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Abstract

Quantum dots (QDs) are light emitting nanoscale semiconductor crystals with novel
optical properties that are markedly different from the conventional organic dyes. Their
size tunable emission, broad absorption and resistance to photo- and chemical
degradation have afforded a new route to biomolecular studies, especially in long term
live cell imaging that is hardly feasible with the utility of organic dyes. With the advent
of highly luminescent core-shell QDs with quantum yields over 0.5, sensitive and robust
optical sensing assays can be realised in which organic dyes rarely have much success.
In this research, I incorporated these core-shell QDs of variable core compositions that
are tailored to emit in the visible and the far-red spectral regimes into the development
of multiplexed QD-dye assays via a ligand-receptor binding scheme. The close
proximity of QDs to energetically resonant dyes is commensurate to
Forster/fluorescence resonance energy transfer (FRET) from which course we set to
evaluate the potential of QDs as energy donors through the use of the steady state and
the time-resolved spectroscopic techniques. Both approaches not only complement each
other but also can provide substantive evidence in verifying the suitability of QDs in the
design of FRET based assays where the efficiency of energy transfer is generally
governed by the donor-acceptor separation and in turn, the size of QDs. Henceforth
from that notion, the relevance of FRET efficiency to the proximity relationships in
QD-dye self-assemblies are examined theoretically as a function of acceptor-to-donor
ratio. Besides the experimental studies of QDs in proximity-induced energy coupling, I
take the initiative to develop a theoretical treatment of the multilayer structure of QDs
based on the parabolic band approximation to offer a simple analytical route to
investigate the size dependency of energy gap and the localisation of carriers which in
essence underpin the QD optical behaviour. The analyses are further extended to the
type-1I QDs with a slight different band profile in which the conduction and the valence
band extrema centre on different regions of the heterostructure leading to the separation
of carriers and thus, contributing to the distinctive optical characteristics that strongly

depart from typical type-1 QDs.
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Abstract: In this chapter, I briefly describe the chemical routes to synthesise colloidal
nanoparticles, the various techniques to stabilise them in aqueous media and the
bioconjugation schemes to afford targeting abilities. This is followed by an overall
description of quantum dot optical characteristics and a concise review of the recent
advances of quantum dots in the development of FRET assays. I also elucidate the
motivations and rationales behind the project I have undertaken which relates to the
application of quantum dots in the far-red spectral regime. Following that, I provide a

quick account of the thesis outline.
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CHAPTER 1:

NANOCRYSTALS AND

THEIR APPLICATIONS IN FRET

1.1 A Perspective on Cadmium Chalcogenide Quantum
Dots: Chemical Synthesis, Solubilisation and
Bioconjugation

Quantum dot (QD), nanocrystal (NC) and nanoparticle (NP) are the common synonyms
referring to a semiconductor crystallite with its size in the order of few nanometers.
These tiny light emitting particles are well known for their size tunable optical
properties arising from the size quantum confinement effect [1]. Due to the limitation of
lithography and etching, the synthesis of new classes of material in the range of 2-5 nm
diameters has resorted to other alternative methods which are essentially relying on the
wet chemical routes. The study of colloidal nanoscale crystallites can be considered to
be instigated by Brus’s group upon the successful reversed micelle mediated synthesis
of II-VI binary semiconductor QDs that contained primarily cadmium (Cd) element in
1980s [2-4]. Via the inverse micelle synthetic route, they were among the first few
chemists to report the size dependent bandgap of colloidal semiconductor nanocrystal as
indicated by the substantial blue shift in the ensemble absorption onset compared to that
of the bulk phase [2, 3, 5, 6]. However, the quality of the dots was substandard
considering the pronounced red tail in the emission spectrum which is often associated
with radiative recombination from surface states (or deep traps) and the broad emission
bandwidth that stretched beyond 100 nm which reflects the high polydisparity in the
size distribution of the ensemble. No values for quantum yield were reported [2, 3].
Despite the poor crystallinity, the demonstration of the size dependent quantum
confinement effect has generated a rippling effect among the research community with
an ever growing interest in QDs. Since then, the search for a better chemical recipe was

the top priority in hope of attaining good quality QDs. In the early 1990s, Bawendi’s
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group has published a ground breaking achievement in the field of QD synthesis [7].
They demonstrated that a range of high quality cadmium based II-VI QDs could be
grown using organometallic synthetic procedures by injecting the element reagents
(precursors) at the correct stoichiometry into the organic surfactant medium (i.e.
trioctylphosphine oxide, TOPO) which was heated over hundreds of degree Celsius
(typically > 200 °C). At high temperature, the oppositely charged cadmium and
chalcogen ions in the coordinating medium would react and began to nucleate. The
nucleation of semiconductor seeds grew in the controlled heated reaction flask and
eventually the process yielded an ensemble of surface passivated semiconductor
nanocrystallites suspended in the organic solvent, hence in turn, this led to the creation
of semiconductor colloids. With their refined comprehensive organometallic chemical
route followed by a size selective precipitation, they have successfully produced a
variation of QD species from CdS to CdTe that were nearly monodisperse (<5 % rms in
diameter) and have no detectable deep trap emission yet the quantum yield was ~10 %.
The lattice structures of the cadmium chalcogenide QDs were predominately wurzite
with a bond length similar to the bulk crystal. Besides that, they also reported the
observations of sharp discrete features in the optical density of smaller QDs and
concomitantly a systematic blue shift in the band edge absorption with reducing QD

