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Introduction 1

1 Introduction

1.1 General

We are witnessing an explosion of interest in the applications of nanoscale materials and structures for
biological investigations in labeling, imaging, sensing, diagnostics in the past ten years."”
Nanotechnology has become a key word in scientific research as well as in the public concern since the
early 1990’s. The unique electronical, magnetical, optical or physico-chemical properties of these
nanomaterials distinguish them from bulk materials and make them applicable in a variety of fields and
especially, in biological science and technology.

Nanobiotechnology is one of the highly interdisciplinary subfields and it attracted the interests of

. . . . . . . . . 10. 11
chemists, physicists, biologists, material scientists and engineers.'"

There are several important and
active areas of research including: 1) the development of methods for building nanostructures and
nanostructured materials out of biological or biologically inspired components such as oligonucleotides,
proteins, viruses, and cells; these structures are intended for both biological and abiological
applications, 2) the utilization of synthetic nanomaterials to regulate and monitor important biological
processes, and 3) the development of synthetic and soft mater compatible surface analytical tools for

building nanostructures important in both biology and medicine. '* "'

It is anticipated that advance in
nanobiotechlogy will have great impact on chemistry, biology or medical area.

Nanocrystals (NCs) are often considered as a single ‘crystal’ of a size of a few nanometers consisting
of around a few hundred to as many as 10,000 atoms, in which the electron motion is ‘confined’ by
potential barriers in all dimensions.” Semiconductor nanocrystals, often termed as quantum dots (QDs),
are regarded as an artificial atom, in which the energy levels are discrete, much as in an atom or
molecule. But in the case of NCs, the distance of the electronic energy levels can be precisely chosen
through variation of the size. QDs are normally highly fluorescent,'> which makes them highly
attractive as an alternative for traditional organic dyes and fluorescent proteins in many cases.””"”
Nowadays, QDs are commercially available, for example, Qdots® from Invitrogen,; Evidots® from
Evident; NanoDots® from NanoCo.

In this thesis, the work on QDs was focused on CdSe NCs, which are the most intensively studied
semiconductor NCs. They are produced by a range of well developed synthetic routes and

13, 16

solubilization strategies. Furthermore, after overcoating with an inorganic shell of ZnS, the NCs



2 Introduction

become highly fluorescent and feature attractive optical properties as high quantum yield (QY), large

absorption cross section and high photostability.'*
1.2 Semiconductor quantum dots (QDs)

1.2.1 Quantum confinement effect and optical properties of QDs

Semiconductor quantum dots have attracted a huge interest of the scientific community over the past
two decades mainly because of their applications as powerful fluorescent probes and building blocks of
novel biosensors.® 1> 17 1¥ Because of the small size of only a few nanometers, which is the same
order of magnitude as the so-called Bohr exciton radius at room temperature,'? the states of free charge
carriers (electrons and holes) in semiconductor NCs are quantized. The movement of these electrons
and holes is determined by quantum mechanics, so-called quantum confinement effect.'” ' ** The
nanocrystals are hence called quantum dots (QDs). Similar to the model of particle-in-a-box, the energy
levels between the electrons and holes are discrete and particularly size-dependent. Quantum dots are
also considered as artificial atoms because of the similarity between the discrete energy levels of QDs
and those of atoms (Figure 1.1A)."> Since the energy levels of QDs are size-dependent, they can be
tuned in a controllable way by synthesizing different sizes of NCs of the same composition. The size-
dependent energy levels of such semiconductor NCs contribute to the extraordinary optical and

13,14

electrical properties. The smaller size of a semiconductor QD, the larger is the band gap and thus,

the fluorescence of the shorter wavelength is achieved.
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Figure 1.1 (A) Schematic representation of the density of states in metal and semiconductor NCs according to
Alivisatos."> " In each cases, the dashed lines show the increasing band gap separations for bulk material to
molecule, between the valence band (VB) and conduction band (CB). (B) Idealized density of states in one band
of a semiconductor as a function of the dimensional freedom. 3D for the bulk, 2D for quantum films, 1D for

quantum wires or fibers and 0D for quantum dots.

Figure 1.1A demonstrates the comparison of band gap of bulk metal and semiconductor QDs. In the
case of QDs, the energy between valence band and conduction band is discrete due to the quantum
effect and the HOMO-LUMO gap increases in semiconductor QDs of small size. Figure 1.1B shows
the idealized density of states for one band of a semiconductor structure of 3, 2, 1, and zero dimensions.
The energy levels are still continuous in the case of 3D materials, while the levels are discrete in the 0D
QDs or similar case of a molecule.

Usually, the properties of normal bulk materials or crystalline solids are not influenced by their size.
But when the sizes decrease down to the nanometer length, these crystalline solids start to experience
changes in their properties which do not occur in bulk materials. There are two major effects which are
responsible for these size variations. First, the surface atom ratio in a nanocrystal is much bigger than
that in bulk materials. The surface atoms are important for their contribution to the free energy in any
material and the surface atoms are also responsible for the big changes in thermodynamic properties
such as the decrease of melting temperature depression. Secondly, the intrinsic properties of NCs are
transformed by quantum size effects as described above. Semiconductor QDs are well known to exhibit
strong variations in optical and electrical properties with size effects.”’ One such example of
thermodynamic property that dramatically changes with the size of NCs is shown in Figure 1.2.%
Melting point depressions of more than 50% are observed for small sized CdS QDs as compared to
bulk materials. The increased ratio of the surface atoms with the decreasing of the particle size can be
an explanation of this depression. In a nanocrystal containing only a few hundred atoms, the surface
atoms take big ratio and these atoms tend to be coordinatively unsaturated and thus a large energy is
associated with this surface. Usually, the surface energy is always lower in a liquid phase than in a
solid phase. In a solid phase, rigid bonding structures cause stepped surfaces with higher energy corner
and edge atoms. But the total surface energy tends to be reduced upon melting. This stabilizes the
liquid phase over the solid phase. The smaller the QDs are, the bigger is the contribution made by the
surface atoms to the overall energy of the system and thus the larger the melting temperature

depression will be.”
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Figure 1.2 Melting temperature as a function of the size of CdS quantum dots from Goldstein, et al. >

The most attractive property of semiconductor QDs is the tunable optical, electrical or photoredox
properties as a function of the particle size.”’ It was mentioned earlier that this is due to the quantum
confinement effect, which arises as a consequence of the changes in the density of electronic states and

21,24-27

was first studied in the 1980s and later developed by Brus et al. to explain the phenomena from

2829 Based on this theory, in a semiconductor QD, the excitons

the point of view of quantum chemistry.
follow the mechanism similar to a hydrogen atom and can be described by a hydrogen-like model. **
Unlike in bulk materials where the electrons and holes are free to move, they are confined in QDs. This
confinement leads to an increase of electronic energy, similar to the case of a particle-in-a box model.
While the size quantization and confinement effect is mainly considered to describe various physical
properties, the optical properties are the most of our concern. Figure 1.3 shows the size-dependent

absorption and emission of QDs with different composition as CdS, CdSe, CdTe, InP, PbSe, ete.!
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Figure 1.3 Emission maxima and sizes of quantum dots of different composition. Quantum dots can be
synthesized from various types of semiconductor materials (normally, group II-VI: CdS, CdSe, CdTe...; group
III-V: InP, InAs...; IV-VI: PbSe...) characterized by different bulk band gap energies. The curves represent
experimental data on the dependence of peak emission wavelength on QD diameter. The range of emission
wavelength is 400-1350 nm, with size varying from 2 to 9.5 nm. This image was taken from an excellent review

article on QDs for biological applications."

The optical properties of QDs are related to the electronic structure, chemical composition and also the
nanocrystal size. The decrease of the crystal size causes the shift of absorption from infrared to the
visible region of the electromagnetic spectrum since the band gap energy of the QD increases. Figure
1.4A shows how the emission of CdSe QD can be tuned by controlling the size and how the increase of
the size shifts the emission from blue to the red end of the spectrum.’®>* A typical absorption and
emission spectrum of CdSe QD are shown in Figure 1.5. It is a 3.5 nm diameter CdSe sample prepared
by Murray et al.'® The sharp spectra features suggest high quality crystals and few electronic defect
sites. The absorption spectra are influenced by various physical and chemical effects. For example, the
polydispersity of QDs brings line broadening in the spectra. The spectra can also be influenced by the

crystal structure of QD;> different surface coating also leads to modification of the absorption spectra.

A
Em. 470nm 510nm 550nm 575nm 590nm 610nm 650nm

°Q 00 .
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technische universitat
dartmund

Figure 1.4 (A) Schematic representation of tunable optical properties of QDs. The emission of QDs can be tuned

by controlling the size of CdSe: an increasing in the size (from ~2.1 nm to ~8.1 nm in diameter) of CdSe shifts
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the emission from blue (~470 nm) to dark red (~650 nm) of the electromagnetic spectrum. The cartoon was
drawn approximatively based on the data from ref. **3' B) A set of statuary steels illustrating general size

dependent properties in the north campus of Technical University of Dortmund, Germany.

T T T T
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Figure 1.5 Typical absorption and emission spectrum of 3.5 nm CdSe NCs from ref.'® The sharp absorption

feature suggests a highly monodisperse sample.

The absorption spectra can be used to estimate the particle size as well as the crystal concentration, the
absorption cross-section and extinction coefficient. The methods and data were well established by

30-32, 34
several research groups.”™ ~~

In example, in Figure 1.5 the CdSe sample with the first absorption peak
at 545 nm leads to a size of around 3.8 nm. The concentration of sample can be estimated by measuring
the optical density of the first absorption peak. The working tables of absorption and extinction
coefficient versus size are listed in the appendix section 7.1.

The fluorescent emission observed for CdSe QD is a typical sharp peak with a small Stokes shift
corresponding to the band gap or near band gap emission resulting from the recombination of the
electron-hole pair. The recombination or relaxation of the electron-hole pairs can be followed by
several processes like radiative recombination (fluorescent emission), recombination by trap states or
annihilation of the exciton or Auger processes.'® These processes are shown in Figure 1.6. After
absorption of a photon, an electron is excited to the energy levels on the excited states, and this is
followed by a picoseconds nonradiative vibrational relaxation process, bringing the electron to the

lowest excited state. This process can be followed by fluorescence emission using fluorescence lifetime

measurement in the nanosecond regime, where a photon is emitted and the system relaxes to the ground
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state. Due to trapping of electrons (holes) by trap states within the band gap of the QD, there are
additional ways for the relaxation of the electron which results in the weak red shifted fluorescence or
nonradiative relaxation. That corresponds to a much broader band at longer wavelengths, which is often
observed for QDs with many surface defect states. This red shift often disappears after proper

passivation of the surface, for instance, by an organic or inorganic shell.”

A
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l
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Figure 1.6 Schematic presentation of fluorescence emission process: the path for absorption of light, vibrational

relaxation and radiative recombination or alternative relaxation through trap states.

1.2.2 Synthesis and surface modification of QDs

1.2.2.1 Synthesis of QDs CdSe/ZnS

Among the range of available QDs, the one comprised of CdSe cores and overcoated with a layer of
ZnS, are most often used in the biological applications. Although the group II-VI semiconductor QDs

have been synthesized in a controllable way for many years,**>"

the real breakthrough in synthesizing
high quality colloidal QDs was reported by Bawendi and colleagues in 1993.'"° They developed a
synthetic strategy of high-temperature growth ligands (mixture of trioctylphosphine/trioctylphosphine
oxide, TOP/TOPO) combined with pyrolysis of organometallic precursors, yielding CdSe NCs with
high crystalline cores and nearly monodisperse. Peng and colleagues modified this synthesis by
replacing the initial cadmium precursor dimethyl cadmium (Cd(CHs),) by a less toxic and cheaper
cadmium source, cadmium oxide (CdO) and achieved even higher quality QDs.** The growth

mechanism of CdSe QD consists a nucleation from the homogenous precursor organic solution and the

Ostwald ripening process. Precursors of cadmium are first coordinated in TOPO/HPA/TDPA
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(trioctylphophine oxide/hexylphosphonic acid/tetradecylphosphonic acid) at high temperature of
~350°C before the injection of the selenium, which is dissolved in TBP (tributylphosphine). The
nucleation takes place rapidly right after injection and continues until the temperature and monomer
concentration drop below a critical threshold.””* Figure 1.7C illustrates the growth of the CdSe NCs
with addition of TOP/TOPO coordinated Cd and Se ions on the surface.*' Figure 1.7B is a high-
magnification image of a 6.5 nm CdSe NC, which allows us to see the atoms in the NC structure. The

symmetry of the crystallite as well as the hexagonal shape of the unit cell is evident.*

TOPO-Cd TOP-Se
1.Nucleation
(C4H,;),POCd +(C;H,;);PSe > (C¢H,;),PO(CdSe)P(C;H,,),
2.Growth

Figure 1.7 Synthesis of CdSe QDs. A) Typical apparatus for preparation of high-quality CdSe by a high-
temperature route. The organic ligands are heated in the three-neck flask in an argon atmosphere. B) High
resolution TEM image of one CdSe nanocrystal viewed along [001] zone axis (c-axis of the wurtzite lattice).** C)
Schematic representation of a CdSe NC. The surface is capped with TOP/TOPO due to the influx of Cd and Se
ions selectively bound to the surfactant molecule TOP/TOPO. Selenium is assumed to be bound to TOP whereas

cadmium is assumed to be bound to TOPO, according to Peng et al.*

The growth of CdSe NCs will continue when the temperature remains above ~200 °C. Once the
reaction mixture is cooled down, the growth of QD can be stopped. For the production of larger

monodisperse QDs, a second injection can be used.*’ Both the average size and the size distribution of
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NCs in one sample are dependent on the growth temperature, which is consistent with the surface free
energy considerations. The growth temperature maintains the steady growth of NCs and increases with
increasing average crystal size. As illustrated in Figure 1.8A, the La Mer model shows that the
production of monodisperse colloids requires a temporally discrete nucleation event followed by a
slower controllable growth on the existing nuclei.*** A rapid injection of the reagents to the reaction
system helps to raise the precursor concentration above the nucleation threshold. A short nucleation
burst then partially relieves the supersaturation. As long as the precursors are consumed, the
concentration condition is not satisfied to form new nuclei. The second stage that determines the final
size distribution of the NCs is the so-called Ostwald ripening.*®*” In this stage, the small NCs with a
high surface energy will dissolve and the material is redeposited on the larger NCs. The average crystal
size increases and the size distribution becomes narrower over time. Figure 1.8B is a plot of a model
that describes this Ostwald ripening process.”® In this model, at any given precursor concentration,
there exists a critical size, which is at equilibrium. NCs smaller than the critical size will dissolve
(negative growth rate), while larger ones will grow at different rates dependent on their size. The
biggest rate of growth happens when the NCs are slightly larger than the critical size. These effects of
NCs growth all lead to a better size distribution and ideally yield monodispersity of the particles.

A Monodisperse Colloid Growth (La Mer) B
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Figure 1.8 (A) Cartoon depicting the stages of nucleation and growth for the preparation of high-quality QDs in
the framework of the La Mer model. As NCs grow with time, a size series of QDs may be insolated by
periodically removing aliquots from the reaction vessel. (Adopted from Bawendi et al.*’) (B) Variation of the

growth rate versus size, according to kinetics study of colloidal semiconductor NC growth by Peng et al.*’
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To achieve a higher quantum yield and better protection of the CdSe from oxidation or Cd/Se leaking, a
capping ZnS layer is usually grown on the top of the nanocrystal core.”> * This modification also
enhances QDs’ photostability by several orders of magnitude, as compared with organic dyes.”® The
high surface atom ratio of NCs suggests that the surface properties will have significant effects on their
structural and optical properties. Although a surface capping with organic or inorganic layers has been
found to influence only mildly the absorption property, it is well-known that the photoluminescence
efficiency, spectrum, and life time evolution are strongly affected by the surface states. This is possibly
due to the presence of gap surface states caused by surface nonstoichiometry, unsaturated bonds, etc.*’
A proper control of the surface is the key to achieve highly luminescent QDs. After overcoating with
the larger band gap semiconductor material ZnS, QDs with quantum yields in the range of 60-85% can

be obtained.”!
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Figure 1.9 Absorption and photoluminescence spectra of sample CdSe before and after overcoating with ZnS.
(A) Absorption spectrum of the CdSe/TOPO (dotted line) and the CdSe/ZnS NCs (solid line). The fluorescence
of the CdSe/ZnS is also shown (solid line). (B) Fluorescence of the TOPO-CdSe (dotted line) and CdSe/ZnS
(solid line) NCs is normalized by their absorption at the excitation wavelength (470nm).* The thickness of ZnS
shell also influence the quantum efficiency of QDs and it was reported by Bawendi et al that the highest QY
achieved when capping CdSe with ~1.3 monolayer (~0.4 nm) of ZnS.*

The ZnS layer is usually grown on the top of the previously prepared CdSe core using dimethylzinc
(MeyZn) and bis(trimethylsilyl) sulfide ((TMS),S) as precursors in TOP/TOPO mixture solvent at a
temperature of 200 °C.* The capping process has little modification of the CdSe core but only

introduces the new crystallite on the CdSe surface. This was confirmed by the very little differences of
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the absorption spectra before and after capping. However, it was observed that the quantum yield has
been significantly improved after capping of ZnS and the fluorescence spectrum of CdSe/ZnS retained
the sharp peak with a small red shift (~5 nm). This effect implied that the ZnS capping had passivated
the surface nonradiative recombination sites still present in CdSe. Compared with the organic
overcoating, the inorganic shell seems more robust and has greater tolerance to processing harsh
conditions in biological applications. Figure 1.9 illustrates the comparison of the absorption spectra and
photoluminescence spectra of CdSe and CdSe/ZnS, prepared by Hines et al.*’ The quantum yield of
CdSe/ZnS is ~6 times of that of CdSe.

1.2.2.2 Surface modification of QDs CdSe/ZnS

As described above, QDs are mostly prepared in nonpolar organic solvents. If they are to be solubilized
in aqueous buffers, the hydrophobic surface coating must be replaced by amphiphilic ligands.
Solubilization and surface-functionalization of QDs are essential for many biological applications, but

this process requires sophisticated surface chemistry, which is often a significant challenge. Various

13, 14, 18, 52, 53

QDs solubilization strategies have been developed over the past decades. These strategies

generally can be grouped into two types. The first approach uses ligand exchange of the original

hydrophobic surfactant ligands by hydrophilic molecules. The most often applied molecules are thiol-

54, 55

containing compounds, such as monothiolated ligands (i.e. mercaptoacetic acid), or bidentated

56-58

thiols (dihydrolipoic acid derivatives)™ ™", or more sophisticated ones, such as alkylthiol terminated

DNA”’, thioalkylated oligo-ethyleneglycols®. The advantage of this method is only leading to a small
increase in hydrodynamic diameter (HD) of QDs due to the introduction of a thin coating. This is of

17, 61

strong interests for QD-based FRET investigation or some biological applications which require

high diffusional mobilities.®> **

However, there are obvious drawbacks of this method, the stability of
the thin ligand shell is often influenced by local environment, such as pH, salt concentration, etc. and
these QDs are difficult to disperse in the cytosol of cells.’® ** ** Recently, some new approaches by
using similar thiol-containing molecules as DL-cysteine,””> poly (ethylene glycols)-terminated
dihydrolipoic acid (PEG-DHLA)®® have been developed for solubilization and functionliazation of QDs
and achieved significant in vitro and in vivo stability.®” " The second strategy for solubilization is
based on encapsulation into a layer of amphiphilic diblock’" "’ or triblock copolymers,” phospholipid

74-76

micelles, silica shells,””” " dendrimers,” or amphiphilic polysaccharides,* polymer shells,*’

oligomeric phosphine coating,*” or by phytochelatin-peptides coating,® or histidine-rich proteins.®
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Such encapsulated QDs certainly benefit from high photoluminescence efficiency and improved
stability, but the thick overcoating also produces large hydrodynamic diameters in the range of 20-30
nm for a 4-6 nm core/shell QD. This is often much larger than the cellular receptors being labeled,
thereby prohibiting the widespread implementation of QDs for biological imaging. Furthermore, large
particles will potentially interfere with the function of proteins being labeled and they might limit
access to hindered regions such as neuronal synapses.* *® Finally, the non-specific binding of these
thick shell QDs to cell organelles are often severe due to the high surface charges which prevent them
from using in single-particle tracking applications.”’ PEG-DHLA functionalized ligands have been
synthesized by conjugating a short PEG (5, 8, 12 or 15 repeating units) to DHLA and used to cap QDs
by Mattoussi et al (Figure 1.10).°° It was observed that PEG-DHLA capping of QDs dramatically
improves the stability and limits the nonspecific interactions in biological environment. The most
precious advantage of this strategy is that hydrodynamic diameter (HD) of the capped QDs is only a
few nanometers larger than the inorganic core (i.e. HD ~9.9 nm for a 565 nm-emitting QD). This
strategy has been found to comprise both advantages of thin coating and enhanced stability and
biocompatibility and has excellent potential applications for in vitro and in vivo biological imaging or

sensing.®”"% %
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Figure 1.10 Scheme for dihydrolipoic acid (DHLA) molecule (1) and poly (ethylene glycols)-terminated
dihyrolipoic acid (PEG-DHLA) with hydroxyl (2); amino (3) and carboxyl (4) functional groups. Synthetic

multidentate molecules for solubilizing and functionalizing QDs. n=5, 8, 12 or 15, etc.®* ™
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1.3 Luminescent quantum dots (QDs) for Fluorescent resonance energy
transfer (FRET)

1.3.1 Fundamentals of FRET

Fluorescence (or Forster) Resonance Energy Transfer (FRET) is a process in which energy is
transferred by a nonradiative, long-range dipole-dipole coupling from a fluorophore in an excited state
serving as a donor, to another proximal ground state acceptor (Figure 1.11). Because FRET usually
occurs over distances realized in the interaction between most biomolecules, that is typically in the
range of 1-10 nm, it is a powerful spectroscopic tool to interrogate changes in molecular conformation,
association, and the assembly or disassembly of biomolecular machinery.®" *** One requirement for
the spectroscopic properties of the involved chromophores is that the emission spectrum of the donor

and the absorption spectrum of the acceptor need to exhibit a significant overlap for FRET to occur.
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Figure 1.11 Schematic of the FRET process. Upon excitation, the excited state donor molecule transfers energy
nonradiatively to a proximal acceptor molecule located at distance of » from the donor. The acceptor releases the
energy through fluorescence or other nonradiative channels. The diagram shows the energy levels of the donor

and acceptor and the rates and states involved in FRET.

The quantitative study of FRET requires the knowledge of distinct parameters, such as the Forster
radius and energy transfer rates. For 2-Chromophore-FRET (2Ch-FRET) systems, where a single
exciton donor can interact with several acceptors, the energy transfer efficiency depends on the molar

ratio of acceptor and donor. E can be expressed as
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E(N,r):% 1.1
N+ ]

where N is the average number of acceptor molecules per one donor molecule.® *° For simple FRET
pair with one donor and one acceptor molecule, N=1. In some more complicated cases, especially
FRET involves nanoparticle donors, in which multiple acceptor molecules can be immobilized on one
nanoparticle donor, N is the number of acceptor. The Forster radius R, defined as the distance between
donor and acceptor that yields 50% energy transfer efficiency, can be calculated as,*®

Ry =8.8x10%x,’n,0,J 12

where Op is the quantum yield (QY) of the donor in the absence of an acceptor, and np is the refractive
index of the medium; sz is an orientation factor, depending on the relative orientation of the donor and
acceptor dipoles. Kp2=2/3 is the value for randomly oriented dipoles, which is suited for the systems
investigated in this thesis.”’ The overlap integral J is a quantitative measure of donor-acceptor spectral

overlap integrated over all wavelengths A, and is defined as,*®
J=[f(A)e, ()4 dA 1.3

where fp and ¢4 represent the donor emission spectrum (normalized and dimensionless) and acceptor
absorption spectrum, respectively. Experimentally, the efficiency £ of a FRET process can, for

example, be derived from the quenching of the donor fluorescence intensity, according to™®

E — 1_ FDA — 1_ TD*A — ktrans_/'er 1.4
F, o, k,+k, . +k

rad nonrad transfer
where Fp and Fp, are the fluorescence intensities of the donor in the absence and presence of an
acceptor; Tp.a and tp are the fluorescent lifetimes of the donor in the absence and presence of an
acceptor. Kyud, Knonraa and kiangrer are the radiative and nonradiative recombination rates and the transfer
rate of the donor, respectively. Alternatively, the efficiency £ can be determined by the luminescence
enhancement (if the acceptor is a fluorescent molecule), expressed as’>

P AA(AD{FAD(@)_I} s
A, (Ap)| Fo(Ay)

where 4p is the donor excitation wavelength; Ap and 44 are the donor and acceptor absorbance at the
wavelength Ap; F4p and F4 are acceptor fluorescent intensities at the acceptor emission wavelength 44

in the presence and absence of a donor.
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As an example for the 2Ch-FRET system, Kukolka and co-workers reported the assembly and
spectroscopic characterization of various unique FRET systems, which were constructed by means of
DNA hybridization using the enhanced yellow fluorescent protein (EYFP) as the donor and the organic
fluorescent dye Atto647 as the acceptor for energy transfer (Figure 1.12).”* In these systems, the
interchromophore distance of donor and acceptor can be conveniently changed by variation of the

binding sites of the fluorophores at the DNA “carrier” helix.
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Figure 1.12 Schematic representation of a 2-chromophore FRET system EYFP/Atto647. In this FRET system,
EYFP serves as an energy donor, Atto647-dye serves as an acceptor and the oligonucleotides-DNA bring the

donor and acceptor together with a precisely controlling of the separation distances.”

A limitation of FRET studies usually stems from the fact that it only permits the analysis of interactions
between two molecular entities. Many biochemical processes, however, involve multi-component
molecular assemblies which are based on dynamic and highly coordinated supramolecular interactions.
To study multi-molecular interactions within, for instance, biomolecular machineries, more complex
FRET systems, in particular, three-chromophore FRET systems, have been developed, which enable
the analysis of up to three mutually dependent energy transfer processes occurring between the
fluorophores.”*'*® Other examples concern two-step FRET processes to achieve a higher efficiency in

long-range energy transfer, larger spectral shifts between absorption and emission and improved
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sensitivity, compared to the simpler one-step FRET.'%*: 1% Thus, three chromophore FRET (3Ch-FRET)
systems are considered to possess a great potential for elucidating biomolecular structure and dynamics.
Figure 1.13 presents one example to demonstrate how a multiple FRET system of three fluorescent

. . . .. . cq - . .99
proteins elucidate the multi-protein interactions within some molecular machineries.

Kinase Kinase

Figure 1.13 A multi-FRET application sample from Sorkin et al.”’: a hypothetical model of one-step, parallel
and sequential FRETs within the EGFR-Grb-Cbl complex based on three chromophore FRET system of
CFP/YFP/mRFP.

1.3.2 Luminescent QDs for FRET investigations

As described above, luminescent semiconductor QDs are inorganic nanoparticle fluorophores with
unique optical and spectroscopic properties that make them excellent fluorescent labels for biological

14, 15, 104 : .
S QDs possess a variety of advantages over conventional

imaging, sensing and diagnostics.
organic dyes, such as high quantum yields, excellent photo- and chemical stability, and size-dependent,
tunable absorption and emission.”® This also allows one to exploit them as donors and acceptors in
energy transfer studies. In recent years, numerous advances have been achieved in QD-based FRET
investigations, regarding both fundamental theoretical analyses and biological applications, including
the design of biosensors and the analysis of biomolecular conformation and interaction.'” % ¢+ %091 104-
"7 Mattoussi and co-workers have developed a series of dihydrolipoic acid (DHLA)-coated QD-based
FRET system as biosensors. Figure 1.14 illustrates one multi-FRET QD maltose sensor. In this system,
a 530 nm QD is surrounded by about 10 MBP molecules (only one is shown for simplicity), each
labeled with a single Cy3 molecule. B-Cyclodextrin, an analogue of the primary maltose analyte, is

labeled with Cy3.5 (B-CD-Cy3.5), which binds specifically in the binding pocket of MBP to complete
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the sensor complex. Excitation of the QD results in excitation of the MBP-Cy3 (FRET 1), which in turn
excites the B-CD-Cy3.5 (FRET 2). Added maltose displaces B-CD-Cy3.5 and leads to increased
emission of Cy3. This sensor is ‘driven’ by a QD to achieve a better sensitivity and overcome inherent

limitations of the D/A distance.'®
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Figure 1.14 Schematic function of a multi-FRET QD maltose sensor-one QD-based FRET application sample
from Mattoussi et al.'” Each 560 nm emitting QD is surrounded by an average of ~10 MBP moieties; a single
MBP is shown for simplicity. Formation of QD-MBP-B-CD-QSY9 (maximum absorption ~565 nm) results in
quenching of QD emission. Added maltose displaces B-CD-QSY9 from the sensor assembly, resulting in an

increase in direct QD emission.

