χ2. No parameter was fixed during the fitting procedure. At short-
wavelength side of the emission, three exponentials were always needed to de-
scribe the recorded decays, whereas at long-wavelength side, the decays are less
complicated (with exception of decays recorded at 0.8 µM glucose, where three
exponentials had to be used at all wavelengths).

It should be pointed out that interpretation of individual components yielded
from fitting by the multi-exponential kinetic model can be rather delicate. It
is known that in certain cases, different combinations of αi and τi can provide
indistinguishable decays, even for decay with only two components (see an ex-
ample on page 103 in [5]). Each parameter of the multi-exponential model can
be varied within a certain range without any effect on the goodness of the fit
– if other parameters can compensate for the change. In other words, param-
eters αi and τi are correlated. This is particularly true when the lifetimes are
close in magnitude (such as, for example, 6 and 8 ns). Therefore, it is possi-
ble that different combination of parameters than those listed in tables 5.4 –
5.6 can describe the recorded decays equally well and the presented values are
“pre-determined” to a certain extent by the arbitrary initial guess of the fitting.

In general, a wavelength-dependent fluorescence decay can be a result of
several phenomena and their combinations. For instance, it can be caused by the
presence of two or more populations with different lifetimes and emission bands
shifted with respect to each other. This can be expected in the case of badan-
GBP152C – when the protein is bound to glucose, the badan intensity decay
is longer and its emission is slightly blue-shifted with respect to the unbound
form.

Another important effect related to fluorescence of badan and similar fluo-
rophores is spectral relaxation, i.e., the shift of emission spectral band to longer
wavelength within the fluorescence lifetime. The fluorophore undergoes a charge
redistribution upon excitation and surrounding solvent molecules (in the case
of dye dissolved in a liquid) start to reorient in order to establish a new equi-
librium. This is referred to as solvent relaxation. It happens on a ∼ 10 ps
time scale in low viscosity solvents, i.e., much faster than what can be resolved
with a common TCSPC experiment. When the speed of solvent relaxation is of
the same order as the spontaneous emission, fluorescence occurs from partially
relaxed state. The movement of, for instance, water molecules at a surface of
a protein or inside the hydrophobic region of a membrane (often referred to as
“bound” or “biological” water) can be slowed down sufficiently to be studied by
an analysis of time-resolved emission spectra recorded by TCSPC [34, 111].
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Since it was first introduced, prodan and its derivatives have been widely
used as a fluorescent probes in research of proteins, lipids and cellular mem-
branes [112–115]. Photophysical properties of prodan itself has been subject to
numerous studies, both experimental and theoretical. The fluorophore moieties
in the structure of prodan and badan are identical and their photophysical be-
haviour can be expected to be very similar. The great sensitivity of these dyes
are based on the internal charge transfer from the electron donor group to the
electron acceptor group. The character of the charge transfer is strongly influ-
enced by the environment of the fluorophore. In a non-polar environment, the
emission occurs from a locally excited state (i.e., the initially excited state) while
in polar solvent the emission occurs from a charge transfer state in either planar
or twisted conformation [116, 117]. The conformational change between the two
charge transfer states can also contribute to fluorescence relaxation [113].

The situation is more complicated by the possibility of non-specific labelling.
When the mutant protein is being labelled with badan, most fluorophores link
to cystein by a chemical reaction. However, a small fraction of the dye can
attach to the protein non-covalently and reside on a different location on the
surface of the protein. The environment of such fluorophore can be more hy-
drophobic than that of the dye located at the desired position. At zero glucose
concentration, a ∼ 4 ns decay component is observed at the short wavelength
side of the emission spectrum (τ3 in table 5.3 and figure 5.8, top-left). Its rela-
tive contribution to the overall fluorescence is decreasing with wavelength. This
component can be assigned to non-specifically located fluorophores located in a
less polar environment and thus having blue-shifted emission.

The spectral relaxation, on the other hand, is manifested by shorter decay
times at shorter wavelengths – the fluorophores observed at short emission wave-
length are de-excited by both spontaneous emission and relaxation – as can be
observed at 8.2 µM glucose concentration (figure 5.8, bottom-right).

Figure 5.9 shows the comparison of the relative fluorescence intensity and
the relative average fluorescence lifetime recorded for different concentrations
of glucose at 550 nm emission wavelength. The average lifetime, for a multi-
exponential decay defined by equation 4.2, is proportional to the area beneath
the decay curve and its relative change thus reflects the change of the quantum
yield. The glucose-induced change of the relative average fluorescence lifetime
is smaller than that of the steady-state intensity, i.e., the change in the lifetime
does not fully cover the increase of the steady-state intensity. In a quench-
ing experiment, this would indicate presence of static quenching. In this case,
however, an increase of molar absorption coefficient might occur when the envi-
ronment of the fluorescent probe changes to less polar. (For example, prodan,
a dye very similar to badan, has molar absorption coefficient 14,500 M−1cm−1

in an aqueous solution and 18,400 M−1cm−1 in less polar ethanol.) This would
cause the intensity increase to be higher than that of the quantum yield. Unfor-
tunately, the change in the absorbance of the sample was not verified because
the use of micro-cuvette did not allow reliable absorption measurements.
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Figure 5.9: Comparison of the relative fluorescence intensity dependence on
glucose concentration based on steady-state and time-resolved measurements.
The monitored emission wavelength was 550 nm.

gluc. conc. (µM) r0 θ1 (ns) β1 θ2 (ns) β2 χ2 d (nm)
0 0.34 0.12 0.08 27.50 0.26 1.05 5.96

0.8 0.39 0.06 0.12 24.22 0.27 1.05 5.72
4.7 0.37 0.06 0.10 18.73 0.27 1.07 5.25
8.2 0.30 0.19 0.04 17.23 0.26 1.07 5.10

