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as Resonance Energy Transfer Acceptors for Monitoring Biological Interactions” In: Grzymala
R, Haeberle O, editors. Proceedings of SPIE Vol. 6191 - Biophotonics and New Therapy
Frontiers; 2006; 61910W (9 pages).
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Abstract

Förster Resonance Energy Transfer (FRET) plays an important role for biochemical applica-
tions such as DNA sequencing, intracellular protein-protein interactions, molecular binding
studies, in vitro diagnostics and many others. For qualitative and quantitative analysis, FRET
systems are usually assembled through molecular recognition of biomolecules conjugated with
donor and acceptor luminophores. Lanthanide (Ln) complexes, as well as semiconductor
quantum dot nanocrystals (QD), possess unique photophysical properties that make them
especially suitable for applied FRET. In this work the possibility of using QD as very efficient
FRET acceptors in combination with Ln complexes as donors in biochemical systems is
demonstrated. The necessary theoretical and practical background of FRET, Ln complexes,
QD and the applied biochemical models is outlined. In addition, scientific as well as commercial
applications are presented.
FRET can be used to measure structural changes or dynamics at distances ranging from
approximately 1 to 10 nm. The very strong and well characterized binding process between
streptavidin (Strep) and biotin (Biot) is used as a biomolecular model system. A FRET
system is established by Strep conjugation with the Ln complexes and QD biotinylation. Three
Ln complexes (one with Tb3+ and two with Eu3+ as central ion) are used as FRET donors.
Besides the QD two further acceptors, the luminescent crosslinked protein allophycocyanin
(APC) and a commercial fluorescence dye (DY633), are investigated for direct comparison.
FRET is demonstrated for all donor-acceptor pairs by acceptor emission sensitization and a
more than 1000-fold increase of the luminescence decay time in the case of QD reaching the
hundred microsecond regime. Detailed photophysical characterization of donors and acceptors
permits analysis of the bioconjugates and calculation of the FRET parameters. Extremely
large Förster radii of more than 100 Å are achieved for QD as acceptors, considerably larger
than for APC and DY633 (ca. 80 and 60 Å). Special attention is paid to interactions with
different additives in aqueous solutions, namely borate buffer, bovine serum albumin (BSA),
sodium azide and potassium fluoride (KF). A more than 10-fold limit of detection (LOD)
decrease compared to the extensively characterized and frequently used donor-acceptor pair
of Europium tris(bipyridine) (Eu-TBP) and APC is demonstrated for the FRET system,
consisting of the Tb complex and QD. A sub-picomolar LOD for QD is achieved with this
system in azide free borate buffer (pH 8.3) containing 2 % BSA and 0.5 M KF. In order to
transfer the Strep-Biot model system to a real-life in vitro diagnostic application, two kinds of
imunnoassays are investigated using human chorionic gonadotropin (HCG) as analyte. HCG
itself, as well as two monoclonal anti-HCG mouse-IgG (immunoglobulin G) antibodies are
labeled with the Tb complex and QD, respectively. Although no sufficient evidence for FRET
can be found for a sandwich assay, FRET becomes obvious in a direct HCG-IgG assay showing
the feasibility of using the Ln-QD donor-acceptor pair as highly sensitive analytical tool for in
vitro diagnostics.
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Kurzzusammenfassung

Förster Resonanzenergietransfer (FRET) spielt eine wichtige Rolle in biochemischen An-
wendungen, wie z.B. DNA-Sequenzierung, intrazellulären Protein-Protein-Wechselwirkungen,
molekularen Bindungsstudien, in-vitro-Diagnostik und vielen anderen. Zur quantitativen
und qualitativen Analyse werden FRET Systeme normalerweise durch molekulare Erkennung
von Biomolekülen, die mit Donator- und Acceptorluminophoren markiert sind, ermöglicht.
Durch die besonderen photophysikalischen Eigenschaften sowohl von Lanthanidkomplexen
(Ln-Komplexen), als auch Halbleiternanokristallen (sog. Quantenpunkten oder Quantumdots
- QD), sind diese besonders für FRET Anwendungen geeignet. In der vorliegenden Arbeit wird
effizienter FRET zwischen Ln-Komplexen und QD in biochemischen Systemen demonstriert.
Die notwendigen theoretischen und praktischen Grundlagen über FRET, Ln-Komplexe, QD
und die verwendeten biochemischen Modelle werden dargestellt, und wissenschaftliche als auch
kommerzielle Anwendungen werden präsentiert.
FRET kann zur Messung von strukturellen Veränderungen und Dynamiken im Bereich von
ca. 1 bis 10 nm verwendet werden. Der sehr starke und gut charakterisierte Bindungsprozess
zwischen Streptavidin (Strep) und Biotin (Biot) wird als biomolekulares Modellsystem
eingesetzt. Ein FRET System wird durch Streptavidinkonjugation mit Ln-Komplexen und
QD-Biotinylierung etabliert. Drei Ln-Komplexe (einer mit Tb3+ und zwei mit Eu3+ als
Zentralion) werden als Donatoren verwendet, und neben QD werden zwei weitere Acceptoren,
das lumineszierende, quervernetzte Protein Allophycocyanin (APC) und ein kommerzieller
Fluoreszenzfarbstoff (DY633), untersucht. FRET kann für alle Donator-Acceptor Paare
nachgewiesen werden, zum einen durch sensibilisierte Acceptorlumineszenz und zum an-
deren durch eine über 1000-fach erhöhte Lumineszenzabklingzeit der QD mit über 100
Mikrosekunden. Mittels detailierter photophysikalischer Charakterisierung der Donatoren
und Acceptoren können die Biokonjugate analysiert und die FRET Parameter berechnet
werden. Für die QD FRET Systeme ergeben sich extrem große Försterradien von über
100 Å, die wesentlich größer sind als für APC und DY633 (ca. 80 bzw. 60 Å). Besondere
Aufmerksamkeit gilt der Wechselwirkung mit den Zusatzreagenzien Boratpuffer, Bovines
Serumalbumin (BSA), Natriumazid und Kaliumfluorid (KF) in den wässrigen Lösungen.
Im Vergleich zum ausgiebig charakterisierten und vielfach verwendeten Donator-Acceptor
Paar aus Europium-tris(Bipyridin) (Eu-TBP) und APC wird eine mehr als 10-fache Senkung
der Nachweisgrenze für das FRET-System, bestehend aus Tb-Komplex und QD, erreicht.
In azidfreiem Boratpuffer (pH 8,3) mit 2 % BSA und 0,5 M KF wird eine subpicomolare
QD-Nachweisgrenze für dieses System aufgezeigt. Um den Transfer des Strep-Biot Mod-
ellsystems in eine echte in-vitro-diagnostische Anwendung zu demonstrieren, werden zwei
Immuntests zum HCG-(Humanes Choriongonadotropin)-Nachweis untersucht. Sowohl HCG
als auch monoklonale anti-HCG Maus-IgG-(Immunoglobulin G)-Antikörper werden mit dem
Tb-Komplex bzw. mit QD markiert. Obwohl kein ausreichender Nachweis für FRET in
einem immunometrischen Assay (oder Sandwichassay) erbracht werden kann, wird FRET in
einem direkten HCG-IgG Assay erzielt, wodurch die Realisierbarkeit von Ln-QD Donator-
Acceptor Paaren zur hochsensitiven Anwendung in der in-vitro-Diagnostik gezeigt werden kann.
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Chapter 1

Introduction

Many biological and biochemical processes and functions take place on a micro- or nanometer
length scale. Therefore, understanding small systems is of great importance for a thorough
knowledge of fundamental life sciences as well as for many commercial applications in medicine
and diagnostics. In order to analyze those systems in their natural conformation and surround-
ings, physiology, function and dynamics can be revealed by introducing spectroscopically acces-
sible chemical labels. Development of the right markers, biochemical labeling and investigation
of the labeled biosystems by means of highly sensitive spectroscopy affords an appropriate in-
teraction between biology, chemistry and physics which makes this scientific field so wide and
interesting.
Förster resonance energy transfer (FRET) can be used to measure structural changes or dy-
namics at distances ranging from approximately 1 to 10 nm, which corresponds very well to
many biomolecular processes. A quantum mechanical theory for FRET was derived in 1948 by
Theodor Förster [1] for allowed dipole transitions of donor and acceptor molecules of the same
kind. However, the radiationless FRET process can also involve forbidden transitions, and
theory as well as methods have been widely expanded (with many different donor and acceptor
species), which has been described in several comprehensive books or reviews [2–18]. Due to
the r−6 distance dependence between donor and acceptor, FRET is very sensitive to nanoscale
changes and has been used for several biochemical applications such as DNA investigations,
imaging, protein-protein interactions or immunoassays [10–14,16,18–27].
Lanthanide complexes can combine the advantegeous properties of the inner lanthanide (Ln)
ion and its complexing ligand to be very good FRET donors for biochemical applications. The
ligand fulfills two important requirements, namely shielding of the Ln ion from the surrounding
biological medium and efficient light collection followed by energy transfer to the central ion.
The Ln ion itself exhibits very special spectral properties, such as long excited state lifetimes
(in the millisecond range) and narrow emission bands. The long lifetimes are especially impor-
tant for FRET donors in biological applications because they allow for the distinction between
short-lived background bioluminescence and the long-lived FRET signal. Ln complexes are fre-
quently used for biochemical applications [13,24,28–30] and can be synthesized with functional
groups for biomolecule conjugation.
Since the introduction of water soluble semiconductor quantum dot nanocrystals (QD) in the
mid 1990s, they have strongly entered the biological field. The reason for this can be found
in their unique optical properties. They are very photostable, have extremely high extinction
coefficients and the most important aspect is their size-tunable emission wavelength. The exci-
ton Bohr radius (which can be imagined as the hole-electron distance) of the QD semicondutor
material is significantly larger than the lattice constant of the crystal. Creating nanocrystals
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smaller than the Bohr radius leads to quantum confinement of motion in three dimensions
(quasi zero-dimensional systems), which results in size-dependent properties as found in the
early 1980s [31–33]. Thus, the narrow emission wavelength band of a QD can be shifted from
the bulk semiconductor bandgap energy to higher energies (lower wavelengths) by decreasing
the QD size (without changing the material). Another important fact is the very broad ab-
sorption spectrum from just below the emission onset wavelength down to the UV, caused by
excitation into the energetically broad conduction band of the semiconductor. QD have been
successfully applied as FRET donors, but they have been rarely used as acceptors. Although
their high extinction coefficients over a wide wavelength range would make them theoretically
very good acceptors, this could not be confirmed by using common organic donor molecules.
The reason for this is related to the very fast radiative deactivation of the donors compared to
the slow non-radiative FRET decay rate, in the presence of a QD acceptor [34]. QD surface
functionalization allows for efficient biomolecule conjugation.
This work describes the possibility of using QD as very efficient FRET acceptors in combination
with Ln complexes as donors in biochemical systems. The necessary theoretical and practical
background of FRET, Ln complexes, QD and the applied biochemical models is outlined. In
addition, scientific as well as commercial applications are presented. Three Ln complexes (one
with Tb3+ and two with Eu3+ as central ion) are used as FRET donors. TbL and EuL [35–37]
were synthesized at the Laboratoire de Chimie Moléculaire (CNRS Strasbourg, France) whereas
Eu-TBP [37,38] is a commercial Ln complex distributed by CIS bio International (Bagnols-sur-
Cèze, France). As a counterpart to these donors, three commercially available FRET acceptors
are chosen. Biocompatible CdSe/ZnS core/shell QD emitting at 655 nm (QD655) are dis-
tributed by Invitrogen Corporation (Carlsbad, California, USA). The luminescent crosslinked
biliprotein APC, which is used together with Eu-TBP in a commercial FRET immunoassay, can
be purchased from various companies (e.g. Invitrogen Corporation). The organic fluorescence
dye DY633 is distributed by Dyomics GmbH (Jena, Germany).
Both donors and acceptors are extensively characterized in several aqueous solutions by UV/Vis
absorption, steady-state and time-resolved luminescence spectroscopy, and conjugation with
biomolecules is described and characterized by UV/Vis and MALDI-TOF measurements. The
determined photophysical properties of all donor-acceptor pairs are used to calculate the neces-
sary FRET parameters (donor luminescence quantum yield, spectral overlap, Förster radius),
which are used for further analysis of the FRET results. Time-resolved FRET experiments are
performed on a modified KRYPTOR immunoreader (Cezanne, Nı̂mes, France) with a Nd:YAG-
OPO laser system as excitation source. The strong biological binding process between biotin
and streptavidin is used as a biological FRET system, in which the donors are labeled to
streptavidin, whereas the acceptors are biotinylated. Several additives in aqueous solutions,
namely borate buffer, potassium fluoride (KF), bovine serum albumin (BSA) and sodium azide
(NaN3) are investigated. For all FRET measurements, increasing amounts of biotinylated ac-
ceptors are added to donor labeled streptavidin containing solutions. The same experiments
are performed with free Ln complexes in order to exclude dynamic energy transfer by freely
diffusing donors and acceptors. For comparison of the different FRET systems, detection limits
are calculated. To transfer the results from the streptavidin-biotin model to a real-life applica-
tion, TbL-complex to QD655 FRET experiments with HCG (human chorionic gonadotropin)
immunoassays (e.g. applied as pregnancy test) are investigated. HCG as well as monoclonal
anti-HCG mouse-IgG antibodies are labeled with TbL and QD655, respectively. FRET exper-
iments are carried out as an IgG-HCG-IgG sandwich assay and a direct HCG-IgG assay and
the results are reviewed in the context of future applications.



Chapter 2

Theoretical and practical background

2.1 Förster resonance energy transfer

2.1.1 Introduction

Resonance energy transfer (RET) describes a non-radiative transfer of energy from an excited
donor molecule (D∗) to an acceptor molecule (A). A first mechanism was proposed in a clas-
sical approach by Jean-Baptiste Perrin [39, 40], and his son Francis Perrin added a quantum
mechanical description [41]. However, this theory yielded inexact results primarily because
it was based on the assumption that the involved molecules have a discrete fluorescence fre-
quency. Moreover, quantitative evaluation required molecular collision times which could only
be roughly estimated. Theodor Förster found a classical treatment for RET in 1946 [42, 43]
based on experimentally easily accessible quantities such as absorption and fluorescence spec-
tra and excited state lifetimes. In 1948 [1] Förster published the most cited work about RET,
which was a quantum mechanical formulation of his theory. This is also the reason why RET
is primarily connected with Theodor Förster.
As RET is a highly sensitive spectroscopic measurement technique for processes occuring on the
nanometer scale with sub-nm resolution, it has been widely used for qualitative and quantita-
tive biochemical applications, among which are DNA sequencing, intracellular protein-protein
interactions, molecular binding studies, clinical diagnostics and many others [2, 10–13, 18–27].
Several abbreviations have been created for RET in connection with e.g. Förster or fluorescence
(FRET), luminescence (LRET) and bioluminescence (BRET). All of them have the common
resonance mechanism of inducing a dipole oscillation in A by D∗ via coulombic interactions
(Figure 2.1). As FRET is the preferred abbreviation it will be used throughout this work.

2.1.2 Theoretical treatment

Most of the theory mentioned in this chapter has been taken from references [10, 17], which
both cover many theoretical and practical aspects and are suggested for further reading.
For the energy difference ΔE between HOMO and LUMO of A and D, the resonance condition

ΔE(D −→ D∗) = ΔE(A −→ A∗) (2.1)

has to be fulfilled. The transfer rate within a donor-acceptor distance of r is given by

kET =

(
1

τD

)(
R0

r

)6

(2.2)
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HOMO
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Figure 2.1: FRET mechanism. Excitation of the acceptor molecule from HOMO (highest occupied

molecular orbital) to LUMO (lowest unoccupied molecular orbital) is accomplished by inducing an

acceptor dipole oscillation via coulombic interaction with the excited donor.

where τD is the luminescence decay time of donor D in absence of the acceptor and R0 is the
so called Förster radius, the distance at which FRET is 50 % efficient.
Calculation of R0 requires extensive spectroscopic knowledge of the donor-acceptor system,
as the spectral overlap integral of donor emission and acceptor absorption (J(λ)), the dipole
orientation factor between donor and acceptor (κ2), the donor quantum yield (ΦD) and the
index of refraction of the surrounding medium (nr) have to be known.

R6
0 =

9 ln(10) κ2 ΦD

128 π5 n4
r NA

J(λ) = 8.79 · 10−5(n−4
r ΦD κ2 J(λ)) (in Å6) (2.3)

In this equation R0 is in Å and J(λ) is in M−1cm−1nm4. The dipole orientation factor κ2

describes the orientation of the transition dipole moments of D∗ and A (Figure 2.2) and is
calculated by

κ2 = (cosα − 3 cosβ cosγ)2 (2.4)

κ2 can range from 0 to 4 and is equal to 2/3 for randomly oriented systems in solution (random
orientation of donor and acceptor). A detailed discussion of the dipole-dipole orientation can
be found in reference [3].
The spectral overlap integral is calculated with the normalized luminescence spectrum of the
donor FD(λ) in nm−1 (with

∫
FD(λ)dλ = 1), the extinction coefficient spectrum of the acceptor

εA(λ) in M−1cm−1 and the wavelength λ in nm (Figure 2.3) by

J(λ) =

∫
FD(λ) εA(λ) λ4dλ (2.5)

The FRET efficiency ηET is inversively proportional to the sixth power of r and is described by

ηET =
R6

0

R6
0 + r6

=
kET

kET + τ−1
D

(2.6)

ηET can be calculated by the donor luminescence quantum yields in absence (ΦD) and presence
(ΦDA) of the acceptor or the related luminescence decay times (τD and τDA).

ηET = 1 − ΦDA

ΦD

= 1 − τDA

τD

(2.7)
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Figure 2.2: Orientation of the donor emission transition dipole moment (�rD), the acceptor absorp-

tion transition dipole moment (�rA) and the influence on κ2.

Figure 2.3: Normalized donor emission (solid line) and acceptor extinction coefficient spectrum

(dashed line) as well as spectral donor-acceptor overlap (in grey).

If the intrinsic luminescence decay of the acceptor is much faster compared to the donor, the
decay times of the donor and the FRET sensitized acceptor within a D-A complex (τDA and
τAD) are equal [44]. Thus, Equation 2.7 becomes

ηET = 1 − τDA

τD

= 1 − τAD

τD

(2.8)

Combining Equations 2.6 and 2.7 (and recalling Equation 2.2) leads to

1

τDA

=
1

τD

+

(
1

τD

)(
R0

r

)6

=
1

τD

+ kET (2.9)

In biological systems, distributions of the D-A distance r have to be considered [10, 45–47].
Usually, the Gaussian distribution

P (r) =
1

σ
√

2π
exp

[
− 1

2

(
r̄ − r

σ

)2
]

(2.10)
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with the mean distance r̄ and the standard deviation σ is used.
In biological systems, the donor decay in absence of the acceptor can be multiexponential
[10], e.g. by multiple (n) donor species due to conformational distributions within proteins or
macromolecules. In this case, the time dependent donor luminescence intensity can be described
as

ID(t) =
n∑

i=1

αDi
exp

[
− t

τDi

]
(2.11)

where αDi
are the pre-exponential factors for each ith donor luminescence decay time (τDi

) in
absence of the acceptor.
Assuming that the transfer rate for each decay-time component is described by Equation 2.2
and each distance-dependent donor decay time is given by Equation 2.9, the time (t) and
distance (r) dependent luminescence intensity of the donor in presence of the acceptor can be
described as

IDA(r, t) =
n∑

i=1

αDi
exp

[
− t

τDi

− t

τDi

(
R0

r

)6
]

(2.12)

and the luminescence intensity decay is given by

IDA(t) =

∞∫
0

P (r) IDA(r, t) dr (2.13)

Because FRET is a dynamic process, determination of conformational changes as well as dis-
tance distributions within a biological FRET system can only be determined by time-resolved
measurements.

2.1.3 FRET applications

The energy transfer occurs at distances ranging from ca. 1-10 nm, which corresponds very well
to many biomolecular processes. Hence, FRET is an important technique for sensitive struc-
tural and dynamic measurements in this area. Finding donor-acceptor pairs with high R0 and
robustness in biological media is of great interest for efficiently measuring long distances under
stable conditions.
Advantages of FRET for bioanalytical techniques include high sensitivity to nanoscale changes
(luminescence measurement with r−6 distance dependence), the possibility of creating homo-
geneous immunoassays (sandwich assays with donor on one and acceptor on the other side of
a biological system, e.g. two antibodies on an antigen), luminescence decay time and intensity
dependence (qualitative, quantitative and real-time kinetic measurements), low environmental
and safety risks (compared to techniques using radioactive labels) and the efficient quantitative
use in imaging techniques.
The most often applied biological nanoscale processes using FRET for quantitative (concen-
tration) analysis are binding between various antigens and antibodies or the well established
streptavidin-biotin or avidin-biotin recognition processes known to be very efficient in bio-
logical media with a first dissociation constant of 10−15 M−1 for avidin and 10−13 M−1 for
streptavidin [48]. For qualitative analysis or quantitative distance measurements, donor and
acceptor can be labeled to biomolecules like proteins (e.g. analysis of protein folding) or RNA
and DNA, respectively (e.g. DNA sequencing).
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2.2 Luminescence quenching

Besides FRET, there are other processes which can alter the luminescence intensity and decay
time of luminophores inside biological systems. Steady-state and time-resolved measurements
reveal the different luminescence quenching processes, which can be static (e.g. by formation
of a nonluminescent complex between luminophore and quencher) or dynamic (e.g. collisional
quenching due to diffusive processes). Luminescence quenching is described by the Stern-Volmer
equation [10],

L0

L
= 1 + KSV [Q] (2.14)

where L0 and L are the luminescence intensities in absence and presence of the quencher, KSV

is the Stern-Volmer constant and [Q] is the quencher concentration.
For dynamic quenching the Stern-Volmer constant is KD and Equation 2.14 becomes

L0

L
=

τ0

τ
= 1 + KD[Q] = 1 + kqτ0[Q] (2.15)

with τ0 and τ as luminescence decay times in absence and presence of the quencher and kq

being the bimolecular quenching constant.
For static quenching, the Stern-Volmer constant is given by

KSV = KS =
[LQ]

[L][Q]
(2.16)

where [LQ] is the complex concentration and [L] is the uncomplexed luminophore concentration.
For combined dynamic and static quenching the Stern-Volmer equation can be modified to

L0

L
= (1 + KD[Q])(1 + KS[Q]) (2.17)

Quenching data are usually presented in so-called Stern-Volmer plots, where L0/L and τ0/τ are
displayed over [Q]. Figure 2.4 presents the different quenching processes.