It has previously been suggested that the combination of different types of fluorophores, such as
inorganic luminescent nanocrystals, organic dyes, and genetically encoded fluorescent proteins offers a
promising route for the fabrication of multi-chromophore systems.®' In this thesis, a DNA-based three
chromophore-FRET (3Ch-FRET) system was assembled and spectroscopically characterized. The
system comprises three different types of fluorophores, that are luminescent QDs, enhanced yellow
fluorescent protein (EYFP) and short single-stranded DNA (ssDNA) oligonucleotides tagged with the

organic dye Atto647, all of which are common fluorescent tags in bio-labeling and bio-sensing.

1.4 Luminescent quantum dots (QDs) for cellular imaging

Fluorescent semiconductor QDs have been used for cellular labeling since last decade and attracted the
greatest interest ever since.”””” Within last few years, significant progress has been made describing
the ability of single or multi color of biofunctionalized QDs to label living or fixed cells. Many of these

advances show that QDs labeling allows a longer temporal imaging of cells with extended anti-

photobleaching property, as well as multicolor imaging possibility under a single excitation source.'> '

L - . 50,71, 118,119
For example, QDs have been used in immunofluorescence labeling of membrane proteins,” "> "

71,77

microtubules,”" actin, or nuclear antigens.”' The big advantage of QDs is that they are brighter than
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organic dyes due to the high extinction coefficient, which is much larger than those of most organic
dyes. Additionally, they are resistant to bleaching over much longer period of time which is an
extremely useful property for cellular imaging particularly for a long term in vivo tracking. Figure

1.15A illustrates the high resistance to photobleaching and photo degradation of Qdots® from

Invitrogen compared with organic dye.
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Figure 1.15 QD’s resistance to photobleaching and multicolor labeling. (A) Photostability comparison between
QDs and Alexa 488. Top row: Nuclear antigens were labeled with QD 630-streptavidin (red), and microtubules
were labeled with Alexa 488 conjugated to anti-mouse IgG (green) simultaneously in a 3T3 cell. Bottom row:
Microtubules were labeled with Alexa 488 conjugated to anti-human IgG. The specimens were continuously
illuminated for 3 min with light from a 100 W mercury lamp. Images were captured with a cooled CCD camera
at 10s intervals for each color automatically. Scale bar, 10 um.”" (B) Pseudocoloured image depicting five-color
QD staining of fixed human epithelial cells. Cyan corresponds to 655-nm QDs labeling nucleus, magenta 605-
QDs labeling Ki-67 protein, orange 525-QDs labeling mitochondria, green 565-QDs labeling microtubules and
red 705-QDs labeling actin filaments."

Another unique advantage of QDs for the cellular imaging is that QDs of different sizes can be used for
labeling different organelles of the same cells and observed with one excitation source. Figure 1.15B
demonstrates a multicolor labeling of the fixed cells. Five functionalized QDs with different fluorescent
emissions were used to stain five different parts of the fixed human epithelial cells. The cells can then
be excited with a single wavelength for all the five QDs."?

Whole organism imaging was achieved by Dubertret and co-workers on small Xenopus embryos
containing intracellular QDs.” Phospholipid micelle-stabilized QDs were microinjected into Xenopus

embryos and showed the cell lineage-tracing during the developmental process spanning the embryo-



Introduction 19

tadpole stage and equal transfer of QDs from mother to daughter cells (Figure 1.16). This experiment
also demonstrated the long-term cellular compatibility and photo and chemical stability of phospholipid
micelle-stabilized QDs.
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Figure 1.16 QD labeling of Xenopus embryos at different stages and specific QD intracellular localizations. (A)
Schematic showing the experimental strategy. Phospholipid micelle-stabilized QDs were microinjected into an
individual blastomere during very early cleavage stages. (B) Injection of one cell out of an eight-cell-stage
embryo resulted in labeling of individual blastomeres. (C) Same embryo shown 1 hour later. The daughter cells
of the injected blastomere are labeled (D) and at a later stage (E) show two neurula embryos, which were
injected into a single cell at the eight-cell-stage in the animal pole. The QDs can be visualized through the
pigmented layer of the epidermis. (F) Intracellular labeling of an axon and somites at tadpole stage 40. The QDs
migrate into axons all the way to growth cones. In the somites, the QDs seems to be localized in subcellular
structures. (G) QDs localized in the nucleus during mid-balstula stages. (H) Labeled neural crest cells migrating
into the branchial arches. (I) QD fluorescence observed in the gut of an injected embryo. Bars: (B) to (E), (H)
and (I), 0.5 mm; (F) and (G), 30 um.

The luminescent QDs have the potential to revolutionize biological imaging. Despite the drawbacks
such as large hydrodynamic diameter and cytotoxicity, which may be overcome with the advances of

new synthetic and surface-modification techniques, QDs unique properties can complement the
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disadvantages of well-established fluorophores or fluorescent proteins for the applications in which

120, 121 . sps el 122 : .
0-121 or single-molecule sensitivity'** over long time scales are required.

photostability, NIR emission,
As a solid phase, a single QD allows attachment of multiple proteins, which actually serves as a
nanoscaffold and provides the possibility for creating a multifunctional nanoparticle-biological hybrid.
Conjugation strategies for attaching proteins to QDs can normally be grouped into three categories,
depending on the capping strategies for QDs." (i) EDC coupling, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide, condensation to react carboxy groups on the QD surface to amines on biomolecules; (ii)
direct binding of thiolated peptides or polyhistidine residues to the QD surface; (iii) electrostatic
adsorption or non-covalent assembly using some engineered proteins. The limitation of the EDC
coupling method is the difficulty to control the crosslinking and aggregation of QDs, because there are
numerous surface functional sites on one QD, which possibly bind or crosslink the numerous protein
target sites. Nevertheless, this strategy was widely used to prepare commercial QD-protein conjugates.
For example, the Qdots” (Invitrogen Co.) straptavidin conjugates were prepared by coupling multiple
straptavidin molecules on carboxyl functionalized polymer coated QDs through EDC linker.”' Direct

84, 118 or Zn-

binding based on thiol-bonding between QD surface sulphur atoms and cysteine residues
affinity coordination of histidine residues to QD surface Zn atoms or Ni-NTA functional groups were
also often used.” %% 106123124 The y5e of the histidine residues limits some of the proteins binding to
QDs. Engineering proteins to express positively charged domains provide the possibility to self-
assemble onto the surface of negatively charged QDs (e.g. DHLA-QDs) through electrostatic

assembly.’® ' However, these assembly were easily effected by the pH or salt concentration changes.

1.5 Aim of this work

As discussed above, it is of outmost importance to prepare robust, water-solubilized and functionalized
QDs in order to enable controllable properties for biological applications. Therefore, the main objective
of this work was to synthesize and surface-modify luminescent CdSe/ZnS QDs.

The desired QDs should possess high photoluminescence quantum yield, narrow size distribution and a
chemically accessible surface to allow the binding of biomolecular moieties. To this end, it has been
decided to use the classic synthetic route of pyrolysis strategy with Cd/Se precursors to prepare CdSe
QDs with enhanced fluorescence and high quality crystallization. In order to passivate the surface traps
of the CdSe NCs and protect them from chemical-degradation, an inorganic shell of ZnS was grown on

the top of CdSe. The resulting CdSe/ZnS NCs were dispersed in organic solvent such as chloroform or
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hexane. To make them water-soluble, several strategies can be applied to render the QDs into aqueous
solution and to introduce a range of functional groups. A ligand-exchange strategy with dihydrolipoic
acid and a phospholipid micelle-coating strategy can be applied to make the CdSe/ZnS water-soluble
(Figure 1.17). Based on the different characters of these two types of functionalized QDs, the DHLA-
coated QDs with reduced hydrodynamic size are suitable and were chosen for FRET-based biosensor
study. To this end, the DHLA-coated QDs should be used for the assembly of a QD-fluorescent protein
donor system for a multi-FRET study. The highly stable phospholipid micelle-stabilized QDs with
thick coating should be investigated for their use in cellular imaging to study the prenylation

mechanism of Rab7 protein.

Figure 1.17 Schematic representation of solubilized and functionlized QDs. (A) Dihydrolipoic acid-coated
CdSe/ZnS QDs. (B) phospholipid micelle stabilized CdSe/ZnS QDs with functional groups.
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2 Results and Discussion

2.1 Synthesis and Characterization of QDs CdSe/ZnS

A wide variety of QD synthesis protocols have been developed, and the synthesis of CdSe QDs
represents the most investigated and the best understood system. Most of the synthesis strategies
involve a pyrolysis of the cadmium and selenium precursors in the presence of a ligand that binds to the
resulting nanocrystal surface to sterically stabilize them from aggregation or to prevent growth into
bulk semiconductor. In this chapter, the structure and synthesis strategy of QDs CdSe/ZnS are
described and discussed. The general aim was to achieve a reproducible and robust synthetic route for

the preparation of luminescent CdSe/ZnS NCs.

2.1.1 Structure of QDs CdSe/ZnS

The semiconductor nanocrystal was formed by a core composed of cadmium selenide (CdSe), and a
shell overcoating of a material such as zinc sulfide (ZnS), cadmium sulfide (CdS) or zinc selenide
(ZnSe). The particles were normally capped by a protecting layer of organic molecules (ligand
molecules), which stabilize the nanocrystals (NCs) in solution. The trioctylphosphine (TOP) and
trioctylphosphine oxide (TOPO) are such binding ligands, which chemisorb on the QD surface when
these crystals form and grow in the TOP/TOPO solvent. Core/shell type QDs CdSe/ZnS were prepared
by overcoating the CdSe NCs with a higher band gap material ZnS to improve the photoluminescence
quantum yield by passivating surface nonradiative recombination sites.”> ** Other core-shell NCs
examples where inorganic materials are used as overcoating include CdS on CdSe and CdSe on CdS,'*°
ZnSe overcoated CdSe'”” and SiO, on Si.'*® Compared with surface passivation by organic ligands,
these inorganic shell structures are more robust and can provide better protection from photooxidation
and fluorescent quenching for the cores. The ZnS shell confines the deep trap emission by passivating
the surface vacancies and the trap sites on CdSe, resulting in improved luminescence and higher
stability and electrical connection. The core/shell structure QD is schematically depicted in Figure 2.1.1.

In this work the previously reported two-step protocol'® ** 1%

was used to prepare CdSe/ZnS. The
CdSe core was first prepared utilizing pyrolysis of organometallic reagents by injecting Se precursor to
high temperature Cd precursor solution of TOP/TOPO. The subsequent overcoating step was carried

out by slowly growing of the ZnS onto the already formed CdSe core.
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Shell: higher band gap

Core: smaller band gap

Figure 2.1.1 Schematic representation of a core-shell structure QD CdSe/ZnS. The ZnS shell possess a higher
band gap than CdSe core confining the excitons and holes inside the core. Surface is capped with an organic

molecule TOP/TOPO.

2.1.2 Synthesis of CdSe core

In the development of QD synthesis, the main task of this work was to obtain a controllable and
reproducible method for the preparation of the CdSe cores of uniform size and properties. The
pyrolysis synthetic strategy developed by Bawendi and co-workers in 1993 is a simple route to the
production of high-quality cadmium chalcogenides quantum dots.'® The synthesis combines a
homogeneous nucleation with a rapid injection of organometallic reagents into a high temperature
coordinating solvent and a slow growth and annealing in the coordinating solvent, which results in
uniform surface derivatization and regularity in the size and core structure. Peng and co-workers used
CdO as cadmium precursor instead of the extremely toxic, pyrophoric and expensive dimethyl
cadmium (Cd(CHs;),) and this one-pot synthesis of high-quality CdE (E=S, Se, Te) was much more
economic and easily scaled-up.*’

The synthesis method used in this thesis is based on usage of CdO and TOPSe precursors and
dodecylamine (DDA), tetradecylphosphonic acid (TDPA) and TOPO as coordinating ligand molecules
similar to procedure described by Peng et al.” At the temperature of around 300 °C, CdO powder was
first dissolved in the organic ligands TOPO/DDA/TDPA generating a colorless homogeneous solution.
The nucleation of CdSe NCs took place immediately after injection of TOPSe which was prepared
prior to injection by dissolving Se powder in TOP. The initial nucleation stage in this procedure is
slower than that when Cd(CHs), is used as precursors because the Cd-DDA/Cd-TDPA/Cd-TOPO are

more stable than Cd(CHs3),. The slow initial nucleation rate is an advantage for a reproducible
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preparation of high crystal quality CdSe.* It is well known that the band edge luminescence energy of
CdSe depends strongly on the size and therefore this property was used to assess the time evolution of
the growth process. Usually, nucleation takes place right after injection and continues until the
temperature and precursor concentration drop below a critical threshold. The kinetics of nucleation are
difficult to study,” whereas the subsequent growth of NCs can be investigated more readily. As
discussed in the introduction chapter (Figure 1.8), this process is based on Ostwald ripening or
defocusing by which the growth of the NCs is controlled.*® During this period of time, the higher
surface free energy of small crystallites makes them less stable with respect to dissolution in the solvent
compared to larger crystallites. The result of this process is to sharpen the size distribution of the NCs
and produce of high quality QDs. With the constant addition of the precursors, the monodisperse CdSe
crystals of desired size can be obtained by controlling the mixture temperature. In the experiments of
this work, when the reaction mixture was cooled down below ~200 °C, the growth of the particles was
stopped. The particle size of CdSe can be monitored by continuously taking aliquots of the reaction

32 .
3932 For instance, a CdSe

samples from the flask and measuring the UV-Vis absorbance (Figure 2.1.3).
sample prepared in this work with the first absorption peak of ~570 nm leads to a particle size of ~4.5
nm based on the size-dependent properties. Figure 2.1.2 shows the typical photoluminescence spectrum
of the sample of 4.5 nm diameter CdSe NCs in comparison with the absorption spectrum. The effect of
quantum confinement can clearly be seen. CdSe absorption is shifted dramatically from its 716 nm bulk
band gaps to three resolved transitions. The luminescence quantum yield for this sample is ~7.6%
relative to Rhodamine 6G at room temperature. Briefly, the CdSe NCs were resolved in hexane and the
fluorescence was compared with that of the Rhodamine 6G sample, which was diluted in ethanol to the
same absorbance as the CdSe sample at 480 nm. There is around 15 nm red shift of the emission peak
compared with the absorption maximum, which is the result of a combination of relaxation into shallow
trap states and the size distribution.”® The sharp absorption and emission features and the high
quantum yield suggest highly monodisperse CdSe NCs with few surface electronic defects. The sharp
luminescence is also a result of the efficient electronical passivation of the capping groups, which
protect the individual NC from chemical degradation. Once capped with enough capping molecules,
the CdSe NCs in this work are very stable and can be stored in organic solvent for more than one

16
year.
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Figure 2.1.2 Typical room temperature absorption and emission spectrum of 586 nm-emitting QD CdSe
prepared in this thesis (first absorption peak at 570 nm and emission maximum at 586 nm with a 350 nm

excitation, FWHM=~35 nm, particle size of 4.5 nm in diameter, dispersed in chloroform).

Figure 2.1.3 shows the evolution of the UV-Vis absorption spectra for different size CdSe QD samples
prepared in this work during the growth of the NCs at around 280 °C for different periods of time.
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Figure 2.1.3 Room-temperature absorption spectra of CdSe NCs dispersed in chloroform and ranging size from

~2.76 to 4.65 nm versus the growth time at around 280 °C. The samples were all prepared using an identical

protocol but varying reaction times.
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The final CdSe particle sizes were ranging from ~2.76 to 4.65 nm (first absorption peak arranging from
490 to 590 nm) when the reaction time was ranged from ~30 sec to ~45 min at a growth temperature of
~200-280 °C. To prepare the small CdSe NCs, the temperature of the reaction solution should be well
controlled below ~200 °C a few secs after injection of TOPSe to prevent the continuous growth of the
crystals. Cooling the flask with cold water or injection of a few milliliter of n-butanol to the mixture are
the two strategies used in this thesis to control the temperature. It is obvious that CdSe NCs even
smaller than the samples prepared in this work are hard to synthesize directly with this method due to
the difficulty to reduce the growth time. To obtain smaller NCs, it was reported that the initial

d.'** For preparation of blue

precursor concentration or temperature have to be carefully controlle
emitting QDs (emission less than ~490 nm), CdS/ZnS or other materials NCs can be good alternatives
for CdSe."!

The resulting TOPO coated CdSe NCs were collected and purified by a size selective precipitation
from organic solvent. The capping ligand layer provides an energetic barrier against aggregation of
QDs, which strongly relies on the energy of mixing between the tethered groups and the solvent
molecules. Addition of a polar but miscible solvent such as methanol destabilizes the NCs and causes
precipitation. The NCs can be collected by centrifugation and subsequently washed to remove the free
ligands and non-reacted precursors. The NCs can then be redispersed in organic solvents. This process
can be repeated several times to get higher purities and narrow size distribution.” The particle
concentration of the QD solution can be estimated from the UV-Vis absorbance and the extinction
coefficient of the QDs. For example, the extinction coefficient of a 586 nm-emitting CdSe QDs sample

at the first absorption peak, ~570 nm is 320,000 M'em™,* and the sample solution of a UV-Vis

absorbance of 0.5 at 570 nm indicates a particle concentration of 1.6 pM.

2.1.3 CdSe surface overcoating with ZnS and characterization of CdSe/ZnS

The strategies for overcoating a QD with a second semiconductor material of wider bandgap are well
described. Particles passivated with inorganic shell structures are more robust than organically
passivated NCs and have greater tolerance to some harsh conditions presented in biological media (e.g.
high or low pH buffers or cellular organelles).

Diethylzinc (ZnEt;) and bis(trimethylsilyl) sulfide ((TMS),S) were used as Zn and S precursors in this
work. The amount of the two precursors were calculated prior to experiments based on the desired shell

volume assuming a spherical core and shell and taking into account the bulk lattice parameters of CdSe
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and ZnS (thickness of one monolayer of ZnS, 0.31 nm). The core size of CdSe was estimated from the
absorption wavelength of the first absorption peak as described earlier.”® The calculated amount of
precursors was dissolved in TOP and was added very slowly to the reaction flask containing preheated
CdSe dots dispersed in TOPO/TOP to enable the growth of ZnS on the CdSe cores. The control of the
temperature at which the CdSe NCs are overcoated is crucial. At higher temperatures, the CdSe NCs
will start to grow following the Ostwald ripening laws and the size distribution will become broader. At
lower temperature, incomplete decomposition of the precursors could occur which leads to reduction of
the crystallinity of the ZnS shell. The growth temperature used in the syntheses carried out here was
~150 °C, at which the CdSe seeds will not degrade and the ZnS shells are of high degree of
crystallinity.””** The concentration of the Zn and S precursors and the rate of addition are also critical
steps. Slow addition of the precursors at low concentration will avoid self-nucleation of ZnS and ensure

that most of the ZnS grows heterogeneously on the CdSe cores.
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Figure 2.1.4 Typical absorption and photoluminescence (PL) spectra of sample CdSe before and after
overcoating with ZnS. The spectra were normalized against the absorbance at the first absorption peak for UV-

Vis spectra and the CdSe emission for PL spectra, respectively.

Figure 2.1.4 shows the absorption and PL emission spectra comparison before and after overcoating
with 1-2 monolayer (0.31-0.62 nm thickness) of ZnS of one example of a 4.5 nm CdSe NC. A small
red shift of the first absorption peak can be seen after overcoating due to partial leakage of the exciton
into the ZnS matrix.”> The photoluminescence spectra of CdSe and CdSe/ZnS indicate the big

enhancement of the quantum yield after overcoating. The PL quantum yield increased from ~7.6% to
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~29% since the NCs were passivated by ZnS shell. Dabbousi and co-workers carried thorough studies
on the effect of ZnS thickness for quantum yield and found out that CdSe overcoated with ~1.3

monolayers (~0.40 nm) of ZnS would exhibit highest quantum efficiency.”
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Figure 2.1.5 Color photograph demonstrating the size-tunable fluorescence properties and wide spectral range of
the eight QD dispersions (CdSe or CdSe/ZnS) plotted versus CdSe core size and emission maximum. The

samples were excited using a 365 nm UV light.
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Figure 2.1.6 Absorption (A) and photoluminescence emission (B) spectra of five different CdSe/ZnS QD

dispersions. The samples were dispersed in chloroform solutions and excited by 350 nm light.

Figure 2.1.5 displays the wide spectral range of luminescence CdSe (CdSe/ZnS) NCs. The color
photograph demonstrates eight different samples of CdSe or ZnS overcoated CdSe QDs dispersed in
chloroform solutions. The samples were all irradiated with a 365 nm ultraviolet light from a UV source.
As the size of CdSe core increases (from 2.74 to 4.66 nm), the color of luminescence changes from
green, yellow, orange to red. Figure 2.1.6 shows the absorption emission spectra of the five different

CdSe/ZnS samples all of which were applied in the later parts of this work (chapters 2.2, 2.3 and 2.4).
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The Stoke shifts of the fluorescence spectra of these samples were in the range of 15-25 nm and the
quantum yield were ranging between ~0.2 and ~0.7, both of which were similar with those reported in

literature.*> * ' Some of the optical properties of five different QDs samples are listed in Table 2.1.1.
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Figure 2.1.7 Transmission electron micrograph and size histogram of one 522 nm (A, B), 586 nm (C, D), 625
nm-emitting (E, F) CdSe/ZnS samples. The magnification for the TEM images are ~4.4x10° times (A) and
~3.4x10° times (C, E). The sizes of the 522 nm, 586 nm and 625 nm-emitting QDs are 3.7+0.5, 4.5+0.5,

5.6+0.8 nm, respectively according to the histograms.

Transmission electron microscopy was used for imaging of individual crystallite and the development
of a statistical description of the size and shape of the particles in a sample. Figure 2.1.7A shows the
image at ~4.4x10° times magnification with moderate crystallite coverage allows careful size
measurements of ~100 individual NCs on a single image and shows that the particles were almost
monodisperse. The CdSe/ZnS NCs were found to possess structures with close to spherical shapes.

Figure 2.1.7B shows a histogram of size distribution of the same sample and this figure demonstrates
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the average size of ~3.7+0.5 nm for the 522 nm-emitting CdSe/ZnS. The sizes of the 586 nm and 625
nm-emitting CdSe/ZnS NCs were also estimated from Figure 2.1.7 C and E, around 4.5+0.5 nm and

5.6£0.8 nm. The NCs are all dot shape like particles with well size distribution.

Table 2.1.1 Resume of the optical properties of five different CdSe/ZnS QDs. The quantum yield data were

obtained by using rhodamine 6G as a standard in ethanol. The core size of CdSe was estimated by the first

absorption peak.™

QDs Abs/Emi Max (nm) Stoke shift (nm) | FWHM (nm) Quantum Yield Core size (nm)
QD522 | 504/522 18 39 0.56 2.71

QD532 | 516/532 16 36 0.71 2.74

QD554 | 539/554 15 35 0.34 3.31

QD586 | 570/586 16 38 0.29 4.44

QD625 | 600/625 25 40 0.20 4.66

2.2 Water-Solubilization and Functionalization of QDs CdSe/ZnS

As discussed previously, there are various techniques for the surface modification of QDs in order to
render them water-soluble and functional and target them to specific biomolecular entities.'> '* '#-3% 3
Two general strategies were used in this thesis. On one hand, surface-exchange of hydrophobic
surfactant molecules against bifunctional linker molecules such as thoil-containing ligands
dihydrolipoic acid was used.’®™® On the other hand, phase-transfer strategies using amphiphilic
molecules that act as detergents solubilizing the QD coated with hydrophobic groups were applied.

Phospholipids were chosen as the surfactant to form micelle-stabilized NCs in this thesis.”*"®

2.2.1 Strategy 1: surface ligand-exchange by dihydrolipoic acid (DHLA)

Mattoussi and co-workers developed a direct method to exchange the surface hydrophobic ligands on
the QDs by a dithiolated molecule dihydrolipoic acid (DHLA, Figure 2.2.1) and render these NCs
soluble and suitable for biological sensing applications.’® ®* The resulting DHLA-coated QDs (termed
as DHLA-QD) can be stored at 4 °C in borate buffer at pH ~9 for the future use. These negative
charged DHLA-QDs are stable and have useful luminescence emission only in aqueous solution at pH

~7 or above. Acidic solutions will induce precipitation of the NCs along with a photoluminescence loss
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due to loss of surface charge upon cap protonation or loss of ZnS cap affinity. To produce robust and

higher PL QY DHLA-QDs, thicker ZnS shells (e.g. 4~6 monolayers) are usually recommended.’® ©*
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Figure 2.2.1 Schematic representation of the water-solubilization procedure for CdSe/ZnS NCs by ligand-
exchange with dihydrolipoic acid (DHLA).
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Figure 2.2.2 Normalized PL spectra comparison of two QD samples before and after surface overcoating with

dihydrolipoic acid (DHLA).

A reduction of ~50-90% of the PL quantum yield of QDs was typically observed after ligand exchange
by DHLA coating. This fluorescence quench was probably due to the decrease in passivation by
surface ligands depending on the particular QD sample used. Figure 2.2.2 shows the PL spectra
comparison of a 532 nm- and a 625nm-emtting CdSe/ZnS NCs before and after DHLA overcoating.

The PL emission spectra indicated that the DHLA-QDs almost maintained the emission wavelength
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and ~14-27% of the quantum yield of that of CdSe/ZnS NCs. The negatively charged DHLA-QDs are
monodisperse in borate buffer, which was confirmed by atomic force micrographs (AFM). Figure
2.2.3A shows the AFM pictures of the 625 nm-emitting DHLA-QDs which were immobilized on
magnesium ion (Mg®") modified mica slides. The heights of ~8000 particles on the same mica surface
were statistically collected and plotted as a histogram as shown in Figure 2.2.3B. The particle size
obtained from the statistical study was around 9.943.7 nm. This is around 68% bigger than the size
detected by TEM, possibly due to the soft organic ligand molecules on QD surface which were also

detected by AFM height measurements.
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Figure 2.2.3 (A) AFM image of DHLA-QD625 on Mg”" modified mica (10 pmx10 pm, z-scale=5 nm). The
DHLA-QDs were dispersed in borate buffer (pH=9.0) at the concentration of 10 uM. (B) height histogram of
~8000 particles on the same surface of that of A. The particle size of DHLA-QDG625 obtained from the particle
heights is around 9.9£3.7 nm.

The DHLA-QD allows an electrostatic adsorption of biomolecules possessing either a natural positive
surface charge (e.g. avidin) or engineered positively charged domains (e.g. a basic leucine zipper or
polyhistidine tag), which provides a direct and simple way for the conjugation of biomolecules (e.g.
protein or DNA) on the surface of DHLA-QD.®* ' In contrast to the commercial QDs, which are often
of sizes around 15-30 nm, the reduced particle sizes (~5-10 nm) of DHLA-QDs due to the thin DHLA
layer are also a great advantage for the biological applications, especially for the sensing study in
which QDs are used as energy donors. Conjugation of DHLA-QDs to maltose binding protein (MBP),
the immunoglobulin-G-binding 2 domain of streptococcal protein G (PG) and avidin or polyhistidine

tagged peptide have been achieved for some applications in biological sensing or imaging.”® > ¢ %091
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104, 106.107. 124 However, there are also some disadvantages of this capping strategy. For example, the

subsequent bioconjugation requires the use of proteins that have been engineered to express a leucine
zipper domain or a polyhistidine tag. This limits the applications of DHLA-QDs. The conventional
covalent cross-linking approach based on EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride) condensation was relatively unsuccessful because the dihydrolipoic acid tended to be
protonated and the DHLA-QDs extensively aggregated in the acidic coupling buffer.’® Furthermore, the
stability, particularly in vivo stability of DHLA-QDs is poor, which also limits their applications in
cellular imaging.®® Finally, the relatively low quantum yield of DHLA-QDs is also a significant

drawback.