Table 5.2: Fitted anisotropy decay parameters and a hydrodynamic diameter d
corresponding to θ2; β1 + β2 = r0

Time-resolved anisotropy

The decays of badan-GBP152C fluorescence anisotropy recorded at four different
glucose concentrations are shown in figure 5.10. Good anisotropy fits were
obtained using two-exponential model,

r(t) = β1 exp

(

− t

θ1

)

+ β2 exp

(

− t

θ2

)

,

The fitted parameters are listed in table 5.2. All parameters were left free dur-
ing the fitting procedure. The longer correlation time corresponds to global
protein rotation. The shorter component can be assigned to relatively a fast
“wobbling” motion of the fluorescent label. The fitted values of both corre-
lation times indicate that the real values lie outside the interval in which the
fluorescence anisotropy decay measurement is reliable. The values of the fast
component, θ1, are approaching the limit that can be resolved by the used ex-
perimental technique. The values of the second component, θ2, corresponding
to the slow rotation of the protein are substantially larger than the fluorescence
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Figure 5.10: Recorded decays of badan-GBP152C fluorescence anisotropy at
different glucose concentrations. Excitation wavelength 400 nm, emission wave-
length 560 nm, monochromator bandwidth 16 nm.

decay time of badan-GBP152C, which somewhat reduces the reliability of the
recovered values. The fitted values of θ1 are smaller than 200 ps, which is simi-
lar to the FWHM of the instrument response function recorded with the same
set-up. Therefore, we can not expect to be able to recover subtle changes in
that parameter by the used experimental method. It is not surprising that the
fitted values of θ1 differ quite a lot from each other (in their relative value),
showing no trend. However, it can be concluded from the shape of the recorded
fluorescence anisotropy decays that the contribution from the fast component to
the total depolarisation remains more or less constant, independently of the glu-
cose concentration. That would mean that there is no substantial change in the
restriction of the probe’s fast movement. The long correlation time, θ2, changes
from 28 ns at 0 glucose concentration to 17 ns at 8.4 µM glucose. Although
absolute values of θ2 are not very reliable for the reason mentioned above, the
decrease would correspond to a faster rotation of the protein in the bound state
compared to the open state. In other words, upon binding a molecule of glu-
cose, the protein changes its geometry to a more compact shape. Values of the
hydrodynamic diameter d also listed in table 5.2 were calculated from θ2 using
formula 2.27 for Brownian rotation, i.e.,

d = 3

√

6kBTθ2
πη

.

The viscosity η = 1.003×10−3 Pa s of water at 20.0 ◦C was considered. Formula
2.27 is only an estimate of the protein size and the specific interaction of the
surface with surrounding solvent molecules is not considered. The glucose-
induced conformational change can cause different side chains to be exposed
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Figure 5.11: Comparison of badan-GBP152C fluorescence decay recorded at 0
and 82 µM glucose concentration. A light emitting diode with emission maxi-
mum at ∼ 280 nm was used for excitation, excitation wavelength 296 nm was
selected by the monochromator, the emission monochromator was set to 350 nm
(tryptophan fluorescence) with 12 nm bandwidth

to water and thus binding of glucose can affect the badan-GBP152C rotation
through surface-water interaction. Nevertheless, values of d are comparable to
crystal unit-cell dimensions. Lattice parameters determined by high-resolution
X-ray diffraction are a = 61.26 Å, b = 36.58 Å, c = 64.94 Å and α = 90.00◦, β =
107.19◦, γ = 90.00◦ (from http://www.pdb.org, doi:10.2210/pdb2hph/pdb).
These parameters were recorded with GBP bound to glucose.

As was already mentioned, the decrease of θ2 indicates faster rotation of
badan-GBP152C in the bound state. However, it should be pointed out that
below saturation both bound and unbound forms of the protein contribute to
overall fluorescence from the sample. The decrease of θ2 is caused by increasing
dominance of the contribution from bound proteins which have higher quan-
tum yield and more compact shape. The highest glucose concentration used in
the time-resolved anisotropy measurements (8.4 µM) is still below saturation.
Therefore, further decrease of θ2 can be expected.

Fluorescence kinetics of tryptophan residues

Fluorescence decays of the emission band corresponding to tryptophan fluores-
cence were recorded in absence and excess of glucose. Both the wild-type and
the mutated form of GBP contain 5 tryptophan residues. One of the trypto-
phan residues – at position 183 – is located quite close to badan. There is a
possibility of some interaction between them, e.g., resonance energy transfer
due to an overlap of tryptophan emission and badan absorption. A strong in-
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teraction would affect the decay of tryptophan fluorescence. The comparison of
recorded decays is shown in figure 5.11. The decay kinetics is non-exponential
and does not change with glucose addition. Therefore, it can be concluded that
the glucose-induced change of the protein’s shape does not affect the interaction
(if there is any) between tryptophan and badan.

The utilisation of intrinsic fluorescence of GBP to estimate the protein size
via time-resolved anisotropy, as was demonstrated with badan, is complicated
by the high number of tryptophan residues in the protein. It is known that
tryptophan at different locations within the same protein can have dissimilar
motions and associated anisotropy decay [5]. The anisotropy decay of trypto-
phan fluorescence of GBP is therefore expected to be probably too complex to
interpret. The measurement of tryptophan fluorescence depolarisation was not
attempted because material of polarisers used in the measuring apparatus does
not allow to work with wavelengths . 350 nm.
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λem (nm) τ1 (ns) τ2 (ns) τ3 (ns) a1 (%) a2 (%) a3 (%) χ2