size.
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compromising the quantum yield [11, 12]. It was surprisingly found that the QDs from
the alternative approach were far superior than the QDs from the conventional
organometallic synthesis. In fact, the quantum yield of CdSe QDs as high as 85 % was
reported [12]. The discovery of less toxic CdO as the cadmium source has opened up an
endless possibility of different combinations of precursors/surfactant in the synthesis of
high quality QDs outside the well established organometallic route [13-18].

Within two decades, a huge leap has been made in regard to the quality of QDs from
merely 10 % of quantum yield in 1980s to over 80 % of quantum yield in 2000s. The
eightfold increment in the quantum yield does not only warrant QDs a new status
among the conventional fluorescent dyes but also affirms their suitability as fluorescent
markers in bio-applications. However, in the biological perspective, the viability of QDs
is hindered by the hydrophobic surfactants since most of the molecular or cellular
studies are conducted in aqueous solutions. Typical TOPO capped QDs can only
dissolve organic solvents like toluene and chloroform. Hence, different surface
derivatives have to be employed in order to stabilise QDs in aqueous solutions. A
varying strategy to solubilise QDs in aqueous solutions has been proposed from
comprehensive surface exchange with bifunctional molecules such mercaptoacetic acid
(MAA) [19] and dihydrolipoic acid (DHLA) [20] which contain the thiol group (-SH)
that adsorbs onto the QD surface and the hydrophilic carboxyl group (-COOH) that
protrudes into the water based medium to a more laborious encapsulation method using
amine cross-linked amphiphilic polymer [21, 22] which contains the hydrophobic alkyl
chains that intercalate with the alkyl chains of TOPO surfactants and the carboxyl group
upon the hydrolysation of anhydride ring that renders the water solubility of QD.
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exchange or by the surface encapsulation. The drawback of surface coating with
amphiphilic polymer is that the overall size of hydrophilic QD can be several-fold larger
than the size before encapsulation, which may inherently restrict its viability in some
bio-applications. Pellegrino et al, by fluorescence correlation spectroscopy (FCS),
reported that the diameters of green (5.7 nm) and red (11.6 nm) CdSe/ZnS QDs have
considerably increased to 19.2 nm and 23.6 nm respectively after the polymer coating
[22]. The need of phase transfer for QDs can be avoided if they can be directly
synthesised in aqueous solutions instead of in hot coordinating solvents. There are
recent developments in QD synthesis that have demonstrated the feasibility of growing
cadmium chalcogenide QDs in aqueous solutions with the use of ionic compounds like
cadmium perchlorate (Cd(ClO4);) as the precursor and bifunctional molecules
containing both surface coordinating and hydrophilic moieties like thioglycolic acid
(TGA), also called mercaptoacetic acid (MAA), as the stabilizing agent [26, 27].
However, the aqueous synthesised QDs, in terms of size distribution and the quantum
yield, have yet to match the superiority exhibited by the QDs synthesised in hot organic
solvents. Henceforth, the latter chemical route is paramount in synthesising high quality
QDs, albeit an additional step is required to render the conventional TOPO capped QDs
water soluble.

With QDs readily stabilised in aqueous solutions, biomolecules can be interfaced with
inorganic QDs via different linking mechanisms. The bioconjugation of hydrophilic
QDs can be mediated by cross-linkers. With the water soluble QDs bearing carboxyl
group, biomolecules with reactive amine group can be covalently attached to the QDs
by zero-length cross-linkage in the presence of carbodiimide [28]. The carbodiimide
compound commonly used to facilitate the cross-linking reaction (condensation)
between -COOH and -NH; is EDC (1-ethyl-3-(3-dimethylamino propyl)carbodiimide),
as has been widely applied in the streptavidin (STV) conjugation of commercial Qdots
[21]. By surface engineering with different molecules, a variety of bio-targeting abilities
can be achieved in QDs. Bruchez et al and Chan et al are the first to explore the
feasibility of bioconjugated QDs in cell staining [19, 29]. They covalently attached a
range of molecules from glycoprotein, antibody to biotin onto the surface of QDs with
the manipulation of cross-linkers and further induced by ligand-receptor bindings, some
success was attained in a novel QD mediated in-vitro imaging. No substantial
interference in the cellular activities was reported. Furthermore, they both confirmed

that QDs are exceptionally photostable over extended excitation period in comparison to
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standard dye molecules that can be quite easily photobleached. From a microscopic
imaging perspective, the superior resistance of QD to photobleaching can have
remarkable impact on a real time biomolecular tracking in live cells which has been
long proven problematic or occasionally impossible if dye molecules are used as the

fluorescent probes.