Figure 2.4: Stern-Volmer plots of static (left), dynamic (center) and combined dynamic and static

(right) quenching.

Examples of luminescence quenching in biochemical systems are quenching of tryptophan lu-
minescence by oxygen (dynamic) [49,50] or quenching of coumarin C-120 luminescence by the
nucleotides uridine (static and dynamic) and deoxycytidine (dynamic) [51].
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2.3 Lanthanide complexes

2.3.1 Lanthanide ions

2.3.1.1 Introduction

The lanthanide (Ln) elements (also called rare earths) were discovered between 1794 (yttrium)
and 1947 (promethium) [52]. From La (atomic number Z = 57) to Lu (Z = 71) they display
very similar chemical as well as physical properties which is partly due to their common exis-
tence in the trivalent state.
Trivalent lanthanide ions possess unique spectral properties caused by the electronic f-f transi-
tions within the 4f shell, which is shielded by the filled 5s and 5p shells. The shielding leads
to minimal interactions with the field of surrounding ions and dipolar molecules, so there are
only weak pertubations of the electronic transitions between the energy levels of the f orbitals.
This results in nearly atom like narrow-line absorption and emission spectra with excited state
lifetimes reaching the millisecond timescale. Luminescing Ln ions used for biochemical spec-
troscopy are neodymium, samarium, europium, terbium, dysprosium, erbium and ytterbium.
The most important and frequently applied trivalent Ln ions for spectroscopy are those of
europium (Eu3+) and terbium (Tb3+) with [Xe]4f6 and [Xe]4f8 electronic configurations, re-
spectively. Therefore, this work will specifically address Eu3+ and Tb3+. Detailed descriptions
of the photophysical properties of lanthanide ions and their chelating complexes can be found
in References [13,28,29,52–58].

2.3.1.2 Spectroscopic term symbols

In order to give a detailed description of electron configurations of atoms or ions, the spectro-
scopic (or atomic) term symbols are used which have the form (2S+1)LJ . This representation

results from the determination of the total orbital angular momentum �L and the total spin
angular momentum �S. The vector sum of �L and �S leads to the total angular momentum �J .
This is called L-S or Russell-Saunders coupling. It is a good approximation for lighter atoms
(j-j coupling would be better for heavier atoms, where the spin and orbital angular momenta
of individual electrons tend to couple and form individual electron angular momenta) and still
appropriate for the luminescent transitions of Eu3+ and Tb3+ occurring within multiplets of
lower energy.
The term symbol consists of the three quantum numbers L, S and J .

L is the quantum number of the total orbital angular momentum �L.

�L =
N∑

i=1

�li, where �li is the orbital angular momentum of electron i.

The absolute values of �L and �li are |�L| =
√

L(L + 1) · � and |�li| =
√

li(li + 1) · �. li is the
orbital angular quantum number of electron i.

ML =
N∑

i=1

mli , where mli is the magnetic quantum number of electron i.

mli parameterizes the z component of �li (lzi = mli�) and can take values from li to
−li (mli = li, li − 1, ..., 0, ..., 1 − li,−li), whereas ML can take values from L to −L
(ML = L,L − 1, ..., 0, ..., 1 − L,−L).
The states of a many-electron atom (or ion) use the same code as the electronic configu-
ration (with capital letters). For L = 0, 1, 2, 3, 4, 5, ... the states are S, P, D, F, G, H, ...
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S is the quantum number of the total spin angular momentum �S.

�S =
N∑

i=1

�si, where �si is the spin angular momentum of electron i.

The absolute values of �S and �si are |�S| =
√

S(S + 1) · � and |�si| =
√

si(si + 1) · � =√
3/2 · �. si = 1/2 is the spin quantum number of electron i.

MS =
∑

msi
, where msi

is the secondary spin quantum number of electron i.
msi

parameterizes the z component of �si (sz
i = msi

�) and can take values of ±si (msi
=

±1/2), whereas MS can take values from S to −S (MS = S, S − 1, ..., 0, ..., 1 − S,−S).
2S + 1 is the multiplicity of the state, e.g.:
all electrons are paired ⇒ S = 0 ⇒ 2S + 1 = 1 ⇒ singlet state
six unpaired electrons ⇒ S = 3 ⇒ 2S + 1 = 7 ⇒ septet state

J is the quantum number of the total angular momentum �J .
As �J = �L + �S the maximum value of J is obtained when �L and �S are pointing in the
same direction, so that J = L + S. The smallest value that J can have is when �L and �S
are pointing in opposite directions, so that J = |L − S|. The values for J are obtained
from J = L + S, L + S − 1, L + S − 2, ..., |L − S|

The (2S+1)LJ ground state is given by Hund’s rules:

• The term with the highest spin multiplicity (2Smax + 1) is the lowest in energy.

• For a given multiplicity, the term with the largest value of L lies lowest in energy.

• For atoms with less/more than half-filled shells, the level with the lowest/highest value
of J is lowest in energy.

2.3.1.3 Electronic configuration

Electronic energy level calculations are rather complicated but were widely performed using
tensor-operator methods originated by Racah between 1942 and 1949 [59–62] which have been
described in detail by Slater [63] and Judd [64].
However, as there are only very few of these energy levels involved in the 4f transitions that
are spectroscopically important, the theory will not be detailed in this work.
Some theoretical background is necessary to understand the structure of lanthanide absorption
and emission spectra.
The Hamiltonian for an ion (visualized as a point nucleus of infinite mass and charge Ze
surrounded by N electrons) under the influence of a ligand field (with M ligands regarded as
negative charges centered around the ion) is composed of four terms:

H =
N∑

i=1

(
− �

2

2me

∇2
i −

Ze2

4πε0ri

)
︸ ︷︷ ︸

H1

+
N∑

i>k=1

e2

4πε0rik︸ ︷︷ ︸
H2

+
N∑

i=1

Ze2
�

2

8πε0c2m2
er

3
i

�si
�li︸ ︷︷ ︸

H3

+
N∑

i=1

M∑
l=1

Ze2

dil︸ ︷︷ ︸
H4

(2.18)

∇2: Laplace operator (∇2 = δ2

δx2 + δ2

δy2 + δ2

δz2 )
ri: distance of electron i from the nucleus
rik: distance of electron i from electron k
�si: spin angular momentum of electron i
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�li: orbital angular momentum of electron i
dil: distance between ligand l and electron i

The H1 term presents the undisturbed Hamiltonian (kinetic energy + coulomb poten-
tial), H2 includes the interelectronic repulsion between the electrons and H3 gives the
contribution of the spin-orbit coupling using the L-S coupling approximation. As mentioned
above, L-S coupling is valid for lighter atoms, where the quantitative splitting (energy
difference between two multiplet levels) between a level with quantum number J and J + 1 is
proportional to J (Landé’s interval rule). Experimentally, Landé’s rule is followed fairly well
for Eu3+ and Tb3+ luminescence transitions. The final H4 term is the ligand field Hamiltonian.
The energy levels of Ln ions are highly degenerate. Spectroscopic coefficients for fn configu-
rations have been calculated [65], and the 4f6 and 4f8 configurations for Eu3+ and Tb3+ are
split into 119 (2S+1)L spectroscopic terms by interelectronic repulsion. Each term is further
split into 2S + 1 (if S ≤ L) or 2L + 1 (if L > S) sublevels, leading to 295 (2S+1)LJ spetroscopic
levels by spin-orbit coupling. The final maximum degeneracy (or fine-splitting) into D energy
levels is caused by the ligand-field where every electronic level is degenerated into maximum
2J + 1 Stark sublevels (depending on the symmetry of the Ln3+ ion site) [28]. D (the number
of possible microstates) is given by the number of electrons (N) in the open 4f shell of 2l + 1
orbitals (with two possible spin orientations):

D =

(
2(2l + 1)

N

)
=

(
4l + 2

N

)
=

(4l + 2)!

N !(4l + 2 − N)!
(2.19)

For Eu3+ and Tb3+ (where N = 6 for Eu3+, N = 8 for Tb3+ and l = 3 for both) D = 3003
with ground state levels (following Hund’s rules) of 7F0 and 7F6, respectively. Partial energy
diagrams are shown in Figure 2.5 for Eu3+ and Figure 2.6 for Tb3+.

2.3.1.4 Optical transitions and selection rules

Optical transitions describe a resonant energy transfer from radiation to matter (absorption)
or from matter to radiation (luminescence), and can be ascribed to electric transitions inside
the 4f shell for lanthanide ions. 4f↔ 4f transitions are very sharp in energy (narrow absorption
and emission bands) because the 4f electrons are effectively shielded by the filled 5s and 5p
shells.
Selection rules determine whether a transition is “forbidden” (very low probability) or
“allowed” (high probability). The most important selection rules for Ln ions are the Laporte
rule and the spin multiplicity rule.
The Laporte rule permits transitions only between states of opposite parity (parities are
even (g) or odd (u); the parity is g, which comes from the German word “gerade”, if the
wavefunction is unchanged by reflexion through an inversion center and u, “ungerade”, if
the wavefunction changes sign by reflexion through an inversion center), which means that
transitions within a single quantum shell (e.g. f-f transitions) are forbidden.
Intraconfigurational f-f transitions only become possible due to interactions with the ligand field
or vibrational states, which mix electronic states of different parity into the 4f wavefunctions.
Mixing states with different J (J-mixing) is another reason for allowing these transitions.
They have small intensities because the interaction with other states is quite weak.
The spin multiplicity rule forbids transitions between states of different multiplicity (2S + 1).
As the optical f → f transitions for Eu3+ and Tb3+ are of quintet → septet multiplicity, they
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Figure 2.5: Partial energy diagram for Eu3+ with the influence of interelectronic repulsion (terms),

spin-orbit coupling (levels) and ligand-field (sublevels). The main luminescent transitions occur from
5D0 to 7FJ (thick downward arrow) whereas the transitions from 5D1 are only weak in luminescence

(thin downward arrow).

are spin-forbidden and therefore the more general term luminescence is preferred instead of
fluorescence (used in general for spin-allowed transitions in organic systems) [66]. Spin-orbit
coupling (where states of different L and S but the same J admix) is the reason why the weak
luminescence can nevertheless be observed.
Three mechanisms must be considered for the observed transitions in lanthanide ions [67]:
I: Magnetic dipole transitions
Magnetic dipole transitions are caused by interaction of the Ln ion with the magnetic field
component of light through a magnetic dipole. They can be regarded as a charge displacement
over a curved loop, which is small within the extent of an ion. Therefore, the magnetic dipole
moment is small and since the intensity is proportional to the square of the transition dipole
moment, the intensity of the transition is weak. Because a magnetic dipole transition can
be regarded as a rotational displacement of charge (rotation is not reversed under inversion
through an inversion center) it has even parity. Thus a magnetic dipole operator possesses
even transformation properties under inversion and allows f-f transitions.
II: Induced electric dipole transitions
The majority of observed optical transitions in lanthanide ions are induced electric dipole
transitions. They are caused by interaction with the electric field component of light through
an electric dipole. f-f induced electric dipole transitions are Laporte forbidden and very weak in
intensity compared to ordinary electric dipole transitions. Non-centrosymmetrical interactions
cause mixing of electronic states with even parity, which makes the induced electric dipole
transitions allowed. The Judd-Ofelt theory (not further discussed in this work) describes the
transitions in detail and was published independently by Judd [68] and Ofelt [69].
III: Electric quadrupole transitions
Electric quadrupole transitions are much weaker than magnetic or induced electric dipole
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Figure 2.6: Partial energy diagram for Tb3+. Luminescent transitions occur from 5D4 to 7FJ (thick

downward arrow).

transitions. They arise from charge displacement with quadrupolar (4 point charges with
overall zero charge and zero dipole moment) nature and possess even parity. Although some
authors claim the existence of these transitions (e.g. Chrysochoos et al. 1973 [70]), there is no
experimental evidence in Ln-spectra.
Concrete selection rules for magnetic dipole, induced electric dipole and electric quadrupole
transitions can be derived from quantum mechanical calculations. They are rather complicated
and only valid under certain conditions. A detailed description of the selection rules for Ln
ions can be found in Reference [56].

Hypersensitive transitions
Some optical transitions are very sensitive to the environment and are usually more intense
for Ln complexes than for the ion in aqueous solution. As they obey the quadrupole selection
rules, they are also called pseudo-quadrupole transitons. Nevertheless, their intensities are
several orders of magnitude too large for quadrupole transitions. Hypersensitive transitions
were first noticed in 1930 [71] for Ln3+ nitrates in aqueous spectra and in 1950 [72, 73] in
connection with the ligand environment. Several reviews about hypersensitive transitions have
been published (e.g. Peacock et al. 1975 [74], Henrie et al. 1976 [75], Misra et al. 1985 and
1991 [76,77]).
Hypersensitive transitions for Eu3+ are 5D1 −→ 7F1 (18700 cm−1), 5D2 −→ 7F0 (21500 cm−1)
and 5D0 −→ 7F2 (16300 cm−1) whereas non are reported for Tb3+ [74].
The optical transitions of Eu3+ and Tb3+ are described in Table 2.1 [28,30].

2.3.1.5 Spectral intensities of f-f transitions

Spectral intensities of magnetic and induced electric dipole transitions can be calculated. An
exact calculation is possible for magnetic dipole transitions, as suitable wavefunctions can be
obtained from diagonalization of the energy matrix. Although there are few of those transitions
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Table 2.1: Major characteristics of Eu3+ and Tb3+ optical transitions [28,30].

Transition Spectral Relative Dipolar Comments
region (nm) intensity character

Europium
5D0 → 7F0 576-582 vw ED nondegenerate transition; appears

as single, sharp line
→ 7F1 585-600 s MD sharp and structured under high

resolution; strong optical activity
→ 7F2 600-635 s - vs ED hypersensitive transition
→ 7F3 645-660 vw - w ED forbidden
→ 7F4 680-710 m - s ED intensity and structure very

sensitive to environment
→ 7F5 740-770 vw ED forbidden, seldom ovserved
→ 7F6 810-840 vw ED seldom ovserved

5D1 → 7F0 524-528 vw MD
→ 7F1 530-540 vw ED intensity sensitive to environment
→ 7F2 550-565 vw ED

Terbium
5D4 → 7F6 480-505 m - s ED intensity shows moderate sensitivity

to environment
→ 7F5 540-560 s - vs MD strong optical activity,

best probe transition
→ 7F4 575-600 m - s ED intensity sensitive to environment
→ 7F3 610-630 w - m MD strong optical activity,

structured under high resolution
→ 7F2 640-655 w ED sensitive to environment
→ 7F1 660-670 vw ED
→ 7F0 675-680 vw ED

ED: electric dipole; MD: magnetic dipole; vw: very weak; w: weak; m: medium; s: strong; vs: very strong

in lanthanide ions, they are very useful because their intensity is almost independent of the
ligand environment. Thus they can be used as very good intensity standards.
Induced electric dipole transitions occur much more frequently in Ln ions but the disadvantage
for an exact intensity calculation is that they only become allowed due to admixture of electronic
states with opposite parity into the 4fn configuration. Judd and Ofelt independently developed a
theory for calculating induced electric dipole matrix elements. This so called Judd-Ofelt theory
is used for intensity calculations with a practical parametrization in terms of Ωλ parameters
(Judd-Ofelt parameters). This work only deals with a general treatment of the f-f transition
intensities. A detailed description for both magnetic and induced electric dipole transitions can
be found in Reference [56].
The oscillator strength f (P is often also used) is a measure of the strength of a transition and
describes the ratio of the actual intensity to the intensity radiated by one electron oscillating
harmonically in three dimensions [78]. For a harmonic oscillator in three dimensions this
means that f = 1. The oscillator strength for allowed electronic transitions is close to unity
whereas f � 1 for forbidden (induced) transitions. The optical transitions of Ln ions have
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oscillator strengths around f = 10−6, and the extinction coefficient is usually close to εmax =
1 M−1cm−1 except for hypersensitive transitions. The strongest 4f ↔ 4f transition known is
the hypersensitive transition 5G5/2 ←−4I1/2 of NdI3 vapor with εmax = 345 M−1cm−1 and f =
5.35 · 10−4 [79].
The transition of an electron in the state j, with the wavefunction ψj, to a state of higher

energy k (wavefunction ψk) via the transition dipole operator Ô is described by the transition
dipole moment M̂jk or the dipole strength Djk. Electric and magnetic dipole transitions can

be regarded separately using an electric dipole moment operator ÔED and a magnetic dipole
moment operator ÔMD (electric quadrupole transitions are not considered).

Djk = M̂2
jk = e2 | < ψj | Ô |ψk > |2 = e2 | < ψj | ÔED |ψk > |2 + e2 | < ψj | ÔMD |ψk > |2 (2.20)

The oscillator strength f is connected to the dipole strength and the experimental obtainable
molar extinction coefficient via

fjk =
8 π2 me ν̄

3 gj e2 h
Djk (2.21)

= aF

∫
ε(ν̄) dν̄ (2.22)

with

F =
9 nr

(n2
r + 2)2

(2.23)

Djk =
gj∑

n=1

gk∑
m=1

Dnm where gj and gk are the degeneracies of states j and k

ν̄: wavenumber of the transition (in cm−1)
a: proportionality factor (4.32 · 10−9 mol cm−1)
F : solvent dependent correction factor
ε(ν̄): extinction coefficient (in cm2 mol−1)
nr: index of refraction

The Einstein coefficients (in s−1) Bjk and Akj are the rate constants for absorption and
emission, respectively. They describe the probability of photon absorption or emission with
the energy hν due to electron transition from j to k or vice versa.

Bjk =
1

gj

2 π2 Djk

3 ε0 h2
(2.24)

and

Akj =
1

gk

16 π3 ν3 n3
r Djk

3 ε0 c3 h
(2.25)

Regarding the degeneracy of states gj and gk (e.g. 2J + 1 for the ligand-field splitting in Ln
ions), the relative intensities of all emission lines originating from a given excited state can be
predicted with the radiative branching ratio

β =
Akj

2J+1∑
j=1

Akj

(2.26)
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Experimental branching ratios can be found from the relative areas of the emission lines. The
speed of depopulating an initial level can be calculated with the emission probabilities and is
called radiative (or intrinsic) lifetime τR.

τR =
1∑

j

Akj

(2.27)

Quantum yield Φ is a measure of the number of photons emitted per excited ion and can be
calculated with the measured luminescence decay time τM

Φ =
τM

τR

(2.28)

The effective linewidth Δλ is given by

Δλ =

∫
I(λ)

Imax

dλ (2.29)

where I(λ) is the intensity at the wavelength λ and Imax is the maximum intensity of the
emission band.
Since the Judd-Ofelt intensity parameters Ωλ have been determined for all lanthanide ions in
dilute acid solution, the radiative lifetimes can be calculated. They are τR = 9.67 ms for the
5D0 excited state of Eu3+ and τR = 9.02 ms for the 5D4 excited state of Tb3+ [53].