450 0.1 1.2 3.9 10.0 29.1 60.9 1.16
480 0.1 0.9 3.7 12.1 32.9 55.0 1.03
490 0.1 0.9 3.7 12.1 41.3 46.6 1.12
490 0.1 0.9 3.6 11.6 41.6 46.7 1.09
500 0.1 0.9 3.6 11.2 51.9 36.8 0.97
510 0.2 0.9 3.3 11.5 56.8 31.7 1.02
520 - 0.8 2.8 0 64.3 35.7 1.09
530 - 0.8 2.5 0 66.4 33.6 1.12
540 - 0.8 2.4 0 67.4 32.6 1.18
550 - 0.8 2.3 0 69.0 31.0 1.09
560 - 0.8 2.2 0 69.5 30.5 1.07
570 - 0.8 2.1 0 68.2 31.8 1.22
580 - 0.8 2.1 0 67.6 32.4 1.3
590 - 0.8 2.1 0 69.4 30.6 1.36
600 - 0.8 2.2 0 70.7 29.3 1.38
610 - 0.8 2.1 0 70.2 29.8 1.35

Table 5.3: Glucose concentration 0 µM

λem (nm) τ1 (ns) τ2 (ns) τ3 (ns) a1 (%) a2 (%) a3 (%) χ2

480 0.1 0.8 3.3 30.6 12.6 56.8 1.27
490 0.1 0.9 3.4 36.0 11.3 52.7 1.24
500 0.1 0.8 3.3 38.7 10.1 51.2 1.25
510 0.1 0.8 3.2 41.5 8.7 49.8 1.37
520 0.0 0.8 3.2 45.2 7.6 47.2 1.06
530 0.3 1.0 3.3 49.4 8.1 42.5 1.06
540 0.3 1.0 3.3 49.9 7.7 42.4 1.09
550 0.2 0.9 3.3 53.4 4.3 42.3 1.15
560 0.3 1.0 3.4 53.9 6.6 39.5 1.03
570 0.6 1.2 3.5 38.4 25.6 36.0 1.11
580 0.5 1.1 3.5 47.7 15.8 36.5 1.03
590 0.5 1.1 3.4 49.0 14.6 36.4 1.12
600 0.6 1.3 3.6 38.7 29.6 31.7 1.13
610 0.5 1.1 3.5 51.3 13.6 35.1 1.10

Table 5.4: Glucose concentration 0.8 µM
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λem (nm) τ1 (ns) τ2 (ns) τ3 (ns) a1 (%) a2 (%) a3 (%) χ2

470 0.1 0.8 3.1 13.4 26.2 60.4 1.13
480 0.1 0.9 3.2 10.0 27.0 63.0 1.21
490 0.2 1.3 3.2 10.5 28.9 60.6 1.39
500 0.3 1.4 3.3 11.1 25.6 63.3 0.99
510 0.2 1.0 3.2 5.2 22.4 72.4 0.92
520 0.4 1.4 3.4 7.3 26.1 66.6 1.01
530 - 0.8 3.2 0 21.6 78.4 1.09
540 - 0.8 3.3 0 20.5 79.5 1.14
550 - 0.9 3.4 0 21.9 78.1 1.06
560 - 0.9 3.4 0 20.8 79.2 1.05
570 - 0.9 3.4 0 21.4 78.6 1.10
580 - 0.8 3.4 0 20.8 79.2 1.11
590 - 0.9 3.5 0 22.7 77.3 1.04
600 - 0.8 3.5 0 22.0 78.0 1.03
610 - 0.9 3.5 0 22.8 77.2 1.18

Table 5.5: Glucose concentration 4.62 µM

λem (nm) τ1 (ns) τ2 (ns) τ3 (ns) a1 (%) a2 (%) a3 (%) χ2

460 0.1 1.0 3.2 15.0 30.3 54.7 1.04
470 0.1 0.8 3.0 13.1 25.7 61.2 1.11
480 0.1 1.0 3.1 10.4 25.4 64.2 1.03
490 0.2 1.1 3.2 8.0 24.5 67.5 1.03
500 0.2 1.2 3.2 6.2 23.0 70.8 0.99
510 0.2 1.2 3.3 4.3 21.5 74.2 1.03
520 0.3 1.3 3.3 4.3 18.6 77.1 1.00
530 0.2 1.2 3.4 1.9 18.4 79.7 1.07
540 0.4 1.6 3.5 4.4 18.5 77.1 1.09
550 0.1 1.2 3.5 1.6 15.4 83.0 0.98
560 - 1.0 3.5 0 13.8 86.2 1.02
570 - 1.0 3.5 0 14.1 85.9 1.08
580 - 1.0 3.6 0 14.4 85.6 1.08
590 - 0.9 3.5 0 12.5 87.5 1.05
600 - 1.0 3.6 0 13.0 87.0 1.18
610 - 1.0 3.6 0 13.0 87.0 1.14

Table 5.6: Glucose concentration 8.15 µM
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Single molecule detection

6.1 Introduction

Single molecule fluorescence spectroscopy is an extremely sensitive analytical
method. Spectroscopic study of a single molecular entity gives an opportunity
to observe behaviour which is otherwise “obscured” by averaging over a large
ensemble of copies of the molecule, e.g., single molecule fluorescence blinking
or spectral fluctuations. Thanks to recent advances in the instrumentation of
visible light microscopy, microscope systems are available on the market, that
have sufficient sensitivity to detect fluorescence of a single molecule with an
adequate signal-to-noise ratio.

Experiments presented in this chapter were performed in order to test the
applicability of α-SNOM (WITec GmbH, Germany), described in section 3.1.3,
for single molecule fluorescence imaging and spectroscopy. Some time after the
microscope was installed, it was upgraded to allow confocal Raman microscopy.
When equipped with a spectrograph, the microscope can also record a fluores-
cence emission spectrum for each point of an image. It was not clear, however,
whether the detection sensitivity of the system is high enough, so that a single
molecule spectrum can be successfully measured.