1.2 Optical Properties of Cadmium Chalcogenide Quantum
Dots

Quantum dots are generally known for their size tunable emission/absorption. Cadmium
chalcogenides are direct bandgap II-VI semiconductors and QDs of these compositions
can be tailored to have emissions that cover the visible and the near infra red spectra
[30, 31]. Although the core material coarsely dictates the QD emission, its wavelength
can be fine tuned from blue to red by decreasing or increasing the dot size accordingly.
This is attributed to the size dependent quantum confinement effect of excitons. When
the radius of QD is comparable to the bulk exciton Bohr radius, the photoinduced
exciton experiences strong spatial confinement in all dimensions which subsequently
leads to the quantization of electronic states [1, 5, 32]. In conformity with the quantum
mechanics prediction, the continuum in the density of states of a three dimensional bulk
phase will reduce to the discrete states of an ideal zero dimensional QD. The band edge
will be appreciably separated from the upper ladder of energy levels. Therefore, the
absorption profile of pseudo-zero dimensional QD exhibits several discrete features
with well resolved band edge state [7]. In the strong confinement regime, the
dependence of energy shift on dot size is elementarily analogous to the particle in one
dimensional well model. As the size of QD is reduced, the band edge shifts to higher
energy level which results in the blue shift of the absorption and in turn, the emission.
With the simple effective mass approximated energy band structure of bulk material, the
excitonic shift of QD scales as 1/, where 7 is the dot radius [33, 34]. However, there is
a substantial discrepancy between the experimental data and the theoretical prediction
based on the parabolic band assumption [7, 34]. A more rigorous approach is needed to

precisely model the size correlation of QD band edge.
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Neglecting the heterogeneity of QD fluorescence decay temporarily, as depicted in
Figure 1.5, the time for dye photoluminescence to decay to 1/e of its initial intensity is
distinctively shorter than that of inorganic QDs. The fluorescence lifetimes of
conventional organic dyes are typically in the order of few nanoseconds [37, 38] but
contrarily the lifetimes of QDs can approach to 20 ns or beyond that [39-41]. In a time-
gated detection system equipped with pulsed excitation source, the long fluorescence
decay of QDs can be exploited in suppressing the background noise from short lived
autofluorescence by carefully tuning the photon detection time window after every laser
pulse [29, 42, 43]. The merit is that the complete removal of autofluorescence signal is
possible without losing important spectral information. Therefore, a greater contrast
between QD labelled biomolecules and unlabelled background can be attained in a cell
imaging.

With the recent development of single dot spectroscopy, some interesting characteristics
of single QD which are previously obscured by the inhomogeneities of QD ensemble
can now be observed. Following that, new frontiers of QD photophysics have been
unravelled since. One, the emission linewidth of single QD was found to be several-fold
narrower than QD ensemble [44]. At cryogenic temperatures, the linewidth of single
QD emission as narrow as 120 peV was resolved [44]. In the same context, Empedocles
et al also revealed a concomitant diffusion of single QD emission that was possibly
caused by the changing local electric fields. Hence, one can deduce that the steady state
luminescence spectrum of QD ensemble is the convolution of single dot spectra, which
can be broadened by spectral diffusions over time, for a QD population with a finite size
variation.

A more interesting discovery is that, like fluorophores, the random ‘on’ (emitting
state)/‘off” (non-emitting state) blinking can be observed in QDs in close-up under
continuous excitation [45, 46]. This phenomenon is unprecedented in ensemble
spectroscopic measurements on manifold QDs. In 1996, Nirmal et al first reported: 1)
the ‘on’ duration was inversely proportional to the excitation power while no correlation
was seen in the ‘off” duration; ii) ZnS capped CdSe QDs exhibited a drastic increase in
‘on’ and ‘off’ periods as compared to TOPO capped CdSe QDs [45]. Based on the
experimental findings, they arrived at a postulation that the fluorescence intermittence
was attributed to the photoionisation of single QD leading to the localisation of one
carrier (electron or hole) outside the core. The hypothesis is implicitly supported by the

evidence of photoinduced positive charge of single CdSe QDs upon continuous

11
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illumination as revealed by means of electrostatic force microscopic measurement,
albeit it lacks the direct link between dark state and charged QD that might have been
hindered by the difficulty of devising a simultaneous detection of surface charge and
fluorescence signal [47]. Therefore, ultrafast nonradiative Auger recombination in the
order of picoseconds is usually used to rationalise the non-emissive state of ionised QD
since it can be an efficient relaxation channel in a three-carrier system [48, 49]. When a
neutral ground state QD is initially photoexcited, electron or hole can be localised
outside the core via carrier trapping by surface states or tunnelling to external traps
primarily leaving a lone core residing carrier [50, 51]. This process results in a charged
QD (presumably also refers to the core of a core-shell QD). Upon further excitation, the
new photoinduced electron-hole pair can relax to ground state via Auger recombination
in the presence of the proximal lone carrier. The Auger relaxation can involve exciton-
electron or exciton-hole interactions. The QD restores to charge neutrality, hence, the
emissive state once the ejected carrier is recovered. In the light of the strong dependence
on the ejection/recovery of charge to/from exterior, surface morphology and local
environment must play an important role in governing the dynamics of ‘on’/‘off’
blinking [52-54].