2.3.2 Lanthanide ion complexing ligands

As already mentioned above, lanthanide ions possess very weak extinction coefficients due
to the intraconfigurational f-f transitions. Thus, a direct excitation of the ion leads to very
inefficient luminescent probes. The problem of insufficient absorption can be overcome by
indirect excitation via organic ligands coordinated to the Ln ion. This concept was first reported
by Weissman in 1942 [80] and is generally known as sensitization or antenna effect. In these
compounds, the ligand absorbs light leading to an excited singlet state followed by intersystem
crossing (ISC) to a ligand triplet state, where an energy transfer to the Ln ion occurs. This
was first demonstrated by Crosby et al. in 1961 [81]. The basic principle of the antenna effect
for Tb3+ as the central ion is shown in Figure 2.7.
Efficient organic ligands working as antennas for the Ln ion can exhibit extinction coefficients
of approximately 30000 M−1cm−1, which is four orders of magnitude higher than the extinction
of the aqueous Eu3+ (εmax ≈ 3 M−1cm−1 at 393 nm [82]). The light harvesting groups in Ln
ion complexing ligands are usually of β-ketone, salicylate or pyridine structure [83].
Several requirements have to be fulfilled for an efficient antenna complex. First, it should pos-
sess a long-lived ligand-centered (LC) triplet state as the energy level from which the energy
transfer to the metal-centered (MC) state takes place (T1 to 5D4 in Figure 2.7). In order to
generate a high triplet population, ISC from the excited singlet to the triplet state should be
efficient. If a ligand to metal charge transfer (LMCT) state [84] lies between the singlet and
triplet energy, the singlet state can be deactivated directly via the LMCT state without popu-
lating the triplet state. Another crucial point is the energy difference between the LC triplet
state and the MC energy accepting levels. If this energy difference is too high, a transfer to the
lanthanide ion is inefficient or does not happen at all. If it is too small (below 1850 cm−1 [85]),
the energy transfer is very efficient as is the backtransfer (kB in Figure 2.7), which leads to a
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Figure 2.7: Energy diagram and energy transfer rates k of the basic antenna effect. S0, ligand singlet

ground state; S1, ligand excited singlet state; T1, ligand excited triplet state; 5D4, Tb3+ emitting

quintett state; 7FJ , Tb3+ septett J-manifold ground states; hν, absorption; F, fluorescence; NR, non-

radiative; P, phosphorescence; ISC, intersystem crossing; ET, energy transfer; B, back transfer; Tb,

Tb3+ luminescence.

low total energy transfer to the Ln ion. Examples of all these transfer processes for the Gd3+,
Tb3+ and Eu3+ cryptates can be found in Reference [86].
Besides the antenna effect, Ln ion chelating ligands have to fulfill further requirements such as
thermodynamic and kinetic stability, protection against water complexation and the possibility
of labeling the complex to biomolecules.
Ln3+ ligand coordination is typically achieved by ionic bonding which leads to a strong pref-
erence of coordination by negatively charged groups like OH−. In aqueous solution, water
coordination results in an effective quenching of Eu3+ and Tb3+ luminescence (less than for
Eu3+ due to the higher energy of the emitting state) via O-H vibrations and their overtones.
The number of coordinated water molecules can be estimated (accuracy ∼ ±0.5) with the
luminescence decay times of the Ln ion in H2O and D2O using the Horrocks equation [87]:

A = C(τ−1

H2O − τ−1

D2O) (2.30)

A is the number of coordinated water molecules and C is a constant which is 1.05 ms for Eu3+

and 4.2 ms for Tb3+. The ability of the ligand to inhibit water binding in the first coordination
sphere of the Ln ion is therefore of great importance in order to avoid luminescence quenching.
An important requirement for a Ln complex is efficient and easily performed coupling to
biomolecules (e.g. antibodies, proteins). For this purpose, the ligands contain functional N-
hydroxysuccinimide (NHS) ester, sulfo-NHS ester, maleimide, isothiocyanato, chloro-sulfonyl
or amino groups. The activated complexes can then be coupled to an amino, carboxy or thiol
(for maleimide activated complexes) group of the biomolecule.
To summarize, the important biological, chemical and photophysical properties of lanthanide
complexes are stability in biological aqueous media, the possibility of biomolecular labeling,
protection of the Ln ion against quenching by proper coordination, long luminescence decay
times, strong ligand absorption with efficient energy transfer to the Ln ion, large Stokes shift
and line-shaped emission spectra in a region where many dyes display excellent absorption. The
properties that make Ln complexes especially interesting for use as energy donors in FRET are
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strong absorption (efficient energy collection for the FRET system), long luminescence decay
times (highly sensitive time-resolved measurement, discrimination between donor and acceptor
emission, long-lived energy state from where the transfer to the acceptor takes place) and the
emission in a wavelength region where many fluorescence dyes absorb (good spectral overlap
- J(λ) in Equations 2.3 and 2.5). Another important factor for FRET is the luminescence
quantum yield of the donor (ΦD in Equation 2.3), which is quite high for some terbium and
europium complexes [35,88]. For Ln complexes, the overall probability that the Ln ion emits a
photon after photon absorption by the ligand is

Φtot = ΦLn · Φtrans (2.31)

with the Ln ion quantum yield ΦLn and the transfer efficiency from ligand to ion Φtrans [88]. As
the donor for FRET is the lanthanide ion itself, only ΦLn has to be taken into account for ΦD.
Φtrans is relevant for the total brightness of the sample, which has no effect on FRET efficiency,
but on the signal intensity. Hence, it can influence the sensitivity of a FRET immunoassay
(signal to background).
Very high values for J(λ) and extremely large Förster radii (∼ 100 Å) are reported for FRET
systems using lanthanide complexes as energy donors [24].

2.3.3 Biochemical applications of lanthanide complexes

Due to their special photophysical and biological properties, lanthanide complexes are widely
used in biochemical applications. Their long luminescence decay times allow for efficient dis-
crimination of short-lived background signals such as autofluorescence of biological materials
or optical components (filters etc.). There are several luminescent lanthanide complexes which
have been used in various bioanalytical methods, among which are homogeneous and het-
erogeneous immunoassays in medical and clinical diagnostics, drugscreening, photodynamic
therapy, protein-protein interactions, DNA hybridization, study of ion channels in living cells,
structure analysis of biomolecules (spectroscopic ruler), characterization of individual bind-
ing sites and bioimaging. Many books and reviews have been published over the last 30
years [24,28,29,83,89–97].
This work is focused on time-resolved fluoroimmunoassays (TRFIA), a widely commercially
used application for in vitro diagnostics (IVD). A well known example for a heterogeneous
TRFIA is DELFIA (dissociation enhanced lanthanide fluoroimmunoassay), which was scien-
tifically developed in the 1970s by Soini and Hemmilä [95] and patented in 1982 by Wal-
lac (now part of Perkin Elmer) [98]. DELFIA consists of two steps. First, the Ln ion
is chelated by a labeling reagent (e.g. derivates of diethylene triamine pentaacetic acid -
DTPA) for kinetic stability and biological labeling. The second step enables sensitization
by luminescence enhancing ligands (e.g. β-diketonates). Another example is CYBERFLUOR,
in which 4,7-bis(chlorosulfonylphenyl)-1,10-phenanthroline-2,9-dicarboxylic acid (BCPDA) is
used as the chelator and antenna at the same time [99, 100]. These and other methods
were extensively reviewed in References [101] and [83]. For commercial methods, homoge-
neous measuring techniques are much more interesting than heterogeneous ones, as no time-
consuming washing and separation steps are required. Several stable luminescent lanthanide
complexes have been synthesized in order to fulfill all the necessary requirements of coordinat-
ing and protecting the Ln ion, efficient sensitization, stability, biolabeling and biocompatibil-
ity [24,28–30,82,83,94,97,101–103].
In lanthanide complexes used for biochemical applications, derivates composed of one to four
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conjugated pydirines are the most commonly used antenna groups. Most of these complexes
can be efficiently used as FRET donors in biochemical measurements. Figure 2.8 shows four
representative pyridine based lanthanide complexes. Two of them are used in successfully com-
mercialized systems. Europium tris(bipyridine) (Eu-TBP) [38] (Figure 2.8a) is used in the
KRYPTOR immunoreader system (Cezanne, Nı̂mes, France). This method was commercial-
ized by CIS bio and is used under the trade names TRACE (time-resolved amplified cryptate
emission) and HTRF (homogeneous time-resolved fluorescence) [104]. Ln3+ chelates of dichloro-
triazinyl (DTA) activated phenylethynylpyridine tetra acetate [105] (Figure 2.8b) are used in
the LANCE (lanthanide chelate excitation) technology of Perkin Elmer [106]. The terpyridine-
bis(methylenamine) tetraacetic acid (TMT) chelate of europium [107] is commercially available
as isothiocyanate (Figure 2.8c) from Amersham Biosciences. The sulfo-NHS activated LnL
complex [35] (Figure 2.8d), where ligand L is based on a glutamate skeleton N-functionalized
with two anionic bipyridyl chromophoric units, is a non-commercial Ln complex which has
been successfully used as the FRET donor with quantum dots as the acceptor in a biological
immunoassay [36,37,108]. Detailed results of these FRET systems can be found in Chapter 3.

a

dc

b

O

H
N S

NH-Protein

N

NN

NN

O-

O

O-

O

O--O

O

O

Eu
3+

Na
+

N

SO3Na

OO

O O

N

O

O
-

N

N

O
-

O

Ln
3+

N

-
O

O

N

N N

N N

HN

O

NH2

NH

O

H2N

N N

N N

Eu
3+

3+

N

N

O O-Ln
3+

N

NN

NHCl

Cl

O

O-

N

O

O-

O-O

Na
+

Figure 2.8: Representative Ln3+ complexes for use in FRET immunoassays (description see text).
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2.4 Quantum dot semiconductor nanocrystals

2.4.1 Introduction

The scientific field of semiconductor quantum dots (also called nanocrystals) is much younger
than the one of lanthanides. Although properties of quasi-zero-dimensional structures were
studied much earlier for small metal particles [109,110], the size-dependent properties of quan-
tum dots (QD) due to quantum confinement effects were first investigated in the early 1980s by
Ekimov et al. [31], Éfros and Éfros [32] and Rossetti et al. [33]. Some of the important original
papers about fundamental aspects of QD have been recently gathered in a SPIE Milestone Series
(Volume MS 180) [111], and comprehensive books [112–114] as well as many reviews [115–120]
can be found about this topic.
For a better understanding of the special photophysical properties of QD, basic theoretical
principles of semiconductor crystals and quantum confinement will be addressed (detailed de-
scriptions can be found in textbooks about quantum mechanics [78, 121]). As this work is
focused on the spectroscopic properties of QD in biological systems, synthesis is only briefly
mentioned, whereas special attention is payed to biochemical applications. Biocompatible QD
typically consist of an emitting semiconductor core, a passivating semiconductor shell and a
biocompatible coating for labeling biomolecules to the surface. The different functions of the
quantum dots will therefore be explained in the order from inside to outside.

2.4.2 The quasiparticle approach in semiconductor crystals

In many-body systems (e.g. a large number of interacting positive nuclei and negative elec-
trons), the consideration of many interacting particles is replaced by a few non-interacting
quasiparticles, which are described as elementary excitations of the system. In a semicon-
ductor crystal, this elementary excitation in the conduction band is an electron with negative
charge, whereas the quasiparticle in the valence band is a hole with positive charge. The ground
state of such a crystal would be the vacuum state with neither the electron in the conduction
band nor the hole in the valence band. The first excited state can be seen as the creation of
an electron-hole pair by the promotion of an electron to the conduction band as a result of
e.g. photon absorption. In the reverse way, a photon can be created by annihilation of the
electron-hole pair.
When the electron and hole interact via a Coulomb potential, they generate another quasipar-
ticle, the exciton, which can be well compared to the hydrogen atom. In the hydrogen atom
Hamiltonian, the electron mass (me) is replaced by the effective mass of the electron (m∗

e), the
proton mass (mp) with the effective mass of the hole (m∗

h) and the dielectric constant of the
crystal (ε) is added. This leads to the exciton Hamiltonian

H = − �
2

2m∗
e

∇2
e −

�
2

2m∗
h

∇2
h −

e2

4 π ε0 ε reh

(2.32)

where reh is the distance between electron and hole. The exciton Bohr radius is

aex
B =

4 π ε0 ε �
2

μ e2
= ε

me

μ
· 0.53 Å (2.33)

with the hydrogen Bohr radius of 0.53 Å and where μ is the electron-hole reduced mass

μ−1 = (m∗
e)

−1 + (m∗
h)

−1 (2.34)
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The exciton Rydberg energy is

Eex
R =

e2

8 π ε0 ε aex
B

=
μ e4

32 π2 ε2
0 ε2 �2

=
μ

me ε2
· 13.6 eV (2.35)

with the hydrogen Rydberg energy equal to 13.6 eV. As the reduced electron-hole mass is
smaller than the electron mass, and the dielectric constant of the crystal ε is much larger
than that of the vacuum, the Bohr radius is significantly larger (10 - 100 Å) and the Rydberg
energy significantly smaller (1 - 100 meV) than the hydrogen atom values. For CdSe with
m∗

e = 0.13 me, m∗
h = 0.45 me and ε ≈ 9, a Bohr radius of 49 Å and a Rydberg energy of 16

meV are obtained [113].
The band structures of semiconductors are normally displayed as dispersion curves where
parabolic energy states are shown over the wavevector and the effective mass gives the curva-
ture. The difference between the energy maximum of the valence band (Ev) and the minimum
of the conduction band (Ec) is called band gap energy Eg = Ec − Ev and corresponds to the
minimum energy necessary for creating a pair of free charge carriers (hole and electron). The
complete dispersion curve for a crystal can be complicated with several minima and maxima
as the effective mass cannot be considered as constant. However, in the most important cases,
events in the close vicinity of Ec and Ev are considered and are therefore described by the
approximation of a constant effective mass. The exciton dispersion function can be expressed
as

En(K) = Eg − Eex
R

n2
+

�
2K2

2M
(2.36)

where n is the principle quantum number, M = m∗
e + m∗

h and K is the exciton wavevector.
Exciton creation by photon absorption leads to a discrete set of energies

En = Eg − Eex
R

n2
(2.37)

Figure 2.9 shows a partial bandstructure diagram of a direct-gap semiconductor in close
vicinity of Ec and Ev, where the dispersion curves of electron (conduction band), hole (valence
band) and exciton are displayed.

For a given temperature T , the concentrations of excitons nex and of free electrons and holes
ne = nh are related via the Saha equation:

nex = n2
e

(
2 π �

2

μ k T

)3/2

exp

[
Eex

R

k T

]
(2.38)

Only when k T ≤ Eex
R , a significant number of excitons exists, whereas they are ionized when

k T � Eex
R and free holes and electrons play the major role. The absorption spectrum of a

direct-gap semiconductor monocrystal consists of a distinct exciton peak at hν = Eg − Eex
R ,

some smaller peaks at En (for n > 1) and a broad continuum for absorption energies higher
than the bandgap energy.

2.4.3 Quantum confinement

For many semiconductors, the exciton Bohr radius aex
B is significantly larger than the lattice

constant of the crystal. Thus, it is possible to create nanocrystals smaller than aex
B but larger
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Figure 2.9: Dispersion curves of the electron (with conduction band above) and hole (with valence

band below) depicted in grey as well as exciton dispersion curves with n = 1 to 4 in black.

than the lattice constant, which leads to quantum confinement (finite motion) along the confine-
ment axis and infinite motion in the other directions. If the restriction of motion is one-, two-,
or three-dimensional, the crystal structure is called quantum well (quasi two-dimensional sys-
tem), quantum wire (quasi one-dimensional system) or quantum dot (quasi zero-dimensional
system). Going from a bulk semiconductor crystal to a QD, the density of electron states
changes from a steady square root function to a set of δ-functions (discrete energies). In 1980
it was experimentally discovered by Ekimov et al. [31] that a size quantization in a semicon-
ductor sphere leads to a wavelength shift with the sphere radius, and Éfros and Éfros proposed
a theoretical explanation for this phenomenon in 1982 [32]. In order to explain the physical
properties of quantum confinement in QD, the effective masses of the quasiparticles (electrons,
holes, excitons) are considered to be the same as in an ideal infinite crystal (effective mass
approximation), and the finite size of the QD (regarded as a sphere) is implied as an infinetely
high potential wall surrounding the crystal. There are three cases, which have to be examined.
The first one is when the sphere radius a is smaller than the Bohr radius of the electron ae

B

and the hole ah
B (a � ae

B and a � ah
B). The second case is ah

B � a � ae
B, leading to the

same mathematical result in a first approximation, and means that the size quantization is
determined by only the electron mass. These two cases are called strong confinement, whereas
weak confinement occurs for ae

B � a and ah
B � a.

Regarding the dispersion law of an exciton in a crystal (Equation 2.36), the kinetic energy of
a free exciton has to be replaced by a solution derived for a particle in a spherical box. The
exciton in the weak confinement is characterized by the principle quantum number n, describing
internal exciton states that arise from the Coulomb electron-hole interaction, and by the two
additional numbers l and m (orbital angular quantum number l and magnetic angular quantum
number m), describing the states connected with the center-of-mass motion in the presence of
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an external potential barrier. Taking the roots of the spherical Bessel functions χml (tabulated
in [122], m is the number of the root and l is the order of the function) the exciton energy
spectrum is then

Enml = Eg − Eex
R

n2
+

�
2 χ2

ml

2 M a2
(2.39)

This results in the lowest exciton energy state of

E110 = Eg − Eex
R +

�
2 π2

2 M a2
(2.40)

Using Equations 2.33 and 2.35, this can be written as

E110 = Eg − Eex
R +

μ

M

(
π aex

B

a

)2

Eex
R (2.41)

resulting in a positive energy shift of

ΔE110 =
μ

M

(
π aex

B

a

)2

Eex
R (2.42)

whereas the bandgap energy is shifted by

ΔEg =

(
π aex

B

a

)2

Eex
R (2.43)

Both shifts are small regarding the initial conditions of ae
B � a and ah

B � a.
For both cases of strong confinement, Éfros and Éfros found that in a first approximation the
optical shift is determined by only the electron size quantization and therefore both cases can
be treated equally (a � aex

B ). As the crystal size in this case is much smaller than the Bohr
radius, the electron and hole are assumed to be in the unbound state. Considering that the
electron and hole confinement are of the order of �

2

m∗
e a2 and �

2

m∗
h a2 respectively, and the Coulomb

interaction between the electron and hole is ∼ e2

ε a
, the latter can be ignored for a � aex

B .
Selection rules allow optical transitions that couple electron and hole states with the same
principle and orbital quantum number which results in an absorption spectrum with discrete
bands:

Enl = Eg +
�

2 χ2
nl

2 μ a2
(2.44)

Brus [123] included the Coulomb interaction, which is not negligible for a approaching aex
B . He

proposed an energy of the lowest electronic transition of

E10 = Eg +
�

2 π2

2 μ a2
− 1.8

e2

4 π ε0 ε a
(2.45)

or

E10 = Eg + π2

(
aex

B

a

)2

Eex
R − 1.786

aex
B

a
Eex

R − 0.248 Eex
R (2.46)

including some further corrections [124–126]. Figure 2.10 displays the size dependence of
the lowest electronic transition energy. The graph shows the strong impact of quantum
confinement for high ratios of

aex
B

a
(a � aex

B ).
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Figure 2.10: Size dependence of the lowest electronic transition state of an ideal spherical QD.

Equation 2.46 is changed in order to receive a dimensionless energy over a dimensionless ratio of Bohr

radius to QD radius.

It has to be mentioned that these calculations are applicable for ideal spherical QD with
infinite potential barrier at the nanocrystal surface. Finite barriers, surface polarization effects
due to a different dielectric constant of the surrounding medium, heavy and light hole effects,
hole effective mass differences for different crystal directions and spin-orbit interactions are not
considered here, but the theoretical treatment can be found in Reference [113]. Nevertheless,
the effect of quantum confinement is the same and the effective mass approximation gives
a good description of crystal size dependency of QD electronic properties due to three
dimensional confinement of quasi-particles.
Absolute values of the absorption onset energy over crystal radius (calculated with Equation
2.46 for a < 2aex

B and with Equation 2.41 for a ≥ 2aex
B ) for different materials are presented

in Figure 2.11. Here the lowest radius was chosen to be 2 nm (QD contains less than 1000
atoms) because the approximations mentioned above still give good results for a > 2 nm.
Lower values can be treated with an energy dependent effective mass approach.

Methods for fabricating QD can be found in the literature. Besides the text books [112–114],
there are several articles about QD preparation [111,117,120,127,128]. Basically, two methods
exist. The more chemical approach uses synthetic preparation where atomic or ionic precursor
materials react in solution in order to yield colloidal QD. The other approach relies on solid
state physics or engineering. Here QD are made from semiconductor substrates by lithography
or electrochemical methods. Both approaches can also be combined.

2.4.4 Core/shell semiconductor QD

Nanocrystals provide a high surface-to-volume ratio resulting in a significant effect of the
surface properties on the optical properties of the QD. Therefore, QD surfaces are capped
by organic layers such as TOP (tri-n-octylphosphine) or TOPO (tri-n-octylphosphine oxide),
which passivate the surface and permit slow steady crystallite growth [117]. While the absorp-
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Figure 2.11: Energy (a) and wavelength (b) absorption onset over crystal radius for some represen-

tative semiconductor materials. Strong quantum confinement becomes obvious at small crystal radii.

Bohr radii taken from Reference [113] are 0.7 nm for CuCl, 3.8 nm for ZnSe, 2.8 nm for CdS, 4.9 nm

for CdSe and 12.5 nm for GaAs.

tion characteristics are only mildly influenced, the emission efficiency, spectrum and kinetics
are very strongly affected by the capped surfaces. This passivation of gap surface states,
arising from surface nonstoichiometry, unsaturated bonds, etc., is the key to highly luminescent
QD [128]. Although organically capped QD have already quantum yields around 10 % at room
temperature reaching 90 % at 10 K [117,129], further improvement of luminescence properties
and stability is possible.
Capping a size-tunable lower bandgap core nanocrystal with a higher bandgap shell is an
attractive possibility to enhance luminescence and stability of the QD. This concept has
been successfully realized, e.g. with ZnS capped CdSe core nanocrystals [127, 128, 130, 131].
The reason for using a shell around the core QD is the high surface to volume ratio of the
nanocrystal. At a semiconductor surface, bonds and atomic sites reorder to achieve a minimum
energy structure (surface reconstruction). This process leads to a different and quite complex
lattice structure at the surface, which is influenced by the crystal growth conditions and the
surface surrounding medium. Particularly important are defects due to incorporation of atoms
different from the semiconductor materials, lattice vacancies or surface adsorbates. They can
lead to so called trap states for interacting electrons and holes within the bandgap, resulting
in a lower exciton energy. The emission from trap states is therefore red shifted and broad due
to several trap states of different energy. Oxidation at the surface (e.g. CdSe QD oxidation
results in selenium oxide formation) is another major drawback for QD luminescence and leads
to low quantum yields [130].
Dabbousi et al. [130] have published an extensive spectroscopic study about CdSe/ZnS
core/shell quantum dots, where many properties of CdSe surface passivation by ZnS layers
of varying thickness are discussed and the composite QD synthesis is described. They found
that a ZnS thickness of 1.3 monolayers (ca. 4 Å) gives the best results with a quantum yield
of 50 %, which decreases below and above this layer thickness. Figure 2.12 shows absorption
and luminescence spectra taken from this article. The influence of size-tunability and surface
passivation is well demonstrated within these spectra. Also the broad and red-shifted trap state
emission becomes obvious for the smallest uncoated CdSe nanocrystal, which is eliminated for
the coated QD.
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Figure 2.12: Absorption (left) and emission (right) spectra of uncoated (dashed lines) and 1 to 2
monolayer ZnS overcoated (solid lines) CdSe QD with core sizes of (a) 23, (b) 42, (c) 48 and (d) 55 Å.

Quantum yields are 40, 50, 35 and 30 %, respectively. Reprinted with permission from Reference [130].

Copyright (1997) American Chemical Society.

Efficient core/shell QD are usually capped by organic layers, as well. They are thermodynam-
ically stable, resistent against photobleaching, have size-tunable luminescence and absorption
spectra with narrow emission bands and high quantum yield, have extremely high extinction
coefficients (increasing with absorption energy) over a wide wavelength range and are therefore
very well suited for highly sensitive spectroscopic methods like FRET.

