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Abstract

In this work, gold and semiconductor nanoparticles are used as building blocks for nanos-
tructures, in which energy transfer is investigated. Nanoparticles have size-dependent con-
trollable optical properties. Therefore, they are interesting objects to study different aspects
and applications of energy transfer.

Fluorescence quenching by gold nanoparticles is investigated and used to develop novel
immunoassays for medically relevant molecules. The range of fluorescence quenching by gold
nanoparticles is effective over longer distances than for dye molecules. The reason for this
is the large absorption cross-section of gold nanoparticles and the radiative rate suppression
of dyes caused by gold nanoparticles. The influence of gold nanoparticles on radiative and
non-radiative rates of Cy3 and Cy3B dyes is studied here.

A competitive, homogeneous immunoassay for digoxigenin and digoxin, a drug used to
cure heart diseases, is developed. Dye-labeled digoxigenin is bound to the gold nanoparticles
functionalized with anti-digoxigenin antibodies, quenching the dye fluorescence. Unlabeled
digoxigenin partially replaces the dye-labeled digoxigenin leading to an increase of fluores-
cence. The assay has a limit of detection of 0.5 nM in buffer and 50 nM in serum. Time
resolved spectroscopy reveals that the quenching is due to energy transfer with an efficiency
of 70%.

A homogeneous sandwich immunoassay for cardiac troponin T, an indicator of damage to
the heart muscle, is developed. Gold nanoparticles and fluorophores are functionalized with
anti-troponin T antibodies. In the presence of troponin T the nanoparticles and fluorophores
form a sandwich structure, in which the dye fluorescence is quenched by a gold nanoparticle.
The limit of detection of the immunoassay in buffer is 0.02 nM and 0.11 nM in serum. Energy
transfer, with up to 95% efficiency, is responsible for the fluorescence quenching, as found
through time resolved spectroscopy.

Energy transfer is demonstrated in clusters of CdTe nanocrystals assembled using three
methods. In the first method, clusters of differently-sized water soluble CdTe nanocrystals
capped by negatively charged mercaptoacid stabilizers are produced through electrostatic
interactions with positively charged Ca®*" cations. The two other methods employ cova-
lent binding through dithiols and thiolated DNA as linkers between nanocrystals. Energy
transfer from smaller nanocrystals to larger nanocrystals in aggregates is demonstrated by
means of steady-state and time-resolved photoluminescence spectroscopy, paving the way for
nanocrystal-based light harvesting structures in solution.

Multi-shell onion-like CdSe/ZnS/CdSe/ZnS nanocrystals are presented. In these struc-
tures the CdSe core and the CdSe shell produce two emission peaks upon UV light excitation.
When the emission peaks are well matched, the resulting emission appears as pure white
light. The shade of the white light can be controlled by annealing the particles. Evidence for
intra-nanocrystal energy transfer is presented.






Kurzfassung

In dieser Arbeit werden Gold- und Halbleiternanopartikel als Bausteine fiir Nanostruk-
turen eingesetzt, in denen Energietransfer untersucht wird. Nanopartikel haben grofien-
abhangige, kontrollierbare optische Eigenschaften. Dadurch sind sie interessant fiir die Er-
forschung von unterschiedlichen Aspekten und Anwendungen von Energietransfer.

Fluoreszenzloschung durch Gold-Nanopartikel wird untersucht und benutzt um neuartige
Immunoassays flir medizinisch relevante Molekiile zu entwickeln. Die Reichweite der Fluo-
reszenzloschung durch Gold-Nanopartikel ist langer als mit Farbstoffen als Energieakzeptoren.
Grund hierfiir ist der grofle Absorptionsquerschnitt von Gold-Nanopartikel und die durch sie
hervorgerufene Unterdriickung der strahlenden Rate. Der Einfluss der Gold-Nanopartikel auf
die strahlende und nichtstrahlende Rate der Farbstoffe Cy3 und Cy3B wird hier untersucht.

Ein kompetitives, homogenes Immunoassay fiir Digoxigenin und Digoxin, ein Medikament,
das bei Herzkrankheiten eingesetzt wird, wird entwickelt. Das mit Farbstoff markierte Digox-
igenin wird an die mit Anti-Digoxigenin funktionalisierten Gold-Nanopartikel gebunden, und
die Fluoreszenz wird geloscht. Das nicht markierte Digoxigenin ersetzt zum Teil das mit
Farbstoff markierte Digoxigenin, was zur Fluoreszenzerhohung fiihrt. Das Detektionslimit
des Assays liegt bei 0.5 nM in Puffer und 50 nM in Serum. Zeitaufgeloste Spektroskopie
zeigt, dass die Fluoreszenzloschung durch den bis zu 70% effizienten Energietransfer von
einem Farbstoffmolekiil zum Gold-Nanopartikel verursacht wird.

Ein homogenes Sandwich-Immunoassay fiir kardiales Troponin T, einen Marker fiir Bescha-
digungen des Herzmuskels, wurde entwickelt. Gold-Nanopartikel und Farbstoffe werden mit
Anti-Troponin T Antikorpern funktionalisiert. Sie bilden eine Sandwichstruktur in Anwe-
senheit des Troponins T, in der die Fluoreszenz durch Gold-Nanopartikel geloscht wird. Das
Detektionslimit des Assays in Puffer liegt bei 0,02 nM und 0,11 nM in Serum. Mithilfe
zeitaufgeloster Spektroskopie wird nachgewiesen, dass der Energietransfer mit bis zu 95%
Effizienz fir die Fluoreszenzloschung verantwortlich ist.

Energietransfer in Clustern von CdTe Nanokristallen, die durch drei Methoden zusam-
mengefiigt werden, wird demonstriert. Bei der ersten Methode werden Cluster aus CdTe
Nanokristallen, die mit dem Stabilisator Merkaptosaure bedeckt sind, durch elektrostatische
Wechselwirkungen mit Ca?* Kationen hergestellt. Die beiden anderen Methoden verwenden
die kovalente Bindung durch Dithiole und thiolisierte DNA als Verkniipfung zwischen den
Nanokristallen. Energietransfer von kleinen zu grofleren Nanokristallen in Aggregaten wird
mithilfe zeitintegrierter und zeitaufgeloster Spektroskopie demonstriert, was einen Weg fiir
nanokristallbasierte Lichtsammelkomplexe in Losung zeigt.

Zwiebelartige CdSe/ZnS/CdSe/ZnS Nanokristalle mit mehrenen Schalen werden vorge-
stellt. In diesen Strukturen erzeugen der CdSe Kern und die CdSe Schale zwei Emissions-
peaks unter UV-Licht Anregung. Wenn die beiden Emissionsfarben richtig angepasst sind,
sieht die resultierende Emission weifl aus. Der Ton des Weifllicht kann durch Heizen der
Teilchen kontrolliert werden. Anzeichen fiir intra-nanokristallischen Energietransfer werden
prasentiert.
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1. Introduction

Energy transfer is a photophysical process inherent to many molecular and nano-structured
systems. It involves transfer of excitation energy from one part of the system to an other.
This short scale energy migration that takes place in natural processes, such as photosynthesis
[1], has recently found a great number of technological applications in biosensing [2], light-
emitting diodes [3], lasing [4] and solar cells [5].

Nanoparticles open new ways to investigate the characteristics and applications of energy
transfer due to their unique and controllable optical properties. This work is focused on the
employment of gold nanoparticles (AuNPs) as energy acceptors, CdTe nanocrystals (NCs)
as both energy donors and acceptors and multi-shell CdSe/ZnS/CdSe/ZnS nanocrystals as
objects in which energy can be transferred within the same nanoparticle.

Energy transfer is often referred to as a “nanoscopic ruler” enabling the determination of
distances in the nanometer range due to its strong donor to acceptor distance dependence.
This process can take place for fluorophore separations of 4-8 nm [6]. AuNPs allow this
distance limit to be overcome. They are efficient energy acceptors and quench fluorescence
of a molecule over distances longer than 10 nm [7H9]. Energy transfer takes place from the
molecular transition dipole to the collective oscillation of the electron gas (plasmon) in the
AuNP.

AuNPs are superior quenchers for a number of reasons. Due to the size of the particles,
the distance dependence of the energy transfer rate is less steep than the well-known R~¢
in the case of a dye as an acceptor. Due to their symmetry, energy transfer to spherical
AuNPs can take place for any orientation of the dye transition dipole moment in respect
to the surface of AuNPs unlike in dye-dye systems [I0]. AuNPs have 10%-10° times larger

absorption cross-sections than dyes [11]. Most importantly, AuNPs have a special property
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Chapter 1. Introduction

to quench fluorescence due to radiative rate suppression [12], which is not the case for dye

acceptors.

The outstanding fluorescence quenching properties of AuNPs make them attractive for
creating biosensors for proteins because these have sizes often larger than 10 nm. Therefore,
energy transfer with conventional donors and acceptors applicable up to about 7 nm would
fail. The aim of this work was to investigate long-distance fluorescence quenching by AuNPs
in bioconjugated systems and to develop small molecule and protein biosensors based on

these findings.

The majority of the publications on the use of fluorescence quenching by AuNPs does
not study the quenching mechanism in detail. This could lead to artifacts because AuNPs
are also known to enhance fluorescence under certain conditions [I3]. The understanding of
the underlying physics of fluorescence quenching processes would allow optimization of the
biosensors in future because the critical parameters influencing quenching efficiency can be

identified.

In this work biosensors of the immunoassay type are developed. Immunoassays are biosen-
sors, which involve the use of antibodies that can specifically bind to analyte molecules.
AuNPs are functionalized with antibodies. Fluorescent markers can be attached to the an-
alyte molecule. Fluorescence quenching is expected upon binding of the labeled analyte to
the antibodies on the AuNP. This approach can be used to detect small molecules. Proteins
are large molecules, to which several antibodies can bind at different places. AuNPs and
fluorescent markers can be attached to two different antibodies sensitive to two positions on
the protein. The addition of the protein would result in the formation of a sandwich structure

where dye is brought close to the AuNP and quenched.

The development of biosensors based on the suggested approach promises a number of
advantages. First, AuNPs are not toxic to cells and can be applied safely in biological
systems [14]. Second, the proposed detection scheme uses a homogeneous approach, which
does not involve separation of unbound fluorescent markers. This approach is thus simpler
and faster than the heterogeneous (involving separation) approach used in many established
immunoassays. The usage of AuNPs in biosensors has resulted in a significant amount of

research, which is summarized in a number of recent reviews on the topic [I5HI7]. This thesis
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presents the first immunoassay based on fluorescence quenching by AuNPs in an immunoassay
of sandwich type for proteins.

The second part of the work presented in this thesis deals with energy transfer in colloidal
semiconductor nanocrystals. Controlled assemblies of NCs, in which energy transfer takes
place, are useful in a number of applications. It was recently theoretically demonstrated that
optical gain of NCs pumped by energy transfer can be increased [18], which is of interest
for NC-based lasing. NCs are also promising materials for light emitting diodes [19, 20] and
photovoltaics [21, 22]. NCs are more stable than dyes in terms of bleaching. This means
that eventual devices could have a longer lifetime using NCs than organic dye molecules.
Moreover, NCs have relatively large quantum yields and extinction coefficients 10-100 times
larger than dyes [23].

Cascaded energy transfer with NCs was demonstrated in layers [24, 25] and on nanowires
[26], but creating structures that pump energy into a single NC in the center stays a challenge.
There are only few studies in this direction [27]. The aim of this work was to create solution-
based aggregates of nanocrystals in a controlled way, enabling energy transfer cascades from
the particles with a broader band gap to those with a narrower band gap. The approaches
to achieve this aim were electrostatic conjugation through Ca?* ions and controlled covalent
conjugation using dithiol surface stabilizers and thiolated DNA.

Recently, the creation of multi-shell NCs has become possible. Multi-shell NCs consisting
of CdSe and ZnS layers were shown to have several emission lines [28]. CdSe/ZnS/CdSe/ZnS
particles are very interesting as biolabels and single photon sources [29]. However the question
about the interaction between the CdSe shell and the CdSe core separated by a ZnS layer
stays largely unresolved. The aim of this thesis was to investigate intra-NC energy transfer.

The main experimental technique used in this work for the investigation of dye-AuNP-
and NC-based systems is time resolved photoluminescence spectroscopy. This technique is
perfectly suited to study the energy transfer process, which has peculiar time-dependent
energy dynamics. Fluorescence intensity of dye and NCs after pulsed laser excitation can
be followed in time. This allows the determination of the changes in the radiative and non-
radiative rates of the donor and acceptor. Consequently, energy transfer rate and efficiency

can be calculated.
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Chapter 1. Introduction

This thesis consists of nine chapters. Chapters 5] [6] [7] and [8] containing experimental
results, start with short introductions and are closed with conclusions.

Chapter [2| introduces the theoretical background and main concepts that are used for
this work. The theory of energy transfer, mechanisms of interactions of AuNPs with dye
molecules as well as the main concepts of biosensing and optical properties of semiconductor
nanocrystals are presented.

Chapter [3|introduces the materials used for the experiments and describes the methods
of sample preparation.

Chapter 4| describes the experimental techniques used in this work. These included
steady state and time resolved fluorescence spectroscopy as well as steady state absorption
spectroscopy.

Chapters [5| contains the results on fluorescence quenching by AuNPs in a competitive
small molecule immunoassay.

Chapter [6] describes fluorescence quenching in the sandwich immunoassay, in which
AuNP and a dye molecule are separated by a protein, providing a large dye-AuNP distance.

Chapter [7] contains results of investigations of energy transfer in CdTe clusters. Three
approaches are presented: electrostatic conjugation with Ca?* ions and covalent binding with
the help of dithiols and thiolated DNA.

Chapter (8| presents the measurements on white light-emitting multi-shell nanocrystals.
Energy transfer from the CdSe shell to the CdSe core is discussed.

Chapter [9] summarizes all the obtained results and puts them into the present scientific
context. Further possibilities of research are shown.

The appendix contains equations used for binding kinetics simulations in a sandwich-

type immunoassay.

20



2. Concepts and theoretical

background

2.1 Energy transfer

Energy transfer can take place between two molecules, semiconductor NCs or AuNPs. When
one molecule, called a donor, is optically excited, it can transfer its energy non-radiatively
to the other molecule, called an acceptor. The interaction between donor and acceptor can
be mediated through Coulombic or intermolecular orbital overlap interactions.

Coulombic interaction has long range (> 1 nm) and short-range (< 1 nm) components.
In the former, the dipole-dipole interaction is dominant (Foérster mechanism). In the latter,
multi-polar effects play a significant role. In Coulombic interaction the donor in the excited
state relaxes to the ground state and the acceptor is simultaneously excited (figure . It
is the predominant interaction for allowed optical transitions.

Intermolecular orbital overlap requires that wave functions of two interacting systems
overlap. Therefore it can take place only when donor-acceptor distances are short (< 1 nm).
The interaction process can be described as electron exchange between the donor and the

acceptor (figure [2.1]). This interaction dominates when transitions are optically forbidden.

Coulombic interaction Electron exchange

_‘_ - — o —

Figure 2.1: Schemes of the energy

transfer mediated through Coulomb v
and electron exchange interactions. - — — e ———

Adapted from [30]. Donor Acceptor Donor Acceptor
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Chapter 2. Concepts and theoretical background

2.1.1 Forster resonance energy transfer (FRET)

The process of non-radiative energy transfer through Coulomb interaction was first predicted
by Perrin [31]. Forster developed a classical and later on a quantum mechanical description
of this phenomenon [32]. The theory and main concepts of Forster energy transfer are well

presented in a number of up-to-date reviews [33] [34] and books [6, 30} 35, 36].

The Forster theory is based on the assumption that molecular transition dipoles can be

treated as point dipoles. According to the Forster theory, the energy transfer rate I'gp is

rer = L (2 o

where 7p is the donor fluorescence lifetime in the absence of an acceptor, R is the distance
between the donor and the acceptor point dipoles and R, is the so called Forster radius,
at which the probability of energy transfer from the donor is equal to the probability of its

spontaneous decay. Ry can be determined from spectral properties of donor and acceptor as

~9000(In 10)x2QpJ

RS = 2.2
0 12875 N qn4 (2:2)

In this formula 2 is the orientation factor defined as k? = (cospa — 3 cosOp cosf4)?, where
Op4 is the angle between the transition dipole moments of donor and acceptor, fp and 64 are
angles between donor and acceptor transition moments and the distance vector R between
them. The orientation factor xk? can have values between 0 (when transition moments are
perpendicular) and 4 (parallel transition moments) depending on the relative orientations
of the two transition dipole moments. In the case of random orientation it is in average
equal to 2/3 [30]. @p is the quantum yield of the donor in the absence of the acceptor.
J = [7Ip(A)ea(A)A*dA describes the overlap between the normalized (f;° Ip(A)dA = 1)
fluorescence emission spectrum of the donor Ip(A) and the molar absorption coefficient of the
acceptor €4(\). N4 is the Avogadro constant and n is the refractive index of the surrounding

medium.
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2.1. Energy transfer

The efficiency of energy transfer is defined as

FET
() = — 2.3
BT I'p+Ter (23)
S (2.4)

™D

1
SR S (2.5)

1+ (R/Ry)8

where I'gy is the energy transfer rate, I'p is the radiative rate of the donor and 7p4 is the

donor lifetime in the presence of the acceptor.

The theory implies several conditions that need to be considered in choosing a working
donor-acceptor pair. There must be an overlap between the emission spectrum of the donor
and absorption spectrum of the acceptor. Additionally, the transition dipole moments of
the donor and acceptor should not be oriented perpendicular to each other. Energy transfer
normally takes place when donor and acceptor are situated not further than 7 nm from each

other.

The fact that energy transfer takes place in a given donor-acceptor system can be noticed
from several experimental observations [37]. The fluorescence intensity and the excited state
lifetime of the donor are decreased. If the acceptor is fluorescent, an increase or appearance
of the acceptor fluorescence is observed. A peak appears in the photoluminescence excitation
spectrum of the acceptor at the wavelength corresponding to the donor absorption. A char-
acteristic R~% energy transfer efficiency behavior upon the changing donor-acceptor distance

is observed. The shapes of the donor and acceptor spectra remain unchanged.

It should be noted that the Forster theory presented here holds for the case of very weak
coupling [30]. This means that the interaction energy is much smaller than the vibronic and
absorption bandwidth. In this case, the energy transfer rate is proportional to the sixth power
of the donor-acceptor distance. In the other two regimes, called strong coupling (interaction
energy is larger than the vibronic and absorption bandwidth) and weak coupling (interaction
energy is smaller than the vibronic bandwidth, but larger than the absorption bandwidth),
the energy transfer rate is proportional to the third power of the donor-acceptor distance

[30).
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Chapter 2. Concepts and theoretical background

2.1.2 Dexter energy transfer

If the distance between donor and acceptor is very small (typically less than 1 nm) energy
transfer is mediated through exchange interactions due to intermolecular orbital overlap.
This type of energy transfer was first theoretically described by Dexter [38]. The energy

transfer rate in this case has the following distance dependence
FE'T,Degr:ter ~ J672R/l> (26>

where J is the spectral overlap between the normalized donor emission and acceptor absorp-
tion spectra J = [ Ip(A)ea(A)dA, R is the donor-acceptor distance and [ is the typical

penetration depth of the wave function in the environment.

2.2 Interactions between dyes and gold nanoparticles

2.2.1 Plasmons in gold nanoparticles

The skin depth of bulk gold for visible light is 35 nm [39]. Therefore, the incident light can
go through the AuNPs of diameters of 10 and 20 nm. The electromagnetic wave thus leads
to a polarization of a particle. Electrons are shifted to one side of the particle and the atomic
cores remain as a positive charge on the other side of the particle upon illumination (figure
. The Coulombic attraction of electrons and positive atomic cores leads to the collective
oscillatory movement of the electrons in the particle. This collective oscillation is called a

plasmon-polariton, often referred to simply as plasmon in the literature.

Figure 2.2: The incident light wave induces

999 a collective oscillation of the electron gas in a
) QQ AuNP. This oscillation is described as a quasi-
. particle called a plasmon. Therefore, a dipole
“ght moment can be ascribed to the AulNP, which in-
teracts with the transition dipole moment of the

dye in its vicinity.
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2.2. Interactions between dyes and gold nanoparticles

2.2.2 Influence of a gold nanoparticle on dye in its vicinity

AuNPs influence the emission of dye molecules in several ways. The fluorescence signal from

the molecule close to an AuNP can be described as
S~ K(d,R)®(d,R), (2.7)

where K(d,R) is the enhancement factor and ®(d,R) is the quantum efficiency of the
molecule [40, [41]. d is the unit vector in the direction of the molecule’s transition dipole
d. R is the radius vector of the molecule in relation to the center of the AuNP. In the

presence of the gold nanoparticle the parameters K (a, R) and @(a, R) are influenced.