2.2.2 Strategy 2: solubilization and functionalization with phospholipid micelles

2.2.2.1 Encapsulated in poly (ethylene glycol) (PEG) phospholipid micelles

Poly (ethylene glycol) (PEG) derivatized phospholipids (termed as PEG-PLs) are extensively used for
the steric stabilization of liposomes or vesicles.'** The incorporation of an appropriate amount of PEG
lipid into the membrane will greatly increase the colloidal stability of the liposomes. However, in dilute
aqueous solution these PEG-PLs tend to form spherical micelles if the critical micelle concentration for
each compound is reached. The central holes of these PEG-PLs micelles are of nanometer dimensions,
which provide the possibility for encapsulating nanoparticles or drug inside the micelles for further

- 133136 hyybertret and co-workers presented a simple strategy to encapsulate single QDs

applications.
in PEG-PL micelles.”* " Figure 2.2.4 shows an exemplary procedure of encapsulating QDs with 90%
of PEG2000-PLs and 10% of functionalized PEG2000-PLs (e.g. biotinylated, amino, carboxyl or
maleimidyl functionalized PLs). Due to hydrophobic interaction between the TOPO/TOP ligands and
the hydrophobic headgroups of PEG-PLs, the NCs are stabilized inside the empty holes of the micelles.
PEG exhibits a very low degree of nonspecific interactions with other biomolecules or polymers in an
aqueous environment, which attracts many interests to use it for biotechnical and biomedical
applications. In addition, PEG is non-toxic and does not damage active proteins or cells although it
might interact with cell membranes. The PEG-PLs used for the encapsulation are commercially

available with PEG size ranging from 350 to 5000 Da. In this thesis, the PEG2000-terminated (2000 Da)
phospholipids were used for encapsulating QDs.
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Figure 2.2.4 Schematic representation of the procedure of QD micelle encapsulation and functionalization with
PEG2000-terminated PLs and functionalized PLs. The structures of some of the commercially available

functionalized PLs (amino, carboxyl, biotinylated and maleimidyl) were shown.

Dubertret et al suggested a two-step protocol to encapsulate QDs with PEG2000-PLs.”* "° Firstly a
PEG2000-PLs and QDs film was prepared by evaporating the organic solvent from the mixture. The
PEG2000-PLs-QDs film was subsequently rehydrated and dispersed in water by smooth stirring,
yielding a clear PEG2000-PLs encapsulated QDs (termed as PEG2000-QDs) solution. However, this
protocol did not work well in the preparation of this thesis. Instead of the described protocol, a one-step
137

protocol was used to encapsulate QDs in PEG2000-PLs (Figure 2.2.4).
mPEG(2000) phosphatidylethanolamine (mPEG2000-PE) in the solvent of chloroform and distilled

Briefly, the mixture of QDs,

water were heated slowly in boiling water bath and the chloroform was evaporated by gentle rotary-
evaporation. The QDs transferred from the organic phase into the aqueous solution once the micelles
formed. The remaining chloroform can be removed under vacuum and the resulting clear micelle-QDs

solution can then be purified either by an ultracentrifugation or by size exclusion chromatography (SEC)
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to remove the empty micelles and free phospholipids. By varying the PEG-PLs headgroups in the lipid
mixture, it is possible to introduce a variety of physical (switchable electrical charges, structures,
entropic shielding) and chemical (functional or reactive groups, biological recognition units) properties
(Figure 2.2.4). Addition of functionalized (e.g. biotinylated, amino, carboxyl, maleimidyl, etc.)
PEG2000-PLs to the PEG2000-PLs allowed to preparing functionalized QDs, which provided the
possibility for the further conjugation with biomolecules. This one-step protocol is a more convenient
and efficient route to solubilize and functionalize QDs compared with the one described previously.”*
76 One of the major challenges of surface-modified QDs suitable for cell labeling and single particle
tracking is nonspecific binding, which is partly attributed to electrostatic attraction of the biological
surface with charged QD ligand coatings."*® The overall charge of the phospholipid micelle can be
tuned precisely for a given pH by adding to the PEG-PLs amino-PEG-PLs or COOH-PEG-PLs to
promote electrostatic interactions with oppositely charged entities.”

The optical properties of PEG2000-QDs in water were compared to those of the original NCs in
chloroform. Photoluminescence quantum yields of PEG2000-QDs remain 40-85% of those of QDs in
organic solvent in this work. Transferring the QDs from organic solvent to aqueous phase by coating
with the micelles did not lead to significant changes in the absorption and emission spectra shapes.
Figure 2.2.5 indicates that PEG-PLs encapsulated QDs almost keep the emission maxima position (~2
nm red shift) and ~80-85% of the luminescence depending on different samples. The final quantum

yields of PEG2000-QDs samples were measured to be ~20 to 60% by comparing with Rhodamine 6G.
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Figure 2.2.5 Photoluminescence emission spectra of 532 nm, 586 nm and 625 nm-emitting QDs CdSe/ZnS
before and after encapsulation in PEG2000-PLs.
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The size of the QDs once they are rendered hydrophilic is a very important parameter, particularly with
regard to QD diffusion in tissue or cellular environment or FRET-based sensing study. The size of the
PEG2000-QDs depends on the size of the QDs synthesized and the size of PEG chosen. Compared
with DHLA-QDs, QDs encapsulated with PEG2000-PLs are reported to be slightly larger in the
hydrodynamic diameter (HD) measured by dynamic light scattering (DLS), ranging from 14-24 nm.”®
For example, the HD of a PEG2000-QD586 sample, which was prepared in this work with a CdSe/ZnS
core size of ~4.5 nm is ~18.5 nm, in contrast with ~8.3 nm for DHLA-QD586.
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Figure 2.2.6 TEM images of PEG2000-PLs encapsulated QDs with emission at 586 nm (A, B) and 625 nm (D,
E) and size histogram for PEG2000-QD586 (C) and PEG2000-QD625 (F). Only the QDs inside the PEG2000-
PLs micelle core are seen in the images. The sizes of the 586 nm and 635 nm-emitting PEG2000-QDs are

4.6+0.6 nm and ~5.6+0.7 nm, respectively, which are similar with those before PLs encapsulation.

Transmission electron microscope images of PEG2000-QDs give the information of the core size and
dispersion (Figure 2.2.6). The QD-micelles were dried on a carbon-formvar-coated 200-mesh cooper
grid. Only the QDs inside the micelle core were visible. The particles appear evenly spread on the grid
surface. It is reasonable that the particle sizes of each sample are similar with the ones before
encapsulation. (~4.6+0.6 nm for 586 nm and ~5.6+0.7 nm for 625 nm-emitting QDs) The QD-micelles
appeared spherical and fairly monodisperse. As also observed from the images, majority of the QDs are

isolated, suggesting that most of the micelles contain a single NC. The encapsulation of the QD inside
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the micelle does not perturb the geometry or size, because the core of this phospholipid micelle is of

the similar size of the QDs we used according to previous study.’* '

To investigate the sizes and
shapes of the phospholipid micelles, AFM is a better technique than TEM because the organic ligands
are invisible under TEM and can be possibly detected by AFM. However, in this thesis, the PEG2000-

QDs were failed to immobilize on the mica surface due to the small charges of these micelles.

2.2.2.2 Solubilization and functionalization with non-PEG-phospholipids

Geissbuehler and co-workers presented a general and versatile procedure to make QDs water-soluble
and functionalized by a non-PEG phospholipids (termed as PLs).” The biggest advantage of the non-
PEG-phospholipids coated QDs (termed as PLs-QDs) is a reduced size compared with PEG2000-QDs,
which makes them more efficient for the observation of FRET interactions. A PLs-QD is composed of
the core, CdSe/ZnS, which is also surrounded by a 1 nm thick TOPO/TOP layer and a lipid shell.
(Figure 2.2.7) The typical diameter of a PLs-QD is around 9-12 nm. Following this strategy, PLs-QDs
were prepared using two commercially available phospholipids, 1-palmitoyl-2-oleyl-sn-

glycerophosphatidylcholine (POPC) and 1-palmitoyl-2-oleyl-sn-glycerophosphatidylglycerol (POPG).
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Figure 2.2.7 Schematics of the preparation procedure of non-PEG-PLs (POPC and POPG) coated QDs (PLs-
QDs) and functionalization with Ni*"-nitrilotriacetic acid (Ni-NTA) groups.
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Figure 2.2.7 illustrates the procedure to prepare the Ni-NTA functionalized PLs-QDs. Using a simple
mixing and evaporation route, the hydrophobic QDs were solubilized based on the self-assembly of
single lipid monolayers on the particles. A surfactant B-octylglucopyranoside (OG) was added to the
mixture to increase the phase transfer between the chloroform and water. The QDs can be
simultaneously decorated with diverse range of multiple functionalities by doping functionalized
phospholipids with amino, carboxylic acid, Ni-NTA or other technical groups. These phospholipids are
commercially available.

The resulting PLs-QDs can be washed and purified by a cut-off concentrator or by dialysis to remove
the detergent. Similar to PEG2000-QDs, solubilizing QDs with non-PEG-PLs yielded little changes in
the absorption and emission spectra of shapes or positions but a modification of the quantum yields.
Figure 2.2.8 shows that photoluminescence emission comparison of three sizes of QDs before and after
coating with phospholipids. The quantum yields of PLs-QDs remained from ~22 to 60% varying from
sample to sample. It has been reported that the surface of the QD is critical for the photoluminescence
characteristic of NCs. The type, amount and folding state of the surface ligands, the position and
structure of the ligand layer and the lipid layer influence on TOPO/TOP molecules, are possible

75, 139, 140
» 0T However, the

reasons for the decrease of the quantum yields after coating with lipids.
mechanism of the molecular basis of this effect is still not clear. As a consequence, it is difficult to
predict the quantum yields of different PLs-QDs samples. The quantum yields of PLs-QDs depend on

the CdSe/ZnS NCs and as well as the lipid layers (Figure 2.2.8).
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Figure 2.2.8 Photoluminescence emission spectra of 532 nm, 586 nm and 625 nm-emitting QDs CdSe/ZnS
before and after coating with non-PEG-PLs POPC and POPG.
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The particle shapes and sizes of the lipid-coated QDs are similar with those of TOPO/TOP-coated QDs,
which are clearly observed by transmission electron microscope (Figure 2.2.9). As also discussed
earlier in chapter 2.2.2.1, the organic lipid layers were not dense enough to be observed by TEM and
only the QD cores were detected. For further observation of the lipid layers, cryogenic-TEM or AFM
detection could be better choices,”” which were not carried out in this thesis. Nevertheless, the TEM
images in Figure 2.2.7 suggest the monodispersity and well-structure of PLs-QDs with average size of

~4.6+0.5 and 5.6+0.6 nm for 586 nm and 625 nm-emitting QDs, respectively.
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Figure 2.2.9 TEM images of PLs-QDs with emission at 586 nm (A, B) and 625 nm (E, E) and size histogram of
PLs-QD586 (C) and PLs-QD625 (F). Only the QDs inside the phospholipid vesicles are seen in the images. The
average size of 586 nm and 625 nm-emitting PLs-QDs are ~4.6+0.5 and 5.6+0.6 nm, respectively, which are

similar to those before lipid coating.

2.2.3 Summary

Two different methods to solubilize and functionalize the TOPO/TOP-coated QDs were introduced in
this chapter: (i) ligand-exchange strategy using dithiolated molecule dihydrolipoic acid (DHLA); (ii) a
simple one-step procedure to coat QDs with either PEG-containing or non-PEG phospholipid micelles.
For DHLA-QDs, surface negative charge provides the possibility to attach proteins, peptides or

oligonucleotides with positive charge domains or motifs. For lipid-coated QDs, a huge choice of
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functionalities is available by choosing different functionalized lipids. Table 2.2.1 provides a summary

and comparison of the characteristics of DHLA-QDs, PEG2000-QDs and PLs-QDs.

Table 2.2.1 Characteristics comparison of TOPO-, DHLA-, PEG2000-PLs-, non-PEG-PLs-coated QDs (532,
586 and 625 nm-emitting)

QDs Preparation | Size QY (%) Photostability” | Surface charge Functionalities applications
(nm) " (%)
we [P | C
TOPO- | Hot- ‘ ¢ Il / / /
QD injection 451 29
(~10hrs) | 56" 20
DHLA- Ligand- / 91 86 | 76 | Negative in basic | Electrostatic FRET donor
QD exchange 837 7.9 environments binding
(~5 hrs) 9.9° 2.8
PEG2000- | Phase 2 107 | 100 | 113 | Can be adjusted | -NH,, -maleimidyl | Cellular
QD transfer T 20 by doping with | -COOH, -biotin ° imaging
(~90°C, 10 NH,-, COOBE-
mins) 24* 17 lipids
PLs-QD Phase - 41 68 |72 | Can be adjusted | Ni*-NTA-" FRET donor
transfer 2 7 by doping with
(~40°C, 20 NH,-, COOBH-
mins) / 4.4 lipids

" color differs from green to orange and red for 532 nm-, 586 nm- and 625 nm-emitting QDs, respectively;

' determined by TEM; * determined by DLS, hydrodynamic diameters including the organic DHLA or lipid layers;

? determined by AFM, hydrodynamic diameters including the organic DHLA layers; * measured by using rhodamine 6g as a

quantum yield standard; ° photostability evaluated by the fluorescence remaining of the DHLA-, PEG2000- and PLs-QD586 in
three different media, ddH,O, PBS and A431 cell lysate after 8§ hrs, also plotted in Figure 2.4.2; ® distilled water; ' PBS buffer;

¥ A431 cell lysate; ° other possible functionalities including -SH, , -OH, -fluorescein, etc. by doping commercial functionalized

PEG2000-PLs; '° other possible functionalities including -SH, , -OH, -NH,, -maleimidyl -COOH, -biotin, etc.

2.3 Self-Assembled Donor Complexes Comprising DHLA-QD and

Fluorescent Proteins for Long-Range FRET

Luminescent semiconductor QDs have unique optical and spectroscopic properties that offer a

compelling alternative to organic dyes or fluorescent proteins in FRET-based biosensing.'”®' QDs are
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excellent energy donors with broad absorption wavelength range and high molar extinction coefficients
(normally 10-100 times of that of organic dyes). Furthermore, the tunable and narrow symmetric PL
emission spectra in the range from UV to near-IR with high quantum yields, exceptional anti-
photobleaching properties and large Stokes shifts all are valuable factors for a donor system. Among
these, three properties are particularly appealing for FRET-based biosensing investigations: (i) tunable
PL emission which can be obtained by varying the size of the QD, which allows better control of the
spectral overlap with donors;” (ii) serving as a nanoscaffold, multiple acceptor molecules can be
immobilized on one QD to achieve higher energy transfer efficient and more robust donor/acceptor
FRET system;’* 1% (iii) different QDs can be excited at a single excitation wavelength far away from
their respective emissions, which provides the possibility for multiplex FRET-based assays.'*®

Energy transfer between QDs and fluorescent proteins has been mentioned in previous reports.”> '*!
However, a comprehensive study (both steady-state and time-resolved state) of the energy transfer
efficiency, donor/acceptor (D/A) separation distances and detailed interaction profile are still missing
or ambiguous in these papers since the QD/fluorescent protein FRET pair design is more intricate than
simple dye/dye or QD/dye FRET pairs. In this work, a self-assembled donor system comprising QD
and multiple fluorescent proteins was fabricated and investigated in detail focusing on the interaction
between inorganic nanocrystal and the acceptor proteins, the average D/A separation distance and the
energy transfer profile, from both steady-state and time-resolved PL measurements. Two different
proteins, red fluorescent protein eqFP611 and enhanced yellow fluorescent protein (EYFP) were used
as acceptors to fabricate the two chromophore-FRET (2Ch-FRET) systems. Based on this new donor
system, a three chromophore-FRET (3Ch-FRET) system was assembled and spectroscopically
characterized (Figure 2.3.7). The system comprises three different types of fluorophores, that are
luminescent QDs, EYFP and short single-stranded DNA (ssDNA) oligonucleotides tagged with the
organic dye Atto647, all of which are common fluorescent tags in bio-labeling and bio-sensing. By
taking advantage of the QD/EYFP 2Ch-FRET system, which combines the advantages of QDs (large
absorption cross section, tunable size and spectral properties) with those of fluorescent proteins (high
quantum yields) it was able to redirect the energy transfer from the QD directly to the Atto647 dye by
using the EYFP/Atto647 FRET channel. As a consequence of using QD/EYFP instead of EYFP or QD
as the donor, long-distance FRET occurred within donor-acceptor distances of up to 13 nm and with an

efficiency of 5%, as compared to 0.3% obtained for using QD only.'*
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2.3.1 Two-chromophore FRET system of QDs and fluorescent proteins

2.3.1.1 Energy transfer between QDs and eqFP611

Before elucidating the FRET system with EYFP and QD, whose emission spectra overlap strongly, it is
easier to deal with the eqFP611/QD system, in which green-emitting QD536 was used as energy donor
for the red-emitting eqFP611. The red fluorescent protein (FP) eqFP611 shows favorable properties for
applications as a molecular marker. It is a tetramer under physiological conditions. The interactions
among the monomers are comparatively weak, as inferred from its dissociation into monomers in the

presence of sodium dodecyl sulfate (SDS) or at high dilution.'* '*

Every monomer inside one
eqFP611 is quite similar to one GFP-like mutant. In this project, the His¢-modified eqFP611 was
immobilized on a DHLA-QD via the Zn-hexahistidine coordination or on a Ni-NTA functionalized
lipid-coated QD via Ni-NTA-hexahistidine coordination. As illustrated in Figure 2.3.1A, multiple
eqFP611 can be attached on one DHLA-QD surface due to the electrostatic interaction. Since every
tetramer eqFP611 has four monomers, all of which possess a Hisg and are ready to attach to the QD
surface, this brings additional complexity to analyze the interaction between the tetramer and DHLA-
QD. Every monomer has its own functionalized group and is capable to access to the QD surface via
Zn-hexahistidine interaction. In addition, every monomer has it own chromophore center and can
serves as an energy acceptor for QD. Therefore, in this thesis, an approximative model was applied to
consider the average interaction between the eqFP611 monomers and QD. Although the four
monomers inside a tetramer are not completely equivalent from the binding position, orientation or
D/A separation distances, this model assumes an equivalent GFP-like monomer when quantitatively
investigating FRET between QD and eqFP611. For example, the parameters such as molar extinction

coefficient, concentration and D/A separation distance are averaged for the four monomers (Table

2.3.1).

Table 2.3.1 size and spectroscopic properties of eqFP611 and EYFP

FPs Mw (kD) Absorption Emission €abs-max QY Size
Amax [NM] Amax [NM] [M'em™] [%] (monomer)
eqFP611 26 559 611 78000 45 ~2.4%4.2

EYFP 27 514 527 84000 62 ~2.4%4.2
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Figure 2.3.1 Schematic representation and spectral properties of a DHLA-QD/eqFP611 donor/acceptor system.
(A) multiple eqFP611 were adsorbed to DHLA-coated QD to form a QD/FPs conjugate; (B) spectroscopic
characterization of the 536 nm-emitting DHLA-QDs absorption (green) and emission (blue) and eqFP611

absorption (black) and emission (red).

Figure 2.3.1B shows the DHLA-QD536 emission and the eqFP611 absorption and emission spectra
overlap and the integrated overlap was calculated to be ~3.2x10™"° cm®M™ and listed in Table 2.3.2. To
elucidate the energy transfer between DHLA-QD and eqFP611 monomers, a titration experiment was
carried out by increasing the addition ratio of eqFP611/QD and the results are plotted in Figure 2.3.2.
The system was excited at the wavelength of 400 nm, where the eqFP611 absorption is minimal and
QD absorbs strongly. Note that the concentration of eqFP611 used here refers to the one for monomers
(i.e. four times of that of the eqFP611 tetramers). The results show that with ~20-25 eqFP611
monomers, coverage on one QD will reach the space saturation. This number can also be theoretically
estimated by a previously described model in which the QD was regarded as a spherical center and the

protein molecules are assumed to be close-packed spheres around the central QD.>

R, - R’
NeqFPéll = 0-65((21{—31)} 2.1

»
As depicted in equation 2.1, R; is the QD radius and R~R;+2R, is the radius of QD plus bound
eqFP611 molecules. The radius of a 536 nm-emitting QD is ~2.0-2.3 nm. eqFP611 monomer, a mutant
of GFP has a B-barrel structure with a diameter of ~2.3-3.0 nm and a length of ~4.0-4.2 nm, similar to
that of GFP.'* Using values of R,=~1.8 nm (equiv radius of a cylinder), R;/=~2.1 nm for CdSe/ZnS QD

for equation 2.1 leads to a surface coverage number of ~20 per QD, which is slightly smaller than the
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data obtained from titration experiments. The ideal model assumed that all the four monomers were
equally attached to the QD surface, which is unlikely in the actual state. Some of the monomers may
not directly involve in the surface coverage of QD but still serve as acceptors because these monomers
are part of the bound tetramers and did not directly contact QD but the distances are close enough for
an efficient FRET. These monomers actually have been counted in the titration number, which was
slightly larger than the calculated one from space coverage. One may speculate that, if there is enough
space, most of the monomers will attach to QD via Zn-hexahistidine coordination due to the strong

electrostatic interaction. It was also reported that the surface-immobilized eqFP611 molecules were

monomeric,m’ 144 which on the other hand confirm this model.
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Figure 2.3.2 PL evolution of the DHLA-QD/eqFP611 FRET system. (A) Titration of QDs with increasing molar
ratios of eqFP611 (the concentration refers to the one for monomer) measured at an excitation wavelength of 400
nm; (B) QD PL (green triangle) and eqFP611 PL (red square) as a function of the ratio eqFP611 (monomer)/QD.
Note that the data for eqFP611 PL in (B) were corrected for the PL background from direct excitation.

The FRET efficiency of ~0.80 was estimated (Figure 2.3.2A) from the PL quenching of DHLA-QD
using equation 1.4 in chapter 1.3.1. This FRET efficiency results in an average D/A separation distance
of ~5.6 nm between the QD center and the eqFP611 monomer chromophore, taking into account a
Forster radius of R=~4.3 nm for a QD/eqFP611 FRET pair and Negrps;/=~20 using equation 1.1 in
chapter 1.3.1. The Forster radius of Ry and overlap integral J were estimated based on equation 1.2 and

146 All the FRET parameters were calculated and listed

1.3 with the aid of the software photochemCAD.
in Table 2.3.2. The average D/A distance of ~5.6 nm is larger than the theoretical value estimated from

geometric considerations that take into account the size of the QD, the size of eqFP611 monomer and
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the average interaction between the two chromophores. The proteins are attached to the surface of QD
by means of Zn-hexahistidine interaction and the distance between the centers of QD and eqFP611 can
be estimated by adding the radius of the QD (~2.1 nm), the half diagonal length of one eqFP611
monomeric cylinder (~2.4 nm) and the length of hexahistidine tail (~0.7 nm when all polyhistidine
residues are coordinated to the QD surface'®). This yields a sum of 7=~5.2 nm, which is ~0.4 nm less
than the one from the PL titration data. The D/A separation distances from geometric relation require
tight packing of the proteins, which is unlikely in the case of eqFP611. This may explain the relatively
large D/A separation distance value.

To confirm the energy transfer from QD to the fluorescent proteins, a qualitative time-resolved
fluorescence measurement was carried out by investigating the temporal evolution of the QD/eqFP611
conjugate by time-resolved fluorescence spectroscopy (Figure 2.3.3). To this end, samples containing
the QD/eqFP611 conjugates were excited with a 50uW pulsed laser at the wavelength of 400 nm. As
indicated from Figure 2.3.3, the emission of QD/eqFP611 conjugate showed an increase in intensity at
619-649 nm range and decrease in intensity at 538-649 nm range due to the decrease of QD emission
and enhancement of eqFP611 emission. For comparison, the PL decay of two separated samples
comprising only of QDs or eqFP611 were measured and found to display a slower decay in QDs case
and a faster decay of eqFP611 sample. These qualitative time-resolved measurements are in agreement

with the steady-state PL study (Figure 2.3.2).
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Figure 2.3.3 Temporal evolution of the PL signal of the QD/eqFP611 conjugate. (A) Spectrally and temporally

resolved dynamics of the conjugate emission. The region over which the intensity was spectrally integrated to
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generate the cut, shown in the right panel, is indicated by the white box. (B) Emission dynamics of the spectrally

integrated QD/eqFP611 conjugate (black and red curves), QD alone (blue) and eqFP611 alone (green).

In addition to DHLA-QDs, non-PEG phospholipid coated QDs (PLs-QDs), which were functionalized
with Ni-NTA group, were also used as FRET donors for eqFP611. As mentioned earlier, compared
with PEG2000-QDs, PLs-QDs have much smaller hydrodynamic size, which makes them possible to

use as FRET donors. The advantage of PLs-QDs donors in contrast to DHLA-QDs donors is their
better stability in big pH range, which makes them possible for FRET-based in vitro or in vivo

biosensing.” Figure 2.3.4 shows the similar titration experiment results which indicate that the energy

transfers from a PLs-QD531 to the eqFP611 proteins. The saturation was reached when ~35 eqFP611

monomers were immobilized on one QD (Figure 2.3.4B). This number is larger than that of DHLA-QD

system probably due to the larger hydrodynamic diameter of the PLs-QDs as well as a different binding

mechanism. The specific binding of the eqFP611 to PLs-QDs was based on Ni-NTA-Hiss coordination

but not on electrostatic interaction as in the DHLA-QD/eqFP611 system.”” A control experiment was

carried out by using PLs-QD531 without Ni-NTA functional groups and indicated no eqFP611 PL

signal increase, which confirmed Ni-NTA-His¢ binding mechanism. As a consequence, the number of
binding proteins depends on the available functional groups on one QD, and of course this number
should be equal or smaller than the theoretical packing capability for a ~9.9 nm size PLs-QD. This

theoretical upper limit can be estimated based on equation 2.1 with the size of eqFP611 monomer
(R,~2.1 nm) and lipid-QD531 (R;~5.0 nm, determined by DLS) and gives value of ~45 eqFP611

monomers per QD. However, the binding mechanism of eqFP611 is “one to one” coordination and is

different from the electrostatic interaction, where all the Hisg-tagged monomers are possibly attached to

the DHLA-QD surface as long as there is enough space.

The NTA PLs-QDs were prepared by adding 10% of Ni-NTA functionalized lipids to the mixture of
POPC and POPG. This should lead to about 70-100 lipids per QD and 7-10 Ni-NTA lipids per QD

according to a previous report.'*’ If one assumes that these 10% Ni-NTA groups distribute evenly on
the spherical surface, which is likely, the average distance between two Ni-NTA groups is ~6 nm (e.g.

a simple model of 8 Ni-NTA groups on a PLs-QD spherical surface is an inscribed cube in a 9.9 nm-

diameter sphere, the smallest distance between two vertexes is the length of the cube, ~5.7 nm). This

distance does not allow all of the four Hise tags in one eqFP611 tetramer (equivalent diameter, ~5.2 nm)

bind to four Ni-NTA groups. The most possible packing geometry is that one Ni-NTA group binds one
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eqFP611 tetramer. Accordingly, 7-10 tetramer eqFP611 bind to one PL-QD, leading to ~28-40

monomers per QD, which is close to the number obtained by titration.
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Figure 2.3.4 PL evolution of the NTA-PLs-QD/eqFP611 FRET system. (A) Titration of QDs with increasing
molar ratios of eqFP611 measured at an excitation wavelength of 400 nm. The inset shows the titration mixture
PL color changes (monitored by a digital camera) during the titration procedure, indicating the energy transfer
process; (B) QD PL (green triangle) and eqFP611 PL (red square) as a function of the ratio eqFP611/QD. Note
that the data for eqFP611 PL in (B) were corrected for the PL background from direct excitation.

Table 2.3.2 Measured efficiencies E, calculated overlap integrals J, Forster radii Ry, donor-acceptor distances r,
structurally estimated donor-acceptor distances and the average eqFP611 monomer number on one QD N for the

DHLA-QD536/eqFP611 and PLs-QD531/eqFP611 FRET systems

donor-acceptor overlap Forster efficiency  saturation  D-A distance, » D-A distance,
pair integral, radius, E’ number N from E (nm)“  from structural
Jx10"em®™M"  Ry(nm) estimate (nm)
DHLA- 32.0 43 0.80 20 5.6 52
QD536/eqFP611
PLs- 322 4.7 0.53 35 8.3 8.1
QD531/eqFP611

“based on eq 1.2;" estimated using eq 1.4; ¢ estimated using eq 1.1;

A FRET efficiency of ~0.53 was obtained by comparing the PL of QDs before and after conjugation
with ~35 eqFP611 monomers (Figure 2.3.4). This efficiency led to an average donor/acceptor distance
of ~8.3 nm taking into account a Forster radius estimated to Ry ~4.7 nm for the PLs-QD531/eqFP611
pair. This value is in good agreement with the one estimated from geometrical assumptions. The
distance between eqFP611 monomer chromophore and QD center consists of the radius of the lipid-

QD531 which is ~5.0 nm, the half diagonal length of protein monomer which is ~2.4 nm and the length
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of Hise tag of ~0.7 nm, all of which results in an overall estimate of ~8.1 nm. The FRET parameters

and calculated results are summarized and listed in Table 2.3.2.