2.4.5 Biocompatible QD

Besides the surface passivating shell for luminescence and stability enhancement, several meth-
ods for creating water soluble, biocompatible QD have been developed [132–136]. QD sur-
face functionalization with polymers [137], proteins [138], peptides [139, 140] or hydrophilic
molecules [127, 141–145] was performed for their use in aqueous media. Due to this progress
in cytotoxicity suppression and biological surface functionalization, there are several biological
applications such as cellular assays [146], in vivo imaging [147–149], DNA detection [150,151],
multiplexed bioanalysis [152–154] and other biological assays found in several reports and re-
views [155–161]. In a recent review by Ron Hardman, dealing with toxicity of many different
QD used in various applications [162], the author arrives at the conclusion that not all QD
are alike, and toxicity depends on multiple physicochemical as well as environmental factors.
Although QD are most often used in research, they are commercially available as CdSe/ZnS
and CdTe/ZnS core/shell QD from Molecular Probes/Invitrogen (www.qdots.com) and Evident
Technologies (www.evidenttech.com).
There are several examples of QD-based FRET in biological and other applications [34,36,37,
108,132,155,163–177]. Most of these reports deal with the use of QD as FRET donors and there
are few examples where QD are used as FRET acceptors, e.g. with other QD as donors [165], in
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solid state devices [172,173], quantum wells [178], or polymer based matrices [179]. Although it
was assumed that FRET to QD in solution should be possible from tryptophane to CdTe QD
conjugated to bovine serum albumin (BSA) [138], a thorough study by Mattoussi et al. [34]
showed that organic dyes such as Cy3 or AlexaFluor 488 were unable to generate FRET to
CdSe QD. Unefficient energy transfer was related to the very fast radiative deactivation of these
donors compared to the FRET process. To confirm their hypothesis, long-lived triplet emitter
complexes of ruthenium were used as donors, but this approach remained inconclusive. How-
ever, in some recent publications we demonstrated that terbium and europium luminescent
complexes with millisecond decay times can be excellent energy donors for FRET to QD in
biological systems in solution [36, 37, 108, 174]. Another article reports about bioluminescence
resonance energy transfer (BRET) to QD from a variant of Renilla reniformis luciferase [180].
The field of QD and their implementation in biological measurements is especially interesting
as they have not thus far been used in commercial applications.
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2.5 Biochemical FRET systems

In order to obtain a biochemical FRET system, one has to bring a FRET donor-acceptor
couple in close proximity (around 1 to 10 nm), e.g. through a biochemical binding process.
As mentioned in 2.1.3 many biomolecular processes occur within this distance. Well known
systems are biotin-avidin, biotin-streptavidin and binding of antibodies to specific targets (e.g.
in immunoassays).

2.5.1 Immunoassays

Immunoassays are analytical tests that use antibodies for binding a specific target. These
analytes can be natural or artificial chemicals, biomolecules, cells and viruses. Antibodies have
exceptional specificity for their target with a very high binding strength. These properties
have made immunoassays a major diagnostic tool in medicine and life sciences. In this section
only basic immunoassay principles are addressed. For a detailed description of immunoassays
including many examples and applications ”The Immunoassay Handbook” [96] is an excellent
resource.

2.5.1.1 Heterogeneous immunoassays

There are several types of immunoassays including the immunometric design (Figure 2.13a)
as one of the simplest test mechanisms. An antibody is immobilized onto a surface (e.g.
a polystyrene test plate) and binds the analyte (usually called antigen) after addition of
the sample. A different antibody (the so-called tracer), labeled e.g. with a luminophore,
enzyme or radioactive isotope, is added and binds to another epitope of the antigen. As
antibodies and antigen form a sandwich complex, immunometric assays are also called
sandwich immunoassays. After a separation step where all unbound tracers are washed
away, bound tracers can be measured. If an antibody is to be detected, the antigen is
immobilized and the tracer will be a second antibody which is specific for the first one (Fig-
ure 2.13b). For both assays the signal is proportional to the antigen concentration (Figure 2.14).

Figure 2.13: a) Immunometric immunoassay for antigen detection: capture antibodies (black)

are surface immobilized and antigens (balls) as well as tracers (grey) are added (left side). After

incubation and separation (right side), the signal of the sandwich complexes, which is proportional

to antigen concentration, can be measured. b) Immunometric immunoassay for antibody detection:

capture antigens (balls) are surface immobilized and antibodies (black) as well as tracers (grey) are

added (left side). After incubation and separation (right side), the signal of the sandwich complexes,

which is proportional to antibody concentration, can be measured.
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Figure 2.14: The signal of an immunometric immunoassay (left) is proportional to the analyte

(antigen or antibody) concentration. The saturation part of the graph is caused by saturation of

the capture antibody/antigen or the tracer antibody by the analyte. The signal of a competitive

immunoassay (right) is indirectly proportional to the analyte concentration. The saturation part of

the graph is caused by saturation of the capture antibody by free analyte.

An important immunometric immunoassay is the so-called ELISA (enzyme-linked immunosor-
bent assay), where the tracers are labeled with enzymes that can catalyze the reactions of a
specific substrate, which is added to the assay after the separation step. Usually, these reactions
generate a specific colour or luminescence signal which is again proportional to the analyte con-
centration. As each enzyme can activate many substrate molecules, ELISAs are very sensitive
immunoassays.
Immunometric immunoassays work with large antigens because they need to possess at least
two epitopes for binding the antibodies. Detection of smaller molecules (e.g. in drug screening)
is performed by competitive immunoassays. Figure 2.15 shows the assay principle, where the
capture antibodies are surface immobilized, and analyte and tracer are added. The tracer is
the same analyte, labeled with a suitable signal generator (e.g. luminophore, enzyme, radioiso-
tope). Both labeled and unlabeld antigens compete for the binding sites of the antibodies,
leading to a signal indirectly proportional to analyte concentration (Figure 2.14).

Figure 2.15: Competitive immunoassay for small analyte detection: capture antibodies (black) are

surface immobilized and antigens (balls) as well as tracer antigens (labeled balls) are added (left side).

After incubation and separation (right side), the signal of the antibody-antigen complexes, which is

indirectly proportional to antigen concentration, can be measured.

All of the immunoassays mentioned so far require a separation step before measuring in order
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to generate a signal which is directly or indirectly proportional to the analyte concentration.
These assays are called heterogeneous assays.

2.5.1.2 Homogeneous FRET immunoassays

Immunoassays without necessary separation steps are called homogeneous assays. As the
analyte specific signal is only generated when the tracer binds to the analyte, this assay format
requires only the mixing of sample and immunochemical reagents, followed by detection.
Another advantage is the short incubation time because the binding reaction is not limited by
slow diffusion to a surface. Theoretically, homogeneous immunoassays are even more sensitive
than heterogeneous ones, which are more error-prone and tend to reverse weak binding
reactions. However, interference with the non-separated assay constituents often repeals the
sensitivity advantage and techniques to overcome non-specific signals (e.g. autofluorescence of
biological constituents, background luminescence or light scattering) have to be developed.
One of these concepts is the time-resolved FRET immunoassay using lanthanide complexes as
FRET donors. This sensitive technique has been successfully applied in commercial systems
(see section 2.3.3). The principle of such a homogeneous sandwich immunoassay is presented
in Figure 2.16.

Figure 2.16: Homogeneous sandwich FRET immunoassay. Left: two different capture antibodies

are labeled with a FRET donor and acceptor, respectively, and after analyte addition, sandwich

complexes are formed. Right: once the donor is excited (hν1), FRET can occur to the acceptor when

the sandwich complex is formed. The acceptor can then luminesce (hν2) and this luminescence signal

is proportional to analyte concentration.

For elimination of spurious background signal, which occurs on the nanosecond timescale, a
long luminescence lifetime component is necessary within the FRET assay. For two reasons,
this is preferably the donor. If the donor luminescence lifetime is short compared to the FRET
process the donor luminescence has decayed before FRET to the acceptor can happen. The
second reason is that a long-lived excited state of the acceptors would be a big disadvantage in
connection with a short-lived donor excited state. As the donor can be excited several times
during the acceptor excited-state lifetime, the acceptor is already saturated for FRET and the
donor would decay ineffectively.
As mentioned above, lanthanide complexes with long luminescence decay times can be
effectively used as FRET donors in immunoassays. The FRET couple of Eu-TBP (Figure
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2.8a) as donor and a crosslinked allophycocyanin (APC) as acceptor has a Förster radius of
up to 90 Å [181] and is used for commercial homogeneous immunoassays in the KRYPTOR
immunoreader (see also section 2.3.3). Delayed emission detection (from 50 to 450 μs) of
the APC signal eliminates background and provides a proportional signal to analyte concen-
tration. In order to ensure a correction for biological medium interferences or laser energy
fluctuations, a ratiometric measurement is performed where the measurement signal is the
ratio of APC emission and Eu-TBP emission. A typical signal ratio over analyte concentration
graph (calibration curve) for a TPSA (total prostate specific antigen) is presented in Figure 2.17.

Figure 2.17: Calibration curve for a homogeneous TPSA FRET immunoassay. The ratio of the

FRET signal (from APC) and the reference signal (from Eu-TBP) is measured in a time-gate (50 to

450 μs) and plotted against TPSA concentration c(TPSA). The ratio at 40 ng/ml TPSA is in the

saturation part of the curve as it lies below the linear fit (line).

The limit of detection (LOD - the lowest concentration of an analyte that the analytical pro-
cess can reliably detect [182]) is determined by the standard deviation of the blank σ0 (blank
concentration of the analyte ca = 0) and the sensitivity S, which is the slope of the calibration
curve.

S =
Δsignal

Δconcentration
(2.47)

The LOD corresponding to a confidence level of 99 % is defined as

LOD = 3
σ0

S
(2.48)

Besides LOD other definitions are also used, e.g. the limit of quantitation LOQ [182](the
concentration range at which the analyte concentration can be accurately quantified) which is
3 x LOD. As different sources use different interpretations of LOD, one should always check the
exact definition that is used. Throughout this work the definition in Equation 2.48 is applied.

2.5.2 Biotin-(strept)avidin

The biotin-(strept)avidin system is one of the most frequently used biological binding systems
in research and there are several reviews [183–186] and a volume of Methods in Enzymol-
ogy [187] dedicated to this topic. The reason for this is the fast and strong binding between
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biotin and (strept)avidin characterized by a formation constant of 1015 M−1 for avidin and 1013

M−1 for streptavidin [48,188], which is some orders of magnitude higher than for interaction of
ligands with their specific antibodies [185]. Probably the most cited work on the high affinity
binding of biotin to avidin is from Green, published in 1975 [189].
Avidin is a 67-kDa glycoprotein consisting of four subunits of 128 amino acids each. The
protein is found in egg white whereas streptavidin is from the bacterial source Streptomyces
avidinii. Both proteins provide four binding sites for biotin. The neutral isoelectric point and
the lack of carbohydrates result in less non-specific binding for streptavidin, which makes this
protein more useful for biological assays than avidin. The most frequently applied streptavidin
has a molecular mass of ca. 55 kDa and is called ”core” or ”truncated” streptavidin as it can
be converted to this lower-mass form from the native protein (with 66 − 75 kDa).
Biotin (also known as vitamin H) is found in minute amounts in every living cell and has
a molecular weight of 244.31 Da. It is well suited for bioconjugation and one of the major
advantages is that biotinylation does usually not alter the properties of the biotinylated
molecule.

Figure 2.18: Left (taken from [190]): each of the four streptavidin monomers binds one biotin

molecule. Right: chemical structure of biotin.

Both labeling of (strept)avidin and biotinylation of molecules is quite simple and a lot of
(strept)avidin conjugates as well as biotinylated molecules [185] are already commercially avail-
able for biological applications. Nevertheless, most of the available immunoassay methods rely
on direct labeling of the antibodies and antigens, and the biotin-(strept)avidin system is usually
used in research applications. In this work the biotin-streptavidin system was used as a well
characterized model system for biological binding in order to generate FRET systems. For this
reason the theory is only briefly addressed and the reviews mentioned above should be used for
detailed desriptions.
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2.5.2.1 Biotin-streptavidin binding

Each monomer of the tetrameric streptavidin binds one biotin molecule (Figure 2.18). The
three different binding mechanisms that have been described to be involved in the strong biotin
binding of streptavidin [188, 191–194] are displayed in Figure 2.19. The side chains of mainly
four tryptophans (Trp79, Trp92, Trp108 and Trp120) bind biotin via hydrophobic and van der
Waals interactions. A hydrogen bonding network is the second binding mechanism, in which
asparagine, serine and tyrosine (Asn23, Asn49, Ser27, Ser88 and Tyr43) bind to the oxygen
atoms, serine and aspartate (Ser45 and Asp128) bind to the nitrogen atoms and threonine
(Thr90) binds to the sulfur atom of biotin. The third binding mechanism is a surface loop
(consisting of the residues 45 to 52) which closes for biotin binding. All three mechanisms (see
Figure 2.19) are described in References [191,193] in detail.

Figure 2.19: The three binding mechanisms of streptavidin with biotin (taken from [190]). Left:

hydrophobic and van der Waals interactions of tryptophan (W79, W92, W108 and W120) residues with

biotin. Center: hydrogen bonding network. Right: open (O) and closed (C) surface loop incorporating

biotin.

2.5.3 Conjugation methods

For both immunoassays and biotin-streptavidin, conjugation of the biomolecules with donor or
acceptor luminophores is necessary to establish a FRET system. Many of these conjugation
methods have been described in the literature [96, 195–198]. Two examples of very common
coupling reactions to amines and sulfhydryls are presented.
The most common reactive groups for conjugating molecules to proteins are the N-
hydroxysuccinimide (NHS) or N-hydroxysulfosuccinimide (sulfo-NHS) esters which react with
amine nucleophiles. The binding reaction is an acylation where the active carbonyl group of the
NHS ester undergoes addition to the amine with the release of the NHS or sulfo-NHS leaving
group (Figure 2.20). Principally, these amines are the α-amines at the N-terminals and the
ε-amines of lysine side chains. Compared to NHS esters, the sulfo-NHS esters are relatively
water-soluble, long-lived and hydrolyze slower in water.
A thiol-reactive reaction is another common method for bioconjugation. Maleic acid imides
(maleimides) are functional groups where the C-C double bond undergoes alkylation with
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Figure 2.20: The sulfo-NHS ester reacts with the amine nucleophile releasing the sulfo-NHS leaving

group to form an acylated product.

sulfhydryl groups to form a stable thioether bond (Figure 2.21).

Figure 2.21: One of the maleimide carbons undergoes nucleophilic attack by the thiolate to generate

a stable thioether bonded product.

This method is especially used for labeling IgG antibodies without blocking the antigen binding
site. The antibodies are reduced (usually with MEA - 2-mercaptoethylamine) to cleave the
disulfide bonds between the two heavy chains in the hinge region of the antibody, whereas the
disulfide bonds between heavy and light chains are not affected. This reduction creates two
half-antibody fragments with one light and heavy chain, one antigen binding site and two free
sulfhydryl groups to couple the maleimide activated molecule.
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Chapter 3

Experimental section

3.1 Measuring solutions

The main solutions used in the experiments were:

SA: pure water
SB: pure water + 0.5 M KF
SC: 50 mM borate buffer pH 8.3
SD: 50 mM borate buffer pH 8.3 + 2 % BSA
SE: 50 mM borate buffer pH 8.3 + 2 % BSA + 0.5 M KF
SF: 50 mM borate buffer pH 8.3 + 2 % BSA + 0.05 % NaN3

SG: 50 mM borate buffer pH 8.3 + 2 % BSA + 0.5 M KF + 0.05 % NaN3

3.2 FRET donors and acceptors

Donors
The FRET lanthanide donor substances used in this work are the terbium complex of
TbL [35–37] as well as the europium complexes of EuL [35–37] and Eu-TBP [37, 38] (see also
Figure 2.8).
TbL and EuL labeling to streptavidin and TbL labeling of monoclonal mouse-IgG antibodies
(B24BF10 [199]) and to human chorionic gonadotropin (HCG) was performed by mixing 0.5
mg of the sulfo-NHS activated esters of TbL or EuL (dissolved in 2 μl DMSO) with 1 mg of
streptavidin, IgG or HCG in 200 μl PBS buffer. After one day of incubation on a shaker at
room temperature, unlabeled TbL was removed by dialysing twice for one day against 1 l of
PBS buffer. Labeling and purification as well as supply of IgG and HCG were realized by Frank
Sellrie (Universität Potsdam, Institut für Biochemie und Biologie, Professur für Biotechnologie,
Karl-Liebknecht-Str. 24-25, Haus 25, 14476 Potsdam-Golm, Germany). Streptavidin was
supplied by Promega GmbH (High-Tech-Park, Schildkrötstr.15, 68199 Mannheim, Germany).
TbL, EuL and their sulfo-NHS activated complexes were supplied by Löıc Charbonnière
(Laboratoire de Chimie Moléculaire, UMR 7509 CNRS, ECPM 25 rue Becquerel, 67087
Strasbourg cedex 02, France).
Eu-TBP and Eu-TBP labeled streptavidin (Pierce Biotechnologie,Inc., P.O.Box 117, Rockford,
IL 61105, USA) inside phosphate buffer containing bovine serum albumin (BSA) were supplied
by Cezanne SA (280, Allée Graham Bell, Parc Scientifique, Georges Besse, 30035 Nı̂mes cedex
1, France).

35
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Acceptors
The FRET acceptor substances used in this work are QDot655 semiconductor nanocrystals
[200], crosslinked allophycocyanin (APC) [201,202] and DY633 [203].
QDot655 biotin conjugate kit (5 to 6 biotins/QDot) was supplied by Quantum Dot Corporation
(26118 Research Road, Hayward, CA 94545, USA), now part of Invitrogen Corporation (1600
Faraday Avenue, Carlsbad, CA 92008, USA). Invitrogen kindly supplied a free sample of the
QDot655 antibody conjugation kit. IgG antibodies (B20CA2 [199]) were labeled with maleimide
activated QDots using the procedure described in the QDot655 antibody conjugation kit user
manual (www.qdots.com).
Biotinylated DY633 (1 biotin/DY633) was supplied by Dyomics GmbH (Winzerlaer Str.2A,
07745 Jena, Germany).
APC and biotinylated APC (10 to 15 biotins/APC) were supplied by Cezanne SA (280, Allée
Graham Bell, Parc Scientifique, Georges Besse, 30035 Nı̂mes cedex 1, France).

3.3 Analytical methods

3.3.1 Stationary absorption and luminescence spectroscopy

UV/Vis absorption measurements were performed on a Cary500 absorption spectrometer (Var-
ian Inc., 3120 Hansen Way, Palo Alto, CA 94304-1030, USA) with 5 mm or 10 mm quartz cells.
For correction of absorption and scattering of biological buffers the optical reference path as
well as single path buffer measurements were used for background correction.
Steady-state luminescence measurements were performed (with 5 mm or 10 mm quartz cells)
on a Fluoromax3 fluorescence spectrometer (HORIBA Jobin Yvon GmbH, Chiemgaustr. 148,
81549 München, Germany) in a 90° setup using the system-internal quantum correction and a
UV filter for excitation light suppression.

3.3.2 Time-resolved luminescence spectroscopy and fluoro im-
munoassays

Time-resolved luminescence measurements and fluoro immunoassays (FIA) were performed on
three spectrometer systems:

1. Modified KRYPTOR system (Cezanne) for time-resolved integrated single photon
counting at two photomultiplier (PMT) channels (545 and 665 nm for Tb and 620 and 665
nm for Eu, filter based wavelength separation) with 2 μs integration steps over 8 ms using
fiber-coupled laser excitation. The samples were measured inside a multi-well plate with
300 wells of 150 μl sample volume. The optical path of excitation light to the sample and
luminescence light to the PMTs is shown in Figure 3.1.

2. Andor iStar time-resolved ICCD camera (Andor Technology PLC, 7 Millennium Way,
Springvale Business Park, Belfast BT12 7AL, Northern Ireland) coupled to a MS257 spectrom-
eter (Oriel Instruments, 150 Long Beach Boulevard, Stratford, CT 06497-0872, USA). Samples
were measured (with 5 mm or 10 mm quartz cells) in a 90° setup with direct or fiber-coupled
laser excitation.
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ICCD specifications: 1024x256 pixels, min. gatewidth < 10 ns, min. stepwidth < 500 ps.
MS257 specifications: 270 nm < λ < 920 nm, 2 gratings: 300 and 1200 lines/mm.

3. FLS920 fluorescence spectrometer (Edinburgh Instruments Ltd., 2 Bain Square, Kirkton
Campus, Livingston EH54 7DQ, UK). Samples were measured (with 5 mm or 10 mm quartz
cells) in a 90° setup with direct laser excitation from a LDH-P-635 picosecond diode laser head
(635 nm output wavelength) with PDL800-B picosecond pulsed diode laser driver (PicoQuant
GmbH, Rudower Chaussee 29 (IGZ), 12489 Berlin, Germany).
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Figure 3.1: Schematic setup of the KRYPTOR detection system.