The enhancement factor is defined as the ratio of excitation rates of the dye molecule

with and without an AuNP
3 _ d- EIOC(RMQ

K@R) = (g s, (2.8)

where E;,.(R) is the incident electric field at the position of the molecule without the AuNP
and E;,.(R) is the local electric field in presence of the AuNP. The incident excitation field
E;,. induces a dipole moment p = 4maE;,. in the AuNP, where « is the electrostatic
polarizability of the AuNP. This leads to a change in the local field around the particle
E;oo(R) = Ejo(R) + Eget (P, R), where an additional scattered field Eg.(p, R) due to the
dipole in the AulNP appears. Thus, the enhancement of the absorption rate would also lead
to an increased fluorescence emission intensity without modifying the excited state lifetime

[42]. When R, p and d are co-linear, the enhancement of excitation is maximal [41].

The second parameter in equation is the quantum efficiency of the molecule

»@R) - — @R (29)
’ I.(d,R)+ T, (d,R) '
Ftot(aa R) '

where T',(d, R) and T, (d, R) are the radiative and non-radiative decay rates of the molecule,

rm(a, R) is the total decay rate, which is equal to the reciprocal value of the experimentally

1
Lot

measurable fluorescence lifetime of a molecule 7 =
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Chapter 2. Concepts and theoretical background

(a) constructive interference (b) destructive interference

Figure 2.3: Constructive (a) and destructive (b) interference of the dipole fields of the dye
and the AuNP lead to the enhancement or to suppression of the radiative rate of the molecule
respectively.

Both radiative and non-radiative rates are modified in the presence of an AuNP resulting
in a change of the fluorescence lifetime 7" = 1/I'},, = 1/(I') +I',). The parameters are
designated with a prime in the following when they describe processes in the vicinity of the

AuNP.

In the case of the radiative rate, it is the dipole-dipole interaction between the transition
dipole moment of the dye and the image dipole in the AulNP that plays a role. The relative
orientation of these dipole moments determines the resulting effect on the radiative rate
(figure 2.3). In the case of tangential orientation of the dye dipole moment to the surface
of the AuNP, the total dipole moment will decrease and consequently the radiative rate will
decrease [12 43]. If the molecule’s transition dipole moment is oriented perpendicular to
the AuNP surface, the total dipole moment will increase leading to enhanced fluorescence
[13, [44]. This situation can simply be described as interference of two dipoles. Interference

is constructive in the case of perpendicular orientation and destructive in the case of parallel
orientation (figure [2.3)).

The non-radiative rate of the molecule in the presence of the AuNP I =T, 4+ [gr
is increased because it obtains an additional contribution I'gr due to energy transfer to the
AuNP. In contrast to the energy transfer between two dye molecules, the orientational factor
takes values from 1 to 4 depending on the dye-AuNP orientation [45]. This means that
energy transfer between the dye and the AuNP takes place at any orientation of the dye to
the AuNP surface. Another distinct feature of AuNPs as energy acceptors is that they can
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2.2. Interactions between dyes and gold nanoparticles

quench fluorescence over longer distances than conventional dyes. The distance can reach up
to 40 nm for particle diameters of 5 to 40 nm [9]. This fact can be explained by the following
simple reasoning. Energy transfer rate from a dye to a gold surface obeys a R~3 distance
dependence [46]. The dependence is R for the the energy transfer rate to another point
dipole [47]. Therefore, an AuNP that is in the middle between these two limiting cases will
have the energy transfer rate distance dependence following the R~*, where « is between 3
and 6. Moreover, due to the high absorption cross-section of AuNPs the Forster radius of an
AuNP would be longer than for conventional dyes because the absorption spectrum of the
acceptor £4(A) in the overlap integral is not normalized: R ~ [5° Ip(A)ea(A)A*dA,
Generally, because of different distance dependencies of all the discussed factors, AuNPs
can cause both enhancement and quenching of molecular fluorescence. The total effect de-
pends on the relative orientation of the molecular transition dipole moment and the surface

of the AuNP and the separation distance between the two [13].

2.2.3 Theoretical approaches to describe dye-AulNP interactions

A number of theoretical models have been developed to model the interactions of a molecule
and an AuNP. The Forster model for energy transfer introduced above cannot describe this
system properly because an AuNP can hardly be treated as a point dipole. Moreover, the
Forster theory does not consider the influence of the AuNP on the radiative rate of the
dye molecule in its vicinity. A full electrodynamic theory for the dye-AuNP interactions
was developed by Ruppin [48]. He calculated the radiative and non-radiative decays of a
molecule near a silver sphere. It was found that the lifetime of the molecule decreases when
the molecule is closer to the particle than the wavelength of the emitted light. Chew extended
the model to calculate the rates for a molecule situated inside and outside the dielectric sphere
[49].

A recent publication [50] demonstrated that multipole effects are important at small
distances between an emitter and a metal nanoparticle. The absorption spectrum of the dye
is changed in this interaction regime. Also, quantum mechanical effects become important
when the distance between the dye and AuNP is very small or the particle radius is less than

10 nm [51]. The wave nature of electrons has to be taken into account when a molecule is
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Chapter 2. Concepts and theoretical background

almost at the surface of the particle.

Energy transfer from the dye to an AuNP was also described quantum mechanically
[10, 45]. It was found that the energy transfer rate actually depends on the orientation
of the dye to the AuNP surface, and becomes maximal when the dye transition dipole is
perpendicular to the AuNP surface. The authors discovered that for distances comparable
to the nanoparticle size the distance dependence goes as R™2 or R™* and at long distances
it approaches the typical Forster R™% law. Also, a mixed approach, where the molecule is
treated quantum mechanically and the AuNP classically, was used [52].

It has been demonstrated that the electrostatic Gersten-Nitzan model gives results similar
to the full electrodynamic theory if the particle size and dye-AuNP distance are smaller than
the penetration depth of electromagnetic field in gold [53]. In this thesis AuNPs of 10 nm
and 20 nm diameters were used. The dye-AuNP distance did not exceed 25 nm. Therefore,
the Gersten-Nitzan model is applicable for the systems considered in this work. Moreover,

this model is computationally less expensive than the full electrodynamic theory.

2.2.4 Gersten-Nitzan model

J. Gersten and A. Nitzan developed an electrostatic theoretical model [47, 54] to describe
interactions of a fluorescent molecule with a metal nanoparticle. The following depiction of
the model is based on the reference [54].

The model holds for the case when the diameter of the spherical particle is much smaller
than the wavelength of light. The whole system is treated electrostatically, so retardation
effects are neglected. The particle has a dielectric constant e(w), which does not depend on
the k vector of the incident wave. The dye molecule is approximated as a dipole. The system
is submerged in a medium with dielectric constant ¢,,. The particle has a radius a and the
distance from the dye to the center of the AuNP is R.

The radiative rate can be calculated from the emitted power into the solid angle €2 by the
dye with dipole moment d

dP, Enwt| Bd|? sin? 0

aQ 83 ’ (2.11)

where 6 is the zenith angle, the parameter B describes the change of the dipole moment in
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2.2. Interactions between dyes and gold nanoparticles

the presence of an AuNP. B is calculated for the perpendicular and parallel orientations of

the dye dipole moment to the surface of the AuNP as

(e — em)a®
B = 1—-—"" 2.12
H (€ + 2, R3 (2.12)
2(e —ep)a?
B =1+ ———. 2.13
1 + (1 26, P ( )

The radiative rate is obtained by spatially integrating the expression (2.11]) and dividing it

by the photon energy
Emw?| Bd|?

r. —
" 3hc?

(2.14)

The influence of the AuNP on the non-radiative decay is described as energy dissipation
in this model. The radiating molecular dipole induces a plasmon in the AuNP, which is
modeled as a resistor with conductivity o. The current flow in the particle is hindered by
this finite conductivity and the power is dissipated into heating as

E2
Pm_/0|2| dr (2.15)

where E is the electric field of the molecular dipole.
The non-radiative rate of the molecule can be obtained by dividing the expression ([2.15))
by the photon energy and considering the relation between the conductivity and dielectric

constant of the AuNP o = %

_ Im(e) 2

Finally, the non-radiative decay rate for two orientations of a dye can be expressed as

- — DN@2n+1) (= I 2.1
| Ahad Z:”("* )(2n+ )<R> K Py R
d|2 e a\ 2n+4 1
I = — | D22n+1) (= I . 2.18
nr, L 2had ;(n + ) ( n 4+ ) (R> m |:7”L€ T (n + 1)5m:| ( )

The theory gives the expressions for perpendicular and parallel orientations of the molec-

ular transition dipole to the AuNP surface. Such ideal situations might not necessarily be
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Figure 2.4: Distance dependencies of the radiative (a), non-radiative (b), energy transfer
(c) rates and quantum efficiency (d) for tangential, radial and random orientations of the dye
transition dipole moment to AuNP surface calculated with Gersten-Nitzan theory. Modeling is
performed for a dye with 11 % quantum efficiency and 690 ps fluorescence lifetime near a 20
nm AuNP.

the case in reality. Real dyes conjugated to AuNPs through biomolecules often have no de-
fined dipole orientation, so a random orientation to the AuNP surface would consist of 2/3 of

the pure tangential and 1/3 of the pure radial contributions from the corresponding radiative

and non-radiative rates and, consequently, quantum efficiencies. Figures[2.4(a)| [2.4(b)} [2.4(c)|

and show the distance dependencies of the radiative, non-radiative, energy transfer
rates and quantum efficiency for tangential, radial and random orientations for a dye with
11 % quantum efficiency and 690 ps fluorescence lifetime near a 20 nm AuNP. Calculations
are made for the relevant distance range for the systems investigated in this work. The re-

sults show that at very short distances below 5 nm energy transfer dominates and quantum
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2.3. Antigen-antibody binding

efficiency diminishes. The calculation was performed using the software developed by E.

Dulkeith and M. Ringler [55].

2.3 Antigen-antibody binding

Antigens are molecules that upon appearing in an organism result in generation of antibodies
by the immune system (figure [56]. An epitope is the binding site on the antigen, where
an antibody can attach. Antigens are called haptens if they have only one epitope. Larger
molecules, like proteins, may have several epitopes.

Antibodies in the human immune system are represented by several classes of proteins
called immunoglobulins (Ig). These include IgA, IgD, IgE, IgG, and IgM. These classes differ
in their functions, location in the body and their biological properties. Among these IgG is
responsible for the majority of antibody defense, it is also the class used in this work.

IgG has a Y-shaped structure as shown in figure 2.5 It consists of two Fab regions
(fragment, antigen binding) connected to the Fc fragment (fragment, constant/crystallizable).
The Fab fragments have regions called paratopes on their tips which are responsible for
specific antibody binding. For some purposes it is more convenient to work only with sensitive
Fab fragments and not with the whole antibodies. Fab fragments can be separated from Fc
in two different ways [57]. First, one can obtain two separate Fab fragments and one Fc using
an enzyme called papain. Second, one can obtain Fc and two Fab fragments still connected
with each other through a flexible sulfur bridge (this structure is called F(ab’)2) by applying
an enzyme called pepsin. F(ab’)2 adsorbs on gold more readily than Fab. Therefore F(ab’)2

antigen

paratope F(ab)2 fragment JJ| epitope
—\/ N /~

Figure 2.5: Structure of the antigen-antibody Fab fragment
complex. An antibody consists of two Fab regions
(fragment antigen binding) connected to the Fe
fragment (fragment constant/crystallizable). Fab
fragments have regions called paratopes on their
tips which are responsible for specific antibody

binding.

Fc fragment
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was used in the experiments shown in this work.

2.3.1 Biosensors and immunoassays

A device for the detection of biomolecules is called a biosensor. Immunoassays are biosensors
that use antibody-antigen interaction in their detection procedure [58]. A molecule that
is to be detected is called an analyte. For some immunoassays a separation step can be
included, which involves washing the system to remove unbound molecules [59]. Such assays
are called heterogeneous. If the separation step is omitted, the assay is called homogeneous.
The latter type was used in this work because it is potentially quicker and simpler than the
heterogeneous type. Homogeneous assays can be automated easier and are theoretically more
sensitive than heterogeneous because no losses of the analyte happen during the separation
process [60]. Homogeneous assays, however, have a disadvantage that free labels stay in the
same solution with analyte-label, so that the background signal from the label reduces the
whole observable effect.

The quality of an immunoassay is based on a number of validation parameters that
determine its practical applicability [61]. The first parameter is the specificity of the test.
It determines whether the assay detects only the analyte and does not give a false reaction
to other components present in the solution, such as different proteins present in serum in
the case of our system. The second parameter is the accuracy of the immunoassay. This is
determined in a number of measurements comparing the analyte concentration value obtained
from the novel test with established reference values. The third parameter is the linearity
of the test. This means that the signal delivered by the assay should depend linearly on
the analyte concentration. The fourth parameter is the precision of the test. This refers
to the reproducibility of the results delivered by the test under specific conditions under
variation of the location, test operator, equipment, etc. The fifth parameter is the test range,
i.e. the interval of concentrations, where the test is applicable. The sixth parameter is the
limit of detection (LOD), which is the smallest amount of analyte that can be distinguished
from the absence of analyte. Formally LOD is defined as LOD = %, where SD is the
standard deviation of the signal from the blank and m is the slope of the analytical curve

showing the dependence of the signal on the analyte concentration [61]. The seventh biosensor
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2.4. Excitons in semiconductor nanocrystals

characteristic is the limit of quantitation (LOQ), which is the concentration at which different
amounts of analyte can be distinguished and quantified. It is defined as LOQ = % [61].
The eighth parameter determining the quality of an immunoassay is its robustness. This is
determined by the deliberate variations of different values and parameters in the test and

check of the assay result.

2.4 Excitons in semiconductor nanocrystals

Semiconductor nanocrystals are tiny crystalline materials of sizes of about 2-10 nm possessing
ordered lattice structures like bulk materials. Due to their small size, the wave-functions of
electrons and holes are strongly confined in a 3-dimensional quantum box. This is decisive in
determining the optical properties of NCs. Quantum confinement takes place when the size

of a semiconductor becomes smaller than the exciton Bohr radius of this material. Depending

s

Normalized absorbance (a.u.)
Normalized PL intensity (a.u.)

400 500 600 700 800
Wavelength (nm)
(b)

Figure 2.6: (a) Photographs of CdTe NCs of different sizes and schematic representation of
the quantum confinement effect. Emission wavelength of NCs is determined by the band gap
between the conduction (CB) and valence bands (VB) of the particles. Image courtesy of A.L.
Rogach, with permission. (b) Absorption and PL intensities of CdTe NCs of different sizes. The
smaller the particle, the further in the blue it absorbs and emits. Reprinted with permission
from [62]. Copyright 2002 American Chemical Society.
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on the width of 3-dimensional quantum box the band gap energies of NCs also vary, directly
affecting their light absorption and emission properties. Thus, smaller NCs with a higher

degree of confinement have a larger band gap and emit at shorter wavelengths than larger

NCs with a lower band gap emitting at longer wavelengths (figure 2.6(a)| and [2.6(b)|). The

mobility of electrons and holes is strongly reduced in NCs. This effect puts the properties of
NCs between those of bulk semiconductors and molecules.

Generally, when the dimensionality of a materials changes, energy bands are affected and
the density of states at the band edge is decreased and states become discrete [63H65]. This
leads to quantization of energy levels in NCs. Figures 2.7(d)| show how the density
of states depends on energy for materials in different dimensionalities. NCs belong to the

0-dimensional case and are therefore often called quantum dots (QDs).

3D 2D 1D oD
D bulk 2 quantum 4 quantum @ quantum
o s well <) wire s dot
(2] 2] 2] 2
ks k] S k]
2 2 2 2
j o c c c
[ [} [ [
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(a) (b) () (d)

Figure 2.7: Density of states of a charge carrier confined in different dimensions. Fj is the
band gap of the bulk material. Quantum dots have discrete energy levels.

Since the surface to volume ratio in NCs is much larger than in bulk materials, the surface
of NCs can play a crucial role in their optical properties. Special surface treatment of NCs is
applied when one is interested in emission properties of NCs. One option is the coverage of
the NC with other crystalline materials creating a shell around the light-emitting core. This
surface passivation strategy has been applied for CdSe NCs, where a ZnS shell was used to
cover the core [66]. ZnS has a wider band gap than CdSe and contributes to the confinement
of the electron and hole in CdSe core.

In order to passivate the surface of NCs and to keep them stable as colloidal solutions,
organic molecules are bound to the NC surface. Common surface stabilizers are thiolates

for water soluble NCs and trioctylphosphine, oleic acid and 1-octadecene molecules for NCs

34



2.4. Excitons in semiconductor nanocrystals

soluble in organic solvents.

If there are surface defects, oxidized atoms or missing surface stabilizer molecules, these
can be so called traps for the charge carriers. Wave functions of an electron or a hole can be
strongly localized at such a trap, hindering the radiative recombination of an exciton. These
trap states lie below the first excited exciton state and have very low oscillator strengths and

do not satisfy the dipole transition selection rules [67) [68].

2.4.1 FRET between semiconductor nanocrystals

Semiconductor NCs have some differences from organic dyes, which make them interesting
objects for investigations and applications of energy transfer [23]. There are several peculiar
features of NCs, which influence their behavior in energy transfer processes.

Energy transfer can take place from a NC with a large band gap to a NC with the
smaller band gap. However, nanocrystals have a certain distribution in their sizes (section
3.2.2)). This also means a distribution in band gaps in the ensemble. Therefore, all donors
and acceptors are not the same, as in the ensemble of dye molecules. Consequently, resonant
energy transfer between quantum dots can happen with phonon assistance [69]. Furthermore,
the estimation of the spectral overlap between donors and acceptors needs to account for the
spectral inhomogeneity [70]. This fact also leads to the existence of the distribution of energy
transfer rates in NC systems instead of single transfer rate in molecular systems.

Another peculiarity of NCs is their absorption spectra, which are very broad and reach
the UV range (figure . This implies that if both donor and acceptor are NCs, both
might be excited. Therefore, energy transfer from one NC to another will display itself as an
enhancement of the acceptor fluorescence in the presence of the donor.

NCs are larger than organic dye molecules and have sizes comparable with distances at
which FRET takes place. Therefore NCs cannot be considered point dipoles [69].

Because of the large size of NCs, the distance between donor and acceptor-NCs is normally
defined as center-to-center distance. However, the issue of the dipole moment in NCs is not
finally clarified [71].

There have been a number of studies investigating whether energy transfer between NCs

follows the Forster mechanism. Both theoretical [70, [72-75] and experimental [76] publi-
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cations report that in most cases Forster theory is appropriate to describe NC-NC energy

transfer.
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3. Materials and sample preparation

3.1 Fluorescence quenching biosensors

3.1.1 Cy3 and Cy3B dyes

Two cyanine fluorophores were used in experiments of fluorescence quenching by AuNPs
described in chapters 5] and [f] These were Cy3 and Cy3B dyes (figure [3.1). Both dyes were
purchased from GE Health Care.

As can be seen from the chemical formulas, Cy3B has a more rigid chemical structure
than Cy3. This leads to a higher quantum efficiency of 67 % in comparison with 4 % of Cy3
and a longer fluorescence lifetime of 2.9 ns compared to 300 ps of Cy3 [T, [78]. The Cy3 dye

undergoes isomerisation at room temperature, which leads to the low quantum efficiency [79)].

(a) Cy3 (b) Cy3B

Figure 3.1: Chemical structures of Cy3 (a) and Cy3B (b) dyes. Cy3B has a more rigid
backbone than Cy3. Therefore, Cy3B has a longer fluorescence lifetime and a higher quantum
efficiency.
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Figure 3.2: Absorption and fluorescence emission spectra of Cy3 (a), Cy3B (b) and absorption
spectra of AuNPs (black curves) with diameter of 10 nm. There is a large spectral overlap
between the fluorescence emission of the dyes and absorption of AuNPs, which is needed for
energy transfer from the dye to the AuNP.

Table 3.1: Quantum efficiencies of
Cy3- and Cy3B-conjugates.
The fluorophores were chosen for a number of reasons.

Conjugate quantum First, they provide a good spectral overlap of their fluores-

efficiency

BSA-Cy3-Dig | 0.083 & 0.004

cence spectra with absorption spectra of AuNPs, which

is a prerequisite for energy transfer from dye to AuNP

Cy3-F(ab’)2 0.041 0.004 (figures and [3.2(b)). Second, the quenching range
Cy3-IgG 0.041 + 0.004 of the AuNPs is longer when the PL emission spectrum

BSA-Cy3B-Dig | 0.150 £0.004 | ¢ 4y, dye is close to the plasmon resonance [9]. Third,

Cy3B-F(ab")2 | 0.116 £ 0.004 cyanine dyes were shown not to be strongly quenched by

Cy3B-IgG 0.116 & 0.004 tryptophan amino acid, which is present in many proteins

[80]. Since the topic of this investigation is fluorescence
quenching by gold nanoparticles, it is not desirable to have other competing or interfering

quenching processes in the system.