2.3.1.2 Energy transfer between QDs and EYFP

As mentioned earlier, in this work, a ~518 nm emitting DHLA-QD was used as an energy donor for
Hise-tagged EYFP and EYFP-DNA conjugate and the FRET efficiency, donor/acceptor distances were
investigated in detail. In this chapter, the evidence of an energy transfer between QD and EYFP will be
discussed and compared with that from QD to EYFP-DNA conjugates. The detailed quantitative
analysis of QD/EYFP-DNA system is presented in the next section.
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Figure 2.3.5 Schematic representation and spectral properties of a DHLA-QD518/EYFP donor/acceptor system.
(A) multiple EYFP were adsorbed to DHLA-coated QD to form a QD/FPs conjugate; (B) spectroscopic
characterization of the ~518 nm-emitting DHLA-QDs absorption (blue) and emission (green) and EYFP

absorption (red) and emission (black).

As illustrated in Figure 2.3.5B, the large spectral overlap between the QD donor emission and the
EYFP acceptor absorption is an advantage for the efficient energy transfer. Figure 2.3.6A shows the PL
evolution of the QD/EYFP conjugates with increasing EYFP/QD ratio. To clarify changes in the
spectral properties of the QD/EYFP system, disturbing emission from directly excited EYFP was
subtracted by using PL spectra measured from samples containing similar concentrations of EYFP. In
addition, the fluorescence intensity results are all normalized with respect to the fluorescence intensity
of unconjugated QDs. It was evident from the titration that the adsorption of EYFP to the QD led to an
increase in PL emission. Moreover, a significant red-shift of the emission peak from ~518 nm to ~528

nm was observed (inset of Figure 2.3.6A), suggesting an energy transfer from the QD donor to the
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EYFP acceptors. The FRET was also further confirmed by the agarose gel electrophoresis, as shown in
Figure 2.3.6C. The decreasing electrophoretic mobility corresponds to the continuous immobilization
of Hise-tagged EYFP on DHLA-QDs. The enhanced PL of the gel bands of the EYFP/QD conjugate

(EYFP:QD=2, 4, 6, 8) in comparison with that of EYFP alone confirms the energy transfer from QD to
EYFP.
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Figure 2.3.6 PL evolution of the DHLA-QD/EYFP FRET system. (A) Titration of QDs with increasing ratios of
EYFP measured at an excitation wavelength of 372 nm. The inset shows the shift of the PL maximum with
increasing ratio of protein. (B) PL enhancement as a function of the ratio EYFP/QD (black squares); EYFP-
A24/QD (red dots). Note that all data were corrected for the EYFP PL background and normalized against
unconjugated QDs. (C) 0.4% agarose gel electrophoresis of DHLA-QD/EYFP conjugates with the increasing
ratios of EYFP/QD. The gel was illuminated with UV light.

The DHLA-QD allows multiple immobilization of EYFP on one particle (Figure 2.3.5A), which is
confirmed by a titration experiment (Figure 2.3.6). The saturation was reached when ~13-16 EYFP
were bound to one QD. This value is close to the coverage number estimated from the geometric

considerations based on equation 2.1. This geometrical estimate leads to ~19 EYFP per QD using the
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radius of QD518, R;=~2.0 nm, the equivalent radius of EYFP, R,=~1.8 nm. In order to fabricate a 3-
chromophore multiple FRET system, EYFP was covalently coupled to a 24mer oligonucleotide A24,
which introduced another fluorophore by hybridizing with dye-modified complementary
oligonucleotides (detailed description see chapter 2.3.2). As a comparison, the EYFP-A24 conjugates
were also used for the similar titration experiment and the PL maxima for each EYFP-A24/QD ratio
were plotted in Figure 2.3.6B. There are two pieces of information obtained from Figure 2.3.6B. First,
the surface protein coverage numbers for EYFP-A24/QD and EYFP/QD systems deduced from the PL
saturation are almost the same, ~13-16, which means that the attachment of the 24-mer
oligonucleotides has little effect on the packing space. Secondly, the PL enhancement effect of
QD/EYFP-A24 was apparently smaller than that of QD/EYFP system. The reasons for this observation
are currently unclear. However, one may speculate that the increased polarity of the EYFP-A24 might

lead to a less efficient hydrophobic shielding of the QDs surfaces, as compared to the pure EYFP.

2.3.2 Three-chromophore FRET system of DHLA-QDs, EYFP and Atto647-dye

modified oligonucleotides

It has previously been suggested that the combination of different types of fluorophores, such as
inorganic luminescent nanocrystals, organic dyes, and genetically encoded fluorescent proteins offers a
promising route for the fabrication of multi-chromophore systems.’' In this work, the assembly and
spectroscopic characterization of a DNA-based 3Ch-FRET system was investigated. In contrast to

previous work concerning binary fluorescent protein-based FRET systems,” '**

three different types of
fluorophores, QDs, EYFP and Atto647-modified oligonucleotides were employed here. The chemical
synthesis and self-assembly of our 3Ch-FRET system is illustrated in Figure 2.3.7. ssDNA-EYFP
conjugates (1 in Figure 2.3.7A) were used, which contained the 24mer oligonucleotide A24, covalently
linked to an engineered cysteine residue at the EYFP’s C-terminus, in addition to a Hise tail at the N-
terminus.'* Multiple conjugates 1 were adsorbed on the surface of DHLA-coated QDs, thus leading to
the formation of a two-chromophore FRET system (2 in Figure 2.3.7A). The DNA-EYFP conjugates in
2 were then used for specific hybridization with complementary ssDNA labeled with the organic dye
Atto647 (3) to yield the final supramolecular system (4 in Figure 2.3.7A). Due to the modular design,
four different FRET systems (4a-4d in Figure 2.3.7B) could be readily assembled by hybridization of 2

with various complementary oligonucleotides, each of which contained the Atto647 dye coupled to a
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different nucleotide (3a through 3d in Figure 2.3.7B), thus, enabling to gradually vary the donor-

acceptor distances of the FRET systems.
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Figure 2.3.7 Schematic representation and spectral properties of the DNA-based 3Ch-FRET system QD-EYFP-
Atto647. (A) Initially ssDNA-EYFP conjugates (termed as 1) were adsorbed to DHLA-coated QDs to form QD-
EYFP-A24 conjugate (2). Compound 2 is hybridized with complementary Atto647-modified ssDNA (3) to form
the final 3Ch-FRET conjugate (4); (B) four different DNA-based QD-EYFP-Atto647 conjugates (4a-d) were
assembled using four different Atto647-cA24 oligonucleotides (3a-d) comprising the Atto647 dye at the base
pairs 0, 10, 17, or 24, respectively, counted from the 3’-end of 3; (C) Spectroscopic characterization of the
DHLA-QD’s absorption (magenta) and emission (cyan), EYFP’s absorption (red) and emission (black), and

Atto647’s absorption (blue) and emission (green).
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2.3.2.1 Energy transfer processes in the two-chromophore FRET subsystems

In the course of this work the three two-chromophore (2Ch-FRET) subsystems, i.e., QD/EYFP,
QD/Atto647, and EYFP/Atto647 initially were characterized, by using steady-state and time-resolved
photoluminescence (PL) spectroscopy. Because the 2Ch-FRET system QD/EYFP exhibited spectrally
strongly overlapping EYFP absorption and QD emission bands along with very close emission maxima
of EYFP and QD (Figure 2.3.7C), FRET-efficiencies were difficult to derive from standard titration
experiments. Therefore, several independent experimental approaches, i.e., Gaussian fitting of
photoluminescence, photoluminescence excitation spectroscopy (PLE) and rate equation simulations of
time-resolved luminescence were combined to measure and verify the energy transfer rates and
efficiencies of the QD/EYFP subsystems. Subsequently, the FRET efficiencies of the full systems (4a-
4d in Figure 2.3.7B) were then derived and compared with those efficiency data deduced from the
independent 2Ch-FRET subsystems. The transfer efficiencies of all FRET pairs were translated into
donor/acceptor distances by taking into account the respective Forster radii. The knowledge of these
distances additionally allowed an estimation of the spatial arrangement of the multi-FRET constituents,
which was compared to a geometric model taking into account the helicity of the DNA. Because this
system, to the best of our knowledge, represents the first demonstration of a 3Ch-FRET system
comprising QDs, fluorescent proteins and dye-labeled DNA oligonucleotides, it is anticipated that the
results will open the door to further studies on the interaction of QDs and fluorescent proteins’ '*! as
well as to the development of general tools for the investigation of multi-protein and protein-DNA
assemblies.

Prior to elucidation of the 3Ch-FRET system QD/EYFP/Atto647, the less complex 2Ch-FRET
subsystems, namely QD/EYFP, QD/Atto647 and EYFP/Atto647 were initially characterized. The
quantitative study of these FRET pairs required the knowledge of distinct parameters, such as the
Forster radius or energy transfer rates. For the 2Ch-FRET systems QD/EYFP and QD/Atto647, where a
single exciton donor can interact with several acceptors, the energy transfer efficiency depends on the
molar ratio of acceptor and donor. E can be expressed as

E(N,r):L 1.1

6
r
N+|—
(ROJ

where N is the average number of acceptor molecules EYFP-A24 or Atto647 per one QD donor.
the QD/EYFP and QD/Atto647 systems, N=14 was chosen to ensure high FRET-efficiency but keeping

88,90
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the number of acceptors below the observed saturation value of Ng,—=~13-16 (Figure 2.3.8 A, B). Since
conjugate 1 contains only one DNA oligomer per EYFP,” N=1 was chosen in the EYFP/Atto647
subsystem. The Forster radius R, defined as the distance between donor and acceptor that yields 50%

energy transfer efficiency, can be calculated as™

Ry =8.8x10%k,’n,0,J 1

where QOp is the quantum yield (QY) of the donor in the absence of an acceptor, and #np is the refractive
index of the medium,; icp2 is an orientation factor, depending on the relative orientation of the donor and
acceptor dipoles. Kp2=2/3 is the value for randomly oriented dipoles, which is suited for the systems
studied here.”! The overlap integral J is a quantitative measure of donor-acceptor spectral overlap

integrated over all wavelengths /4, and is defined as™

where fp and ¢4 represent the donor emission spectrum (normalized and dimensionless) and acceptor
absorption spectrum, respectively. Using equation 1.3, the overlap integrals of the three 2Ch-FRET
subsystems QD/EYFP, QD/Atto647 and EYFP/Atto647 were calculated with the help of the software
PhotoChemCAD'* and they are listed in Table 2.3.3. Experimentally, the efficiency E of a FRET
process can, for example, be derived from the quenching of the donor fluorescence intensity, according

88
to

E = 1_ FDA — 1_ z-D—A ktransfer
FD TD krad + k

nonrad + k transfer 1 . 4

where Fp and Fp, are the fluorescence intensities of the donor in the absence and presence of an
acceptor; Tp.a and tp are the fluorescent lifetimes of the donor in the absence and presence of an
acceptor. kud, knonrad ANA kiangfer are the radiative and nonradiative recombination rates and the transfer
rate of the donor, respectively. Alternatively, the efficiency E can be determined by the acceptor
fluorescence enhancement (if the acceptor is a fluorescent molecule), expressed as’

P AMD){FAD(&A)_l}
Ay ()| Fy(4,)

1.5

where /Ap is the donor excitation wavelength; Ap and A, are the donor and acceptor absorbance at the
wavelength Ap; Fyp and F are acceptor fluorescent intensities at the acceptor emission wavelength 1,
in the presence and absence of a donor. Despite the simplicity of donor quenching strategy, there might

be other non-FRET sources that cause donor quenching. However, gain in acceptor fluorescence comes
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directly from the donor nonradiative energy transfer. Under ideal conditions, every exciton is
nonradiatively transferred from donor to acceptor and this brings the donor photoemission loss which
could be fully recovered as energy gain by the acceptor. That explains why the efficiency from donor
quenching is a little higher than the one from acceptor PL increase. The efficiencies E of the four
different 2Ch-FRET subsystems QD/Atto647 were calculated from acceptor PL gain. The absorbance
at the wavelength of 372 nm of QD and Atto647 were required in this case. Because the relatively
weak absorption at 372 nm of EYFP brought large errors the calculation of efficiency from acceptor PL
gain for QD/EYFP and EYFP/Atto647 pairs, the efficiency £ of the QD/EYFP and four EYFP/Atto647
subsystems were obtained from donor PL quenching. All the efficiency data were verified by
combining several experimental methods, in particular, 2D-PLE, time-resolved luminescence and

titration results. Note that equations 1.1-1.5 were also presented earlier in the introduction chapter 1.3.

Table 2.3.3 Measured efficiencies E, calculated overlap integrals .J, Forster radii Ry, donor-acceptor distances r

and structurally estimated donor-acceptor distance for the three 2Ch-FRET subsystems 2, Sa-d and 4a*-d*.

donor-acceptor overlap integral, Forster efficiency D-A distance,r  D-A distance, r
pair Ix10" em’M™! radius, from E (nm)“ from structural
Ry (nm) estimate (nm)

QD/EYFP in 2 29.4 3.86 0.72+0.02 5.11+0.06 5.1
EYFP/Atto647 in 5a 8.00 4.83 0.78+0.02 3.91+0.08 4.2
EYFP/Atto647 in 5b 0.43+0.02 5.06+0.07 54
EYFP/Atto647 in 5¢ 0.23+0.03 5.9140.16 6.3
EYFP/Atto647 in 5d 0.072+0.02 7.40+0.44 8.3
QD/Atto647 in 4a" 8.80 3.16 0.31+0.02° 5.61+0.09 45
QD/Atto647 in 4b" 0.12+0.02 6.84+0.20 7.4
QD/Atto647 in 4¢” 0.028+0.001 8.86+0.05 9.3
QD/Atto647 in 4d” 0.003£0.002 12.9+1.1 12.1

“ Estimated using r=R,*(N(1-E)/E)"°, N=14 for the QD-Atto647 and QD/EYFP pair and N=1 for the
EYFP/Atto647 pair; * The efficiencies of four different QD/Atto647 pairs were obtained from acceptor PL gain
"bleached EYFP-A24 (1*) was used for assembly

e QD/EYFP 2Ch-FRET subsystem.

A peculiarity of the QD/EYFP FRET pair is its large spectral overlap between the QD donor emission
and the EYFP acceptor absorption which is reflected by a large overlap integral J. (see Table 2.3.3)
While such strong overlap is necessary to yield highly efficient energy transfer, the PL. quenching of
the QDs is difficult to extract due to the spectral overlap of the QD and EYFP emission (see Figure

2.3.7C). To analyze the FRET process, three independent experiments were therefore carried out: (i)
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titration of QDs with an increasing number of EYFP-A24 conjugates per QD, (ii) comparison titration
of QD with photobleached EYFP-A24* conjugates (i.e., QD/1%*) (Figure 2.3.8) and (iii) measurement
of the PL-dynamics and modeling of the energy transfer rates using rate equation systems (see Figure

2.3.10). As outlined below, all three methods led to similar and thus consistent results.
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Figure 2.3.8 PL evolution of the 2Ch-FRET subsystem QD/EYFP (conjugate 2 in Figure 2.3.7A). (A) Titration
of QDs with increasing ratios of EYFP-A24 (1) measured at an excitation wavelength of 372 nm. The inset
shows the shift of the PL maximum with increasing ratio of 1. (B) PL enhancement as a function of the ratio
1/QD (black squares); 1*/QD (red dots) and the control experiment comprising QDs and non-histidine tagged
EYFP (green triangles). Note that all data were corrected for the EYFP PL background and normalized against
unconjugated QDs. (C) Procedure of extraction and recovery of the QD emission from the PL overlapping
spectra and Gaussian fit output (right panel table). Red dotted curve B represents a normal emission spectra of
the QD/EYFP-A24 conjugate (i.e. 2) including the overlap of QD520 and EYFP-A24 (528 nm) emission; green
triangle curve C represents the EYFP-A24 emission which has been adjusted to the same intensity as curve B in
the range of ~560-600 nm, where the QD PL intensity is close to zero. The blue triangle curve D was obtained
by subtracting the curve C from the curve B. The data from D in the range of ~469-495 nm (where the EYFP
emission intensity is close to zero, see green curve C) was used for the later Gaussian fit. This signal in the range

of ~469-495 nm can be mirrored to the range of ~545-571 nm, due to the spectrum symmetry of the QD



56 Results and Discussion

emission (centered ~520 nm). A Gaussian fit (red solid curve) is obtained with the analysis function of Origin 7.
The cyan diamond curve E is the emission spectrum of conjugate 2* (QD/bleached EYFP-A24), which
resembles the QD emission signal at the absence of acceptors Fp. The FRET efficiency can finally be obtained
by comparing this curve E and the fitting red solid curve based on equation E=1-F4p/Fp.

The results of the titration experiments are shown in Figure 2.3.8. The coverage of the QD surface with
EYFP molecules can theoretically be estimated by the equation 2.1. Not like eqFP611, EYFP are
mostly monomers at normal conditions.'* The packing of EYFP on QD surface was only limited by
space. In this model, the protein molecules are assumed as close-packed spheres around the central QD.
Being a mutant of aequorea GFP, EYFP as well has a B-barrel structure with a diameter of ~2.3-3.0 nm
and a length of ~4.0-4.2 nm, similar to that of GFP.'*> Comparative titration experiments, carried out
with QD and EYFP, showed that saturation occurred at approximately 13-16 molar equivalents of
protein per QD and this was very similar for QD and EYFP-A24 (1) (Figure 2.3.6B). This result is in
good agreement with a theoretical estimation of surface loading, using values of R,=~1.8 nm
(equivalent radius for a EYFP protein), R; ~1.9 nm for the CdSe/ZnS QD with an emission of ~518 nm
(estimated from TEM images) and the filling factor of 0.65 for equation 2.1, leading to Ngyrp.424~18
per QD. Figure 2.3.8A shows the PL evolution of the 2Ch-FRET subsystem QD/EYFP with increasing
EYFP/QD ratio. To clarify changes in the spectral properties of the QD/EYFP system, disturbing
emission from directly excited EYFP was subtracted by using PL spectra measured from samples
containing similar concentrations of EYFP-A24 (1). In addition, the fluorescence intensity results were
all normalized with respect to the fluorescence intensity of unconjugated QDs. It was evident from
Figure 2.3.8A, that the adsorption of 1 to the QD led to an increase in PL emission. Moreover, a
significant red-shift of the emission peak from ~517 nm to ~528 nm was observed (see inset of Figure
2.3.8A), suggesting an energy transfer from the QD donor to the EYFP acceptors. To verify that these
spectral changes, indeed, were due to FRET processes, control experiments were carried out using a
non-Hise-tagged EYFP. It is shown in Figure 2.3.8B (green triangles) that this titration led to only
negligible enhancement in fluorescence and no shift of the emission peak, as compared to the results
obtained with the Hisg-tagged EYFP (black squares). Thus, the experiments supported the hypothesis
that the binding of EYFP to the surface of QDs led to Forster energy transfer from QD to 1. The FRET
efficiency E of this QD/EYFP 2Ch-FRET subsystem was calculated using equation 1.4, using the
intensity of the QD emission extracted from the total PL-spectrum by Gaussian fits (Figure 2.3.8C).

The latter were used because the spectral overlap of EYFP and QD emission brings with it difficulties
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for data analysis. Therefore Gaussian fitting were used based on the narrow and symmetric QD
emission properties, which helped to extract the QD emission spectra from the overlap. This approach
enabled the reproduction of the PL shape with high accuracy. The QD PL emission in the absence of
acceptors should be equal to the emission obtained from the QD/bleached EYFP-A24 conjugates (2%*),
because 2* comprises the modification of the QD-quantum yield (here a PL enhancement) due to
shielding of negatively charged DHLA-QDs by the adsorbed positively charged protein domains (i.e.
polyhistidine). As illustrated in Figure 2.3.9, the photobleaching strategy of EYFP-A24 conjugates
provides a non-fluorescent species for control experiments such as the study of QD PL enhancement
effect due to QD-protein interaction and the FRET study of QD/Atto647 subsystems described below.
Taking into account this PL enhancement effect, a high FRET efficiency of £~0.72+0.02 was obtained,
suggesting that, as a result of very efficient FRET, the QD/EYFP 2Ch-FRET subsystem should act as a

new, combined donor complex within the anticipated 3Ch-FRET system.
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Figure 2.3.9 Spectroscopic characterization of EYFP, EYFP-A24 and photobleached EYFP-A24 conjugates.
The samples were diluted to 0.5 uM in TETBS buffer and excited at 488 nm. (A) Fluorescence spectra
comparison: the PL. of EYFP has ~38% enhancement after conjugation with A24 and completely disappeared
after irradiating with laser. (B) Absorbance comparison of EYFP, EYFP-A24 and bleached EYFP-A24
conjugates: The UV absorption peaks below 300 nm remained almost unchanged, while the absorption peak of

EYFP centered at 514 nm disappeared completely after photobleaching.

To confirm the calculated number of £~0.72, the temporal evolution of the 2Ch-FRET subsystem
QD/EYFP was investigated by time-resolved fluorescence spectroscopy (Figure 2.3.10). To this end,
samples containing the QD/EYFP conjugates were excited with pulsed laser light of the same

wavelength used in the aforementioned time integrated PL experiments. As indicated from Figure
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2.3.10, the QD/EYFP system’s emission qualitatively showed an increase in intensity, which reached
its maximum at approximately 1 ns after the arrival of the exciting laser pulse. This can be explained
by the energy transferred from the QD to the EYFP, due to which the decrease of the QD PL is
accelerated, while the EYFP emission gains intensity until the feeding reservoir of the QD is depleted.
For comparison, the PL decay of a sample comprising QDs and photobleached EYFP-A24 (2*) was
measured and found to display a fast initial decay in the first 100 ps, before a monoexponential decay
with a time constant of ~3.5 ns becomes visible. This decay time and the measured quantum yield of
6.6 % translate into a radiative decay rate of 0.019 ns™'. For a more quantitative analysis, the emission
was spectrally binned over a wavelength range around the maximum of combined QD/EYFP emission,
centered at 528 nm to produce an intensity vs. time plot representation. The fraction of the total QD
emission present in this region, as well as the corresponding value for the EYFP, were extracted from
time integrated measurements. For the numerical simulation of the energy transfer rates, the following
channels of population and depopulation have been taken into account: The QD is excited by the laser
and releases the energy via radiative recombination, non radiative recombination and transfer to the
EYFP. The protein is excited by the laser as well, though to a much smaller extent due to the
absorption cross section at the chosen excitation wavelength of 372 nm. Additionally, the transferred
energy from the QD donor populates this excited state of the acceptor which is depopulated by
radiative and nonradiative channels. Rates represent the strength of the respective energy migration
channels and enabled the calculation of excitation processes occurring in the QD and the EYFP in an
iterative way. The programming algorithm for the simulation was developed by Oliver Schops'™ and is
shown in the appendix of this thesis (Section 7.2). The simulated results were obtained with the
following parameters for QD and (EYFP), respectively: molar ratio: 1 (14), QY: 0.066 (0.62), radiative
decay rate: 0.019 ns” (0.20 ns™), and transfer rate of QD to EYFP of 0.053 ns™. These FRET transfer
rates are consistent with the FRET efficiency value E obtained from the titration experiments. The
excellent match with the observed dynamics confirmed the high FRET efficiency in the 2Ch-FRET
subsystem QD/EYFP.
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Figure 2.3.10 Temporal evolution of the PL signal of the 2Ch-FRET subsystem QD/EYFP (2). (A) Spectrally
and temporally resolved dynamics of the conjugate emission. The region over which the intensity was spectrally
integrated to generate the cut, shown in the right panel, is indicated by the white box. (B) Emission dynamics of
the spectrally integrated QD/EYFP conjugate (black dots). The red curve shows the simulated overall intensity
of the two-chromophore system with the parts contributed by the QDs (green) and the EYFP (blue). The
simulated results were obtained using the parameters for QD (EYFP): molar concentration 1 (14), QY 0.066
(0.62), radiative decay rate 0.019 ns™' (0.20 ns™), transfer rate QD to EYFP 0.053 ns™".

According to equation 1.1, a FRET efficiency E~0.72 results in a distance of » = ~5.11+0.06 nm
between the QD center and the EYFP center, taking into account a Forster radius of Ry=3.86 nm for the
QD/EYFP 2Ch-FRET subsystem (Table 2.3.3). This value for r is in good agreement with the estimate
from geometrical considerations that take into account the size of the QD, the dimension and shape of
EYFP and the interaction between these two fluorophores. The QD is attached to the barrel shaped
EYFP molecule through its N-terminal Hise residue, which should position the QD into the region
underneath the ‘barrel bottom’. Considering the three-dimensional structure of EYFP, the distance
between the centers of the QD and EYFP can be estimated by adding half of the diagonal length of the
EYFP barrel (~2.4 nm), the QD radius (~2.0 nm) and the length of the Hisg tail (about 0.7 nm when all

1% This yields a value of » = ~5.1 nm which

polyhistidine residues are coordinated to the QD surface
nicely correlates with the value obtained from experimental data.

o EYFP/Atto647 - 2Ch-FRET subsystem

In this work the previous study performed by Florian Kukolka was continued by investigation the two
Atto647-containing 2Ch-FRET subsystems, schematically depicted in Figure 2.3.11A following the

strategy proposed in previous work.” '** 1°! The resulting data of the isolated EYFP/Atto647 system,
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i.e., conjugates Sa-d, comprising different separation distances between the two fluorophores, are listed
in Table 2.3.3. Briefly, the conjugate 1 hybridized with 4 Atto647-DNA conjugate 3a-d (Atto647
attached to 0, 10, 17 and 24 bp), respectively. The energy transfer efficiencies for 5a-d were measured
to be 0.78+0.02, 0.43+0.02, 0.23+0.03, 0.072+0.02, respectively. The efficiency led to the D/A
separation distances of ~3.91, 5.06, 5.91 and 7.40 nm, respectively and this agreed well with the
distances estimated from the geometric model.”” The data clearly indicate the expected decrease in

transfer efficiency upon increased donor-acceptor distances.
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Figure 2.3.11 Schematic representation of the 2Ch-FRET subsystems EYFP/Atto647 and QD/Atto647. (A)
Assembly of the EYFP/Atto647 subsystem (5) by hybridization of EYFP-A24 (1) with cA24-Atto647 (3). (B)
Assembly of the QD/Atto647 subsystem (4*) comprising photobleached EYFP-A24 (1*) as the bridge in
between the QD and Atto647-labeled oligonucleotides.

e QD/Atto647 - 2Ch-FRET subsystem

In contrast to the aforementioned studies on the 2Ch-FRET subsystems QD/EYFP and EYFP/Atto647,
which were performed on the actual binary FRET-systems, it was necessary to analyze the direct
energy transfer between QD and the Atto647-labeled oligonucleotides by using the ternary complex
comprised of QD, EYFP, and Atto647. To facilitate direct QD-to-Atto647 energy transfer,
photobleached, and thus dark, EYFP-A24 (1*) which was prepared by prolonged irradiation with an
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argon laser was used. Due to the non-fluorescent state of 1*, the FRET channel from QD to EYFP and
from EYFP to Atto647 is blocked, thereby directing the energy transfer from the QD directly to
Atto647 in this 2Ch-FRET subsystem (4*). This allowed one to explore the influences of chromophore

separation distance on FRET processes occurring in the respective conjugates 4a*-4d* (Figure 2.3.12).
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Figure 2.3.12 PL spectra of the four different QD/Atto647 2Ch-FRET subsystems 4a*, 4b*, 4c* and 4d*. The
QD emission is centered at ~520 nm, the Atto647 PL signal at 667nm. The additional curves indicate the spectra
obtained for DHLA-QDs only (black) and QDs to which photobleached EYFP-A24 (1*) was adsorbed (red). The

excitation wavelength was 372 nm.