The laser sources used for sample excitation with the spectrometer setups 1 and 2 were:

1. Vibrant-LD-355-II OPO (Opotek Inc., 2233 Faraday Avenue, Suite E, Carlsbad, CA
92008, USA) pumped with a Brilliant Nd:YAG laser (Quantel SA, 17, Avenue de l’atlantique,
91941 Les Ulis cedex, France) with 20 Hz repetition rate and spectral tunability from 250 to
2400 nm. Due to insufficient performance this system had to be returned to the manufacturer
after some months and is no longer available in our labs.
2. LAB-170-20PLUS Nd:YAG laser (Spectra-Physics, 1330 Terra Bella Ave., Mountain View,
CA 94039, USA) pumping a versaScan OPO (GWU-Lasertechnik Vertriebsgesellschaft m.b.H.,
Talstr. 3, 50374 Erftstadt, Germany) with 20 Hz repetition rate and spectral tunability from
240 - 2550 nm.
3. OPTex XeCl excimer laser (Lambda Physik AG, Hans-Böckler-Straße 12, D-37079 Göttin-
gen, Germany) with 20 Hz repetition rate and 308 nm output wavelength.
4. VSL-337i nitrogen laser (Spectra-Physics, 1330 Terra Bella Ave., Mountain View, CA
94039, USA) with 20 Hz repetition rate and 337.1 nm output wavelength.
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3.3.3 MALDI-TOF

Analysis of labeled streptavidin was realized with Matrix Assisted Laser Desorption/Ionization
Time of Flight (MALDI-TOF) mass spectrometry [204]. The measurements were performed
by Dr. Sophie Haebel (Universität Potsdam, Interdisziplinäres Zentrum für Massenspektrome-
trie von Biopolymeren, Karl-Liebknecht-Strasse 24-25, Haus 20, 14476 Potsdam-Golm) on a
REFLEX II MALDI-TOF mass spectrometer (Bruker BioSciences Corporation, 40 Manning
Road, Billerica, MA 01821, USA).

3.4 Data processing

For data processing, mathematical calculations and fitting procedures as well as graphical data
presentation, the computer software Origin7G (OriginLab Corporation, One Roundhouse Plaza,
Suite 303, Northampton, MA 01060, USA) and MicrosoftExcel2000 (Microsoft Corporation,
One Microsoft Way, Redmond, WA 98052, USA) were used.



Chapter 4

Results and discussion

4.1 Characterization of the FRET donors

The donors used for FRET experiments were the long-luminescing lanthanide complexes of
Eu-TBP and LnL (see Figure 2.8 a and d in Section 2.3.3). These complexes were labeled to
streptavidin, IgG antibodies and HCG (the two latter for TbL only) in order to obtain biocom-
patible FRET donors. Structural and spectroscopic data important for FRET are described in
this section.

4.1.1 Bioconjugation

Bioconjugation was performed as described in the experimental section (Chapter 3). Assuming
the absence of strong electronic perturbations due to the labeling process, it was possible to
quantify the labeling ratio (the number of complexes per biomolecule) by deconvolution of the
UV/Vis spectra of the labeled biomolecule into a linear combination of the spectra of the pure
label and pure biomolecule. For concentration calculations, the molar absorption coefficients
ε of the biomolecules at the absorption maximum around 280 nm, of LnL at the maximum
around 308 nm and of EuTBP at the maximum around 305 nm were used. The absorbance of
a protein at 280 nm depends on the content (number of residues) of tryptophan (nTrp), tyrosine
(nTyr) and the disulfide bonds between to cysteine residues (also called cystine) (ndsb) and can
be predicted using the equation [205]

ε(280nm) = nTrp · 5500 + nTyr · 1490 + ndsb · 125 M−1cm−1 (4.1)

With nTrp = 6, nTyr = 6 and ndsb = 0 for the used streptavidin monomer, the absorption
coefficient is ε(280nm) = 42000 M−1cm−1 for a monomer and ε(280nm) = 168000 M−1cm−1

for the complete tetramer.
Determination of the HCG and IgG absorption coefficients is not as easy as for streptavidin,
as the used HCG contains many sugars and the amino acid sequence of the used IgG is not
completetly known. Coefficients of ε(280nm) = 40000 M−1cm−1 for HCG (absorbance = 1 for
1 mg/ml, molecular weight = 40 kDa) and ε(280nm) = 210000 M−1cm−1 for IgG (absorbance
= 1.4 for 1 mg/ml, molecular weight = 150 kDa) were used, as suggested by the supplier.
For the Ln complexes, absorption coefficients of ε(308nm) = 20800 M−1cm−1 for TbL [35],
ε(308nm) = 19700 M−1cm−1 for EuL [35] and ε(305nm) = 30000 M−1cm−1 for Eu-TBP [86]
were used.

39
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The spectra of labeled streptavidin are presented in Figure 4.1. For both Eu-TBP and TbL,
labeling ratios close to 4 were obtained (4.1 and 3.7, respectively), meaning an average value
of one label per monomeric unit composing the tetrameric streptavidin protein. For EuL, a
poor labeling ratio of 1.2 could be obtained. A much better labeling ratio of approximately
10 TbL/streptavidin could be achieved by a secondary labeling step of already TbL-labeled
streptavidin with 2 mg of sulfo-NHS activated TbL dissolved in 300 μl DMSO. As hydrolysis
of the active sulfo-NHS ester to nonreactive sulfo-NHS and a nonreactive TbL complex is
the main competing reaction to the amine conjugation described in Section 2.5.3, aqueous
stock solutions of the sulfo-NHS activated complexes should be used immediately. Stronger
hydrolysis of the activated EuL complex due to longer dissolving times in the aqueous stock
solution could be a reason for the low labeling ratio of 1.2. On the other hand, the use of a
DMSO stock solution for the secondary labeling step with TbL prevents early hydrolysis and
could be the reason for the high labeling ratio. Nevertheless, one has to take care that high
amounts of DMSO do not damage the protein, which has to be labeled.

Figure 4.1: Labeling of streptavidin with Ln complexes. UV/Vis spectra of streptavidin (Strep,

c = 1·10−6 M), TbL (c = 5.6·10−6 M), EuL (c = 5.9·10−6 M), Eu-TBP (c = 4.5·10−6 M), Ln complex

labeled streptavidin and linear combinations of streptavidin and Ln complex. Labeling ratios of 4.1

Eu-TBP/Strep, 1.2 EuL/Strep, 3.7 TbL/Strep and 9.9 TbL/Strep (two step labeling) were achieved.

In order to confirm these labeling ratios, the Ln complex streptavidin conjugates were
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characterized by MALDI-TOF mass spectrometry. The spectra of the 4.1 Eu-TBP/Strep, the
1.2 EuL/Strep and the 3.7 TbL/Strep complexes are shown in Figure 4.2. Depending on the
cleavage of the native protein, the molecular mass of the ”core” streptavidin monomer ranges
from 12930 Da [206] to 13300 Da (specified by Promega Corp. for streptavidin). The pure
streptavidin spectrum shows five peaks at 12970, 13040, 13115, 13185 and 13265 Da (all ±10
Da) indicating a streptavidin sample composed of differently cleaved monomers. Nevertheless,
these five peaks can also be found in the spectra of all labeled streptavidin compounds, refering
to unlabeled streptavidin monomers. This accumulation of peaks can be found shifted to
higher molecular weight in steps of approximately 600 to 700 Da, which corresponds to the
molecular weight of the Ln complexes without the central Ln ion (which is detached from the
complex during the ionization process). For LnL, besides the unlabeled monomer, proteins
labeled with one complex are the predominant species, coexisting with minor amounts of
double and triple labeled ones. For Eu-TBP-Strep single and double-labeled monomers are
dominant with minor amounts of triple and quadruple labeled ones. These spectra point to
multiple possible environments for the Ln complex label.
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Figure 4.2: MALDI-TOF spectra of streptavidin monomer and its three Ln complex labeled bio-

conjugates. The number of Ln complexes per streptavidin monomer are displayed on top of the peaks.

All spectra show single charged biomolecules (m/z = m = mol. mass).

Labeling of IgG and HCG with TbL was characterized by UV/Vis spectroscopy (Figure 4.3).
Although several lysine residues should be available at the proteins for sulfo-NHS labeling,
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both labeling ratios of 2.1 for IgG and 0.4 for HCG are quite low. Reasons for that could be
hydrolysis of the sulfo-NHS complex or to few accessible lysine residues on the protein surface.

Figure 4.3: Labeling of IgG and HCG with TbL. UV/Vis spectra of IgG (c = 6 · 10−7 M), HCG

(c = 3.1 ·10−6 M), TbL (c = 5.6 ·10−6 M), Ln complex labeled IgG and HCG and linear combinations

of TbL and IgG and HCG, respectively. Labeling ratios of 2.1 TbL/IgG and 0.4 TbL/HCG were

achieved.

4.1.2 Photophysical characterization

As mentioned in Section 2.3.2, the photophysical properties of Ln complexes are characterized
both by the Ln ion itself as well as the surrounding ligand. The energy level diagram of Figure
2.7 is basically the same for the used Ln complexes.
The lowest singlet state of the LnL ligand is around 30000 cm−1, as characterized by the ab-
sorption spectrum with a maximum at 308 nm and 318 nm and a cut-off wavelength at around
340 nm. States of higher energy can also be observed in this spectrum (peaks at 276 nm,
268 nm and 253 nm). The ligand triplet state lies at ca. 22100 cm−1 which is 1800 cm−1 above
the Tb3+ 5D4 state at approximately 20300 cm−1 [58]. Although this value is lower than 1850
cm−1 (see Section 2.3.2), strong backtransfer could not be observed at room temperature [35].
The Eu3+ levels, which can receive energy from the ligand triplet state, lie at ca. 17300 cm−1

(5D0), 19050 cm−1 (5D1) and 21500 cm−1 (5D2) [58]. Energy backtransfer to the ligand triplet
state is not problematic in this case because the two higher levels deactivate directly to the
5D0.
For Eu-TBP the lowest singlet state is around 30000 cm−1 as well, characterized by the ab-
sorption maximum at 305 nm and a weak shoulder in the absorption spectrum around 325 nm.
The cut-off wavelength is at approximately 370 nm. Eu-TBP possesses a LCMT state allowing
for direct deactivation of the singlet state. The LCMT state energy is unknown but expected
to lie between the singlet and triplet state of the ligand which is at 21600 cm−1 [86].
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4.1.2.1 Absorption spectra

Absorption spectra of the lanthanide complexes are characterized by the ligand (the antenna
- see Section 2.3.2), which collects the light and transfers the photon energy to the central Ln
ion. As the antenna absorbs in the UV region, there is a strong overlap with the biomolecule
absorption as shown in Figures 4.1 and 4.3. Some biomolecules luminesce strongly, which can
interfere with the luminescence signal of interest. Moreover, a strong biomolecule absorption
withdraws photons from the ligand excitation process. For these reasons excitation should be
performed with a wavelength that is not (or only slightly) absorbed by the biomolecule. Exci-
tation wavelengths above 305 nm usually fulfill this requirement.
For comparison, the absorption spectra of the three Ln complexes with maxima of
20800 M−1cm−1 at 308 nm for TbL [35], 19700 M−1cm−1 at 308 nm for EuL [35] and
28000 M−1cm−1 at 305 nm for Eu-TBP [86] are shown in Figure 4.4. Looking at these spectra,
a wavelength around 250 nm would be possible for exciting the complexes. Taking into account
common laser sources, the 4th harmonic of a Nd:YAG laser at 266 nm would result in a better
excitation than using the 3rd harmonic at 355 nm. In a biological assay the use of 266 nm is
not possible due to the reasons mentioned above. Unfortunately, near the excitation maxima of
the complexes above 305 nm only large and expensive laser systems are commercially available
(e.g. XeCl excimer laser at 308 nm or Nd:YAG laser pumped OPO or dye laser systems). This
may sometimes not be a problem for the use in scientific laboratories. For commercial applica-
tions small and inexpensive lasers are necessary. In the case of the KRYPTOR immunoreader
(see Section 3) a nitrogen laser (337.1 nm) is used in the standard setup for economic reasons.
This wavelength is quite far away from the absorption maximum, and Eu-TBP excitation is
weak but still possible. Small and inexpensive diode pumped solid state laser concepts using a
frequency-tripled 930 nm Nd:YAlO or 946 nm Nd:YAG laser were proposed [207] and success-
fully realized in the case of the Nd:YAG [208]. Unfortunately these concepts have not yet been
commercialized.

ε

Figure 4.4: Absorption spectra (extinction coefficient ε) of the Ln complexes TbL, EuL and Eu-

TBP in 50 mM phosphate buffer pH 7.5.
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4.1.2.2 Emission spectra

Emission spectra of the Ln complexes are composed of the typical narrow-band luminescence
lines of the central Ln ion due to the 5D4 → 7FJ transitions for Tb3+ and the 5D0 → 7FJ and
5D1 → 7FJ transitons of Eu3+. In the latter case, the 5D1 → 7FJ transitions are extremely
weak and cannot be easily observed at room temperature.
In order to estimate the influence of different assay constituents on the donor properties, emis-
sion spectra were investigated in the presence of water, borate buffer and BSA. The presence of
potassium fluoride (KF) was also tested, as fluoride anions are known to have a dramatic influ-
ence on the luminescence properties of lanthanide complexes in general [209,210] and on charged
macropolycyclic cryptates such as Eu-TBP in particular [181]. This hard lanthanophylic anion
is able to compete with water and other anionic species and to alleviate their negative impact
on the luminescence of lanthanides. The influence of sodium azide (NaN3), which is used as
antibacterial agent in biological solutions, was also investigated. Solutions SA to SG (see Sec-
tion 3) were used for the experiments.
Streptavidin labeled and unlabeled Ln complexes were measured in SA, SB, SC,SF and SG.
The complete spectra are shown in the appendix (Section 6.3) and only representative spectra
are displayed here. All spectra are intensity-normalized to the maximum emission peak because
Ln complex emission intensities are not important for FRET. In Equation 2.5, the integrated
donor emission is normalized to unity over the complete wavelength range. The donor quantum
yield (ΦD in Equation 2.3) is the quantum yield of the central Ln ion itself (ΦLn) and not the
one of the whole Ln complex. ΦLn will be calculated in Section 4.1.2.3.
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Figure 4.5: Intensity-normalized emission spectra of TbL-Strep in SA (left) and TbL in SG (right).

The estimated optical transitions are displayed on top of the graphs. Complete spectra are displayed

in the appendix (Section 6.3).

TbL and TbL-Strep are relatively insensitive to the different conditions. Even addition of
KF results only in small changes of the emission spectrum. Figure 4.5 shows the emission
spectra of TbL-Strep in SA and TbL in SG. Depending on addition of KF, the other spectra
are almost identical to the ones in Figure 4.5. Especially for KF spectra the fine-splitting of
the energy levels becomes visible. The typical intensity distribution for the different transitions
(see Table 2.1) can be found as well.
Although EuL and EuL-Strep are not very sensitive to the different conditions a stronger
influence of KF addition on the emission spectra becomes visible (Figure 4.6). This influence
is strongest for the hypersensitive 5D0 → 7F2 transition. Like with TbL and TbL-Strep, the



4.1. CHARACTERIZATION OF THE FRET DONORS 45

580 600 620 640 660 680 700 720
0.00

0.25

0.50

0.75

1.00

lu
m

.
in

t.
/

re
l.

u
n
it

s

wavelength / nm

7
F

4

7
F

3

7
F

2

7
F

1

7
F

0

5
D

0

580 600 620 640 660 680 700 720
0.00

0.25

0.50

0.75

1.00

lu
m

.
in

t.
/

re
l.

u
n

it
s

wavelength / nm

7
F

4

7
F

3

7
F

2

7
F

1

7
F

0

5
D

0

Figure 4.6: Intensity-normalized emission spectra of EuL-Strep in SA (left) and EuL in SG (right).

The estimated optical transitions are displayed on top of the graphs. Complete spectra are displayed

in the appendix (Section 6.3).

emission spectra show energy level fine-splitting and a typical intensity distribution for the
different transitions.

580 600 620 640 660 680 700 720
0.00

0.25

0.50

0.75

1.00

lu
m

.
in

t.
/

re
l.

u
n
it

s

wavelength / nm

7
F

4

7
F

3

7
F

2

7
F

1

7
F

0

5
D

0

580 600 620 640 660 680 700 720
0.00

0.25

0.50

0.75

1.00

lu
m

.
in

t.
/

re
l.

u
n

it
s

wavelength / nm

7
F

4

7
F

3

7
F

2

7
F

1

7
F

0

5
D

0

Figure 4.7: Intensity-normalized emission spectra of Eu-TBP-Strep in SA (left) and Eu-TBP in

SG (right). The estimated optical transitions are displayed on top of the graphs. Complete spectra

are displayed in the appendix (Section 6.3).

Unlike TbL, TbL-Strep, EuL and EuL-Strep, Eu-TBP and Eu-TBP-Strep are very sensitive
to the different solution conditions. This becomes very obvious regarding KF addition, which
results in a spectral shift of the emission lines as well as a different intensity distribution.
Especially the hypersensitive 5D0 → 7F2 transition is affected by the addition of KF. Figure
4.7 displays two representative spectra for the various conditions. Similar to the two other Ln
complexes, the energy level fine-splitting is apparent in the emission spectra.

4.1.2.3 Luminescence kinetics

Besides line-like emission bands, the long luminescence decay times are characteristic photo-
physical properties of Ln complexes. Luminescence decay times are very important for an
extensive analysis of FRET, quenching processes and Ln complex properties (cf. Chapter 2).
Moreover, the long decay times are necessary for homogeneous FRET immunoassays.
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Luminescence kinetics of streptavidin labeled and unlabeled Ln complexes in solutions SA to
SG were measured.

Table 4.1: Luminescence decay times (τ) and Ln centered quantum yields (ΦLn) of the
unlabeled Ln complexes in different solutions.

TbL EuL Eu-TBP

Solution τ (μs) ΦLn τ (μs) ΦLn τ (μs) ΦLn

1)
395 0.23

SA 1560 0.52 620 0.24
2)

95 & 400 0.22
3)

90 & 430 0.18

SB 2370 0.78 1390 0.54 1190 0.70

520 (70%)
SC 1540 0.51 620 0.24

250 (30%)
0.26

790 (45%)
SD 1330 0.44 700 0.27

320 (55%)
0.31

SE 1990 0.66 1350 0.52 1180 0.69

1020 (70%)
SF 640 0.21 750 0.29

200 (30%)
0.45

SG 1250 0.41 1350 0.52 1150 0.68

D2O
a

2530 0.84 2480 0.96 1700 1.0

H2O
a,b

1480 0.49 620 0.24 340 0.20

Experimental uncertainty for τ ca. ±5 % (±10 % for bi-exponential decays); calculated max. error for ΦLn

ca. ±20%. In case of two-exponential decays, the relative amounts of the two decay components to the total
luminescence are given in brackets. For Eu-TBP in water, the decay behaviour changes with incubation time
after dilution: 1) 5 min.; 2) 30 min.; 3) 2.5 h.
a Taken from Reference [35] for TbL and EuL and from Reference [86] for Eu-TBP; b Values (in pure water at
300 K) taken as τ 0 and Φ0

Ln for Equation 4.2

The measured luminescence decay times can be used to calculate the Ln centered quantum
yields (ΦLn), which are relevant for FRET (cf. Section 2.3.2), by Equation 2.28. The radiative
lifetime of the Ln ion inside the complex is the ratio of measured luminescence decay time and
Ln quantum yield. It was calculated for each complex with the decay time in pure water (at
300 K) τ 0 and the corresponding Φ0

Ln (see Table 4.1). The resulting values (with a max. error of
±15%) are τR = 3.0 ms for TbL, τR = 2.6 ms for EuL and τR = 1.7 ms for Eu-TBP. Assuming
that τR of each complex is independent of the medium, ΦLn is given by

ΦLn = Φ0

Ln

τ

τ 0
(4.2)
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The different solution conditions also have an influence on Φtrans (Equation 2.31), which has
no impact on the FRET efficiency, but can alter the FRET immunoassay sensitivity due to
variable amounts of energy available for FRET (cf. Section 2.3.2).

Table 4.2: Luminescence decay times (τ) and Ln centered quantum yields (ΦLn) of the
streptavidin labeled Ln complexes in different solutions.

TbL-Strep EuL-Strep Eu-TBP-Strep

Solution τ (μs) ΦLn τ (μs) ΦLn τ (μs) ΦLn

840 (55%)
SA 1450 0.48 680 0.26

320 (45%)
0.36

SB 2100 0.70 1400 0.54 1080 0.64

650 (65%)
SC 1220 0.40 650 0.25

230 (35%)
0.29

690 (65%)
SD 1220 0.40 650 0.25

230 (35%)
0.31

SE 1900 0.63 1400 0.54 1100 0.65

1030 (65%)
SF 680 0.23 680 0.26

220 (35%)
0.44

SG 1430 0.47 1430 0.55 1110 0.65

Description see Table 4.1

Tables 4.1 and 4.2 summarize the luminescence decay times τ and the Ln quantum yields ΦLn

of streptavidin labeled and unlabeled TbL, EuL and Eu-TBP in the different solutions. The
corresponding decay spectra can be found in the appendix (Section 6.4).
Regarding these results, one can clearly see that EuL and EuL-Strep are influenced very little
by borate, BSA or NaN3. In contrast, KF greatly increased the luminescence lifetime and
quantum yields, as expected by the replacement of water molecules in the first coordination
sphere with fluoride anions. The average number of coordinated water molecules (calculated
by Equation 2.30) in water is 1.3 and 1.1 for EuL and EuL-Strep, respectively. Addition of KF
leads to an average of 0.3 water molecules for both complexes.
For TbL and TbL-Strep, a surprising decrease of τ was observed upon addition of NaN3, while
borate buffer and BSA have only minor influence. The azide quenching effect was further
confirmed by titration experiments at different concentrations of added anions (Figure 4.8).
Such titrations also showed that a bi-exponential luminescence decay can be found for TbL-
Strep at azide concentrations of 0.05 % and higher, as observed in previous experiments [36].