Quantum efficiencies of the dye conjugates used in this work were determined in compar-
ison to the quantum efficiency of Cy3, which is equal to 0.04 according to the reference [77].

All obtained values are listed in table 3.11

38



3.1. Fluorescence quenching biosensors

3.1.2 Bovine serum albumin

Bovine serum albumin (BSA) is a protein present in the blood serum of cows. For this
work BSA was a component of the buffer, in which all the reactions took place and a carrier
protein to which digoxigenin and dye molecules were attached. BSA was obtained from Roche
Diagnostics.

According to Ferrer et al. [81], BSA in aqueous solution has 8.4 x 3.2 nm dimensions.

The structure of the protein is shown in figure [3.3]

Figure 3.3: Structure of BSA. Lysine
amino acids, where Dig and dye are con-
nected are marked as ball and stick.
Lysines in the core of the protein are
marked in red, if they lie on the bound-
ary, then green and lysines on the surface
are marked blue. Only lysines on the sur-
face were available for Dig and dye conju-
gation. Out of 30 available lysines 2 were
occupied by dye molecules and 8 by the Dig
molecules. Image produced from the Pro-
tein data bank [82], courtesy of M. Wun-
derlich, with permission.

BSA buffer. A general problem in working with pro-
teins is their tendency to adsorb on surfaces (cuvette walls,
pipette tips, etc.) [83]. Measurements were performed in a
buffer containing a high BSA concentration of 1 mg/ml in or-
der to solve this problem. BSA passivates all surfaces to a 1
maximally possible degree preventing analyte proteins from be-
ing lost at the surfaces. Additionally, pipette tips were previ-
ously washed with BSA buffer. Since conformations of pro- Figure 3.4: One BSA car-

rier protein hosts two flu-
teins are pH sensitive, the pH value was kept constant by ,rophores and eight digoxi-

a tris(hydroxymethyl)aminomethane buffer (Trizma pH 7.5, genin molecules.
Sigma) at a concentration of 20 mM.
BSA-digoxigenin-dye conjugation. BSA is readily available and commonly used as

a carrier in FRET immunoassays [84]. Conjugation of Dig and dye molecules to BSA was

performed through lysine residues (figure . There are about 30 lysine amino acids on the
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outer surface of BSA [85]. Each lysine has a free amino group that can bind to the activated
carboxyl ester group, i.e. N-hydroxysuccinimide esters of digoxigenin, Cy3 and Cy3B to
form stable amid bonds. Because of the high number of available lysines different degrees
of labeling of BSA by Dig or dye are possible. In the experiments presented in this work,
one BSA carrier protein hosted two fluorophores and eight digoxigenin molecules (figure .
The conjugation was performed by M. Wunderlich.

3.1.3 Conjugation of dyes with antibodies

F(ab’)2 fragments of monoclonal anti-TnT antibodies were dissolved in a phosphate buffered
saline (PBS) solution. The concentration of antibodies was determined from their optical
density at 280 nm using the formula c¢[mg/ml] = ODago/1.4 [85]. The optical density at
280 nm had to be corrected for the absorption of dyes as ODS% = ODagg — 0.08 - OD(Anaz)
[78], where the wavelength of maximal absorption A, was 550 nm for Cy3 and 561 nm for
Cy3B. The typical molecular mass of an antibody is 150 kDa = 2.49 -10722 kg. A desired
amount of fluorophore is added. The reaction solution was slowly shaken under protection
from light. The reaction was stopped by the addition of lysine. In the final result the dye
molecule was bound to lysine through the peptide bond. The conjugation of Cy3 and Cy3B
dyes to antibodies used in all experiments of this work was performed by M. Wunderlich.
In the experiments presented in this thesis there were 5.4 + 0.3 Cy3 dye molecules per
antibody and 2.4 4+ 0.2 Cy3B molecules per antibody. These values were determined from
absorption measurements at the dye absorption peaks and at the antibody absorption at

280 nm.

3.1.4 Digoxigenin and digoxin

Digoxigenin (Dig) and digoxin (figure are examples of haptens, i.e. molecules with only
one binding site for an antibody. Dig was used as a model analyte in this work. Both of the
substances can bind to the anti-Dig antibody with high affinity constants of 5.1-101° 1/M [85].
The association constant is 1.8 - 105 1/Ms and the dissociation constant is 3.5-107° 1/s [85].

Since digoxigenin can be bioconjugated easier than digoxin, it was used in the experiments.
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(a) digoxigenin (b) digoxin

HO. HO o}

HO (0] HO'

Figure 3.5: Chemical structures of digoxigenin (a) and digoxin (b). Anti-Dig antibody is
sensitive to both molecules.

Digoxin is medically relevant since it is used to cure cardiac arrhythmia and heart failure
[86]. Digoxin is toxic in high concentrations, so it is critical to be able to detect it in the
therapeutic concentration range of 1 to 6 ng/mL [87]. The molecular mass of digoxigenin is
390.5 g/mol, which is two times smaller than the one of digoxin amounting to 780.9 g/mol.
Therefore, for Dig the relevant detection concentration range is 0.5 to 3 ng/mL.

Digoxigenin is modified with succinimide (digoxigenin-3-O-methylcarbonyl-e-aminocapron-
acid-N-hydroxysuccinimidester) in order to enable amid bonding to BSA. Labeling of Dig was
performed by M. Wunderlich. All Dig samples were obtained from Roche Diagnostics.

3.1.5 Cardiac troponin T

Cardiac troponin T (TnT) is a protein from the human heart muscle. This protein is released
into the blood in case of myocardial infarction and is a marker of this disease. It is important
to be able to detect low concentrations of this protein in blood in order to treat a patient on
time.

The molecular mass of TnT is 37 kDa = 6.1 -1072* kg [88]. TnT is known to have
two specific binding sites (epitopes) at different positions on the surface of the molecule.
Two antibodies can bind to both epitopes simultaneously thus enabling the possibility of a
sandwich-type immunoassay.

The Tn'T used in the experiments was obtained from Roche Diagnostics. It was delivered

originally in the lyophilized (freeze-dried) form together with other serum components. The
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sample was then dissolved in 2.5 mL of distilled water to a concentration of 100 nM. This
stock solution was accordingly diluted for further experiments. For dilution either BSA buffer
or human serum was used. Human serum was provided by Roche Diagnostics.

The experiments shown in figure [6.13| were performed using standardized samples from
Roche Diagnostics with known TnT concentrations. These samples were obtained in frozen

form, so they had to stay at room temperature for about an hour before the measurements.

3.1.6 Functionalization of gold nanoparticles with antibodies

AuNP of 10 nm diameter (BBInternational) were used for the Dig immunoassays (chapter
. AuNPs were functionalized with complete monoclonal anti-Dig antibodies.

20 nm AuNPs (Roche Diagnostics) were used for the TnT systems (chapter [6)). For the
experiments described below two sets of particles were prepared. In the first set AuNPs were
functionalized with complete intact monoclonal anti-TnT. In the second set AuNPs were
covered with anti-TnT F(ab’)2 fragments.

Proteins are adsorbed to the surface of gold through electrostatic and van der Waals
interactions. The remaining free sites on the gold surface are passivated with BSA so that
the entire surface of the AuNPs is covered. The functionalization of AuNPs used in all
experiments of this work was performed by M. Wunderlich according to a method described
in [89].

It is important to mention that the antibodies take random positions on the gold surface
since functionalization by antibodies is performed by adsorption. Therefore, it is expected
that some of the epitopes are not accessible for the analytes. It was estimated that there
were about 20 binding sites on 10 nm AuNPs and about 40 on 20 nm AuNPs [85]. Another
important aspect arising from this is that the dye was oriented randomly to the surface of the
AuNP and also the separation distance of the fluorophore and AuNP is not exactly known.
Realistically speaking, there is a distribution of separation of distances between the dye and

the AulNP.

42



3.2. Clusters of CdTe nanocrystals

3.2 Clusters of CdTe nanocrystals

3.2.1 Synthesis of CdTe nanocrystals

The CdTe particles used in this work were synthesized by A. Susha using the method de-
scribed in [62, O0]. Thiolate stabilizers are added to Cd(ClO4)s. The thiol ligands make the
growth process slower and allow control over the size of the resulting NCs. The pH is espe-
cially adjusted for every thiol stabilizer by adding NaOH. The whole reaction takes place in
two stages. First, HyTe gas produced in the reaction of solid Al;Tes with sulfuric acid HoSO,
is passed through the solution containing Cd(ClOy), and stabilizer molecules. The reaction
runs without oxygen in a nitrogen atmosphere. At this stage precursors of CdTe are formed.
Second, the solution is boiled and CdTe NCs grow. The synthesis can last between one hour
and seven days depending on the desired diameter of the NCs. The size of the resulting NCs
can be controlled by the reaction time at this stage.

NCs with different thiol surface stabilizers were used in this work (figure . The synthe-
sis processes for all stabilizers are analogous except the different reaction pH for cysteamine.
CdTe NCs with disodium 1,4 - phenylene-bis (dithiocarbamate) (abbreviated as PBDT) sur-
factant were synthesized with a 9:1 ratio of TGA to PBDT during the synthesis following
the method described above.

Red and green NCs described in chapter [7] were capped with thioglycolic acid (TGA)

and near-infrared emitting NCs were capped with mercaptopropionic acid (MPA) (figure

SH
Hs —/
T NH
HN — )— 0
HS X O HN~~gh
\_sH OH HS\/\<OH
HS

disodium 1,4 — phenylene-bis thioglycolic acid mercaptopropionic cysteamine
(dithiocarbamate) acid

Figure 3.6: Chemical structures of the surface stabilizers for CdTe NCs. Thiol groups (-SH)
are connected to the NC surface.

43



Chapter 3. Materials and sample preparation

. The thiol group (-SH) connects to the NC surface and -COO™ groups provide negative
charge on the outer surface of the NC. The surface of each green NC was covered with
approximately 250 TGA molecules, every red NC had about 350 TGA molecules on the
surface. The diameter of the NCs can be estimated from the position of the first absorption
peak [90]. Thus green NCs were estimated to be 2.5 nm, red NCs 3.5 nm and near infrared
NCs 6.5 nm in diameter. The concentration of CdTe NCs in solution can be estimated from

the optical density of the solution at the first absorption peak [91].

3.2.2 Size selective precipitation

Freshly synthesized CdTe NCs are of different sizes in the resulting solution. Therefore, in
order to obtain NCs with as narrow a size distribution as possible, size-selective precipitation
is applied [92] 93]. The process is based on the fact that largest particles precipitate first when
non-solvent (2-propanol) is added to the solution. After centrifugation the largest particles

stay on the bottom of the test tube, while smaller ones are still in the supernatant. The
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Figure 3.7: (a) PL of the as prepared CdTe NCs (red) and fractions separated by size-selective
precipitation (black). After the separation, NCs with different sizes and optical properties are
obtained. Image courtesy of A. Susha, with permission. (b) High resolution TEM image of
CdTe NCs. The size distribution of NCs in an ensemble is 10-15 %. Image courtesy of M.
Doblinger, with permission.
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3.2. Clusters of CdTe nanocrystals

process can be repeated several times to obtain 5-10 fractions containing NCs of different

sizes from the same synthesis.

The individual fractions of NCs have emission maxima around a certain wavelength. Due
to the nature of the size-selective precipitation, NCs within one fraction still do not have
exactly the same diameter resulting in an inhomogeneous distribution of sizes within one
fraction. The size distribution of NCs in an ensemble is typically 10-15 % [94]. Consequently,
the emission wavelengths of individual NCs in this ensemble also differ spectrally from each
other according to the sizes of the particles (figure [3.7(a))). In the high resolution TEM

images NCs within one fraction appear to be monodisperse within 10-15% size distribution

(figure BT(D)).

3.2.3 Cluster preparation with Ca’' ijons

In order to prepare clusters, aliquots of 0.01 M CaCl, (anhydrous, > 90%, Merck) were added
to CdTe NCs diluted in 3 mL of deionized water (produced by a Millipore Milli-Q Gradient
A-10). The following equilibration happened within 10 min under occasional shaking. After
this, measurements were performed. Next, more CaCly solution was added and waiting
time was again 10 min with occasional shaking. The concentration of CaCly (effectively of
Ca?* ions) was chosen in a way to have a 100-5000-fold greater concentration of Ca®" ions
in comparison to CdTe NCs. Five solutions with different Ca?* ion concentrations were
prepared.

The optical density was lower than 0.1 in order to avoid the inner filter effect. Measure-
ments aimed to demonstrate the influence of Ca** on purely green and red NC (figure
and were performed with 185 pmol of green and 110 pmol of red NCs.

The investigations, where energy transfer with varied donor-acceptor ratios was studied
(section , were performed with 110 pmol of red NCs and three different amounts of
green NCs: 185 pmol, 370 pmol and 740 pmol. This corresponded to 1.7:1, 3.4:1 and 6.8:1
donor-acceptor ratios.

When the mixture of NCs of three different sizes was prepared (section 370 pmol

of green, 185 pmol of red and 27 pmol of near infrared NCs were mixed in 3 mL of water.

45



Chapter 3. Materials and sample preparation

3.2.4 Partial removal of surface stabilizer molecules from CdTe

NCs

In the experiments where DNA was connected to CdTe NCs and where they were connected
covalently through PBDT and DNA (sections and , a washing procedure was applied
to partially remove the surface stabilizer from the surface. This was done to create patches
of free CdTe material on the surface, where thiol groups could bind. 400 pL of the originally
synthesized highly concentrated aqueous NC solutions were diluted by the double volume of
methanol (99.8 %, Aldrich). The solution was left to stand until the fluid became turbid.
Subsequently, the solution was centrifuged (miniSpin plus, Eppendorf) for 5 min at 5000
rotations per minute. NCs precipitated on the bottom of the test tube after centrifugation.
The transparent colorless solution was removed from the test tube leaving only the sediment.
Finally, 400 uL of water were added to the sediment. If the solution did not become turbid

after the addition of methanol, the amount of methanol was increased.

3.2.5 Conjugation of CdTe NCs through PBDT

PBDT-stabilized NCs (acceptors) were first pushed through 0.2 pm filters in order to remove
possible large aggregates. Donor NCs were stabilized with TGA, which was partially removed
from the surface as described in section [3.2.4, Donor and acceptor NCs were mixed in a 10:1

ratio in aqueous solution. Measurements were performed within 2 h after mixing.

3.2.6 Conjugation of DNA to CdTe

DNA is a biological polymer composed of units called nucleotides (figure [3.8)). There are four
nucleotides: guanine, cytosine, adenine and thymine. These are connected to each other by
a phosphate deoxyribose backbone. Pairs of nucleotides are complimentary with each other:
guanine with cytosine and adenine with thymine. DNA is a double helix, with a major and a
minor groove. The ends of a DNA strand have 3’ and 5’ notations, where 3’ denotes the end
with a terminal hydroxyl group and 5’ refers to the end with a terminal phosphate group.
Short DNA strands were chosen as linkers of NCs (section . Two complementary

sequences consisting only of adenine (A) and thymine (T) bases were used: AAA AAA AAA
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(denoted as sequence 1) and TTT TTT TTT (denoted as sequence 2). DNA was purchased
from Metabion International AG. Both oligonucleotides were functionalized with a thiol group
at the 3’ end. These short DNA strands were intended to provide a sufficiently small distance
between the donor and acceptor NCs so that energy transfer could take place. The sequence
was chosen so that it remained stable at room temperature and the DNA did not disassemble
into single strands. Moreover, DNA sequences containing thymine were shown to have little

non-specific adsorption to NCs [95].

The thiolated DNA contained a CH3-S-S- protection group on the 3’ end. It was removed
with the help of dithiotreitol [97]. The purchased DNA, which came in lyophilized form,
was dissolved in water to a concentration of 200 pM. 200 pL of the 100 mM dithiotreitol
solution in 17 mM sodium phosphate (pH 8) were added to 500 uL of the DNA solution.
Then the mixture was shaken for 30 min. Finally the solution was purified. For this it was
flushed through a PolyPak cartridge (Glen Research) as specified by the manufacturer. In
the end, DNA was diluted in 1 mL of the 20 % acetonitrile aqueous solution. After this
DNA was added to the 1 nmol solution of washed NCs in the DNA-NC ratio of 5:1. The
reaction took place for about 16 hours at 4 °C. The measurements shown in figure
and were performed in an aqueous solution with pH 6 and 300 mM NaCl required
for DNA hybridization.
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3.3 CdSe/ZnS/CdSe/ZnS nanocrystals

3.3.1 Synthesis of multi-shell nanocrystals

The synthesis method for CdSe/ZnS onion-like NCs was first introduced by Battaglia et al.
[28]. Particles used in this work were prepared by S. Sapra using the procedure described in
[98]. First, CdSe cores were synthesized. CdO was dissolved in oleic acid and 1-octadecene
and heated in an argon atmosphere. Another solution containing Se in l-octadecene was
injected into the first solution with Cd. In order to create a ZnS shell around the core, ZnO
dissolved in oleic acid and 1-octadecene, was added and heated. S solved in 1-octadecene was
injected. The same solution as the one used to produce cores was employed to grow the CdSe
shell. Finally, particles were precipitated with acetone. The resulting NCs were passivated

by oleic acid/1-octadecene molecules and solved in hexane.

3.3.2 Structural and optical properties of multi-shell nanocrystals

Core-shell NCs were initially developed to increase the quantum efficiency of CdSe NCs [66].

The presence of the ZnS shell around the CdSe core improves the surface properties of CdSe.

The optical properties of these NCs give an indication that through the variation of
the shell thickness one can obtain emission from the CdSe shell at a different wavelength.

Absorption and emission spectra of multi-shell NCs with ZnS shell thicknesses of four (c4s2s)

and six (c6s2s) atomic layers are shown in figure 3.9(a)| and [3.9(b)| In all cases the shells are

grown around identical cores. The CdSe shell consists of two atomic layers in all samples.
One can notice a clear correlation between the absorption and emission peaks. This is similar
to data reported in [2§].

High resolution TEM investigations of the multi-shell NCs used in this work were per-
formed by a collaborator, Y.M. Lam, in order to clarify the material distribution in these
structures. In the resulting images (figure one can see that NCs maintain spherical
shapes, but separate shells cannot be distinguished. However, when interplanar spacing in
the core region is evaluated, a value of 0.22 nm can be found. This corresponds to the (110)

plane in wurzite CdSe. In the surrounding of the core, where a shell is expected, the inter-
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Figure 3.9: Absorption and emission spectra of multi-shell NCs with different ZnS shell
thicknesses. In all cases the shells are grown around identical cores. CdSe shell consists of two
atomic layers in all samples. The ZnS shell has a thickness of four (a) and six (b) atomic layers.
When the ZnS shell between the CdSe core and CdSe shell in thicker, the emission of the CdSe
shell is shifted to the blue. The wavelength of the core emission stays the same.

0.175 nm

Figure 3.10: High resolution TEM images of onion-like NCs. The interplanar spacing in the
core is close to 110 plane of wurtzite CdSe, in the shell the interplanar spacing corresponds to
the (103) plane in wurtzite ZnS. Magnification is 107 times. Image courtesy of C. Boothroyd,
with permission.

planar spacing is about 0.175 nm. This is in good agreement with the (103) plane in wurzite
ZnS. Therefore, a conclusion can be made that both materials are present in one NC.

Another experiment performed by Y.M. Lam used small angle X-ray scattering (SAXS) to
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Figure 3.11: Radial contrast profile of onion-like NCs obtained from a SAXS measurement.
The curve shows the distribution of CdSe in the NC with 6 monolayers of ZnS and 2 atomic layers
of CdSe in the outmost shell. The material distribution shows the core-shell-like distribution of
material inside the crystal. Image courtesy of Y.M. Lam, with permission.

study the material distribution inside these NCs. A radial contrast profile of onion-like NCs

obtained from a SAXS measurement is shown in figure|3.11l The curve shows the distribution

of CdSe in the NC with 6 monolayers of ZnS and 2 atomic layers of CdSe in the outmost

shell. The material distribution shows the core-shell-like distribution of material inside the

crystal.
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4. Experimental methods

4.1 Steady state absorption spectroscopy

A Cary 50 (Varian) UV-Vis spectrophotometer was used in order to study the absorptionE]
of samples and to measure their concentrations. A flash Xenon lamp is used as an excitation
source. A wavelength is then chosen by the monochromator and the transmitted light is
measured by a photomultiplier tube (PMT). The measurements are performed and compared
with a blank sample containing only solvent. This allows calibration of the measurement and
the removal of the effects from the solvent in the spectra and from the reflections of light
from the cuvette walls.