12
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intensity level of single QD fluctuates during the course of spectroscopic measurement.
Intermediate emission intensities can occur intermittently along the time trace. Schlegel
et al was the first to explicitly correlate the intensity fluctuation of single QD to the
fluctuation of QD decay dynamics [56]. Within the fluorescence intermittence, they
discovered that a high fluorescence intensity count was accompanied by a slow decay
time and vice versa a low fluorescence intensity count was accompanied by a fast decay
time. Henceforth, the intensity dependent 1/e decay time was attributed to the
fluctuation in the relaxation pathways of excited QD in response to the variation of
instantaneous nonradiative channels during the emissive state of fluorescence trajectory.
The findings were later confirmed by Fisher et al with the time-tagged-time-resolved
(TTTR) spectroscopic measurements in which both arrival times for each photon
relative to the excitation pulse (nanosecond time scale) and the starting time of
experiment (millisecond time scale) were simultaneously recorded [57]. With TTTR
detection scheme, the fluorescence decay and the instantaneous emission intensity level
of single QD can be monitored concurrently. At the intensity maxima along the time
trace, they revealed that the corresponding slow fluorescence decays could be
characterised by single exponential and the fitted lifetimes did not appreciably vary
from dot to dot. Conversely, the fast fluorescence decays below the maximum intensity
level exhibited multiexponential behaviour. On the basis of the experimental
observations and the fact that k,,,; = k,+k,, (Where £, is the radiative recombination rate
and k, is the nonradiative recombination rate), they were convinced that the single
exponential decay at the intensity maximum was representing the intrinsic radiative
transition as it was unlikely for a QD to follow the same nonradiative channel over a
time scale of few minutes [57]. On the other hand, the origin of the multiexponential
behaviour of the intermediate-intensity fluorescence decay was associated to the
fluctuation in &, component of the total rate constant which conformed with the
Schlegel et al hypothesis. Hereby, the variation of relaxation processes over time as
highlighted by the inconsistency of intensity dependent 1/e decay time underpins the
non-single exponential characteristic observed in time averaged ensemble and even

single dot fluorescence decays.
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1.3 Quantum Dots in FRET

FRET, the acronym for fluorescence (Forster) resonance energy transfer is a near field
dipole-dipole interaction that involves the radiationless energy transfer from an excited
molecule (donor) to a proximal resonant molecule in a relaxed state (acceptor) [58]. Due
to its sensitivity in the nanometer range (typically below 100 A) and its practicability in
spectroscopic measurements, FRET has been widely applied in the studies of
biomolecular conformations and dynamics [37, 58, 59]. However, the majority of FRET
studies only concern organic matter. In 1996, Kagan and coworkers were the first to
incorporate FRET concepts in the investigation of dot-to-dot interaction [60, 61].
Luminescence quenching of smaller dots (38.5 A) along with luminescence
enhancement of larger dots (62 A) in a closely packed mixed CdSe QD solid were
detected. The intensity changes in the mixed QD solid film were consistent with FRET
process that nonradiative energy transfer from small QD donors to large QD acceptors
in the vicinity was feasible upon photoexcitation due to the exceptional spectral overlap
between 38.5 A QD emission and 62 A QD absorption. The FRET interpretation of
interdot interactions was further warranted by the independent time domain
spectroscopic measurements in which a decrease in the fluorescence decay time of large
QDs and an increase in the fluorescence decay time of small QDs for the close-packed
mixed QD solid were recorded [60, 61]. Besides that, they also noticed a perceptible
spectral red shift and linewidth narrowing in single QD solids relative to the control QD
solutions which arisen from the size disparity within the single QD ensembles. Due to
the considerable inhomogeneity of QD population, the proximity between neighbouring
QDs in close-packed solid favoured the nonradiative energy migration from smaller
QDs to larger QDs subsequently contributing to the quenching of the blue side and the
enhancement of the red side of QD ensemble emission. The observation of FRET
signatures in single QD solids was consistent with the time-resolved studies performed
by Crooker et al [62]. A systematic increase in the fluorescence lifetime with increasing
wavelength (increasing dot size) i.e. from 1.9 ns time constant at high energy end to 22
ns time constant at low energy end was extracted from single CdSe/ZnS QD close-
packed solid. By contrast, no discernible variation of lifetime as a function of energy
was predicated for the same QDs dispersed in solution. This again elucidates the
efficient energy coupling from smaller QDs to proximal resonant larger QDs within a

densely packed monodisperse QD population. Although the effectiveness of interdot
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energy coupling has been verified, the compatibility of QDs as FRET donors in
biological applications remains to be identified.