The energy transfer efficiencies of the four 2Ch-FRET subsystems 4a*-4d* was derived from the
changes in the emission spectra measured for 4a*-4d* with respect to a reference spectrum obtained
from QDs which were saturated with photobleached EYFP (2*). Conjugate 2* was chosen because the
protein coating of QDs led to an approximately twofold enhancement in QD PL (Figure 2.3.8C). The
transfer efficiency was calculated both from the quenching of the QD PL (equation 1.4) and the PL
gain of the Atto647 (equation 1.5) obtained from Figure 2.3.12. The observed quenching of QD PL in
conjugates 4* confirmed the direct FRET form QD to the Atto647-labeled oligomer. Based on QD
quenching, an efficiency of ~0.32+0.02 was calculated for conjugate 4a*. For comparison, an
efficiency of ~0.31+0.02 was obtained when the gain of the Atto647 emission was used for calculation.
The latter method was also used to calculate FRET efficiencies occurring in conjugates 4b*-4d*. All
values obtained are listed in Table 2.3.3. They clearly indicate the expected dependence of FRET
efficiency from the donor-acceptor distance, as realized in 4a*-4d*. The efficiency data were then used
to calculate the separation distances between the QD center and the Atto647 dye, leading to distances

of ~5.61+0.09, 6.84+0.20, 8.86+0.05 and 12.9+1.1 nm for 4a*-4d*, respectively.
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e FRET parameters of the 2Ch-FRET subsystems

Due to their lower complexity, the three 2Ch-FRET subsystems investigated were well analyzable and
the results suggested that they form a suitable basis of the intended three-chromophore FRET system.
The various efficiencies E, calculated overlap integrals J, Forster radii Ry, donor-acceptor distances r
and structurally estimated donor-acceptor distance of the three 2Ch-FRET subsystems, 2 (QD/EYFP-
A24), S5a-d (EYFP-A24/cA24-Atto647), and 4a*-d* (QD/EYFP-A24/cA24-Atto647 containing
photobleached EYFP) are summarized in Table 2.3.3. The results obtained for 2 confirmed the
expected high FRET efficiency of £=0.72, which is most likely due to the existence of 14 parallel QD-
to-EYFP transfer channels, all of which exhibit the high value of the overlap integral J which
compensates for the small quantum yield QY of the DHLA-capped QDs (in contrast to the high QY of
the EYFP). The other two 2Ch-FRET systems exhibited similar spectral overlap integrals, however
slightly different Forster radii of 4.83 nm (EYFP/Atto647) and 3.16 nm (QD/Atto647). Because of the
relatively low QY of the DHLA-capped QD used here and the larger separation between chromophores,
the QD/Atto647 subsystem revealed significantly smaller, but not negligible FRET efficiencies. It was
therefore interesting to see whether this latter transfer acts as a competitive side channel in the three-
chromophore FRET system as well, or whether its relative contribution is decreased due to the presence

of the stronger parallel transfer occurring from QD/EYFP to the Atto647.

2.3.2.2 Energy transfer processes in the three-chromophore FRET

The 3Ch-FRET system, as depicted in Figure 2.3.7, comprises the combination of two competitive
FRET channels, namely, that from QD to Atto647 and that from QD to EYFP to Atto647, which will
be modified, and finally controlled, in their individual weightings in the total FRET process. Figure
2.3.13 illustrated vividly the PL emission and solution fluorescence evolution as the continuous
addition of acceptors EYFP-A24 and later Atto647-cA24, which demonstrates the panoptic energy
transfer process. For the quantitative characterization of the strength of an energy transfer channel, two
representations are common. The use of the transfer rate which can be interpreted as the probability of
an excitation being transferred within a given time interval is a measure of the absolute magnitude of
energy transfer. The transfer efficiency, which is easily connected to measured quantities, weights the
energy transfer channel with respect to all other present channels of energy loss. The two

complementary representations are connected via equation 2.2.
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Figure 2.3.13 (A) PL evolution sample of a two-step titration procedure: 0-14 molar equiv of EYFP-A24
conjugates (1) were added to the one fold DHLA-QDs TETBS solution, subsequent adding of 0-14 equiv of
cA24-3’-Atto647 conjugates (3) to the resulting conjugate 2, which illustrates a two-step FRET from QD to
EYFP then to Atto647 dye. (B) Titration mixture PL color (monitored by a digital camera) changes during the

titration procedure, indicating the energy transfer process.

In the efficiency representation the presence or absence of a competitive energy transfer channel can
change the efficiency value, even if the original strength of transfer, given by the transfer rate is not
altered. In this way efficiencies can be tailored by offering alternative pathways of energy migration.
From the assembly point-of-view, preformed QD-EYFP-A24 conjugates 2 were allowed to hybridize
with 14 molar equiv of the Atto647-labeled complementary oligonucleotide 3 to yield the ternary target
conjugates 4a-d. The alternative strategy, that is to add to a solution containing QDs 14 equiv of pre-
formed EYFP-DNA-Atto647 (5) led to identical effects in PL, thus suggesting that the self-assembly of
the three components, indeed, occurred as expected. The constitution of target conjugates 4a-d is
similar to that of the 2Ch-FRET subsystem 4a*-d* because the bleaching of EYFP (in 4*) only

152, 153 -
’ it was therefore assumed

damages the chromophore center but not the protein’s conformation,
that the QD/EYFP, EYFP/Atto647 and QD/Atto647 donor-acceptor separation distances within 4 were
similar to those estimated from the respective two-chromophore subsystems listed in Table 2.3.3.

The pathways of energy migration were unraveled in 4 by comparing the energy transfer efficiencies

derived from the measurements of 4 with those obtained from the systems possessing only a single
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transfer channel (2, 4%, 5). It was expected that the efficiency of the EYFP to Atto647 transfer remains
unchanged, because neither the distances nor spectral overlap or other parameters influencing the
energy transfer were changed. The opening of an additional depopulation channel for the QD, by
allowing it to transfer energy not only to the EYFP, but also directly to the Atto647 dye, however,
should influence the values for the transfer efficiency. This can be seen most clearly from the definition
of transfer efficiencies as a function of the transfer rates &, as indicated in equation 2.2. The radiative
and non-radiative rates are those defining the QDs’ intrinsic quantum yield and, therefore, they should
be constant in all of the assemblies investigated. While the transfer rate is simply the QD to EYFP
transition rate in system 2, and the QD to Atto647 transition rate in system 4%, it needs to be

understood as the sum of the QD to EYFP and the direct QD to Atto647 rate in the 3Ch-FRET system.

2.3.2.3 FRET parameters of the 3Ch-FRET system derived from PL and 2-PLE
Data

Figure 2.3.14 shows an overview of the donor-acceptor emission spectra measured for the four 3Ch-
FRET systems 4a-d. Figure 2.3.14A shows a map of the emission measured by so-called two
dimensional photoluminescence exemplary 3Ch-FRET system 4a-d. In Figure 2.3.14B, the PL spectra
are plotted for the four 3Ch-FRET systems 4a-d as well as for the reference systems QD only and
QD/EYFP-A24 (conjugate 2), all excited at 372 nm. To explore possible spectral dependencies of the
FRET efficiencies caused by quantum-confinement induced spectral modifications in the QD-
absorption cross section, the emission characteristics were initially mapped as a function of excitation
wavelength (2D-PLE) over a broader spectral window, as illustrated in Figure 2.3.14A. The excitation
wavelength was tuned from short excitation wavelengths/high energies (350 nm/3.54eV) towards
longer wavelengths/lower energies (700 nm/1.77e¢V) in steps of 1 nm while recording for each
excitation the corresponding emission spectrum within a detection range between 500 and 700 nm.
Excitation wavelengths longer than 550 nm show the directly excited Atto647 emission. The 450 to
550 nm part (enhanced twofold) shows the transfer from the QD/EYFP subsystem to Atto647. The
bottom part (enhanced 15x) shows direct Atto647 excitation, QD-Atto647 transfer and the sequential
QD-EYFP-Atto647 transfer. FRET processes were evidenced in the two-dimensional-PLE (2D-PLE)
of Figure 2.3.14A by the off-diagonal transfer peak. This appeared as PL intensity at the spectral
position of the acceptor’s recombination wavelength, while the system was excited at wavelengths of

strong donor absorption.”” In contrast to an organic dye or a fluorescent protein, where the
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luminescence is excited within a narrow band, the semiconducting nature of QDs provides well defined
electron hole pair states within the QD. The resonance energy of the states is modified by the
confinement potential which is directly related to the size. Consequently, the size distribution within
the QD ensemble smears out the sharp absorption peaks and produces the well known absorption
spectrum as shown in Figure 2.3.7C. It is the simultaneous mapping of a whole emission wavelength
range as a function of excitation wavelength, which enables the determination of spectral windows,
suited for the analysis of the FRET subsystems. The spectral region from 450-520 exhibits QD
absorption, but the onset of the absorption of the EYFP prohibits the observation of the QD to Atto647
transfer. The analysis of the FRET pathways from QD to Atto647, therefore, has to focus on the
excitation in the wavelength range of 350 to 400 nm, which is shown, 15-fold magnified, in the lower
spectral window in Figure 2.3.14A. At an excitation wavelength of 372 nm, the transfer signature is
strong and not concealed by emission stemming from direct excitation of the Atto647, while the EYFP
absorption is negligible. The quantitative analysis of energy transfer efficiencies was therefore limited

to the selected excitation wavelength of 372 nm (Figure 2.3.14B).
A
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Figure 2.3.14 (A) Full excitation-emission characteristic as measured by 2D-PLE for systems 4a-d. Excitation
wavelengths longer than 550 nm show the directly excited Atto647 emission. The 450 to 550 nm part (enhanced
twofold) shows the transfer from the QD/EYFP subsystem to Atto647. The bottom part (enhanced 15x) shows
direct Atto647 excitation, QD-Atto647 transfer and the sequential QD-EYFP-Atto647 transfer. (B) Changes of
the PL intensity at an excitation wavelength of 372 nm (white box in A) as a function of acceptor presence:

DHLA-QD, QD/EYFP-A24 (2), and FRET systems 4a-d.

The FRET efficiency data can be obtained from Figure 2.3.14A or following a study presented by
Watrob and colleagues for a similar multicomponent FRET system.” According to this study, the
efficiencies and Forster radii of different FRET pairs in the 3Ch-FRET system 4 can be derived from
the results of the 2Ch-FRET subsystems (QD/EYFP, QD/Atto647 and EYFP/Atto647 pairs of
conjugate 2, 5 and 4%, Table 2.3.3), using the following formulae, which were generated from the

kinetic calculations for the energy transfer rates in a three-chromophore system”® *

Ey —Ey xEy;
04
1-E, xEy

23

— EQE

. —E,, x Ey,
OE
1-E,, xE,,

2.4
where E’g4 and E g are FRET efficiency of QD—Atto647 and QD—EYFP in the 3Ch-FRET system
4 (4a-d), and Egp,, Eor are the corresponding ones of the 2Ch-FRET subsystems 2 and 4* (4a*-d*).

The results of the efficiency calculations are listed in Table 2.3.4.
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Table 2.3.4 Efficiency E, Forster radius R, for 3Ch-FRET systems 4a-d, derived from the 2Ch-FRET
subsystems (QD/EYFP, QD/Atto647 and EYFP/Atto647 pairs of conjugate 2, S and 4*) and corresponding

donor-acceptor separation distances 7.

donor-acceptor efficiency derived from Forster radius, D-A distance r
pair independent system data “ Ry (nm) (nm)”

QD/EYFP in 4a 0.64+0.02 3.63 5.11+0.06
QD/EYFP in 4b 0.69+0.02 3.78

QD/EYFP in 4¢ 0.71+0.02 3.84

QD/EYFP in 4d 0.72+0.02 3.86

QD/Atto647 in 4a 0.11+0.02 2.55 5.61+0.09
QD/Atto647 in 4b 0.037+0.007 2.56 6.84+0.20
QD/Atto647 in 4¢ 0.008+0.001 2.56 8.86+0.05
QD/Atto647 in 4d 0.001+0.001 2.63 12.9+1.1
EYFP/Atto647 in 4a 0.78+0.02 4.83 3.91+0.08
EYFP/Atto647 in 4b 0.43+0.02 5.06+0.07
EYFP/Atto647 in 4¢ 0.23+0.03 5.91+0.16
EYFP/Atto647 in 4d 0.07240.02 7.40+0.44

“Based on equation 2.3 and 2.4; ”r of all the FRET pairs, equal to the 2Ch-FRET subsystems
due to maintained configurations;

The effect of the additional transfer channel is most readily visible on the example of system 4a. While
the QD—EYFP- and the QD—Atto647-transfer efficiencies were ~0.72 and ~0.31 in the systems
displaying only a single transfer channel (2 and 4a*, respectively), these values were reduced to ~0.64
and ~0.11 when both channels were open simultaneously, as calculated by equation 2.3 and 2.4. This
decrease in FRET efficiency between QD and EYFP can be interpreted as the result of the competition
between two pathways for FRET from the QD towards two different acceptors in the 3Ch-FRET
system. In a complementary way, the decrease of the FRET efficiency from QD to Atto647 in
conjugate 4a compared with 4a* (from ~0.31 to ~0.11) is due to the same competition between parallel
energy transfer mechanisms. Consequently, the reduced efficiency of a transfer in the presence of a
competitive acceptor can be specified by recalculating the characteristic Forster radii Ry, which are no
longer constant, when exposing a donor species to two acceptors. This representation was chosen for
the listing in Table 2.3.4.

Using the one-step FRET efficiency data E g, E o4 and Eg4 of conjugate 4, two kinds of overall FRET

efficiencies for the 3Ch-FRET system can be derived based on the following equations system. > *°

Ey =Ey°’ +E, =E,xEy +Ey, 5s

THEOR ' '
EQ»EA = EQE + EQA 26
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where E 'og, E o4 and Eg, are the corresponding one-step FRET efficiencies for the conjugates 4 (4a-d).
Equation 2.5 demonstrates the total efficiency from the QD to Atto647 (the entire energy transferred to
the Atto647 dye), which represents the parallel efficiency with one of the parts reflecting the sequential
FRET efficiency. Experimentally, this efficiency can be measured by comparing the acceptor Atto647
emission gain at the presence and absence of the donor based on equation 1.5 from the data shown in
Figure 2.3.14B. Equation 2.6 represents the theoretical combined efficiency from QD to both EYFP
and Atto647 acceptors (the entire energy transferred away from the QD). Likewise, this efficiency can

be obtained experimentally from the quenching of QD emission signal based on equation 1.4.

Table 2.3.5 Two types of overall FRET efficiency derived from independent FRET data and experimental
estimate of two types of overall FRET efficiency obtained from spectral analysis of conjugates 3Ch-FRET

systems 4a-d.

3Ch- calculated combined  measured combined calculated total measured total
FRET efficiency from QD efficiency from QD | efficiency transferred  efficiency transferred
system (Equpa)” (Eguin)” to Atto647 (Egp_a)¢  to Atto647 (Egp_a)®
4a 0.75+0.02 0.74+0.01 0.61+0.02 0.584+0.04
4b 0.73+0.02 0.72+0.02 0.334+0.02 0.30+0.06
4c 0.72+0.02 0.73+0.02 0.17+0.02 0.16+0.02
4d 0.72+0.02 0.744+0.03 0.053+0.02 0.048+0.02

“ Calculated combined FRET efficiency of the energy transfer process from the QD to both EYFP and
Atto647 using equation 2.6; ” Measured combined efficiency from QD to both EYFP and Atto647, derived
from equation 1.4; “ Calculated total FRET efficiency of all energy transfer process to the Atto647, using
equation 2.5;“Measured total efficiency of all energy transfer process to the Atto647, derived from equation
1.5.

The total efficiency from QD to Atto647 dye of ~0.61+£0.02, 0.334+0.02, 0.17+0.02, 0.052+0.02 for
conjugates 4a, 4b, 4¢ and 4d, respectively, agree well with the experimental data obtained from the
Atto647 signal enhancement: ~0.58+0.04, 0.30+0.06, 0.16+0.02 and 0.048+0.02, respectively. The
direct QD to Atto647 FRET (Eqa’=~0.11, 0.037, 0.008 and 0.001) contributes 18%, 10%, 4% and
0.3% of the total energy transferred from QD to Atto647. The majority of ~82%, 90%, 96% and 99.7%
is contributed from the QD—EYFP—Atto647 FRET process. The efficiencies of combined energy
transferred away from the QD to both EYFP and Atto647 were also calculated following equation 2.5.
Good agreement with the values obtained experimentally from the QD quenching in the four constructs
(4a-d) was observed (errors of less than ~3%, see Table 2.3.5). These small errors substantiate the
assumption raised earlier that in all 3Ch-FRET systems QD/EYFP/Atto647 (4a-d) the spatial

deviations of the chromophore orientations and distances are very small compared to those within 2Ch-
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FRET subsystems 2, 4* and 5. Both the theoretically estimated and experimentally determined overall
efficiencies calculated from the results shown in Figure 2.3.14B for the 3Ch-FRET systems 4a-d are
listed in Table 2.3.5.

2.3.2.4 FRET parameter of the 3Ch-FRET system derived from the temporal
evolution of the emission

To further support the FRET efficiencies obtained from the time integrated experiments, the
luminescence of the four multi-FRET samples 4a-4d was recorded time-resolved and the decay curves
were compared to the results of a numerical simulation as demonstrated in Figure 2.3.15.'** The
evolution of the combined luminescence of the QD and the EYFP was accessible by binning the
wavelength range from 521 nm to 547 nm of the temporally and spectrally dispersed luminescence
signal to obtain a time vs. intensity plot. Likewise, the decay of the Atto647 dye was accessible by
extraction of the PL signal between 653 nm and 679 nm. The model calculation, which is an extension
of the routines used to simulate the behavior in the QD/EYFP system explained above, takes into
account the radiative and non-radiative recombination channels of the QD, the EYFP and the Atto647
dye. Crosslinking channels are the transfer from the QD to the EYFP, the direct QD—Atto647 transfer
and the EYFP—Atto647 channel. Again the population of each subspecies was calculated in an
iterative way with a simulated temporal resolution of 1 ps (details of the simulation strategy see
appendix 7.2). The radiative recombination rates were extracted from fluorescence lifetime
measurements of the QDs, the EYFP and the Atto647 dye, and their respective quantum yields. The
transfer transition rates were then adjusted to match the efficiencies derived from time integrated
measurements. The result of such a simulation was compared to the measured PL of the system in
Figure 2.3.15. The parameters used to obtain a consistent agreement are for the QD were: QY=0.066,
krag=0.019 ns; EYFP QY=0.62, k;,¢=0.2 ns" and for the dye Atto647 k.=0.05 ns” and kop_eyrp =
0.053 ns™". The varying transfer rates in the four differently spaced multi-FRET systems are kpyrp_ato =
1.15ns™, 0.245 ns™, 0.10 ns™', 0.031 ns™; and kop_ae= 0.0095 ns™', 0.0028 ns™', 0.0006 ns™', 0.00008
ns™ for samples 4a-d, respectively. It is striking, that at the closest proximity of the Atto647 dye to the
EYFP (4a), when the energy was transferred to the dye most efficiently, the formation of the rise in the
EYFP PL intensity was prevented, while the Atto647 displays a gain in emission (Figure 2.3.15). At
larger distances, the characteristic behaviour of the QD/EYFP system was recovered (also Figure

2.3.10), while the Atto647 emission was returning to the mono-exponential behavior, which was also
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observed when the dye was not subject to energy transfer. The obtained radiative decay rates k,,; and
energy transfer rates k derived from the time-resolved emission of the four 3Ch-FRET systems 4a-d

were summarized in Table 2.3.6.

PL Intensity (a.u.)

2 3 40 1 2 3 4
Time (ns)

0 1

Figure 2.3.15 The temporal evolution of the spectrally resolved luminescence signal of the four FRET systems
4a-d and their simulated behavior. The data points show the intensity recorded in the wavelength range of QD
and EYFP emission (circles) and at the Atto647 emission wavelength (triangles). The simulated curves display

the dynamics of QD (green), EYFP (blue), the sum of QD and EYFP (red), and Atto647 (magenta).

According to the data listed in Table 2.3.6, the internal transfer from QD to EYFP in the four
conjugates 4a-d ranged from £~0.64 to £~0.72, indicating that the QD/EYFP-A24 conjugate 2 indeed
acts as a combined donor complex. In addition to this high transfer efficiency, this donor complex
benefits from the unique advantages of QD and fluorescent proteins and also overcomes the limitations
of the individual components. The QD/EYFP-A24 conjugate with a large absorption cross section
(from QD) and a high quantum yield (from EYFP) can be excited at a much broader wavelength region
and a more efficient transfer can be achieved. The QD also serves as a nano-scaffolding to assemble
multiple EYFP-A24 species into a single complex, which to some extent integrates energy transfer
emitters. The oligonucleotide attached to the EYFP provides a functional coupling bridge for different
acceptors, thus enabling the precise control over donor-acceptor separation distances. The donor

emission center of the new complex is shifted from the QD center to the EYFP center and overcomes
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the inherent large size limitation of QDs, which also helps to achieve a long-range FRET. As an
example, a donor-acceptor separation distance of ~8.86 nm was achieved with a decent total FRET
efficiency of ~0.17 in conjugate 4¢, compared to a separation distance of only ~5.91 nm in the
respective conjugate 5S¢, comprising only EYFP and Atto647 (Tables 2.3.4 and 2.3.5). A maximum
separation distance of ~12.9 nm could be reached the case of the 3Ch-FRET systems, which can hardly
be achieved by a simple, two-chromophore FRET system.

Table 2.3.6 Radiative decay rates k,,, and energy transfer rates k derived from the time-resolved emission for

the four FRET systems 4a, 4b, 4¢ and 4d as parts of the 3Ch-FRET system QD-EYFP-Atto647.

System Kop.rad KEYFP rad Kop-Evrp K Atto647.rad Kop>Attos47 KEyFp-Atto647
2 0.019 ns™ 0.2ns" 0.053 ns™! - - -

42 o o o 0.05 s 0.0095 ns™! 1.15 ns™
4b o o . o 0.0028 ns' 0.245 ns™!
¢ o o —n_ o 0.0006 ns’' 0.10 ns™
4d o o —n_ —r 0.00008 ns" |  0.031ns’

2.3.2.5 Structural arrangement of components in the 3Ch-FRET system

While the distinct relation between transfer efficiency and distance in a single Forster-type energy
transfer allows the calculation of the separations between the donor and the acceptor, the simultaneous
presence of multiple FRET mechanisms allowed for insights into the spatial arrangement of the
system’s components. This is due to the fact that three distances between three points in space define
their respective coordinates.

Picking up the aforementioned picture of the QD being attached to the “barrel bottom” of the EYFP,
and taking into account that the DNA is attached to the same region of the C terminus of the protein,
one can assume that the protein is being tilted to provide space for the flexible sulfo-SMCC linkage to
the DNA. Knowledge of the transfer efficiency in the case of sample 4d, which translates into a
distance of 12.9 nm, strongly suggests that the flexible EYFP/DNA link is bent in a way that allows the
DNA and the attached Atto647 dye to point away from the QD, because this is the only configuration
that allows for such a large QD/Atto647 separation, while maintaining the QD/EYFP and the
EYFP/Atto647 distances.
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Figure 2.3.16 (A) The donor/acceptor distances between QD, EYFP, and Atto647 derived from the measured
transfer efficiencies. The gray regions indicate the results of according distance calculations with the parameters
Rop=2.5 nm, Rgypp=2.8 nm, R4,=1.4 nm, zpp= -3.5 nm, ¢=270°, based on a least square fit to the data. The
DNA helicity furthermore dictates z4,,= Nx0.34 nm and 6=Nx36° with N being the number of base pairs. (B)
The cylindrical coordinate system, used to describe the positions of the multi-FRET constituents seen from top.
The z-axis corresponds to the central DNA axis. The angular coordinate for the QD is ¢ and for the Atto647 dye
6. (C) Side view of the same coordinate system. The radial coordinates Rpp, Rpyrp, and Ry, represent the
distances from the z-axis. For simplicity only one of the 14 EYFP/Atto647 conjugates is shown. (D) Cartesian
coordinate positions of QD, EYFP and Atto647 in the geometric model B and C.

The EYFP/QD subsystem displays an energy transfer efficiency that can be probed with high precision,
thus allowing for a realistic estimation of a distance of 5.1 nm. The DNA helix of the EYFP/Atto647
subsystem provides well-defined values for the distance along, and the angle around the DNA axis.
However, the aliphatic linker molecules in between EYFP and DNA or Atto647, respectively,
introduce uncertainties because they are rather long and flexible. The number of possible
configurations and orientations is increased even further, since the EYFP/Atto647 conjugates are likely
bound flexibly to the QD’s surface. However, one can expect that the high loading of the QD surface
(N=~14) reduces the range of possible configurations. To describe the structural properties of this

multi-FRET system, a geometric model of the 3Ch-FRET systems was therefore proposed, which is
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based on the helicity of the DNA,” ** the rough knowledge of size and shape of the constituents and
linkers, and importantly on the measured transfer efficiencies to describe the structural properties of
this multi-FRET system. Because the persistence length of DNA is about 50 nm, it was estimated the
short dsDNA as a rigid linker, although the aliphatic spacers in between DNA and both EYFP and QD
should be considered flexible.

Kukolka et al. had previously established that DNA maintains its double helical B-configuration in the
EYFP-A24 conjugates,”” and thus one can consider the DNA helix as a cylinder with the center of the
top lid as the origin of a cylindrical coordinate system. The positions of the FRET constituents are
being described by the parameters sketched in Figure 2.3.16B and C. Starting at the origin, the EYFP
position can be defined to be at a distance of Rgyrpalong the negative x-axis. The Atto647 position in
the case of 0 BP between the two is fixed at a distance R 4,647 in positive x direction. With growing
number of base pairs between these two chromophores, the Atto647 orbits the central DNA axis with
an angle 6=Nxn/5 and simultaneously descends along the z-axis as z44,=N*0.34 nm, with N indicating
the number of base pairs. This assumes that two base pairs are separated by 0.34 nm, and that the DNA
completes one revolution after the 10" base pair. The position of the QD can be represented by a
respective set of coordinates zgp, 6, and Rop. Simple geometric considerations were used to calculate
the distances between the three multi-FRET constituents in order to compare them to those derived
from the measured FRET efficiencies. The distances of each two of the FRET constituents can be

acquired by equation 2.7-2.9.

DistQD/EYFP = \/(RQD X CcoS@ + REYFP)2 + (RQD X singo)2 + (ZQD)2 2.7

Dist yp ) 440 = \/(RQD xcosp—R,, xcosB)’ + (Ryp xsing — R, xsin 0)* + (Zpp — N x 0.34)> 2.8

Distyyip o = (R oy X €080+ Ryyp)? + (R, x5in 0) + (N x0.34)° 2.9

where N is the number of base pair, 0-24 and is an independent variable. Other parameters can be
deduced as illustrated in Figure 2.3.16D. The outcome of this “spectroscopic triangulation” is shown in
Figure 2.3.16A. Taking into account the uncertainties mentioned earlier to display the calculated
distances as a broad band reflecting estimated errors of 1.3 nm, 0.5 nm, and 0.1 nm in the calculation of
the QD/Atto647, the EYFP/Atto647, and the QD/EYFP distances, respectively. The parameters used
were: Rop=2.5 nm, Reyrp=2.8 nm, Ryue647=1.4 nm, zpp= -3.5 nm, ¢=270°, and are based on a least
square fit to the data. Indeed, this simulation supported our hypothesis that the proteins are tilted on the
QD surface to allow the DNA to place the Atto647 dye at a maximum possible distance from the QD.
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This assumption is further corroborated by the fact that the DNA only marginally changes the effective
size of the EYFP, derived from of the maximum number of proteins on the QD surface, which was

demonstrated in the analysis of the QD/EYFP 2Ch-FRET subsystem (also Figure 2.3.6B).

2.3.2.6 DNA double helix regulated FRET

In order to further verify the cylinder model of the 3Ch-FRET systems, in addition to 0, lOth, 17th, and
24™ base pair (bp) position of the cA24 oligonucleotides (Figure 2.3.7B), Atto647 dyes were attached
on the 3", 5™ and 7" bp of cA24 to form three different donor/acceptor distances FRET systems. Since
the Atto647-fluorophore is attached through a linker to the thymine base, the 3", 5™ and 7™ base of
cA24 were first exchanged to thymine bases instead of the other bases within the cA24 sequence. The
modified cA24-Atto647 conjugates are termed as 3e, 3f and 3g for the 3", 5™ and 7™ Atto647 modified
oligonucleotides, respectively. In the complementary oligonucleotides A24 bases were also modified at
the corresponding positions to adenine and covalently attached to EYFP and termed as 1e, 1f and 1g,
respectively (The detailed sequences are listed in experimental section, Table 5.2.). The EYFP/Atto647
2Ch-FRET conjugates were formed by hybridizing 1e, 1f and 1g with 3e, 3f and 3g, respectively, and
termed as Se, 5f and 5g, respectively. The FRET efficiency between EYFP and Atto647 for the three
conjugates Se, 5f and Sg were obtained based on the quenching of EYFP PL by similar titration
experiments as 5a-5d systems and then the donor/acceptor separation distances were calculated based
on equation 1.5-1.7 and the Forster radius of EYFP/Atto647 pair (Table 2.3.3). To investigate
QD/Atto647 2Ch-FRET systems (termed as 4e*, 4f* and 4g*), the EYFP-DNA conjugates Se, 5f and
S5g were photobleached via the same procedure described earlier, bound to the QD surface and then
hybridized with 3e, 3f and 3g, respectively. The efficiency data for QD/Atto647 conjugates 4e*, 4f*
and 4g* were obtained based on the enhancement of Atto647 PL (equation 1.4) and the QD/Atto647
separation distances were calculated accordingly. All the efficiency and donor/acceptor separation
distances data are listed in Table 2.3.7.