The secondary aim of the “pioneering” work presented here was to adopt
single molecule spectroscopy for future research in the Photophysics group – to
get hands-on experience with the technique, sample preparation issues, and to
learn the limits for possible applications. Because of the possibility to avoid
ensemble averaging, single molecule spectroscopy is believed to become a rou-
tine technique, complementary to conventional “bulk” molecular spectroscopy
methods.

6.2 Experimental results

In order to test the possibility of using α-SNOM for single molecule imaging, a
well defined sample is needed with the simplest possible preparation protocol.
Rhodamine 6G (Rh6G) or rhodamine B (RhB) adsorbed on a glass surface at low
concentration was chosen to serve as a standard reference system. A protective
polymer layer can be also applied to reduce photobleaching of fluorophores.

86
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5 μm

A B C

Figure 6.1: Comparison of fluorescence from untreated microscope slide (a),
slide washed in methanol (b) and slide treated by “piranha” etching solution

Rh6G and RhB dyes are obvious choices thanks to their high quantum yield
and photostability that also makes them popular laser dyes. Both dyes can be
efficiently excited with 532 nm wavelength used in the microscope. The use of
RhB brings a slight advantage over Rh6G because the short wavelength side
of the emission spectrum of Rh6G partially overlaps the cut-off wavelength of
the holographic edge filter, hence a fraction of fluorescence is filtered out with
reflected excitation light. Both absorption and emission spectrum of RhB is
shifted to longer wavelengths with respect to Rh6G.

Note

Fluorescence images in this chapter are presented in greyscale. White color
means the lowest fluorescence intensity, black represents the highest intensity.
If two fluorescence images are compared to each other (such as in figure 6.6), the
conditions during the data acquisition (alignment of the instrument, excitation
power, etc.), as well as the color scale, are the same.

To avoid confusion, the term pixel is used here for a point of an intensity
raster image, not for an element in a CCD camera array. The CCD was used
here only for recording spectra, not imaging.

6.2.1 Sample preparation and impurity issues

Several sample preparation protocols have been tested. The most reliable and
reproducible way was to deposit a solution of a dye in methanol onto a surface
of a clean microscope cover slip and leave the solvent to evaporate. The cover
slip was then spin-coated with poly(methyl methacrylate) dissolved in dimethyl
carbonate. Typically, 3 − 5 µL of ∼ 1 nM (10−9 mol dm−3 concentration)
solution of the dye in a spectrophotometric grade methanol was deposited and
150 µL of 25 mg/100 mL PMMA solution in dimethyl carbonate was used for
spin-coating. Alternatively, the cover slip could be spin-coated with a solution
of both the dye and PMMA.

Due to the ultimate sensitivity of single molecule detection, even a minor im-
purity can result in corrupted data. Contamination of used chemicals, pipettes,
and the substrate with unwanted fluorescent material must be avoided. Figure
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6.1 illustrates the importance of substrate cleaning. As can by revealed by scan-
ning the surface without any dye applied, an out-of-the-box microscope slide,
although apparently clean, contains quite large amount of fluorescent contami-
nation (a) which can not be fully removed by sonicating the slide in spectropho-
tometric grade methanol (b). Therefore, more drastic methods of substrate
cleaning were employed.

A reliable method to remove any organic material from the substrate is the
treatment with the so-called “piranha” solution – a mixture of concentrated sul-
phuric acid (H2SO4) and hydrogen peroxide (H2O2). This mixture is a strong
oxidiser and will remove most of organic matter from the glass surface. It will
also hydroxylate the surface, i.e., increase the number of silanol groups, which
will leave the surface hydrophylic. Figure 6.1 (c) shows that no fluorescence
was detected from glass cover slip treated with 7:3 mixture of 98% H2SO4 and
30% H2O2. The hydrophilicity of the surface is also a positive feature regard-
ing the dye deposition and spin-coating. However, using “piranha” solution is
discouraged because of accompanying safety issues. Mixing the solution is an
exothermic reaction and can be rather violent. There is even a risk of explosion
when a larger quantity of organic solvent is added to the solution.

Alternatively, the glass cover slips could be immersed in a concentrated (∼ 5
wt%) methanol or ethanol solution of potassium hydroxide (KOH) for 24 hours
and than washed with deionized water. This method also gives sufficient sub-
strate purity and is far less dangerous compared to cleaning with the piranha
solution.

For imaging of single molecules dispersed on a surface, the distance between
individual molecules must be obviously larger than is the optical resolution of
the microscope. It is difficult to estimate the resulting surface concentration
of fluorophores from the known initial concentration of the deposited solution.
Fluorophores are often inhomogeneously distributed on the surface, due to the
progress of solvent evaporation. The dye can be also partly washed away when
the polymer layer is applied by spin-coating. The suitable concentration was
therefore found by preparing a set of sample with different initial concentrations,
∼ 10−7, 10−8, 10−9 mol dm−3, etc., and examining their fluorescence images. At
high initial concentration, the images of individual fluorophores overlap and the
fluorescence signal is spatially continuous (although often not homogeneous).
For a sufficiently low concentration, individual fluorescence spots can be ob-
served.