According to the Beer-Lambert Law, the intensity transmitted through the sample at

wavelength A is

I(\) = Io(\)eoXnd, (4.1)

where Iy(A) is the incident light intensity on the sample, o is the extinction cross section, n
is the particle density and d is the sample thickness. The extinction cross section consists of
scattering and absorption contributions o(A) = g4ps(A) + Oscar(A). In experiments performed

in this work the optical density (OD) was measured:

(N
OD(\) =log,y —=- 4.2
( ) 10 ]’0<)\> ( )
When the extinction coefficient e(\) = J(li)ng of the sample and its thickness d are known, an

IThe correct term for these measurements is the extinction, which is composed of absorption and scattering
contributions. However, since the term absorption has become established and common, it will be used in
the rest of the work.
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OD measurement allows the determination of the sample concentration ¢ from the relation

OD()) = —% — c(\)ed, (4.3)

where N4 is the Avogadro number.

4.2 Steady state photoluminescence spectroscopy

In a fluorescence spectrophotometer the signal is collected at an angle of 90° with respect to
the excitation beam. Since fluorescence is emitted in all directions this allows the exclusion
of the excitation light from the detection.

Two devices were used: a Cary Eclipse (Varian) for strongly luminescent samples and
a Fluorolog 3-22iHR (HORIBA Jobin-Yvon) for weakly luminescent samples. Both devices
allow photoluminescence (PL) and photoluminescence excitation (PLE) measurements to be
performed. For PL measurements the excitation is performed at a fixed wavelength and the
detected emission wavelength is varied. For PLE measurements the excitation wavelength is
varied and the emission wavelength is fixed.

It is important to perform the PL measurements in diluted solutions (OD < 0.05) so that
reabsorption of light in the solution (called the inner filter effect) is avoided.

Cary Eclipse. The light source is a Xenon flash lamp with an excitation wavelength
range of 190-1100 nm. The monochromator allows the wavelength from the spectrum of the
lamp to be chosen. In the detection light path another monochromator allows fluorescence
to be detected at specific wavelengths.

Fluorolog. A more sensitive fluorescence spectrometer was used to measure the fluo-
rescence intensity in samples with troponin T (chapter @ The sensitivity is provided by
a R928P photomultiplier. Double excitation and emission monochromators provide better
spectral resolution and increase the signal to noise ratio by background suppression. A 450 W
Xenon lamp serves as the excitation source (250-1700 nm) followed by a double monochro-
mator which limits the excitation wavelength range to 250-1000 nm. In the detection light
path a second double monochromator selects the detection wavelength. The PMT needs to

be cooled to 9° C during operation and can detect wavelengths between 250 and 850 nm.
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4.3 Time resolved photoluminescence spectroscopy

4.3.1 Laser excitation

For the experiments in chapters [5] and [6] an excitation wavelength of 565 nm was used,
which was provided by an optical parametrical oscillator pumped by a Ti:sapphire (Ti:Sa)
laser. In order to provide correct polarization weighting, experiments were performed in
the magic angle configuration [30], i.e. exciting with linearly polarized light and placing a
polarizer in the detection path with an angle of 54.7° to the polarization plane of the laser.
This was done in order to compensate for the polarization dependent light transmission of
the monochromator. Under the magic angle condition the bias of a certain polarization is
avoided and fluorescence with different polarization is detected equally.

Ti:sapphire laser. A Ti:Sa oscillator (Mira 900-F, Coherent) is pumped by a solid-
state neodymium-doped yttrium aluminium garnet (Nd:YAG) laser (Verdi, Coherent) with a
532 nm wavelength and a continuous-wave power of 10 W. The Ti:Sa laser is tunable in the
wavelength range from 750 to 1000 nm. The principle of operation of the Mira laser is based
on Kerr lens mode locking, in which the intensity-dependent change of the refractive index of
the gain material is used. The beam traveling in the laser cavity has a Gaussian profile. This
beam is transmitted through an adjustable aperture, which only transmits the central part
of the beam. By adjusting the aperture diameter, the leading and trailing edges are blocked
and pulses of about 120 fs duration can be produced. A short change in the resonator length
is induced in the beginning in order to mode lock the laser [99]. The repetition rate of the
laser was 75.6 MHz.

Optical parametrical oscillator. Wavelengths in the visible range can be produced by
an optical parametric oscillator with intracavity frequency doubling (OPO Advanced ring,
Angewandte Physik & Elektronik GmbH). When pumped by the Ti:Sa laser it can deliver
wavelengths in the 520 - 675 nm range. The pump laser frequency is split into two (called
signal and idler) through a nonlinear process. The signal part of the light pulse is further
doubled in another nonlinear crystal. Wavelength tuning is based on the change of the pump
wavelength, temperature of the phase-matching crystal and the adjustment of the cavity

length [100, 101]. Additional stabilization is needed since at the chosen wavelength both
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Mira and OPO produced significant fluctuations in intensity. This was performed with the
help of a circular variable metallic neutral density filter. The filter was fixed on a step motor
with a feedback loop connected to a photodiode constantly monitoring the laser power. When
the laser power deviated from the desired value, the filter rotated correcting for the intensity
fluctuations.

Amplifier. In the experiments described in chapter [7] samples were excited at 400 nm.
The excitation source was a 800 nm Ti:Sa regenerative amplifier (RegA 9050, Coherent)
frequency doubled in an optical parametrical amplifier 9450 (Coherent) with a 100 kHz

repetition rate and a pulse width of about 70 fs.

4.3.2 Streak camera

A streak camera (Hamamatsu) was used in order to perform fluorescence lifetime measure-
ments. It can be operated with two different plug-ins allowing the measurement of fluores-

cence lifetimes in long and short time ranges. Fluorescence is measured in a 90° configuration

Spectrometer Streak camera

Laser filter Trigger signal
Polarizer
Power l
controller
Samole | \'\ Laser
p | system

Polarizer

Figure 4.1: Schematic of the streak camera setup. For the experiments in chapters [5| and @
a laser system composed of Ti:Sa laser and OPO was used, for the measurements described in
chapter [7| an amplifier was used as an excitation source.
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4.3. Time resolved photoluminescence spectroscopy

(figure [4.1). Photons first pass through the spectrometer (Chromex) and enter the streak

camera spectrally dispersed.

Synchroscan plug-in (M5675 unit) was used for all time resolved measurements in
chapters [5] and [6] Photons from the spectrometer are focused on the photocathode and
produce photoelectrons (figure [4.2)). These electrons are accelerated on an electrode. Next,
they are deflected in a periodical electric field triggered by the excitation laser. In this way
electrons are spatially diverted according to their arrival time creating a steak picture of the
decay dynamics. Finally, the electrons are multiplied by a microchannel plate, they hit a
phosphor screen producing photons which make an image on a CCD camera. A streak camera
combined with a spectrometer provides simultaneously spectral and temporal information of
the luminescence. The Synchroscan plug-in allows measurement of decays with lifetimes not
longer than 2 ns with a time resolution of 2 ps. Measurements were performed in the photon

counting mode.

Single sweep plug-in (M5677 unit) was used for the measurements described in
chapter [7] This unit allows measurement of fluorescence decays in different time ranges from

5 ns to 10 ms. The highest possible time resolution is 50 ps in the fastest time range.

Accelerating Time dependent Phosphor
electrode sweep voltage screen
Photocathode ‘ -
I
_— — / \
ammi CCD
0000 L L L ® @ o o | | camera
— ° | ] e
Photons ' S — \\ | 00
Secondary A '
electrons .
— Microchannel Photons
- plate

Figure 4.2: Schematic of a streak camera. Adapted from [102].

95



Chapter 4. Experimental methods

Monochromator

\ / Sample
PMT \\l / \
Polarizer
Start signal
TCSPC board
in the computer
Polarizer
| I
] LDH-P-C-405
Stop (Sync) signal | |aser

Figure 4.3: Schematic of the FluoTime 200 setup.

4.3.3 Time correlated single photon counting

A commercial fluorescence lifetime spectrometer FluoTime 200 (PicoQuant) was used for the
experiments described in chapter |8 and section [7.2] The setup is shown schematically in
figure [£.3] A pulsed LDH-P-C-405 diode laser with 400 nm wavelength and the repetition

rate of 250 kHz was used. The instrument response function was less than 300 ps.

This device uses a technique called Time-Correlated Single Photon Counting (TCSPC).
The time that has passed between the last laser pulse and detection of the photon is measured
with the help of the electronics. This information is then plotted as a histogram displaying

the number of registered photons depending on their detection time.

The intensity of the pulsed laser needs to be such, that the detection count rate is less
than 1% of the laser repetition rate to avoid the pile-up of photons. The repetition rate of
the laser has to be chosen so, that the time between the pulses is longer than the fluorescence

lifetime of the molecule.
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4.4 Further devices used in this work

A Zetasizer Nano ZS (Malvern instruments) is a device based on dynamic light scattering
that was used to measure the sizes of aggregates of CdTe NCs in chapter [7]

A transmission electron microscope (TEM) JEOL JEM 1011 was used to obtain the
images of multi-shell NCs described in chapter [§]

High resolution TEM was performed with a FEI aberration corrected and monochromated
Titan TEM microscope fitted with a FEG filament and an acceleration voltage of 300 kV.
This device was used to characterize CdTe and multi-shell NCs (chapter (3).

A SAXSess camera (Anton-Paar, Graz, Austria) with an X-Ray generator (PANalyti-
cal, PW3830, standalone laboratory X-ray source) operating at 40kV and 50 mV with a
sealed-tube Cu anode was used to perform the small angle X-Ray scattering (SAXS) experi-
ments. SAXS experiments allowed the investigation of the material distribution in multi-shell

CdSe/ZnS/CdSe/ZnS NCs (chapter [3).
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5. Fluorescence quenching for small

molecule biosensing

This chapter describes the use of long-range fluorescence quenching by gold nanoparticles
(AuNPs) for an immunoassay for a small molecule called digoxigenin (Dig). The princi-
ple of fluorescence quenching is tested on small molecules, which are expected to provide
relatively short separation distance from the dye molecule to the AuNP ensuring highly
efficient quenching. Two test formats are introduced here: A simple and a competitive
assay. The simple assay is used to optimize the quenching effect and to determine the
fluorescence quenching mechanism. The competitive assay is used for the detection of the
label-free Dig. Two cyanine dyes Cy3 and Cy3B are tested in order to find the fluores-
cent marker leading to the highest quenching. Fluorescence quenching mechanisms are
investigated using time resolved spectroscopy. The results of time resolved measurements

are compared with the Gersten-Nitzan theory.
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Chapter 5. Fluorescence quenching for small molecule biosensing

5.1 Principle of simple and competitive immunoassays

Gold nanoparticles can quench fluorescence very efficiently. This allows for their applications
in medical diagnostics. Digoxigenin (Dig) is a small molecule used as an analyte here.

The simplest possible configuration for biomolecule detection is the so called simple assay
depicted in figure 5.1} A dye-labeled analyte binds to the antibody on the AuNP and the
dye’s fluorescence is quenched. In the reference AuNP functionalized with anti-troponin T
(anti-TnT), to which Dig does not bind, are used. So the fluorescence in the reference stays
unchanged. This method, however, has the critical disadvantage of the necessity to label all
analytes with dyes. This is not practical in real applications, where it is necessary to detect
the native unlabeled molecules in blood. Therefore a so called competitive test format is

used in this work[]

Sample: Reference:

g
5 (e &%ﬁ.ﬁ W (o Fmon,,

Figure 5.1: Principle of operation of the simple fluorescence quenching test. A dye-labeled
analyte binds to the antibody on the AuNP and its fluorescence is quenched. In the reference,
the marker does not bind to the AuNP and the fluorescence is not changed.

The principle of operation of the competitive test is shown in figure[5.2] Two samples are
needed for the test: a sample with analyte (further called sample) and one without the analyte
(further called reference). T'wo solutions with the same volumes and concentrations of AuNPs
functionalized with anti-Dig antibodies are taken. A certain volume of analyte is added
to the sample. The same volume of buffer is injected in the reference to ensure equivalent
measurement conditions. Analytes occupy the available binding sites on the antibodies on the
AuNP. Next, the fluorophore-labeled analyte (marker) is added to both solutions. There are

less available binding possibilities in the sample than in the reference, because the analytes

!Sometimes in literature this test format is also called a displacement test [103].
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Sample: Reference:
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Figure 5.2: Principle of operation of the competitive test for Dig. AuNPs, functionalized
with anti-Dig antibodies are incubated with Dig (sample) or without Dig (reference). The
photoluminescence is measured after the incubation upon addition of fluorophore-labeled Dig.
When no Dig is present in the solution, the fluorophore-labeled Dig can bind to anti-Dig and
the fluorescence is quenched. If Dig is present in the solution, the binding sites of anti-Dig are
occupied by Dig molecules and fluorophore-labeled Dig cannot bind to the AuNPs. Hence, the
fluorescence is increased in comparison to the reference measurement.

already bound to AuNPs. Therefore the labeled analytes can bind to a larger extent in
the reference than in the sample. Finally, the fluorescence of both samples is measured and
compared. The fluorescence of the sample has a larger intensity than of the reference because
there are more unbound fluorophores in the solution that are not quenched.

The difference between a simple and a competitive immunoassays is that in the simple
assay quenching is observed in the sample. The reference is quenched in the competitive test.
Therefore fluorescence quenching for both assays is calculated differently. In the simple assay

fluorescence quenching is calculated as

'[Sam e
FQsimple - <1 — —pl ) s (51)

[reference

in the competitive assay it is defined as

Ire erence
FQcompetitive = (1 - f—) ) (52)

Isample

where I ference is the PL intensity of the reference measured at the peak, and Isgmpie is the

PL intensity of the sample with analyte measured at the peak.
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Chapter 5. Fluorescence quenching for small molecule biosensing

5.2 Systems under consideration

In order to maximize the fluorescence quenching and consequently to approach the limits of
the assay sensitivity, different fluorophores were tested. Bovine serum albumin (BSA) was
used as a carrier protein, to which both Dig and Cy3 (figure p.3|(a)) or Cy3B (figure [5.3(b))
molecules were conjugated. One BSA molecule had two fluorophores and eight Dig molecules
on it (section [3.1.2). AuNP with 10 nm diameter were functionalized with complete intact
anti-Dig antibodies.

Measurements with variable ratios of AuNP to marker concentrations [AuNP]/[Marker]
were performed to determine which marker is optimally quenched by AuNPs (figures
and . In the graphs the fluorescence intensities of sample and reference are plotted
for the simple assays. AuNPs functionalized with anti-troponin T (anti-TnT) were used as
a reference.

It can be seen that in all cases the black curves, corresponding to the sample, lie below the
blue and green colored reference curves. Fluorescence quenching increases with increasing
[AuNP]/[Marker| ratio. This happens because more and more labeled analyte molecules
bind to AuNPs. At some point, however, the number of labeled Dig molecules becomes
larger than the number of available binding sites and no increase in fluorescence quenching
is observed anymore. Thus, there is an optimal ratio between the concentrations of markers

and of AuNPs, where quenching is maximal. When there are more markers available than

Figure 5.3: Dig systems under investi-
@ @ gation represented schematically and pic-
tographically. In all cases 10 nm AuNPs
are functionalized with anti-Dig antibodies.

(@) (b) The remaining free space on the surface of
AuNP with anti-Dig AuNP with anti-Dig AuNPs was covered with BSA. A BSA car-
+ + rier protein is used to host Dig molecules
BSA-Cy3-Dig BSA-Cy3B-Dig and Cy3 (a) or Cy3B (b) labels.
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5.3. Binding kinetics

binding sites on AuNPs, then most of them remain unbound in the solution. Therefore they
emit fluorescence and contribute to the background, thus lowering the observed fluorescence
quenching. However, when there are less markers than binding sites on AuNP, there is a high
probability that the markers will be bound and quenched.

The maximal quenching efficiency that could be achieved for the BSA-Cy3-Dig marker
was 58 % and 76 % for the BSA-Cy3B-Dig marker. Therefore, the BSA-Cy3B-Dig marker is

more useful for making sensitive assays.
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Figure 5.4: A saturation experiment with BSA-Cy3-Dig (a) and BSA-Cy3B-Dig (b) markers.
The blue and green curves refer to the reference, where Dig cannot bind to AuNPs functionalized
with anti-TnT antibodies. The black curve is the quenched sample. Fluorescence quenching
(equation is plotted in red. Lines connecting the points are guides for the eye.

5.3 Binding kinetics

In the previous section two markers were considered concerning their maximal achievable
quenching efficiency for the case of the simple assay. Now the competitive assay is consid-
ered in order to study the dynamics of the competitive binding of the analyte to anti-Dig
antibodies on AuNPs. This leads to a greater understanding and control of the maximally
achievable detection sensitivity of the immunoassay. Since BSA-Cy3B-Dig was shown to
produce the largest fluorescence quenching among the markers, it was used for the assay

sensitivity assessment described in this section.
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Chapter 5. Fluorescence quenching for small molecule biosensing

Fluorescence intensity can be used to observe the binding dynamics in the system under
investigation. Figure[5.5(a)[shows how the intensity develops within 10 min after the addition
of the marker. In the reference, pure binding dynamics of the labeled analyte can be observed.
In the sample, however, two species compete for the binding sites on the AuNPs. Therefore,
the amount of bound labeled analytes is lower, so the quenching dynamics are slower. These
time-dependent measurements enable the determination of the optimal measurement time
point, where quenching is maximal. Time dependent fluorescence quenching (figure
shows that 155 s after mixing the sample the effect reaches its maximum. After this point an
equilibrium is established in the system. It can also be concluded from these measurements
that sample and reference need to be measured simultaneously to obtain a correct value for

fluorescence quenching.
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Figure 5.5: (a) Development of fluorescence intensity with time in the sample (green line) and
in the reference (black line) within 10 min. In both cases binding of the dye-labeled analyte and
subsequent fluorescence quenching by the AuNP can be seen. The quenching dynamics in the
sample is different from the reference because in the sample a competition between the labeled
and unlabeled analytes takes place. (b) Dependence of fluorescence quenching (equation
in time. After the steep increase due to faster binding of the reference the maximal effect is
reached at 155 s followed by saturation.
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5.4. Immunoassay sensitivity

5.4 Immunoassay sensitivity

The concentrations of the marker and the AuNPs have to be chosen properly to maximize
the sensitivity of this competitive test. This should be done in a way that a maximal quench-
ing effect can be seen. Under these conditions, the presence of analyte delivers a detectable
difference in fluorescence intensity between the sample and the reference. However, for small
concentrations of analyte there will be many free markers in the solution providing an un-
desirably high background level. Following this logic, a lower concentration of dye should
be chosen. It is difficult to detect the fluorescence because of the signal weakness if the
fluorophore concentration becomes too low. Also, the AuNP concentration cannot be cho-
sen too high because of the increasing reabsorption of fluorescence by AuNPs. Therefore a

compromise should be made in choosing the dye and AuNP concentrations for the test.

The limit of detection and quantitation (section[2.3.1]) of the test in buffer were determined
from a series of measurements with blank samples. The limit of detection (LOD) equals
0.49 nM and the limit of quantitation (LOQ) is 1.64 nM (corresponding to 0.19 ng/mL and
0.64 ng/mL respectively). The dynamic range of the assay ranges from 1 to 8 nM (0.39 -
3.12 ng/mL), where the fluorescence quenching depends linearly on the analyte concentration
(figure [5.6).

The therapeutically relevant concentration range for digoxin is 1 to 6 ng/mL [87]. This
corresponds to 0.5 to 3 ng/mL for digoxigenin, considering the difference in molecular masses

between digoxin and digoxigenin (section [3.1.4). Therefore the obtained dynamic range of
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Figure 5.6: Fluorescence quenching 5 207
(equation effect as a function of the % 10
digoxigenin concentration. The dynamic § 1
range of the assay ranges from 1 to 8 nM, L ol . . . . .
where the effect depends linearly on the 0 2 4 6 8 10
analyte concentration. Dig concentration (nM)
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Chapter 5. Fluorescence quenching for small molecule biosensing

0.39 - 3.12 ng/ml would also cover the interesting detection range for digoxin if the assay
were applied to detect it.

The developed detection method was tested in human serum in order to study the possibil-
ity of practical applications. A measurement in serum can be a challenge for an immunoassay,
because of the high content of proteins and other organic molecules in serum. Different non-
specific reactions are possible in serum. Additionally, the large optical density of serum in
the visible range poses a problem, because it creates a high scattering background signal at
the wavelength where the fluorescence is measured (figure|5.7(a))). Due to the high specificity
of antibodies to the antigen, the first issue did not pose a problem. But absorption of serum
required adjustments. The measurements in serum needed to be carried out under laser il-
lumination near the cuvette wall. In this way the illumination power was sufficient to excite
the fluorophores in the cuvette despite of serum absorption and scattering. The laser went
parallel and close to the cuvette wall closer to the detector. This allowed the fluorescence
light to have only a short optical path in serum before leaving the cuvette, thus minimiz-
ing reabsorption. The fact that fluorescence quenching was detectable in this configuration

means that eventually very small volumes of serum could be used for the experiments.