The quenching effect of N3− anions on lanthanide luminescence has already been docu-
mented [211], but it was reported to be far more efficient for Eu than for Tb. Thus, these
variations can possibly be attributed to first coordination sphere perturbations [212]. TbL
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Figure 4.8: Influence of azide concentration on TbL (left) and TbL-Strep (right). Concentrations:

[TbL] = 2 · 10−6 M; [TbL-Strep] = 4 · 10−8 M). [NaN3] is 0, 0.01, 0.05, 0.1, 0.25 and 0.5 % from top

to bottom, respectively.

provides a relatively small energy difference between the ligand centered triplet state and the
Tb 5D4 emitting level (cf. Section 4.1.2), and subtle changes in the coordination sphere of Tb
may improve the energy back transfer processes from Tb3+ to the ligand. Interestingly, fluoride
anions strongly enhanced the luminescence lifetime of Tb, nearly reaching values obtained in
pure D2O, and in the presence of all constituents inside the solution, the combined effects of
NaN3 and KF are compensated to afford luminescence decay times similar to TbL-Strep in
water. The average number of coordinated water molecules in water is 1.0 and 1.2 for TbL
and TbL-Strep, respectively. KF addition leads to an average number of 0.1 for TbL and 0.3
for TbL-Strep.
Unlike the other complexes, Eu-TBP and Eu-TBP-Strep luminescence shows an obvious
two-exponential decay behaviour in water as well as in borate buffer with or without NaN3,
likely due to the presence of two distinct emitting species. Moreover, for Eu-TBP an incubation
time dependent luminescence decay was observed (Table 4.1 and Figure 6.23). This is probably
caused by a time-dependent water coordination of Eu in the Eu-TBP complex which might
hydrolize at low concentrations (in this case ca. 3 · 10−8 M). While the luminescence decay is
mono-exponetial with a decay time around 400 μs directly after dilution from a ca. 2 · 10−6 M
stock solution, a second decay time of ca. 100 μs appears after ca. 30 min., becoming obvious
after approximately 2.5 h. In order to avoid the well known negative influence of water on
Eu-TBP, it is usually supplied in a phosphate buffer, which enhances the luminescence decay
time [213] and stability. The major influence on Eu-TBP and Eu-TBP-Strep is, as expected,
due to fluoride anions, which removed water from the first coordination sphere and resulted in
a mono-exponential luminescence decay. The average number of coordinated water molecules
in water is 2.0 and 1.1 for Eu-TBP and Eu-TBP-Strep, respectively. Addition of KF leads
to an average number of 0.3 for Eu-TBP and 0.4 for Eu-TBP-Strep. These results show that
Eu-TBP should be used with KF or at least in phosphate buffer for reliable spectroscopic
experiments.
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4.2 Characterization of the FRET acceptors

The acceptors used for the FRET experiments were commercially available (Invitrogen Corpora-
tion) CdSe/ZnS core/shell quantum dot nanocrystals emitting at 655 nm (QD655), crosslinked
allophycocyanin (APC) and the fluorescence dye DY633.
QD655 are spherical nanoparticles made of semiconductor materials with a CdSe core diameter
of ca. 6 nm surrounded by a surface passivation ZnS shell, resulting in an overall diameter of
approximately 8 nm. Due to the organic passivating shell these nanocrystals are not soluble in
water, which has been overcome by several concepts (see Section 2.4.5). QD655 are coated with
a polymer shell, which also provides the possibility of labeling biomolecules to the surface [214].
The complete QD has a diameter of ca. 10 - 12 nm.
The ca. 100 kDa biliprotein allophycocyanin is an important component of phycobili-
somes (macromolecular photosynthetic antenna complexes of cyanobacteria and red algae).
Crosslinked allophycocyanin consists of an (α-β)3 trimer with (α-β) as the only major inter-
subunit, leading to better stability compared to untreated allophycocyanin [201]. The three
(α-β) monomers are arranged around a 3-fold axis to form a discshaped trimer of approximately
3 nm in thickness and ca. 10 - 13 nm in diameter (depending on the algae source) with a cavity
in the center [215,216].
In contrast to QD655 and APC, DY633 is a relatively small fluorescence dye comparable to
other conventionally used red absorbing dyes such as Cy5 or Alexa Fluor dyes [217,218].
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Figure 4.9: Top: chemical structure of biotinylated DY633 red-absorbing fluorescence dye (Biot-

DY633). Bottom left: schematic representation of the biotinylated CdSe/ZnS core/shell (Biot-QD655)

with ca. 6 biotin molecules (not to scale) attached to the surface. Bottom right: representative

structure of the APC (α-β) trimer from Porphyra yezoensis taken from www.pdb.org [216] without

biotin molecules.
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4.2.1 Bioconjugation

QD655, APC and DY633 are commercially available in their biotinylated forms Biot-QD655,
Biot-APC and Biot-DY633. Nevertheless, methods for biotinylation are described in the liter-
ature mentioned in Section 2.5.3. Each QD655 contains 5 - 7 biotin molecules labeled to the
polymer coating on the surface of the dots. APC contains between 10 and 15 biotins. DY633
and biotin are supplied as a 1:1 complex, because they have approximately the same size. IgG
antibodies were labeled with maleimide activated QD655 using the procedure described in the
QDot655 antibody conjugation kit user manual (www.qdots.com). The three biocompatible
FRET acceptors are shown in Figure 4.9.

4.2.2 Photophysical characterization

In order to perform efficient FRET, the acceptors need high extinction coefficients with absorp-
tion spectra overlapping well with the donor luminescence (cf. 2.1). Other important properties
for distinguishing between donor and acceptor luminescence are short decay times and well sep-
arated emission spectra compared to the donors.

4.2.2.1 Absorption spectra

The absorption spectra of Biot-QD655, Biot-APC and Biot-DY633 are shown in Figure 4.10.
Biot-QD655 displays the typical absorption spectrum described in Section 2.4, with three major
exciton peaks around 650, 610 and 520 nm, two minor ones at ca. 580 and 460 nm and a broad
continuum towards the UV from energies higher than the bandgap energy. Compared to other
luminescence dyes, the extinction coefficients are extremely high over the complete absorption
spectrum.

Figure 4.10: Absorption spectra (extinction coefficients ε as suggested by the suppliers) of Biot-

QD655 (in SF), Biot-APC and Biot-DY633 (in 20 mM phosphate buffer, pH 7.5). For better com-

parison, the spectra of Biot-APC and Biot-DY633 (right) are magnified by a factor of 25 and 100,

respectively.

Biot-APC has a broad absorption peak with the maximum at 650 nm, providing a very high
extinction coefficient of ca. 7 ·105 M−1cm−1 [219]. There are two further shoulders in the falling
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slope of the peak towards the blue at ca. 625 and 600 nm. Another minor absorption region
lies around 350 nm, as is typical for phycobiliproteins [215].
The Biot-DY633 absorption spectrum is similar to the one of Biot-APC with a maximum of
approximately 175000 M−1cm−1 at 628 nm (as suggested by the supplier) and a shoulder at
580 nm. There are two further absorption regions around 475 and 340 nm.

4.2.2.2 Emission spectra

Emission spectra of the three acceptors are presented in Figure 4.11. They all have a strong
emission peak with 30 - 40 nm FWHM (full width at half maximum) in the wavelength region
above 600 nm. The maximum Biot-QD655 emission lies around 654 nm, the one for Biot-APC
at 660 nm and the one for Biot-DY633 at ca. 651 nm. The emission spectra of the two latter
acceptors show a further shoulder next to the maximum around 705 nm for DY633 and 725
nm for APC.

Figure 4.11: Intensity-normalized emission spectra of Biot-QD655 (in SF), Biot-APC and Biot-

DY633 (in 20 mM phosphate buffer, pH 7.5).

4.2.2.3 Luminescence kinetics

In contrast to the donors, Biot-QD655, Biot-APC and Biot-DY633 display short luminescence
decay times in the ns range. These short decay times are important in order to have an equal
luminescence decay time of donor and FRET sensitized acceptor within a D-A complex (cf.
Equation 2.8 in Section 2.1.2). While the fluorescence decay times of DY633 and Biot-DY633
are different, the larger QD655 and APC molecules are not disturbed by the small biotin
resulting in the same decay times for both biotinylated and free species of QD655 and APC,
respectively.
The Biot-QD655 luminescence decay (Figure 4.12) shows a multi-exponential behavior and the
decay function could be conveniently fitted by two main components of 23 and 47 ns (41 and
53 % of the overall luminescence), and a minor one of 160 ns (6 % of the overall luminescence).
This behavior is commonly observed for the luminescence decay of quantum dot nanocrystals
and arises from the QD size distribution and their anisotropy [152,220,221].
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Figure 4.12: Luminescence decay (integrated intensity (in counts) from 625 - 685 nm) of Biot-

QD655 (in SF) with decay times of 23 ns (41 % of the overall luminescence intensity), 47 ns (53 %)

and 160 ns (6 %). Excitation wavelength 308 nm.

The luminescence decays of Bio-APC and Biot-DY633 are mono-exponetial with decay times
of 1.5 ns and 0.6 ns, respectively (Figure 4.13). The decay time of unbiotinylated DY633 (not
displayed) is with ca. 0.2 ns much shorter than for Biot-DY633, showing the influence of biotin
on the small molecule DY633. Similar values can be found in the literature for other DY
dyes [217] and APC [215].

Figure 4.13: Luminescence decay times τ (measured at 665 ± 1 nm in 20 mM phosphate buffer,

pH 7.5) of Biot-APC (τ = 1.5 ns) and Biot-DY633 (τ = 0.6 ns).
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4.3 FRET experiments

The biochemical FRET systems used in this work were the binding of biotin by streptavidin and
a homogeneous sandwich immunoassay of HCG with two different IgG antibodies. The FRET
experiments were performed on a modified KRYPTOR system, equipped with a well plate
reader, using laser excitation at 315 nm (see Section 3). This wavelength was chosen in order
to have a comparable extinction coefficient of the different donors and to avoid biomolecule
absorption (cf. 4.1.2). Concerning the acceptors, all of them (especially QD655) are excited at
this wavelength, and strong short-lived emission by direct acceptor excitation can be expected.
For this reason, time gated (250 - 1000 μs for experiments with QD655 and 50 - 1000 μs for the
others) donor emission intensities ID at 545 ± 5 nm for Tb and 620 ± 5 nm for Eu as well as
acceptor emission intensities IA at 665± 5 nm were recorded. A ratiometric analysis, in which
the acceptor signal is divided by the donor reference signal, was performed for concentration
correction of the titration experiments and for suppression of laser intensity fluctuations.

4.3.1 Streptavidin-biotin FRET system

The streptavidin-biotin system is a good model for studying FRET in biological systems be-
cause it is well known and provides extremely strong binding properties (cf. Section 2.5.2).
Using the calculated quantum yields ΦLn (Table 4.2), the normalized donor luminescence spec-
tra FD(λ) (cf. Sections 4.1.2.2 and 6.3), the acceptor absorption spectra εA(λ) (Figure 4.10),
a refractive index of n = 1.4 for biomolecules in aqueous solution [10] and a dipole orientation
factor of κ2 = 2

3
(considering a statistical distribution of the donor-acceptor dipoles within the

luminescence decay time of the donor [24]), the Förster radii R0 for the different donor-acceptor
pairs can be calculated using Equations 2.3 and 2.5. Table 4.3 shows the Förster radii for all
donor-acceptor pairs in the different solutions. It should be mentioned that the R0 values in

Table 4.3: Förster radii R0 (in Å) of all donor-acceptor pairs in different solutions.

TbL-Strep EuL-Strep Eu-TBP-Strep

Solution QD APC DY QD APC DY QD APC DY

SA 98 71 55 84 76 61 85 78 63
SB 104 76 59 95 86 70 91 82 64
SC 95 69 54 83 76 61 83 75 61
SD 95 69 54 83 76 61 84 76 61
SE 102 75 58 95 86 70 91 83 65
SF 86 63 49 84 76 61 89 81 65
SG 97 71 55 95 86 70 91 83 65

QD is Biot-QD655, APC is Biot-APC and DY is Biot-DY633. Max. error for R0 ca. ±10 %.

SA and SB are theoretical values for Biot-QD655 as acceptors because they are not stable in
water at low concentrations.
As a result of the high ε(λ) for QD655 and the good spectral overlap with the lanthanide
complexes, the R0 values are considerably larger than the ones of APC or DY633, reaching ca.
100 Å in some cases. These values are even higher than the Förster radii of the Eu-TBP-APC
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system under ideal conditions (approximately 90 Å in phosphate buffer) [181] and unbound
donor-acceptor pairs (71 - 98 Å) [24]. Nevertheless, all donor-acceptor pairs possess large
Förster radii compared to conventional donor-acceptor pairs (with distances ranging from 21 -
61 Å) [44] or pairs containing QD as donors (39 - 65 Å) [175,177,222].
The main focus of this work lies on FRET from Ln complexes to QD. For this reason the mea-
suring solutions for the FRET experiments were chosen to yield the best performance for these
donors and acceptors. Biot-QD655 are delivered with (and stored in) 50 mM borate buffer, pH
8.3, containing 2 % BSA and 0.05 % NaN3 as a preservative (SF). The positive influence of KF
on Ln luminescence was shown in Section 4.1.2. As Biot-QD655 are not stable in water at low
concentrations, 50 mM borate buffer (SC) was chosen as solution without further additives to
obtain “pure” conditions. The three used buffering media were SC, SF and SG(see Section
3).
For the purpose of comparison, two further acceptors were used besides Biot-QD655, namely
Biot-APC and Biot-DY633. Among the various donor-acceptor couples with Ln complexes as
donors, one of the most studied is probably that using Eu-TBP as donor and APC as accep-
tor [181, 223, 224]. Furthermore, this system can be found in commercialized applications (see
e.g. Sections 2.5.1.2 and 2.3.3). Biot-DY633 was used as a common fluorescence dye among the
acceptor species. Because this dye is commercially available but has not yet been extensively
studied in the literature, it is an interesting candidate to be used in the FRET experiments.
It should be mentioned that SC, SF and SG are not perfectly suited for these acceptors.
Nevertheless, the solutions were used due to a better direct comparison with the Biot-QD655
systems.
The FRET experiments were realized by the stepwise addition of increasing acceptor amounts
into a solution containing the donor in SC, SF and SG. Figure 4.14 shows a schematic repre-
sentation of Ln-Strep titration by Biot-QD655.
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coating
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Figure 4.14: Schematic representation of the FRET experiment between Ln-Strep and Biot-QD655.

Ln-Strep before (left) and after addition of Biot-QD655, which results in a formation of a Ln-Strep-

Biot-QD655 complex.

For the analysis of the titration experiments, the normalized ratio RI = IA

ID
was plotted against

acceptor concentration. In order to follow the donor concentration decrease caused by dilution
with the acceptor, a second x-coordinate with relative donor concentrations is also displayed.
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By this means, it was possible to follow the entire kinetic evolution of the biochemical system
at low concentrations of reactants (typically 10−10 M), and to monitor the influence of the
constituents of the buffering media on the assay efficiency. Figure 4.15 represents the kinetic
profiles observed for TbL-Strep-Biot-QD655 in SG. It appeared that at such low levels of
streptavidin the assay took ca. five hours to be fully equilibrated.

Figure 4.15: Kinetic evolution of the normalized intensity ratio RI as a function of [Biot-QD655]

and relative [TbL-Strep](SG, initial concentration [TbL-Strep] = 1 · 10−9 M).

Similar results (see Figures 6.26 and 6.25) were found for Eu-TBP-Strep-Biot-QD655 (ca. 5
h) and EuL-Strep-Biot-QD655 (ca. 2 h; the shorter time could be due to the lower labeling
ratio of EuL to streptavidin, which causes less interference of the label with the protein). This
very slow kinetic equilibration was attributed to two reasons. The first one is the presence of
large amounts of BSA, known to create non-specific binding with streptavidin [225]. Before
the streptavidin-biotin recognition process can occur, the BSA must first be “peeled off” from
streptavidin, a process which takes a few hours. The second reason has to be connected with
Biot-QD655 because the slow equilibration was not examined with APC or DY633 as acceptor.
Here the equilibration times were much shorter with ca. one hour for APC and approximately
15 - 30 minutes for DY633. These values lead to the conclusion that the size and rigidity of the
acceptor play an important role. While the small Biot-DY633 can bind relatively quickly to
streptavidin, the bigger biotinilated protein APC needs more time. The high amount of biotins
(10-15) per APC and the flexibility of the disc shaped protein allow faster biotin binding to
streptavidin than for Biot-QD655. The large and rigid Biot-QD655 therefore needs much
longer for an equilibrated binding between biotin and streptavidin. However, these are possi-
ble conclusions and further investigations would be expedient for a more evident argumentation.

4.3.1.1 Biot-QD655 as acceptor

To compare the different conditions on the assay efficiency, solutions SC, SF and SG were
investigated. Increasing amounts of Biot-QD655 were added to a stocksolution of Ln-Strep
([TbL-Strep] = 1 · 10−9 M, [EuL-Strep] = [Eu-TBP-Strep] = 3 · 10−9 M). To generate sufficient
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and comparable emission signals, the concentrations of EuL-Strep, Eu-TBP-Strep and of Biot-
QD655 (for titration to the Eu donors) had to be chosen three times higher than for TbL-
Strep. The results obtained for the evolution of the normalized values of RI as a function
of added Biot-QD655 after the optimal equilibration time are displayed in Figures 4.16 and
4.17. Similar evolutions are observed inside SF and SG, with RI increasing rapidly until the
[Biot-QD655]/[Ln-Strep]-ratio reached a value of approximately 1

6
, in good agreement with the

number of biotin molecules per QD (5 to 7). For larger [Biot-QD655], RI remained stable
at a plateau value. Noteworthy, the presence of KF in the assay (SG) significantly increased
the measured intensity ratio, as expected on the basis of the observed influence of KF on the
luminescence efficiency (cf. Section 4.1.2).

Figure 4.16: Evolution of RI as a function of [Biot-QD655] added to TbL-Strep in SC after ca. 7

hours incubation time (triangles), SF after ca. 5 hours (squares) and SG after ca. 4 hours (circles).

Initial concentration [TbL-Strep] = 1 · 10−9 M. The dotted line indicates a ratio of 6 TbL-Strep per

Biot-QD655.

For all three FRET systems, the strong increase of RI with Biot-QD655 concentration was
due to long-lived emission of Biot-QD655 (IA), whereas the Ln emission (ID) decreased with
Ln-Strep concentration (see Figures 6.27 to 6.29). The decrease of ID is directly proportional
to [TbL-Strep], whereas it decreases more slowly for EuL-Strep. The reason for this behaviour
is the three times larger Biot-QD655 concentration in the case of EuL-Strep as donor. Due to
direct excitation of Biot-QD655, an extremely strong short-lived emission occurs, which can
still be measured at longer delay times because of the high spectrometer sensitivity. In the
case of Eu-TBP as donor, an almost 2-fold increase of ID can be measured before it starts to
decrease with Eu-TBP-Strep concentration. This effect is attributed to the streptavidin-biotin
binding. The responsible mechanism is currently under investigation in our group [226].
A surprising result was observed for SC. In absence of BSA and NaN3, the intensity ratio of
the LnL containing donor-acceptor systems was observed to drop dramatically for the very first
aliquots of added Biot-QD655 before it increased again. Careful examination of the data showed
this drop to be due to a very large increase of the intensity of the LnL emission (ID, cf. Figures
6.27 and 6.28). Regarding the negative impact of NaN3 on the luminescence efficiency of TbL
(cf. Figure 4.8), this behavior was tentatively attributed to the BSA present in Biot-QD655
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Figure 4.17: Evolution of RI as a function of [Biot-QD655] added to EuL-Strep (Eu-TBP-Strep)

in SC after ca. 1 h (2 h) incubation time (triangles), SF after ca. 3.5 h (5.5 h)(squares) and SG

after ca. 2 h (5.5 h) (circles). Initial concentrations [EuL-Strep] = [Eu-TBP-Strep] = 3 · 10−9 M. The

dotted line indicates a ratio of 6 EuL-Strep or Eu-TBP-Strep per Biot-QD655.

buffer. To confirm this hypothesis, a titration was performed in which increasing amounts of
BSA were added to a TbL-Strep or EuL-Strep containing solution. The results, displayed in
Figure 4.18, showed that in both cases the lanthanide luminescence largely increased after an
incubation time of 5 hours.

Figure 4.18: Relative luminescence of EuL-Strep (full symbols) and TbL-Strep (hollow symbols)

after 20 min. (squares) and 5 h (dots) incubation time as a function of [BSA]. [TbL-Strep] = 1 · 10−9

to 3.4 · 10−10 M and [EuL-Strep] = 3 · 10−9 to 1 · 10−9 M.

This phenomenon was attributed to the use of polystyrene (PS) well plates in the measuring
setup, where adsorption of proteins occurs due to hydrophobic binding. At such low concentra-
tions (10−9 to 10−10 M), streptavidin is adsorbed to the PS walls of the well plate and addition
of BSA allowed for desorption of the protein. In contrast, the phenomenon could not be ob-
served for Eu-TBP-Strep (Figure 4.17), which was supplied in a BSA containing solution. This
unambiguously corroborated the influence of BSA on the adsorption phenomena and justified
the use of BSA in the assay.
In order to exclude that direct QD excitation or dynamic FRET is responsible for the RI in-
crease, control experiments with free lanthanide complexes (no streptavidin) were performed
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(see Figures 6.30 to 6.32). Here only a weak increase of RI with [Biot-QD655], resulting from
a stronger decrease of ID compared to IA, could be observed. Thus, the strong increase of RI

with [Biot-QD655] is a clear evidence for FRET from the Ln donors to the QD acceptors.

Table 4.4: Luminescence decay times (τ), donor-acceptor distances (r), FRET rates
(kET) and FRET efficiencies (ηET) for the three Ln-Strep donors with Biot-QD655 as
acceptor in solutions SF and SG.

TbL-Strep EuL-Strep Eu-TBP-Strep

Solution → SF SG SF SG SF SG

1050
τD (μs) 620 1360 680 1400

230
1100

400
τDA (μs) 410 440 490 680

90
700

r (Å) 95 87 100 95 83 101

1550
kET (s−1) 830 1500 560 760

7100
520

ηET (%) 34 67 27 52 62 36

Experimental uncertainty for τ ca. ±5 % (ca. ±10 % for Eu-TBP-Strep in SF); calculated max. error for r,
kET and ηET ca. ±10 % (ca. ±15 % for Eu-TBP-Strep in SF). Incubation times: TbL-Strep in SF ca. 5 h and
in SG ca. 4 h; EuL-Strep in SF ca. 3.5 h and in SG ca. 2 h; Eu-TBP-Strep in SF and in SG ca. 5.5 h.