6.2.2 Single molecule imaging

The most convenient arrangement for recording single molecule images with
α-SNOM (see section 3.1.3 for the description) is the reflection confocal mode
of operation. The microscope can also be used in SNOM mode with a special
microfabricated cantilever [44]. SNOM would in principle allow single-molecule
imaging with superior spatial resolution [120]. However the alignment of the
instrument for SNOM measurements is considerably more complex and time
consuming than for confocal microscopy. Moreover, the cantilever used in α-
SNOM is a rather expensive consumable. Nevertheless, the confocal mode of
operation offered satisfactory performance for imaging of single molecules and
far less complicated alignment procedure was needed.
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Parameters of a scan – the excitation power, the integration time per pixel
and the pixel size – must be chosen carefully. Any unfavourable change in
those parameters makes imaging of single molecules impossible. For a successful
detection of a single fluorophore, the signal S must be comparable to fluctuations
in S, the background signal B and the dark noise N . Under the assumption of
Poisson statistics of fluctuations, the fluorescence signal-to-noise ratio is [4, 5]

SNR =
S√

S +B +N

For example, if the excitation intensity is too small (at a given pixel integration
time), the fluctuations in N simply obscure the fluorescence signal. If the power
is too high, the increased contribution of the background signal B (autofluores-
cence of the sample, Rayleigh- or Raman-scattered light) also reduce the SNR.
Furthermore, at high excitation rates, fluorophores often photobleach within the
observation period and after that only B and N are detected. An excitation
rate allowing adequate SNR should therefore be selected and, in order to detect
as many photons as possible without affecting SNR, the observation period of a
single molecule should roughly match the time the fluorophore can emit before
it is destroyed.

Photobleaching happens when the structure of the fluorophore is irreversibly
modified due to a photo-induced chemical reaction with another molecule. This
reaction proceeds more easily in the excited state than in the ground state. The
photostability of a dye can be quantified by the quantum yield for photobleach-
ing, ΦB, which is defined as [121, 122]

ΦB =
number of photobleached fluorophores

total number of absorbed photons

An inverted value of ΦB gives an average number of excitation–relaxation cycles
that a fluorophore can undergo prior to its irreversible photodestruction. The
value of ΦB depends strongly on the molecular structure of the fluorophore and
its local environment (such as the concentration and mobility of oxygen [123])
as well as the excitation power [121, 124]. For rhodamines, it is estimated to
be in the order of ∼ 10−6 − 10−7 for irradiances below 103 W cm−2 [121]. The
probability for photobleaching can be used for estimation of the mean “survival”
time of a Rh6G fluorophore at given illumination conditions. On average, a
fluorophore is destroyed after

tb =
1

ΦB

Ahν

σAP0

, (6.1)

where P0 is the power of the excitation light, A the beam area, ν the excita-
tion light frequency, and σA is the absorption cross-section of the fluorophore.
(The expression (σAP0)/(Ahν) gives the number of absorbed photons per unit
time.) If ΦB = 8.9 × 10−6 [5], A = 7.9 × 10−9 cm2 (1 µm beam diameter),
ν = 5.7 × 1014 Hz (i.e. 530 nm wavelength), σA = 4.43 × 10−16 cm2 (for Rh6G
in water at λ = 530 nm), and P0 = 10 µW, the fluorophore can be detected
for ∼ 0.1 s before it is destroyed. This estimate is, of course, only illustrative,
however, it can serve as a basis for definition of optimal scan parameters.
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2 μm

Figure 6.2: Fluorescence image of RhB molecules dispersed on a glass surface
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Figure 6.3: Intensity cross-section of fluorescence image of RhB dispersed on a
glass surface
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Figure 6.2 shows a typical fluorescence image of Rhodamine B (RhB) mo-
lecules adsorbed on a glass surface. The sample was prepared by deposition
of 5 µL of 0.5 × 10−9 mol dm−3 RhB solution in methanol. The sample was
left for approx. 20 min to evaporate the solvent. No protective polymer layer
was applied. The resolution of the image is 128 × 128 pixels and the size of
the scanned area was 10 × 10 µm, which results in 78 × 78 nm pixel size. The
integration time per pixel was 5 ms, so the image acquisition time was 1:22 min.
The power of the excitation laser was set to ≈ 10 µW. The image was recorded
with the collection multi-mode fibre coupled directly to the APD. It is possible
to record an image with a higher resolution, but the scan parameters must be
adjusted accordingly. The fluorescence signal rate from areas in between the
spots is ∼ 10 counts per pixel, which is of the same order as was recorded at
the same instrumental conditions from a clean substrate.

In the chosen colour representation (see the note on page 87), molecule
images appear as dark spots on the light background. Images of unbleached
molecules are circular spots with a size given by the diffraction-limited reso-
lution of the microscope objective. An example of the count rate along the
scanning line crossing the maximum of one of the spots, i.e., intensity cross-
section, is shown in figure 6.3. It has full width at half maximum (FWHM)
∼ 0.35 µm which is in a good agreement with Rayleigh’s criterion. According
to that, diffraction limited resolution of the used NCG (no cover glass) micro-
scope objective with numerical aperture N.A. = 0.9 working at λ = 532 nm
wavelength is

∆ ≈ 0.61
λ

N.A.
= 361 nm

The images of individual molecules are not equal in their intensity. This is
believed to be caused by different orientation of the molecule transition dipole
moment in respect to the polarization of the excitation light [5]. The most
intense spots in the image are composed of ∼ 104 counts in total.

Photobleaching of a fluorophore during the image acquisition results in its
disappearance on subsequent scans. Since the images are acquired by raster
scanning, a bleached fluorophore appears as half circle or, more precisely, a
circular segment in the fluorescence image. Unlike in the case of macroscopic
objects (e.g. cells) labelled with a large number of fluorophores, where photo-
bleaching is manifested as gradual fading of the fluorescence image with expo-
sure time, the photobleaching of a single fluorophore occurs as a sudden drop
of fluorescence intensity to the background value.

Some molecules display blinking, i.e. the single molecule fluorescence is
switching on and off during the observation time, which is thought to be caused
by intersystem crossing to a metastable dark state. Some molecules remain in
the dark state for a long period, so that whole lines of their image are miss-
ing. A molecule image than appears to be horizontally “striped”. The blinking
behaviour is a consequence of an interaction of the fluorophore with its imme-
diate environment. Since the blinking and bleaching is observed only for some
molecules in figure 6.2, it appears that the local environment is not the same
for all molecules on the glass substrate.