If all the separation distances data are put together to fit the cylinder model presented earlier (Figure
2.3.16) and make a new set of the parameters Rop, Revrp, Rauoss7, Zop and @, the same values of these
parameters were achieved based on the least square fit and the boundary conditions, which are limited
by the chemical linkage and sizes of the fluorophores. The results are plotted in Figure 2.3.17. As
depicted in Figure 2.3.17A, most of the separation distances are within the range of theoretical

estimation except the case of 5t bp Atto647-cA24 conjugate 4f (5f or 4f*). In the presented geometric
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model, the 5™ bp position is where the Atto647 molecule and the EYFP are the first time on the same
side and the distance between them is the smallest compared with all the other positions. The
theoretical estimation for the EYFP/Atto647 separation distance is ~2.2 nm and the corresponding
theoretical FRET efficiency between EYFP and Atto647 is ~0.991. This is an ideal state with the
assumption that there is no mechanical or electrostatic interaction between the fluorescent protein and
Atto647 dye and with pure geometric consideration. Actually, there will be repulsion between EYFP
and Atto647 molecule and the repulsion reaches maximum when the distance between them is
minimum, that is, 5™ bp position. Additionally, the flexible sulfo-SMCC linkage between EYFP and
DNA allowed the free rotation of the DNA cylinder. This repulsion between EYFP and Atto647 will
eventually enlarge their distance or rotate the DNA cyliner to keep the mechanical or electrostatic
balance. As a result, the separation distance between QD and Atto647 enlarges accordingly. Similarly,
this effect influences the separation distances of EYFP/Atto647 when the Atto647 is attached to smaller
bp and close the side of EYFP (i.e. 3-8" bp). As indicated in Figure 2.3.17A, the EYFP/Atto647
separation distances of the 3™ and 7™ cases are also a little larger than the theoretical estimates, which

confirmed the repulsion between the protein and dye molecule.
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Figure 2.3.17 (A) The donor/acceptor distances between QD, EYFP, and Atto647 derived from the measured
transfer efficiencies for all conjugates Sa-g, 4a*-g*. The gray regions indicate the results of according distance
calculations with the parameters Rpp=2.5 nm, Rpypp=2.8 nm, R,4,=1.4 nm, zpp= -3.5 nm, ¢=270°, based on a
least square fit to the data. The DNA helicity furthermore dictates z4,= Nx0.34 nm and 8=Nx36° with N being
the number of base pairs. (B) Schematic representation of theoretical state of the 5™ bp Atto647-DNA conjugate
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4f, in which the separation distances between EYFP and Atto647, QD and Atto647 are minima. (C) Schematic
representation of the actual state of the 5™ bp Atto647-DNA conjugate 4f based on the experiment data (green
dashed circles in A), which the separation distances are larger than estimates due to repulsion. Basically, the

linkage between EYFP and DNA cylinder are freely rotatable.

Table 2.3.7 Measured efficiencies E, donor-acceptor distances » and structurally estimated donor-acceptor

distance for the three 2Ch-FRET subsystems Sa-g and 4a*-g*.

donor-acceptor efficiency D-A distance, r | D-A distance, r
pair from E (nm)“ from structural
estimate (nm)

EYFP/Atto647 in 5a” 0.780.02 3.93+0.08 4.2
EYFP/Atto647 in Se 0.87+0.01 3.51+0.05 2.9
EYFP/Atto647 in 5f 0.80+0.003 3.85+0.01 2.2
EYFP/Atto647 in 5g 0.71£0.01 4.17+0.03 3.6
EYFP/Atto647 in 5b 0.43+0.02 5.06+0.07 54
EYFP/Atto647 in S¢ 0.23+0.03 5.91+0.16 6.4
EYFP/Atto647 in 5d 0.072+0.02 7.40+0.44 8.4
QD/Atto647 in 4a" 0.310.03¢ 5.62+0.11 4.5
QD/Atto647 in 4e” 0.26+0.03 5.82+0.14 59
QD/Atto647 in 4f 0.094+0.02 7.16£0.25 5.9
QD/Atto647 in 4g" 0.19+0.02 6.24+0.10 6.0
QD/Atto647 in 4b" 0.12+0.02 6.84+0.20 7.4
QD/Atto647 in 4¢” 0.028+0.001 8.86+0.05 9.3
QD/Atto647 in 4d” 0.003+0.002 12.9£1.10 12.1

“ Estimated using /=R,*(N(1-E)/E)"®, N=14 for the QD-Atto647 and QD/EYFP
pair and N=1 for the EYFP/Atto647 pair; © The a, e, f, g, b, ¢, d represent the
Atto647-dye attaching positions from 0, 3 5t gt ot 17" to 24" base pair of
the oligonucleotides, respectively; © The efficiencies of four different
QD/Atto647 pairs were obtained from acceptor PL gain

"bleached EYFP-A24 (1*) was used for assembly

2.3.3 Summary

In this work the detailed analysis of a novel supramolecular energy transfer system was described,
which comprised of inorganic Iuminescent QD, the fluorescent protein EYFP and DNA
oligonucleotides labeled with the organic dye Atto647. The QDs function both as the nano-scaffold to
facilitate self-assembly of the system and as the primary donor for energy transfer to the fluorescent
proteins. This binary system essentially works as a novel donor for efficient long-range energy transfer
to the Atto647, the latter of which is positioned at distinct distances from a donor by means of the
double helical DNA spacer. Spatial configurations such as relative orientations, donor-acceptor

separation distances, Forster radii and transfer efficiencies of each of the three implemented QD/EYFP,
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QD/Atto647 and EYFP/Atto647 2Ch-FRET pairs were elucidated by both theoretical and experimental
approaches and found to be consistent. Fluorescent lifetime measurements of QD/EYFP and
QD/EYFP/Atto647 systems provided additional proof of the FRET processes occurring between the
three chromophores. As a novel approach to investigate interactions between luminescent QD and
fluorescent proteins, photobleaching was here employed to unambiguously measure the PL
enhancement caused by the adsorption of proteins to the QD and to allow one to take into account this
change in QD’s spectral properties to elucidate transfer processes.

It was observed that in the 3Ch-FRET system, a dominant QD—EYFP—Atto647 FRET pathway
largely overrules the direct QD—Atto647 FRET path. This is caused by the fact that in the 3Ch-FRET
system, the 2Ch-FRET subsystem QD/EYFP, comprised of QDs containing up to 14 molecules of
EYFP, showed highest FRET efficiencies, ranging from 64% to 72%. Thus, the 2Ch-FRET QD/EYFP
subsystem functions as a powerful donor which combines the intrinsic advantages of QDs (large and
spectrally broad absorption cross section) with the high quantum yields of EYFP, thereby enabling
long-distance FRET processes over 9-13 nm with efficiencies of 17-5%, respectively. The efficiency
values are significantly higher than those of the direct QD-to-Atto647 transfer (0.8-0.1%, respectively)
thereby impressively demonstrating the power of the self-assembled QD/EYFP donor. These results, in
particular, suggest that supramolecular donors assembled from QDs and fluorescent proteins may
enable for long-range FRET detection in a variety of applications, such as FRET-based high-
throughput screening assay or in vivo observation of spatial and temporal regulation of signaling

Processes.

2.4 PEG2000-phospholipids stabilized QDs for cellular imaging

In the last few years, luminescent QDs have been successfully used in immunofluorescence labeling of

.. . 13, 14,52
living cells and tissues, > '*>

which represents one of the most attractive and progressive application
for QDs. Numerous reports have shown that QD labeling allows extended visualization of cells or
living tissues under continuous illumination as well as multiplex color imaging, demonstrating the

. 5, 63, 71, 73, 74, 118, 119, 155, 156
unique advantages offered by these nanocrystals.” 71 73 74 118 119, 135,

Despite these advantages,
there are several key requirements to be taken into account to apply luminescent QDs for intracellular
imaging: (i) in vivo photo- and chemical-stability ready for a long-term imaging under some harsh
cellular conditions; (ii) availability of necessary functionalities for the recognition, localization,

assembly of conjugated cellular components or proteins in living cells; (iii) effective and safe delivery
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strategies. In some cellular studies, hours even days of monitoring are needed, which requires QDs to
be resistant against bleaching and posses increased stability in variable environments. Most of the QDs
bioconjugates must be delivered into cells since they can not diffuse passively through the lipid bilayer
of cell membranes due to the size constrains. Several methods have been used to enable their transport

.73, 158-160

419 157 coupling of the QD to cell penetrating peptides;

in previous reports: endocytosis;

74,158 158, 161

microinjection; electroporation or DNA transfection reagents.'®

In the search for new and effective methods of QD intracellular transport aimed at using them for Rab7
targeting study. Rab-GTPases, members of the Ras superfamily of small GTPases, play an important
role in eukaryotic vesicular transport. They regulate vesicle budding, transport and tethering through
interactions of their activated GTP-bound form with specific effectors. Post-translational modification
of one or two N-terminal cysteines with geranylgeranylgroups allows their strong but reversible

binding to lipid membranes. Interestingly, each Rab-GTPase (more than 60 Rab-proteins were

162-166

identified in mammals) is targeted to specific organelles.

Figure 2.4.1 Scheme of prenylation procedure for a PEG2000-QD/Rab7 conjugate. The Rab7 protein was
attached to a functionalized QD and the prenylation reaction was carried out in the presence of Rab escort
protein (Repl), Rab geranylgeranyl transferase (RGGT) and Geranylgeranyl pyrophosphate (GGpp). At the last
stage, the prenylated Rab7/QD conjugate was delivered to the membrane of organelles by the help of Repl.
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The aim of the project was to investigate the possibility to deliver quantum dots inside living cells and
target them to specific organelles via their functionalization with Rab7, one of the aforementioned Rab-
GTPases. The in vitro and in vivo stability of QDs with various surface modifications were first
investigated and compared. PEG2000 phospholipid micelle stabilized QDs (termed as PEG2000-QDs)
employed in this work possess the best in vitro and in vivo stability among all the samples. In addition,
a preliminary work on preparation of QD-Rab7 conjugates for Rab7 prenylation procedure and

intracellular localization study was carried out.

2.4.1 In vitro and in vivo stability of PEG2000-phospholipid stabilized QDs

QDs show exceptional photostability and the resistance to metabolic degradation. It is reported that
QDs do not photobleach even after 14 hrs illumination with a 50-mW light while most of the organic
dyes photobleach completely in 20~40 mins."”” These properties allow QD to be used not only for
imaging QD-labeled proteins over long periods''” '*°, but also for imaging of the growth and
development of organisms for long periods from hours to days.”* >’ However, all these applications
can be achieved only when the QDs are highly stable in the aqueous environments especially in cellular
conditions. QDs are inherently hydrophobic in nature and thus different strategies have been applied to
make them water-soluble. During this process, the stability and quantum yield of the QDs is decreased
due to the sensitivity of QDs and their PL to environmental factors such as pH, salt concentration and

1. 120, 167, 168
oxidation. =" "

Furthermore, the colloidal nature of QDs in aqueous environment makes them
susceptible to irreversible aggregation, which is effected by the changes in pH, salt concentration,
storage temperature or surroundings. Since the environmental conditions in living cells are varied and
some of them are rigorous, a reliable surface modification for QDs is essential. As discussed in the
earlier chapters, different solubilization and functionalization strategies have been used in this thesis,
such as DHLA-coating, PEG (or non-PEG) phospholipid coating for QD CdSe/ZnS. The in vitro and in
vivo stability will be compared to preliminarily evaluate the QDs for cellular imaging.

Figure 2.4.2 shows the comparison experiments on the PL maintenance for the exemplary 586 nm-
emitting QDs with various surface coating (DHLA, non-PEG-PLs, PEG350-PLs, PEG2000-PLs) and
in various aqueous conditions (water, PBS, cell lysate). Briefly, QDs samples (termed as DHLA-QDs,
PLs-QDs, PEG350-QDs, PEG2000-QDs, respectively) with different coating were dispersed in three
classic aqueous solution systems, ddH,O, PBS (pH 7.3, 150 mM NaCl) and the human epithelia A431

cells lysate. Subsequently the samples were illuminated with 350 nm light for 8 hrs. The PL of each
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sample were recorded and compared. The PEG2000-QDs maintain the PL after 8 hrs in all the buffer
systems (Figure 2.4.2A), suggesting the comprehensive coating of QDs. The PL of PEG2000-QDs
increased ~13% in cell lysate. The reason for this was not further investigated, however, one may
speculate that the absorption of some proteins on the QDs surface increases the surface passivation and

thus increase the fluorescence.
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Figure 2.4.2 Photoluminescence stability of 586 nm-emitting DHLA-, PLs-, PEG350- and PEG2000-QDs in
ddH,O, PBS and cells lysate solution. (A) Photoluminescence stability of PEG2000-QDs in ddH,O, PBS and
cells lysate as the function of time of 8 hrs. The inset shows the PL comparison before and after 8 hrs
illumination with 350 nm light for PEG2000-QDs in the three aqueous solutions. (B) PL comparison for four
different coating QDs in three solutions. The PL was recorded on a fluorescent spectroscope for each sample
under illumination of 350 nm light for 8 hrs. Note that the PL intensity of each sample was normalized against

initial intensity.

As shown in Figure 2.4.2B, nearly in all samples, the QDs maintain over 50% of their initial
photoluminescence after 8 hrs, which indicates that these QDs are relatively stable in the three buffer

13,14 .
314 This was

systems. It was reported that thicker coating leads to improved stability in aqueous media.
confirmed by the investigations shown in Figure 2.4.2. The PEG2000-QDs exhibited the best in vitro
stability among all the testing samples and in all aqueous solutions, whereas other QD samples with
thinner coating are of less stability either in water or in ionic buffer. The hydrophilic poly (ethylene
glycol) chain provides not only the solubilization but also increase the biocompatibility of the

nanocrystals.”* The cell lysate dispersion is the solution with high proteins concentration and is was
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used as an model environment to mimic the cellular conditions. The stability of QDs in the lysate can

in certain extent reflect the intracellular situation.

Figure 2.4.3 Intracellular stability test of three different coating QDs observed by a confocal laser scanning
microscopy. (A) DHLA-QDs were microinjected into A431 cells. The images were recorded 30 min after
microinjection. The DHLA-QDs aggregated at where they were injected. (B) PEG350-QDs aggregated 40 min
after microinjection. (C) PEG2000-QDs were well dispersed in A431 cells and no aggregations were observed

after microinjection.

The stability of different coating QDs have also been tested in living cells. The PEG2000-QDs are of
hydrodynamic diameter (HD) of ~12-20 nm in this work, which are difficult to get into cytoplasm by
endocytosis or other active delivery strategies. The QDs were therefore microinjected into A431 cells
and monitored by a confocal laser scanning microscope (Figure 2.4.3 and Figure 2.4.4). The goal of
this study was to preliminarily evaluate the intracellular stability of different QDs. Therefore, the QDs
were not functionalized with any proteins and simply introduced into the cytoplasm. Figure 2.4.3
shows the in vivo stability comparison of DHLA-, PEG350-, PEG2000-QDs in A431 cells around 30
min after microinjection.

DHLA-QDs were developed a few years ago and had many applications for in vitro studies as FRET-
based sensing due to their reduced hydrodynamic diameter (HD).'” ®" As shown in Figure 2.4.2B,
DHLA-QDs maintain 76-91% PL in the above mentioned three solutions, indicating the high in vitro

stability. However, these QDs have not been widely used for in vivo imaging because the thin DHLA
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layer makes them highly sensitive to pH and salt. The DHLA-QDs tended to aggregate when the pH
decrease below ~6-7 due to the protonation of DHLA.>® %% As shown in Figure 2.4.3A, the DHLA-
QDs aggregate at where they were loaded and they were difficult to disperse into the cytoplasm upon
microinjection, which indicate that these QDs are not suitable for in vivo imaging at all.

In the case of PEG350-QDs, they could be introduced into the whole cytoplasm by injection and
distributed evenly, but aggregates were observed after ~10-30 min. non-PEG PLs-QDs were also tried
to introduce to A431 cells by microinjection in this work. However, the particles aggregated on the
needle tips and failed to get into cells. The failure of introduction of PLs- and PEG-QDs into the living
cells suggested that non-PEG or short PEG phospholipid stabilized QDs were not suitable for the
cellular imaging study in this thesis. Therefore, only PEG2000-QDs were carried out for the further

investigation for cellular imaging.

Figure 2.4.4 Intracellular stability over time of microinjected PEG2000-QDs in A431 cells. The PL signal of
QD emission was recorded by a confocal laser scanning microscope at (A) 0.5 hrs, (B) 3.5 hrs, (C) 7 hrs and (D)
24 hrs. The QDs were found to be well dispersed in the cytoplasm and stable for at least 7 hrs after injection. The

cells seem to be healthy and with normal shapes during the process except after ~24 hrs culture.

The intracellular stability of PEG2000-QDs was further investigated as a function of time (Figure
2.4.4). The QDs were microinjected into living A431 cells and the PL of cells was monitored by the
confocal microscope for 24 hrs when the cells seemed sick and died. It is obvious that at least for 7 hrs,

the cells were in a health state and the PL of QDs was still high enough for the tracking and no
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microscopic aggregations were observed. The stability meets the requirement of targeting the Rab7 in
living cells, which normally happens after several mins to 2-3 hrs.'®* ' This result suggested that the
PEG2000-QDs were possibly applicable for tracking the prenylation procedure of Rab7. It was also
shown in the figures that PEG2000-QDs were not able to diffuse through the nuclear pores due to the

large size. The next step was preparation of QDs/Rab7 conjugates and microinjection into living cells.

2.4.2 Rab7-QDs hybrids

To validate the application of QD in monitoring cellular events, QD conjugated Rab7 GTPase were
investigated in the present study. Rab GTPases are the key regulators of membrane trafficking.
Posttraslational modification of Rab GTPases with (usually) two geranylgeranyl groups at the C-
terminal cysteines enables them to associate membranes of their target organelles. This modification,
known as prenylation, is catalyzed by Rab geranylgeranyltransferse (RabGGTase) and requires an
additional factor Rab escort protein (REP). Hence it was necessary to determine whether recombinant
Rab proteins can be processed by the endogenous Rab prenylation machinery after microinjection into
the human epithelial A431 cells. The correctly intracellular localisation of Rab proteins is a suitable
assay for Rab function. The fluorescent proteins (EGFP) and immunogold labeling have been used to
follow Rab7 intracellular localisation in living cells by fluorescence or electronic microscopy.'®* %
Nevertheless, The molecular machinery behind lysosomes biogenesis and the maintenance of the
perinuclear aggreagate of late endocytic structures is still not well understood.'®* Luminescent QDs are
excellent fluorescent labelling alternatives with enhanced quantum yield and anti-photobleaching
properties, which have been widely used for such as immunofluorescence labelling, immunostaining of
membrane-bound proteins or other organelles in cells.”” However, the applications of QDs/protein
hybrids for tracking posttranslational modification procedure have not been reported. The long-term
stability and possible single-particle tracking properties of PEG2000-QDs would allow the further
investigation the roles of Rab GTPases in vesicular transport. Before the QDs-Rab7 conjugates were
used, recombinantly expressed fusion protein YFP-Rab7 was microinjected into A431 cells as a
positive control (Figure 2.4.5).

Rab7 is required for early endosome to late endosome transport and late endosome fusion with
lysosomes, thereby it is often observed to be localized in perinuclear regions.'®* '** As shown in Figure
2.3.5, YFP-Rab7 is mainly in the cytosol immediately after microinjection (Figure 2.3.5A). After ~3.5

hrs incubation of the cells at 37 °C, the proteins were mainly localized in the perinuclear region (Figure
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2.3.5B). Rab7 was observed to be localized on the vesicle membrane, which can be clearly seen in

Figure 2.3.5C.

Figure 2.3.5 Targeting of YFP-Rab7 in human A431 cells. 25 uM of YFP-Rab7 were microinjected into the
A431 and the living cells were observed with confocal laser scanning microscope. Microinjection and

observations were done in room temperature whereas the cells were incubated at 37 °C the rest of the time.

In this work, Rab7 with a Hiss tag at the N-terminus was tried to bind to Ni-NTA-functionalized
PEG2000-QDs via the Ni-NTA-affinity coordination (Figure 2.4.1). The C-terminus of Rab7, which is
crucial for the prenylation modification, should be available. Ni-NTA functional groups were
introduced by doping 10% of 1,2-Dioleoyl-sn-Glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic
acid)succinyl] (Nickel salt) (DOGS-NTA) with 90% of 1,2-Distearoyl-sn-Glycero-3-
Phosphoethanolamine-N-[Methoxy(Poly ethylene glycol)-2000] (18:0 PEG2 PE) for the encapsulation
of QDs. The Ni-NTA functional groups were confirmed by a FRET-based assay, which a Cy5 modified
Hisg-peptide (Cy5S-CGKGHHHHHH) was used as energy acceptor for QDs (Figure 2.4.6). As
illustrated in Figure 2.4.6A, the spectra overlap of the emission of 532 nm- or 586 nm-emitting QDs
and the absorbance of Cy5 allows the FRET between QDs and Cys5.

An exemplary 586 nm-emitting QDs sample was used for the FRET test to confirm the successful
attachment of Ni-NTA groups. A titration experiment with increasing addition of Cy5-peptide to NTA-
PEG2000-QDs586 showed the saturation number of CyS-peptide on one QD is ~5 (data not shown).
Therefore two comparison experiments were carried by adding 5 equiv of CyS5-peptide to Ni-NTA
modified QDs and non-NTA QDs, respectively. The PEG2000-QDs with Ni-NTA functionalization
caused much larger (~72%) donor quenching and Cy5 emission enhancement than the control sample
without Ni-NTA (~9.5% donor quenching), which confirmed the existence of Ni-NTA groups (Figure

2.4.6B). The relatively week Cy5 emission are possibly due to the increased donor/acceptor distance
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due to the large hydrodynamic size of PEG2000-QD586, ~18 nm. In this work, no further

investigations on this issue were done.
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Figure 2.4.6 FRET test of (Ni-NTA)-PEG2000-QD586 and Cy5 modified 6xHis-peptide. (A) spectroscopic
characterization of 532 nm- and 586 nm-emitting QDs emission, Cy5 absorption and emission. (B) Black curve
A is the normalized emission spectra PEG2000-QD586 (with or without Ni-NTA); red curve B and C are the
emission spectra of the systems of 5 equiv of CyS-peptide plus 1 equiv of NTA-PEG2000-QD586 and non-NTA
sample as a control, respectively. Strong PL quench of QDs and an enhancement at ~670 nm of Cy5 emission
were seen in the case of curve B (QDs with Ni-NTA groups), whereas, week PL quench of QDs and low Cy5
signal were observed in the non-NTA QDs case. Note that all the emission were normalized against the donor

emission intensity at the absence of Cy5-peptide.

The binding of Hise-tagged CyS-peptide to Ni-NTA modified QDs was further confirmed by an
agarose electrophoresis (Figure 2.4.7). In both cases of 532 nm- and 586 nm-emitting QDs, NTA-QD-
Cy5-peptide conjugate has smaller electrophoretic mobility than QD itself. The larger the conjugates
(with more Cy5-peptide per QD) are, the smaller the mobility will be. All these prove the authentic
binding of Cy5-peptide and the existence of Ni-NTA groups on QDs. As comparison, the QDs without
Ni-NTA groups did not show any electrophoretic mobility differences with or without the addition of
Cy5-peptide.
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1-Ni-NTA-PEG2k-PLs-QD586
2-1+ 3 equiv Cy5-pep

3-1+ 6 equiv Cy5-pep
4-PEG2000-PLs-QD586
5-4+ 3 equiv Cy5-pep

6-4+ 6 equiv Cy5-pep
7-Ni-NTA-PEG2k-PLs-QD532
8-7+ 3 equiv Cy5-pep

9-7+ 6 equiv Cy5-pep
10-PEG2000-PLs-QD532
11-10+ 3 equiv Cy5-pep
12-10+ 6 equiv Cy5-pep

Figure 2.4.7 agarose gel electrophoresis of (NTA)-PEG2000-QD586 (532)/Hiss-tagged CyS5-peptide conjugates.
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0.6% agarose gel were prepared and run at 180 V in TB buffer for ~45 min.

The NTA-PEG2000-QDs were then used for the conjugation with Hise-tagged Rab7 and confirmed by
agarose gel electrophoresis (Figure 2.4.8). As an example, the Rab7-QD532 conjugates showed smaller
electrophoretic mobility than QD532 itself due to the larger size of protein-QD conjugates compared
with QDs. The lane 5-8 illustrated the mobility for QD586 and Rab7-QD586 conjugates, in which the
protein-QD conjugates have larger mobility than QD586 itself. The reason for inconsistency between
QD532 and QD586 cases probably due to the varied charge/size ratio. In the case of QD532, which the
size and weight of QD itself is smaller, the binding of Rab7 will dramatically increase the size and that
makes the mobility differences larger. In the Rab7-QD586 conjugates, the surface charge factor is
dominant, therefore the conjugates with more proteins are of larger surface charge and migrate faster.
1-Ni-NTA-PEG2k-PLs QD532

2-1+ 2 eqiv 6His-Rab7

3-1+ 4 eqiv 6His-Rab7

4-1+ 6 eqiv 6His-Rab7

5-Ni-NTA-PEG2k-PLs QD586

6-5+ 2 egiv 6His-Rab7

7-5+ 4 eqiv 6His-Rab7
8-5+ 6 eqiv 6His-Rab7

Figure 2.4.8 agarose gel electrophoresis of (NTA)-PEG2000-QD586 (532)/Hise-tagged Rab7 conjugates. 0.6%
agarose gel were prepared and run at 200 V in TB buffer for ~1 hr.

The Rab7-QD conjugates were then purified by a cut-off vivaspin® concentrator and microinjected into
A431 cells. However, after a certain period of time (~2-6 hrs), no apparent localization of Rab7 was
seen. The Rab7 proteins are supposed to complete the prenylation reaction and will target at the

162, 166

perinuclear region within this period of time. No targeting signal of QDs was observed, which

may be attributed to two possible reasons. (i) Rab7-QD conjugates failed to get prenylation
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modification; (ii) the prenylated Rab7-QD failed to get into the organelle membranes. Rab7 proteins on
QD surface are in different state of the free proteins. The space limitation on the QD surface may bring
difficulties for the REP1 and RGGT enzymes getting close and reacting with Rab7. The multiple
immobilization of Rab7 on one QD, which is a little similar with precipitate of the proteins on the solid
phase, could make the proteins lose some activity and deteriorate this circumstance. Furthermore, the
large hydrodynamic diameter of Rab7-QD conjugate slows the mobility and also increases the non-
specific binding, which is very unfavorable for the in vivo imaging. To investigate these problems in-
depth, more experiments are needed.

As an outlook, there are several challenges remained for using PEG2000-QDs for intracellular imaging.
(i) Conjugating of Rab7 to QDs via Ni-NTA functionality is not always efficient. In this work, some
preparation failed to get Rab7-QD conjugates. One possible reason is that the Ni-NTA groups were
actually “buried” in the PEG “forest” and hindered the approach of the proteins, because the Ni-NTA
functional phospholipids are short of PEG2000 chain and much shorter than the other phospholipids. (ii)
Multivalency of the functionalized QD will bring many problems such as increased conjugate size and
non-specific binding and adsorption for in vivo imaging. A single functional group QDs are difficult to
prepare by this doping method. Recently, Bawendi and co-workers made an approach to solve the
multivalency problem by gel electrophoresis purification, which aroused wide interest.®” (iii) The large
hydrodynamic diameter of PEG2000-QDs also brings the mobility and non-specific binding problems.

In some cases such as mapping of lymph node or the renal clearance study,” '*!