In order to confirm this evidence, a luminescence decay time analysis was performed (consider-
ing multiple donor species, where more than one donor decay time was measured (cf. Equation
2.11)) for the measurements in SF and SG. The intrinsic Biot-QD655 decay is very prompt
compared to the luminescence decay of the lanthanide ions. This means that the long-lived
Biot-QD655 luminescence in the presence of Ln-Strep is due to the fraction x of the donor
energy transferred to the acceptor, x · IDA(r, t) (cf. Equation 2.12), characterized by a decay
time τDA = τAD (cf. Equation 2.9). The overall emission intensity in the acceptor channel
IA(r, t) is the sum of the Biot-QD655 emission resulting from FRET, plus background emission
IBG(t), emanating from non-transferring lanthanide donors (especially for europium), parasitic
emission from the measurement apparatus (light scattering, fluorescence from the well plate
reader), and from strong short-lived Biot-QD655 fluorescence which appears partly as pseudo
long-lived component due to a short-time-scale saturation of the photomultipliers (working at
1.2 kV).

IA(r, t) = IBG(t) + xIDA(r, t) (4.3)

From the measurement of IBG(t) obtained in absence of the acceptor, IA(r, t) allowed for fitting
of the donor-acceptor distance r and then for calculation of the energy transfer rates kETi

, for
the decay times τDAi

of each donor in the presence of the acceptor, as well as for the FRET
efficiency ηET using Equations 2.2, 2.6 and 2.9. The results are summarized in Table 4.4.
Compared to pure Biot-QD655, the luminescence decay times in presence of the donors (τDA)
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are more than 1000-fold increased (cf. Figure 4.12). This is another strong evidence for QD655
FRET sensitization by the Ln complexes. The resulting average donor-acceptor distances are in
the range of 83 - 101 Å, which is in good agreement with the binding model depicted in Figure
4.14, with the structural parameters of Biot-QD655 (ellipsoidally shaped with 100 - 120 Å
length along the main axis - cf. Figure 4.9), and with streptavidin in the solid state (54 x
58 x 48 Å3) [192]. A noticeable exception arose with Eu-TBP-Strep in absence of KF (SF),
where a shorter 83 Å distance is observed. In that case, the charged Eu complexes may provide
particular electrostatic interactions with Biot-QD655 that shortened the distance.
For LnL-Strep the best FRET efficiencies could be achieved in SG because of both higher
Förster radii and energy transfer rates. For Eu-TBP-Strep the optimal FRET efficiency is
accomplished in SF, mainly because of the shorter average donor-acceptor distance compared
to SG.

4.3.1.2 Biot-APC and Biot-DY633 as acceptors

To compare the results obtained for Biot-QD655, the measurements were repeated with Biot-
APC and Biot-DY633 as acceptors. The concentrations of donors and acceptors were the
same as for the Biot-QD655 experiments with the exception of a 5-fold higher Biot-DY633
concentration, which was chosen due to the lower labeling ratio of DY633 to biotin (1:1). The
results obtained for the evolution of RI as a function of added acceptor are displayed in Figures
4.19 to 4.21. The graphs for the intensity functions (IA and ID) and for the control experiments
can be found in Figures 6.33 to 6.38 and Figures 6.39 to 6.41, respectively.

Figure 4.19: Evolution of RI as a function of [Biot-APC] ([Biot-DY633]) added to TbL-Strep in

SC after ca. 1 h (1 h) incubation time (triangles), SF after ca. 2 h (1 h) (squares) and SG after ca.

2 h (1 h) (circles). Initial concentration [TbL-Strep] = 1 · 10−9 M. The dotted lines indicate a ratio

of 1 (at 50 % [TbL-Strep]) and 10 TbL-Strep per Biot-APC as well as 0.25 (at ca. 56 %) and 0.5

TbL-Strep per Biot-DY633.

Concerning the measuring medium conditions, nearly the same results as for the Biot-QD655
systems could be observed. For all donor-acceptor systems SC gives the worst results without
sufficient evidence for a FRET process occuring under these conditions. The positive influence
of KF on the assays can only be monitored for Eu-TBP-Strep, whereas for both TbL-Strep
and EuL-Strep, SF and SG lead to approximately the same results. Nevertheless, FRET is
obvious for all donor-acceptor pairs in SF and SG, which is confirmed by the increasing RI
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Figure 4.20: Evolution of RI as a function of [Biot-APC] ([Biot-DY633]) added to EuL-Strep in

SC after ca. 1 h (1 h) incubation time (triangles), SF after ca. 1 h (1 h) (squares) and SG after ca.

2 h (1 h) (circles). Initial concentration [EuL-Strep] = 3 · 10−9 M. The dotted lines indicate a ratio

of 1 (at 50 % [EuL-Strep]) and 10 EuL-Strep per Biot-APC as well as 0.25 (at ca. 56 %) and 0.5

EuL-Strep per Biot-DY633.

over acceptor concentration. This could not be observed for the free donors in the control
experiments.

Figure 4.21: Evolution of RI as a function of [Biot-APC] ([Biot-DY633]) added to Eu-TBP-Strep

in SC after ca. 1 h (1 h) incubation time (triangles), SF after ca. 2 h (1 h) (squares) and SG after

ca. 2 h (1 h) (circles). Initial concentration [Eu-TBP-Strep] = 3 · 10−9 M. The dotted lines indicate

a ratio of 1 (at 50 % [Eu-TBP-Strep]) and 10 Eu-TBP-Strep per Biot-APC as well as 0.25 (at ca. 56

%) and 0.5 Eu-TBP-Strep per Biot-DY633.

For Biot-DY633, RI increases until the [Biot-DY633]/[Ln-Strep]-ratio reaches a value of
approximately 2 to 4 and for larger [Biot-DY633], RI remains stable to a plateau value.
This indicates that all four biotin binding sites of streptavidin might be accessible for the
relatively small Biot-DY633. Regarding Biot-APC, a plateau of stable RI at higher Biot-APC
concentrations is not reached for any of the donor-acceptor systems. However, the intensity
IA (Figures 6.36 to 6.38) levels off at a [Biot-APC]/[Ln-Strep] value of ca. 1. Due to the
decrease of ID, this cannot be monitored in the ratiometric analysis. The concentration range
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of Biot-APC was chosen similar to that of Biot-QD655. Unlike the rigid nanocrystal acceptor,
where approximately six streptavidin molecules bind to one Biot-QD655, Biot-APC seems to
be very flexible. Hence, more than one binding site of streptavidin is accessible for Biot-APC.
On the other hand, the 10 - 15 biotins per APC neither bind more than one streptavidin nor
do they bind to more than one biotin binding site of the same streptavidin, because this would
lead to a plateau at much lower Biot-APC concentrations.
Comparing the different donor-acceptor species, it becomes obvious that the Biot-QD655
systems have a much steeper rising intensity ratio, whereas the others are rather flat. Even
for the often analytically applied and very sensitive Eu-TBP-APC system, comparable results
could not be obtained. Another striking point is the necessary use of BSA inside the assays
because all measurements within BSA free solutions (SC) lead to poor results. Having a high
amount of 2 % BSA inside the assay leads to stable non-specific binding conditions within the
biological medium as well as at the PS walls of the multiwell plate.

4.3.1.3 Detection limits

An important value for immunoassays is the limit of detection (LOD - Equation 2.48), which
is three times the standard deviation of the blank sample devided by the slope of the signal
over concentration curves. For comparison, the detection limits of all donor-acceptor systems
inside SF and SG were calculated using the linear parts at low acceptor concentrations of the
RI curves. All LOD (calculated with 10 measurements for σ0) are displayed in Table 4.5.

Table 4.5: LOD (in 10−12 M) of the different donor-acceptor systems.

TbL-Strep EuL-Strep Eu-TBP-Strep

Solution → SF SG SF SG SF SG

Biot-QD655 1.6 1.2 12 8.0 4.0 2.6

Biot-APC 15 14 63 54 59 19

Biot-DY633 14 13 250 230 210 54

Experimental uncertainty ca. ±50 %.

Regarding the LOD values, the advantage of using QD as FRET acceptors is obvious. The
TbL-Strep-Biot-QD655 system has a more than 10-fold LOD improvement compared to the Eu-
TBP-Strep-Biot-APC “gold standard”. EuL-Strep provides the highest LOD, which is probably
caused by the lower labeling ratio compared to the other donors. Generally, the detection limit
is lowest for Biot-QD655, followed by Biot-APC and Biot-DY633. In contrast to the FRET
systems using Eu donors, TbL-Strep-Biot-DY633 has the same LOD as TbL-Strep-Biot-APC.
Looking at the Förster radii (Table 4.3), this is quite surprising because they are significantly
larger for the Eu systems. A reason for the better sensitivity could be the higher overall
quantum yield of TbL compared to EuL and Eu-TBP (quantum yields in pure water at 300
K: ΦTbL

tot = 0.31, ΦEuL
tot = 0.08, ΦEu−TBP

tot = 0.02 [35, 86]). This allows for a higher total brightness
of the sample, which has no effect on FRET efficiency but on the signal intensity (cf. Section
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2.3.2). Thus, lower concentrations can be measured under the same experimental conditions.
Regarding the FRET assay experiments, the best donor-acceptor system is the one of TbL-
Strep with Biot-QD655. To optimize the LOD, the experiments for this donor-acceptor pair
were repeated in SE, which does not contain NaN3 and should therefore be the optimum
solution. The titration experiment was performed with more measuring points in the lower
concentration range because this part is used as linear part for the LOD analysis. Moreover,
the storage conditions between the measurements were optimized for less sample evaporation
and a laser system with much lower background emission and higher pulse to pulse stability
could be used (laser system 2 instead of system 1 - cf. Section 3.3.2). The results are displayed
in Figure 4.22.

Figure 4.22: Kinetic evolution of the intensity ratio RI as a function of [Biot-QD655] and relative

[TbL-Strep](SE, initial concentration [TbL-Strep] = 1 · 10−9 M). A linear fit for LOD calculation is

displayed in grey.

Having improved the evaporation conditions for the samples and using the azide free measuring
solution, the equilibration of the system takes even longer than before. The intensity ratio over
[Biot-QD655] after ca. 8 hours incubation time shows a steep increase with excellent linearity
up to a concentration of 2 · 10−10 M Biot-QD655. For higher concentrations RI is stable at a
plateau value. The detection limit (with 12 measurements for σ0) was improved by one order
of magnitude to LOD = 1.2 ·10−13 M Biot-QD655. Further improvement should be possible by
optimizing the detection setup and careful examination of excitation wavelength and intensity
as well as donor-acceptor concentrations.

4.3.2 HCG FRET immunoassays

Biotin-streptavidin binding is an excellent model for demonstrating FRET under physiological
conditions. Nevertheless, there is no direct application for this system. In order to analyze
the donor-acceptor properties in a real immunoassay, the IgG-HCG system (e.g. applied as
pregnancy test) was used as a model and the first TbL to QD655 FRET experiments with this
system are presented in this section.
Biotin, as well as streptavidin, can be coupled to antibodies or antigens [96, 195–197]. One
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method for creating a FRET immunoassay would be an indirect labeling of antibody and
antigen via biotin or streptavidin. Especially for streptavidin and QD the biological FRET
system would be relatively large and a direct labeling of donor and acceptor would be preferable.
QD655 is commercially available with a maleimide activated surface. Hence, direct QD655
labeling to the antibody hinge region can be performed, leading to two half antibodies with
one QD655 each (cf. Section 2.5.3). For the donor side, sulfo-NHS activated TbL was coupled
to lysine groups of HCG and IgG antibodies. In contrast to the maleimide activated labeling,
where the label is positioned at the hinge region of the antibody, labeling to lysine could be
achieved at almost any position of the antibody, depending on the number of accessible lysine
groups. Labeling ratios of 2.1 TbL/IgG and 0.4 TbL/HCG were obtained by UV/Vis absorption
measurements (see Figure 4.3). The following labeled biomolecules were used for immunoassay
experiments:
TbL-HCG: HCG (human chorionic gonadotropin) labeled with an average number of 0.4 TbL.
TbL-B24BF10: Monoclonal anti-HCG mouse-IgG antibodies (B24BF10 [199]) labeled with
an average number of 2.1 TbL.
QD655-B20CA2: Monoclonal anti-HCG mouse-IgG half antibodies (B20CA2 [199]) labeled
with an average number of 1.0 QD655.
B24BF10 and B20CA2 are specific anti-HCG antibodies which bind to opposite sides of HCG
as depicted in Figure 4.23. They belong to the class of proteins known as immunoglobulins
(in this case immunoglobulin G - IgG) and have a molecular weight of approximately 150 kDa.
The glycoprotein HCG is the analyte to be detected and has a molecular weight of ca. 40 kDa.
Two kinds of experiments were performed. The first one is based on a sandwich immunoassay,
where FRET should occur between TbL-B24BF10 and QD655-B20CA2 by binding to opposite
regions of free HCG (see Figure 4.23). A very long donor-acceptor distance is possible especially
in this case, because the antibodies (with an approximate diameter of 10 nm) were optimized
to bind to opposite sides of HCG, which has ca. 6 nm diameter. Moreover, the binding region of
TbL on B24BF10 is unknown, as there are several lysine groups available on the IgG antibody
[198]. This leads to conjugates with a distribution of attachment sites, some of which may be
located close to the antigen binding site, decreasing the affinity of the antibody [227]. Regarding
a labeling ratio of 2.1 TbL/IgG, a decreased affinity is not expected. For Eu chelate labeling,
immunoreactivity of IgG can still be observed at high labeling ratios of 20 or more [228].

FRET

315 nm

655 nm

FRET

HCG

QD

655

TbL

B24BF10half
B20CA2

Figure 4.23: Schematic representation of IgG-HCG-IgG FRET sandwich immunoassay with TbL

labeled to one IgG antibody and QD655 labeled to the other.

In order to overcome long distance problems, the second experiment is based on FRET from
TbL-HCG to QD655-B20CA2. This system could be used in a competitive assay with free
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HCG. Unfortunately, the labeling ratio was very low in this case with 0.4 TbL/HCG, which
could also result in low FRET signals.
For the sandwich immunoassay, the HCG concentration in the multiwells was increased from 0
to 1000 ng/ml (0 to 2.5 · 10−8 M) in a BSA containing solution with antibody concentrations
of ca. 1 · 10−7 M (15 μg/ml IgG) TbL-B24BF10, corresponding to ca. 2 · 10−7 M TbL (a
10-fold lower concentration was also tested) and 2 · 10−9 M (150 ng/ml half-IgG) QD655-
B20CA2, corresponding to 2 · 10−9 M QD655. Hence, an excess of donor antibodies is always
present in the solutions and a signal increase due to FRET should be expected from 0 to 2
nM HCG (2 nM acceptor antibodies in the solution). In order to learn about this new type of
immunoassay, the analyte (HCG) concentration range was chosen relatively large (compared
to the small acceptor concentration) in these first experiments. To find out about the origin of
the luminescence signals (FRET-signal or direct donor and acceptor signal, respectively) two
control measurements with only one of both antibodies inside the solution were performed.
A time delay of 0.3 ms and a gate time of 1.2 ms were used for the analysis of the obtained
time-resolved luminescence signals. However, the results obtained with this assay were quite
dissatisfying. Regarding Figure 4.24, an increase of the long-lived acceptor channel signal
(IA) can be measured at low concentrations which cannot be found for the control experiment
without QD in the assay (the second control experiment is not shown because the signals
without TbL inside the assay were negligibly low). Although the TbL concentration was equal
for all the different analyte concentrations, a signal increase can also be found in the donor
channel (ID).

Figure 4.24: Relative luminescence signals (delay: 0.3 ms, gate: 1.2 ms) in the acceptor channel

(IA) and the donor channel (ID) as a function of [HCG]. Results for the sandwich immunoassay are

displayed as squares, for the control experiment (no QD655-B20CA2 in the assay) as circles. For

better illustration, error bars (3 times standard deviation of 5 measurements) are displayed in only

positive or negative direction.

In the ratiometric analysis (RI) this leads to a very small difference between assay and control
experiment and no evidence for FRET between TbL and QD655 can be concluded (see Figure
4.25).
The direct FRET immunoassay between TbL-HCG and QD655-B20CA2 leads to more promis-
ing results. Here, increasing concentrations of QD655-B20CA2 (0 - 6.7 · 10−9 M) in a BSA
containing solution with ca. 2 · 10−8 M TbL-HCG (corresponding to ca. 1 · 10−8 M TbL)
were measured. As not all HCG are labeled with TbL (0.4 TbL/HCG), a 3-fold higher HCG
concentration compared to the highest QD655-B20CA2 concentration was chosen. In a control
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Figure 4.25: Relative ratio (RI) of IA and ID as a function of [HCG]. Results for the sandwich

immunoassay are displayed as squares, for the control experiment (no QD655-B20CA2 in the assay) as

circles. For better illustration, error bars (3 times standard deviation of 5 measurements) are displayed

in only positive or negative direction.

experiment, free HCG was present in the solution instead of TbL-HCG. Regarding Figure 4.26,
IA increases with QD655-B20CA2 concentration.

Figure 4.26: Long-lived luminescence signals (delay: 0.3 ms, gate: 1.2 ms) in the acceptor channel

(IA) and the donor channel (ID) as a function of [QD655-B20CA2]. Left: IA for the FRET immunoas-

say (TbL-HCG-QD655-B20CA2) displayed as squares, open squares represent the TbL background

corrected signal; control experiment (HCG-QD655-B20CA2) displayed as dots. Right: absolute and

relative ID for the direct immunoassay. Error bars represent 3 times standard deviation of 5 measure-

ments.

An increase can also be monitored for the control experiment due to very strong short-lived
QD655 luminescence (direct QD655 excitation) still present at longer delay times at higher
concentrations (cf. Section 4.3.1.1). Nevertheless, this increase is weaker and another evidence
for FRET can be measured in the donor channel (ID), where the long-lived TbL luminescence
intensity decreases with increasing QD655-B20CA2 concentration, although the TbL-HCG con-
centration is equal for the whole experiment. Correcting IA for the TbL background measured
within the acceptor channel (IA at [QD655-B20CA2] = 0 multiplied by the relative TbL emis-
sion (rel. ID)), the steeper rising slope of IA becomes obvious and the FRET intensity can be
calculated by subtraction of the two IA for the assay and the control experiment as displayed
in Figure 4.27.



66 CHAPTER 4. RESULTS AND DISCUSSION

Figure 4.27: FRET luminescence signal (delay: 0.3 ms, gate: 1.2 ms) in the acceptor channel (IA)

as a function of [QD655-B20CA2] and a linear fit (dotted line). Error bars represent 3 times standard

deviation of 5 measurements.

The increasing signal over QD655-B20CA2 concentration gives good evidence for FRET occur-
ring between TbL and QD655 in this system. The linear fit displayed in the graph shows that
the signal is not linear over the complete concentration range and starts to level off for higher
concentrations, as it was found for the FRET experiments with biotin and streptavidin.
In conclusion these preliminary HCG assay experiments show the possibility of FRET be-
tween Ln complexes and QD in real life immunoassays, which are used for in vitro diagnostics.
Nevertheless, further investigations have to be done to improve the experiments in order to
get a highly sensitive immunoassay with low detection limit, as demonstrated for the biotin-
streptavidin FRET system. Moreover, one of the well established FRET immunoassay with the
Eu-TBP-APC donor-acceptor pair should be used in order to have the same direct comparison
as for the Biot-Strep system.