Serum content in this experiment was 90% of the total solution volume (figure [5.7(b))).
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Figure 5.7: (a) Optical density of human serum measured in a cuvette with a 1 cm optical path.
Serum absorbs strongly in the visible range where dye fluorescence occurs. (b) Fluorescence
intensities of sample (green) and reference (black) in serum. The amount of serum in the
measured solution is 90%. The Dig concentration is 50 nM.
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5.5. Investigation of fluorescence quenching mechanisms

The competitive digoxigenin test in serum allowed the detection of a concentration of 50
nM. This is a significantly higher concentration than what can be detected in buffer because
the reabsorption of serum could not be completely overcome. So, the assay in serum needs
further optimization to reach lower concentrations. This could be achieved by using cuvettes
with a shorter optical path.

There are a number of established assays for digoxin, both commercial and non-commercial
[T04HT08]. These tests are based on different detection principles such as the use of microparti-
cle enzyme immunoassay (MEIA/AxSYM from Abbott), electroluminescence assays (Elecsys
from Roche Diagnostics), chemiluminescence assays (ACS from Bayer/Siemens, Vitros from
Ortho/Johnson& Johnson), turbidimetric assay (TinaQuant from Roche, Synchron-LX from
Beckman), enzyme-multiplied immunoassay technique (EMIT from Syva-Behring/Siemens)
and fluorescence polarization immunoassay (TDx from Abbott). The lowest limit of detection
achievable in these tests is 0.2 ng/mL [I08]. These commercial assays have been optimized
in the product development process. The fluorescence quenching assay developed in this
work has a limit of detection of 0.19 ng/mL in buffer, which is very close to the commercial
achievement. Further development of the test in serum and systematic effort on improvement
of the test sensitivity were not the subject of this investigation. However, the fluorescence
quenching test developed in this work has an advantage that no separation step of the bound
and unbound systems is involved. The measurement of fluorescence quenching as such is very
quick and can be performed in about 300 s. However, the preparatory incubation time here
was 30 min, which might be shortened in future assay optimization. This approach can also

be used to detect other small molecules.

5.5 Investigation of fluorescence quenching mechanisms

It was introduced previously that AuNPs can quench the fluorescence of dye molecules
through radiative rate suppression and energy transfer (section [2.2.2)). Time-resolved PL
measurements allow the determination of processes underlying fluorescence quenching by
AuNPs. The radiative, non-radiative and energy transfer rates of the molecule can be de-

termined by analyzing the transients. These measurements also allow the determination the
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Chapter 5. Fluorescence quenching for small molecule biosensing

true quenching efficiencies of fluorescent markers because the background of free unbound
markers can be subtracted.

Experiments were performed for the simple assay, i.e. without the non-labeled analyte,
because the focus of investigation was the quenching process as such. AuNPs functionalized

with anti-troponin T, to which Dig does not bind, were taken as a reference.

5.5.1 Determination of radiative and non-radiative rates

A free dye without an AuNP is expected to have a mono-exponential decay of fluorescence

intensity I(t) ~ e /7

after optical excitation. When AulNPs are added to the system, only
a part of them binds to the fluorophores. Therefore, two fluorescent species are present in
the mixture: Fluorescent molecules bound and unbound to the AuNP. The dependence of

fluorescence intensity on time is described by a double exponential (figure
I(t) = ngDe™/7 4 nylhet™ (5.3)

where ny and n;, are the numbers of free and bound dye molecules, I', and I', are the radiative
rates of the free and bound dye molecule, 7 and 7" are the lifetimes of the free and bound
fluorophores. The lifetime for the decay of free dye is unchanged in the presence of AuNPs.
The fluorescence decay curve of the unbound can be subtracted from the total decay in order
to obtain the values for the fluorescence intensity 1'(0), at time 0 of the dye near the AuNP
[43].

The radiative and non-radiative rates I', and I',,, can be calculated if the quantum effi-

ciency ® and lifetime 7 of free dye are known

P

r, = —, 5.4
- (5.4)
1

T = . (5.5)

The fluorescence intensity of free dye immediately after the laser pulse is proportional

to the product of the number of dye molecules and the radiative rate 1(0) = nl',. To
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5.5. Investigation of fluorescence quenching mechanisms

In(Intensity)

A

Figure 5.8: Scheme of the time resolved

data analysis. Intensity is plotted on a 7
logarithmic scale. Free dye decays mo- ]q’(())
noexponentially (triangles).  Dyes con- 100) B
nected to AuNPs decay double exponen-
tially (squares) because there are not bound
dyes with the same decay time as free dye I'(0)
(blue) and bound dyes with shortened life-
time (red). The intensity at time 0 is
decreased if the radiative rate suppression
takes place.

v

0 Time

determine the change in the radiative rate, the intensities at time 0 of the same number
of free and bound fluorophores must be compared. I’(0) is the initial intensity of unbound
dye molecules in the quenched system (figure [5.8). The same number of fluorophores in
the quenched and the reference sample can be obtained by subtracting I’(0)e~/" from the
experimental fluorescence decay curves for the bound and unbound systems. Thus, one can

determine the changed radiative rate by comparing the initial fluorescence intensities

13(0)
MN=—-—+-_T,. 5.6
I - 1) >0
Consequently the non-radiative rate of the dye-AuNP system can be determined as
I = ! I 5.7
nr ; B ) ( : )

where the lifetime 7/ of the dye-AuNP system can be measured. Finally, the contribution of

energy transfer to the changed non-radiative rate can be calculated as

Tpr =T —T,. (5.8)

nr

Knowledge of the rates of the hybrid system leads to the quantum efficiency

1"/

P ="
L+ 17

(5.9)
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Chapter 5. Fluorescence quenching for small molecule biosensing

and the PL quenching efficiency
Ng=1——. (5.10)

5.5.2 Non-radiative rate and energy transfer

The results of time resolved measurements are shown in figures[5.9(a) and [5.9(b)l The graphs

show the fluorescence decays of all studied systems. The component with the long lifetime
corresponding to free dye was subtracted on all graphs, as shown on figure [5.8f The number
of fluorescent molecules in the sample and in the reference is thus the same in the plotted
curves (black vs. green and black vs. blue lines). A common feature of all decays is the
significant decrease of fluorescence lifetime in the vicinity of an AuNP (black lines) compared
to the references, for which a dye is not bound to the AuNP (blue and green lines).
Lifetime reduction is an indication of an additional non-radiative decay channel in all
systems. So, the non-radiative rate is increased in all systems (figure . This effect can
be caused either by charge transfer or by energy transfer from the dye to the AuNP. A dye
can be situated no closer than 3.2 nm to the AuNP. This is the size of BSA, which is used
to cover the surface of the AuNP on the places where antibodies did not adsorb. Charge

transfer does not take place at such long distances, so energy transfer must be responsible
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Figure 5.9: Time resolved fluorescence decays of the BSA-Cy3-Dig (a) and BSA-Cy3B-Dig
(b) systems. The fluorescence lifetime in the quenched samples (black lines) for both markers
(a, b) is reduced. This is an indication of energy transfer.
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5.5. Investigation of fluorescence quenching mechanisms

for the shortening of fluorescence lifetime.
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Figure 5.10: Non-radiative rates of free
dye and dye with AuNPs for BSA-Cy3-
Dig and BSA-Cy3B-Dig systems. In both
systems a significant increase in the non-
radiative rate of the dye is observed in com-
parison to the reference, for which the dye £ S S gy
was not bound to the AuNP.
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Energy transfer efficiency is calculated as

7_/

Ppp=1——, (5.11)
T

where 7 is the lifetime of the free dye, 7’ is the lifetime of the dye in the presence of the
AuNP. The results are shown in figure [5.11} Energy transfer efficiencies for both markers

were 70 %.
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Chapter 5. Fluorescence quenching for small molecule biosensing

5.5.3 Radiative rate suppression and enhancement

Another possible mechanism of fluorescence quenching by AuNPs is the radiative rate sup-
pression. Since the fluorescence decays of free markers are mono-exponential, radiative rate
is proportional to the fluorescence intensity at time 0 [30]. Radiative rates for both the free
marker and dye with AuNP are shown in figure [5.12] The radiative rate increased 1.4 times
in BSA-Cy3-Dig system and in BSA-Cy3B-Dig it decreased 1.2 times. In BSA-Cy3B-Dig
system radiative rate suppression contributed to fluorescence quenching. The observation of
the radiative rate suppression speaks for the preferentially tangential orientation of the dye
transition dipole moments to the AuNP surface. In the BSA-Cy3-Dig system the radiative
rate is increased. This fact can be a result of the predominantly perpendicular orientation of
the dye transition dipole to the AuNP surface. Although it is expected that the orientation
of the dye to AuNP surface is random, it is still possible that in the present labeled batch

most of dye transition moments have a preferred orientation.

The amount of bound dyes can be calculated from the intensities at time 0 as Bound =

( — %) -100%, as can be seen from figure . According to this formala, the percentage

of bound dyes is 47 % for BSA-Cy3-Dig and BSA-Cy3B-Dig. Background fluorescence results

from the emission of the remaining 53 % of unbound dyes in the solution.
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Figure 5.12: Radiative rates of free dye
and dye with AuNPs for BSA-Cy3-Dig and
BSA-Cy3B-Dig systems. The presence of
the AuNP leads to the enhancement of the
radiative rate in the BSA-Cy3-Dig system
R ey and suppression of the radiative rate in the
BSA-Cy3B-Dig system.
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5.5. Investigation of fluorescence quenching mechanisms

5.5.4 Fluorescence quenching efficiency

PL quenching efficiency can be calculated from time-resolved measurements using the equa-
tion[5.10] The resulting number was 59 % for BSA-Cy3-Dig and 76 % for the BSA-Cy3B-Dig
marker. The maximal quenching efficiencies that were obtained from the steady state mea-
surements (section 58 % and 76 % for BSA-Cy3-Dig and BSA-Cy3B-Dig respectively.
The values for both markers are in excellent agreement.

The highest quenching efficiency was obtained in the BSA-Cy3B-Dig system because here
the radiative rate suppression also contributed to fluorescence quenching. Additionally, the
higher quantum efficiency and longer fluorescence lifetime of the Cy3B marker are important.
The difference in fluorescence quenching of two dyes becomes clear from the Gersten-Nitzan
model simulations as can be seen in figure .13} According to the calculation, Cy3B dye is
expected to be quenched stronger than Cy3.

5.5.5 Comparison with the Gersten-Nitzan model

The results of the time-resolved measurements can be compared with the Gersten-Nitzan
model (section [2.2.4). The model allows calculation of the radiative and non-radiative rates
and quantum efficiencies for tangential and radial orientations of the fluorophore’s transition
dipole to the AuNP surface. In the systems under consideration the orientation is not exactly
known and it is expected that the dye molecule, which is connected by a single covalent bond,

is highly mobile and can rotate in its position. This results effectively in a random orientation
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Figure 5.13: Gersten-Nitzan model calcu-
lations of the quantum efficiency for BSA-
Cy3-Dig (blue curve) and BSA-Cy3B-Dig
(green curve) systems. The orientation of
the dye to AuNP surface is random. The
increase of the quantum yield for the BSA-

Quantum yield
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Chapter 5. Fluorescence quenching for small molecule biosensing

of the dye to AuNP surface.

Another important parameter in the model is the distance of the dye to the AuNP surface.
This is also not exactly known in this system. This is because antibodies undergo adsorption
on the gold surface in random orientations. This means that the binding sites are also situated

at a range of different distances to the surface (figure [5.14)).

(@) (b)

Figure 5.14: Shortest (a) and longest (b) possible distances between the dye and AuNP
surface.

The length of a complete antibody is about 10 nm [109} 1T0]. BSA in aqueous solutions
is prism-like, with an equilateral triangle with 8.4 nm side length as a base and height of 3.2
nm [81]. Dye and Dig molecules can bind to BSA in many locations (section [3.1.2)), the most
remote being 8.4 nm. Together with the maximal antibody extension of 10 nm this would
result in 18.4 nm as the furthest dye-AulNP distance. The surface of AuNPs is passivated by
BSA in the places where antibodies are absent. Therefore, the closest dye-AuNP distance is
3.2 nm, which is the height of the BSA molecule.

The values of the radiative and non-radiative rates as well as the quantum efficiency
according to the Gersten-Nitzan model were calculated for the closest and most remote
distances to AuNP surface (table [5.1). Theoretical calculations deliver values, which are
of the same order of magnitude as the rates and quantum efficiency of the experimentally
considered systems. For both markers the non-radiative rate and quantum efficiencies lie
within the range of values calculated by the Gersten-Nitzan model. The deviations of the
calculated values from experimental data are more significant for the radiative rate. Since

the value of the radiative rate is extremely dependent on the orientation of the dye to AuNP
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5.6. Conclusion

Table 5.1: De-excitation rates for BSA-Cy3-Dig and BSA-Cy3B-Dig systems with and with-
out AuNPs compared to the calculations using the Gersten-Nitzan model. Calculations were
performed for the minimally and maximally possible distances of 3.2 nm and 18.4 nm from dye

to the AulNP. All values refer to the marker in the vicinity of an AuNP.

BSA-Cy3-Dig | BSA-Cy3B-Dig
Maximal calculated radiative rate (x10% s=71) Lymae | 3.03 3.81
Minimal calculated radiative rate (x10% s71) Lyomin 1.94 2.60
Measured rad. rate (x10% s71) r, 2.63£0.15 2.18 £0.07
Maximal calculated non-radiative rate (x10° s71)  T'pyomas | 2690 2363
Minimal calculated non-radiative rate (x10% s7%) Ty in | 24 17
Measured non-rad. rate (x10% s71) | A 75+6 58 +4
Maximal calculated quantum yield Dan 0.001 0.001
Minimal calculated quantum yield D, in 0.075 0.134
Measured quantum yield @’ 0.034 £0.003 | 0.036 & 0.003

surface, it is the most difficult value to match to the experiments. As it could be seen in the
previous section, it is possible that sometimes a dye might have more of a normal orientation
in the BSA-Cy3-Dig systems. This can be also seen from the calculations, which overestimate

the radiative rate for BSA-Cy3B-Dig.

5.6 Conclusion

It was shown that fluorescence quenching through AuNPs is caused by radiative rate suppres-
sion and energy transfer, whereby the latter is the main responsible process. Two fluorescent
labels Cy3 and Cy3B were compared regarding their interactions with AuNPs. It was found
that Cy3B undergoes stronger quenching when situated at the same distance as Cy3. Model
calculations also support this effect. This is due to the higher quantum efficiency and longer
fluorescence lifetime of Cy3B compared to Cy3.

A fluorescence quenching immunoassay for digoxigenin was developed. This is the first
competitive test for a therapeutically relevant small molecule based on fluorescence quenching
by AuNPs. The test provides reliable detection of the analyte in buffer with a limit of
detection of 0.49 nM (corresponding to 0.19 ng/mL). The dynamic range of the assay ranges
from 1 to 8 nM (0.39 - 3.12 ng/ml). This covers the therapeutically relevant range for

digoxin, for which the test can be also applied. Laser excitation and front-face detection was
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necessary to detect Dig in a solution with 90 % serum content. Dig concentration of 50 nM

(corresponding to 19.39 ng/mL) could be detected in serum.
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6. Fluorescence quenching for protein

biosensing

In the previous chapter, fluorescence quenching by gold nanoparticles (AuNPs) were used
to detect small molecules. Detection of proteins by this method is a significantly more
challenging task. Sizes of proteins can reach several nm and together with antibodies
this would significantly increase the distance between the fluorophore and the AuNP.
Therefore, a sandwich type assay for proteins is the testbed for the whole method of
long-range fluorescence quenching by AuNPs. Immunoassays using energy transfer have
mostly been performed in the competitive format. There are only a few publications on
sandwich immunoassays using two dyes or a dye and a nanocrystal as a donor and an
acceptor [ITTHIT3]. This is due to the large separation between the donor and acceptor
in this format, which makes FRET inefficient. The use of AuNPs enables the use of
long-distance fluorescence quenching for these immunoassays. Two variants of antibodies
attached to AuNPs are investigated: intact antibodies and shorter F(ab’)2 fragments.

This is done in order to find the upper limiting distance of fluorescence quenching.
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6.1 Principle of the sandwich immunoassay

A marker of myocardial infarction, cardiac troponin T (TnT), is used as an analyte. Two
epitopes on Tn'T are known, to which two different antibodies can bind specifically. This fact

allows the development of a sandwich-type immunoassay (figure .

Sample: Reference:

o ol
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Figure 6.1: Schematic of the sandwich test for TnT. AuNPs are functionalized with anti-TnT
antibodies. An antibody to a second epitope of TnT is labeled with a fluorophore. The system
is bound together by the TnT molecule in the middle. As a result, the fluorescence of the dye

is quenched by the AuNP.

One antibody is functionalized with a dye and the other is attached to an AuNP. When
the analyte is added, a sandwich is formed consisting of a protein and two antibodies attached
to it. The dye is brought in the vicinity of the AuNP and its fluorescence is quenched. The
sandwich approach is different from the competitive test in that the analyte molecules need
not be labeled by a fluorophore. Only the antibodies need to be labeled.

Fluorescence with analyte (sample) and without analyte (reference) were compared (figure
. The figure shows that with analyte the fluorescence intensity of the marker decreased.

Not complete quenching is due to the presence of free dye-antibody conjugates in the solution.
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540 560 580 600 620 640 antibodies and TnT were 0.25 nM, 2.5 nM and 2
Wavelength (nm) nM respectively.
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6.2. Quantification of fluorescence quenching

6.2 Quantification of fluorescence quenching

Under real-life conditions TnT detection is performed with full blood or in serum of patients.
Tn'T used in the experiment was obtained from Roche Diagnostics in lyophilized form together
with serum. The serum content, which includes many different proteins, was present when

the originally dry material was dissolved in water.

90000+

3

S

g 60000 .
Figure 6.3: Photoluminescence of human serum é
depending on the concentration of TnT dissolved E 30000+
in serum. Increasing the concentration of TnT &
and thus of serum in the cuvette leads to higher 0
luminescence intensity at the emission wavelength 0 3 6 9 12
of fluorophores. TnT concentration (nM)

In figure [6.3] the luminescence of solution is plotted against the TnT concentrations.
A fluorescent marker is not present in this sample. Serum and TnT have a background
fluorescence signal of considerable intensity at the emission wavelength of the fluorophores.
Considering this difficulty, a time dependent fluorescence intensity measurement procedure
was applied. Continuous recording of fluorescence intensity before and after the addition
of a defined TnT amount results in a detectable decrease of intensity (figure . This is
caused by the formation of sandwiches and fluorescence quenching by AuNPs. Moreover,

this method allows the observation of the binding kinetics of the system in real time. Small

stepwise addition of TnT

90000+
= '
s i
> 60000 |
2
9
Figure 6.4: Photoluminescence quenching in E 30000+
the TnT sandwich assay with stepwise addition &
of the analyte. Small peaks after the addition are 0
caused by the fact that serum, in which TnT is 0 5000 10000 15000 20000
diluted, is also fluorescent. Time (s)
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Chapter 6. Fluorescence quenching for protein biosensing

peaks appearing after the addition of TnT can be observed in the presented curve. These
are caused by the fluorescence of serum, which at this marker concentration, is comparable

to the fluorescence intensity of the dye.

6.3 Systems under consideration

In all sandwich biosensors AuNPs of 20 nm diameter were used. AuNPs and dyes were
attached to complete intact antibodies (about 10 nm long) and to F(ab’)2 antibody fragments
(about 5 nm long). This allowed the design of long and short sandwich structures and
to influence the dye-AuNP separation distance (figure [6.5). As in the previous chapter,
fluorescence quenching of two dyes, Cy3 and Cy3B, was studied.

In the sandwich systems the distance between the dye and AuNP is not exactly known.
However, it can be estimated from the sizes of single components. One complete intact
antibody is 10 nm long [I09 110], and TnT is about 2.5 nm large [85]. F(ab’)2 fragment
consists of two 5 nm long Fab fragments, which are connected flexibly, so that they can
produce an extension up to 10 nm. Fluorescent markers were attached to 5 nm long F(ab’)2
fragments. AuNPs have not only antibodies, but also BSA molecules on their surface. BSA
has 8.4 nm x 3.2 nm dimensions [81]. Possible distances from dye to AuNP surface for the
short and long sandwiches are illustrated in figures and It follows that for the short
and for the long sandwich the shortest distance, to which the dye molecule can approach
the gold surface is 3.2 nm, the size of BSA. To estimate the maximal distance between the

dye and AuNP surface, a situation must be considered, where the full maximal extensions of

O~am+ Ot O~a- e+

(@) (b) (© (d)

AuUNP with anti-TnT AuNP with F(ab*)2 AuNP with anti-TnT AuNP with anti- F(ab)2
+ + + +
F(ab®)2-Cy3 F(ab")2-Cy3 F(ab*)2-Cy3B F(ab*)2-Cy3B

Figure 6.5: Schematic representation of Tn'T systems under investigation. Single components
are not to scale. In all cases 20 nm AuNPs were used. AuNPs were functionalized with intact
anti-TnT antibodies (a, ¢) and F(ab’)2 antibody fragments (b, d). Cy3 dye (a, b) and Cy3B
dye (c, d) were used as fluorophores.
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6.3. Systems under consideration

antibodies and F(ab’)2 fragments are taken into account. This leads to a maximal distance

of 22.5 nm for the short and for the long sandwich.