In 2001, Willard et al demonstrated the use of core-shell QDs as FRET donors in a
streptavidin-biotin binding assay [63]. CdSe/ZnS QDs covalently attached to
biotinyated bovine serum albumin (bBSA) functioned as the energy donors while
streptavidin labelled tetramethylrhodamine fluorophores (STV-TMR) acted as the
energy acceptors. Via the ligand-receptor binding scheme, the spatial distance between
QDs and TMR were minimised for efficient donor-to-acceptor energy transfer upon the
photoexcitation of QDs. In the titration of QD with TMR, a dramatic reduction of QD
emission intensity was observed with increasing concentration of TMR. In parallel, a
FRET induced enhancement of TMR luminescence was measured. However, the report
lacked the concrete lifetime data to support the FRET interpretation. A more extensive
study of QD in biological FRET context was later led by Mattoussi and coworkers. In
2003, Medintz et al took an alternative approach in the surface modification of
CdSe/ZnS core-shell QDs with histidine terminated maltose-binding protein (MBP-his)
[64]. The adopted binding scheme allowed the self-coordination of liganded QSY9 dark
quenchers (non-fluorescent light absorbing moiety) around MBP tagged QDs. Upon the
formation of QD-MBP-QSY9 assays, a pronounced reduction in the QD fluorescence
intensity and the QD fluorescence decay time were detected. On further elaboration, the
initial QD dynamics were recovered once the donor-acceptor interaction was inhibited
by the displacement of QSY9 with maltose (MBP’s preferred binding moiety). The
results were essential proofs of QD as a competent energy donor that could be exploited
in building FRET nanosensing precursors. Hence, more explicit FRET studies on QDs
in a range of diverse assay configurations were conducted by the same research team.
For instance, three different size groups of QDs emitting at 510 nm, 530 nm and 555 nm
were used as FRET donors that chemically coupled to multiple Cy3 fluorescent
molecules in similar MBP binding route [65]. By carefully size-tuning the emission
peak of QDs, the magnitude of spectral overlap integral, hence, the FRET interaction
between QDs and proximal Cy3 was optimized. This was reflected by the trend in
FRET efficiency based on steady state measurements where 555 nm and 530 nm
emitting QDs which strongly resonant with Cy3 displayed a greater luminescence
quenching effect with increasing labelling ratio comparatively to 510 nm emitting QDs.
FRET efficiency around 0.8 was reported for respective 530 nm and 550 nm QDs at a
ratio of 10 Cy3 per QD. On the contrary, at the same Cy3 loading, 510 nm QDs
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contributed an overall efficiency of merely ~0.6. The steady state FRET analysis was
further complemented with time-resolved measurements showing a systematic increase
of decay rate with increasing number of immobilised Cy3. Besides revealing the
suitability of QD as efficient energy donor, the article also highlighted the advantage of
size tunable QD emission in maximising the energy coupling between inorganic QDs
and organic dyes under the condition that the size of QD is not excessively larger than
Ry (the donor-acceptor separation at which the efficiency is 0.5). Other examples of
successful profiling of QDs as FRET donors in bioassay prototyping have been
indicated in numerous studies performed by Mattoussi and coworkers [66-68].

Having experimentally justified the feasibility of QDs as energy donors, they assessed
the future exploitation of QDs as FRET acceptors [69]. In the FRET experiment, three
variant QD-MBP-dye self-assemblies were investigated: i) 555 nm emitting QD as
acceptor and AF488 dye as donor, ii) 570 nm emitting QD as acceptor and AF488 as
donor and iii) 590 nm emitting QD as acceptor and Cy3 as donor. However, no apparent
FRET manifestations i.e. luminescence quenching of dyes (donors) and luminescence
enhancement of QDs (acceptors) were detected in all combinations of FRET assays,
albeit there was a substantial spectral overlap between QD absorption and dye emission.
The negative outcome was attributed to the undesirable decay rates of fluorescent dyes
which were typically several-fold greater than that of QDs along with the high
absorption coefficient of QDs at the excitation wavelength which unavoidably caused a
pronounced direct excitation of QDs. To prove the point, they labelled 610 nm QDs
with ruthenium fluorophores that have long lifetime of the order of 400 ns. In this
configuration, a significant drop in the decay time of ruthenium from 419 ns to 160 ns
was deduced from time-resolved measurements. The observation was consistent with
their explanations and hence this underlines the important fact that QDs can be used as
viable FRET acceptors only if long lived fluorescent donors are selected.