Larger fluorescence spots with irregular shape can be assigned to a few fluo-
rophores located close to each other so that their images partially overlap. The
occurrence of these clusters is smaller when the amount of the deposited dye is
decreased.
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In summary – fluorescence spots have a circular symmetry and their size
corresponds to the resolution of the objective. The density of the spots depends
on the amount of the deposited dye. Bleaching and blinking of some molecules is
observed and the signal rate from in between the fluorescence spots is the same
as from “blank” substrate. All these characteristics of recorded fluorescence
images indicate that single molecules can be successfully detected and imaged
with the instrument.

6.2.3 Single molecule spectra

When equipped with a spectrograph, α-SNOM allows recording of a complete
spectrum at each pixel. The alignment of the instrument for spectral imaging is
similar to that used for single molecule imaging (i.e., the microscope operating
in confocal microscopy mode in reflection), only the output multi-mode fibre is
coupled to a spectrograph.

As was already hinted in the previous section, truly every photon is valuable
in single molecule imaging and spectroscopy. The ensemble steady-state emis-
sion spectra presented in this thesis are typically composed of ∼ 107 counts.
A rhodamine fluorophore usually emits 105 − 106 photons in a single molecule
experiment before it is destroyed due to photobleaching. The number of de-
tected photons from a single molecule is further reduced by the limited detec-
tion efficiency which is estimated to be 5% or even less. Therefore, one can not
expect to record a smooth high-resolution spectrum from one molecule. The
single molecule spectrum, if it can be recorded at all, will most probably be
constructed from sparse data.

To record an emission spectrum, a dispersive element – diffraction grat-
ing – must be inserted in the detection path. Unlike in the case of imaging,
where one-channel detector (APD) is used, the fluorescence is divided between
many detectors – pixels in the CCD array. Thus, the signal rate on each detec-
tor of the array is reduced. There are also additional optical losses inside the
monochromator. The spatial, spectral, and time resolution of the experiment
must be compromised in order to maximise the number of photons detected in
each channel (wavelength).

There are three gratings with different dispersion mounted on a turret inside
the monochromator. The grating giving the smallest dispersion was chosen (150
grooves/mm), so that the emission is projected on the smallest possible area of
the CCD array. The resolution image should be high enough to resolve individ-
ual molecules, but a spot corresponding to one molecule should be covered by
the smallest number of pixels (ultimately one molecule = one pixel). A longer
pixel integration time allows more photons to be detected from one molecule.
On the other hand, it should not exceed substantially the photobleaching time
of an illuminated fluorophore, otherwise the SNR would be reduced due to
fluctuations in the dark noise and the background signal, and the image total
acquisition time would be unnecessarily long.

Figure 6.4 shows an image of fluorescence of RhB adsorbed on a glass surface
recorded with the spectrograph (left pane). Spectrum from each pixel was taken
during the scan. A software filter was applied on the spectral data, so that
the intensity image shows the total signal detected only in the region of RhB
emission (540 – 650 nm).
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Figure 6.4: Integral intensity image. Rhodamine B molecules adsorbed on the
surface of a microscope slide (left). The spectra were recorded from different
pixels of the image as indicated by colour (right).

The image scan area was 10 × 10 µm with resolution only 32 × 32 pixels.
The pixel integration time was 1 s, thus the total image acquisition time was
17:04 minutes. One pixel then corresponds to the sample area of 313× 313 nm.
With picture of this resolution, the circular symmetry of fluorescence spots can
hardly be verified. However, the image was recorded with the same sample that
was used for recording image 6.2. Several high-resolution fluorescence intensity
images recorded with the sample using APD indicated that single molecules
can be detected on different areas of the sample and that the surface density
of fluorophores is fairly homogeneous. Therefore, it is highly probable that a
spectrum recorded from one pixel of 0.3× 0.3 µm size is from a single molecule.
In addition, since the resolution of the instrument is roughly matching the pixel
size, fluorescence from a single molecule is focused in only 1 – 4 pixels.

Examples of spectra taken at different positions of the sample are shown in
the right pane in figure 6.4. Although the y-axis is labelled as “CCD counts”,
the signal in each channel (wavelength) is, in fact, only proportional to the
number of incident photons. This is because CCD is not a photon-counting de-
tector, but it is an integrating detector. Here the notation from the microscope
control software ScanCtrl Spectroscopy Plus (WITec) is adhered to. The pixels
in the intensity image corresponding to the spectra are indicated by respec-
tive colours. As can be noticed from figure 6.4, the spectra of individual RhB
molecules differ not only in their amplitude but also in their spectral position.
This also indicates that the local environment of individual fluorophores is not
homogeneous, together with the fact that only some fluorophores display the
blinking behaviour, as was described in the previous section.

The fluorescence spectrum shown in figure 6.5 (solid curve) was obtained by
averaging the spectra from all pixels of the image. The emission spectrum of
RhB in methanol is shown for comparison (dashed). A strong sharp peak at 532
originates in the scattered/reflected excitation laser light. A holographic edge
filter together with a dichroic beam splitter are used to separate the excitation
light from the collected fluorescence. The peak can not be observed in any indi-
vidual spectrum (see the right pane in figure 6.4), but when all 32 × 32 = 1024
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Figure 6.5: Comparison of the fluorescence spectrum of RhB in methanol
(dashed) and the averaged spectrum from the entire image area (solid).

spectra are summed together, the excitation peak clearly arises and its ampli-
tude is higher than that of RhB fluorescence band. This is not surprising since
only few spots contribute to the fluorescence signal while the background sig-
nal comes from entire area of the image. It seems, however, that this “leaked”
excitation light is the only significant contribution to the background signal.