(@) (b)

Figure 6.6: Minimal (a) and maximal (b) possible distances between the dye and AuNP
surface in the short sandwich. Sizes of components are not to scale.

(a) (b)

Figure 6.7: Minimal (a) and maximal (b) possible distances between the dye and AuNP
surface in the long sandwich. Sizes of components are not to scale.
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Chapter 6. Fluorescence quenching for protein biosensing

6.4 Binding kinetics

Compared to immunoassays of the competitive type (chapter |5)), a sandwich immunoassay
is more complex because it involves two binding reactions. Two antibodies need to bind to

TnT so that dye fluorescence can be quenched by the AuNP (figure .

(- at
N

Figure 6.8: Different binding pathways in the sand-

©<.>+ wich immunoassay. Two antibody-antigen reactions

must take place for the sandwich to form.

Continuous addition of analyte to the solution with fixed concentrations of AuNP and dye
leads to decreasing fluorescence (figure [6.9). This corresponds to the concentration range,
where the quenching effect is linear with the analyte concentration. As more sandwiches can
be built, the fluorescence of bound dye decreases. At a certain point quenching reaches a
minimum. This happens when the analyte concentration is optimal and the number of sand-
wiches formed in the solution reaches maximum. Further addition of the analyte leads to a
decrease in the sandwich concentration and consequently to the increase of total fluorescence.
This occurs because there are so many analyte molecules that most of the antibodies with

dye or AuNPs are passivated by them. The possibility of sandwich assembly is significantly

O s
~ 1.01
5
d C-
> 0.8 -
% 0.6- Figure 6.9: High dose Hook effect in the
E TnT sandwich assay. Only the region from
g 0.4 0 to the minimum is relevant for unambigu-
£ ~ ous analyte detection and quantitation, be-
g 0.2 cause after this point the assay becomes
0.0 . . . . . saturated by the analyte. Concentrations
0 3 6 9 12 15 of AuNPs and dye-labeled antibodies were
TnT concentration (nM) 0.25 nM and 2.5 nM respectively.
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6.4. Binding kinetics

decreased. This effect is known in biosensing literature as the high dose effect or the Hook
effect [114]. Therefore, it is important to choose proper dye and AuNPs concentrations to be

able to operate the biosensor in the linear regime.

One experiment, such as the one presented in figure is very time consuming. There-
fore, computer simulations of binding kinetics were employed to understand the binding
dynamics in the system and to optimize it. Modeling can help to find the optimal conditions
in the experiments and to understand the trends in improving sandwich formation when the
concentrations of components are varied. Within this work, a Mathematica program was
developed to carry out the simulations based on the model by Zuber et al. [114]. Equations
used for the modeling can be found in the appendix. In the model, the number of assembled

sandwiches is calculated from the known concentrations of components.

Figures [6.10(a)| and [6.10(b)| show the results of the simulations for the varied AuNP

and dye concentrations. When the concentration of AuNPs is increased, the dynamic range
of the assay broadens and at some point the sharp minimum turns into a plateau (figure
. The fluorescence quenching effect also becomes more pronounced within this trend.
The increase of dye concentration with fixed AuNP concentration also leads to a broadening
of the dynamic range, but the depth of the minimum in fluorescence quenching decreases.

These calculations show the direction to achieve maximal fluorescence quenching and a broad

[AUNP]=0.05 nM, [dye]=3 nM

g 104 [AuNPI=0.06 i el < 10 [AUNPI=0.1 nM, [dye]=1 nM
= =0. , [dye]=3 nM ~ [AUNP]=0.1 nM, [dye]=3 nM
= [AUNP]=0.2 nM, [dye]=3 nM o2 [AUNP]=0.1 nM, [dye]=5 nM
< 0.8 =
(8] (8]
c c
S S
2 0.64 =
8 8
S 0.4+ S
(8] (8]
(%] (%]
9 0.21 o
(=} (=}
= =)
LT 2900 L 0
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
TnT concentration (nM) TnT concentration (nM)

(a) (b)

Figure 6.10: Fluorescence quenching simulations of the sandwich immunoassay with varied
AuNP (a) and dye (b) concentrations.
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104 theory
experiment

Figure 6.11: High dose Hook effect in the
TnT sandwich assay obtained experimen-

0.0 e . . tally (solid line) and theoretically (dotted
0O 2 4 6 8 10 12 14 line). Concentration of AuNPs is 0.25 nM

TnT concentration (nM) and dye is 2.5 nM.

Fluorescence quenching (%)

dynamic range of the biosensor.

Another insight won from the simulations is that upon the increase of AuNP and dye
concentrations the minimum shifts to larger analyte concentrations. This means that a
larger sensitivity, corresponding to a larger quenching upon small change of the analyte
concentration, requires both low dye and AuNP concentrations. On the one hand, this
is beneficial because then fluorescence reabsorption by AuNPs is reduced. On the other
hand, a too low dye concentration cannot be detected by the photomultiplier. Therefore
that a compromise must be made in choosing the AuNP and dye concentrations for optimal

detection sensitivity.

The comparison of the experimental data with the theoretical model is shown in figure
[6.11] The fit of the simulation data to the experimental results is not perfect for a number
of reasons. One is that the concentration of free dye in the solution might not exactly be
described by the model because a certain amount of labeled antibodies could be adsorbed
on the cuvette walls. Additionally, a dye in the vicinity of an AuNP experiences excitation
enhancement due to the AuNP, which is not included in the model. This effect is difficult to
account, for because the orientations and distances of dye to the AuNP surface are not pre-
cisely known for the investigated system. Although the model does not exactly describe the
data quantitatively, the qualitative predictions are important in preparing and understanding

the experiments.
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6.5 Sandwich assay sensitivity

Different measured dependencies of fluorescence quenching on the analyte concentration are
shown in figure|6.12] In this graph the quenching effect is plotted against the analyte concen-
tration for two different concentrations of dye-antibody conjugates and AuNPs. For smaller
dye-antibody concentrations, the increase of the quenching effect is steeper. This happens
because the fluorophores, being only few in the solution, react to small changes in the analyte
concentrations by finding the partners to form a sandwich and being quenched by AuNPs.

The limit of detection and limit of quantitation of the developed assay in buffer were
0.02 nM and 0.03 nM (corresponding to 0.7 ng/mL and 1.1 ng/mL) respectively. These
values are obtained from a number of measurements with a blank assay, i.e. without the
addition of analyte. It is important to note that these numbers strongly depend on the
choice of the AuNP and marker concentrations used in the test. As discussed above, the
combination of these concentrations is responsible for the dynamic range and the ultimate
sensitivity of this immunoassay.

The sandwich immunoassay was also tested with standardized samples from Roche Di-
agnostics in serum. The samples had a known concentration of TnT. The results of the
measurements are shown in figure [6.13] Because of large signal fluctuations one can detect
concentrations starting from 0.11 nM (corresponding to 4.0 ng/mL). Signal fluctuations here
might be caused by the adsorption of TnT on the walls of test tubes, cuvettes and pipette
tips or on other proteins contained in serum, which does not happen in buffer.

There are a number of existing immunoassays for TnT, some of which are commercially

available. It is interesting to compare the currently achieved detection limits for the assay

. . . —~ 1.01¢
Figure 6.12: Quenching 'effect for two dif- = 0 \E\E\i
ferent dye and Cy3B-antibody concentra- S o8- ;
tions. For the red curve the sample con- '72; \
tained 0.63 nM of labeled antibodies and S 06 b
0.12 nM of AuNPs. For the black curve S
there were 0.02 nM of labeled antibodies g 0.44
and 0.06 nM of AuNPs. The smaller the £ \*
dye concentration, the steeper is the depen- g 02 \*
dence of PL intensity on analyte concentra- 00 . . . . :
tion and the more sensitive the assay for 0.00 0.03 0.06 0.09 0.12 0.15
small concentrations. TnT concentration (nM)
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-15- Figure 6.13: Time dependent fluores-
20 . . . . . . cence quenching. Measurements were per-
0O 10 20 30 40 50 60 formed in serum for different known con-
Time (min) centrations of TnT in solution.

developed within this work with the existing tests. Recently, a surface plasmon resonance
immunosensor was reported for TnT [I15]. This assay has a detection limit of 0.01 ng/ml
and a linear range from 0.03 to 6.5 ng/ml. An enzyme linked immunoassay for TnT has the
limit of detection of 0.5 ng/mL [I16]. The commercial point-of-care CardiacT test (Roche
Diagnostics) has the limit of detection of 0.1 ng/mL [117]. The Enzymun assay from Roche
Diagnostics has the limit of detection reaching 0.02 ng/mL [118]. The Elecsys test (Roche
Diagnostics) has currently the highest sensitivity of 0.01 ng/mL [I19]. The assay developed
in this work with the limit of detection of 0.7 ng/mL in buffer and 4.0 ng/ml in serum is less

sensitive than the existing tests, but reaches the therapeutically relevant range.

6.6 Investigation of fluorescence quenching mechanisms

The mechanisms of long-range fluorescence quenching by AuNPs can be determined with the

help of time resolved measurements. Figures [6.14(a)}, [6.14(b)| [6.15(a)| and [6.15(b)| show the

fluorescence decay curves of all investigated systems with and without analyte. A mixture of

AuNPs and fluorophores without TnT was used as a reference.
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Figure 6.14: Fluorescence decays of the short (a) and long (b) sandwich immunoassays labeled
by Cy3. The fluorescence lifetime is decreased in the sandwich system (black curve) due to
energy transfer to the AuNP.
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Figure 6.15: Fluorescence decays of the short (a) and long (b) sandwich immunoassays labeled
by Cy3B. Energy transfer to the AulNP leads to the shortening of the excited state lifetime in
the sandwich system (black curve).

6.6.1 Determination of radiative and non-radiative rates

In contrast to the dye-Dig conjugates discussed in the previous chapter, the fluorescence decay
of the marker attached to the antibody is a double exponential I(t) = Aje ™™ + Aye™"/™ for
both Cy3 and Cy3B dye labels and for the short and long antibodies. The reason for this is
the influence of the conjugation of the dye molecule to the antibody on the properties of the

dye. The antibody is a protein containing tryptophan, which is known to quench fluorescence
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[80]. Since the dye can be attached at different positions on the antibody, there can be places
where the fluorophore is close to the tryptophan and positions, where it is far away (figure
6.16). Therefore the decay time of some dye molecules can become shorter than the decay
time of others due to tryptophan quenching. Additionally, it was reported that the lifetime
of the Cy3 dye can change significantly when the dye molecules are chemically conjugated to
other molecules because the conjugation changes the conditions for the isomerization of the
dye [79, 120]. Therefore, an increase of the lifetime of the dye on the protein surface is also

possible.

Based on these arguments, data analysis for the sandwich assays was performed as de-
scribed in section [5.5.1] separately for both time constants in the fluorescence decay of the
free dye. This means that each system consisted of two subpopulations of fluorescent mark-
ers with different fluorescence lifetimes. Every marker has a fast and a slow component
I(t) = Afe_t/ Tr 4+ Age~'/™s. The percentage of the fast subpopulation can be calculated from

the amplitudes of the decays Ay and A; as Py = ﬁ.

The fluorescence decays of quenched dye molecules is fitted with a fourfold exponential
I(t) = A’fe*t/Tf + Ale V™ 4 A}qe*t/ﬁ/’ + A’Sqe*t/fé, (6.1)

where A’;, A, 7y and 7, describe the parameters of the dyes, which stay free in the solution;

/ !/

b A TJ’C and 7./ refer to the molecules influenced by AuNPs. Such a complex fitting

Lys

) V4l

Figure 6.16: Explanation for the double exponential
decay of dyes. Dye molecules are conjugated to lysine
(Lys) amino-acids. Some of the Lys can be located
near tryptophan (Trp) amino-acids, which quench fluo-
+LVS rescence. Certain dye moelcules conjugated to the an-
tibody can be quenched by tryptophan and others not.
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6.6. Investigation of fluorescence quenching mechanisms

function was chosen because of the following considerations. Since each sample with AuNPs
has two subpopulations, each of them is expected to be quenched by AuNPs in its own
way. Dye molecules from both subpopulations can be attached to the same antibody. The
intensities Ay, A%, A and A} at time 0 are proportional to the concentrations of molecules
in each subpopulation in the free and bound systems. Therefore these parameters should
not be independent. The dependence between them can be expressed as A, = PfA’f and
AL, = PpA%,. Moreover the sum of all amplitudes A% + A + A} + AL, = I'(0) is equal

to the fluorescence intensity of the quenched sample at time 0. This allows to use another

o _

dependency between the parameters A’fq = 155,

A’;. Keeping in mind that in the fitting
of the hybrid system 7; and 75 stay fixed, the number of fitting parameters in formula is
reduced from eight to three. The decays for the hybrid system can be fitted with

I'(0)
1+ P f

1'(0)
1+Pf

I(t) = Aye™/7 4 PpAle™/™ 4 { — A}] e T + Py { — A}] et (6.2)

where the fit parameters are A, 7} and 7;; values of I'(0), Pf, 74 and 7, are known.

6.6.2 Non-radiative rate and energy transfer

In all systems it can clearly be seen that the lifetime of the dye is significantly decreased

when the analyte is present (figures [6.14(a)} [6.14(b), |6.15(a)| and [6.15(b)|). Similarly to the

digoxigenin assay from the previous chapter, charge transfer to the AuNP can be excluded
here as the dye-AuNP distance is too large. Therefore the energy transfer must be responsible

for the lifetime reduction. Energy transfer times and efficiencies can be calculated for fast

1_1

T/ T°

and slow components of the systems. The energy transfer rate was calculated as % =

The results are presented in figures |6.17(a){ and [6.17(b)l The energy transfer rate is larger

for dyes with shorter lifetime within Cy3 and Cy3B subpopulations and between Cy3 and
Cy3B.

Energy transfer efficiency for the fast and slow components is calculated as

7_/

Spr=1——. (6.3)
T
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Figure 6.17: Energy transfer rates for the short and long sandwich systems with Cy3 (a) and
Cy3B (b) markers. Energy transfer is faster for dyes with shorter lifetimes.

Calculation results are shown in figures|6.18(a)| and |6.18(b)| Energy transfer is more efficient

for dyes with a longer fluorescence lifetime. The efficiencies for the short and long sandwich

are practically the same. This means that the average distance from the dye to the AuNP is

similar for the short and long sandwiches.
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Figure 6.18: Energy transfer efficiencies for the short and long sandwich systems with Cy3
(a) and Cy3B (b) markers. Energy transfer is more efficient for dyes with longer lifetimes.
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6.6. Investigation of fluorescence quenching mechanisms

6.6.3 Radiative rate suppression and enhancement

The intensities of the fluorescence at time 0 have very similar values in the sample and
reference for both dyes and for the short and long test formats. For the short and long

sandwiches with the Cy3 marker, a slight increase in the fluorescence intensity at time 0 and

consequently the radiative rate is observed (figures|6.19(a) and |6.19(b)|). The only exception

from this trend is the slow component in the short sandwich. The effect is very small, though.

For the Cy3B marker the behavior of the radiative rate in the short and long sandwiches

is different (figures [6.20(a)| and [6.20(b)). In the short sandwich there is a decrease in the

radiative rate for both the fast and slow components. In the long sandwich no change in the
radiative rate is observed.

The different trends in the influence of the AuNP on the radiative rate of the dyes can be
attributed to several possible factors. First, the difference in the short and long components
is related to different positions of these subpopulations on the antibody (figure . One
subpopulation might be oriented in a way that would lead to an enhancement of the radiative
rate and the other can have an orientation that leads to a decrease of the radiative rate.

Second, the short and long sandwiches are different in the way intact antibodies and F(ab’)2

fast slow slow

2000+ 1 2000+ 1
7 Cy3 2 Cy3
S 1500+ S 1500+ 1
o o
o) o)
2 1000+ short 1 2 1000+ long 1
S sandwich S sandwich
c c
= 5001 % : = 500+ % -
a a

0- 0-
X O+ O« W Oe+

(a) (b)

Figure 6.19: Intensities at time O for the short (a) and long (b) sandwich. Cy3 is the fluorescent
marker. There is an opposite trend in the fast and slow components in the short sandwich.
The fast component is enhanced by AuNPs and the slow component is suppressed. A slight
increase of the radiative rate in the long sandwich for both fast and slow dye subpopulations is
observed.
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Figure 6.20: Intensities at time 0 for the short (a) and long (b) sandwich. Cy3B is the

fluorescent marker. There is a slight decrease of the radiative rate in the short sandwich for
both fast and slow dye subpopulations. In the long sandwich the radiative rate stays unchanged.

fragments are oriented on the gold surface. This also influences the orientation of the dye to

the AulNP surface.

6.6.4 Percentage of bound dyes

The amount of dye bound to AuNPs can be calculated knowing the initial intensities at time

0 in the reference and in the quenched systems. The amount of bound dye from slow and

fast subpopulations is equal to Bound = (1 — %/). Figures |6.21(a)| and |6.21(b)| show the

results of the calculation. There is slightly more bound dye in the long sandwich systems.
A possible reason for this is that the number of active paratopes is higher when complete
intact antibodies and fragments are used. The percentage of bound dye in most cases is more
than 70 % since the measurement is made for a concentration ratio, for which the highest
binding is expected. Thus, time resolved spectroscopy is a useful tool to estimate the number

of bound sandwiches in FRET-based immunoassays.

92



6.7. Conclusion

— 100. fast slow ) — 100. fast slow )
g 80+ éz E; 80+ I I I I i
2 ool N A
é 60 % o % g 60 -

S 40 S 40 .
> / >

£ 20 % 2 201 ]

(a) (b)

Figure 6.21: Percentage of bound sandwiches with Cy3 (a) and Cy3B (b) markers.

6.7 Conclusion

In this chapter, it was demonstrated that long-range fluorescence quenching by AuNPs can
be used to develop a sandwich-type biosensor for cardiac troponin T. This is the first im-
munoassay of this type. The limit of detection of this immunoassay in buffer is 0.02 nM
(corresponding to 0.7 ng/mL) and 0.11 nM (corresponding to 4.0 ng/mL) in serum. The
detection limit of the assay in buffer lies within the medically relevant range. The quantifi-
cation of fluorescence quenching for the sandwich assay does not need a reference sample as

in the competitive assay described in the previous chapter.

Computer simulations of the binding of the sandwich were performed and compared
with experiments. It was found that an increase of dye concentration with fixed AuNP
concentration leads to a broader dynamic range of the assay. Using the experiments and
simulations, it was shown that the limit of detection and the dynamic range of the test

depend on the concentrations of both the dye and the AuNPs.

Through time resolved measurements, it was shown that a highly efficient energy transfer
process is responsible for the quenching. The radiative rate of the dye remains practically
unchanged by the AuNP. No significant differences in the quenching mechanism were found
with the use of complete intact antibodies or F(ab’)2 fragments on AuNPs. This is due to the
flexibility of the F(ab’)2 fragment, which can extend to the length of the full antibody. Two
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fluorescent markers Cy3 and Cy3B were compared. Cy3B with a higher quantum efficiency
and longer fluorescence lifetime is quenched stronger than Cy3.

The number of bound and free dye molecules could also be found by conducting time
resolved measurements. This is a critical parameter for all homogeneous assays and is nor-
mally not accessible through standard steady state experiments. Knowing the number of
free molecules can allow an improvement of the assay sensitivity. This is done by tuning
the concentrations of the sandwich components in such a way, that a maximal number of
fluorescent markers is bound to AuNPs and their fluorescence is quenched. Additionally, the
signal-to-noise ratio in the assay can be improved due to the separation of unbound dyes in

the data analysis.
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7. Energy transfer in clusters of CdTe

nanocrystals

Energy transfer can take place from smaller to larger CdTe nanocrystals (NCs) due to the
differences in their band gaps and optical properties. Since the synthesis procedures allow
NCs with controlled sizes to be made, they offer an advantage of creating structures,
where a cascaded energy transfer can be realized. Thus, the excitation energy can be
transferred from the smallest to the larger and finally to the largest NCs. Such a structure
is an artificial energy harvesting complex, where all energy can be channeled to one part
of the system. Controlled clustering of colloidal NCs offers a possibility to design systems
with a cascaded energy transfer. Different methods can be used in order to bring donor
and acceptor NCs in the vicinity of each other in clusters. This chapter describes three
approaches to create artificial energy harvesting complexes from CdTe nanocrystals. First,
Ca?* ions can be used to couple negatively charged NCs. Second, covalent binding of
donor and acceptor NCs through short dithiol linkers is feasible. Third, covalent binding
of NCs by thiolated DNA is an option.
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Chapter 7. Energy transfer in clusters of CdTe nanocrystals

7.1 Cluster formation through Ca’" ions

The surface of CdTe NCs is capped with molecules of thioglycolic acid (TGA). This creates
a negative charge on the outer surfaces of the NCs because of the -COO™ groups. This fact
allows electrostatic coupling of NCs. A coupling agent with a multiple positive charge could
be used for this purpose. Metal ions are good candidates for this. Their small size enables
the NCs to be brought very close to each other, to a distance where energy transfer can
occur. An investigation of the influence of different metal ions on the optical properties of
CdTe NCs was published by Susha et al. [I21]. In this publication the authors demonstrated
that ions such as Agt, Fe3T, Hg?t lead to a strong quenching of CdTe fluorescence. The
effect of Ca?* ions on the PL of the NCs was less dramatic. Therefore, Ca?t was chosen as
a cross-linking agent for this work (figure .