Chapter 5

Summary and outlook

In this work the possibility of using quantum dot semiconductor nanocrystals (QD) as very
efficient Förster resonance energy transfer (FRET) acceptors in combination with lanthanide
(Ln) complexes as donors in biochemical systems is demonstrated with time-resolved laser
spectroscopy experiments. The necessary theoretical and practical background of FRET, Ln
complexes, QD and the applied biochemical models is outlined. In addition, scientific as well
as commercial applications are presented.
Three Ln complexes (one with Tb3+ and two with Eu3+ as central ion) are used as FRET
donors. TbL and EuL were synthesized at the Laboratoire de Chimie Moléculaire (CNRS -
Strasbourg, France) whereas Europium tris(bipyridine) (Eu-TBP) is a commercial Ln complex
distributed by CIS bio International (Bagnols-sur-Cèze, France). As a counterpart to these
donors, three commercially available FRET acceptors are chosen. CdSe/ZnS core/shell QD
emitting at 655 nm (QD655) are distributed by Invitrogen Corporation (Carlsbad, California,
USA). The luminescent crosslinked biliprotein APC, which is used together with Eu-TBP in
a commercial FRET immunoassay, can be purchased from various companies (e.g. Invitrogen
Corporation). The organic fluorescence dye DY633 is distributed by Dyomics GmbH (Jena,
Germany).
The very strong and well characterized binding process between streptavidin (Strep) and biotin
(Biot) is used as a biomolecular model system. A FRET system is established by Strep con-
jugation with the donors and Biot conjugation with the acceptors. FRET occurs at distances
ranging from ca. 1 to 10 nm, which corresponds very well to the donor-Strep to Biot-acceptor
binding. In order to transfer this model system to a real-life in vitro diagnostic application, two
kinds of immunoassays are investigated using human chorionic gonadotropin (HCG) as analyte.
HCG itself, as well as two monoclonal anti-HCG mouse-IgG antibodies are labeled with TbL
and QD655, respectively.
Bioconjugation of Strep with Ln complexes and HCG as well as IgG antibodies with TbL
is described and analyzed by UV/Vis absorption spectroscopy and MALDI-TOF mass spec-
trometry. UV/Vis measurements of the conjugated complexes and comparison with a linear
combination of their single constituents (e.g. TbL-Strep vs. linear combinaton of free TbL and
unconjugated Strep) revealed average labeling ratios between 1 and 10 Ln complexes per Strep,
depending on the Ln complex and on the labeling procedure. Labeled and unlabeled Strep
were also analyzed by MALDI-TOF spectrometry confirming the ratios observed by UV/Vis
measurements. For the immunoassay conjugates, average ratios of 2 TbL per IgG and 0.4 TbL
per HCG are obtained.
Photophysical characterization of Ln-Strep conjugates and free Ln complexes is performed by
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UV/Vis absorption as well as steady-state and time-resolved luminescence spectroscopy. Spe-
cial attention is paid to the influence of different additives in aqueous solutions, namely borate
buffer, potassium fluoride (KF), bovine serum albumin (BSA) and sodium azide (NaN3). The
impact on the donor properties is followed by fine-splitting analysis of the Ln Stark levels, which
are sensitive to the surrounding medium. Eu-TBP and Eu-TBP-Strep show the strongest sen-
sitivity to the different medium conditions followed by EuL and EuL-Strep and the relatively
insensitive TbL and TbL-Strep. The luminecence decay times of the different donors are also
influenced by the solution conditions. Decay times ranging from 600 to 2400 μs for TbL (or
TbL-Strep), 600 to 1400 μs for EuL (or EuL-Strep) and 200 to 1200 μs for Eu-TBP (or Eu-
TBP-Strep) are found with the Eu-TBP complexes showing bi-exponential decay behavior in
some cases. The positive influence of the lanthanophilic KF, which replaces water molecules
from the first Ln coordination sphere with fluoride anions, becomes obvious and the average
number of water molecules for each Ln complex is calculated. Quantum yields of Ln centered
luminescence, which are especially important for FRET calculations, are obtained by means of
the measured luminescence kinetics. The donor quantum yields range from 0.2 to 0.8 for TbL
(or TbL-Strep), 0.2 to 0.6 for EuL (or EuL-Strep) and 0.2 to 0.7 for Eu-TBP (or Eu-TBP-
Strep).
The acceptors, which were purchased in both the free and biotinylated forms, are photophys-
ically characterized by UV/Vis absorption and steady-state and time-resolved luminescence
spectroscopy. All of them display very high extinction coefficients and a broad absorption
spectrum. Biot-QD655 have the highest extinction values over the broadest wavelength range,
which makes them ideally suited as FRET acceptors. The emission spectra are very similar,
all with strong peaks between 650 and 660 nm and 30 to 40 nm full width at half maximum
(FWHM). Acceptor emission can be well separated from the donor luminescence, which is
only very weak in this region. Luminescence decay times are 1.5 ns for Biot-APC, 0.6 ns for
Biot-DY633 and multiexponential with 23 ns, 47 ns and 160 ns for Biot-QD655, due to the
QD size distribution and their anisotropy. Unlike the relatively small DY633 molecule (with
0.2 ns decay time), the other unbiotinylated acceptors show the same decay times as the Biot
conjugates, which points out the weak influence of the small Biot molecule on the large APC
protein and QD655 nanocrystal.
For the Strep-Biot FRET experiments, the Förster radii of the different donor-acceptor pairs
are calculated. They range from ca. 50 Å for the TbL-DY633 pair to approximately 100 Å for
TbL-QD655. Due to QD655 instability at low concentrations, FRET measurements are carried
out in borate buffer with the additives mentioned above. Biot-acceptor is added to donor-Strep
solutions and the measured time-resolved luminescence signals of donors and acceptors are
analyzed. Donor and acceptor concentrations were in the 10−9 to 10−12 M range. In further
experiments Biot-acceptors are added to free donor solutions for exclusion of dynamic energy
transfer by freely diffusing donors and acceptors. The FRET systems using QD655 as accep-
tors, have long equilibration times of up to 8 hours, which can be attributed to non-specific
binding of Ln-Strep to BSA and the rigidity of the large Biot-QD655 because the equilibration
times are shorter for APC and DY633 as acceptors. For all donor-acceptor pairs, FRET is
demonstrated by an increase of the long-lived acceptor emission signal measured by delayed
detection in order to suppress background autofluorescence and emission from directly excited
acceptors. For further evidence, a luminescence decay time analysis of the QD655 FRET sys-
tems is presented, showing a more than 1000-fold increased FRET sensitized Biot-QD655 decay
time compared to pure Biot-QD655. FRET efficiencies between 30 and 70 % are calculated for
the Ln-Strep-Biot-QD FRET systems with average donor-acceptor distances of 80 to 100 Å in
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good agreement with the structural parameters of the FRET systems. The results show that
QD655 can be very efficiently used as FRET acceptors. A more than 10-fold limit of detection
(LOD) decrease compared to the extensively characterized and frequently used Eu-TBP-APC
donor-acceptor pair is demonstrated for TbL-QD655 in the Biot-Strep FRET system. A sub-
picomolar LOD for Biot-QD655 is achieved with TbL-Strep as donor in azide free borate buffer
(pH 8.3) containing 2 % BSA and 0.5 M KF.
With the goal of showing the feasibilty of using the TbL-QD655 donor-acceptor pair for real-
life immunoassays, first experiments with two kinds of HCG FRET assays are presented. For
the sandwich immunoassay in which HCG is added to a stock solution of two different HCG
specific antibodies labeled with TbL and QD655, respectively, only small differences between
the TbL-IgG-HCG-IgG-QD655 model and the two control experiments (one without TbL and
the other without QD655) are obtained. Hence, no evidence for FRET becomes obvious in this
system. However, the average labeling ratios of 2 TbL per IgG and 1 QD655 per IgG are quite
low and the large sandwich system with antibodies of ca. 10 nm and HCG of approximately
6 nm in diameter may lead to long donor-acceptor distances. This means that even the small
increase of long-lived acceptor luminescence could point to the possibility of efficient FRET
in this system, once the donor and acceptor concentrations and labeling conditions have been
optimized. This perspective is further underlined by the direct TbL-HCG-IgG-QD655 assay
results. Here, even with the very low labeling ratio of 0.4 TbL per HCG (in average), the
increase of FRET sensitized QD luminescence is more obvious than for the sandwich assay
and gives good evidence for FRET from TbL to QD655. Nevertheless, also for this assay the
conditions have to be improved and the results show that a thorough investigation and several
further experiments are necessary until a sensitive real-life FRET immunoassay with TbL and
QD655 will be available. One of the well established FRET immunoassay with the Eu-TBP-
APC donor-acceptor pair should be used in order to have the same direct comparison as for
the Biot-Strep system.
Another very promising aspect of QD, which is not discussed in this work, is multiplexing anal-
ysis. Due to their broad absorption spectrum, several QD of the same material but different
size can be excited by a single excitation source (with the same wavelength) and luminescence
at different wavelengths depending on the QD size can de detected. Multiplexed FRET with
four different QD as donors and a single acceptor has already been successfully performed [177].
In principle, the reverse format using one single Ln donor and several different QD as acceptors
should also be possible, which offers very interesting perspectives, such as generating high sen-
sitivity immunoassays with muliplexing analysis of several diagnostic markers in one sample.
However, the health care market and the public demand for better and faster chemical and
biological diagnostics as well as medical treatment are ever increasing. FRET spectroscopy
using Ln complexes and QD can be an efficient tool in these fields, with the possibility of quan-
titative long-distance measurements due to Förster radii reaching 100 Å. These perspectives
should motivate and stimulate further research in this interesting scientific area.
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Chapter 6

Appendix

6.1 Fundamental constants

Symbol Name Numerical value
e Electron charge 1.60218 · 10−19 C
me Electron mass 9.10938 · 10−31 kg
mp Proton mass 1.67262 · 10−27 kg
ε0 Permittivity of free space 8.85419 · 10−12 Fm−1

c Speed of light in vacuum 2.99792 · 108 ms−1

h Planck’s constant 6.62607 · 10−34 Js
� Planck’s constant/2π 1.05457 · 10−34 Js
NA Avogadro’s number 6.02214 · 1023 mol−1

k Boltzmann constant 1.38065 · 10−23 JK−1

6.2 Abbreviations

A acceptor
APC crosslinked allophycocyanin
Asn asparagine
Asp aspartate
B20CA2 monoclonal anti-HCG mouse IgG (different from B24BF10)
B24BF10 monoclonal anti-HCG mouse IgG
BCPDA 4,7-bis(chlorosulfonylphenyl)-1,10-phenanthroline-2,9-dicarboxylic acid
Biot biotin
BRET bioluminescence resonance energy transfer
BSA bovine serum albumin
ca. circa
cf. compare
CNRS Centre National de Recherche Scientifique
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D donor
DELFIA dissociation enhanced lanthanide fluoroimmunoassay
DMSO dimethyl sulfoxide
DNA deoxyribonucleic acid
DTA dichlorotriazinyl
DTPA diethylene triamine pentaacetic acid
DY633 dyomics dye DY633

ECPM École Européenne de Chimie, Polymères et Matériaux de Strasbourg
ELISA enzyme-linked immunosorbent assay
EuL see LnL with Eu as Ln
Eu-TBP europium tris(bipyridine)
FRET Förster resonance energy transfer
FWHM full width at half maximum
g gerade
GmbH Gesellschaft mit beschränkter Haftung
HCG human chorionic gonadotropin
HOMO highest occupied molecular orbital
HTRF homogeneous time-resolved fluorescence
IgG immunoglobulin G
ISC intersystem crossing
IVD in vitro diagnostics
KF pottassium fluoride
L luminophore
LANCE lanthanide chelate excitation
LC ligand-centered
LMCT ligand to metal charge transfer
Ln lanthanide
LnL complex of Ln ion and ligand L
LOD limit of detection or limits of detection
LRET Luminescence resonance energy transfer
L − S coupling Russell-Saunders coupling
LUMO lowest unoccupied molecular orbital
MALDI-TOF matrix assisted laser desorption/ionization - time of flight
MC metal-centered
NHS N-hydroxysuccinimide
OPO optical parametric oscillator
PBS phosphate buffered saline
PMT photomultiplier tube
PS polystyrene
Q quencher
QD quantum dot or quantum dots
QD655 QD emitting at 655 nm
RET resonance energy transfer
RNA ribonucleic acid
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SA pure water
SB pure water + 0.5 M KF
SC 50 mM borate buffer pH 8.3
SD 50 mM borate buffer pH 8.3 + 2 % BSA
SE 50 mM borate buffer pH 8.3 + 2 % BSA + 0.5 M KF
Ser serine
SF 50 mM borate buffer pH 8.3 + 2 % BSA + 0.05 % NaN3

SG 50 mM borate buffer pH 8.3 + 2 % BSA + 0.5 M KF + 0.05 % NaN3

SPIE The International Society for Optical Engineering
(SPIE - Society of Photo-Optical Instrumentation Engineers)

Strep streptavidin
TbL see LnL with Tb as Ln
Thr threonine
TMT terpyridine-bis(methylenamine) tetraacetic acid
TOP tri-n-octylphosphine
TOPO tri-n-octylphosphine oxide
TPSA total prostate specific antigen
TRACE time-resolved amplified cryptate emission
TRFIA time-resolved fluoroimmunoassays
Trp tryptophan
Tyr tyrosine
u ungerade
UMR Unité mixte de recherche
UV ultraviolet
Vis visible
YAG yttrium aluminium garnet (Y3Al5O12)
YAlO yttrium aluminium perovskite (YAlO3)

6.3 Emission spectra

In this section, the complete emission spectra (intensity-normalized to the maximum emission
peak) of TbL, TbL-Strep, EuL, EuL-Strep, Eu-TBP and Eu-TBP-Strep in different
measuring solutions are displayed. Figures 6.1, 6.2 and 6.3 are the same as Figures 4.5, 4.6 and
4.7. They are shown here again on bigger scale to allow for a closer look at the energy level
fine-splitting within the different transitions.
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Figure 6.1: Intensity-normalized emission spectra of TbL-Strep in SA (top) and TbL in SG

(bottom). The optical transitions are displayed on top of the graphs.
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Figure 6.2: Intensity-normalized emission spectra of EuL-Strep in SA (top) and EuL in SG

(bottom). The optical transitions are displayed on top of the graphs.
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Figure 6.3: Intensity-normalized emission spectra of Eu-TBP-Strep in SA (top) and Eu-TBP in

SG (bottom). The optical transitions are displayed on top of the graphs.
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Figure 6.4: Intensity-normalized emission spectra of TbL in SA (left) and in SB (right).
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Figure 6.5: Intensity-normalized emission spectra of TbL-Strep in SA (left) and in SB (right).
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Figure 6.6: Intensity-normalized emission spectra of TbL (left) and TbL-Strep (right) in SC.
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Figure 6.7: Intensity-normalized emission spectra of TbL in SF (left) and in SG (right).
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Figure 6.8: Intensity-normalized emission spectra of TbL-Strep in SF (left) and in SG (right).
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Figure 6.9: Intensity-normalized emission spectra of EuL in SA (left) and in SB (right).
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Figure 6.10: Intensity-normalized emission spectra of EuL-Strep in SA (left) and in SB (right).
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Figure 6.11: Intensity-normalized emission spectra of EuL (left) and EuL-Strep (right) in SC.
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Figure 6.12: Intensity-normalized emission spectra of EuL in SF (left) and in SG (right).
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Figure 6.13: Intensity-normalized emission spectra of EuL-Strep in SF (left) and in SG (right).
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Figure 6.14: Intensity-normalized emission spectra of Eu-TBP in SA (left) and in SB (right).
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Figure 6.15: Intensity-normalized emission spectra of Eu-TBP-Strep in SA (left) and in SB (right).
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Figure 6.16: Intensity-normalized emission spectra of Eu-TBP (left) and Eu-TBP-Strep (right) in

SC.
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Figure 6.17: Intensity-normalized emission spectra of Eu-TBP in SF (left) and in SG (right).
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Figure 6.18: Intensity-normalized emission spectra of Eu-TBP-Strep in SF (left) and in SG (right).
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6.4 Luminescence decay kinetics

Luminescence decay kinetics of TbL, TbL-Strep, EuL, EuL-Strep, Eu-TBP and Eu-TBP-Strep
in measuring solutions SA to SG.

Figure 6.19: Measured (black) and fitted (grey) luminescence decays of TbL in SA to SG. Ap-

proximate concentration of TbL: in SA to SE: 1 · 10−8 M; in SF and SG: 2 · 10−9 M.
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Figure 6.20: Measured (black) and fitted (grey) luminescence decays of TbL-Strep in SA to SG.

Approximate concentration of TbL-Strep: 1 · 10−9 M.
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Figure 6.21: Measured (black) and fitted (grey) luminescence decays of EuL in SA to SG. Ap-

proximate concentration of EuL: in SA to SE: 5 · 10−9 M; in SF and SG: 2 · 10−9 M.
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Figure 6.22: Measured (black) and fitted (grey) luminescence decays of EuL-Strep in SA to SG.

Approximate concentration of EuL-Strep: 3 · 10−9 M.
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Figure 6.23: Measured (black) and fitted (grey) luminescence decays of Eu-TBP in SA to SG.

Approximate concentration of Eu-TBP: 3 · 10−8 M.
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Figure 6.24: Measured (black) and fitted (grey) luminescence decays of Eu-TBP-Strep in SA to

SG. Approximate concentration of Eu-TBP-Strep: 3 · 10−9 M
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6.5 FRET experiments

6.5.1 Biot-QD655 as acceptor

Figure 6.25: Kinetic evolution of the normalized intensity ratio RI as a function of [Biot-QD655]

and relative [EuL-Strep] (in SG, initial concentration [EuL-Strep] = 3 · 10−9 M).

Figure 6.26: Kinetic evolution of the normalized intensity ratio RI as a function of [Biot-QD655]

and relative [Eu-TBP-Strep] (in SG, initial concentration [Eu-TBP-Strep] = 3 · 10−9 M).
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Figure 6.27: Evolution of IA and ID as a function of [Biot-QD655] added to TbL-Strep in SC

after ca. 7 hours incubation time (triangles), SF after ca. 5 hours (squares) and SG after ca. 4

hours (circles). Initial concentration [TbL-Strep] = 1 · 10−9 M. The dotted line indicates a ratio of 6

TbL-Strep per Biot-QD655.

Figure 6.28: Evolution of IA and ID as a function of [Biot-QD655] added to EuL-Strep in SC

after ca. 1 hour incubation time (triangles), SF after ca. 3.5 hours (squares) and SG after ca. 2

hours (circles). Initial concentration [EuL-Strep] = 3 · 10−9 M. The dotted line indicates a ratio of 6

EuL-Strep per Biot-QD655.
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Figure 6.29: Evolution of IA and ID as a function of [Biot-QD655] added to Eu-TBP-Strep in SC

after ca. 2 hours incubation time (triangles), SF after ca. 5.5 hours (squares) and SG after ca. 5.5

hours (circles). Initial concentration [Eu-TBP-Strep] = 3 · 10−9 M. The dotted line indicates a ratio

of 6 Eu-TBP-Strep per Biot-QD655.

Figure 6.30: TbL control experiments (cf. Figure 4.16), ruling out dynamic FRET.
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Figure 6.31: EuL control experiments (cf. Figure 4.17), ruling out dynamic FRET.

Figure 6.32: Eu-TBP control experiments (cf. Figure 4.17), ruling out dynamic FRET.
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6.5.2 Biot-APC and Biot-DY633 as acceptors

Figure 6.33: Evolution of IA and ID as a function of [Biot-DY633] added to TbL-Strep after ca. 1

h incubation time in SC (triangles), SF (squares) and SG (circles). Initial concentration [TbL-Strep]

= 1 ·10−9 M. The dotted lines indicate a ratio of 0.25 (at ca. 56 %) and 0.5 TbL-Strep per Biot-DY633.

Figure 6.34: Evolution of IA and ID as a function of [Biot-DY633] added to EuL-Strep after ca. 1

h incubation time in SC (triangles), SF (squares) and SG (circles). Initial concentration [EuL-Strep]

= 3 ·10−9 M. The dotted lines indicate a ratio of 0.25 (at ca. 56 %) and 0.5 EuL-Strep per Biot-DY633.
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Figure 6.35: Evolution of IA and ID as a function of [Biot-DY633] added to Eu-TBP-Strep after

ca. 1 h incubation time in SC (triangles), SF (squares) and SG (circles). Initial concentration [Eu-

TBP-Strep] = 3 ·10−9 M. The dotted lines indicate a ratio of 0.25 (at ca. 56 %) and 0.5 Eu-TBP-Strep

per Biot-DY633.

Figure 6.36: Evolution of IA and ID as a function of [Biot-APC] added to TbL-Strep in SC after

ca. 1 h incubation time (triangles), SF after ca. 2 h (squares) and SG after ca. 2 h (circles). Initial

concentration [TbL-Strep] = 1 · 10−9 M. The dotted lines indicate a ratio of 1 (at 50 % [TbL-Strep])

and 10 TbL-Strep per Biot-APC.
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Figure 6.37: Evolution of IA and ID as a function of [Biot-APC] added to EuL-Strep in SC after

ca. 1 h incubation time (triangles), SF after ca. 1 h (squares) and SG after ca. 2 h (circles). Initial

concentration [EuL-Strep] = 3 · 10−9 M. The dotted lines indicate a ratio of 1 (at 50 % [EuL-Strep])

and 10 EuL-Strep per Biot-APC.

Figure 6.38: Evolution of IA and ID as a function of [Biot-APC] added to Eu-TBP-Strep in SC

after ca. 1 h incubation time (triangles), SF after ca. 2 h (squares) and SG after ca. 2 h (circles).

Initial concentration [Eu-TBP-Strep] = 3 · 10−9 M. The dotted lines indicate a ratio of 1 (at 50 %

[Eu-TBP-Strep]) and 10 Eu-TBP-Strep per Biot-APC.
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Figure 6.39: TbL control experiments (cf. Figure 4.19), ruling out dynamic FRET.

Figure 6.40: EuL control experiments (cf. Figure 4.20), ruling out dynamic FRET.

Figure 6.41: EuL control experiments (cf. Figure 4.21), ruling out dynamic FRET.



96 CHAPTER 6. APPENDIX



Bibliography

[1] Förster, Th.: Zwischenmolekulare Energiewanderung und Fluoreszenz. In: Annalen
der Physik 2 (1948), Iss. 1-2, P. 55–75

[2] Clegg, R.M.: Fluorescence Resonance Energy Transfer. In: Wang, X.F. (Ed.); Her-

man, B. (Ed.): Fluorescence Imaging Spectroscopy and Microscopy Vol. 137. New York:
John Wiley and Sons, Inc., 1996, P. 179 – 252

[3] Dale, R. E.; Eisinger, J.: Intramolecular Distances Determined by Energy-Transfer
- Dependence on Orientational Freedom of Donor and Acceptor. In: Biopolymers 13
(1974), Iss. 8, P. 1573–1605

[4] Dale, R. E.; Eisinger, J.; Blumberg, W. E.: Orientational Freedom of Molecular
Probes - Orientation Factor in Intra-Molecular Energy-Transfer. In: Biophysical Journal
26 (1979), Iss. 2, P. 161–193

[5] Förster, Th.: Experimentelle und theoretische Untersuchung des zwischenmolekularen
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[92] Hemmilä, Ilkka A.: Applications of Fluorescence in Immunoassays. New York: J. Wiley
and Sons, 1991

[93] Horrocks, W. D.; Sudnick, D. R.: Lanthanide Ion Luminescence Probes of the Struc-
ture of Biological Macromolecules. In: Accounts of Chemical Research 14 (1981), Iss. 12,
P. 384–392

[94] Sabbatini, N.; Guardigli, M.; Lehn, J. M.: Luminescent Lanthanide Complexes as
Photochemical Supramolecular Devices. In: Coordination Chemistry Reviews 123 (1993),
Iss. 1-2, P. 201–228

[95] Soini, E.; Hemmilä, I.: Fluoroimmunoassay - Present Status and Key Problems. In:
Clinical Chemistry 25 (1979), Iss. 3, P. 353–361

[96] Wild, D.: The Immunoassay Handbook. 2nd. London: Nature Pub. Group, 2001



104 BIBLIOGRAPHY

[97] Yuan, J. L.; Wang, G. L.: Lanthanide Complex-Based Fluorescence Label for Time-
Resolved Fluorescence Bioassay. In: Journal of Fluorescence 15 (2005), Iss. 4, P. 559–568
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