In a recent QD FRET study, Levy et al reported on the use of commercial Invitrogen
Qdot525 as energy coupler in FRET assemblies via streptavidin-biotin binding
approach [70]. Qdot525 was surface functionalised with streptavidin to specifically
target biotinylated oligonucleotide that bound to single/double Eclipse dark quenchers.
In a titration experiment, a systematic loss of Qdot525 emission intensity was observed
at rising number of singly/doubly labelled oligonucleotides. FRET responded
exceptionally well with doubly labelled oligonucleotide complex showing near 100 %

quenching efficiency. Despite that, the merits of such bioassay prototype were yet to be
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warranted by additional lifetime data. Along with Levy et al, Grecco et al also
incorporated commercial streptavidin functionalised Qdot585 in a series of titrations
with biotinylated AF594 [71]. Because of the strong affinity of streptavidin for biotin,
AF594 acceptors were brought in the close vicinity of Qdot585 which could facilitate
FRET interaction between resonant analytes. Hence, a progressive increment in FRET
efficiency with increasing concentration of AF594 was reported. In addition, they
claimed a quenching efficiency of 0.85 was attained at ~1 acceptor-to-QD ratio. This,
however, remains controversial considering the physical size of Qdot585 and the
calculated Ry of 64 A. Oh and coworkers utilised streptavidin modified Invitrogen Qdot
(though not specified) as energy donor in a FRET inhibition study [72]. Upon
conjugation with biotinylated gold nanoparticles (AuNP), over 80 % of Qdot
luminescence was quenched. However, the photoluminescence of Qdot was quickly
restored to the initial intensity by the displacement of AuNPs with avidin substrates
since avidin has far superior affinity for biotin relatively to streptavidin. The
luminescence recovery in retrospect indicated the specific binding of AuNPs on Qdot
which in turn favoured the photoinduced energy migration from Qdot to proximal
energetically resonant AuNP that subsequently contributed to the substantial quenching
of Qdot photoluminescence. Probably because of the physical dimension of QDs, it
seems apparent that all of the QD FRET investigations performed so far assert a crucial
criterion that QDs must be attached to multiple acceptors for devising an efficient

dipole-dipole interaction.

1.4 Project Motivation

Semiconductor QDs are attractive fluorescent particles in a sense that they are
exceptionally photo- and chemically stable together with other unique photophysical
properties i.e. high quantum yield, broad absorption and symmetric narrow emission.
QD can be an ideal tool in building a robust FRET based bioassays. Although the
application of QD as FRET donor in a variety of conjugation strategies has been widely
examined, the majority of QD emission spectra were mainly centred on the visible
spectral region, typically within 500 nm to 600 nm wavelength range. So far, no FRET
assays entailing QDs in the far-red spectrum have been reported. Hence, it will be
beneficial to investigate the FRET interaction explicitly tailored in the far-red spectral
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region. From a biological perspective, there are merits in extending fluorescence
sensing applications into the far-red regime: i) less absorption by biological tissues
occurs in far-red, thus, more fluorescence signal is transmitted, ii) biomolecular
autofluorescence in the visible region is avoided, thus, the sensitivity of fluorescence
over background is enhanced [37]. In the preliminary development of far-red FRET
bioassays, we have selected commercial streptavidin functionalised Qdot705-STV
(Invitrogen) that emits at ~700 nm as the energy donor and biotinylated DY731-Bio
(MoBiTec) molecular dye that is strongly resonant with Qdot705-STV as the energy
acceptor. Via streptavidin-biotin association, multiple DY731-Bio molecules can self-
coordinate around a Qdot705-STV which may eventually induce dipole-dipole
interactions between QD and proximal fluorophores given the donor-acceptor distance
is succinctly conducive to FRET. Along with that, we have also devised FRET pairs in
the visible region constituted of streptavidin functionalised Qdot585-STV (Invitrogen)
and biotinylated AF594-Bio dye (Invitrogen). This approach is taken in view of the fact
that Qdot705-STV and Qdot585-STV are distinctively different in composition as well
as in physical geometry [31, 73]. Comparative studies on the photophysical properties
of Qdot585-STV and Qdot705-STV and the implications of that on the efficiency of
nonradiative transfer in a donor-acceptor configuration are therefore necessary. To
evaluate the QD-dye FRET interaction, we utilise both steady state and temporal
spectroscopic techniques. Lifetime measurements not only complement but also warrant
the FRET analysis based on steady state fluorescence. Henceforth, a more reliable

conclusion can be predicated from the experimental data.

1.5 Thesis Overview

In general, the thesis describes the investigations of semiconductor nanocrystals as
energy donors in FRET interactions in the visible spectrum and this extends to the far-
red spectral region, based on the commercial Qdot585-STV and Qdot705-STV.
Following this chapter, Chapter 2 proceeds with a brief outline on the principles of
FRET and the basic structural and optical characteristics of Qdot nanoparticles i.e.
Qdot585-STV and Qdot705-STV. Then, Chapter 3 moves on to elaborating the details
of experimental procedures employed in the preparation of QD-dye conjugated samples

and the experimental setups used in the steady state and time-resolved spectroscopic
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characterisations of analytes i.e. Qdot585-STV, Qdot705-STV, AF594-Bio, DY731-
Bio, AF594-Bio-STV and DY731-Bio-STV and donor-acceptor FRET pairs. On the
basis of steady state and lifetime data, Chapter 4 presents the qualitative and
quantitative analyses of FRET interactions between Qdot585-STV and AF594-Bio in a
titration experiment and after size exclusion purification. Next, Chapter 5 reports on the
FRET coupling between Qdot705-STV and DY731-Bio in a titration and after
centrifugation with filter devices. Following that, some computational work, within the
framework of 2-step finite spherical well model, to gain some insights into the
photophysics of Qdot585-STV and Qdot705-STV are described in Chapter 6. The thesis
ends with some conclusions highlighting the experimental findings elicited and the
complicated issues arising from Qdot585-STV-AF594-Bio and Qdot705-STV-DY731-
Bio FRET assay development and this is followed by some suggestions in regard to the

future work of FRET research on QDs.
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different from one to another.
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CHAPTER 2;