The scanning speed during the spectral imaging (figure 6.4) was set very low
in order to “harvest” as many photons as possible from each molecule in the
scanned area. The pixel size is roughly matching the size of the area illuminated
by the excitation light. Therefore, a fluorophore is continuously excited for the
duration of the pixel integration time which was 1 s. This value exceeds the
estimated photobleaching time for Rh6G tenfold. Since the photobleaching
time for RhB can be expected to be of the same order as for Rh6G, it can be
expected that most fluorophores in the scanned area would be destroyed after
such exposure.

Figure 6.6 a) shows a fast intensity image scan of RhB molecules on a glass
substrate recorded with APD. Five microlitres of 2× 10−9 M dye solution were
deposited on the substrate. The surface density of fluorophores is obviously
higher than in figure 6.2. Intensity scan of the same sample shown in figure 6.6
b) was performed on an area previously scanned slowly in the spectral imaging
mode (using the spectrograph) with settings similar to the scan shown in figure
6.4. It is obvious that a vast majority of fluorophores were indeed destroyed
during the spectral imaging and the area is nearly perfectly bleached.

6.2.4 Allophycocyanin single molecule fluorescence

Utilising the protocol presented in section 4.3, allophycocyanin (APC) molecules
in the trimeric form can be immobilized in a silica sol–gel monolith in order to
facilitate true single protein investigations under controlled conditions. Figure
6.7 shows a typical confocal image recorded on a sol–gel prepared according to
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Figure 6.6: Devastating consequences of single molecule spectra measurement.
A fluorescence intensity image of the sample before (a) and after spectral imag-
ing scan (b).
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Figure 6.7: Single molecule APC fluorescence in sol–gel nano-pores. Fluores-
cence intensity image (left). Trimer and monomer fluorescence spectra for sin-
gle APC molecules entrapped in the pores of the sol–gel monolith (right). The
trimer spectrum was recorded using a sol–gel monolith prepared as described
here with methanol removed as opposed to the monomer spectrum recorded in
a monolith with methanol present and without pH adjustment. The spectra
have been normalised to equal intensity and the baseline set to zero.
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the new protocol. Fluorescence from individual APC molecules is clearly shown.
The APC concentration was ≤ 10−9 mol dm−3 and the sol was applied onto a
microscope slide and then allowed to gel. Images were obtained by focusing the
laser ∼ 1 µm beneath the sample surface and collecting the fluorescence through
a 645 nm Schott long pass filter. The single molecule images display a range of
sizes and shapes as the fluorophore is sometime bleached during a sample scan.

Figure 6.7 also shows the corresponding single-molecule emission spectra to
be consistent with APC in the trimeric form. For comparison the emission spec-
trum recorded on APC under the same conditions but with methanol present
due to incomplete hydrolysis is also shown. In the latter case, APC is clearly
shown to be dissociated into the monomeric form.

6.3 Summary and discussion

Experiments with standard reference samples demonstrated that fluorescence of
single immobilised molecules can be imaged using commercial α-SNOM micro-
scope. The microscope was later equipped with a spectrograph to allow Raman
confocal microscopy. The detection efficiency of the upgraded instrument is
sufficient for recording a fluorescence emission spectrum from a single molecule.
The measurement procedure is as follows: i) The detectability of individual
immobilised fluorophores is first assured by a few (relatively) fast scans of dif-
ferent areas of the sample using a single channel detector (APD). The focusing
and excitation intensity are optimised to yield the highest possible signal-to-
noise ratio. ii) The detector is swapped by coupling the output multimode fibre
to the spectrograph and slow scan is performed while a complete spectrum is
recorded from each point of the scanned area. The performance of both single
molecule imaging and spectroscopy is limited by the slow scanning speed, which
is necessary to reach reasonable SNR, and by the photobleaching phenomenon.

Direct observations of fluorophore diffusion using single molecule imaging
have been reported [125, 126]. The time needed to acquire an intensity im-
age of individual fluorphores with reasonable resolution and SNR was typically
several minutes when using scanning confocal microscopy with α-SNOM. This
somewhat limits the range of diffusion rates that can be observed using this
method. Bopp et al. [125] studied single molecule diffusion in a polymer film
using SNOM with sequence period 13 min, which is similar to what can be
achieved with α-SNOM. They report the average diffusion constant of Rh6G
in a polyvinylbutyral film to be D = 2.6 ± 0.2 × 10−15 cm2 s−1. A different
experimental setup must be used to track a single molecule diffusing at higher
speeds. Imaging with CCD camera is more suitable than scanning confocal mi-
croscopy because it allows to take an image of entire observed area at once. For
example, diffusion of streptocyanine molecules in the porous silica sol–gel with
D = 4.7 × 10−9 cm2 s−1 was monitored using a wide-field imaging setup [126]
which allowed to record a short clip with up to 28 s−1 frame rate.

The spectral resolution of the single molecule spectrum measurement is suf-
ficient to observe larger shifts. Thus, the instrument can be used for example
to investigate inhomogeneous local environment of fluorescent probes immo-
bilised in a transparent host or on a surface. Less subtle changes in spectral
position and shape can not be accurately measured due to the scarceness of
data. Single molecule spectral diffusion, i.e., different spectra observed for the
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same fluorophore at different times, at room temperature has been reported
[2, 14, 127, 128]. Similar studies might be difficult to perform with α-SNOM
since most fluorophores bleached during the time needed to obtain a single
molecule spectrum.