, this type of QD is not
capable to get through the tissues. (iv) The PEG chain on QD surface could potentially interact with the
lipid bilayer of organelle membranes,'® which certainly complicates for specific targeting. (v) The
posttranslational procedure of Rab proteins is highly intricate and requires the co-functionality of
several enzymes at the same time. Any space hindrance blocking the active binding sites could cause

the failure of the function of enzymes.

2.4.3 Summary

In this chapter, the in vitro and in vivo stability of DHLA-, non-PEG-PLs, PEG350-PLs and PEG2000-
PLs-coated QDs samples were studied and compared. The PEG2000-QDs are the most stable QDs for
in vivo imaging studies. The Rab7-QDs conjugates were prepared and characterized. However the
comprehensive study to explore the application of Rab7-QDs in cellular imaging is still missing at this

stage.
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As discussed in chapter 2.2, despite the high stability and biocompatibility, the drawback of PEG2000-
PLs coated QDs is their relatively large size (~12-20 nm), which presents a barrier to the widespread
implementation of QDs for biological imaging. The large size also increases the possibility of non-
specific binding and potentially interferes with the function of tagged proteins. The combination of the
DHLA-QDs’ reduced HD and the high stability of PEG-coated QDs would be an ideal solution for this
issue. Modification of QDs with PEG-terminated DHLA molecules is such a promising combination.
PEG-DHLA functionalized ligands have been synthesized by conjugating a short PEG (5, 8, 12 or 15
repeating units) to DHLA and used to cap QDs by Mattoussi et al in 2005.°° It has been found that
PEG-DHLA cap QDs dramatically improve the stability and limit the nonspecific interaction in
biological environments. The most precious advantage of this strategy is the HD of the capped QDs is
only a few nanometers larger than the inorganic core (i.e. HD ~9.9 nm for a 565 nm-emitting QD).
These functionalized QDs have excellent performances both in vitro and in vivo and have been applied

in imaging and sensing investigations in the recent 1-2 years.”””°
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3 Summary and Outlook

The synthesis, characterization of and the biological applications of water-soluble luminescent QDs
CdSe/ZnS were carried out during this work. Various water-solubilization and surface-modification
strategies, such as ligand-exchange and phospholipid micelle coating were applied to render the
TOPO/TOP-capped QDs suitable in water. The dihydrolipoic acid (DHLA)-coated QDs were used for
the fabrication of a QD/fluorescent protein donor system for a long-range FRET detection. The lipid-

coated QDs were introduced into the living cells and their stability was investigated in vitro and in vivo.

Initially, a series of luminescent CdSe NCs with size ranging from ~2.74 to 4.65 nm were synthesized
via a pyrolysis using CdO and TOPSe (Section 2.1.2). An inorganic shell of ZnS was grown on the
CdSe surface to passivate the core and achieve a higher photoluminescence quantum yield. The
resulting QDs CdSe/ZnS were dispersed in chloroform with emission wavelength of ~522 to 625 nm

and quantum yield of ~20-70% (Section 2.1.3).

Two different types of strategies were used to prepare water-soluble and functionalized QDs in this
work. Firstly, dithiolated molecules DHLA were used to substitute the TOPO/TOP ligands and
introduce QDs into aqueous media. The negatively charged DHLA-QDs allow the immobilization of
Hise-tagged proteins onto the particle surfaces (Section 2.2.1). Second strategy to obtain stable water-
soluble QDs was use of PEG-phospholipids (PEG-PLs) to encapsulate QDs giving PLs micelle-coated
QDs (Section 2.2.2). Properties of both types of QD were thoroughly investigated particularly

concerning their stability.

In a second part of the thesis, a self-assembled donor complex comprising DHLA-QD and fluorescent
proteins were fabricated and used for the FRET-based investigations. QDs serve as energy donors as
well as nanoscaffolds which immobilize multiple acceptor fluorescent proteins on one QD to achieve

higher energy transfer efficiency (Section 2.3.1).

A detailed analysis of a 3Ch-FRET supramolecular system was presented in this work, which
comprised of DHLA-QD518, EYFP and DNA-Atto647 (Section 2.3.2). The FRET parameters such as
Donor/Acceptor separation distances, Forster radii and transfer efficiencies of each of the three

implemented QD/EYFP, QD/Atto647 and EYFP/Atto647 2Ch-FRET pairs were elucidated by both
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theoretical and experimental approaches. Time-resolved measurements of the 2Ch- and 3Ch-FRET
systems confirmed the FRET processes occurring between the three chromophores. The QD/EYFP
conjugate functioned as a new donor system which combines the intrinsic advantages of QDs with high

quantum yields of EYFP, thereby enabling long-distance FRET processes up to 13 nm.

Finally, cellular stability of phospholipid stabilized QDs was investigated by microinjecting them into
A431 cells. PEG2000-QDs were found to be stable in cellular conditions for at least 7 hrs. Microscopic
aggregates were observed in the case of PLs-QDs and PEG350-QDs inside the living cells, which
implied that the short PEG or non-PEG phospholipid coated QDs were not suitable for cellular imaging.
Additionally, Rab7-QD conjugates, suitable for the investigation of Rab7 prenylation mechanism, were

prepared and characterized (Section 2.4).

The DHLA-QDs and phospholipid-coated QDs developed in this work have a potential for a wide
range of biological applications in sensing, imaging and diagnostics. The small size of DHLA-QDs
allows them serve as an efficient energy donor for other chromophores such as dyes, fluorescent
proteins or other nanoparticles. The self-assembled QD/fluorescent protein powerful donor system
would find possible applications in an in vivo or in vitro long-range FRET-based detection. However,
much work remains to be done before the full potential of these functionalized QDs can be realized. In
particular, the functional protein/QD conjugates possessing high solution stability across wide pH
range and under harsh conditions; reduced hydrodynamic size and non-specific binding and
controllable surface functional valency are favorable biofunctional conjugates for cell-labeling

applications such as cellular post-translational modification investigations.
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4 Zusammenfassung und Ausblick

In Rahmen dieser Arbeit wurde die Synthese, Charakterisierung und biologische Anwendung von
wasserldslichen kolloidalen Halbleiternanopartikeln, hdufig auch als Quantum Dots (QDs) bezeichnet,
behandelt. Verschiedene Strategien zur Oberflichen-Modifizierung, wie z. B. Liganden-Austausch
oder Beschichtung mit Phospholipid-Mizellen wurden eingesetzt, um die TOPO/TOP-beschichteten
QDs in wissrige Losung zu iiberfiihren. DHLA-beschichtete QDs wurden verwendet zur Herstellung
eines Systems aus QD und einem fluoreszenten Protein, die gemeinsam als supramolekularer Donor fiir
weit reichende FRET Detektion dienten. Die Stabilitdt von lipid-beschichteten QDs wurde sowohl in

vitro als auch in vivo durch Einbringen in lebende Zellen untersucht.

Zunichst wurde eine Reihe lumineszenter CdSe Nanopartikel (NPs) mit Gréen von ~2.74 bis 4.65 nm
mit Hilfe einer Pyrolyse von CdO und TOPSe synthetisiert (Kapitel 2.1.2). Zum Erreichen einer
hoheren Quantenausbeute und zur Passivierung des CdSe Kerns wurde eine anorganische Hiille aus
ZnS hinzugefiigt. Die erhaltenen CdSe/ZnS QDs wurden in Chloroform geldst und zeigten Emissions-

Maxima bei Wellenldngen von ~522 bis 625 nm und Quantenausbeuten von ~20-70% (Kapitel 2.1.3).

Zur Herstellung funktionalisierter, wasserldslicher QDs wurden in dieser Arbeit zwei verschiedene
Strategien eingesetzt. Zunidchst wurden die TOPO/TOP Liganden auf der Oberfliche der QDs durch
das dithiolierte Molekiil Dihydroliponsdure (DHLA) ersetzt, so dass wasserldsliche QDs erhalten
wurden. Die negativ geladenen DHLA-QDs ermdglichten im Weiteren die Immobilisierung von Hise-
markierten Proteinen auf der Oberfliche der Partikel (Kapitel 2.2.1). Die zweite Methode zur
Herstellung wasserldslicher QDs basierte auf dem Einkapseln der QDs mit PEG-Phospholipiden (PEG-
PLs), so dass mizell-beschichtete QDs erhalten wurden (Kapitel 2.2.2). Die Eigenschaften beider

Typen von QDs wurden speziell beziiglich ihrer Stabilitdt eingehend untersucht.

In einem zweiten Teil der Dissertation wurde ein selbst-organisierter Donor-Komplex aus DHLA-QDs
und fluoreszenten Proteinen hergestellt und fiir FRET-basierte Experimente eingesetzt. Die QDs dienen
sowohl als Energie-Donor als auch als Nano-Gertist, auf dem multiple fluoreszente Akzeptorproteine

immobilisiert werden konnen, um eine héhere Energietransfereffizienz zu erhalten (Kapitel 2.3.1).
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Eine detaillierte Analyse eines supramolekularen 3Ch-FRET Systems bestehend aus DHLA-QDS522,
EYFP und DNA-Atto647 wurde in dieser Arbeit prasentiert (Kapitel 2.3.2). Die FRET Parameter wie
z.B. Donor/Akzeptor-Abstinde, Forster-Radii und Transfer-Effizienzen von jedem der drei enthaltenen
2Ch-FRET Paare (QD/EYFP, QD/Atto647 und EYFP/Atto647) wurden mit Hilfe theoretischer und
experimenteller Ansétze ermittelt. Zeitaufgeloste Messungen der 2Ch- und 3Ch-FRET Systeme
bestitigten die zwischen den drei Chromophoren auftretenden FRET Prozesse. Die QD/EYFP
Konjugate fungierten als neues Donor-System, das die intrinsischen Vorteile von QDs mit den hohen
Quantenausbeuten von EYFP kombiniert und somit weitreichende FRET Prozesse iiber Distanzen von

bis zu 13 nm ermoglicht.

Dariiber hinaus wurde die =zellulire Stabilitit von phospholipid-modifizierten QDs mittels
Mikroinjektion in A431 Zellen untersucht. Es konnte gezeigt werden, dass PEG2000-QDs fiir
mindestens 7 Stunden unter zelluldren Bedingungen stabil sind. Im Falle der PL-QDs und der PEG350-
QDs wurden Aggregate in den lebenden Zellen gefunden, woraus geschlossen wurde, dass QDs
beschichtet mit Phospholipiden ohne PEG oder mit kurzen PEG-Molekiilen nicht geeignet sind fiir
Untersuchungen in Zellen. Zusédtzlich wurden Rab7-QD Konjugate hergestellt und charakterisiert, die

sich eignen zur Untersuchung des Rab7 Prenylierungs-Mechanismus (Kapitel 2.4).

Die DHLA- bzw. phospholipid-beschichteten QDs, die im Rahmen dieser Arbeit entwickelt wurden
haben Potential fiir einen grofen Bereich von biologischen Anwendungen wie Sensortechnik,
Markierung und Mikroskopie von lebenden Zellen und Diagnostik. Die kleine Grof3e der DHLA-QDs
ermoglicht eine Verwendung als effizienter Energiedonor fiir andere Chromophore wie Farbstoffe,
fluoreszente Proteine oder andere Nanopartikel. Das selbst-organisierte leistungsstarke Donorsystem
aus QD und ecinem fluoreszenten Protein konnte z.B. bei weitreichenden FRET-basierten
Detektionsmethoden in vivo oder in vitro zum Einsatz kommen. Dennoch sind weitere Arbeiten
erforderlich, bevor das ganze Potential dieser funktionalisierten QDs umgesetzt werden kann. Die
funktionellen Protein/QD Konjugate zeigen in Losung eine hohe Stabilitét {iber weite pH-Bereiche und
unter extremen Bedingungen. Dariiber hinaus zeichnen sich diese biofunktionalisierten Konjugate
durch einen reduzierten hydrodynamischen Durchmesser, verringerte unspezifische Bindungen und
kontrollierbare Oberflachen-Ladung aus, so dass sie gut geeignet sind fiir Anwendungen in der

Markierung von Zellen wie z. B. Untersuchungen von post-translationalen Modifikationen.
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5 Experimental Section

5.2 Materials and methods

5.2.1 Equipments

Atomic force microscope
Centrifuges

Confocal microscope
Fluorescence spectrophotometer

FPLC system

Gel documentation device
Gel electrophoresis unit
Tyco thermal controls (Heating alloy bath)

Microinjection devices

3-neck flasks

pH meter

Rotary evaporator

Scanner

Transmission electron microscope
Thermocouple

Thermo mixer

UV/Vis spectrophotometer

UV lamp hand set
Ultra-centrifuge

Analysis software

NanoWizard (JPK Instruments)
Centrifuge 5415R and 5804R (Eppendorf)
DM IRB, TSC-2 (Leica)

Cary Eclipse (Varian)

Akta purifierTM (Amersham Pharmacia Biotech)
Peptide and MonoQ HR5/5 (Pharmacia)
AlphalmagerTM 2200 (Alpha Innotech)
Mini-Protean 3 (BioRad)

LSG 2ER/250 mL (Isopad)

Transjector 5246, micromanipulator 5171,
(Eppendorf)

50, 100 mL, 14/20 joints (Schott Duran)
InLab®423 (InLab)

Laborotor 4000 (Heidolph)

OptikPro St64+ (Plustek)

Philips-CM200 (Philips)

TD 2000 (Isopad)

Thermomixer comfort (Eppendorf)

Cary 100 Bio (Varian)

(Benda)

RC M120EX (Sorvall,. Inc.)

Office XP, Origin 70, CorelDRAW 11,
PhotochemCAD
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5.2.2 Materials

Centrifugal filtration vivaspin®
Gelfiltration columns

Gel extraction kit
Micropipettes

Micropipette tips

Reactions tubes

Ultra filtration units

5.2.3 Reagents

Acrylamide/Bis 37.5:1; 30% solution (w/v)
Agarose

Bovine Serum Albumin
DNA ladder (50 bp, 123 bp)
DTT

2-Mercaptoethanol

Silver staining kit

sSMCC

SybrGold®

TOP

TOPO, 90%

HDA

DDA

TDPA

CdoO

Selenium, powder

0G

Phospholipids

Potassium tert-butoxide

(TMS),S

500, 2, 6, 15 (Sartorius Stedim biotech)

NAPS, NAP10 (Pharmacia)

UltraPrep Gel-Ex (Molzym)

Eppendorf

Eppendorf, Biozym

0.25 mL, 1.5 mL and 2 mL (Eppendorf, Biozym)
5SmL, 14 mL and 50 mL (Greiner)

Centricon 30 (Millipore)

Applichem

Biorad

Sigma

MBI Fermentas
Sigma
Sigma-Aldrich
ICN Biomedicals, Bio-Rad
Pierce

Molecular Probes
Fluka

Fluka
Sigma-Aldrich
Sigma-Aldrich
AlfaAesar

Fluka

Riedel

Fluka

Avanti Polar Lipids
Fluka
Sigma-Aldrich
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ZnEt, Sigma-Aldrich

5.2.4 Buffers

All reagents used for buffer preparation were purchased from Sigma-Aldrich, Fluka, Acros, Applichem,
ICN Biomedicals, Roche, Roth and Merck, unless otherwise stated. Specifically, only ultra-pure water

(Milli-Q Synthesis, Millipore) was used for buffer preparation.

Table 5.1 List of buffer and constituents

Buffer Ingredients

6X sample loading 10 mM Tris-HCI (pH 7.6), 0.03% bromophenol blue (BPB), 60% Glycerol, 60 mM

buffer EDTA.

Borate 10 mM boric acid, pH 9

Glycine 25 mM Tris, 192 mM Glycine, pH 8.5

HEPES 25 mM Hepes pH 7,2, 40 mM NacCl, 2 M MgCl,, 10 uM GDP, 1 mM DTE

Living cells 150 mM NacCl, 5 mM KCl, 1 mM MgCl,, 1 mM CaCl,, 20 mM HEPES pH 7,4, 10
mM Glucose

PBS 16.7 mM KH2PO4, 83.3 mM K,HPO,, 150 mM NaCl, pH 7.3

PBSE 36.4 mM KH2PO4, 63.6 mM K2HPO4, 150 mM NaCl, 5 mM EDTA, pH 6.8

TB 89 mM Tris-HCI, 89 mM boric acid

TBE 89 mM Tris-HCI, 89 mM boric acid, 2 mM EDTA, pH 8.4

TBS 20 mM Tris-HCI, 150 mM NaCl, pH 7.35

TBS-Tween 20 mM Tris-HCI, 150 mM NaCl, pH 7.35, 0.05% Tween 20

TE 10 mM Tris-HCI, 1 mM EDTA, pH 7.5

TETBS 20 mM Tris-HCI, 150 mM NacCl, 5 mM EDTA, 0.005% Tween, pH 7.5

5.2.5 Oligonucleotides

Oligonucleotides A24 and modified A24 used for preparing fluorescent protein-DNA conjugates were
purchased from Thermo Electron. Atto647 modified oligonucleotides cA24 were purchased from TIB
MOLBIOL (Berlin, Germany). The sequences are listed in Table 5.2
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Table 5.2 Sequences of Oligonucleotides

Oligonucleotide Sequence (5°-3")
aA24 Amino-TCC TGT GTG AAA TTG TTA TCC GCT
aA24ml Amino-TCC TA*T GTG AAA TTG TTA TCC GCT
aA24m?2 Amino-TCA TGT GTG AAA TTG TTA TCC GCT
aA24m3 Amino-TCC TGT ATG AAA TTG TTA TCC GCT

3’-Atto647-cA24 AGC GGA TAA CAA TTT CAC ACA GGA(-Atto647)
5™ Atto647-cA24m] AGC GGA TAA CAA TTT CAC AT(-Atto647)A GGA
3" Atto647-cA24m2 AGC GGA TAA CAA TTT CAC ACA T(-Atto647)GA
7" Atto647-cA24m3 AGC GGA TAA CAA TTT CAT(-Atto647) ACA GGA
10™-Atto647-cA24 AGC GGA TAA CAA TTT(-Atto647) CAC ACA GGA
17™-Atto647-cA24 AGC GGA T(-Atto647)AA CAA TTT CAC ACA GGA
57-Atto647-cA24 (Atto647-)AGC GGA TAA CAA TTT CAC ACA GGA

* The underline bases are those substitutes in modified oligonucleotides for those in

A24 and cA24 oligonucleotides.

5.3 Synthesis and characterization of CdSe/ZnS QDs

Trioctylphosphine/trioctylphospine oxide (TOP/TOPO)-capped CdSe/ZnS core/shell nanocrystals were
prepared using method of high temperature growth and annealing of organometallic compounds,
similar to the methods previously described.'®*> % 1> Here the modified Peng preparation protocol
was followed, where cadmium oxide (CdO) was used as cadmium resource. Tetradecylphosphonic acid
(TDPA), dodecylamine (DDA) and TOPO served as coordinating molecules. Diethylzinc (ZnEt;) and
hexamethyldisilathiane ((TMS),S) were used as the Zn and S precursors for the CdSe overcoating.

5.3.1 CdSe core synthesis

The TOPSe stock solution was prepared by mixing 7.896 grams selenium powder with 100 mL TOP
and stirring overnight. The obtained solution is air stable and can be kept out on the bench for months.
The only side effect of air exposure is the eventual formation of TOPO. To start the core synthesis, a
mixture of 2 g of 90% TOPO, 2.88 g of DDA, 0.3 g of TDPA and 0.05 g of CdO was heated to 100 °C,
while vacuum was applied to remove the oxygen and humidity. Then the temperature setting was raised
to ~300 °C. At this point the red color of the CdO started to disappear. Oxygen was being evolved and
TDPA was coordinating to the Cd ion. The highest temperature that can actually be reached was
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around 260-290 °C. This temperature was maintained for approximately 5-10 mins until the mixture
solution became completely clear. At this point, the mixture reagents of 0.25 mL of 1M TOPSe and
4mL 90% TOP were injected into the cadmium solution. Upon addition, the temperature of the mixture
dropped immediately to ~240 °C with some evolution of gas. Afterwards the temperature was slowly
raised back to 300 °C. The color of the solution turned slightly yellow, then darker yellow, then orange,
then to dark orange, then wine red and dark red and so forth. The period of time of the color change
varied from a few seconds at the beginning to several hours at the end. At each point aliquots could be
taken and characterized by UV/Vis spectroscopy to see the growth of the particles. The growth of the
CdSe dots could be halted by rapid cooling to a temperature below around 200 °C, because the growth
of the dots only occurs above 200°C. The heating should be removed at some point to cease the particle
growth to obtain desired size of CdSe. Once the preparation was completed, 10 mL of butanol were
added to keep the TOP/TOPO from freezing and becoming a solid. The CdSe NCs were collected by
size-selective precipitation with methanol and then redispersed in chloroform or hexane. UV/Vis
absorption spectra and photoluminescence spectra were acquired on Cary 100 Bio (Varian)
spectroscopy and Cary Eclipse (Varian) fluorescent spectrophotometer. The size of the single CdSe
particle was determined by the first UV/Vis absorption peak based on the previously published work.>""

3234 With the size of the NCs, the extinction coefficient was determined. Hence the particle

concentration was obtained from the UV/Vis absorbance.*>% 3

5.3.2 ZnS overcoating

Once the CdSe particle size as well as the concentration of CdSe NCs was determined, the ZnS
overcoating calculations were done base on the total volume of the ZnS shell. The calculations were
performed with the assumption that the particles are perfectly spherical and the thickness of a ZnS
monolayer is ~0.31 nm.* The volume of total ZnS needed were finally converted to the volume of each
precursor solution (ZnEt, and (TMS),;S). According to the calculation, CdSe was crushed out of a
certain volume of stock solution by methanol and dried. The mixture of CdSe, 5 g of TOPO and 2.5 g
of hexadecylamine (HDA) was heated to 150 °C and degassed. The overcoating solution was prepared
afore in a glove box where the calculated amounts of ZnEt, and ((TMS),S were added to 5 mL of TOP.
This precursor solution was then added slowly to the heated mixture. The addition should proceed very

slowly over at least 30 mins. The resulting core/shell CdSe/ZnS nanocrystals can be collected by the
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similar precipitation procedure with methanol and purified by re-precipitation for several times. The

CdSe/ZnS QDs can be resolved in hexane or chloroform at room temperature.

5.3.3 Characterization of CdSe/ZnS QDs

The resulting CdSe/ZnS NCs were characterized by UV/Vis spectroscopy, fluorescent spectroscopy
and transmission electron microscopy (TEM). The nanocrystals were purified by precipitation with
methanol, accompanied by centrifuging and subsequent washing with anhydrous methanol to rinse the
residual TOPO. The CdSe/ZnS QDs were then dispersed in anhydrous chloroform. Dilutions of this
concentrated QDs solution were later used for room-temperature optical characterization. The
absorption spectra were acquired on Cary 100 Bio (Varian) UV/Vis spectroscopy. The luminescence
spectra were acquired on Cary Eclipse (Varian) fluorescent spectrophotometer. These spectra were
later compared with those of CdSe. The TEM images of CdSe/ZnS were acquired on a Philips CM200
electron microscope operating at 200 kV. The samples were prepared by dropping the diluted solution
of QDs in chloroform onto carbon coated 400 mesh copper grids. The quantum yield of CdSe/ZnS QDs
was estimated by comparing the integrated fluorescent intensity to that of rhodamine 6G in ethanol.'”

The integrated fluorescent intensity of QDs solutions in hexane and rhodamine 6G in methanol were

compared based on equation 5.1. Both QDs sample and standard solution were excited at 480 nm.

2
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where @gp and Pgyy are the quantum yields of the QDs sample and the standard rhodamine 6G,

respectively; Agp and Agyg are the absorbance of QDs and rhodamine 6G at the excitation wavelength
of 480 nm; Igp and Isy are the integrated fluorescent intensity of the QD and rhodamine 6G obtained
from fluorescent spectra, respectively; ngp is the refractive index of the solvent hexane for QD, which

is 1.3749 at 20 °C and ngy 1s the refractive index for methanol, which is 1.325 at room temperature.
5.4 Water-solubilization and functionalization of CdSe/ZnS QDs

5.4.1 CdSe/zZnS QDs capping with dihydrolipoic acid (DHLA)

Water-soluble CdSe/ZnS QDs, compatible with aqueous conjugation conditions, were prepared using a
stepwise procedure consisting of core-shell nanocrystal synthesis, TOP/TOPO-capping, size selective

precipitation, dihydrolipoic acid (DHLA) cap exchange and final washing and cleaning.’® © DHLA
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was freshly prepared from distilled lipoic acid by sodium cyanoborohydride (Na(CN)BHj3) reduction
under carefully controlled conditions.'”' CdSe/ZnS QDs were precipitated by the addition of acetone to
the stock solution followed by centrifugation. The resulting precipitate was redissolved in a few drops
of chloroform and precipitated again with acetone. Approximately 100 mg of the resulting CdSe/ZnS
were resuspended in 100 uL. of DHLA and heated to ~60-70 °C and kept at this temperature for 4-8 hrs.
After dilution with 1.5 mL of dimethylformamide (DMF), deprotonation of the terminal lipoic acid
carboxyl groups was carried out by the slow addition of excess potassium tert-butoxide (K'(CH;3);CO"),
about 5 times the mass of the initial QDs used. Note that the addition of potassium tert-butoxide must
be carried out in a very slow way to avoid rapid quenching of the fluorescence. The resulting
precipitate consisting of the QDs together with TOP/TOPO reagents was sedimented by centrifugation.
The sedimented precipitate was then dispersed in water or PBS buffer, but in some cases solution was
slightly turbid because of released TOP/TOPO molecules. Centrifugation or filtration of the dispersion
permitted removal of the TOP/TOPO and provided a clear dispersion of the carboxyl capped QDs. The
QD dispersion was further separated from excess hydrolyzed potassium tert-butoxide and residual
DMF by 3-4 cycles of concentration/dilution, using an Ultra-free centrifugal filtration device
(vivaspin” concentrator, 10 kDa MW cutoff), and redispersed in water. The final clean and stable
aqueous QD dispersions had the emission characteristics of the initial QDs and a quantum yield of ~3-
10% obtained by the strategy described in 5.2.3 using the rhodamine 6G as the standard. The resulting
DHLA-QDs solution was diluted till 5-20 uM and stored at 4 °C for future use. QD particle
concentrations were estimated from the same absorbance and extinction coefficient that was used for

CdSe/ZnS samples measured shortly after preparation.’* >

The polar-capped, negatively charged QDs
are stable and have useful luminescence emission only in buffered basic solutions at pH >~6. More
acidic solutions induce precipitation of the QDs along with a substantial loss in the PL emission, due to
loss of surface charge upon DHLA cap protonation and loss of cap affinity for the ZnS overcoat. The
monodispersity of DHLA-QDs was further confirmed by atomic force microscopy (AFM). Briefly,
negatively charged DHLA-QDs solution was dropped on the Mg*" modified mica surface and let dry.
The mica was then scanned by the tapping mode with a frequency of 200-400 Hz on the NanoWizard

AFM.
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5.4.2 PEG2000-Phospholipid micelle-stabilized QDs CdSe/ZnS

CdSe/ZnS QDs can be encapsulated in hydrophobic cores of a micelle composed of a mixture of n-poly
(ethylene glycol) phosphatidylethanolamine (PEG-PE) and functional PEG-PLs.”* In this thesis, 100
uL of a 10 uM QDs solution were precipitated with methanol and washed thoroughly with methanol
and dried to get rid of the solvent. The resulting particles were resuspended with ~2000 molar
equivalents (~2.0 pmol) of 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly
ethylene glycol)-2000] (mPEG-2000 PE) in ~1 mL of chloroform. 1-2 ml ddH,O was added to the
mixture and the chloroform was evaporated by gentle rotary-evaporation in boiling water. This process
only takes ~10 min for obtaining a clear QD water solution. The vacuum can be applied carefully to
remove all organic solvent. For purification of encapsulated QDs from excess phospholipids and tiny
aggregates, an ultracentrifuge at 80,000g was applied for 5 hrs at 4 °C. The micelles containing QDs
formed a pellet while the empty micelles stayed suspended. The supernatant was discarded and the QD-
micelles were resuspended in water. An alternative purification strategy is size exclusion
chromatography (SEC), which affords QDs samples of higher purity. The Sephacryl S500 HR
chromatography column was equilibrated with 20 mM borate buffer (pH 8) for ~2 hrs at a flow rate of
1.0 mL/min. 100 pL of concentrated PEG2000-QDs in borate buffer were loaded on the column and
eluted with borate buffer. The PEG2000-QD fraction monitored by UV/Vis signal and was collected
and this volume was reduced by a 30kDa MW cutoff vivaspin® concentrator. Functionalized PEG2000-
QDs can be prepared by doping 5-10% of functional PEG2000-PLs, such as 1,2-Distearoyl-sn-glycero-
3-phosphoethanolamine-N-[amino(poly ethylene glycol)2000] (DSPE-PEG(2000)-NH;) or 1,2-
Distearoyl-sn-Glycero-3-Phosphoethanolamine-N-[Carboxy(Poly  ethylene Glycol)2000] (DSPE-
PEG(2000)-Carboxylic Acid). The final PEG2000-QDs solution was characterized by fluorescence
spectroscopy, UV/Vis spectroscopy and compared with that of CdSe/ZnS in chloroform. The quantum
yields of the samples were also obtained by comparing with rhodamine 6G, ~17-57% for different
samples (Table 2.2.1). TEM images of the PEG2000-QDs samples were taken on a Philips CM200

electron microscope to demonstrate the shape, size and monodispersity of the QDs cores.