FRET PRINCIPLES AND

INTRODUCTION TO QDOT NANOPARTICLES

2.1 Principles of FRET

Nonradiative energy transfer can be generalised as a dynamic process that involves the
radiationless migration of energy from excited molecule/atom (serves as donor) to
neighbouring energetically resonant molecule/atom (serves as acceptor). The
manifestation of nonradiative energy transfer was first observed in the early 1920s with
the demonstration of indirect excitation of thallium atoms in a vapour mixture of
mercury and thallium irradiated at 253.6 nm wavelength that could only excite mercury
atoms [1]. However, the famous FRET (Forster/Fluorescence Resonance Energy
Transfer) formalism in relation to biological processes only came to light two decades
later. In 1948, Theodor Forster first proposed the inverse sixth power law dependence of
the radiationless energy transfer rate on the intermolecular donor-acceptor separation in
a mathematical treatment using quantum mechanical theory [1]. Later, in 1951, Forster
proved that the 1/7° dependence of transfer rate could also be derived from the classical
model of an oscillating dipole [2]. In the classical approach, the spatial distance of two
approaching dipoles (molecules) is treated to be larger than the charge distribution of
individual dipole (molecular size) but appreciably smaller than the wavelength of
emission [2]. Following that, the rate of nonradiative energy migration can Be expressed

as

. =[ 9000(In10) ]QDK'

2 o
De(NAdA 2.1
282N _ Oij( )&(4) @2.1)

T r
where N,y is the Avogadro’s number, 7 is the refractive index of the medium, Q) is the
quantum yield of the donor in the absence of acceptor, ¥’ is the orientation factor
describing the angle between the donor and the acceptor dipole moments, 7 is the
fluorescence decay lifetime of the donor in the absence of acceptor, r is the donor-

acceptor separation, fp(4) is the normalised fluorescence intensity of the donor in the
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absence of acceptor and &(4) is the molar extinction coefficient of the acceptor [2-4]. As
the underlying derivation of FRET theory can be rather complex to apprehend, we focus
on the pertinent aspects of the FRET concept without involving too much of the
mathematical rationalisation. The full derivation of Equation 2.1 can, however, be
referred to Ref. [2]. We can alternatively rewrite Equation 2.1 as
k (r)= —l—(&js (2.2)
T\ T

with R, absorbing all the constants and the variable parameters except tp and 7,

R’ = (%%%{%]QDKZ oj fr(Ae(A)A' dA (2.3)
With reference to Equation 2.2, Ry can be defined as the distance between the donor and
acceptor transition dipoles at which the FRET energy transfer rate equals the total
intrinsic decay rate (the radiative and nonradiative decay rates in the absence of FRET)
of the donor i.e. k7(Rp) = 1/7p. Intuitively, it also means that at the distance equals to Ry,
half of the excitation energy of the donor is lost through FRET and the remaining half is
lost through the intrinsic radiative and other nonradiative channels. Therefore, R is
customarily described as the Forster distance. Besides that, it is usual to assign the

integral term in Equation 2.3 to J(4). J(4) denotes the degree of spectral overlap between

the donor emission and the acceptor absorption.
J(A) = I fr,(De(A)A'di  inM'em® 24)
0

with 4 in cm, /p(4) in cm™ and &(4) in M'em™. The unit cm™ in fp(4) is attributed to the
statistical normalisation of the area under the intensity curve of the donor such that,

fD(l)=E_F—D_Q)—'

j F,(A)dA

2.5)

where Fp(4) is the dimensionless fluorescence intensity of the donor at A (It is

practically the measured donor emission lineshape). Ry can then be further reduced to

9000(In10) R
R =|—"2—" 10 x2J(A 2.6
0 (lzsﬂsNAVnd, JQD ( ) ( )
but Nypy=6.02 X 10% M", hence

R, =8.79-10%n*Q, k*J(A) incm® (2.7)
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Chapter 2: FRET Principles and Introduction to Qdot Nanoparticles

FRET complexes, Mattoussi and coworkers elicited Ry to be around 40-60 A from their
work in prototyping FRET based biosensors [6, 7].