Badan-labelled glucose binding protein described in chapter 5, together with
single molecule detection technique, gives an opportunity for glucose sensing at
ultimate single molecule level. A suitable host material must be employed for
this purpose, which would prevent the translation diffusion of the protein while
the substrate molecules (glucose) would be allowed to diffuse to reach the re-
ceptor. This can be accomplish by using for example polyacrylamide or agarose
gels or a modified silica sol–gel such as that prepared by the method described
in section 4.3. Non-fluorescent substrate – glucose – would be detected by en-
hancement of fluorescence emission from single immobilised badan-BGP152C.
Imaging of the unbound form of the protein might be difficult or even impossible
due to its low quantum yield. The difference of the peak emission wavelength be-
tween the bound and unbound protein might be too small to be reliably resolved
in spectra of individual molecules (recall the limited amount of data available
from each molecule). However, the analysis of intensity fluctuations of single
molecule fluorescence can be used to study binding kinetics – measurement of
association and dissociation rates of the reaction [5].

Single molecule imaging and spectroscopy of badan-GBP152C using α-SNOM
is not straightforward because the instrument is optimised to work on a 532 nm
wavelength which is not suitable for excitation of the protein. To allow measure-
ments using 400 nm excitation light (badan-GBP152C absorption maximum)
some of the optics would have to be replaced – single mode fibre, dichroic beam
splitter, holographic edge filter. Conventional microscope objectives are de-
signed to work in the visible range of wavelengths. The 400 nm wavelength is
on the edge of their best performance, especially due to the limited transmit-
tance of the anti-reflection coating and cementing material in the UV region.

In general, it is difficult to reach high SNR in single molecule studies in
the UV spectral region. The background signal due to Rayleigh scattering
increases with the fourth power of the excitation light frequency. Although
imaging of single molecules in deep UV region at room temperature has been
reported [130, 131], a majority of single molecule studies involve photostable red
dyes such as rhodamines, Cy3, Cy5, DiI and Texas red. These dyes have high
molar absorption coefficients and can be excited by popular Argon (514 nm) and
Nd:YAG lasers (532 nm – second harmonic). Also, they emit in the region where
the quantum efficiency of silicon-based detectors is highest (red – near infra-red).
Therefore, from the perspective of single-molecule sensing, an analogous system
to badan-GBP152C which would be possible to excite with green light would
be desirable.



Chapter 7

Conclusion

Fluorescence spectroscopy was applied to study the interaction between cationic
laser dye rhodamine 6G and SiO2 nanoparticles in colloidal aqueous solutions.
It was discovered that multiple labelling of one silica particle leads to significant
aggregation of the dye. Unfortunately, due to the inaccuracy of estimation of the
particle concentration in the colloids, the probability of occurrence of two fluo-
rophores on one particle could not be reliably correlated with the concentration
of dimers. Formation of non-fluorescent aggregates leads to selective quenching
of dye that is non-covalently attached to the surface of particles. This mecha-
nism is probably responsible for faster fluorescence depolarisation with increas-
ing number of dye molecules per particle. No experimental evidence was found
that would indicate fluorescence depolarisation mechanism other than Brown-
ian rotation of labelled silica nanoparticles and free fluorophores. The presented
work could be extended by an experimental study of various factors affecting the
formation of dye aggregates and their fluorescent or non-fluorescent character
(e.g. addition of surfactants or co-solvents). Results could have implications for
research on dye-doped solids or particle labelling.

Quenching of perylene fluorescence by cobalt ions in silica sol–gels was stud-
ied in order to reveal the mechanism of quenching and explain its enhancement
with increasing polymerisation time. It was proposed that collisions due to
diffusion can be the dominant mechanism of the quenching. The deviation of
recorded fluorescence decay kinetics might be caused by the transient effect in
collisional quenching. No information was found that would contradict this hy-
pothesis. However, the environment in sol–gel is strongly inhomogeneous and
the nature of the interaction between the dye and the quencher may vary consid-
erably on a microscale. Thus, the system is probably too complex to be studied
by the used methods.

Polarity-sensitive dye prodan was used to define an optimal protocol for
encapsulation of an environment sensitive protein in a water-filled inorganic sil-
ica matrix. Prodan was used to determine the optimal timing for removal of
methanol which is released during the sol–gel process. The presence of methanol
is undesirable because it often leads to denaturation of biomolecules through al-
teration of their native structure. The biocompatibility of the material prepared
according to the developed protocol was demonstrated by successful encapsu-
lation of protein allophycocyanin, preserving its native trimeric form for up to
500 h. The improved stability afforded by the protocol has potential impact in
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nanomedicine where the ability to study single biomolecules is a primary goal
as it underpins our understanding of disease pathology and therapeutics at the
most fundamental level.

The photophysics was studied of a H152C mutant of glucose/galactose bind-
ing protein labelled with polarity-sensitive reactive dye, badan. Badan-GBP152C
exhibits a large change of fluorescence intensity as a consequence of glucose
concentration increase. This makes badan-GBP152C a promising candidate for
construction of inexpensive fluorescence-based glucose sensor for clinical use.
The analysis of spectroscopic data is somewhat complicated by the heterogene-
ity of the ensemble – it contains bound and unbound forms of the protein and
possibly also a small fraction of non-specifically labelled specimens. The use
of single-molecule fluorescence spectroscopy would allow to study both popula-
tions separately and might give valuable information about the glucose binding
process. However, the excitation wavelength required for photoexcitation of
badan-GBP152C was not compatible with the available instrument capable to
perform single molecule spectroscopy.

The applicability of commercial scanning confocal/SNOM/AFM microscope
α-SNOM (WITec GmbH, Germany) for single molecule fluorescence imaging
and emission spectroscopy was demonstrated by measurements on a standard
reference sample – fluorescent dye Rhodamine B adsorbed on a glass surface.
The detection sensitivity of the system is high enough to detect a single fluo-
rophore and even to record its emission spectrum. The microscope can be used
for spectroscopy analysis of strongly heterogeneous samples, where ensemble av-
eraging needs to be avoided. The imaging feature of the microscope allows single
molecule measurements on immobilised fluorophores. Fluorescence from a single
molecule can thus be monitored for a period limited only by the photostability
of the studied specimen.
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