In the absence of Ca?", the zeta potential of CdTe NCs in solution was -37 mV. With a
Ca2* concentration of 2 - 107 M it was -15 mV. This means that Ca* ions neutralize the

particles, which would have a higher charge and repel each other without Ca?*.

L

O
, L

Figure 7.1: Scheme of cluster formation of TGA-capped CdTe NCs by Ca?* ions. Positively
charged ions bind together the NCs having negative charge on the surface.

In order to study the effect of Ca?* ions on the fluorescence of NCs of one size, CaCly was
added to a solution of purely green emitting NCs (figure El For simplicity, solutions
with green, red and mixed green and red NCs will be denoted as G, R and GR. Two peculiar
effects upon Ca®™ addition can be seen (fig. [7.2(a))).

First, there is a clear red shift of the PL peak with an increase of Ca?* ion concentration.

Since nanocrystals in the green fraction are not all of the same size and therefore have

'Data presented in this chapter were produced by the author and are attributed to the American Chemical
Society since the copyright on several published graphs belongs to the journal.

96



7.1. Cluster formation through Ca?* ions
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Figure 7.2: Effect of increasing Ca?* ion concentration on the photoluminescence of green
(a) and red (b) NCs. A red shift of the emission peak can be seen for green and red NCs as
the Ca?t concentration is increased. This is due to the energy transfer from the smallest to
the largest NCs within the fraction. Reprinted with permission from [123]. Copyright 2008
American Chemical Society.

somewhat different absorption and emission spectra, the smaller ones can act as donors and
larger ones as acceptors. The energy transfer will result in quenching of the fluorescence of
the greener and smaller donors and enhancement of the fluorescence of the redder and larger
acceptors. The red shift can be seen in the emission spectrum upon Ca?t addition because
the fluorescence intensity of greener NCs is decreased and of red NCs increased. This effect
was also observed in other publications [27], [122].

Second, a general decrease in the PL intensity is observed. In an ensemble, a certain
fraction of NCs does not emit light [124], but is able to absorb it. If energy is transferred
to these “dark” NCs, then the total luminescence of the sample decreases. The existence
of “dark” NCs is explained by the presence of surface defects in them, which is inherent
to the growth process of NCs during the synthesis [125]. Additionally, it was observed for
CdSe and CdTe NCs that their total PL intensity is significantly decreased when clustering
or formation of solid films takes place [126], 127]. This should happen in the discussed system
as well. Similar effects can be observed when Ca®" ions are added to purely red NCs (figure
720).

When Ca®* ions are added to the mixture of the green and red NCs, the PL intensity of

green NCs decreases and of red NCs increases (figure . This is an indication of energy
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Wavelength (nm) Society.

transfer from green NCs to the red ones. In the figures|7.2(a){and [7.2(b)| it is clear that the

addition of Ca?" ions leads to the decrease of the fluorescence intensities of both green and
red NCs. It is expected, that such a decrease would also take place in the mixture of the
green and red NCs. However, one can see a clear increase in the fluorescence intensity of red
NCs (figure . This means that energy transfer overrides the quenching of fluorescence
caused by the mere presence of Ca?* ions. This fact makes the observed enhancement of the
red NC emission more dramatic than it can be assumed from the spectrum. The efficiency
of energy transfer cannot be calculated reliably because the two effects seen in figure 7.3
quenching by Ca?" ions and enhancement of red NCs due to energy transfer from the green
NCs, cannot be clearly separated from each other.

A common feature accompanying NC cluster formation is enhanced scattering seen in the
extinction spectra [27]. Measurements show that such an increase takes place only at rather
high Ca?* concentrations of 5-10~* M (magenta curve in figure . From dynamic light
scattering experiments, it was determined that cluster size was 60 - 130 nm in diameter. The

clusters that formed were stable in terms of their size within the time needed to perform

——No ca™*
0.03 —3.3*10° M Cca®
5.0*10° M Ca®*
= —1.0*10* M Ca®
G —5.0¢10*Mca”
S 0.02-
©
3 Figure 7.4: Effect of increasing Ca?* ion con-
5 0.014 centration on the extinction spectrum of the mix-
ture of green and red NCs. Only when the Ca?*
ion concentration reaches 5-107% M, the solution
0.00 v v e shows stronger scattering, which indicates that
400 500 600 700

Wavelength (nm) large clusters are formed.
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7.1. Cluster formation through Ca?* ions

a measurement. However, if a Ca?’ ion concentration over 5-10~* M was taken, light
scattering measurements showed the formation of aggregates of several hundred nanometers,
which became micrometer-sized within 30 min. This explains the change in the absorption
in figure (magenta curve). It has to be noted that the processes of cluster formation
described above are highly dynamic and large aggregate formation can happen also at low

Ca?" ion concentration if enough time is allowed.

7.1.1 Control experiments

In order to investigate the role of Ca?" in cluster formation, Ca?" replacement experiments
were performed. When Nay,COj5 is added to the system containing 5.0 - 10~* nM Ca?* ions,

CO3™ ions bound the Ca?* ions holding the clusters together into calcium carbonate
C’a2+ + NCLQCOg — 2]\]0/+ + CCLCOg l .

Since Na™ has only a single charge it fails to bind two NCs simultaneously. The result is
that the donor luminescence previously quenched by the acceptor partially recovers, and the
acceptor PL intensity decreases because the donors, which transferred energy to the acceptors
are not in the vicinity anymore (figure [7.5). When the aggregates of CdTe NCs achieved a
critically large size, the addition of sodium carbonate did not affect them anymore. This is
because Ca®" ions deep in the cluster were not accessible and thus replaceable.

CdTe NCs with positively charged cysteamine ligands were exposed to Ca?* ions. The PL
of the green NCs stayed unaffected (figure . A slight increase in fluorescence intensity

100+
——GR before
—— and after addition of Na,CO4
= 80
Figure 7.5: When NayCOg is added to 8 60
the clustered solution, the green NCs’ flu- % |
orescence recovers and the PL intensity of § 40-
the red NCs decreases. Single valent Nat £
ions replace the double valent Ca?*, so the T 20-
clusters are destroyed and no energy trans-
fer is taking place. Reprinted with permis- 0 . . . . : .
sion from [123]. Copyright 2008 American 450 500 550 600 650 700 750
Chemical Society. Wavelength (nm)
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Figure 7.6: Effect of Ca?" ions on the photoluminescence of cysteamine-stabilized green (a),
red (b) and mixed green and red (c) NCs.

could be observed for the red NCs and for the green-red mixture upon the addition of Ca?*

ions (figures [7.6(b)| and [7.6(c)]). This means that in the applied concentration range Ca?*
(figures |7.6( pp g

ions as such do not significantly quench the fluorescence.

7.1.2 Fluorescence decay of energy donors and acceptors

Time-resolved measurements were performed in order to clarify the processes taking place in

the system under investigation. When the PL decay of pure green and pure red NCs at their
PL peaks (550 and 600 nm) are considered (figures [7.7(a)| and [7.7(c))), it can be seen that

in both cases a shortening of the lifetime upon increasing Ca?t concentration is observed.

This is consistent with the red shift observed in figures [7.2(a)| and [7.2(b)| and indicates that
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7.1. Cluster formation through Ca?* ions

NCs emitting at the wavelength of the peak transfer their energy to those in the red wing of
the spectrum, which is accompanied by the donor fluorescence lifetime decrease typical for

FRET.

In the green-red NC mixture measured at 550 nm (figure [7.7(b))) one can see a faster
fluorescence decay upon increasing Ca?' concentration than in the case of purely green NCs
(figure [7.7(a))). This is due to the fact that for the green donors there are more available
donors in the green-red mixture because not only the largest green NCs, but also all red NCs

can be energy acceptors in this system.

Comparing the fluorescence decay of pure red NCs and of the green-red mixture measured
at 600 nm (the peak of red emission), one can see that the mixture has a longer fluorescence
lifetime (figure [7.7(d)). In the mixture the NCs emitting at 600 nm play a role not only
of donors to the further red NCs as in the pure red NC case (green curve), but also are
acceptors for all green NCs. Therefore, they are energetically fed by the green NCs during

their fluorescence lifetime.

The effect of energetic feeding can be seen even more clearly when the PL lifetimes are
recorded in the red wing of the acceptor fluorescence at 635 nm. This spectral position
corresponds to the largest red NCs, which can only play a role of energy acceptors. When
Ca?" is added to purely red NCs (figure the rise time of fluorescence becomes slower
for increasing Ca?" concentration. In the green-red mixture the feeding of the largest NCs
is even stronger because in this case all NCs in the cluster are donors for the largest NCs

(figure [7.7(1))).

An additional interesting effect can be observed from these measurements. The drop

of fluorescence of donors takes place within just one or two ns (figures [7.7(a)| and [7.7(b))),

but the energetic feeding extends over several ns (figures [7.7(d)| and [7.7(f)). As mentioned

before, there can be some “dark” NCs in the cluster, which do not emit light upon laser
excitation. This effect is attributed to trapped excitons, which reside in long-living states. It
was reported that energy transfer is possible from these trap states to the neighboring NCs
[127]. This is displayed in the enhanced emission of the acceptor. This effect came to be
known as trapped exciton recycling. This process can explain the inconsistency in the time

constants of the donor lifetime shortening and the acceptor feeding.
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Figure 7.7: Time resolved measurements of G, R and GR systems measured at 550 nm (a,
b), 600 nm (c, d) and 635 nm (e, f). Ca?" ion concentration in figures d and f was 5-10~% M.
Reprinted with permission from [123]. Copyright 2008 American Chemical Society.
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7.1. Cluster formation through Ca?* ions

The fluorescence decay of colloidal NCs is typically non-monoexponential [68]. This makes

the exact fitting and calculation of energy transfer rates in this system difficult.

7.1.3 Variation of the donor-acceptor ratio

Table 7.1: Relative PL intensities
of the red and green emission peaks

with different G/R ratios.

relative PL (%)
G/R ratio | green | red
unmixed | 100.0 | 100.0
1.7:1 6.5 108.5
3.4:1 9.0 129.6
6.8:1 13.0 | 176.9

The donor-acceptor ratio in the aggregate is important
for optimizing the energetic feeding of the acceptor NCs.
Ratios of green to red NC concentrations of 1.7:1, 3.4:1
and 6.8:1 were studied (figure and table [7.1). An
increase in green NC PL intensity and constancy of red
NC PL emission can be observed when more donors per
acceptor are taken and no Ca?" is present in the solution.
As soon as 1.0-107* M of Ca?" is added to these solutions
the dramatic reverse of the previous situation is observed.
In the case of the largest donor-acceptor ratio of 6.8:1 the

PL intensity of green NCs dropped by 87 %, whereas the

PL intensity of the red NCs increased by 77 % (table[7.1)). Time-resolved data also support

these findings. When there are more donors per acceptor, the fluorescence decay of the donor

PL Intensity (a.u.)
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Figure 7.8: GR mixtures with different donor-acceptor ratios. Upon increasing the number of
donors per acceptor, the acceptor luminescence increases and the donor fluorescence becomes
quenched. The concentration of Ca?t ions was 1.0 - 1074 nM. Reprinted with permission from
[123]. Copyright 2008 American Chemical Society.
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Figure 7.9: Fluorescence decay of the GR mixture with different donor-acceptor ratios. (a)
When there are more donors per acceptor, the fluorescence decay of the donor becomes slower
and thus closer to the case of free donors. (b) Energetic feeding of the acceptor with increasing
number of donors can be seen from the slower acceptor decays with increasing donor-acceptor
ratio. The concentration of Ca?* ions was 1.0-10~% nM. Reprinted with permission from [123].
Copyright 2008 American Chemical Society.

becomes slower and thus closer to the case of free donors (figures|7.9(a)|). Energetic feeding of

the acceptor upon increasing number of donors can be seen from the slower acceptor decays

(figure [7.9(b)]).

7.1.4 Stepwise FRET with three different sizes of nanocrystals

Finally, a mixture of nanocrystals of three different sizes was prepared. It consisted of red,
green and near infrared (NIR) emitting NCs. Small concentrations of Ca*" ions did not affect
the PL spectra of the mixture within about 20 min after the addition of Ca?*. When the
Ca?* ion concentration was 6.7 - 107> M, the intensities of G and R NCs started to decrease
and the PL intensity of NIR NCs rose (figure [7.10(a)|). Gaussian fits of separate emission
peaks and their integration clarifies the effect (figure . At the highest added Ca?*
concentration of 5.0 -10™* M the green emission fell to 4 % of its original value, red emission
decreased to 22 % and NIR NC PL intensity went up 40 % from the value without Ca?*.
In the case of the ternary system, additional pathways for energy transfer are opened.

Here, the NIR NCs have their absorption and emission in the foremost red part of the
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Figure 7.10: Mixture of three different sizes of NCs: green, red and near infrared. (a) When
the Ca?T ion concentration is increased, PL intensities of green and red NCs decrease because
both can be donors for NIR NCs. The luminescence of NIR NCs increases because they are
energy acceptors. (b) Integrated spectra of green, red and NIR NCs. Spectra of separate NCs
were approximated with Gaussian functions. This plot clarifies the decrease of G and R PL
intensities and the increase of NIR NCs with growing Ca?*t ion concentration. Reprinted with
permission from [123]. Copyright 2008 American Chemical Society.

spectrum and can accept energy from both green and red NCs. Forster radii for three
donor-acceptor pairs in this mixture can be estimated from the steady state PL Ip(\) and
absorption €4(\) spectra of the corresponding NCs using the formula

RS _ 9000(In 10)x*Qp
0 12875 N qnt

/ T I (Vea() XA, (7.1)

knowing the quantum efficiency () p of the pure donor and considering the random orientation
of the donor and acceptor transition dipole moments to each other.
The resulting values of 6.3 nm for the green-red, 7.6 nm for the green-NIR and 8.2 nm

for the red-NIR NC pairs are consistent with numbers reported in literature [128].
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7.2 Covalent binding of nanocrystals through dithiols

NH
\ s

Figure 7.11: CdTe NC partially
stabilized by PBDT.

A second approach to create clusters of CdTe NCs with
more control over structures is the covalent binding of
NCs through covalent thiol bonds. It has been previously
demonstrated that dithiol molecules can be used to cross-
link CdTe NCs into small aggregates composed of NCs of
nominally the same size [129, [130].

CdTe NCs were taken, where part of the stabilizer
molecules on the surface were disodium 1,4 - phenylene-
bis (dithiocarbamate) (PBDT) instead of TGA (figure
7.11)). PBDT molecules have two thiol groups on both

ends. One end is connected to the NC surface. The other end can be utilized to chemically

bind to another NC.

Large red emitting NCs, which are potential acceptors, had PBDT molecules on their

surface. Smaller green NCs-donors were stabilized only by TGA without PBDT, whereas

TGA is partially removed in order to make the NC surface available for covalent bonding

(figure [7.12)). In this approach it is desirable to have an excess of donors in the reaction so

that they can connect to all available thiol groups on the surface of the acceptor NC.

fﬁ‘ e, 2
ﬁ'l"!‘wﬂ_';%&

Figure 7.12: Scheme of cluster formation by covalent bonding of CdTe NCs through PBDT.

Figures [7.13(a)| and [7.13(b)| show how the fluorescence intensity of the donor, acceptor

and their mixture develop with time. The emission of pure donor and pure acceptor in the

same concentration as in the mixture was monitored in order to see the magnitude of the
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Figure 7.13: Steady state emission spectra of separate donors (green curves), acceptors (red
curves) and their mixture (black curves) measured at different time periods after mixing. Donor
fluorescence is subtracted from the graph of the donor-acceptor mixture (black curve) in the

frame (b).
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real effect.

Several observations can be made from these measurements. One notices small fluc-
tuations in time in the pure donor intensity. The intensity of the pure acceptor slightly
decreases after 120 min. In the donor-acceptor mixture the donor luminescence decreases 46
times, while the acceptor fluorescence intensity increases 6 times after 120 min. The unsym-
metrical change in the donor and acceptor fluorescence intensities can be attributed to a low
quantum yield of the acceptor, which is enhanced by the donor to the highest possible value.
Further excitation results only in a non-radiative decay of the acceptor. These observations

are consistent with the energy transfer picture.
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Figure 7.14: (a) Pure donor has very similar fluorescence decays within 90 min. (b) Lifetime
of the donor in the donor-acceptor mixture is shortened after 90 min.

PBDT was reported in literature to have a high conductivity [131]. Therefore, a possible
mechanism of strong donor quenching could be charge transfer. In order to clarify the photo-
physical processes in this system, time-resolved measurements were performed 30 and 90 min
after donor and acceptor mixing. Figure(7.14(a)[shows that the pure donor fluorescence decay
does not change within 90 min. On the contrary, the lifetime of the donor fluorescence in the
donor-acceptor mixture is shortened. This behavior in the donor fluorescence is typical for
energy transfer, but also for charge transfer. Therefore, based on these measurement charge
transfer from the donor cannot be ruled out. Charge transfer to PBDT might be responsible

for the strong donor quenching seen in steady state measurements, but additionally energy
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transfer to the acceptor NCs must be taking place since the increase in their PL intensity
is significant. PBDT is chemically bound to the acceptor through a dithiol bond. One of
the electrons on a sulphur atom can be delocalized and together with the aromatic ring of
the PBDT molecule could transfer the electron from the excited donor NC. Final clarifica-
tion of the relative importance of charge and energy transfer in this system needs further

investigations.

7.3 Coupling nanocrystals by thiolated DNA

DNA is a strong candidate to link NCs together because
of its property of complimentarity and since the linker
length between NCs can be controlled by changing the
number of base pairs in the DNA. Such structures could
allow the design of artificial photonic wires [132] [133] and
transfer energy from one end of the wire to another by

FRET from smaller to larger NCs.

The initial approach taken for NC-DNA conjugation
Figure 7.15: Artificial light har-
vesting complex composed of differ-
ently sized NCs connected by DNA.  surface of NCs and to attach thiolated DNA covalently

was to partially remove the capping molecules from the

to the free NC surface through the sulfur bond. The
proposed advantage of such an approach in comparison to the existing methods of DNA
conjugation to the capping molecules is that in case of successful implementation it would
allow to make short distances between the NCs. Since FRET is a very distance sensitive
process, short donor-acceptor distances are needed for efficient transfer of energy.

Many different formats and approaches to the realization of this idea were tested. Varia-
tions in DNA configuration and sequence, NC-DNA binding chemistry, solvent composition
and reaction temperature were performed.

It was found that energy transfer happens between NCs connected by complementary
and also by non-complementary DNA (figure [7.16(a)| and [7.16(b)). This is an indication
that nonspecific interactions between the DNA and CdTe NCs dominated over the expected
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Figure 7.16: Energy transfer in CdTe clusters assembled through DNA can be observed both
in the complimentary (a) and non-complimentary (b) case.

specific thiol bonding of DNA. It was described in the literature [134], 135] that nucleic acids
can interact with Cd in several ways: through the anionic oxygen atoms present in the
phosphate groups, through the hydroxyl groups of the ribose sugars, and through nitrogen
atoms of purine and pyrimidine bases. This provides reasons for nonspecific interactions of
DNA with the surface of CdTe. Furthermore, in recent electrochemical studies it was shown
that DNA might bind to CdTe NCs with its major groove [136]. Non-specific adsorption of
DNA was shown to take place also on mercaptoacetic acid-stabilized CdSe/ZnS NCs [95], 137].
One successful approach to functionalize CdTe with DNA was shown recently [138]. It
involves a different strategy from that used in this thesis: simultaneous synthesis of CdTe

and DNA functionalization.