FRET efficiency, E is defined as the fraction of photons absorbed by the donor that are
transferred through the nonradiative channel to the acceptor in resonance. The meaning
can be generically translated as

k. (r)

E=——:1—-‘——"
T, +ki(r)

(2.11)

where k7(r) is the transfer rate constant and 1/7p is the total decay rate of the donor in

the absence of acceptor. By the substitution of Equation 2.2 into Equation 2.11, we

arrive at
6
Eo (Ro/’G) 2.12)
(R, /r) +1
R 6
E=R6—(-)f—r6 (2.13)
0

Therefore, due to the sixth power relationship in Equation 2.12, it is apparent that FRET
efficiency is highly dependent on the donor-acceptor separation, r. In fact, E varies
rapidly when r approaches Ry. On the basis of Equation 2.12, one can easily define R, as
the distance between the donor and acceptor dipoles at which the efficiency of energy
transfer is 0.5. The theoretical prediction of 1/r° dependence in FRET derived by Forster
has been verified by numerous experimental studies which can go back as far as 1960s
led by Stryer et al in the investigation of FRET between a-naphthyl energy donor
moiety and dansyl energy acceptor moiety covalently attached to both ends of a
polypeptide chain that served as a spacer of variable length ranging from 12-46 A [10].
However, it should be noted that Equation 2.12 is only applicable to single donor-
acceptor pairs in which the transition dipoles are separated by a uniform distance .
Hence, the FRET efficiency formula has to be modified to account for the multivalency
of QD-dye conjugations where multiple acceptors can be arrayed around a single QD
through different binding strategies. Presuming that the probability of energy transfer
per unit time is linearly increased by the number of available acceptors bound to the
donor at a constant distance r, we can redefine Equation 2.2 as

kp(r)= f—(%j (2.14)

Tp
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Chapter 2: FRET Principles and Introduction to Qdot Nanopatrticles

as unequivocally reported by Mattoussi’s research group [6, 7], it will be adequate for
us to pursue the same approach in our QD FRET analysis, primarily in the
determination of donor-acceptor separation. As indicated by Stryer, FRET can be an
effective tool as a nanoscale spectroscopic ruler with the capability of discriminating
between the donor-acceptor distances of 60 A and 30 A, for example, but not between
the distances of 30 A and 35 A [5]. Due to the extent of uncertainties i.e. the orientation
factor and the distance distribution of acceptors, we expect the proximity relationships
in QD-dye assays drawn from idealised FRET formula will be merely a rough
estimation.

The efficiency of energy coupling between donor and proximal acceptor can be
determined experimentally by steady state and time-resolved fluorescence
measurements with respect to the donor quenching. For the steady state method, the
FRET efficiency can be calculated from

FDA

E=1- 2.17)

D
where Fp, is the integrated fluorescence intensity of the donor in the presence of
acceptor and Fp is the integrated fluorescence intensity of the donor alone.
Alternatively, the FRET efficiency can be drawn from time-resolved spectroscopic
measurements using the relevant expression defined as
E=1-tos (2.18)
Tp
where 7p4 denotes the fluorescence lifetime of the donor in the presence of the acceptor
and 7p denotes the fluorescence lifetime of the donor alone. There are, of course,
advantages and disadvantages in each method of detecting the manifestation of dipolar
energy coupling. The appealing side of FRET characterisation by steady state
measurements is the simplicity of data acquisition without the need of sophisticated
instrumentation. However, there is always the tendency of overestimation of donor
quenching due to the reabsorption by acceptors which can appreciably affect the
accountability of calculated FRET efficiency based on Equation 2.17. The
overestimation of FRET efficiency can be eliminated by shifting to the utilisation of
temporal spectroscopy since indirect energy coupling via photon reabsorption by
acceptor does not account for the reduction of donor fluorescence decay lifetime.

Therefore, lifetime measurement inherently appears to be a more robust way in
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Chapter 2: FRET Principles and Introduction to Qdot Nanoparticles

quantifying FRET efficiency. The major drawback of eliciting FRET efficiency from a
temporal approach is the difficulty of interpreting non-exponential kinetics of the donor.
Well behaved single exponential decays are rare in reality. Hence, the source of lifetime
data to be substituted into Equation 2.18 can sometimes be controversial. These
nontrivial problems can, however, be reliably minimised if both methods are employed

to complement each other.

2.2 Introduction to Qdot585-STV: Optical and Structural

Characteristics

Qdot585-STV is a commercial QD from Invitrogen. It is a CdSe/ZnS core-shell QD
which is surface derivatised with amphiphilic polymer to render it water soluble and
followed by additional surface functionalisation with streptavidin to afford labelling
specificity [11]. Streptavidin is an avidin analogue derived from bacterium
Streptomyces avidinii that is universally known to have high affinity for biotin (K, =
10" M) [12]. Via the utility of the streptavidin-biotin binding scheme, Qdot585-STV
can target a variety of liganded molecules. The only drawback is that streptavidin is a
relatively large tetrameric protein with a molecular size of ~5 nm and a molecular
weight (MW) of ~60 kDa [13, 14]. This will unambiguously increase the overall size of
QD and thus, can be deleterious to FRET applications where donor-acceptor separation

is a requisite factor in determining the efficacy of energy transfer.
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