5.4.3 Non-PEG and PEG350 Phospholipid stabilized QDs CdSe/ZnS

TOPO-stablilized CdSe/ZnS QDs were suspended in chloroform (200 pL of 40 uM solution)
containing ~1000 molar equivalent of PLs (~8.0 pumol) composed of : (i) 1-palmitoyl-2-oleyl-sn-
glycerophosphatidylcholine (POPC; 90 mol%) and 1-palmitoyl-2-oleyl-sn-glycerophosphatidylglycerol
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(POPG; 10 mol%) for producing PLs-QDs; (ii) POPC (80 mol%), POPG (10 mol%), and 1,2-dioleoyl-
sn-glycero-3-[N-(5-amino-1-carboxypentyl)iminodiacetic acid succinyl] nickel salt (DOGS-NTA-Ni,
10 mol%), to produce NTA-PLs-QDs; (iii) 1,2-Dioleoyl-sn-Glycero-3-Phosphoethanolamine-N-
[Methoxy(Poly ethylene glycol)-350] Ammonium Salt (18:1 PEG350 PE) (90 mol%) and DOGS-
NTA-Ni (10%) to produce NTA-PEG350-QDs. After adding S-octylglucopyranoside (OG, 25 mg in
3.2 mL ddH,0), the mixture was heated in a 40 °C water bath and the chloroform was evaporated
under vacuum. The aqueous PLs-QDs or PEG350-QDs solution was dialyzed twice against 2000
volumes of water or PBS buffer to remove the detergent. The PLs-QDs or PEG350-QDs can be further
purified and washed with water or buffer and concentrated by a 10 kDa MW cutoff vivaspin®
concentrator. The resulting PLs-QDs and PEG350-QDs solution was characterized by fluorescence
spectroscopy, UV/Vis spectroscopy and compared with CdSe/ZnS in chloroform. The quantum yields
of the samples were also obtained by comparing with rhodamine 6G, ~4.4-18 % for different samples
(Table 2.2.1). TEM images of the PLs-QDs samples were took on a Philips CM200 electron

microscope to demonstrate the shape, size and monodispersity of the QDs cores.
5.5 Synthesis and characterization of QD/fluorescent protein conjugate

5.5.1 Synthesis of EYFP-DNA conjugates

The fluorescent protein EYFP (emission at 528 nm, extinction coefficient e=84 000 M'cm™) was
covalently coupled to the 5’-end of the 24-mer amino-modified single-stranded DNA (ssDNA) aA24
(sequence: 5’amino-TCC TGT GTG AAA TTG TTA TCC GCT-3’) or one bp modified aA24ml
(sequence: 5’amino-TCC TAT GTG AAA TTG TTA TCC GCT-3’), aA24m?2 (sequence: 5’amino-
TCA TGT GTG AAA TTG TTA TCC GCT-3’), aA24m3 (sequence: 5’amino-TCC TGT ATG AAA
TTG TTA TCC GCT-3’) yielding EYFP-A24 (or EYFP-A24ml1, EYFP-A24m2, EYFP-A24m3)
conjugate using a coupling strategy developed previously.'*'*! Briefly, an EYFP mutant was created
by site-directed mutagenesis containing an extra cysteine residue at the C-terminus, which is exposed
on the protein’s surface. The protein was expressed in E.coli and purified by Ni*-nitrilotriacetic acid
(Ni-NTA) chromatography. The 24-mer oligonucleotide containing a aliphatic primary amino group at
the 5’-end, was first activated with the heterobifunctional crosslinker Sulfosuccinimidyl-4-[N-
maleimidomethyl]-cyclohexane-1-carboxylate (sSMCC), which comprises a maleimide and a N-
hydroxy-succinimide (NHS) ester group, that are reactive towards thiols and primary amines,

respectively. The maleimide-containing DNA oligomers were purified by gel-filtration and
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subsequently coupled to the extra cysteine residue on EYFP. The resulting DNA-EYFP conjugates
were purified by anion-exchange chromatography and stored in 20 mM Tris-buffered saline containing
150 mM NaCl, 5 mM EDTA and 0.005% TWEEN-20, pH 7.5 (TETBS buffer). The concentration of
EYFP-A24 for instance can be determined by an EYFP/A24 working curve, which considers the
absorbances measured at 260 and 280 nm for EYFP/A24 1:1 ratio mixture (Figure 5.1). To measure the
concentration of an EYFP-A24 sample, 2 puL of sample solution was added into 198 puL of TETBS
buffer, the concentration of the sample was estimated using equation 5.1 or 5.2 and the absorbance at
260 and 280 nm of the resulting solution. The ratio of absorbances measured at 260 and 280 nm,
respectively, was found for EYFP-A24 sample to be ~1.46-1.48, and this value was in good agreement
with the control solution comprising equiv molar amounts of DNA A24 and the EYFP (1.47, the ratio
of two slopes of two curves in Figure 5.1). In contrast, control samples containing either of the two
components in a 2-fold excess, i.e., DNA/EYFP 2:1 or DNA/EYFP 1:2, revealed values of 1.61 and
1.41, respectively, thus confirming the 1:1 stoichiometric ratio of DNA/EYFP in the EYFP-A24
conjugate.'” The similar analysis strategy can also apply to other EYFP-DNA conjugates prepared in
this thesis. The absorbance of the EYFP-A24 conjugate at 260 or 280 nm can be translated into the
concentration of the sample solution based on one of the fitting curves’ experiential equation in Figure

5.1,

C=-2.3+665xAg0 5.1
C=-2.3+453%x A0 52
where C is the concentration of EYFP-A24, Aygp and Ajeo are the absorbances at 260 and 280 nm,
respectively.
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Figure 5.1 EYFP-A24 conjugate concentration working curve. 2ul. of EYFP-A24 sample solution can be added
to 198 uL of TETBS buffer and the absorbances at 260 and 280 nm are measured. The concentration of the
sample can be estimated using either of the aborbances of 260 and 280 nm and fitting equation 5.1 or 5.2.

Native and denaturing PAGE were performed in 10% acrylamide gels. Gel electrophoresis were carried out with
10% acrylamide gels at 4 °C at a constant voltage of 150 V to prevent DNA denaturation due to excessive
heating. Gels were stained with SybrGold and a silver developing kit, according to the manufacturer’s

instructions, and imaged with a UV-Vis gel documentation system using appropriate filters.

Fluorescence emission spectra were carried out with CARY-Eclipse fluorescent spectrophotometer
(Varian, Austria) at an excitation wavelength of 490 nm. The absorption spectra were carried out with a
100 Bio UV-Visible spectrophotometer (Varian, Austria). Samples were previously diluted to 0.5 uM
in TETBS buffer.

5.5.2 Immobilization of eqFP611 or EYFP-A24 on QDs

The assembly of CdSe/ZnS QDs containing a hydrophilic monolayer of dihydrolipoic acid (DHLA)
with DNA-EYFP conjugate 1 and eqFP611 was performed similar to the approach reported by
Mattoussi and colleagues, in which polyhistidine—labeled proteins or short peptides were attached to
DHLA-capped QDs. It is known that this immobilization occurs due to Zn-hexahistidine
coordination.'” To assemble QD/1 donor/acceptor FRET conjugates (2, in Figure 2.3.7A), DHLA-
QD518 (0.1 uM solution in TETBS buffer) were mixed with solutions containing 1 (1.4 uM in TETBS
buffer). Control experiments were carried out by using the same concentration of non-Hise-tagged
EYFP instead. Titration experiments revealed that the binding of 1 to the surface of DHLA-QDs due to
the metal-histidine coordination mechanism, which occurred fast and was completed within a few mins.
DHLA-QD/eqFP611 FRET titration experiment was carried out by adding 0-40 equiv molar of Hise-
tagged eqFP611 solution to one equiv molar of DHLA-QD536 (0.1 uM solution in TETBS buffer).
PLs-QD/eqFP611 titration experiment was carried out by adding 0-58 equiv molar of His¢-tagged
eqFP611 solution to one equiv of NTA-PLs-QD532 (0.1uM solution in TETBS buffer).

5.5.3 Fabrication and characterization of three-chromophore FRET system of
DHLA-QDs, EYFP and Atto647 modified oligonucleotides

Atto647-labeled oligonucleotides, Atto647-cA24 (emission at 667 nm, extinction coefficient e=120 000
Mem™) were purchased lyophilized from TIB MOLBIOL (Berlin, Germany), dissolved in ddH,O at a
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concentration of 100 uM and stored at -20 “C until use. In these conjugates, the Atto647 fluorophore
was attached either through a Cgs-linker to the 3’-end (3a), through a Cs-linker to the 5’-end (3d), or
through a C,-linker at two different thymine bases dT at the 10" (3b), 17" (3c¢) base pair position from
the 3’-end of the 24mer oligonucleotide cA24 (5’-AGC GGA TAA CAA TT(-Atto647)T CAC ACA
GGA-3") and at the 3" (3e), 5™ (3f) and 7" (3g) base pair position from the 3’-end of the modified
cA24 (5’- AGC GGA TAA CAA TTT CAC ACA T(-Atto647)GA -3’ for 3e; 5’- AGC GGA TAA
CAA TTT CAC AT(-Atto647)A GGA -3’ for 3f and 5’- AGC GGA TAA CAA TTT CAT(-Atto647)
ACA GGA-3’ for 3g). The QD/EYFP-A24 conjugates 2 and the Atto647-labeled cA24 oligomers were
assembled in a two-step process. In the first step, a titration was carried out by continuously adding 0.1-
1.4uM of conjugate 1 to 0.1 uM DHLA-QDs in TETBS solution until the saturation of the QD’s
surface was reached. This titration was followed by fluorescence spectroscopy which indicated the
formation of a supramolecular FRET complex comprising a spherical DHLA-QD and ~14 EYFP-A24
conjugates. The resulting two-chromophore FRET system was further referred to as the QD/EYFP
2Ch-FRET subsystem. In the second step, the three-chromophore FRET system was assembled by
hybridizing Atto647-labeled cA24 oligomers (3a-d) to the EYFP-A24 conjugates attached at the QD’s
surface. This led to the formation of the four 3Ch-FRET systems (4a-d, respectively) with varying
donor-acceptor distances between Atto647 and the EYFP luminescent centre. In TETBS buffer
solutions of the final 3Ch-FRET systems, the concentrations of QDs, EYFP-A24 and Atto647-cA24
were approximately 0.1, 1.4, 1.4 pM, respectively. Additional 2Ch-FRET subsystems, EYFP-
A24/Atto647, were assembled by hybridization of EYFP-A24 conjugate 1 with the four Atto647-
labeled oligonucleotides 3a-d.

To enable determination of direct FRET from the QDs to the Atto647, additional 2Ch-FRET
subsystems (denoted as QD/Atto647, were assembled using photobleached EYFP-A24 conjugates to
connect the two components. The bleached EYFP-A24 conjugates were also used for the investigation
of the unaffected interaction of QD/EYFP. To this end, EYFP-A24 conjugate 1 in TETBS buffer was
irradiated using an argon laser with an intensity of 50 mW at the wavelength of 514 nm (EYFP
absorbance maximum) at room temperature for ~6-8 hrs. As determined by fluorescence and UV/Vis
absorbance spectroscopy, this treatment led an about 99% decrease in the EYFP’s PL. The resulting
EYFP-A24 species, denoted as 1*, was used for the conjugation with DHLA-QDs to form the QD-
protein conjugate 2*. The latter (2*) was used in fluorescence titration experiments to analyze the

increase in QD’s PL upon binding to His¢-tagged proteins The 2Ch-FRET QD/Atto647 subsystems,
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denoted as 4a* to 4d*, were assembled using bleached EYFP-A24 1* by mixing 14 molar equivalents
of 1* with DHLA-QDs to generate conjugate 2*. The latter was allowed to hybridize with 14 molar
equivalents of the Atto647-labeled oligomers 3a-d. In order to further investigate the FRET systems of
the small DNA bp cases, the modified Atto647-cA24 3e-g were used to construct EYFP/Atto647 2Ch-
FRET systems Se-g, and QD/Atto647 2Ch-FRET systems 4e*-4g*, respectively with the similar
strategies described earlier.

PL spectra were recorded with a CARY-Eclipse fluorescent spectrophotometer (Varian, Austria),
UV/vis spectroscopic measurements were carried out using a 100 Bio UV-Visible spectrophotometer
(Varian, Austria). All spectroscopic data were taken at room temperature. The excitation wavelength of
the 3Ch-FRET systems was chosen at 372 nm, where the QDs absorb strongly, while both EYFP and
Atto647 display minimal absorption. For the monitoring of the PL intensity as a function of detection
and excitation wavelength in photoluminescence excitation spectroscopy (PLE), a 150 W Xenon lamp
attached to a 1 m monochromator was used as a tuneable excitation source. The excitation wavelength
was scanned with a step size of 1 nm while the excitation intensity at that wavelength was measured
with a photodiode. The sample’s luminescence was recorded with a TE cooled CCD camera attached to
a 0.85 m imaging spectrometer resulting in a spectral resolution of 0.4 nm. The acquired spectra were
normalized to the exciting photon flux recorded simultaneously and the intensities were displayed as a
color coded two-dimensional (2D-PLE) plot with detection wavelength and excitation wavelength as
the x and y- axis, respectively. The acquired spectra were background corrected and normalized to the
exciting photon flux recorded simultaneously. The resulting intensities were displayed as a color coded
two-dimensional (2D-PLE) plot with detection wavelength and excitation wavelength as the x and y-
axis, respectively.

Solution of the samples (typically 1.0-1.4 uM in TETBS buffer) in a UV transparent cuvette were
illuminated by the frequency doubled output of a Ti:Sapphire laser, resulting in ImW at 374 nm with a
repetition rate of 75.4 MHz and a pulse width of about 150 fs. The luminescence was collected with an
achromatic lens, after which scattered excitation light was filtered out by a long pass filter. The PL
signal was fed to the entrance slit of a 0.46 m imaging spectrometer with a spectral resolution of 2 nm.
The output spectrum was temporally dispersed and recorded using a Hamamatsu streak camera, with a
time-resolution of 20 ps. This yielded a two dimensional representation of the PL as a function of

emission wavelength and time.
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5.6 Phospholipid micelle-stabilized QDs for in vivo cellular imaging

5.6.1 In vitro and in vivo photoluminescence stability test of micelle-coated QDs

The in vitro photoluminescence (PL) stability of QDs with different surface coating was compared by a
PL kinetics study. As examples for the PL stability study, DHLA-QD586, PLs-QD586, PEG350-
QD586 and PEG2000-QD586 were diluted at a concentration of 0.5 uM in distilled water, PBS buffer
and A431 cell lysate, respectively. The PL stability of the four samples was tested by the kinetics
program on a CARY-Eclipse fluorescent spectrophotometer and continued for 8 hrs, respectively. The
remaining PL was compared with the initial PL for every sample.

The in vivo stability of the DHLA-QDs and PEG2000-QDs were carried out by microinjecting of ~1-3
nL of 5 uM samples to living A431 cells. A431 adherent cells were seeded on 30 mm coverslips in 6-
wells dishes at a confluence of 300 000 cells/dish and let grown overnight. For microinjection and
microscopic observations, cells were incubated in living cells buffer (150 mM NaCl, 5 mM KCl, 1 mM
MgCl,, 1 mM CacCl,, 20 mM HEPES pH 7,4, 10 mM Glucose). After observation, cells were incubated
in A431 DMEM cell medium at 37 °C with 5 % CO2. Microinjection was done with Eppendorf
devices Transjector 5246 and micromanipulator 5171 with an injection time of about 0,5 s and a
pressure of about 70-80 hPa. All particles microinjected were dispersed in PBS without any additive

and centrifuged 15 min at maximal speed to remove the aggregates.

5.6.2 Rab7-QDs conjugates preparation and characterization

The Ni-NTA functional groups on PEG2000-QDs586 were first verified by FRET-based testing
experiments using Hise-tagged Cy5-peptide (Cy5-CGKGHHHHHH) as energy acceptors. The
QD/Cy5-peptide conjugates were prepared by mixing one equiv of NTA-PEG2000-QDs586 solution
(borate buffer, 0.1 pM) with 1-5 equiv of Hisg-peptide-CyS5 solution (borate buffer, 0.1-0.5 pM) and the
photoluminescence change of the system were recorded by a fluorescent spectrophotometer. The
control experiment was carried out by using PEG2000-QDs586 instead and with the same titration
procedure. The binding of Hise-peptide-Cy5 to NTA-PEG2000-QDs586 (or QD532) was confirmed by
the agarose gel electrophoresis. One equiv of NTA-PEG2000-QDs586 (or QD532) samples was mixed
with 0, 3, 6 equiv of Hiss-peptide-Cy5 samples, respectively and run on the 0.6% agarose gel at 180 V
for ~40-60 min. As controls, the non-NTA QDs samples were used on the same gel. The fluorescent

signals of QDs were detected by the Alphalmager system under the excitation of UV lamp.
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The Rab7-QDs bioconjugates were prepared by mixing one equiv of NTA-PEG2000-QDs with ~6
equiv molar of Hiss-Rab7 and purified by a 100 kDa Mw cutoff vivaspin® concentrator. The binding
was also confirmed by an agarose gel electrophoresis. The NTA-PEG2000-QDs586 (or QDs532) and
non-NTA PEG2000-QDs586 (or QDs532) were mixed with 0, 2, 4 and 6 equiv molar of Hisg-Rab7,
respectively and run on 0.6% agarose gel in TB buffer, at the voltage of 200 V for ~1 hr. The

fluorescent signals were detected by the Alphalmager system under the excitation of UV lamp.
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7 Appendix

7.1 Strategy and working tables for determining the extinction coefficient
and size of CdSe from UV/Vis absorbance

The particle size and the extinction coefficient of a CdSe sample can be determined based on the
UV/Vis absorption or emission spectra of the sample and Table 7.1-7.3.°° Thus the particle
concentration of the CdSe solution can be determined by using Lambert-beer’s law: A=¢ecl
Where, A=absorbance (at the first absorption peak)

g=extinction coefficient (Table 7.3) [M'em™]

c=concentration of the CdSe NCs [M]

I=path length [cm]
For example, for the CdSe NCs sample in chloroform, with the first absorption peak A=570 nm and
absorbance A=0.1, the radius is 7=22.10 A (Table 7.1), the extinction coefficient is e=316093 M'cm™
(Table 7.3) and the concentration of CdSe NCs can be calculated accordingly, c=A/el=3.2x107 M.

Table 7.1 Absorption versus size for CdSe QDs, Size are in effective radii.

Absorption (nm) | Size (A) | Absorption (nm) Size (A) | Abserption (nm) | Size (A) | Absorption (nm) Size (A)
460.00 10.41 B22.00 16.32 hE4.00 23.76 a46.00 45.07
46200 10.79 G24.00 16.54 GEGE.00 24.01 G45.00 45.92
46200 11.13 52&.00 16.76 bEE.00 2426 650,00 45,01
46600 11.43 522.00 16.98 5O0.00 24 .61
46500 11.71 530.00 17.21 LO2.00 24.72
470.00 11.96 532.00 17.44 5o4.00 25.05
472.00 12.19 634.00 17.68 LOG.00 25.33
47400 12.40 b36.00 17.92 LOZ.00 25.63
47600 12.60 G32.00 12.16 &00.00 25.04
47500 12.78 540.00 15.40 &02.00 26.26
420.00 12.94 b42.00 15.65 &04.00 26.61
45200 13.10 G44.00 15.90 G06.00 26.98
424.00 13.25 b4G.00 19.15 &05.00 27.37
48600 13.40 G42.00 19.40 &10.00 aT.7e
42500 13.54 650.00 19.65 612.00 28.25
490.00 13.68 552.00 19.50 614.00 28.74
49200 13.52 G54.00 20.15 G616.00 2% 26
494.00 13.93 554.00 20.39 G12.00 2953
40600 14.09 G52.00 20.64 G620.00 30.45
49300 14.24 bE0.00 20.29 &22.00 31.12
500.00 14.33 GEZ.00 21.13 G24.00 31.54
502.00 14.53 GE4.00 21.38 G26.00 3262
50200 14.69 bEg.00 21.62 &25.00 33.47
50600 14.54 GEE.00 21.86 G30.00 34.39
505.00 153.01 LT0.00 22.10 632.00 35.39
510.00 15.18 6T2.00 22.33 634.00 36.4T
512.00 15.36 GT4.00 2257 636.00 3IT.64
514.00 15.b4 bTE.00 22.21 635.00 F2.01
51600 15.73 6TE2.00 23.04 G40.00 40.27
B15.00 15.92 HE0.00 23.28 64200 41.75
520.00 16.12 5E82.00 23.52 G644.00 43.35
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Table 7.2 Emission versus size for CdSe QDs. Size are in effective radii.

Absorption (nm) | Zize (A) | Absorption {nm) Gize (4] | Abserption (nm) | Size (A) | Absorption (nm) Size (A)
5lE 14.52 G54 18.66 a2 23.69 a30 30.58
blg 14.59 513 15.28 bog 24.03 032 F1.14
520 14.70 bbE 19.11 bog 24.36 634 .77
522 14.56 LGEn 19.33 hag 24.70 636 32.60
524 15.04 b2 19.55 G00 25.03 03s 332.33
526 15.26 HEd 19.78 602 2537 640 34.20
b2g 15.49 113 20.01 604 25.71 042 35.40
5320 15.73 beg 20.25 606 26.05 o423 36.69
532 15.99 7o 20.49 G058 26.39 e 35.19
532 16.24 bT2 20.75 G10 26.72 045 30.93
536 16.50 674 21.00 612 27.06 650 41.95
53E 16.76 GTE 21.27 G614 27.39 652 44,20
540 17.01 GTE 21.55 G144 aT.7T4 G54 47.00
542 1726 GE0n 21.83 618 28.08 656 50.12
544 17.51 GEa 2212 G20 2744 658 53.72
510 17.75 hE4 22.42 622 28.81 660 bT7.84
5ag 17.98 GEa 2273 624 29.20
5560 15.21 GEs 33.06 G246 2062
5h2 1544 G590 23.37 625 30.08

Table 7.3 Extinction coefficient versus size for CdSe QDs. Sizes are in effective diameter (nm).

Dia (nm) | Ext Coeff (M~ 'em~") | Dia (nm) | Ext Coeff (M~ 'em—") | Dia (nm) | Ext Coeff (M~ Tem—")
1.6 BO2T.6G65500 3.0 210336.5635 4.5 321060.5133
1.6 22206 55000 3.1 220355.2435 4.6 325760.0169
1.7 FEELH1.4T6G0 3.2 229967.30T2 4.7 330148.0424
1.5 54970 56120 3.3 239172.3172 4.5 334264.5026
1.9 TO5T1.9le20 3.4 247951.2359 4.9 337106.0098
2.0 Eb663 66420 3.6 266402.2260 5.0 3416821767
2.1 1002b3.5572 3.6 2644432000 5.1 344099.6158
2.2 114350.7296 3.7 2721128705 5.2 3450670397
2.3 127962.2921 3.5 279415.7600 5.3 350592.5610
2.4 141006.6572 3.0 256369.1510 3.4 3534842021
2.6 153762.0293 4.0 202972.1562 5.6 355560.3456
2.6 165966.4202 4.1 209235.9681 3.6 F5TO0E.5342
2.7 1777180000 4.2 205165.6091 B.T F5993T7T.5T03
2.8 159024 5543 4.3 2107752220 5.8 361675.0665
2.9 1092956.1046 4.2 2160729192 3.9 363220.0353

7.2 Simulation of the photoluminescence evolution of the QD/EYFP/
Atto647 assembly

In order to model the temporal evolution of the excitations present in the FRET system, typically a set

of rate equations like 7.1-3 representing the changes of the QD (EYFP) (Atto647) excitation as a

function of the population and depopulation rates is solved.'*> '’

d(eD) _

dt = QD ’ (_ kQD,md - kQD,nonrad - kQD—)EYFP -M EYFP — kQD—)Atm647 -M Atm647) 71

d(EYFP M,,
g =EYFP-| - kEYFP,md - kEYFP,mmmd - kEYFP—>Att0647 LAl QD : kQD—)EYFP

t EYFP 72
d(Atto647)

M EYFP
d = Atto647 -| - kAtto647,rad - kAttoG47,nonrad + EYFP- kEYFPﬁAtto647 : + QD : kQDaAtt0647
t Atto647 73
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The resulting functions for QD(t), EYFP (t) and Atto647(t) are then used as fit functions in a least
square fit to the data. Since the parameter space spanned by such a set of functions, is rather large, an
iterative approach was chosen, which simulates the population of QD, EYFP and Atto647 dye as
entries in three 30000 cell long arrays, each cell resembling a time interval of 1 ps.

The initial condition on the arrival of the laser pulse is that all species are excited according to their
absorbance at the excitation wavelength used. For all further times, the population of the QD is
calculated from the previous time increment by taking into account the radiative and non-radiative
decay, the transfer to the EYFP and the transfer to the Atto647 dye. It is important to note that here
non-radiative means the intrinsic non-radiative depopulation, which is present even without transfer,
due to the non unity quantum yield, as it is visible from the definition of the quantum yield as the ratio
of the radiative recombination rate to the sum of radiative and non-radiative recombination rates. A
back-filling transfer channel from the EYFP to the QD was initially taken into account in the
programming, but found to be negligible in the overall process.

The excited state of the EYFP is populated, apart from the initial laser pulse, by the transfer from the
QD donor, while depopulation is governed by radiative and non-radiative rates as well as the transfer
transition to the Atto647 dye.

The Atto647 dye itself acts as an acceptor of transferred energy from both the QD and the protein,
while depopulation is possible only by non-radiative decay of excitation or photon emission.

The intensities of the PL signals are then calculated by multiplying the population with the
concentration and the radiative decay rate. Since the signals of the QD and the EYFP overlap, the sum
of both contributions is calculated and compared to the measured decay in the corresponding

wavelength interval.

Formulae:

Initialization:

QD[0]=pump*AQ, EYFP[0]=pump*AE, Atto[0]=pump*AA.

Calculation for t>0:

QD[i]=QD[i-17*(1-GQR-GQNR -GQE*ME-GQA*MA)+EYFP[i-1]*GEQ*ME.
EYFP[i]= EYFP[i-1]*(1-GER-GENR-GEQ-GEA*MA/ME)+QDJi-1]*GQE
Atto[i]= Atto[i-1]*(1-GAR-GANR)+GEA*EYFP[i-1 *ME/MA+GQA*QDJ[i-1].

Calculation of PL intensities:
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QD _PL[i]=QDI[i]*GQR*MQ
EYFP_PL[i]=EYFP[i]*GER*ME

Atto PL[i]=Atto[i]*GAR*MA

Variable definitions:

pump - intensity of the pump pulse in arbitrary units

AQ - absorbance of the QD at the laser wavelength

AE - absorbance of the EYFP at the laser wavelength

AA - absorbance of the Atto dye at the laser wavelength
QDJi] - the population of one QD unit at time index 1
EYFP[i] - the population of one EYFP unit at time index i
Atto[1] - the population of one Atto dye unit at time index 1
GQR - rate of radiative recombination of the QD

GQNR - rate of non-radiative recombination of the QD
GQE - Rate of QD to EYFP transfer

GQA - rate of QD to Atto dye transfer

GER - rate of radiative recombination of the EYFP
GENR - rate of non-radiative recombination of the EYFP
GEQ - rate of EYFP to QD (back)-transfer

GEA — Rate of EYFP to Atto647 transfer

GAR - rate of radiative recombination of the Atto dye
GANR - rate of non-radiative recombination of the Atto dye
MQ - concentration of the QD, (set to 1)

ME - concentration of the EYFP, relative to the QD concentration

MA - concentration of the atto dye relative to the QD concentration
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