There are reports on successful conjugation of DNA with CdSe NCs through thiol bonds.
Mitchell et al. were the first to connect thiolated DNA to CdSe [139]. Zhou et al., Gill et al.
and Wu et al. demonstrated that CdSe/ZnS NCs could be functionalized with DNA and that
energy transfer from NCs to organic dye molecules could be observed [140H142]. Medintz et
al. reported on a peptidic linker between thiolated DNA and CdSe/ZnS NCs [143]. In a
recent publication by Zhou et al. it was shown that the use of a tri(ethylenglycol) linker
on CdSe/ZnS NCs could reduce the nonspecific adsorption of DNA on the NC surface [144].
Therefore, CdSe/ZnS NCs are more promising than CdTe for covalent binding of DNA to

110



7.4. Conclusion

the NC surface.

7.4 Conclusion

Ca?* ions were shown to induce CdTe NC clustering. It was demonstrated that multivalent
ions lead to aggregation of oppositely charged CdTe NCs. The process of clustering by Ca?*
ions can be reversed by the addition of sodium carbonate. Energy transfer from smaller to
larger NCs takes place. Through the variation of the donor-acceptor ratios, energetic feeding
of acceptors in clusters was optimized. Cascaded energy transfer from the smallest particles
to the largest NCs with two and three different sizes was demonstrated. With the help of
time-resolved measurements, a shortening of the lifetime of donor NCs and energetic feeding
of acceptor NCs was shown. This is the behavior characteristic of energy transfer. Exciton
recycling is found to take place in the clusters.

Energy and charge transfer were demonstrated in CdTe NC clusters that are formed by
covalent binding of nanoparticles through PBDT molecules. The process of cluster formation
and changes in the PL intensities of the components are very dynamic in this system within
120 min after donor and acceptor mixing. These clusters offer a potential advantage of
control over the structures. It would be interesting to make TEM measurements of the
formed clusters in the future to check how donors arrange around the acceptors.

Finally, it was demonstrated that thiolated DNA can bind NCs together. Energy trans-
fer between the NCs of different sizes took place for the case of complimentary and non-
complimentary DNA linkers. The expected selectivity and control over the assembly could

not be achieved because DNA appears to interact non-specifically with the surface of NCs.
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8. Multi-shell CdSe/ZnS/CdSe/ZnS

nanocrystals

In the previous chapter energy was shown to be transferred from small to large nanocrys-
tals (NCs) in clusters. The ideal configuration for collecting energy would be to create
onion-like structures, where one acceptor is surrounded by many donors. This situation
can be realized within one NC consisting of several shells around the core. Multi-shell
CdSe/ZnS/CdSe/ZnS offer such a possibility. Here, energy can be transfered from the
outer CdSe shell to the CdSe core. For this to happen, the thicknesses of the CdSe and
ZnS shells need to be designed properly. Changing the thicknesses of the shells can also
allow to match core and shell emission wavelength in a way that NCs with unique spectral

signatures can be created. These structures can have a number of practical applications.
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Chapter 8. Multi-shell CdSe/ZnS/CdSe/ZnS nanocrystals

8.1 Onion-like nanocrystals

Heterostructured nanocrystals have recently at-
tracted significant research interest [145]. It has be- CB
come possible to synthesize NCs composed of several

materials.

Onion-like nanocrystals are composed of two
materials (ﬁgure. Here, a spherical CdSe core is
covered by a ZnS shell. Another CdSe shell is grown

over the ZnS shell. Finally a ZnS layer covers the
whole NC. CdSe NCs can emit light in the visible

VB

range, ZnS layers are used for surface passivation of

CdSe to improve its emission properties. The band .
Figure 8.1: Composition and band

structure of multi-shell NCs shows that charge car- structure of the onion-like NC. Adapted
from [28]. Band gaps of CdSe core and
CdSe shell are narrower than of the ZnS

the CdSe shell of the particle [29] (figure . shells. This leads to electron and hole lo-
calization in the CdSe regions.

riers can be localized both in the CdSe core and in

NCs are produced in a stepwise procedure. The

growth process can be stopped at the intermediate steps to monitor the change in the NC
size. The process starts with CdSe cores (figure [8.2f(a)). From electron microscopy images
it is clear that onion-like NCs in the stage of growth when the core is overgrown with one
ZnS and one CdSe shell (CdSe/ZnS/CdSe) are significantly larger than pure cores (figure
8.2(b)). Both cores and multi-shell NCs are monodisperse as seen from the TEM images.
Thus, onion-like NCs are not a mixture of two sizes of particles. Average diameters were
determined to be 3.5 nm for the CdSe cores and 5.8 nm for the onion-like CdSe/ZnS/CdSe
sample. This is consistent with the numbers obtained by estimating the diameter of multi-
shell NCs from the thickness of single atomic layers of composing materials. One layer of
ZnS has a thickness of 0.3 nm and of CdSe 0.35 nm. There are three monolayers of ZnS and
one monolayer of CdSe in the NCs displayed in figure (b) This would result in the final
diameter of 6 nm of the onion-like CdSe/ZnS/CdSe structure.

Onion-like NCs have different optical properties than pure core CdSe NCs. Their absorp-
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8.1. Onion-like nanocrystals

(a) CdSecore () (b) CdSe/ZnS/CdSe

Figure 8.2: TEM images of CdSe cores (a) and the onion-like NCs at the stage of
CdSe/ZnS/CdSe (b). Average diameters of the core and multi-shell NCs are 3.5 nm and 5.8
nm respectively.

tion in the blue region is much stronger than the absorption of the pure cores (figure [8.3(a))),
which is caused by the presence of the additional CdSe shell. Two peaks are present in the
photoluminescence (PL) of multi-shell NCs (figure 8.3(b))). Since the spectral emission of the

peak at 612 nm coincides with the emission wavelength of the pure core, the second peak can
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Figure 8.3:  Absorption (a) and PL intensity (b) spectra of CdSe cores and
CdSe/ZnS/CdSe/ZnS onion-like NCs. The presence of the CdSe shell leads to absorption and
emission at shorter wavelengths than for the core.
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be attributed to the CdSe shell emission. The reason for this is that ZnS does not to emit
or absorb in the visible spectral range, since its bulk band gap is equal to 3.6 eV at 300 K
[146], which corresponds to 344 nm.

8.2 Tuning of the nanocrystal emission spectrum

It has been shown that the emission of onion-like NCs can be tuned by changing the diameter
of the CdSe core and thicknesses of the ZnS and CdSe shells [2§].

The finding of this work is that the color of the core and shell emission can be matched
in such a way, that the net color of the PL of the solution appears white (figure [8.4b)).
Furthermore, it was discovered that annealing of the prepared NCs leads to white light shade
tuning. When NCs were prepared at 200° C they appeared orange in color (figure 8.4(a)).
Further heating for 50 min at 200° C changed the color of NCs to bright white (figure [8.4|b)).
When the temperature was increased to 210° C and the NCs were annealed for 15 min, the
white color obtained a bluish tinge (figure [8.4](c)).

Figure [8.5) shows the spectra of onion-like NCs, which underwent a different thermal
treatment. Analysis of the spectral changes upon annealing shows that it was predominantly
the shell emission at 500 nm that changed. The intensity of the core emission at 612 nm
stayed the same. Since the total color of the particles is determined by the ratio of the blue
and orange components, the net color of the solution of NCs is perceived as changing. The
International Commission on Illumination (CIE) coordinates of the emissions of thermally
treated NCs illustrate this point clearly (figure . The diagram shows that the color of
white NCs (green triangle) is very close to the point, which is defined as white light by the
CIE (gray circle). NCs heated at 210° C for 38 min (blue star) and NCs heated at 210° C

Figure 8.4: Cuvettes with NCs annealed for different
periods of time. Heating at 200° C lead to an orange
shade of the NC solutions (a). Further heating for 50
min at 200° C produced NCs of white color (b). An-
nealing at 210° C for 15 min changed the white light
shade to bluish (c).
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Figure 8.5: Spectra of the emission of T 100-
NCs annealed at different temperatures.
The core emission at 612 nm stayed un- (o) A A “
changed upon thermal treatment, while the 450 500 550 600 650 700 750
shell emission intensity at 500 nm varied. Wavelength (nm)

for 15 min (red cross) are close to the white light. The as-prepared (green squares) and core

NCs (black circle) are significantly further from the white light point in the red region.
Since NCs do not change their size under the annealing conditions applied in this work, it

can be only speculated on the reasons for the observed tuning. It has been reported that the

growth of ZnS shells on CdSe is anisotropic and not uniform because these materials have

0.9
® core
f\ I c3s
/ A c3s200-50
+ ¢3s210-15
% ¢3s210-38
white
0.6
>
0.3+
0
0 0.8

Figure 8.6: CIE coordinates of the emission of NCs annealed at different temperatures [147].
The gray dot in the middle defines the white light. The white light emitting NCs (green triangle)
have the net color very close to the standard white light.
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a big lattice mismatch causing strain between the layers [I48]. The (110) plane in wurzite
CdSe has 0.22 nm interplanar lattice spacing. The same value for the (103) plane in wurzite
ZnS is about 0.175 nm (section . Therefore, the whole system might be sensitive to all
factors able to change the arrangement of atoms in these NCs. Atoms on the surface of NCs
possibly rearrange upon heating in a way that the CdSe shell becomes better passivated by
the outer ZnS layer. This would lead to a stronger emission from the shell, which is what is

observed experimentally.

8.3 Intra-nanocrystal energy transfer

Time-resolved investigations were performed in order to study the interactions between the
core and shell emission in the onion-like NCs (figure . The excitation wavelength in
these experiments was 400 nm allowing simultaneous excitation of the CdSe core and the
CdSe shell. The fluorescence intensity decay of the pure core (red cruve) has an average
fluorescence lifetime of 20 ns. The average fluorescence lifetime of the shell measured at 500
nm (green curve) is more than 30 ns. One can notice two components in the fluorescence
decay of the core in the onion-like NCs (black curve). The fast component coincides with the
fluorescence lifetime of the pure core. The fluorescence decays with practically the same time
constant in the first 150 ns in the pure core and in the core of onion-like NCs. However, after
150 ns the core in the onion-like NCs decays slower and follows the decay of the shell. This

is an indication of energy transfer from the shell to the core so that the shell keeps feeding

Figure 8.7: Fluorescence decays of pure
cores and onion-like NCs at the wavelengths
of the core and shell emission. Excitation
wavelength was 400 nm allowing to excite
both core and shell simultaneously. The
fluorescence decay of the core in the multi-
shell NC (black curve) follows the decay of
the pure core (red curve) in the first 150
ns. After 150 ns the emission continues due
0 500 1000 1500 2000 to energetic feeding from the shell (green

Time (ns) curve).

©
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the core, even after the latter should have decayed completely. Energetically this is the only
possible direction of energy transfer since the shell has a wider band gap with an energy of
2.48 eV versus 2.03 eV of the core.

Energy transfer is not the only possible mechanism of interaction between the CdSe core
and the CdSe shell. The two are separated by a thin ZnS layer of 0.9 nm thickness. Such
a distance can enable separate tunneling of the electron and hole into another CdSe region
through the ZnS wall.

One group reported that core-shell coupling happens by tunneling of excitons through
the ZnS barrier [149]. Their finding is based on the fact that multi-shell NCs passivated by
pyridine molecules, which are hole acceptors, show an attenuated core emission when the
NCs are excited below the band edge of the shell. The authors conclude that the Forster
mechanism of the core-shell coupling can be excluded, because in their experiment the shell
is not optically excited, but still enhances the core emission. According to their publication,
the electrons should tunnel even more efficiently than holes that have large effective masses.
Therefore the coupling mechanism of the core and shell should be due to exciton tunneling.

In order to verify the hypothesis of energy transfer or exciton tunneling, measurements
on the single NC level are necessary. A new publication considered the correlation between
the core and the shell emission of a single NC [I50]. It was found that a single multi-shell
NC does show emission from the core and from the shell. However, the core and the shell do
not undergo correlated spectral diffusion on the 200 ms time scale. Therefore, at the current
state of investigations it cannot be stated conclusively whether intra-NC energy transfer takes
place from the shell to the core and, if it does, what the mechanism is. It is not completely
clear whether separate electrons and holes tunnel or the whole exciton tunnels, which is
equivalent with the Dexter energy transfer. Further investigations on single onion-like NCs

may answer this question.
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8.4 Conclusion

In this chapter the optical properties of white light emitting onion-like CdSe/ZnS/CdSe/ZnS
NCs were investigated. These particles are interesting for lighting applications. The shade
of white light can be controlled by annealing the particles after their synthesis. The change
in spectrum upon annealing is due to the variation of the shell emission intensity, while the
intensity of the core stays unchanged.

It was shown that multi-shell NCs may involve intra-NC energy transfer from the CdSe
shell to the CdSe core. However, only further investigations on the single NC level can allow

a conclusive statement about the actual presence of energy transfer and its mechanism.
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9. Conclusions and outlook

The central theme of this work is energy transfer with nanoparticles. Energy transfer was
investigated in four systems. In the first two systems, energy was transferred from fluorescent
dyes to gold nanoparticles (AuNPs). The third system consisted of clustered CdTe nanocrys-
tals (NCs), where energy was transferred from smaller NCs to larger NCs. The fourth system
was multi-shell CdSe/ZnS/CdSe/ZnS NCs, for which the CdSe shell is the energy donor and
the CdSe core is the energy acceptor.

A particular property of energy transfer to AuNPs is its long range. This allowed the
development of the first competitive immunoassay based on fluorescence quenching by AuNPs
for a therapeutically relevant small molecule, digoxigenin. The radiative and non-radiative
rates of the fluorescent marker molecule quenched by the AuNP were determined with the
help of time resolved spectroscopy. It was found that the energy transfer process was mainly
responsible for fluorescence quenching. The efficiency of energy transfer was 70 %. The
developed immunoassay is sensitive in the therapeutically relevant range providing the linear

signal for the concentrations from 1 to 8 nM with the limit of detection of 0.5 nM in buffer.

Furthermore, the first sandwich-type protein immunoassay that uses the advantage of
AuNPs as efficient long-distance fluorescence quenchers is reported. The immunoassay was
demonstrated for cardiac troponin T, a marker for myocardial infarction. Photophysical
studies pointed out the dominant role of energy transfer in fluorescence quenching. The
radiative rate stayed practically unchanged. The efficiency of energy transfer reached 95 %,
which is higher than in the digoxigenin system because AuNPs with 20 nm diameter quench
fluorescence more efficiently than the 10 nm AuNPs used for the digoxigenin test. The limit
of detection of 0.02 nM in the sandwich immunoassay in buffer is more than an order of

magnitude higher than that of the digoxigenin immunoassay.
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Critical parameters for efficient fluorescence quenching were determined. These are the
fluorescence lifetime and the quantum yield of the fluorophore and the spectral overlap be-
tween its fluorescence spectrum and the absorption spectrum of the AuNPs. It was found
that dyes with longer lifetimes and higher quantum efficiencies are quenched more efficiently.
It could be seen that the quantum yield and fluorescence lifetime are more significant than
the spectral overlap, as long as the latter is still provided. From the time resolved measure-
ments the amount of bound and free fluorescent dyes in the assays have been determined.
This finding is of great interest for the homogeneous immunoassays, where free dye is not
separated from the assay during the detection and thus contributes to the background fluo-
rescence. If time resolved fluorescence is recorded, the free dye contribution can be removed
in the data analysis. This leads to an increase of the signal to noise ratio and makes the
assays more sensitive. These findings can be of benefit for the future design of biosensors
based on fluorescence quenching by AuNPs.

Cascaded energy transfer was shown in colloidal aggregates of CdTe NCs held together
by Ca?* ions. Exciton recycling in the NC clusters was demonstrated, which was previously
observed only in layered NC structures [24, 25, 127]. When clustering of NCs is performed
through dithiol linker molecules, both energy and charge transfer are responsible for the
strong decrease of donor fluorescence and relatively small increase of acceptor fluorescence.
An attempt was made to create onion-like clusters, where NCs of different sizes were con-
nected by thiolated DNA in a controlled fashion. Although energy transfer could be observed,
these structures did not assemble in an organized way because of unexpected nonspecific DNA
adsorption on the surface of CdTe NCs.

In this work evidence is shown that energy transfer can happen within one multi-shell
CdSe/ZnS/CdSe/ZnS NCs from the CdSe shell to CdSe core because of the difference in
band gaps. Time resolved measurements showed that the fluorescence emission of the core
in the multi-shell system lasts longer than in the pure core due to the energetic feeding from

the shell to the core.
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The immunoassays developed in this work were mainly studied in buffer solutions as proof-
of-principle experiments without detailed characterization. The assays in serum are the ones
relevant for commercial applications. The sensitivities of the developed methods did not
reach the current industrial standards. Therefore, further development is needed before an
application in molecular diagnostics is directly feasible. Greater energy transfer efficiency and
stronger quenching could be achieved by choosing a marker with a higher spectral overlap of
its fluorescence spectrum with the AuNP absorption spectrum. A possible approach to avoid
the auto-fluorescence of serum would be to use a phosphorescent dye and detect fluorescence
several nano-seconds after the excitation when only the emission of the marker is observed. No
systematic study on assays using different sizes of AuNPs was made in this work. According
to the Gersten-Nitzan model simulations, larger particles can be more efficient quenchers.

The clusters of CdTe NCs investigated in this work are interesting as artificial light
harvesting systems. Here, energy is transported to the largest NCs in the cluster although all
NCs are initially excited. This effect is potentially interesting for applications in solar cells.
The conjugation method by Ca?" ions developed in this work was used by Gross et al. to
induce charge separation in close packed layers of CdTe and CdSe NCs [I51], which is a step
towards such an application. Further developments could be to design ordered aggregates of
NCs, in which particles are spatially arranged according to their sizes. This would require
development of selective coupling chemistry.

The exact mechanism of the interaction between the core and the shell in multi-shell
CdSe/ZnS/CdSe/ZnS NCs process remains unknown. Although exciton tunneling is pro-
posed in the recent publication [149], the detailed single NC investigations are needed to clar-
ify this issue conclusively. Multi-shell CdSe/ZnS/CdSe/ZnS white light emitting nanocrystals
demonstrated within this work are interesting materials for lighting. They can be used as a
layer on a blue-emitting polymer, which can be excited electrically [I52]. Also, applications

of such NCs as multicolor biological labels encoding unique spectral information are feasible.
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A. Theoretical binding kinetics

calculations

Calculations performed in chapter [6] are based on theoretical work by Zuber et al. [114].
The following system of nonlinear differential equations describes the dynamics of assembly

of sandwiches and two species where only one antibody is bound to the analyte (figure |A.1)):

d[ifa] = kyoldp] ([a)ser — ([pa] + [dpa))) + K1 [pa) ([d]w: — ([dp] + [dpa)))

—  k_s[dpa] — k_1[dpa] (A.1)
d[f] = ky2([plior — ([dp] + [pa] + [dpa]))([a)ior — ([pa] + [dpa)))

— kafpa] — ki [pal([dlioe + ([dp] + [dpa))) + k-1[dpa] (A.2)
% = kaa([plior — ([dp] + [pa] + [dpa)))([d]sor — ([dp] + [dpa)))

—  k_aldp] — kioldpl([alior — ([pal + [dpal)) + ki2|dpal, (A.3)

where d, p, a denote dye-antibody, protein and AuNP-antibody respectively. Concentrations

Figure A.1: Scheme of the binding reactions taking
place in the sandwich type immunoassay. Association ©<.>+
and dissociation constants are ascribed to each binding

site. d pa
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Chapter A. Theoretical binding kinetics calculations

of separate components are denoted by brackets. k., k_q, kio and k_s are dynamical
association and dissociation constants of the reaction. Dynamical constants for both epitopes
of TnT were determined on the Biacore device at Roche Diagnostics [85]. The exact values

cannot be stated here for non-disclosure reasons.
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Abbreviations

a.u. - arbitrary units

AuNP - gold nanoparticle

BSA - bovine serum albumin

CCD - charge-coupled device

CIE - Commission internationale de 1'éclairage (International Commission on Illumination)
Dig - digoxigenin

DNA - deoxyribonucleic acid

F(ab’)2 - double antigen binding fragment of an antibody
FRET - Forster resonance energy transfer

G - green nanocrystals with emission peak around 550 nm
Ig - immunoglobulin

IgG - immunoglobulin G

LOD - limit of detection

LOQ - limit of quantitation

MPA - mercaptopropionic acid

NC - nanocrystal

Nd:YAG - neodymium-doped yttrium aluminum garnet
NIR - near infrared nanocrystals with emission peak around 730 nm
NP - nanoparticle

OD - optical density

OPO - optical parametric oscillator

PBDT - disodium 1,4 - phenylene-bis (dithiocarbamate)
PL - photoluminescence

PLE - photoluminescence excitation

PMT - photo multiplier

R - red nanocrystals with emission peak around 600 nm
SAXS - small angle X-ray scattering

TCSPC - time correlated single photon counting

TEM - transmission electron microscopy

TGA - thyoglicolic acid

Ti:Sa - titanium-sapphire

TnT - troponin T
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